Jé(?I molecules

Special Issue Reprint

Carbohydrate-Based
Drugs Discovery

Edited by
JianYin, Jing Zeng and De-Cai Xiong

mdpi.com/journal/molecules

WVI\DPI

F



Carbohydrate-Based Drugs Discovery






Carbohydrate-Based Drugs Discovery

Editors

Jian Yin

Jing Zeng
De-Cai Xiong

F
rM\D\Py Basel o Beijing ¢ Wuhan e Barcelona e Belgrade e Novi Sad e Cluj e Manchester
P



Editors

Jian Yin

Key Laboratory of
Carbohydrate Chemistry and
Biotechnology, Ministry of
Education, School of
Biotechnology

Jiangnan University

Wuxi

China

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

Jing Zeng

Hubei Key Laboratory of
Natural Medicinal Chemistry
and Resource Evaluation,
School of Pharmacy
Huazhong University of
Science and Technology
Wuhan

China

De-Cai Xiong

The State Key Laboratory of
Natural and Biomimetic
Drugs, School of
Pharmaceutical Sciences
Peking University

Beijing

China

This is a reprint of articles from the Special Issue published online in the open access journal Molecules
(ISSN 1420-3049) (available at: https://www.mdpi.com/journal/molecules/special_issues/carbo_
base_drug).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-0432-0 (Hbk)
ISBN 978-3-7258-0431-3 (PDF)
doi.org/10.3390/books978-3-7258-0431-3

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.



Contents

Preface . . . . . .

Yang Liu, Bohan Li, Xiujing Zheng, Decai Xiong and Xinshan Ye
Cancer Vaccines Based on Fluorine-Modified KH-1 Elicit Robust Immune Response
Reprinted from: Molecules 2023, 28, 1934, d0i:10.3390/molecules28041934 . . . . . . .. .. .. ..

Ting Li, Bingbing Xu, Dengxian Fu, Qian Wan and Jing Zeng
Kukhtin—Ramirez-Reaction-Inspired Deprotection of Sulfamidates for the Synthesis of Amino
Sugars

Reprinted from: Molecules 2023, 28, 182, d0i:10.3390/molecules28010182 . . . . . ... ... ...

Baoquan Chen, Wenqiang Liu, Yaohao Li, Bo Ma, Shiying Shang and Zhongping Tan
Impact of N-Linked Glycosylation on Therapeutic Proteins
Reprinted from: Molecules 2022, 27, 8859, d0i:10.3390/molecules27248859 . . . . . ... ... ...

Hongzhen Jin, Maohua Li, Feng Tian, Fan Yu and Wei Zhao
An Overview of Antitumour Activity of Polysaccharides
Reprinted from: Molecules 2022, 27, 8083, d0i:10.3390/molecules27228083 . . . . . ... ... ...

Xueying You, Yifei Cai, Chenyu Xiao, Lijuan Ma, Yong Wei, Tianpeng Xie, Lei Chen, et al.
Stereoselective Synthesis of 2-Deoxythiosugars from Glycals
Reprinted from: Molecules 2022, 27,7979, d0i:10.3390/molecules27227979 . . . . . . .. ... ...

Tong Xu, Ruijie Sun, Yuchen Zhang, Chen Zhang, Yujing Wang, Zhuo A. Wang and
Yuguang Du

Recent Research and Application Prospect of Functional Oligosaccharides on Intestinal Disease
Treatment

Reprinted from: Molecules 2022, 27, 7622, d0i:10.3390/molecules27217622 . . . . . . .. ... ...

Ribai Yan, Xiaonan Li, Yuheng Liu and Xinshan Ye
Design, Synthesis, and Bioassay of 2’-Modified Kanamycin A
Reprinted from: Molecules 2022, 27, 7482, d0i:10.3390/molecules27217482 . . . . . . .. ... ...

Chen-Fu Liu

Recent Advances on Natural Aryl-C-glycoside Scaffolds: Structure, Bioactivities, and
Synthesis—A Comprehensive Review

Reprinted from: Molecules 2022, 27, 7439, d0i:10.3390/molecules27217439 . . . . . .. .. ... ..

Zhiqiang Lu, Yanzhi Li, Shaohua Xiang, Mengke Zuo, Yangxing Sun, Xingxing Jiang,
Rongkai Jiao, et al.

Acid Catalyzed Stereocontrolled Ferrier-Type Glycosylation Assisted by Perfluorinated Solvent
Reprinted from: Molecules 2022, 27, 7234, d0i:10.3390/molecules27217234 . . . . . . .. ... ...

Lixuan Zang, Haomiao Zhu, Kun Wang, Yonghui Liu, Fan Yu and Wei Zhao
Not Just Anticoagulation—New and Old Applications of Heparin
Reprinted from: Molecules 2022, 27, 6968, d0i:10.3390/molecules27206968 . . . . . . .. ... ...

Lan Luo, Xuemei Song, Xiao Chang, Sheng Huang, Yunxi Zhou, Shengmei Yang, Yan Zhu,
et al.

Detailed Structural Analysis of the Immunoregulatory Polysaccharides from the
Mycobacterium Bovis BCG

Reprinted from: Molecules 2022, 27, 5691, d0i:10.3390/molecules27175691 . . . . . . .. ... ...



Hesuyuan Huang, Xuyang Ding, Dan Xing, Jianjing Lin, Zhongtang Li and Jianhao Lin
Hyaluronic Acid Oligosaccharide Derivatives Alleviate Lipopolysaccharide-Induced
Inflammation in ATDC5 Cells by Multiple Mechanisms

Reprinted from: Molecules 2022, 27, 5619, d0i:10.3390/molecules27175619 . . . . . . .. ... ...

Yali Wang, Jian Xiao, Aiguo Meng and Chunyan Liu
Multivalent Pyrrolidine Iminosugars: Synthesis and Biological Relevance

Reprinted from: Molecules 2022, 27, 5420, d0i:10.3390/molecules27175420 . . . . . . .. ... ...

Siqiang Li, Fujia Chen, Yun Li, Lizhen Wang, Hongyan Li, Guofeng Gu and Enzhong Li
Rhamnose-Containing Compounds: Biosynthesis and Applications

Reprinted from: Molecules 2022, 27, 5315, d0i:10.3390/molecules27165315 . . . . . . .. ... ...

Shunliang Zheng, Yi Wang, Jiashuo Wu, Siyao Wang, Huaifu Wei, Yongchun Zhang,
Jianbo Zhou, et al.

Critical Quality Control Methods for a Novel Anticoagulant Candidate LFG-Na by
HPSEC-MALLS-RID and Bioactivity Assays

Reprinted from: Molecules 2022, 27, 4522, d0i:10.3390/molecules27144522 . . . . . . .. ... ...

Sarah O’Keefe, Pratiti Bhadra, Kwabena B. Duah, Guanghui Zong, Levise Tenay,
Lauren Andrews, Hayden Schneider, et al.

Synthesis, Biological Evaluation and Docking Studies of Ring-Opened Analogues of
Ipomoeassin F

Reprinted from: Molecules 2022, 27, 4419, d0i:10.3390/molecules27144419 . . . . . ... ... ...

Li Ding, Yimin Cheng, Wei Guo, Siyue Sun, Xiangqin Chen, Tiantian Zhang,
Hongwei Cheng, et al.

High Expression Level of a2-3-Linked Sialic Acids on Salivary Glycoproteins of Breastfeeding
Women May Help to Protect Them from Avian Influenza Virus Infection

Reprinted from: Molecules 2022, 27, 4285, d0i:10.3390/molecules27134285 . . . . . . .. ... ...

Xunan Li, Xiang Wang, Nian Liu, Qiuyu Wang and Jing Hu
Inhibition of Metastatic Hepatocarcinoma by Combined Chemotherapy with Silencing
VEGF/VEGEFR2 Genes through a GalNAc-Modified Integrated Therapeutic System

Reprinted from: Molecules 2022, 27, 2082, d0i:10.3390/molecules27072082 . . . . . .. .. ... ..

vi



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

vii






molecules @\py

Article

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

Yang Liu ¥, Bohan Li I'*, Xiujing Zheng !, Decai Xiong "?>* and Xinshan Ye 1*

check for
updates

Citation: Liu, Y,; Li, B.; Zheng, X.;
Xiong, D.; Ye, X. Cancer Vaccines
Based on Fluorine-Modified KH-1
Elicit Robust Immune Response.
Molecules 2023, 28, 1934. https://
doi.org/10.3390/molecules28041934

Academic Editor: Iva Pashkuleva

Received: 12 January 2023
Revised: 12 February 2023
Accepted: 15 February 2023
Published: 17 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

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.)

t 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 (TACASs). 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 Le* 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 Le* 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
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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.

NHCO(CH2)14CH13

OH
Hscb/;OH 11 R=COCH,
HO _oH HO _oH OH .
ﬁ/ &w ﬁ/ KE29x0,0—(GHaNH; 2 R=0C00Fy
HO
OH

OH 1-3 R=COCHF,
HO H

Ho OH

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 S51-58).
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Scheme 1. Photo-induced synthesis of the fully protected KH-1 core nonasaccharide: (i) UV, 4 A
molecular sieves, Umemoto’s reagent, Cu(OTf),, TTBP, —72 °C, 20 min; then acceptor, —72 °C to rt,
1.5 h; (ii) HoNNH;-HOAc, CH30H/THEF (1:10); (iii) UV, 4 A molecular sieves, Umemoto’s reagent,
Cu(OTf),, TTBP, —50 °C, 4 min; then acceptor, —50 °C to rt, 2.5 h.

OH

oH
,,,,, v
: i i 1-1 R = COCH, (63%) 3CEE§OH
2 o OH OH_oH oH HO _on OH
i g 0

vii V_ 1-2 R=COCF; (43%) HO%\ OMO PANECRA S P NSRS

1-3 R =COCHF,(36%) OH NHR OH NHR OH OH

HO H,e7~o0 HC7—o
OH oH

(4 step yield) HO OH HO OH

Scheme 2. Deprotection and synthesis of fluorinated derivatives: (i) HoNCH,CH,;NH;/n-
BuOH (1:3), 120 °C; (ii) Ac;O/MeOH; (iii) LiOH, MeOH/THF (4:1), 80 °C; (iv) Pd(OH),, Hy,
CH,Cl, /MeOH/H,0 (3:3:1); (v) DMAP, ROCH;/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
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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.
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Scheme 3. Synthesis of glycoconjugates: (i) DMF, (C,Hs)3;N

Table 1. Carbohydrate loading levels of glycoconjugates.

Molecular Total Molecular Concentration . Percentage
. . Molecular ConcentrationNumber of
. Weight of Weight of . . of Carbohy- . of Carbohy-
Conjugate . Weight of Single of Protein Nonasac-
Glycoconju- Carbohydrate Nonasaccharide drate (ug/mL) charide drate
gate on Conjugate (ug/mL) H Loading
KH-1- o
CRM197 67,285 8968 1596 213 1600 5.62 13.32%
KH-1-TF- o
CRM197 67,908 9591 1704 165 1167 5.63 14.12%
KH-1-DF- o
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%
K}é_slATF_ 83,936 17,499 1704 221 1057 10.27 20.85%
K}]IS'SZDF' 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-
TE-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.
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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.

. . . . o ELISA Titer
ELISA Titer Anti-KH-1 and Ratio of IgG/IgM after the Third and the Fourth Vaccination Anti-Modified-KH-1
. After the Third Vaccination After the Fourth Vaccination After t1.1e Ff)urth
Vaccine 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

Titers of serum IgG ( 1g)

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.
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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
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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.

(a) After third vaccination with FA
3.5 *okk *okk %k *okk
FHk KKK * kKK Kk FEk
04 — —— - -
2.5
£ 2.0
s
2
a
S 1.5
1.0
0.5
0.0~
1gG1 1gG2a 1gG2b 13G3
(b) After fourth vaccination with FA
s skk *kk *okk *kok
kK *kkokok kil XX mm KH-1-CRMI197/FA
3.0 mm KH-1-DF-CRM197/FA
mm KH-1-TF-CRM197/FA
2.5
£ 2.0
8
a
S 1.5+
1.0
0.5
0.0
IgG1 IgG2a 1gG2b IgG3

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].



Molecules 2023, 28, 1934

] M Fre-immune
=5 M KH-1-CRM19T+FA

. [ KH-1-DF-CRM197+FA
W <H-1-TF-CRM1AT+FA

Count
400
1 1

200
1l

ol B 5 .
T T T TTITT] T T T TTTTT] T T T 71 LI | T T LU

102 i 10% 108 10
Y450-PB-A

(b)

4x104=

3x104-

2x104

MFI of MCF-7

1x104=

T
Pre-immune KH-1-CRM197/FA  KH-1-DF-CRM197/FA KH-1-TF-CRM197/FA

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 MCFE-7 cells. Results are representative of
three independent experiments. One-way ANOVA analysis was performed. * p < 0.05, ** p < 0.01.
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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.
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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 Fps4, 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). 'H NMR spectra were recorded at room temperature for
solutions in CDClj3 or D,O 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 CHz;OH
(3.34 ppm, D,0). 3C NMR spectra were recorded using the same NMR spectrometers,
and the chemical shifts were reported relative to the internal CDCl;3 (5 = 77.16 ppm) or
external CH30H (49.70 ppm, D,0). 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 umol) was dissolved in H,NCH,CH,;NH, /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 Ac,O
(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=1:4,5mL), 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/0) to afford white
solids. The obtained product was dissolved in CH,Cl, /MeOH/H,0 (v/v, 3:3:1, 7 mL), and
then Pd(OH); (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 (H,O: MeOH = 15:1, v/v) to afford 1-1 as white solids (10.0 mg, 63% yield).

'H NMR (400 MHz, D,0) § 5.19 (d, ] = 3.1 Hz, 1H), 5.03 (t, ] = 3.6 Hz, 2H), 4.83-4.76
(m, 1H), 4.62 (d, ] = 8.0 Hz, 2H), 4.45-4.31 (m, 4H), 4.19-4.11 (m, 1H), 4.07 (d, ] = 3.3 Hz,
1H), 4.00 (d, ] = 3.3 Hz, 1H), 3.95-3.30 (m, 46H), 3.24-3.16 (m, 1H), 2.92 (d, ] = 7.5 Hz, 2H),
1.93 (s, 6H), 1.65-1.54 (m, 4H), 1.43-1.30 (m, 2H), 1.17 (d, ] = 6.6 Hz, 3H), 1.15 (d, ] = 6.7 Hz,
3H), 1.06 (d, ] = 6.5 Hz, 3H). 1*C NMR (151 MHz, D,0) § 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]*
Ce3H110N3O043" m/z caled. 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 umol) was dissolved in HyNCH,CH,;NH,/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,
5mL), 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
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dissolved in CH,Cl, 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. CF3COOCH; (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/0) to afford white solids. The obtained product was dissolved in CH,Cl, /
MeOH/H;0 (v/v, 3:3:1, 7 mL), and then Pd(OH); (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 (H,O: MeOH = 15:1, v/v) to afford 1-2 as white solids
(6.4 mg, 43% yield).

'H NMR (400 MHz, D,0) § 5.16 (d, ] =3.1 Hz, 1H), 4.91 (t, ] = 3.4 Hz, 2H), 4.43-4.28 (m,
4H), 4.16-4.13 (m, 1H), 4.05 (d, ] = 2.8 Hz, 1H), 4.01-3.34 (m, 47H), 3.20-3.14 (m, 1H), 2.88 (t,
] =7.5Hz,2H),1.56 (q, ] = 7.8 Hz, 4H), 1.39-1.29 (m, 2H), 1.15 (d, ] = 6.5 Hz, 3H), 1.12 (d,
] = 6.6 Hz, 3H), 1.01 (d, ] = 6.5 Hz, 3H). 3C NMR (151 MHz, D,0) 5 159.75, 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-TOEF-MS: [M +
Na]+ C63H103N3O43F6Na+ m/z caled. 1726.58, found 1726.67; [M + K] * C63H103N3O43F6K+
m/z caled. 1742.55, found 1742.64.

3.1.3. Synthesis of Compound 1-3

Compound 2 (40.0 mg, 9.7 umol) was dissolved in HyNCH,CH,;NH,/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,
5mL), 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 CH,Cl, 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. CF,COOCHj3; (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 CH,Cl, /
MeOH/H;0 (v/v, 3:3:1, 7 mL), and then Pd(OH); (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 (H,O: MeOH = 15:1, v/v) to afford 1-3 as white solids
(5.5 mg, 36% yield).

'H NMR (400 MHz, D,0) 6 6.05 (t, ] = 53.6 Hz, 2H), 5.17 (d, ] = 3.2 Hz, 1H), 4.95 (t,
J =3.5Hz, 2H), 4.43-4.28 (m, 4H), 4.18-4.12 (m, 1H), 4.05 (d, | = 3.3 Hz, 1H), 4.00-3.35
(m, 47H), 3.19 (t, ] = 8.6 Hz, 1H), 2.90 (t, | = 7.5 Hz, 2H), 1.65-1.51 (m, 4H), 1.44-1.29 (m,
2H), 1.16 (d, | = 6.6 Hz, 3H), 1.13 (d, | = 6.6 Hz, 3H), 1.02 (d, ] = 6.6 Hz, 3H). 13C NMR
(151 MHz, D,0) § 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]* CgsHi05N3043F4Na* m/z caled. 1690.60, found 1691.19;
[M + K]+ C63H105N3O43F4K+ m/z caled. 1706.57, found 1707.16.

3.1.4. Synthesis of Compound 3-1

4 A 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 pmol), Umemoto’s reagent (16.0 mg, 44. 1 umol), Cu(OTf); (18.0 mg, 44.1 umol), and
anhydrous CH,Cl, (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 umol) and TTBP (6.6 mg,
26.4 pmol) in CH,Cl, (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 umol) and Cu(OTf), (18.0 mg, 44.1 pmol) 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 pmol) and TTBP (6.6 mg, 26.4 umol) in
CH,Cl; (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).

[oc]%)S -10.3 (c 0.24, CHCl3); 'H NMR (600 MHz, CDCl3) § 7.71 (d, ] = 7.2 Hz, 1H), 7.62
(d, ] = 6.9 Hz, 1H), 7.56-7.49 (m, 4H), 7.46 (t, ] = 7.2 Hz, 1H), 7.35-7.08 (m, 71H), 7.03 (t,
] =7.5Hz, 2H), 6.82 (s, 3H), 5.66 (dd, ] =9.8,9.1 Hz, 1H), 5.59 (dd, ] = 10.0, 9.3 Hz, 1H), 5.40
(d, ] =8.2Hz, 1H), 5.36 (d, ] = 8.4 Hz, 1H), 5.16-5.12 (m, 4H), 5.03 (d, ] = 11.6 Hz, 1H), 4.97
(d,J=11.4Hz, 1H), 4.84 (d, ] = 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, ] = 11.8 Hz, 1H), 4.21-4.11 (m, 9H), 3.98 (d, ] = 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, ] = 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) 5 206.57, 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]** C135H199N504%" m/z
caled. 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 pmol) was dissolved in a solution of THF/MeOH
(v/v =10: 1, 44 mL). HONNH;-HOAc (22.0 mg, 240 umol) was added. The mixture
was stirred at room temperature overnight. The mixture was diluted with CH,Cl,, washed
sequentially with water, and NaCl aq., and dried over anhydrous Na;SOy. The solution

10
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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:
CH,Cl, = 1:1:0.25, v/v/v) to afford 3-2 as a white solid (41.5 mg, 90% yield).

[04]%5 —0.78 (c 0.44, CHCl3); '"H NMR (600 MHz, CDCl3) § 7.76 (d, ] = 7.6 Hz, 1H),
7.66-7.65 (m, 3H), 7.57-7.54 (m, 2H), 7.46 (t, ] = 7.5 Hz, 1H), 7.38-7.08 (m, 74H), 7.03-7.00
(m, 4H), 6.91 (d, ] = 7.6 Hz, 1H), 6.85-6.83 (m, 2H), 5.43 (dd, ] = 9.0, 8.3 Hz, 1H), 5.31 (d,
J=84Hz 1H),528 (d, ] =8.5Hz, 1H),5.13 (d, ] = 9.5 Hz, 2H), 5.01 (d, ] = 11.6 Hz, 2H), 4.97
(d,J=11.4Hz, 1H), 4.84 (d, ] =10.4 Hz, 1H), 4.81 (d, ] = 11.4 Hz, 1H), 4.76 (t, ] = 11.7 Hz,
1H), 4.68 (d, ] = 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) § 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]** C170H181N5036%* m/2
calcd. 1434.12, found 1434.13. The data are consistent with those reported previously [27].

3.1.6. Synthesis of Compound 2

4 A 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 umol) was added. Umemoto’s reagent (64.0 mg, 0.16 mmol) and Cu(OTf), (59.0 mg,
0.16 mmol) were dissolved or suspended in anhydrous CH,Cl, (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 pmol) and TTBP (20.0 mg, 81.1 umol) in CH,Cl, (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).

[oc]%;r’ —5.21 (c 0.37, CHCl3); "H NMR (600 MHz, CDCl3) § 8.05 (d, ] = 7.2 Hz, 2H), 7.83
(d,]=75Hz,2H),7.72 (t, ] = 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, ] = 7.0 Hz, 2H), 6.45 (d,
J=7.5Hz,2H),5.70 (d, ] = 2.3 Hz, 1H), 5.67 (d, | = 3.8 Hz, 1H), 5.64-5.63 (m, 2H), 5.29 (dd,
J=87,8.0Hz, 1H),5.19 (d, ] =8.5Hz, 1H), 5.13 (d, ] = 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, ] = 9.5 Hz, 2H),
2.86-2.84 (m, 1H), 1.54-1.44 (m, 4H), 1.27 (d, | = 6.5 Hz, 3H), 1.11 (d, | = 6.5 Hz, 3H), 0.98 (d,
] = 6.5 Hz, 3H). 3C NMR (151 MHz, CDCl3) 5 168.33, 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, 7291, 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)Z [M + 2NH4]2+ C251H259N5O512+ m/z caled.
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 pL) in a micro-centrifuge tube,
and then triethylamine (8-10 puL) was added. The color of the solution turned yellow.
Nonasaccharide (3 mg) was dissolved in DMF (150 pL) 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 pL), 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 CH,Cl,. The
aqueous phase was evaporated at room temperature. The residue was dissolved in 0.01
M PBS buffer (600 puL, pH 7.6), and a 0.01 M PBS solution of protein CRM197 (400 puL,
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 pL) in a micro-centrifuge tube,
and then triethylamine (8-10 puL) was added. The color of the solution turned yellow.
Nonasaccharide (1.5 mg) was dissolved in DMF (60 pL) 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 uL), 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 CH,Cl,. The
aqueous phase was evaporated at room temperature. The residue was dissolved in 0.01 M
PBS buffer (300 pL, pH 7.6), and a 0.01 M PBS solution of protein BSA (200 pL, 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 nug 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

12



Molecules 2023, 28,1934

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 pL of KH-1-BSA (including 0.02 ug 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 uL/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 pnL./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 H,SO,4 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 x 10° cells/well)
were washed in PBS with a 3% fetal bovine serum and incubated with a test serum (25 pL,
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 pL, 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 uL, 1 x 10* 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 uL/well) were isolated and transferred to another 96-well plate. LDH assay reagents
(50 pL/well) were added and incubated at room temperature protected from light for
30 min, and then a stop solution (1 M HpSOy, 50 uL/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 Iysis(%) — Experzmen'tal — Target Spontaneous % 100% ()
Target Maxium — Target Spontaneous

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-TE-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.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28041934/s1. Table S1: Screening of reaction conditions
for trifluoroacetylation; Figure S1. The MALDI-TOF-MS result of CRM197; Figure S2. The MALDI-
TOF-MS result of KH-1-CRM197; Figure S3. The MALDI-TOF-MS result of KH-1-DF-CRM197;
Figure S4. The MALDI-TOF-MS result of KH-1-TF-CRM197; Figure S5. The MALDI-TOF-MS result
of BSA; Figure S6. The MALDI-TOF-MS result of KH-1-BSA; Figure S7. The MALDI-TOF-MS result
of KH-1-DF-BSA; Figure S8. The MALDI-TOF-MS result of KH-1-TF-BSA; Figure S9. 1H NMR of
compound 1-2(400 MHz, D20); Figure S10. 13C NMR of compound 1-2(151 MHz, D20); Figure S11.
1H NMR of compound 1-3(400 MHz, D20); Figure S12. 13C NMR of compound 1-3(151 MHz, D20).
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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 SO, group of the cyclic sulfamidate to deliver free amino
alcohols presented a notable challenge. Conventional deprotection methods employ strong
reducing reagents such as LiAlH,, AIH; 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 SO,
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 SO, 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:H;O, 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 K,CO3 and EtzN 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).

a. X-H insertion based on Kukhtin-Ramirez reaction

ey Mo 1
O MeoN | €N{ 1 __NMe
oo PNMeg)y |2 opchMez  TERRl T2 wx o x
Ph e > o 0 =—= O  —
ol — = MeO H R
Ph | OMe MeO b Ph
Kukhtin-Ramirez intermediates
b. Functionalization of sulfonamides (Fier et al., 2019)
EtOOC Ph o Me_ . o
| O 1] N E I
Ar—S NH > Ar— NV Hb — | arS0 + —>» Ar—S—E
COOEt
O e I Me base Ph
Il ] 1\
c. Mild deprotection of cyclic sulfamidates (this work)
0,0 1. benzoylformate CIS? PB\ Hvdrolvsis OH NH,
PN : - |
(0] NH phosphine - o "o N7 COOEt u} M
\(W 2. base n
n n
\"

Scheme 1. Application of Kukhtin—-Ramirez reaction [61].

Table 1. Reaction development.

standard conditions o
@ﬂ (1] PhC(O)COzEt(1 1 equiv) o
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B0, e2)3 (1.2 equiv), 07 Ba95
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Table 1. Cont.

Entry Variation from Standard Conditions Yield #
1 Step 1 only 3a, 95%
2 Without H,O 4a, 79%
3 Standard conditions 2a, 88%
4 DBU instead of BTMG 2a, 86%
5 KOH instead of BTMG 2a, 80%
6 K,COj3 instead of BTMG 2a, 16%
7 Et3N instead of BTMG 2a, trace
Ambersep® 900 (OH) instead of o
8 BTMG 2a, 80%

?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
a- and (3-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 (2¢, 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 o, 3-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,
2¢) 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.

optimized conditions

Me O R 1. PhC(0)CO,Et (1.1 eq.), P(NMe,); (1.2 €q.) Me. O R
THF, rt, 45 min
o)
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BnOOMe HO (0]

29, 72% 2h, 62% 2i, 79%

HO .

o~ e

O OMe Q O

NH NH OH

HO ™""2 Ho NP2
OMe OMe NH,
OMe HO OMe
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Scheme 2. Substrate scope *. * Yield of isolated product. ” ¢ = 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 3-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 y-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%).

1. CISO,NH,, NaH; Iiﬁi
/2. PhI(OAc),, MgO, Rhy(oct), O/Q';/ optimized conditions ,@;EL%
90 _ e
HO 0

NH,
5a © 6a 7a
o
=& HO
HN 2
1. CISO,NH,, Pyridine;
N\ 2. PhI(OAc),, MgO, Rhy(OAc), optimized conditions \
N 68% N\ 87% (82%, 1 mmol scale) N
Boc I Boc
Boc
5b 6b 7b

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%
H,S04-(10% H,SOy4 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 'H and '*C NMR chemical shifts were referenced against the solvent or
solvent impurity peaks for CDCl3 at dy 7.24 and ¢ 77.23, for CD,Cl, at 6 5.32 and ¢
53.80, and for DMSO-dg at dy 2.50 and d¢ 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 'H and '*C 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,45,6R,7aS)-4-methyl-2,2-dioxido-6-(((2R,3R,45,5R,65)-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)CO,Et
(5.3 uL, 0.034 mmol) and P(NMey); (6.7 uL, 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: Ry =0.71 (petroleum ether-EtOAc 2:1). [oc]zD5 —19.6 (¢, 1.34 in CHCl3). The readings
for '"H NMR spectra (400 MHz, CDCl3) were  7.37-7.25 (m, 18H, Ar-H), 7.14 (dd, ] = 7.6,
2.8 Hz, 2H, Ar-H), 5.28 (s, 1H, CH), 4.98-4.95 (m, 2H, PhCH,, H-4'), 4.78 (d, ] = 11.2 Hz,
3H, PhCH,), 4.66 (d, ] = 12.0 Hz, 1H, PhCHy,), 4.53 (d, | = 3.6 Hz, 2H, H-1, H-1'), 4.36-4.21
(m, 4H, CH,, PhCH,, H-3'), 4.02 (dq, ] = 6.4, 1.6 Hz, 1H, H-5'), 3.93 (t, ] = 9.2 Hz, 1H, H-3),
3.66 (d, ] =11.6 Hz, 1H, H-6a), 3.61 (dd, | = 10.4, 5.2 Hz, 1H, H-5), 3.46 (dd, ] = 9.6, 3.6 Hz,
1H, H-2), 3.30 (dd, | = 10.8, 5.6 Hz, 1H, H-6b), 3.26-3.21 (m, 4H, H-4, OMe), 1.77-1.69
(m, 1H, H-2a), 1.29-1.25 (m, 6H, H-6/, Me), and 1.05 (dd, | = 13.2, 6.4 Hz, 1H, H-2'b).
The readings for the 13C NMR spectra (100 MHz, CDCl3) were § 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 C44Hs1NO1,S was [M + Na]*: 840.3024, found: 840.3041. The minor isomer:
Rf=0.58 (petroleum ether-EtOAc 2:1). [oc]ZD5 —43.8 (¢, 1.17 in CHCl3). The readings for the
'H NMR spectra (400 MHz, CDCl3) were § 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, ] = 10.8 Hz, 1H, PhCH,), 4.82 (d,
] =10.8 Hz, 1H, PhCH,), 4.80-4.75 (m, 3H, PhCH,, H-1"), 4.65 (d, | = 12.4 Hz, 1H, PhCH,),
4.51(d, ] =3.6 Hz, 1H, H-1), 4.41 (d, ] = 11.2 Hz, PhCHy,), 4.26 (dd, | = 4.0, 1.2 Hz, 1H, H-4'),
4.23-4.12 (m, 2H, CHy), 3.92 (t, ] = 9.2 Hz, 1H, H-3), 3.86 (qd, ] = 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, | = 10.4, 0.8 Hz, 1H, H-6a), 3.61 (dd, ] = 10.4,
5.6 Hz, 1H, H-5), 3.41 (dd, ] = 9.6, 3.2 Hz, 1H, H-2), 3.38 (dd, ] = 10.8, 6.0 Hz, 1H, H-6b),
3.26 (t, ] =9.2 Hz, 1H, H-4), 3.23 (s, 3H, OMe), 2.23-2.16 (m, 1H, H-2a), 1.98 (dd, | = 14.0,
6.4 Hz, 1H, H-2'b), and 1.22-1.18 (m, 6H, H-6/, Me). The readings for the 1*C NMR spectra
(100 MHz, CDCl3) were 6 168.9, 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 C44Hs51NO1,S
was [M + Na]*: 840.3024, found: 840.3051.

3.2.2. Procedures for Compound 4a

(4aS,55,7R,8aS)-5-methyl-2-phenyl-7-(((2R,3R,45,5R,65)-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)CO,Et
(5.3 uL, 0.034 mmol) and P(NMey); (6.7 pL, 0.037 mmol) were added sequentially. After
stirring for 45 min at room temperature, BIMG 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. Ry = 0.61 (petroleum ether-EtOAc 2:1), m.p.
159-160 °C. [oc]2D5 —128.3 (¢, 1.36 in CHCl3). The readings for the 'H NMR spectra (400 MHz,
CDCl3) were § 7.95-7.82 (m, 2H, Ar-H), 7.47-7.26 (m, 18H, Ar-H), 5.00 (d, ] = 11.2 Hz, 1H,
PhCHj3),4.90 (d, ] =11.2 Hz, 1H, PhCHy,), 4.84-4.77 (m, 3H, PhCHj,, H-1),4.66 (d, ] = 12.0 Hz,
1H, PhCH>), 4.58 (d, ] = 3.6 Hz, 1H, H-1"), 4.56 (d, ] = 11.2 Hz, PhCH,), 4.52 (ddd, ] = 10.8,
4.8,3.2Hz, 1H, H-3/), 429 (d, ] = 1.6 Hz, 1H, H-4"), 4.07 (q, ] = 6.4 Hz, 1H, H-5'), 4.01 (¢,
] =9.2 Hz, 1H, H-3), 3.85 (dd, ] = 10.8, 1.6 Hz, 1H, H-6a), 3.76 (ddd, ] = 10.0, 4.8, 1.2 Hz,
1H, H-5), 3.55 (dd, ] = 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, ] = 13.2, 4.8 Hz, 1H, H-2'a), 1.42 (td, | = 12.8, 3.2 Hz, 1H, H-2'b), and 1.33
(d, ] = 6.4 Hz, 3H, H-6'). The readings for the 13C NMR spectra (100 MHz, CDCl3) were
6 158.8,155.9,138.9,138.4,138.4, 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 C4oHy5NOg [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)CO;Et(1.1 equiv)
and P(NMey)s (1.2 equiv) were added sequentially. After stirring for 45 min at room
temperature, DBU (3.0 equiv relative to the starting substrate) and H,O (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 CH,Cl, after removing the THF
by concentration. The organic layer was washed with saturated NaHCO3 and brine,
dried over Na;SOy, and concentrated in vacuo. The residue was purified with column
chromatography on silica gel (dichloromethane-methanol gradient elution, with 0.5% or
1% NHj3-HO) to obtain the desired product.

(25,35,4S5,6R)-4-amino-2-methyl-6-(((2R,3R,45,5R,65)-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 (CH,ClI,-MeOH 10:1), m.p. 181-182 °C. [oc]zD5
—29.6 (¢, 0.45 in CHCl3).The readings for the 'H NMR spectra (400 MHz, CDCl3) were §
7.27-7.24 (m, 4H, Ar-H), 7.23-7.14 (m, 11H, Ar-H), 4.89 (d, ] = 10.8 Hz, 1H, PhCH>), 4.78 (d,
J=11.2 Hz, 1H, PhCH,), 4.71 (d, ] = 10.8 Hz, 1H, PhCH,), 4.69 (d, ] = 12.0 Hz, 1H, PhCH,),
4.64 (br s, 1H, H-1"), 4.56 (d, | = 12.0 Hz, PhCH,), 4.48 (d, | = 3.6 Hz, 1H, H-1), 4.44 (d,
J =11.2 Hz, 1H, PhCHy), 3.89 (t, ] = 9.2 Hz, 1H, H-3), 3.77 (q, ] = 6.4 Hz, 1H, H-5'), 3.72 (dd,
J=10.8,1.6 Hz, 1H, H-6a), 3.65 (ddd, | = 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, ] =9.2, 2.4 Hz,
2H, H-2'a, H-2'b), and 1.11 (d, | = 6.8 Hz, 3H, H-6'). The readings for the '>*C NMR spectra
(100 MHz, CDCl3) were 6 138.9, 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 C34Hy5NOg was [M + Na]*: 658.2987, found: 658.3006.

(25,35,4S,65)-4-amino-6-(((2R 4aR,6S5,7R,85,8aR)-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. Ry = 0.13 (CH,Cl,-MeOH 15:1), m.p. 57-58 °C. [cx}zD5 —121.5(c,
0.61 in CHCl3). The readings for the 'H NMR spectra (400 MHz, CDCls) were 6 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, PhCHO,), 5.35 (d, | = 3.2 Hz, 1H, H-1'), 4.93 (d, ] = 11.2 Hz, 1H, PhCHy), 4.60 (d,
J =112 Hz, 1H, PhCH,), 4.36-4.31 (m, 3H, H-1), 4.14 (d, ] = 13.2 Hz, 1H, PhCH,S), 4.01 (d,
] = 13.2 Hz, PhCH,S), 3.78-3.66 (m, 4H), 3.40-3.33 (m, 3H), 3.03 (d, ] = 10.8 Hz, 1H), 1.61
(dd, ] =13.2, 4.0 Hz, 1H, H-2a), 1.46-1.40 (m, 1H, H-2'b), 1.28-1.23 (m, 6H, (CH3),CH), and
1.18 (d, ] = 6.8 Hz, 3H, H-6'). The readings for the '*C NMR spectra (100 MHz, CDCl3) were
0139.7,138.1,137.3,135.5, 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 C34Hy5NO7S, was [M + H]*: 668.2710, found: 668.2688.

(25,35,45,65)-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 (2¢).

According to the General Procedure, 1c (20.0 mg, 0.036 mmol) was used to obtain 2¢
as a colorless syrup in 86% yield. Ry = 0.30 (CH,Cl,-MeOH 10:1). [o]® —93.9 (c, 1.20 in
CHCl3).The readings for the 'H NMR spectra (400 MHz, CDCl3) were 6 7.43 (dd, | = 8.0,
1.6 Hz, 1H, Ar-H), 7.39 (dd, ] = 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, | = 2.4 Hz, 1H, H-1"), 5.07 (s, 1H, H-1), 4.85 (d, ] = 12.0 Hz, 1H,
PhCH,), 4.62 (d, ] = 11.6 Hz, 1H, PhCHy), 4.19-4.15 (m, 1H), 4.12 (d, ] = 5.2 Hz, 1H), 3.88
(q, ] = 6.8 Hz, H-5'), 3.78-3.71 (m, 1H), 3.52 (dd, ] = 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, NH,), 1.52 (s, 3H, Me),
1.31 (s, 3H, Me), and 1.28-1.19 (m, 12H, H-6, H-6', (CH3),CH),. The readings for the 13C
NMR spectra (100 MHz, CDCl3) were 6 138.8, 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 Co5H39NO7S was [M + H]*: 498.2520, found: 498.2541.

(25,3545 ,6R)-4-amino-2-methyl-6-(((3aR,5R,5a5,8aS,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. Ry = 0.33 (CH,Cl,-MeOH 10:1). [o]Z —99.5 (c, 1.17 in
CHCl3). The readings for the TH NMR spectra (400 MHz, CDCl3) were 6 5.51 (d, ] =5.2 Hz,
1H, H-1),4.88 (d, ] = 2.8 Hz, 1H, H-1'),4.58 (dd, | = 7.6, 2.4 Hz, 1H), 4.29 (dd, | = 5.2, 2.4 Hz,
1H), 4.21 (dd, ] = 8.0, 1.6 Hz, 1H), 3.97-3.90 (m, 2H), 3.79 (dd, ] = 10.0, 6.0 Hz, 1H), 3.54 (dd,
J=10.0, 6.8 Hz, 1H), 3.38 (d, | = 2.4 Hz, 1H), 3.21 (d, | = 8.8 Hz, 1H), 1.72-1.59 (m, 4H, H-2'a,
H-2'b, NH,), 1.51 (s, 3H, Me), 1.42 (s, 3H, Me), 1.31 (s, 3H, Me), 1.30 (s, 3H, Me), and 1.23
(d, ] = 6.4 Hz, 3H, H-6'). The readings for the 13C NMR spectra (100 MHz, CDCl3) were 6
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 C1gH31NOg was [M + H]*: 390.2122, found: 390.2138.

Ethyl (E)-3-(3-(((25,45,55,65)-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. R= 0.23 (CHCl,-MeOH 10:1). [o]Z —110.9 (c, 0.60 in
CHCl3).The readings for the 'H NMR spectra (400 MHz, CDCl3) were 6 7.62 (d, | = 16.0 Hz,
1H,CH=CH),7.27 (t,] =7.6 Hz, 1H, Ar-H), 7.20 (br s, 1H, Ar-H), 7.14 (d, ] = 7.6 Hz, 1H,
Ar-H),7.07 (dd, ] =84, 1.6 Hz, 1H, Ar-H), 6.39 (d, ] = 16.0 Hz, 1H, CH = CH), 5.60 (br s, 1H,
H-1),4.24 (q, ] =7.2 Hz, 2H, CH,), 3.96 (q, ] = 6.4 Hz, 1H, H-5), 3.48-3.44 (m, 2H, H-3, H-4),
1.86 (dd, ] = 8.8, 2.4 Hz, 2H, H-2a, H-2b), 1.32 (t, ] =7.2 Hz, 3H, Me), and 1.22 (d, ] = 6.8 Hz,
3H, H-6). The readings for the '*C NMR spectra (100 MHz, CDCl3) were § 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 C17Hy3NOs was [M + H]*: 322.1649, found: 322.1676.

(25,35,45,6R)-4-amino-2-methyl-6-(((4S,5'R,6aR,6bS,8aS,8bR,95,10R,11a5,12a5,12bS) -
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. R=0.32 (CH,Cl,-MeOH 10:1), m.p. 243-244 °C. [oc]2D5 —154.8
(c, 1.09 in CHCl3). The readings for the I'H NMR spectra (400 MHz, CDCl3) were § 5.31
(d, ] =5.2Hz, 1H, C = CH), 5.00 (d, | = 3.2 Hz, 1H, H-1), 4.38 (q, ] = 7.2 Hz, 1H), 3.94 (q,
] =6.4 Hz, 1H, H-5), 3.47-3.32 (m, 4H), 3.24 (d, ] = 10.4 Hz, 1H), 2.32 (ddd, ] = 13.2, 4.4, 1.6
Hz, 1H),2.15 (td, ] = 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, ] = 6.8 Hz, 3H, H-6), 1.17 (dd, | = 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 6 140.9, 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.

(25,35,45,65)-4-amino-2-methyl-6-(((2R,3R,5R,65)-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. Ry=0.13 (CH,Cl,-MeOH 15:1). The readings for the
'H NMR spectra (600 MHz, CDCl3) were & 7.31-7.18 (m, 15H, Ar-H), 4.91 (d, ] = 11.4 Hz,
1H, PhCH,), 4.79 (d, ] =10.8 Hz, 1H, PhCH,), 4.78 (d, ] = 10.8 Hz, 1H, PhCH,), 4.73 (d,
J =12.0 Hz, 1H, PhCH>), 4.66 (d, ] = 10.8 Hz, 1H, PhCH,), 4.60 (d, ] = 12.6 Hz, 1H, PhCH,),
456 (d, ] =3.6 Hz, 1H, H-1),4.40 (dd, ] =9.6, 1.8 Hz, 1H, H-1"), 4.10 (dd, ] =114, 3.6 Hz,
1H, H-6a), 3.92 (t, ] = 9.6 Hz, 1H, H-3), 3.68-3.61 (m, 2H, H-5, H-6b), 3.54 (t, ] = 9.6 Hz, 1H,
H-4),3.47 (dd, ] =9.6,3.6 Hz, 1H, H-2),3.42 (q, | = 6.6 Hz, 1H, H-5"),3.33 (d, ] = 1.8 Hz, 1H,
H-4"),3.30 (s, 3H, OMe), 2.97 (brs, 3H, NH,, 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, | = 6.6 Hz, 3H, H-6"). The readings for the 13¢c
NMR spectra (150 MHz, CDCl3) were ¢ 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.

(25,3R4R,65)-4-amino-6-(((2R,3R 4S,5R,65)-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 (CH;Cl,-MeOH 10:1). [o]Z —15.0 (c, 0.56
in CHCl3). The readings for the '"H NMR spectra (400 MHz, CDCl3) were 6 7.35-7.25 (m,
15H, Ar-H), 5.25 (d, ] = 3.2 Hz, 1H, H-1"), 4.77 (d, ] = 11.6 Hz, 2H, PhCH), 4.69 (m, 2H,
PhCH,, H-1), 4.65 (d, ] = 11.6 Hz, 1H, PhCH,), 4.56 (d, | = 11.6 Hz, 1H, PhCH,), 4.65 (d,
J=11.6 Hz, 1H, PhCHy), 4.06 (d, | = 1.2 Hz, 1H, H-4), 3.92 (t, ] = 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, ] = 9.2, 4.4 Hz, 1H),
3.00 (m, 1H), 2.06-2.03 (m, 1H, H-2a), 1.79 (dt, ] = 14.4, 4.4 Hz, 1H, H-2’b), and 1.18 (d,
] = 6.0 Hz, 3H, H-6’). The readings for the '>*C NMR spectra (100 MHz, CDCl3) were J 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
C34Hy3NOg was [M + H]*: 594.3061, found: 594.3078.

(2R,3R4R,6R)-4-amino-6-(((2S,65,7R,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 (CH,Cl,-MeOH 10:1), m.p. 89-90 °C. [cx]zD5 +22.8 (¢,
1.48 in CHCl3). The readings for the 'H NMR spectra (400 MHz, CDCl3) were & 7.43-7.39
(m, 2H, Ar-H), 7.37-7.30 (m, 3H, Ar-H), 5.57 (s, 1H, PhCHO,), 5.18 (d, ] = 3.2 Hz, 1H, H-1),
5.05 (s, 1H, H-1),4.36 (d, ] =4.4 Hz, 1H, H-2), 4.25 (dd, ] = 9.6, 4.0 Hz, 1H, H-6a), 4.02-3.95
(m, 2H, H-4, H-5'), 3.90 (td, ] = 10.0, 4.0 Hz, 1H, H-5), 3.84 (t, ] = 10.0 Hz, 1H, H-6b), 3.48
(dd, ] =9.6,4.4 Hz, 1H, H-3), 3.45 (br s, 1H, H-4"), 3.36 (s, 3H, OMe), 3.30 (ddd, ] = 12.0, 4.8,
2.8 Hz, 1H, H-3'), 1.74 (dd, ] = 13.2, 4.8 Hz, 1H, H-2"a), 1.65 (td, ] = 12.4, 3.6 Hz, 1H, H-2'b),
and 1.25 (d, ] = 6.8 Hz, 3H, H-6’). The readings for the 3C NMR spectra (100 MHz, CDCl3)
were ¢ 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 CooHygINO7; was [M + H]J*: 522.0983,
found: 522.0996.

(2R,3R,4R,6S)-4-amino-6-(((35,85,95,10R,13R,14S5,17R)-10,13-dimethyl-17-((R)-6-
methylheptan-2-y1)-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. Ry = 0.26 (CH;Cl,-MeOH 10:1), m.p. 185-186 °C. [oc]2D5 +54.0
(¢, 1.62 in CHCl3). The readings for the 'H NMR spectra (400 MHz, CDCl3) were 6 5.32 (d,
J=48Hz, 1H,C=CH),4.99(d, ] =3.2 Hz, 1H, H-1),3.96 (q, ] = 6.4 Hz, 1H, H-5), 3.44 (m,
1H,),3.39 (d, | = 2.4 Hz, 1H, H-4), 3.25 (ddd, ] = 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, ] = 6.4 Hz, 4H, H-6), 1.20-0.99 (m, 8H), 0.98-0.92 (m, 5H), 0.89
(d,J=6.4Hz, 3H, Me), 0.85 (d, ] = 1.6 Hz, 3H, Me), 0.83 (d, ] =1.6 Hz, 3H, Me), and 0.65 (s,
3H, Me). The readings for the 13C NMR spectra (100 MHz, CDCl3) were 6 141.2,121.9, 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.

(25,35,45,65)-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. Ry = 0.29 (CH;Cl,-MeOH 10:1), m.p. 112-113 °C. [o]®
—86.6 (c, 0.56 in CHCl3). The readings for the 'H NMR spectra (400 MHz, CDCls) were
6828 (d, ] =8.0Hz 1H, Ar-H), 798 (d, ] = 8.4 Hz, 1H, Ar-H), 7.53-7.43 (m, 3H, Ar-H),
6.76 (d, ] =8.0 Hz, 1H, Ar-H), 5.00 (d, | = 10.4 Hz, 1H, H-1), 3.97 (s, 3H, OMe), 3.82 (q,
J =6.4Hz, 1H, H-5), 3.52 (br s, 1H, H-4), 3.18 (d, ] = 10.4 Hz, 1H, H-3), 1.96-1.84 (m, 2H,
H-2a, H-2b), and 1.39 (d, ] = 6.4 Hz, 3H, H-6). The readings for the 13C NMR spectra
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(100 MHz, CDCl3) were 6 155.5, 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 C17H,1NO3 was [M +
H]*: 288.1594, found: 288.1597.

(25,35,45,65)-4-amino-6-(6-hydroxy-2,3,4-trimethoxyphenyl)-2-methyltetrahydro-2H-
pyran-3-ol (21).

According to the General Procedure, 11 (20.0 mg, 0.053 mmol) was used to obtain 21 as
a white solid in 77% yield. R¢ = 0.24 (CH,Cl,-MeOH 10:1), m.p. 178-179 °C. [oc]zD5 -71.0
(¢, 0.67 in CHCl3). The readings for the TH NMR spectra (400 MHz, CDCl3) were 6 6.23 (s,
1H, Ar-H), 4.90 (dd, ] = 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, ] = 6.4 Hz, 1H, H-5), 3.45 (d, ] =2.4 Hz, 1H, H-4), 3.16 (d, ] = 10.4 Hz,
1H, H-3), 1.89 (q, ] = 12.0 Hz, 1H, H-2a), 1.61 (dq, ] = 13.2, 3.2 Hz, 1H, H-2b), and 1.36 (d,
] = 6.4 Hz, 3H, H-6). The readings for the '3C NMR spectra (100 MHz, CDCl3) were § 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 C15H3NOg was [M + H]*: 314.1598, found: 314.1625.

5-((25,45,55,65)-4-amino-5-hydroxy-6-methyltetrahydro-2 H-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. Ry = 0.27 (CH,Cl,-MeOH 10:1), m.p. 166-167 °C. [oc]lz)5
—154.0 (c, 0.82 in CHCl3). The readings for the 'H NMR spectra (400 MHz, CDCl3) were
6766 (d,]=84Hz 1H, Ar-H), 7.11 (s, 1H, Ar-H), 6.77 (d, ] = 8.4 Hz, 1H, Ar-H), 4.87 (d,
J =10.4 Hz, 1H, H-1), 3.98 (s, 3H, OMe), 3.80 (q, ] = 6.4 Hz, 1H, H-5), 3.52 (d, ] =2.0 Hz, 1H,
H-4),3.18 (dt, ] = 11.6, 3.6 Hz, 1H, H-3), 2.99 (t, ] = 6.0 Hz, 2H, CH,), 2.74 (t, ] = 6.4 Hz, 2H,
CHy), 2.13-2.06 (m, 2H, CHj), 1.91 (dd, | = 13.2, 2.4 Hz, 1H, H-2a), 1.81-1.72 (m, 3H, H-2b,
NH,), and 1.39 (d, ] = 6.8 Hz, 3H, H-6). The readings for the '*C NMR spectra (100 MHz,
CDCl3) were ¢ 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 Cy;H>5NOs5
was [M + H]*: 372.1805, found: 372.1790.

(35,4R,85,95,10R,13R,145,17R)-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)CO,Et
(0.055 mmol, 1.1 equiv) and P(NMe,)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 H,O
(0.5 mL) were added sequentially, and the mixture was stirred for 4 h at 65 °C. The mixture
was extracted with CH,Cl, after removing the THF by concentration. The organic layer
was washed with saturated NaHCO3; and brine, dried over Na,SOy, and concentrated
in vacuo. The crude residue was purified using column chromatography on silica gel
(dichloromethane-methanol gradient elution, with 1% NHj3-H,O) to obtain 7a as a white
solid in 70% yield. Ry = 0.40 (CH,Cl,-MeOH 10:1), m.p. 158-159°C. [oc]2D5 —41.3 (¢, 0.76
in CHCl3). The readings for the 'H NMR spectra (400 MHz, CDCl3) were 6 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, | = 6.4 Hz, 3H, Me), 0.85 (d,
J=1.6 Hz, 3H, Me), 0.83 (d, ] = 1.6 Hz, 3H, Me), and 0.65 (s, 3H, Me). The readings for the
13C NMR spectra (100 MHz, CDCl3) were 6 127.2, 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 Co7Hy7NO 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)CO,Et
(0.158 mmol, 2.0 equiv) and P(NMejy); (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 H,O
(0.79 mL) were added sequentially, and the mixture was stirred for 4 h at 65 °C. The mixture
was extracted with CH,Cl, after removing the THF by concentration. The organic layer
was washed with saturated NaHCQO3; and brine, dried over Na,SO,4, and concentrated
in vacuo. The crude residue was purified using column chromatography on silica gel
(dichloromethane-methanol gradient elution, with 1% NHs-H,O) to obtain 7b as a yellow

26



Molecules 2023, 28, 182

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. R¢ = 0.25 (CH,Cl,-MeOH 10:1). The readings for the
'H NMR spectra (400 MHz, CDClz) were § 8.12 (d, ] = 7.2 Hz, 1H, Ar-H), 7.54 (d, ] = 8.4 Hz,
2H, Ar-H, C =CH), 7.30 (t, | = 7.2 Hz, 1H, Ar-H), 7.21 (t, ] = 7.2 Hz, 1H, Ar-H), 4.47 (dd,
J=7.6,4.0 Hz, 1H), 3.84 (t, ] = 5.2 Hz, 2H), 3.18 (s, 3H, OH, NH,), 2.10-1.98 (m, 2H), and
1.64 (s, 9H, (CHj3)3C). The readings for the 13C NMR spectra (100 MHz, CDCl3) were &
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 C1H»N>O3 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.
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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-5/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.
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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;
Fug, 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.
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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 «-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 (fHuEPO) 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 rtHuEPO 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 A [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].
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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:
11GY); (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 (Cy2 and Cy3). The Fc region of IgG bears a highly conserved
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N-glycosylation site at Asn297, within the Cy2 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 (GO, four GlcNAc and three mannose
residues). The core structure can be further extended differently by fucosylation (GOF),
galactosylation of one or two arms (G1, G2), and addition of terminal sialic acids in the
presence of galactose (G151, G252) (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 (GOF + GOF-GIcNAc), 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 Fcy 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 FcyRlIlla. 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 FcyRlIlla, 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 (Cy1 and Cp), as well as variable heavy (V) and light (Vi) 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 GIcNAc 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 Vi1 /Vy, 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
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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.

Keywords: anticancer; polysaccharides; drug delivery systems; nanomedicines

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

Molecules 2022, 27, 8083. https:/ /doi.org/10.3390/molecules27228083 41

https://www.mdpi.com/journal /molecules



Molecules 2022, 27, 8083

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 GIcN-GlcA or GleN-IdoA
Polysaccharides from fungi Inhibiting JAK2/STATS3 signaling pathway 3-(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-1I), xylagalgalacturonan (XGA), and
Apio galgalacturonan (AGA), based on the different structural characteristics [10]. HG
is characterized by «-(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], 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 x 105 Da Not been elucidated [14,15]
PGP2a Acidic protein—polysaccharide ~3.2 x 104 Da Target Twist/ AKR1C2/NF-1 pathway [16]
RG-1T RG-I and side chains AG-I ~6 x 104 Da Bound to galectin-3 [17]
MCGP-1 The ratio of Rha/GalA is 0.82 1.649 x 105 Da Might gfer:ij;jfetgft?}feiﬁ;‘gi‘i‘;ziig‘e‘ked to [18]
MCGP-2 Mainly composed of GalA, Ara, Gal, Rha, and Glc 1.644 x 105 Da The same mechanism as MCGP-1 [18]
The same mechanism as MCGP-1 and contains
MCGP-3 The characteristic compositions of RG-I pectin 1.572 x 105 Da disaccharide [-(1, 4)-x-D-GalAp-(1, 2. [18]
--L-Rhap-]
MCGP-4 The characteristic compositions of RG-I pectin 1.673 x 105 Da The same mechanism as MCGP-1 [18]
MCGP-5 The ratio of Rha/GalA is 0.24 1.600 x 105 Da The same mechanism as MCGP-1 [18]
MCGP-6 Mainly composed of GalA, Ara, Gal, Rha, and Glc 1.592 x 105 Da The same mechanism as MCGP-1 [18]
MCGP-7 Mainly composed of GalA, Ara, Gal, Rha, and Glc 1.520 x 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-kB 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
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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/MCEF-7 [46]
Psidium guajava L. seeds MCE-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]. LRP3-51 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]
. Composed of Gal, Glc, xylose, and Man at molar ratios of
Gleoestereum incarnatum 1:425:1.14:1.85 HepG2 [78]
. . Presence of RG-I domains and typical pectic polysaccharides, with
Zizyphus jujuba co.Muzao homogalacturonan (methyl and acetyl esterified) HepG2 791
Taxus chinensis var.mairei fruits 5180 [80]
Huperzia serrata Composed of Gal, Glc, Ara, Rha, Man, GalA, and so on Skov3 and A2780 [81]
Dandelion «-type polysaccharides, consisted of Glc, Gal, Ara, arabinose HepG2 82,83]
rhamnose, and GlcA
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].
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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]
. . Reverses the cisplatin resistance in .
Tinzaparin, a LMWH HP fragments A2780cis cells A278(0cis cells [101]
Deoxycholic acid conjugated HP . s
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—functionalizgd Pluronic Polymeric nanoparticles Antiangiogenic properties and drug Gastric cancers [105]
nanoparticles combination
Heparin/ poli/lethyleneglycol (PEG) Nanogels Antiangiogenic properties and drug Breast cancer [106]
ydrogel combination
Enhancing the efficacies, minimizing
LMWH-poloxamer Nanogels the side effects ofdalteparin, and Xenograft S180 sarcoma tumor [107]
exhibiting a good thermosensitivity
HP-containing cryogel microcarriers Polyelectrolyte complex Reversible strong electrostatic Metastatic breast cancer [108]
nanoparticles interaction
HP-Folate-Tat-Taxol Polyelectrolytg complex Negatively charged nar}opartlcles Breastcancer cells [109]
nanoparticles may cause lower toxic effect
LMWH-quercetin conjugate HP-drug conjugate Antiangiogenic properties MCE-7 tumor cells [110]
HP-Poloxamer HP-coated inorganic nanoparticles Antiangiogenic properties and drug HeLa cells [111]
combination
Heparosan—cyst§m1ne—V1tamln E Nanogels yncrease tumor selectlx{lty and MGC80-3 tumor cells [12]
succinate improve the therapeutic effect
LMWH-TOS Polyelectrolyte: complex Antiangiogenic properties and drug 4T1 solid tumor model [113]
nanoparticles combination
HP—f};).late—getmmc acid Polyelectrolytg complex Drug combination HelLa cells [114]
ioconjugates nanoparticles
HP-reduced graphgne oxide Polyelectrolytg complex Combinational chemotherapy and MCE-7 and A549cells [115]
nanocomposites nanoparticles photothermal therapy
PEGylated HP-based nanomedicines Polyelectrolyte complex Photodynamic therapy 4T1 cells [116]

nanoparticles
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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 3 (1—3) GlcNAc, and each disaccharide unit passes through a 3 (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].

QNanogeIs : @%ﬂ;ﬂﬁ?

y
5 i

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 Polymeric nanoparticles CD44-targeted, hydrophilic HelLa cells [120]
(CHI)-HA-DOX
.. . . CD44-targeted,
HA-DOX-afatinib-CaP Polymeric nanoparticles 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 Ab549 lung cancer cells [123]
HA-Cur-prodrug-CaP Polymeric nanoparticles CD44-targeted MB_MDﬁc;éﬁ mouse [124]
HA-cyst?;alI?)- pyrenyl- Polymeric nanoparticles CD44-targeted, hydrophilic =~ A549 tumor-bearing mice [125]
HA-DOX-cisplatin Nanogels CD44-targeted A2780 cell lines [126]
CD44-targeted, negative
HA-keratin-DOX Nanogels charge and good 4T1 and B16 cells [127]
hydrophilicity
ottt Mg
HA-Pemetrexed HA-drug conjugate progn pleuralmesothelioma [128]
malignant pleural
- model
mesothelioma
HA—ﬂuvastzjltm— . . CD44-targeted, hydrophilic Breast cancer stem
encapsulating Polymeric nanoparticles barrier cellxenografted mouse [129]
liposomes model
HA-coated HA-coated inorganic
silica/hydroxyapatite- 1078 CD44-targeted 4T1 tumor-bearing mice [130]
DOX nanoparticles
HA-sclareol/poly-lactic- HA-coated inorganic . MCF-7 and MDA-MB468
co-glycolic . CD44-targeted, hydrophilic . [131]
2cid nanoparticles cell lines
. HA-coated inorganic
HA-coated camptothecin . CD44-targeted MDA-MB-231 cells [132]
nanoparticles
HA and poly-(N-e- .
carbobenzyloxy-L- Polymeric nanoparticles CD44-targeted HepG2 ttrlnr?é)er—bearmg [133]
lysine)
Ursolic acid-loadedin a .
poly-L-lysine coat and HA-coated organic CD44-targeted SCC-7 xenograft tumor [134]
HA nanoparticles model
folic acid- and HA-coated organic
dopamine-decorated HA nanoparticles CDid-targeted B16 melanoma model [135]
HA-Cus—xS HA-coated organic CD44—targ.et.ehd, CT26.WT c.ells—bearmg [136]
nanoparticles biocompatibility mice
.HA Con]ugated. . HA con]ugated‘ CD44-targeted C26 colon cancer cells [137]
ZincProtoporphyrin cincprotoporphyrin
Irinotecan-loaded . . H23 non-small-cell lung
self-agglomerating HA Polymeric nanoparticles CD44-targeted cancer cells [138]
HA- Polyelectrolyte complex
Superparamagneticlron Y e P CD44-targeted U87MG cells [139]
Oxide nanoparticles
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3.1.3. Chondroitin Sulfate/Dermatan Sulfate

The repeated disaccharide unit of CS is comprised of GlcA 3 (1—3) GlcNAc, and each
disaccharide unit passes through a 3 (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-GalNA4S GlcA-GalNAc/GlcA2S-GalNAc
CS-B(DS) IdoA-GalNAc4S IdoA2S-GalNAc4S/GlcA3S-GalNAc
CSs-C GlcA-GalNAc6S IdoA-GalNAc4S65/GlcA3S-GalNAc4S
CS-D GlcA2S-GalNAc6S IdoA2S-GalNAc4S6S/GlcA3S-GalNAc4S65
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
Galp3(1—4)GIcNAc, and each disaccharide unit passes through a 3 (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 3-(1—3)-D-glucan and its repeating unit is shown in
Figure 4. The primary structure of LNT consists of two lateral 3-(1—6) glucose branches
on five 3-(1—3) glucose linkages [157].

HO HO
HO HO
OH OH
ho'| ° Ho'| °
OH 0 OH 0 OH
0 o 0 0
- OH OH OH OH OH |

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-CaCOs3) 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].

Lentinan

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 3-glucans with an MW distribution of
103-106 Da. Ding et al. reported a neutral polysaccharide, GLSA50-1B, with a (1—6)
(1—4)-B-D-glucan (Figure 6A) [163]. Fang et al. identified a branched B-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].

PSGL-1A

WGLP

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. [ucidum 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 x-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
a-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 a-1,1’-2-deoxy thioglycosides stereoselectively catalyzed by ReOCl3(SMe;)(OPPh;) 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-HCI)
to catalyze the reaction between glycals and thiols giving 2-deoxy-[3-galactosides with an
o/ P ratio from 3.8:1 to B 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
a-2-deoxythiosugars were able to be obtained in good yields with high stereoselectivity
under mild conditions.
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a) Stereoselective synthesis of 2-deoxythioglycosides via Re(V) catalyst
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b) Stereoselective synthesis of 2-deoxythioglycosides via bulky pyridinium salts
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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),; was examined as the catalyst, giving 2-deoxysugar 3a in a yield
of 32% with high a-selectivity («/f > 20:1) in dichloromethane (entry 1). Then, various
Lewis acids were screened (entries 2-8). For example, Hg(OTf), could increase the yield to
59% (entry 2), while Yb(OTf); 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), and Dy(OTf); 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 /{3 ratio from
15:1 to > 20:1 determined by 'H NMR. Fortunately, the crystal of 3c was obtained and the
configuration was confirmed as «-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
o/ = 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 «/{ > 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 o¢/ 3 ratio of
18:1. Thiophenol 2-deoxysugar 3g was obtained stereoselectively («/ {3 > 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 «:f3 = 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 o:3 = 15:1 and
o3 =12:1, respectively.
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Table 1. Condition optimization for the 2-deoxythioglycosylation 2.

H .
TBDPSO oI CHs TBDPSO AR
catalyst
—_— CH

o}_o ¥ solvent, r.t. O}—O 8
(0] SH o
1a 2a 3a
Entry Catalyst Solvent Yield (%) ®

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

@ 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 N, atmosphere. ? Isolated yield, o/ > 20:1 by 'H
NMR. N.R. = No Reaction.
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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 (oc/p > 20:1). When n-butyl, iso-butyl, and sec-butyl mercaptan were
employed, the corresponding x-2-deoxythioglycosides 5¢c-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 x-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 «/3 > 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 «-disaccharides. For example, 5i was achieved successfully from
3,4-O-carbonate-galactal 1 and 1,2:5,6-di-O-isopropylidene-x-D-allofuranose in a yield of
67% with exclusive a-selectivity. The «,f3-1,1’-2-deoxythioglycosides 5j was obtained from
glycal 1 and 1-thio-f3-D-glucose tetraacetate in a yield of 69% with excellent stereoselectivity
(/B >20:1).

TBDPSO OI TBDPSO O Sr
AgOTf
+ RSH —— o
DCM, rt.

&

1a© 4a-4j

TBDPSO/j%Oj"\S\(\/); TBDPSO/j%Oj"\S\/\/ TBDPSO/j%Oj“SMK

o)
O
Ve

o/>’° O/>~o

o 0
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5b,n=7,78%, a:p > 20:1
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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 x-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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TBDPSO © |
AgOTf
o + RSH ——
DCM, rit.

yield with high x-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
)/-—o

ratio of oo/ 3 > 20:1.
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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 a-2-deoxythioglycosides because the 3,4-O-carbonate ring
would block the upper face.

PgO OSSR
AgOTf

t  RSH DCM. rt. ” Q

0]

O
2-deoxythioglycoside

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 x-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 N, 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-u-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%; 'H NMR (400 MHz, CDCl3) 6 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, ] =9.8,
6.5Hz, 1H, H-1), 5.05 (ddd, ] = 8.8, 4.4, 2.0 Hz, 1H, H-3),4.90 (dd, | = 8.6, 1.6 Hz, 1H, H-4),
4.16 (ddd, ] =7.7, 6.0, 1.6 Hz, 1H, H-5), 3.84 (dd, ] = 10.2, 7.6 Hz, 1H, H-6), 3.77 (dd, ] = 10.2,
6.2 Hz, 1H, H-6"), 2.64 (ddd, ] = 15.8, 6.5, 3.5 Hz, 1H, H-2), 2.29 (s, 3H, PhCHj3), 1.88 (ddd,
J=15.9,9.8, 3.0 Hz, 1H, H-2), 1.06 (s, 9H, Si-'Bu). '3C NMR (100 MHz, CDCl3) § 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: caled. for C30H3405SSiNa* (M + Na)* 557.1788,
found 557.1786; [oc]zD5 = +45.7 (c = 1.0, CHCly).

3-Methylphenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-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 0il 43.8 mg, yield 82%; 'H NMR (400 MHz, CDCl3) 6 7.69 (ddd, ] = 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,
] =9.8,6.5Hz, 1H, H-1), 5.08 (ddd, ] = 8.4, 4.0, 2.0 Hz, 1H, H-3), 4.93 (dd, ] = 8.6, 1.6 Hz, 1H,
H-4),4.19 (ddd, ] =7.7, 6.0, 1.6 Hz, 1H, H-5), 3.87 (dd, ] = 10.2, 7.7 Hz, 1H, H-6), 3.80 (dd,
J =102, 6.1 Hz, 1H, H-6), 2.68 (ddd, ] = 15.8, 6.5, 3.5 Hz, 1H, H-2), 2.27 (s, 3H, PhCHj3),
1.92 (ddd, J = 15.9, 9.8, 3.0 Hz, 1H, H-2’), 1.08 (s, 9H, Si-'Bu). 3C NMR (100 MHz, CDCl5)
6154.2,138.9,135.7,135.6,133.2,133.1, 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 C3yH3405SSiNa*
(M + Na)* 557.1788, found 557.1790; [(x]2D5 =+62.2 (c = 1.0, CHCl,).

2-Methylphenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-ua-D-galactopy-
ranoside (3¢c). 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. 'H NMR (400 MHz, CDCl3) 6 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, ] =9.8, 6.4 Hz, 1H, H-1), 5.07 (ddd, | = 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, ] = 8.0, 6.0, 1.7 Hz, 1H, H-5), 3.83 (dd, ] = 10.1, 8.0 Hz,
1H, H-6), 3.75 (dd, ] = 10.1, 6.0 Hz, 1H, H-6"), 2.67 (ddd, | = 15.8, 6.5, 3.5 Hz, 1H, H-2),
2.33(s, 3H, PhCH3), 1.96 (ddd, ] = 15.9, 9.8, 2.9 Hz, 1H, H-2’), 1.04 (s, 9H, Si-'Bu). '3C NMR
(100 MHz, CDCl3) 6 154.2, 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
C30H3405SSiNa* (M + Na)* 557.1788, found 557.1793; [oc]zD5 =+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%; 'H NMR (400 MHz, CDCl3) § 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), 545 (dd, | = 9.8, 6.4 Hz, 1H, H-1), 5.13-5.03 (m, 1H, H-3), 4.96 (dd, ] = 8.6,
1.6 Hz, 1H, H-4), 418 (ddd, ] = 7.8, 5.8, 1.6 Hz, 1H, H-5), 3.86 (dd, ] = 10.1, 8.2 Hz, 1H, H-6),
3.76 (dd, | =10.0, 5.9 Hz, 1H, H-6"), 2.68 (ddd, | = 15.8, 6.4, 3.5 Hz, 1H, H-2), 2.33 (s, 3H,
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PhCHj3), 2.28 (s, 3H, PhCHj3), 1.96 (ddd, | = 15.9, 9.9, 2.9 Hz, 1H, H-2’), 1.08 (s, 9H, Si-'Bu).
13C NMR (100 MHz, CDCl3) ¢ 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 C31H3¢05SSiNa* (M + Na)* 571.1945, found 571.1941; [oc]lsz = +68.4
(c=1.0, CHCly).
4-Methoxylphenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-n-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 0il 40.1 mg, yield 73%; 'H NMR (400 MHz, CDCl3) § 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, ] = 9.8,
6.4 Hz, 1H, H-1), 5.06 (ddd ] = 8.6, 4.4, 2.2Hz, 1H, H-3), 491 (dd, ] = 8.6, 1.6 Hz, 1H, H-4),
418(ddd,J=7.7,6.1,1.6 Hz, 1H, H-5),3.87 (dd, ] = 10.3, 7.5 Hz, 1H, H-6), 3.80 (dd, ] = 9.4,
5.3 Hz, 1H, H-6'), 3.77 (s, 3H, PhOCH3), 2.65 (ddd, | = 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-‘Bu).'*C NMR (100 MHz, CDCl3) 6 160.2, 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 C3pH3406SSiNa* (M + Na)* 573.1738,
found 573.1739; [oc]zD5 =+90.6 (c = 1.0, CHCly).
4-tert-Butylphenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-n-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%; 'H NMR (400 MHz, CDCl3) 6 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, ] = 9.7,
6.5 Hz, 1H, H-1), 5.07 (ddd, ] = 8.6, 4.2, 2.2 Hz, 1H, H-3),4.92 (dd, ] = 8.7, 1.7 Hz, 1H, H-4),
4.22(ddd, [ =7.6,62,1.6 Hz, 1H, H-5), 3.88 (dd, ] = 10.2, 7.5 Hz, 1H, H-6), 3.82 (dd, ] = 10.2,
6.2 Hz, 1H, H-6"), 2.67 (ddd, | = 15.9, 6.5, 3.5 Hz, 1H, H-2), 1.91 (ddd, ] = 15.9, 9.8, 3.0 Hz,
1H, H-2"), 1.29 (s, 9H, C-'Bu), 1.09 (s, 9H, Si-'Bu).13C NMR (100 MHz, CDCl3) 6 154.2, 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: caled. for C33H4O5SSiNa* (M + Na)* 599.2258,
found 599.2259; [a]% = +104.8 (c = 1.0, CHCl3).
Phenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-D-galactopyranoside
(38). 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%; 'H NMR (400 MHz, CDCl3) 6 7.70 (ddd, | = 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, ] =9.7, 6.5 Hz, 1H, H-1),
5.08 (ddd, ] = 8.4, 4.0, 2.4 Hz, 1H, H-3), 492 (dd, | = 8.6, 1.6 Hz, 1H, H-4), 420 (ddd, ] = 7.6,
6.2,1.7 Hz, 1H, H-5), 3.87 (dd, ] = 10.2, 7.5 Hz, 1H, H-6), 3.81 (dd, | = 10.3, 6.2 Hz, 1H, H-6'),
2.69 (ddd, ] =15.9, 6.5, 3.5 Hz, 1H, H-2), 1.92 (ddd, ] = 15.8, 9.8, 3.0 Hz, 1H, H-2"), 1.08 (s,
9H, Si-‘Bu).'*C NMR (100 MHz, CDCl3) § 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
Ca9H3,05SSiNa* (M + Na)* 543.1632, found 543.1642; [oc]zDS =+67.9 (c = 1.0, CHCly).
4-Bromophenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-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%; 'H NMR (400 MHz, CDCl3) § 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, ] = 2.4 Hz, 1H, Ar-H), 5.54 (dd,
J=9.8,6.5Hz, 1H, H-1), 5.07 (ddd, ] = 8.6, 4.4, 2.2 Hz, 1H, H-3), 4.90 (dd, ] = 8.6, 1.7 Hz,
1H, H-4), 4.15-4.19 (m, 1H, H-5), 3.87 (dd, ] = 10.4, 7.1 Hz, 1H, H-6), 3.79 (dd, ] = 10.3, 6.3
Hz, 1H, H-6"), 2.69 (ddd, ] = 15.9, 6.5, 3.5 Hz, 1H, H-2), 1.89 (ddd, ] = 15.9, 9.9, 3.0 Hz, 1H,
H-2'), 1.07 (s, 9H, Si-'Bu).'*C NMR (100 MHz, CDCl3) 6 154.1, 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 Co9H3z1BrOsSSiNat (M + Na)* 621.0737, found 621.0734;
(] = +45.6 (c = 1.0, CHCly).
2-Bromophenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-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%; 'H NMR (400 MHz, CDCl3) § 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, ] =9.8, 6.5 Hz, 1H, H-1), 5.12 (ddd, ] = 8.6, 4.0, 2.2 Hz, 1H,
H-3),4.95 (dd, ] = 8.6, 1.6 Hz, 1H, H-4), 4.21 (ddd, ] = 7.8, 6.3, 1.7 Hz, 1H, H-5), 3.85 (dd,
J=10.2,7.5Hz, 1H, H-6), 3.79 (dd, ] = 10.2, 6.3 Hz, 1H, H-6"), 2.74 (ddd, | = 15.9, 6.6, 3.5 Hz,
1H, H-2), 1.98 (ddd, ] = 15.8, 9.8, 2.9 Hz, 1H, H-2"), 1.04 (s, 9H, Si-'Bu).!3C NMR (100 MHz,
CDCls) 6 154.2,135.7,135.6, 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: caled. for Co9Hjz;BrOsSSiNa™*
(M + Na)* 621.0737, found 621.0735; [oc]2D5 = +82.4 (c = 1.0, CHCly).
4-Fluorophenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-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%; 'H NMR (400 MHz, CDCl3) 6 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, | = 9.9, 6.5 Hz, 1H, H-1),
5.07 (ddd, ] = 8.6, 4.2, 2.0 Hz, 1H, H-3), 4.90 (dd, ] = 8.7, 1.6 Hz, 1H, H-4), 4.16-4.20 (m,
1H, H-5), 3.87 (dd, ] = 10.4, 7.2 Hz, 1H, H-6), 3.80 (dd, | = 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, ] = 15.8, 9.8, 2.9 Hz, 1H, H-2"), 1.09 (s, 9H,
Si-‘Bu).13C NMR (100 MHz, CDCl3) 6 163.0 (d, | = 246.7 Hz), 154.1, 135.7, 135.6, 135.1 (d,
J =8.2Hz), 133.1,132.8, 130.1, 130.0, 128.0, 116.2 (d, | = 21.6 Hz), 81.0, 73.4, 72.4, 68.7, 61.7,
28.8,26.9,19.4. HRMS (ESI) m/z: caled. for CooH31FO5SSiNa* (M + Na)* 561.1538, found
561.1541; [a] 5 = +86.3 (c = 1.0, CHCly).
Ethyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-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%; 'H NMR (400 MHz, CDCl3) 6 7.67-7.71 (m, 4H, Ar-H), 7.60-7.36 (m, 6H, Ar-H),
5.39 (dd, ] =9.3, 6.5 Hz, 1H, H-1), 5.02 (ddd, | = 8.4, 4.8, 2.4 Hz, 1H, H-3), 4.86 (dd, ] = 8.5,
1.7 Hz, 1H, H-4), 4.23-4.01 (m, 1H, H-5), 3.85 (dd, ] = 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, CH,CHj3), 1.79 (ddd,
] =15.8,9.3,3.2 Hz, 1H, H-2), 1.24 (dd, ] = 13.4, 6.7 Hz, 3H, CH,CHj3), 1.08 (s, 9H, Si-'Bu).
13C NMR (100 MHz, CDCl3) & 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 Cp5H3,05SsiNa™
(M + Na)* 495.1632, found 495.1634; [oc]zD5 =+54.2 (c = 1.0, CHCl,).
Octyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-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%; TH NMR (400 MHz, CDCl3) 6 7.68-7.72 (m, 4H, Ar-H), 7.40-7.50 (m, 6H, Ar-H), 5.35
(dd, ] =9.3,6.5Hz, 1H, H-1), 5.02 (ddd, ] = 8.4, 4.5, 2.3 Hz, 1H, H-3), 4.87 (dd, ] = 8.5, 1.7 Hz,
1H, H-4),4.13 (ddd, ] =74, 6.9, 1.6 Hz, 1H, H-5), 3.85 (dd, ] =10.2, 7.3 Hz, 1H, H-6), 3.78 (dd,
J=10.2, 6.4 Hz, 1H, H-6"), 2.68 (ddd, ] = 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, CH}), 1.41-1.12 (m, 10H, CH>), 1.08
(s, 9H, Si-‘Bu), 0.89 (dd, ] = 7.6, 5.7 Hz, 3H, CH3). *C NMR (100 MHz, CDCl3) 6 154.4,
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: caled. for C3;HyyO5SSiNa*
(M + Na)* 579.2571, found 579.2556; [oc]ZDE’ =+51.4 (c = 1.0, CHCly).
n-Buty-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-D-galactopyranoside
(5¢). 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%; 'H NMR (400 MHz, CDCl3) & 7.48-7.71 (m, 4H, Ar-H), 7.55-7.36 (m, 6H,
Ar-H),5.35 (dd, ] =9.3, 6.5 Hz, 1H, H-1), 5.02 (ddd, ] = 8.5, 4.4, 2.4 Hz, 1H, H-3), 4.87 (dd,
J=85,17Hz, 1H, H-4), 4.13 (ddd, ] = 8.3, 6.4, 1.6 Hz, 1H, H-5), 3.85 (dd, ] = 10.2, 7.4 Hz,
1H, H-6), 3.77 (dd, ] = 10.2, 6.3 Hz, 1H, H-6"), 2.69 (ddd, | = 14.7, 8.1, 6.7 Hz, 1H, H-2),
2.60-2.46 (m, 2H, CHy), 1.78 (ddd, ] = 15.7, 9.3, 3.1 Hz, 1H, H-2’), 1.60-1.49 (m, 2H, CH,),
1.41-1.32 (m, 2H, CH,), 1.08 (s, 9H, Si-'Bu), 0.87 (dd, ] = 14.6, 6.9 Hz, 3H, CH3). 13C NMR
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(100 MHz, CDCl3) 6 154.4, 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 Cp7H3505SSiNa*
(M + Na)* 523.1945, found 523.1945; [oc]2D5 = +36.4 (c = 1.0, CHCly).
Isobutyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-n-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%; 'H NMR (400 MHz, CDCl3) § 7.67-7.71(m, 4H, Ar-H), 7.54-7.34 (m,
6H, Ar-H), 5.31 (dd, ] = 9.3, 6.5 Hz, 1H, H-1), 5.02 (ddd, 8.6, 4.6, 2.4, 1H, H-3), 4.88 (dd,
J =85, 1.6 Hz, 1H, H-4), 4.19-4.04 (m, 1H, H-5), 3.85 (dd, ] = 10.2, 7.5 Hz, 1H, H-6), 3.77
(dd, ] =10.2, 6.3 Hz, 1H, H-6"), 2.79-2.50 (m, 2H, H-2, CHHCH(CH3),), 2.42 (dd, ] = 12.9,
7.2 Hz, 1H, CHHCH(CH3)y), 1.84-1.74 (m, 2H, H-2", CH,CH(CH3),), 1.08 (s, 9H, Si-'Bu),
0.94 (dd, ] = 6.6, 2.7 Hz, 6H, CH3;CHCHj3). '*C NMR (100 MHz, CDCl3) & 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 Cp7H305SSiNa* (M + Na)* 523.1945, found
523.1942; [«]F = +63.3 (c = 1.0, CHCly).
sec-Butyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-u-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%; 'H NMR (400 MHz, CDCl3) 6 7.67-7.71 (m, 4H, Ar-H), 7.53-7.37 (m,
6H, Ar-H), 5.43 (dd, ] =9.3, 6.5 Hz, 1H, H-1), 5.00-5.05 (m, 1H, H-3), 4.89 (ddd, ] = 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, ] = 10.1, 6.1,
4.0 Hz, 1H, H-6'), 2.86-2.95 (m, 1H, CHCH,CH3), 2.53 (dddd, ] = 15.7, 6.2, 3.8, 2.1 Hz, 1H,
H-2),1.81 (dddd, ] =15.8,9.3, 4.5, 3.2 Hz, 1H, H-2’), 1.57-1.41 (m, 2H, CHCH,CH3), 1.29
(d, ] = 6.9 Hz, 2H, CHCH,H), 1.20 (d, ] = 7.0 Hz, 1H, CHCH,H), 1.08 (s, 9H, Si-'Bu), 0.91
(dt, ] = 23.3, 7.4 Hz, 3H, CHCH,CH3). 3C NMR (100 MHz, CDCl3) § 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) 6.154.4, 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: caled. for Co7H3z605SSiNa™ (M + Na)t 523.1945, found 523.1946; [(x]lz)s =+35.6
(c=1.0, CHCly).
tert-Butyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-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%; 'H NMR (400 MHz, CDCl3) 6 7.69-7.72 (m, 4H, Ar-H), 7.56-7.37 (m,
6H, Ar-H), 5.56 (dd, ] =9.4, 6.5 Hz, 1H, H-1), 5.03 (ddd, ] = 8.4, 4.8, 2.4 Hz, 1H, H-3), 491
(dd, J =8.5,1.6 Hz, 1H, H-4), 413 (ddd, | =7.9, 5.7, 1.6 Hz, 1H, H-5), 3.85 (dd, ] = 10.0,
8.3 Hz, 1H, H-6), 3.72 (dd, ] = 10.0, 5.8 Hz, 1H, H-6¢"), 2.49 (ddd, | = 15.7, 6.6, 3.8 Hz, 1H,
H-2),1.81 (ddd, ] = 15.8, 9.4, 3.1 Hz, 1H, H-2), 1.31 (s, 9H, C-'Bu), 1.07 (s, 9H, Si-'Bu).13C
NMR (100 MHz, CDCl3) § 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 Cy;H3405SSiNa*
(M + Na)* 523.1945, found 523.1949; [oc]%_’ =+40.2 (c = 1.0, CHCl,).
Benzyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-D-galactopyranoside
(58). 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%; 'H NMR (400 MHz, CDCl3) 6 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, ] =9.2, 6.6 Hz, 1H, H-1), 5.00 (ddd, ] = 8.4,
4.6,2,4Hz, 1H, H-3),4.86 (dd, ] = 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, | = 10.3, 6.4 Hz, 1H, H-6"), 3.66 (d, ] = 13.6 Hz, 1H, PhCHH),
2.46 (ddd, | =157, 6.6, 3.8 Hz, 1H, H-2), 1.77 (ddd, | = 15.8, 9.2, 3.2 Hz, 1H, H-2"), 1.11
(s, 9H, Si-'Bu).!3C NMR (100 MHz, CDCl3) § 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: caled. for C3yH3405SSiNa* (M + Na)* 557.1788, found 557.1777; [oc]zD5 =+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-a-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%; 'H NMR (400 MHz, CDCl3) 6 7.67-7.70 (m, 4H, Ar-H),
7.54-7.37 (m, 6H, Ar-H), 5.50 (dd, ] =9.5, 6.6 Hz, 1H, H-1), 5.05 (ddd, ] = 8.6, 4.0, 2.2 Hz, 1H,
H-3),4.88 (dd, ] = 8.6, 1.7 Hz, 1H, H-4), 4.14-4.03 (m, 1H, H-5), 3.84 (dd, | =10.2, 7.2 Hz, 1H,
H-6),3.77 (dd, ] =10.2, 6.4 Hz, 1H, H-6"), 3.67 (s, 3H, CH,COOCH3), 3.52 (d, ] = 15.5 Hz,
1H, CHHCOOCH3), 3.17 (d, | = 15.5 Hz, 1H, CHHCOOCH3), 2.61 (ddd, ] = 15.8, 6.5, 3.5 Hz,
1H, H-2), 1.76 (ddd, ] = 15.8, 9.5, 3.1 Hz, 1H, H-2"), 1.08 (s, 9H, Si-'Bu).!3C NMR (100 MHz,
CDCl3) 6 170.7,154.2, 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 CocH3,0O7SSiNa™ (M + Na)* 539.1530,
found 539.1519; [oc]zD5 = +28.0 (c = 1.0, CHCly).
3-5-(6-O-(tert-Butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-D-galactopyranosyl)-1,2,3,4-di-
O-isopropylidene-B-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%; 'H NMR (400 MHz, CDCl3) § 7.66 (ddd, ] = 7.8, 3.6,
1.7 Hz, 4H, Ar-H), 7.57-7.35 (m, 6H, Ar-H), 5.93 (d, ] = 3.6 Hz, 1H, H-1b), 5.05 (dd, ] = 9.6,
6.0 Hz, 1H, H-1a), 4.97-5.00 (m, 1H, H-3a), 4.85 (dd, ] = 8.3, 1.7 Hz, 1H, H-4a), 4.45 (dd,
] =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, ] = 4.5, 2.0 Hz, 1H, H-3b), 2.41 (ddd, ] =15.7, 5.6,
4.2 Hz, 1H, H-2a), 1.89 (ddd, ] = 15.7, 6.4, 3.7 Hz, 1H, H-2"a), 1.57 (s, 3H, CH3), 1.49 (s, 3H,
CHj3), 1.45 (s, 3H, CH3), 1.31 (s, 3H, CHj), 1.06 (s, 9H, Si-'Bu).3C NMR (100 MHz, CDCl3)
5154.4,135.7,135.6,133.2, 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 C35H47019SSi* (M + H)* 687.2654, found 687.2670; [oc]zD5 =+27.2 (c = 1.0, CHCl).
6-5-(6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-D-galactopyranosyl)-,2,3 4,6-tetra-
O-acetyl-B-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. IHNMR (400 MHz,
CDCl3) 6 7.84-7.56 (m, 4H, Ar-H), 7.65-7.35 (m, 6H, Ar-H), 5.56 (dd, ] =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, ] =10.1 Hz, 1H, H-1b), 4.11 (ddd, | = 8.0, 6.8, 1.5 Hz, 1H, H-5), 4.00 (dd, ] = 12.5,
48 HZ, 1H, H-6a), 3.90 (dd, ] = 12.5, 2.2 Hz, 1H, H-6"a), 3.90-3.79 (m, 2H, H-6, 6’b), 3.60
(ddd, ] =10.1,4.7,2.2 Hz, 1H, H-5b), 2.56 (ddd, ] = 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-‘Bu). 1*C NMR (100 MHz, CDCl3)
6170.6,170.3,169.5,169.2, 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 C3yH46014SSiNa™ (M + Na)* 797.2270, found 797.2265; [oc]zD5 =+21.1 (c = 1.0, CHCl3).
Estronyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-u-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%; 'H NMR (400 MHz, CDCl3) 6 7.80-7.64 (m, 4H, Ar-H), 7.52-7.36 (m, 6H, Ar-H),
7.26-7.10 (m, 3H, Ar-H), 551 (dd, ] =9.8, 6.5 Hz, 1H, H-1), 5.08 (ddd, ] = 8.6, 4.1, 2.4 Hz, 1H,
H-3),4.94 (dd, ] = 8.6, 1.6 Hz, 1H, H-4), 4.20 (ddd, ] = 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, ] = 10.2, 6.0 Hz, 1H, H-6'), 2.83-2.74 (m, 2H, PhCH,),
2.68 (ddd, ] =15.9, 6.5, 3.4 Hz, 1H, H-2), 2.52 (dd, ] = 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, CH, CHH), 2.04-1.86 (m, 3H,
H-2’, CHy), 1.71-1.53 (m, 3H, CH,, CHH), 1.50-1.37 (m, 2H, CHCH), 1.09 (s, 9H, Si-'Bu),
0.91 (s, 3H, CH3). '3C NMR (100 MHz, CDCl3) 6 220.9, 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
C41Hy05SsiNa™ (M + Na)* 719.2833, found 719.2830; [oc]zD5 = +114.6 (c = 1.0, CHCly).
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L-Menthyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-n-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%; 'H NMR (400 MHz, CDCl3) § 7.83-7.55 (m, 4H, Ar-H), 7.55-7.34 (m,
6H, Ar-H), 5.32 (dd, ] =9.7, 6.4 Hz, 1H, H-1), 5.06 (ddd, | = 8.7, 3.1 Hz, 1H, H-3), 5.01-5.08
(m, 1H, H-4), 4.14 (ddd, ] = 9.5, 5.5, 1.5 Hz, 1H, H-5), 3.84-3.88 (m, 1H, H-6), 3.74 (dd,
] =9.6,5.5Hz, 1H, H-6'), 3.36-3,37 (m, 1H, SCH), 2.55 (ddd, ] = 15.8, 6.4, 3.5 Hz, 1H, H-2),
1.88-1.95 (m, 2H, CH, CH), 1.83 (ddd, ] = 15.8, 9.7, 2.8 Hz, 1H, H-2"), 1.77-1.69 (m, 2H, CH,),
1.52-1.43 (m, 1H, CHH), 1.25-1.13 (m, 1H, CHH), 1.08 (s, 9H, Si-'Bu), 1.05-0.99 (m, 2H, CH,
CHH), 0.88-0.92 (m, 4H, CH3 CHH), 0.83 (d, ] = 6.6 Hz, 3H, CH3), 0.67 (d, | = 6.5 Hz, 3H,
CH3).!3C NMR (100 MHz, CDCl3) & 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: caled. for C33HysO5SSiNa™ (M + Na)* 605.2727, found 605.2728;
()5 = +56.7 (c = 1.0, CHCly).

Zingerone-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-u-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%; 'H NMR (400 MHz, CDCl3) & 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, ] = 1.6 Hz, 1H, Ar-H), 6.60 (dd, ] = 7.8, 1.7 Hz,
1H, Ar-H), 5.61 (dd, | = 9.6, 6.5 Hz, 1H, H-1), 5.08-5.10 (m, 1H, H-3), 495 (dd, ] = 8.7,
1.6 Hz, 1H, H-4), 422 (ddd, ] = 7.9, 5.9, 1.6 Hz, 1H, H-5), 3.94-3.78 (m, 4H, H-6, OMe),
3.70 (dd, ] = 10.0, 6.0 Hz, 1H, H-6’), 2.82-2.86 (m, 2H, CH,CH,), 2.77-2.63 (m, 3H, H-2,
CH,CH,), 2.14 (s, 3H, CH,COCHj3), 1.92 (ddd, ] = 15.8, 9.6, 3.0 Hz, 1H, H-2"), 1.07 (s, 9H,
Si-'Bu).!3C NMR (100 MHz, CDCl3) 6 207.7, 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 C34HO7SSiNa* (M + Na)* 643.2165, found
643.2154; [oc]zD5 =+499.8 (c = 1.0, CHCl,).

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

Functional . o . Actual
Oligosaccharides Study Title Year Conditions Interventions Enrollment
. drug: active
. Crohn’s disease, { .
FOS Dietary "l’"reat.ment of 2006-2021 inflammatory fructo-oligosaccharide 73
Crohn’s Disease . drug: placebo
bowel disease . .
fructo-oligosaccharide
Effects of scFOS on dietary supplement:
Stool Frequency in functional short-chain fructo-
scFOS People With 2013-2018 A oligosaccharides 120
. constipation . .
Functionnal dietary supplement:
Constipation maltodextrin
Prebiotic Effects of intestinal dietary supplement:
IMO Isomalto- 2015-2017 esind isomalto- 54
. . microbiota, . .
oligosaccharide oligosaccharide
irritable bowel
syndrome,
irritable bowel . .
svndrome— dietary supplement:
GOS to Reduce cc})]ns tipation galactooligosaccha-
GOS Symptom Severity in 2021~ constp ’ rides (GOS) 210
irritable bowel .
IBS (EGIS) dietary supplement:
syndrome— .
. maltodextrine
diarrhoea,
irritable bowel
syndrome—mixed
Human Ml.lk irritable bowel dietary supplement:
Oligosaccharides syndrome human milk
HMO (HMOs) for Irritable 2022- ynarome, . e 500
IBS—irritable oligosaccharide mix
Bowel Syndrome bowel syndrome other: placebo
(IBS) (HIBS) y P

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.

Oliljgl::;ztc?}?aili de Source Composition Advantage Probiotics Transport Pathway  References
B. adolescentis, B. bifidum,
B. longum, B. infantis,
B. breve, B. animalis,
B. catenulatum;
monosaccharide and L. reuteri, L. plantarum,
human milk number: glucose 1, L. paracasei, L. agili, LacEF, LacA,
GOS cow’s milk ’ galactose 2-5; L. fermentium, LacS, ABC, GPH, [36,42-46]
connection mode: L. acidophilus, L. salivarius, LacL, LacM
p-1,4, B-1,6 L. casei, L. rhamnosus,
L. bulgaricus, L. delbrueckii,
Lactobacillus johnsonii,
Lactobacillus gasseri;
S. thermophilus
B. adolescentis, B. longum,
B. breve, B. animalis,
fruits, monosaccharide and B. infantis,
vegetables, number: glucose 1 B. pseudolongum;
FOS honey, fruct;)se > 4. ! L. reuteri, L. acidophilus, PTS, ABC, [43-49]
Jerusalem . ,d . L. salivarius, L. plantarum, MFS, LacS
artichoke, connection mode: L. fermentium, L. casei,
. «-1,2, B-1,2 !
cicory L. bulgaricus;
Clostridium, Streptococcus,
Coprococcus, Enterococcus
B. animalis, B. adolescentis,
B. bifidum, B. longum,
corn steep monosaccharide and B. infantis, B. breve;
liquor, honey; number: glucose 2-5; L. plantarum, L. rhamnosus, ABC,
IMO au a,r cane ! connection mode: a t/ L. paracasei, L. agilis, MalEFG-MsmK, [50-52]
gar ’ L. acidophilus, L. reuteri, PTS, MFS, MIP
juice least 1 a-1,6 L. lactic, L. delbrueckii,
L. casei;
S. lactic, S. thermophilus
B. adolescentis, B. longum,
B. breve, B. animalis,
B. catenulatum,
B. pseudocatenulatum,
B. thermophilum;
monosaccharide and L. plantarum, L. brevis,
XOS birch, corncob, = number: .xylose 2-7; L. rhamno:sus, ABC, MFS [53-55]
straw, bamboo connection mode: L. fermentium,
p-1,4 L. acidophilus, L. salivarius,
L. casei, L. crispatus,
L. lactis, L. mucosae, L. sakei,
L. zeae, L. reuteri;
Enterococcus faecalis and
Enterococcus faecium
monosaccharide and B. bifidium;
shrimp and number: N-acetyl-D- L. brevis, L. casei,
COs crab sphell, glucosamine 23120; L. acidophilus; C;I}FESFS‘;"BS(? P [34,56-59]
fungal cell wall connection mode: Akkermansia, !

B-14 S. thermophilus
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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: «-1,2, x-1,3,
o-1,4, «-2,3, x-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-vy, 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-kB pathway; and reducing pro-inflammatory factors such as IL-12p35, IL-8,
and TNF-o [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

GOSs

FOS

IMO

XOs

increase IgA, IgM, IL-8,
IL-10, IFN-y;
decrease IL-6, IL-18,
IL-13, IL-33
B cells, T cells, increase IgG, IgE, IFN-y, IL-10;
macrophages, leukocytes decrease IL-5, IL-6
increase lysozyme, IgE, IgG,
T cells, phagocytes IgA, IgM, IL-2, IFN-y; [76-78]
decrease IL-5, IL-6, IL-13
B cells, T cells, increase IgG, IgA, IgM;
NK cells, macrophages decrease TLR2

NK cells, T cells, phagocytes [71]

[72-75]

[79]
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Table 3. Cont.

Functional Oligosaccharides

Immune Cells Immune Factors References

COSs

HMO

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

macrophages decrease CCL15, CCL25, [80-83]
ICL25, IL-1p3, IL-4, IL-6, IL-8,
IL-13, TNF-«
increase INF-y, IL-10
macrophages, decrease 1L-4, IL-6, IL-8, [84-89]
T cell TNF-«, IL-13, GM-CSE2,

IL-17C, PF4, CXCL1, CCL20
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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
ACEF [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 165 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 ug/mL against a variety of bacteria, while its parent
compound arbekacin (1) showed a range of 0.20-0.78 pg/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'-NH, (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’-NH,. Some modified products showed good activity
against AAC(2)-producing bacteria.

NH,
[0}
AcCoA CoA
\/‘ NH HoN

[0}
0] [0}
(0]
HO

OH o OH
2 N > H §
NH, AAC(2) 0 NH,
O  OoH
OH
NH,

1, Arbekacin 2, 2'-N-acetyl Arbekacin

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 pg/mL were recorded. Kanamycin A served as the control.

N3 N3
AcO 0 i 0
AcO N3 H
a AcO b

o N3
[o) o [
NH o
w0 R e PO gy,
o o

o
OH OAc
o o o
HOWH AcO WM Ho N2 0\__ph

NH, N3 N3

Kanamycin A, 6 10 1"

Scheme 1. Conditions: (a) (i) TfN3, CuSO4, CH3CN, H,O, NEt3, ice bath; (ii) AcyO, pyridine, rt,
86% over two steps; (b) (i) MeOH, NaOMe, rt, 99%; (ii) PACH(OCHj3),, DMF, p-TsOH, 68 °C, 46%;
(c) BnBr, NaH, DMF, 93%; (d) (i)THE, MeOH, HCl (aq), 50 °C, 93%; (ii) 1.2 equiv of PhCH(OCH3),,
CH;3CN, p-TsOH, rt, 75%; (e) Allyl bromide, Ag,O, TBAI, Toluene, 90%; (f) BnBr, NaH, DMF, 86%;
(g) Ko0sO402H,0, NMO, H;O, acetone, 57%; (h) NalO;, MeOH, CH,Cl,, 100%.
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Scheme 2. Conditions: (a) NaBH4, MeOH, CH,Cly, ice bath, 92%; (b) (i) TsCl, Pyridine, rt; (ii) NaN3,
DMEF, 84% over two steps; (¢) Amines, NaBH(OAc)3, 1,2-dichloroethane, rt, 52-67%; (d) (i) PMej3,
THF, H,O, NaOH; (ii) Hy, Pd/C, MeOH, THE, 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 (ug/mL)
E. coli S. aureus K. pneumoniae E. faecalis P. aeruginosa
Compd  ATCC ATCC ATCC ATCC ATCC ATCC ATCC ATCC ATCC PAO1
35218 25922 29213 25923 33591 700603 13883 29212 27853
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 pg/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 ug/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 P,Os under reduced pressure. Routine 'H and '*C 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 (D,0), 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)g (0.5 g) and (NHy)sMo7O404H,0 (24.0 g) in 6%
H,SOy4 (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. 'H NMR (600 MHz,
CDCl3) 6 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, ] = 3.6 Hz, 1H), 4.91-4.83 (m, 4H), 4.77 (d,
J=11.8Hz, 1H),4.70 (d,] = 1.7 Hz, 1H), 4.62 (d, ] = 11.0 Hz, 1H), 448 (td, J; =5.0 Hz, ], =
10.0 Hz, 1H), 4.34-4.31 (m, 1H), 4.22 (dd, J; = 5.0 Hz, ], = 10.0 Hz, 1H), 4.18-4.15 (m, 1H),
4.07-4.02 (m, 2H), 3.96 (t, ] = 9.4 Hz, 1H), 3.65-3.54 (m, 5H), 3.50 (d, J; = 3.6 Hz, J2=9.8
Hz, 1H), 3.45-3.63 (m, 4H), 3.30-3.21 (m, 2H), 2.43 (ddd, J; = J, =4.5 Hz, J3 = 13.2 Hz, 1H),
1.60 (ddd, J; = J, = J3 = 12.6 Hz, 1H). 13C NMR (150 MHz, CDCls) § 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 (C49Hs4N1,0711Na) [M + Na*]: 1009.3927, found: 1009.3962.
2'-0-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 x 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. 'H NMR (400 MHz, CDCl3) & 7.44-7.24 (m,
20H), 7.19-7.11 (m, 4H), 7.05 (t, ] = 7.4 Hz, 1H), 5.55 (d, ] = 3.7 Hz, 1H), 5.52 (d, ] = 4.0 Hz,
1H), 5.51-5.43 (m, 1H), 5.28 (s, 1H), 5.10 (d, ] = 12.4 Hz, 1H), 4.98-4.74 (m, 8H), 4.58 (d, | =
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, ] = 9.4 Hz, 1H),
3.67-3.50 (m, 6H), 3.46-3.36 (m, 4H), 3.28 (dd, J; =3.8 Hz, J2=9.9 Hz, 1H), 3.22 (t,] =9.8
Hz, 1H),2.40 (ddd, J1 =], =4.5 Hz, J3 = 13.2 Hz, 1H), 1.54 (ddd, J; = ], =J3 = 12.9 Hz, 1H).
13C NMR (100 MHz, CDCI3) & 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 (CsgHggN120711Na) [M + Na*]: 1099.4397, found: 1099.4412.
2'-0~(2,3-Dihydroxypropyl)-1,3,6' 3"-tetranzido-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 x 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. 'H NMR
(400 MHz, CDCl3) 6 7.44-7.14 (m, 24H), 7.10 (t, | =72 Hz, 1H), 554 (t, ] =40 Hz, 1H), 548 (t, ] =
4.1 Hz, 1H), 5.34 (s, 1H), 5.03-4.94 (m, 2H), 4.86 (d, ] = 11.2 Hz, 1H), 4.82-4.68 (m, 4H), 459 (d, ] =
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 (CssHgN12NaOj3)
[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 x 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. 'H NMR (400 MHz, CDCl3) § 'H NMR
(400 MHz, CDCl3) 6 9.09 (s, 1H), 7.44-7.16 (m, 22H), 7.10-7.04 (m, 3H), 5.56 (d, ] = 3.8 Hz,
1H), 5.51 (d, ] = 3.8 Hz, 1H), 5.28 (s, 1H), 5.07 (d, ] = 12.5 Hz, 2H), 4.96 (d, | = 12.4 Hz, 1H),
4.86-4.76 (m, 4H), 4.68 (d, | = 11.2 Hz, 1H), 4.59 (d, | = 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, J; =], =4.7 Hz, J3 =13.0 Hz, 1H), 1.68 (ddd, J; = J, = J3 = 12.6
Hz, 1H). HRMS (ESI/ APCI) calculated for (Cs5Hs8N12NaOq2) [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. 'H
NMR (400 MHz, CDCls) § 7.43-7.24 (m, 20H), 7.20-7.15 (m, 4H), 7.08 (t, ] = 7.2 Hz, 1H), 5.53
(d,J=42Hz 1H), 5.52 (d, ] = 4.3 Hz, 1H), 5.31 (s, 1H), 5.05 (d, ] = 123 Hz, 1H), 497 (d, | =
12.2 Hz, 1H), 4.88 (d, | = 11.2 Hz, 1H), 4.82—4.75 (m, 4H), 4.59 (d, | = 11.3 Hz, 1H), 4254.21
(m, 1H), 4.06 (dd, J; = 5.0 Hz, ], = 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, | = 6.1 Hz, 1H), 2.39 (dt, J; = 43 Hz, ], = 13.2, Hz, 1H), 1.63 (ddd, J;
=], = J3 = 12.7 Hz, 1H). 13¢ NMR (100 MHz, CDCL) 5 137,97, 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
(Cs5HgoN12NaOy2) [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
DMEF (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 x 10 mL). The combined
organic phase was dried over NaySO4 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). 'H NMR
(600 MHz, CDCl3) 6 7.43-7.38 (m, 4H), 7.35-7.24 (m, 16H), 7.18 (t, ] = 7.7 Hz, 2H), 7.12-7.06
(m, 3H), 5.56-5.55 (m, 2H), 5.29 (s, 1H), 5.09 (d, | = 12.3 Hz, 1H), 4.99 (d, | = 12.3 Hz, 1H),
4.87-4.76 (m, 5H), 4.58 (d, ] = 11.3 Hz, 1H), 4.29-4.26 (m, 1H), 4.01 (dd, ]; =49 Hz, ], =
10.1 Hz, 1H), 3.95 (t, ] = 9.4 Hz, 1H), 3.87-3.82 (m, 2H), 3.75 (t, ] = 9.4 Hz, 1H), 3.66 (t, |
=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 =], =4.6 Hz, [3 =13.3, Hz, 1H), 1.64 (ddd, 1 = [, = J3 = 12.7
Hz, 1H). 3C NMR (150 MHz, CDCl3) & 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
(Cs5Hs9N15NaO;7) [M + Na*]: 1128.4411, found: 1128.4442.

2'-O-[[2-[2-(benzyloxycarbonylamino)ethyllamino]-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. 'H NMR (400 MHz, CDCl3)
5 7.45-7.09 (m, 29H), 7.06 (t, ] = 7.2 Hz, 1H), 5.57 (d, ] = 3.6 Hz, 1H), 5.53 (d, ] = 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, ] = 11.2 Hz, 1H),
4.26-4.20 (m, 1H), 4.02 (dd, J; =10.1, ], = 4.8 Hz, 1H), 3.96-3.80 (m, 3H), 3.75 (t, ] = 9.4 Hz,
1H), 3.68 (t, ] = 9.4 Hz, 1H), 3.62-3.21 (m, 13H), 3.01 (br, 2H), 2.53-2.28 (m, 5H), 1.65 (ddd, J;
=], = J3 = 12.6 Hz, 1H). 3C NMR (100 MHz, CDCl3) § 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 (CgsH73N14013) [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. 'H NMR (400 MHz,
CDCl3) 6 7.43-7.22 (m, 25H), 7.16-7.10 (m, 4H), 7.00 (t, | = 7.5 Hz, 1H), 5.56 (d, | = 3.6
Hz, 1H), 5.54 (d, ] = 3.7 Hz, 1H), 5.28 (s, 1H), 5.10-5.06 (m, 3H), 4.93 (d, ] = 12.1 Hz, 1H),
4.86-4.75 (m, 5H), 4.58 (d, ] = 11.2 Hz, 1H), 4.31-4.27 (m, 1H), 3.97 (dd, J; =5.0 Hz, J, =10.3
Hz, 1H), 3.91 (t, ] = 9.4 Hz, 1H), 3.84-3.72 (m, 3H), 3.67-3.36 (m, 10H), 3.30-3.20 (m, 7H),
240 (ddd, J; = J» =44 Hz, ]3 = 13.1Hz, 1H), 2.29-2.22 (m, 1H), 2.12-1.94 (m, 5H), 1.64 (ddd,
J1=]2 =J3 = 12.7 Hz, 1H). 13C NMR (100 MHz, CDCl3) § 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 (CgzH75N14013) [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 (22¢): 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. 'H NMR (400 MHz, CDCl3) § 7.44-7.21 (m, 20H),
7.17-7.10 (m, 4H), 7.01 (t, ] = 7.4 Hz, 1H), 5.57 (d, ] = 3.7 Hz, 1H), 5.54 (d, ] = 3.7 Hz, 1H),
5.28 (s, 1H), 5.08 (d, ] = 12.2 Hz, 1H), 4.93 (d, ] = 12.2 Hz, 1H), 4.89-4.75 (m, 5H), 4.58 (d, ] =
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, J; = ], =4.5 Hz, [3 = 13.1, Hz, 1H), 2.30-2.23 (m, 1H), 2.12-2.02
(m, 3H), 1.64 (ddd, J1 = ], = J3 = 13.0 Hz, 1H). '*C NMR (100 MHz, CDCl3) §138.51, 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 (CsoHggN13012)
[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
Ikanamycin 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. 'H NMR (400 MHz, CDCl3) § 7.45-7.21 (m, 20H),
7.18-7.14 (m, 4H), 7.06 (t, | = 7.3 Hz, 1H), 5.56-5.54 (m, 2H), 5.30 (s, 1H), 5.05 (d, ] = 12.1
Hz, 1H), 4.95 (d, | = 12.1 Hz, 1H), 4.86-4.75 (m, 5H), 4.57 (d, ] = 11.2 Hz, 1H), 4.29-4.23
(m, 1H), 4.01 (dd, J; =4.8, ], =10.1 Hz, 1H), 3.92 (t, ] = 9.3 Hz, 1H), 3.89-3.81 (m, 2H), 3.77
(t, ] = 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, J;
=], = J3 = 12.6 Hz, 1H), 1.33-1.06 (m, 6H), 0.84 (t, ] = 7.2 Hz, 3H). 1*C NMR (100 MHz,
CDCl3) 6 138.34, 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
(C6()H72N13011) [M + H+]2 1150.5469, found: 1150.5430.
2'-O-(2-Cyclohexylamino-ethyl)-1,3,6',3"-tetranzido-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. 'H NMR (400 MHz, CDCl3) § 7.45-7.22 (m, 20H),
7.19-7.15 (m, 4H), 7.08 (t, | = 7.3 Hz, 1H), 5.55-5.53 (m, 2H), 5.32 (s, 1H), 5.02 (d, ] = 12.1 Hz,
1H), 4.94 (d, ] = 12.0 Hz, 1H), 4.86-4.73 (m, 5H), 4.56 (d, | = 11.3 Hz, 1H), 4.26-4.20 (m, 1H),
4.01 (dd, J; =4.8 Hz, ], = 10.1Hz, 1H), 3.94-3.83 (m, 3H), 3.78 (t, | = 9.3 Hz, 1H), 3.69-3.31
(m, 12H), 3.25 (t, ] = 9.8 Hz, 1H), 2.64-2.50 (m, 2H), 2.38 (ddd, J; = J, =4.4 Hz, J]3 = 13.0 Hz,
1H), 2.19-2.12 (m, 1H), 1.71-1.51 (m, 4H), 1.12-0.80 (m, 6H). >*C NMR (100 MHz, CDCl3) &
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 (C41H7,N13011) [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. 'H NMR (600
MHz, D,0) 6 5.70 (d, ] = 3.8 Hz, 1H), 5.10 (d, ] = 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, ] = 10.1 Hz, 1H), 3.58-3.45 (m, 4H), 3.43-3.36 (m, 2H),
3.15(dd, J; =8.1 Hz, ], =13.4 Hz, 1H), 2.50 (ddd, J; =], =4.2 Hz, J3 = 12.5 Hz, 1H), 1.94
(s, 12H), 1.90 (ddd, J; = J» = J3 = 12.5 Hz, 1H). '*C NMR (150 MHz, D,0) & 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 (CyoHs1N4O17) [M
+ HJ* requires m/z 529.2715, found m/z 529.2734.
2/-O-(2-Aminoethyl)-kanamycin A (21): 58% yield, white amorphous powder. "H NMR (600
MHz, D,0) 6 5.83 (d, ] =3.8 Hz, 1H), 5.11 (d, ] = 3.7 Hz, 1H), 4.09-4.06 (m, 1H), 3.95-3.87
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(m, 7H), 3.83 (dd, J; = 2.2 Hz, ], = 12.3 Hz, 1H), 3.77-3.73 (m, 2H), 3.67 (t, ] = 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 =], =4.1 Hz, |3
=12.6 Hz, 1H), 1.93 (s, 15H), 1.89 (ddd, J1 = ], = J3 = 12.7 Hz, 1H). '3C NMR (150 MHz,
D,0) 6 181.37,101.31, 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
(CpH4eN5011) [M + H]* requires m/z 528.2875, found my/z 528.2892.
2'-O-[2-(4-Mopholinyl)-ethyl]-kanamycin A (23c): 62% yield, white amorphous powder. 'H
NMR (600 MHz, D,0) 6 5.89 (d, ] = 3.7 Hz, 1H), 5.11 (d, ] = 3.6 Hz, 1H), 4.17 (ddd, J; =
J» =4.4 Hz, [3 = 12.2 Hz, 1H), 4.02-3.73 (m, 14H), 3.67 (t, ] = 10.1 Hz, 1H), 3.58-3.39 (m,
12H), 3.19 (dd, J1 = 7.7 Hz, ], = 13.4 Hz, 1H), 2.50 (ddd, J; = J, = 4.2 Hz, J3 = 12.5 Hz,
1H), 1.97-1.91 (m, 16H). '3C NMR (150 MHz, D,0) & 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 (Cp4H4gN5047) [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.
'H NMR (600 MHz, D,0) & 5.84 (d, ] = 3.7 Hz, 1H), 5.13 (d, ] = 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, J; = J, =4.2 Hz,
J3 =12.7 Hz, 1H), 1.92 (s, 17H), 1.80 (ddd, J1 = J» = J3 = 12.6 Hz, 1H). '3C NMR (150 MHz,
D,0) 6 182.09, 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 (CypHy7NgO11) [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. 'H NMR (600 MHz, D,0) & 5.78 (d, ] = 3.7 Hz, 1H), 5.10 (d, ] = 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, ] =4.9 Hz, 4H), 3.17 (dd, J; = 8.0 Hz, ], = 13.4 Hz, 1H), 2.87-2.80 (m, 4H), 2.76-2.72
(m, 2H), 2.39 (ddd, |1 = J» =4.1 Hz, J3 =12.7 Hz, 1H), 1.90 (s, 15H), 1.77 (ddd, J1 = J» = J3 =
12.5 Hz, 1H). ¥*C NMR (150 MHz, D,0) & 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 (Cp4Hy9NgO11) [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. 'H
NMR (600 MHz, D,0) 6 5.88 (d, | = 3.5 Hz, 1H), 5.14 (d, ] = 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, | = 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,] = 7.7 Hz, 2H), 2.46 (ddd, 1 = J» =
45Hz, |3 =12.5Hz, 1H), 1.93 (s, 17H), 1.90 (ddd, J; = J» = J3 = 12.5 Hz, 1H), 1.73-1.68 (m,
2H), 1.39-1.32 (m, 4H), 0.90 (t, ] = 6.9 Hz, 3H). 1*C NMR (150 MHz, D,0) § 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 (Cp5Hs5pN5011) [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.
'H NMR (600 MHz, D,0) § 5.84 (d, ] = 3.7 Hz, 1H), 5.11 (d, ] = 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, J; = J» =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). '3C NMR (150 MHz, D,0) &
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 (Cp¢HspN5011) [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

98



Molecules 2022, 27, 7482

into 200 pL Mueller-Hinton (MH) broth per well with a concentration of 10° CFU/mL.
Subsequently, an aliquot of sample stock was added, with a series of final concentrations
of 1-128 ug/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 pg/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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