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Preface

This Special Issue of Molecules is dedicated to Professor Dr. Hans Paulsen for his contributions to
the field of glycoscience.

His scientific work at the heart of carbohydrate chemistry contributed seminal findings to the
synthesis of many and various carbohydrate derivatives, to conformations of monosaccharide and
later oligosaccharide derivatives, as well as to the understanding of the exo-anomeric effect. His group
studied acyloxonium rearrangements in carbohydrate chemistry, phosphorus-containing saccharides,
carbohydrates with branched functional chains, aminoglycoside antibiotics, and oligosaccharide,
glycolipid, and O- and N-glycoprotein syntheses.

Hans Paulsen’s scientific work, with more than 500 publications, has received many of the highest
national and international awards. He passed away on 3 October 2024, and will be remembered as a
great scientist and highly valued colleague.

Former colleagues and friends are asked for contributions to this commemorative Special Issue

dedicated to honoring his achievements in glycoscience.

Joachim Erich Thiem

Guest Editor
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Editorial
Contemporary Synthetic Glycoscience: A Theme Issue
Dedicated to the Memory of Hans Paulsen

Joachim Thiem

Institute of Organic Chemistry, Department of Chemistry, Faculty of Science, University of Hamburg,
Martin-Luther-King-Platz 6, D-20146 Hamburg, Germany; joachim.thiem@uni-hamburg.de

Annually, the biomass of the Earth, estimated to be about 200 billion tons, is nourished
by photosynthesis and degraded via various pathways. The primary product, glucose,
is transformed into a huge number of distinct and structurally complex mono-, di-, tri-
, and oligosaccharides, which provide glyco-based molecules for nourishment, as well
as structural units. Together, these constitute about 95% of the total biomass, and the
remaining 5% is transformed into all the other organic components involved in Earth’s
life-cycles.

In addition, nature has provided an overwhelmingly large number of complex gly-
cosylated components, which underpin the life and health of all animate beings. Thus,
fascinating questions involving the operating sequences and mechanisms underpinning
all life on Earth have encouraged chemists to synthesize and study increasingly complex
glucose derivatives.

One of the dominant figures in this area was Hans Paulsen, based in Hamburg,
Germany, who, over his decades-long his career, dedicated himself and his research group
to syntheses in carbohydrate chemistry.

This Special Issue compiles the work of former colleagues of Hans Paulsen from
around the world, who exchanged ideas with him extensively and contributed seminal
studies covering a variety of exciting developments in contemporary glycoscience. In this
introduction, I will briefly comment on the studies in synthetic and analytical glycoscience
compiled herein.

As has been known for decades, the expression of glycosyltransferases in cancer cells
generates tumor-associated carbohydrate antigens (TACAs) [1]. For example, aberrant
sialylation on cell surfaces is known to be associated with cancer progression. The over-
sialylation of glycoproteins on cancer cells increases the number of interactions with
specific sialic acid-binding immunoglobulin-type lectins (Siglecs) on immune cells. This
results in the suppression of the immune response against cancer cells, known as immune
checkpoint inhibition [2,3]. Wong et al., who have, for a number of decades, been among
the leading research groups employing chemo-enzymatic syntheses for highly complex
hetero-oligosaccharides [4], contribute a number of convincing scalable chemo-enzymatic
approaches to the synthesis of DSGb5 and complex sialylated hetero-oligosaccharides.
These sialylated glycans from cancer-associated glycolipids were used by Wong et al. to
compose glycan microarrays [5].

Cardiac glycosides [6] have been used for centuries in clinics for the treatment of
heart failure and cardiac rhythm disorders [7,8]. Yu et al., who are among the leading
research groups devoted to the synthesis of complex steroid glycosides [9], demonstrate
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the total syntheses of the structurally challenging cardiac glycosides acospectoside A and
acovenoside B [10].

Glycosphingolipids (GSLs) in cell membranes function as important regulators of
essential biological processes such as cellular recognition and signaling, cell differentiation,
and proliferation [11-14]. Thus, the contribution of Guo et al. focuses on syntheses of
(-lactosylceramide ([3-LacCer) analogs as key intermediates in the study of complex GSL
biosynthetic processes [15].

Brucellosis constitutes a serious zoonotic bacterial—and highly contagious—disease
in many animals, including valuable cattle [16,17]. The binding of murine monoclonal
antibodies (mAbs) to hexasaccharide fragments of epitopes of the Brucella O-antigen is soon
to be explored in computational study [18]. Bundle, Wood et al. were able identify stable
binding modes, which further our understanding of the recognition mechanism [19]. In the
future, designing synthetic glycomimetics and engineering epitope-specific antibodies en
route to vaccine design might be possible.

Since the original Koenigs—Knorr glycosylation in 1901 (124 years ago [20]), a com-
pelling number of improvements on, and alternatives to, this seminal reaction have pub-
lished. Almost every scientist working in the synthesis on glycosylated components is
required to employ this reaction, and each will be likely to affirm the following statement
from Hans Paulsen, made in 1982: “Although we have now learned to synthesize oligosaccharides,
it should be emphasized that each oligosaccharide synthesis remains an independent problem, whose
resolution requires considerable systematic research and a good deal of know-how. There are no
universal reaction conditions for oligosaccharide syntheses” [21]. One of the more recent modifi-
cations made in chemical glycosylation is the “4K reaction” [22]. The studies of Demchenko
et al. demonstrate further improvements to this glycosylation modification, employing
iron(IIl) triflate as an efficient activator of thioglycosides in this reaction pathway [23].

An important issue in glycobiology concerns bacterial adhesion as the initial step of
infectious diseases. A closer understanding of the mechanisms involved could be of interest
in preventing the adhesion of bacteria, for example, by employing carbohydrate-based
inhibitors to facilitate further breakthroughs in diagnostics and therapy [24]. Of particular
interest are functional glycomimetics, which are suited to studying the details of carbohy-
drate recognition, such as the varying distances between multiple glycoligands [25]. In their
contribution, Lindhorst et al. employed xylopyranosides as a scaffold for the presentation
of two mannoside ligands of the bacterial lectin FimH. The chair conformation of xylosides
could be switched between alternative conformations, thus flipping the ligands from a
diequatorial into a diaxial position. Further, such conformational switches may function
as advanced smart molecular tools with which to study structural binding conditions in
carbohydrate recognition [26].

Essential for membrane functions, cell recognition, and the maintenance of the nervous
system are gangliosides such as GM2 (GalNAcp1-4Gal31-4Glcf3-Cer). Some rare genetic
lysosomal storage diseases—e.g., Tay-Sachs disease (TSD) and Sandhoff disease (SD)—
occur due to deficient 3-N-acetyl-hexosaminidase activity, leading to decreased catabolism
of 3-N-acetyl-hexosamine-containing ganglioside GM2 in the lysosomes and, consequently,
causing damage to cells and tissues, as well as severe neurological symptoms [27,28]. A
number of contemporary studies have aimed to express and purify human BAGALNT1,
the enzyme that transfers the GalNAc residue in the 31-4 linkage to the Galp31-4 residue
of the gangliosides GM3, GD3, and other GSLs. A number of studies have focused on
characterizing its activity and exploring its structural features via protein modeling and
substrate docking. Brockhausen et al., for a complex of BAGALNT1 docked with its donor
substrate, UDP-GalNAc, were able determine the relevant amino acids near the docking
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site that were likely involved in UDP-GalNAc binding and catalysis [29]. Thus, further
studies en route to drug development, including the kinetics of inhibition, toxicity, and drug
delivery to neurons accumulating GM2, are to follow.

Cell membranes are embedded with a glycocalix consisting of a complex mixture
of glycoproteins, glycolipids, complex oligosaccharides, glycoconjugates, and proteogly-
cans. Thus, cellular processes, such as bacterial and viral infection, cancer metastasis, the
modulation and activation of the immune system, tissue differentiation and development,
and further intercellular recognition events, are controlled by glycoconjugates [30-34]. For
mimicking the glycocalyx, the self-assembled monolayer (SAM) formation of carbohydrate
derivatives on gold nanoparticles was selected, allowing for the study of carbohydrate—
protein and carbohydrate-carbohydrate interactions. The novel modular approach reported
here includes facile and rapid syntheses for linking spacers and carbohydrate deriva-
tives, enhancing binding events. Immobilization was performed on biorepulsive aminoxy-
substituted gold nanoparticles via the oxime formation of aldehyde-functionalized mono-,
di-, and complex trisaccharides. Uniform gold nanoparticles could be obtained, and ef-
fective immobilization and binding studies were presented for concanavalin A. Through
this novel approach, Thiem et al. revealed a number of advantageous perspectives to
be taken on various biomimetic studies of carbohydrates and carbohydrate-based array
development for diagnostics and screening [35].

The innate immune system is sensitive to lipopolysaccharides (LPS), which play a
pivotal role in immune response [36]. Lipid A, composed of a mono- or di-phosphorylated
di-glucosamine core with multiple fatty acid chains, anchors LPS into the bacterial mem-
brane and is largely responsible for the toxicity of Gram-negative bacteria [37]. In their
contribution, D’Orazio, Lay et al. present syntheses and a computational evaluation of
a library of glycolipid analogues to B. fragilis lipid A, revealing a rationally designed
approach to developing novel anti-inflammatory agents [38].

Pathogenic bacteria often utilize cell surface sialylation to evade the host immune
system via molecular mimicry of the host sialo-glycoconjugates [39]. Human pathogen
Neisseria meningitidis serotype B (NmB) expresses both the sialylated capsule and sur-
face lipooligosaccharides—pivotal virulence factors [40]. In NmB’s sialylation pathway,
CMP-sialic acid synthetase (CSS) is essential for sialic acid transfer. Along various routes
(compare also e.g., [41]), functionalized derivatives of neuraminic acid 3-methyl glycoside
(NeuP2Me) were synthesized as candidates for the inhibition of N. meningitidis CSS. Di-
rect interaction with the enzyme was confirmed by saturation transfer difference (STD)
NMR [42,43]. In their contribution, Jennings, Miinster-Kiihnel, and von Itzstein et al. pro-
vide data encouraging the further development of potential inhibitors for the treatment of
bacterial meningitis [44].

Nature makes sucrose annually in virtually limitless quantities, the majority of which
is consumed via the food industry. Further uses include the production of bioethanol,
biodegradable surfactants, and polymers [45]. Application of this cheap raw material with
100% optical purity and eight genuine stereogenic centers for the synthesis of various
sophisticated products is of particular interest [46]. In their review, Jaraosz et al. focused on
approaches to the use of sucrose in the design of fine chemicals, the macrocyclic scaffold,
and further-modified derivatives for various applications [47].

For the colonization of human organs, pathogenic bacteria use a multilayer cell enve-
lope largely composed of glycans and their conjugates [48,49]. Most Gram-negative and
some Gram-positive bacteria comprise a capsule largely composed of glycans and their
conjugates [50]. Thus, the synthesis of spacer-armed phosphooligosaccharides, structurally
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related to the capsular phosphoglycans of pathogenic bacteria, is of particular interest
(e.g., [51]).

In their extended review, Nifantiev et al. summarize our current understanding of
the preparation and immunogenicity of neoglycoconjugates based on synthetic phospho-
oligosaccharides to foster prospects for the development of conjugate vaccines on the basis
of synthetic phosphooligosaccharide antigens [52].

Acknowledging Hans Paulsen and his collaborators for their seminal study of glyco-
protein biosynthesis, the final review by Brockhausen sheds light on their many individual
and decisive contributions. The stepwise development is demonstrated via the continual
interaction of synthetic and biochemical glycoscientists, resulting in cleverly designed
components [53].

This Special Issue contains ten contributions discussing challenging topics pertain-
ing to both syntheses [5,10,15,23,26,38,44] and analyses [19,29]. Additionally, the review
articles included discuss the relevant aspects of sucrose-based components [47] and the
immunogenicity of neoglycoconjugates [52]. The final feature review describes the nu-
merous synthetic contributions of the Paulsen group to solving questions pertaining to
glycoprotein biosynthesis [53]. In this Special Issue, a broad overview of contemporary
glycoscience research is compiled, indicating the significant influence of this subject in
natural products and heterocyclic chemistry, as well as its value in addressing broader
issues in biology and medicine.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflicts of interest.

References

1. Hakomori, S. Tumor-associated carbohydrate antigens. Annu. Rev. Immunol. 1984, 2, 103-126. [CrossRef]

2. Duan, S.; Paulson, ].C. Siglecs as Immune Cell Checkpoints in Disease. Annu. Rev. Immunol. 2020, 38, 365-395. [CrossRef]

3. Smith, B.A.H.; Bertozzi, C.R. The clinical impact of glycobiology: Targeting selectins, Siglecs and mammalian glycans. Nat. Rev.
Drug Discov. 2021, 20, 217-243. [CrossRef] [PubMed]

4. Tsai, T.L; Lee, H.Y.; Chang, S.H.; Wang, C.H.; Tu, Y.C,; Lin, Y.C.; Hwang, D.R.; Wu, C.Y.; Wong, C.H. Effective sugar nucleotide
regeneration for the large-scale enzymatic synthesis of Globo H and SSEA4. J. Am. Chem. Soc. 2013, 135, 14831-14839. [CrossRef]

5. Liao, K.-S; Zhou, Y,; Chung, C.; Kung, C.-C.; Ren, C.-T.; Wu, C.-Y,; Lou, Y.-W,; Chuang, P-K,; Imre, B.; Hsieh, Y.S.Y,; et al. Chemical
and Enzymatic Synthesis of DisialylGb5 and Other Sialosides for Glycan Array Assembly and Evaluation of Siglec-Mediated
Immune Checkpoint Inhibition. Molecules 2025, 30, 2264. [CrossRef] [PubMed]

6.  Albrecht, H.P. Cardiac glycosides. In Naturally Occurring Glycosides; Ikan, R., Ed.; John Wiley & Sons Ltd.: New York, NY, USA,
1999; p. 83.

7. Botelho, A.EM,; Pierezan, F.; Soto-Blanco, B.; Melo, M.M. A review of cardiac glycosides: Structure, toxicokinetics, clinical signs,
diagnosis and antineoplastic potential. Toxicon 2019, 158, 63-68. [CrossRef] [PubMed]

8. Hou, Y.; Shang, C.; Meng, T.; Lou, W. Anticancer potential of cardiac glycosides and steroid-azole hybrids. Steroids 2021, 171,
108852. [CrossRef]

9. Liu, B, Bi, S.; Wang, J.; Xu, P; Yu, B. Synthesis of acovenosides: Cardiac glycosides with potent antitumor activities. Org. Lett.
2024, 26, 8725-8729. [CrossRef]

10. Liu, B.; Xu, P; Yu, B. Total Synthesis of Cardenolides Acospectoside A and Acovenoside B. Molecules 2025, 30, 2297. [CrossRef]

11.  Hakomori, S.I. Structure and function of glycosphingolipids and sphingolipids: Recollections and future trends. Biochim. Biophys.
Acta 2008, 1780, 325-346. [CrossRef]

12.  Guo, Z. The structural diversity of natural glycosphingolipids (GSLs). J. Carbohydr. Chem. 2022, 41, 63-154. [CrossRef] [PubMed]

13.  Ando, H.; Komura, N. Recent progress in the synthesis of glycosphingolipids. Curr. Opin. Chem. Biol. 2024, 78, 102423. [CrossRef]

14. Wennekes, T.; van den Berg, R.J.; Boot, R.G.; van der Marel, G.A.; Overkleeft, H.S.; Aerts, ].M. Glycosphingolipids—Nature,

function, and pharmacological modulation. Angew. Chem. Int. Ed. Engl. 2009, 48, 8848-8869. [CrossRef] [PubMed]



Molecules 2025, 30, 4617

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.
40.

41.

42.

43.

Mohamed, B.; Rohokale, R.; Yan, X.; Ghanim, A.M.; Osman, N.A.; Abdel-Fattah, H.A.; Guo, Z. Synthesis of Azide-Labeled
-Lactosylceramide Analogs Containing Different Lipid Chains as Useful Glycosphingolipid Probes. Molecules 2025, 30, 2667.
[CrossRef] [PubMed]

Maudlin, I.; Weber, S. The Control of Neglected Zoonotic Diseases: A Route to Poverty Alleviation; WHO/SDE/FOS/2006.1; World
Health Organization: Geneva, Switzerland, 2006; p. 83.

Corbel, M.]. Brucellosis in Humans and Animals; World Health Organization: Geneva, Switzerland, 2006.

Ganesh, N.V,; Sadowska, J.M.; Sarkar, S.; Howells, L.; McGiven, J.; Bundle, D.R. Molecular recognition of Brucella A and M
antigens dissected by synthetic oligosaccharide glycoconjugates leads to a disaccharide diagnostic for brucellosis. J. Am. Chem.
Soc. 2014, 136, 16260-16269. [CrossRef]

Sood, A.; Bundle, D.R.; Woods, R.J. Towards Understanding the Basis of Brucella Antigen—Antibody Specificity. Molecules 2025,
30, 2906. [CrossRef]

Koenigs, W.; Knorr, E. Ueber einige Derivate des Traubenzuckers und der Galactose. Ber. Deutsch. Chem. Ges. 1901, 34, 957-981.
[CrossRef]

Paulsen, H. Advances in selective chemical syntheses of complex oligosaccharides. Angew. Chem. Int. Ed. Engl. 1982, 21, 155-173.
[CrossRef]

Demchenko, A.V.; De Meo, C. The 4K reaction. Carbohydr. Res. 2024, 538, 109102. [CrossRef]

Dent, A.R.; DeSpain, A.M.; Demchenko, A.V. Cooperatively Catalyzed Activation of Thioglycosides with Iodine and Iron(III)
Trifluoromethane-sulfonate. Molecules 2025, 30, 3058. [CrossRef]

Fares, M.; Imberty, A.; Titz, A. Bacterial Lectins: Multifunctional Tools in Pathogenesis and Possible Drug Targets. Trends Microbiol.
2025, 33, 839-852. [CrossRef] [PubMed]

Miiller, C.; Despras, G.; Lindhorst, TK. Organizing Multivalency in Carbohydrate Recognition. Chem. Soc. Rev. 2016, 45,
3275-3302. [CrossRef]

Jaeschke, S.0.; vom Sondern, I.; Lindhorst, T.K. Bivalent Inhibitors of Mannose-Specific Bacterial Adhesion: A Xylose-Based
Conformational Switch to Control Glycoligand Distance. Molecules 2025, 30, 3074. [CrossRef]

Ledeen, R.; Wu, G. Gangliosides of the nervous system. Methods Mol. Biol. 2018, 1804, 19-55. [PubMed]

Furukawa, K.; Takamiya, K.; Furukawa, K. Beta 1,4-N-acetylgalactosaminyltransferase-GM2/GD2 synthase: A key enzyme to
control the synthesis of brain-enriched complex gangliosides. Biochim. Biophys. Acta 2002, 1573, 356-362. [CrossRef]

Abidi, I.; Kocev, A.N.; Babulic, J.L.; Capicciotti, C.J.; Walia, J.; Brockhausen, I. Characterization of Human Recombinant 31,4-
GalNAc-Transferase BAGALNT1 and Inhibition by Selected Compounds. Molecules 2025, 30, 3615. [CrossRef]

Ratner, D.M.; Adams, E.-W.; Disney, M.D.; Seeberger, P.H. Tools for glycomics: Mapping interactions of carbohydrates in biological
systems. ChemBioChem 2004, 15, 1375-1383. [CrossRef]

Varki, A. Biological roles of oligosaccharides: All of the theories are correct. Glycobiology 1993, 3, 97-130. [CrossRef]
Haltiwanger, R.S.; Lowe, ].B. Role of Glycosylation in Development. Annu. Rev. Biochem. 2004, 73, 491-537. [CrossRef]
Ohtsubo, K.; Marth, ].D. Glycosylation in cellular mechanisms of health and disease. Cell 2006, 126, 855-867. [CrossRef] [PubMed]
Simanek, E.E.; McGarvey, G.J.; Jablonowski, ].A.; Wong, C.-H. Selectin minus sign Carbohydrate Interactions: From Natural
Ligands to Designed Mimics. Chem. Rev. 1998, 98, 833-862. [CrossRef]

Kopitzki, S.; Thiem, J. Synthesis and Characterization of Glyco-SAMs on Gold Nanoparticles: A Modular Approach Towards
Glycan-Based Recognition Studies. Molecules 2025, 30, 3765. [CrossRef]

Di Lorenzo, F.; Duda, K.A.; Lanzetta, R.; Silipo, A.; De Castro, C.; Molinaro, A. A Journey from Structure to Function of Bacterial
Lipopolysaccharides. Chem. Rev. 2022, 122, 15767-15821. [CrossRef]

Raetz, C.R.H.; Whitfield, C. Lipopolysaccharide Endotoxins. Annu. Rev. Biochem. 2002, 71, 635-700. [CrossRef]

Kenneth, D.; Santi, C.M.; Tanda, F; 1zzo, A.; Civera, M.; D’Orazio, G.; Lay, L. Synthesis and Docking Studies of Glycolipids
Inspired by Bacteroides fragilis Lipid A. Molecules 2025, 30, 3927. [CrossRef]

Schauer, R.; Kamerling, J.P. Exploration of the sialic acid world. Adv. Carbohydr. Chem. Biochem. 2018, 75, 1-213. [PubMed]
Harrison, L.H.; Trotter, C.L.; Ramsay, M.E. Global epidemiology of meningococcal disease. Vaccine 2009, 27 (Suppl. 2), B51-B63.
[CrossRef] [PubMed]

Zbiral, E.; Schreiner, E.; Christian, R. Synthesis of the 4-acetamido-4-deoxy analogue of N-acetylneuraminic acid and its behaviour
towards CMP-sialate synthase. Carbohydr. Res. 1989, 194, c15—c18. [CrossRef]

Mayer, M.; Meyer, B. Characterization of ligand binding by saturation transfer difference NMR spectroscopy. Angew. Chem. Int.
Ed. Engl. 1999, 38, 1784-1788. [CrossRef]

Meyer, B.; Peters, T. NMR spectroscopy techniques for screening and identifying ligand binding to protein receptors. Angew.
Chem. Int. Ed. Engl. 2003, 42, 864-890. [CrossRef] [PubMed]



Molecules 2025, 30, 4617

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

Chopra, P; Fithring, J.; Ng, P.; Haselhorst, T.; Dyason, J.C.; Rose, E].; Thomson, R.J.; Gerardy-Schahn, R.; Grice, I.D.; Jennings, M.P.;
et al. Exploring the Scope of Functionalized N-Acylneuraminic Acid 3-Methyl Glycosides as Inhibitors of Neisseria meningitidis
CMP-Sialic Acid Synthetase. Molecules 2025, 30, 4329. [CrossRef]

Queneau, Y.; Jarosz, S.; Lewandowski, B.; Fitremann, J. Sucrose chemistry and applications of sucrochemicals. Adv. Carbohydr.
Chem. Biochem. 2008, 61, 217-292.

Jarosz, S.; Pakulski, Z. The roadmap for sucrose—A very inexpensive raw product. Adv. Carbohydr. Chem. Biochem. 2024, 86, 1-13.
[PubMed]

Jarosz, S.; Pakulski, Z. Sucrose-Based Macrocycles: An Update. Molecules 2025, 30, 2721. [CrossRef]

Fivenson, E.M.; Dubois, L.; Bernhardt, T.G. Co-Ordinated Assembly of the Multilayered Cell Envelope of Gram-Negative Bacteria.
Curr. Opin. Microbiol. 2024, 79, 102479. [CrossRef] [PubMed]

Ribet, D.; Cossart, P. How Bacterial Pathogens Colonize Their Hosts and Invade Deeper Tissues. Microbes Infect. 2015, 17, 173-183.
[CrossRef] [PubMed]

Cescutti, P. Bacterial Capsular Polysaccharides and Exopolysaccharides. In Microbial Glycobiology; Holst, O., Brennan, P.J., von
Itzstein, M., Moran, A.P, Eds.; Academic Press: San Diego, CA, USA, 2010; pp. 93-108.

Khatuntseva, E.A.; Nifantiev, N.E. Glycoconjugate Vaccines for Prevention of Haemophilus Influenzae Type b Diseases. Russ. |.
Bioorg. Chem. 2021, 47, 26-52. [CrossRef]

Khatuntseva, E.A.; Kamneva, A.A.; Yashunsky, D.V.; Nifantiev, N.E. Synthesis Immunogenicity of Pseudo-Oligosaccharides
Structurally Related to Repeating Units of Capsular Phosphoglycans of Human Pathogens. Molecules 2025, 30, 3068. [CrossRef]
Brockhausen, I. Hans Paulsen: Contributions to the Investigations of Glycoprotein Biosynthesis. Molecules 2025, 30, 3735.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



molecules

Review

Sucrose-Based Macrocycles: An Update

Stawomir Jarosz * and Zbigniew Pakulski

Institute of Organic Chemistry, Polish Academy of Sciences, Kasprzaka 44 /52, 01-224 Warsaw, Poland;
zbigniew.pakulski@icho.edu.pl
* Correspondence: slawomir.jarosz@icho.edu.pl

Abstract

Sucrose is by far the most abundant disaccharide found in nature, consisting of two
simple hexose units: D-glucose and D-fructose. This exceptionally inexpensive and widely
accessible raw material is produced in virtually limitless quantities. The vast majority is
consumed in the food industry either in its native form—as commercial table sugar—or,
to a lesser extent, as the basis for artificial sweeteners such as palatinose and sucralose.
Beyond its dietary use, sucrose serves as a feedstock for the production of bioethanol,
liquid crystals, biodegradable surfactants, and polymers. However, the application of this
valuable and extremely cheap raw material (100% optical purity and eight stereogenic
centers with precisely defined stereochemistry) in the synthesis of more sophisticated
products remains surprisingly limited. In this short review, we focus on the strategic use of
the sucrose scaffold in the design and synthesis of fine chemicals. Special attention will be
paid to macrocyclic derivatives incorporating the sucrose backbone. These water-soluble
structures show promise as molecular receptors within biological environments, offering
unique advantages in terms of solubility, biocompatibility, and stereochemical precision.

Keywords: sucrose in fine organic synthesis; macrocyclic derivatives with sucrose scaf-
fold; molecular cages based on sucrose and cycloveratrylene; complexing properties of
macrocycles with sucrose scaffold; sucrose-based molecular switches

1. Introduction

Sucrose (1; x-D-glucopyranosyl-B-D-fructofuranoside), a very cheap raw material pro-
duced in plants (sugar cane and sugar beets) from the primary products of photosynthesis,
is available in practically unlimited quantities. The majority of commercially available
sucrose is consumed in its native form as table sugar, primarily in the food industry. To
a lesser extent, it also serves as a precursor for the industrial-scale production of sucrose-
derived sweeteners such as palatinose and sucralose. Beyond its applications in food
technology, sucrose plays an increasingly important role in industrial chemistry. One of its
major non-food uses is in the production of bioethanol, where it serves as a fermentable
sugar source. Moreover, sucrose has emerged as a versatile starting material in the synthesis
of high-value compounds, including liquid crystals, biodegradable surfactants, polymers,
and, potentially, cytotoxic antitumor agents (Figure 1) [1].

Despite its exceptional advantages—such as 100% optical purity and eight stereogenic
centers with precisely defined stereochemistry—the utilization of sucrose in the synthesis
of complex fine chemicals remains surprisingly underexplored. The potential of this
structurally rich and sustainable molecule for advanced chemical synthesis has only been
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modestly realized. Some of these synthetic applications have been discussed in our recent
reviews [2,3].

OH HO\
, bio-ethanol
36
HO & /
1 e on commercial sugar
HO — = |sweeteners
O 2
“., % OH
HO OI—1| surfactants, polymers,

liquid crystals

very high sensitivity to acidic hydrolysis

Figure 1. Sucrose [1; x-D-glucopyranosyl-3-D-fructofuranoside]: its presence in food chemistry and
as a starting material for industrial biodegradable products.

The conformation of sucrose in both the solid state and in solution indicated that the
primary hydroxyl groups at the C6 position of the glucose moiety and the C6’ position of
the fructose moiety are in close spatial proximity due to strong intramolecular hydrogen
bonding, which suggests the feasibility of covalently linking these two positions via a
suitable linker (Figure 2) [4].
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HO o) 3
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HO O\" __

H—0~ OH
B

Figure 2. Conformation of sucrose in solid state (A) and in solution (B,C). Possible macrocyclic target
with sucrose scaffold (D).

Such a possibility may open a route to highly functionalized macrocyclic derivatives
that are soluble in water, which would allow these compounds to be used as receptors in
biological environments. The attempt to utilize sucrose-based macrocycles requires several
steps (Figure 3):

e  The protection of all secondary hydroxyl groups with temporary blocks (preferably
benzyl) that could be easily removed after the desired transformations without the
destruction of a highly sensitive glycosidic bond (Figure 3; compounds 2 and 3).
This strategy requires temporary protection of the primary hydroxyl groups (C6, C6’
and eventually C1’), benzylation of all remaining OH groups, and the removal of
temporary blocks from C6, C6’ (and eventually C1’) positions. The selective protection
of the primary OH groups is well known and can be achieved using very expensive
bulky silyl chlorides or much cheaper trityl chlorides. However, the removal of the
trityl blocks from per-benzylated intermediates was not trivial since this process can
only be realized by careful acidic hydrolysis.



Molecules 2025, 30, 2721

e  The connection of the terminal positions (C6, C6’' and eventually C1’) should be
connected via a proper link (4 and 6).

e Total deprotection, i.e., the removal of all temporary blocks, which should provide
macrocyclic derivatives (potential receptors) soluble in water (5 and 7).

OH HO
Y 6 on 6
BnO:.. KQ\ BnO:.. 0 1‘@
V0" N"N0Bn
BnO 2': BnO szn OBn
3

ll | lll
X/\

OR e' X=0orNR'

4R Bn CGR Bn
5:R=H 7:R=H

RO

Figure 3. Synthetic plan for the preparation of soluble sucrose-based receptors.

During our work on the application of sucrose as a valuable synthon for macrocyclic,
water-soluble derivatives, we describe a convenient methodology for the synthesis of
so-called “sucrose diol” (2) and “sucrose triol” (3) and other useful partially protected
derivatives of this disaccharide; examples are shown in Scheme 1.

S . OSiR3 R3SiO
@ - e

...............

selective preferential
OH R3SiO silylation, OSiR3 HO  de-silylation
6 OBn 6's OBn =
BnO:.. 0 0O BnO:.. 0 0O
‘0" N TOBn 0N N YOBn
BnQ" : F BnO - 5
OBn OBn OBn OBn
8 10
11: X =8H
2) - X X 12:X = PPh,
— (6 b5 13: X = P(O)Ph,
............... 14X = NH,

Scheme 1. Synthesis of sucrose diol 2, sucrose triol 3, and their partially protected derivatives 11-14.
Reagents and conditions: i. 3 equiv. TrCl; ii. BnBr, NaH; iii. careful detritylation; iv. 6 equiv. TrCl; v. 1
equiv. R3SiCl; vi. excess of R3SiCl; vii. FO.

Selective silylation of diol 2 afforded product 8 with the free C6-OH group with a very
small amount of double-protected compound 9. This high selectivity was rather expected
in view of the early observation by Khan, who reported that the reaction of free sucrose
with tert-BDPS-Cl afforded 49% of the mono-silylated product in which the silyl group was
located at the C6’ (fructose part) position [5].

The double silylated compound 9 could be obtained in high yield by the exhaustive
silylation of diol 2. The most important (not expected) observation in our study was
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the selective de-silylation of 9, which opened a convenient route to regioisomeric mono-
alcohol 10 with the free C6'-OH (fructose part) group (Scheme 1). The sulfur, amino-, and
phosphorus derivatives were also available, as shown in Scheme 1 [2,3].

2. Sugar Derived Macrocyclic Derivatives with Sucrose Scaffold

The best-known macrocyclic derivatives with sugar platform are—undoubtedly—
cyclodextrins, which were obtained from the enzymatic degradation of starch by the end of
the XIXth century by French scientist Antoine Villiers. In the second half of the XXth century,
the method for their industrial preparation was elaborated by Hungarian chemists. These
cyclic oligosaccharides have found widespread applications in chemistry, medicine, and
daily life [6,7]. Other macrocyclic sugar-based derivatives are also known [8]. We decided to
use sucrose—the most common disaccharide—as a platform to build macrocyclic derivatives,
which, being soluble in water, could act as a receptor in a biological environment.

2.1. Synthesis of Macrocyclic Derivatives from “Sucrose Diol” 2

Diol 2 served as a starting material for the preparation of the analogs of crown and
aza-crown ethers. Several such targets built on a sucrose platform were prepared by our
group; model examples are shown in Scheme 2 [9,10].
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| |
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NHBn BnHN
@ i, i, iv K DN
o) o) . : NBn BnN
(6 6\~ 6 6'\;
R St PR

‘ iv, i T i, iii, iv
Scheme 2. Synthesis of aza-crown ether analogs with sucrose scaffold from diol 2. Reagents and
conditions: i. BnNHy; ii. BrCH,CO,R; iii. LiAlHy; iv. MsCL

For example, diol 2 was treated with polyethylene glycol di-tosylates (15), affording
crown ether analog 16. The preparation of aza-crowns required slightly different options.
Thus, the elongation of 2 by two carbon atoms at each side (— 19) followed by a reaction with
benzylamine provided macrocycle 17 with one nitrogen atom in the ring. The synthesis of
macrocycles with more nitrogen atoms was also possible and was exemplified by compound
18. It was prepared in a few steps from diol 2 by its conversion into di-amine 20, which was
elongated to 21 (similarly to 19) and finally treated with benzylamine, affording 18.

In aza-macrocycles 17 and 18, the nitrogen atom in the ring is protected with the benzyl
group; it would have been much more convenient to have this atom free, which would
have allowed us to introduce various substituents modifying the properties of the target
and such a possibility is shown in Scheme 3 [11]. Starting from alcohol 8, it was possible to

10
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introduce different units at the position C6 (via a reaction with chloroacetonitrile) and C6’
(via a reaction with ‘butyl bromoacetate after the deprotection of 6'-OH); this intermediate
was subsequently reduced to aminoalcohol 22. This compound was converted, under
Garegg’s conditions (imidazole, I, Ph3P), to iodoamine 23, which spontaneously cyclized
to aza-crown 24. The alkylation of the nitrogen atom afforded a series of crown ether
analogs with a sucrose scaffold [12].

introduction
OH R4SIO of various T~ H
) , substituents !
6 OBn ;6 (\ N/}
BnO.../ "0 0 — ol o)
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BnO" = & BnO:..,/ O
OBn OBn " SN
) “0" ™\"0Bn
BnO HBn OBn
li, i, i, iv 24
(\ NH; H03 [
o 0 N
A\ NH;
6 OBn ¢'= v (\ S
BnO/.. (0] k@\ O o
. 6
o . OBn L G‘X
BnO" = N
OBn OBn I
22 23

Scheme 3. Efficient synthesis of macrocyclic sucrose template. Reagents and conditions: i. CICH,CN;
ii. BO); iii. BrCH,CO,'Bu; iv. LiAlHy; v. imidazole, PPhs, I.

The macrocyclic derivatives presented in Schemes 2 and 3 are “symmetrical”, i.e.,
they have the same atoms (oxygen or nitrogen) at both “ends” of sucrose (positions C6
and C6’). The synthesis of “unsymmetrical” aza-crown analogs was, however, possible,
as shown in Scheme 4. Alcohol 8 was converted into 25 and further into aminoalcohol
26. The cyclization of this intermediate, induced by a Garegg’s reagent, provided the first
“unsymmetrical” azacrown analog 27. The second macrocyclic analog 28 was prepared
analogously from regioisomeric alcohol 10 [12].
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O BnN\ , OH y o Bl
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BN % Sen OBn 26 BnG “ogn, OBn
25 27
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i, ii, dii, iv
NBn O
OSiR3 HO
6 6‘\ — OBn =
OH RgSiO\ eceoccccanae i\_ BnQO:.. O 0O
.6 ........... °s. 10 oM OBn
8 BnO ®Bn OBn
28

Scheme 4. Synthesis of “unsymmetrical” analogs of aza-crowns with sucrose scaffold. Reagents and
conditions: i. BrCH,CO,'Bu; ii. FO); iii. Swern oxidation; iv. BANHCH,C(O)NHBn, NaBH;CN; v.
LiAlHy; vi. imidazole, PPhs, I,.

We also elaborated on the convenient method for the synthesis of macrocyclic sucrose-
based derivatives containing sulfur, which is shown in Scheme 5. Sucrose (1) was selectively

11
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chlorinated according to the Whistler procedure [13]; then, it was perbenzylated to 29 [14].
The reaction of this intermediate with 2-mercaptoethanol provided diol 30 (X = OH), which
was chlorinated (to 31; X = Cl) under Appel conditions. The treatment of this dichloride
with either amines (e.g., BANH)) or di-amines (BnNHCH,CH;NHBn) afforded macrocyclic
derivatives 32 or 33, respectively, with a sucrose scaffold [15].

S S
6 OBn 63
BnO:...” O o
‘0" \"Y0Bn
BnO 6Bn OBn
32
i Bn_ /—\ Bn

S
v OBn Y6
S S\ BnO:.. 0O
?’ 63 o OBn
- 30:X = OH BnO" 5Bn
031 x=ci OB

Scheme 5. Efficient preparation of sucrose macrocycles with two sulfur atoms. Reagents and
conditions: i. Nal, 2-mercaptoethanol, DMF; ii. CCly, PPhg; iii. RNHj; iv. BANHCH, CH,;NHBn.

2.2. Synthesis of Other Complex Macrocyclic Sucrose-Based Derivatives

One of the first sucrose-based macrocyclic derivatives—that was not the crown analog—
was prepared by us in 2010, as shown in Scheme 6 [16]. Sucrose diol 2 was converted using
a few well-defined steps into azido-alcohol 34, which—upon reaction with di-acetylene
35—provided precursor 36 (R = H) at an 80% yield. The activation of both hydroxyl groups
as mesylates (37; R = Ms), followed by their reaction with ethylenediamine, afforded
macrocycle 38 at a 5% yield. However, when this process was carried out in the presence of
a template (L-phenylglycine methyl ester hydrochloride), this yield increased to 25%.

=
o) =
HO\ \/
3 0/\
OBn i 35
OBn
OBn
\{o OBn
o]
1.
HN
HN g,
—_—
i NHz*CI™ NH
'Ph > CO,Me | OBn \
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f'”o“' OBn
OBn
36:R=H 38
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Scheme 6. The synthesis of complex macrocyclic derivative 38. i. Ref. [9]; ii. CuSOy, Na-ascorbate,
tert-BuOH/H,0, 80% and then, MsCl, Et3N, DMAP, 95%; iii. Na,CO3, MeCN, reflux, 48h: 5% without
a template and 25% with a template.
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Soon after this pioneering work, we introduced a method for the synthesis of other
dimers with a sucrose scaffold, as shown in Scheme 7. Diol 39 (permethylated analog of 2)
was converted after mesylation into di-amino derivative 40, which—upon reaction either
with di-acid chloride 41a or 41b—gave dimer 42 (head-to-tail dimer a or b) together with
its head-to-head analog 43 [17].

OH HO 2
OMe
MeO.. /0 K@\ i, i iii
0V N 0Me 0 o
MeQ H O
Ome ~ OMe Q .............
39 40
X
O CL »
MeQ" @A -"OMe
iv 42a: X =CH
- @ . OMe 42b: X =N
‘ X (head-to-tail dimer)
o A0 MeO' VQ “OMe
//
41a: X = CH
41b: X =N
\ P ]

+ 43a: X=CHor43b: X=N
(head-to-head dimer)

Scheme 7. The synthesis of sucrose dimers from 39. Reagents and conditions: i. MsCl, Et3N, 90%; ii.
p-nitrophenol, K,COs; iii. Hp, 10%Pd/C; iv. Et3N, 42a + 43a (62%) or 42b + 43b (54%); both dimers
HT and HH were formed at a ratio of 1:1.

The synthesis of urea- and thiourea sucrose dimers is shown in Scheme 8 [18,19]. The
treatment of diamine 14 with triphosgene or thiophosgene afforded intermediates 44a or
44b, which were further reacted with diamine 14 to afford urea and thiourea derivatives
45 (head-to-head) and 46 (head-to-tail) dimers. These macrocycles show high affinity to
chloride and acetate anions.
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Scheme 8. Synthesis of urea and thiourea sucrose dimers. Reagents and conditions: i. triphosgene —
44a or thiophosgene — 44b; then, 14, THF, Etz3N, —10 °C high dilution (90% for 45a + 46a; ref. [18])
or Nap,CO3, AcOEt/H,O, rt (84% for 45b + 46b; ref. [19]).
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2.3. Synthesis of Macrocyclic Derivatives from “Sucrose Triol” 3

After the successful preparation of the relatively simple analogs of crown and aza-
crown ethers (some of which showed interesting complexing properties; see the next
chapter), we turned our attention to more sterically demanding molecules in which the
molecular cavity responsible for complexation would be much more rigid (see models 6
and/or 7 in Figure 3). Such a possibility requires the connection of all three “ends” of the
sucrose molecule, i.e., positions C1/, C6, and C6'. The first example of such a complex
derivative, shown in Scheme 9, was prepared by us in 2019 [20]. Triol 3 was used as the
starting material for the preparation of sucrose-based cryptands; this was the first (and
up-to-date the only one) example of such derivatives. The elongation of all three terminal
positions of triol 3 by a -CH,CH;-O-CH,CH,-I unit (— 47) followed by a reaction with
tripodal amine 48 afforded cryptand 49 at a very high yield (45.5%).
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BnO... ™0 \I'O oBn o L__Q_~osn
- e BnO"\ /"0 ogn
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OBn OBn BnO OBn
47 49

Scheme 9. First synthesis of sucrose-based cryptand.

A special case is represented, however, by the objects in which the sucrose platform
is connected to a tripodal chiral unit. Thus, the reaction of a racemic C3-symmetrical
cyclotriveratrylene unit (CTV, 50) with elongated (by two carbon atoms at all terminal
positions) sucrose triiodide 51 provided two (out of four possible) diastereoisomeric cages,
M-52 and P-52, as shown in Scheme 10. The benzyl groups protecting the sucrose backbone
were easily removed by simple hydrogenation-affording capsules that were soluble in
water (M-53 and P-53) [21]. The formation of only two diastereoisomeric cages (52) from
51 and rac-50 resulted (most likely) from the fact that the ethylene linker connecting both
units was too short.

&b

HO MeO
OMe
(+/-)-CTV (50)

+

BnO

BnG  OBn
51

Scheme 10. Synthesis of molecular cages 52 and 53 from elongated sucrose triiodide 51 and racemic
CTV (50). Reagents and conditions: i. Cs,COj3, acetonitrile, and reflux.
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For longer than the ethylene linker, the possibility of the formation of all four possible
stereoisomers increased significantly. Indeed, the reaction of compound 54 (another analog
of sucrose triol 3) with racemic CTV (50) afforded four diastereoisomeric cages (P-55, M-55,
P-56, and M-56), as shown in Scheme 11 [22,23].
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Scheme 11. The formation of all four possible distereoisomeric cages in the reaction of rac-CTV (50)
with a “longer” analog 54. Reagents and conditions: i. Cs,COj3, acetonitrile, and reflux.

Another example of such molecular cages containing CTV and sucrose moieties
connected via the naphthalene linkers is shown in Figure 4 (only two out of four isomers
formed are shown). These cages were found to be selective and efficient fluorogenic sensors
for the detection of acetylcholine or choline. Compound P-57 has a better affinity for choline
over acetylcholine, while cage M-57 exhibits a higher constant association for acetylcholine
over choline [23].

unique shape
of the cavity

BnO ogn B"O OBn
m-s1 | o | P57
Nt Nt —
Kacn ! Kcn = 3.1 /N\/\ok /" >"0H Ken! Kacn = 1.7
acetylcholine (ACh) choline (Ch)

Figure 4. Complexing ability of two (out of four) molecular cages, 57, against acetylcholine and choline.
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Molecular switches built on the sucrose platform were also available, as shown in
Scheme 12. Diol 2 was converted in a few simple steps into di-iodide 58, which—upon its
reaction with azobenzene 59—gave macrocycle 60 at a high yield with the trans isomer
strongly predominated over the cis one. After irradiation with green light, isomer trans-60
underwent conversion into the cis isomer, while the irradiation of cis-60 with blue light
(or just heating) induced its conversion into the more thermodynamically stable trans
isomer [24]. The complexing properties of both isomers towards achiral cations were rather
low but slightly differed from each other, as shown in Scheme 12.
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trans-60 complex with Na* = 210 M -
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Scheme 12. Synthesis of molecular switches with sucrose scaffold. i. Cs;CO3, MeCN, 82 °C, 6h, 85%.
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Figure 5. Association constants of aza-crowns 18 and 61 and unsymmetrical aza-crowns (27, 28) with
both enantiomers of a-phenylethylamine (62).

3. Complexing Properties

Macrocycles with a sucrose scaffold presented above (crown, aza-crown analogs, and
cryptand 49) show complexing properties towards achiral cations (mostly inorganic) or
anions (ureas 45a and 45b). However, the application of such highly functionalized, enan-
tiomerically pure receptors to complex achiral guest is not interesting; we performed these
studies only to check if such compounds have the complexing abilities. The application
of these sucrose-based hosts for the complexation of chiral guests was, however, quite
promising. We proved that they are able to distinguish both enantiomers of the phenylethy-
lamine cation; thus, the enantioselective complexation of chiral guests is possible, at least
for simple model guests. The first interesting results were reported in our earlier study
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(from 2008) on the synthesis of sucrose-base receptors. The preferred complexation of (S)-
phenylethylamine cation (62) was noted by receptor 18, while receptor 61 formed a strong
complex with the (S)-enantiomer only (Figure 5) [9]. This selectivity towards the (S)-62
over the (R)-62 was also noted for “unsymmetrical” receptors 27 and 28 (Figure 5) [12].

4. Conclusions

We have proved that sucrose, a very cheap raw material available in almost unlimited
quantities, can be used (besides in “commercial” applications) as a building block for the
synthesis of fine products with high added value. Several types of macrocyclic derivatives
with sucrose scaffold are available. Some of them show interesting complexing properties
and are able to differentiate between the two enantiomers of simple chiral guests.

The sucrose platform in our syntheses was fully protected with benzyl groups, which
could be removed (as we proved in a few cases) under mild conditions, not affecting the
very sensitive glycosidic bond. Such “free” (not protected) receptors, which are soluble
in water, might find an application in studies of the complexation of chiral guests in
biological environments.

Especially interesting is the field of molecular cages incorporating sucrose and the
CTV unit. These two partners can be connected by appropriate linkers of different lengths,
which opens a convenient way for cages with various cavities to be able to differentiate
between important biologically active compounds.

Also, the molecular switches built from sucrose and azobenzene open a promising
field of study. Depending on the light (green or blue), such derivatives change their
configuration (from trans to cis and vice versa), thus modifying their cavity and, hence, the
complexing properties towards various cations.

As shown in this short note, sucrose can also find an application in the synthesis of
fine chemicals, which can be useful in many fields. Thus, this disaccharide is available
in practically unlimited quantities, which is ignored in most typical organic laboratories,
and can be used as a starting material for the synthesis of various types of optically pure
fine chemicals.
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Abstract

This review focuses on the synthesis of spacer-armed phosphooligosaccharides structurally
related to the capsular phosphoglycans of pathogenic bacteria, including the Haemophilus
influenzae serotypes a, b, ¢, and f, Neisseria meningitidis serogroups a and x, the Streptococcus
pneumoniae serotypes 6a, 6b, 6¢, 6f, 19a, and 19f, and the Campylobacter jejuni serotype
HS:53, strain RM1221, in which the phosphodiester linkage is a structural component of a
phosphoglycan backbone. Also, in this review, we summarize the current knowledge on
the preparation and immunogenicity of neoglycoconjugates based on synthetic phospho-
oligosaccharides. The discussed data helps evaluate the prospects for the development of
conjugate vaccines on the basis of synthetic phosphooligosaccharide antigens.

Keywords: phosphoglycans; phosphodiester linkage; capsular polysaccharides; synthesis;
neoglycoconjugates; immunogenicity; conjugate glycovaccines; human pathogens

1. Introduction

Among many smart tools for the colonization of human organs, pathogenic bacte-
ria use a multilayer cell envelope [1,2], which is largely composed of glycans and their
conjugates. The outermost thick layer found in the majority of Gram-negative and some
Gram-positive bacteria is called a glycan capsule, the composition and structure of which
depend on the particular bacterial species [3]. Most capsular glycans are long-chain linear
negatively charged CPSs or phosphoglycans. In the course of infection, this part of the
bacterial outer shell first comes into contact with the components of innate and adaptive
immunity. The anionic glycans of pathogenic bacteria shield them from the action of
the components of the complement system, phagocytes and cationic antimicrobial pep-
tides, which are secreted by immune and epithelial cells and destabilize the membrane of
pathogenic bacteria [4,5]. Thus, it was established [6] that the phosphoglycan capsule of Hib
prevents phagocyte attachment and the subsequent uptake of these bacteria. Moreover, Hib
can survive and multiply after having been engulfed by a phagocyte in the acidic medium
of phagolysosomes [7]. On the one hand, these biopolymers act as both protective shields
and adhesive agents, enabling the bacterial evasion of host immunity [8], and on the other
hand, they represent a target for the host immune system.
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It is known that a key step in the adaptive immune response is the production of
antigen-specific antibodies, and the presence of IgG indicates the development of immuno-
logical memory to surface biopolymers [9]. Immunological memory enables the body
to quickly recognize the antigen on the surface of the pathogen during the second and
subsequent contact and more effectively activate the body’s defenses. This phenomenon
encouraged the development of a whole range of antibacterial prophylactic vaccines. To
date, the most effective type of vaccines for the prevention of bacterial infections are con-
jugate vaccines [10-16], in which a capsular glycan of the targeted pathogen is covalently
linked to a protein carrier. The use of glycoconjugates helps circumvent the problem of the
low immunogenicity of CPS and directs immunity along the T-dependent pathway [17-20].

The majority of commercial conjugate vaccines are currently manufactured on the basis
of CPS produced in bacterial cell cultures. This approach has significant disadvantages,
which are the laborious and operationally challenging steps of manufacturing, sophisticated
quality control, and the high cost of producing pathogenic microbiological material. At
present, an advanced approach to glycan conjugate vaccines is being developed, which
employs synthetic OS antigens as an alternative to bacterial CPS [21-26].

In the first step of conjugate OS vaccine development, it is important to specify the
particular bacterial glycoantigen to be mimicked. The probability factor speaks in favor of
regular glycans, which have a repeating unit. These include the CPS of both Gram-positive
and Gram-negative bacteria, lipopolysaccharide O-antigens of Gram-negative bacteria,
and the cell-wall teichoic acids and lipoteichoic acids of Gram-positive bacteria. Today,
commercial glycoconjugate vaccines incorporate bacterial glycan antigens exclusively.

In the second step, the optimum length of the OS, which is sufficient for the induction
of protective immunity, has to be specified. On the one hand, the use of shorter OSs can
significantly reduce production costs, and on the other hand, the OS chain has to be long
enough to mimic the polymer and minimize the possible influence of the terminal monosac-
charide residue. Identification of the minimum length of the OS antigen is performed in
laboratory animals, which are immunized with the conjugates of synthetic oligosaccharides
of different lengths, and the interaction of induced antibodies with bacterial antigens or
directly with bacteria is investigated. It is commonly accepted [27] that the minimum length
of an effective glycoantigen is 3—4 repeating units. A reliable algorithm that can predict the
optimum length of OS antigens has not yet been developed. Today, the identification of
protective glycotopes for conjugate vaccine candidates can be defined by the screening of
glycan arrays, which encompass a series of synthetic OSs related to capsular glycans [28,29]
in combination with conformational studies [29,30]. Alternatively, the development of
the anti-Hib vaccine Quimi-Hib® (Centro de Ingenieria Genética y Biotecnologfa (CIGB),
Republic of Cuba), which is a unique commercial synthetic OS-based conjugate vaccine,
circumvented the problem of the choice of the optimum antigen length by the production
of a protein-conjugated homologous phosphooligosaccharide obtained by oligomerization,
with 7-8 repeating units as the average length of antigens [31]. The choice of the optimum
structure of an OS antigen for a glycovaccine is complicated by the possibility of structural
changes in a synthetic antigen after the injection of the vaccine into the recipient’s body. Par-
tial lysis or migration of acetyl groups can occur in lymphs (pH 7.4-9.0) or endolysosomes
of follicular B-lymphocytes [32-34], which are known to have an acidic environment.

In a number of human pathogens, a phosphodiester bond is involved in the formation
of the main polymer chain. Phosphoglycans of this type were found, for example, in the
cell wall of the human pathogens Hia, Hib, Hic, and Hif, the S. pneumonia serotypes 6A, 6B,
11A, 17F, 19A, and 19F the N. meningitidis serogroups A and X, the Campylobacter jejuni
serotypes HS53 (strain RM1221) and HS1 (strain ATCC 43429), and Escherichia coli K100
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and K2 (Figure 1) [35-38]. Today, eleven bacterial pathogens of this type (Hib, Men A, and
the S. pneumonia serotypes 6A, 6B, 10A, 11A, 15B, 18C, 19A, 19F, and 23F) are targeted by
preventive vaccination, with commercial conjugate vaccines based on the corresponding
capsular phosphooligosaccharides [21].
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Figure 1. Examples of bacterial capsular phosphoglycans.

In this review, we focus on the synthesis of spacer-armed mono-, di-, and oligomeric
antigens structurally related to bacterial capsular phosphoglycans (Figure 1), in which the
repeating units are connected via a phosphodiester bond, and consider the preparation and
immunogenicity of neoglycoconjugates on the basis of these antigens.

Phosphoglycans are the common glycocalyx components of pathogenic Gram-negative
and Gram-positive bacteria [35,36,39], yeast [39], and protozoan parasites [39,40]. In a
living cell, phosphodiester-linked carbohydrates are arranged via the transfer of a hexose
1-phosphate to a glycan acceptor. In the presence of enzymes, which belong to the Stealth
enzyme family, a hydroxyl group of a glycan acceptor attacks the phosphoester group in
the nucleotide donor, and finally, a phosphodiester interglycosidic bridge unit is formed.
It was established [41] (Figure 2) that in MenX bacteria, the hydroxyl group of N-acetyl
glucosamine acceptor attacks the P-atom of uridine-5'-diphosphate-N-acetyl glucosamine
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to form an o-glycosyl phosphodiester, and the uridine monophosphate moiety serves as a
leaving group.
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Figure 2. Biosynthesis of MenX phosphoglycan involves nucleotide glycosyl donor uridine-5'-
diphosphate-N-acetyl glucosamine and is catalyzed by hexose phosphotransferase [41].

A similar method of the establishment of a phosphodiester intersaccharide bridge is
used in laboratory practice for the preparation of phosphooligosaccharides related to bacte-
rial phosphoglycans. For the efficient and stereoselective formation of a phosphodiester
linkage, a phosphodiester synthon is first introduced into one of the saccharide blocks, and
the resulting product is reacted with a free hydroxyl group of another saccharide block.

As a rule, phosphodiesters, along with their diverse precursors (mono- and diphos-
phates, H-phosphonates, and phosphamidites; Figure 3), decompose under the conditions
of a glycosylation reaction. Therefore, the retrosynthetic analysis of phosphoglycans sug-
gests the formation of phosphodiester bridges within the latest steps of the synthetic route
after the glycosidic linkages are already established. Usually, the preparation of phospho-
oligosaccharides related to natural biopolymers is a multi-step synthesis, which can be
performed following a linear, convergent, or oligomerization pathway via the formation of
an O-P-O tether between selectively protected and activated saccharide blocks.
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Figure 3. Three main types of synthetic approaches used in the preparation of glycosyl
phosphodiesters.
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The conventional synthetic blocks for the preparation of glycosylphosphodiesters are
monophosphates (Figure 3A), diphosphates (Figure 3B), H-phosphonates (Figure 3C), and
phosphoramidites (Figure 3D). Previously developed methods of condensation involved phos-
phorus (V) chemistry (Figure 3A,B) and were promoted by N,N'-dicyclohexylcarbodiimide
and 1-(2,4,6-triisopropylbenzenesulfonyl)-3-nitro-1H-1,2 4-triazole. In the late 1980s, methods
A and B gave way to fast, efficient, and convenient techniques that employed H-phosphonates
(Figure 3C) and phosphoramidites (Figure 3D).

The H-phosphonate condensation general procedure [42,43] was first proposed in the
1950s for oligonucleotide synthesis by Todd et al. [44], and it was further developed [45,46]
and adapted for solid-phase synthesis [47] and customized to the needs of phosphoglycan
chemistry [39,48]. The phosphoramidite method was first proposed by van Boom [49] and
was later successfully applied in the solid-phase preparation of long-chain oligophosphodi-
esters [50] and the P-modified analogs of glycosylphosphate oligomers [51]. In addition to
current methods, novel approaches are being actively developed, which are aimed at the
preparation of glycosylphosphates with a predetermined anomeric configuration and the
synthesis of the stabilized mimetics of phosphoglycans [52-58].

One of the key features of bacterial phosphoglycans and synthetic phosphooligosac-
charides is their susceptibility to degradation via hydrolytic cleavage, transesterification,
and rearrangement. Thus, PRP (Figure 1) was found to degrade spontaneously [59,60] in
aqueous media. This molecule is destabilized by a hydroxyl group at C-2 (D-ribose), which
is located in close proximity to the phosphodiester moiety and promotes the depolymeriza-
tion and formation of cyclophosphate and phosphate monoester terminal groups [61]. In
vaccine production, the inherent tendency of PRP to autolyze results in the loss of manufac-
tured phosphoglycan and conjugate preparations [60]. Additionally, the low stability of
PRP imposes significant limitations on the use of liquid Hib vaccines, especially in view
of the acceleration of the degradation process in the presence of an alum adjuvant [62].
Stability studies conducted by Cintra et al. [60] showed that the rate of PRP depolymer-
ization accelerates substantially with an increase in pH in the range 5.41-7.55 and with a
rise in temperature in the interval of 28-40 °C. As a result, it may be assumed that in a host
organism, PRP intensely degrades into fragments, which neutralize anti-PRP protective
antibodies, thus hampering the immune response. In a similar way, partial PRP destruction
after immunization with a conjugate Hib vaccine may result in the loss of Hib epitopes and
reduce the level of protective anti-Hib antibodies. Two more factors that affect the stability
of PRP are the presence of Na* [60] and CaZ* [59] cations. Similar to PRP, the capsular
phosphoglycan of Hif (Figure 1) was shown to decompose under mild conditions [59].

MenA capsular phosphoglycan is especially susceptible to hydrolysis. It is assumed
that the hydrolytic destruction of x-glycosylphosphodiester linkage occurs by two path-
ways. One of these includes the formation of an oxocarbenium ion, and within another
pathway, the phosphodiester bond is cleaved with the assistance of the axial NAc group
located at C-2 of the ManNAc, and a thermodynamically stable oxazoline is formed [63].

2. Synthesis of Pseudo-Oligosaccharides Structurally Related to PRP

Highly effective infant immunization with conjugate Hib vaccines, which are com-
posed of a partially depolymerized Hib capsular phosphoglycan and a protein carrier
(see review [15]), inspired researchers to develop conjugate vaccines using oligomer syn-
thetic PRP fragments (Figure 4). Several series of PRP-related oligomers were synthesized,
which were equipped with different types and locations of amino-spacers for convenient
attachment to a protein carrier (compounds 1-15, Figure 4).
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Figure 4. Synthetic pseudo-oligosaccharides structurally related to PRP.

In pseudo-oligosaccharide 13 with a N-glycyl-aminopropyl spacer, which comprises
two, three, or four residues of PRP repeating units [64], as well as in hexamer 4 [65] and
oligomers 5-8 [66], the w-aminospacer is linked to the D-ribose fragment via a phospho-
diester bond. In pentamer 9 [67], the spacer is attached immediately to C-1 of a D-ribose
residue as an aglycone. In the oligomeric mixture 10 [68] and in most of the representa-
tive oligomer series, which comprises the individual compounds 11-15 [69], the spacer
is connected to a D-ribose via a phosphodiester bridge. In this review, basic synthetic
blocks and strategies used in the preparation of compounds 1-15 are briefly considered,
with a focus on the arrangement of a phosphodiester linkage and the introduction of a
w-aminospacer. A more detailed consideration of the syntheses of pseudo-oligosaccharides
1-15 was presented in our earlier review [15].

Between 1988 and 1992, van Boom and his research group at Leiden University
synthesized spacer-armed PRP-related fragments for the first time. Dimer 1 [64,70], trimer
2 [64,70], and tetramer 3 [71] (Figure 4) were prepared by a sequential elongation of the
oligomer chain from the non-reducing end, and the final equipment with an aminospacer.
In brief, the phosphorylation of a free 3-OH group in the selectively protected riboside
16 with bis(benzotriazol-1-yl) (2-chlorophenyl) phosphate 17 produced the key activated
phosphotriester building block 18 (Scheme 1). The condensation of compound 18 with the
selectively protected disaccharide 19 in the presence of N-methylimidazole in Py, followed
by the removal of the 1-O-propenyl group, was carried out in a sequential manner, one, two,
or three times, followed by the final capping with phosphotriester 20. Total deprotection
afforded the series of conjugation-ready compounds 1-3.
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Scheme 1. Key building blocks for the synthesis of spacer-armed PRP-related oligomers (1-3).
Reagents and conditions: (a) Py/dioxane, r.t., 30 min [64,70,71].

The spacer-armed trimer 2 and tetramer 3 were conjugated to TT (Figure 5) to create the
corresponding neoglycoconjugates 21 and 22. The antigenic properties of oligomers 2 and 3
as components of neoglycoconjugates 21 and 22 were examined [71] in competitive inhibi-
tion ELISA experiments. A conjugate of bacterial PRP and tyramine was used as a coating
antigen, and normal human serum and bacterial PRP were used as positive controls.

Figure 5. Conjugates 21 and 22 obtained from PRP oligomers 2 and 3 with TT [71].

Total inhibition was observed when bacterial PRP and conjugate 22 (tetramer + TT,
Figure 5) at a concentration of 25 ng/mL were used as inhibitors, and conjugate 21 with the
trimeric PRP-antigen was less effective. Compared to conjugates, the inhibitory capacity of
the unconjugated oligomers 2 and 3 was much lower, and at a concentration of 25 pg/mL,
it did not reach 40%.

The immunogenicity of glycoconjugates 21 and 22 was studied [71] in mice at a dose
of 1 ug of phosphoglycan per mouse. IgG antibodies in immune sera were analyzed in
ELISA using a bacterial PRP-tyramine conjugate as a coating antigen and normal human
serum as a positive control. Conjugate 21 with a trimeric antigen was found to be low
immunogenic in a mouse model. In IgG ELISA, the mean optical density value for the sera
of immunized mice was less than two times that of the corresponding value obtained for
the sera of mice that received PBS.

For the immune sera from mice vaccinated with conjugate 22, which comprised
tetrameric residues, the mean optical density value was three times that of the negative
control, thus unambiguously evidencing the immunogenicity of conjugate 22. Immuniza-
tion experiments were conducted using preparations formulated with AIPO4 or without
an adjuvant. It was shown that the presence of AIPO, had no effect on the result of
immunization [71].
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To date, there is no animal model that reliably predicts the immunogenicity of gly-
coconjugate preparations in humans, and the choice of experimental animals for the ex-
amination of the immune activity of Hib preparations is usually at the discretion of the
researcher. In the blood sera of immunized mice and guinea pigs, the concentration of
antibodies directed against Hib antigens does not reach 1 mg/mL, and these animals are
not recommended for laboratory studies of conjugate vaccines [66].

As shown in Scheme 1, the key reaction in the assembly of the synthetic Hib phos-
phooligosaccharides 1-3 is the arrangement of the O-P-O linkage, which can be applied
iteratively. As no new chiral centers or other types of isomerism are created, this reaction se-
quence can be fulfilled using a solid-phase approach. This approach significantly decreases
the number of laborious steps of the chromatographic separation of the product. In 1989,
van Boom synthesized the spacer-armed hexamer 4 using controlled-pore glass as a solid
support [65]. First, the selectively protected pseudo-disaccharide 23 was phosphitylated
with chlorophosphoramidite 24 (Scheme 2), and the resulting phosphoramidite 25 was
used for a stepwise extension of the oligomer chain starting from ribosylribitol 26, which
was immobilized on a glass support. After each step of chain elongation, the phosphorus
atom was oxidized with iodine in an acetonitrile/water/collidine mixture to obtain the
corresponding phosphotriester, and the terminal DMTr protective group was removed
to provide a free hydroxyl group for the next phosphitylation step. After the sequential
attachment of five repeating units and spacer 27 and the removal of the protective groups,
the target spacer-armed hexamer 4 was obtained.
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Scheme 2. Key building blocks for the synthesis of hexamer 4. Reagents and conditions: (a) diiso-
propylethylamide/dichloromethane, 85% yield [65].

In 1992, Kandil et al. [66] synthesized the series of spacer-armed Hib oligomers 5-
8 on a PEG support using a strategy similar to the synthesis of hexamer 4 (Scheme 3).
In this synthesis, the tert-butyldiphenylsilyl and benzyloxymethyl protective groups in
the starting pseudo-disaccharide 28 were replaced with easily removable benzyl groups.
Thus, the sequential condensation of phosphoramidite 29 with PEG-immobilized pseudo-
disaccharide 30 and detritylation was repeated five times. Next, the pre-spacer 31 was
attached, and finally, total deprotection resulted in the formation of hexamer 6. The latter
was conjugated to synthetic peptides structurally related to the Hib outer membrane protein,
and one of these preparations showed immunogenicity comparable to that shown by the
commercial Hib vaccine [72].
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Scheme 3. Key building blocks used in the synthesis of the spacer-armed oligomers 5-8. Reagents
and conditions: (a) 1H-tetrazole/acetonitrile [66].

The same year, a group of Swedish researchers under the leadership of Norberg pub-
lished [67] the synthesis of the Hib pentamer 9 on a polystyrene support (Scheme 4). In this
work, the H-phosphonate method was used for the establishment of a phosphodiester bond,
which subsequently became the most popular in the preparation of oligophosphoglycans
related to the glycocalyx components of bacteria and parasites [39,56]. The selectively pro-
tected disaccharide 32 was reacted with 5,5-dimethyl-2-chloro-1,3,2-dioxaphosphorinane
2-oxide (compound 33) in Py and the presence of phosphonic acid to obtain H-phosphonate
34 with an 84% yield.
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Scheme 4. Key building blocks for the synthesis of pentamer 9 [67]. Reagents and conditions:
(a) H3POs3, Py, yield of 84%.

The activation of H-phosphonates for subsequent attachment to alcohols can be
achieved in the presence of the acyl chlorides of sterically hindered acids, e.g., PivCl
or 1-adamantanecarbonyl chloride. In this reaction, the formation of by-products depends
significantly on the order of the addition of reagents. For example, the activation of H-
phosphonate by PivCl in Py in the absence of alcohol led to the formation of unwanted
bis-acylated phosphites, and the use of a large excess of PivCl in solid-phase synthesis
resulted in the pivaloylation of the support [67]. The search for the optimum conditions for
the attachment of H-phosphonate 34 to be selectively protected and immobilized on the
solid support monomer 35 resulted in the discovery of the most efficient proportion—?5 eq.
of PivCl and 5 eq. of H-phosphonate 34—that provided the adduct with a 95% yield. The
authors noted [67] that the yield decreased with each chain extension step and dropped to
86% in the fourth cycle. The optimum sequence of reagent addition was found as follows:
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in the first step, H-phosphonate was activated by the addition of PivCl in Py, and then,
the mixture was added to the immobilized alcohol. As a result, the yield of the pentamer
increased to 96%. In the final step, the chain was capped with 2-(2-azidoethoxy) ethyl
riboside 36, H-phosphonate was oxidized with iodine in 2% aqueous Py, and the protective
groups were removed to obtain oligomer 9.

The multistep synthetic pathways discussed above are based on the linear sequential
elongation of an oligomeric chain. As a rule, laboratory processes of this type cannot be
scaled up to a commercial scale because of the high cost. For profitable manufacturing, a
convergent synthetic scheme is needed. Under the leadership of Verez-Bencomo and Roy,
a convergent synthesis of a mixture of homologous PRP oligomers (Figure 4, compound
10) was developed and then scaled up to the commercial production of the anti-Hib vaccine
Quimi-Hib® (Heber Biotec, S.A., Republic of Cuba). In this synthesis, polycondensation of
a bifunctional monomer is employed for the establishment of O-P-O linkages as a key step
of oligomer synthesis in the place of stepwise elongation (Scheme 5).
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Scheme 5. Key building blocks for preparation of oligomeric mixture 10 (n= 6-9) [68].
Reagents and conditions: (a) potassium tert-butoxide/DMSO, 100 °C; (b) PCl3, imidazole, Et3N;
(c) CH3COOH/H,O0, 80 °C; (d) PivCl/Py; (e) I, Py/Hy0O; (f) Hp, Pd/C, EtOH-H,O-EtOAc-AcOH at
1.5 atm; (g) SMP.

In brief, the allyl group of the selectively protected pseudo-disaccharide 37 is isomer-
ized into the 1-O-propenyl group by the action of potassium tert-butoxide in DMSO. The
resulting isomer is converted to H-phosphonate 38 by the action of PCl; and imidazole,
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and finally, the 1-O-propenyl group is removed under acidic conditions to obtain the key
heterobifunctional monomer 39. The interaction of 38 with the diethylene glycol spacer
40 in the presence of PivCl/Py, followed by oxidation with iodine in aqueous Py, and the
further removal of the 1-O-propenyl group, creates alcohol 41, which serves as a terminal
unit in the polycondensation. The polycondensation of 39 and 41 is carried out in the
presence of PivCl in Py, followed by oxidation of the mixture of H-phosphonates into the
corresponding phosphodiester mixture, reduction of the azido groups, N-acetylation, and
total deprotection. The obtained mixture of the spacer-equipped oligomer 10 is activated by
the action of SMP to obtain a conjugation-ready mixture of maleimide 42. The conjugation
of the activated oligophosphodiesters with thiolated TT results in the production of a set of
conjugate 43 with the average weight ratio PRP:TT of 1:2.6 [31,68].

On the basis of the mixture of conjugate 43, an anti-Hib vaccine, Quimi-Hib®, was de-
veloped, which successfully passed all the required preclinical [73] and clinical trials [31,74].
The antigenicity of synthetic PRP oligomer 10 was compared to the antigenicity of bac-
terial PRP in ELISA experiments [31]. A conjugate of a mixture of the spacer-equipped
oligomer 10 with HSA (10-HSA), prepared similarly to conjugate 43, and a conjugate of
partially depolymerized bacterial PRP (PRPDp30) with HSA were used as coating antigens.
The PRPDp30-HSA conjugate was obtained by the reductive amination of the mixture of
bacterial PRP depolymerized via periodate oxidation to a length of ~30 monomeric units
and conjugation with HSA [68]. Standard rabbit anti-PRP antibodies were obtained by
the immunization of animals with two licensed commercial conjugate vaccines based on
bacterial PRP. These were Hiberix® (PRP-TT), which contains PRP activated by cyanogen
bromide and conjugated to TT via an adipic acid dihydrazide linker, and Vaxem-Hib®
(PRP-CRM197), which is a product of the conjugation of partially depolymerized bacterial
PRP with an avDP10 repeating unit and the protein carrier CRM197 via an adipic acid dihy-
drazide spacer. The correlation coefficient for the titers obtained in the ELISA experiments
with standard rabbit sera and the coating antigens 10-HSA and PRPDp30-HSA was in the
high-value range (0.972-0.978), indicating the similarity of the antigenic properties of the
synthetic oligosaccharide 10 and Hib CPS [75].

For the preliminary evaluation of the immunological activity of the conjugate 43
in vivo, rats, mice, and rabbits were chosen as experimental animals. Rats were immunized
subcutaneously twice at an interval of 4 weeks with a dose of conjugate 43 containing 2 pug
of the ligand 10 [75]. Mice were immunized intraperitoneally three times at an interval of
2 weeks with a dose of conjugate 43 containing 2.5 ng of ligand 10. Rabbits were immunized
with conjugate 43 using both two-step and three-step regimens at a dose of 5 pg of ligand
10 per animal. The efficiency of immunization was assessed by the evaluation of IgG titers,
which were calculated as the logarithm of the highest dilution at which the light absorbance
of the diluted serum sample is twice as high as that of the negative control. For the negative
control, the animals were injected with PBS. A PRP-HSA conjugate was used as a coating
antigen in the ELISA experiments. The study of the PRP-specific antibodies showed that
the immune response to conjugate 43 in rodents was weak and inconsistent. In contrast,
the immunization of rabbits with conjugate 43 efficiently evoked PRP-specific antibodies,
as shown in the inhibition ELISA experiments with bacterial PRP as the inhibitor [75].

In a phase 1 clinical trial [31], more than 100 children aged 4 to 5 years were immunized
with a single dose of a vaccine preparation formulated on the basis of conjugate 43 without
an adjuvant. Comparative studies of the immunogenicity of synthetic antigens in conjugate
43 and partly depolymerized bacterial PRP in Vaxem-Hib® showed that the average anti-
PRP IgG titers were similar. It was found that PRP-specific IgG antibodies induced in
children by immunization with conjugate 43 had bactericidal activity comparable to that
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stimulated by the action of Vaxem-Hib®. In the course of phase 2 clinical trials [31], 1141
infants were immunized three times at 2, 4, and 6 months of age with or without AIPOy,
and the positive control group was immunized with Vaxem-Hib®. Antibody tests showed
that 99.7% of infants had serum anti-PRP IgG concentrations >1 ug/mL, which is known
to provide prolonged protection against Hib infection [76], and the mean concentration of
anti-PRP IgG was as high as 27.4 pg/mL.

It is noteworthy that in Quimi-Hib®, different-sized oligomeric antigens were present,
thus circumventing the problem of the elucidation of the optimal length of an oligomeric
PRP antigen. The success of the development and application of the cost-effective vaccine
Quimi-Hib® with a synthetic Hib-antigen inspired scientists to search for the shortest
protective Hib-antigen, which is likely to be in the range of chain lengths that are obtained
during the polycondensation of 39.

One of the novel and efficient approaches to the preparation of PRP-related oligomeric
phosphoglycans suggested by Seeberger et al. [69] involved the elongation of the chain by
two PRP repeating units at once (Scheme 6). The applied strategy effectively shortened the
task of the oligomer assembly and raised the degree of convergence.

For the preparation of a selectively protected and activated bifunctional dimeric key
unit, the universal precursor 44 was deallylated, and the resulting diol was regioselectively
4,4'-dimethoxytritylated at the primary hydroxyl group to obtain compound 45, which was
then converted to H-phosphonate 46 by the action of PCl3, Et3N, and imidazole. For the
preparation of alcohol 47, the universal precursor 44 was levulinoylated and deallylated.
Alcohol 47 was reacted with H-phosphonate 46 in PivCl/Py to obtain the key dimeric
precursor 48 with readily removable orthogonal levulinoyl and dimethoxytrityl protective
groups. The de-4,4’-dimethoxytritylation of pseudo-tetrasaccharide 48 in the presence of
trichloroacetic acid afforded alcohol 49 with a free terminal hydroxyl group in the ribitol
residue. The delevulinoylation of universal precursor 48 by the action of hydrazinium
acetate resulted in the formation of alcohol 50, which was converted into H-phosphonate
51. The combination of H-phosphonate 51 and primary alcohol 49, followed by oxidation,
yielded a tetramer, which was, in turn, de-4,4’-dimethoxytritylated and reacted with H-
phosphonate 46 for the elongation of the chain or with the 5-azidopentyl derivative 52 for
chain termination. Using this elegant strategy, PRP-related tetramer (85%), hexamer (85%),
octamer (83%), and decamer (80%) were prepared, which were subjected to sequential
detritylation, the attachment of a 5-azidopentyl spacer under the action of H-phosphonate
52, the transformation of the azido group into an amino group, and total deprotection to
obtain the spacer-armed oligomers 12-15 (Figure 4). After activation, oligomers 12-15 were
reacted with TT to obtain conjugates 53-56 [69].

The antigenicity of oligomers 11-15 (Figure 4) was examined using a glycan microarray.
Compounds 11-15 were immobilized on a N-hydroxysuccinimide hydrogel surface on
glass slides and reacted with polyclonal anti-Hib hyperimmune rabbit sera or standard
human sera, which were mixed with different concentrations of the WHO PRP standard
as an inhibitor. The subsequent addition of a fluorescent secondary antibody revealed
the dependence of the fluorescence intensity on the PRP concentration, thus proving the
presence of antibodies specific to the synthetic PRP-oligomers 11-15. Hexamer 13, octamer
14, and decamer 15 interacted with standard human sera in a similar way, binding with
tetramer 12 was weaker, and in the case of dimer 11, the adsorption of the antibodies
was even less effective. In contrast, rabbit hyperimmune sera interacted with all five
oligomers equally well [69].

30



Molecules 2025, 30, 3068

OBn
OBn OB
BnQ /\/k/\ = BnQ, /\/kn/\ BnQ /\/'\/\
A 0.0 oDMTr 09 * ODMTr
OBn OBn ab ABn OBn _c ! OBn OBn
|
HO OBn 44 HO OBn 45 O:?'O OBn 46
OEtsNH*
OBn
e Bo o~
0.9} ODMTr
0Bn OBn OBn OBn
BnQ /\/k/\ BnQ /\/k/\ O
o Y Y OH e f e OIIDO OBn
OBn OBn —_— OBn OBn  OEtsNH*
LevO OBn 47 LevO OBn 48
OBn
BnQ W
© 7 Cé)Bn éBn o
OBn OB
BnO /\/'\/\ O BnQ /\/'\n/\
i OPO o+Bn 0. 97 Y ™Y “opmTr
SBndBn O EtsNH OBn OBn
LevO OBn 49 /\)\/\o -P-O  OBn
5Bn &Bn  OEtNH*
O RO OBn S0R=H
- +
NN N A PN A =
N3 o E OEtNH" 51 R = P(O)(H)OEtsNH
52
o T D
NN
0 NHJ\/\ /g(\/}]/
&H OH Na
HT—O OH 53n=4,m=49
L 54n=6,m=40 —m

55n=8 m=3.1

56n=10,m=27
Scheme 6. Key building blocks for preparation of oligomers 12-15 [69]. Reagents and conditions:
(a) Pd(PPh3)y, 1,3-dimethylbarbituric acid, methanol, 75%; (b) DMTCI, DMAP, CH,Cl,, 93%; (c) PCl3,
Et3N, imidazole, CH,Cly, 0 °C, 85%; (d) levulinic acid, DMAP, CH,Cl,, 93%; (e) 46, PivCl, Py, 0 °C
(f) 12, Py/HzO, 85%.

The immunogenicity of conjugates 53-56 was studied using an animal model. Rab-
bits were immunized with these conjugates at a dose of 5 ug of an oligomer without an
adjuvant, and the positive control group received ActHib® (PRP-TT). Bacterial PRP was
used as a coating antigen. Immunization with conjugates 53 and 55, based on tetramer 12
and octamer 14 ligands, respectively, resulted in a high level of PRP-specific antibodies.
Conjugates 54 and 56, which comprised hexamer 13 and decamer 15, induced substantially
lower levels of PRP-specific antibodies [69]. Therefore, in a series of conjugates equipped
with antigens with an even number of repeating units, the tetramer was the most promising
synthetic antigen candidate for the design of an anti-Hib vaccine.

In a continuation of this work, Seeberger et al. synthesized [77] a series of mimetics of
synthetic PRP-related dimer, tetramer, hexamer, and octamer compounds (11-14), which
comprised 2-deoxy-, 2-deoxy-2-fluoro-, 2-deoxy-2-(N,N-dimethyl)-carbamoyloxy-, and
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2-O-methylated ribose residues in different combinations. This research was aimed at
the preparation of analogs of PRP antigens with higher hydrolytic stability. The study
of the conjugates of these antigens with the protein carrier CRM197 showed that the
most promising are mimetics, in which ribose residues are methylated at the position O-2.
Conjugates of these mimetics with CRM197 stimulated Hib-specific immune responses
in both animals and humans, which confirms the possibility of their commercial use in
anti-Hib vaccines. The replacement of the 2-OH group, which promotes the hydrolysis of
the phosphodiester bond, with a methoxy group allowed for a significant increase in the
integrity of the antigen [77].

3. Synthesis of Oligomers Structurally Related to Capsular
Phosphoglycans of Hia, Hic, and Hif

Hib bacteria are the common and most dangerous serotype of the H. influenzae species,
which comprises at least five more encapsulated serotypes and numerous non-capsulated
(non-typeable) variants. The introduction of anti-Hib conjugate vaccines [13,15,21,23] in
national immunization schedules in a number of European countries, North and South
America countries, Australia, and the South African Republic significantly contributed to
a reduction in invasive diseases caused by Hib-infection [78,79]. At the same time, along
with the expansion of anti-Hib vaccination programs, the spread of other serotypes of H.
influenzae was reported [80-89]. As a consequence, after more than thirty years” use of
anti-Hib conjugate vaccines, an “antigenic shift” is observed, which is expressed in the
increased incidence of invasive diseases, including meningitis, meningoencephalitis, and
septicemia caused by encapsulated H. influenzae serotypes different from b [82,90].

In European countries, the number of invasive diseases caused by Hia is also growing.
For example, in England, in 2022, Hia was responsible for 19% of all invasive disease cases
caused by encapsulated H. influenzae. Before 2017, only sporadic cases occurred [80], and
the contribution of Hif and Hie is also growing [90]. In South Africa, the rise of Hie is
observed [82]. In American countries, H. influenzae diseases are often caused by Hif [82,91].
Also, an increase in invasive diseases caused by Hia [85,89,92,93] and Hic [91] was reported.

In the early 1990s, in the northern regions of Canada and Alaska, a routine anti-Hib
immunization schedule was introduced, and in the late 1990s, a growing number of cases
of Hia infection were registered. The majority of cases (more than 60%) were reported
in children under five years of age. As a result, special research is being conducted in
Canada aimed at the development of a vaccine for the prevention of diseases caused by
Hia [84]. Considering that invasive diseases caused by encapsulated H. influenzae serotypes
different from serotype b remain relatively rare and are often localized in specific areas,
corresponding vaccines will have limited use according to epidemic indications. In this
situation, conjugate vaccines with synthetic antigens structurally related to H. influenzae
capsular glycans may be considered as a drug of choice.

Inspired by the success of the Quimi-Hib® vaccine, which comprises synthetic
oligomeric phosphoglycans structurally related to Hib capsular phosphoglycan, researchers
synthesized [94,95] the series of oligomers 57-61 with one, two, three, four, and five repeat-
ing units of Hia capsular phosphoglycans and 3-aminopropyl linkers (Figure 6). In another
recent study, the series of fragments of Hia capsular phosphoglycans 62-64 equipped with
a 66 diethyleneglycol linker was obtained [96] (Figure 6). Syntheses of aminoalkyl gly-
cosides related to the Hic phosphoglycan (compounds 65 and 66) and related to the Hif
phosphoglycan (compounds 67 and 68) were performed by Oscarson et al. [97].
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Figure 6. Synthetic oligomers 57-61 [94] and 62-64 related to Hia capsular phosphoglycans [96],
oligomers 65 and 66 related to Hic capsular phosphoglycans, and oligomers 67 and 68 related to Hif
capsular phosphoglycans [97].

In the two series of the spacer-armed oligomers 57-61 [94] and 62-64 [96] structurally
related to Hia capsular phosphoglycans, the linker is connected to the glycan antigen via
a phosphodiester bridge. Compounds in both series were prepared using a convergent
synthetic strategy with iterative elongation of the linear structure starting from the non-
reducing end, and finally, the spacer was added (Schemes 7 and 8). The major difference
between the syntheses of these two series is the type of universal, selectively protected
bifunctional synthon. In the preparation of oligomers 58-61 [94], a monomer block with a
phosphoramide group at C-4 (Glc) was used, and for compounds 63-64 [96], the synthetic
pathway involved the use of a non-phosphorus monomer.
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Scheme 7. Key building blocks for the synthesis [94] of oligomers structurally related to Hia capsular
phosphoglycans. Reagents and conditions: (a) CH,Cly, r.t., 98% for compound 71 and 95% for
compound 73; (b) DCI, CH,Cly, 4A molecular sieves; (c) CSO; (d) 0.18M TCA in CH,Cly, 79% over

3 steps.
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For the choice of the optimum strategy for the assembly of oligomers 57-61
(Scheme 7) [95], two alternative ways were considered. The first strategy involved pseudo-
disaccharide 69 with a free hydroxyl group in the ribitol residue, which was reacted with
2-cyanoethyl N,N,N’,N’-tetraisopropylphosphordiamidite (compound 70) in the presence
of diispropylammonium tetrazolide to obtain the selectively protected phosphoramidite 71
as a universal precursor with a 95% yield. The following condensation of phosphoramidite
71 and glycoside 72 with a free hydroxyl group at C-4 (Glc), oxidation of a phosphite into a
phosphodiester, and detritylation created the conjugation-ready dimer 73 with a 73% yield
over three steps.

Another way of preparing phosphotriester 73 (Scheme 7) employed phosphoramidite
74 with a pro-phosphodiester group located at C-4 (Glc). The sequential combination of
phosphoramidite 74 with alcohol 69, oxidation, and detritylation resulted in the formation
of the phosphodiester block 73 with a 79% yield over three steps [94,95]. Therefore, both
assembly strategies were equally effective. Starting with phosphoramidite 74, protected
pseudo-oligosaccharides 75-77 were obtained and then converted to ligands 58-61 by
interaction with the pre-spacer phosphoramidite 78 and total deprotection. The authors
pointed out that in comparison to the H-phosphonate approach, the phosphoramidite
protocol was more efficient for the construction of longer phosphodiester-linked chains.
Oligomers 57-61 were N-acylated with a di(N-hydroxysuccinimidyl) adipate linker, and
the activated esters were conjugated to CRM197. The resulting conjugates contained 13—
25 copies of the oligomeric antigen per CRM197 unit. Rats were immunized with three
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doses, which contained 2 pg of the glycan antigen, and the IgG antibodies were analyzed
in the sera using ELISA. Conjugates of trimer 59 and pentamer 61 with HSA were used
as coating antigens. All the conjugates were immunogenic and induced similar levels of
IgG antibodies, which recognized immobilized synthetic antigens. The researchers noted
that the immunogenicity data for the CRM197-based conjugates of oligomers 57-61 was
independent of the length of the oligomeric antigen [95].

Compounds 62-64 [96] were prepared (Scheme 8) starting from the universal precur-
sor pseudo-disaccharide 79. The acetylation of compound 79 resulted in acetate 80, which
was phosphitylated to obtain key monomeric H-phosphonate 81 with a 97% yield. The
condensation of H-phosphonate 81 with a pre-spacer N-carbamoyl aminopropanol, as
shown in Scheme 8§, created phosphodiester 82 (yield: 34%), which, after the removal of the
protective groups, was transformed into the spacer-armed target monomer 62 (Figure 6).
To obtain dimer 83, alcohol 79 was condensed with H-phosphonate 81 with a 77% yield
and then oxidized. Phosphodiester 83 was, in turn, converted into H-phosphonate 84.
The interaction of H-phosphonate 84 with alcohol 79 produced phosphodiester 85, which
was converted into H-phosphonate 86. Spacer-armed derivatives were obtained by the
interaction of H-phosphonates 84 and 86 with N-carbamoyl aminopropanol to obtain, after
total deprotection, the spacer-armed dimer 63 and trimer 64, respectively (Figure 6). It is
interesting to note that the efficiency of condensation with N-protected aminopropanol
increased in the series 81 > 84 > 86 with the rise in the number of phosphodiester frag-
ments present in these H-phosphonates, whereas numerous experimental data suggest the
opposite [39].

In 2001, Oscarson et al. synthesized the amino spacer-armed oligomeric fragments of
Hic (compounds 65 and 66) and Hif (compounds 67 and 68) phosphoglycans [97] (Figure 6),
in which the repeating disaccharide units are linked via a phosphodiester bridge. Similar
to the block syntheses of Hib and Hia fragments described above, the establishment of a
phosphodiester linkage between selectively protected oligosaccharide blocks was used for
the chain elongation. However, unlike Hib and Hia, in Hic and Hif capsular phosphogly-
cans, the anomeric carbons in hexoses are involved in the formation of a phosphodiester
bridge. Therefore, the development of a synthetic strategy for the preparation of Hic
and Hif fragments has to be developed with respect to the possibility of the formation
of an unwanted anomer. At the step of chain assembly, it can be particularly difficult
to provide stereocontrol in the formation of a C-1-O-P bond. Instability of the anomeric
phosphodiester linkage also has to be considered, which makes it possible to use anomeric
phosphodiesters as glycosyl donors in the glycosylation reaction. A convenient strategy for
the preparation of the desired anomer includes the initial stereocontrolled glycosylation of a
phosphodiester synthon, which provides an intermediate product with the target anomeric
configuration, and the subsequent coupling of this compound in mild conditions for the
prevention of anomerization. These conditions are met in the H-phosphonate protocol,
as hexose hemiacetals retain the anomeric configuration, while they are transformed into
H-phosphonates upon the action of triimidazolyl phosphine prepared in situ from PCl;
and imidazole in the presence of EtsN [39].

For the preparation of the spacer-armed oligomers 65 and 66 (Figure 6) [97], which are
structurally related to Hic phosphoglycans, hemiacetal 87 with an axial hydroxyl group at
C-1 was converted into the key «-H-phosphonate 88 (yield: 89%), which was condensed
with the selectively protected alcohol 89 and oxidized with I, (Scheme 9A) to provide
phosphodiester 90 (yield: 71%). The desilylation of phosphodiester 90 produced alcohol
91, which was readily condensed with «x-H-phosphonate 88, and the phosphite group was
oxidized to produce phosphate 92 in a moderate yield (36%). After total deprotection, the
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reduction of the azido group, and the N-acetylation of compounds 91 and 92, the target
spacer-armed phosphooligosaccharides 65 and 66 were obtained.
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Scheme 9. (A) Key blocks 87-92 for the synthesis of oligomers [97] 65 and 66 related to Hic phospho-
glycans; (B) key blocks 93-98 for the synthesis of oligomers 67 and 68 related to Hif phosphoglycans.
Reagents and conditions: (a) PivCl, Py; (b) PCl3, imidazole, Et3N, 85%; (c) I, Py/H,O, -40 °C;
(d) EtsN(HF)3.

Analogously, the favorable x-configuration of the GalNAc hemiacetal residue in
disaccharide 93 (Scheme 9B) paved the way to the preparation of the spacer-armed phos-
phooligosaccharides 67 and 68 related to Hif phosphoglycans [97]. Upon action with PCls
and imidazole, hemiacetal 93 was transformed into x-H-phosphonate 94 with a retention
of configuration (yield: 87%). The condensation of o-H-phosphonate 94 with disaccharide
95 and the subsequent oxidation resulted in the efficient formation of phosphodiester 96
(yield: 81%), which was desilylated to obtain alcohol 97. Similar to the condensation of com-
pounds 91 and 88, the interaction of 97 and 94 was less efficient, and phosphodiester 98 was
obtained with a 37% yield. Most likely, low yield in this reaction is associated with the high
lability of the phosphodiester group in acceptors 91 and 97 in the conditions of oxidation
with I [39]. The authors [97] observed the formation of a significant amount (up to 40%) of
3’-O-phosphate 99, which indicates the lability of a glycosyl-O-phosphodiester tether under
oxidation conditions. The low yields of attachment of the second glycosyl-phosphodiester
residue for variants A and B, shown in Scheme 9, suggest that the stability of a phospho-
diester bond is largely determined by the condensation and oxidation conditions and is
less dependent on the structure of disaccharide residues. The target spacer-armed phos-
phooligosaccharides 67 and 68 were obtained after complete deblocking of the compounds
and the reduction of the nitrophenyl residue into an aniline residue.

In view of the development of an anti-Hia vaccine, two aspects have to be addressed.
Similar immunogenic properties of synthetic Hiz antigens from monomer to pentamer can
be connected with the low stability of phosphodiester linkages in aqueous solutions. In
this case, the design of a vaccine may require a mimetic structure for the antigen. Also,
it is advisable to use a phosphoramidite-based strategy for the preparation of phospho-
oligosaccharide antigens for industrial production, as the considered examples demonstrate
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the advantage of the phosphoramidite-based method over the H-phosphonate procedure.
Meanwhile, anti-Hic and anti-Hif conjugate vaccines are not considered to be of high impor-
tance in contemporary glycoscience, as researchers have not referred to this topic for more
than 20 years.

4. Synthesis of Phosphooligomers Related to Capsular Phosphoglycan
of MenA

In 2010, a conjugate polysaccharide meningococcal monovalent vaccine, MenAfriVac®
(MenA-TT), was licensed [98,99]. In contrast to meningococcal polysaccharide vaccines,
the conjugate preparation was found to be highly effective. For example, the results of
mass vaccination campaigns in African meningitis belt countries that were carried out
in 2010-2015 showed more than a 99% decrease in the incidence of MenA-associated
meningitis [100]. Today, MenA phosphoglycan is a component of a number of polyvalent
conjugate meningococcal vaccines, including Menactra® (A-meningococcal component
MenA-diphtheria toxoid), Menveo® (A-meningococcal component MenA-CRM197), and
Nimerix® (A-meningococcal component MenA-TT) [14].

Polymer chains of MenA phosphoglycan are highly labile in aqueous media [63]. This
intrinsic property of MenA phosphoglycan creates the need for the cold-chain transport of
conjugate anti-MenA vaccines [101], which significantly increases the cost per dose and,
in some cases, is an insurmountable obstacle to the use of this type of preparation [102].
Also, this feature imposes additional requirements on the production of both monovalent
vaccines and polyvalent vaccines in a convenient liquid form. In this regard, considerable
research efforts have been directed towards the synthesis of oligomeric antigens struc-
turally related to MenA CPS fragments or corresponding mimetics with a view to preparing
commercial conjugate vaccines. The use of anti-MenA conjugate preparations with a syn-
thetic oligoside antigen, the structure of which fully corresponds to MenA CPS fragments,
could allow the monitoring of the structural integrity of this preparation during storage
and transportation, and the design of an antigen using ManNAc phosphate mimetics
obtained by replacing the oxygen atom with the methylene group in the pyranose ring
with (carba-analogs) or by replacing the anomeric oxygen atom with a methylene group
(C-phosphonates) will make the antigen structure resistant to hydrolysis.

It is important to emphasize that in MenA bacterial phosphoglycans, ~80% of 3-OH
groups and ~10% of 4-OH groups in ManNAc residues are acetylated [103]. A study of
phosphoglycan structures present on the surface of a living MenA bacterial cell [104], which
was conducted using high-resolution magic-angle spinning, showed the presence of acetyl
substituents at 50-60% of 3-OH groups and 25-30% of 4-OH groups. The acetylation of
MenA phosphoglycans is known to be an important antigenicity factor [105,106].

Spacer-armed synthetic antigens structurally related to the MenA capsular phos-
phoglycan and the corresponding phosphono- and carba-analogs are attractive synthetic
compounds considering their potential use as ligands in marketed meningococcal vac-
cines. Since the first time a phosphodiester bridge was arranged between two a«cManNAc
residues (Figure 7, compounds 100 and 101) in 1993 by the Shibaev group [107], a vast
number of MenA-related mono-, di-, and oligosaccharides 102-109 (Figure 7) have been
synthesized [108-112]. However, the preparation of xManNAc anomeric phosphodiesters
remains a challenge, as these compounds comprise a highly labile linkage between C-1
and O-1 of xManNAc, which is, in addition, destabilized by the presence of the NHAc
group at C-2 of xManNAc. As a result, researchers have focused significant efforts on the
design of hydrolytically stable phosphono-mimetics (compounds 111-115) [113-115] and
carba-mimetics (compounds 116-127) [116-118]. However, new challenges are emerging,
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which are associated with the establishment of C-C bonds and the stereoselective forma-
tion of new chiral centers. The majority of publications that describe the preparation of
oligomeric antigens related to MenA phosphoglycans concern nonacetylated molecules,
whereas bacterial MenA phosphoglycans comprise the acetyl groups at O-3/0-4 (Figure 6),
which are important for the antigenic properties of the polymer [105,106]. Additionally,
a number of synthetic MenA-related antigens were reported (compounds 107-109 and
127), which are totally or partially acetylated at O-3 of xManNAc, with a view to bringing
their antigenic properties closer to those of the bacterial antigen. Synthetic fragments of
MenA phosphoglycans with 3,4-di-O-acetylated xGManNAc residues are not considered

in this review.
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Figure 7. Synthetic oligosaccharides structurally related to MenA phosphoglycans.

As the capsular MenA glycan is an aManNAc(1—(-PO3;)—6) polymer, the H-
phosphonate method is applicable, provided that 1-OH has the axial orientation in the
selectively protected H-phosphonate ManNAc or 2-deoxy-2-azido mannose precursor, as
described above for oligomers related to Hic and Hif phosphoglycans (Scheme 9). A num-
ber of convenient and efficient procedures have been developed for the preparation of this
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type of compound. The common protocol suggests phosphitylation with tri(1-imidazolyl)
phosphine (Figure 8, compound 128), which is obtained in situ by the interaction of PCls
and imidazole in the presence of EtzN and salicylchlorophosphite 129 (2-chloro-4H-1,3,2-
benzodioxaphosphin-4-one; Figure 8). Alternatively, within a phosphoramidite protocol,
chloroanhydrides 130 and 131 (Figure 8) were especially designed for automated synthesis
to produce stable phosphoramidites as synthons of x-mannosamine phosphodiesters [108].

oy

¢! :
P P
N O O/ \N O/ \N
I (@]
2NN ©fj\|5
N \QN o al
129 MeO 131

128 130

Cl

Figure 8. Reagents used for synthesis of H-phosphonates.

For the PCl3/imidazole protocol, the key prerequisite for the preparation of ManNAc
or 2-deoxy-2-azido mannose x-H-phosphonates is the x-configuration of the 1-OH group
in the corresponding selectively protected hemiacetal. This feature imposes certain restric-
tions on the use of the H-phosphonate protocol. Hemiacetal 132 (Table 1) with a 5:1 ratio
of /{3 anomers was quantitatively converted into the 5:1 mixture of «- and 3-isomeric
H-phosphonate 133 upon the action of PClz and imidazole in acetonitrile at 0 °C, followed
by hydrolysis with an aqueous solution of EtsNH-HCOj at 20 °C (Table 1, entry 1) [107].
In a similar way, phosphitylation of the mixture of hemiacetal 134 with a 3.5:1 ratio of
o/ anomers in analogous conditions proceeded with the retention of the configuration of
the anomeric center and resulted in the formation of the mixture of H-phosphonate 135,
with the o:f3 ratio 3.5:1 and an 88% yield (Table 1, entry 2) [110]. In similar conditions,
the interaction of the x-anomer of hemiacetal 136 (Table 1, entry 3) [111] afforded «-H-
phosphonate 137 with a 97% yield, and hemiacetal 138 with a dibenzyl phosphate group at
C-6 was converted into a-H-phosphonate 139 (Table 1, entry 4) [111]. The phosphitylation
of hemiacetal 140 (Table 1) with an a-configuration of the anomeric center upon the action
of (PhO),P(O)H in Py, followed by hydrolysis, resulted in a mixture of o- and p-isomer
141 in a ratio of 93:3 (Table 1, entry 5) [112]. Similarly, the phosphitylation of x-hemiacetal
142 in these conditions formed «-H-phosphonate 143 with a 78% yield (Table 1, entry
6) [109]. Anomeric mixtures of hemiacetals, which contain considerable quantities of (3-
isomers, can be efficiently converted into «-H-phosphonates with chlorophosphite 129 (Fig-
ure 8) [110,119]. For example, the phosphitylation of the anomeric mixture 144, with a ratio
of o- and p-anomers of 4.5:1, was transformed into «-H-phosphonate 145 by the action of
chlorophosphite 129 in a mixture of dioxane and triethylamine with an 88% yield (Table 1,
entry 8) [110]. Similarly, in these conditions, hemiacetals 142 and 146 were converted
into the corresponding a-H-phosphonates 143 and 147 at 91 and 90% yields, respectively
(Table 1, entries 7 and 9) [110,119]. Unlike H-phosphonates, phosphoramidites are rarely
used as synthetic blocks for the establishment of phosphodiester bonds between x-ManNAc
residues because of their utmost lability. Two successful examples of ManNAc phospho-
ramidites are compounds 149 and 150, which are stabilized by rigid oxazaphospholidine
substituents. These compounds were obtained from the anomeric mixture of hemiacetal
148 by the action of tricyclic chlorophosphoroamidites 130 and 131 at yields of 36 and 39%
(Table 1, entries 10 and 11), respectively [108]. The generation of x-H-phosphonates and
the anomerization of the /3 mixtures of hemiacetals or the stereoselective cleavage of the
unwanted {3-isomer in the presence of H3POj3 [107] or AgOTf [110] were ineffective.
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Table 1. Synthesis of H-phosphonates and phosphoramidites from selectively protected 2-deoxy-2-

azido-D-mannose and ManNAc hemiacetals.

Entry

Starting Hemiacetal (Even Numbers) and
Target H-Phosphonate (Odd Numbers)

«-:3 Ratio of Starting
Hemiacetal

Reagents and
Conditions

«-:f3 Ratio and Yield of
the Target
H-Phosphonate

References
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* Reagents and conditions: (a) PCl3/imidazole, EtsN, MeCN, 0 °C; (b) 0.5 M aq. EtzNH-HCO3, pH 7-8; (¢) 7 eq.
(PhO),P(O)H, Py, 84%; (d) 50% (vol.) EtzN aq. solution; (e) 129 (Figure 8), Et3N, dioxane, 0 °C; (f) 130 (Figure 8),
3eq, EsN, 7 eq, THE, 78 °C—r.t,, 3 h; (g) 131 (Figure 8), 3 eq, EtsN, 7 eq, THE, =78 °C—r.t., 3 h.
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The majority of syntheses of the spacer-armed oligomers related to MenA phosphogly-
cans (Figure 7) were performed using a straightforward and efficient protocol suggested
by Van Boom [120], which constitutes the condensation of H-phosphonates with alcohols,
with the subsequent oxidation of phosphites into phosphodiesters. In the first step, the
dissolved alcohol is activated by the addition of sterically hindered chloroanhydride, e.g.,
PivCl, followed by the addition of H-phosphonate in Py and stirring for 5-30 min. In the
second step, the intermediate products are subjected to oxidation with a 0.5 M solution of
I in a Py:H;O mixture within the temperature interval from —40 °C to 0 °C for 30 min.
The first syntheses of the non-acetylated fragments of MenA phosphoglycans as methyl
glycoside 100 and nitrophenyl ether 101 were accomplished by the Shibaev group [107]
using the H-phosphonate protocol (Figure 7). Then, monomers 102 and 103, dimer 104,
and trimer 105 (Figure 7), related to MenA phosphoglycans and equipped with a spacer
carrying a primary amino group for conjugation with protein carriers, were synthesized
by Pozsgay et al. [112]. The condensation of H-phosphonate 141 with alcohol 151, with
subsequent oxidation, resulted in the formation of phosphodiester 152 with a yield of 95%
over two steps (Scheme 10). The successive reduction of an azido group into the amino
group and N-acetylation yielded mannosaminyl phosphodiester 153, which was converted
into alcohol 154 by chemoselective 6-O’-deacetylation. The condensation of H-phosphonate
141 and alcohol 154 was less effective (a yield of 74% over two steps) in connection with
the destruction of the phosphodiester bond in the reaction conditions. The authors noted
that attempts at further elongation of the chain were unsuccessful. Phosphoester 102 and
phosphodiesters 103, 104, and 105 were converted into conjugates with HSA. The antigenic
properties of the conjugates were confirmed by a double immunodiffusion assay with the
MenA phosphoglycan as a positive reference and chemically modified HSA as a negative
reference, and anti-MenA horse serum [112].

R1 1
R?0 R2o
Ho— A BQO()&E‘ Bgoo
n O n
EONSNL b o e ebe NHAG
o Et;NH*O" Bno~ Q EthH"O BnO
" NHCbz 5
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152 R' = N;, R? = Ac 155 R'=Nz R?=Ac
%53 R' = NHAc, R? = Ac 156 R'=NHAc, R? = Ac
154 R' = NHAc, R? = H 157 R' = NHAc, R2 = H

Scheme 10. Key building blocks for the synthesis of oligomers 103, 104, and 105 related to MenA
phosphoglycans [112]. Reagents and conditions: (a) 141 (0.8 eq.), PivCl (2.2 eq.), 23 °C, 30 min. Py;
(b) I (2.2 eq.), Py:H,0 95:1, 0 °C, 30 min, 95% yield over 2 steps; (¢) NiCl,-6H,O (4.8 eq.), NaBHy4
(8.0 eq.), methanol, 0 °C — 10 °C, 30 min; (d) NaOMe/MeOH; (e) 141 (1 eq.), PivCl (1.5 eq.), Py,
23 °C, 5 min.

In 2005, the non-acetylated spacer-armed MenA phosphoglycan-related oligomer 105
(Figure 7), which comprises three ManNAc residues connected by phosphodiester bridges
and trimer 106 (Figure 7), composed of three non-acetylated MenA repeating units, was
synthesized by the Oscarson group [111]. In contrast to the abovementioned synthetic
strategy designed by the Pozsgay group, which suggested the reduction of the azido group
and N-acetylation after each chain elongation step (Scheme 10), 2-azido glycoside 158
was used as a starting unit for further chain elongation, and 2-azido H-phosphonate 137
(Table 1, entry 3) was applied as a repeating unit synthon without intermediate N3 —NHAc
transformation (Scheme 11). The condensation of H-phosphonate 137 and acceptor 158
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N3

AcO

158

with a free hydroxyl group at C-6, followed by oxidation, resulted in the efficient formation
of phosphodiester 159 (yield: 96%), which was then 6'-O-desilylated to create a new
active site in acceptor 160. However, the attachment of the next monomer unit 137 to
phosphodiester 160 was less effective and, after oxidation, formed the corresponding
phosphodiester 161 with a 62% yield. With a view to synthesizing trimer 106 with a
phosphoester substituent at C-6, acceptor 160 was reacted with phosphodiester 139 (Table 1,
entry 4) and a dibenzylphosphate group at C-6 to obtain the trimeric precursor 162 with
a 59% yield. A reduction in all azido groups, total N-acetylation, and deprotection in
compounds 161 and 162 afforded the spacer-armed conjugation-ready antigens 105 and
106 [111].
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Scheme 11. Key building blocks for synthesis of spacer-armed antigens 105 and 106 related to MenA
phosphoglycans [111]. Reagents and conditions: (a) 137 (1.3 eq.), PivCl (3.8 eq.), Py, r.t., 60 min; (b) I,
(1.2 eq.), Py:HyO 49:1, —40 °C — 0 °C, 30 min, 96% yield over 2 steps; (c) Et3N-3HF (5 eq.), THF,
91% yield; (d) 137 (1.3 eq.), PivCl (2.5 eq.), .t., 120 min. Py; (e) I, (1.2 eq.), Py:H,O 49:1, —40 °C —
—10°C., 62% yield over 2 steps; (f) PivCl, Py.

3-O-Acetylated dimer 107 and trimer 108 related to MenA capsular phosphoglycans
were synthesized as methyl glycosides (Figure 7) [110]. The phosphitylation of acceptors
163, 164, and 165, which comprised one, two, or three 2-deoxy-2-azido mannose residues
with H-phosphonate 145, followed by oxidation and detritylation, afforded phosphodi-
esters 164, 165, and 166 with 88%, 74%, and 68% yields, respectively. The alcohols obtained
were subjected to phosphitylation with H-phosphonate 167 and subsequent oxidation
(Scheme 12). The connection of H-phosphonate 167 to the 6-OH of the terminal monosac-
charide was effective only for the shorter alcohols 164 and 165 (88% over two steps) and
resulted in the preparation of protected di- and trimers 168 and 169 (Scheme 12). The
transformation of azido groups into amino groups and the total N-acetylation and deben-
zylation of compounds 168 and 169 formed the spacer-armed dimer 107 and trimer 108,
which carry acetyl groups at O-3 of each ManNAc residue, as they do in bacterial MenA
phosphoglycans. In the homologous series 164-166, attempts to phosphitylate the longest
alcohol 166 with H-phosphonate 145 in order to obtain a tetramer or with the pre-spacer
H-phosphonate 167 were not successful, in contrast to compounds 164 and 165.
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Scheme 12. Key building blocks for synthesis of spacer-armed oligomers 107 and 108 [110] related to
MenA capsular phosphoglycans. Reagents and conditions: (a) 145 (1.2 eq.), PivCl (1.8 eq.), Py, 20 °C,
30 min; (b) EtzN (4.8 eq.), —40 °C, Py:H,0 95:5; (c) —40 °C, I, (2.4 eq.), 30 min; (d) 10 °C, 1% TFA
in dichloromethane.

In general, the examples of the synthesis of oligomers related to MenA capsular phos-
phoglycans discussed above are in line with the tendency outlined in an earlier review [39],
which discussed the decrease in the efficiency of phosphitylation with H-phosphonates
with the increase in the number of already formed phosphodiester bonds and suggested
the lability of phosphodiester fragments in the conditions of the H-phosphonate protocol.
However, in 2017, a group of Indian researchers synthesized an aminohexyl glycoside of
oligomer 109 related to capsular phosphoglycans, which contained four 3-O-acetylated
ManNACc residues, using a linear, synthetic strategy (Scheme 13) [109]. In a sequence of
phosphitylation steps, H-phosphonate 143 was used as a universal monomer (Table 1,
entry 6). The establishment of the first phosphodiester linkage between alcohol 170 and
H-phosphonate 143 afforded compound 171 (yield: 92%), which was, in turn, desilylated
to form acceptor 172. The phosphitylation of alcohol 172 with H-phosphonate 143, fol-
lowed by oxidation, resulted in the formation of compound 173 with two phosphodiester
bridges (yield: 89%). The desilylation of compound 173 formed acceptor 174, which was
phosphitylated with H-phosphonate 143 and, after oxidation, compound 175 with three
phosphodiester bridges was obtained with a 76% yield.

After the transformation of azido groups into NHAc groups and the desilylation,
debenzylation, and deprotection of the spacer amino group, the spacer-armed ligand
109 was conjugated to TT. The antigenic properties of oligomer 109 were evaluated in
a competitive ELISA experiment. Both oligomer 109 and its conjugate with TT in the
concentration range 12.5-400 ug glycan/mL were found to neutralize anti-MenA rabbit
antiserum and inhibit the binding of antibodies to the bacterial MenA phosphoglycan
used as a coating antigen. In comparison to the conjugate, oligomer 109 showed lower
inhibition [109]. It can be concluded that the improvement of synthetic protocols made it
possible to obtain oligomeric antigens related to MenA capsular phosphoglycans, which
contain up to four ManNAc residues. However, for the efficient application of antigens of
this type in immunodiagnostic tests and vaccine production, the hydrolytic lability issue
has to be addressed.
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Scheme 13. Key building blocks for the synthesis of oligomer 109 structurally related to MenA
phosphoglycans [109]. Reagents and conditions: (a) 143 (2 eq.), PivCl (3 eq.), Py, 20 °C, 90 min;
(b) —40 °C, solution of I, (5 eq.) in Py/H,0 20:1, 150 min, —40 °C — —10 °C, 30 min; (c) EtzN-3HF
(5eq.), THE

5. Synthesis of Glycomimetics of MenA Capsular Phosphoglycans

Today, all anti-MenA conjugate vaccines include a lyophilized bacterial MenA compo-
nent except for the fully liquid commercial vaccine preparation Menactra®. The presence of
the MenA antigen in the dissolved form substantially shortens the shelf life for Menactra®
to 18 months at 2-8 °C compared to the 4-year shelf life of MenQuadfi® and the 3-year
shelf life of Menjugate® and MenAfriVac® in these conditions. With a view to preparing
hydrolytically stable MenA antigens, a number of oligomeric analogs were designed, in
which NHAc groups were replaced with trichloroacetamide groups as they are not likely to
undergo transformation into oxazolines. Another type of mimetics is compounds with the
isosteric replacement of one of the hemiacetal oxygens with a methylene group (phosphono-
and carba-analogs).

A comparative conformational analysis of a hexapyranose ring in 2-deoxy-2-acetamido
mannohexapyranosyl phosphate 176 and its phosphono-analog 177 and carba-analog 178
(Figure 9) in a study of conformations in combination with NMR experiments showed that
for compound 176, 4C1 was almost the only populated conformer, whereas for phospho-
nate 177, the proportion of pyranose ring conformers other than 4C1 was 4%, and for the
carba-analog 178, this proportion rose to 7% [121]. The most populated 4C1 conformer
for compound 178 was confirmed by quantum mechanics and molecular dynamics calcu-
lations [122]. The molecular dynamics calculations performed for a decamer of a MenA
capsular phosphoglycan repeating unit and its carba-analog showed that, despite a number
of conformational and dynamic variations, the carba-mimetics of the fragments of MenA
capsular phosphoglycans can be considered candidate antigens for the construction of
anti-MenA vaccine preparations [123].

NHA NHAC
HO ¢ HO Ho— NTAC
HO & HO Q HO
HO HO HO
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176 177 178

Figure 9. Sodium salt phosphodiesters of «-ManNAc (176) and its phosphono-analog (177) and
carba-analog (178) as model compounds for comparative conformational analysis.
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As mentioned previously, the axial NHAc group at C-2 of the ManNAc residue con-
tributes largely to the lability of MenA capsular phosphoglycans and their fragments
via neighboring group participation. One of the possible ways to circumvent this ob-
stacle is the replacement [55] of the acetamide group at C-2 with the trichloroacetamide
group, which is not likely to form oxazolines. To study the possibility of the preparation
of the N-trichloroacetamide mimetics of ManNHAc, oxazaphospholidines 149 and 150
(Table 1) were obtained in a solid-phase synthesis. Bis(2-hydroxyethyl) hydroquinone 179
(Scheme 14) [108] was immobilized on a glass support and phosphitylated with phospho-
ramidites 149 and 150. The phosphitylation of hydroquinone 179 with phosphoramidite 149
in the presence of 1-(cyanomethyl) pyrrolidinium trifluoromethanesulfonate (compound
180) resulted in the formation of phosphite 181, which carried a 2-phenylpyrrolydine
residue as a result of the cycle opening. Phosphotriester 181 was subjected to mild oxida-
tion with DCSO (compound 182) and desilylated with TFA /TES to produce phosphotriester
183, with a free 6-OH group for the following elongation of the oligomeric chain. Finally, the
cleavage of the 2-phenylpyrrolydine ether was fulfilled in the presence of a base, followed
by deacetylation and removal of the solid support by the action of MeONa/MeOH.
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Scheme 14. Key building blocks for the solid-phase synthesis of a monomer of MenA capsular
phosphoglycans, 110, in which the NHAc moiety has been substituted for trichloroacetamide [108].
Reagents and conditions: (a) 180, r.t., acetonitrile; (b) 182, acetonitrile; (c) 1% THF, CH,Cl,, TES, r.t.,
1 min., 1 min.; (d) 2,6-lutidine, acetonitrile; (¢) NaOMe/MeOH.
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However, researchers faced considerable difficulties at the step of the cleavage of the 2-
phenylpyrrolydine ether. After the support was removed, analysis of the products showed
that the use of DBU for the cleavage of the ether did not provide target phosphodiester
110, and the identified products 184-186 did not contain a ManNAc residue. When the
weaker bases of EtzN or 2,6-lutidine were used as basic catalysts, the target product 110
was obtained with a moderate yield (17%) and low conversion.

In order to replace the step of the basic hydrolysis of the O(P)-protective group for
acidic hydrolysis, phosphoramidite 150 with a p-MeO-Ph residue in the place of the Ph
residue, as in compound 149, was used. Phosphoramidite 150 was attached to a solid
support, and phosphite 187 was oxidized with DCSO (compound 182) to yield phosphotri-
ester 188, followed by the simultaneous acid hydrolysis of the trityl group and removal of
the 2-(p-methoxybenzyl) pyrrolidine moiety. However, after deacetylation and removal
of the solid support with 50 mM NaOMe/MeOH, the unwanted products 186 and 187
were detected. Without taking into account inefficient deprotection, this method provided
the preparation of tetramer 189, which was O-acetylated and N-trichloroacetylated. The
authors noted that the developed method in the current state is not suitable for the synthesis
of oligomers [108].

In 2005, the preparation of the first isosteric hydrolysis-resistant phosphono-analog
111 structurally related to MenA phosphoglycans was published by Lay et al. [115]. The
interaction of iodide 190, in which the iodomethylene group is arranged axially, with
trimethylphosphite (Scheme 15) afforded phosphonodiester 191, which was further con-
verted to ester 192 by the action of triethylamine and thiophenol.
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Scheme 15. Key blocks for the synthesis of spacer-armed phosphono-analogs of MenA phospho-
glycans, 111 and 112 (Figure 6) [113,115]. Reagents and conditions: (a) P(OMe)3, 100 °C, vacuum;
(b) Et3N, PhSH, THE, r.t., 62%; (c) ZnCl, AcyO:AcOH 2:1, r.t., 16 h, 92%; (d) Ph3P, DIAD, THF, 0 °C,
24 h, yield 97% for 197, 90% for 198, 83% for 200; (e) EtsN, PhSH, toluene, 110 °C, 36 h, Amberlite
IR120 (Na*) 95%; (f) NaOMe/MeOH; (g) DBU, PhSH, THEF, r.t., 8 h, Amberlite IR120 (Na*), 95%.
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Similarly, 6-O-acetylated phosphonodiester 193 was converted to the corresponding es-
ter 194 by partial hydrolysis. Mitsunobu reaction conditions were used for the condensation
of ester 192 with the selectively protected ManNAc 195, which formed phosphonodiester
196 (yield: 97%) [113]. Partial hydrolysis of phosphonodiester 196 into phosphonoester 197
was also efficient. 6’-O-Acetylated phosphonodiester 198 was synthesized by the condensa-
tion of 195 with phosphonoester 194, with a 90% yield. By deacetylation, phosphonodiester
198 was converted into alcohol 199 and condensed with phosphonoester 194 to form
compound 200 with two phosphonodiester bridges and an 83% yield. Chemoselective
hydrolysis of the methyl phosphonate moieties in compound 200 formed phosphonoester
201. Total deprotection of phosphonoester 197 with two ManNAc residues and 201 with
three ManNAc residues resulted in phosphono-analogs 111 and 112 (Figure 6) [113].

A similar strategy in combination with Mitsunobu reaction modification, where Ph3P
is replaced with tris(4-chlorophenyl) phosphine, was used for the synthesis of the series
of phosphono-analogs 113-115 of MenA phosphoglycans (Scheme 16) [114]. The 6”-O-
deacetylation of phosphonodiester 202 resulted in alcohol 203, which was then reacted
with universal monosaccharide block 194 in modified Mitsunobu conditions to obtain the
phosphono-analog 204 of MenA phosphoglycans with three phosphonodiester-bridged
fragments (yield: 87%). Partial hydrolysis of diester moieties afforded compound 205
(yield: 75%), and after total deprotection, phosphono-analog 115 was obtained with three
pseudo-ManNAc residues.
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Scheme 16. Key blocks for the synthesis of phospho-analog 115 (Figure 6) related to MenA phospho-
glycans [114]. Reagents and conditions: (a) 1 M KOH/MeOH, 84%; (b) (p-ClCsHy4)3P, DIAD, THE,
0 °C, 30 min, 87%; (c) DBU, PhSH, acetonitrile, r.t., 75%.

The antigenic properties of ligands 111 and 112 [113] were studied in competitive
ELISA experiments with anti-MenA human antisera. Native MenA phosphoglycans were
used as a coating antigen and positive control, and MenY phosphoglycans were used as a
negative control. For both ligands, the EC50 was about 10~3 mg/mL, which is three orders
higher than the EC50 of 6.6 x 10~® mg/mL for MenA phosphoglycans.

Aminopropyl glycosides 111 and 112 and 3-aminopropyl 3-D-ManNAc were trans-
formed into conjugates with HSA using the squarate procedure [124] (Figure 10). One series
consisted of conjugates 206-208 (Figure 10) with the maximum saccharide/protein molar
ratio, and another series of conjugates was composed of compounds 209-211 (Figure 10)
with the saccharide/protein molar ratio being half of the value achieved for conjugates
206-208. Competitive ELISA experiments with the mouse polyclonal anti-MenA antis-
era and MenA capsular phosphoglycans as a coating antigen showed that at an inhibitor
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concentration of 1 mg/mL, inhibition using the fully loaded conjugate 206 was 55%. For
conjugates 207 and 208, it reached 65%, whereas MenA capsular phosphoglycans provided
100% inhibition. Inhibition with the half-loaded conjugates 209-211 was 5-15% lower
than for the fully loaded conjugates with the same antigen type [124]. Conjugates 206-211
were used for the immunization of mice at a dose of 2 ug/mouse and efficiently evoked
IgG antibodies, which is a reliable marker of the induction of thymus-dependent immune
responses. Quantitative elucidation of the level of anti-MenA IgG antibodies developed
against conjugates 206-211 showed that immunization with the half-loaded conjugates
209-211 was more efficient compared to the fully loaded conjugates 206-208. It is impor-
tant to note that the level of induced anti-MenA antibodies was similar for the half-loaded
conjugates 209-211, regardless of the length of the pseudo-oligosaccharide antigen. The
authors concluded that this result indicated the antibodies” recognition of the ManNAc
epitope [124].

NHAC 206n=0,m=x
o H H 207n=1,m=x
O._~_N N- 208n=2m=x
209n=0,m=x/2
210n=1, m=x/2
L O Olm 211n=2 m=x?2

Figure 10. Conjugates of amino-spacered C-phosphono analogs of MenA capsular phosphogly-
cans [124].

In contrast to C-phosphono mimetics, in which the methylene group stands in the
place of anomeric oxygen, in carba-analogs, the decrease in electrophilicity of the carbonyl
carbon, along with the increase in the stability of the phosphodiester linkage, is achieved by
the replacement of the ring hemiacetal oxygen of ManNAc with a methylene group [125].

Synthesis of the series of carba-analogs 116-118 (Figure 7) of aminopropyl glyco-
sides of a monomer, a dimer, and a trimer of MenA capsular phosphoglycans, and the
advanced series of carba-analogs 119-126, from monomers to octamers, as aminohexyl
glycosides, was performed by the Lay group [116-118]. Carba-analogs 116-118 [118] were
obtained by the sequential elongation of a pseudo-oligosaccharide chain, starting from
the spacer-equipped monomer (Scheme 17). For the preparation of monomer 116, the
universal orthogonally protected precursor 212 was transformed into alcohol 213, which
was phosphitylated with H-phosphonate 214 and oxidized to obtain the spacer-armed
phosphodiester 215 with an 81% yield.

For the preparation of oligomers 117 and 118, the universal precursor 212 was desi-
lylated and converted into H-phosphonate 216, which was used as a universal monomer
block for chain elongation. The interaction of H-phosphonate 216 with alcohol 213 and the
subsequent oxidation formed phosphodiester 217 (yield: 82%), which was deacetylated
to obtain alcohol 218. The condensation of alcohol 218 with H-phosphonate 216 resulted
in pseudo-trisaccharide 219 (yield: 81%), which was deacetylated to produce alcohol 220.
Finally, pre-spacer 214 was introduced into alcohols 218 and 220 to obtain the spacer-armed,
protected dimers 221 and 222 with yields of 85% and 57%, respectively. The high efficiency
of the phosphitylation of alcohol 218, which already includes a phosphodiester bridge
with H-phosphonates 214 and 216, evidences the increase in stability of the phosphodiester
linkage in protected carba-analogs compared to phosphodiester-linked oligosaccharides.
However, the phosphitylation of 220, which already comprised two phosphodiester moi-

48



Molecules 2025, 30, 3068

eties, was less efficient, indicating the limitations of the application of the H-phosphonate
procedure to the linear synthesis of longer oligomers. The target carba-analogs 116-118 of
monomers, dimers, and trimers related to MenA phosphoglycans were obtained after the
total deprotection of compounds 215, 221, and 222 [118].
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Scheme 17. Key blocks for preparation of spacer-armed carba-analogs of oligomers 116-118 related to
MenA CPS [118]. Reagents and conditions: (a) NaOMe/MeOH, r.t., 4 h, yield of compound 213—84%,
218—87%, 220—70%; (b) Py, PivCl, r.t., 45 min; (c) I, Py -H,O 19:1, r.t., 15 min, yield for compound
215—81%, 217—82%, 219—81%, 221—85%, 222—57%; (d) BugyNF, THE, r.t., 3 h; (e)-129, CH3CN-Py
3:1, r.t., 45 min, yield 82%.

For the synthesis of the advanced series of carba-analogs 119-126, from monomers
to octamers, the Lay group used the strategy of a step-by-step chain extension using the
spacer-equipped monomer as a starting compound and phosphitylation with a selectively
protected monomeric phosphoramidite as the key step (Scheme 18) [116]. Alcohol 223 was
converted into the universal phosphoramidite block 224 under the action of chlorophos-
phoroamidite 24. The interaction of alcohol 223 with the phosphoramidite pre-spacer
225 in the presence of DCI, followed by oxidation with DCSO and detritylation, yielded
phosphotriester 226 with a free hydroxyl group for further phosphitylation, which was
used as a starting compound for chain elongation. The sequential execution of phosphity-
lation with the universal monomer block 224, oxidation, and detritylation afforded the
protected compounds 227-233 with excellent yields. After total deblocking, the spacer-
armed carba-analogs 119-126, structurally related to MenA capsular phosphoglycans, were
obtained. For better resemblance of the octamer antigen to the natural structure, octamer
126 was N-Boc-protected, subjected to random monoacetylation, and N-deblocked, and the
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mixture of oligoacetates 234 was obtained, which contained a certain amount of oligomer
127 related to MenA capsular phosphoglycans [116].

The stability of compound 126 was studied using an accelerated stability test and
fragments of natural and deacetylated MenA phosphoglycans, with avDP15 as a reference
compound. During four weeks of keeping these samples in buffered 5 mM sodium acetate
at pH 7 and 37 °C, a drastic decrease in chain length for the deacetylated bacterial oligosac-
charide was observed, and the natural sample with acetyl groups was subjected to partial
depolymerization, and for compound 126, no trace of decomposition was detected [116].
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Scheme 18. Key blocks for synthesis of spacer-armed carba-analogs 119-126 related to MenA capsular
phosphoglycans [116]. Reagents and conditions: (a) DIPEA, CH,Cl,, r.t.,, 94%; (b) DCI, MeCN;
(c) DCSO, MeCN;; (d) TCA, CH,Cly, HyO, 94% over 3 steps; (e) NH4,OH, H,O, dioxane; (f) H, Pd,
H,0, AcOH, 44%; (g) (Boc),0, NaHCO3, r.t. 16 h; (h) Ac;O/imidazole, 9 d.; (i) TFA, r.t., 1 h.

Competitive ELISA experiments with polyclonal immune mouse anti-MenA sera and
MenA capsular phosphoglycans as a coating antigen were used for the assessment of the
antigenic properties of the mono-, di-, and trimeric pseudo-oligosaccharides 116-118 [118].
MenA capsular phosphoglycans and their derivatives MenA avDP15 and MenA avDP3
were used as positive controls. The highest inhibition rate was found for MenA capsular
phosphoglycans and MenA avDP15, with an IC50 of 5.15 x 107® and 4.3 x 1073 mM,
respectively. For the carba-dimer 117, the IC50 was about 0.16-0.091 mM, which is less than
the IC50 (4.3 x 10~2) found for MenA avDP3. For the carba-monomer 116 and carba-trimer
118, only 30% inhibition was achieved [118]. The synthetic carba-analogs 116-118 were
converted into conjugates with CRM197 (compounds 235-237, Figure 11) and HSA (com-
pounds 238-240, Figure 11). Mice were immunized three times with conjugates 235-237,
241, and 242, which comprised MenA avDP5 and MenA avDP15 antigens, respectively, at a
dose of 2 ug of antigen per mouse. The induced antibodies were analyzed in ELISA exper-
iments using the HSA-based conjugates 238-240 as coating antigens and MenA capsular
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phosphoglycans. The immunogenicity of conjugates 235, 236, and 237 was evaluated using
the HSA-conjugated coating antigens 238, 239, and 240, respectively. In this experiment,
the immunogenicity of conjugate 238, which comprised the monomeric antigen 116, was
somewhat lower compared to conjugates 239 and 240 with dimeric and trimeric antigens,
respectively. In ELISA experiments with MenA capsular phosphoglycans as a coating
antigen, it was found that only conjugate 240 with a trimeric antigen evoked antibodies
specific to the natural phosphoglycans, and conjugates 238 and 239 did not induce anti-
MenA immunity. However, the level of IgG antibodies induced by immunization with
240 was 2-3 orders lower than that induced by conjugates 241 and 242, which contained
fragments of natural phosphoglycans with intact acetyl substituents. These data are in
line with the results of an in vitro bactericidal assay, which showed the intensity of the
complement-mediated lysis of N. meningitidis [118].
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Figure 11. Neoglycoconjugates of mono- and oligomeric carba-analogs and partially fragmented
MenA CPS with protein carrier CRM197 and HSA [116].

The carbocyclic hexamer 124 and the non-acetylated and acetylated octamers 126
and 234 were conjugated to CRM197 to form compounds 243, 244, and 245, respectively
(Figure 11). Conjugates 243-245 were used for the immunization of mice, and another
group of mice was immunized with a conjugate composed of partially depolymerized
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MenA phosphoglycans as a positive control. ELISA analysis of IgG antibodies on plates
coated with MenA capsular phosphoglycans showed that immunization with conjugate 245,
based on the acetylated carba-octamer, efficiently induced anti-MenA immunity. For this
conjugate, the IgG titers were comparable to the titers registered for conjugate 242 based
on fragmented bacterial antigens, whereas the titers measured in animals immunized with
conjugates 243 and 244, which carried non-acetylated synthetic antigens, were two orders
lower [116].

The urgency of the development of anti-MenA conjugate vaccines is evidenced by
the considerable efforts of several research groups aimed toward antigenic and non-
hydrolyzable synthetic phosphooligosaccharides. However, the antigenicity studies of
phosphono- and carba-mimetics show that these oligomers do not induce anti-MenA im-
munity and, therefore, are unable to prevent MenA infection. Another obstacle in the way
of the design of the semisynthetic anti-MenA vaccine is the importance of acetyl groups at
the O3/04 of ManNAc for the protective properties of the vaccines. The introduction of
these substituents increases production costs.

To date, synthetic MenA antigens cannot compete with multiple conjugate anti-MenA
vaccine preparations with a bacterial antigen. However, the repeating unit of MenA phos-
phoglycans is a simple monosaccharide, and it is a suitable target for production on
automated synthesis platforms. We expect that the development of a stable mimetic with
high antigenicity, in combination with automated synthesis technology, will help create an
affordable anti-MenA semisynthetic conjugate vaccine.

6. Synthesis of Phosphooligomers Related to MenX Capsular
Phosphoglycans

High anti-MenA vaccination coverage in the African meningitis belt in 2010-2015
resulted in a significant reduction of MenA-associated invasive diseases [100,126]. At the
same time, outbreaks of invasive diseases caused by MenX were registered in Sub-Saharan
Africa [127,128]. The clinical and epidemiological characteristics of diseases associated
with MenX are similar to those of MenA. Over 90% of cases are registered during the dry
season, the median age of patients is 9.2 years, and the mortality rate is 11.9% [129]. As a
result, the development of a conjugated anti-MenX vaccine became an urgent issue [130].

For the elucidation of the minimal immunogenic epitope of MenX capsular phospho-
glycans, a bactericidal mAb, MenX.01, was obtained, which induced bactericidal killing at
a physiological concentration of 1 ug/mL in the first step. The interaction of this antibody
with fragments of the natural MenX capsular phosphoglycans of different lengths showed
that the minimal immunogenic epitope comprises 5-6 repeating units [131].

With a view to developing a conjugated anti-MenX glycovaccine with a fully synthetic
glycan epitope, phosphodiester 246 [132] and the series of spacer-armed mono-, di-, and
trimeric phosphoglycans 247-249 [129,133], were synthesized. In addition, a mixture of
oligomeric phosphoglycan 250, with an average length of 12 repeating units, was prepared
using a combined chemo-enzymatic protocol, and pseudo-tetrasaccharide 251 was used as
a glycoside with an aminohexyl spacer attached as an aglycon (Figure 12) [134].
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Figure 12. Synthetic phosphooligosaccharides 246-251 structurally related to MenX capsular
phosphoglycans.

The preparation of the synthetic oligosaccharide fragments of MenX capsular phospho-
glycans was most commonly performed using an H-phosphonate procedure for the estab-
lishment of the phosphodiester linkage. In MenX phosphoglycans, the GIcNAc residue was
incorporated in the polymer chain as an x-anomer. In synthetic fragments, the anomeric
configuration of GIcNAc was determined with the configuration of the H-phosphonate,
which, in turn, depends on the configuration of C-1 in the starting hemiacetal.

In 1991, pseudo-disaccharide 246 was synthesized for the first time by the Shibaev
group (Scheme 19) [132]. Hemiacetal 252 with the NHAc group at C-2 was transformed into
a-H-phosphonate 253 with a 95% yield under the action of in situ generated tris(imidazol-
1-yl) phosphine. The condensation of H-phosphonate 253 and alcohol 254, followed by
oxidation, afforded phosphodiester 255 (yield: 72%), which was deblocked to obtain
pseudo-disaccharide 246 (Figure 12).

Bzoéﬁ ég/ b,

BzO OpNP 2. C _d

22 ACHN AcHN 246
OR X

Al
252 R=H 254 Ets NH O o AcHN o
253 R=P(O)(H)OEt;NH* 255
Scheme 19. Key blocks for the synthesis of pseudo-disaccharide fragment 246 structurally related to
MenX capsular phosphoglycans [132]. Reagents and conditions: (a) PCl3 (14 eq.), imidazole (4.3 eq.),
Et3N (15 eq.), acetonitrile, 0 °C, 30 min, 95%; (b) PivCl (2.5 eq.), Py, 20 °C, 30 min. 72%; (c) Py:H,O
95:5; I (2.0 eq.), 20 °C, 10 min; (d) MeONa/MeOH, 71%.

In 2013, the series of spacer-armed oligomers 247 —250 was synthesized by the Lay
group [133]. Unsuccessfully, 2-deoxy-2 azido hemiacetals 256 and 257, intended for the
preparation of the corresponding H-phosphonates 258 and 259, were obtained as anomeric
mixtures, thus challenging the preparation of H-phosphonates 258 and 259 as «x-anomers.
In order to provide the a-stereoselectivity of phosphonylation, the reaction of hemiacetals
256 and 257 with chlorophosphite 129 was conducted in the presence of phosphoric acid,
which is known to destroy the 3-anomer [39] (Scheme 20). The reaction took more than a
week and afforded «-H-phosphonates 258 and 259 with 41% and 52% yields, respectively.

The phosphitylation of benzyl N-(3-hydroxypropyl) carbamate with benzylidenated
H-phosphonate 258, followed by oxidation, resulted in phosphodiester 260 (yield: 62%),
and the condensation of this alcohol with 4-O-acetylated H-phosphonate 259 formed phos-
phodiester 262 (yield: 64%), which was deacetylated to afford acceptor 262. The conden-
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sation of acceptor 262 with 4,6-O-benzylidenated H-phosphonate 258 and 4-O-acetylated
H-phosphonate 259 was conducted with a moderate yield of phosphodiester 263 (45%)
and 264 (40%). After deacetylation, pseudo-disaccharide 264 was converted into alcohol
265, which was reacted with 4,6-O-benzylidenated H-phosphonate 258 to afford trimer 266
with a 33% yield. The authors attribute the low efficiency of the phosphodiester linkage
formation in trimer 266 to the presence of the azido group at C-2 of the hexapyranose ring.
Total deprotection of compounds 260, 263, and 266 and transformation of the azido group
into NHAc produced the target spacer-armed mono-, di-, and trimeric phosphodiesters
247, 248, and 249, structurally related to MenX capsular phosphooligoglycan [133].

Unlike 2-deoxy-2-azido hemiacetals 256 and 257, hemiacetal 267 with an NHAc group
at C-2 exists as an «-anomer and is readily converted into x-H-phosphonate 268 under
the action of chlorophosphite 129 (Scheme 20). Further improvement was achieved when
the process was conducted in a microreactor, which provided a reduction in the reaction
time to 30 min. and an increase in efficiency of the formation of x-H-phosphonate 268 to
76% [129].
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Scheme 20. Key building blocks for the synthesis of pseudo-oligosaccharides 247-249 structurally
related to MenX capsular phosphoglycans [129,133]. Reagents and conditions: (a) 129, 2 M H3zPO3 /Py,
0°C — 40 °C, 89 days, yield for 258— 41% (+45% of starting material 256), yield for 259—52% (+38%
of starting 257); (b) HOCH,CH,CH,CH,;NHCbz, PivCl (2.5 eq), Py, 45 min, followed by 0.5 M 12 in
Py:HyO 19:1 (2.5 eq.), —40 °C, 10 min, yield over 2 steps for compound 260—62%, for compound
261—64%,; () MeONa/MeOH, (d) PivCl (2.5 eq.), Py, 45 min, followed by 0.5 M I, in Py:H,O 19:1
(2.5 eq.); 1 M triethylammonium bicarbonate buffer; (e) 129, 1M triethylammonium bicarbonate
buffer, batch 62% yield, microreactor 76% yield.
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In the synthesis of a mixture of the spacer-armed oligomer 250 with avDP12, the
trimeric phosphoglycan 249 was extended using an enzymatic method. The mixture of
trimer 249 and a nucleotide GIcNAc-UDP was passed through a HiTrap® column with
immobilized recombinant capsule polymerase CsxA [135], followed by fractionation of the
resulting oligomers.

An advanced method of phosphonylation [134] of an anomeric mixture of hemiacetal
259 with chlorophosphite 129 was used by Indian researchers for the preparation of pseudo-
tetrasaccharide 251 as an aminohexyl glycoside (Figure 12). Interaction of the hemiacetal
mixture 259 with a phosphonylating agent (PhO),POH in Py in the presence of EtzN,
followed by treatment with H3POj for 4 days, afforded the desired x-H-phosphonate 261
with a 65% yield [134].

In the first step of the assembly of pseudo-tetrasaccharide 251, the selectively pro-
tected aminohexyl glycoside 269 was condensed with H-phosphonate 259, and after ox-
idation, the pseudo-tetrasaccharide 270 was formed. By sequential deacetylation, con-
densation with H-phosphonate 259, and oxidation, the protected pseudo-tetrasaccharide
271 was obtained and further deblocked to yield the target pseudo-tetrasaccharide 271
(Scheme 21). In the course of the synthesis, the efficiency of the formation of the phos-
phodiester linkage decreased in each subsequent step (yields of 86% > 60% > 53%) [134],
reflecting the tendency of the phosphodiester bond to be destroyed in the conditions of the
H-phosphonate procedure.

OBn Ac &*‘
gg&% 259, a,b, 86% N3 o-p i Bng%
Nag, NHCbz EtsNH* o
269 ) NHCbz

270 n=1
C 271 n=2
( 272 n=3

c,a,b, 60%
c,a,b, 53%

Scheme 21. Key building blocks for the synthesis of pseudo-tetrasaccharide 251 (Figure 12) struc-
turally related to MenX capsular phosphoglycans [134]. Reagents and conditions: (a) PivCl (2-3 eq.
relative to 259), Py, 45 min; (b) 0.5 M I, in Py:H0O 9.75:0.25; (c) MeONa/MeOH.

The spacer-armed pseudo-saccharides 247-251 (Figure 12) were conjugated to protein
carriers, and the immunogenic and antigenic properties of the resulting neoglycoconjugates
were studied. Oligomers 247-249 were attached to CRM197 to yield conjugates 273-275
(Figure 13) and the corresponding conjugates 277-279 with HSA (Figure 13). Conjugates
273-275 were used for the immunization of mice at a dose of 0.3 ug of glycan per mouse. In
addition, conjugate 275 was used at a dose of 1 pug per mouse. For positive controls, a group
of mice was immunized with a conjugate of the partially fragmented MenX phosphoglycan
avDP15 with CRM197 (MenXDP15-CRM197) at a dose of 0.3 pg and 1 ug of phosphoglycans,
and bacterial MenX phosphoglycans were used as a coating antigen in ELISA experiments.
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Figure 13. Neoglycoconjugates 273-275 prepared using synthetic MenX-related antigens 247-249
and CRM197 protein carrier and corresponding neoglycoconjugates 277-279 with HSA protein
carrier [129].

Conjugates 273 and 274 did not induce anti-MenX IgG antibodies. Immunization with
conjugate 275 with trimeric antigens and MenXDP15-CRM197 efficiently elicited anti-MenX
IgG antibodies, yet the intensity of the specific immune response for conjugate 275 was
significantly weaker. For these conjugates, the immune response did not depend on the
dose [133].

In the ELISA experiments, the immunogenic capacity of conjugates 273-275 was
assessed using HSA conjugates 277-279 as coating antigens. It was found that the hyper-
immune antisera of mice immunized with conjugates 273 (monomeric ligand) and 274
(dimeric ligand) contained negligible amounts of IgG antibodies to synthetic antigens. In
contrast, immunization with conjugate 279 elicited anti-trimer IgG antibodies. An assess-
ment of bactericidal activity in the rSBA tests showed that the pooled mouse sera obtained
from animals immunized with conjugates 273 and 274 revealed that these conjugates did
not elicit bactericidal antibodies. For conjugate 276, rSBA titers were 16 times lower com-
pared to MenXDP15-CRM197. Therefore, the length of the synthetic oligomers 247-250
(Figure 12), which are incorporated into conjugates 273275, was too small to effectively
induce an anti-MenX immune response [133].

The mixture of the spacer-armed oligomer 250 with avDP12 was conjugated with the
protein carrier CRM197. The resulting conjugate 276 was used for the immunization of
mice, and the group of mice immunized with MenXDP15-CRM197 was used as a positive
control. The antigenicity of conjugates 276 and MenXDP15-CRM197 was assessed in ELISA
experiments with MenX capsular phosphoglycans as a coating antigen. It was found
that conjugates 276 and MenXDP15-CRM197 demonstrate similar antigenic properties.
However, SBA titers evidence the slightly greater bactericidal activity of antibodies elicited
by MenXDP15-CRM197 [135].

7. Synthesis of Pseudo-Oligosaccharides Structurally Related to
Phosphoglycans of S. Pneumonia

On a global scale, one in five infants under 1 year of age has had pneumonia, and 3 of
these pneumonia cases are caused by bacteria belonging to the S. pneumoniae species [136].
The prevention of community-acquired diseases associated with the most virulent S. pneu-
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moniae serotypes is provided by a number of polyvalent conjugated pneumococcal vac-
cines, which comprise a number of pneumococcal capsular glycans conjugated to protein
carriers.

Today, the pharmaceutical industry provides a whole range of anti-pneumococcal
conjugated vaccines, including PCV7 (the S. pneumoniae serotypes 4, 6B, 9V, 14, 19F, 18C,
and 23F), PCV10 (the S. pneumoniae serotypes 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, and 23F)
and (the S. pneumoniae serotypes 1, 5, 6A, 6B, 7F, 9V, 14, 19A, 19F, and 23F), PCV13 (the
S. pneumoniae serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 19A, 19E, 18C, and 23F), PCV15
(the S. pneumoniae serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 22F, 23F, and
33F), and PCV20 (S. pneumoniae 1, 3, 4, 5, 6A, 6B, 7F, 8, 9V, 10A, 11A, 12F, 14, 15B, 18C,
19A, 19E, 22F, 23F, and 33F). Among the capsular glycan antigens used in these vaccines,
five biopolymers, in particular S. pneumoniae 6A, S. pneumoniae 6B, S. pneumoniae 10A, S.
pneumoniae 19A, and S. pneumoniae 19F, comprise phosphodiester bonds in the main chain.
S. pneumoniae 6A and S. pneumoniae 6B phosphoglycans are built of pseudo-tetrasaccharide
repeating units connected by phosphodiester linkage. The repeating unit of S. pneumoniae
10A phosphoglycans is a pseudo-heptaglycosyl phosphate, and the phosphoglycans of
S. pneumoniae 19A and S. pneumoniae 19F are composed of trisaccharide phosphate and
hexasaccharide phosphate repeating units [137].

Although the anti-pneumococcal vaccines for the prevention of S. pneumoniae 6A, S.
pneumoniae 6B, S. pneumoniae 19A, and S. pneumoniae 19F have been available for more
than 10 years, these serotypes are still frequently identified as the causative agents in
pneumococcal pneumonia [136] and meningitis [138] and colonize the upper respiratory
tract as opportunistic pathogens [139]. One of the factors hindering the broad coverage
of people with anti-pneumococcal vaccination programs is high costs [9], which can be
reduced by the replacement of bacterial antigens with their synthetic analogs [22].

The S. pneumoniae strains of serotype 6 are the common causative agents of invasive
disease. The group is subdivided into serotypes 6A and 6B, which both have a capsule
composed of phosphoglycans with Rha-ribitol-Gal-Glu subunits, which differ in the
type of Rha-ribitol linkage. In serotype 64, it is Rhal—3ribitol, and in serotype 6B, it
is Rhal—4ribitol. It was reported that point mutation between S. pneumoniae 6A and
S. pneumoniae 6B, as well as recombination, can compromise the linkage specificity and
mediate serotype change [140]. As a result, it is reasonable to include both glycan antigens
in combined vaccines. The surveillance of invasive pneumococcal disease in different
countries evidences the immense importance of pneumococcal conjugated vaccines in the
prevention of S. pneumoniae 6a- and S. pneumoniae 6b-associated invasive diseases [139,141,
142]. In contrast, in regions with low immunization coverage [143], this pathogen makes a
substantial contribution to the burden of invasive pneumonia.

Recently, syntheses of the spacer-armed pseudo-oligosaccharides 280-286 [144,145]
structurally related to S. pneumoniae 6A phosphoglycans (Figure 14) have been reported.
For the construction of a phosphodiester bond in compound 280, Nifantiev et al. [144]
used the H-phosphonate procedure. Glycoside 287 (Scheme 22) was converted into H-
phosphonate 288 by treatment with H3POj3 in Py and the presence of PivCl. The condensa-
tion of H-phosphonate 288 with the primary alcohol 289, followed by oxidation, afforded
phosphodiester 290, which, after removal of the protective groups, was converted into
aminoethyl glycoside 280.
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Figure 14. Synthetic pseudo-tetrasaccharide 280 [144] and the series of pseudo-oligosaccharides
281-286 [145] structurally related to S. pneumoniae 6A capsular phosphoglycans.
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Scheme 22. Key building blocks for the synthesis of pseudo-oligosaccharide 280 structurally related
to S. pneumoniae 6A capsular phosphoglycans [144]. Reagents and conditions: (a) PivCl, Py, H3PO3,
92%; (b) PivCl (4.8 eq), Py, 3 h, followed by 0.5 M I, in Py:H,O 2:1, yield over 2 steps at 73%.

Pseudo-oligosaccharides 281-286 were assembled by Taiwan scientists [145] using a
phosphoramidite procedure for the establishment of phosphodiester linkage (Scheme 23).
The selectively protected pseudo-tetrasaccharide 291 with a primary hydroxyl group in
the ribitol residue was transformed into phosphoramidite 292 by the action of diamidite
70 and diisopropylammonium tetrazolide. In similar conditions, pseudo-disaccharide 293
was converted into phosphoramidite 294.
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Scheme 23. Key building blocks for the synthesis of pseudo-oligosaccharides 281-286 structurally
related to S. pneumoniae 6A capsular phosphoglycans [145]. Reagents and conditions: (a) diamidite 70,
diisopropylammonium tetrazolide; (b) 1H-tetrazole, CH,Cly, r.t., 1 h, followed by mCPBA, —20 °C,
30 min; () BuyNOH, CH,Cl,, HyO, r.t., 4 h; (d) Li/NH3, THF, —78 °C, 1 h, followed by MeOH, 16 h;
(e) 5-ethylthio-1H-tetrazole, 3 AMS, CH3CN, r.t., 1 h, followed by H,O, I, /THEF, r.t., 2 h; (f) 0.2 M
NaOMe/MeOH, followed by Pd(OH),/C, Hy, MeOH, H,O, AcOH.

The interaction of the key phosphoramidite 292 with 5-azidopentanol (compound
295) in the presence of 1H-tetrazole, followed by oxidation with mCPBA, the removal of the
protective groups, and the reduction of the azido group, resulted in pseudo-tetrasaccharide
281 (Scheme 23). The condensation of phosphoramidite 292 with alcohols 296-299 was
carried out in the presence of 5-ethylthio-1H-tetrazole, followed by oxidation of a phosphite
group to a phosphotriester with I, in THF. The efficiency of the formation of the phos-
photriester linkage decreased in the sequence of monosaccharide 296 (94%), disaccharide
297 (71%), trisaccharide 298 (66%), and pseudo-tetrasaccharide 299 (62%), along with an
increase in the steric hindrance of the hydroxyl group involved in condensation. The
reduction and deblocking of the obtained phosphotriesters afforded the amino-spacered
derivatives 282-285. The condensation of phosphoramidite 294 with disaccharide 297,
followed by oxidation, the reduction of the azido group, and deblocking, formed pseudo-
tetrasaccharide 286 [145].

Due to interest in the development of vaccine preparations based on the synthetic
phosphooligosaccharides related to S. prneumoniae 6B, extensive libraries of the spacer-
armed pseudo-oligosaccharides 300-314 [145-148] (Figure 15) related to S. pneumoniae 6B
CPS fragments have been created. Despite their structural diversity, these compounds
comprise only one phosphodiester linkage that is connected with the synthetic complexity
of the target molecules.
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The assembly of the spacer-armed pseudo-disaccharides 300 and 301 and pseudo-
trisaccharides 302 and 303 was carried out by Vliegenthart [146] using the H-phosphonate
method. For the preparation of pseudo-disaccharide 300, the starting pseudo-disaccharide
315 was converted to the key H-phosphonate 316 by the action of chlorophosphite 129
(Scheme 24). H-phosphonate 316 was condensed with N-protected aminopropanol in the
presence of PivCl in Py, the product was oxidized, and a phosphodiester 317 was obtained
with a 43% yield. The deprotection of phosphodiester 317 yielded the target spacer-armed
pseudo-disaccharide 300.

Under similar conditions, alcohol 318 (Scheme 25) was transformed into H-phosphonate
319, and the phosphonylation of alcohol 320 produced H-phosphonate 321 with an excel-
lent yield. Phosphodiester 322 was prepared via two alternative routes. The condensation
of the secondary hydroxyl group in galactoside 318 with H-phosphonate 321, followed
by oxidation, formed 322 with a 40% yield, and the interaction of a primary hydroxyl
group in the selectively protected ribitol 320 with H-phosphonate 319 and oxidation of
the intermediate phosphonate afforded pseudo-disaccharide 322 with a 38% yield. By
the removal of the benzyl and Cbz groups, compound 322 was converted into the target
pseudo-disaccharide 301 (Figure 15) [146].

Unlike the synthesis of pseudo-disaccharide 322, the phosphitylation of alcohol 315
with H-phosphonate 319 was more efficient and readily formed pseudo-trisaccharide
323 (yield: 89%) [147], which was deprotected to yield the target spacer-armed pseudo-
trisaccharide 302 (Scheme 24) [146]. The substantial difference in the yields for pseudo-
disaccharide 322 (from 319 and 320) and pseudo-trisaccharide 323 may be related to the
easier accessibility of a less sterically hindered phosphodiester bond in pseudo-disaccharide
322 for the I -induced rapid rupture of the bridging P-O bonds. The total deprotection
of pseudo-trisaccharide 323 resulted in the formation of the target spacer-armed pseudo-
trisaccharide 302 (Figure 15) [147].

The condensation of alcohol 324 with H-phosphonate 321 (Scheme 24), followed by
oxidation, afforded pseudo-tetrasaccharide 325 with a 77% yield [147]. Similar to the
phosphitylation of alcohols 315 and 320 with H-phosphonate 319, the improved efficiency
of preparation of more sterically hindered pseudo-tetrasaccharide 325 compared to 322
(from 318 and 321, 40%) [146] can be attributed to the easier destruction with I, during the
oxidation step. By deprotection, pseudo-trisaccharide 325 was converted into the target
spacer-armed pseudo-trisaccharide 303 (Figure 15) [147].
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Figure 15. Synthetic oligosaccharides 300-303 [146], 304, 305, 307, 309, and 309 [147], 308 [148], and
306 and 310-314 [145] related to S. pneumoniae 6B capsular phosphoglycans.
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Scheme 24. Key building blocks for the synthesis of pseudo-oligosaccharides 300-304, 305, and 307
structurally related to S. pneumoniae 6B capsular phosphoglycans [146,147]. Reagents and conditions:
(a) 129, Py, 24 h; (b) HOCH,CH,CH,;CH,;NHCbz, PivCl, Py, followed by 0.5 M I, in Py:H,O 95:5;
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M1, in Py:H,0 95:5, 20 min.
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Scheme 25. Key building blocks for the synthesis of pseudo-oligosaccharide 308 structurally related
to S. pneumoniae 6B phosphoglycans [148]. Reagents and conditions: (a) 129, Py, 1 h; (b) PivCl, Py, 2 h,
followed by I, in Py:H,O 2:1, 4 h.

The interaction of H-phosphonate 321 with the trisaccharide alcohol 326 (Scheme 24),
followed by oxidation, formed pseudo-tetrasaccharide 327 (78%) with a phosphodiester
bond between a bulky trisaccharide and a flexible ribitol residue. On the contrary, the
efficiency of the formation of pseudo-tetrasaccharide 328 (from disaccharide 324) and
pseudo-tetrasaccharide 330 (from pseudo-tetrasaccharide 329), which comprise bulky
protected glycoside residues on both sides of a phosphate moiety, was much lower, and the
yields did not exceed 50%. The total deprotection of pseudo-tetrasaccharides 328 and 329
resulted in the target spacer-armed compounds 304 and 305, respectively [147].

The condensation of pseudo-tetrasaccharide 331 with H-phosphonate 214, followed
by oxidation, provided the introduction of a pre-spacer group, which is connected to the
pseudo-tetrasaccharide via a phosphodiester bridge. The moderate yield of compound
332 (53%) can be attributed to the conformational flexibility of the pre-spacer group and
the easier availability of the phosphate group for the action of I,. Compounds 331 and
332 were deblocked to yield the target spacer-armed pseudo-tetrasaccharides 307 and 309,
respectively (Scheme 24) [147].

For the assembly of pseudo-tetrasaccharide 308, Nifantiev et al. [148] investigated two
alternative pathways according to the schemes [3 + 1], which differed in the position of the
H-phosphonate group on one or the other condensing part (Scheme 25). For this purpose,
alcohol 333 was converted into H-phosphonate 334 by the action of chlorophosphite 129,
and galactoside 335 was converted into H-phosphonate 336 under similar conditions.
The condensation of H-phosphonate 336 with the primary hydroxyl group of pseudo-
tetrasaccharide acceptor 333, followed by oxidation, produced phosphodiester 337 in a high
yield (85%), whereas the interaction of H-phosphonate 334 with the secondary hydroxyl
group in galactoside 335 proceeded with low efficiency (the yield of pseudo-tetrasaccharide
337 was 22%).

For the preparation of pseudo-oligosaccharides 306 and 310-314 [145], Taiwan re-
searchers used the universal pseudo-tetrasaccharide block 338 (Scheme 26), which was
readily converted into the corresponding phosphoramidite 339 by the action of diamidite
70 in the presence of diisopropylammonium tetrazolide. In similar conditions, pseudo-
disaccharide 340 was converted into phosphoramidite 341. The condensation of alcohols
295-298 and 342 with compound 339 added a repeating unit to the chains. Thus, the
phosphitylation of the primary hydroxyl group in alcohol 295 with phosphoramidite 339
in the presence of 1H-tetrazole, followed by the oxidation of phosphite to phosphate and
the removal of the 2-naphthylmethyl protective group, afforded alcohol 342, and the total
deprotection and reduction of the azido group resulted in the target spacer-armed pseudo-
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tetrasaccharide 310, with the spacer group connected to the pseudo-tetrasaccharide by a

phosphodiester bridge.
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Scheme 26. Key building blocks for the synthesis of pseudo-oligosaccharides 281-286 structurally
related to S. pneumoniae 6B phosphoglycans [145]. Reagents and conditions: (a) diamidite 70, diiso-
propylammonium tetrazolide; (b) 1H-tetrazole, CH,Cly, r.t., 1.5 h, followed by mCPBA, —20 °C,
30 min; (¢) BuyNOH, CH,Cl,, H,O, r.t.; (d) Li/NH3, THE, —78 °C, 1 h, followed by MeOH, 16 h;
(e) 5-ethylthio-1H-tetrazole, molecular sieves BA, CH3CN, r.t., 1 h, followed by H,O, I, /THF, r.t., 2 h;
(f) 0.2 M NaOMe/MeOH, followed by Pd(OH),/C, Hy, MeOH, H,O, AcOH.

In a similar way, phosphoramidite 339 readily phosphitylated secondary hydroxyl
groups in monosaccharide 296, disaccharide 297, and trisaccharide 298 (Scheme 26). The re-
sulting phosphites were oxidized and deprotected to obtain target compounds 311-313. The
condensation of two pseudo-tetrasaccharides 342 and 339, followed by oxidation, afforded
a pseudo-octasaccharide (87%), with two bulky fragments connected by a phosphodi-
ester bridge. After the deprotection and reduction of the azido group, the spacer-armed
pseudo-octasaccharide 314 was obtained. Disaccharide 297 was phosphitylated with phos-
phoramidite 341. The oxidation of the intermediate phosphite, removal of the protective
groups, and reduction of the azido group afforded pseudo-tetrasaccharide 306. It can be
concluded that the use of phosphoramidites as phosphitylating agents in the preparation of
compounds 306 and 310-314 was efficient regardless of the steric demands of the secondary
hydroxyl group in the acceptor molecule. This result shows that the phosphoramidite
method is preferred for the synthesis of larger structures.

The phosphoglycan structure of S. pneumoniae 6C differs from S. pneumoniae 6A in
the orientation of a single hydroxyl group in one of the monosaccharide blocks (Glc in S.
pneumoniae 6C vs. Gal in S. pneumoniae 6A), and a similar structural difference is observed
between S. pneumoniae 6D and S. pneumoniae 6B (Figure 16). It is generally accepted
that a close structural resemblance gives rise to similar antigenic properties, and one
could expect cross-reactivity between all serotypes in group S. pneumoniae 6. However,
surveillance data and clinical efficacy studies for subtypes of S. pneumoniae 6 obtained
in connection with the use of pneumococcal vaccines are controversial. Generally, cross-
protection was observed from the S. pneumoniae 6B conjugate in PCV7 and PCV10 against
S. pneumoniae 6A but not against S. pneumoniae 6C and S. pneumoniae 6D. However, it was
shown that PCV13, which comprises the S. pneumoniae 6A antigen, was effective against
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serotypes 6C and 6D invasive pneumococcal disease and microbial carriage [149,150]. The
challenges associated with the assessment of the cross-reactivity and cross-protection of S.
pneumoniae group 6 could be met via the identification of a glycotope for each S. pneumoniae
6 subtype. To this end, the series of oligosaccharides 343 and 344, structurally related to S.
pneumoniae 6C, and 345 and 346, structurally related to S. pneumoniae 6D, were synthesized
(Figure 16) [151]. The preparation of pseudo-tetrasaccharides 343 and 344, which comprise
phosphodiester linkages, was performed using phosphoramidite chemistry. To obtain
pseudo-oligosaccharide 343 with an interglycosidic phosphodiester bridge, disaccharide
347 was reacted with phosphoramidite 294 in acetonitrile in the presence of 5-ethylthio-1H-
tetrazole (Scheme 27). The reaction mixture was oxidized under the action of iodine in THF
with the addition of water, the protective groups were removed, and the N3 group was
reduced to NH;. The phosphitylation of the primary OH-group in pseudo-tetrasaccharide
348 with diamidite 70 resulted in the efficient formation of phosphoramidite 349. The
condensation of phosphoramidite 349 with alcohol 295, followed by the reduction of
the N3 group and total deprotection, afforded pseudo-tetrasaccharide 344, in which a
phosphodiester linkage connects the ribitol part and a spacer [151].
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Figure 16. Synthetic phosphooligosaccharides related to S. pneumoniae 6C (compounds 343 and
344) and S. pneumoniae 6D (compounds 345 and 346) capsular phosphoglycans [151].

In a similar way, pseudo-tetrasaccharide 345 with an interglycosidic phosphodiester
bridge was obtained by the condensation of disaccharide 247 and phosphoramidite 341,
oxidation, reduction of the N3 group, and deprotection. For the preparation of phos-
phodiester 346, pseudo-tetrasaccharide 350 was transformed into phosphoramidite 351,
which was then condensed with alcohol 295. After oxidation, the condensation product
was reduced and deprotected to yield pseudo-tetrasaccharide 346, with a phosphodiester
bridge between ribitol and a spacer. Notably, in the preparation of compounds 343-346,
the corresponding protected phosphodiesters were obtained in moderate yields regardless
of the position of the phosphodiester bridge in the molecule. It can be concluded that the
used method is not sensitive to steric factors and can be applied for the condensation of
bulky counterparts.
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Scheme 27. Key building blocks for the synthesis of pseudo-oligosaccharides 343 and 344, structurally
related to S. pneumoniae 6C phosphoglycans, and pseudo-oligosaccharides 345 and 346, structurally
related to S. pneumoniae 6D phosphoglycans [151]. Reagents and conditions: (a) diamidite 70,
diisopropylammonium tetrazolide, 1 h; (b) 5-ethylthio-1H-tetrazole, molecular sieves 3A, CH;CN,
r.t., 1 h, followed by H,O, I, /THE r.t., 2 h; (¢) BuyNOH, CH,Cl,, H;O, r.t.; (d) followed by 0,3 M
NaOMe, MeOH, CH,Cl,, 2 h; (e) Pd(OH),/C, Hy, MeOH, H,O, AcOH, 36 h.

The cross-reactivity of S. pneumoniae 6A and S. pneumoniae 6B was evaluated in an
immunological study of pseudo-tetrasaccharides 280 [144] related to S. pneumoniae 6A
(Figure 14) and 308 [148] (Figure 15) related to S. pneumoniae 6B. Conjugates of these
compounds with BSA (280-BSA and 308-BSA, respectively) were used for the immunization
of mice at a dose of 20 ug/mouse on days 0 and 14. The hyperimmune serum obtained
after immunization with 280-BSA and 308-BSA was analyzed in ELISA experiments using
the corresponding N-biotinylated conjugates 352 and 353 on streptavidin-coated plates. It
was shown that the antibodies induced by the S. pneumoniae 6 A-related conjugate 280-BSA
recognized not only the S. pneumoniae 6A-related N-biotinylated conjugate 352 but also
the S. pneumoniae 6B-related N-biotinylated conjugate 353. Inversely, the specificity of
the serum obtained from mice immunized with the S. pneumoniae 6B-related conjugate
308-BSA to the S. pneumoniae 6 A-related conjugate 352 was detected. These results evidence
the cross-reactivity of pseudo-tetrasaccharides 280 and 308 and indicate the presence of a
common epitope in these antigens.

The immunogenic properties of synthetic phosphooligosaccharides 285 and 286 re-
lated to S. pneumoniae 6A phosphoglycans (Figure 14) and phosphooligosaccharides 306
and 314 related to S. pneumoniae 6B phosphoglycans were studied. The conjugates of these
compounds with CRM197 were obtained and used for the immunization of mice at a dose
of 2.2 ug of glycan per mouse, with three shots in two-week intervals. The glycan-specific
IgG in the serum was analyzed using a microarray with a number of synthetic glycan anti-
gens [145]. Mice in the negative control group were immunized with CRM197. It was found
that conjugates 286-CRM197 and 306-CRM197, which contain pseudo-tetrasaccharides,
effectively induced IgG antibodies against the majority of other synthetic antigens. On the
contrary, conjugates 285-CRM197 and 314-CRM197 showed low immunogenicity [145].

The antigenic properties of S. pneumoniae 6B-related pseudo-disaccharide 301, pseudo-
trisaccharide 303, and pseudo-tetrasaccharide 305 were investigated using their conjugates
301-KLH-305-KLH with the highly immunogenic protein KLH (Figure 17) [152]. The
neoglycoconjugates 301-KLH-305-KLH and a conjugate obtained by the condensation of
bacterial S. pneumoniae 6B phosphoglycans and KLH (S. prneumoniae 6B-KLH) were used
for the immunization of mice at a dose of 2.5 pug and rabbits at a dose of 10 pg. The
hyperimmune sera were analyzed in ELISA experiments with bacterial S. pneumoniae 6B
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and S. pneumoniae 6A phosphoglycans. Human serum samples were obtained by pooling
infant antisera obtained by vaccination with PCV7-CRM197 at a dose of 4 mg of 6B PS.

It was shown that in mice conjugates, 301-KLH with pseudo-disaccharide antigens and
303-KLH with pseudo-trisaccharide antigens were poorly immunogenic. On the contrary,
the conjugate 305-KLH was more immunogenic than S. prneumoniae 6B-KLH. ELISA analysis
of the rabbit hyperimmune antisera using bacterial S. pneumoniae 6A phosphoglycans as a
coating antigen showed that conjugates 303-KLH and 305-KLH were able to induce anti-S.
pneumoniae 6A antibodies. Antibody specificity was confirmed in ELISA inhibition and
phagocytosis experiments. The binding of human PCV7-CRM197 antisera to the conjugates
301-KLH-305-KLH was inhibited by bacterial S. pneumoniae 6A and S. pneumoniae 6B
phosphooligosaccharides.
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Figure 17. Neoglycoconjugates 343-353 obtained on the basis of synthetic pseudo-oligosaccharides
structurally related to S. pneumoniae 6A and S. pneumoniae 6B capsular phosphoglycans.

S. pneumoniae 19F is one of the most virulent pneumococcal serotypes. Similarly to
S. pneumoniae 6A and S. pneumoniae 6B, the diseases caused by S. pneumoniae 19F infec-
tion are associated with increased mortality and morbidity [153] despite the fact that the
S. pneumoniae 19F capsular glycan is a component of many pneumococcal conjugated
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commercial vaccines. In light of this, it could be useful to develop an anti-S. pneumoniae
19F conjugate vaccine with a synthetic glycan antigen structurally related to the capsular
glycan of S. pneumoniae 19F. N-trifuoroacetamidopropyl glycoside 357, which comprises a
pseudo-hexasaccharide fragment of the S. pneumoniae 19F capsular polysaccharide, was
obtained as a mixture of isomers. In the first step, the selectively protected trisaccharide
354 with a free hydroxyl group at C-4 (ManNAc) was converted into H-phosphonate 355
under the action of chlorophosphite 129 in Py [154] (Scheme 28). The condensation of
H-phosphonate 355 with hemiacetal 356, followed by oxidation and deprotection, resulted
in the formation of a diastereomeric mixture of pseudo-hexasaccharides, which contained
the spacer-armed phosphooligosaccharide 357.
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Scheme 28. Key building blocks for the synthesis of pseudo-oligosaccharide 357 structurally related
to S. pneumoniae 19F capsular glycan [154]. Reagents and conditions: (a) 129, acetonitrile, Py, 1 h.;
(b) PivCl, Py, then I, B Py:H,0 19:1, yield 61% over 3 steps; (c) Hp, Pd(OH),/C, MeOH-H,O.

The structure of the repeating unit of S. pneumoniae 19A is close to that of 19F, with the
only difference being the type of linkage between Glc and Rha monosaccharide residues,
which is o-D-Gle-(1—3)-Rha in S. pneumoniae 19A phosphoglycans and o-D-Gle-(1—2)-Rha
in S. pneumoniae 19F phosphoglycans. Whereas S. pneumoniae 19F phosphoglycans are a
component of all commercial PCV compositions, S. pneumoniae 19A phosphoglycans were
not included in PCV7 and PCV10. After the introduction of PCV7, serotype replacement
resulted in an increase in the number of invasive pneumococcal diseases caused by S.
pneumoniae 19A [155,156]. This observation shows the absence of cross-protection between
serotypes 19A and 19F. Nevertheless, the synthetic complexity of the repeating units of S.
pneumoniae 19A and S. pneumoniae 19F phosphoglycans, which share a common structure,
stimulated attempts to develop a universal synthetic glycoantigen for the induction of
protective antibodies to both serotypes.

With a view to investigating the ability of a neoglycoconjugate with a chimeric syn-
thetic antigen to induce a protective immune response, the Seeberger group prepared [157]
phosphohexasaccharide 358, which is a combination of S. pneumoniae 19A and S. pneumo-
niae 19F phosphoglycan repeating units in one molecule and the spacer-armed phospho-
trisaccharides 359 and 360 related to repeating units of S. pneumoniae 19F and S. pneumoniae
19A, respectively (Figure 18).

Hemiacetal 361 was readily transformed into the corresponding x-H-phosphonate 362
under the action of chlorophosphite 129 and H3POs3 in Py (Scheme 29). The authors suggest
that o-stereoselectivity was attained due to thermodynamic reaction control, which favored
a-H-phosphonate 362 in the conditions of SN2 displacement with H3POj at the anomeric
center. In a similar manner, hemiacetal 363 was stereoselectively converted into «-H-
phosphonate 364 as a precursor of the S. pneumoniae 19A repeating unit. a«-H-Phosphonates
362 and 364 were coupled with alcohol 295, oxidized, reduced, and deprotected to yield
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the spacer-armed glycoantigens 359 and 360, which correspond to repeating units of S.
pneumoniae 19F and S. pneumoniae 19A phosphoglycans [157].
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Figure 18. Synthetic phosphohexasaccharide hybrid antigen 358, which comprises repeating units
of S. pneumoniae 19F and S. pneumoniae 19A and phosphotrisaccharides related to S. pneumoniae 19F
(compound 359) and S. preumoniae 19A capsular glycan (compound 360) [157].
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Scheme 29. Key building blocks for the synthesis of pseudo-oligosaccharides 358-360 [157]. Reagents
and conditions: (a) chlorophosphite 129, H3POj3, Py, r.t, 2 h then 50 °C, 36 h; (b) alcohol 295,
PivCl, pyridine, r.t., 1.5 h; (c) I, Py:H,O (18:2), —40 °C, 30 min, then EtsNHBr; (d) Hy, Pd/C,
EtOAc:MeOH:H;O, 3 days, then Dowex 50W X4, Na*; (e) 0.5 M NaOMe, MeOH, r.t., 3 h; (f) a-H-
phosphonate 362, PivCl, Py, r.t., 2 h.

For the preparation of the hybrid antigen 358, another precursor of the S. pneumo-
niae 19A repeating unit, hemiacetal 365 with an acetyl protecting group at O-4 (MaNAc)
was phosphonylated to obtain a-H-phosphonate 366, which was then condensed with
alcohol 295 and oxidized. The following 4-O-deacetylation and phosphitylation with «-H-
phosphonate 362 and oxidation yielded the protected phosphodiester 367. The deblocking
and reduction of the azido group in phosphodiester 367 afforded the conjugation-ready
chimeric phosphodiester 358 [157]. Phosphooligosaccharides 358-361 were conjugated
to CRM197 via a succinimidyl adipate linker, and the resulting conjugates 358-CRM197
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(average glycan loading: 5), 359-CRM197 (average glycan loading: 5), and 360-CRM197
(average glycan loading: 7) were adsorbed on alum and used for the vaccination of rabbits
on day 0 and boosted on days 14, 28, and 133. IgG antibodies were raised in response
to immunization with the semisynthetic neoglycoconjugates 358-CRM197, 359-CRM197,
360-CRM197, and Prevnar 13® (PCV13).

Oligosaccharide-specific antibody titers were analyzed by glycan microarray with
specific immobilized oligosaccharides. Chimeric 358-CRM197 generated antibodies that
recognized trisaccharide antigens 359 and 360 in quantities exceeding those generated by
Prevnar 13®. At the same time, ELISA experiments showed that antibodies produced by
vaccination with Prevnar 13® more efficiently recognized S. pneumoniae 19A and S. pneumo-
niae 19F phosphoglycans compared to vaccine preparations with synthetic antigens. This
observation reveals that upon immunization with Prevnar 13®, the antibodies are elicited
to larger glycotopes. Immunization with chimeric 358-CRM197 produced antibodies that
efficiently recognized phosphotrisaccharide antigens 359 and 360 and S. pneumoniae 19A
and S. pneumoniae 19F phosphoglycans, whereas antibodies elicited by 359-CRM197 and
360-CRM197 did not recognize S. pneumoniae 19A phosphoglycans, and only moderate
interaction of 359-CRM197-induced antibodies and S. pneumoniae 19F phosphoglycans
was detected. Bactericidal properties of the obtained hyperimmune sera were studied in
the opsonophagocytic killing assay. Chimeric 358-CRM197-induced opsonic antibodies
were able to kill both S. pneumoniae 19A and S. pneumoniae 19F. The opsonic activity of
359-CRM197-induced antibodies was very weak, and antibodies induced by the ST19A
conjugate were not bactericidal [157].

As previously mentioned, clinically significant cross-protection between S. pneumoniae
19A and S. pneumoniae 19F serotypes has not been reported. One of the possible reasons
for weak antibody cross-protection is the conformational difference between these two
phosphoglycans [158]. In shorter oligosaccharides, the chain exists as another ensemble of
conformers, which may be able to induce antibodies to phosphoglycans of both serotypes.
The capsular phosphoglycans S. pneumoniae 19A and S. pneumoniae 19F share a common
disaccharide structural element: P(1—4)ManNAc-p-(1—4)-Glc. With a view to studying
the universal glycotope for these serotypes, a series of short glycans 368-370 (Figure 19)
were prepared, which comprise the basic structural elements of the common disaccharide.

NHAc HO o NHAc HO
o HO
B N e
*Na'O-ﬁ‘ HO HO
O Na* OH OH
368 369

NHAc

(0]
I (0)
o—F IE5/§Ro\/\/NH2

NHAC o | ona HO
a1
HO o 370
OH

Figure 19. Synthetic glycans related to phosphodisaccharide P(1—4)ManNAc-[3-(1—4)-Glc, which is
a common structural element of S. pneumoniae 19A and S. pneumoniae 19F phosphoglycans.

The phosphoramidite approach was applied for the construction of the phosphodiester
bridge in pseudotrisaccharide 370 [159]. The selectively protected glycoside 371 with a
free hydroxyl group at C-4 (ManNAc) was transformed into phosphamidite 372 under the
action of chlorophosphoramidite 24 (Scheme 30). The condensation of phosphamidite 372
with hemiacetal 373 resulted in the formation of a mixture of «- and p-glucopyranosides
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(o:p 55:45). The a-isomer was oxidized, decyanoethylated, and deprotected to obtain

phosphodiester 370.
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Scheme 30. Key building blocks for the synthesis of pseudo-trisaccharide 370 [159]. Reagents and
conditions: (a) 24, DIPEA, CH,Cl,, 90%; (b) DCI, CH,Cl,, 95%; (c) tBuOOH, CH3CN, 0 °C to r.t., 73%
(55% o); (d) EtsN, DCM, 4 days; (e) Pd/C, Hy, MeOH/H,0O, 90%.

Compounds 368-370 were printed on epoxysilane-coated slides together with bacterial
S. pneumoniae 19A and S. pneumoniae 19F phosphoglycans as controls. A glycan microarray
was arranged, and the glycan antigens interacted with the hyperimmune sera of rabbits
immunized with whole bacteria. The group’s 19 sera were bound to S. pneumoniae 19A
and S. pneumoniae 19F and phosphodisaccharide 368, and the interaction with disaccharide
369 and the pseudotrisaccharide was weak. The interaction of synthetic and bacterial
glycans was studied with factor reference antisera obtained by vaccination with whole cell
bacteria S. pneumoniae 19A or S. pneumoniae 19F and cleared of the antibodies recognizing
the common epitopes. Reference antisera to S. pneumoniae 19A readily bound to phosphate
368 and did not interact with compounds 369 and 370. Reference antisera to S. pneumoniae
19F showed moderate binding to compounds 368-370.

Two considered approaches to the search for a common epitope in S. prneumoniae 19A
and S. pneumoniae 19F phosphoglycans open new horizons in the development of semisyn-
thetic conjugated glycovaccines. The design of a universal glycotope for introduction in
neoglycoconjugate vaccines is aimed at a decrease in protein loading of the vaccination
dose and reduction of the production costs.

8. Synthesis of Pseudo-Oligosaccharides Structurally Related to
Phosphoglycans of C. Jejuni

C. jejuni enteritis is one of the most common causes of intestinal infection and traveler’s
diarrhea. It is associated with many severe sequelae, including Guillain—Barré syndrome.
Penner serotyping in combination with PCR multiplex-based typing revealed 35 capsular
types [160]. Until now, no commercial vaccines for the prevention of C. jejuni enteritis
have been developed either for humans or for cattle and poultry, which are the frequent
source of human campylobacteriosis. Whole-cell vaccines are not applicable, as a number
of C. jejuni strains present sialylated LOS that induce antibodies to the gangliosides (3-D-
GalNAc-(1—4)-[x-Neu5Ac-(2—3)]-B-D-Gal-(1—4)-3-D-Glc-(1—1)-N-octadecanoyl sphin-
gosine and «-NeubAc-(2—3)-B-D-Gal-(1—4)-B-D-Glc-(1—1)-N-octadecanoyl sphingosine,
which are associated with the onset of Guillain—Barré syndrome [161]. Despite recent ad-
vances in the understanding of the pathogenesis of C. jejuni, the development of subunit or
glycoconjugate preventive vaccines still remains a challenge [162]. Current knowledge on C.
jejuni infection has revealed that the key structural feature is the O-methylphosphoramidate
modification of capsular glycan, which is involved in both C. jejuni pathogenesis and im-
munogenicity. In the context of the development of conjugate vaccines on the basis of
synthetic glycan antigens, O-methylphosphoramidate is regarded as the immunodominant
epitope [163]. However, it should be noted that this moiety is easily hydrolyzed and can be
lost during the conjugation process [160].
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Up to now, only one synthesis of a P-linked pseudo-oligosaccharide related to C.
jejuni phosphoglycans has been described. Therefore, the selectively protected hemiacetal
374 was converted into o-H-phosphonate 375 under the action of chlorophosphite 129.
The condensation of phosphonate 375 with the heptabioside block 376 in the presence of
PivCl/Py, followed by oxidation, afforded a phosphodiester, which was then transformed
into the target pseudo-trisaccharide 377 corresponding to a repeating unit of the capsular
glycan of a clinically important strain RM1221 of C. jejuni serotype HS:53 (Scheme 31) [164].
The prospects of conjugated vaccines for the prevention of campilobacterioses are outlined
in a recent review [165].

HO
BnO BnO BnO OH
AcO 1+ QAc Q b-e HO OH OH
R 376 O\H/NBanz O=E’_—Q
374R=H,R'=OHandR=OH,R'=H  ° ONa 377 OpNH:
a, 75%

0
375R=%0-PH ,R'=H

OEtsNH*

Scheme 31. Key building blocks for the synthesis of capsular glucan of C. jejuni serotype HS:53, strain
RM1221 [164]. Reagents and conditions: (a) chlorophosphite 129, Py, MeCN, 0 °C — r.t.; (b) PivCl,
Py, 1 h. 74%; (c) I, Py /H,0O, 0 °C. 0,5 h., 86%; (d) 1.2 M MeONa/MeOH; (e) H, /Pd-C, 48 h.

9. Conclusions

In this review, studies published over the last 20 years on the methods of construction
of interglycosidic phosphodiester linkages used for the preparation of spacer-armed phos-
phooligosaccharides structurally related to the capsular phosphoglycans of the pathogenic
bacteria H. influenzae serotypes a, b, ¢, and f, N. meningitidis serogroups a and x, S. pneumo-
niae serotypes 6a, 6b, 6¢, 6f, 19a, and 19f, and the C. jejuni serotype HS:53, strain RM1221
are summarized.

As shown, in the syntheses of phosphoglycans, two types of intermediate compounds
are widely employed: H-phosphonates and phosphoramidites. Both methods provide
an effective tool for the establishment of phosphodiester bridges between different types
of saccharide blocks. Due to high yields and simple procedures, these methods can be
scaled up and form the basis for the manufacturing process. The H-phosphonate-based
method is a one-pot polycondensation procedure used in the industrial-scale synthesis of
Hib oligosaccharides for the manufacturing of the Quimi—Hib® vaccine. However, the low
stability of phosphodiesters in the conditions of the oxidation of interglycosidic phospho-
nates poses limitations on the preparation of oligomers with two or more phosphodiester
bridges. The application of phosphoramidites is, in general, more efficient and allows the
preparation of longer oligomers.

The majority of the spacer-armed synthetic fragments of phosphoglycans described
in this paper were converted into neoglycoconjugates, which are shown to be safe and
immunogenic in laboratory animals. For Hib, the combination of surface plasmon reso-
nance, saturation transfer difference nanomagnetic resonance, and X-ray crystallography
evidences that the minimal epitope consists of only two repeating units [29]. In the research
conducted by Seeberger et al. [69], the conjugate with a tetramer Hib antigen (the shortest
of 4, 6, 8, and 10-mers) was shown to be the most immunogenic. For Hia, the CRM197
conjugates of 1, 2, 3, and 4-mers were almost equally immunogenic. Immunogenicity with
the conjugates of the phosphono-mimetics of MenA was independent of the length of the
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pseudo-oligosaccharide antigens, and non-acetylated carba-mimetics of MenA failed to
evoke anti-MenA immunity. For MenX, immunization with conjugates of mono-, di-, and
trimer with CRM197 was inefficient. For phosphooligosaccharides related to S. prneumoniae
capsular phosphoglycans, the correlation between the length and immunity was not ana-
lyzed, as the majority of synthetic antigens comprised only one repeating unit. It can be
concluded that longer oligomers are needed for a more profound study of immunogenicity,
antigenicity, and protective immunity of neoglycoconjugates on the basis of synthetic
phosphooligosaccharides.

Although the first examples of polysaccharide assembly via polycondensation (for
example see [166]) were published almost 40 years ago, and in the last decade, synthesis
of a high-molecular weight glycan containing 25-mer related to arabinogalactan [167] and
a thamnomannan consisting of 256 monosaccharide units [168], as well as an automated
glycan assembly of a 151-mer polymannoside [169] and 15-mer phosphoglycan [50] related
to the LPG of Leishmania donovani were reported, long oligosaccharides, which relate
to bacterial phosphoglycans, are yet unattainable. However, the synthetic approaches
described above permit the preparation of sufficiently long oligosaccharides of this type,
including spacer-armed molecules, which are applicable as indispensable tools in any
glycobiology studies and glycotechnology developments.

As described in this paper, a number of Hib and MenA oligomers were synthesized
using a solid support method. This method has since evolved into a flexible and univer-
sal strategy based on the use of automated synthesis platforms. In glycochemistry, the
Seeberger group [170] has been developing this approach for almost 30 years, and, finally,
the automated glycan assembly technology has been created, which provides quick access
to homogeneous oligomers and polymers starting from the properly protected monomer
blocks [171]. Recent advances in automated glycan assembly [50,172,173] offer a powerful
synthetic technique for the accomplishment of key steps in oligosaccharide synthesis. Pro-
tected monomer blocks required for automated glycan assembly can be attained through
HPLC-based automated synthetic facilities [174-176].

As mentioned, MenA and Hib phosphoglycans are extremely susceptible to hydrolytic
cleavage. For the preparation of stable MenA antigens, C-phosphono-mimetics were syn-
thesized as non-acetylated compounds, and carba-mimetics were synthesized in both
non-acetylated and acetylated variants. Immunization with corresponding protein conju-
gates was not efficient. It can be concluded that the problem of the preparation of a stable
MenA antigen still waits to be resolved. On the contrary, Seeberger et. al. found that the
introduction of a substituent, e.g., a methyl group, at O-2 provides a stable hydrolysis-
resistant synthetic polyribosylribitolphosphate, which can be used in anti-Hib vaccines [77].
Also, the stability of an interglycosidic phosphodiester linkage can be achieved by the
replacement of a non-bridging oxygen atom with a borano group [177].

To date, Quimi-Hib® remains the only commercial vaccine with a fully synthetic phos-
phoglycan antigen. However, recent developments in glycobiology and glycochemistry
provide new ways to the fundamental knowledge, which is pivotal for the design of new
vaccine preparations on the basis of synthetic phosphooligosaccharides.
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Abbreviations

The following abbreviations are used in this manuscript:

avDP
AC2O
Boc
BOM
CA
Cbz
CPS
CRM197
DBU
DCI
DCSO
DIAD
DIC
DIPEA
DMTr
DMAP
DMSO
DMTr
EC50
ELISA
EtOAc
EtOH
HSA
IC

IgA
IegG
IgM
KLH
mCPBA
MenA
MenX
MMTr
MPM
Nap
MeOPN
OS
PBS
PCV
PEG
PivCl
Ph3P
PhSH
PMP
pNP
PRP
Py
rSBA

average degree of polymerization
acetic anhydride
tert-butyloxycarbonyl
benzyloxymethyl

chloroacetyl

benzyloxycarbonyl

capsular polysaccharide
cross-reacting material 197, a non-toxic mutant of the diphtheria toxin
1,8-diazabicyclo(5.4.0)undec-7-ene
4,5-dicyanoimidazole
(+)-(10-camphorsulfonyl)oxaziridine
diisopropyl azodicarboxylate
1,3-diisopropylcarbodiimide
N,N-diisopropylethylamine
bis(4-methoxyphenyl)-phenylmethyl
4-dimethylaminopyridine
dimetylsulfoxide
4,4-dimethoxytrityl

half maximal effective concentration
enzyme-linked immunosorbent assay
ethyl acetate

ethanol

human serum albumin

inhibitory concentration
immunoglobulin A
immunoglobulin G

immunoglobulin M

keyhole limpet haemocyanin
3-chloroperbenzoic acid

Neisseria meningitidis serogroup a
Neisseria meningitidis serogroup x
monomethoxytrityl
4-methoxybenzyl

2-naphthylmethyl
O-methylphosphoramidate
oligosaccharide

phosphate buffer saline
pneumococcal conjugated vaccines
polyethylene glycol

pivaloyl chloride
triphenylphosphine

thiophenol

4-methoxyphenyl

4-nitrophenyl
poly-3-p-D-ribosyl-(1—1)-D-ribitol-5-phosphate
pyridine

bactericidal assay (SBA) titers using rabbit serum
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SMP succinimidyl-3-maleimidopropionate
TBDPS tert-butyldiphenylsilyl

TDS thexyldimethylsilyl

TCA trichloroacetic acid

TES triethylsilane

TFA trifluoroacetic acid

THF tetrahydrofuran

TT tetanus toxoid
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Abstract

Hans Paulsen was one of the first scientists who believed that chemistry should be applied
to biology and medicine. His interest in natural products and their roles solidified in the
1970s. He passed on his knowledge to hundreds of students and coworkers and advanced
science with many national and international collaborators. No matter where he was, at
home or travelling, he was always curious and keen to learn, from chemistry to enzymes,
their roles in diseases, and the possible applications of synthetic compounds. His creative
chemistry and synthesis of novel compounds made essential contributions to elucidating
the mechanisms and pathways of glycoprotein biosynthesis. This review describes the
biosynthetic pathways of the O- and N-glycans of glycoproteins and studies of novel
substrates and inhibitors developed by Hans Paulsen’s group.

Keywords: glycosyltransferases; glycoproteins; N-glycosylation; mucins; O-glycosylation;
substrates; inhibitors; glycopeptides

1. Introduction

Hans Paulsen was a highly respected and successful carbohydrate chemist, valued
and admired by his many coworkers, students, and collaborators. He was extremely
knowledgeable in chemistry and science, but also in other cultures, politics, and history.
Hans Paulsen was kind and compassionate and always interested until his passing in
2024 at the age of 102. His major strengths included an incredible memory and his ability
to give informative and humorous lectures. When he developed a research plan, his
excitement was contagious, and his brilliance stimulated his students to do well. He
was one of the first scientists who believed that chemistry should be applied to biology
and medicine. His interest in natural products and their roles solidified in the 1970s. He
passed on his knowledge to hundreds of students and coworkers, and advanced science
with many national and international collaborators. Paulsen visited many countries and
studied their cultures and history. He enjoyed visits to Toronto, Amherst Island, and
the Northern wilderness of Canada. The natural environment was conducive to making
plans and discussing the value of current and future experiments and approaches to
solving biochemical problems. The wilderness did not distract him from learning about
enzymes, their roles in diseases, and their possible applications in solving problems through
biochemistry. Always curious and full of humour, politeness, and modesty, he was a real
pleasure to collaborate with.

Knowledge of the enzymes and mechanisms involved in transferring sugar residues
to proteins was minimal in the 1980s. Hans Paulsen’s tremendous efforts and many
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contributions were critical for the advancement in the field of glycoprotein biosynthesis.
Accounts of Hans Paulsen’s long and successful life as a carbohydrate chemist professor
and emeritus have been published in journals and symposia. His main interests were
carbohydrate chemistry, synthesis of unusual carbohydrate residues and linkages, selective
oxidation, and specific modifications and substitutions of carbohydrate derivatives. This led
to many glycan derivatives that proved to be valuable in determining enzyme specificities
for their carbohydrate substrates and biosynthetic pathways.

Multiple novel chemical reactions were developed by Paulsen that established the
groundwork for further chemistry of carbohydrates. While working with Kurt Heyns,
Paulsen accomplished the catalytic oxidation of unusual carbohydrates [1]. He studied the
role of sugar configuration and conformation in catalysis using platinum contact [2]. A
major effort was made in the synthesis of carbohydrates containing nitrogen in the ring and
their conformational analyses by NMR [3,4]. Many of these compounds were later shown to
be potent glycosidase inhibitors [5]. Conformational analyses by NMR were developed and
became standard analyses for carbohydrates [6]. He contributed to an understanding of
the exo-anomeric effect and the dynamics of carbohydrate conformations. The chemistry of
acyloxonium ion rearrangements was applied to many different compounds [7,8], including
phosphate-containing carbohydrates [9]. These studies were extended to the synthesis and
analysis of glycoprotein fragments [10]. Carbohydrates were analyzed in solution and in
crystal form [11,12], contributing to our knowledge of carbohydrate structures and their
biological roles.

Paulsen’s efforts to advance the analyses of carbohydrate conformations were helpful
in delineating the substrate binding of glycosyltransferases (GTs) and in designing specific
substrate analog inhibitors. He also performed analyses of natural products, which turned
out to be glucosidase and mannosidase inhibitors. These compounds could be valuable
for therapy development in diseases associated with alterations of specific glycans or for
controlling the immune system that relies on glycan recognition. The advancements in
the structural analysis of glycans were crucial to the success of synthetic chemistry and its
application in glycobiology and medicine.

The intensive efforts of the Paulsen lab succeeded in the synthesis of specific gly-
can derivatives for studies of glycobiology and the role of glycoproteins in cancer and
immunology. Many other results of Paulsen’s research led to knowledge of bacterial
lipopolysaccharides and the production of specific antibodies and glycoprotein antigens.
Thus, Paulsen’s ideas and efforts in chemical synthesis and refined methods of structural
analysis advanced our knowledge, especially in cancer cell biology. The wealth of syn-
thetic compounds led to new knowledge of glycosyltransferase (GT) specificity, pathways,
and glycoprotein functions. Compounds representing specific GT substrates were synthe-
sized [13], allowing assays of enzyme preparation from cells or tissues expressing multiple
GTs [14].

This review describes the biosynthesis of N-glycans and mucin type O-glycans by
human enzymes and summarizes the work done by the Paulsen group to use synthetic
chemistry for the acquisition of knowledge of biosynthetic enzymes and insight into the
role of glycoproteins in health and disease.
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2. Glycosyltransferases

The enzymes that build complex sugar chains of glycoproteins are glycosyltransferases
(GTs), which have been classified into 138 families by the CAZy database (as of July 2025),
based on their amino acid sequence, predicted 3-dimensional fold, mechanism, and known
activity. Inverting GTs inverts the anomeric configuration of the sugar in the donor substrate
to form the opposite linkage in the reaction product, while retaining GTs retain this linkage.
The nucleotide sugar donor substrates for glycoproteins are UDP-aGIcNAc, UDP-aGal,
UDP-aGalNAc, GDP-aMan, GDP-Fuc and CMP-fSialic acid. Dolichol (Dol) is used for
membrane-bound intermediates in the endoplasmic reticulum (ER)—in particular, Dol-P-
Manp and Dol-P-Glcf3. The GT protein folds are GT-A, GT-B, and GT-C (CAZy), which
have been confirmed with a limited number of crystal structures (Table 1). Table 1 lists the
major GTs involved in the biosynthesis of N-glycans and mucin-type O-glycans.

Table 1. List of major human glycosyltransferases and glycosidases involved in glycoprotein biosyn-
thesis. The GT names and accession numbers are derived from the Uniprot database. Included here
are also the major glycoside hydrolases (GHs glucosidases and mannosidases) that are essential for
the maturing of N-glycans in the ER and Golgi. *GTs with known crystal structure from human or
animal sources; GALNT1,2,3,4,7,10,12 have been crystalized. CAZy GT, Carbohydrate Active Enzyme
database classification; Dol, dolichol; GnT, GlcNAc-transferase; P, phosphate; Sia, sialyl; T, transferase.
GT Mechanisms and Folds, and CAZy GT classification: Inverting (11,14,16,17,18,29,31,54), Inverting
GT-A (2,7,12,13), Inverting GT-B (1,10,23,33), Inverting GT-C (22,57,58,59), Retaining (32), Retaining
GT-A (6,27), Retaining GT-B (4).

Enzyme Name Uniprot CAZy GT Donor Product
ER: N-glycan biosynthesis
*GlcNAc-P-T DPAGT QI9H3H5 - UDP-GIcNAc GlcNACc-PP-Dol
QI9NP73 1 UDP-GlcNAc GlecNACc,-PP-Dol
F4GIcNACT ALG13/14
Q96F25
DPM1 060762 2 GDP-Man Man-P-Dol
p4ManT ALG1 Q9BT22 33 GDP-Man Man-GIcNAc,-PP-Dol
«3/6ManT ALG2 Q9H553 GDP-Man Mans-GlcNAc,-PP-Dol
a2ManT ALGI11 Q2TAA5 GDP-Man Mans-GleNAc,-PP-Dol
o3ManT ALG3 Q92685 58 Dol-P-Man Many-GlcNAc,-PP-Dol
o2ManT ALGY9 Q9H6US 22 Dol-P-Man Mang-GlcNAc,-PP-Dol
o2ManT ALG12 QI9BV10 22 Dol-P-Man Mang-GlcNAc,-PP-Dol
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Table 1. Cont.

Enzyme Name Uniprot CAZy GT Donor Product
DolPGlc synthase ALG5 Q9Y673 2 UDP-Glc Glcp-P-Dol
«3GlcT ALG6 Q9Y672 57 Dol-P-Glc Gle-Mang-GleNAcy-Dol
«3GlcT ALGS Q9BVK2 57 Dol-P-Glc Glcpy-Mang-GleNAc,-Dol
«2GlcT ALG10 Q5BKT4 59 Dol-P-Glc Glcs-Mang-GleNAc,-Dol
OST complex - - Glycan-Dol Glycan-Asn
«2Glec MOGS Q13724 GH63 Glcpy-Mang-GlcNAc,-Asn
«3Glc GANAB Q14697 GH31 Mang-GlcNAcy-Asn
o«2Man MAN1B1 QI9UKM7 GH47 Mang-GlcNAcy-Asn
Golgi: N-glycan processing
a2Man MAN1A1 P33908 GH47 MansGlcNAc;-Asn
*32GnT I MGAT1 P26572 13 UDP-GIcNAc GlcNAcp2MansGlcNAc;-
«3,6Man MAN2A1 Q16706 GH38 GlcNAcB2-ManzGleNAc)-
*32GnT I MGAT2 Q10469 16 UDP-GleNACc GlcNACcB2;MansGleNAc,-
p4GnT III MGATS3 Q09327 17 UDP-GIcNACc bisecting GlcNAc[34Man3-
B4GnT IV MGAT4A QIUM21 54 UDP-GIcNAc GlcNAcB3MansGlcNAc,-
*36GnT V MGAT5 Q09328 18 UDP-GIcNACc GlcNAcB4ManzGIleNAc,-
*GNPTAB Q3T906 - UDP-GleNACc GlcNAc-6P-Man
GNPTG complex QoUJI9 - UDP-GIcNACc GlcNAc-6P-Man
*o6FucT FUTS8 QI9BYC5 23 GDP-Fuc N-glycan core Fuc
*a6SiaT ST6Gall P15907 29 CMP-Sia complex N-glycans
a8SiaT ST8SIA2 Q92186 29 CMP-Sia Sian2-8Sia-
*«8SiaT ST8SIA3 043173 29 CMP-Sia Sian2-8Sia-
«8SiaT ST8SIA4 Q92187 29 CMP-Sia Siax2-8Sia-
Golgi: O-glycan biosynthesis
*GALNT1 Q10472 27 UDP-GalNAc O-glycan initiation
*33GalT C1GALT1 QI9NS00 31 UDP-Gal core 1
*36GnT GCNT1 Q02742 14 UDP-GleNACc core 2
B6GNnT GCNT3 095395 14 UDP-GIcNAc core2/4
B6GNT GCNT4 Q9P109 14 UDP-GIcNAc core2
33GnT B3GNT3 Q9Y2A9 14 UDP-GIcNACc core 1,2 elongation
B3GnT B3GNT6 Q6ZMB0 31 UDP-GlcNACc core 3
o4GnT A4AGNT QIUNA3 32 UDP-GIcNACc GlcNAco4-Gal of core 2
*«3SiaT ST3Gall Q11201 29 CMP-Sia Sia-core 1
a6SiaT ST6GalNACc1 K7EMB6 29 CMP-Sia Sia-GalNAc-Thr
*6SiaT ST6GalNAC2 Q9UJ37 29 CMP-Sia Sia'GalNACT/h?al'GalNAC'
«6SiaT ST6GalNAc3 Q8NDV1 29 CMP-Sia Sia-Gal-(Sia)-GalNAc)
a6SiaT ST6GalNAc4 Q9H4F1 29 CMP-Sia Sia-Gal (Sia)-GalNAc
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Table 1. Cont.

Enzyme Name Uniprot CAZy GT Donor Product
Golgi: N- and O-glycan chain
extension and termination
*IB3GnT B3GNT2 QINY97 31 UDP-GIcNAc iantigen
F3GnT B3GNS8 Q7Z7M8 31 UDP-GIcNAc iantigen
F6GnT GCNT2 Q8NOV5 14 UDP-GIcNAc I antigen
B4GalNACcT BAGALNT3 Q6LIW6 7 UDP-GalNAc Lac-diNAc
*a3GalNACcT, GTA, BGAT P16442 UDP-GalNAc Blood group A
V5ZDPO
F4GalNAcT B4AGALNT2 Q8NHY0 12 UDP-GalNAc Sda antigen
*a3GalT GTB VOGWR?7 UDP-Gal Blood group B
*34GalT BAGALT1 P15291 UDP-Gal GlcNAc extension
34GalT B4GALT2 060909 UDP-Gal GIcNACc extension
p4GalT BAGALT3 060512 UDP-Gal GIcNACc extension
*33GalT B3GALT5 Q9Y2C3 31 UDP-Gal GIlcNACc extension
o2FucT FUT1 P19526 11 GDP-Fuc Blood group H/O
a2FucT FUT2 Q10981 11 GDP-Fuc Blood group H/O
o3 /4FucT FUT3 P21217 10 GDP-Fuc Lewis antigens
o3FucT FUT4 P22083 10 GDP-Fuc Lews antigens, type 2
chains
«3/4FucT FUT5 Q11128 10 GDP-Fuc Lewis antigens
a3FucT FUT7 Q11130 10 GDP-Fuc sialyl-Lewis
*o3FucT FUT9 Q9Y231 10 GDP-Fuc Lewis antigens
«3SiaT ST3Gal3 Q11203 29 CMP-Sia Sia-Gal-GlcNAc-
o3SiaT ST3Gal4 Q11206 29 CMP-Sia Sia-core 1/Gal-GIcNAc
«3SiaT ST3Gal6 Q9Y274 29 CMP-Sia Sia-Gal-GlcNAc
«85SiaT ST8SIA6 P61647 29 CMP-Sia Siax2-8Sia

Some of these GTs have broad specificities and thus can extend a number of glycocon-

jugates, including glycolipids and/or proteoglycans. Many GTs occur as natural variants
that may have slightly different properties and specificities. Only one GT (C1GALT1) re-
quires the coexpression of a chaperone (COSMC). Often, GTs form dimers or multi-enzyme
complexes that support activities. GTs requiring Dol intermediates are localized to the
membranes of the ER. The initial N-glycan structures up to Mans;GlcNAc;- are made on
the cytoplasmic side of the ER membrane, and after being flipped to the lumenal side,
N-glycans are completed and transferred from Dol to nascent peptide. Further N-glycan
processing and extension reactions occur after the transport of the glycoprotein to the Golgi.

GTA-folded GTs have one major fold with a central catalytic domain. GT-B folded
GTs have 2 typical Rossman-like (nucleotide-binding) folds and the active site located
in between them. GT-C folded GTs are uncommon, and Dol-binding GTs often have
multiple membrane-spanning domains that are typical of GT-C folded enzymes [15]. The
enzyme mechanisms of a few GTs have been suggested by their crystal structures, analysis

88



Molecules 2025, 30, 3735

of mutants, and enzyme kinetics. Many GTs are N-linked glycoproteins and can also
be O-glycosylated.

In contrast to GTs, glycoside hydrolases are classified into 194 families (as of July 2025),
with many subfamilies. These enzymes hydrolyze a glycosidic bond using a catalytic acid
as proton donor and nucleophilic catalytic base. Like GTs, hydrolases act with an inverting
or retaining mechanism and have a limited number of protein folds.

Most inverting GTs appear to follow a single displacement mechanism where a specific
hydroxyl of the acceptor substrate forms a nucleophile that attacks carbon-1 of the sugar
linked to phosphate of the nucleotide sugar donor substrate. This often involves a catalytic
Asp residue in a DxD sequence [16]. The mechanisms of retaining GTs where sugar
linkages in donor and product are the same remain to be clarified further. In the Golgi, GTs
are commonly type Il membrane proteins with a short N-terminal cytoplasmic domain
followed by a transmembrane ™ domain, and the folded GT domain in the lumen of
the Golgi.

GlcNAc-transferases (GnT, MGAT) that synthesize N-glycan antennae are highly
specific for the antennae they synthesize [17]. This specificity is likely a result of the large
internal substrate-binding cavity that accommodates more than the terminal glycan. This
is in contrast to certain Gal-transferases (GalTs) that can act on a single sugar residue. For
example, the 31,4-GalT B4GALT1 only requires GIcNAc as a substrate, although some
branch specificity for N-glycan acceptors has been observed, which may be due to steric
factors [18,19]. Acceptor substrates have been designed that have all of the structures
required for recognition by a specific enzyme but are as small as possible, conveniently
synthesized, and handled by enzyme assays. GTs are usually highly specific for their donor
substrates, with small modifications of the sugar moiety being tolerated and allowing a
modified sugar to be transferred.

3. Measurements of Glycosyltransferase Activities

The general GT reaction is Acceptor + Donor — Product + Nucleotide. The reaction
often requires a divalent metal ion to complex the nucleotide (e.g., Mn** or Mg?*), along
with a buffer and detergent if a membrane-bound version of GT is used. If the enzyme
source has contaminating hydrolases, specific inhibitors can increase the product yield.
The GT activities can be measured accurately by tracking the transfer of a radioactive
sugar residue to form the reaction product. When neutral acceptor substrates are used, the
radioactive nucleotide sugar and sugar-phosphate breakdown products can be separated
after incubation by anion exchange chromatography. Scintillation counting of the reaction
product in the flow-through fractions will indicate the exact amount of sugar transferred,
allowing the specific enzyme activity and kinetics to be determined. Most of Paulsen’s
compounds have been examined using the sensitive radioactive method.

If charged acceptors are used, then other assay methods could include hydrophobic
chromatography, HPLC, electrophoresis, or paper chromatography. Assays using non-
radioactive donor substrates require HPLC separation of assay components and mass
spectrometry (MS) for estimating the product yield. TLC can also be used with a panel of
standard compounds. Another method is to detect the reaction product UDP by biolumi-
nescence (UDP-Glo ™). In order to determine the linkage synthesized, specific hydrolases,
antibodies, or lectins could be employed. If sufficient amounts of reaction product are
available, NMR is the best method for determining anomeric configuration and sugar
linkage in the product.

For accurate and efficient measurements of GT activities, it is crucial to design a
suitable acceptor substrate and select the best method to determine the amount and the
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new linkage in the reaction products. Paulsen’s N-glycan derivatives with an octyl aglycone
group were ideal for isolating reaction products by columns of silica-linked hydrophobic
chains of 18 carbons. By omitting specific sugar residues, the minimum size of the active
acceptor could be assessed. For GTs acting on O-glycans, aryl aglycone groups have been
successful in both anion exchange and hydrophobic chromatography assays. Glycopeptide
acceptors were used mainly by anion exchange chromatography and HPLC.

4. Biological Significance of Glycoproteins

Most eukaryotic proteins are post-translationally modified with glycans and are found
inside cells, on cell surfaces, and in secretions. The Asn-linked N-glycan and Ser/Thr-
linked mucin-type O-glycan structures in human glycoproteins contain the same basic
sugar residues, except that these O-glycans do not have Glc and Man residues. Many of the
internal and terminal carbohydrate epitopes of extended glycan structures are similar. The
N- and O-glycans of glycoproteins serve to provide protein stability, conformation, folding,
intracellular targeting, resistance to degradation, and dehydration. Protein glycosylation is
involved in many biological functions, in the immune system, during development and
fertilization, and as lubricant. The glycan moieties can interact with microbes and protect
against the invasion of pathogens. Lectins and antibodies bind to glycans, which play
important roles in cell-cell and cell surface receptors interactions.

5. Glycoprotein Biosynthesis

The initial pathways of N-glycan synthesis involve Dol lipid carriers at the cytoplasmic
and lumenal sides of the ER membrane. Preformed oligosaccharides are transferred from
Dol to peptides in the ER (Figure 1). In contrast, O-glycans are all added to the protein in
the Golgi and do not involve Dol. During N-glycan processing, Glc and Man are removed
by specific hydrolases, a process not known for O-glycan synthesis. Sulfotransferases can
add sulfate esters in the Golgi to Gal or GlcNAc residues of both N- and O-glycans by
transferring sulfate from 3’-phosphoadenosine-5'-phosphosulfate.
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Figure 1. Early pathways of N-glycan biosynthesis in the ER.

Paulsen’s work has contributed immensely to our knowledge of specific enzymes and
pathways. The substrate binding and catalytic mechanisms of the enzymes identified in
this work may differ between homologues from different species and tissues, and many
enzyme variants occur. Nature has provided human mutations that unfortunately result in
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disease and suffering but has helped the biochemist to identify enzyme functions and the
necessity for protein glycosylation. Thus, chemistry also played an important role in the
discovery of the significance of glycosylation in disease.

Mucin glycoproteins have a high content of mucin-type GalNAcx-Ser/Thr-based
O-glycans. Although many alterations of O-glycans in disease have been identified, there
are no human mutants that lack mucin O-glycans, and 20 or more polypeptide GalNAc-
transferases (GALNTs) cooperate in humans to assemble these O-glycans, indicating that
they are essential for survival. The O-glycosylation of non-mucin proteins depends on the
protein folding and exposure of Ser/Thr residues as potential O-glycosylation sites.

There are a number of other O-glycans that are important, e.g., O-a«Man glycans of
dystroglycans that may be altered in muscular dystrophies. O-aFuc is found in signalling
proteins, and O-pfGal in collagens. O-GlcNAcB-Ser/ Thr (O-GlcNAc), along with phosphate
modifications, is common for cytoplasmic and nuclear proteins and functions in a wide
range of biological activities, from apoptosis to oxidative stress responses. O-GlcNAc is not
extended by additional sugars in the Golgi. However, it can be modified in vitro by 31,4-
GalT. Alterations of O-GlcNAc have been implicated in protein aggregation, neurological
diseases, cancer, and diabetes.

6. N-Glycans

N-glycans are found in all animals, as well as in many other species, and even in
archaea and certain bacteria. Viruses usually carry glycoproteins with glycans that are
characteristic of the cell type the virus originates from. High-mannose N-glycans have only
Man residues extending the ManzGlcNAc; core and are the least processed chains. Hybrid
N-glycans have several Man residues on the Man6 arm and a GIcNAcf31-2 antenna on the
Man residue of the Man3 arm (Figure 2).
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Figure 2. Golgi pathways of N-glycosylation. N-glycans are processed to hybrid or complex N-
glycans and extension of the antennae in the Golgi. Glycans are trimmed by mannosidase, followed
by the transfer of GIcNAc in 1-2 linkage to Mana1-3 of the Man3-arm by MGAT1. This facilitates
further synthesis by «6-fucosylation of core GIcNAc attached to Asn, trimming of Man residues
on the Man6-arm, and synthesis of further antennae by MGAT2,4,5 and bisecting structures by
MGATS3. The antennae are then extended by a wealth of different enzymes that introduce repeating
Gal-GIcNAc units and many possible branched and linear epitopes, Lewis antigens, blood groups,
and tissue-specific structures. Glycoproteins are then transported to their preferred locations.
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The antennae of complex N-glycans often consist of repeating Galp1-4GIcNAc[1-
3- (LacNAc) sequences that can carry many possible internal and terminal sugars and
epitopes, such as GlcNAc, Gal, GalNAc, Fug, sialic acid (Sia), blood groups, i and I antigens,
and LacdiNAc and Lewis determinants (Table 2). Many of these are shared with complex
O-glycans and glycosphingolipids. The aberrant synthesis of N-glycans and O-glycans,
leading to altered amounts of epitopes in cancer, is controlled by many enzymes. The
enzymatic basis for these changes is extremely complex and usually involves the altered
expression of a number of enzymes involved in the glycosylation pathways.

Table 2. List of mucin core structures and epitopes of both O- and N-glycans. Human glycoproteins
have O-glycan structures initiated with GalNAc or core structures 1 to 4. Other core structures (5
to 8) are rare. Based on the variable tandem repeat sequences of MUC1, MUC2, MUC3, and MUC4,
Paulsen’s group synthesized hundreds of glycopeptides carrying one or more O-glycans with core
1 to 7. The occurrences of most of these structures have been found to be altered (increased or
decreased) in cancer [20-31].

Alteration in

Epitope Structure

Cancer
Tn antigen GalNAco-Ser/Thr- Increased
Sialyl-Tn antigen Sian2-6GalNAco- Increased
Core 1, T antigen Galp1-3GalNAca- Increased
Sialyl-T antigen Siax2-3GalB31-3GalNAco- Increased
Core 2 GIcNAcR1-6(Galp1-3)GalNAcx- Variable
Core 3 GIcNAcB1-3GalNAcx- Decreased
Core 4 GIcNACcR1-6(GIcNAcR1-3)GalNAcx- Decreased
Core 5 GalNAcx1-3GalNAcx- Increased
Core 6 GlcNAcp1-6GalNAcx-
Core 7 GalNAca1-6GalNAc-
Core 8 Gala1-3GalNAc-

Sialyl-Lewis x Sian2-3Galp1-4(Fucxl-3)GlcNAc- Increased
Sda/Cad GalNAcBR1-4(Siax2-3)Gal - Decreased
iantigen Galp1-4GlcNAcB1-3Galp1- Variable

Galp1-4GlcNAcp1-6
I antigen
(Galp1-4GlcNAcp1-3)Galp1-
LacdiNAc GalNAcR1-4GlcNAcp1-3-
Sialyl-LacNAc Siax2,6Galp1-4GlcNAc Increased
Blood group O(H) Fuca1-2Galf3-

Blood group A GalNAco1-3(Fucxl-2)Galp-

Blood group B Galux1-3(Fucx1-2)Galp3-

Complex N-glycans Highly branched N-glycans Increased GnT V
Sialylated termini Sialylated N-glycans Increased ST6Gall

N-glycans have gained considerable interest due to their multiple functions in protein

structure, biology, and medicine. The functionally important N-glycan antennae cover a
significant amount of space around glycoproteins and can be recognized by antibodies or
lectins and carbohydrate-binding proteins of the immune system. N-glycan structures are
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often altered in cancer and in patients with congenital disorders of glycosylation (CDG),
which can affect the properties and essential functions of glycoproteins [32]. For example,
in cancer cells, GnT V (Table 1, Figure 2) was shown to increase in activity, thus expanding
the size and complexity of branched tetra-antennary N-glycans. Thus, our focus was
on designing inhibitors for N-glycan branching enzymes and controlling the functions
of N-glycans.

The pathways of N-glycan synthesis are highly complex, involving many highly con-
served enzymes in the ER, Golgi, cytoplasmic, and nuclear compartments and various
mechanisms of transport and localization. In the early 1980s, Hans Paulsen started a fruitful
collaboration with Harry Schachter (University of Toronto) to elucidate the substrate speci-
ficities and control of N-glycosylation pathways. For this purpose, Paulsen synthesized a
series of N-glycans with systematic modifications of hydroxyl groups in order to explore
their importance in GnT activities. Compounds included deoxy derivatives or those with
specific reactive or non-reactive modifications and linkers. N-glycans were synthesized
as reducing sugars or with a hydrophobic aglycone group that was useful for enzymatic
reactions and isolation of enzyme products by HPLC. These derivatives helped determine
the detailed recognition of substrates and enzyme specificities. Depending on the enzyme,
specific hydroxyl groups were found to be critically required, and modifications in the
stereochemistry, bulkiness, and hydrophobicity of substituents had variable effects on
activity. These studies were complemented by our understanding of protein structures,
their proposed mechanism, and the amino acids controlling the active site [33].

7. Early Pathways of N-Glycosylation at ER Membranes

N-glycosylation involves both nucleotide sugars and Dol-P-sugars. The early path-
ways to the Mans;GlcNAcp-PP-dolichol structure are catalyzed by enzymes in the ER
membrane. Reactions require UDP-GIcNAc and GDP-Man nucleotide sugars present in
the cytosol. The N-glycan is then flipped across the membrane for further processing. In
order to synthesize N-glycans, the cell must provide nucleotide sugar donor substrates
and acceptor substrates that are Dol-P intermediates for the initial pathways (Figure 1)
localized to the ER membrane. These early reactions have been studied mainly in yeast [34].
The biochemical importance of several of these enzymes was identified in humans with
gene mutations leading to the CDG syndrome. Due to the reduction or absence of specific
activities involved in the assembly of N-glycan structures, glycoproteins lack N-glycans
and exhibit different electrophoretic mobility. This defect can be used as a diagnostic
marker for CDG.

The initial cytoplasmic reaction is the transfer of GIcNAcx-P from UDP-GIcNAc to Dol-
P by GlcNAc-1-P-transferase, named ALG?, in yeast, to form Dol-PP-«GlcNAc (Figure 1).
UDP-GIcNAc: Dol-P GlcNAc phosphotransferase DPAGT1 binds to the UDP-GIcNAc
analog antibiotic tunicamycin [35]. Tunicamycin also binds to GlcNAc-1-P transferases
from other species, including bacteria.

An oligosaccharide consisting of 2 GlcNAc and 5 Man residues is assembled on
Dol-P from UDP-aGIcNAc and GDP-aMan on the cytoplasmic side of the ER membrane.
The GnT complex ALG13/ALG14 first synthesizes the di-N-acetyl-chitobiose structure
GIcNAcB1-4GlecNAc- [36]. Subsequently, the Manf31-4 linkage to GlcNAc is synthesized by
31,4-Man-transferase (ManT) ALG1 (Table 1). ALG2 transfers Man«a3 as well as Manx6
(forming the Man3- and Man6-arms) from GDP-Man to the Manf31-4 residue. Two Man
residues are then added in «1-2 linkage to the Man6 arm by a2ManT ALG11. The Dol-PP-
linked MansGIcNAc; oligosaccharide is then transferred to the ER lumen for the further
addition of Man and Glc residues. Dol is a large membrane lipid that has a significant effect
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on the structure and leakiness of the membrane and may be involved in the translocation
process of the Mans-GlcNAc; intermediate. The enzyme that transfers Man to Dol-P has
been shown to require membrane phospholipids for its activity [37].

For the reactions taking place at the lumenal side of the ER membrane, both acceptor
and donor substrates utilize membrane-bound Dol-P sugars that flip across the ER mem-
brane. The donor substrate Dol-P-BMan is synthesized at the cytoplasmic side from Dol-P
and GDP-Man by Dol-P-Man synthase DPM1. Dol-P-Glc is synthesized by Dol-P-Glc
synthase ALG5 using UDP-«Glc. The Glc and Man residues of these membrane-bound
donor substrates are then translocated to the lumen of the ER, where they are used by
GTs to transfer Man and Glc to Mans-GlcNAc,-PP-Dol to synthesize the large Glcs-Mang-
GlcNAc; structure (Figure 2). The transfer of Man residues involves a3ManT ALG3 and
a2ManTs ALG9 and ALG12. The final Glc residues are transferred to the Man3-arm by
a3Glc-transferase (GlcT) ALG6 and ALGS, and the terminal Glc residue is transferred by
a2GIcT ALG10 (Table 1).

8. Transfer of N-Glycans from Dolichol to Protein

After the large oligosaccharide has been assembled, it is transferred from Dol-PP to
the nitrogen side chain of Asn of the nascent glycoprotein in the ER by the oligosaccha-
ryltransferase complex OST. This inverts the a-linkage of the first GIcNAc to a 3-linkage.
The Asn-x-Ser/Thr sequon is absolutely required for protein N-glycosylation, and this
requirement has been maintained in all eukaryotic species throughout evolution, including
in archaea and several bacteria. A Pro residue between Asn and Ser/Thr or following
Ser/Thr does not allow N-glycosylation, likely by preventing the formation of an essential
hydrogen bond between Asn and Ser/Thr.

Processing reactions start in the ER lumen after the attachment of N-glycans to pep-
tides. A number of chaperone and GlcT proteins are involved in protein folding and
quality control. The terminal Glcx1-2 residue is cleaved by glucosidase MOGS, followed
by cleavage of two Glca1-3 residues by GANAB. Mannosidase MAN1B1 then cleaves
Mana1-2, leaving a mixture of N-glycan structures from Mang-GlcNAc; to Mans-GlcNAc,,
which are precursors of hybrid and complex N-glycans. These glycoside hydrolases are
type Il membrane proteins, but are classified into different CAZy GH families (Table 1).
The glycoproteins are then transported from the ER to the Golgi, where further glycan
processing and synthesis occurs.

9. Golgi Reactions

All GTs in the Golgi utilize nucleotide sugar donor substrates that need to be imported
into the Golgi by specific transporters. The localization of Golgi proteins is due to the
gradual transport of membranous vesicles through Golgi compartments. The relatively
short tm domain of GTs does not appear to be important for activity, and recombinant
GTs produced in vitro usually lack the tm domain to enhance solubility. However, it is
possible that the short N-terminal cytoplasmic tail of GTs plays a role in the localization of
GTs within various Golgi compartments. The conserved oligomeric Golgi protein complex
(COG) has been shown to control GT localization as well as retrograde Golgi to ER transport.
In addition to the ER proteins, the Golgi resident protein QSOX1 also catalyzes the disulfide
bonding of specific GTs, e.g., sialyltransferases (SiaTs), as well as the intermolecular bonds
of large mucins [38]. However, the complex mechanisms that localize GTs and re-localize
them under pathological conditions remain to be further explored. Processed and extended
glycoproteins are then delivered to their final destination on the cell surface, in secretions,
or in intracellular membranes.
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10. Synthesis of N-Glycan Antennae by GlcNAc-Transferases

After transport of the glycoprotein from the ER to the Golgi, further Man residues are
cleaved from N-glycans by mannosidases that are type Il membrane proteins. Mannosidase
1 MAN1AL1 progressively cleaves Manx1-2 residues. MGAT1 (GnT I) is the first enzyme to
add an antenna and transfers GlcNAc in (31-2 linkage from UDP-GIcNAc to the Mana1-3
residue (Man3-arm) of Mans-GlcNAc;-Asn-R (Figure 2). The conversion of hybrid to
complex N-glycans is then controlled by mannosidase 2, MAN2A1, which cleaves both
the Mana1-3 and Manx1-6 residues from Mana1-6 (Man6-arm), which then exposes the
substrate for GnT II.

Harry Schachter, together with Pamela Stanley [39], discovered GnT I in mutant CHO
cells. It was later shown that this enzyme is essential for further modifications of N-glycans.
This includes the removal of 2 Man residues by Golgi mannosidase 2, a6-fucosylation of
the core GlcNAc linked to Asn, and further branching by GnT II (MGAT2) and IV (MGAT4),
which then allows the formation of the fourth antenna by GnT V (MGAT5) (Figure 2).
MGATT1 is also required for introducing the bisecting GIcNAc by GnT III (MGATS3) [32].

11. GnT I-MGAT1

The characterization of GnT enzymes was greatly facilitated by collaboration with
Hans Paulsen. Paulsen’s group was the first to synthesize N-glycan oligosaccharides
having the Man 31-4GlcNAc linkage. The configuration and rotation of the N-acetyl
group of GlcNAc represented a steric hindrance that favoured the synthesis of Mana-
glycosides. Thus, the method for Manf3- synthesis was a breakthrough for the synthesis of
GnT substrates of N-glycans up to 9 residues [40]. Glycan linkages and 3D conformations
were extensively analyzed by NMR [41].

As an effective acceptor substrate for GnT I [39] that adds GIcNAc to the Man3-arm,
Paulsen’s group synthesized Manx6(Mana3)Man-octyl and many related compounds. It
was shown that the minimum requirement for an acceptor substrate for purified rat liver
GnT Iis Mana1-3Manf31-4GlcNAc, but optimal activity is observed when the Mana1-6
residue is also present. Other groups, e.g., Ole Hindsgaul (University of Alberta), Jeremy
Carver (University of Toronto), and Khushi Matta (Roswell Park Institute, Buffalo, NY),
also participated in the synthesis of acceptor substrates for GnTs with hydrophobic groups
replacing the di-N-acetylchitobiose of the N-glycan core and helped to successfully charac-
terize properties of GnTs.

The crystal structure of rabbit GnT I suggested its catalytic mechanism as an inverting
GT-A-folded enzyme that binds UDP-GIcNAc and Mn?* [33] (Table 1). The protein has a
2ZUEDD?!3 motif involved in forming hydrogen bonds and interacting with UDP-GIcNAc
and Mn?*. D291 was proposed to be the catalytic base that can deprotonate the 2-hydroxyl
of Man«1-3 in the acceptor, which then becomes a nucleophile that attacks carbon-1 of
GlcNAc in the donor UDP-GIcNAc. The proposed acceptor binding site was shown by
Man«x1-3 modeled into the GnT I crystal structure, which is consistent with the specificity
results using Paulsen’s compounds.

Paulsen’s group made significant efforts in replacing hydroxyls of the Man«l-
3(Manal-6)Manf-octyl acceptor for GnT I with a number of small and large substituents,
including O-methyl, O-propyl, O-pentyl, 4-pentenyl, 4-pentanolyl, 4-oxo-pentyl, 4,4-azo-
pentyl (diazirino-pentyl), 4,5-epoxy-pentyl, 5-amino-pentyl, 5-pentanolyl, 5-iodoacetamido-
pentyl. In other derivatives, the oxygen was removed or replaced with NHj3 [42]. The deoxy
compounds indicated the requirement of the hydroxyl group, possibly as a hydrogen bond
donor, while loss of activity after replacement of hydroxyl groups with larger substituents
may be a result of steric hindrance.
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After this extended production of new compounds, GnT I assays showed that the
2,3 and 6-hydroxyls of the Manx1-3 residue as well as the 2- and 4-hydroxyl of the Manf3
residue were required for activity. The N-acetylchitobiose linked to Asn-peptide was not
required and could be replaced by a number of different aglycones, including GlcNAc,
hexyl, octyl, or other hydrophobic groups [14,17]. Although the Manx1-6 residue was
required for optimal activity, removal of its 2-hydroxyl or replacement of the 3-, 4-, or
6-hydroxyl with an O-methyl group still allowed GnT I activity at various levels. These
compounds helped to explore the substrate specificity of GnT I and the enzymatic produc-
tion of acceptor substrates for the next GnTs in the pathway. This approach was also part of
the design of specific competitive or irreversible inhibitors. A number of these derivatives
were inhibitors with K; values between 0.76 and 10.2 mM. The most potent inhibitor was
Mana6(6-O-methyl-Mana3)Man3-octyl, where presumably the methyl group clashed with
binding of the substrate to the active site of GnT I (Table 3).

Table 3. Acceptor substrate analog inhibitors for glycosyltransferases. Paulsen’s group synthesized
many acceptor substrates that are analogs of the natural N-glycans found in humans. Using these
compounds, the activities of several glycosyltransferases were determined, and inhibitors were found.
The compounds listed in this table showed significant inhibition of GT activity. GIcNAc-naphthyl
derivatives were synthesized by W.A. Szarek, Queen’s University. oct, octyl; pnp, p-nitrophenyl; -R,
various hydrophobic groups.

Enzyme Inhibitors
GnTI1 Mana6(Mana3)4-O-methyl-Man34GIcNAc
Manax6(6-O-methyl-Mana3)Man3-oct
Mana6(6-O-4,5-epoxy-pentyl-Mana3)Man3-oct
Mano6(6-O-4,4-azo-pentyl-Manx3)Man3-oct
GnTII 2-deoxy-Mana6(GIlcNAcp2Manx3)Man 3-oct
GIcNAcp2Mana3Man 3-oct
3-O(4,4 azo)pentylMana6(GlcNAcpB2Mana3)Man3-oct
2-deoxy-Mana6(GlcNAcp2Manx3)Man 3-oct
GnTV GlcNAcB2(6-deoxy)Mana6Gle3-O-R
GIcNAcB2(4-O-methyl)Mano6Gle3-O-R
GIcNAcB2(6-deoxy, 4-O-methyl)Mana6 Glcf3-O-R
GlcNACcp2(4,6-di-O-methyl)Mana6Glcp3-pnp

O-glycan synthesis GalNAcx-aryl
CI1GALT1 6-O-(4,4-azo)pentyl-GalNAcx-Bn + UV
GCNT1 Galp3GalNAcx-pnp + UV
Galp3(6-deoxy) GalNAcx-Bn
4GalT GlcNAcB-naphthyl derivatives

1-thio-N-butyryl-GlcNAcf-2-naphthyl

12. GlcNAc-Transferases (MGAT2-6)

After GnT I has acted, GnT II synthesizes the second antenna by transferring a GIcNAc
residue in 31-2 linkage to the Manax1-6 residue (Figure 2). The serious human condition of
CDG Ila is due to a mutation in GnT II. The synthesis of a large series of substrate analogs
of the standard GnT II acceptor Manx1-6(GlcNAcB1-2Mano1-3)Man3-octyl allowed deter-
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mination of the specificity of partially purified rat liver GnT II [43,44]. GnT Il requires the
3-hydroxyl of the GIcNAc added by GnT I on the Man3-arm as well as the 3-hydroxyl of the
Mana1-3 residue, which is essential for binding to GnT II. Interestingly, the trisaccharide
GlcNAcp1-2Manal-3Manf3-octyl that lacks the Mano1-6 residue is not a substrate but is a
good inhibitor of GnT II with a K; of 0.9 mM (Table 3).

Removal of the 2-hydroxyl of Manx1-6, the site of GlcNAc addition, creates a com-
petitive inhibitor for GnT II with a Kj of 0.13 mM, while replacement by a methyl group
eliminates activity and does not inhibit, likely because of steric hindrance [45]. In contrast,
the 3-, 4-, and 6-hydroxyls of Mana1-6 are not required for activity. In contrast to GnT I,
GnT II does not need to interact with the 4-hydroxyl of Manf3-. However, substitution of
the 4-hydroxyl of Manf3- by a methyl group blocked GnT II activity. This may explain why
GnT II cannot act after GnT III, which introduces a bisecting GlcNAc[31-4 residue linked to
Manp [43,44].

The structure of human MGAT2 was determined in complex with Mn?* /UDP-GIcNAc
or with the donor analog UDP and with the acceptor GlcNAcfB1-2Mana1-3(Manol1-
6)Manf31-4GlcNAc,-Asn [46]. This suggested that the inverting GnT II has an overall
fold resembling GT-A and that D347 is the catalytic base residue.

After the second antenna has been established, GnT IV and V can add additional
GIcNACc residues that initiate tri- and tetra-antennary N-glycans, respectively (Figure 2).

GnT IV from the hen oviduct was shown to be a 31,4-GnT that can act on glycopep-
tides with the bi-antennary structure GlcNAcB1-2Manx1-3 (GlcNAcp1-2Manax1-6) Manf31-
4GIcNACc1-4GlcNAc-Asn- where both Man3- and Man6-arms had to have GlcNAc residues
(added by GnT I and II) for full activity. Extension of these GlcNAc residues by Gal yielded
5% activity, while sialylation completely blocked GnT IV activity.

The tetra-antennary N-glycans are synthesized by GnT V, which is involved in cell
adhesion and recognition and in cancer development [47] (Table 2). Thus, GnT V inhibitors
are of importance to obtain potential tools to fight cancer and metastasis (Table 3). In
contrast to GnT II, GnT V from the hamster kidney, which also acts on the Man6-arm, does
not require the Man3-arm in its acceptor substrate and can act on linear trisaccharides
such as GlctNAcB1-2Manal1-6Manf3-octyl [48,49]. Paulsen’s group synthesized biantennary
substrate analogs that showed how specific hydroxyls of both the Man3- and Man6-arms
influence GnT V activity (Figure 3). However, while the 4-hydroxyl of GIcNAc1-2 and
the 4- and 6-hydroxyls of Mana1-6 on the Man6-arm were absolutely essential for activity,
replacement of the 3-hydroxyl of GIcNAcf1-2 with a larger pivaloyl group prevented
activity, presumably due to steric interference [48]. Kanie et al. [50,51] also reported the
critical role of the 3-, 4-, and 6-hydroxyls of the 31-2-linked GIcNAc in enzyme recognition.
This clearly established the pathway of biosynthesis, where GnT Il must add a GIcNAcf31-2
residue to the Man6-arm before GnT V can act, and transfer of Galp1-4 to GIcNAcp1-2
blocks GnT V action.

GnT V is an inverting GT, but does not appear to have a DxD motif. Instead, a Glu
residue forms the catalytic base, and the activity is independent of divalent metal ions.
The crystal structure of the lumenal domain shows a GT-B-like fold with 2 Rossmann
domains [52]. A pocket that accommodates the Man1-6 residue of the acceptor is lined by
the aromatic rings of F380 and W401. GnT V requires a non-catalytic domain for activity
towards glycoproteins [53,54].

GnT III requires the prior action of GnT I to add the bisecting GIcNAcf31-4 to the
internal core Manf1-4 residue. The enzyme can also act on biantennary substrates and
produce hybrid and biantennary bisected N-glycans, which causes a crowded configuration
that may be the reason for the reduction of further N-glycan antennae synthesis and
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processing. Paulsen synthesized N-glycans with 9 sugar residues, including the bisecting
GlcNAc [40]. The steric effect of the bisecting GIcNAc was examined by NMR, which
showed that the Mana1-6 residue is present in a different (gg) preferred conformation [55].

GlcNAc-transferase V

HO

Figure 3. Specificity of GIcNAc-transferase V. GnT V transfers a GIcNAcf3 residue to the 6-hydroxyl
of the Manx1-6 residue of the N-glycan core. The acceptor substrate for purified GnT V from the
hamster kidney was a derivative of the 6-arm, GIcNAcp1-2Manal-6Manf3-R. The 3-arm of the N-
glycans is not essential for GnT V activity. R can be an oligosaccharide or a hydrophobic group such
as octyl. The Manp-residue can be replaced by Glcf having full activity. To determine acceptor
specificity, hydroxyls were deleted or replaced by a larger group. The rectangular boxes indicate an
absolute requirement for the hydroxyl, while the circles indicate that the hydroxyl is important for
the activity. Replacement of the 4- and 6-hydroxyls of the Manx1-6 residue with an O-methyl group
yielded the GnT V inhibitor GleNAcB1-2(4,6-di-O-methyl)Man«l-6Glcp-pnp.

GnT VI synthesizes an additional antenna on the Mané6-arm. This 31,4-GnT activity
was found in hen oviduct [56,57] and fish. GnT VI can act on the trisaccharide acceptor
GIcNACcB1-2 (GleNAcB1-4)Mana-methyl, which resembles the product of GnT II and
GnT V.

13. Modifications of N-Glycan Antennae

Lysosomal hydrolases have N-glycans with a specific Man-6-phosphate (Man6-P)
marker that targets them to the lysosomes via a specific Man6-P receptor [58]. In Golgi,
the GlcNAc-P-transferase GNPT ABG complex transfers GlcNAc-P from UDP-GIcNAc to
the 6-hydroxyl of a Man residue on lysosomal enzymes. This is followed by hydrolysis of
GlcNAc to expose the Man6-P marker that can bind to the Man6-P receptor in the Golgi,
which reroutes the glycoprotein to acidic compartments and to the lysosomes.

Paulsen’s compounds helped to define the association of glycoprotein biosynthesis
in biological processes, such as apoptosis in porcine aortic endothelial cells [59]. GnTs I
and II are usually the major GnT activities in tissues and cultured cells, with GnTs 111, IV,
and V activities being low in vitro. Further extension of N-glycan antennae includes the
addition of Gal by 31,4-GalT B4GalT1 [18]. The inhibition of Gal extension could reduce the
addition of Sia and multiple other epitopes that may play a role in the immune system and
in cancer [22] (Table 3). Sialic acids, which are often found in increased amounts in cancer,
form selectin (Siglec) ligands and play a role in cancer cell metastasis, immune evasion,
and cancer cell survival. The expression of ST6Gall has been shown to be increased in
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cancer [24]. ST6Gall has been crystalized with CMP. The inverting enzyme has a GT-A-like
fold and may act via an Sy2 mechanism [60]. However, much of the knowledge about SiaT
mechanisms comes from studies of bacterial enzymes with similar activities.

14. Inhibition of Glycosyltransferases

GTs bind their substrates by hydrogen bonding and hydrophobic interactions and
prefer specific conformations and flexibilities. Inhibitors may compete with substrates or
covalently bind to GTs to cause loss of activity. Paulsen’s approach to inhibitor design was
to synthesize many short and long analogs of natural acceptor substrates for GTs. The
synthesis of potential inhibitors included removal of hydroxyls that are essential for sugar
transfer, blocking access to critical hydroxyls by introducing large groups, or preventing
the folding of enzymes in the active conformation. Other strategies that could cause loss
of activity could focus on the donor binding site and the binding of essential divalent
metal ions.

Compounds were either free oligosaccharides or had a hydrophobic group at the
reducing end of the chain. Hydroxyl groups were either deleted or replaced by methyl
groups or by potentially reactive substituents such as azide and epoxide groups that can
react with nucleophilic amino acids, as well as diazirino and iodoacetamido groups that
are activated by UV. These modified substrates enhanced our understanding of how GTs
bind to their substrates, and that small changes in the stereochemistry, conformation,
or electronic, bulky, or hydrophobic character of the sugar ring substituents, depending
on their positions, could block enzyme activity by affecting interactions with specific
amino acids in the substrate binding and catalytic sites of enzymes. A basic requirement
for understanding biosynthetic mechanisms is knowledge of the enzyme structure and
substrate specificity.

Several N-glycan derivatives proved to be potent inhibitors of GTs (Table 3). However,
due to their large size and hydrophilicity, it is difficult to envision their transport across the
membranes to reach the GTs in the Golgi.

Since extended glycan chains carry many cancer-associated antigens, inhibition of gly-
coprotein extension may be useful for biological studies. Gal is added to the GlcNAc of the
N-glycan antennae by a family of enzymes (Table 1). We examined the specificity and inhibi-
tion of purified bovine B4GALT1 with a large panel of acceptor substrate derivatives. While
GlcNAcB-Bn was the standard acceptor, GIcNAcx-Bn was only 5% active, and free GIcNAc
showed 29% activity, indicating that it is mainly the 3 anomer that forms the substrate.
Glycopeptide acceptors having GIcNAcf1-3/6GalNAc-glycans were relatively less active
than GIcNAcB-Bn. Derivatives with the large 2-naphthyl as aglycone could not support
activity, and most of these compounds inhibited the enzyme. 1-Thio-N-butyrylGlcNAc[3(2-
naphthyl) inhibited BAGALT1 by 100% at 1 mM with a K; of 0.01 mM [18]. However,
bicyclic quinolinyl compounds (having nitrogen in the ring) were active substrates. This
indicates that the overall structure of the acceptor and the conformation and electronic
properties of the aglycone are important for enzyme recognition. The catalytic domain of
B4GALT1 has two flexible loops that change from an open to a closed conformation upon
binding of UDP-Gal and metal ions [61]. This creates an acceptor binding site and seems to
be a mechanism common to several GTs. After the reaction, the oligosaccharide product is
released, and the loops revert to the initial conformation, releasing UDP. Thus, additional
strategies are required to make inhibitory compounds applicable in biological systems. Fu-
ture studies will be seeking higher potency and specificity of inhibitors, targeting strategies,
and examining the biological effects in cell cultures and in animals before development
into human therapeutics.
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15. Mucin Glycoproteins

Mucins are very large glycoproteins that are heavily O-glycosylated, sometimes with
90% carbohydrates. They may also carry several N-glycans. Mucins form a viscoelastic
mucus layer over the epithelia and protect the host from environmental stresses, dehydra-
tion, and infections. Humans have 20 or more genes that encode mucins and many other
proteins that have mucin-like O-glycosylated domains. Human mucin-type O-glycans
all start with a GalNAc residue alinked to Ser or Thr. Four core structures are common,
with several less common structures such as core 5, GaINAcx1-3GalNAc- (Table 4) [23,30].
These core structures can be sialylated or extended with structures and epitopes similar
to those found on complex N-glycans. The O-glycan structures often vary between cell
types and in conditions such as inflammation or in cancer and are regio-specific in the
intestine. Thus, the expression of genes encoding GTs is delicately regulated, although our
knowledge in this field is still marginal [23].

Table 4. Glycopeptides synthesized by Hans Paulsen. Paulsen synthesized hundreds of glycopeptides,
some with 1 to 23 amino acids and 1 to 3 glycan chains attached to the longer peptides. Glycans were
various combinations of GalNAc, core 1 to 7. The table shows one example of each series and the
systematic changes to make variants of either amino acids, attachment site of glycan, type of core
structure, or number of glycans attached. Bold amino acids carry glycans.

Different Series with Examples of Glycopeptides Variants Synthesized
AcTPPP
1. APTG2INAcx gGalNAcx gg Thr/Ser, position of GalNAc
2. APTGAIB3GalNAcx gog Thr/Ser, position of core 1
3. Ac-TGaINACx p_t By protected N/C-terminal protection
4. APTGAINAcx_GGGTKKT peptide length
5. Ac-VTGaINACx p.NH, peptide length, N/C-terminal protection
6. Ac-PTTTG2INAC PIST-NH, amino acids, position of GalNAc

7. Ac-PTPTGTQTPTTCNAC TPITTTTTVTPT-NH, number of GalNAc

8. AHGVTSGalP3GalNAcx APDTRPAPGSTAP

GalB3GalNAca A amino acids, position and number of GalNAc, core 1

9. PTTTPITTTG amino acid sequence
10. Ac-PSGalNAca gGalNAca gGalNAca PIST_NH, amino acids, number, Ser/Thr position of glycans
11. TTT CleNAcB3GalNAca yTpT GleNAcB3GalNAce pTG number and position of GalNAc, core 3
12. TETTSHSTGINACx pG number and position of GalNAc, core 3, length of peptide
13. TTTCAIB3GaNAC yTpT GalB3GalNAcx PTG position and number of core 1
14. TTTVTPTPTC!INARO(GalB3)GalNAca G position and number of core 1, 2
15. TTT CleNAcBo(Galp3)GalNAce yppGalB3GalNAcx pTG position of core 1, 2

16. TTTGICNAC[36(GlcNAc(33)GalNAcoc VTP

TGINACB6(GINACB3)GalNAcx PTG position and number of core 4

17. TTTVTPTCINAcBoGalNAce pTG position and number of core 6
18. TTTCINACBOGINACEIGalNAce yTpTGIeNACB6GalNAc PTG position and number of core 4, 6
19. Ac-PTGaINAca TGalp3GalNAca TGalp3GalNAcx PIST-NH), position and number of GalNAc and core 1
20. Ac-PTTTGalR3GalNAc PIST_NH, position of core 1« or 3, amino acids
21. TETTSHSTGalR3GalNAcx pG position and number of core 1, 2,4, 6
22. Ac-ELSTGalNAce T GalNAca3GalNAcx GPG- NH, amino acids, number and position of GalNAc, core 5, 7
23. Ac-ELATGAINACx yGPG-NH, amino acids, GalNAc, core 5, 7
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Mucins are characterized by variable number of tandem repeat (VNTR) regions that
are rich in Thr/Ser/Pro residues and carry most of the O-glycans. There are three types
of mucins in humans: cell surface-bound mucins, small, secreted mucins, and large, gel-
forming mucins. For each mucin, several variants have been identified. Small, secreted
mucins (MUC?) are relatively soluble and found in the saliva. Cell surface-bound mucins
(MUC1,3,4,12,13,15,16,17,20,21,22) have a transmembrane domain and a cytoplasmic tail.
These often interact with other cell surface proteins and are involved in cell signalling.
Large, gel-forming mucins (MUC2,5AC, 5B,6) have a Cys-rich D domain and are polymer-
ized to several millions of molecular weight.

16. Role of Mucins

The role of mucins varies from protection in mucus to cell adhesion and regulation
of tumour survival and diagnostic markers in cancer. Some mucins carry hundreds of
O-glycans with different structures and lengths up to more than 20 sugars, which are
hydrophilic and can be negatively charged due to sialic acid and sulfate esters and bind to
metal ions. The properties of mucins are dictated by the abundance of O-glycans, which
cause an extended conformation of mucins and prevent protease cleavage. Mucins play an
essential role in intestinal health, supporting beneficial microbiota and avoiding pathogens.
O-glycans form adhesive receptors for bacteria and other microbes that can degrade them,
use glycans as a source of nutrition, and compete for adhesion [62,63]. O-glycans also play
a role in fertilization and sperm-egg binding. Since O-glycans often contain epitopes and
antigens, e.g., Lewis-type structures, that are recognized by antibodies and lectins, and they
have a controlling function in the immune system. Simple O-glycans are often associated
with cancer cells, and sialylated O-glycans have been shown to increase in cancer [21]. They
regulate the survival and attachment of cancer cells and can be useful biomarkers and basis
for vaccines. Some growth factors and cytokine receptors are O-glycosylated. For example,
death receptors require O-glycosylation for efficient apoptotic signalling in tumours [64].

There are four major mucin type O-glycan core structures (1 to 4) (Table 4), with core 1
and 2 being mostly universal, while core 3 and 4 are found in mucins from specific tissues
such as intestinal or lung tissue [23]. These core structures can be extended by a variety of
sugars and epitopes. Core 5 is a rare structure that is not extended but can be sialylated, and
it has been found in human meconium and adenocarcinoma [30,65]. Other core structures
(6 to 8) are extremely rare. The core structures are expected to have different conformations
and thus display their extensions and epitopes differently. For example, cores 2 and 4 have
a GIcNAcB1-6 branch that can occupy a significant amount of space due to the rotation
of the 1-6 bond. This was established by analyzing core 1 to 6 structures using NMR and
energy calculations [66].

The overwhelming majority of mucins are bound to the cell membrane and have
multiple roles in signalling and recognition events. These Type I membrane glycoproteins
can form complexes with growth factors and tyrosine kinases; they can be receptors for
mammalian lectins such as Siglecs and can interact with proteins and cells of the immune
system, controlling inflammatory responses and immune responses against tumours. The
cytoplasmic C-termini can be phosphorylated and interact with proteins of signal transduc-
tion and regulation of survival and cell death signals. The extracellular domains can also be
cleaved and then secreted as soluble mucins with a number of additional roles. In cancer,
MUCT expression in particular has been found to be elevated in addition to alterations of
their O-glycan structures [67]. For example, simple O-glycan structures Tn and T antigens
(Table 2) and their sialylated forms are typically present in increased amounts in cancer,
together with anti-Tn and anti-T antibodies. MUC1 and MUC4 have consistently been
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shown to be highly expressed in cancer. Thus, cancer vaccines based on MUC1 have been
developed and tested in clinical trials, with some success in diminishing tumour load.
MUCH4 is a marker for pancreatic cancer and is highly immunogenic, and vaccines have
been developed to target cells expressing MUC4. MUC16 is also known as ovarian cancer
antigen CA125.

17. Glycosyltransferases That Assemble Mucin O-Glycans

O-glycans are assembled step by step in the Golgi and are directly attached to the
side chain oxygen of Ser or Thr residues in the completed polypeptide chains. There is
no known single amino acid sequence common for all O-glycans, but databases allow
an estimate of probable O-glycosylation based on statistics of known sequences around
O-glycosylation sites of glycoproteins. The first sugar residue of O-glycans (GalNAc) is
added by GTs localized to Golgi membranes (Table 1). GALNT occurs as 20 isoenzymes
that O-glycosylate peptides in humans. GalNAc is transferred to peptide by a family
of at least 20 polypeptide GalNAc-transferases (GALNTSs) that are expressed in a cell-
type-specific fashion and support the essential function of mucin O-glycans. GALNTs
are classified as GT27 enzymes, and most have a lectin domain connected to the catalytic
domain by a flexible linker sequence. GALNTs have similar broad specificities for the
amino acids near the O-glycosylation site, with a preference for nearby Pro residues that
may enhance recognition of the hydroxyls of Ser/Thr. GALNT? requires a pre-existing
GalNAc-O-glycan in the peptide [68]. The crystal structures of GALNT1,2,3,4,7,10,12 have
been determined and show complex structures with a GT-A fold in the GT domain. A DxH
motif is found to coordinate UDP-GalNAc and a Mn?* cofactor [69]. Several GALNTSs are
aberrantly expressed in cancer. For example, the expression and activity of GALNT14 in
hepatocellular and gastrointestinal cancer may be a useful disease marker [25].

GalNAcx-Ser/Thr (Tn antigen) as well as its sialylated form sialyla2-6GalNAcx-
Ser/Thr (sialyl-Tn antigen) are epitopes commonly found in cancer. The a6-sialylation of
GalNAc prevents further processing, with the exception of O-acetylation of Sia, which then
masks the sialyl-Tn antigen.

The enzymes that synthesize the four major mucin-type O-glycan core structures
(1 to 4) have been characterized and the genes cloned (Figure 4). Crystal structures are
available for core 1 31,3-GalT (C1GALT1) and core 2 (31,6-GnT, GCNT1). The expression of
C1GALT1 is uniquely dependent on the coexpression of the chaperone COSMC [70], which
prevents protein degradation by ensuring proper folding of CIGALT1. In the absence of
Cosmc, CIGALT1 is ubiquitinated and targeted to the proteasome for degradation. It has
been observed that a number of cancer cells lack core 1 and its further metabolites, and
cells express the Tn and sialyl-Tn antigen due to the lack of COSMC. The occurrence of
unmodified core 1, the T antigen, is common in cancer and during early development as an
oncofoetal antigen.

C1GALT1 acts on a variety of GalINAcx-R acceptor substrates, including glycoproteins
and the GalNAca-glycopeptides, synthesized by the Paulsen group. Control assays for
C1GALT1 are usually carried out with GalNAcx-Bn acceptor, which is an acceptor for
core 1 and core 3 synthesis and has been used as an O-glycosylation inhibitor in cells
since it competes with natural glycoprotein biosynthesis. The problem is that GaINAcx-
Bn is converted to a number of benzyl-terminating hydrophobic O-glycan structures,
which overwhelm the storage and transport capacity of the cell and induce apoptotic
cell death [71]. Since core 1 and 3 are precursors for core 2 and 4 structures (Figure 4)
GalNAco-Bn inhibits the synthesis of core 1 to 4 in glycoproteins.
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Derivatives of GalNAcx-Bn were synthesized and tested as potential substrates and
inhibitors [72]. Removal or substitution of the 6-hydroxyl of GalNAc slightly reduced
CI1GALT1 activity. 6-O-(4,4-azo)pentyl- GalNAcx-Bn was photosensitive and inhibited
Gal incorporation into GalNAca-Bn (Table 3). The results indicate that the enzyme has a
relatively broad acceptor specificity and does not require the 6-hydroxyl of GalNAc, but it
needs the 3- and axial 4-hydroxyl as essential requirements for binding and activity.

Ser/Thr-peptide

l HR D GalNAc
Tn antigen D"'—SeriThr-peptide O Gal

. GlcNAc

C1GALL B3GNT6
ST6GalNAc ‘ Sialic acid

Core 3

Core 1, T antigen

—o ¥ w

o3-, ob- 5|alylat|on ob- sialylation
Sialyl-Tn

antigen

Core 2 éjf 5:]7 Core 4

BAGALT l Chain extension, termination

GCNT1,3,4

"
B6
—  N-acetyllactosamines (i, | linear, branched epitopes),
i8] Lewis antigens, blood groups etc

Figure 4. O-glycosylation pathways, synthesis of cores 1 to 4. All mucin-type O-glycans are linked
through GalNAca to Ser or Thr. This linkage is formed by one or more of 20 polypeptide GalNAc-
transferases (GALNTSs) that are expressed in a cell type-specific fashion. GalNAc can be converted
to core 1 by 1,3-Gal-transferase CIGALT1, or to core 3 by 31,3-GlcNAc-transferase BAGNT6. Un-
modified GalNAc is recognized as the cancer-associated Tn antigen. If sialic acid is added to GalNAc
by ST6GalNAcl, the O-glycan becomes the Sialyl-Tn antigen, which is not further extended. Core
1 can be converted to core 2 by GCNT1, GCNT3, or GCNT4. Core 3 is converted to core 4 only by
GCNT3. Unmodified core 1 is named the T antigen, which is often found in cancer. Sialylation of the
T antigen also stops further extension to complex chains.

Yeh et al. [73] cloned a number of $1,6-GnTs, GCNT1, 2 and 3. GCNT1 introduces a
GIcNACcB1-6 branch onto core 1, Gal31-3GalNAc-R, linked to various hydrophobic groups
or peptides, and synthesizes core 2 (Figure 4). This activity increases in many cancer
and leukaemia cells [74] and upon cancer cell differentiation. GCNT1 plays an important
role in the immune system by providing the scaffold for selectin ligands sialyl-Lewis x,
crucial for lymphocyte interactions [75]. In specific breast cancer cells, however, GCNT1
is not expressed [76]. The expression shows large variations among cancer cells derived
from prostate cancer [31]. Although the enzyme is an inverting GT with a GT-A fold [33],
it does not require Mn?* as a cofactor. GCNTT1 is N-glycosylated and requires several
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conserved Cys residues for the formation of disulfide bonds. Amino acid reagents that
target non-specifically His, Trp, and Cys inhibited purified GCNT1 activity up to 100%.

The groups of Hans Paulsen and Khushi Matta synthesized many derivatives of core
1, which revealed the specificity of GCNT1. GalB1-3(6-deoxy) GalNAcx-Bn was found to
be a weak inhibitor. Surprisingly, the excellent substrate Gal31-3GalNAco-p-nitrophenyl
inhibited GCNT1 activity from acute myelogenous leukaemia cells by 87% upon UV
irradiation.

Another 31,6-GnT, GCNT4, has similar activity and 44% sequence identity with
GCNT1 but has a selected tissue expression. It is associated with the thymus and downreg-
ulated in a number of different cancer cells and tissues [26].

The metal ion-independent 31,6-GnT, GCNT3, synthesizes both core 2 from core 1
and core 4 from core 3. The enzyme has high activity in colonic tissue, explaining the
abundance of core 4 O-glycans in colonic mucins [23]. GCNT3 has a 50.35% sequence
identity with GCNT1 and is also classified as GT14, but shows very different inhibition by
bis-imidazolium salts.

In many cancer cells, both core 3 and 4 synthesis by BBGNT6 and GCNT3 showed
altered activity [77]. GCNT3 is not expressed in normal or cancer-derived prostate cells [31],
but is variably expressed in other cancer types [29]. Huang et al. [78] suggested a role for
GCNTS3 in suppressing cancer.

The crystal structure of murine GCNT1 [79,80] suggests that the DxD motif is replaced
by the DE sequence, with Glu320 as the catalytic base. Two positively charged amino acids
(Arg378 and Lys 401) take the role of a Mn?* ion in stabilizing the UDP leaving group.
These amino acids are conserved among these 31,6-GnTs. The other metal ion-independent
1,6-GnT, GCNT?2, is 37.8% identical to GCNT1 but has a different acceptor specificity
and synthesizes the branch of the I antigen [73]. It is not clear which of the Arg residues
cooperate with Lys in binding UDP.

GalNAca-Bn is also an acceptor for 31,3-GnT, B3GNTS6, that synthesize core 3. The
enzyme was discovered in rat and human colon tissues that are rich in mucins carrying core
3. Many colon cancer cell lines and colon cancer tissue, however, have very low enzyme
activity [77]. While GnTs I, II, and V are variably active in normal and cancer prostate cells,
B3GNT6 was not detected [31]. The lack of core 3 synthesis may be one factor promoting
core 1 (T antigen) expression.

Rare core structures in human glycoproteins include cores 5 to 8 (Table 4). Core 5,
GalNAcal,3-GalNAc-, was found in human intestinal fetal mucins and in adenocarci-
noma [30,65]. A preliminary report of core 5 synthesis using the GaINAc-mucin accep-
tor [81] showed that Sia may be added to GalNAc after the formation of core 5. However,
the gene of this «1,3-GalNACcT has not yet been identified. It is possible that this activity
is caused by a variant of a known enzyme. In contrast to O-glycan core structures 1 to 4,
core 5 has not been found to be elongated, and its role is unknown. The activities or genes
encoding the GTs that synthesize core 6 to 8 structures remain to be identified. It is possible
that core 6 in mucins is a degradation product of core 2, due to bacterial hydrolases or due
to degradation during O-glycan isolation.

18. Elongation of O-Glycans

A wide array of glycosyltransferases can extend core structures in complex pathways
and create hundreds of different O-glycan structures with lengths of more than 20 sugar
residues in mucins. The Gal and GlcNAc residues of O-glycan core structures can be
elongated by enzymes that similarly elongate N-glycans. Very few of these enzymes are
specific to O-glycans. This includes 31,3-GnT, BSGNT3, which adds GlcNAc to Gal of
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core 1 and 2 [23]. The enzyme can act on mucins or hydrophobic acceptors with core 1 or
2 structures and thus allows the attachment of complex glycans and lymphocyte homing
receptors [82]. Core 2 sometimes carries an unusual GIcNAco1-4 residue linked to Gal in
gastric cells, such as pyloric glands and neck cells [83]. The retaining o1,4-GnT A4GNT
may use the large mucin MUCS6 as a scaffold. The expression of A4GNT together with
MUCS6 was found to suppress the proliferation of pancreatic tumour cells [84].

Several SiaTs are specific for mucin-type O-glycans and generally block further ex-
tension. All human SiaTs are classified in the inverting GT29 family and have common
sialylmotifs that contribute to the binding of substrates [85]. ST6GalNAc1-4 transfer Sia
from CMP-f3Sia in «2-6 linkage to GalNAc-mucins with different specificities for core
1 and sialylated core 1. ST6GalNAc1 primarily synthesizes the sialyl-Tn antigen, while
ST6GalNAc2 primarily synthesizes the sialyl-T antigen. ST6GalNAc2 can act on GalNAc-
and core 1- or 3-peptide acceptors [28]. The crystal structure of ST6GalNAc2 with CMP [86]
shows a GT-A variant2 fold [87]. ST6GalNAc3 and 4 utilize core 1 substrates that have
already been sialylated by ST3GAL1, but they do not require a peptide in the acceptor.
ST6GalNAC3 has a restricted expression mainly in the brain and kidney.

ST3Gall specifically adds Sia in «2-3 linkage to Gal of core 1 and 2 linked to peptide
or a hydrophobic group. The ST3GALL1 product, Sialyl-T antigen, is a common antigen in
cancer cells. ST3Gall is overexpressed in breast cancer tissues [27] and in prostate cancer
cells [31], where it controls proliferation, migration, and apoptosis. Porcine ST3Gall has
been crystallized and revealed a single Rossmann domain, like other SiaTs, and a (3-sheet
core that contributes to binding CMP-Sia and His319 as a possible catalytic residue [88].

19. Synthesis of Glycopeptides

Because of the importance of mucins and O-glycosylation in human health and dis-
eases such as cancer, the Paulsen group synthesized more than 200 peptides and glycopep-
tides derived from MUCT1 to 4 and other glycoproteins for studies of their biological role
and pathways of O-glycan biosynthesis (Table 4). It has been extremely difficult to deter-
mine the sites of O-glycan addition in complex mucins and to assign O-glycan structures
to specific Thr and Ser residues. Thus, peptides and glycopeptides have been a tremen-
dous tool to discover mechanisms of O-glycosylation, the influence of amino acids near
O-glycosylation sites in acceptor substrates for GALNTSs, and new cancer-associated and
immunogenic epitopes.

Hundreds of glycopeptides have been produced by Paulsen’s group, together with the
unglycosylated control peptides as standards and controls. The development of solid-phase
synthesis of GalNAcx- and Gal31-3GalNAcoa-glycopeptides using protected glycosylamino
acids was a breakthrough [89,90]. Novel glycosyl amino acids were synthesized as building
blocks for Fmoc-based continuous-flow synthesis using multi-column technology. This
achieved synthesis of several glycopeptides simultaneously without significant degradation
of the glycan-peptide bond and beta-elimination of the O-glycan. The amino acid sequences
had different lengths up to 23 amino acids and were based on those from the VNTR of
MUCL, 2, 3, or 4. The glycans attached to specific Thr or Ser residues included one or
more GalNAc residues and selected core 1 to 7 structures (Table 4). Glycopeptides were
purified, and their sequences and glycosylation were confirmed by HPLC, MS, and NMR.
Computational analyses and NMR determined the conformations of glycopeptides that
could potentially be recognized by individual enzymes.

To examine the preferred attachment sites for GALNTS, a series of glycopeptides were
synthesized that were overall neutral with an acetyl group at the N-terminus and amide
at the C-terminus and contained one or more GalNAcx-Thr/Ser or Galp1-3GalNAcx, or
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in the unnatural p-linkage to Thr. The glycopeptide reaction products were analyzed
by the amount of radioactive sugar transferred and by their HPLC elution times using
standard glycopeptides.

Within a series, the positions of glycans and some of the Thr/Ser residues were altered
in a systematic fashion to include all possibilities of glycan attachments [91]. In addition,
Pro and Thr were replaced by other amino acids at +1 or -1 positions to determine their role
in a GALNT substrate. The smallest peptide used as a positive control was Ac-TPPP, which
showed the highest activity as an acceptor for highly purified bovine GALNT1 [92,93]. The
small acceptor substrate does not have a C-terminal protection group, but clearly has easy
access to the catalytic site. In glycopeptides 8 amino acids long, Pro in the +3 position
(towards the C-terminus) supported the activity. None of the Thr residues are exclusive
sites for GalNAc addition, but the amino acid sequences and sites of existing glycosylation
clearly dictate further O-glycosylation. Substrates with core 1 in 3-linkage are less active,
likely due to the different conformations compared to the natural «-linkage.

A series of different lengths and GalNAc attachment to Ser did not show significant
activity. It is possible that the slight hydrophobic effect of Thr plays a role in enzyme
recognition. However, other members of the GALNT family may show different results
and could act on Ser. Generally, site specificity is generally broad, and larger glycopeptides
and those with different amino acid sequences remain to be tested as models for mucin
synthesis. Glycosylated peptides are more rigid in their conformations compared to
peptide alone, and large O-glycans cause crowding. Non-mucin glycoproteins often have
glycosylation sites only near the N-terminus, and protein folding may block glycosylation.
Mucins have large complex O-glycans, often at adjacent amino acids, and the processing
enzymes only have access to their substrates in an unfolded (bottlebrush) conformation of
the glycoprotein.

Although there is clearly no consensus sequence for O-glycosylation, TxxP is one of
the preferred sites for mucin O-glycosylation by GALNT1. O-glycosylation is extremely
complex, with substrate conformation, composition, hydrophobicity, existing glycosylation,
as well as overall structure controlling recognition by GALNTs and other GTs.

Subsequently, C1GalT1, GCNT1, and B4GALT1 were examined for their ability to
use glycopeptide substrates in a site-specific manner [93-95]. The synthesis of core 1 by
partially purified rat liver CIGALT1 was examined with GalNAc-containing glycopeptides
containing 1 to 3 GalNAc-Thr. Compared to the GalNAcx-Bn acceptor, all of the GalNAc-
glycopeptides were good substrates for the enzyme that could add 1 to 3 Gal residues
to each GalNAc. The enzyme was strongly influenced by the overall composition and
especially amino acids at the -1 and +1 positions. These studies indicate that in addition
to initial glycosylation, the second step in the glycosylation pathways of O-glycans is also
controlled by the structure and glycosylation of the peptide core of substrates.

The activity of purified human GCNT1 was influenced by amino acid composition,
the position of the core 1 substrate, and other glycans within the glycopeptide. Surprisingly,
glycopeptides with core 1 in the unnatural (3-linkage were also variably good substrates
for GCNT1. The extension of core 2-glycopeptides with purified bovine BAGALT1 also
showed significant variability. However, BAGALT1 has a higher activity with GlcNAcf3-Bn
as a substrate than with glycopeptides.

Overall, glycopeptides helped to determine that the control of O-glycosylation is based
on a multitude of complex factors, including amino acid position, properties, and charge as
well as existing glycosylation. GTs that act close to the peptide (GALNT and C1GALT1)
are more specific than those adding the third (GCNT1) or fourth (B4GALT1) sugar residue.
Currently, Paulsen glycopeptides are still under investigation for their ability to form GT
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substrates, to discover novel enzymes, to enzymatically synthesize novel glycopeptides,
and as potential inhibitors of bacterial biofilm formation.

20. Conclusions

Paulsen developed new synthetic technologies by synthesizing complex large N-
glycans, modified glycans, and their fragments. This has been documented in hundreds
of publications and presentations (Figure 5). His new synthesis included the discovery
of methods to synthesize substituted Manf3-R compounds and to initiate solid-phase
glycopeptide synthesis. Paulsen’s substrates are essential for the discovery of new enzymes,
for defining enzyme specificities that control the pathways of N- and O-glycosylation,
and for defining the biological roles of glycans. The roles include receptors for lectins
and adhesion proteins in eukaryotic systems and in bacteria that use mucins as a niche
for survival and nutrition. Disease-specific alterations in GTs could be discovered. The
inhibitors that Paulsen synthesized will help in the development of future therapies for
cancer and other diseases, where the reduction in complex glycans could be beneficial.
Many synthetic routes and analytical tools for complex glycans and glycopeptides have
been developed and subsequently adopted worldwide. Future studies are expected to use
this information to understand how enzymes recognize their glycan substrates and how
this influences pathways of glycoprotein biosynthesis. We are grateful for the hard work of
Hans Paulsen and his coworkers and students. He believed that the principles behind the
contributions to glycobiology are based on the enjoyment of chemistry!

Figure 5. Hans Paulsen at the International Carbohydrate Symposium in Whistler, Canada (2006).
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Abstract: Aberrant glycosylation, especially sialylation, on cell surface is often associ-
ated with cancer progression and immunosuppression. Over-sialylation of stage-specific
embryonic antigen-4 (SSEA-4) to generate disialylGb5 (DSGb5) was reported to trigger
Siglec-7 recognition and suppress NK-mediated target killing. In this study, efficient chemo-
enzymatic and programmable one-pot methods were explored for the synthesis of DSGb5
and related sialosides for assembly of glycan microarrays and evaluation of binding speci-
ficity toward Siglecs-7, 9, 10, and 15 associated with immune checkpoint inhibition. The
result showed weak binding of DSGb5 to these Siglecs; however, a truncated glycolyl
glycan was identified to bind Siglec-10 strongly with a dissociation constant of 50 nM and
exhibited a significant inhibition of Siglec-10 interacting with breast cancer cells.

Keywords: sialyl SSEA-4; programmable; chemoenzymatic synthesis; glycolyl sialic acid;
immune checkpoint

1. Introduction

Aberrant sialylation has been recognized as a hallmark of tumorigenesis. An example
of such a change is the differential expression of glycosyltransferases in cancer cells to
generate tumor-associated carbohydrate antigens (TACAs) [1]. Another example is the
over-sialylation of glycoproteins or glycolipids on cancer cells to enhance interaction
with specific sialic acid-binding immunoglobulin-type lectins (Siglecs) on immune cells,
resulting in a suppression of immune response against cancer cells, a process called immune
checkpoint inhibition [2,3]. It has been demonstrated that certain sialylated glycolipids,
like stage-specific embryonic antigen (SSEA-4) [4,5], exclusively expressed on cancer cells
are associated with cancer progression [6-9] and the expression level correlates with
poor survival of cancer patients [10]. Interestingly, SSEA-4 could be further sialylated
by the enzyme ST6GalNAc6 to form disialylGb5 (DSGb5), which was first found and
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downregulated in renal cancer [11]. In addition, DSGb5 and ST6GalNAc6 were reported
to be downregulated in colon cancer [12], resulting in the decreased expression of disialyl
LeA and increased expression of sialyl LeA and SSEA-4, which was linked to the signaling
pathway that maintained the survival of tyrosine kinase inhibitor (TKI)-resistant cancer
cells [13-20]. Moreover, recent development of anti-SSEA-4 antibodies [10], Globo-H cancer
vaccines [21-23], and studies of globo-series glycan biosynthesis [4,24] all point to SSEA-4 as
a target for new cancer therapies. On the other hand, specific Siglecs on immune cells may
interact with specific sialylated glycans on cancer cells to trigger immune suppression [2,3].
A recent report showed that DSGDb5 on renal cancer cells interacted with Siglec-7 on NK cells
and downregulated their cytotoxicity [25]. This report prompted us to further investigate
the binding specificity of DSGb5 toward Siglecs and compared to that of other tumor-
associated carbohydrate antigens (TACAs). Since DSGDb5 is not readily available [26], we
first explored methods for the synthesis of DSGb5, including the programmable one-pot
method and the enzymatic method using sialyltransferases that catalyzed the sialylation
of SSEA-4 to form DSGb5. We then combined the synthetic glycans and other sialylated
TACAs [21,27-31] and N-glycans to construct a sialylo—glycan array to profile the binding
specificity of Siglecs, especially Siglec-7, Siglec-9, Siglec-10, and Siglec-15, to assess their
role in immune checkpoint inhibition.

2. Results and Discussion

2.1. The mRNA Level of STOGALNACEG in Brain, Breast, Colon, Lung, Pancreas, and Prostate
Cancers Decreased Compared to Normal Cells

We previously showed that the elevated expression of SSEA-4 on cancer cells was
caused by increased expression of 33GalT5 and ST6Gal2 [10]. Here, we compare the
mRNA levels of globo-series glycotransferases in normal and cancer tissues with large-scale
RNA-Seq transcriptome analyses from The Cancer Genome Atlas (TCGA) TARGET and
GTEXx (The Genotype-Tissue Expression) datasets. We observed a statistically significant
decrease in the mRNA level of ST6GalNAc6 (Figure 1) in all cancers examined, and the
decrease was significant at an early stage, while there was no obvious change in the mRNA
levels of 34GalT, 33GalNT1, 33GalT5, and ST3Gal2, suggesting that downregulation of
ST6GalNAc6 expression in the early stage of tumorigenesis correlated with increased
expression of SSEA-4 in cancers.

2.2. Synthesis of DSGb5 and Other Sialylated Derivatives

We first explored the programmable one-pot method [32] for the synthesis of DSGb5
glycan. We designed two sialylated disaccharide building blocks, one with «2,3- and the
other with «?2,6-linkage, with distinct relative reactivity for the one-pot synthesis to give the
product in moderate yield (Scheme 1a. see details in Supporting Information). We then ex-
plored the enzymatic method to sialylate SSEA-4 using the enzyme N-acetylgalactosamine
«2,6-sialyltransferase VI from Photobacterium damsela (Pd2,6ST) [33,34]. However, Neu5Ac
was transferred to the C-6 position of terminal galactose (compound 2a) instead of the
internal GalNAc (Scheme 1b). We next tested the x2,6-sialyltransferase from Photobac-
terium sp. (Psp2,6ST), and to our delight, DSGb5 glycan (compound 1a) was obtained
in 46% yield (Scheme 1b). We also designed a new enzymatic route to DSGb5 glycan
that involves o?2,6-sialylation of SSEA-3, followed by «2,3-sialylation at terminal galactose
using a recombinant Pasteurella multocida «2,3-sialyltransferase (PmST1) (Scheme 1c). After
purification with an ion-exchange column, the product was obtained in 10% yield, and
the NMR spectrum was identical to compound 1, except differences in the linker moiety
at the reducing end. This result further confirmed that DSGb5 glycan can be obtained
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by «2,6-sialylation of SSEA-4 with Psp2,65T or by «2,3-sialylation of sialyl SSEA-3 with
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Figure 1. (a) The RSEM gene expression values of ST6GalINAc6 mRNA in brain, breast, colon, lung,
pancreas, and prostate cancer cells (red box) and normal cells (white box). (b) Synthesis of DSGb5 by
ST6GalNAc6-catalyzed sialylation of SSEA-4.

To further optimize the yield of DSGb5 glycan, we overexpressed human ST6GalNAc6
from HEK 293 cells. DSGb5 (compound 1) was enzymatically synthesized via human
ST6GalNAc6 from SSEA-4 glycan (see Materials and Methods). The result showed that
human ST6GalNAc6 was more efficient and DSGb5 glycan was obtained in 82.1% yield
(Figure 1).

Due to the different specificities of Pd2,65T and Psp2,65T, we further explored the
sialylation of a range of globo-series glycan related acceptors to better understand their
acceptor specificity and to expand the structural repertoire of sialylated glycans for our
glycan array study of Siglecs. The obtained products and yields are summarized in
Table S1. We found that Pd2,6ST accepted Gb4, Gb5, and SSEA-4 glycans with terminal
Gal/GalNAc residues, whereas Gb3 and Globo-H glycans could not be sialylated by this
enzyme. Previous studies also showed a lower catalytic efficiency of Pd2,65T when the
a-linked terminal GalNAc of GalNAcxAA or GalNAcaSer was used as an acceptor [33,35-
37]. Similar results were found in the case of Gb3 and Globo-H glycans, in which the
a-linked terminal Gal or Fuc may have hindered the activity of Pd2,6ST. Similarly, Psp2,65T
exhibited no reactivity towards Gb3 glycan, while its activity towards Gb5 glycan was
lower than that of Pd2,6ST, as the former not only transferred Neu5Ac to the terminal
Gal residue to afford 5a but also sialylated GalNAc to afford disialylated oligosaccharide
16, with 15% isolated yield. In addition, a previous study showed that Pd2,6ST catalyzed
the transfer of Neu5Ac to the terminal Gal and/or GalNAc residues of the disaccharide
acceptor Gal31-3GalNAc [38]. However, only the terminal Gal was sialylated by the
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enzyme to afford hexasaccharide 5a as the sole product. Interestingly, the presence of Fuc
did not affect the Psp2,6ST-catalyzed sialylation of Globo-H glycan at terminal Gal to form
compound 17 in 33% isolated yield. Moreover, Psp2,65T was found to sialylate the GalNAc
residue of Globo-H glycan to form compound 8 albeit in trace amounts, which was later
characterized by MS/MS analysis. The sialylation of SSEA-4 glycan by Psp2,65T showed
high regioselectivity, probably due to the «2-3 linked Neu5Ac in the terminal Gal residue.
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Scheme 1. (a) Programmable one-pot synthesis of DSGb5 glycan (i) NIS, TfOH, MS 4 A, CH,Cl,,
—78 °C, 2 h; (ii) NIS, TfOH, MS 4 A, CH,Cl,, —40 °C, 2 h. (b) Enzymatic sialylation of SSEA-4
with Pd2,6ST and Psp2,6ST. (c) Synthesis of DSGb5 by enzymatic «2,3-sialylation of sialyl SSEA3.
NmCSS, CMP-sialic acid synthetase from Neisseria meningitidis; PmST1, «2,3-sialyltransferase from
Pasteurella multocida.

2.3. Glycan Array Analysis of Siglec-7, Siglec-9, Siglec-10, and Siglec-15 Binding to DSGb5
Glycan and Other Cancer-Associated Carbohydrate Antigens

With these glycans in hand, we then created a glycan array on NHS-activated glass
slides and investigated the binding specificity of several Siglecs. This array, including the
glycans associated with tumor-associated glycolipids, like globo-series and RM2-related
glycans, gangliosides [25], and other TACAs, was used to profile the binding specificities
of Siglec-7, -9, -10, and -15. The results showed that SSEA-4 glycan (compound GL-7) and
DSGb5 (compound 1) lack significant binding to these four Siglecs, while Siglec-15 showed
binding to the disialylated SSEA-3 glycan (Gb5), compound 2 (Figure 2d). The glycans of
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gangliosides GD2 (compound GD-2) and GD3 (compound GD-1) showed interaction with
Siglec-7 [39-47]. We also detected a significant binding of Siglec-7 to the mono-sialylated
compound RM-2 (Figure 2a). However, Siglec-9 showed a stronger binding than Siglec-7
to the DSGb5 and RM-4 glycans. On the other hand, Siglec-10 showed a significant binding
to the unnatural GD-5 glycan with «2,9- sialylation, and Siglec-15 recognized the SSEA-3
derivative with two sialic acids linked to the terminal galactose, compound 2 (Figure 2d).
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Figure 2. Glycan array profiling of commercially available Siglecs with TACAs. (a) Siglec-7.
(b) Siglec-9. (c) Siglec-10. (d) Siglec-15. (e) TACAs used in this study. Siglec concentrations =
10 pg/mL.

2.4. Binding of Siglecs Toward Sialylated N-Glycans

Since the glycans of cancer-associated glycolipids did not show significant binding to
the Siglecs, we turned our attention to an array of sialylated N-glycans generated by us
previously [28,29]. None of the N-glycans in our library showed any significant binding
to Siglec-7 (Figure 3a). Interestingly, Siglec-9 recognized the glycans with terminal «2,3-
sialylation (N11, N14, N17, and N20). On the other hand, the same type of N-glycans
with «2,6-sialylaton (N10 vs. N11, N13 vs. N14, N16 vs. N17, N19 vs. N20) exhibited
lower binding affinities. We also found that increasing the number of sialic acid residues
in the o2,3-sialylated biantennary, triantennary, and tetraantennary N-glycans increased
the binding affinity to Siglec-9. In contrast, no such trend was found in the case of x2,6-
sialylated N-glycans (Figure 3b). The 2,4,2-triantennary N-glycan showed a stronger
binding to Siglec-9 than the 2,2,6-branched one, irrespective of terminal sialic acid with
a2,3- or o2,6- linkage (N17 vs. N16, N14 vs. N13). Interestingly, Siglec-9 did not show any
significant interaction with complex type N-glycans with LacNAc repeats terminated with
«2,3- or x2,6- siaylation. In addition, the core fucose did not affect binding to Siglec-9 as
shown in the case of N11 and N35. Contrary to what we observed in the case of Siglec-9,
Siglec-10 preferred N-glycans with terminal «2,6-sialylation instead of x2,3-sialylation
(N13 vs. N14, N16 vs. N17, and N19 vs. N20). Moreover, an increasing number of terminal
sialic acid groups led to a stronger binding (N10 vs. N11, N13 vs. N14, N16 vs. N17, and
N19 vs. N20 in Figure 3c¢). Siglec-15 exhibited a similar binding pattern to that of Siglec-9
toward N-glycans, favoring «2,3-sialosides, albeit with somewhat lower binding affinity
(Figure 3d).
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Figure 3. Profiling of (a) Siglec-7, (b) Siglec-9, (c) Siglec-10, and (d) Siglec-15 with N-glycan array.
Siglec-9 significantly interacted with terminal «2,3-linked sialic acids of complex-type glycans com-
pared to the «2,6-linked sialosides and the binding affinity increases with increase in antenna (N11 vs.
N10, N14 vs. N13, N17 vs. N16, N20 vs. N19). In addition, the core fucose does not have a significant
effect on binding (N11 vs. N35). On the other hand, Siglec-10 prefers the N-sialosides with terminal
«2,6-linked sialic acid. (e) N-glycans used in this study. Siglec concentrations = 10 ug/mL.

2.5. Inhibition of Siglec-10 Binding to CD24 on Breast Cancer Cells with Synthetic Glycans

A recent report suggested that CD24, a highly glycosylated glycosylphosphatidylinos-
itol (GPI)-anchored protein [48,49], is overexpressed on various tumor cells [50] and is a
ligand for Siglec-10. CD24 was also found to enhance the metastatic potential of malignant
cells [51]. Human Siglec-10 is widely expressed in hematopoietic cell types [52], such as B
and T cells, monocytes eosinophils, NK cells and macrophages [53,54]. The Siglec-10-CD24
interaction that led to immune suppression has been considered as a promising target for
cancer immunotherapy [53-57]. The interaction of tumor CD24 and macrophage Siglec-10
inhibits phagocytosis and increases tumor growth and cell survival [53]. Removal of «2,3-
and «2,6-linked sialic acids from CD24 by Vibrio cholerae neuraminidase significantly re-
duced binding to Siglec-10 [58]. Therefore, identification of Siglec-10 ligand may aid in the
discovery of potential cancer biomarkers and the development of possible cancer therapy.
Human Siglec-10 is a membrane-bound protein [59,60] that recognizes «2,6-linked sialo-
sides on cancer cells. In this study, we identified a strong ligand (SL-1) of Siglec-10 using
our array and the commercially available array from RayBiotech (Figure S1), a bi-antennary
glycan terminated with two «2,3-glycolylneuraminic acid with a dissociation constant
of 0.050 £ 0.011 uM (Figures 4a and S2). The binding affinity of Siglec-10 towards SL-1
was better than other glycans with terminal Neu5Ac and the number of Neu5Gc-modified
branches also influenced the binding affinity (SL-1 > SL-2).
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Figure 4. (a) Glycan candidates for Siglec-10 inhibition. (b) Siglec-10 binding signals of glycan
candidates on glycan array. Binding of Siglec-10 (2.5 ug/mL) towards glycans on total glycan array
(printed at 100 uM). Secondary antibody: Donkey anti-human IgG, Fcy fragment specific, Alexa
Fluor® 647-conjugated. Error bars: standard deviation. (c) Inhibition of Siglec-10 binding to MCF-7
at various concentrations of SL-1.

To test whether SL-1 could compete with human breast cancer cell line MCF-7 over
Siglec-10 binding, SL-1 at different concentrations was added to a mixture of Siglec-10
and MCEF-7 cells, and Siglec-10 binding signals were observed using flow cytometry. As
shown in Figure 4c, binding of Siglec-10 to MCEF-7 cells decreased as the concentration of
glycan SL-1 increased, suggesting that SL-1 is a competitive inhibitor of Siglec-10 binding
to MCEF-7 cells. Competition analysis of Siglec-10 binding to glycans vs. MCE-7 cells was
also performed with glycans SL-2, SL-3, SL-4 and N11, respectively, at 100 uM. As shown
in Figure S2, SL-1 still had the strongest inhibition of Siglec-10 binding to MCF-7 cells and
decreased in the order SL-1 > SL-2 > SL-3 > N11 > SL-4.

With SL-2, which contained only one of the branches of SL-1, Siglec-10 had a dissocia-
tion constant of 0.110 4 0.041 uM. For SL-3, SL-4, and N11, the dissociation constants were
similar (~0.176 uM); however, the fluorescent signals were very weak, and significantly
lower than SL-1 and SL-2. These results showed that Siglec-10 preferred glycolylneu-
raminic acid (SL-1 and SL-2) over acetylneuraminic acid (SL-3, SL-4 and N11).

The binding affinity also increased as the number of sialic acids increased (SL-1 > SL-2).
The multivalent glycans displayed on the microarray can be viewed as a mimic of cell-
surface glycans confined in a small area. On the other hand, glycans used in the inhibition
experiment in flow cytometry were dispersed in the solution as monomers. The binding
affinity between glycans and Siglec-10 in solution should be lower than on microarrays.
Therefore, to achieve better inhibitory effects, the interaction of SL-1 to Siglec-10 should
be increased. Since Siglec-10 is expressed on immune cells as multivalent glycoproteins,
not as free form in solution, while MCE-7 cells are adherent cells, the interaction between
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two cells is more complex than that based on glycan array profiling. Work is in progress to
identify better inhibitors of Siglec-10-mediated immune checkpoint suppression.

3. Materials and Methods
3.1. General Chemical Synthesis

All chemicals were purchased as reagent grade and used without further purification.
Anhydrous dichloromethane (CH,Cl,) was purchased from a commercial source without
further distillation. Pulverized Molecular MS 4 A (Sigma-Aldrich, St. Louis, MO, USA) for
glycosylation were activated by heating at 350 °C for 10 h. Reactions were monitored by
analytical thin-layer chromatography (TLC) in EM silica gel 60 F254 plates and visualized
under UV (254 nm) and/or by staining with acidic ceric ammonium molybdate or p-
anisaldehyde. Flash chromatography was performed on silica gel (Millipore, Burlington,
MA, USA) of 40-63 um particle size. 1H NMR spectra were recorded on a Bruker AVANCE
600 (600 MHz) spectrometer at 25 °C. Chemical shift (in ppm) was assigned according
to CDCl3 (6 = 7.24 ppm) and D,0O (6 = 4.80 ppm). C-13 NMR spectra were obtained
with Bruker AVANCE 600 spectrometer and were calibrated with CDCl3 (6 = 77.00 ppm).
Coupling constants (J) are reported in hertz (Hz). Chemical shifts measurements are
reported in delta () units, and splitting patterns are described as singlet (s), doublet (d),
triplet (t), quartet (q), or multiplet (m). Coupling constants (J) are reported in Hertz (Hz).
High resolution ESI mass spectra were recorded on a Bruker Daltonics or Bruker Bio-TOF III
spectrometer (Bruker, Billerica, MA, USA). MALDI-TOF spectra were recorded on Bruker
Ultraflex II sepctrameter (Bruker).

3.2. Enzyme Preparations

Codon-optimized genes for pET-15b-Pd2,65T, pET-22b-Psp2,65T, and pET-23a-PmST1
were synthesized by GenScript™. To construct the expression plasmid for soluble
ST6GalNAc6, the pHEK293 Ultra Expression Vector I (TAKARA) was linearized with
Xhol and ligated with the gene encoding soluble ST6GalNAc6 (V67-1333) fused to a C-
terminal FLAG tag, using the NEBuilder® HiFi DNA Assembly Cloning Kit (NEB). The
resulting plasmid was sequence-verified.

For bacterial expression of recombinant Pd2,6ST, Psp2,6ST, and PmST1, an overnight
culture of BL21(DE3) was inoculated into 1 L Terrific Broth (Sigma-Aldrich) at a 1:50 (v/v)
ratio in a 2.5 L baffled flask (Thomson, Carlsbad, CA, USA). When the culture reached
an ODg of 0.8-1.0, protein expression was induced with 1 mM IPTG and incubated at
16 °C for 24 h. The cells were harvested, lysed using Bugbuster Protein Extraction Reagent
(Millipore, Burlington, MA, USA), and the supernatant containing 6 x His-tagged proteins
was purified using IMAC (Cytiva, Marlborough, MA, USA). The column was washed and
eluted with eight column volumes of 50 mM MOPS, 300 mM NacCl, and either 20 mM
or 300 mM imidazole (pH 7.5). The fractions were analyzed by SDS-PAGE followed by
Coomassie Blue staining.

For mammalian expression of ST6GalNAc6, Expi293 cells were transfected according
to the manufacturer’s instructions, with a starting cell density of 1.5 million cells/mL. After
72 h, the culture supernatant was collected, filtered, and passed through anti-FLAG M2
agarose resin (Millipore). The resin was equilibrated with 10 column volumes of TBS buffer
and 20 mM HEPES buffer containing 300 mM NaCl (pH 7.0) before loading. After binding,
the resin was washed with 10 column volumes of the same buffer, and the protein was
eluted using 8 column volumes of 0.1 M Tris-glycine (pH 3.0). The elution was immediately
neutralized by adding 1/15 volume of 1 M Tris-HCI (pH 9.0). The enzyme was then buffer-
exchanged and concentrated using an Amicon Ultra centrifugal filter unit (Millipore) with
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an appropriate molecular weight cutoff. Protein concentration was determined using the
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

3.3. Enzymatic Synthesis of DSGb5 via Human ST6GalNAc6

The enzymatic reaction was subsequently performed in a reaction mixture containing
100 mM sodium cacodylate (pH 6.0), 10 mM MgCl,, 1.6 mM CMP-sialic acid, 3 pg of
recombinant human ST6GalNAc6, and 0.08 mM SSEA-4 glycan as acceptor substrate. The
reaction mixture was incubated at 37 °C overnight with gentle shaking. The product was
then isolated by solid phase extraction with HyperSep™ Hypercarb™ SPE Cartridges
(Thermo Fisher Scientific) and analyzed by porous graphitic carbon liquid chromatogra-
phy/tandem mass spectrometry (PGC-LC-MS/MS) using a Hypercarb™ column (Thermo
Fisher Scientific).

3.4. Glycan Microarray

Glycan microarrays were fabricated by printing 100 uM amine-containing glycans in
printing buffer (300 mM sodium phosphate buffer (pH 8.5) with 0.01% Triton X-100) onto
NHS-activated glass slides (Nexterion® Slide H, SCHOTT, Mainz, Germany) as previously
described [61]. Recombinant human Siglec-hFc-fusion proteins (Siglec-7, 9, 10, 15) were
purchased from R&D Systems. The microarrays were blocked with SuperBlock Blocking
Buffer in PBS (Thermo Fisher Scientific) at RT for 1 h and washed with 1 x PBS buffer
containing 0.05% Tween-20 (PBST). Siglecs were diluted with PBST containing 30 mg/mL
BSA (PBST-BSA). The Siglec samples were added to the microarray and incubated at RT for
1 h. The microarrays were washed with PBST, then added with DyLight™ 649 modified
anti-human IgG antibody (donkey anti-human IgG, Fcy fragment specific, DyLight™
649, Jackson ImmunoResearch, West Grove, PA, USA) for 1 h in the dark. Finally, the
microarrays were washed in PBST, milliQ), and dried. The microarrays were scanned at 635
nm using a GenePix 4300A Microarray Scanner (Molecular Devices, San Jose, CA, USA),
and the fluorescence intensities were analyzed by the GenePix Pro 7.0 software (Molecular
Devices).

The dissociation constants of Siglec-10 binding to glycans SL-1, SL-2, SL-3, SL-4 and
N11 were determined using glycan microarray. Concentrations of amine-modified glycans
ranging from 10 uM to 400 uM were printed onto NHS-modified glass slides [62], then
treated with various concentrations of Siglec-10 coupled with Alexa Fluor® 647 modified
anti-human IgG antibody (donkey anti-human IgG, Fcy fragment specific, Alexa Fluor®
647, Jackson ImmunoResearch) at 4 °C overnight. After incubation, the microarray slides
were washed with PBST, milliQ), and then dried. The microarrays were excited with 635 nm
lasers and scanned using a GenePix 4300A Microarray Scanner, and the fluorescence
intensities were analyzed by the GenePix Pro 7.0 software. Data analysis and Langmuir
isotherms fitting was performed using PRISM (GraphPad, Boston, MA, USA) [61,62].
The microarrays were excited with 635 nm lasers and scanned using a GenePix 4300A
Microarray Scanner, where the fluorescence intensities were analyzed using the GenePix
Pro 7.0 software. Fluorescence intensities were plotted out against Siglec-10 concentrations
to give a set of curves which were analyzed as Langmuir isotherms, assuming the reaction

reached equilibrium,
F max [P ]

[P] +Kp’
where F;y is the maximum fluorescence intensity, [P] is the total Siglec-10 concentration,
and Kp is the equilibrium dissociation constant for surface glycan and Siglec-10 binding.
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3.5. Cell Culture

The human breast cancer cell line MCF-7 (HTB-22, the American Type Culture Collec-
tion, Manassas, VA, USA) was cultured in RPMI 1640 medium (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum, nonessential amino acids (Thermo Fisher
Scientific) and 1 x antibiotic-antimycotic (Thermo Fisher Scientific) [63]. The cells were
incubated at 37 °C with 5% CO, and humidified atmosphere control. The culture medium
was changed every 3 to 4 days.

3.6. Flow Cytometry

MCEF-7 cells were detached from the dish surface through trypsinization, and washed
with ice-cold FACS buffer (1% FBS in 1 x DPBS with 0.1% Sodium Azide) before staining
with the following antibodies for respective experimental purposes: (1) For visualization of
CD24 on the cell surface, cells were stained with anti-CD24 antibody, CD24 Monoclonal
Antibody (eBioSN3 (SN3 A5-2H10)), PE (Invitrogen); Mouse IgG1 kappa Isotype Control
(P3.6.2.8.1), PE (Thermo Fisher Scientific) was used as isotype control. (2) In Siglec-10
binding/inhibitory experiments, 5 x 105> MCF-7 cells were incubated with 10 pug/mL
Siglec-10, along with different concentrations of SL-1 glycan (0, 0.01 to 1 mM) in FACS
buffer and incubated at 4 °C for 1 h. The cells were washed with FACS buffer before adding
Alexa Flour® 647-conjugated anti-hFc antibody for Siglec-10 staining. Flow cytometry was
performed on FACSCanto flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA).

3.7. Commercial Glycan Array

Profiling of recombinant Siglec-10 was performed on commercial Glycan Array 300
(RayBiotech, Peachtree Corners, GA, USA) by the Academia Sinica Glycoscience Core
Facility. Siglec-10 samples were dialyzed and labeled with biotin according to the pro-
tocol provided by the manufacturer. The glycan array slide was blocked, washed, and
biotin-labeled proteins were added for incubation with the reagents provided in the kit.
Cy3 equivalent dye-conjugated streptavidin was used to visualize the binding signals.
The glycan arrays were excited at 532 nm laser and scanned using a GenePix 4300A
Microarray Scanner.

4. Conclusions

It is known that cancer cells utilize the Siglec interacting pathway to evade immune
cell-mediated cytotoxicity. In this study, we describe the development of facile and scalable
chemo-enzymatic strategies for the synthesis of DSGb5 and sialylated derivatives. These
sialylated glycans and the glycans of cancer-associated glycolipids were used to create
glycan microarrays to evaluate their binding towards recombinant human Siglecs, including
Siglec-7, Siglec-9, Siglec-10, and Siglec-15. It was found that SSEA-4 and DSGb5 glycans
had binding to Siglec-9 and the disialyl SSEA-3 glycan with disialylated terminal Gal
(compound 2) showed binding to Siglec-9 and Siglec-15. However, these Siglecs exhibited
better binding to sialylated N-glycans and the binding affinity and specificity were strongly
influenced by the «2,3- or a2,6-linkage of terminal sialic acid, with Siglec-9 in favor of
the «2,3-linkage and Siglec-10 the «2,6-linkage. Notably, the complex-type N-glycans are
better ligands for Siglec-9 and Siglec-10 and the binding increases with increasing number
of terminal sialic acids. We also found that the N-glycolylneuraminic acid derivatives
are better ligands for Siglec-10, especially the truncated biantennary glycan SL-1, which
exhibited a significant inhibition of macrophage-mediated phagocytosis.
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Abstract: Acospectoside A (1) and acovenoside B (2), two cytotoxic cardenolides extracted
from the venomous South African bush Acokanthera oppositifolia, are distinguished by
their unique structural motifs of the L-acovenose moiety at C-3 and a 13-O-acetylated
cardenolide aglycone. Here, we report the synthesis of these cardiac glycosides featuring
delicate introductions of the 1-O-acetyl group under acid-catalyzed conditions, 143-OH by
Mukaiyama hydration, and a C17-butenolide moiety by Stille coupling.

Keywords: cardiac glycoside; total synthesis; cardenolides; glycosylation

1. Introduction

Cardiac glycosides, a structurally diverse group of natural products, are characterized
by a steroid skeleton adorned with a sugar moiety at the C3 position and a lactone moiety
at the C17 position [1,2]. For over two centuries, members of this family have been used
in clinics for the treatment of heart failure and cardiac rhythm disorders [3-5]. Recent
investigations have unveiled that diminished levels of specific endogenous cardiotonic
steroids could promote tumorigenesis [6], thereby sparking significant interest in a novel
hypothesis positing cardiac glycosides as potential anticancer agents [5]. In 1950, aveno-
sides A and B, both sharing the distinctive L-acovenose moiety, were isolated from the
South African poisonous bush Acokanthera oppositifolia [7]. Subsequent phytochemistry
research paved the way for the isolation and characterization of acospectoside A and aco-
bioside A (Figure 1) [8,9]. Notably, acospectoside A (1) could be metabolically converted
to acovenoside B (2), acobioside A, and acovenoside A through enzymatic treatment with
a snail (Helix pomatia) enzyme (Figure 1) [10,11]. These cardiac glycosides were further
evaluated for their cardiotoxicity in cats and cytotoxicity against human carcinoma of
the nasopharynx cells [10]. These findings indicated that the C-1 acetoxylated glycosides
exhibited reduced activity compared to their hydroxylated counterparts, while monosides
demonstrated greater cytotoxicity than the corresponding biosides. Amongst these cardiac
glycosides, acovenoside A emerged as a potent inhibitor of the proliferation of human
non-small-cell lung cancer (NSCLC) A-549 cells with an ICs, value of 68 nM, outperforming
the anticancer drug doxorubicin (ICsy = 426 nM) [12]. However, the limited accessibility of
these heterogeneous metabolites from natural sources has impeded in-depth investigations
into their pharmaceutical potential and therapeutic applications. The chemical synthesis
of these highly intricate cardiac glycosides presents a highly effective and transforma-
tive approach, offering a scalable and reproducible avenue for accessing these bioactive
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natural products and their structurally optimized derivatives [13-16]. Very recently, we
developed a convenient approach to the first chemical synthesis of acovenoside A, op-
pofrioside, euonymuside A, and their congeners [17]. Here, we disclose the first total
synthesis of acospectoside A (1) and acovensoide B (2), with 1-O-Ac-acovenosigenin A (3)
as a common aglycone.

o-( 1
X O Y
—
o_
! HoQ OH °‘®
OH (¢} CHs o
1) Acovenoside B (2)
Ho 0% oH ] —
HO i HOQ OH
CH |
OH 3 o-() CHs
Acospectoside A (1) Y OH @27 X Acovenoside A
(0]
”,?oﬁwo‘? o
CH3
OH
Acobioside A
o

= Ho-(1)

Acovenosigenin A

3 1-O-Ac-Acovenosigenin A (3)

Figure 1. Chemical structures of acospectoside A (1), acovenoside B (2), acobioside A, acovenoside A,
and their conversions. (X = removal of D-glucose with 3-glucosidase; Y = deacetylation with esterase).

2. Results

Building upon our prior investigations into the synthesis of steroid glycosides [17-19],
we envisioned the assembly of acovenosides (1, 2) through late-stage glycosylation, em-
ploying 1-O-Ac-acovenosigenin A (3) and glycosyl imidate donors (Scheme 1). However,
our initial endeavors to achieve the selective acetylation of acovenosigenin A were unsuc-
cessful in yielding the desired aglycone 3. Consequently, a retrosynthetic analysis was
undertaken, revealing that aglycone 3 could be elaborated on from the known intermediate
(6) [17] via the introduction of the 1-O-acetyl group, modulating oxidation states at C-14,
and installing the butenolide ring at C-17. A reduction of the 3-ketone group, followed
by selective benzylation, led to the formation of intermediate 5. This intermediate was
then transformed into 17-ketone 4 through a sequence involving Saegusa-Ito oxidation
and Mukaiyama hydration. Finally, the introduction of the C-17 butenolide moiety and
selective debenzylation afforded 1-OAc-acovenosigenin A (3). The timing of introducing
the 1-O-acetyl group is of strategic importance, and a successful synthetic route could be
determined by trial-and-error.

O-Glycosylation
& Deprotection

1-OAc-Acovenosigenin A (3)

Stille coupling &
Hydrogenolysis

Saegusa-Ito Oxidation

0
16 & Mukaiyama hydration OAc “.
5  ——— e

OH

BnO
H
5 Hou

Scheme 1. Retrosynthetic plan for acospectoside A (1) and acovenoside B (2).
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The selective reduction of 3-ketone 6 with L-selectride [20], followed by oxidative
cleavage of the resulting boronic ester with a sodium hydroxide solution and hydrogen
peroxide afforded 13,33-diol 7 (96%) (Scheme 2). Selective 3-O-benzylation with benzyl
bromide and sodium hydride delivered the desired 1-ol 8 (76%), alongside 3-ol isomer 9
(15%). Acidic hydrolysis of the C17-ethylene glycol ketal in 8 furnished 17-ketone 5 (82%).
The treatment of ketone 5 with TMSOTf and triethylamine generated the corresponding
trimethylsilylenol ether. Subsequent palladium-mediated Saegusa-Ito oxidation, utilizing
O; as a stoichiometric oxidant to form the 15,16-unsaturated enone 10, required extensive
optimization. The conventional Saegusa—Ito oxidation protocol typically necessitates a
superstoichiometric quantity of palladium(II) acetate to achieve satisfactory yields [21].
In 1995, Larock and co-workers pioneered a catalytic variant of Saegusa—Ito oxidation
using palladium(II) acetate under an oxygen atmosphere [22]. Applying Larock’s protocol
to the cyclic silylenol ether, with catalytic palladium(Il) acetate (0.1 equiv.) and O, as
the reoxidant in DMSO, afforded the desired 15,16-unsaturated enone 10 in a moderate
45% yield, alongside 12% recycled 5 (attributed to the hydrolysis of the trimethylsilyl
enol ether). Concurrently, lactone 11 was isolated as a side product (26%), arising from a
Baeyer-Villiger-type rearrangement of the 17-ketone followed by the unsaturation of the
o, 3-position of carbonyl via 3-hydride elimination of palladium in one-pot [23]. Given
that elevating the temperature could mitigate the formation of lactone byproducts, the
Saegusa-Ito oxidation was conducted at 60 °C, yielding enone 10 (33%) and lactone 11
(5%), though nearly half of 17-ketone 5 was recycled. To enhance the conversion rate, the
amount of palladium(Il) acetate was further increased to 0.3 equivalents. Optimal results
were achieved within 1 h, delivering enone 10 in a good 74% yield, with 15% of 17-ketone 5
recycled. Extending the reaction time to 6 h only marginally improved the conversion rate,
with 7% of 17-ketone 5 recycled, while enone 10 (33%), lactone 11 (5%), and unconjugated
A%15 12 (7%) were also obtained.

L-selectride, THF,
LiBr, - 78 °C;
NaOH (aq.), H,0,
—_—

PPTS, acetone,

DMF, RT reflux
B —

96% 97%

H
8:R'=H, R?=Bn (76%)
9:R'=Bn, R?=H (15%)

16,
1) TMSOTf, EtzN, 0 °C—RT;

2) Reagents and conditions
DMSO: THF (v/v=2:1) BnO

Entry Reagents and conditions Results
1 Pd(OAc), (0.1 equiv.), O, (1 atm), RT, 12 h 10 (45%); 11 (26%); 5 (12%)
2 Pd(OAc), (0.1 equiv.), O, (1 atm), 60°C, 6 h 10 (33%); 11 (5%); 5 (48%)
3 Pd(OAc), (0.3 equiv.), O, (1 atm), 60°C, 1 h 10 (74%); 5 (15%)
4 Pd(OAc), (0.3 equiv.), O, (1 atm), 60°C, 6 h 10 (66%); 11 (10%); 12 (7%); 5 (7%)

Scheme 2. Synthesis of enone 10.

The isomerization of 10 was carried out in the presence of N,N-diisopropylethylamine
and silicon dioxide at 90 °C, yielding unconjugated A'*15 derivative 12 (82%) (Scheme 3).
The strategic introduction of the 1-O-acetyl group was successfully achieved by employing
isopropenyl acetate and p-toluenesulfonic acid monohydrate, resulting in the formation
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of the fully protected intermediate 13 (81%). Mukaiyama hydration of A*1> 13, utilizing
Mn(acac); and PhSiH; under aerobic conditions, furnished tertiary alcohols 43 (68%) and
4 (32%) on a gram scale, showcasing the efficiency and scalability of the reaction [24].
17-Ketone 43 was subsequently converted to vinyl iodide 14 (81%) with hydrazine hydrate
and iodine. The Stille coupling reaction of vinyl iodide 14 with the known stannylated
butanolide 15 catalyzed by Pd(PPh3)s proceeded effectively, affording the desired cardiac
steroid 16 in an excellent 89% yield [19]. The direct hydrogenation of the A'®!7 double
bond in 16 posed a risk of generating C-17 isomers. To circumvent this, the 143-OH
group in 16 was protected with TMSCI and imidazole, yielding intermediate 17 (83%).
The subsequent hydrogenation of the A'®17 double bond in 17 proceeded smoothly on a
gram scale, leading to the fully protected aglycone 18 (68%). Finally, the desired aglycone 3
was obtained through Pd/C-catalyzed debenzylation under atmospheric hydrogen in a
mixed solvent of chloroform and methanol (78%). This sequence of reactions highlights
the meticulous planning and optimization required to achieve the targeted cardiac steroid
with high efficiency and selectivity.

OH OA
DIPEA, SiOj, isopropenyl acetate, ¢ O, (1 atm), PhSiH3,
0 CF3Ph, 90 °C 14745 pTsOHH,O Mn(acac)2 EtOH, PPh;
82% BnO 81%
H

1) H2NNH2‘H20 Et3N,

n EtOH, 65 °C | OAc 0‘
2) 1, Et;N, THF B“SS” OAc
BnO

Pd(PPhj),, CuCl, LiCl,
DMSO, 70°C, 89%

4B (68%): 4. (32%) 14 (80% from 4p)

H, (1 atm), 10% Pd/C,

H, (1 atm), 10% Pd/C,
CHCI,/CH30H

TMSCI, imidazole, EtOAc, MeOH, PBS, 0 °C

DMF, 50 °C
83%

68% 78%

Scheme 3. Synthesis of 1-O-Ac-acovenosigenin A (3).

In 1969, Kapadia speculated that the observed difficulty of the saponification of 3-O-
acetyl groups in acospectoside A (1) and acovenoside B (2) could likely be attributed to the
steric hindrance imposed by an axially bound acetoxyl group [10]. The subsequent experi-
mental transformations revealed that acetyl groups situated within the equatorial positions
of the carbohydrate moieties could be selectively removed through mild saponification
using potassium bicarbonate, without any discernible impact on the 3-O-acetyl groups in
the aglycone moieties [10]. With the desired aglycone derivative 3 and monosaccharide
building blocks in hand, we embarked on the assembly of the target cardiac glycosides
(Scheme 4). The known lactol 19 was transformed into an imidate donor with trichloroace-
tonitrile and cesium carbonate. The resulting reactive intermediate was promptly subjected
to glycosylation with aglycone 3, promoted by TMSOTH, to afford glycoside 20 in a 50%
yield over a two-step sequence. Finally, hydrogenative debenzylation and selective deben-
zoylation of the sugar residue were executed, culminating in the successful synthesis of
acovenoside B (2) in a satisfactory 60% yield.
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The known thioglycoside 21 underwent efficient debenzylation upon treatment with
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ), yielding 4-0l 22 (90%). The condensation
of 22 with imidate 23 was complete within 2 h catalyzed by TMSOTf at —78 °C, and the
desired disaccharide 24 was obtained in a good 76% yield (Scheme 5). Recognizing that
debenzoylation posed a greater synthetic challenge than deacetylation, we strategically
converted the benzoyl protecting groups in 24 to acetyl groups through a meticulous
two-step sequence involving saponification and subsequent acetylation with isopropenyl
acetate, affording disaccharide 26. The selective hydrolysis of the anomeric thio group was
achieved using N-bromosuccinimide (NBS), furnishing lactol 27 in an excellent 93% yield.
Lactol 27 was then condensed with trichloroacetonitrile in the presence of cesium carbonate
to generate the disaccharide imidate donor, which was immediately coupled with aglycone
3 to produce bioside 28 (51% over two steps). Finally, hydrogenative debenzylation and
selective deacetylation of the disaccharide residue furnished acospectoside A (1), with no
influence on the 1-O-acetyl group. The NMR data of the synthetic acospectoside A (1) and
acovenoside B (2) were identical to those reported for the natural products (see Tables S1
and S2 for details) [25].

OH 1) NCCCls, Cs,CO3, CH,Cly;
2) 3, TMSOTY, 4A MS,
o CH,CICH,CI, - 30 °C 0’ 1) H, (1 atm), Pd/C, EA/IMeOH

Acovenosice B
2) LiOH, MeOH/H,0O (2)

Bn0? 0Bz 50% over 2 steps

Me 0 A 60% over 2 steps
19 o
Bno® 0Bz 20
Me
Scheme 4. Synthesis of acovenoside B (2).
OBn
NH
STol
STol STo  Bno o °
o o BnO O CClg 0OBn o
DDQ, CH,Clo/H,0 OBz 23 B Oﬁp g
- = (0] OBz
3“03 OBz 90% HO® OBz 1ysoTr 4A NS, CH,Ch, BOT e
e Me 78°C, 76% z
21 22 24
STol STol
OBn O isopropenyl acetate, OBn O NBS, acetone/H,0/CH,Cls,
KOH, THF/MeOH o p-TsOHeH,0 o 20°C
Bno 09 on — Bl 09 OAc
80% BnO 89% n 93%
on Me ’ onc Me ’
25 26 o
(6]
OH
OBn 0 1) NCCCly, Cs,CO3, CHyCly
BnO o [qg 1) Pd/C, H, (1 atm), EA/MeOH
BnO OY OAc 2)3, TMSOTf, CH,CICH,CI, (@) 1
OAc Me 4A MS, -30 °C o8 o H 2) LiOH, MeOH/H,O/THF
n
27 51% over 2 steps 43% over 2 steps
BnO Q 0
BnO OY OAc
oac Me 28

Scheme 5. Synthesis of acospectoside A (1).
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3. Experimental Section
3.1. General Information

Commercial reagents were used without further purification and made in China unless
specified. Crushed 4 A molecular sieves (MSs) were activated through flame-drying under
high vacuum conditions immediately prior to use. Dry CH,Cl,, DMF, and toluene were
obtained by drying with activated MSs. Dry pyridine and NEt; were obtained by drying
with anhydrous KOH. Anhydrous THF was obtained by refluxing with Na under an argon
atmosphere. Thin layer chromatography (TLC) was performed on TLC silica gel 60 F254
(Merck, Darmstadt, Germany). The TLC plates were visualized with UV light and/or by
staining with EtOH/H,SO4 (10%, v/v). Flash column chromatography was performed on
silica gel, SiliaFlash P60 (40-63 pum, Silicycle, Quebec, QC, Canada). The NMR spectra were
measured on a Bruker AM 400 (Zurich, Switzerland), Agilent 500 MHz (Santa Clara, CA,
USA) NMR spectrometer at 25 °C. 'H and '*C NMR signals were calibrated to the resid-
ual proton and carbon resonance of the solvent (CDCl3: éyy = 7.26 ppm, dc =77.16 ppm;
CD30OD: 63 = 3.31 ppm, d¢c = 49.00 ppm; C5DsN: dyy =8.74 ppm, éc = 155.35 ppm). High-
resolution mass spectra were recorded with Shimadzu Biotech Axima Performance FTMS
(Kyoto, Japan), maXis 4G FTMS, Thermo Scientific Q Exactive HF Orbitrap-FTMS (Waltham,
MA, USA), or Agilent-TOF/LC-MS 1260-6230 FTMS. Optical rotations were measured on
an Anton Paar MCP5500 polarimeter (Graz, Austria).

3.2. Synthesis of Compounds 1-28
3.2.1. Synthesis of Compound 7

To a mixture of compound 6 (5.2 g, 14.9 mmol, 1.0 equiv.) and LiBr (7.8 g, 89.5 mmol,
6.0 equiv.), dry THF (150 mL) was added under an atmosphere of Ar. L-selectride (22.4 mL,
1 M, 1.5 equiv,, 0.5 mL/min) was added dropwise at —78 °C to the resulting mixture
under an Ar atmosphere and stirred for 2 h at the same temperature. TLC indicated
the reaction was complete (petroleum ether/EtOAc = 2/1). The reaction mixture was
quenched with a 2 N NaOH aqueous solution (75 mL) and 30% HyO; (7.5 mL). The mixture
was extracted with EtOAc (150 mL x 3), and the organic phase was washed with brine,
and dried with NaySOy. After filtration, the solution was concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (petroleum
ether/EtOAc/CH;Cl, =2/1/0.6) to give compound 7 (5.0 g, 96%) as a white amorphous
solid. [a]% = —19.6 (c 1.0, CHCl;); 'H NMR (600 MHz, CDCl3) & 4.13 (s, 1H), 3.95-3.79
(m, 5H), 3.42 (s, 2H), 2.09-1.89 (m, 4H), 1.86-1.69 (m, 3H), 1.68-1.60 (m, 1H), 1.53-1.31 (m,
7H), 1.28-1.18 (m, 4H), 1.15-1.10 (m, 1H), 1.09 (s, 3H), 0.82 (d, ] = 1.7 Hz, 3H); 1*C NMR
(125 MHz, CDCl3) 6 119.6, 74.0, 68.5, 65.3, 64.6, 50.5, 45.9, 41.9, 39.8, 36.2, 34.2, 33.7, 32.3,
31.0,30.7,26.0, 25.3,22.7, 20.5, 19.0, 14.6; HR-ESI-MS (m/z) calcd for Cy1H3404Na [M+Na]*:
373.2349, found: 373.2347.

3.2.2. Synthesis of Compound 8 and 9

To a stirring solution of compound 7 (5.0 g, 14.4 mmol, 1.0 equiv.) and BnBr (1.7 mL,
14.4 mmol, 1.0 equiv.) in dry DMF (140 mL), 60% NaH (1.4 g, 36.0 mmol, 2.5 equiv.)
was added in portions at room temperature. And the reaction mixture was stirred for
2 h at the same temperature. TLC indicated the reaction was complete. The reaction
mixture was quenched with a saturated NH4Cl solution (20 mL). H,O (100 mL) was added
to the mixture; the mixture extracted with EtOAc (300 mL), and the organic phase was
washed with brine, and dried with Na,SOy. After filtration, the solution was concentrated
under reduced pressure. The residue was purified by silica gel column chromatography
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(petroleum ether/EtOAc = 10/1 — 4/1) to give compound 8 (4.8 g, 76%) and to give
compound 9 (923 mg, 15%) as white amorphous solids.

8: [«]5 = —19.0 (c 1.0, CHCl;); 'H NMR (500 MHz, CDCl3) § 7.37-7.26 (m, 5H),
4.56-4.48 (m, 2H), 3.99 (d, ] =9.7 Hz, 1H), 3.95-3.82 (m, 6H), 3.71 (dt, ] = 9.7, 3.0 Hz, 1H),
2.10 (dg, ] = 14.8, 2.8 Hz, 1H), 2.02-1.92 (m, 2H), 1.91-1.86 (m, 1H), 1.86-1.74 (m, 2H), 1.70
(dt, ] = 15.2, 3.1 Hz, 1H), 1.67-1.59 (m, 2H), 1.55-1.36 (m, 6H), 1.34-1.19 (m, 4H), 1.10 (s,
3H), 0.84 (s, 3H); 13C NMR (125 MHz, CDCl3) § 138.1, 128.6, 127.8, 127.7, 119.6, 76.0, 73.1,
70.7,65.3, 64.6,50.6, 45.9, 42.1, 40.0, 36.2, 34.2, 31.1, 31.0, 30.1, 29.9, 26.2, 25.3, 22.8, 20.4, 18.9,
14.6; HR-ESI-MS (m/z) calcd for CogHygO4Na [M+Na]*: 463.2819, found: 463.2823.

9: [«]5 = —42.1 (c 1.0, CHCl;); 'H NMR (500 MHz, CDCl3) § 7.36-7.31 (m, 4H),
7.31-7.27 (m, 1H), 4.69 (d, ] = 11.0 Hz, 1H), 4.40 (d, ] = 11.0 Hz, 1H), 4.33 (d, ] = 10.4 Hz, 1H),
3.98 (dt, ] = 10.6, 3.0 Hz, 1H), 3.94-3.81 (m, 4H), 3.60 (s, 1H), 2.16-2.04 (m, 2H), 2.02-1.91 (m,
2H), 1.86-1.73 (m, 2H), 1.70-1.59 (m, 2H), 1.55-1.35 (m, 6H), 1.32-1.20 (m, 5H), 1.11 (s, 3H),
0.84 (s, 3H); 13C NMR (125 MHz, CDCl3) 6 138.0, 128.6, 128.1, 127.9, 119.5, 82.8, 73.0, 68.0,
65.3, 64.6,50.6,45.9, 41.6,40.2, 36.0, 34.2, 33.9, 31.3, 30.9, 28.6, 25.9, 25.2, 22.7, 20.7, 18.9, 14.6;
HR-ESI-MS (m/z) calcd for CogHygO4Na [M+Na]*: 463.2819, found: 463.2822.

3.2.3. Synthesis of Compound 5

To a stirring solution of 8 (4.7 g, 10.7 mmol, 1.0 equiv.) in acetone (11 mL), pyridinium
p-toluenesulfonate (4.0 g, 16.1 mmol, 1.5 equiv.) was added. The resulting mixture was
heated to reflux for 3 h. TLC indicated the reaction was complete. The reaction mixture was
concentrated under reduced pressure and added to a 1 N HCI aqueous solution (100 mL).
The resulting mixture was extracted with CH,Cl, (100 mL x 3); the combined organic
phase was washed with brine, and dried with NaySO,. After filtration, the solution was
concentrated under reduced pressure. The residue was purified by silica gel column chro-
matography (petroleum ether/EtOAc = 10/1) to give 5 (4.1 g, 97%) as a white amorphous
solid. [oc]2D5 = +55.6 (c 1.0, CHCl3); 'TH NMR (500 MHz, CDCl3) & 7.36-7.26 (m, 5H), 4.58-4.49
(m, 2H), 4.03 (d, ] = 9.7 Hz, 1H), 3.93-3.87 (m, 1H), 3.71 (dt, ] = 9.8, 3.1 Hz, 1H), 2.43 (ddd,
J=19.1,89,1.1Hz, 1H), 2.12 (dq, | = 14.9, 2.9 Hz, 1H), 2.07-2.00 (m, 2H), 1.96-1.85 (m, 3H),
1.81 (dt, ] =12.8, 3.0 Hz, 1H), 1.73-1.62 (m, 3H), 1.60-1.55 (m, 1H), 1.51 (ddd, ] = 12.5, 9.1,
3.4 Hz, 1H), 1.48-1.42 (m, 1H), 1.40-1.29 (m, 3H), 1.28-1.15 (m, 3H), 1.13 (s, 3H), 0.86 (s, 3H);
13C NMR (125 MHz, CDCl3) 5 221.3, 138.0, 128.6, 128.6, 127.9, 127.7, 75.8, 72.9, 70.8, 51.5,
47.7,42.4,40.2,35.9, 35.6,31.9, 31.1, 30.0, 26.1, 25.0, 21.9, 20.2, 18.9, 14.0; HR-ESI-MS (m/z)
caled for CpsHzgO3Na [M+Na]*: 419.2557, found: 419.2553.

3.2.4. Synthesis of Compounds 10 and 11

To a stirring solution of 5 (115 mg, 0.290 mmol, 1.0 equiv.) in dry CH,Cl, (6 mL),
NEt3 (0.161 mL, 1.02 mmol, 4.0 equiv.), and TMSOTf (0.185 mL, 0.185 mmol, 3.5 equiv.)
were added successively at 0 °C under an Ar atmosphere. The mixture was gradually
warmed up to room temperature and stirred for 1 h. TLC indicated the reaction was
complete. The reaction mixture was quenched with a saturated NaHCOj3 solution (15 mL)
at 0 °C and extracted with CH,Cl, (15 mL x 3); the combined organic phase was washed
with brine, and dried with Na,SOj. After filtration, the solution was concentrated under
reduced pressure. The resulting residue was dissolved in dry DMSO (4 mL) and THF
(2 mL). Pd(OAc), (6.5 mg, 0.029 mmol, 0.1 equiv.) was added to the solution. The mixture
was heated to 60 °C for 12 h under an O, atmosphere. TLC indicated the reaction was
complete (petroleum ether/EtOAc = 2/1). The reaction mixture was added to a saturated
NH4Cl solution (20 mL) and extracted with EtOAc (20 mL x 3); the combined organic
phase was washed with an aqueous NH,Cl, brine, and dried with Nap,SO,. After filtration,
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the solution was concentrated under reduced pressure. The residue was dissolved with
acetonitrile (20 mL). To the solution, FeCl; (49 mg, 0.304 mmol, 1.05 equiv.) was added at
0 °C and stirred for 10 min. The mixture was neutralized by K,COj3 (120 mg, 0.870 mmol,
3.0 equiv.) and filtered; the filtrate was concentrated under reduced pressure and purified
by silica gel column chromatography (petroleum ether/EtOAc = 6/1 — 4/1) to give 10
(51 mg, 45%), 11 (31 mg, 26%), and 5 (14 mg, 12%) as white amorphous solids.

10: [«]% = —55.2 (c 1.0, CHCl;); '"H NMR (400 MHz, CDCl3) § 7.52 (dd, ] = 6.0, 1.8 Hz,
1H), 7.38-7.27 (m, 5H), 6.02 (dd, ] = 5.9, 3.1 Hz, 1H), 4.59-4.50 (m, 2H), 4.09 (d, ] = 9.6 Hz,
1H), 3.91 (q, ] = 3.0 Hz, 1H), 3.72 (dt, ] = 9.7, 3.0 Hz, 1H), 2.32 (ddd, ] = 11.4, 3.1, 1.9 Hz,
1H), 2.15 (dq, | = 14.9, 2.9 Hz, 1H), 2.11-2.03 (m, 1H), 1.99-1.85 (m, 4H), 1.81-1.73 (m, 1H),
1.71-1.64 (m, 2H), 1.57-1.45 (m, 3H), 1.42-1.24 (m, 3H), 1.18 (s, 3H), 1.07 (s, 3H); 13C NMR
(100 MHz, CDCl3) 6 213.3, 158.6, 137.9, 131.8, 128.6, 127.9, 127.7,75.7,72.7,70.8, 57.0, 51.0,
43.7,40.4, 33.0, 31.0, 29.9, 29.8, 29.4, 26.0, 25.1, 20.8, 19.9, 18.8; HR-ESI-MS (1m/z) calcd for
CyeH3403Na [M+Na]+: 417.2400, found: 417.2387.

11: [o]% = —24.2 (¢ 1.0, CHCl3); '"H NMR (500 MHz, CDCl3) & 7.38-7.27 (m, 5H), 6.81
(dd, ] =9.9,2.2 Hz, 1H), 6.02 (dd, ] = 9.8, 3.0 Hz, 1H), 4.59-4.49 (m, 2H), 3.95-3.90 (m, 1H),
3.72(d, ] =3.1 Hz, 1H), 2.33 (dt, ] = 11.4, 2.5 Hz, 1H), 2.18-2.12 (m, 1H), 2.09-2.02 (m, 1H),
1.99 (dt, ] = 12.6, 3.5 Hz, 1H), 1.93-1.82 (m, 3H), 1.76 (dd, ] = 13.2, 4.4 Hz, 1H), 1.72 (s,
2H), 1.64-1.58 (m, 1H), 1.59-1.48 (m, 1H), 1.49-1.40 (m, 1H), 1.41-1.35 (m, 1H), 1.32 (s, 3H),
1.28-1.21 (m, 1H), 1.18 (dd, ] = 12.2, 4.0 Hz, 1H), 1.09 (s, 3H); 13C NMR (125 MHz, CDCl3) 6
164.0, 145.4,137.9,128.6, 127.9,127.7, 121.8, 83.3, 75.6, 72.5, 70.9, 48.6, 41.9, 40.2, 38.4, 35.8,
30.6, 30.0, 29.8, 25.9, 24.6, 21.7, 18.7, 18.6; HR-ESI-MS (m/z) calcd for CosH3504 [M+H]*:
411.2530, found: 411.2523.

To a stirring solution of 5 (15.0 g, 37.8 mmol, 1.0 equiv.) in dry CH,Cl, (120 mL),
NEt3 (21.0 mL, 151 mmol, 4.0 equiv.), and TMSOTf (23.9 mL, 132 mmol, 3.5 equiv.) were
added successively at 0 °C under an Ar atmosphere. The mixture was gradually warmed
up to room temperature and stirred for 1 h. TLC indicated the reaction was complete.
The reaction mixture was quenched with a saturated NaHCOj solution (100 mL) at 0 °C
and the aqueous phase was extracted with CH,Cl, (100 mL x 2). The combined organic
phase was washed with brine, and dried with NaySO,. After filtration, the solution was
concentrated under reduced pressure. The resulting residue was dissolved in dry DMSO
(280 mL) and THF (140 mL). Pd(OAc); (2.5 g, 11.3 mmol, 0.3 equiv.) was added to the
solution. The mixture was heated to 60 °C for 12 h under an O, atmosphere. TLC indicated
the reaction was complete (petroleum ether/EtOAc = 2/1). FeCl; (6.4 g, 39.7 mmol,
1.05 equiv.) was added to the reaction mixture at 0 °C and stirred for 10 min. The mixture
was neutralized by K,CO3 (16.4 g, 119.0 mmol) and filtered; the filtrate was concentrated
under reduced pressure and purified by silica gel column chromatography (petroleum
ether/EtOAc/CH,Cl, =8/1/0.9 — 4/1/0.9) to give 10 (11.0 g, 74%) and 5 (2.3 g, 15%) as
white amorphous solids.

3.2.5. Synthesis of Compound 12

To a mixture of 10 (2.9 g, 7.40 mmol, 1.0 equiv.) and SiO, (8.0 g), benzotrifluoride
(80 mL) and DIPEA (67.3 mL, 407 mmol, 55.0 equiv.) were added successively under an
atmosphere of Ar. The resulting mixture was stirred for 2 h at 90 °C under an Ar atmosphere.
TLC indicated the reaction was complete (petroleum ether/EtOA = 2/1). The reaction
mixture was filtered, and the filter cake was washed with EtOA (150 mL). The filtrate was
concentrated under reduced pressure. The residue was dissolved with CH,Cl, (100 mL),
and the organic phase was washed with an aqueous 5 wt% HCl solution, brine, and dried
with NaySOy. After filtration, the solution was concentrated under reduced pressure. The
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residue was purified by silica gel column chromatography (petroleum ether/EtOAc = 10:1)
to give 12 (2.4 g, 82%) as a white amorphous solid. [oc]2D5 = +84.3 (c 1.0, CHCl3); '"H NMR
(400 MHz, CDCl3) 6 7.39-7.27 (m, 5H), 5.50 (q, ] = 2.1 Hz, 1H), 4.59-4.48 (m, 2H), 4.03 (d,
] =9.7 Hz, 1H), 3.89 (t, ] = 2.9 Hz, 1H), 3.73 (d, ] = 9.3 Hz, 1H), 3.00 (ddd, ] = 23.1, 3.9,
1.9 Hz, 1H), 2.82 (dt, ] = 23.1, 2.3 Hz, 1H), 2.26 (ddd, | = 13.6, 9.0, 4.9 Hz, 1H), 2.16-2.09 (m,
1H), 2.07-2.01 (m, 1H), 1.99-1.83 (m, 2H), 1.78 (dt, ] = 12.9, 3.2 Hz, 1H), 1.70-1.58 (m, 3H),
1.55-1.48 (m, 1H), 1.48-1.42 (m, 1H), 1.41-1.34 (m, 1H), 1.29-1.19 (m, 2H), 1.15 (s, 3H), 1.11
(s, 3H); 13C NMR (100 MHz, CDCl5) § 153.6, 138.0, 128.6, 127.9, 127.7, 113.1, 75.7, 72.7, 70.8,
50.9, 43.0, 41.5, 40.4, 35.8, 33.5, 31.1, 30.3, 29.8, 25.8, 22.7, 20.8, 20.1, 18.8; HR-ESI-MS (1m/z)
caled for CpsHz4O3Na [M+Na]*: 417.2400, found: 417.2411.

3.2.6. Synthesis of Compound 13

To a stirring solution of compound 12 (2.4 g, 6.03 mmol, 1.0 equiv.) in isopropenyl
acetate (12 mL), TSOH-H,O (4.6 g, 24.1 mmol, 4.0 equiv.) was added at room temperature.
After, the reaction mixture was stirred for 10 min at the same temperature. TLC indicated
the reaction was complete. CH,Cl, (100 mL) was added, and the reaction mixture was
quenched with a saturated NaHCO3 solution (100 mL) at 0 °C. The organic phase was
washed with brine, and dried with Na,SO,. After filtration, the solution was concentrated
under reduced pressure. The residue was purified by silica gel column chromatography
(petroleum ether /EtOAc = 10/1) to give compound 13 (2.14 g, 81%) as a white amorphous
solid. [a]® = +51.9 (¢ 1.0, CHCl3); 'H NMR (500 MHz, CDCl3) § 7.34-7.29 (m, 4H), 7.26-7.22
(m, 1H), 5.52 (q, ] =2.1 Hz, 1H), 4.97 (t, ] = 3.0 Hz, 1H), 4.47-4.39 (m, 2H), 3.73 (q, ] = 3.0 Hz,
1H), 3.00 (ddd, ] = 23.0, 3.8, 1.8 Hz, 1H), 2.82 (dt, ] = 23.1, 2.2 Hz, 1H), 2.32-2.19 (m, 3H),
1.99-1.95 (m, 1H), 1.94 (s, 3H), 1.93-1.87 (m, 2H), 1.80 (dt, ] = 13.1, 3.1 Hz, 1H), 1.67-1.61 (m,
3H), 1.55 (dt, ] = 15.7, 3.3 Hz, 1H), 1.50-1.31 (m, 3H), 1.23 (td, ] = 13.1, 3.9 Hz, 1H), 1.11 (s,
3H), 1.05 (s, 3H); 13C NMR (125 MHz, CDCl3) § 222.3, 171.5, 153.4, 139.2, 128.4, 127.4, 127.3,
113.4,74.2,72.6,69.9, 50.9, 42.3, 41.5, 39.0, 35.7, 33.4, 32.1, 30.5, 27 .4, 25.6, 22.3, 21.4, 21.3,
20.2, 18.4; HR-ESI-MS (m/z) caled for CogH3zsO4Na [M+Na]*: 459.2506, found: 459.2512.

3.2.7. Synthesis of Compound 4« and 4f3

To the solution of 13 (5.0 g, 11.5 mmol, 1.0 equiv.) in EtOH (230 mL), PPh; (6.03 g,
23.0 mmol, 2.0 equiv.), and Mn(acac); (1.46 g, 5.75 mmol, 0.5 equiv.) were added. The
reaction mixture was bubbled with O, for 40 min. Next, to the solution, PhSiHjz (4.25 mL,
34.5 mmol, 3.0 equiv.) was added. The resulting mixture was stirred for 3 h at room
temperature under an O, atmosphere. TLC indicated the reaction was complete (petroleum
ether/acetone = 4/1). The reaction mixture was quenched with a saturated Na;S,0O3
solution (25 mL) at 0 °C. H,O (400 mL) was carefully added to the reaction mixture at room
temperature. The resulting mixture was extracted with EtOAc (400 mL x 2); the combined
organic phase was washed with brine, and dried with Na,SO,. After filtration, the solution
was concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (petroleum ether/acetone = 8/1) to give 43 (3.6 g, 68%) and 4 (1.7 g,
32%) as white amorphous solids.

4B: [«]® = —4.7 (c 1.0, CHCl3); '"H NMR (500 MHz, CDCl3) & 7.35-7.30 (m, 4H),
7.26-7.23 (m, 1H), 4.95 (t, ] = 3.1 Hz, 1H), 4.48-4.41 (m, 2H), 3.79-3.74 (m, 1H), 2.44-2.39 (m,
2H), 2.30-2.24 (m, 1H), 2.23-2.10 (m, 3H), 1.94 (s, 2H), 1.93-1.80 (m, 3H), 1.78-1.66 (m, 3H),
1.64-1.50 (m, 4H), 1.44-1.34 (m, 3H), 1.30-1.21 (m, 2H), 1.05 (s, 2H), 1.00 (s, 3H); 13C NMR
(125 MHz, CDCl3) 6 221.0,171.5,139.1, 128.4, 127.4,127.3, 82.5, 74.2, 72.4,70.0, 41.6, 41.5,
38.8,37.4,33.1,32.0,31.7,30.5, 27.5, 27.5, 25.8, 21.4, 20.4, 18.9, 18.5, 13.0; HR-ESI-MS (m/z)
caled for CogHypOsN [M+NH4]*: 472.3057, found: 472.3050.
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4o [a]® = +11.2 (c 1.0, CHCl;); '"H NMR (600 MHz, CDCl3) & 7.32-7.30 (m, 3H),
7.27-7.22 (m, 2H), 4.98-4.94 (m, 1H), 4.51-4.34 (m, 2H), 3.77-3.73 (m, 1H), 2.41 (ddd,
] =18.7,9.5,2.2 Hz, 1H), 2.33 (dt, | = 18.6, 8.6 Hz, 1H), 2.29-2.22 (m, 1H), 2.22-2.17 (m, 1H),
2.02-1.94 (m, 2H), 1.94 (s, 3H), 1.92-1.82 (m, 4H), 1.76 (td, | = 13.4, 4.5 Hz, 1H), 1.68-1.62
(m, 2H), 1.60-1.49 (m, 2H), 1.48-1.26 (m, 4H), 1.03 (s, 3H), 0.99 (s, 3H); 13C NMR (150 MHz,
CDCl3) § 218.7,171.5, 139.2, 128.4, 127.4, 127.3, 81.4, 74.6, 72.6, 69.9, 52.6, 38.8, 38.2, 34.6,
33.1,32.0, 30.5, 30.5,27.2, 25.6, 25.1, 21.4, 19.5, 19.3, 18.5, 18.2; HR-ESI-MS (11/z) calcd for
C28H3805Na [M+Na]+: 477.2611, found: 477.2612.

3.2.8. Synthesis of Compound 14

To a stirring solution of 4p (4.9 g, 10.7 mmol, 1.0 equiv.) in EtOH (110 mL), EtzsN
(4.5mL, 32.1 mmol, 3.0 equiv.) and H,NNH,-H,O (1.6 mL, 32.1 mmol, 3.0 equiv.) were
added. The mixture was stirred at 65 °C for 5 h. TLC indicated the reaction was complete
(CH,Cl,/MeOH = 20/1). The reaction mixture was concentrated under reduced pressure.
The residue was purified by silica gel column chromatography (CH,Cl, /MeOH = 60/1 —
20/1) to give intermediate hydrazone (4.4 g, 88%) as a white amorphous solid.

To the intermediate hydrazone (4.4 g, 9.5 mmol, 1.0 equiv.) in dry THF (100 mL), EtzN
(13.1 mL, 94.5 mmol, 10.0 equiv.) and a solution of I (6.0 g, 23.6 mmol, 2.5 equiv.) in THF
(100 mL) were added successively. The resulting mixture was stirred at 25 °C for 30 min
under an Ar atmosphere. TLC indicated the reaction was complete (CH,Cl, /MeOH =
20/1). The reaction mixture was quenched with a saturated NaHCO3 solution (100 mL)
and a Na,SOj3 solution (100 mL) at 0 °C, and EtOAc (200 mL) was added. The mixture was
extracted with EtOAc (100 mL x 2); the combined organic phase was washed with brine,
and dried with Nay;SOy. After filtration, the solution was concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (petroleum
ether/EtOAc = 8/1) to give 14 (4.9 g, 91%) as a white foamy solid. [oc]25 =—-9.54 (c 1.0,
CHCl3); 'H NMR (500 MHz, CDCl3) 'H NMR (500 MHz, CDCl3) & 7.34-7.29 (m, 4H),
7.26-7.22 (m, 1H), 6.11 (dd, | = 3.2, 1.8 Hz, 1H), 5.00-4.96 (m, 1H), 4.49-4.39 (m, 2H),
3.78-3.72 (m, 1H), 2.54 (dd, ] = 16.5, 1.9 Hz, 1H), 2.25 (ddd, | = 16.5, 7.1, 3.0 Hz, 2H), 2.18
(dd, J =13.4, 3.6 Hz, 1H), 1.95 (s, 3H), 1.91 (dd, | = 13.8, 3.6 Hz, 1H), 1.88-1.70 (m, 4H),
1.67-1.59 (m, 2H), 1.51-1.39 (m, 2H), 1.38-1.24 (m, 2H), 1.14-1.07 (m, 1H)), 1.05 (s, 3H),
0.99 (s, 3H), 0.97-0.90 (m, 1H); 3C NMR (125 MHz, CDCl3) § 171.5, 139.2, 133.7, 128 4,
127.4,127.3,111.4,82.4,74.3,72.5,69.9, 54.8, 42.8, 41.3, 38.8, 37.9, 37.5, 31.7, 30.5, 27.6, 25.8,
21.5,20.4, 20.2, 18.7, 18.1; HR-ESI-MS (m/z) caled for CpgHjz;04INa [M+Na]*: 587.1629,
found: 587.1633.

3.2.9. Synthesis of Compound 16

A mixture of 14 (4.0 g, 7.1 mmol, 1.0 equiv.) and 16 (8.0 g, 21.3 mmol, 3.0 equiv.)
was co-evaporated with toluene twice and recharged with Ar. CuCl (10.5 g, 106.0 mmol,
15.0 equiv.), LiCl (6.02 g, 142 mmol, 20.0 equiv.), and Pd(Ph3P)s (819 mg, 0.709 mmol,
0.1 equiv.) were added. The resulting mixture was recharged with Ar and dry DMSO
(150 mL) was added. The mixture was stirred for 2 h at 70 °C under an Ar atmosphere
after Freeze-Pump-Thaw Degassing was performed twice. TLC indicated the reaction
was complete (PE/EA = 2/1). The reaction mixture was quenched with a PBS (350 mL)
at 0 °C. The mixture was filtered. The filter cake was washed with EtOAc (200 mL x 5).
The aqueous phase was extracted with EtOAc (300 mL x 2); the combined organic phase
was washed with a saturated NH,4Cl solution (800 mL x 2) and brine, and dried with
NaySOy. After filtration, the solution was concentrated under reduced pressure. The
residue was purified by silica gel column chromatography (containing 10% K,CO3, and
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petroleum ether/EtOAc/CH,Cl, =2/1/0.2) to give compound 16 (3.3 g, 89%) as a pale
yellow amorphous solid. [«]%& = +37.5 (c 1.0, CHCl3); 'H NMR (400 MHz, CDCl3) &
7.36-7.29 (m, 4H), 7.24 (d, ] = 6.1 Hz, 1H), 6.10 (d, ] = 2.8 Hz, 1H), 5.96 (s, 1H), 5.02-4.89 (m,
3H), 4.49-4.39 (m, 2H), 3.75 (s, 1H), 2.73-2.64 (m, 1H), 2.39 (dd, ] = 18.4, 3.4 Hz, 1H), 2.26
(dd, ] = 15.9, 2.8 Hz, 1H), 2.20 (d, ] = 13.3 Hz, 1H), 2.06-1.98 (m, 1H), 1.95 (s, 3H), 1.91-1.72
(m, 3H), 1.69-1.59 (m, 3H), 1.51-1.33 (m, 4H), 1.28 (s, 3H), 1.18-1.05 (m, 1H), 1.01 (s, 3H),
0.95-0.88 (m, 1H); *3C NMR (100 MHz, CDCl3) 5 174.5, 171.5, 158.3, 144.0, 139.1, 132.2,
128.4,127.4,127.2,112.6, 85.5, 74.2, 72.4,71.8, 69.9, 52.2, 41.0, 40.6, 38.7, 38.4, 37.8, 31.6, 30.5,
27.6,25.8,21.4, 20.4, 20.3, 18.7, 16.7; HR-ESI-MS (m/z) calcd for C3,HygOgNa [M+Na]*:
543.2717, found: 543.2715.

3.2.10. Synthesis of Compound 17

To a mixture of 16 (2.0 g, 3.8 mmol, 1.0 equiv.) and imidazole (1.6 g, 23.0 mmol,
6.0 equiv.), dry DMF (40 mL) was added under an atmosphere of Ar. TMSCI (1.5 mL,
11.5 mmol, 3.0 equiv.) was added to the resulting mixture under an Ar atmosphere and
stirred for 12 h at 50 °C. TLC indicated the reaction was complete (petroleum ether/EtOAc
=1/1.5). The reaction mixture was quenched with MeOH (5 mL) at 0 °C. The mixture was
extracted with CH,Cl, (200 mL), washed with brine (200 mL x 3), and dried with Na;SOy.
After filtration, the solution was concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (petroleum ether/EtOAc = 3/1) to give 17
(1.9 g, 83%) as a white foamy solid. [«]% = +39.6 (c 1.0, CHCl3); 'H NMR (400 MHz, CDCl3)
57.34-7.26 (m, 5H), 6.03 (d, ] = 2.8 Hz, 1H), 5.96 (s, 1H), 5.03—4.86 (m, 3H), 4.49—4.39 (m,
2H),3.74 (d, ] = 3.9 Hz, 1H), 2.59 (d, ] = 18.5 Hz, 1H), 2.44 (dd, | = 18.6, 3.4 Hz, 1H), 2.25
(dd, ] =15.8, 2.8 Hz, 1H), 2.19 (d, ] = 14.2 Hz, 1H), 1.98 (d, ] = 3.6 Hz, 1H), 1.94 (s, 3H),
1.92-1.79 (m, 2H), 1.78-1.68 (m, 2H), 1.67-1.55 (m, 3H), 1.42-1.34 (m, 2H), 1.28-1.23 (m, 1H),
1.20 (s, 3H), 1.17-1.11 (m, 1H), 1.05 (d, ] = 13.7 Hz, 1H), 1.00 (s, 3H), 0.00 (s, 9H); 13C NMR
(100 MHz, CDCl3) 6 174.5,171.5, 158.4, 145.0, 139.2, 132.0, 128.4, 127.4, 127.3, 112.6, 89.8,
74.3,72.5,71.7,69.9,52.9,42.0, 394, 38.7, 38.7, 37.8, 31.7, 30.5, 27.6, 26.0, 21.5, 20.7, 20.3, 18.8,
17.4,2.8; HR-ESI-MS (m/z) calcd for C35Hs306SiNa [M+Na]*: 615.3112, found: 615.3120.

3.2.11. Synthesis of Compound 18

To a solution of 17 (1.9 g, 3.2 mmol, 1.0 equiv.) in a mixture of EtOAc/MeOH /PBS
(60 mL/30 mL/60 mL), Pd/C (1.0 g) was added. The reaction mixture was recharged with
Hj thrice, and then stirred for 3 h at 0 °C under an atmosphere of H,. TLC indicated the
reaction was complete (petroleum ether/EtOAc = 2/1). The reaction mixture was filtered,
and the filter cake was washed with EtOAc (100 mL x 3). The filtrate was concentrated
under reduced pressure. The resulting residue was purified by silica gel column chro-
matography (petroleum ether/EtOAc=2/1 — 1/1.5) to give 18 (1.3 g, 68%) as a colorless
amorphous solid. [«]% = —4.35 (c 1.0, CHCl3); 'H NMR (500 MHz, CDCl3) § 7.34-7.29 (m,
4H),7.26-7.24 (m, 1H), 5.84 (t, ] = 1.5 Hz, 1H), 4.95-4.90 (m, 1H), 4.79-4.67 (m, 2H), 4.49-4.39
(m, 2H), 3.76 (t, ] = 3.1 Hz, 1H), 2.56 (t, ] = 7.6 Hz, 1H), 2.30-2.22 (m, 1H), 2.17 (d, ] = 13.4 Hz,
1H), 2.10-2.02 (m, 1H), 1.98-1.95 (m, 1H), 1.94 (s, 3H), 1.93-1.85 (m, 2H), 1.84-1.69 (m, 4H),
1.67-1.55 (m, 3H), 1.50 (td, | = 11.8, 3.5 Hz, 1H), 1.43-1.33 (m, 3H), 1.32-1.18 (m, 2H), 0.97 (s,
3H), 0.88 (s, 3H), 0.13 (s, 9H); 13C NMR (125 MHz, CDCl3) & 174.4,173.9, 171.5, 139.1, 128 4,
127.4,127.3,117.2,91.3,74.3,74.0, 72.5, 70.0, 50.9, 50.6, 41.5, 40.9, 39.2, 38.2, 34.1, 31.7, 30.7,
27.4(2C), 26.1, 22.5, 21.5, 21.2, 18.4, 18.3, 3.1, HR-ESI-MS (m/z) caled for C35H57006SiNa
[M+Na]*: 617.3269, found: 617.3275.
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3.2.12. Synthesis of Compound 3

To a solution of 18 (1.5 g, 2.6 mmol, 1.0 equiv.) in a mixture of CHCl3/MeOH (60 mL/
60 mL, Pd/C (0.8 g) was added. The reaction mixture was recharged with Hj thrice, and
then stirred for 2 h at room temperature under an atmosphere of H,. TLC indicated the
reaction was complete (petroleum ether/EtOAc = 1/1.5). The reaction mixture was filtered.
The filtrate was concentrated under reduced pressure. The resulting residue was purified
by silica gel column chromatography (CH,Cl, /MeOH = 30/1) to give 3 (869 mg, 78%) as a
colorless amorphous solid. [oc}zD5 =+9.4 (c 1.0, CHCl3); 'H NMR (500 MHz, CDCl3) 5 5.88
(s, 1H), 5.26 (d, ] = 2.9 Hz, 1H), 4.97 (d, ] = 18.0 Hz, 1H), 4.80 (d, ] = 17.6 Hz, 1H), 4.04 (s,
1H), 2.80-2.75 (m, 1H), 2.23-2.11 (m, 1H), 2.09 (s, 3H), 2.06-1.79 (m, 6H), 1.77-1.68 (m, 2H),
1.66-1.59 (m, 2H), 1.58-1.49 (m, 2H), 1.47-1.26 (m, 6H), 0.96 (s, 3H), 0.87 (s, 3H); 1>*C NMR
(125 MHz, CDCl3) 6 174.6,174.4,169.9, 118.0, 85.4, 75.8, 73.6, 66.9, 50.8, 49.5, 41.8, 39.8, 39.1,
37.1,33.3(2C), 31.5,31.1, 27.0, 25.8, 21.6, 21.4, 20.8, 18.5, 15.9; HR-ESI-MS (1m/z) calcd for
Cy5H3606Na [M+Na]*: 455.2404, found: 455.2411.

3.2.13. Synthesis of Compound 20

To a stirring solution of 19 (10.0 mg, 0.027 mmol, 1.0 equiv.) in dry CH,Cl, (7 mL),
NCCClI; (11 pL, 0.108 mmol, 4.0 equiv.) and Cs,CO;3 (0.87 mg, 2.69 pmol, 0.1 equiv.) were
added. The resulting mixture was stirred for 3 h at room temperature. TLC indicated the
reaction was complete. The reaction mixture was filtered. The filtrate was concentrated in
vacuo. The residue and aglycone 3 (9.7 mg, 0.022 mmol, 1.0 equiv.) were co-evaporated
with toluene three times and dissolved in dry CH,Cl, (1.5 mL); a 4A molecular sieve
(150 mg) was added. The mixture was stirred for 15 min at 25 °C under an Ar atmosphere.
Next, TMSOTf (0.81 pL, 4.48 pumol, 0.2 equiv.) was added at —78 °C. The resulting mixture
was stirred for 10 min at —78 °C. TLC indicated the reaction was complete (petroleum
ether/EtOAc = 1/2). The reaction mixture was quenched with a saturated NaHCOj3
aqueous solution (2 mL) and filtered. The filtrate was added to the saturated NaHCOj3
solution (20 mL). The mixture was extracted with CH,Cl, (20 mL x 3), washed with brine,
and dried with Na;SOy. After filtration, the solution was concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (petroleum
ether/EtOAc = 4/1) to give compound 20 (8.9 mg, 50%) as a white amorphous solid.
[«]5 = —34.5 (c 1.0, CHCl3); 'H NMR (600 MHz, CDCl3) & 8.01-7.98 (m, 2H), 7.46-7.38
(m, 3H), 7.34-7.27 (m, 3H), 7.17-7.11 (m, 2H), 5.87 (t, ] = 1.9 Hz, 1H), 5.43-5.34 (m, 1H),
5.00-4.94 (m, 3H), 4.91 (t, ] = 3.0 Hz, 1H), 4.80 (dd, | = 18.1, 1.8 Hz, 1H), 4.62 (d, ] = 11.6
Hz, 1H), 4.04 (s, 1H), 3.95-3.90 (m, 1H), 3.68-3.63 (m, 2H), 3.43 (s, 3H), 2.77 (dd, ] = 9.5,
5.5 Hz, 1H), 2.19-2.10 (m, 2H), 2.08 (s, 3H), 2.07-1.99 (m, 2H), 1.91-1.76 (m, 4H), 1.74-1.65
(m, 3H), 1.64-1.57 (m, 3H), 1.57-1.50 (m, 2H), 1.48-1.42 (m, 1H), 1.39 (d, ] = 15.3 Hz, 1H),
1.35(d, ] = 6.5 Hz, 3H), 1.30 (dt, ] = 13.1, 3.4 Hz, 1H), 0.99 (s, 3H), 0.88 (s, 3H); & 13C NMR
(150 MHz, CDCl3) 6 174.5, 174.3, 171.0, 166.7, 139.3, 133.0, 130.4, 129.9, 128.3, 128.3, 128.0,
127.4,118.0,95.7,85.5,77.9,76.4,74.7,74.3,73.5, 69.3, 67.9, 67.3,57.1, 50.9, 49.6, 41.7, 39.9,
38.8,37.0,33.3,31.2,30.0, 29.8, 28.0, 27.0, 25.8, 21.7, 20.7, 18.6, 17.1, 15.9; HR-ESI-MS (m/z)
caled for C46HggO11Na [M+Na]*: 809.3871, found: 809.3875.

3.2.14. Synthesis of Compound 2

To a solution of 20 (8.9 mg, 11.3 umol, 1.0 equiv.) in EtOAc/MeOH (1.0 mL/1.0 mL),
10% Pd/C (8.9 mg) was added. The reaction mixture was recharged with Hj 3 times, and
then stirred for 18 h at 25 °C under an atmosphere of Hy. TLC indicated the reaction was
complete (petroleum ether/EtOAc = 1/2). The reaction mixture was filtered. The filtrate
was concentrated under reduced pressure. The residue was dissolved in MeOH/H,O/THF
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(1.5 mL/0.5 mL/0.5 mL); LiOH (2.0 mg, 83.5 umol, 7.4 equiv.) was added and then the
mixture was stirred for 0.5 h at 25 °C. TLC indicated the reaction was complete (petroleum
ether/EtOAc = 1/2). The reaction mixture was quenched with HOAc (4.8 uL, 83.5 umol,
7.4 equiv.) and concentrated in vacuo. The residue was purified by reverse-phase columns
(H,O/MeOH = 1/2) to afford acovensoide B (2) (4.0 mg, 60% over 2 steps) as a white
amorphous solid. [«]5 = —53.0 (c 0.4, CHCl3); 'H NMR (400 MHz, CDCl3) § 5.88 (s, 1H),
5.01-4.93 (m, 2H), 4.88 (t, ] = 3.2 Hz, 1H), 4.80 (d, | = 18.1 Hz, 1H), 4.04 (s, 1H), 3.86 (s, 1H),
3.84-3.76 (m, 2H), 3.47 (s, 3H), 3.34 (t, ] = 3.2 Hz, 1H), 2.78 (dd, ] = 9.3, 5.6 Hz, 1H), 2.22-2.03
(m, 3H), 2.01 (s, 3H), 1.97 (s, 1H), 1.88-1.68 (m, 7H), 1.58-1.49 (m, 4H), 1.46-1.39 (m, 1H),
1.38-1.32 (m, 2H), 1.29 (d, ] = 6.5 Hz, 3H), 1.25-1.22 (m, 1H), 0.97 (s, 3H), 0.87 (s, 3H); 13C
NMR (150 MHz, CDCl3) 6 174.5,174.3,170.8,117.9,97.4,85.4,75.4,74.2,73.5,70.1, 68.7, 68.6,
66.2,55.6,50.8,49.5,41.7, 39.8, 38.8, 36.9, 33.2, 31.1, 29.9, 27.8, 26.9, 25.8, 21.6, 21.5, 20.6, 18.5,
16.6, 15.8; HR-ESI-MS (111/z) caled for C3pHygO19Na [M+Na]*: 615.3140, found: 615.3142.

3.2.15. Synthesis of Compound 22

To a stirring solution of 21 (200 mg, 0.418 mmol, 1.0 equiv.) in a mixture of CH,Cl,
/Hp0 (4 mL/0.4 mL), DDQ (285 mg, 1.3 mmol, 3.0 equiv.) was added. The resulting
mixture was stirred for 12 h at room temperature. TLC indicated the reaction was complete
(petroleum ether/EtOAc = 4/1). The reaction mixture was quenched with a saturated
NaHCOj; solution (20 mL). The mixture was extracted with CH,Cl, (20 mL x 3), washed
with brine, and dried with Na,SO,. After filtration, the solution was concentrated under re-
duced pressure. The residue was purified by silica gel column chromatography (petroleum
ether/EtOAc = 4/1) to give compound 22 (146 mg, 90%) as a pale yellow amorphous solid.
[o]® = —106.8 (c 1.0, CHCl3); 'H NMR (500 MHz, CDCl3)  8.02-7.99 (m, 2H), 7.59-7.54 (m,
1H), 7.44 (t, | = 7.8 Hz, 2H), 7.40-7.36 (m, 2H), 7.16-7.10 (m, 2H), 5.70 (dt, ] = 3.5, 1.3 Hz,
1H), 5.56 (d, | = 1.4 Hz, 1H), 4.50-4.45 (m, 1H), 3.92 (ddt, ] = 7.9, 3.1, 1.3 Hz, 1H), 3.66 (t,
] = 3.5 Hz, 1H), 3.48 (s, 3H), 2.55 (d, ] = 7.9 Hz, 1H), 2.33 (s, 3H), 1.40 (d, ] = 6.5 Hz, 3H); 13C
NMR (125 MHz, CDCl3) 6 165.6, 138.2, 133.6, 132.5, 130.1, 129.9, 129.8, 129.5, 128.7, 87.0,
75.2,70.2,69.6, 68.2, 56.5, 21.3, 16.5; HR-ESI-MS (1m/z) calcd for C;Hp4O5SNa [M+Na]*:
411.1237, found: 411.1242.

3.2.16. Synthesis of Compound 24

To a stirring solution of 2-O-benzoyl-3,4,6-tri-O-benzyl-D-glucopyranose (223 mg,
0.402 mmol, 1.0 equiv.) in dry CH,Cl, (4 mL), NCCCl;3 (0.164 mL, 1.6 mmol, 4.0 equiv.) and
Cs,CO;3 (13.1 mg, 40.2 pmol, 0.1 equiv.) were added. The resulting mixture was stirred for
4 h at room temperature. TLC indicated the reaction was complete (petroleum ether/EtOAc
=4/1). The reaction mixture was filtered. The filtrate was concentrated in vacuo.

The residue and acceptor 22 (130 mg, 0.335 mmol, 1.0 equiv.) were co-evaporated
with toluene thrice and dissolved in dry CH,Cl, (3.5 mL); a 4 A molecular sieve (350 mg)
was added. The mixture was stirred for 15 min at 25 °C under an Ar atmosphere. Next,
TMSOTI (0.81 pL, 4.48 umol, 0.2 equiv.) was added at —78 °C. The resulting mixture was
stirred for 2 h at —78 °C. TLC indicated the reaction was complete (petroleum ether/EtOAc
=3/1). The reaction mixture was quenched with a saturated NaHCOj solution (2 mL) and
filtered. The filtrate was added to the saturated NaHCOj3; solution (20 mL). The mixture
was extracted with CH,Cl, (20 mL x 3), washed with brine, and dried with NaySOy. After
filtration, the solution was concentrated under reduced pressure. The residue was purified
by silica gel column chromatography (petroleum ether/EtOAc = 6/1) to give compound
24 (234 mg, 76%) as a pale yellow foamy solid. [a]% = —57.0 (c 1.0, CHCl3); 'H NMR
(500 MHz, CDCl3) 6 8.31-8.25 (m, 2H), 8.17-8.11 (m, 2H), 7.75-7.65 (m, 4H), 7.55 (t, ] = 7.8 2,
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2H), 7.49-7.37 (m, 11H), 7.34 (dd, | = 7.3, 2.1 Hz, 2H), 7.26 (d, | = 3.0 Hz, 4H), 7.18 (d,
] = 7.9 Hz, 2H), 5.58 (dd, | = 9.4, 8.0 Hz, 1H), 5.49-5.42 (m, 2H), 4.95 (d, | = 10.9 Hz, 1H),
4.88(d, ] =11.1 Hz, 1H), 478 (d, ] = 9.2 Hz, 1H), 4.76 (d, ] = 6.0 Hz, 1H), 4.71 (d, ] = 11.0 Hz,
1H), 4.62 (s, 2H), 4.42-4.36 (m, 1H), 4.09 (t, | = 3.4 Hz, 1H), 3.95 (t, ] = 9.1 Hz, 1H), 3.91 (s,
1H), 3.86-3.76 (m, 3H), 3.74-3.69 (m, 1H), 3.58 (s, 3H), 2.42 (s, 3H), 1.38 (d, ] = 6.7 Hz, 3H);
13C NMR (125 MHz, CDCl3) § 166.2, 165.0, 138.1, 137.9(2), 137.9(0), 137.8, 133.2, 133.1, 132.7,
130.5,130.1, 129.9(2), 129.8(6), 129.8, 129.5, 128.6(4), 128.5(9), 128.5(1), 128.4(8), 128.4, 128.3,
128.2, 128.0, 127.9, 127.8(0), 127.7(7), 102.2, 83.2, 78.2, 76.0, 75.6, 75.2, 75.1, 74.0, 73.7, 69.9,
69.2,60.5,58.8,21.2, 15.4; HR-ESI-MS (m/z) caled for Cs5Hs6011SNa [M+Na]*: 947.3436,
found: 947.3429.

3.2.17. Synthesis of Compound 25

To a stirring solution of 24 (60.0 mg, 64.9 umol, 1.0 equiv.) in THF/MeOH (1 mL/1 mL),
KOH (10.0 mg, 0.178 mmol, 2.7 equiv.) was added at room temperature. After, the reaction
mixture was stirred for 12 h at the same temperature. TLC indicated the reaction was
complete (petroleum ether/EtOAc = 2/1). The reaction mixture was quenched with HOAc
(10.5 uL, 183 pmol, 2.7 equiv.). HyO (30 mL) was added to the mixture; the mixture was
extracted with CH,Cl, (30 mL x 3), washed with brine, and dried with Na,SO,. After
filtration, the solution was concentrated under reduced pressure. The residue was purified
by silica gel column chromatography (petroleum ether/EtOAc = 2/1) to give compound
25 (37.4 mg, 80%) as a white amorphous solid. [oc]2D5 = —128.8 (c 1.0, CHCl3); 'H NMR
(500 MHz, CDCl3) 6 7.41-7.27 (m, 15H), 7.22-7.19 (m, 2H), 7.13 (dt, ] = 8.4, 1.3 Hz, 2H), 5.55
(d,J=14Hz, 1H),5.03 (d, ] =11.2 Hz, 1H), 4.86 (d, ] = 10.9 Hz, 1H), 4.83 (d, ] = 11.2 Hz, 1H),
4.57 (d, ] =10.8 Hz, 1H), 4.53 (d, ] = 12.0 Hz, 1H), 4.51-4.47 (m, 2H), 4.36 (q, | = 6.5 Hz, 1H),
417 (d, ] =6.4Hz, 1H),4.12 (dt, ] =2.7,1.2 Hz, 1H), 4.03 (s, 1H), 3.71-3.66 (m, 2H), 3.65-3.55
(m, 3H), 3.52-3.49 (m, 1H), 3.52-3.49 (m, 1H), 3.51 (s, 3H), 2.34 (s, 3H), 1.31 (d, ] = 6.5 Hz,
3H); 1*C NMR (125 MHz, CDCl3) § 138.9, 138.2, 138.2, 137.8, 132.1, 130.3, 130.0, 128.5, 128.5,
128.5, 128.1, 128.1, 127.9, 127.8, 127.8, 127.7, 102.0, 90.0, 84.4, 77.3, 76.0, 75.5, 75.4, 75.1,
73.8,73.6,73.5,69.3,69.2, 67.9, 56.3, 21.2, 17.3; HR-ESI-MS (m/z) calcd for C41Hy4gO9SNa
[M+Na]*: 739.2911, found: 739.2918.

3.2.18. Synthesis of Compound 26

To a stirring solution of compound 25 (37.4 mg, 52.2 umol, 1.0 equiv.) in isopropenyl
acetate (1 mL), TsOH-H,O (30 mg, 158 umol, 3.0 equiv.) was added at room temperature.
After, the reaction mixture was stirred for 1 h at the same temperature. TLC indicated
the reaction was complete (petroleum ether/EtOAc = 2/1). CH,Cl, (30 mL) was added,
and the reaction mixture was quenched with a saturated NaHCOj3 solution (30 mL) and
extracted with CH,Cl, (30 mL x 2). The organic phase was washed with brine, and dried
with NapSOy. After filtration, the solution was concentrated under reduced pressure. The
residue was purified by silica gel column chromatography (petroleum ether/EtOAc =4/1)
to give compound 26 (37.3 mg, 89%) as a white amorphous solid. [a]% = —49.0 (c 1.0,
CHCl3); 'H NMR (500 MHz, CDCl3) & 7.37-7.26 (m, 15H), 7.19 (dd, ] = 7.3, 2.2 Hz, 2H), 7.11
(d,J=79Hz, 2H), 5.31 (d, ] = 3.8 Hz, 1H), 5.15-5.10 (m, 1H), 5.10-5.06 (m, 1H), 4.79 (dd,
J=11.2,2.4 Hz, 2H), 4.67 (d, ] = 11.4 Hz, 1H), 4.57—4.48 (m, 3H), 4.42 (d, ] = 7.9 Hz, 1H),
428 (qd, ] =6.7,2.6 Hz, 1H), 3.91 (t, ] = 3.0 Hz, 1H), 3.72 (dd, ] = 10.6, 2.0 Hz, 1H), 3.68-3.62
(m, 3H), 3.61-3.57 (m, 1H), 3.53-3.47 (m, 1H), 3.44 (s, 3H), 2.32 (s, 3H), 2.14 (s, 3H), 1.95 (s,
3H), 1.31 (d, ] = 6.7 Hz, 3H); '*C NMR (125 MHz, CDCl3) § 171.2, 169.3, 138.3, 138.0, 138.0,
137.9,132.7,129.9,129.7,128.6, 128.5, 128.2, 128.0, 128.0, 127.9, 127.9, 127.8, 101.2, 83.3, 78.1,
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76.6,75.2,75.1,75.1,74.4,73.7,73.5, 68.8, 58.1, 21.2(2C), 21.1, 15.9; HR-ESI-MS (m1/z) calcd
for C45H5,011SNa [M+Na]*: 823.3125, found: 823.3123.

3.2.19. Synthesis of Compound 27

To a stirring solution of 26 (37.3 mg, 0.047 mmol, 1.0 equiv.) in a mixture of
acetone/H,O/CH,Cl; (1 mL/0.1 mL/1 mL), NBS (24.9 mg, 0.140 mmol, 3.0 equiv.) was
added at —20 °C. The resulting mixture was stirred for 0.5 h at the same temperature.
TLC indicated the reaction was complete (petroleum ether/EtOAc = 3/1). The reaction
mixture was quenched with NEt; (0.5 mL). A saturated NaHCOj3; solution (30 mL) was
added. The mixture was extracted with CH,Cl, (30 mL x 3), washed with brine, and dried
with NaySOy. After filtration, the solution was concentrated under reduced pressure. The
residue was purified by silica gel column chromatography (petroleum ether /EtOAc = 2/1)
to give compound 27 (30.0 mg, 93%) as a white foamy solid. The solid was used in the next
step without further characterization.

3.2.20. Synthesis of Compound 28

To a stirring solution of 27 (30.0 mg, 0.043 mmol, 1.0 equiv.) in dry CH,Cl, (2 mL),
NCCCl; (17.7 uL, 0.173 mmol, 4.0 equiv.) and Cs,CO3 (1.4 mg, 2.69 umol, 0.1 equiv.) were
added. The resulting mixture was stirred for 2 h at room temperature. TLC indicated the
reaction was complete (petroleum ether/EtOAc = 1/2). The reaction mixture was filtered.
The filtrate was concentrated in vacuo.

The residue and aglycone 3 (12.5 mg, 0.029 mmol, 1.5 equiv.) were co-evaporated with
toluene three times and dissolved in dry CH,Cl, (2.5 mL); a 4 A molecular sieve (250 mg)
was added. The mixture was stirred for 10 min at 25 °C under an Ar atmosphere. Next,
TMSOTf (1.1 uL, 5.76 umol, 0.2 equiv.) was added at —78 °C. The resulting mixture was
stirred for 1 h at —78 °C. TLC indicated the reaction was complete (petroleum ether/EtOAc
=1/2). The reaction mixture was quenched with a saturated NaHCOj solution (2 mL) and
filtered. The filtrate was added to the saturated NaHCOj solution (20 mL). The mixture
was extracted with CH,Cl, (20 mL x 3), and the organic phase was washed with brine, and
dried with NaySOy. After filtration, the solution was concentrated under reduced pressure.
The residue was purified by silica gel column chromatography (petroleum ether/EtOAc
=1/1) to give compound 28 (16.4 mg, 51% over 2 steps) as a pale yellow foamy solid.
[«]& = —34.5 (c 1.0, CHCl3); "H NMR (400 MHz, CDCl3) § 7.34-7.27 (m, 13H), 7.20-7.15
(m, 2H), 5.87 (t, ] = 1.8 Hz, 1H), 5.14-5.07 (m, 1H), 4.97 (dd, ] = 18.3, 1.8 Hz, 1H), 4.91 (t,
] =3.0 Hz, 1H), 4.87 (t, ] = 2.9 Hz, 1H), 4.83-4.74 (m, 4H), 4.66 (d, | = 11.4 Hz, 1H), 4.56-4.48
(m, 3H), 4.39 (d, ] = 7.9 Hz, 1H), 3.95 (s, 1H), 3.86-3.83 (m, 1H), 3.81 (d, ] = 6.7 Hz, 1H),
3.72-3.58 (m, 5H), 3.52-3.46 (m, 2H), 3.38 (s, 3H), 2.77 (dd, ] = 9.5, 5.5 Hz, 1H), 2.17 (s,
1H), 2.13 (s, 3H), 2.11-2.06 (m, 2H), 2.01 (s, 3H), 1.98-1.96 (m, 3H), 1.94 (d, ] = 1.4 Hz, 1H),
1.87-1.66 (m, 10H), 1.60-1.50 (m, 2H), 1.43-1.34 (m, 3H), 1.25 (d, ] = 6.7 Hz, 3H), 0.96 (s,
3H), 0.87 (s, 3H); 13C NMR (150 MHz, CDCl3) & 174.5,174.3,171.7,171.1, 169.3, 138.3, 138.0,
137.9,128.6, 128.6, 128.5, 128.3, 128.1, 128.0, 127.9, 127.9, 118.0, 101.4, 95.0, 85.5, 83.4, 78.2,
75.2,75.1,75.1,74.3,74.1,73.6,73.6, 73.5, 70.0, 69.4, 68.9, 67.1, 60.5, 57.5, 50.9, 49.6, 41.7, 39.9,
38.8,37.0,33.3,31.1, 29.9, 28.5, 28 .4, 27.0, 25.8, 21.7, 21.6, 21.3, 21.1, 20.6, 18.5, 16.5, 15.9;
HR-ESI-MS (1m/z) calcd for Ce3HgyO17Na [M+Na]*: 1131.5288, found: 1131.5281.

3.2.21. Synthesis of Compound 1

To a solution of 28 (8.6 mg, 7.8 pmol, 1.0 equiv.) in EtOAc/MeOH (1.0 mL/1.0 mL),
10% Pd/C (8.6 mg) was added. The reaction mixture was recharged with H thrice, and
then stirred for 5 h at 25 °C under an atmosphere of H,. TLC indicated the reaction was
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complete (CHCl,/MeOH = 20/1). The reaction mixture was filtered. The filtrate was
concentrated under reduced pressure.

The residue was dissolved in MeOH/H,O/THF (1.5 mL/0.5 mL/0.5 mL); LiOH
(2.0 mg, 83.5 umol, 10.8 equiv.) was added and then the mixture was stirred for 2 h at 25 °C.
TLC indicated the reaction was complete (CH,Cl, / MeOH = 10/1). The reaction mixture
was quenched with HOAc (4.8 uL, 83.5 pmol, 10.8 equiv.) and concentrated in vacuo.
The residue was purified by reverse-phase columns (HyO/MeOH =2/1 — 1/2) to afford
acospectoside A (1) (2.5 mg, 43% over 2 steps) as a white amorphous solid. [oc]2D5 =-27.0
(c 0.3, CH3;0H); 'H NMR (400 MHz, C5DsN) 6§ 6.16 (d, ] = 1.9 Hz, 1H), 5.50 (s, 1H), 5.35
(d,] = 18.4 Hz, 1H), 5.31 (d, ] = 1.7 Hz, 1H), 5.18 (s, 1H), 5.09 (s, 1H), 4.57 (dd, ] = 11.5, 2.6
Hz, 1H), 4.49 (d, ] = 2.6 Hz, 1H), 4.44-4.37 (m, 1H), 4.29-4.18 (m, 3H), 4.14 (s, 1H), 4.10 (d,
] = 6.6 Hz, 1H), 3.9 (q, ] = 8.5, 7.2 Hz, 2H), 3.78 (t, ] = 3.1 Hz, 1H), 3.70 (s, 3H), 2.86-2.76 (m,
1H), 2.29-2.22 (m, 1H), 2.21 (s, 3H), 2.17-2.06 (m, 4H), 2.02-1.89 (m, 3H), 1.87-1.79 (m, 2H),
1.74 (d, ] = 6.6 Hz, 3H), 1.68 (d, ] = 12.5 Hz, 1H), 1.64-1.54 (m, 1H), 1.47-1.19 (m, 8H), 1.04 (s,
3H), 1.00 (s, 3H); 13C NMR (150 MHz, C5D5N) 6 175.7, 174.4, 170.6, 117.6, 105.1, 99.0, 84.3,
78.4,78.3,76.5,76.4,75.3,74.3,73.5,71.3, 69.8, 69.4, 67.3, 62.6, 55.9, 51.1, 49.8, 41.5, 39.4, 38.9,
36.7,32.9,31.4,29.9,28.1,27.1,26.1,21.7,21.3,21.0, 18.3, 17.2, 16.0; HR-ESI-MS (m/z) caled
for C33H58015Na [M+Na]+: 777.3668, found: 777.3676.

4. Conclusions

Here, we report the total synthesis of cytotoxic cardenolides acospectoside A (1) and
acovensoide B (2), which were isolated from the South African poisonous bush Acokanthera
oppositifolia and relevant plants. The synthesis features the selective introductions of a
15,16-unsaturated enone via the Larock protocol of Saegusa-Ito oxidation, 143-OH by
Mukaiyama hydration, and a C17-butenolide moiety by Stille coupling. Leveraging the
strategic 1-O-acetylation of the aglycone moiety, glycosylation with imidate donors pro-
ceeds with remarkable selectivity, yielding glycosylated products in satisfactory amounts.
Given the structural conservation inherent in the acovenoside family, the present synthetic
approach should offer a promising gateway to accessing a broader array of the acovenoside
congeners. This advancement stands to facilitate comprehensive investigations into the
biological and pharmacological activities of these components, which have long been
esteemed in traditional medicinal practices.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules30112297 /s1: Copies of the NMR spectra of compounds
1-28; Figure S1: TH NMR spectrum of compound 7 (CDCl3, 500 MHz); and Table S1: Comparison of
the Spectroscopic Data of Natural and Synthetic Acovenoside B (2).
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Abstract

-Lactosylceramide ((3-LacCer) is not only a key intermediate in the biosynthesis of complex
glycosphingolipids (GSLs) but also an important regulator of many biological processes.
To facilitate the investigation of 3-LacCer and other GSLs, a series of 3-LacCer analogs
with an azido group at the 6-C-position of the D-galactose in lactose and varied forms
of the ceramide moiety were synthesized from commercially available lactose in sixteen
linear steps by a versatile and diversity-oriented strategy, which engaged lipid remodeling
and glycan functionalization at the final stage. These azide-labeled (3-LacCer analogs are
flexible and universal platforms that are suitable for further functionalization with other
molecular tags via straightforward and biocompatible click chemistry, thereby paving the
way for their application to various biological studies.

Keywords: carbohydrates; glycolipids; glycosphingolipids; [3-Lactosylceramide; lipids;
lactose; azide; synthesis

1. Introduction

Glycosphingolipids (GSLs) are ubiquitous and abundant glycolipids in the cell mem-
brane [1] that are composed of a hydrophilic glycan head and a lipophilic ceramide (Cer)
tail coupled together by a glycosidic bond [2,3]. The amphiphilic property of GSLs enables
them to adhere to the cell membrane outer leaflet and traffic through the lipid bilayer [4,5].
Inside the cell membrane, GSLs tend to self-aggregate in specific microdomains of the lipid
rafts, where signaling molecules are localized and enriched [6,7]. As a result, GSLs play an
important role in numerous biophysiological processes, such as cellular recognition and
signaling, cell differentiation and proliferation, etc. [8]. GSL dysregulation is also associated
with many human diseases, including cancer and Alzheimer’s disease [9,10]. For example,
a number of GSLs have been identified as tumor-associated carbohydrate antigens (TACAs)
and utilized as molecular targets for the development of therapeutic cancer vaccines [9,11].
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Natural GSLs are structurally diverse, with potential structural variations in both the
glycan and the Cer moiety [1]. 3-Lactosylceramide (3-LacCer) is a simple GSL having the
D-glucose (Glc) residue of lactose, a disaccharide, 3-linked to the Cer moiety. In mam-
mals, it is the key intermediate during the biosynthesis of the majority of complex GSLs,
e.g., globo-, isoglobo-, ganglio-, lacto-, and neolecto-series GSLs (Figure 1A) [12,13]. In the mean-
time, it has been demonstrated that $-LacCer is involved in the human central nervous
system, immune system, and diseases like cancer, inflammation, and neurodegenera-
tion [14-16]. For instance, 3-LacCer overexpression is found in leukemia, renal cancer, and
cholangiocarcinoma [17], and LacCer accumulation is also related to atherosclerosis and
aberrant autophagy [18,19]. Thus, 3-LacCer is identified as a drug target [20]. Additionally,
similar to other GSLs, the lipids in 3-LacCer usually contain 16-20 carbons (C16-20) (such
as C18, Figure 1B), while the forms of 3-LacCer with longer (>C24) lipid chains are also
found in neutrophils, which become molecular targets for the treatment of immunological
disorders [21-23].
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LacCer (18:1/18:0) 1d: R1 = C20H41, R2 = C24H49

Figure 1. (A) The biosynthetic pathways for globo-, isoglobo-, ganglio-, lacto-, and neolecto-series
GSLs, utilizing 3-LacCer as the key intermediate, and some key enzymes involved, and structures
of (B) a representative 3-LacCer with the most common (18:1/18:0) lipid form found in mammals
and (C) designed -LacCer analogs with different lipid forms as useful probes to study 3-LacCer
and other GSLs.

However, detailed investigation of 3-LacCer, especially within complex matrices
like the lipid membrane, is challenging due to the lack of fluorophores and other visible
functionalities in its structure. To address the problem, it is necessary to functionalize (3-
LacCer with molecular tags (e.g., affinity and fluorescent tags) to facilitate various modern
analytical technologies. In this context, we designed a series of (3-LacCer analogs 1a—d
(Figure 1C) containing an azido group and diverse lipid chains and synthesized them by a
diversity-oriented strategy. These 3-LacCer analogs should be useful molecular tools.
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2. Results and Discussion

In the designed p-LacCer probes 1a-d (Figure 1C), we planned to attach an azido
group to the 6-C-position of D-galactose (Gal) in the lactose moiety for several reasons. First,
the azido group is a flexible platform to facilitate further functionalization of 1a—d with
various molecular labels through straightforward and biocompatible click chemistry [24,25].
Next, the azido group is small—not significantly larger than a hydroxyl group, and it is
expected to have a minimal impact on the properties of 3-LacCer. Consequently, if 1a—d
are used as biosynthetic precursors for metabolic glycoengineering, they are likely to be
acceptable by enzymes. Moreover, the 6-C-position of the Gal residue in lactose is distinct,
because it is a primary carbon at the non-reducing end and is probably the least sterically
hindered position, making it relatively efficient and straightforward to functionalize this
position and subsequently modify the synthetic probes. The designed probes also contain
different forms of lipids, which will facilitate the investigation of how lipid structures of
(-LacCer influence its chemical, biophysical, and biological properties.

Our synthesis of the target molecules 1a—d (Scheme 1) started with commercially
available and inexpensive lactose. It was first converted into the O-acetyl and 4',6'-O-
benzylidene protected glycoside of p-toluenethiol (TolSH) 3 as an «, 3-isomeric mixture via
a series of well-established reactions reported in the literature [26-29]. Next, the 4,6'-O-
benzylidene group in 3 was selectively removed upon treatment with 80% acetic acid in
water at 85 °C to afford diol 4 as an anomeric mixture. Selective tosylation of the 6'-OH
group in 4 was achieved by its reaction with p-toluenesulfonylchloride (p-TsCl) and 4-
dimethylaminopyridine (DMAP). The regioselective attack of p-TsCl to the 6-OH group is
probably because this primary hydroxyl group is less sterically hindered than the secondary
4’-OH group in 4. The equivalence and concentration of p-TsCl, along with the order to add
reagents, are also substantial in the control of this regioselectivity. The formation of 5 was
confirmed by the downfield shifts of its 6'-H NMR signals, compared to those of 4 (from
§4.06 and 3.72 to 4.41 and 4.07 ppm), and the appearance of 'H signals of an additional
toluene moiety at § 7.40-7.35 and 2.47 ppm, respectively, in the 'H NMR spectrum of 5. The
free hydroxyl group remaining in 5 was then acetylated using acetic anhydride, pyridine,
and DMAP. To reveal the reducing-end anomeric position for glycosidation, the resultant
6 was applied to oxidative hydrolysis with N-bromosuccinimide (NBS) in water and
acetone (1:4) to afford hemiacetal 7 (63%) as an anomeric mixture, together with unreacted
6 (34%). Next, 7 was converted into imidate 8 as a glycosyl donor upon reacting with
trichloroacetonitrile catalyzed by 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU). After brief
purification, the reactive glycosyl imidate 8 was immediately submitted to the glycosylation
reaction with Cer precursor 9 [30,31], utilizing trimethylsilyltrifluoromethanesulfonate
(TMSQOTH) as the promotor. This reaction produced 10 as the key synthetic intermediate in
excellent stereoselectivity, and the 3-configuration of its newly formed glycosidic bond is
confirmed by the large coupling constant (J = 7.8 Hz) of its anomeric proton at 6 4.43 in
the 'H NMR spectrum. The common intermediate 10 was then used for diversity-oriented
synthesis of all 3-LacCer probes 1a—d.

The final steps for 1a—d synthesis include lipid remodeling, glycan functionalization,
and global deprotection, as outlined in Scheme 2. Olefin cross-metathesis of pentadecene
11a or docosene 11b with 10 in the presence of the 2nd generation Hoveyda—Grubbs
catalyst [32] allowed on-site generation of the sphingosine moiety of varied chain lengths
in very good yields (80-83%), although the reaction was rather slow, taking six days to
complete [31]. The E-configuration of the C=C bond in 12a and 12b was verified by the
olefinic 'H-'H coupling constant (J = 14.6-14.8 Hz) in their 'H NMR spectra. To attach the
N-fatty acyl chain, the tert-butoxycarbonyl (Boc) group in 12a,b was selectively removed
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with 10% trifluoroacetic acid (TFA) in dichloromethane (DCM) to afford the intermedi-
ate free amines, which were directly subjected to N-acylation employing stearic acid or
pentacosanoic acid, with N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC) and DMAP as the condensation reagents. These reactions gave 6'-O-tosylated p-
LacCer derivatives 13a—d containing different lipid chains in good overall yields (63-65%,
two steps). Subsequently, nucleophilic substitution of the tosylate in 13a—d with sodium
azide in dimethylformamide (DMF) proceeded smoothly to provide fully protected Lac-
Cer analogs 14a—d in high yields (69-80%). Eventually, all O-acyl groups in 14a—d were
removed with sodium methoxide in methanol and DCM (1:1) to produce the synthetic
targets 1a—d in 80-90% yields. The final products, as well as all new intermediates involved
in these syntheses, have been fully characterized with NMR and high-resolution mass
spectrometry (HR-MS) data (see data and Figures in Supporting Information).

1. AC,0, pyridine 1. PhCH(OMe),, p-TsOH

HO _OH OH 2. BF3*Et,0 TolSH HO _OH OH 2. AC,0, pyridine
o) o 3. MeONa, MeOH % o o DMAP, 0 °C-rt
HO SO OH reference > HO HO STol reference
OH oH OH OH
lactose 2
Ph
Ko N )
Q o OAc 80% ACOH in H,0 HO ; OAc p-TsCl, pyridine
85°C,3h 0°Crit,6h
AcO O‘é&w STol > Ao O‘é&rﬂ STol - >
OAc AcO OAc 59% OAc ':CO OAC 58%
3
HO OTs OAc AC,0, pyridine AcO OTs OAc NBS, acetone, H,0
O, o DMAP, 0 °C-rt, olv o o o (4:1),0°C-rt, 1h _
AcO O STol > AcO STol
AcO 96% AcO 63%
OAc OAC OAc 6 OAc
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-78 °C, then rt, 45 min OAc .
53% 10 OPiv

Scheme 1. Preparation of 10—the key and common building block for the synthesis of all designed
probes in the present work.
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Scheme 2. Assembly of the designed (3-LacCer probes 1a—d.

3. Experimental Section
3.1. General Methods

Chemicals, reagents, and solvents were commercial and used without further purifica-
tion. Molecular sieves 4 A (MS 4A) were flame-dried under a high vacuum and used after
being cooled to room temperature (rt) under an N, atmosphere. Thin-layer chromatography
(TLC) was performed on silica gel 60 A F254 plates, with detection utilizing a UV lamp at a
wavelength of 254 nm followed by charring with 10% (v/v) HySOj in ethanol or ninhydrin
and anisaldehyde staining. Flash column chromatography was performed using silica gel
60 (230-400 mesh). NMR spectra were acquired on a 400, 500, or 600 MHz spectrometer,
with chemical shifts () reported in ppm as referenced to internal tetramethylsilane (TMS)
(*HNMR: § 0.00 ppm), CDCl3 (*H NMR: & 7.26 ppm; 3C{'H} NMR: § 77.2 ppm), or CD;0D
("HNMR: § 3.31 ppm; 3C{'H} NMR: & 49.0 ppm). Coupling constants (J) were reported in
Hz. Peak, and coupling constant assignments were based upon 'H NMR, 'H-'H COSY,
and 'H-13C{'H} HSQC experiments. HR-MS spectra were recorded on the XEVO-G2-XS
Q-TOF-ESI instrument. An aluminum heating block was used for heating reaction mixtures.
Intermediates 2, 3, and 9 were prepared according to the reported protocols, and their 'H
NMR spectra were the same as those in the literature [26-29].

3.2. p-Methylphenyl
2,3-di-O-acetyl-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-1-thio-B-D-glucopyranoside (4)
A solution of 3 (51.5 g, 68.96 mmol) in 80% aqueous AcOH was heated at 85 °C
using an aluminum block for 3 h. After the reaction was complete, as indicated by the
consumption of all starting material on TLC, the solvent was removed under reduced
pressure followed by co-evaporation with toluene three times. Thereafter, ethyl acetate
(EtOAc) was added, and the solution was washed with NaHCO3, water, and brine multiple
times. The organic layer was dried over MgSQy, filtered, and concentrated under vacuum.
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1b: R" = Cy3Hz7, R? = Cp4Hye (88%)
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The crude product was purified using silica gel column chromatography to afford 4 (59%,
26.8 g) as a white solid. TLC: R¢ = 0.61 (EtOAc:Hex 80:20). 'H NMR (500 MHz, CDCl3): &
7.35 (d, ] = 8.0 Hz, 2H), 7.09 (d, ] = 8.0 Hz, 2H), 5.31-5.02 (m, 2H), 4.95-4.79 (m, 2H), 4.61 (d,
J =10.1 Hz, 1H, anomeric), 4.53 (dd, ] = 11.7, 1.9 Hz, 1H), 4.46 (d, ] = 7.9 Hz, 1H, anomeric),
4.08 (dt, J = 11.9, 8.5 Hz, 2H), 3.93-3.72 (m, 3H), 3.68-3.48 (m, 2H), 3.45-3.30 (m, 1H), 2.79
(dd,J=7.1,47Hz, 1H), 2.33 (s, 3H), 2.09 (s, 3H), 2.07 (s, 3H), 2.05 (s, 6H, 2 x CHj3), 2.02
(s, 3H). 13C NMR (126 MHz, CDCls): & 170.8, 170.6, 170.4, 169.71, 169.7, 138.7, 133.7, 129.7,
127.8,101.1, 85.6,76.7,76.3,74.5,73.6, 70.4, 70.3, 69.8, 67.8, 62.4, 62.1, 21.3, 21.01, 21.0, 20.9,
20.8. HR-ESI-MS m/z: [M + H,O + H]* Calcd for CygHy1014S 677.2115; Found 677.2106.

3.3. p-Methylphenyl 2,3-di-O-acetyl-6-O-(p-toluenesulfonyl)-B-D-galactopyranosyl-(1—4)-
2,3,6-tri-O-acetyl-1-thio-B-D-glucopyranoside (5)

To a solution of 4 (20.5 g, 31.12 mmol) dissolved in pyridine (93.2 mL) was added
p-TsCl1(5.93 g, 31.12 mmol) portionwise under an N, atmosphere in an ice bath. The mixture
was stirred at rt for 6 h, at which point the reaction did not show further progress. Next,
MeOH was added dropwise to the reaction mixture, and the solvent was removed under
vacuo. The residue was extracted with EtOAc and washed twice with brine. The organic
layer was dried over MgSO, and concentrated under reduced pressure. Purification of the
product by silica gel column chromatography afforded 5 (58%, 14.67 g) as a white waxy
solid. TLC: R¢ = 0.95 (EtOAc:Hex 80:20). 'H NMR (400 MHz, CDCl3): § 7.78 (d, ] = 8.3 Hz,
2H), 7.40-7.35 (m, 4H), 7.10 (d, ] = 8.0 Hz, 2H), 5.15 (t, ] = 9.1 Hz, 1H), 5.09 (dd, ] = 10.2,
7.9 Hz, 1H), 4.92-4.86 (m, 1H), 4.83 (d, ] = 9.4 Hz, 1H), 4.58 (d, ] = 10.1 Hz, 1H, anomeric),
4.50 (dd, ] =11.9,1.9 Hz, 1H), 441 (d, ] = 7.9 Hz, 1H, anomeric), 4.24 (dd, ] = 10.4, 6.5 Hz,
1H), 4.12-4.05 (m, 2H), 4.03 (t, ] = 4.4 Hz, 1H), 3.76 (t, ] = 6.4 Hz, 1H), 3.68 (t, ] = 9.5 Hz, 1H),
3.58 (ddd, ] =10.0, 5.3, 1.9 Hz, 1H), 2.47 (s, 3H), 2.33 (s, 3H), 2.10 (s, 3H), 2.08 (s, 3H), 2.06
(s, 3H), 2.01 (s, 3H), 1.90 (s, 3H). 1*C NMR (101 MHz, CDCl3): § 170.5, 170.2, 170.1, 169.6,
169.5, 145.5, 138.7, 133.7, 132.6, 130.2, 129.7, 128.0, 127.9, 100.8, 85.6, 76.7, 75.9, 74.0, 73.2,
72.3,70.3,69.5, 67.1, 66.5, 62.2, 21.8, 21.3, 20.92, 20.91, 20.9, 20.8, 20.7. HR-ESI-MS m/z: [M +
NH,4]* Calcd for C36HygNO;17S, 830.2364; Found 830.2354

3.4. p-Methylphenyl 2,3,4-tri-O-acetyl-6-O-(p-toluenesulfonyl)-B-D-galactopyranosyl-(1—4)-
2,3,6-tri-O-acetyl-1-thio-B-D-glucopyranoside (6)

After 5 (14.5 g, 17.84 mmol) was dissolved in pyridine (90 mL), Ac;O (2.53 mL,
26.76 mmol) and DMAP (0.4 g, 3.57 mmol) were added at 0 °C under an N; atmosphere.
The mixture was stirred at rt overnight. After the complete consumption of 5 as indicated
by TLC, MeOH was added dropwise to quench the reaction. The solvent was evaporated
under vacuo. The resulting residue was extracted with EtOAc, and the organic layer was
washed three times with H,O and brine, dried over MgSQy, and finally, concentrated under
vaccum. The residue was purified by silica gel column chromatography to afford 6 (96%,
14.6 g) as a white waxy solid. TLC: R¢ = 0.66 (DCM:MeOH 95:5). 'H NMR (400 MHz,
CDCl3): 87.75(d, ] =8.3 Hz, 2H), 7.36 (dd, ] = 8.1, 1.7 Hz, 4H), 7.10 (d, ] = 7.9 Hz, 2H), 5.32
(dd, ] =34, 0.8 Hz, 1H), 5.18 (t, ] = 9.1 Hz, 1H), 5.04 (dd, | = 10.4, 7.9 Hz, 1H), 4.91 (dd,
J =104, 3.4 Hz, 1H), 4.83 (t, ] = 9.6 Hz, 1H), 4.59 (d, | = 10.1 Hz, 1H, anomeric), 4.50 (dd,
J=11.9,2.0 Hz, 1H), 4.44 (d, ] = 7.9 Hz, 1H, anomeric), 4.08-3.95 (m, 3H), 3.88 (dd, ] = 7.5,
6.5 Hz, 1H), 3.70 (t, ] = 9.5 Hz, 1H), 3.59 (ddd, ] = 10.0, 5.2, 1.9 Hz, 1H), 2.46 (s, 3H), 2.33 (s,
3H), 2.10 (s, 3H), 2.09 (s, 3H), 2.04 (s, 3H), 2.01 (s, 3H), 1.95 (s, 3H), 1.94 (s, 3H). 1*C NMR
(101 MHz, CDClg): $ 170.4, 170.01, 170.0, 169.8, 169.6, 169.1, 145.6, 138.8, 133.8, 132.3, 130.2,
129.8,128.1,127.8,100.9, 85.6, 76.7, 76.1, 74.0, 70.91, 70.9, 70.4, 69.1, 66.6, 65.5, 62.1, 21.8, 21.3,

150



Molecules 2025, 30, 2667

21.01, 21.0, 20.9, 20.7, 20.61, 20.6. HR-ESI-MS m/z: [M + HCOO]~ Calcd for C39H47050S»
899.2103; Found 899.2074.

3.5. 2,3,4-Tri-O-acetyl-6-O-(p-toluenesulfonyl)-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-
D-glucopyranose (7)

To a solution of 6 (8.0 g, 9.36 mmol) dissolved in acetone (160 mL) and H,O (40 mL)
was added NBS (3.33 g, 18.72 mmol) at 0 °C. The mixture was stirred at rt for 1 h, while
the reaction was monitored by TLC. Once no further progress was observed with TLC, the
reaction was quenched by adding solutions of Na;S,O3 and NaHCO; dropwise. Acetone
was removed under vacuum and then saturated aq. NaHCOj; solution was added to
the residue. The mixture was extracted with DCM three times. The organic layers were
combined, dried over MgSOj, and concentrated under vacuum. The residue was purified
by silica gel column chromatography to afford 7 (63%, 4.40 g) as a white solid, along with
recovery of 6 (34%, 2.70 g). TLC: R¢ = 0.25 (EtOAc:Hex 60:40). 'H NMR (400 MHz, CDCly):
6777 (d, ] =83 Hz, 2H),7.37 (d, | = 8.4 Hz, 2H), 5.54 (t, ] =9.7 Hz, 1H), 5.38 (t, ] = 3.4 Hz,
1H),5.32 (d, ] =2.5 Hz, 1H), 5.09 (dd, | =10.4, 7.9 Hz, 1H), 4.92 (dd, | =10.4, 3.4 Hz, 1H),
4.83 (dd, | = 10.1, 3.4 Hz, 1H, anomeric), 4.53 (d, | = 7.9 Hz, 1H, anomeric), 4.48 (ddd,
J=104,7.3,23 Hz, 2H), 423 (ddd, ] =10.1,4.1, 1.9 Hz, 1H), 4.12 (dd, ] = 12.0, 4.1 Hz, 1H),
4.07 (dd, ] =10.6, 4.2 Hz, 2H), 3.96 (t, | = 3.3 Hz, 1H), 3.94-3.90 (m, 1H), 3.79 (t, ] = 9.7 Hz,
1H), 2.13 (s, 3H), 2.09 (s, 3H), 2.06 (s, 3H), 2.03 (s, 3H), 2.01 (s, 3H), 1.94 (s, 3H). '3C NMR
(101 MHz, CDCl3): $ 170.7,170.4, 170.1, 169.8, 169.2, 169.1, 132.3, 130.2, 129.8, 128.2, 100.6,
90.3,77.4,76.3,71.6,71.0,69.3, 69.1, 68.3, 66.8, 66.0, 62.0, 21.8, 21.1, 21.0, 20.9, 20.8, 20.7, 20.6.
HR-ESI-MS m/z: [M-H,O + H]* Calcd for C31H39018S 731.1857; Found: 731.1833.

3.6. 2,3,4-Tri-O-acetyl-6-O-(p-toluenesulfonyl)-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-
D-glucopyranosyl trichloroimidate (8)

To a solution of 7 (990 mg, 1.322 mmol) in dry DCM (9.5 mL) were added DBU
(0.132 mmol, 20 uL) and trichloroacetonitrile (2.12 mL, 21.15 mmol) dropwise at 0 °C under
an N, atmosphere. The mixture was stirred at rt for 3 h. After the reaction was completed
as indicated by TLC, the solvent was removed under reduced pressure, and the residue
was purified by flash column chromatography using EtsN-deactivated silica to give 8 (55%,
649 mg). TLC: R¢ = 0.45 (EtOAc:Hex 50:50). 'H NMR (400 MHz, CDCl3): & 8.66 (s, 1H, NH),
7.77 (d,] =82 Hz, 2H), 7.38 (d, ] = 8.1 Hz, 2H), 6.49 (d, | = 3.7 Hz, 1H, anomeric), 5.55 (t,
J=9.6 Hz, 1H), 5.33 (d, ] = 3.3 Hz, 1H), 5.13-5.08 (m, 1H), 5.05 (dd, | = 10.2, 3.9 Hz, 1H),
493 (dd, ] =104, 3.4 Hz, 1H), 451 (d, ] = 8.0 Hz, 1H, anomeric), 4.49—4.44 (m, 1H), 4.14-4.05
(m, 1H), 3.99 (dd, ] = 10.0, 6.6 Hz, 1H), 3.95-3.81 (m, 1H), 2.11 (s, 3H), 2.06 (s, 3H), 2.03 (s,
6H, 2 x CHj), 2.02 (s, 3H), 1.95 (s, 3H). 3C NMR (101 MHz, CDCl3): & 170.4, 170.2, 170.1,
170.0, 169.5, 169.2, 161.1, 145.7, 132.3, 130.2, 128.2, 101.3, 93.0, 77.4, 76.0, 71.1, 71.0, 70.2, 69.7,
69.1, 66.7, 65.6, 61.6,21.8, 21.2, 21.05, 21.0, 20.8, 20.7, 20.6.

3.7. (25,3R)-2-(tert-Butoxycarbonyl)amino-3-pivaloyloxy-pent-4-en-1-yl 2,3,4-tri-O-acetyl-6-O-
(p-toluenesulfonyl)-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside (10)

The mixture of glycosyl donor 8 (600 mg, 0.671 mmol), acceptor 9 (168 mg, 0.559 mmol),
and flame-dried MS 4A (1.5 g) in dry DCM (12 mL) was stirred at rt for 15 min under an Np
atmosphere and then cooled to -78 °C. Thereafter, TMSOTf (4.0 uL, 22.4 pmol) was added
dropwise followed by stirring at the same temperature (—78 °C) for 15 min. The mixture
was gradually warmed to rt and stirred for another 45 min. When TLS indicated the
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complete consumption of 9, the reaction was quenched with Et3N at 0 °C, and the mixture
was filtered through a Celite pad. The filtrate was washed with saturated NaHCOssolution,
and the organic layer was dried over MgSOy and concentrated under vacuo. Silica gel
column chromatography of the residue afforded 10 (53% yield, 306 mg) as a white solid.
TLC: R¢ = 0.50 (EtOAc:Hex 50:50)."H NMR (600 MHz, CDCl3): 5 7.77 (d, | = 8.3 Hz, 2H),
7.38 (d, ] = 8.1 Hz, 2H), 5.83-5.73 (m, 1H, =CH), 5.32 (dd, ] = 11.2, 5.1 Hz, 2H), 5.29 (d,
J =1.2Hz, 1H), 5.26 (d, ] = 10.7 Hz, 1H), 5.17 (t, ] = 9.3 Hz, 1H), 5.06 (dd, ] = 10.3, 7.9 Hz,
1H), 4.92 (dd, ] = 10.4, 3.4 Hz, 1H), 4.88 (dd, ] = 9.4, 8.0 Hz, 1H), 4.70 (d, ] = 8.9 Hz, 1H,
-NH), 4.46 (d, ] =7.8 Hz, 1H, anomeric), 4.45-4.44 (m, 1H), 4.43 (d, ] = 7.8 Hz, 1H, anomeric),
4.08-3.97 (m, 4H), 3.94 (dd, ] = 10.0, 3.4 Hz, 1H), 3.90 (t, ] = 6.5 Hz, 1H), 3.77 (t, ] = 9.5 Hz,
1H), 3.63-3.57 (m, 1H), 3.51 (dd, ] = 10.1, 4.9 Hz, 1H), 2.46 (s, 1H), 2.11 (s, 1H), 2.06 (s,
1H), 2.04 (s, 1H), 2.02 (s, 1H), 1.99 (s, 1H), 1.94 (s, 1H), 1.42 (s, 9H), 1.19 (s, 9H). *C NMR
(151 MHz, CDCl3): $ 177.1,170.5, 170.01, 170.0, 169.9, 169.8, 169.7, 169.2, 155.3, 145.7, 132.4,
130.2,128.2,118.7, 100.91, 100.9, 79.8, 76.1, 73.3, 72.8, 72.6, 71.8, 70.91, 70.9, 69.1, 68.5, 66.7,
65.6,62.1,60.5,52.2,39.0,28.5,27.2,21.8, 21.2, 21.0, 20.9, 20.71, 20.7, 20.6. HR-ESI-MS m/z:
[M + HCOO]~ Calcd for C47HggINO,5S 1076.3645; Found 1076.3657.

3.8. (25,3R,E)-2-(tert-Butoxycarbonyl)amino-3-pivaloyloxy-octadec-4-en-1-yl 2,3,4-tri-O-acetyl-
6-O-(p-toluenesulfonyl)-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside
(12a)

To an Nj-bubbled mixture of 10 (150 mg, 0.145 mmol) and 1-pentadecene 11a (183.5 mg,
0.237 mL, 0.872 mmol) in dry DCM (28 mL) was added 2nd generation Hoveyda—Grubbs
catalyst (9 mg, 10 mol%). The reaction mixture was refluxed at 40 °C for 6 d. Each day,
another batch of 11a (183.5 mg, 0.237 mL, 0.873 mmol) and the catalyst (4.53 mg, 5 mol%)
was added to the mixture. Upon the completion of reaction, DMSO (2 drops) was added,
and the mixture was stirred at rt for 40 min. The solvent was removed under vacuo, and
the residue was purified by silica gel column chromatography to give 12a (83%, 146.5 mg)
as a brownish solid. TLC: R¢ = 0.83 (EtOAc:Hex 80:20). 'H NMR (400 MHz, CDCls3): 5 7.78
(d, ] =8.3Hz 2H),7.39 (d, ] =8.0 Hz, 2H), 5.75 (dt, | = 14.6, 7.6 Hz, 1H, =CH-), 5.40-5.30 (m,
2H, =CH- and 4'-H), 5.18 (dd, ] = 17.4, 8.2 Hz, 2H), 5.06 (dd, ] = 10.4, 7.9 Hz, 1H), 4.90 (ddd,
J=17.3,9.9,5.7 Hz, 2H), 4.67 (d, ] =9.2 Hz, 1H, NH), 4.46 (d, ] = 7.8 Hz, 1H, anomeric),
443 (d, ] =7.7 Hz, 1H, anomeric), 4.10-3.96 (m, 4H), 3.91 (dd, ] = 13.5, 7.8 Hz, 2H), 3.77
(t,] =9.4Hz, 1H), 3.59 (ddd, ] =9.8,4.7,1.7 Hz, 1H), 3.49 (dd, | = 9.7, 4.4 Hz, 1H), 2.47 (s,
3H), 2.11 (s, 3H), 2.07 (s, 3H), 2.06 (s, 3H), 2.03 (s, 3H), 1.99 (s, 3H), 1.95 (s, 3H), 1.42 (s, 9H),
1.30-1.21 (m, 24H), 1.17 (s, 9H), 0.88 (t, ] = 6.8 Hz, 3H). 1>*C NMR (101 MHz, CDCl3): § 177.0,
171.3,170.5,170.01, 170.0, 169.9, 169.8, 169.2, 145.6, 137.0, 132.4, 130.2, 128.2, 124.6, 100.91,
100.9,77.4,76.1,73.3,72.71,72.7,71.8,70.9, 69.1, 68.61, 68.6, 66.6, 65.5, 62.1, 60.5, 52.3, 38.9,
32.5,32.1,29.81,29.8,29.7,29.5,29.3,29.1, 28.5,27.2,22.8, 21.8, 21.2, 21.0, 20.9, 20.8, 20.71,
20.7,20.6,14.31, 14.3. HR-ESI-MS m/z: [M + HCOO]~ Calcd for C4oHgyNOy55 1258.5680;
found: 1258.5686

3.9. (25,3R,E)-2-(tert-Butoxycarbonyl)amino-3-pivaloyloxy-pentacos-4-en-1-yl 2,3,4-tri-O-acetyl-
6-O-(p-toluenesulfonyl)-p-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside
(12b)

Compound 12b (80%, 152.6 mg) was prepared as a blackish brown solid from 11b by
the same method and conditions utilized to prepare 12a. TLC: R¢ = 0.92 (EtOAc:Hex 80:20).
'H NMR (600 MHz, CDCl3): 6 7.78 (d, ] = 8.3 Hz, 2H), 7.38 (d, | = 8.1 Hz, 2H), 5.75 (dt,
J =14.6,7.6 Hz, 1H, =CH-), 5.40-5.30 (m, 2H, =CH- and 4’-H), 5.18 (dd, ] = 17.3, 8.1 Hz, 2H),
5.06 (dd, ] =10.4,7.9 Hz, 1H), 4.89 (ddd, | =17.3,9.9, 5.7 Hz, 2H), 4.66 (d, ] = 8.9 Hz, 1H,
NH), 4.46 (d, ] = 7.8 Hz, 1H, anomeric), 4.45-4.44 (m, 1H), 4.43 (d, ] = 7.6 Hz, 1H, anomeric),
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4.05(dd, J =11.1,5.0 Hz, 2H), 3.99 (dd, | = 10.2, 6.6 Hz, 2H), 3.91 (dd, ] = 13.4, 7.5 Hz, 2H),
3.77 (t,] =9.4 Hz, 1H), 3.59 (ddd, ] =9.6, 4.6, 1.5 Hz, 1H), 3.48 (dd, | =9.7, 4.4 Hz, 1H), 2.47
(s, 3H), 2.10 (s, 3H), 2.06 (s, 6H), 2.02 (s, 3H), 1.99 (s, 3H), 1.94 (s, 3H), 1.42 (s, 9H), 1.36-1.20
(m, 38H), 1.17 (s, 9H), 0.88 (t, ] = 6.8 Hz, 3H). 13C NMR (151 MHz, CDCl3): § 177.0, 170.5,
170.01, 170.0, 169.9, 169.81, 169.8, 169.2, 145.6, 137.0, 132.4, 130.2, 128.1, 124.6, 100.91, 100.9,
76.1,73.3,72.71,72.7,71.8,70.9, 69.0, 68.61, 68.6, 66.6, 65.5, 62.1,52.3, 38.9, 38.4, 35.9, 32.5,
32.1,29.82,29.81,29.8,29.6,29.5,29.3,29.1, 28.5, 27.21, 27.2, 22.8, 21.8, 21.0, 20.9, 20.8, 20.7,
20.61, 20.6, 14.3. HR-ESI-MS m/z: [M + CH30H-H]~ Calcd for Cg7H19sINO74S 1342.6982;
Found: 1342.7032.

3.10. (2S,3R,E)-2-Octadecanamido-3-pivaloyloxy-octadec-4-en-1-yl 2,3,4-tri-O-acetyl-6-O-(p-
toluenesulfonyl)-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside (13a)

To a stirred solution of 12a (59 mg, 48.58 pmol) in dry DCM (10 mL) was added
TFA (1.0 mL) dropwise over 5 min in an ice bath. After the ice bath was removed, the
mixture was stirred at rt for 2.5 h. Toluene was added, and the organic layer was washed
with NaHCOj; solution three times, dried over Na,SOy,, and filtered. The filtrate was
concentrated under reduced pressure, affording the free amine derivative. To the solution
of stearic acid (20.2 mg, 70.9 pmol) dissolved in DCM (8.7 mL) in an ice-bath was added
EDC (13.6 mg, 70.9 umol) under an N, atmosphere. After the mixture was stirred for 15 min,
the above-obtained free amine (39.5 mg, 35.45 pmol) in DCM (4.3 mL) was added dropwise
followed by the addition of DMAP (0.8 mg, 7.1 umol). The reaction mixture was stirred at
rt for 24 h. NaHCOj5 solution was added dropwise to the mixture at 0 °C, and the aqueous
layer was extracted with DCM three times. The combined organic layer was concentrated
under vacuo, and the residue was purified using silica gel column chromatography to
afford 13a (65%, 43.6 mg) as an off-white solid. TLC: R¢ = 0.55 (EtOAc:Hex 50:50). '"H NMR
(600 MHz, CDCl3): 67.78 (d, ] =8.3 Hz, 2H), 7.38 (d, ] =8.1 Hz, 2H), 5.75 (dt, ] = 14.8,7.4 Hz,
1H, =CH-), 5.61 (d, ] = 9.3 Hz, 1H, —-NHCO-), 5.36-5.33 (m, 2H, =CH- and 4’-H), 5.23 (t,
J=71Hz, 1H), 5.19 (t, ] = 9.3 Hz, 1H), 5.06 (dd, | = 10.3, 8.0 Hz, 1H), 4.92 (dd, | =10.4,
3.4 Hz, 1H), 4.86 (dd, | = 9.4, 7.9 Hz, 1H), 4.47 (d, | = 7.9 Hz, 1H, anomeric), 4.45-4.44
(m, 1H), 4.43 (d, ] = 7.8 Hz, 1H, anomeric), 4.33 (ddd, ] = 11.3, 8.7, 4.1 Hz, 1H), 4.06 (ddd,
J=169,11.1,5.6 Hz, 1H), 3.99 (dd, ] = 10.2, 6.5 Hz, 1H), 3.90 (dd, | = 12.6, 5.6 Hz, 1H), 3.78
(t,J=9.5Hz,1H), 3.60 (ddd, ] =9.9,4.7, 2.0 Hz, 1H), 3.52 (dd, ] = 10.0, 4.4 Hz, 1H), 2.47 (s,
3H), 2.11 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 2.00 (s, 3H), 1.95 (s, 3H), 1.59-1.56 (m,
2H), 1.25 (s, 56H), 1.17 (s, 9H), 0.88 (t, ] = 7.0 Hz, 6H, 2 x Me). 13C NMR (151 MHz, CDCl3):
6177.1,172.7,170.5, 170.01, 170.0, 169.81, 169.8, 169.2, 145.7, 137.1, 132.4, 130.2, 128.2, 124.9,
100.9, 100.6, 76.0, 73.2,72.8, 72.5, 72.0, 71.0, 70.9, 69.1, 67.8, 66.7, 65.6, 62.0, 50.6, 38.9, 37.0,
32.5,32.1,29.9,29.8,29.71, 29.7, 29.6, 29.5,29.4, 29.2, 27.2, 25.9, 22.9, 21.8, 21.0, 20.91, 20.9,
20.8,20.7, 20.6, 14.3. HR-ESI-MS m/z: [M + Na]* Calcd for C7,H117NNaO,,S: 1402.7686;
Found: 1402.7698.

3.11. (25,3R,E)-2-Pentacosanamido-3-pivaloyloxy-octadec-4-en-1-yl 2,3,4-tri-O-acetyl-6-O-(p-
toluenesulfonyl)-p-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside (13b)

Compound 13b (64%, 44.4 mg) was prepared as a white solid from 12b (57 mg,
46.9 pmol) by the same method and conditions employed to prepare 13a. TLC: Ry = 0.5
(EtOAc:Hex 50:50). 'H NMR (600 MHz, CDCl3): §7.78 (d, ] = 8.3 Hz, 2H),7.38 (d, ] = 8.1 Hz,
2H), 5.75 (dt, ] = 14.7, 7.3 Hz, 1H, =CH-), 5.61 (d, | = 9.2 Hz, 1H, -NHCO-), 5.36-5.33 (m, 2H,
=CH- and 4'-H), 5.23 (t, ] = 7.1 Hz, 1H), 5.18 (t, ] = 9.3 Hz, 1H), 5.06 (dd, ] = 10.3, 8.0 Hz,
1H), 492 (dd, ] =104, 3.4 Hz, 1H), 4.86 (dd, ] = 9.4, 7.9 Hz, 1H), 4.47 (d, ] = 7.9 Hz, 1H,

153



Molecules 2025, 30, 2667

anomeric), 4.45 (d, ] = 1.6 Hz, 1H), 4.43 (d, | = 7.8 Hz, 1H, anomeric), 4.33 (ddd, | = 11.3,
8.8,4.1 Hz, 1H), 4.06 (ddd, | = 16.8, 11.1, 5.6 Hz, 2H), 3.99 (dd, ] = 10.2, 6.6 Hz, 1H), 3.90
(dd, J =12.0, 5.5 Hz, 2H), 3.78 (t, ] = 9.5 Hz, 1H), 3.60 (ddd, ] = 9.8, 4.7, 1.9 Hz, 1H), 3.52
(dd, ] = 10.0, 4.4 Hz, 1H), 2.47 (s, 3H), 2.11 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 1.99
(s, 3H), 1.95 (s, 3H), 1.59-1.56 (m, 2H), 1.32-1.22 (m, 66H), 1.17 (s, 9H), 0.88 (t, ] = 7.0 Hz,
6H, 2 x Me). 13C NMR (151 MHz, CDCl3): § 177.1, 172.7, 170.5, 170.01, 170.0, 169.81, 169.8,
169.2,145.6,137.1,132.4,130.2, 128.2, 124.9, 100.9, 100.6, 76.0, 73.2, 72.8, 72.5, 72.0, 71.0, 70.9,
69.1, 67.8,66.7, 65.6, 62.1, 50.6, 38.9, 37.0, 32.5, 32.1, 29.91, 29.9, 29.8, 29.71, 29.7, 29.6, 29.51,
29.5,29.4,29.2,27.2,25.9,22.9,21.8,21.0,20.91, 20.9, 20.8, 20.7, 20.6, 14.3. HR-ESI-MS m/ z:
[M + HCOOQO]~ Calcd for CgyH130NO94S 1522.8860; found: 1522.8896.

3.12. (25,3R,E)-2-Octadecanamido-3-pivaloyloxy-pentacos-4-en-1-yl 2,3,4-tri-O-acetyl-6-O-(p-
toluenesulfonyl)-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside (13c)

Compound 13c (63%, 36.2 mg) as a white solid was prepared from 12¢ (51 mg,
38.9 umol) by the same method and conditions employed to prepare 13a. TLC: Rf = 0.5
(EtOAc:Hex 50:50). 'H NMR (600 MHz, CDCl5): §7.78 (d, ] = 8.3 Hz, 2H),7.38 (d, ] = 8.0 Hz,
2H),5.75 (dt, ] = 14.7, 7.3 Hz, 1H, =CH-), 5.61 (d, ] = 9.2 Hz, 1H, -NHCO-), 5.36-5.33 (m, 2H,
=CH- and 4'-H), 5.23 (t, ] = 7.2 Hz, 1H), 5.18 (t, ] = 9.3 Hz, 1H), 5.06 (dd, ] = 10.4, 7.9 Hz,
1H), 4.92 (dd, ] = 10.4, 3.4 Hz, 1H), 4.86 (dd, ] = 9.4, 7.9 Hz, 1H), 447 (d, ] = 7.9 Hz, 1H,
anomeric), 4.45 (d, ] = 1.6 Hz, 1H), 4.43 (d, ] = 7.8 Hz, 1H, anomeric), 4.33 (ddd, | = 11.3, 8.8,
4.2 Hz, 1H), 4.06 (ddd, ] = 16.9, 11.1, 5.6 Hz, 2H), 3.99 (dd, ] = 10.2, 6.6 Hz, 1H), 3.93-3.88
(m, 2H), 3.78 (t, ] = 9.5 Hz, 1H), 3.60 (ddd, ] = 9.9, 4.7, 2.0 Hz, 1H), 3.52 (dd, | = 10.0, 4.4 Hz,
1H), 2.47 (s, 3H), 2.11 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 1.99 (s, 3H), 1.95 (s, 3H),
1.57 (b, 2H), 1.35-1.22 (m, 70H), 1.17 (s, 9H), 0.88 (t, ] = 7.0 Hz, 6H, 2 x Me). 13C NMR (151
MHz, CDCl3): 6 177.1, 172.7, 170.5, 170.01, 170.0, 169.81, 169.8, 169.2, 145.6, 137.2, 132.4,
130.2, 128.2, 124.9, 100.9, 100.6, 76.0, 73.1, 72.8, 72.5, 72.0, 71.0, 70.9, 69.1, 67.8, 66.7, 65.6,
62.0, 50.6, 38.9, 37.0, 32.5, 32.1, 29.9, 29.8, 29.71, 29.7, 29.6, 29.5, 29.4, 29.2, 27.2, 25.9, 22.9,
21.8,21.0,20.91, 20.9, 20.8, 20.7, 20.6, 14.3. HR-ESI-MS m/z: [M + CH30H-H] ™~ Calcd for
CgoH134NO33S 1508.9067; found: 1508.9098.

3.13. (25,3R,E)-2-Pentacosanamido-3-pivaloyloxy-pentacos-4-en-1-yl 2,3,4-tri-O-acetyl-6-O-(p-
toluenesulfonyl)-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside (13d)

Compound 13d (63%, 37.8 mg) was prepared as a white solid from 12d (50 mg,
38.1 umol) by the same method and conditions employed to prepare 13a. TLC: R¢ = 0.5
(EtOAc:Hex 50:50). 'H NMR (600 MHz, CDCl3): 8 7.77 (d, ] = 8.3 Hz, 2H), 7.38 (d, ] = 8.1 Hz,
2H), 5.75 (dt, ] = 14.8, 7.3 Hz, 1H, =CH-), 5.61 (d, | = 9.2 Hz, 1H, -NHCO-), 5.36-5.33 (m, 2H,
=CH- and 4’-H), 5.23 (t, ] = 7.1 Hz, 1H), 5.18 (t, ] = 9.3 Hz, 1H), 5.06 (dd, ] = 10.3, 8.0 Hz,
1H), 4.92 (dd, ] = 10.4, 3.4 Hz, 1H), 4.86 (dd, ] = 9.4, 7.9 Hz, 1H), 447 (d, ] = 7.9 Hz, 1H,
anomeric), 4.45 (d, ] = 1.4 Hz, 1H), 4.43 (d, | = 7.8 Hz, 1H, anomeric), 4.33 (ddd, ] = 11.3,
8.7,4.1 Hz, 1H), 4.05 (ddd, ] = 16.9, 11.1, 5.6 Hz, 2H), 3.99 (dd, | = 10.2, 6.5 Hz, 1H), 3.90
(dd,J =11.9,5.5 Hz, 2H), 3.78 (t, ] = 9.5 Hz, 1H), 3.60 (ddd, ] =9.9, 4.7, 2.0 Hz, 1H), 3.52 (dd,
J=10.0, 4.4 Hz, 1H), 2.47 (s, 3H), 2.11 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 1.99 (s,
3H), 1.95 (s, 3H), 1.64 (dd, | = 14.7, 7.2 Hz, 2H), 1.59-1.56 (m, 2H), 1.34-1.23 (m, 80H), 1.17
(s, 9H), 0.88 (t, ] = 7.0 Hz, 6H, 2 x Me). 3C NMR (151 MHz, CDCly): § 177.1, 172.7, 170.5,
170.01, 170.0, 169.81, 169.8, 169.2, 145.6, 137.2, 132.4, 130.2, 128.2, 124.9, 100.9, 100.6, 76.0,
73.1,72.8,72.5,72.0,71.0,70.9, 69.1, 67.8, 66.7, 65.6, 62.0, 50.6, 38.9, 37.0, 32.5, 32.1, 29.91,
29.9,29.8,29.71,29.7,29.6,29.5,29.4,29.2,27.2,25.9,22.9,21.8, 21.0, 20.91, 20.9, 20.8, 20.7,
20.6, 14.3. HR-ESI-MS m/z: [M-H]~ Calcd for CggH144NO2,S 1574.9901; found: 1574.9834.
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3.14. (25,3R,E)-2-Octadecanamido-3-pivaloyloxy-octadec-4-en-1-yl 2,3,4-tri-O-acetyl-6-azido-6-
deoxy-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside (14a)

To a solution of 13a (30 mg, 21.7 umol) in dry DMF (6.0 mL) was added NaNj3 (28 mg,
434.5 umol), and the mixture was heated at 86 °C for 2 d. When the starting material 13a
disappeared in TLC, the reaction was allowed to cool to rt. The mixture was diluted with
EtOAc and cooled at 0 °C. After cold water was added, the mixture was extracted with
EtOAcC three times. The combined organic layers were washed with brine, filtered, dried
over Na;SOy, and condensed under vacuum. The residue was purified through silica gel
column chromatography to afford 14a as a white solid (80%, 21.8 mg). TLC: R¢ = 0.45
(EtOAc:Hex 40:60). 'H NMR (600 MHz, CDCl3): § 5.75 (dt, ] = 14.8, 7.4 Hz, 1H, =CH-),
5.62(d, ] =9.2 Hz, 1H, -NHCO-), 5.38-5.30 (m, 2H, =CH- and 4'-H), 5.25-5.17 (m, 2H),
5.09 (dd, ] =10.4,7.9 Hz, 1H), 4.96 (dd, | = 10.4, 3.5 Hz, 1H), 4.88 (dd, ] = 9.5, 7.8 Hz, 1H),
4.49-4.44 (m, 1H), 4.50 (d, ] = 7.9 Hz, 1H, anomeric), 4.42 (d, | = 7.7 Hz, 1H, anomeric),
4.32(ddd, ] =11.4,8.6,4.1 Hz, 1H), 4.05 (dd, ] = 12.0, 4.9 Hz, 1H), 3.90 (dd, ] = 10.0, 3.7 Hz,
1H), 3.85 (t, ] =9.5 Hz, 1H), 3.72 (t, ] = 6.7 Hz, 1H), 3.60 (ddd, ] = 9.9, 4.7, 2.0 Hz, 1H), 3.52
(dd, ] =10.0, 4.4 Hz, 1H), 3.47 (dd, ] = 12.8, 7.3 Hz, 1H), 3.26 (dd, | = 12.8, 5.6 Hz, 1H),
2.17 (s, 3H), 2.12 (s, 3H), 2.07 (s, 3H), 2.04 (s, 3H), 2.04 (s, 3H), 1.97 (s, 3H), 1.59-1.56 (b,
2H), 1.35-1.22 (m, 56H), 1.17 (s, 9H), 0.88 (t, ] = 7.0 Hz, 6H, 2 x Me). 1*C NMR (151 MHz,
CDClz): 6 177.1,172.7,170.5, 170.2, 170.1, 169.81, 169.8, 169.2, 137.2, 125.0, 100.8, 100.7, 75.4,
73.2,72.9,72.5,72.4,72.0,71.1, 69.3, 69.2, 67.8, 67.6, 62.0, 50.6, 50.4, 38.9, 37.0, 32.5, 32.1,
29.9,29.8,29.71,29.7,29.6,29.5,29.4, 29.2, 27.2, 25.9, 22.9, 21.1, 21.0, 20.9, 20.8, 20.7, 14.3.
HR-ESI-MS m/z: [M + HCOO]~ Caled for CecH111N4Op1: 1295.7741; Found: 1295.7753.

3.15. (25,3R,E)-2-Pentacosanamido-3-pivaloyloxy-octadec-4-en-1-yl 2,3,4-tri-O-acetyl-6-azido-6-
deoxy-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside (14b)

Compound 14b (76%, 20.8 mg) was prepared as a white solid from 13b (30 mg,
20.3 pmol) by the same method and conditions employed to prepare 14a. TLC: R¢ = 0.65
(EtOAc:Hex 40:60). 'H NMR (600 MHz, CDCl3): § 5.75 (dt, ] = 14.7, 7.4 Hz, 1H, =CH-), 5.61
(d, ] =9.2Hz, 1H, -NHCO-), 5.37-5.31 (m, 2H, =CH- and 4’-H), 5.21 (dt, ] = 15.5, 8.3 Hz, 2H),
5.09 (dd, ] =10.4,7.9 Hz, 1H), 4.96 (dd, ] = 10.4, 3.5 Hz, 1H), 4.88 (dd, ] =9.5, 7.8 Hz, 1H),
451 (d, ] =7.8 Hz, 1H, anomeric), 4.48 (d, ] = 1.7 Hz, 1H), 4.42 (d, | = 7.7 Hz, 1H, anomeric),
432 (ddd, ] =11.4,84,4.1Hz, 1H),4.05 (dd, ] =12.0,4.9 Hz, 1H), 3.91 (dd, ] =9.9, 3.7 Hz,
1H),3.85(t, ] =9.5 Hz, 1H), 3.72 (t, ] = 6.6 Hz, 1H), 3.60 (ddd, ] =9.9, 4.7, 2.0 Hz, 1H), 3.52
(dd, J =10.0, 44 Hz, 1H), 3.47 (dd, ] = 12.8, 7.3 Hz, 1H), 3.26 (dd, | = 12.8, 5.6 Hz, 1H),
2.17 (s, 3H), 2.12 (s, 3H), 2.07 (s, 3H), 2.04 (s, 3H), 2.04 (s, 3H), 1.97 (s, 3H), 1.59-1.56 (b,
2H), 1.37-1.21 (m, 70H), 1.17 (s, 9H), 0.88 (t, ] = 7.0 Hz, 6H, 2 x Me). 1*C NMR (151 MHz,
CDClz): $177.1,172.7,170.4,170.2, 170.1, 169.81, 169.8, 169.2, 137.2, 125.0, 100.8, 100.7, 75.4,
73.2,729,725,72.4,72.0,71.1, 69.2, 67.8, 67.6, 62.4, 62.2, 50.6, 50.4, 38.9, 37.0, 32.5, 32.1,
29.9,29.8,29.71,29.7,29.6, 29.5,29.4, 29.2, 27.2,25.9, 22.9, 21.1, 21.0, 20.9, 20.8, 20.7, 14.3.
HR-ESI-MS m/z: [M + CH3OH-H]_ Calcd for C73H127N4020 13799044, Found: 1379.9058.

3.16. (25,3R,E)-2-Octadecanamido-3-pivaloyloxy-pentacos-4-en-1-yl 2,3,4-tri-O-acetyl-6-azido-
6-deoxy-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside (14c)

Compound 14c (69%, 18.9 mg) was prepared as a white solid from 13c¢ (30 mg,
20.3 umol) by the same method and conditions employed to prepare 14a. TLC: R¢ = 0.45
(EtOAc:Hex 40:60). "H NMR (600 MHz, CDCl3) 8 5.75 (dt, ] = 14.7, 7.4 Hz, 1H, =CH-), 5.62
(d, ] =9.3 Hz, 1H, -NHCO-), 5.35-5.32 (m, 2H, =CH- and 4'-H), 5.24-5.16 (m, 2H), 5.09 (dd,
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J=10.4,7.9 Hz, 1H), 4.96 (dd, ] =104, 3.5 Hz, 1H), 4.87 (dd, | = 9.5, 7.8 Hz, 1H), 4.50 (d,
] =7.8 Hz, 1H, anomeric), 4.48 (d, | = 1.8 Hz, 1H), 4.42 (d, ] = 7.7 Hz, 1H, anomeric), 4.32
(ddd, ] =114, 8.4,4.1 Hz, 1H), 4.05 (dd, ] = 12.0,4.9 Hz, 1H), 3.90 (dd, ] = 10.0, 3.7 Hz, 1H),
3.85(t,] =9.5 Hz, 1H), 3.72 (t, ] = 6.6 Hz, 1H), 3.60 (ddd, | =9.8, 4.7, 2.0 Hz, 1H), 3.51 (dd,
J=10.0,4.4 Hz, 1H), 3.46 (dd, ] = 12.8, 7.3 Hz, 1H), 3.26 (dd, ] = 12.8, 5.6 Hz, 1H), 2.16 (s,
3H), 2.11 (s, 3H), 2.07 (s, 3H), 2.04 (s, 6H), 1.97 (s, 3H), 1.59-1.56 (b, 2H), 1.34-1.23 (m, 70H),
1.17 (s, 9H), 0.88 (t, ] = 7.0 Hz, 6H, 2 x Me). 3C NMR (151 MHz, CDCl3): 5 177.1, 172.7,
170.4,170.2,170.1, 169.81, 169.8, 169.2, 137.2, 125.0, 100.71, 100.7, 75.4, 73.2,72.9,72.5,72.4,
719,71.1,69.2,67.8,67.6,62.1, 62.0, 50.6, 50.4, 38.9, 37.0, 32.5, 32.1, 29.9, 29.81, 29.8, 29.71,
29.7,29.6,29.5,29.4,29.2,27.2,259,22.9,21.1, 21.0, 20.9, 20.8, 20.7, 14.3. HR-ESI-MS m/z:
[M + HCOOQO]~ Calcd for C73H125N4051 1393.8837; Found: 1393.8878.

3.17. (25,3R,E)-2-Pentacosanamido-3-pivaloyloxy-pentacos-4-en-1-yl 2,3,4-tri-O-acetyl-6-azido-
6-deoxy-B-D-galactopyranosyl-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside (14d)

Compound 14d (72%, 18.5 mg) was prepared as a white solid from 13d (28 mg,
17.8 umol) by the same method and conditions employed to prepare 14a. TLC: R = 0.66
(EtOAc:Hex 40:60). 'H NMR (600 MHz, CDCl3): § 5.75 (dt, ] = 14.7, 7.4 Hz, 1H, =CH-), 5.61
(d, ] =9.2 Hz, 1H, -NHCO-), 5.36-5.32 (m, 2H, =CH- and 4’-H), 5.24-5.17 (m, 2H), 5.09 (dd,
J =104, 79 Hz, 1H), 4.96 (dd, ] = 10.4, 3.5 Hz, 1H), 4.87 (dd, | =9.5, 7.8 Hz, 1H), 4.50 (d,
] =79 Hz, 1H, anomeric), 4.48 (d, ] = 1.7 Hz, 1H), 4.42 (d, ] = 7.7 Hz, 1H, anomeric), 4.32
(ddd, J=11.4,8.2,4.1 Hz, 1H), 4.05 (dd, ] =12.0, 4.9 Hz, 1H), 3.90 (dd, ] =9.9, 3.7 Hz, 1H),
3.85(t,] =9.5Hz, 1H), 3.72 (t, | = 6.5 Hz, 1H), 3.60 (ddd, ] =9.8, 4.7, 2.0 Hz, 1H), 3.51 (dd,
J=10.0,4.4 Hz, 1H), 3.47 (dd, ] =12.8, 7.3 Hz, 1H), 3.26 (dd, ] = 12.8, 5.7 Hz, 1H), 2.17 (s,
3H), 2.12 (s, 3H), 2.07 (s, 3H), 2.04 (s, 6H, 2 x CH3), 1.97 (s, 3H), 1.59-1.56 (b, 2H), 1.32-1.23
(m, 84H), 1.17 (s, 9H), 0.88 (t, ] = 7.0 Hz, 6H, 2 x Me). 3C NMR (151 MHz, CDCl;): § 177.1,
172.7,170.4,170.2,170.1, 169.81, 169.8, 169.2, 137.2, 125.0, 100.8, 100.7, 75.4, 73.2, 72.9, 72.5,
72.4,72.0,71.1,69.2, 67.8, 67.6, 63.2, 62.0, 50.6, 50.4, 38.9, 37.0, 32.5, 32.1, 29.9, 29.89, 29.8,
29.71,29.7,29.6,29.5,29.4,29.2,27.2,259,22.9,21.1,20.91, 20.9, 20.8, 20.7, 14.3. HR-ESI-MS
m/z: [M + CH3OH-H]~ Caled for CgoHj41N4Oyg 1478.0139; Found: 1478.0077.

3.18. (25,3R,E)-2-Octadecanamido-3-hydroxy-octadec-4-en-1-yl
6-azido-6-deoxy-B-D-galactopyranosyl-(1—4)-B-D-glucopyranoside (1a)

To a solution of 14a (19.5 mg, 15.6 pumol) in a mixture of dry DCM and MeOH (1:1,
2 mL) was added NaOMe in MeOH (5 M, 43.6 uL, 0.2 mmol) dropwise at 0 °C. The ice
bath was removed, and the mixture was stirred at rt under N for 2 d. After the starting
material was completely consumed as indicated by TLC, Amberlyst H* resin was added
with stirring to neutralize the reaction mixture. The solvent was removed under vacuum,
and the residue was subjected to silica gel column chromatography to afford 1a as an
off-white solid (90%, 12.8 mg). TLC: R; = 0.51 (DCM:MeOH 85:15). 'H NMR (600 MHz,
CDCl3:CD3OD 2:1): 6 5.65 (dt, ] = 15.0, 7.4 Hz, 1H, =CH-), 5.41 (dd, ] = 15.0, 7.6 Hz, 1H,
=CH-), 4.32 (d, ] = 7.8 Hz, 1H anomeric), 4.25 (d, ] = 7.8 Hz, 1H anomeric), 4.17 (dd, ] = 10.0,
3.9 Hz, 1H), 4.05 (t, ] = 7.6 Hz, 1H), 3.96-3.93 (m, 1H), 3.82 (d, | = 3.0 Hz, 2H), 3.77 (d,
J =2.9 Hz, 1H), 3.65-3.61 (m, 2H), 3.60-3.58 (m, 1H), 3.56-3.52 (m, 4H), 3.50 (dd, ] = 9.8, 3.0
Hz, 2H), 3.47 (dd, ] =9.7, 3.2 Hz, 1H), 3.38-3.35 (m, 1H), 2.13 (t, ] = 7.7 Hz, 2H), 2.00-1.96
(m, 2H), 1.56-1.52 (m, 2H), 1.34-1.30 (m, 2H), 1.28-1.20 (m, 48H), 0.84 (t, ] = 7.0 Hz, 6H,
2 x Me). 3C NMR (151 MHz, CDCl3:CD30D 2:1): § 175.0, 134.8, 129.7, 104.3, 103.3, 80.4,
75.3,75.2,74.0,73.8,73.7,72.4,71.3, 69.2, 69.0, 61.2, 53.6, 51.6, 36.9, 32.8, 32.3, 30.12, 30.11,
30.1, 30.03, 30.02, 30.01, 30.0, 29.9, 29.8, 29.72, 29.71, 29.7, 26.4, 23.0, 14.3. HR-ESI-MS m / z:
[M + HCOO]~ Caled for C40Hg1N4O14 959.6532; Found: 959.6563.
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3.19. (25,3R,E)-2-Pentacosanamido-3-(hydroxy)-octadec-4-en-1-yl
6-azido-6-deoxy-B-D-galactopyranosyl-(1—4)-B-D-glucopyranoside (1b)

Compound 1b (88%, 11.3 mg) was prepared as a white solid from 14b (17 mg,
12.6 umol) by the same method and conditions utilized to prepare 1la. TLC: R¢ = 0.66
(DCM:MeOH 85:15). 'H NMR (600 MHz, CDCl3:CD30D 2:1): § 5.63 (dt, | = 14.9, 7.2 Hz,
1H, =CH-), 540 (dd, | = 14.9, 7.5 Hz, 1H, =CH-), 4.30 (d, ] = 7.8 Hz, 1H anomeric), 4.23
(d, ] =7.8 Hz, 1H anomeric), 4.14 (dd, ] = 10.1, 3.9 Hz, 1H), 4.04 (t, ] = 7.4 Hz, 1H), 3.80 (d,
J=3.0Hz, 2H), 3.76 (d, ] = 3.0 Hz, 1H), 3.61-3.59 (m, 2H), 3.58-3.56 (m, 4H), 3.54-3.51 (m,
4H), 3.49 (dd, ] =10.4, 1.9 Hz, 1H), 3.46 (dd, | =9.7, 3.2 Hz, 1H), 2.11 (t, ] = 7.7 Hz, 2H),
1.98-1.94 (m, 2H), 1.54-1.50 (m, 2H), 1.31-1.28 (m, 2H), 1.26-1.19 (m, 62H), 0.83 (t, ] = 7.0 Hz,
6H, 2 x Me). 13C NMR (151 MHz, CDCl3:CD30D 2:1): § 174.6, 134.6, 129.2, 104.0, 103.0,
80.2,75.0,74.9,73.7,73.4,72.3,71.0, 68.8, 68.7, 63.6, 61.0, 53.5, 53.3, 51.3, 36.6, 32.5, 32.0,
29.82,29.81,29.8,29.71,29.7, 29.6, 29.52, 29.51, 29.5, 29.4, 26.0, 22.8, 14.1. HR-ESI-MS m/z:
[M + HCOO] ™ Calcd for C56H195N4014 1057.7628; Found: 1057.7659.

3.20. (25,3R,E)-2-Octadecanamido-3-(hydroxy)-pentacos-4-en-1-yl
6-azido-6-deoxy-B-D-galactopyranosyl-(1—4)-B-D-glucopyranoside (1c)

Compound 1c (80%, 10.8 mg) was prepared as an off-white solid from 14c¢ (18 mg,
13.3 umol) by the same method and conditions utilized to prepare 1a. TLC: R¢ = 0.70
(DCM:MeOH 85:15). 'TH NMR (600 MHz, CDCl3:CD30D 2:1): § 5.64 (dt, ] = 14.9, 7.3 Hz,
1H, =CH-), 5.41 (dd, | = 14.9, 7.6 Hz, 1H, =CH-), 4.30 (1H, anomeric, overlapped with DHO
signal), 4.25 (d, ] = 7.8 Hz, 1H, anomeric), 4.16 (dd, /] = 10.0, 3.9 Hz, 1H), 4.05 (t, ] = 7.7 Hz,
1H), 3.96-3.92 (m, 2H), 3.92-3.89 (m, 3H), 3.82 (d, ] = 3.3 Hz, 2H), 3.77 (d, | = 3.3 Hz, 1H),
3.63-3.58 (m, 2H), 3.55-3.52 (m, 3H), 3.50 (dd, | = 10.5, 3.3 Hz, 1H), 3.47 (dd, ] =9.7, 3.2 Hz,
1H), 2.15-2.10 (m, 2H), 1.99-1.96 (m, 2H), 1.56-1.52 (m, 2H), 1.34-1.29 (m, 2H), 1.27-1.20
(m, 62H), 0.84 (t, ] = 7.0 Hz, 6H, 2 x Me). 3C NMR (151 MHz, CDCl3:CD;0D 2:1): § 174.9,
134.8,129.6,104.2,103.2,80.4, 75.2,75.1,74.0,73.7,73.6, 72.4,71.2, 70.6, 69.1, 61.1, 55.3, 53.5,
51.5,49.9, 49.6, 36.8, 32.7, 32.2, 30.1, 30.03, 30.02, 30.01, 30.0, 29.91, 29.9, 29.8, 29.73, 29.72,
29.71,29.7,29.6, 26.3, 23.0, 14.2. HR-ESI-MS m/z: [M + HCOQ]~ Calcd for Cs¢H105N4O14
1057.7628; Found: 1057.7659.

3.21. (25,3R,E)-2-Pentacosanamido-3-(hydroxy)-pentacos-4-en-1-yl
6-azido-6-deoxy-B-D-galactopyranosyl-(1—4)-B-D-glucopyranoside (1d)

Compound 1d (85%, 11.1 mg) was prepared as a white solid from 14d (17 mg,
11.7 pmol) by the same method and conditions used to prepare 1la. TLC: R¢ = 0.75
(DCM:MeOH 85:15). 'H NMR (600 MHz, CDCl;:CD;0D 2:1): § 5.63 (dt, ] = 14.9, 7.3 Hz,
1H, =CH-), 5.39 (dd, ] = 14.9, 7.5 Hz, 1H, =CH-), 4.30 (d, ] = 7.8 Hz, 1H, anomeric), 4.23 (d,
] = 7.8 Hz, 1H, anomeric), 4.13 (dd, ] = 10.0, 4.0 Hz, 1H), 4.04 (t, ] = 7.4 Hz, 1H), 3.94-3.90 (m,
1H), 3.79 (d, ] = 2.7 Hz, 3H), 3.61-3.56 (m, 3H), 3.54-3.52 (m, 2H), 3.51 (dd, ] = 7.8, 3.1 Hz,
2H), 3.48 (dd, ] = 10.7, 3.2 Hz, 1H), 3.44-3.44 (m, 3H), 2.11 (t, ] = 7.6 Hz, 2H), 1.94-1.97 (m,
2H), 1.59-1.47 (m, 4H), 1.31-1.16 (m, 76H), 0.82 (t, ] = 7.0 Hz, 6H). 13C NMR (151 MHz,
CDCl3:CD30OD 2:1): 6 177.6,134.5,129.0, 103.8, 102.8, 79.9, 74.8, 73.6, 73.21, 73.2,72.2,70.8,
68.61, 68.6, 63.5,60.9, 53.1, 51.1, 36.5, 32.3, 31.9, 29.71, 29.7, 29.61, 29.6, 29.51, 29.5, 29.42,
29.41,29.4,29.31,29.3,29.21,29.2,25.9, 22.6, 14.0. HR-ESI-MS m/z: [M + HCOO]~ Calcd
for C63H119N4014 1155.8723,‘ Found: 1155.87622.1.

4. Conclusions

[-LacCer is not only a key intermediate in complex GSL biosynthesis but also an
important player in many biological events and diseases. However, in-depth investigation
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of B-LacCer is hindered by its lack of fluorophores or other useful functionalities. To
overcome this problem, we designed and synthesized a series of 3-LacCer analogs carrying
an azido group in its glycan and varied Cer moieties. In the literature, there are many
reports [33-46] (just cite a few) about the synthesis of 3-LacCer and its analogs, but none of
these reports have described azide-functionalized (3-LacCer analogs like 1a—d in this work.
To facilitate rapid access to 1a-d, we have employed a diversity-oriented synthetic strategy
that is highlighted by the late-stage lipid remodeling for on-site assembly of the Cer moiety.
Therefore, all the target molecules 1a—d could be readily derived from the same intermediate
10 within five robust steps. This strategy and its protocols are streamlined so that they will
be applicable to the synthesis of various lipid forms of 3-LacCer and its analogs. The azide
in 1a—d is suitable for further and direct functionalization by means of straightforward
and biocompatible click chemistry to attach a diversity of molecular tags, such as affinity
and fluorescent tags that enable different modern analytical technologies. Alternatively,
the azido group in 1la—d can be reduced to generate a free primary amino group that
is suitable for further introduction of molecular labels via chemoselective N-acylation.
Moreover, additional functionalization of 1a—-d through biocompatible click chemistry
can be conducted either before or after their introduction to cells/tissues [24,25], thereby
expanding their application scopes. The flexibility to introduce fluorophores or other large
molecular labels later also makes 1a—d especially valuable. Because having a hydroxyl
group substituted with a small azido group will have a minimal impact on the interaction
of these probes with target molecules in/on cells and probably make the probes more
easily acceptable by enzymes, these probes can better mimic the behaviors and bioactivities
of 3-LacCer than those containing large functional groups. Consequently, this work not
only has established a novel and efficient method for the synthesis of 3-LacCer and its
analogs but also has provided 1a—d as powerful probes or tools for in-depth investigation of
-LacCer biology, including the influences of its lipid structures on the biological functions
and metabolisms of 3-LacCer and other GSLs, as well as their related diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules30132667/s1, the NMR and MS spectra of all new
compounds, including 4, 5, 6, 7, 8 (only NMR), 10, 12a,b, 13a—d, 14a-d, and 1a—d.
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Abstract

Brucellosis continues to be a significant global zoonotic infection, with diagnosis largely
relying on the detection of antibodies against the Brucella O-polysaccharide (O-PS) A
and M antigens. In this study, computational methods, including homology modeling,
molecular docking, and molecular dynamics simulations, were applied to investigate the
interaction of the four murine monoclonal antibodies (mAbs) YsT9.1, YsT9.2, Bm10, and
Bm28 with hexasaccharide fragments of the A and M epitopes. Through stringent stability
criteria, based on interaction energies and mobility of the antigens, high-affinity binding of
A antigen with YsT9.1 antibody and M antigen with Bm10 antibody was predicted. In both
the complexes hydrophobic interactions dominate the antigen—antibody binding. These
findings align well with experimental epitope mapping, indicating YsT9.1’s preference
for internal sequences of the A epitope and Bm10’s preference for internal elements of
the M epitope. Interestingly, no stable complexes were identified for YsT9.2 or Bm28
interacting with A or M antigen. This study provides valuable insights into the mechanism
of molecular recognition of Brucella O-antigens that can be applied for the development of
improved diagnostics, synthetic glycomimetics, and improved vaccine strategies.

Keywords: Brucella A and M antigens; Brucella monoclonal antibodies; homology
modeling; Vina-Carb docking; MD simulations; MM-GBSA binding energy; bound
complexes; GLYCAM; AMBER

1. Introduction

Brucellosis is regarded by the World Health Organization as one of the most serious
zoonotic bacterial diseases [1]. It is a costly, highly contagious disease that affects cattle,
sheep, goats, pigs, camels, and other productive animals worldwide [2]. It is endemic in a
number of countries and costs of the disease worldwide amount annually to several billion
dollars. The detection of antibodies against Brucella antigens has been at the forefront of
the understanding, control, and eradication of brucellosis for over 120 years. Presumptive
diagnosis of brucellosis primarily depends on detection, in animal or human sera, of
antibodies to the O-polysaccharide (O-PS) component of Brucella lipopolysaccharide [2].

Wilson and Miles established in 1932 that the major serological antigens of pathogenic
Brucella species were two surface antigens A and M simultaneously expressed on all
smooth strains of the bacterium albeit in varying quantitative amounts within a single
molecule [3]. Strains designated A*M™ possessed a preponderance of A over M antigen
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and M*A~ strains higher M over A. It is the detection of antibodies to these A and M
antigens that forms the basis for the diagnosis of brucellosis [2,4].

In 1939, the A and M antigens were found to contain a polyhydroxyamino com-
pound and formate [5,6]. This insight was confirmed when 4-formamido-4,6-dideoxy-x-
D-mannopyrannose (Rha4NFo) was isolated as the sole monosaccharide component of
the repeating portion of O-PS from B. abortus lipopolysaccharide [7]. Brucella A dominant
strains were originally suggested to be composed of exclusively «1,2-linked D-Rha4NFo
residues [7]. Brucella M dominant strains were proposed to contain one «1,3-linked D-
Rha4NFo for every four ol,2-linked D-Rha4NFo residues [8]. However, it was soon
recognized that this model was not complete, and M epitopes were always present in all
smooth strains of the pathogen [9].

Recently the fine structure of Brucella O-PS has been re-examined and a revised
structure proposed [10] (Figure 1). This work confirmed the original single molecule
paradigm of Wilson and Miles. All Brucella strains with a smooth LPS (except B. suis biovar
2 [11]) essentially consist of two polymeric elements, a 1,2-linked homopolymer that is
capped by at least one tetrasaccharide repeating unit containing a «1,3-linked D-Rha4NFo
(Figure 1). This latter tetrasaccharide defines the M antigen, while the exclusively «1,2-
linked polysaccharide component defines the A antigen. An epitope referred to as C/Y
requires from 2 to 4 «1,2-linked D-Rha4NFo residues [12]. It can be appreciated from the
general Brucella O-antigen structure (Figure 1) that the A antigen is universally present in
all smooth Brucella with variable expression of the M antigen (Figure 1, m > 2) [10]. The
simultaneous expression of two antigenic determinants in a single homopolysaccharide and
the recognition of these by antibodies has considerable practical implications in recognition
of the antigens by antibodies.
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Figure 1. (A) Schematic representation of LPS molecules anchored by their Lipid A component
in the outer membrane of the Gram-negative coccobacilli, Brucella. The majority of Brucella
strains expressing O-polysaccharide have an internal sequence of 1,2 linked 4-formamido-4-deoxy D
mannopyranose residues of variable length typically 12-16 residues capped at their reducing end
by 1 or 2 copies of M tetrasaccharide. B. melitensis 16M may contain as many as 34 4-formamido-
4-deoxy-D-mannopyranose residues and include more than 2 copies of capping tetrasaccharide.
O-polysaccharides are attached through the core oligosaccharide to Lipid A. (B) Definitive structural
studies established the structure of the Brucella O-antigen with a capping M epitope terminating an
A type «1,2-linked D-Rha4NFo polymer, where usually m < 16 [10]. The capping tetrasaccharide
occurs a minimum of once, 1 = 1 or may be repeated several times, n > 1. Epitope mapping suggests
the A epitope likely comprises four or more «1,2-linked D-Rha4NFo residues, e.g., [+2)xRha4NFo(1-
l4 [13,14]. The M epitope is minimally the disaccharide Rha4NFo(1—3)Rha4NFo but could be as large
as the capping tetrasaccharide, [Rha4NFo(1—2)Rha4NFo(1—3)Rha4NFo(1—2) Rha4NFo(1-] [13,14].
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During studies that helped establish the structural basis of the A and M antigens,
several monoclonal antibodies, YsT9.1, YsT9.2 Bm10, and Bm28 were developed that
proved crucial in linking antibody binding profiles to the fine structures of the two
antigens [7-9,13,15]. Subsequently the binding sites of these have been subjected to ex-
tensive epitope mapping by a large panel of purified polysaccharide antigens and synthetic
oligosaccharides [14-17]. To gain insight into the potential binding modes of these anti-
gens with these distinct monoclonal antibodies, the antibodies have been sequenced and
attempts were made to obtain crystal structures of their antigen bound forms. Only one of
the four (YsT9.1), an IgG2b [13] with binding profile A >> M yielded a crystal structure
without a bound antigen [18] and a rudimentary binding mode was proposed for the
interaction with the A antigen [19]. The remaining three antibodies all belonged to the
IgG3 subclass, which in our hands failed to provide Fab fragments that crystallized with
or without an antigen [Bundle unpublished results]. Two of the three, (Bm10 and Bm28§),
had binding profiles M >> A [15] and one (YsT9.2) [13] bound A and M antigens with
equal affinity [15]. Previously, we have employed a range of experimental approaches,
including point mutagenesis [20], chemical modification of the ligands [21], saturation
transfer difference NMR spectroscopy [20], x-ray crystallography [21], and deuterium
exchange mass spectrometry [22] to characterize antibody paratopes and ligand epitopes,
many of which leverage the power of MD simulations to guide experimental design and
data interpretation. However homogeneous samples of the A and M epitopes of Brucella
O-antigen (Figure 1) are currently unavailable for such experimental work.

This study computationally explores the binding of four murine monoclonal antibodies
(mAbs), namely YsT9.1, YsT9.2, Bm10, and Bm28, to hexasaccharide fragments of the A and
M epitopes of Brucella O-antigen. By integrating homology modeling, Vina-Carb molecular
docking, and molecular dynamics simulations, we attempted to clarify the molecular basis
of their differential binding specificities. The docked poses can be further interrogated using
extensive experimental epitope mapping data published for these antibodies [14,16,17].
This computational modeling approach aims to overcome a number of unique hurdles
to the A and M antigens, including frame shifting between overlapping epitopes and the
occurrence of two energetically accessible rotamers of the formamido group [23].

2. Results
2.1. Docking Analysis

To identify the preferred binding sites of the antibody, AutoDock Vina-Carb was used
to perform docking of fragments of the A and M epitopes of the O-antigens to the murine
antibodies YsT9.1, YsT9.2, Bm10, and Bm28. The docked poses were then divided into
clusters using a partitional k-means clustering algorithm. Each docking simulation resulted
in a different number of clusters (Table S1) each with a different number of poses. The top
ranked pose from each cluster was selected for MD simulation (Figure 2).

2.2. Ligand Stability

To assess the stability of the docked antigen poses when bound to the antibodies, each
complex was subjected to independent molecular dynamics (MD) simulations (100 ns) in
triplicate. The Root Mean Square Fluctuation (RMSF) of the antigen atoms was calculated
from the final 25 ns of simulation to quantify their mobility within the binding site, with
lower RMSF values indicating more stable complexes. The average RMSF values across
the three replicates for each antibody-antigen cluster are presented in the top graphs in
each panel of Figure 3. Significant variation in antigen mobility was observed across the
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different antibody—antigen complexes and even among the different docking clusters for
the same antibody and antigen.

Figure 2. The top docked poses from each cluster (orange, pink, yellow, blue, green, and red) obtained
after docking for the A antigen (left) and M antigen (right) to murine Brucella antibodies YsT9.1
(A), YsT9.2 (B), Bm10 (C), and Bm28 (D). The antigens are shown as sticks and the antibodies as
solvent-accessible surface. The heavy chain of the antibodies is colored dark gray, while the light
chain of the antibodies is colored light gray.

For example, in panel A representing YsT9.1, most A antigen clusters had relatively
low RMSF values (<2 A), while cluster ‘f’ has an average RMSF of 6.7 A, breaking away
from this trend. Overall, the M antigen clusters exhibited higher fluctuations compared
to the A antigen interacting with YsT9.1. Similarly, panel B representing YsT9.2, panel C
representing Bm10, and panel D representing Bm28 from Figure 3 showed varied RMSF
values across their numerous clusters. The overall RMSF values across all calculated ligand
RMSF values ranged from a minimum of 0.6 A to a maximum of 13.3 A, with a median of
1.8 A.
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Figure 3. The RMSF (A) and Binding Energy (kcal/mol) values computed using the last 25 ns of
the MD simulations for YsT9.1 (A), YsT9.2 (B), Bm10 (C), and Bm28 (D). The A and M antigens are
labeled on the x-axis and the different clusters (shown structurally in Figure 3) are also indicated
alphabetically labeled here (a: orange, b: pink, c: yellow, d: blue, e: green, f: red). The blue lines
indicate the median values, and the red lines indicate the cut-off values.

2.3. Interaction Energies

The interaction energy for each complex was quantified by calculating the MM-GBSA
binding energy with IGB2 parameters, as advised previously [24], from snapshots (2500)
taken from the last 25 ns of the MD simulations. Lower (more negative) binding energy
values indicate a stronger, more favorable interaction. The average binding energies from
the triplicate MD simulation runs for each cluster are presented in the bottom graphs of
each panel of Figure 3. Similarly to the RMSF data, the binding energy values displayed
considerable variation from complex to complex and across different clusters. For instance,
in the bottom graph of panel A of Figure 3 (YsT9.1), several A antigen clusters show
favorable (negative) binding energies, while M antigen clusters have less favorable values,
consistent with YsT9.1’s preference for the A antigen. In the bottom graph of panel C
of Figure 3 (Bm10), some M antigen clusters exhibit highly favorable binding energies
compared to A antigens. Across all calculated binding energy values, the range extended
from a minimum (most favorable) of —50.8 kcal/mol to a maximum (least favorable) of
1.3 kcal/mol, with a median of —19.2 kcal/mol.

Given that both lower RMSF (indicating higher stability) and lower binding energy
(indicating stronger affinity) are indicative of a more favorable interaction, a direct correla-
tion between these two parameters was anticipated. As illustrated in Figure 4, a positive
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correlation was observed between RMSF and binding energy within a specific range, where
increasing stability (decreasing RMSF from approximately 2 A down to 1 A) corresponded
to stronger binding (decreasing binding energy from approximately 0 kcal/mol down
to —30 kcal/mol). Beyond these values, the relationship became asymptotic: very low
RMSF values (below ~1 A) were associated with strongly favorable binding energies (below
approximately —30 kcal/mol), while high RMSF values (above ~2 A) consistently corre-
sponded to binding energies close to 0 kcal/mol, indicative of unstable or non-binding
poses. Based on this observed correlation, and to focus on stable interactions, only com-
plexes with ligand RMSF values below 1 A and binding affinities below —30 kcal/mol in
each of the three independent MD runs were considered for further analysis. Clearly, the
interaction energies will depend on the calculation method and on the system; however,
the RMSF-energy correlation is a useful general feature for developing acceptance criteria.
Applying these criteria, the only stable complexes identified were the A antigen bound to
YsT9.1 through clusters ‘b” and ‘d’, and the M antigen bound to Bm10 through cluster ‘a’.
These stable interactions are visually evident in Figure 3 as specific bars within Panels A
and C falling below both the red dotted line in the RMSF plot (~1 A) and the red dotted
line in the Binding Energy plot (~—30 kcal/mol).
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Figure 4. RMSF (A) versus binding energy (kcal/mol) for all mAb-ligand poses (YsT9.1, YsT9.2,
Bm10, and Bm28 shown as blue, red, yellow, and green circles, respectively) simulated in triplicate by
MD indicating the strong correlation between low RMSF and strong binding. Complexes with either
RMSF below 1 A or binding energy below —30 kcal/mol were considered stable.

2.4. Binding Modes

To gain a better understanding of how the antigens interact within the identified
stable complexes, we analyzed the MD trajectories to identify distinct binding modes. For
the stable YsT9.1 antibody complex with A antigen (derived from initial docking clusters
‘b’ and ‘d’), all frames (2500 frames from the last 25 ns) from the three independent MD
simulations for each of the two clusters (total six simulations) were merged. Similarly, for
the stable Bm10 antibody complex with M antigen (derived from initial docking cluster
‘a’), all frames (2500 frames from the last 25 ns) from its three independent MD simulations
were merged. These merged trajectories were then subjected to clustering based on the 3D
coordinates of the antigen atoms. This analysis yielded three representative structures for
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both the YsT9.1-A complex and the Bm10-M complex, representing the most populated
conformational states of the antigen within the binding site (Figure 5).

Non-reducing
end

Reducing
end

Figure 5. Representative stable-binding modes (orange, pink, yellow) of mAb Ys9.1 in complex with
A antigen (A) and mAb Bm10 in complex with M antigen (B). The antigens are shown as sticks and
the antibodies as solvent-accessible surface. The heavy chain of the antibodies is colored dark gray,
and the light chain of the antibodies is colored light gray.

The structural variations among these representative binding modes were assessed
by calculating the Root Mean Square Deviation (RMSD) of the ring atoms (C1, C2, C3, C4,
C5, O5) of the hexasaccharide antigens. For the YsT9.1-A complex, the three representative
structures showed RMSDs ranging from 0.8 A to 2.1 A relative to each other (Table S2).
As visualized in Figure 5A, these representative structures occupied largely overlapping
3D space within the YsT9.1 binding site. Therefore, these variations were considered to
represent minor conformational adjustments around a singular, dominant binding mode.
Consequently, for subsequent analyses of the YsT9.1-A interaction, the binding energy
values were averaged across all six independent MD simulation runs (three for cluster ‘b’
and three for cluster ‘d’).

For the Bm10-M complex, the three representative structures exhibited larger RMSDs,
ranging from 1.4 A to 3.9 A (Table S3). Visual inspection (Figure 5B) revealed that two of
these representative structures (depicted in yellow and pink) occupied a similar region
of the binding site, defining what was termed Binding Mode 1. The third representative
structure (depicted in orange) occupied a distinct spatial location, which was designated
as Binding Mode 2. Accordingly, for the Bm10-M interaction, binding energy values for
Binding Mode 1 were averaged over the two MD simulations whose trajectories were
closest to the centroids of the yellow and pink representative structures. The binding
energy for Binding Mode 2 was derived from the single MD simulation whose trajectory
was closest to the centroid of the third representative structure. This approach allowed
us to analyze the energetic contributions separately for these distinct binding orientations
observed in the stable Bm10-M complex.

2.5. Contribution to Binding from the Perspective of the Antibody

To identify the amino acid residues of the antibody that are critical for interaction
with the antigens (the paratope), the per-residue contributions to the total MM-GBSA
binding energy were analyzed. Residues exhibiting favorable contributions stronger than
-1.0 kcal/mol were considered. For the YsT9.1 antibody interacting with the A antigen,
key residues contributing significantly to the binding were primarily located in the heavy
chain, including Tyr32H, Tyr33H, Asp101H, Tyr103H, Pro105H, and Alal06H, whereas the
residues making contributions to the binding from the light chain were Tyr32L, Tyr50L,
and Gly91L (Table S4, Figure 6A left).
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Figure 6. Per-residue binding energy contributions (blue color scale) for the antibody and antigen in
the YsT9.1-A complex (A), Bm10-M complex in binding mode 1 (B), and Bm10-M complex in binding
mode 2 (C). The antibodies are shown with a solvent-accessible surface (left) and the antigen as
sticks (right). The H and L superscripts indicate heavy chain and light chains, respectively. Antigen
residues are numbered 1 through 6, corresponding from the non-reducing to the reducing end.

Analysis of the per-residue contributions for the Bm10 antibody’s interaction with
the M antigen revealed distinct sets of contributing residues for its two binding modes.
In Binding Mode 1, the amino acids making significant contributions from the heavy
chain were Trp52H, Arg78H, Gly119H, and His120H, and from the light chain were Leu70%,
Tyr73%, GIn113L, Tyr115%, Tyr118t, and Arg120" (Table S5, Figure 6B left). Whereas, for
Binding Mode 2, a somewhat different set of residues contributed to the binding, including
heavy chain residues Tyr51H, Trp52H, Trp66!!, Tle69t!, Arg78", and His118", and light
chain residues Tyr49%, Tyr56, GIn113L, Tyr115%, Tyr116Y, Thr117%, Tyr118t, and Argl120"
(Table S6, Figure 6C left). Both the binding modes shared five residues that are involved
in the binding of the M antigen (Trp52", Arg78, GIn113%, Tyr115%, and Arg120"), which
implied that these residues formed an integral part of the Bm10 binding site, independent
of the specific orientation of the antigen.

The nature of the interactions between the antigen and antibodies can be deduced by
studying the energetic decomposition of MM-GBSA binding energies. The magnitude of
the hydrophobic contributions is indicated by the sum of van der Waals and nonpolar desol-
vation energies, while that of the polar contribution is indicated by the sum of electrostatic
and polar desolvation energies. The energetic decomposition revealed that the interactions
in all three complexes were predominantly hydrophobic. For the YsT9.1-A interaction, the
hydrophobic contribution was —19.6 £ 0.3 kcal/mol, which was significantly larger in mag-
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nitude than the electrostatic contribution of —1.7 £ 0.8 kcal/mol. Similarly, for the Bm10-M
complex in Binding Mode 1, hydrophobic interactions contributed —20.1 4 0.6 kcal/mol,
while electrostatic contributions were a less favorable 2.3 & 4.3 kcal/mol. In Binding Mode
2 of Bm10-M, the hydrophobic contribution was even more substantial at —28.7 kcal /mol,
compared to an unfavorable electrostatic contribution of 2.1 kcal/mol. This strongly indi-
cates that the burial of hydrophobic surfaces upon complex formation is a major driving
force for stable binding in these systems.

The difference in contributions based on the antibody chains (heavy and light) were
also analyzed and indicated a notable difference between the behavior of YsT9.1 and Bm10
antibodies. For the YsT9.1-A complex, the heavy chain (—16.7 £ 0.3 kcal/mol) provided a
substantially larger contribution to the overall binding energy compared to the light chain
(—4.6 £ 0.1 kcal/mol). Alternately, for the Bm10-M complex, the light chain contributed
more favorably to binding (—11.7 & 0.5 kcal/mol in Binding Mode 1 and —16.1 kcal/mol
for Binding Mode 2) compared to the heavy chain (—6.1 & 0.8 kcal/mol in Binding Mode 1
and —10.1 kcal/mol in Binding Mode 2). This implies distinct roles for the heavy and light
chains in shaping the binding interfaces.

2.6. Contribution to Binding from the Perspective of the Antigen

To identify the monosaccharide residues within the oligosaccharide ligands that
contribute most to the stability of the interaction (the epitope residues) the per-residue
contributions of the antigens to the binding energy in the stable complexes were examined.
The residues of the carbohydrate antigen are numbered 1 through 6, corresponding to
the non-reducing end to the reducing end (Figure 6 right). The binding orientation of the
antigen was notably different between the YsT9.1-A and Bm10-M complexes. In the Bm10
binding site (Figure 6B,C right), the antigen was bound in a flipped orientation relative to
its position in YsT9.1 (Figure 6A right). Despite this difference in overall orientation, it was
observed that across all three stable binding cases the residue at the non-reducing end of
the antigen (Residue 1) consistently made the weakest contribution to the overall binding
energy (Tables S7-59). Rather, the significant interactions for stable binding primarily
involved the internal and reducing-end residues of the hexasaccharide antigens.

2.7. Comparison of Preferred Binding Modes with Experimental Epitope Binding Data

Since the YsT9.1 and YsT9.2 mAbs were generated after immunization with killed
cells of Yersinia enterocolitica O:9 that possesses an exclusively «1,2-linked Rha4NFo O-
polysaccharide [13], it would be expected that their binding sites would not readily accept
1,3 linked elements characteristic of the M antigen. This is confirmed by the modeling
data. Also, a 1,2-linked pentasaccharide was the most active oligosaccharide inhibitor of
YsT9.1 binding to the A polysaccharide [15] and a hexasaccharide conjugated to protein was
shown to be a better binder to YsT9.1 than either 1,2-linked penta- or tetrasaccharides [14].
This is fully consistent with the extended internal 1,2-linked internal sequences predicted
by computational modeling reported here.

The internal trisaccharide Rha4NFo(1—3)Rha4NFo(1—2)Rha4NFo sequence of the M
tetrasaccharide was a more effective inhibitor of Bm10 binding with the M-polysaccharide,
while the Rha4NFo(1—2)Rha4NFo(1—3)Rha4NFo trisaccharide was weakly bound by it [17].
Consistent with calculations and predicted binding poses, the terminal non-reducing Rha4NFo
of the M tetrasaccharide was not essential for binding Bm10, a fact supported when a man-
nose residue replaced the terminal non-reducing Rha4NFo residue [17]. Furthermore, a
pentasaccharide (Rha4NFo(1—3)Rha4NFo(1—2)Rha4NFo(1—2)Rha4NFo(1—2)Rha4NFo)
was a potent inhibitor of Bm10 [15]. This supports the prediction of calculations that a
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1,3 linked disaccharide provides the primary focus of protein ligand binding and that
additional Bm10- oligosaccharide interactions at the reducing end are possible.

3. Discussion

The study of antibody—antigen interactions is crucial for understanding the molecular
basis of immune recognition and for developing targeted therapeutic strategies. In this
work, we performed an extensive computational analysis of the binding of the four murine
mADbs, YsT9.1, YsT9.2, Bm10, and Bm28, against the A and M epitopes of Brucella O-
antigen. First, the 3D structures of the YsT9.2, Bm10, and Bm28 antibodies were generated
by homology modeling. This was followed by docking analysis performed by using
Vina-Carb, which generated a diverse set of binding poses for each antibody-antigen
pair. Subsequently, the clustering of these poses provided distinct binding orientations for
further investigation by MD simulations.

The MD simulations were performed in triplicates (100 ns each) and provided critical
insights into the stability of the docked complexes through the Root Mean Square Fluctua-
tion (RMSF) analysis. Significant variations were observed in the mobility of the antigens
interacting with different antibodies and even between replicates of the same complex.

To further understand the basis of antibody—antigen preferences, the strength of their
interactions was quantified through MM-GBSA binding energy calculations. There was a
large variation in the binding strength for different poses ranging from —50.8 kcal/mol
to 1.3 kcal/mol, reflecting the diversity of the binding interactions. A strong positive
correlation was observed within a specific range of stable complexes (binding energy below
—30 keal/mol and RMSF below 2 A), where lower RMSF (greater stability) corresponded to
more favorable binding energies. However, beyond these values, the relationship became
asymptotic, where poses with high mobility or RMSF values had low binding affinities,
while stable or low RMSF poses (<1 A) also had high binding affinities (<—30 kcal /mol).
This correlation provided a key criterion for identifying stable binding poses from a large
number of trajectories.

On the basis of this stringent stability criteria, only two complexes were deemed to
be high affinity, the A antigen bound to YsT9.1 antibody (clusters ‘b” and ‘d’) and the M
antigen bound to Bm10 antibody (cluster ‘a’). This finding aligns well with experimental
observations indicating YsT9.1’s preference for the A epitope and Bm10’s preference for the
M epitope. However, no stable complexes were identified for YsT9.2 or for Bm28 antibodies
with either A or M antigens. This could be a result of the lack of the antibody flexibility
while docking, as rigid protein docking may not fully capture the conformational changes
that can happen in the antibody upon antigen binding. Additionally, although the antibody
homology models have high GMQE scores, they may not represent the true 3D structures
of the antibodies. These shortcomings could potentially be addressed through flexible
antibody docking or enhanced sampling techniques.

Detailed analysis of the stable YsT9.1-A and Bm10-M complexes through trajectory
clustering revealed distinct, yet in the case of Bm10-M, multiple binding modes. For YsT9.1-
A, the representative structures from the two stable clusters (‘b” and ‘d’) occupied similar
3D space, suggesting a predominant binding mode for this interaction. On the other hand,
the Bm10-M complex presented with two different binding modes from a singular stable
cluster ‘a’. This observation suggests the potential for a single antibody to recognize an
oligosaccharide epitope in more than one orientations.

Analysis of the per-residue contributions to binding energy shed light on the molecular
determinants of specificity. In both the stable YsT9.1-A and Bm10-M complexes, a signifi-
cant number of hydrophobic amino acids were found to contribute favorably to binding.
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The energetic decomposition confirmed the highly hydrophobic nature of these interac-
tions, with van der Waals and nonpolar desolvation energies being the dominant driving
forces, while electrostatic contributions were considerably smaller and even unfavorable in
some cases for Bm10-M. The importance of hydrophobic contacts in antibody-carbohydrate
antigen interactions have also been observed previously [25] and found in crystal structures
of antibody—carbohydrate complexes [26-28].

The differences in the contribution to the binding energy from the heavy and the
light chain of the antibodies were also observed. For the YsT9.1-A antigen complex, the
heavy chain contributed more significantly to the binding energy with key contributions
coming from residues Tyr32H, Tyr33H, AsplOlH, and Tyr103H. On the contrary, in the
case of Bm10-M antigen interactions the light chains were favored, but significant con-
tributions came from both heavy and light chains. Interestingly, the two binding modes
of Bm10-M complexes have five common residues (Trp52H, Arg78H, GIn113t, Tyr115L,
and Arg120") with significant contribution to binding. This suggests that there might be a
conserved binding site present on the Bm10 antibody that can accommodate the M antigen
in multiple orientations.

Analysis of the antigen’s contribution revealed an interesting pattern: in all identified
stable complexes, the residue at the non-reducing end of the hexasaccharide had one of the
lowest contributions to the overall binding energy. This implies that the antibodies have
evolved to recognize an internal epitope rather than the terminal sequence of the polysac-
charide antigen. Additionally, the antigens interacted with the antibodies in a completely
different orientation, where the direction of binding was flipped between the YsT9.1-A and
Bm10-M complexes. This suggests that while both antibodies recognize their preferred
antigens, they do so by orienting the antigen differently within their binding pockets.

4. Methods

4.1. Brucella A and M Specific mAbs
4.1.1. Monoclonal Antibodies

The four monoclonal antibodies studied here were generated in two separate experi-
ments. YsT9.1 and YsT9.2 resulted from hybridomas generated from the spleens of mice
immunized with the killed cells of Yersinia enterocolitica O:9 [13]. The cell wall of this
bacterium contains an O-antigen of exclusively «1,2 linked D-Rha4NFo residues [29] and
should therefore result in antibodies specific for «1,2 linked D-Rha4NFo sequences. Mon-
oclonal antibodies Bm10 and Bm28 were generated from mice immunized with Brucella
melitensis 16M [15], the prototypical Brucella variant expressing the M antigen. This variant
expresses at least two repeating units of the M tetrasaccharide (Figure 1) [10].

4.1.2. Sequencing of mAbs

The sequence of YsT9.1 Fab was determined by conventional protein sequencing
methods [18]. The sequences of YsT9.2, Bm10, and Bm10 Fv domains were determined
from mRNA extracted from hybridoma cells performed under contract (Fusion Antibodies,
Belfast, UK). Protein sequences are provided in Supplementary Material (Figures S1-56).
Accession numbers for all sequence data deposited with GenBank and ABCD databases
are listed at the end of the paper.

4.2. Modeling
4.2.1. Structure Preparation

Murine mAbs Bm10, Bm28, YsT9.1, and YsT9.2 were considered for the analysis.
The 3D structure of YsT9.1 as apo-protein is available in the PDB database with PDB
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ID 1IMAM [18]. The 3D structures of the light and heavy chains of Bm10, Bm28, and
YsT9.2 were generated using AlphaFold DB models through the SWISS-MODEL homology
modeling server (swissmodel.expasy.org) [30]. All of the AlphaFold DB model structures
had Global Model Quality Estimate (GMQE) quality scores greater than 0.83. GMQE is a
quality estimate that integrates properties from target-template alignment and template
structure to assess model quality. It aids in selecting optimal templates for modeling and
is updated after model construction to enhance reliability. A homology structure with a
GMQE score value above 0.7 is considered reliable. The Carbohydrate Builder at GLYCAM-
Web (https://glycam.org/cb/ (accessed on 20 November 2023)) [31] was used to generate
3D structures of hexasaccharide fragments of the A and M epitopes of the Brucella O
antigen (Figure 7). Chimera [32] was used to modify the hydroxyl group at O4 position to
a formamido group in Z conformation.

Figure 7. (A). The 3D structures of the A antigen: Rha4NFoo(1—2)Rha4NFoo(1—2)RhadNFoo
(1—2) Rha4NFoo(1—2)Rha4NFox(1—2)Rha4NFo (top). (B). The 3D structures of the M antigen:
Rha4NFox(1—2)Rha4NFox(1—3) Rha4NFox(1—2)Rha4NFoox(1—2)Rha4NFox(1—2) Rha4NFo
(bottom), generated using the Carbohydrate Builder at GLYCAM-Web [31]. All the formamido
groups in both the antigens are in Z conformation.

4.2.2. Docking and Clustering

All the input files for docking were prepared using AutoDock Tools [33] and docking
was performed using Vina-Carb [34] with a grid box of dimensions x =26, y =26, and z = 38
A, which was placed at the center of the complementarity determining regions (CDRs) of
the antibody [35]. Default values were used, with the following exceptions: exhaustiveness
= 80, num_modes = 100, chi_cutoff = 2, and chi_coeff = 1. All of the hydroxyl groups and
glycosidic torsion angles were treated as flexible, while the protein was held rigid; the
formamido group was also fixed in the Z (s-cis) conformation. Subsequently, the docked
poses were clustered using the partitional k-means clustering algorithm provided by the
Multi-scale modeling tools in the structural biology (MMTSB) [36] toolset. Only the highest-
ranked pose from each cluster, as determined by Vina-Carb, was selected for subsequent
MD simulation analysis.

4.2.3. Molecular Dynamics (MD) Simulations

Antechamber was used to develop GAFF [37] partial atomic charges and force field
parameters for the formamido group, ff14SB [38] parameters were employed for the amino
acids, and GLYCAMO06j [39] parameters for the sugar. All the complexes were solvated in
a truncated octahedral box of TIP5P [40] water molecules with counter ions (Cl-) added
to neutralize the charge, using the tLEAP module of AMBER. Previously [41], we have
shown that the TIP5P model performs well with the GLYCAM/AMBER force field. All
histidine residues were considered neutral with a hydrogen atom at the e-position. The
ionization states of the ionizable side chains (ASP, GLU, ARG, LYS) were set appropriately
for a neutral pH, and kept in that state throughout the simulation. All simulations were
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performed using the Amber14 software suite [42]. The geometry was initially relaxed,
followed by heating and equilibration following a recommended nine-step protocol [43].
This was followed by a 100 ns production run in triplicates for each complex. The atom
coordinates were saved to the trajectory file every 10 ps or every 5000 simulation steps.

4.2.4. Simulation Data Analysis

Root mean square deviation (RMSD) (Figure S7) and Root mean square fluctuation
(RMSF) values were calculated for the antigen residues from the last 25 ns of the 100 ns of
MD simulation, by extracting all of the last 2500 poses, using the cpptraj [44]. To identify
different binding modes within the MD simulation, the trajectories were analyzed using
MDAnalysis [45]. First, the independent MD simulations were merged and the interac-
tions between antigen and antibody were quantified by computing distances between all
atom pairs (interaction threshold <4.0 A). For each frame, key features including mean
and standard deviation of distances, interaction count, hydrogen bond count (distance
< 3.5 A and angle > 150°), and center of mass of the antigen were extracted. These fea-
tures were normalized and subsequently clustered with K-Means (1 = 3). Representative
structures for each cluster were identified by finding the frame closest to the centroids
of the clusters. Absolute binding affinity and per-residue contributions were estimated
with the MMPBSA.py.MPI [46] module of AMBER employing the molecular mechanical
(MM) interaction energies with a generalized Born approximation (MM-GBSA) for the
desolvation free energies (igb = 2) [47] for 2500 snapshots extracted evenly from the last
25 ns of the 100 ns of MD simulation using the single trajectory method. The net binding
energies were computed as the difference between those for the complex minus, those for
the protein, and the ligand.

5. Conclusions

This study provides unique insights into the molecular basis of YsT9.1 and Bm10
antibody recognition of the Brucella O-antigen A and M epitopes. Stable binding modes
were identified, interaction strengths were quantified, and crucial antibody and antigen
residues involved in these interactions were objectively located. The observed dominance
of hydrophobic forces and the differential contributions from the heavy and the light
chains of the antibodies offers a deeper understanding of the recognition mechanism. The
predicted binding modes and identified interaction hot spots may help to guide the design
of synthetic glycomimetics, the engineering of epitope-specific antibodies, and possibly
inform vaccine design.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules30142906/s1, Figure S1: Graphical depiction of YsT9.2
Heavy Chain and CDR Loops; Figure S2: Graphical depiction of YsT9.2 Light Chain and CDR Loops;
Figure S3: Graphical representation of the Bm10 VH chain and CDR Loops; Figure S4: Graphical
representation of the Bm10 VL and CDR Loops; Figure S5: Graphical representation of the Bm10
VH and CDR Loops; Figure S6: Graphical representation of the VL Chain and CDR loops; Table
S1: The number of clusters from each Antigen—Antibody docking simulation; Figure S7: The RMSD
values, averaged over three independent MD simulations, of the top docked poses (a—f) from each
cluster, obtained after docking the A antigen (left panels) or the M antigen (right panels) to murine
Brucella antibodies YsT9.1 (A), YsT9.2 (B), Bm10 (C), and Bm28 (D); Table S2: RMSD between the ring
atoms of representative structures of YsT9.1-A complex; Table S3: RMSD between the ring atoms of
representative structures of Bm10-M complex; Table S4: Per-residue contribution of YsT9.1 antibody
in complex with A antigen; Table S5: Per-residue contribution of Bm10 antibody in complex with M
antigen in binding mode 1; Table S6: Per-residue contribution of Bm10 antibody in complex with M
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binding mode 1; Table S9: Per-residue contribution of the M antigen in complex with Bm10 antibody
in binding mode 2.
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Abstract

Reported herein is a further expansion of the cooperatively catalyzed Koenigs—Knorr
glycosylation reaction, known as “the 4K reaction”. It has been discovered that molecular
iodine, along with a metal salt and an acid additive, can activate thioglycosides. Previous
mechanistic studies showed the interaction of the anomeric sulfur with thiophilic iodine;
this complex is stable until the halophilic metal salt and the acid additive are added. This
new avenue has allowed for the investigation of halophilic promoters that would not
activate thioglycosides without iodine. Presented herein is the recent discovery of iron(1III)
triflate as an efficient activator of thioglycosides via the 4K reaction pathway.

Keywords: glycosylation; ferric triflate; green chemistry; carbohydrates; thioglycosides

1. Introduction

Carbohydrates are a vital class of molecules that are found profusely throughout
nature. Due to their fundamental significance, it is of the utmost importance that carbohy-
drates be synthesized efficiently. The most central aspect to carbohydrate synthesis is the
glycosylation reaction; however, it continues to be the most difficult and demanding aspect
as well [1]. While nature effortlessly achieves glycosylation reactions via an enzymatic
mechanism, chemical glycosylation itself remains onerous [2-8]. Paulsen’s statement writ-
ten in 1982, “Although we have now learned to synthesize oligosaccharides, it should be
emphasized that each oligosaccharide synthesis remains an independent problem, whose
resolution requires considerable systematic research and a good deal of know-how. There
are no universal reaction conditions for oligosaccharide syntheses” [2], is still current and
very topical even now, many decades later — especially in relation to the synthesis of chal-
lenging linkages and targets. This article is dedicated to the late Professor Hans Paulsen
(1922-2024), whose seminal publications on glycosylation, oligosaccharide synthesis, and
building block reactivity have given enormous inspiration to the authors.

Early glycosylation reactions were performed by Michael [9], Fischer [10], and
Koenigs/Knorr [11], making use of simple glycosyl halides or hemiacetals (Fischer). Al-
though these simple glycosyl donors were appropriate for simple glycoside synthesis,
the overall efficiency remained limited in scope and needed improvement. With classical
Koenigs—Knorr reaction conditions [11-13], a glycosyl bromide donor is reacted with a
glycosyl acceptor in the presence of silver(I) oxide or carbonate. Unfortunately, this reaction
can be slow—particularly with unreactive bromides, such as those equipped with benzoyl
protecting groups. Recently, we determined that a catalytic amount of a Lewis acid added
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to the Ag(I)-promoted glycosylation dramatically increases reaction rates and yields [14].
This has since been named “the 4K reaction” [15].

Thioglycosides are among the most common building blocks used in carbohydrate
chemistry. For glycosylation, thioglycosides can be activated by the use of electrophilic
or thiophilic promotors [16]. Among these, organosulfur compounds [17-22], halogen-
based reagents [23-28], and photo-activators [29-32] are among the most popular. Acti-
vation with metal salts is also known [33]. Early work by Ferrier, who used mercury(Il)
salts for the activation of phenylthio glycosides [34], was complemented by Pohl, who
used Ph3Bi(OTf), [35,36], and Sureshan [37] and Zhu [38], who used Au(III) salts. Our
group previously reported the use of palladium(Il) bromide [39], copper(II) bromide [40],
and FeCl3 [41].

Our lab also recently demonstrated that thioglycosides can be activated using molecu-
lar iodine along with a metal salt and an acid additive under the 4K reaction conditions [42].
While initial studies were aimed at silver sulfate, a recent expansion explored bismuth(III)
triflate as an activator while listing other viable metal salts [43]. Presented herein is the dis-
covery that iron(IIl) triflate is also a viable reagent for the 4K reaction with thioglycosides.

2. Results and Discussion

Ferric or iron(IIl) salts are formed from iron, the second most abundant metal on
earth. Iron salts tend to be naturally abundant, inexpensive, and relatively benign. Af-
ter preliminary optimization of the reaction conditions, we identified I, (1.5 equiv), Fe(OTf)3
(1.5 equiv), and TfOH (0.2 equiv) in the presence of molecular sieves (3 A) in
1,2-dichloroethane (DCE) as the most promising combination of reagents. I, and Fe(OTf);
without TfOH, or Fe(OTf); and TfOH without I, will form the product too, but at much
slower rates and lower yields. Reactions in the absence of Fe(OTf); did not proceed for
unreactive thioglycosides. Scaling back the amounts of I, and Fe(OTf)3 to 1.0 equiv led to
a loss in yield and decrease in reaction rates. All glycosylations with less-reactive per-O-
benzoylated (disarmed) glycosyl donors were performed at rt, whereas reactions with all
other, more reactive glycosyl donors were performed at —30 °C. Standard primary glycosyl
acceptor 1 and secondary glycosyl acceptor 2 (Figure 1) were chosen to investigate the
scope of this reaction.

OH OBn
BnO Q BnO Q
BnO BnO
BnO HO

OMe OMe
1 2

Figure 1. Structures of glycosyl acceptors 1 and 2 used in this study.

The results of glycosylation reactions are shown in Table 1. The glycosidation of per-O-
benzoylated (disarmed) glucosyl donor 3 with 6-OH acceptor 1 produced disaccharide 4 in
16 h in 96% yield (entry 1). Glycosidation of 3 with 2-OH acceptor 2 produced disaccharide
5in 24 h in 87% yield (entry 2). Other classes of thioglucosides were explored to further
expand the scope. Thus, the glycosidation of x-ethylthio glycoside 6 with 6-OH acceptor
1 gave disaccharide 4 in 30 h in 92% yield (entry 3). The glycosidation of phenylthio
or tolylthio glycosyl donors 7 or 8 with 6-OH acceptor 1 gave disaccharide 4 in 30 h in
90-95% yield (entries 4-5). These disaccharides all exhibit complete (3-selectivity due to
the participation of the neighboring benzoyl protecting group at C-2. The glycosidation of
per-O-benzylated glucosyl donor 9 with 6-OH acceptor 1 was faster as these donors are
known to be more reactive (armed) [44]. Disaccharide 10 was formed in 16 h in 86% yield
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(o:p = 1:1.5, entry 6). The glycosidation of 9 with 2-OH acceptor 2 formed disaccharide
11 in 16 h in 73% yield (a:3 = 1.0:1, entry 7). Poor stereoselectivity was due to lack of the

stereocontrolling factors.

Table 1. Investigation of the scope of the iron(III) triflate-promoted 4K reaction.

OoP
PO C ‘
PO SP" Fe(

I> (1.5 equiv)
OTf)3 (1.5 equiv)

OoP
PO TfOH (0.2 equiv) po/ﬁ&w
g’{f%sggf’l?\zor MS 3A, 1,2-DCE PO 5o “OR
’ -30 °C orrt, time
ROH Products
glycosyl acceptor
(0.8 equiv) P = protecting group: Bn, Bz
SP' = leaving group: SEt, SPh, STol
Entry Donor Acceptor Product, Time, Yield, Ratio o/3
OB‘_
OBz BzO
o BzO
BzO
1 BzO SEt 1 BnO
BzO BnO
3 BnO
4,16 h, 96%, B—only
BnO
BnO
OBz OBn
2 3 2 BzO
BzO MeO
5,24 h, 87%, 3-only
OB‘_
OBz BzO
BzO 0 Bz0
3 BzO 1 BZC)BnO
BzOSEt BnO
6
4,30 h, 92%, B—only
OBz
OBz BzO
0 BzO
BzO BzO
4 BzO SPh 1 BnO
BzO BnO
7 Me
4,30 h, 90%, [3—only
OBA_
OBz BzO
0 BzO
BzO BzO
5 Bz0 STol 1 ““Bno
BzO BnO
8

4,30 h, 95%, B—only
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Table 1. Cont.

OoP
PO o] I (1.5 equiv)
PO SP' Fe(OTH); (1.5 equiv) oP
PO TfOH (0.2 equiv) Poﬂw
glycosyl donor MS 3A. 1.2-DCE PO OR

(1.0 equiv) ; PO
-30 °C orrt, time
ROH Products
glycosyl acceptor
(0.8 equiv) P = protecting group: Bn, Bz
SP' = leaving group: SEt, SPh, STol
Entry Donor Acceptor Product, Time, Yield, Ratio o/3
OBn
0}
BnO
Og” Bng§§¢\1
BnO
6 Bno/&/SEt 1 B”% OO o
BnO Bro
9 BnOOMe
10, 16 h, 86%, oc:p = 1:1.5
OBn
BnO Q
BnO
BnO OMe
7 9 2 O
BnO
BnO 0
OBn
11,16 h, 73%, oc:p = 1:1
BzO 0B

Bz0 _oBz Q
0 BzO O
8 Bz0 SEt 1 Bz0g0 Q

BzO BnO

BnOOMe

12

13, 16 h, 96%, [3-only
BnO

BnO
BzO 0Bz OOBn
9 12 2 0
BzO O
BzO MeQ

14, 24 h, 89%, [3-only
BnO OBn

BnO OBn O
(0] BnO O o
10 BnO SEt 1 BnO BnO
BnO BnO
BnOOIVI

15

e

16, 16 h, 92%, [3-only
BnO OBn
o}
BnO
BnO OMe
11 15 2 ™o
BnO
BnO o)

OBn
17,16 h, 79%, o:p = 1.6:1
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Table 1. Cont.

OoP
PO o] I (1.5 equiv)
PO SP' Fe(OTH); (1.5 equiv) oP
PO TfOH (0.2 equiv) Poﬂw
glycosyl donor MS 3A. 1.2-DCE PO OR

(1.0 equiv) ; PO
-30 °C orrt, time
ROH Products
glycosyl acceptor
(0.8 equiv) P = protecting group: Bn, Bz
SP' = leaving group: SEt, SPh, STol
Entry Donor Acceptor Product, Time, Yield, Ratio o/3

BzO OBz
(0]
BzO
BzO OBz BzO
BzO 0
BzO 1 (0]
(0]
BnO
SEt Bn&ﬁ
18 BnO

OMe
19, 24 h, 84%, o-only
BzO OBz
(0]

BzO
BzO

12

OMe

13 18 2 BnO 0
BnO

o}

OBn

20, 24 h, 85%, x-only

BnO OBn
BnO—. OBn BnO R
n BnO
B0~ 0 S
n
14 1 BRO 0
SEt BnO
21 BrOome
22,16 h, 81%, a:p = 1:4
BnO OBn
BnO 0
BnO oM
1 o
5 21 2 BnO
BnO o)
OBn
23,16 h, 70%, oc:p = 1:1.2
BzO __ogn
(0]
BzO OBn BzO
(0] BnO
16 BzO SEt 1 )
BnO BnBOC Q
)
24 " BnO
OMe

25,16 h, 78%, «-only
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Table 1. Cont.

OoP
PO o] I (1.5 equiv)
PO SP' Fe(OTH); (1.5 equiv) oP
PO TfOH (0.2 equiv) Poﬂw
glycosyl donor MS 3A. 1.2-DCE PO OR

(1.0 equiv) ; PO
-30 °C orrt, time
ROH Products
glycosyl acceptor
(0.8 equiv) P = protecting group: Bn, Bz
SP' = leaving group: SEt, SPh, STol
Entry Donor Acceptor Product, Time, Yield, Ratio o/3

BnO OBz
BnO 0
BnO OBz Bno/ih'
BnO 0
17 BH&A 1 o) o
SEt B%?mo&ﬁ
26 BnO

OMe
27,16 h, 79%, x-only

We then looked into reactions of galactosyl donors. The glycosidation of per-O-
benzoylated galactosyl donor 12 with 6-OH acceptor 1 produced disaccharide 13 in 16 h in
96% yield (entry 8). The glycosidation of 12 with 2-OH acceptor 2 produced disaccharide
14 in 24 h in 89% yield (entry 9). These disaccharides all exhibit complete (3-selectivity due
to the participation of the neighboring benzoyl protecting group at C-2. The glycosidation
of per-O-benzylated galactosyl donor 15 with 6-OH acceptor 1 formed disaccharide 16 in
16 h in 92% yield (3-only, entry 10). The glycosidation of 15 with 2-OH acceptor 2 formed
disaccharide 17 in 16 h in 79% yield (o::3 = 1.6:1, entry 11). The poor stereoselectivity of 17
was due to the lack of stereocontrolling factors.

The glycosidation of per-O-benzoylated mannosyl donor 18 with 6-OH acceptor 1
produced disaccharide 19 in 84% yield in 24 h (entry 12). The glycosidation of 18 with 2-OH
acceptor 2 produced disaccharide 20 in 24 h in 85% yield (entry 13). These disaccharides
all exhibit complete x-selectivity due to the participation of the neighboring benzoyl
protecting group at C-2. The glycosidation of per-O-benzylated mannosyl donor 21 with
6-OH acceptor 1 formed disaccharide 22 in 16 h in 81% yield («x:3 = 1:4, entry 14). The
glycosidation of 21 with 2-OH acceptor 2 formed disaccharide 23 in 16 h in 70% yield
(ou:p =1:1.2, entry 15).

We then investigated whether these new reaction conditions would work well in combi-
nation with the remote benzoyl groups for galactosyl donors to achieve x-selectivity [45,46].
The glycosidation of galactosyl donor 24 with 6-OH acceptor 1 produced disaccharide
25 in 16 h in 78% yield with complete o-selectivity (entry 16). Finally, we investigated
the application of this methodology to a mannosyl donor equipped with the superarm-
ing protecting group pattern [47]. The glycosidation of this mannosyl donor 26 with
6-OH acceptor 1 formed disaccharide 27 in 16 h in 79% yield with complete x-selectivity
(entry 17).

Undoubtedly, our studies have demonstrated that I, /Fe(OTf); / TfOH-catalyzed 4K
reactions are swift and high yielding. Poor stereocontrol in the case of 2-O-benzylated glyco-
syl donors is not uncommon, and while x-galactosylation could be effectively achieved by
using remote benzoyl groups (vide infra), we have not yet determined how to improve the
stereoselectivity of glucosylation. To gain a stereocontrolling mode with glucosyl donors,
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in the past we demonstrated that bismuth(Ill)-promoted 4K reactions are compatible with
the H-bond-mediated Aglycone Delivery (HAD) pathway [43]. The HAD reaction is based
on glycosyl donors” O-picoloyl (Pico) protecting group. These donors provide high or
even complete syn-selectivities in respect to Pico [48]. The 4K reaction conditions devel-
oped herein, however, were found to be incompatible with 4-O-Pico-substituted building
blocks. This is because ferric salts are known to be effective reagents for the removal of
Pico groups [49].

3. Materials and Methods
3.1. General Methods

Column chromatography was performed on silica gel 60 (70-230 mesh); reactions were
monitored by TLC on Kieselgel 60 F254. The compounds were detected by examination
under UV light and by charring with 5% sulfuric acid in methanol. Solvents were removed
under reduced pressure at <40 °C. CICH,CH,Cl (1,2-DCE) was distilled from CaH, directly
prior to application. Molecular sieves (3 A) used for reactions were first crushed and then
activated in vacuo at 390 °C directly prior to application. Optical rotations were measured
on a “Jasco P-2000” polarimeter (Jasco Corporation, Tokyo, Japan). 'H NMR spectra were
recorded in CDCl3 at 400 or 700 MHz. '*C{'H} NMR spectra were recorded in CDCl; at
101 or 175 MHz. The 'H NMR chemical shifts and the *C{*H} NMR chemical shifts were
referenced to CDCl3 (8y = 7.26, dc = 77.00 ppm). Structural assignments were made with
additional information from COSY experiments. Compound ratios were determined by
comparing the integration intensities of the relevant signals in their 'H NMR spectra. See
Supplementary Materials for NMR spectra of all compounds. Accurate mass spectrometry
determinations were performed using an Agilent 6230 ESI TOF LCMS mass spectrometer
(Agilent, Santa Clara, CA, USA).

3.2. Synthesis of Building Blocks

Methyl 2,3,4-tri-O-benzyl-a-D-glucopyranoside (1) was synthesized as reported pre-
viously, and its analytical data was in accordance with that previously described [50].

Methyl 3,4,6-tri-O-benzyl-a-D-glucopyranoside (2) was synthesized as reported pre-
viously, and its analytical data was in accordance with that previously described [50].

Ethyl 2,3,4,6-tetra-O-benzoyl-1-thio-B-D-glucopyranoside (3) was synthesized as re-
ported previously, and its analytical data was in accordance with that
previously described [51].

Ethyl 2,3,4,6-tetra-O-benzoyl-1-thio-x-D-glucopyranoside (6) was synthesized as re-
ported previously, and its analytical data was in accordance with that
previously described [51].

Phenyl 2,3,4,6-tetra-O-benzoyl-1-thio-B-D-glucopyranoside (7) was synthesized as
reported previously, and its analytical data was in accordance with that
previously described [52].

Tolyl 2,3,4,6-tetra-O-benzoyl-1-thio-p3-D-glucopyranoside (8) was synthesized as re-
ported previously, and its analytical data was in accordance with that
previously described [53].

Ethyl 2,3,4,6-tetra-O-benzyl-1-thio-3-D-glucopyranoside (9) was synthesized as re-
ported previously, and its analytical data was in accordance with that
previously described [54].

Ethyl 2,3,4,6-tetra-O-benzoyl-1-thio-3-D-galactopyranoside (12) was synthesized as
reported previously, and its analytical data was in accordance with that
previously described [51].
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Ethyl 2,3,4,6-tetra-O-benzyl-1-thio-3-D-galactopyranoside (15) was synthesized as
reported previously, and its analytical data was in accordance with that
previously described [55].

Ethyl 2,3,4,6-tetra-O-benzoyl-1-thio-B3-D-mannopyranoside (18) was synthesized as
reported previously, and its analytical data was in accordance with that
previously described [51].

Ethyl 2,3,4,6-tetra-O-benzyl-1-thio-B3-D-mannopyranoside (21) was synthesized as
reported previously, and its analytical data was in accordance with that
previously described [56].

Ethyl 3,4,-di-O-benzoyl-2,6-di-O-benzyl-1-thio--D-galactopyranoside (24) was syn
thesized as reported previously, and its analytical data was in accordance with that previ-
ously described [45].

Ethyl 2-O-benzoyl-3,4,6-tri-O-benzyl-1-thio-3-D-mannopyranoside (26) was syn-

thesized as reported previously, and its analytical data was in accordance with that
previously described [57].

3.3. Synthesis of Disaccharides

General procedure for glycosidation. A mixture of glycosyl donor (0.05 mmol,
1.1 equiv), glycosyl acceptor (0.045 mmol, 1.0 equiv), and freshly activated molecular
sieves (3 A, 150 mg) in 1,2-dichloroethane (1.0 mL, 0.45 mM) was stirred under argon for
1hatrt. I (0.0675 mmol, 1.5 equiv), Fe(OTf)3 (0.0675 mmol, 1.5 equiv), and TfOH (0.009
mmol, 0.2 equiv) were added, and the resulting mixture was stirred under argon at rt for
the time specified in the tables and below. After that, the solids were filtered off through
a pad of Celite and washed successively with CHyCl,. The combined filtrate (~40 mL)
was washed with 10% aq. NapS;03 (10 mL). The organic phase was separated, dried with
sodium sulfate, and concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel (ethyl acetate—hexane or toluene gradient elution)
to afford the respective disaccharides in yields and stereoselectivities listed in the tables
and below. Anomeric ratios (or anomeric purity) were determined by comparison of the
integral intensities of relevant signals in 'H NMR spectra.

Methyl 6-0-(2,3,4,6-tetra-O-benzoyl--D-glucopyranosyl)-2,3,4-tri-O-benzyl-«- D-
glucopyranoside (4) was obtained from donor 3 [51] (39.0 mg, 0.06 mmol) and acceptor
1[50] (25.7 mg, 0.055 mmol) under the general glycosidation method as a colorless foam
in 16 h in 96% yield (55.4 mg, 0.053 mmol). The title compound was also obtained from
donor 6 [51] (24.3 mg, 0.038 mmol) and acceptor 1 (16.0 mg, 0.034 mmol) under the general
glycosidation method as a colorless foam in 30 h in 92% yield (32.8 mg, 0.031 mmol). The
title compound was also obtained from donor 7 [52] (35.4 mg, 0.051 mmol) and acceptor 1
(21.7 mg, 0.047 mmol) under the general glycosidation method as a colorless foam in 30 h in
90% yield (43.9 mg, 0.042 mmol). The title compound was also obtained from donor 8 [53]
(30.6 mg, 0.044 mmol) and acceptor 1 (18.4 mg, 0.04 mmol) under the general glycosidation
method as a colorless foam in 30 h in 95% yield (39.1 mg, 0.037 mmol). Analytical data for
4 was in accordance with that previously reported [58].

Methyl 2-0-(2,3,4,6-tetra-O-benzoyl--D-glucopyranosyl)-3,4,6-tri-O-benzyl-«- D-
glucopyranoside (5) was obtained from donor 3 [51] (34.0 mg, 0.053 mmol) and acceptor
2 [50] (22.4 mg, 0.048 mmol) under the general glycosidation method as a colorless form in
24 h in 87% yield (43.9 mg, 0.042 mmol). Analytical data for 5 was in accordance with that
previously reported [50,58]

Methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-o/3-D-glucopyranosyl)-«-D-
glucopyranoside (10) was obtained from donor 9 [54] (24.4 mg, 0.042 mmol) and acceptor
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1 [50] (17.6 mg, 0.038 mmol) under the general glycosidation method as a colorless form in
16 h in 86% yield (32.0 mg, 0.032 mmol). Analytical data for 10 was in accordance with that
previously reported [59].

Methyl 3,4,6-tri-O-benzyl-2-O-(2,3,4,6-tetra-O-benzyl-o/3-D-glucopyranosyl)-«-D-
glucopyranoside (11) was obtained from donor 9 [54] (24.8 mg, 0.042 mmol) and acceptor
2 [50] (17.9 mg, 0.039 mmol) under the general glycosidation method as a colorless form in
16 hin 73% yield (27.9 mg, 0.028 mmol). Analytical data for 11 was in accordance with that
previously reported [59].

Methyl 6-O-(2,3,4,6-tetra-O-benzoyl-3-D-galactopyranosyl)-2,3,4-tri-O-benzyl-x-D-

glucopyranoside (13) was obtained from donor 12 [51] (29.1 mg, 0.045 mmol) and ac-
ceptor 1 [50] (19.2 mg, 0.041 mmol) under the general glycosidation method as a colorless
form in 16 h in 96% yield (41.4 mg, 0.040 mmol). Analytical data for 13 was in accordance
with that previously reported [60].

Methyl 2-0-(2,3,4,6-tetra-O-benzoyl-f3-D-galactopyranosyl)-3,4,6-tri-O-benzyl-«-
D-glucopyranoside (14) was obtained from donor 12 [51] (24.4 mg, 0.038 mmol) and
acceptor 2 [50] (16.1 mg, 0.035 mmol) under the general glycosidation method as a colorless
form in 24 h in 89% yield (32.1 mg, 0.031 mmol). Analytical data for 14 was in accordance
with that previously reported [61].

Methyl 2,3,4-tri-O-benzyl-6-0-(2,3,4,6-tetra-O-benzyl-o/B3-D-galactopyranosyl)-o-
D-glucopyranoside (16) was obtained from donor 15 [55] (22.3 mg, 0.038 mmol) and
acceptor 1 [50] (16.1 mg, 0.035 mmol) under the general glycosidation method as a colorless
foam in 16 h in 92% yield (31.5 mg, 0.032 mmol). Analytical data for 16 was in accordance
with that previously reported [62].

Methyl 3,4,6-tri-O-benzyl-2-O-(2,3,4,6-tetra-O-benzyl-o/B3-D-galactopyranosyl)-«-
D-glucopyranoside (17) was obtained from donor 15 [55] (22.3 mg, 0.038 mmol) and
acceptor 2 [50] (16.1 mg, 0.035 mmol) under the general glycosidation method as a colorless
form in 16 h in 79% yield (27.1 mg, 0.027 mmol). Analytical data for 17 was in accordance
with that previously reported [63].

Methyl 6-0-(2,3,4,6-tetra-O-benzoyl-a-D-mannopyranosyl)-2,3,4-tri-O-benzyl-o-
D-glucopyranoside (19) was obtained from donor 18 [51] (24.4 mg, 0.038 mmol) and
acceptor 1 [50] (16.1 mg, 0.035 mmol) under the general glycosidation method as a colorless
foam in 24 h in 84% yield (30.1 mg, 0.029 mmol). Analytical data for 19 was in accordance
with that previously reported [64].

Methyl 2-0-(2,3,4,6-tetra-O-benzoyl-a-D-mannopyranosyl)-3,4,6-tri-O-benzyl-o-
D-glucopyranoside (20) was obtained from donor 18 [51] (21.6 mg, 0.034 mmol) and
acceptor 2 [50] (14.2 mg, 0.031 mmol) under the general glycosidation method as a colorless
form in 24 h in 85% yield (26.9 mg, 0.026 mmol). Analytical data for 20 was in accordance
with that previously reported [65].

Methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-«/3-D-mannopyranosyl)-o-
D-glucopyranoside (22) was obtained from donor 21 [56] (30.4 mg, 0.052 mmol) and
acceptor 1 [50] (21.9 mg, 0.047 mmol) under the general glycosidation method as a colorless
foam in 16 h in 81% yield (37.5 mg, 0.038 mmol). Analytical data for 22 was in accordance
with that previously reported [66].

Methyl 3,4,6-tri-O-benzyl-2-O-(2,3,4,6-tetra-O-benzyl-«/3-D-mannopyranosyl)-o-
D-glucopyranoside (23) was obtained from donor 21 [56] (30.5 mg, 0.052 mmol) and
acceptor 2 [50] (22.0 mg, 0.047 mmol) under the general glycosidation method as a colorless
form in 16 h in 70% yield (32.9 mg, 0.033 mmol). Analytical data for 23 was in accordance
with that previously reported [67].
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Methyl 6-0-(3,4-di-O-benzoyl-2,6-di-O-benzyl-x-D-galactopyranosyl)-2,3,4-tri-O-
benzyl-«-D-glucopyranoside (25) was obtained from donor 24 [45] (27.9 mg, 0.046 mmol)
and acceptor 1 [50] (19.2 mg, 0.041 mmol) under the general glycosidation method as a
colorless foam in 16 h in 78% yield (32.5 mg, 0.032 mmol). Analytical data for 25 was in
accordance with that previously reported [45].

Methyl  6-O-(2-O-benzoyl-3,4,6-tri-O-benzyl-a-D-mannopyranosyl)-2,3,4-tri-O-
benzyl-x-D-glucopyranoside (27) was obtained from donor 26 [57] (30.1 mg, 0.05 mmol)
and acceptor 1 [50] (21.2 mg, 0.046 mmol) under the general glycosidation method as a
colorless foam in 16 h in 79% yield (36.2 mg, 0.036 mmol). Analytical data for 27 was in
accordance with that previously reported. [68]

4. Conclusions

Our previous studies of the 4K reaction with thioglycosides opened a new exciting av-
enue for discovery of new classes of thioglycoside activators. Previously, we demonstrated
that I, /Bi(OTf);/TftOH cooperatively catalyzed 4K reactions can be swift and efficient.
Developed herein is an I, /Fe(OTf);/TfOH cooperatively catalyzed 4K reaction for the
direct activation of conventional thioglycosides. This methodology presents a promis-
ing expansion of the 4K reaction, which overall continues to be an exciting avenue for
exploration. As demonstrated by several substrates and targets, this method offers new
synthetic capabilities. The reaction conditions are relatively mild, and because of that, the
glycosylation reactions are much slower than those in the presence of bismuth(Ill), albeit
the product yields were similar.

Regardless of whether bismuth(Ill) or iron(Ill) were employed as co-catalysis, the
reaction worked with a broad range of substrates, with both armed and disarmed glycosyl
donors. In contrast, previously described activations in the presence of FeCl; alone worked
well only for highly reactive, armed and superarmed thioglycoside donors, even in the
presence of a large excess. Attempts to substitute Fe(OTf); with FeCls in the 4K reactions
lead to decreased yields due to the accumulation of multiple side products.

It also became apparent that the 4K reactions with ferric triflate are not compatible
with the HAD method because ferric salts are known to cleave the picoloyl group that
is needed as a stereodirecting handle. Further exploration of the 4K reaction, the search
for other effective promoters and catalysts, and application to the manual and automated
synthesis of various linkages and glycan targets are currently underway.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules30153058 /s1, Figure S1. 'H NMR Spectrum (CDCls,
400 MHz) of Compound 4; Figure S2. COSY NMR Spectrum (CDCl;, 400 MHz) of Compound
4; Figure S3. '3C NMR Spectrum (CDCl;, 101 MHz) of Compound 4; Figure S4. 'H NMR Spec-
trum (CDCl3, 400 MHz) of Compound 5; Figure S5. COSY NMR Spectrum (CDCl3, 400 MHz) of
Compound 5; Figure S6. 3C NMR Spectrum (CDCl3, 101 MHz) of Compound 5; Figure S7. 'H
NMR Spectrum (CDCl3, 400 MHz) of Compound 10; Figure S8. COSY NMR Spectrum (CDCl3,
400 MHz) of Compound 10; Figure S9. 13C NMR Spectrum (CDCl3, 101 MHz) of Compound 10;
Figure S10. "H NMR Spectrum (CDCl3, 400 MHz) of Compound 11; Figure S11. COSY NMR Spectrum
(CDCl3, 400 MHz) of Compound 11; Figure S12. 1BC NMR Spectrum (CDCl3,
101 MHz) of Compound 11; Figure S13. 'H NMR Spectrum (CDCl3, 400 MHz) of Compound 13;
Figure S14. COSY NMR Spectrum (CDCls, 400 MHz) of Compound 13; Figure S15. 13C NMR Spectrum
(CDCl3, 101 MHz) of Compound 13; Figure S16. 'H NMR Spectrum (CDClg, 400 MHz) of Compound 14;
Figure S17. COSY NMR Spectrum (CDCl;, 400 MHz) of Compound 14; Figure S18. 3C NMR
Spectrum (CDCl3, 101 MHz) of Compound 14; Figure S19. 'H NMR Spectrum (CDCl3, 400
MHz) of Compound 16; Figure S20. COSY NMR Spectrum (CDCl3, 400 MHz) of Compound 16;
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Figure S21. 13C NMR Spectrum (CDCl3, 101 MHz) of Compound 16; Figure S22. 'H NMR Spectrum
(CDCl3, 400 MHz) of Compound 17; Figure S23. COSY NMR Spectrum (CDCl3, 400 MHz) of Compound
17; Figure S24. 13C NMR Spectrum (CDCl3, 101 MHz) of Compound 17; Figure S25. 'H NMR Spectrum
(CDCl3, 400 MHz) of Compound 19; Figure S26. COSY NMR Spectrum (CDCl3, 400 MHz) of Com-
pound 19; Figure S27. 3C NMR Spectrum (CDCl3, 101 MHz) of Compound 19; Figure S28. 'H NMR
Spectrum (CDCl3, 400 MHz) of Compound 20; Figure S29. COSY NMR Spectrum (CDCl3, 400 MHz) of
Compound 20; Figure $30. 13C NMR Spectrum (CDCls, 101 MHz) of Compound 20; Figure S31. 'H
NMR Spectrum (CDCl3, 400 MHz) of Compound 22; Figure S32. COSY NMR Spectrum (CDCl3,
400 MHz) of Compound 22; Figure S33. 13C NMR Spectrum (CDCl3, 101 MHz) of Compound
22; Figure S34. 'H NMR Spectrum (CDCl3, 400 MHz) of Compound 23; Figure S35. COSY
NMR Spectrum (CDCl3, 400 MHz) of Compound 23; Figure S36. '3C NMR Spectrum (CDCls,
101 MHz) of Compound 23; Figure S37. 'H NMR Spectrum (CDCl3, 400 MHz) of Compound 25;
Figure S38. COSY NMR Spectrum (CDCl3, 400 MHz) of Compound 25; Figure S39. 13C NMR Spectrum
(CDCl3, 101 MHz) of Compound 25; Figure S40. THNMR Spectrum (CDCl3, 400 MHz) of Compound 27;
Figure S41. COSY NMR Spectrum (CDCls, 400 MHz) of Compound 27; Figure S42. 13C NMR Spectrum
(CDCl3, 101 MHz) of Compound 27.
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Abstract

Functional glycomimetics is suited to study the parameters of carbohydrate recognition
that forms the basis of glycobiology. It is particularly attractive when a glycoligand allows
for the investigation of two different states, such as varying distance between multiple
glycoligands. Here, a xylopyranoside was employed as a scaffold for the presentation of
two mannoside units which are ligands of the bacterial lectin FimH. The chair conformation
of the central xyloside can be switched between a “C; and a 'C4 conformation whereby the
two conjugated mannoside ligands are flipped from a di-equatorial into a di-axial position.
Concomitantly, the distance between the two glycoligands changes and, as a consequence,
so does the biological activity of the respective bivalent glycocluster, as shown in adhesion-
inhibition assays with live bacteria. Molecular modeling was employed to correlate the
inter-ligand distance with the structure of the formed glycocluster-FimH complex. Our
study suggests that conformational switches can be employed and further advanced as
smart molecular tools to study structural boundary conditions of carbohydrate recognition
in a bottom-up approach.

Keywords: carbohydrate chemistry; carbohydrate recognition; conformational switch;
bacterial adhesion; FimH; lectin inhibitors; inter-ligand distance; molecular modeling

1. Introduction

The carbohydrate-specific adhesion of E. coli bacteria to glycosylated surfaces is an
important topic in glycoscience that arouses interest in two respects. First, bacterial ad-
hesion is a prerequisite for infectious diseases and for biofilm formation. Knowing the
involved mechanisms and being able to prevent the adhesion of bacteria, for example
with carbohydrate-based inhibitors, can contribute to progress in diagnostics and ther-
apy [1-3]. Second, bacterial adhesion can serve as a relevant biosystem with which to
probe the parameters of carbohydrate recognition in a bottom-up approach using bespoke
glycomimetics [4-7].

To accomplish adhesion to the glycocalyx of their host cells, bacteria use proteinaceous
adhesive organelles, so-called fimbriae that project from the bacterial cell surface in multiple
copies. Fimbriae have various carbohydrate specificities. Type 1 fimbriae are the best-
known and most often studied fimbriae displaying a specificity for o-D-mannosides and
are mediated by a lectin domain at the fimbrial tips called FimH [8]. Many different
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glycomimetics have been designed as FimH antagonists aiming at the inhibition of type 1
fimbriae-mediated bacterial adhesion [9-12]. It has become clear that various structural
aspects govern the inhibitory power of carbohydrate-based inhibitors. These include the
nature of the aglycone portion of a mannoside, which can exert favorable interactions
at the entrance of the FimH carbohydrate recognition domain (CRD), specifically with
the so-called tyrosine gate formed by amino acid residues Tyr48 and Tyr137 [13]. Hence,
mannosides with aromatic aglycon moieties are especially powerful inhibitors of FimH
as they can exert 7t-7t interactions with the tyrosine gate [14]. Additionally, multivalency
effects have often been observed with bivalent and multivalent glycoclusters [15,16]. Also,
the distance between multiple mannoside ligands has been recognized as an important
parameter in carbohydrate recognition, for example when glycoligands were studied,
which are based on a rigid biphenyl scaffold [17-19].

Here, we introduce a new type of bivalent inhibitor of type 1 fimbriae-mediated
bacterial adhesion. The special feature of this type of glycocluster is that the distance
between the two glycoligands can be varied through a conformational switch that is
represented by a central xylopyranoside scaffold. Two glycoligand moieties which are
attached to positions 1 and 3 of a xyloside scaffold differ greatly in their distance from each
other depending on the conformation of the central sugar ring. This is so because the ring flip
between a #C; and 'Cy4 xylose chair conformation forces a maximal orientational change of the
ring substituents from all-equatorial to all-axial. Hence, while the two equatorially positioned
glycoligand units at C-1 and C-2 point away from each other in the C; conformation of the
xyloside, they come much closer together in the !C4 chair (Figure 1a).

The design of this “switchable” glycoligand is based on a 2,4-diamino xylopyranoside
which has been employed previously to realize flipping between the two complementary
chair conformations through metal complexation [21-23]. We have recently demonstrated
that the iodosulfonamidation of a suitable glycal is the method of choice to achieve substi-
tuted 2,4-diamino xyloside stereo- and regioselectively [24]. Following this synthetic route,
the substituted para-bromophenyl xyloside 1 was produced [24] (Figure 1b). It offers two
features which are essential for the herein described approach of controlling glycoligand
distance through conformational switching. First, the Boc-protected amino functions at
positions 2 and 4 of the xyloside ring allow the switching of the pyranose *C; conformation
into the flipped !C, conformation after removal of the Boc-protecting groups. This can be
accomplished, e.g., through metal complexation of the liberated 2,4-diamine or through
the covalent locking of the !C; conformation by formation of a cyclic urea derivative (vide
infra, Scheme 2). Second, the para-bromophenyloxy residues at positions 1 and 3 of the
sugar ring provide the option to ligate an arbitrary glycoligand that is functionalized with
a phenylboronic acids moiety in a Pd-catalyzed cross-coupling reaction.

This approach enables the synthesis of the targeted bivalent glycoligands carrying two
biphenyl mannoside moieties as ligands of the bacterial lectin FimH where the inter-ligand
distance will vary depending on the chair conformation of the central xyloside scaffold,
4Cy or 1Cy, respectively. The biphenyl linker units were chosen on purpose for several
reasons. First, biphenyl «-D-mannopyranosides are known as high-affinity ligands of
FimH [25,26]; second, their rigidity facilitates direct transfer of the spatial effect of the
ring flip of the central xyloside to the relative orientation of the ligated mannoside ligands.
Finally, in the glycocluster based on the xyloside in C, conformation, the glycoligands can
undergo intramolecular 7-7 interactions stabilizing a close inter-ligand distance [22].

Using a bivalent glycoligand based on such a conformational switch allows, firstly,
the determination of how differential distances between two ligands affect the inhibitory
potency of the corresponding compound. Second, the principle of a conformational switch
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can be explored which is attractive since such glycomimetics have not been used in carbo-
hydrate recognition studies so far.

ILD

|
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2 HN_NH
X

______________________

(b) 7 BocHNw ! ‘ = a-D-Mannoside
o o B

1 1

1 1

1 1

1 !

1 1

. 1 BP = Biphenyl

! * I

i E X = Metal or C(O)

1 1

i i C = Chair
1
1

Figure 1. (a) The idea behind this account consists of switching the inter-ligand distance (ILD) within
a bivalent glycocluster through the ring flip of a central xyloside scaffold. When the xyloside scaffold
exists in the C; conformation, the ILD is maximal whereas it is reduced when the xylopyranoside
ring is forced into the 'C4 conformation. Additionally, in the 'Cy conformer the two biphenyl moieties
can exert intramolecular 7-7t interactions which further contribute to the tight spatial organization of
ligand presentation. (b) The retrosynthetic analysis of such a conformational switch leads back to the
xyloside 1 which can be cross-coupled with a carbohydrate phenylboronic acid. Mannoside moieties
are depicted as green circles according to the symbol nomenclature for glycans (SNFG) [20].

Hence, in this account we describe the synthesis of two bivalent glycoligands based
on a switchable xylopyranoside scaffold in the *C; and in !C4 conformation, respectively,
and their investigation as inhibitors of type 1 fimbriae-mediated adhesion of E. coli on
mannan-coated microtiter plates. Moreover, molecular dynamics and molecular modeling
simulations were performed to provide a basis for the interpretation of the observed
structure—function relationships.

2. Results
2.1. Synthesis

Synthesis started with the N-Boc-protected 2,4-diamino xyloside 1 [24] in which the
two para-bromophenyloxy residues at positions 1 and 3 of the sugar ring were intended for
ligation with a suitable phenylboronic acids moiety in a Suzuki-Miyaura cross-coupling
reaction [27]. Here, we employed the literature-known 4-mannopyranosyloxyphenyl
boronate 2 [28,29], which can be obtained from the respective bromophenyl mannoside
by standard procedures. In order to achieve the divalent biphenylmannoside glycocluster
3, the Suzuki-Miyaura cross-coupling reaction was first attempted with Pd(PPhs)4 as the
catalyst and CspCOs3 or K3POy as the base (Scheme 1) [5]. However, no product was formed
under these conditions. Also, variation of the temperature or the solvent did not lead to
success. However, it was recognized that the xyloside 1 reacted with the Pd catalyst in
an oxidative addition reaction, whereas the transmetallation and reductive elimination

193



Molecules 2025, 30, 3074

reaction steps did not occur. Because for these latter steps of the cross-coupling reaction the
base is important, we next focused on the addition of fluorides. Fluorides are potent bases
for Suzuki-Miyaura reactions due to the fluorophilicity of the organoboranes [30]. Indeed,
when cesium fluoride (CsF) was employed as the base [31], cross-coupling of 1 and 2 in
THEF for 8 h at 80 °C using Pd(dppf)Cl,-CH;Cl, as the catalyst led to the desired product 3,
however only in a moderate yield of 40%. By increasing the reaction time to 16 h, the yield
was almost doubled to 79% (Scheme 1).

BocHN OAc

AcO
/©/ BocHN \©\ + AcO
B
Pd(dppf)Cly-CH,Cl, |
CsF o
THF, 80 °C, 16 h

(79 %)

RZHN

/‘/‘/ R2HN \‘\‘\
1_ 2 _
1.TFA, CH,Clp t, 21 [ 3 R A R7=Boc
2. AcyO, pyr., rt, 5h

4 R'=

R'O (87 % over 2 steps)

R1o OR' Ac, R? = Ac

K,CO3, MeOH
1, 5h
(95 %) 5 R"=H,R>=Ac

Scheme 1. Synthesis of the divalent biphenylmannoside glycoclusters 3, 4, and 5. The central
xyloside scaffold unit in 4 and 5 adopts the *C; conformation (see text). The key step of this synthesis
is a double Suzuki-Miyaura cross-coupling of the bis-arylhalide 1 and the phenylboronic acid 2.
TFA: trifluoroacetic acid.

The investigation of the target glycocluster 3 by 'H NMR spectroscopy indicated a
conformational equilibrium between various conformations of the xylopyranoside ring
owing to line broadening of the signals. An analogous observation has been reported
earlier for the xyloside 1 [24] and the occurring conformational dynamic has been further
analyzed in a study combining spectroscopic and computational data [32]. Here however,
two defined conformers, one in a *C; and the other in a 1C; conformation, are needed
in order to alter the distance between the scaffolded biphenyl mannoside ligands in a
controlled way. Therefore, the N-protecting groups were exchanged in an attempt to omit
the conformational dynamic of the xyloside scaffold. Removal of the Boc-protecting groups
with TFA furnished the unprotected diamine, which was subsequently acetylated in the
same pot to give the N-acetylated mannosyloxybiphenyl xyloside 4 in a yield of 87% over
two steps. Note that free amino groups had to be avoided as they can lead to false results
in biological testing. The 'H NMR-spectroscopic analysis of 4 then indicated a clear *C;
conformation for the xyloside scaffold (as well as for the mannoside ligands) due to sharp
and well-resolved peaks in the spectrum (see Supplementary Materials). The same was
true for the OH-free xyloside-based glycocluster 5 which was obtained after removal of the
O-acetyl groups under Zemplén conditions [33] in 95% yield (Scheme 1).
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The biphenylmannoside glycocluster 5 is suitable as a divalent FimH antagonist in
biological testing (vide infra). Here, the two biphenyl mannoside ligands are scaffolded on
a xylopyranoside ring in *C; conformation. In order to achieve the complementary FimH
antagonist in which the two biphenyl mannoside ligands are differently oriented, that is
arranged on a xylopyranoside ring in 1C,4 conformation, the ring flip of the central carbohy-
drate had to be achieved. To this end, the 2- and 4-amino groups were incorporated into a
cyclic urea with an electrophilic C1 reagent. This reaction forces the xylopyranoside scaffold
to adopt the 'C, conformation. Starting from the bis-Boc-protected glycocluster 3, first the
Boc-protecting groups were cleaved with TFA and then the unprotected intermediate was
subjected to an intramolecular cyclization reaction with carbonyldiimidazole (CDI) in the
presence of EtsN in DMF [34]. Under these conditions, the bicyclic urea derivative 6 was
obtained in 74% yield over two steps (Scheme 2). Its global deprotection under Zemplén
conditions gave the target glycocluster 7 in which the two biphenyl mannoside ligands are
differently oriented compared to 5 owing to the ring flip of the central xyloside hinge.

3
A0y ©
1. TFA, CH,Cl,
ACO rt, 16 h OAc
OAc 2. CDI, Et3N, DMF AcO
AcO rt, DMF, 16 h (74 % over 2 steps)
" col |

PP S B
KOO s R%ﬁg
(0]

________________ .
e

o
-0
K,COs, MeOH 6 R=Ac
HN NH i, 1h
Y (74 %)
o 7 R=0OH

Scheme 2. Synthesis of the divalent biphenylmannoside glycocluster 7 in which the central xyloside
scaffold is locked in the 'C4 conformation. CDI: carbonyldiimidazole.

To obtain a feeling for the distance distribution of the two glycoligands conjugated to
the central scaffold xyloside in 5 and 7, molecular dynamics studies were carried out.

2.2. Molecular Dynamics

At first glance, the two biphenyl mannoside units in 5 and 7 seem to project from the
xyloside scaffold very differently. However, there is quite some conformational freedom
due to free rotation around the connecting single bonds which might lead to a different
picture in reality. To assess the actual distance between the two mannose ligands in both
glycoclusters, they were subjected to a molecular dynamics (MD) simulation. For this, the
program Desmond [35,36] as implemented in the Schrodinger Maestro software package
2021-1 [37] was employed. The MD simulations were carried out in explicit water (SPC
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model [38] at 310 K for 200 ns; see Supplementary Materials). For both glycoclusters,
the respective chair conformations (*C; for 5 and 1C4 for 7) of the central xyloside ring
were assumed to remain stable over the simulation period. On the other hand, the spatial
orientation of the biphenyl linker units is flexible during the simulation, influencing the
distance between the glycosidically bound mannosyl residues.

The obtained MD trajectories were analyzed to evaluate the distance between the
centres of the two mannopyranoside rings projecting from the xyloside scaffold in 5 and 7
(Supplementary Material Figure S2). In compound 5, the inter-ring distance fluctuated
between 7 and 27 A, while in compound 7, it ranged from 5 to 25 A. To characterize the
most frequently occurring distances, the probability distribution of the distances between
the two mannoside ligands were plotted for 5 and 7 (Figure 2). It can be seen that the
change of the conformation of the central xyloside ring from *C; to 'C, clearly impacts
the amplitude of the inter-ligand distances as well as their distribution. However, the
differences are less pronounced than intuitively expected. In glycocluster 5, the distance
between the two mannoside rings reaches a maximum in comparison to 7 owing to the 4C;
conformation of the xyloside scaffold and the conformational flexibility of the biphenyl
units (Figure 2, structure A). Here, the most frequently occurring distance is ~25 A. On
the contrary, the inter-ligand distances in 7 are smaller due to the 'C, conformation of the
xyloside scaffold. Note that two main populations are seen in 7. One population shows
an inter-ligand distance amplitude at ~20 A (Figure 2, structure B), whereas in the other
population (Figure 2, structure C), the two mannoside ligands are very close to each other
(~6 A) due to 7-7t interactions between the biphenyl units. This is a phenomenon which has
been seen before in arylether-substituted 2,4-diamino xyloside switches where 7t-7t stacking
can lead to stabilization of the 1C4 conformation of the xyloside [22].
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Figure 2. Probability distribution of inter-ring distances between the mannoside ligands scaffolded
in 5 (bronze) and 7 (blue), respectively, and their occurrence as determined by molecular dynamics.
Distances are measured between the centers of the mannopyranoside rings. Structures A, B, and C are
representative snapshots of the MD simulation, illustrating the consequences of the conformational
change of the central xylopyranoside chair from *C; (in 5, bronze) to !Cy (in 7, blue). 7-t interactions
between the biphenyl moieties, which are axially aligned in 7, result in structures like C. Structures
rendered with Schrédinger. Color code for the structures: carbons (grey), nitrogens (blue), oxygen (red).
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2.3. Biological Testing

Although the inter-ligand distances in glycoclusters 5 and 7 cover a relatively wide
range (cf. Section 2.2), in the most frequently occurring conformers the distance between
the biphenyl mannoside antennas is different (~25 A for 5 and ~20 and ~6 A for 7). In order
to test if this difference, which is a result of the inverse ring conformation of the central
xyloside scaffold, effects the properties of 5 and 7 as bivalent FimH ligands, an adhesion—
inhibition assay with type 1 fimbriated E. coli bacteria (PKL1162) [39] was performed. In
the literature-known assay [40], adhesion of GFP (green fluorescent protein)-transfected E.
coli to a mannan-coated surface is determined (for details see Supplementary Materials).
Remaining adhered bacteria after inhibition and washing can be determined by fluorescence
read-out. The glycoclusters 5 and 7 were employed in serial dilutions on microtiter plates
where they compete with the mannan coating for FimH binding. As a result, dose-response
inhibition curves are obtained (Supplementary Material Figure S1) of which ICs values
for each inhibitor can be deduced (see Supplementary Material Table S1). Since biological
experiments and ICsy values can vary significantly between independent experiments
with live bacteria, methyl «-D-mannopyranoside (MeMan) was tested on the same plate
serving as internal reference inhibitor. The inhibitory potencies of the tested glycoclusters
were then referenced to MeMan leading to so-called relative inhibitory potencies (RIP
values). Since the solubility of the glycoclusters 5 and 7 in aqueous buffer is limited due to
the included hydrophobic biphenyl moieties, 5% DMSO were added to the glycocluster
solutions (0.4 mm). This does, however, not compromise the assay.

The results of the adhesion—inhibition assay are summarized in Table 1. As the
biphenyl moieties glycosidically linked to the mannoside ligands can exert favorable
interactions with the tyrosine gate at the entrance of the FimH CRD, their FimH affinity is
considerably higher than that of MeMan [41]. The resulting RIP values of 5 and 7 were in
the range of literature-known aryl mannoside ligands (cf. Supplementary Materials) [42].
However strikingly, the inhibitory potencies of the glycoclusters 5 and 7 differ from each
other by a factor of close to 3 in spite of the fact that both inhibitors display two copies of
exactly the same biphenyl a-D-mannopyranoside ligand.

Table 1. Inhibitory potencies of the xylose-scaffolded glycoclusters 5 and 7 as determined in adhesion—
inhibition assays with type 1 fimbriated E. coli bacteria (PKL1162).

Glycocluster ICs0 2 [umol] IC50 MeMan P [mmol] RIP € Average RIP d
5 15.2 (+1.5) 7.08 (+£0.44) 466 (£76)
4Cy conformation of 410 (£68)
the xyloside scaffold 15.7 (£1.3) 5.34 (+0.48) 339 (£60)
7 63.9 (£14.1) 7.08 (£0.44) 111 (£31)
1¢, conformation of 157 (4:45)
the xyloside scaffold 36.0 (+11.1) 5.34 (+£0.48) 148 (+59)

2 ICs values are average values of duplicate or triplicate results on one plate. The fitting error from non-linear
regression is given in brackets. ® ICsy (MeMan) values are average values of triplicate results on the same plate.
The fitting error from non-linear regression is given in brackets. ¢ RIP values are based on the inhibitory potency of
MeMan tested on the same microplate IP(MeMan) = 1); RIP(glycocluster) = IC5p(MeMan)/ICsq(glycocluster). The
fitting error from error propagation is given in brackets (see Supplementary Materials for details). ¢ Average RIPs
are mean values of two independent experiments (I and II) with error propagation in brackets (see Supplementary
Materials for details).

As the differences seen in the inhibitory potencies between 5 and 7 cannot be attributed
to the nature of the ligand or the aglycon moiety of the mannoside, nor to the valency of
the tested glycocluster (both are bivalent), it seems likely that the conformational dynamics
of the glycoligand antennas and, more specifically, the various inter-ligand distances
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displayed in 5 and 7 are decisive for the different ligand properties. In 5, the inter-ligand
distance is maximal and this seems to be favorable for the inhibitory potency of the
respective glycocluster. Even binding of two FimH proteins by a bivalent glycoligand
has been described in the literature [43], however, it is not sure, that the same binding
mode is happening in an assay with live type 1 fimbriated bacteria. Nevertheless, a greater
conformational availability of glycoligands such as in 5 apparently facilitates lectin binding
leading to higher FimH affinity (lower ICsy values). In glycocluster 7, the mannoside
ligands span shorter inter-ligand distances resulting in lower lectin affinity. Especially
those conformers occurring in 7 where the two glycoligands stack to each other through
mi-7t interactions (Figure 2, structure C) can be assumed to show a relatively weak FimH
affinity as any of the two the mannoside ligands is poorly available for complexation within
the CRD. This interpretation is supported by an analogous observation described in the
literature [44].

The biological assays show that the inter-ligand distance in a bivalent glycocluster
together with the conformational availability of the glycoligands displayed in the respective
inhibitor impact the affinity for a specific lectin. Note, that in the herein described approach,
this difference is caused by the flip between the 4C; and 1C4 chair conformation of a central
carbohydrate scaffold. The idea behind this approach bears the potential to modulate and
control, respectively, ligand affinity by switching carbohydrate conformation.

In order to rationalize the measured effects, the interactions of the glycoclusters with
the bacterial lectin FimH were further studied by molecular modeling.

2.4. Molecular Modeling

To investigate the structure of the glycocluster-FimH complexes, docking studies were
performed with the tested glycoclusters 5 and 7 and the lectin FimH using the software
Glide 2024-2 [45] as implemented in the Schrodinger software package 2024-2 [46] (see
Supplementary Materials for details). The tyrosine residue Tyr48 as part of the FimH
tyrosine gate shows a pronounced flexibility [25,47—49]. Consequently, depending on the
complexed ligand, varying conformations of the tyrosine gate were observed. As the
open gate conformation can favorably stabilize complexes with Man ligands carrying
an aromatic aglycon moiety, the respective FimH structure (PDB code 6G2S) [50] was
employed in the modeling. The top scoring results obtained in the docking experiments for
both glycoclusters were subjected to a MM-GBSA calculation [51] (molecular mechanics
energies combined with generalized born and surface area continuum solvation) to yield
binding energies for both FimH ligands, 5 and 7. The docking scores and corresponding
binding energies are collected in Table 2. While the docking scores are similar for both
glycoclusters, the binding energies differ which is in consistency with the different RIP
values measured in the bioassays.

Table 2. Computed results from molecular modeling studies with the synthetic ligands 5 and 7 and
the open gate conformer of FimH (pdb: 6G2S) [50]. The best docking scores and corresponding
binding energies (MM-GBSA) using Glide and Prime are listed. Lower values suggest higher FimH
affinity. RIP values (higher values relating to stronger FimH binding) are shown for comparison.

Glycocluster (RIP) Glide Score Binding Energy [kcal mol—1]
4C1 glycocluster 5 (410 4 68) —10.468 —83.02
1C4 glycocluster 7 (157 + 45) —10.581 —67.85
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Docking showed that in both inspected cases, an x-D-mannoside moiety is buried
within the FimH CRD interacting through the typical hydrogen bond network [1]. Both
glycoclusters show explicit 7-r interactions between the biphenyl aglycone of the man-
noside ligand and Tyr48 (light blue dotted lines in Figure 3), which are responsible for a
high inhibitory potency in comparison to MeMan (cf. Table 1). The docking studies sug-
gest, that glycocluster 5 with the central xyloside in *C; conformation binds to FimH such
that the anomeric mannoside unit occupies the FimH CRD, while the second mannoside
ligand conjugated to the 3-position of the xyloside scaffold protrudes outwards, being
poised for potential multivalent interactions with another FimH domain in close proximity
(Figure 3) [43]. In addition, the FimH-5 complex is further stabilized by a hydrogen bond
between the amido group at position 2 of the xyloside scaffold and the Tyr48 residue of
FimH. The inter-ligand distance between the two mannoside glycoligands in the complex
is25 A, paralleling with the results from the MD simulation (Section 2.2).

Electrostatic Potential

+0.3

4C, glycocluster (5) 1C, glycocluster (7)

Figure 3. Connolly surface representations of FimH-glycocluster complexes as derived from molec-
ular docking using the open gate conformation of FimH (pdb: 6G2S) [50]. The xylose-scaffolded
glycoclusters 5 and 7 are depicted as stick models. Protein coloring represents the electrostatic poten-
tial of the surface (positive charges in purple, neutral in green, negative charges in red, cf. depicted
color bar). Hydrogen bonds, -7t interactions, and inter-ring distance are indicated as yellow, blue,
and purple dashed lines, respectively.

In contrast, in the bivalent glycocluster 7, where the xyloside scaffold is locked in
a 1C4 conformation, the mannoside ligand that is conjugated with the 3-position of the
scaffold is complexed within the FimH CRD. Here, the glycocluster adopts an angled
conformation owing to the 'Cy conformation of the xyloside ring which is flipped in
comparison to 5. The 'C, conformation of the central sugar also results in a shorter inter-
ligand distance of about 9 A in the ligand—FimH complex (cf. Section 2.2). Additional
secondary interactions are observed for the anomeric mannoside unit forming hydrogen
bonds with the polar amino acid residue Asp140. Here, the more restricted structure of
the molecule most likely precludes the option for an effective multivalent interaction of
the glycocluster. Hence, the simulated FimH-glycocluster complexes show differences
between glycoclusters 5 and 7 which can be related to the reduced inhibitory potency
(lower RIP value) of glycocluster 7 in comparison to glycocluster 5.
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3. Materials and Methods
3.1. General Information Regarding Synthesis and Spectroscopy

Moisture-sensitive reactions were carried out in flame-dried glassware and under a
positive pressure of nitrogen. Analytical thin layer chromatography (TLC) was performed
on silica gel plates (GF 254, Merck, Darmstadt, Germany). Visualization was achieved by
UV light and /or with 10 % sulfuric acid in ethanol, vanillin (3.0 g vanillin and 0.5 mL H,SO4
in 100 mL EtOH) or ninhydrin, followed by heat treatment at approx. 200 °C. The products
were purified by flash chromatography on silica gel columns (Merck, 230-400 mesh, particle
size 0.040-0.063 mm, Darmstadt, Germany) or by automated flash chromatography using
a puriFlash 450 device from the Interchim® company (Montlucon, France). MeOH was
dried over magnesium under a nitrogen atmosphere. Optical rotations were measured
with a PerkinElmer 241 polarimeter (PerkinElmer, Waltham, MA, USA) with a sodium
D-line (589 nm) and a cuvette of 10 cm path length, in the solvents indicated. Proton
(*H) nuclear magnetic resonance spectra and carbon (13C) nuclear magnetic resonance
spectra were recorded on a Bruker DRX-500 and AV-600 spectrometer (Bruker, Billerica, MA,
USA) at 300 K. Chemical shifts are referenced to the internal standard tetramethylsilane
(TMS) or to the residual proton of the NMR solvent. Multiplets (multiplicity s = singlet,
d = doublet, t = triplet, m = multiplet) are listed according to chemical shift, coupling
constants are given in Hertz (Hz). Full assignment of the signals was achieved by using 2D
NMR techniques (*H-"H COSsY, 'H-13C HMBC and 'H-13C HSQC). Infrared (IR) spectra
were measured with a PerkinElmer FT-IR Paragon 1000 (ATR) spectrometer (PerkinElmer,
Waltham, MA, USA) and are reported in cm~!. ESI mass spectra were recorded on a LCQ
Classic from Thermo Finnigan (Somerset, NJ, USA).

3.2. Synthesis

4'-[(1,1"-Biphenyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside]-4-yl 2,4-dideoxy-2,4-N-Boc-3-O-
{4'-[(1,1"-biphenyl)-2,3 4,6-tetra-O-acetyl-a-D-mannopyranoside]-4-yl }- B-D-xylopyranoside (3).
The xyloside 1 [26] (60.0 mg, 87.2 pmol), the pinacoyl ester 2 [28] (144 mg, 261 pmol), CsF
(79.4 mg, 523 umol) and Pd(dppf)Cl,-CH,Cl, (14.2 mg, 17.4 pmol) were dissolved in dry
THF (6.00 mL) and the reaction mixture was heated to 80 °C and stirred for 16 h. After
cooling to room temperature, it was diluted with ethyl acetate and the organic layer was
washed with H,O. The combined organic layers were dried over MgSQOy, it was filtered
and concentrated. Purification by column chromatography on silica gel (cyclohexane/ethyl
acetate, 1:1) yielded 3 (93.0 mg, 79%) as a colorless solid; R¢ = 0.22 (cyclohexane/ethyl
acetate, 1:1); [oc]zDB’ = +31.2 (¢ 0.02, acetone). 'H NMR (600 MHz, acetone-dg, 298 K, TMS):
§ = 7.63-7.57 (m, 6H, 6 Harom), 7.52 (d, 3] = 8.7 Hz, 2H, Harom), 7.27-7.21 (m, 4H, 4 Harom),
7.20-7.11 (m, 4H, 4 Harom), 6.50 (d, 3Jnpi2 = 8.6 Hz, 1H, NH), 6.33 (d, 3Jnm4 = 7.9 Hz, 1H,
NH), 5.71 (d, 31, = 1.1 Hz, 1H, H-Ipgan), 5.70 (d, 3J1, = 1.1 Hz, 1H, H-1ygan), 5.51-5.46
(m, 4H, 2 H-2\1an, 2 H-3an), 543 (d, °J12 = 7.2 Hz, 1H, H-1xy)), 5.34 (dd~t, %34 = 9.9 Hz,
345 =99 Hz, 2H, 2 H-4\1an), 493 (t, *J34 = 9.2 Hz, 353 = 9.2 Hz, 1H, H-3xy)), 4.25 (dd,
Hea6b = 12.0 Hz, 356, = 5.9 Hz, 1H, H-6apan), 4.24 (dd, 2Jga 6 = 12.0 Hz, %J56, = 5.9 Hz,
1H, H-6apan), 4.20-4.15 (m, 2H, 2 H-5\an), 4.10-4.07 (m, 2H, 2 H-6by,), 4.03 (dd,
sa5p = 11.1 Hz, *J5,4 =47 Hz, 1H, H-5axy1), 3.96-3.90 (m, 1H, H 4xy;), 3.84-3.78 (m, 1H, H-2x)),
3.73 (t, %Jsa 5o = 10.9 Hz, 35,4 = 10.9 Hz, 1H, H-5bxy1), 2.16, 2.06, 1.99, 1.95, 1.94 (each s,
24H, 8 C(O)CH3), 1.33, 1.31 (each s, 18H, 2 C(CH3)3) ppm. *C NMR (125 MHz, acetone-
dg, 298 K, TMS): & = 170.62, 170.40, 170.37, 170.28 (8C, C(O)CH3), 160.33 (NH-C(O)),
158.03 (NH-C(0)), 155.91 (Cquart), 155.75 (Cquart), 138.50 (2 Cquart), 136.50 (Cquart), 136.54 (Cquart),
136.27 (Cquart), 135.53 (Cquart), 128.61 (2 CHarom), 128.57 (2 CHarom), 128.47 (2 CHarom),
128.24 (2 CHarom), 118.24 (2 CHarom), 118.23 (2 CHarom), 118.15 (2 CHarom), 118.12 (2 CHarom),
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100.54 (C-1xy1), 96.97 (2 C-1ppan), 79.06 (C-3xy1), 70.28 (2 C-5pan), 69.88 (2 C-201an), 69.80 (2 C-3yan),
66.61 (2 C-4pan), 64.64 (C-Bxy), 62.94 (2 C-60an), 57.89 (C-2xy1), 53.26 (C-4xy1), 28.55 (3C, C(CHs)s),
28.53 (3C, C(CHa)3), 21.71, 20.65, 20.61, 20.59 (8C, C(O)CHj3) ppm. IR (ATR) Vimax/cm ™! = 3309,
1750, 1683, 1497, 1367, 1220, 1039, 824, 601; ESI-HRMS m/z = 1362.5278 [M + NH4]", calcd
for [M + NH4]* 1362.5292.

4'-[(1,1'-Biphenyl)-2,3 4,6-tetra-O-acetyl-a-D-mannopyranoside]-4-yl 2,4-dideoxy-2,4-N-acetyl-3-
O-{4'-[(1,1"-biphenyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside]-4-yl - B-D-xylopyranoside (4).
The N-Boc-protected glycocluster 3 (20.0 mg, 14.9 umol) was dissolved in CH,Cl, (1.00 mL),
TFA (200 pL) was added and the reaction mixture stirred for 2 h at room tempera-
ture. Then all volatiles were removed in vacuo and the residue co-evaporated with
toluene (3x). The crude product was dissolved in dry pyridine (2.00 mL), Ac,O (500 pL)
was added and the reaction mixture stirred at room temperature for 5 h. Then it
was diluted with ethyl acetate and the organic layer was subsequently washed with
1IN HCI, sodium bicarbonate and brine. The organic layer was dried over MgSQOy,
its was filtered and concentrated. Purification by column chromatography on sil-
ica (toluene/acetone, 1:1) gave the title compound 4 (16.0 mg, 87%) as a colorless
solid; R¢ = 0.32 (toluene/acetone, 1:1); [oc]zD“o’ = +16.6 (c 0.02, acetone). 'H NMR (500 MHz,
acetone-dg, 298 K, TMS): 6 =7.63-7.59 (m, 4H, 4 Harom), 7.58-7.54 (m, 4H, 4 Harom),
7.51 (d, }Jnmz = 8.6 Hz, 1H, NH), 7.36 (d, *Jnm 4 = 8.4 Hz, 1H, NH), 7.27-7.22 (m, 4H,
4 Harom), 7.19 (d, 3] = 8.9 Hz, 2H, Harom), 7.11 (d, 3] = 8.8 Hz, 2H, Harom), 5.71-5.69 (m,
2H, 2 H-1ngan), 5.57 (d, %12 = 6.5 Hz, 1H, H-1y)), 5.50-5.46 (m, 4H, 2 H-2pa, 2 H-3yan),
5.33 (dd~t, 3J34 = 9.9 Hz, %45 = 9.9 Hz, 2H, 2 H-4\1an), 4.99 (t, 3J34 = 7.9 Hz, 3J,5 = 7.9 Hz,
1H, H-3xy1), 423 (dd, g0 = 120 Hz, 356, = 5.9 Hz, 2H, 2 H-6ayjan), 4.21-4.10 (m, 4H,
2 H-5\an, H-5axyi, H-4xy1), 4.08 (dd, Jeae0 = 120 Hz, 356, = 2.3 Hz, 2H, 2 H-6byan),
4.05-3.99 (m, 1H, H-2x1), 3.73 (dd, ?J5, 55 = 11.6 Hz, 3504 = 8.4 Hz, 1H, H-5bxy1), 2.16, 2.05,
1.99, 1.94 (each s, 24H, 8 C(O)CH3), 1.80, 1.75 (each s, 6H, NHC(O)CH3) ppm. *C NMR
(125 MHz, acetone-dg, 298 K, TMS): 6 = 170.65, 170.43, 170.40, 170.31 (8C, C(O)CH3), 170.54,
170.34 (2C, NHC(O)CH3), 159.70 (Cquart), 159.62 (Cquart), 155.94 (Cquart), 155.80 (Cquart),
136.45 (Cquart), 136.31 (Cquart), 134.33 (Cquart), 128.63 (2 CHarom), 128.59 (2 CHarom), 128.49
(2 CHarom), 128.23 (2 CHarom), 118.28 (4C, CHarom), 118.10 (2 CHarom), 117.97 (2 CHarom),
99.43 (C-1xy1), 97.01 (2 C-1Man), 77.09 (C-3xy1), 70.31 (2 C-5ppan), 69.9 2 (2 C-2pan), 69.83
(2 C-3Man), 66.64 (2 C-4pan), 63.38 (C-5x1), 62.97 (2 C-6pan), 55.57 (C-2xy1), 50.93 (C-4xy1),
23.09, 23.00 (2C, NHC(O)CH3), 21.74, 20.68, 20.64, 20.61 (8C, C(O)CH3) ppm. IR (ATR)
Vmax/cm ™1 = 2298, 1750, 1662, 1496, 1370, 1221, 1039, 825, 600. ESI-HRMS m/z = 1246.4428
[M + NHy]", caled for [M + NHy]* = 1246.4449.
4'-[(1,1'-Biphenyl)-a-D-mannopyranosyloxy]-4-yl 2,4-dideoxy-2,4-N-acetyl-3-O-{4'-[(1,1-biphenyl)-
«-D-mannopyranosyloxyl-4-yl}-B-D-xylopyranoside (5). The protected glycocluster 4 (13.0 mg,
10.6 umol) was dissolved in MeOH (1.00 mL), K,CO3 (414 pg, 3.00 pmol) was added and
it was stirred for 5 h at room temperature. It was neutralized with Amberlite® IR-120,
filtered and concentrated to dryness. Co-evaporation with toluene and CH,Cl, yielded 5
(9.00 mg, 95%) as a colorless solid; [oc}%f =+26.3 (c 0.02, MeOH). 'H NMR (600 MHz, MeOD-
ds, 298 K, TMS): 6 = 7.53-7.47 (m, 8H, 8 Harom), 7.24-7.05 (m, 8H, 8 Harom), 5.51 (s, 2H,
2 H-1pan), 535 (d, *J1,2 = 7.7 Hz, 1H, H-1xyy), 4.85-4.82 (m, 1H, H-3xy1), 4.24—4.18 (m, 1H,
H-4xy1), 4.064.00 (m, 4H, H-2xy1, H-5axy1, 2 H-2\an), 3.92 (dd, *J34 = 8.3 Hz, 7] 3 = 4.0 Hz,
2H, 2 H-3\an), 3.80-3.70 (m, 6H, 2 H-4\jan, 2 H-6apan, 2 H-6byan), 3.66-3.59 (m, 3H,
2 H-5ptan, H-5bxy1), 1.81, 1.76 (each s, 6H, NHC(O)CH3) ppm. C NMR (125 MHz, MeOD-
dz, 298 K, TMS): & = 173.68, 173.53 (2C, NHC(O)CH3), 159.96 (Cquart), 157.96 (Cquart), 157.23
(Cquart), 157.14 (Cquart), 136.70 (Cquart), 136.11 (Cquart), 136.06 (Cquart), 135.69 (Cquart), 129.22
(2 CHarom), 128.77 (2 CHarom), 128.64 (2 CHarom), 128.61 (2 CHarom), 118.21 (4C, CHarom),
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118.11 (4C, CHarom), 100.47 (C-1xy1), 100.23 (2 C-1pan), 78.89 (C-3xy1), 75.40 (2 C-5ppan), 7243
(2 C-2Man), 72.03 (2 C-3pan), 68.36 (2 C-4ptan), 64.40 (C-5xy1), 62.70 (2 C-60an), 57.20 (C-2xy1),
52.18 (C-4xy1), 22.74, 22.66 (2C, NHC(O)CH3;) ppm. IR (ATR) Vmax/ em~! = 3364, 2467, 1494,
1220, 999, 824, 677, 575. ESI-HRMS m/z = 910.3593 [M + NH4]", caled for [M + NH4]* 910.3604.
4'-[(1,1"-Biphenyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside]-4-yl 2,4-N-carbonyl-2,4-dideoxy-
3-O-{4'-[(1,1"-biphenyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside]-4-yl - B-D-xylopyranoside (6).
The glycocluster 3 (20.0 mg, 14.9 umol) was dissolved in CH,Cl, (1.00 mL), TFA (200 puL)
was added and it was stirred for 2 h at room temperature. Then all volatiles were removed
under reduced pressure and the residue was co-evaporated with toluene (3 ). The crude
product was dissolved in DMF (150 uL) and N,N-carbonyldiimidazole (2.90 mg, 17.9 umol)
was added, followed by dropwise addition of triethylamine (10.4 uL, 74.5 pmol). The
reaction mixture was stirred for 16 h at room temperature, then it was diluted with ethyl
acetate and washed with 1N HCI, sodium bicarbonate and brine. The combined organic
layer were dried over MgSQy, it was filtered and concentrated. Purification by column
chromatography on silica gel (toluene/acetone, 4:6) gave the title compound 6 (13.0 mg,
74%) as a colorless solid; R; 0.15 (toluene/acetone, 4:6); [a]2D3, = —27.3 (c 0.02, acetone).
'H NMR (600 MHz, acetone-dg, 298 K, TMS): 6 = 7.68 (d, 3] = 8.7 Hz, 2H, 2 CHarom), 7.65 (d,
3] = 8.7 Hz, 2H, 2 CHarom), 7.59 (d, 3] = 8.7 Hz, 2H, 2 CHarom), 7.55 (d, 3] = 8.7 Hz, 2H,
2 CHarom), 7.29 (d, 3] = 8.7 Hz, 2H, 2 CHarom), 7.26 (d, 3] = 8.7 Hz, 2H, 2 CHarom), 7.23 (d,
3] = 8.7 Hz, 2H, 2 CHarom), 7.09 (d, 3] = 8.7 Hz, 2H, 2 CHarom), 6.17 (d, *Jnm 2 = 4.2 Hz, 1H,
NH), 6.07 (d, *Jnmi4 = 4.6 Hz, 1H, NH), 5.72-5.68 (m, 2H, 2 H-Ip1an), 5.52 (s, 1H, H-1xy1),
5.51-5.45 (m, 4H, 2 H-2pjan, 2 H-3\an), 5.33 (dd~t, 3J34 = 10.0 Hz, 3J45 = 10.0 Hz, 2H,
2 H-4\an), 5.06 (t, °J34 = 3.1 Hz, *Jp3 = 3.1 Hz, 1H, H-3xy1), 445 (d, *Js,5 = 11.4 Hz, 1H,
H-5axy1), 423 (dd, 2Jeaep = 11.9 Hz, %560 = 5.9 Hz, 2H, 2 H-6ayan), 4.20-4.14 (m, 2H,
2 H-5\an), 4.08 (dd, 2Jga 6 = 12.0 Hz, ¥J5 6, = 2.2 Hz, 2H, 2 H-6bppay), 3.95 (s, 1H, H-4xy1),
3.69 (s, 1H, H-2xy1), 3.60 (d, Ysa50 = 12.0 Hz, 1H, H-5byq1), 2.16, 2.16, 2.06, 2.04, 1.99, 1.99,
1.95, 1.93 (each s, 24H, 8 C(O)CH3) ppm. 3C NMR (125 MHz, acetone-ds, 298 K, TMS):
d = 170.66, 170.43, 170.40, 170.31 (8 C(O)CH3), 157.37, 157.22, 155.86, 155.82, 136.35,
136.31, 134.81, 134.59 (8 Cquart), 128.71, 128.53, 128.52, 128.49, 118.27, 118.23, 117.57, 117.32
(16 CHarom), 99.31 (C-1xy1), 96.98, 96.96 (2 C-1pan), 70.26 (2 C-5pan), 69.88 (2 C-2pan), 69.80
(2 C-3Man), 68.88 (C-3xy1), 66.60 (2 C-4ptan), 62.94 (2 C-6pan), 61.98 (C-5xy1), 48.57 (C-2xy1),
47.85 (C-4xy1), 21.71, 20.65, 20.61, 20.59 (8 C(O)CH3) ppm. IR (ATR) Vmax/ cm ™! = 2925,
1749, 1607, 1496, 1369, 1217, 1039, 825, 598. ESI-HRMS m/z = 1188.4013 [M + NHy4]*, caled
for [M + NHy4]* 1188.4031.

4'-[(1,1'-Biphenyl)-a-D-mannopyranoside]-4-yl 2,4-N-carbonyl-2,4-dideoxy-3-O-{4'-[(1,1"-biphenyl)-
«-D-mannopyranoside]-4-yl}-B-D-xylopyranoside (7). The protected glycocluster 6 (10.0 mg,
8.54 umol) was dissolved in MeOH (1.00 mL), K,COs5 (354 pg, 2.56 umol) was added
and the reaction mixture was stirred for 4 h at room temperature. It was neutralized
with Amberlite® IR-120 (Sigma-Aldrich, St. Louis, MO, USA), filtered and concentrated to
dryness. Co-evaporation with toluene and CH,Cl, gave 7 (5.30 mg, 74%) as a colorless solid;
[o]® = +36.2 (c 0.02, MeOH). 'H NMR (600 MHz, MeOD-d3, 298 K, TMS): § = 7.63-7.46 (m,
8H, 8 Harom), 7.25-7.01 (m, 8H, 8 Harom), 5.52 (s, 1H, H-Ipjan), 5.50 (s, 1H, H-1npan), 543 (s,
1H, H-1xy1), 5.01 (t, *J34 = 3.7 Hz, ’J23 = 3.7 Hz, 1H, H-3xy1), 4.50 (dd, J5,5p = 11.5 Hz,
3450 =11.5Hz, H, H-5axy1), 4.04-4.01 (m, 2H, 2 H-2)\1an), 3.94-3.90 (m, 2H, 2 H-3\1an), 3.89 (s,
1H, H-2xy1), 3.80-3.57 (m, 10H, 2 H-4\Man, 2 H-5Man, 2 H-6aman, 2 H-6byian, H-4xy1, H-5bxy1),
ppm. *C NMR (125 MHz, MeOD-d3, 298 K, TMS): 5 = 160.15 (NHC(O)NH), 157.41 (Cquart),
157.36 (Cquart), 157.19 (Cquart), 157.14 (Cquart), 136.18 (Cquart), 136.15 (Cquart), 136.00 (Cquart),
135.85 (Cquart), 128.96 (2 CHarom), 128.75 (2 CHarom), 128.72 (2 CHarom), 128.68 (2 CHarom),
118.14 (2C, CHarom), 118.08 (2C, CHarom), 117.79 (2C, CHarom), 117.46 (2C, CHarom), 99.64
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(C-1xy1), 100.24 (2 C-1pan), 75.39(2 C-5pan), 7243 (2 C-3\an), 72.03 (2 C-2\an), 68.68 (C-3xy1),
68.36 (2 C-4pan), 62.69 (2 C-6ian), 61.94 (C-5xy), 52.79 (C-4xpn), 47.85 (C-2xy1) ppm. IR (ATR)
Vmax/cm ™1 = 3251, 2013, 1495, 1220, 999, 825, 674, 584. ESI-HRMS 11/z = 852.3178 [M + NH,]",
caled for [M + NHy]* 852.3185.

3.3. Cultivation of Bacteria

GFP-expressing E. coli bacteria (strain PKL1162, see Supplementary Materials) were
cultured in 5.00 mL LB medium and incubated overnight at 37 °C and 100 rpm. Afterwards
the mixture was centrifuged at 4 °C and 5000 rpm for 15 min. The bacteria pellet was
washed twice with PBS buffer (2.00 mL) and then resuspended in PBS buffer. Finally, the
suspension was adjusted to OD600 = 0.4.

3.4. Adhesion—Inhibition Assay with GFP-PKL1162 E. coli Bacteria

Inhibitor solutions of the respective glycosides 5 and 7 (0.4 mM in PBS buffer) as
well as methyl «-D-mannopyranoside (MeMan, 200 mM in PBS buffer) were prepared
and serial dilutions (1:2, 10 steps) of each solution added to the mannan-coated microtiter
plates (50 uL/well, see Supplementary Materials). Next, the prepared bacterial suspension
(ODggo = 0.4, 50 uL./well) was added and the microtiter plates were incubated at 37 °C and
100 rpm for 45 min. The plates were washed with PBS buffer (3 x 150 uL/well) and then the
wells were filled with PBS (100 uL/well) and the fluorescence intensity (485 nm /535 nm)
was determined. On each individual plate the standard inhibitor MeMan was tested in
parallel. Each compound was tested in duplicates or triplicates, respectively.

3.5. Molecular Dynamics

The structures of 5 and 7 were built by using Maestro and minimized by use of
MacroModel with the OPLS3 force field in implicit water (GB/SA continuum solvation
model); for details, see the Supplementary Materials.

3.6. Molecular Modeling

For molecular modeling, the Schrodinger software package 2024-2 implementing the
Maestro interface was used [46]; for details see the Supplementary Materials.

4. Conclusions

Carbohydrate recognition is governed by a multitude of parameters, among which
the inter-ligand distance in a bivalent glycocluster is an important aspect. The idea behind
this account has been to adjust the distance between two glycoligands by flipping the
chair conformation of a central carbohydrate scaffold. This approach supplements a
related concept that uses photoswitchable glycomimetics to alter the spatial orientation of
glycoligands [7,52-54]. The herein introduced conformational switch is based on a known
2,4-diamino-xyloside, which can be flipped from a *C; into a !C4 conformation through
the chemical fixation of the two amino functions. Concomitantly, the distance between
two biphenyl mannoside units conjugated to positions 1 and 3 of the central xyloside ring
changes. In the *C; glycocluster (5) the most populated conformers show inter-ligand
distances of ~25 A, whereas the 'C4 glycocluster (7) the inter-ligand distances are shorter.
Two populations can be seen in the case of 7 with most common inter-ligand distances of
~20 A and ~6 A, respectively.

As biphenyl mannosides are excellent ligands of the bacterial lectin FimH that mediates
bacterial adhesion, both bivalent glycoclusters were tested as inhibitors of FimH-mediated
adhesion of live E. coli. It turned out that the inhibitory potency of 5 is almost 3 times
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higher than that of 7. This finding can be attributed to a difference in the distance between
the glycoligands, since the glycoclusters 5 and 7 do not differ in any other structural aspect.
Nevertheless, it is difficult to conclusively interpret the results of the bioassays, why molec-
ular modeling studies were performed. Modeling revealed binding energies for the two
carbohydrate-FimH complexes which parallel with the results from the adhesion-inhibition
tests. In other words, the comparably higher FimH affinity of 5 can be correlated with its
higher potency as inhibitor of mannose-specific bacterial adhesion. Furthermore, molecu-
lar modeling suggests that 5 is complexed within the FimH CRD such, that multivalent
interactions with an adjacent lectin domain are possible, whereas this is excluded in the
more densely packed structure of 7.

In conclusion, modeling results rationalize the different RIP values measured for the
bivalent glycoclusters 5 and 7 by highlighting how inter-ligand distance and the spatial
orientation of ligands modulate both binding affinity and the potential for multivalent
interactions. Furthermore, the idea of exploring differential carbohydrate binding by
utilizing a conformational glycoswitch is a valuable new approach in glycoscience. We will
further advance this concept also in order to shed more light on the so far underexplored
dynamic processes in carbohydrate recognition.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 / molecules30153074/s1, Figure S1: Inhibition curves obtained
with glycoclusters 5 and 7 as inhibitors of type 1 fimbriae-mediated bacterial adhesion to mannan;
Table S1: ICs; values as deduced from the inhibition curves obtained with MeMan, *C; cluster 5 and
1C, cluster 7 and corresponding RIP values; Figure S2: Distances between the Man-ligand residues
as a function of the simulation time; Table S2: Scoring values for docking of glycoclusters 5 and 7 into
the open gate (pdb: 6G2S) conformation of FimH using Glide; Table S3: Values of computed binding
energies AGg;nq (in keal mol 1) obtained from MM-GBSA calculations for 5 and 7 into the open gate
(pdb: 6G2S) conformation of FimH; Figures S3-S12: 'H NMR and '>C NMR spectra of synthesized
compounds. Reference [55] is cited in the supplementary materials.
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Abstract

Gangliosides are essential for membrane functions, cell recognition, and maintenance of
the nervous system. GM2 gangliosidosis is a group of rare genetic lysosomal storage
diseases that includes Tay-Sachs disease (TSD), Sandhoff disease (SD), and AB variant.
TSD and SD are characterized by deficient 3-N-acetyl-hexosaminidase activity. This leads
to decreased catabolism of (3-N-acetyl-hexosamine-containing ganglioside GM2 in the
lysosomes, damage to cells and tissues, and severe neurological symptoms. GM2 is a
major ganglioside accumulating in TSD and SD, and is synthesized from GM3 by 31,4-
N-acetylgalactosaminyltransferase 1 (B4GALNT1, GM2 synthase). Therapies under de-
velopment for GM2 gangliosidosis include adeno-associated virus gene therapy, enzyme
replacement, and substrate reduction therapy (SRT). The goal of this work was to express
and purify human BAGALNT1, characterize its activity, and explore its structural features
by protein modeling and substrate docking. We used a panel of synthetic compounds to
study their potential inhibition of BAGALNT1 activity. This work can serve to develop SRT
for GM2 gangliosidosis.

Keywords: BAGALNT1; GalNAc-transferase; GM2 gangliosidosis; inhibition; bioinformatics

1. Introduction

Glycosphingolipids (GSLs) are integral components of the cell membrane and are
especially rich in the brain as sialic acid (Sia)-containing gangliosides [1] that are based on
a lactosyl-ceramide (Lac-Cer, Galp31-4Glc3-Cer) core (Figure 1). GSLs are concentrated in
membrane microdomains (lipid rafts). They help to maintain membrane fluidity and in-
tegrity, they act as cell surface epitopes and markers, participate in the functions and folding
of membrane proteins and receptors, and help in cell-cell recognition and communication
and regulation of the immune system. Gangliosides play crucial roles in early childhood
and brain development and are involved in the maintenance of the nervous system [2-5].

In addition, many GSLs are receptors for bacterial toxins. For example, GM2
(GalNAcp1-4Galp1-4Glc-Cer) was shown to bind to Delta-toxin from Clostridium perfrin-
gens [6]. The simplest ganglioside is GM3, Siax2-3Gal31-4Glcp-Cer, which is converted in
the Golgi by an «2,8-sialyltransferase (e.g., ST8Sial) to GD3, Siax2-8Siax2-3Gal31-4Glcf3-
Cer. GM3 and GD3 are prominent gangliosides found in the central nervous system. GD3
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is upregulated in many invasive ductal breast carcinoma cases [7]. GD3 is also the predom-
inant ganglioside in neural stem cells and is important for neuronal functions [8]. GD3
associates with epidermal growth factor receptor in breast cancer cells, and both GD3 and
GD2 (Siax2-8Siax2-3[GalNAc[31-4] Gal31-4Glcp3-Cer) were found to be involved in signal
transduction [7]. GD2 is also considered a marker for mesenchymal stromal cells [9].
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O Gal l
B3GALT4
[0 GaNae ()B3[1R4)BA@BCer GA1
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Figure 1. Biosynthetic pathways from lactosylceramide (Lac-Cer) to GA2 and GA1 and to gangliosides
GM3, GM2, and GM1, and to gangliosides having more than 1 sialic acid residue. BAGALNT1 is
required to synthesize GA2, GM2, GD2, and GT2. The GalNAc residue is then extended by Gal(31-3.
Galp1-4 and Galp1-3 residues may be substituted by sialic acid residues (modified from [10]).

GM3 and GD3 are converted by 31,4-GalNAc-transferase B4GALNT1 to form GM2
and GD2, respectively (Figure 1). Thus, BAGALNT1 has been named GM2 synthase or GD2
synthase. The enzyme also transfers GalNAc to Lac-Cer to form GA2, GalNAcp1-4Gal31-
4Glcp-Cer, and is expected to synthesize GT2 from GT3.

In the lysosomal catabolic pathways, the GalNAc residues are cleaved by 3-N-acetyl-
hexosaminidase (HEX) (Figure 1) [10]. Substrates for HEX include GA2, GM2, GD2, and
GT2. Lacto- and neolacto-series and Gal-Cer series of GSLs also include structures having
terminal GIcNAc[31-3 residues, while Gb4 of the globo-series has a terminal GalNAc[31-3.
These GSLs could also be cleaved by HEX [11]. However, in lysosomal storage diseases
(LSD) such as GM2 gangliosidosis, Tay-Sachs disease (TSD), and Sandhoff disease (SD),
the cleavage of GalNAc is decreased or blocked due to mutations of HEX or an essential
activator protein, GM2A. As a consequence, primarily GM2 accumulates in the brain of
children, leading to progressive neurodegeneration and early death. Lyso-GM2 is the
product of N-deacylase that cleaves the fatty acid residue of GM2 and other GSLs. Thus,
with a high concentration of GM2, lyso-GM2 also accumulates. GD2 positivity in bone
marrow cells may represent a useful prognostic marker for patients with non-metastatic
neuroblastoma [12], and B4GALNT1 has been suggested to be a pan-cancer biomarker [13].
An inhibition of GM2 synthesis may thus be useful to study the role of GM2/GD2 in human
tumor cells (malignant melanoma lines, neuroblastoma lines, and some glioma lines) that
express high levels of BAGALNT1 mRNA [14]. Blocking the pathway to GM2 synthesis
causes a deficiency of the next metabolites in the pathway, such as GM1, which has been
shown to be linked to Parkinsonian symptoms in B4galnt1 knock-out mice. The GM1
oligosaccharide without the Cer moiety was used to successfully treat these symptoms [15].
Thus, the functions of membrane-bound gangliosides are based on both the glycan and
lipid moieties and their interactions with proteins.
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Therapy for GM2 gangliosidosis is currently being developed by introducing the
correct HEXA and/or HEXB coding genes through adeno-associated virus (AAV)-based
gene therapies [16,17]. In a mouse model of HEX-deficiency, a dose-dependent correction
of GM2 accumulation in the brain was achieved after AAV9 transfer. In addition, mice
lacking GM2A also responded to AAV-based gene transfer [18]. An alternative potential
treatment for GSL accumulation is enzyme replacement. For example, in Gaucher disease
(glucoceramidase deficiency), a functional, modified enzyme can be repeatedly injected
into patients to minimize the effect of GSL accumulation. However, these enzymes do not
cross the blood /brain barrier, and there may be side effects; the underlying, progressing
pathology is treated peripherally but not in the brain, and it is not a cure. The delivery
of Golgi- and lysosomal-resident enzymes is difficult, since proper post-translational
modifications to avoid immunogenicity and protection from protease digestion, as well as
for targeting, may be required.

Another possibility for LSD treatment is substrate reduction therapy (SRT), which can
reduce biosynthetic precursors and can, thus, reduce pathogenicity due to accumulation
of GSL [19,20]. The Glc derivative N-butyldeoxynojirimycin (Miglustat) [21] functions as
a competitive and reversible inhibitor of the enzyme glucosylceramide synthase (GCS)
that forms Glc-Cer and is used to reduce the synthesis of GSL and ganglioside metabolites
based on Glc-Cer. Miglustat is a treatment for Gaucher disease, but also leads to serious
side effects. Another potential treatment to correct genetic abnormalities is based on cell
therapy with induced pluripotent stem cells (iPSCs). iPSCs offer disease models and can
also be developed into established healthy cell populations to be administered to patients.
Although there is promise in these therapies, currently, there is no established cure for
TSD and SD.

B4GALNT1 is a type-1I Golgi transmembrane homodimeric protein [22] and belongs
to the CAZy GT12 family of glycosyltransferases (GTs), having a GT-A fold and an invert-
ing mechanism [23]. In humans, B4GALNT1 mutations that lead to decreased enzyme
activity are associated with autosomal recessive spastic paraplegia, termed SPG26, a slowly
progressive neurodegenerative disorder with increasing muscle weakness (Table 1) [24-26].

In mice lacking BAGALNT1 and GM2, the symptoms include Parkinsonian neu-
ropathology [27], suggesting that BAGALNT1 is an essential enzyme. Forced expression
of BAGALNT1 in human melanoma cells increased GM2 levels as well as cleavage of
amyloid precursor protein that is associated with the pathophysiology of Alzheimer’s
disease (AD) [28]. Levels of GM3 are increased in the brains of AD patients and in a mouse
model [29]. Kaya et al. [5] determined by mass spectrometry that gangliosides GM3, GM2,
and GM1 accumulate in amyloid plaques of AD mice. A GCS inhibitor that penetrates into
the brain was shown to reduce GM3 levels as well as amyloid plaques in AD mice [30].
Inhibition of GlcCer synthesis would also reduce the levels of GM2 and other metabolites,
and this could be beneficial in dementia. Thus, balanced levels of gangliosides play a
critical role in cell membrane functions, and a complete inhibition of BAGALNT1 may lead
to neuropathology. SRT should, therefore, aim to maintain an optimal level of enzyme
activity and maintain a balance of gangliosides.

The primary objective of this study is to express, purify, and characterize recombinant
human B4AGALNT1 and to advance the development of appropriate inhibitors that reduce
GM2 synthesis and thus may prevent pathological accumulation of GM2.
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2. Results and Discussion
2.1. Protein Expression and Purification

The expression of recombinant Hisg-tagged B4AGALNT1 in HEK293 and HEK293T
cells showed very low levels and low enzyme activity. SDS-Page and Western blots
indicated that the enzyme was associated with the pellet in an insoluble form and showed
0.01 nmol/h/mg with GM3 acceptor in the lysed pellet. We, therefore, used Expi293
suspension cells that were expected to produce large amounts of soluble recombinant
protein. Using the Expi293 cell expression system, Western blot of the medium revealed
a protein band at 88 kDa on Day 2, which became strongest by Day 5 of transfection.
The lysed cell pellet showed no protein band at 88.8 kDa (Figure S1), indicating that
soluble Hisg-B4AGALNT1 was secreted into the culture medium with a maximal production
on Day 5.

Purification of Hisg-B4AGALNT1 was performed using Ni-NTA chromatography. Most
of the enzyme protein eluted with 500 mM imidazole (Figure S2). BAGALNT1 appeared
as a strong band on a 12% SDS-PAGE gel in elution fractions, corresponding to the theo-
retical size of 88.8 kDa, with a protein concentration of 0.4 mg/mL. Purified enzyme was
concentrated using a 10MWCO Centricon column.

2.2. Characterization of Purified BAGALNT1 Activity

The activity of BAGALNT1 produced in Expi293 cells was confirmed with 0.2 mM
GSL acceptor substrates using crude enzyme from the medium or highly purified en-
zyme. GM3 produced 6.1 nmol/h/mg activity with purified enzyme, while GD3 produced
3.2 nmol/h/mg. Lac-Cer and GM1, Galp31-3GalNAc1-4(Siax2-3)Gal31-4Glc3-Cer (Figure 1),
showed <0.1 nmol/h/mg activity (Figure 2). This indicates that the Siax2-3Gal(31-4 linkage
in the acceptor is important for enzyme recognition, but an additional Sia residue in GD3
is less preferred. Thus, BAGALNT1 activity with GT3 acceptor is expected to be very low,
although this remains to be tested in vitro. The activity was maximal with purified enzyme
using GM3 as its major acceptor substrate. The apparent Ky; for GM3 substrate with
purified enzyme was 0.5 mM. This value is within the range reported for other BAGALNT1
activities from membrane fractions. The apparent Ky values reported for GM3 acceptor
varied from 0.69 mM in bovine thyroid extracts [31] to 0.1 mM [32] for the rat enzyme
and 0.5 mM for the human enzyme [33]. The absolute activities and Ky values, however,
depend on the type of enzyme (membrane-bound or purified, type of construct), the ex-
pression system, and the conditions of the assay, including length of incubation and the
type and concentration of detergent and cofactors. Thus, it has been difficult to determine
an accurate apparent Vmax value. In a cell extract, different species of the same enzyme
and potentially different variants may be present.

The human enzyme can be proteolytically released as a soluble form [22]. Previous
studies with various forms of BAGALNT1 from human, mouse, and rat sources also showed
that GM3 is the major acceptor substrate and GM2 is, therefore, the major GSL product
of BAGALNT1 [4,22,31-36]. The rat enzyme from ascites hepatoma cells, for example, has
77.3% activity towards GD3 compared to GM3 and only 1.2% activity with LacCer [34]. A
high BAGALNT1 activity was achieved by Welland et al. [37] using a liposome-based assay
with the enzyme tethered to the membrane via a His-tag.

Several nucleotide sugars were tested as donor substrates for BAGALNT1 with GM3
acceptor, replacing UDP-GalNAc in standard assays. UDP-GalNAc was the only active
donor substrate while UDP-Gal, UDP-Glc, and UDP-GIcNAc failed to serve as donor
substrates. Thus, BAGALNT1 has a strict donor specificity.
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Although recombinant BAGALNT1 appeared to be soluble when expressed in
Expi293 cells, Kyte and Doolittle hydrophobicity analysis revealed several shorter hy-
drophobic sequences that may possibly be involved in binding the hydrophobic moiety
of the acceptor substrates. These hydrophobic sequences may also be responsible for an
accumulation of misfolded protein in the pellet when expressed in HEK cells. We, therefore,
tested whether detergent that may aid the solubility of the substrate or affect the folding
of purified BAGALNT1 could improve the activity. The activity increased slightly from
0.06 to 0.12% Triton X-100 in the assay (Figure S3). Although the enzyme has previously
been assayed with various types of detergents up to 2% [22], we used 0.06% Triton X-100 in
order to prevent problems with GSL product isolation after the incubation. CDP-choline
was previously used in BAGALNT1 assays as a potential inhibitor of UDP-GalNAc degrada-
tion [32]. In our standard assays of highly purified BAGALNT1 that should lack hydrolytic
enzymes, the presence of 10 or 30 mM CDP-choline did not inhibit or activate BAGALNT1
activity and was therefore omitted in further assays.

Acceptor specificity assay (Purified BAGALNT1)

Activity (nmol/hr/mg)

GM3 LacCer GD3 GM1
Acceptor

Figure 2. Acceptor substrate specificity of purified BAGALNT1. The activities of the enzyme are
shown using 0.2 mM acceptor substrates GM3, Lac-Cer, GD3, or GM1 in standard assays. Error bars
show variation between duplicate assays. All values were standardized against the negative control
that lacks acceptors. Only GSLs having a Siax2-3Gal31-4 sequence served as significant acceptors.

Generally, buffer pH values have been used in B4AGALNT1 assays between 6.6 and
7.6 [22,32,33] while we used pH 7 due to a broad pH optimum in our assays. BAGALNT1,
as an inverting GT12 enzyme, may require the presence of metal ions for donor binding
and catalysis. The effect of metal ions was tested with 8 mM MnCl, MgCl, Zn-acetate,
Co-acetate, or EDTA in standard assays of BAGALNT1 activity using GM3 as acceptor
substrate. Compared to MnCl,, MgCl, Zn-acetate and Co-acetate resulted in activities of
67%, 22%, and 15% respectively, while assays conducted with EDTA resulted in complete
loss of activity (Figure 3). This showed the dependency of BAGALNT1 activity on divalent
metal ions, with Mn2* being optimal. In contrast, the membrane-bound rat BAGALNT1,
which has about 97% sequence identity to the human enzyme, has been reported to have
higher activity in the presence of 10 mM Co?* compared to Mn?* [32].

212



Molecules 2025, 30, 3615

2.3. Bioinformatics

The CAZy data bank classified B4AGALNT1 into the GT12 family, characterized as
inverting GTs having a GT-A fold and one Rossmann domain where the central beta-sheet
is expected to contain the active site. Only four GT12 enzymes have been characterized,
and these are all GalNAc-transferases from man, mouse, and rat with distant similarity
to GT2, GT21, and GT27 families. The two subunits of BAGALNT1 homodimers have
two catalytic domains in antiparallel orientation [36]. BAGALNT1 is disulfide bonded
with C429-C476, forming an intra-chain bond, and C80-412 and C82-C529 forming inter-
subunit bonds [36,37].
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Figure 3. Dependence of purified BAGALNT1 activity on divalent metal ions. Mn?* ions in the
standard assay with 0.2 mM GM3 acceptor were replaced by other divalent metal ions or EDTA. All
values were standardized against the negative control. Error bars indicate the variation between
duplicate assays.

All of these Cys residues are highly conserved, suggesting that dimer formation and
three-dimensional protein structure are essential for activity (Figure 4). Human B4AGALNT1
has a high degree of amino acid sequence identity with the enzyme from mouse (86.87%),
rat (87.62%), bovine (90.99%), and Macaca fascicularis (98.87%). All of the Cys residues
involved in disulfide bonding, as well as a putative catalytic DDD sequence, are present in
these species.

Table 1 lists the conserved amino acids that may represent important residues for the
biological function of BAGALNT1. The consensus sequence aligned by MUSCLE using
352 aligned protein sequences and generated with WebLogo is shown in Figure 5. Two
centrally located DxD sequences are found in GM2 synthases. However, only D356, D357,
and D358 are highly conserved sequences in GM2 synthases that line the active site, and
D356 may be the critical Asp residue involved in catalysis [23]. DxD is a widely conserved
motif in GT-A folded enzymes and is thought to coordinate with metal ions and play a
role as a catalyst (Table 1) [38]. Modeling showed that the DxD motif (D356 to D358) is
within the catalytic site, explaining that mutations of D356 and D358 abolished activity.
The DD sequence is also highly conserved in B4GALNT1. Inamori et al. [39] identified an
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inactive SPG variant of D313, the second Asp of the DD sequence, that is thought to bind
UDP-GalNAc. Other inactive SPG variants of highly conserved residues include N437K,
A441E, P453H, and R519W. However, the F438L mutant exhibited low (<10%) activity.

Figure 4. Alphafold2 models of BAGALNT1 with DXD motif in magenta and intrachain disulfide
bonds in orange. (A). Global view of multi-domain B4AGALNT1. (B). Model of BAGALNT1 docked
with donor UDP-GalNAc making predicted interactions with ligand shown with labels, with yellow
dashed lines representing H-bonds and potential pi—pi stacking partner shown in teal.

Table 1. Amino acid residues important for activity of human B4GALNT1.

MSA Variants Activity of Mutants References
K284N SPG [25]
R288 SPG [24]
R300C SPG [24]
D313A SPG [24,39]
V352 167% [38]
W354 24% [38]
D356 nd [38]
D357
D358 nd [38]

214



Molecules 2025, 30, 3615

Table 1. Cont.

MSA Variants Activity of Mutants References
(F392)

C429
D433A SPG [24]
N437K SPG nd [39]
F438L SPG [39]

F439 SPG [24]
A441E SPG nd [39]
P453H SPG nd [39]

C476

H483

K486

Y501
R505H SPG nd [25]
Q514

A516 SPG [24]

R519P/W SPG nd [26,39]

MSA, multiple sequence alignments, showing conserved amino acids determined by BLAST. Numbers in brackets
denote less conserved residues. SPG mutants are included. Variants, natural variants in patients with hereditary
spastic paraplegia (SPG). Mutations in Variants affect highly conserved amino acids, with the exception of W354,
A516, and R519, which are not highly conserved in human BAGALNTI. Activity of mutants, created by single
amino acid replacements. nd, not detected.
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Figure 5. Consensus sequence logos generated by Weblogo. Sequence conservation in full-length

B4GALNT1, showing conserved residues as large letters. Among highly conserved residues are D356

(DxD motif), Cys80, Cys82, Cys412,Cys 429, Cys476, Cys529 (disulfide bonds), R300 and F439 (SPG),

and N179, N274 (N-glycosylation sites).
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Interestingly, the V352A mutant of BAGALNT1 had 167% activity compared to the
wild type and may facilitate D356-mediated catalysis, possibly by widening the substrate
binding groove. In contrast, the W354A mutant was only 23.5% active [38].

Other conserved amino acids that appear to be within the active site are highly con-
served N437, H483, Y501, and R505. Welland et al. [37] suggested that R505 is coordinated
with UDP in acceptor and product, likely by binding to phosphate groups. Several variants
of BAGALNT1 were found in SPG patients (Table 1). Conserved variant amino acids in-
clude R300, D433, and F439, but according to modeling, are not located within the active
site. Less conserved variant amino acids include A516, R519 in SPG, and the roles of
these residues are unknown. Interestingly, mutations in SPG26 [24] have been identified
for residues R300 (to C) and D433 (to A). Since these may not be critical for catalysis or
UDP-GalNAc binding, they may be involved in shaping the overall substrate binding site
for UDP-GalNAc.

The amino acids near the proposed substrate binding and catalytic site in our study
align well with those suggested by Welland et al. [37] based on the crystal structure and
molecular dynamics simulations of the dimer of the soluble lumenal domain of BAGALNT1.
The proposed catalytic domain encompasses amino acids 258 to 533. Even in the absence of
the tm domain, amino acids flanking the active site were suggested to form surface loops
that contribute to membrane insertion.

There are three potential N-Glycosylation sites at N79, N179, and N274 that are distant
from the UDP-GalNAc binding site. Mutations in these amino acids led to decreased
activity [40]. Only N179 and 274, but not N79, are highly conserved and may contribute
to maintenance of protein structure. Some of these N-glycans are sialylated and could
contribute to the overall folding, dimer formation, and stability of the enzyme in the late
Golgi compartment [22].

It is not yet known if any of the Thr and Ser residues of BAGALNT1 carry O-glycans.
For example, S314 and S401 are potential O-glycosylation sites [41]. HEK cells were
previously shown to have the enzymes that form sialylated core 1 and 2 O-glycans as well
as complex N-glycans [42] and could modify B4GALNT1.

2.4. Molecular Docking

Figure 4 shows a model of BAGALNT1 docked with the essential donor substrate
UDP-GalNAc and suggests that conserved N437, R505, R288, and K486 are engaged in
hydrogen bonding interactions with donor UDP-GalNAc and could be associated with
the UDP reaction product. In addition, H483 and Y501 are near the UDP-GalNAc binding
site and may be crucial residues for other interactions. The proximity of the F392 side
chain to the uridine moiety suggests the possibility of coordination via pi-pi stacking. The
DxD motif (356-358) that can coordinate Mn?* ion is in proximity to Y501, which may be
necessary for coordinating the hydrophobic acceptor substrate. R505 is coordinated near
C1 of the GalNAc moiety and is mutated in GM2 synthase deficiency [25] (Figure 4). It
seems likely that R505 and H483 are also involved in binding sialylated acceptors such as
GM3. As with other GTs, it was not possible to successfully dock the acceptor substrates
into the protein, likely because of the complexity in binding a ceramide moiety, as well as a
complex glycan chain.

2.5. Inhibitors

Currently, inhibitors for BAGALNT1 are not available. We tested several synthetic com-
pounds as inhibitors of BAGALNT1 activity, but many of them did not inhibit the activity.
These compounds are not directly related to structures of BAGALNT1 substrates but could
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potentially bind to the protein via hydrophobic or electrostatic interactions. A series of
compounds named QT [43] showed various degrees of inhibition. QT compounds have two
positively charged bis-imidazolium rings connected to an aliphatic spacer between rings (n)
and symmetrical aliphatic wing chains (m) attached to the nitrogen of imidazolium groups.
The highly flexible aliphatic chains have varying numbers of carbons, and the compounds
are in dimesylate salt forms (Table 2, Figure 6). QT compounds with a higher number of
carbons in the aliphatic chains previously showed inhibition for selected enzymes, and
this was unrelated to the type of substrates used [43]. Another potential inhibitor was
2-naphthyl 2-butanamido-2-deoxy-1-thio-B-D-glucopyranoside (612). GlcNAc-naphthyl
derivatives such as 612 were shown to inhibit bovine milk (31,4-Gal-transferase as acceptor
substrate analogs [44,45].

Table 2. List of bis-imidazolium inhibitors tested for activity of purified BAGALNTT.

Inhibitor n m % Inhibition
QT149 22 1 90
QT163 6 11 80
QT160 10 10 89
QT161 10 11 84
QT162 10 12 94
QT166 16 7 92
QT169 16 10 74
QT170 16 11 40
QT171 16 12 47

612 - - 44

QT compounds

HZm*lCm\\ @
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Bis-imidazolium salt compounds (dimesylate form)
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O

CH2CH2CH3

612 2-naphthyl 2-butanamido-2-deoxy-1-thio-B-D-glucopyranoside

Figure 6. The structures of inhibitors used in this study are shown. The effects on activity are listed in
Table 2. For QT compounds: n, number of aliphatic core carbons; m, number of symmetrical aliphatic
carbons attached to the imidazolium rings.

To determine inhibition, purified BAGALNT1 was assayed under standard assay
conditions utilizing 0.2 mM GM3 as the acceptor substrate, 0.39 mM UDP-GalNAc as donor
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substrate, and 1 mM QT compound or 612. Table 2 summarizes the variable inhibitory
effects of QT compounds on B4AGALNTT1 activity. Compound 612 showed 44% inhibition.
QT163 (6/11), having a 6-carbon spacer chain and 11-carbon wing chains, showed 80%
inhibition, with an ICsp value of 0.2 mM. Other QT compounds inhibited the activity
between 40 and 94%. Our results suggest that it is not the length of either the core or the
wing aliphatic chain that determines the inhibitory potential, but a combination of both
and, likely, the overall properties of the compounds. In future studies, we will try to dock
QT163 to the BAGALNT1 model to determine which hydrophobic or negatively charged
groups in the enzyme could be responsible for inhibitor binding. This binding is expected
to affect the structure of the catalytic domain or block the access of substrates.

B4GALNT1 assays were carried out with 0.2 mM GM3 as the acceptor, 0.07 mM donor,
and 1 mM inhibitor concentration. The values shown in the Table are averages of at least
duplicate determinations. The structures of inhibitors are shown in Figure 6. Number
of aliphatic core carbons (n); number of symmetrical aliphatic carbons attached to the
imidazolium rings (m).

3. Materials and Methods
3.1. Materials

Materials were purchased from Sigma-Aldrich (Burlington, MA, USA), unless other-
wise stated. UDP-[?H]GalNAc, UDP-[?H]Gal, UDP-[’H]GIcNAc, and UDP-[14C]Glc were
obtained from American Radiolabeled Chemicals (St. Louis, MO, USA). GSLs were from
Cayman: Ann Arbor, MI, USA. Potential inhibitors were synthesized as described [46]. FBS
was from Wisent: Saint-Jean-Baptiste, QC, Canada.

3.2. Plasmid Isolation and Transformation

The plasmid pGEn2-DEST was developed and donated by Kelly Moremen, University
of Georgia. This mammalian expression vector has a CMV promoter, N-terminal Hisg
tag, AviTag, Super GFP tags, and ampicillin resistance genes. Sequences were confirmed
by Sanger sequencing (The Centre for Applied Genomics, Toronto, ON, Canada). To
enhance protein solubility, the short cytoplasmic and the transmembrane (tm) domain
(amino acids 1-25) at the N-terminus were deleted in the recombinant BAGALNT1 construct.

Plasmid pGEn2-DEST was transformed into E. coli (DH5x) using the heat shock
method. Positive transformants were selected from LB (Lennox)-agar plates containing
100 pg/mL ampicillin (pGEn2-DEST). An overnight small-scale culture from a single colony
was prepared in 3 mL of LB Broth (BioShop) with 100 pg/mL ampicillin, maintained at
37 °C, 225 RPM for 16 h. An aliquot of the overnight culture (100 uL) was added to a
250 mL Erlenmeyer flask, containing 100 mL of LB broth and 100 pg/mL ampicillin. The
flask was shaken at 37 °C, 225 RPM, to reach absorbance OD600 = 0.6.

For isolation of high-quality plasmid DNA from E. coli DH5« cultures, Gene JET
Plasmid Midiprep Kit (Thermo Scientific, Waltham, MA USA) was used. The above
prepared 100 mL culture was centrifuged for 10 min, and supernatant was discarded. The
bacterial pellet was resuspended using 2 mL Resuspension Buffer, and the suspension was
vortexed. The plasmid quality and quantity of the isolated DNA were examined using
a NanoDrop spectrophotometer. The total yield was 145 pg DNA per 100 mL culture.
Plasmid DNA was filtered through a 0.22 pm filter prior to transfection.

3.3. Expression of B4GALNT1 in Expi293 Cells

The mammalian cell-based expression system of human embryonic kidney (HEK)
Expi293 suspension cell lines was used to express soluble protein in sufficient quantities for
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characterization, based on previously described protocols [47]. Expi293 cells were cultured
in expression medium (Thermo-Fisher, Waltham, MA, USA). Cells were maintained in a
humid 5% CO, atmosphere at 37 °C, shaking at 120 RPM. Cells were passaged for mainte-
nance after reaching 4 x 10° viable cells/mL. Cells were cultured for at least 3 passages
following thaw prior to transfection. Expi293 cells were transiently transfected with the
pGENn2-DEST plasmid containing the human B4AGALNT1 gene [48] using ExpifectamineTM
293 Transfection Kit (Thermo-Fisher, Waltham, MA, USA).

On the day of transfection, the cells were diluted to 3 million cells/mL in 100 mL of
culture medium. Plasmid DNA containing the BAGALNT1 gene (100 pg) was diluted with
5.6 mL of Opti-MEM GIBCO medium (Thermo-Fisher, Waltham, MA, USA). A total of
320 pL of Expifectamine lipid-based transfection reagent was diluted with 6 mL of Opti-
MEM GIBCO medium. The diluted transfection agent was added to the DNA dropwise
and mixed gently by inverting the tube 4 times, followed by incubation for 15 min at
room temperature. The pre-complexed DNA and Expifectamine mixture was then added
dropwise to the cells, swirling gently. Transfected cells were then maintained in a humid
5% CO2 atmosphere at 37 °C, shaking at 120 RPM. Expifectamine™ 293 Transfection
Kit (Thermo-Fisher, Waltham, MA, USA) enhancer reagents were added 16 h following
transfection. Cell aliquots were taken daily to monitor cell growth and viability with a
hemocytometer using trypan blue staining. On day 5 following transfection, cells were
harvested by centrifugation (25 min, 4000 RCF), and cells and supernatants were kept at
4 °C until purification. Enzyme expression was confirmed by SDS-PAGE and Western blot
using anti-His antibody to reveal a protein of 88.8 kDa [49].

3.4. Purification of B4GALNT1 Using Ni-NTA Column Chromatography

Cells were disrupted by hand homogenization in 50 mM sucrose, followed by centrifu-
gation. Hisg-tagged B4GALNT1 produced by transient transfection in Expi293 cells was
purified from the supernatant using a column of 5 mL HisPur Ni-NTA agarose resin slurry
(ThermoFisher Scientific, Waltham, MA, USA). The medium was adjusted with 10 x media
adjustment buffer (200 mM imidazole, 2 M NaCl, and 300 mM sodium phosphate, pH 7.2)
to make the final media. The column was equilibrated with 10 column volumes of Buffer A
(20 mM HEPES, 300 mM NaCl, 20 mM imidazole, pH 7.2). The sample was adjusted with
media adjustment buffer (200 mM imidazole, 2 M NaCl, and 300 mM sodium phosphate,
pH 7.2) and was loaded on the equilibrated column, and the flowthrough was collected.
The column was washed first with 50 mL of Wash buffer 1 (2 mM HEPES, 30 mM NaCl,
20 mM imidazole, pH 7.2), followed by Wash buffer 2 (2 mM HEPES, 30 mM NaCl, 50 mM
imidazole, pH 7.2) and Wash buffer 3 (2 mM HEPES, 30 mM NaCl, 100 mM imidazole).
Protein was eluted with 50 mL of Elution buffer (2 mM HEPES, 30 mM NaCl, 300 mM
imidazole, pH 7.2). Lastly, the column was washed with 15 mL 2 mM HEPES, 30 mM
NaCl, 500 mM imidazole. The eluted protein was concentrated with a 10 kDa MWCO filter
(4000x g) at 6000 RPM for 10 min at 4 °C (for 10-12 cycles) and buffer-exchanged into
20 mM Tris HCl, pH 7.5 (3 to 4 cycles). The protein concentration was determined using
the Bicinchoninic acid assay. Purified protein was stored in aliquots with 20% glycerol at
4°C, —20 °C, and for long-term storage at —80 °C.

3.5. Glycosyltransferase Standard Assays for Human B4AGALNT1

B4GALNT1 activity was measured by the transfer of radiolabeled GalNAc from the
UDP-[*H]GalNAc donor using GM3 as an acceptor substrate. GM3 was dissolved in chloro-
form/methanol (2:1), which was removed before the assay with a stream of nitrogen. Stan-
dard assays contained in a total volume of 50 pL: 20 uL (8 pg protein) purified BAGALNT1 in
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20 mM Tris pH 7, 20% glycerol, 0.39 mM UDP-[*H]GalNAc (1900 CPM/nmol), 0.2 mM dried
acceptor GM3, 40 mM Na-cacodylate buffer pH 7, 0.06% Triton X-100, and 8 mM MnCl,.
Assay mixtures were incubated at 37 °C for 1 h, and reactions were quenched by freezing.
Assays were carried out in duplicate determinations. The negative control assays did not
contain the acceptor substrate. The reaction product was isolated via C18 Sep-Pak cartridges
and was eluted with MeOH. Radioactivity was measured by scintillation counting.

3.6. Bioinformatics

Predicted BAGALNT1 3D structure was obtained from the AlphaFold database, which
was used to understand structural features. A docked model of BAGALNT1 binding
UDP-GalNAc donor substrate was obtained with MolSoft ICM 3.9. BLAST search was
run in Uniprot against the UniRef50 database, with the IDs of the following families
mapped against the UniprotKB database: UniRef50_AOA8K1LFD9, UniRef50_COHS8Y3,
UniRef50_A0ASI3NPC1, UniRef50_H3DASO0, UniRef50_Q00973, UniRef50_A0ADOGQI1,
and UniRef50_A0A974BWB6. Removal of outliers resulted in a final set of 352 sequences,
which were aligned using MUSCLE. A consensus sequence, following gap excision, was
generated with Weblogo.

3.7. Inhibition of B4GALNT1

Inhibition was measured under standard assay conditions for purified B4AGALNT1.
Compounds were dissolved in MeOH and dried before the addition of the enzyme and
other assay components. Positive control assay mixtures contained 0.2 mM GM3 and
lacked inhibitor. To determine the ICsy, compound QT163 was used at 0.2, 0.4, 0.6, 0.8, and
1 mM concentrations in the assay.

4. Conclusions

The aim of this study was to characterize a soluble form of human BAGALNTI,
the enzyme that transfers a GalNAc residue in 31-4 linkage to the Galf31-4 residue of
gangliosides GM3, GD3, and other GSLs. The inhibition of this enzyme would reduce
the synthesis of GM2, which could be of therapeutic value for patients who accumulate
GM2 due to the inability to hydrolyze the GalNAc residue. This inhibition would shift the
balance of GSL and may impact cellular functions that rely on specific GSLs on membrane
and lipid rafts. Thus, an application of these inhibitors in SRT has to be carefully studied
and monitored.

Previous substrate specificity assays [4,33] revealed that ganglioside GM3 containing
Neu5Ac was a major acceptor substrate for BAGALNT1 in microsomal membranes and
for a soluble recombinant protein. GM3 having Neu5Gc was about 12.8% less active. Our
specificity assays using highly purified soluble BAGALNT1 similarly showed that GM3
was the preferred acceptor and confirmed that GD3 exhibited half of that activity, while
Lac-Cer and GM1 showed minimal activity. This indicates that the Sian2-3Gal31-4Glc-
linkage in the acceptor is important for enzyme recognition and that one terminal Sia
residue is preferred.

It is not clear yet if milk oligosaccharides having the Siax2-3Gal1-4Glc linkage and
glycoproteins with Siax2-3Gal31-4GIcNAc linkage form acceptors for BAGALNT1 or if
the enzyme requires the hydrophobic Glc-Cer moiety in the acceptor. Positively charged
residues in the acceptor binding site (R505 and H483) may aid in recognition of Sia, and
mutations at these residues may reveal a change in acceptor specificity. Y501 and other
hydrophobic amino acids could aid in binding the Cer group of the acceptor.
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A comparison of published properties of BAGALNT1 with our work shows that the
GM2 synthase activity is dependent on many factors, including the protein sequence and
glycosylation, presence of membranes, and assay conditions. These various results allow
only an approximate estimate of the activity in vivo, which may differ according to the cell
type expressing BAGALNTI.

The aim of this study was to identify inhibitors for BAGALNT]1 that may be developed
for treatment of GM2 gangliosidosis but not cause symptoms of SPG. The compounds we
chose might be appropriate for this purpose since they inhibited BAGALNT1 activity be-
tween 40 and 94%. A complex of BAGALNT1 docked with its donor substrate UDP-GalNAc
showed amino acids near the docking site that may play a role in UDP-GalNAc binding
and catalysis. This information, together with protein structure analysis of BAGALNT1 to
confirm the role of conserved amino acids, will aid in the design of additional, specific,
non-covalent inhibitors suitable for SRT. Studies of drug development should also include
the kinetics of inhibition, test dosage, and toxicity, and address drug delivery to neurons
that accumulate GM2.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/molecules30173615/s1, Figure S1: Expression of His8-tagged BAGALNT1
in Expi293 cells.; Figure S2: SDS-PAGE after purification of His8-tagged BAGALNT1 expressed in
Expi293 cells and secreted into the culture medium.; Figure S3. Detergent effect.
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Abstract

Within recent years, the interest in tools to investigate carbohydrate-protein (CPI) and
carbohydrate-carbohydrate interactions (CCI) has increased significantly. For the investiga-
tion of CPI and CCI, several techniques employing different linking methods are available.
For mimicking the glycocalyx self-assembled monolayer (SAM) formation of carbohydrate
derivatives on gold nanoparticles is most appropriate. In contrast to methods for glyco-
SAM formation used previously to analyze CPI/CCI, the novel approach allows for a
facile and rapid synthesis to link spacers and carbohydrate derivatives and enhances the
binding event by controlling the amount and orientation of ligand. For immobilization
on biorepulsive aminooxy functionalized gold nanoparticles by oxime coupling, diverse
aldehyde-functionalized glycan structures of mono-, di-, and complex trisaccharides were
synthesized, employing several facile steps including olefin metathesis. Effective immobi-
lization and first binding studies are presented for the lectin concanavalin A. This novel and
advantageous immobilization method is presently employed in various biomimetic studies
of carbohydrates and carbohydrate-based array development for diagnostics and screening.

Keywords: carbohydrates; synthesis; self-assembly; monolayers; molecular recognition

1. Introduction

Eukaryotic cell membranes are coated by a so-called “glycocalix” consisting of a
complex mixture of glycoproteins, glycolipids, complex oligosaccharides, glycoconjugates,
and proteoglycans with a size up to 100 nm. Cellular processes, such as bacterial and
viral infection, cancer metastasis, modulation and activation of the immune system, tissue
differentiation and development, and further intercellular recognition events are largely
controlled on the molecular level by these glycoconjugates [1-3]. Cellular recognition events
involving carbohydrate derivatives are carbohydrate-protein-interactions (CPI) between
sugars and lectins [4] or selectins [5], as well as carbohydrate-carbohydrate-interactions
(CCI) [6]. Whereas antigen-antibody interactions range from 1078 to 10~12 M, CPI and CCI
are typically weak in in vitro testing, with Kp values in the millimolar or high micromolar
range [7-9]. On the other hand, multivalent presentation of carbohydrate recognition
units can increase binding affinity considerably [10,11]. Despite intensive studies of the
glycocalyx by glycobiology, to date, there is no general mechanistic concept of carbohydrate
recognition [12-17].
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In order to facilitate studies of carbohydrate-based recognition events, new analytical
and synthetic approaches are of interest. These include chemoenzymatic and automated
solid phase syntheses of oligosaccharides, and glycomimetics as well as chemical tools,
microarrays, glyconanoparticle technology, and molecular modeling [18-21]. Particular
advantageous for mimicking the glycocalyx are the self-assembly of thiol-functionalized
molecules on gold surfaces, first introduced by Whitesides et al. [22]. The conception of
glyco-SAMs proved to be particularly well suited for the investigation of molecular interac-
tions of carbohydrates, allowing characterization as well as control of density and orienta-
tion of carbohydrate ligands [23,24]. Furthermore, advantageous studies of glyco-SAMs
on gold employed spectroscopic techniques like surface plasmon resonance, ellipsometry,
atomic force microscopy, or X-ray photoelectron spectroscopy [25-27].

Gold nanoparticles represent important carrier and delivery materials for biological
active compounds in nanomedicine, since they provide both multivalency and multi-
functionality. Therefore, their preparation, toxicity, and application for in vivo imaging,
diagnosis, and therapy are intensively discussed [28]. Colloidal gold was used for ther-
apeutic and cosmetic properties at an early stage by the Chinese and Egyptians. The
first scientific publication about gold nanoparticles (AuNP) by Faraday in 1857 reported
and discussed the reason for the intensive red colour of colloidal gold [29]. Employing
Maxwell’s electromagnetic equation, the visual light absorption of AuNP was described
by Mie in 1908 [30]. Nanoscaled AuNPs are typically available in sizes from 1 nm to
120 nm, in a size range of proteins and other biomacromolecules, and show plasmon band
absorption. Further, in many other physical properties, the colloidal form differs from the
metallic bulk form of gold. These changed properties of AuNP are of interest for optics,
catalysis, and material science, but also for biology, biochemistry, and medicine [31]. There
are reports about the functionalization of AuNP with proteins, DNA, and RNA [32,33],
and increasingly examples in the carbohydrates field are published with AuNP as ideal
platforms to mimic the glycocalyx of cell membranes [34-37].

Au-NP are predominantly synthesized by reduction procedures from so-called “gold
acid” (HAuCly). The Turkevitch protocol, introduced already in 1951, is widely used for the
preparation of various nanopatrticle constructs [38]. Here, an aqueous solution of the Au'!"
salt is reduced by sodium citrate to obtain Au” colloids [39]. Subsequent ligand exchange
reaction with thiols or other thio derivatives on the citrate-stabilised Au-NP provides the in-
dividual functionalized Au-NP [40,41]. This ligand exchange results in an elevated stability
of Au-NP due to the strength of the Au-S bond (ca. 50 kcal/mol) [42]. Recent developments
of the Turkevitch protocol improved the control of size and distribution, thus nowadays
monodisperse Au-NP with a controllable size of 9-120 nm can be synthesized [43]. Schiffrin
and Brust presented a one-step procedure for thiolated Au-NP. In a phase transfer system
of water and toluene, HAuCly was reduced with NaBHj in the present of alkylthiols and
tetrabutylammonium bromide [44]. The sizes of the Au-NP strongly dependant on the
utilized alkylthiol, however, this method allows AuNP smaller than 9 nm to be synthesized.
To obtain uniform Au-NP with different functionalization, it is necessary to apply a second
synthetic step, mostly an organochemical reaction or a thiol ligand exchange according
to [45]

(RS),AuNP + m R'SH — (RS);1-n(R’S), AuNP + n RSH

Carbohydrate—functionalized Au-NP were utilized by Penades et al., whose syn-
theses followed the Brust protocol [46]. Jensen et al. employed syntheses by a modular
conception with thiol ligand exchange on citrate-stabilized Au-NP [47]. This modular
carbohydrate functionalization of Au-NP was advantageously used throughout this study
since citrate-stabilized Au-NP had only to be prepared once and thus allowed for access to
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many different Au-NP having uniform material, which improves the interpretation of the
SPR experiments.

The novel modular approach for immobilization of synthetic glycosides on gold
nanoparticle reported herein is based on (1) the control of particles size by bulk preparation
of goldnanoparticles by the Tuchevitch protocol, (2) control of ligand density by non-
specific binding via tetraethylene glycol tethers, (3) the control of ligand density via tether
length, provision of functionalization by preparation of mixed SAMs in different ratio,
(4) a facile in situ immobilization by thioalkanes on gold as SAMs and (5) a facile in situ
attachment of glycoderivates by reductive amination (Figure 1).

N 0 N N N

N 0 e e 2

Linker and dilution spacer for
SAM formation on Au-NP

Q9

Citrate stabilized
gold nanoparticles

Funtionalized glycans for
multivalent presentation on Au-NP

Figure 1. Schematic depiction of the modular approach for the preparation of glyco-SAMs on gold
nanoparticles: 1. Pre-synthesized, well-defined gold nanoparticles are used for SAM formation with
spacer molecules 1 (attachment) and 2 (dilution), 2. Attachment of carbohydrates and application
either 3. in carbohydrate-carbohydrate interactions or 4. in carbohydrate-protein interactions.

For control of ligand interdistance, benzaldehyde-functionalized glycoderivatives
were employed, in which the carbohydrate head groups were attached to amine-bearing
SAMs and diluted with biorepulsive spacers. These biorepulsive compounds essentially
require a long alkane chain and a terminal oligoethylene glycol moiety for self-assembly.
The alkane chain is needed to form strong van der Waals interactions between spacers, to
promote accurate SAM formation [48], and the oligoethylene glycol moiety is employed to
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exclude non-specific adhesion of biomaterial to the SAM [49]. In addition, by insertion of

the amino function, an anchor group is provided.

Whereas conventional glycosylations usually lead to anomeric mixtures and thus

require tedious chromatographic separations, the present approach for covalent immo-

bilization via reductive amination of the aldehyde-linking partner facily gives uniform

components. Thus, the aldehyde functions are easily introduced to anomerically pure allyl

glycosides by cross-metathesis [50,51]. In contrast to ring closing metathesis (RCM) and

ring opening metathesis polymerization, cross metathesis (CM), especially in carbohydrate

chemistry, is less developed [52]. Based on recent reports, which solved the problems of

self-metathesis and could also use aqueous CM [53,54], olefin metathesis was applied to

modify carbohydrate derivatives. In fact, synthesis of glyco-SAMs could be successfully

accomplished by incubation of plain gold sensor surfaces with amino-functionalized and

biorepulsive spacers, following subsequent attachment of glycoderivatives by reductive

amination. Evidence of effective immobilization of carbohydrate components could be

demonstrated via initial binding experiments of the lectin concanavalin A to modified

SAMs carrying a-mannopyranoside structures.

For the present study eighteen benzaldehyde-functionalized glycan structures were

employed. These comprise five monosaccharide derivatives 3-9, four disaccharide deriva-

tives 10-13, and seven trisaccharide derivatives 14-20 as depicted in Figure 2 (Figure 2).

OH OH HO—, OH o M OH OH
HO 0 OH OH
HO ! HO O HO O HO 0 Q HO 0 0
HO o OR HO HO OR HO o HO OR o0 HO OR
HOOR OR OH on HO HO “om HO
3 (B-Glc) 4 (0-Glc) 5 (o-Man) 6 (B-Gal) 10 (Cell) 11 (Lac)
OH OH OH
HO [ OH HO[ OH OH OH
o) o) 0 X OH
HSS&\/OR Hogﬁ ) /@AO HO-O o HO AN
NHAC R0 HO o Ho
OH OR OR HO AcHN
o) o) HO “OH
7 (B-GlcNAc) 8 (a-do) 9 (0-Tal) HO OR
12 (Malt) HO 13 (LacNAc)
OH OH OH HO
OH OH OH OH
0 Q HO 0 HO 0 HO
HO% gég/OR HO% Og&vm %‘OO OR 0 o
AcHN
HO “oH C OH AcHN HO “oH AcHN HO Oo o) OR
7 on L oH HO Q7 on OHO OH  AcNH
OH OH OH
HO HO HO HO
14 (Le¥) 15 (LexCl) 16 (Le*L-CGal) 17 (Le*P-Fue)
HO
OH OH HOOH OH
o3 " > AN e
OH HO o] O o0 O
Ho & o o) o OR HO 0 OR
HO 0 OR HO “MOH AcHN HO| AcHN
0 AcHN 0 HO
HO o HO ©
18 (Le?) OH (G 19 (Le*tRM) HO 20 (Le¥Ph)

Figure 2. Benzaldehyde functionalized glycosides used for the oxime formation on gold nanoparti-
cles. Abbreviated names of carbohydrate head groups: 14 (Le*): Galx(1-4)[Fucx(1-3)]GlcNAc;
15 (LeXClo).  Glep(1-4)[Fuc56(1-3)]GIcNAc; 16 (LeXGal).  Galp(1-4)[L-Galx(1-3)]GlcNAc; 17
(LexBFuc). Galp(1-4)[FucB(1-3)]GlcNAc; 18 (Le?): Galp(1-3)[Fucx(1-4)]GlcNAc; 19 (LeXL-Rhay:

Galp(1-4)[Rhax(1-3)]GlcNAg; 20 (Le*PL): L-Galp (1-4)[D-Fuca(1-3)]GlcNAc.
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2. Results and Discussion
2.1. Synthesis of Benzaldehyde-Functionalized Carbohydrates

According to previously developed procedures [55] for attachment of glycoderivatives
to amino-functionalized SAMs, readily accessible allyl glycosides were chosen as starting
components. Thus, allyl 2,3,4,6-tetra-O-acetyl-o-D-glucopyranoside (21) was treated with
para-(allyloxy)benzaldehyde dimethyl acetal (22) [55] for olefin metathesis under catalysis
with Grubbs-Hoveyda second-generation catalyst 23 [56] to give compound 24 in 91%
yield. Employing optimized reaction conditions [57], cross metathesis led exclusively to
the (E)-configured derivative. Next, deacetalization of the benzaldehyde dimethyl acetal
24 followed by hydrogenation catalyzed employing palladium on charcoal poisoned with
diphenyl sulfide and subsequent classical Zemplén deprotection gave the target compound
4 in 91% yield over three steps (Scheme 1).

OAc
OMe
AzoO O
c
AcO | N OMe
o1 O~ NN N
OAc 1 \
a , Mes~NxN~Mes
0 OMe T
ACO C|/
AcO Ru=
AcO OMe 1”4
24 \<
OH ) 23
Hab @) 3
O\/\/\O
4 (a-Glc)

Scheme 1. Synthesis of aldehyde-functionalized «-D-glucose. Reagents and conditions: (a) catalyst
23 (10 mol%), 22 (5 eq), 40 °C, 3 h, 91%; (b) Hy /Pd, PhSPh, EtOAc, RT, 12 h, quant; (c) TFA/H,O/THF
(0.1/9.9/90 v/v), RT, 6 h, quant.; (d) NaOMe, MeOH, RT, 6 h, 91% (over 3 steps).

Starting with the «-trichloro acetimidate of peracetylated maltose (25) [58], a straight-
forward glycosylation with allyl alcohol gave the crystalline 3-allyl derivative 26 in 83%
yield. As before, cross metathesis with 22 under catalysis of 23 resulted in the formation of
the (E)-component 27 in 76% yield. Finally, employing the above reported three step depro-
tection method gave the crystalline benzaldehyde-functionalized 3-maltose derivative 12
in 77% yield (Scheme 2).
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OAc
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ACOO 0
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26 X=p-0 N X0 29
OAc
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e
AcO 0
AcO OAc
ACOO o OMe
AcO O\/\/\o
AcO o7

OH c
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HOO 0 /©/\O
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Scheme 2. Synthesis of aldehyde-functionalized maltose. Reagents and conditions: (a) AIIOH,
TSMOTH, 0 °C, 2 h, 83%,; (b) catalyst 23 (10 mol%), 22 (5 eq), 40 °C, 3 h, 76%; (c) TFA/H,O/THF
(0.1/9.9/90 v/v), RT, 6 h; (d) Hy /Pd, PhSPh, EtOAc, RT, 12 h; (e) NaOMe, MeOH, RT, 6 h, 77% over

3 steps).

2.2. Synthesis of Linker and Dilution Spacers

For the preparation of carbohydrate-functionalized nanoparticles with various ligand

densities, both an anchor linker and a dilution spacer are required. Oligoethylene glycol

spacers are known to suppress nonspecific binding of biomaterials to surfaces. Therefore,

aminoxy tetraethylene glycol linker 1 and the tetraethylene glycol spacer 2 were synthesized

by a combination of previously published procedures.

Mono-O-allylation of tetraethylene glycol 28 was realized with NaH and allyl bromide

in 90% yield to give compound 29, the radical thioacetylation of which gave the required

dilution spacer component 2 quantitatively. By the Mitsunobu reaction of 29 with N-

hydroxy phthalimide compound 30 was obtained in moderate yield. Its hydrazinolysis

gave 31, which again, by radical thioacetylation, led to the quantitative formation of the

anchor spacer component 1 (Scheme 3).

For functionalization of saccharides, tetraethylene glycol 28 was treated with N-

hydroxy phthalimide in a Mitsunobu reaction, employing polymer-bound triphenyl phos-
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phine (PS-Ph3P) to facilitate removal of phosphine oxide. The monosubstituted product
32 was obtained in 37%, corresponding to a statistically adjusted [59] yield of 74%. Under
corresponding conditions, the next step used again the Mitsunobu method to give the pro-
tected thiol 33 (previously reported by another approach [60]) in 78% yield. Hydrazinolysis
gave the aminoxy linker 34 in 97% yield, and for exemplary check, this could be coupled
with the -glucopyranoside component 3 to give the oxime 35 quantitatively in an (E/Z)
ratio of 10:1 (Scheme 4).

H H
{O/\%OH _a_ \<O/\>/O\/\ _b» PhthN\<o/\%o\/\
4 4
4

28 29 30
i |

Héo/\%o\/\/SAc HzNéo/\;LO\/\/SAc 9 HZN{O/\%O\/\
4 4 4
1

2 31

Scheme 3. Synthesis of dilution and anchor molecules 1 and 2 for functionalization of Au-NP.
Reagents and conditions: (a) NaH, DMF, AllBr, 0°to 20 °C, 12 h, 90%; (b) N-hydroxyphthalimide,
PS-PPh3, DIAD, THEF, 20 °C, 16 h, 56%; (c) hydrazine hydrate, MeCN, 20 °C, 2 h, 75%; (d) AcSH,
AIBN, THF, hv, 3 h; 1: quant., 2: quant.

H OH PhthN PhthN STr
4 4 4

28 32 33
lc
AN
o e N ST
HO O O
%}VO\/\/\O + 4

HO
OH
g 34
3
SO -
0
HQC&S/ O ~"0 4
OH
35

Scheme 4. Functionalization of glucose. Reagents and conditions: (a) N-hydroxy-phthalimide,
PS-PPh3, DIAD, THE, 20 °C, 16 h, 37%; (b) TrSH, PS-PPh3, DIAD, THE, 0° to 20 °C, 16 h, 78%;
(c) hydrazine hydrate, MeCN, 20 °C, 2 h, 97%; (d) 3 (1.1 eq), MeCN, H,O, AcOH, 16 h, quant.

231



Molecules 2025, 30, 3765

Prior to assembling glycoconjugates on aminooxy functionalized gold nanoparticles,
the coupling system was tested in solution. As proven in the synthesis of compound 35
their structures could be assumed to be preferentially (E)-oximes, which is relevant for CPI
and CCI studies with uniform materials (Figure 3).

OH
AN I 5 g
HO 0~ 4
OH
3 34
, x(a)
: || |‘ OH
Eime I =
- | |I HD'&D /©/ ”{O,ﬁ\}STr
' it HO 0~ 4
f .' -] OH
l | | | 35
!
Z-oxime .". I il.l

l“l“—_J ““‘ “l —

Figure 3. Solution test ligation. Benzaldehyde functionalized glucoside 3 was successfully coupled
to solution attachment spacer 34 to give component 35. NMR spectra show that (E)-oxime was
preferentially formed (E/Z ratio 10:1). Reagents and conditions: (a) 3 (1.1 eq), MeCN, H,O, AcOH,
16 h, quant.

2.3. Synthesis of Glyconanoparticles

For the binding of free oligosaccharides at their reductive terminal, Jensen et al. [55]
employed amino-oxy tetraethylene glycol 34 to give glycoconjugates, which in turn, by
their thiol group, formed functionalized Au-NP useful for studies of biological recognition
processes. A corresponding approach was to be applied with the novel benzaldehyde-
functionalized carbohydrate structures [61,62].

However, to ensure almost homogeneous particle core size for all functionalized
gold nanoparticles, a two-step protocol was applied. First, gold nanoparticle formation
follows the Turkevitch protocol with subsequent SAM formation using an anchor and
dilution spacer. After refluxing HAuCly in degassed water for 10 min, a 60 °C warm
aqueous solution of sodium citrate was added [63] to give Au-NP with diameters of about
13 nm [64,65].

In this work, the functionalization of AuNP by SAM formation was performed accord-
ing to a protocol by Jensen et al. [66—68]. Four types of AuNP (AuNP-1-AuNP-4) were
synthesized, in which aqueous solutions of citrate-stabilized AuNP were incubated with
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methanolic solutions of anchor spacer 1 and diluent spacer 2 in different ratios for 16 h
(Table 1).

Table 1. Synthesis of aminooxy-terminated core-shell gold nanoparticles fal,

oo oA
2 {O/\,>4O\/\,S' AUNP-1

N J
Y

anchor spacer 1

AuNP-2: (1:2, 1:1)
— = H,N H
Q Z {o“io\/\/ss\/\/oéﬁo}“ AuNP-3: (1:2, 1:2)
T
Y Y

\ Y
StZ'éﬁﬁiZd anchor spacer 1 dilution spacer 2
S\/\/O<\AO>4H AuNP-4
\ J
N
dilution spacer 2
Entry Ratio 1:2 Product AASPmax [bl
1 1:0 AuNP-1 ~4nm
2 1:1 AuNP-2 ~3 nm
3 1:2 AuNP-3 ~3 nm
4 0:1 AuNP-4 ~6 nm

la] Au-NP synthesis: HAuCly, sodium citrate, H,O, 60 °C, 2 h; SAM formation by incubation of aqueous Au-NP
solution with methanolic solutions of thioacetates 1 and 2 in different ratios for 16 h. [Pl Changes in absorption
maxima of surface plasmon band Aspmax occur by SAM formation on gold nanoparticles.

The functionalized Au-NP were transformed by formation of oximes with benzalde-
hyde glycoconjugates (Figure 2) employing seven monosaccharide derivatives 3, 5-6 [55], 4,
8-9 [69], four disaccharide derivatives 10-11, 13 [55], 12, and seven trisaccharide derivatives
14-20 [70] into glyconano particles GNP-1-GNP-19. Incubation of the Au-NP solution was
at pH 4.7 and 40 °C with the corresponding solution of the glycan for 16 h [67].

2.4. Characterization of GNPs

Characterization of GNPs was carried out by TEM and quantification of carbohydrate
ligands on their surface. The size of the AuNP of 13 nm determined by UV-Vis spectroscopy
was confirmed by TEM images and their evaluation. The measurement of a total of
168 particles resulted in a diameter of 13.3 £ 1.3 nm (Figure 4A). Furthermore, in the case
of aminooxy-terminated core-shell gold nanoparticles AuNP-1 and mannose GNP (GNP-3),
successful functionalizations were confirmed by TEM images (Figure 4B,C). As expected,
the SPR absorption of AuNPs changes after SAM formation employing anchor and/or
dilution spacers, and that can also be observed visually (Figure 4D). Both the outside
appearance as well as the position of their SPR absorption maximum were identical before
and after oxime formation.

Quite accurate quantification of carbohydrate ligands per GNP can be performed
employing gas chromatography [71] or elemental analysis [72]. However, these methods
require tenfold amounts of material in contrast to colorimetric tests [73], employed for
determining the number of carbohydrate ligands per GNP [74,75]. Thus, measuring
concentrations of carbohydrates by color reactions and subsequent quantification by UV-
VIS spectroscopy was of interest. Sulfuric solutions of anthrone and sugars give green
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products with an adsorption maximum at about 620 nm [76,77], sufficiently distant from the
SPR maximum of the AUNP to exclude any interactions during UV-VIS measurements. The
number of carbohydrate ligands per GNP results from the quantity of nsugar per quantity of
ngnp- The amount of carbohydrate in mg per mg of GNP was determined by an anthrone
test. The extinction of the color solution was linear proportional to the amount of sugar as
determined by balancing via a linear slope. Detailed information on test procedures and the
resulting calculations is described in Section 4, and the resulting number of carbohydrate
ligands per GNP is listed in Table 2.

. g e .;.: B
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P " e e -
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Figure 4. Characterization of glyconanoparticles. (A) TEM image of citrate-stabilized gold nanopar-
ticles, average diameter ~13 nm; (B) TEM image of AuNP-1, average inter particle distance ~1 nm;
(C) TEM image of GNP-3, average inter particle distance ~1.4 nm; (D) UV-Vis spectra of gold
nanoparticles before (AAspmax = 519 nm) and after (AAgpmax = 523 nm) SAM formation with anchor
spacer 1.

By anthrone tests of the Pk antigen trisaccharide [Galx(1-4)Gal(1-3)Glc] attached to
AuNP of 13 nm size, Chien et al. observed 820-1300 ligands attached by short or long spac-
ers, respectively [75]. The amount of ligands found in our case is in the same order of mag-
nitude. Employing quantification by the trim-(trimellitoyl) system, Jensen et al. measured
440 ligands on AuNP of 13 nm [67]. Lin et al. used AuNP of 20 nm size and established
about 650 mannose-C5- and about 880 mannose tetraethylene glycol spacered ligands [78].
The GNPs formed in our experiments clearly showed more replicants per GNP for smaller
carbohydrate ligands: that is, for monosaccharide-functionalized GNPs (GNP-1 to GNP-6),
there are 1200-1280 ligands per GNP, for disaccharide-functionalized GNPs (GNP-7 to
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GNP-10), there are 980-1060 ligands per GNP, and for trisaccharide-functionalized GNPs
(GNP-11, GNP-14 to GNP-19), there are only 880-920 ligands per GNP.

Table 2. Synthesis of aminooxy-terminated core-shell gold-glyconanoparticles [a]

H]{)_\jzo

7 \’\——S
WS
S

‘/\/

Entry Nanoparticle (i:::glgirjlt)e Dlej;i?tr;rd[e]
1 GNP-1 AuNP-1 I [-Glucopyranose 3 ~1280 [f]
2 GNP-2 AuNP-1 [P] x-Glucopyranose 4 ~1160 Ifl
3 GNP-3 AuNP-1 [P] «-Mannopyranose 5 ~1260 fl
4 GNP-4 AuNP-1 [P] [-Galactopyranose 6 ~1280 If]
5 GNP-5 AuNP-1 [Pl a-Idopyranose 8 ~1200 [
6 GNP-6 AuNP-1 PI a-Talopyranose 9 ~1220 Ifl
7 GNP-7 AuNP-1 [P p-Cellobiose 10 ~1040 8l
8 GNP-8 AuNP-1 [P B-Lactose 11 ~1060 8]
9 GNP-9 AuNP-1 [P B-Maltose 12 ~1040 &
10 GNP-10 AuNP-1 [P] [3-N-Acetyllactosamine 13 ~980 [&l
11 GNP-11 AuNP-1 P! LeX 14 ~880 [Nl
12 GNP-12 AuNP-2 [ LeX 14 ~660 [h]
13 GNP-13 AuNP-3 [ LeX 14 ~400 [
14 GNP-14 AuNP-1 [P LexGle 15 ~900 [
15 GNP-15 AuNP-1 [P LexL-Gal 16 ~960 M
16 GNP-16 AuNP-1 P! Lex-B-Fuc 17 ~880 [Nl
17 GNP-17 AuNP-1 [P] Le? 18 ~880 [hl
18 GNP-18 AuNP-1 [P LexL-Rha 19 ~920 [h]
19 GNP-19 AuNP-1 [P LexDL 20 ~900 [

[al Oxime coupling by incubation of glycans in acetate buffer (pH 4.7) with Au-NP solutions for 16 h at 40 °C;
[b] theoretical surface coverage of 100% glycan; [] theoretical surface coverage of 50% glycan; [4] theoretical surface
coverage of 33% glycan; le] determination by anthrone method; [f] reference: compound 3; 8] reference: compound
10; (M reference: compound 14.

In case of larger carbohydrate structures, a complete allocation of aminoxy functions
on AuNP is precluded due to steric reasons. Apparently, this aspect is confirmed, since
the number of Le* ligands per GNP does not linearly correlate with the theoretical func-
tionalization of the surface (Table 2, GNP-11 to GNP-13). In the case of AuNP-3 with a
theoretically 33% functionalization of the surface, an amount of 400 ligands was observed.
This would correspond to an equivalent of 1200 ligands, assuming a 100% functionalization
of the surface for AuNP-1; however, 880 ligands were found, corresponding to a deficit
of 25%.
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2.5. Lectin Binding Experiments of GNPs

Assays by UV-Vis as well as TEM experiments could be used to clearly show these
novel GNPs to be suited for specific biological recognition processes [79]. Concanavalin A
(ConA), the mannose recognizing and binding lectin, can aggregate with mannose by four
binding sites [71]. Thus, GNP-3 (mannose) dissolved in Hepes buffer, showing a normal
UV-Vis spectrum with the SPR absorption maximum at about 520 nm, was treated with
a Hepes-buffered ConA solution containing Ca?* and Mn?* ions (1 mM each) for 12 h
at room temperature. The subsequent aggregation of the GNP was evident by a distinct

shift of the absorption maximum and a considerable flattening of the curve (Figure 5B).
Further, this ConA-induced aggregation of GNP-3 could be observed directly, since the
solution showed a shift of color from purple to blue (Figure 5A), and after 2 days, all GNP
had precipitated.

absorption [AU]

350 40 450 500 550 600 650 700 750
wavelenght A [nm]

25/08/2010

SK-003__50000X__0009 25/08/2010 ] SK»OO‘_IZOOOOX_OOOI
100 nm Au-NP (citrate) + Prot ; UA-NS 50 nm Au-NP (coated) + Prot ; UA-NS

Figure 5. Characterization of ConA binding to mannopyranoside functionalized glyconanoparticle
GNP-3. ((A)1) citrate stabilized AuNP solution, ((A)2) GNP-3 solution, ((A)3) GNP-3 solution after
incubation with BSA, ((A)4) GNP-3 solution after incubation with ConA; (B) UV-Vis spectra of
GNP-3 before (solid line) and after (dotted line) incubation with ConA; (C) negative stain TEM image
of AuNP-4 after incubation with ConA; (D) negative stain TEM image of GNP-3 after incubation
with ConA.

Furthermore, the aggregation of lectin ConA to the mannose GNP could be substan-
tiated by TEM experiments. By negative sampling, this specific interaction could not be
observed. In a conventional TEM image, objects such as AuNP are dark since the electron
beam is deflected by the atomic nuclei of heavy elements, and does not hit the CCD camera
detector. Thus, organic material made only up from light elements cannot be shown this
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way; however, by employing the so-called “negative staining method”, for that purpose,
the TEM sample is treated with a solution of heavy metals, such as, for instance, phospho-
tungstic acid, ruthenium tetroxide, or uranyl acetate [80]. This leads to precipitation of
heavy metals and dark spots in areas without organic material, and in contrast to light
spots in areas with proteins or carbohydrates, etc. [81].

In the negative staining TEM picture of GNP-3 plus ConA, proteins are observed as
light spots (Figure 5D). These bright spots show a diameter of 8 nm, which corresponds to
the size of lectin ConA as given by crystal data. For all the GNP-3, a systematic arrangement
of proteins was observed by an extended light zone around the GNP. This characteristic
arrangement for GNP-3 was visualized by a red circle. However, if AuNP-4 (SAM only
with dilution spacer 2) was incubated, the light zones around the AuNP were clearly
smaller (Figure 5C). Again, in this sample, the lectins are observed; however, not arranged
around the AuNP. The light zone around the AuNP of about 1.5 nm is caused by the organic
material of the SAMs of the dilution spacer 2.

By employing a larger magnification, it could be shown that many lectin units are
arranged around one GNP-3 (Figure 5D), and this attachment is shown by a lighter zone
around the GNP. Further, a brightening of the GNP itself is observed due to the spheric
mannose SAM attached (Figure 5D). Since ConA disposes of four binding sites, several
GNP-3 could be cross-linked. Figure 5D gives an image of how the ConA-linked GNPs are
arranged, and some are even piled. Thus, these negative staining TEM studies unequivo-
cally demonstrate these glyconano particles to represent multiple spherical representations
of carbohydrate epitopes to be able to incur specific biological bindings. Apparently, the
constitution of both GNP and linkers did not show any negative impact on the specificity of
the lectin binding. Therefore, these well-characterized GNPs could be employed to perform
CClI experiments by SPR measurements.

3. Materials and Methods
3.1. General

Reagents of commercial quality were purchased from Aldrich (St. Louis, MO, USA),
Sigma (St. Louis, MO, USA), or Merck (Darmstadt, Germany) and were used without
further purification. Solvents were dried according to standard methods. All reactions were
carried out under an argon atmosphere with dry solvents under anhydrous conditions,
unless otherwise noted. Analytical thin-layer chromatography (TLC) was performed on pre-
coated aluminum plates (Silica Gel 60F254, Merck5554), compound spots were visualized
by UV light (254 nm) and by staining with a yellow solution containing Ce(INH4)>(NO3)e
(0.5 g) and (NHy4)¢Mo07;054/4 H,0 (24.0 g) in 6% HySO4 (500 mL) or with 10% H»SOy4 in
ethanol followed by heat treatment. For column chromatography, Silica Gel 60, 230e400
mesh, 40e63 mm (Merck) was used. 'H NMR and C NMR spectra were recorded on
Bruker (Billerica, MA, USA) AMX-400 (400 MHz for 'H, 100.6 MHz for 13C) and on Bruker
DRX-500 (500 MHz for 'H, 125.8 MHz for 13C) at 300 K. Chemical shifts were calibrated to
solvent residual peaks (CDCl3: & = 7.24 ppm for 'H and & = 77.0 ppm for '3C; methanol-dy:
& =3.35 ppm for 'H and & = 49.30 ppm for '3C). The signals were assigned by 'H-'H-COSY,
HSQC, HMBC, and, if necessary, NOESY experiments. Hydrogen and carbon atoms are
indexed as follows: the sugar residue is numbered as usual from 1 to 6, with the anomeric
position being number 1, the atoms of the anomeric spacer moiety then receive numbers
with index ‘bu’ for butyl and ‘ar” for aromatic by consequent numbering starting from
the glycosidic bond. Optical rotations were measured using a Kriiss Optronic P8000 (589
nm, Hamburg, Germany) at 20 °C. MALDI-TOF-MS was performed on a Bruker Biflex III
with dihydroxybenzoic acid or trihydroxyanthracene as matrices in positive reflector mode.
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FAB-HRMS was performed on a Thermo Finnigan MAT95 XL mass spectrometer (San Jose,
CA, USA).

3.2. Syntheses
3.2.1. (E)-4-[4-(Dimethoxymethyl) Phenoxy] But-2-enyl 2,3,4,6-Tetra-O-acetyl-o-D-
glucopyranoside (24)

Allyl «-D-glucopyranoside tetraacetate (21, 200 mg, 515 pmol) and para-(allyloxy)
benzaldehyde dimethyl acetal (22, 1.0 g, 4.80 mmol) [55] were dissolved in dry and degassed
dichloromethane (30 mL) and placed into a flame-dried flask containing activated molecular
sieves (4 A) by using standard Schlenk techniques. Grubbs-Hoveyda 2nd generation
catalyst (23, 33 mg, 52 mmol), dissolved in dry and degassed dichloromethane (1 mL),
was added by syringe to obtain a 0.02 m solution. The reaction mixture was heated under
reflux for 6 h. Conversion of the starting material was monitored by TLC. The solution
was concentrated under reduced pressure, and the crude product was directly purified
by column chromatography using silica and a petroleum ether/ethyl acetate gradient
(4:1-2:1) to give compound 24 (223 mg, 91%) as a colorless syrup. R¢ = 0.32 (petroleum
ether/ethyl acetate, 1:1). [a]p?® = +5.9 (c = 1.0 in CHCl3). 'H-NMR (500 MHz, CDCl3)
6=7.32(d, Jar =84Hz, 2 H, H-1ar0m), 6.86 (d, Jar = 8.4 Hz, 2 H, H-23:0m), 5.96-5.80 (m,
2 H, H-2y,,,, H-3py), 5.32 (s, 1 H, Hyceta1), 5.18 (dd, J23 = 2.5, J34 = 2.1 Hz, 1 H, H-3), 5.06
(dd, J34=9.6,J45=99Hz, 1H, H-4),4.99 (dd, 12 =79, J]»3 =94 Hz, 1 H, H-2), 453 (d,
Ji2=79Hz, 1 H, H-1), 450-4.48 (m, 2 H, H-4,;,), 4.38-4.32 (m, 1 H, H-1ay,), 4.23 (dd,
J5,60 = 64, Joaob = 11.8 Hz, 1 H, H-6b), 4.15-4.03 (m, 2 H, H-1by,;;, H-6a), 3.65 (ddd, J45 = 9.9,
J5,6a = 2.4 J5,6 = 4.7 Hz, 1 H, H-5), 3.28 (5, 6 H, OCHj3), 1.98-2.06 (m, 12 H, 4 Ha,); 13*C-NMR
(126 MHz, CDCl3) ¢ = 170.5, 170.1, 169.3, 169.2 (4 CH3CO), 130.6, 128.4, 128.2, 127.9 (4
Carom), 114.2 (C-2p,), 114.1 (C-3y,y), 102.9 (Cyeetal), 99.6 (C-1), 72.8 (C-3), 71.7 (C-5), 71.2
(C-2), 68.8 (C-4py), 68.3 (C-4), 67.5 (C-1p,), 61.8 (C-6), 52.5 (OCH3), 20.7, 20.6, 20.5, 20.4 (4
CH;3CO). HRMS (FAB): calcd. for Co7H37013 [M + H]* 569.2229, found 569.215.

3.2.2. 4-(4-Formylphenoxy) Butyl «-D-Glucopyranoside (4)

Compound 24 (500 mg, 879 umol) was dissolved in a mixture of THF, water, and TFA
(90:9.9:0.1, v/v) to obtain a 0.2 M solution. After stirring for 1 h, the reaction mixture was
diluted with CH,Cl, (40 mL), and the reaction was stopped by the addition of triethylamine
(4 mL), followed by the addition of water (40 mL). The organic phase was separated and
dried with Na;SO4. The solvent was removed under reduced pressure, and the crude
product was used in the next transformation without further purification. For hydrogena-
tion, the aldehyde was dissolved in anhydrous ethyl acetate (20 mL) and placed into a
flame-dried flask containing palladium (10% on charcoal) and diphenyl sulfide (0.01 equiv.).
The suspension was degassed, and after purging with hydrogen, the mixture was stirred
for 12 h. Then the suspension was filtered and thoroughly dried before the residue was
redissolved in methanolic sodium methoxide solution (40 mL, 0.1 M). The solution was
stirred at room temperature for 6 h, and then the mixture was neutralized with Amberlite
IR 120 (H") resin. After filtration and evaporation of the solvent, the crude product was
purified by flash chromatography using silica and dichloromethane /methanol (5:1) to give
4 (285 mg, 91%) as a colorless syrup. R¢ = 0.46 (CH,Cl, /MeOH, 5:1). [a]p?® = +36.0 (c = 1.0
in MeOH). 'H-NMR (500 MHz, CDCl3) & = 9.81 (s, 1H, Hayq), 7.83 (d, Jar = 8.7 Hz, 1H,
H-1ar0m), 7.00 (d, Jar = 8.7 Hz, 1H, H-2a10m), 4.12 (t, J3py,4p, = 6.7 Hz, 2H, H-4y,,), 4.09 (d,
J1,2 =3.6 Hz, 1H, H-1), 4.01-3.95 (m, 1H, H-1ay,,), 3.90-3.83 (m, 1H, H-1by,,), 3.55-3.23 (m,
4H, H-3, H-4, H-6ab), 3.20 (dd, J12 = 3.6, J>3 = 9.4 Hz, 1H, H-2), 1.96-1.89 (m, 2H, H-3},,),
1.83-1.75 (m, 2H, H-2,u); '*C-NMR (126 MHz, CDCl3) § = 192.0 (Cq), 133.1, 116.0 (2
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Carom), 99.7 (C-1), 77.9 (C-4), 77.7 (C-5), 74.1 (C-2), 71.7 (C-1p,), 70.31 (C-4p,), 69.9 (C-3),
62.9 (C-6), 27.2 (C-3py), 26.9 (C-2},,). HRMS (FAB): calcd. for C17H»50g [M + H]* 357.1544,
found 357.1601.

3.2.3. Allyl 2,3,6-Tri-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-«-D-glucopyranosyl)-3-D-
glucopyranoside (26)

A solution of 2,3,6-tri-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-«-D-glucopyranosyl)-«-D-
glucopyranosyl-trichloroacetimidate (24, 781mg, 1.00 mmol) [58] and allyl alcohol (190 puL,
3.00 mmol) in anhydrous dichloromethane (20 mL) under argon was stirred with powdered
molecular sieves (4A, 1.0 g) for 2h at room temperature. The mixture was cooled to
—20 °C and treated dropwise with a solution of trimethylsilyl triflate (18 puL, 1.0 mmol) in
anhydrous CH,Cl, (5 mL) and monitored by thin-layer chromatography. After 30 min, the
reaction was quenched with triethylamine (1 mL), diluted with dichloromethane (20 mL),
and filtered via Celite. The filtrate was washed with HCI (1 N, 20 mL), water (20 mL), and
saturated NaCl solution (20 mL). The organic phase was dried via NaySO,, evaporated and
the sirupy residue purified by column chromatography on silica gel with dichloromethane-
methanol (30:1) to give 26 (560 mg, 83%) as colorless solid, R¢ = 0.32 (PE/EE 1:1); mp 113 °C;
[«]p?® = +45.3 (¢ = 1.0 in CHCl;); "H-NMR (400 MHz, CDCl3) § = 5.84 (ddd, J 3.1 = 5.5,
Jeis = 10.7, Jirans = 16.7 Hz, 1H, Hay), 5.40 (d, J1/» = 3.8 Hz, 1H, H-1), 5.35 (dd, ] = 8.25,
8.25 Hz, 1H, H-3'), 5.30-5.16 (m, 3H, H-3, HAII-3), 5.04 (t, ] = 9.7, 9.7 Hz, 1H, H-4),
4.91-4.80 (m, 2H, H-2, H-2'), 4.57 (d, J1» = 7.7 Hz, 1H, H-1), 4.47 (dd, Ja» = 12.1 Hz, 1H
H-6a), 4.34-4.16 (m, 3H, Hay14), 4.15-3.89 (m, 5H, H-5, Hay1p,), 3.75-3.58 (m, 1H, H-5),
2.14-2.00 (7 x s, 7 x 3H, Ha.); MALDI-TOF: m/z calcd. for Co9Hy(O1g 676.22, found: 699.5
[M + Na]*.

3.2.4. (E)-4-(4-Dimethoxymethylphenoxy)-but-2-enyl 2,3,6-Tri-O-acetyl-4-O-(2,3,4,6-
tetra-O-acetyl-a-D-glucopyranosyl)-p-D-glucopyranoside (27)

Under Schlenk conditions, allyl glycoside 26 (412 mg, 609 umol) and para-allyloxy-
benzaldehyde dimethylacetal 22 (1.27 g, 6.10 mmol) were dissolved in anhydrous and
degassed dichloromethane (50 mL), and freshly activated molecular sieves 4A (500 mg)
were added. Methathesis catalyst Grubbs-Hoveyda 2nd generation 23 (39 mg, 61 mmol)
dissolved in dry and degassed dichloromethane (1 mL), was added by syringe to obtain a
0.02 m solution. The reaction mixture was heated under reflux for 6 h. Conversion of the
starting material was monitored by TLC. The solution was concentrated under reduced
pressure, and the crude product was directly purified by column chromatography using
silica and a petroleum ether/ethyl acetate gradient to give 27 (396 mg, 76%) as colorless
syrup; R¢ = 0.30 (PE/EE 1:1); [a]p?® = +23.8 (¢ = 1.0 in CHCl3); 'H-NMR (400 MHz, CDCl3)
d=7.34(d, Jar = 8.5 Hz, 2H, H-13r0m), 6.88 (d, Jar = 8.5 Hz, 2H, H-243r0m), 5.95-5.80 (m, 2H,
H-2py,, H-3py), 540 (d, J1» = 3.8 Hz, 1H, H-1"), 5.36-5.33 (m, 2H, H-3’, Hyceta1), 5.20 (dd,
J23=9.8, J34 =7.8 Hz, 1H, H-3), 5.04 (dd, J3 4 = 9.8, Jy 5 = 9.9 Hz, 1H, H-4"), 4.91-4.80
(m, 2H, H-2, H-2"), 459 (d, J12 = 7.9 Hz, 1H, H-1), 447 (dd, Jsap = 12.1 Hz, 1H H-6a),
4.43-4.40 (m, 2H, H-1,,), 4.34-4.16 (m, 2H, H-4,,), 4.15-3.89 (m, 3H, H-6'ab, H-5"), 3.66
(ddd, J45=9.8, J56a = 3.4, J56p = 6.9 Hz, 1H, H-5), 3.30 (s, 6H, OCH3), 2.14-2.00 (7 x s,
7 x 3H, HAc); 13C-NMR (126 MHz, CDCl3) § = 170.4, 170.3, 170.2, 169.8, 169.5, 169.2, 169.0
(7 x s 7 x 3H, CH3CO), 132.0, 129.3, 128.0, 126.9 (4 x s 4 x 1H, Carom), 114.9 (C-2y,,), 114.5
(C-3py), 105.5 (Cyeetar), 102.7 (C-17), 98.3 (C-1), 76.1 (C-4), 72.9 (C-5), 72.7 (C-3’), 72.1 (C-2),
72.0 (C-5), 71.6 (C-2"), 71.6 (C-3), 68.0 (C-1p,y) 67.7 (C-4") 67.5 (C-4y,y), 61.8 (C-6), 61.5 (C-6),
52.0 (OCH3), 20.8, 20.7, 20.6, 20.5 (4 x 1C, CH3CO); HRMS (FAB): m/z calcd. for C39Hs3051*:
857.3074, found: 857.3100 [M + HJ*.
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3.2.5. 4-(4-Formylphenoxy)-butyl 4-O-(x-D-Glucopyranosyl)-f3-D-glucopyranoside (12)

The metathesis product 27 (300 mg, 350 umol) was dissolved in a mixture of THF,
water, and TFA (90:9.9:0.1 v/v) to obtain a 0.2 M solution. After stirring for 1 h, the
reaction mixture was diluted with dichloromethane (20 mL), and the reaction was stopped
by the addition of triethylamine (2 mL) followed by the addition of water (20 mL). The
organic layer was separated and dried over NaySO4. The solvent was removed under
reduced pressure, and the crude product was used directly without further purification. For
hydrogenolysis, the aldehyde was dissolved in anhydrous ethyl acetate (10 mL) in a flame-
dried flask containing palladium (10%) on charcoal and diphenylsulfide (0.01 eq). The
suspension was degassed, and after purging with hydrogen, the mixture was stirred for 12 h.
Then the suspension was filtered and thoroughly dried before the residue was redissolved
in dry THF (10 mL) and cooled to 0° C, followed by the addition of acetic acid (5 eq). After
warming to room temperature, 1 M TBAF solution in THF (1.2 eq) was added and the
mixture stirred overnight. After termination (TLC control), the reaction was quenched
by the addition of brine and extracted with ethyl acetate (4 x 100 mL). The combined
organic layers were concentrated, redissolved in methanolic sodium methoxide solution
(20 mL, 0.1 M), and stirred for 6h at room temperature. The mixture was neutralized with
Amberlite IR 120 (H") resin, filtered, and evaporated. The crude product was purified by
flash chromatography on silica with dichloromethane /methanol (3:1) to give product 12
(139 mg, 77%) as a colorless solid. R¢ = 0.20 (CH,Cl, /MeOH 3:1); mp: 140 °C; [a]p?* = —9.8
(c = 1.0 in MeOH); 'H-NMR (500 MHz, CDCl3): & = 9.84 (s, 1H, H,14), 7.88 (d, Jar = 8.6 Hz,
1H, H-1arom), 7.10 (d, Jar = 8.6 Hz, 1H, H-23:0m), 4.56 (d, J12 =7.9 Hz, 1H, H-1), 4.43 (d,
J12 =79 Hz, 1H, H-1") 4.20 (%, J3py,4p, = 6.6 Hz, 2H, H-4,;,), 3.86-3.50 (m, 6H, H-1,,, H-6,
H-6"), 3.50-3.30 (m, 8H, H-2, H-3, H-4, H-5, H-2", H-3’, H-4’, H-5"), 1.90-1.85 (m, 2H, H-3},,,),
1.84-1.76 (m, 2H, H-2},,,); 3 C-NMR (126 MHz, CDCl3): § =192.9 (C,q), 129.0, 122.3, 115.1
(BC, Carom), 102.2 (C-1), 96.3 (C-1"), 79.7 (C-4), 77.1 (C-3’), 77.0 (C-5) 75.0 (C-2’), 74.0 (C-5),
73.8 (C-3’), 73.5 (C-2), 71.2 (C4"), 68.2 (C-1py), 67.6 (C-4py), 63.9 (C-6"), 63.0 (C-6), 27.3
(C-2py), 27.0 (C-3y,y); HRMS (FAB): m/z caled. for Cy3H35013%: 519.2072, found: 519.2075
[M + H]".

3.2.6. Allyl-tetraethylene-glycol (29)

To a solution of tetraethylene glycol (28, 3.41 g, 17.6 mmol) in anhydrous DMF (20 mL),
sodium hydride (510 mg, 21.1 mmol) was added slowly. After stirring for 1 h at room
temperature, the suspension was cooled to 0 °C, and allyl bromide (760 nL, 8.80 mmol) was
added. After warming to room temperature, the mixture was stirred for 12 h. The reaction
was quenched with saturated aqueous NHyCl (10 mL) and diluted with ethyl acetate
(20 mL). The aqueous layer was extracted with ethyl acetate (3 x 20 mL), the combined
organic layers were washed with saturated NaCl solution, and dried over Na,SOy. After
filtration and evaporation, the crude product was purified by column chromatography
on silica gel (dichloromethane/ methanol 20:1) to yield 29 as a yellowish oil (1.86 g, 90%).
Rf=10.38 (CHCl,/MeOH 15:1); 'H- NMR (400 MHz, CDCl3) 6 =5.90 (tdd, 1H, J1,2 = 17.4,
Jibp =10.3, Jo3 =4.9 Hz, H-2),5.26 (d, 1H, J1a2 = 17.4 Hz, H-1a), 5.20 (d, 1H, J1p» = 10.3 Hz,
H-1b), 4.00 (d, 2H, J, 3 = 4.9 Hz, H-3), 3.69-3.63 (m, 2H, H-4), 3.63-3.57 (m, 10H, H-5,-6,-7,-
8,-9), 3.56-3.51 (m, 4H, H-10, -11), 2.67 (s, 1H, OH); 3C- NMR (100 MHz, CDCl3) § = 134.6
(C-2),117.0 (C-1), 72.4 (C-3), 72.1 (C-4), 71.1 -69.9 (C-6,-7,-8,-9,-10), 69.3 (C-5), 61.7 (C-11).

3.2.7. Allyl-(w-O-phthalimido)-tetraethylene-glycol (30)

Under argon atmosphere, derivative 29 (1.10 g, 4.70 mmol), triphenylphosphine (1.85 g,
7.05 mmol), and N-hydroxy-phthalimide (1.15 g, 7.05 mmol) dissolved in anhydrous THF
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(80 mL) were treated with diisopropyl azodicarboxylate (1.43 g, 7.05 mmol) in anhydrous
THF (20 mL). After stirring for 4 h, filtration, evaporation, and purification by column
chromatography on silica gel (petroleum ether/ethyl acetate 1:1), 30 was obtained as a
colorless oil (1.50 g, 56%). Ry = 0.31 (petroleum ether/ethyl acetate 1:1); 1H-NMR (400 MHz,
CDCl3) & = 7.87-7.80 (m, 2H, Phth-ortho), 7.76-7.70 (m, 2H, Phth-meta), 5.97 (tdd, 1H,
Jia2 = 17.1, Jipp = 10.5, J23 = 5.4 Hz, H-2), 5.24 (d, 1H, J1,5 = 17.1 Hz, H-1a), 5.17 (d, 1H,
J1b2 = 10.5 Hz, H-1b), 4.40-4.37 (m, 2H, H-11), 4.00 (d, 2H, J3 = 5.4 Hz, H-3), 3.89-3.84
(m, 2H, H-10), 3.68-3.57 (m, 12H, H-4,-5,-6,-7,-8,-9); 13C-NMR (100 MHz, CDCl;) § = 163.4
(C-Carboxy), 134.7 (C-2), 133.9 (C-Phth-meta), 128.9 (C-Phth-ipso), 123.9 (C-Phth-ortho),
117.0 (C-1), 77.2 (C-11), 72.0-69.9 (C-3,4,5,6,7,8,9), 68.9 (C-10). MALDI-TOF m/z calcd for
C19Hy5NO7: 379.16, found: 402.50 [M + Na]®.

3.2.8. Allyl-(w-hydroxylamino)-tetraethylene-glycol (31)

Compound 30 (1.45 g, 3.82 mmol) dissolved in anhydrous acetonitrile (30 mL) was
treated with hydrazine hydrate (880 mL, 19.1 mmol). After stirring for 2h at room tem-
perature, the white suspension was evaporated and purified by column chromatography
on silica gel (dichloromethane/ methanol 10:1) to give 31 as a colorless oil (750 mg, 75%).
Rf = 0.31 (petroleum ether/ ethyl acetate 1:1); 'H-NMR (400 MHz, CDCl3) 6 =5.99 (tdd, 1H,
J1a2 =103, J1,2 =17.2, [ 3 = 5.1 Hz, H-2), 5.45 (s, 2H, ONH)), 5.28 (d, 1H, J1,» = 17.2 Hz, H-
1b), 5.19 (d, 1H, J1,» = 10.3 Hz, H-1a), 4.00 (d, 2H, ], 3 = 5.1 Hz, H-3), 3.84-3.79 (m, 2H, H-11),
3.70-3.64 (m, 2H, H-10), 3.62-3.50 (m, 12H, H-4,-5,-6,-7,-8,-9); 13 C-NMR (100 MHz, CDCl3)
5 =133.9 (C-2),117.0 (C-1), 74.2 (C-11), 72.0-68.9 (C-3,-4,-5,-6,-7,-8,-9,-10); MALDI-TOF: m /z
caled for C11Hp3NOs: 249.16, found: 272.9 [M + Na]*.

3.2.9. Aminooxy-(w-3-thioacetylpropyl)-tetraethylene-glycol (1)

To a stirred solution of alkene 31 (600 mg, 2.41 mmol) in anhydrous THF (10 mL),
thioacetic acid (850 pL, 12.0 mmol) and a catalytic amount of AIBN were added. The
mixture was irradiated for 3 h with UV light. Then the solvent was removed under reduced
pressure and the yellowish crude was purified by column chromatography on silica gel
(CH,Cl,/ methanol 20: 1). Compound 1 was obtained as a yellowish oil (780 mg, quant.).
Rf=10.28 (CH,Cl,/ MeOH 10:1); 'H-NMR (400 MHz, CDCl3) & = 5.44 (s, 2H, ONHp),
3.74-3.70 (m, 2H, H-11), 3.68-3.51 (m, 16H, H-3,-4,-5,-6,-7,-8,-9,-10), 3.08 (t, 2H, [ » =6.4 Hz,
H-1),2.33 (s, 3H, Sac), 2.13-1.98 (m, 2h, H-2); 13C-NMR (100 MHz, CDCl3) § = 72.3 (C-3),
71.3-68.9 (C-4,-5,-6,-7,-8,-9,-10), 74.2 (C-11), 30.5 (C-1), 28.6 (Sac), 21.2 (C-2). MALDI-TOF
m/z caled for C11Ho3NOs: 325.16, found: 348.0 [M + Na]™*.

3.2.10. 3-Thioacetylpropyl-tetraethylene-glycol (2)

According to the synthesis of compound 1, alkene 29 (680 mg, 2.90 mmol) was reacted
with thioacetic acid (1.03 mL, 14.5 mmol) and AIBN (450 mg, 2.74 mmol) in anhydrous THF
(10 mL). Compound 2 was obtained after column chromatography using silica gel (CH,Cly/
methanol 20:1) as a yellowish oil (905 mg, quant.) Ry = 0.40 (CH,Cl,/ MeOH 15:1); TH-NMR
(400 MHz, CDCl3) 5 = 3.75-3.71 (m, 2H, H-11), 3.69-3.52 (m, 16H, H-3,-4,-5,-6,-7,-8,-9,-10),
3.09 (t, 2H, J1 » = 6.4 Hz, H-1), 2.57 (s, 1H, OH), 2.33 (s, 3H, SAc), 2.14-1.97 (m, 2H, H-2).
13C- NMR (101 MHz, CDCl3) § = 72.4 (C-3), 71.5-68.8 (C-4,-5,-6,-7,-8,-9,-10), 61.7 (C-11),
30.5 (C-1), 28.7 (SAc), 21.2 (C-2).

3.2.11. O-Phthalimido-tetraethylene glycol (32)

Under an argon atmosphere, tetraethylene glycol 28 (187 mg, 0.97 mmol), triph-
enylphosphine (5.07 g, 7.5 mmol), and N-hydroxy-phthalimide (0.82 g, 5.5 mmol) dissolved
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in anhydrous THF (80 mL) were treated dropwise with a solution of diisopropyl azodi-
carboxylate (1.52 g, 7.5 mmol) in anhydrous THF (20 mL). Stirring for 4 h, filtration,
evaporation, and purification by column chromatography on silica gel (ethyl acetate) gave
32 as a colorless oil (622 mg, 37%). 'H-NMR (300 MHz, CDCl3) § = 7.88-7.80 (m, 2H,
Phth-ortho), 7.78-7.71 (m, 2H, Phth-meta), 4.41-4.36 (m, 2H, CH,ON), 3.89-3.84 (m, 2H,
OCH,CH,0N), 3.74-3.66 (m, 4H, OCH,CH,0), 3.66-3.57 (m, 8H, OCH,CH,0), 2.47 (t,
1H, JcHa,0H = 6.2 Hz, OH); 3C-NMR (75 MHz, CDCl3) § = 163.4 (C = O), 134.4 (C-Phth-
meta), 128.9 (C-Phth-ipso), 123.5 (C-Phth-ortho), 77.2 (CH,ON), 72.4, 70.8, 70.6, 70.4, 70.3,
(OCH2CH20H), 69.2 (OCHzCHzON), 61.7 (CHZOH); HRMS (ES) m/z caled for C16H22NO72
340.1396 [M + H], found: 340.1378 [M + H].

3.2.12. O-Phthalimido-(w-thiotrityl)-tetraethylene glycol (33)

Under an argon atmosphere, diisopropyl azodicarboxylate (607 mg, 3.00 mmol) and
a suspension of polymer-bound triphenylphosphine (2.03 g, 3.0 mmol, 1.48 mmol/g) in
anhydrous THF (25 mL) were mixed and stirred for 30 min at 0 °C. Then compound 32
(509 mg, 1.5 mmol) and triphenylmethanethiol (829 mg, 3.0 mmol) dissolved in anhy-
drous THF (20 mL) were added dropwise at 0 °C. Under stirring for 4 h, the mixture
was gradually warmed to 20 °C, the resin filtered via Celite, the residue evaporated, and
the material purified on silica gel by chromatography (diethyl ether-hexane, gradient
1:1 to 1:0). Compound 33 resulted as a colorless oil (699 mg, 78%). TH-NMR (300 MHz,
CDCl3) 6 = 7.86-7.79 (m, 2H, 0-ArH), 7.76-7.69 (m, 2H, m-ArH), 7.44-7.38 (m, 6H, H-trityl),
7.31-7.16 (m, 9H, H-trityl), 4.38-4.33 (m, 2H, CH,ON)), 3.87-3.81 (m, 2H, OCH,CH,ON),
3.66-3.60 (m, 2H), 3.57-3.51 (m, 2H, OCH,CH,0), 3.51-3.45 (m, 2H, OCH,CH,0), 3.43-3.36
(m, 2H, OCH,CH,O0), 3.28 (t, 2H, Jocmz,cHestr = 6.7 Hz, OCH,CH,STr), 2.41 (t, 2H,
JocHz,cHsT: = 6.7 Hz, OCH,CH,STr); '3C-NMR (75 MHz, CDCl3) & = 163.3 (C = O),
144.7 (C-trityl-ipso), 134.3 (C-Phth-meta), 129.5 (C-trityl), 129.0 (C-Phth-ipso), 127.8 (C-
trityl), 126.6 (C-trityl-para), 123.4 (C-Phth-ortho), 77.1 (CH,ON), 70.7, 70.4, 70.3, 70.0, 69.5
(OCH,CH;0), 69.2 (OCH,CH,STr), 66.5 (C-trityl-quaternary), 31.6 (OCH,CH,STr); HRMS
(ES): m/z caled for C35Hz¢INOgS: 620.2083, [M + Na] found: 620.2089 [M + Na].

3.2.13. Aminooxy-(w-thiotrityl)-tetraethylene-glycol (34)

Compound 33 (598 mg, 1.0 mmol) was dissolved in acetonitrile (20 mL) and stirred
with hydrazine-hydrate (230 pL, 5.0 mmol) for 2 h at room temperature. The white suspen-
sion was evaporated, the residue suspended in dichloromethane, and filtered via Celite.
Evaporation gave compound 34 as a colorless oil (454 mg, 97%). 'H-NMR (300 MHz, CDCl5)
5 =7.44-7.38 (m, 6H, H-trityl), 7.31-7.16 (m, 9H, H-trityl), 5.48 (s, 2H, ONH;), 3.84-3.79
(m, 2H, CH,ON), 3.69-3.64 (m, 2H, OCH,CH,ON), 3.63 (m, 4H, OCH,CH,0), 3.60-3.55
(m, 2H, OCH,CH;0), 3.48-3.43 (m, 2H, OCH,CH,0), 3.31 (t, 2H, JocH2,cH2st: = 6.9 Hz,
OCH,CH,STr), 2.43 (t, 2H, JocHz,cHzsTr = 6.9 Hz, OCH,CH,STr); *C-NMR (75 MHz,
CDCl3) 6 = 144.8 (C-trityl-ipso), 129.6 (C-trityl), 127.8 (C-trityl), 126.6 (C-trityl-para), 74.8
(CH,ON), 70.6, 70.5, 70.4, 70.1, 69.7, 69.6 (CH,0O), 66.6 (C-trityl-quaterny), 31.6 (CH,STr);
HRMS (ES): m/z calcd for CoyHz4NO,4S: 468.2209 [M + H], found: 468.2199.

3.2.14. 4-[4-(w-Thiotrityl)-tetraethylene-glycolyl-benzaldehyde-oxime]-butyl
(3-D-glucopyranoside (35)

The aminooxy linker 34 (150 mg, 0.32 mmol) and glycoside 3 (124 mg, 0.35 mmol) [53]
dissolved in acetonitrile (5 mL) were stirred with glacial acetic acid (150 pL) for 16 h at 20 °C.
Following evaporation, purification was by chromatography on silica gel (dichloromethane-
methanol 20:1) to give compound 35 as a colorless syrup (260 mg, quant). 'H-NMR
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(300 MHz, CDCl3) 6 = 8.03 (s, 1H, CH = NO), 7.49 (d, 2H, Jar = 8.8 Hz, H-1ar), 7.43-7.34 (m,
6H, H-trityl), 7.32-7.13 (m, 9H, H-trityl), 6.90 (d, 2H, Jar = 8.8 Hz, H-2ar), 4.31-4.16 (m, 3H,
H-1), 4.08-3.91 (m, 3H), 3.87 (dd, 1H, ] = 11.9, 1.80 Hz), 3.80-3.72 (m, 3H), 3.67-3.58 (m, 6H),
3.57-3.50 (m, 2H), 3.45-3.36 (m, 1H), 3.36-3.12 (m, 18H), 2.37 (2 t, 4H, JocH2,cH2sT: = 6.7,
]OCHZ,CHZSTI =6.7 HZ, OCH2CHZSTI' and OCH2CH28TI‘), 1.96-1.71 (1’1’1, 4H, H-Zbu,—3bu);
I3C-NMR (75 MHz, CDCl3) § = 150.0 (CH = NO), 146.3 (C-trityl-ipso), 130.8 (C-trityl),
129.6 (C-arom), 128.9 (C-trityl), 127.8 (C-trityl), 126.1 (C-arom), 115.8 (C-arom), 104.4 (C-1),
78.2 (C-4), 78.0 (C-5), 75.2 (C-2), 74.3 (CH,ON), 71.7, 71.6, 71.5, 71.4, 71.2, 70.7, 70.6, 70.3
(C-1bu, -2bu, CH,-OEG), 68.9 (C-3), 62.8 (C-6), 32.8 (CH,-STr), 27.4 (C-2bu), 27.0 (C-3bu);
MALDI-TOF: m/z calcd for C44Hs5NO11S: 805.35, found: 828.5 [M + Na]™*.

3.3. Formation of Saccharide-Functionalized Gold Nanoparticles
3.3.1. Synthesis and Characterization of Citrate Stabilized Gold Nanoparticles

Prior to use, all glassware was cleaned thoroughly with aqua dest, aqua regia, and
finally with degassed Millipore water. A solution of gold (III) chloride trihydrate (HAuCly
*3H,0, 158 mg, 400 umol) in degassed Millipore water (400 mL) was heated to reflux. To
this pale yellow solution, a warm (~50-60 °C) solution of sodium citrate dihydrate (447 mg,
1.52 mmol) in degassed Millipore water (40 mL) was added under reflux and vigorous
stirring. The solution was stained deep red and stirred under reflux for 30 min. Then the
solution was cooled to room temperature and filtered through a syringe filter unit (0.2 um).
The average diameter of the gold nanoparticles was determined by size measurements in
TEM images (J 13.3 £ 1.3 nm) and UV-Vis spectroscopy (13.0 £ 0.4 nm). The concentration
of the gold nanoparticle solution was 10.9 nM.

3.3.2. Self-Assembly of Tetraethylene Glycol Linkers 1 and 2 on Gold Nanoparticles (AuNP)

The linker solution (0.06 mmol: 1. 1100% = 19.5 mg; 2. 1/2 1:1 = 9.8 mg + 9.3 mg;
3. 1/2 1:2 = 6.5 mg + 12.4 mg) in methanol (5 mL) was added to a vigorously stirred
11 nM solution of ~13 nm citrate-stabilized gold nanoparticles (120 mL, 1.32 nmol). After
the addition, a color change from red to purple was visible. The mixture was stirred for
16 h at room temperature. Subsequently, the coated Au-NPs were purified via centrifuge
filtration (Millipore Amicon Ultra, Darmstadt, Germany, 50 kDa cutoff) in 30 mL portions
by dissolving in Millipore water (5 mL) and filtration (five times). After the final filtration,
the nanoparticles were diluted with Millipore water (330 nL:200 uL filtration residue +
130 pL addition) to obtain 1.0 uM solutions of SAM-coated gold nanoparticles Au-NP 1,
Au-NP 2, Au-NP 3, and Au-NP 4 (total volume each 1.32 mL). These solutions could be
stored at 4 °C for at least four weeks.

3.3.3. Oxime Coupling of Benzaldehyde Functionalized Glycosides 3-20 to Aminooxy
Coated Gold Nanoparticles

To a 1 M stock solution of glycosides 3-11, 13-15, and 17-20 (100 nL, 100 pumol) for 12
and 16 (50 pL, 50 pmol) in 10 mM acetate buffer (pH 4.7), a 1.0 uM solution of aminooxy-
coated AuNPs (400 pL, 0.400 nmol) in Millipore water was added. These transparent deep
red reaction mixtures were shaken at 40 °C for 16 h. Then the glyconanoparticles GNP-1
—GNP 19 were purified by ten times repeating centrifuge filtration (Millipore Amicon Ultra,
50 kDa cutoff) and dilution with Millipore water. After the final filtration, the GNPs were
diluted with Millipore water (400 pL: 200 pL filtration residue + 200 pL addition) to obtain
1.0 uM solutions (400 pL) of glyconanoparticles GNP-1-GNP-19. These solutions were
storable at —20 °C for at least four weeks (storage in sterile filtrated, NaN3 containing
Millipore water to avoid bacterial contamination).
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3.3.4. Determination of Carbohydrate Concentration on Gold Nanoparticles
(Anthrone Test)

The amount of sugar on the GNPs can be easily determined by an anthrone-sulfuric
acid assay. For this purpose, standard curves were recorded with the glycoconjugates 4
(for monosaccharides, MZ = 356.37 g/mol), 10 (for the disaccharides, MZ = 518.51 g/mol),
and 14 (for trisaccharides, MZ = 705.70 g/mol). The stock solutions were diluted 1:100 (4:
3.56 ng/uL; 10: 5.18 pg/ulL; 14: 7.05 png/uL). Aliquots were taken from the dilutions to
obtain a content of 7-176 pg per mL solution (see Table S1 in Supplementary Materials).
The color reaction was carried out by adding 2.5 mL of a freshly prepared solution of 0.5%
anthrone (wt%) in 95% sulfuric acid to 1 mL of carbohydrate solution in a test tube. The
reaction mixture was carefully heated for 10 min in a boiling water bath. After cooling,
the absorbance was immediately measured in the UV-Vis spectrometer at 620 nm (double
determination). A blank sample was prepared without carbohydrate. To determine the
content of carbohydrates on the nanoparticles, 1 uM GNP solution (40 puL/538 ng) was
diluted to 1 mL and treated with anthrone-sulfuric acid as described for the preparation of
the standard curves. The absorbance was measured at 620 nm. The formulas in Table S1
can be used to calculate the carbohydrate contents. The number of ligands per nanoparticle
is given by the corresponding equation. The results are summarized in Table S2 in the
Supplementary Materials.

3.3.5. ConA Binding Study Using TEM

Transmission electron microscopy was performed on a JEOL JEM 2100F (Tokyo, Japan)
equipped with a 2 k x 2 k CCD camera and an EDXS system at 200 kV. For the measure-
ments, a drop of the respective nanoparticle solutions was applied to a carbon-coated
copper carrier and dried in air. For ConA binding studies, the nanoparticle solution was
incubated with ConA solution (50 uM containing 10 mM Ca?* and Mn?* ions) for 12 h.
Additionally, a drop of uranyl acetate solution was applied. The carrier was previously hy-
drophilized in an oxygen plasma (discharge grid) so that the drop of the aqueous solutions
was distributed homogeneously over the sample carrier. The composition of the particles
was determined using energy dispersive X-ray spectroscopy (EDXS). The particle sizes were
determined, and the images of the nanoparticles were processed using DigitalMicrograph
software (version 1.83) from Gatan Inc. (Pleasanton, CA, USA).

4. Conclusions

For studies of carbohydrate-protein and carbohydrate-carbohydrate interactions
(CCI/CPI), powerful tools are required. Here, we present a novel modular approach.
Facile and rapid syntheses for linking spacers and carbohydrate derivatives could be
developed, and enhanced binding events were realized by controlling the amount and
orientation of the ligand. For immobilization on biorepulsive aminoxy functionalized gold
nanoparticles by oxime formation, aldehyde-functionalized glycan structures of mono-,
di-, and complex trisaccharides were synthesized, employing several facile steps including
olefin metathesis. Uniform gold nanoparticles were synthesized and subsequently func-
tionalized. Glyconanoparticles were well characterized by TEM and the anthrone method.
Effective immobilization and binding studies are exemplary presented for the lectin con-
canavalin A. This novel method showed advantageous perspectives to be employed in
various biomimetic studies of carbohydrates and carbohydrate-based array development
for diagnostics and screening.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /molecules30183765/s1, Table S1. Data for determination of
standard curves and formula for calculation of carbohydrate content. Figure S1. Standard curves for
calculation of carbohydrate content. Table S2. Absorption after Treatment of GNPs with Anthrone
Method and Calculated Ligands pro GNP.
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Abstract

Bacteroides fragilis, a prominent commensal of the human gut microbiota, plays a vital role
in immune system regulation through its capsular polysaccharide A (PSA), which requires
a glycolipid anchor structurally reminiscent of lipid A. While canonical Escherichia coli lipid
A acts as a potent TLR4 agonist contributing to septic shock and inflammatory disorders,
certain B. fragilis-derived glycolipids demonstrate antagonistic effects, offering potential as
anti-inflammatory agents. In this study, we report the synthesis and preliminary computa-
tional evaluation of a library of glycolipids inspired by B. fragilis lipid A. Three lipid As,
including a tetra-acylated 1-phosphoryl lipid A analog (Tetra C-1), were synthesized and
assessed using molecular docking simulations targeting the human TLR4/MD-2 complex.
Docking results reveal that Tetra C-1 exhibits more favorable antagonist binding charac-
teristics compared to the well-studied TLR4 antagonist Eritoran. This work highlights
a microbiota-informed strategy for the development of novel TLR4 antagonists, poten-
tially enabling targeted modulation of innate immunity for therapeutic applications in
inflammatory diseases and as vaccine adjuvants.

Keywords: lipid A; glycolipids; Bacteroides fragilis; immunomodulation; glycoderivatives;
anti-inflammatory agents; molecular docking

1. Introduction

The innate immune system is highly sensitive to microbial signatures of invaders, with
lipopolysaccharides (LPS)—particularly their lipid A component—playing a pivotal role in
triggering the immune response [1]. Lipid A, composed of a mono- or di-phosphorylated
di-glucosamine core with multiple fatty acid chains, anchors LPS into the bacterial mem-
brane and is largely responsible for the toxicity of Gram-negative bacteria [2]. As the
bioactive core of LPS, bacterial lipid As play a dual/Janus-like role. On one side, they
are vital immunostimulants, able to modulate humans’ immune response through their
interaction with key components of the innate immune system named Toll-like receptors
(TLRs). Some particular lipid As have been proven to have a low-toxicity profile, stim-
ulating a mild activation of the innate immune system capable of boosting the immune
response to co-administered antigens. On the other side, other lipid A structures lead
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to excessive immune reaction and, upon being lysed by the immune system, their frag-
ments are released into the bloodstream, causing dysregulated inflammatory processes
and endotoxin-related pathologies such as fever, diarrhea, and possible fatal endotoxic
shock [3,4]. This paradox highlights the need for precise modulation of innate immunity
and emphasizes the therapeutic potential of targeting Toll-like receptor 4 (TLR4)—the cen-
tral sensor for LPS in several types of immune cells like monocytes, neutrophils, dendritic
cells, and macrophages [5-7] as well as intestinal epithelial cells [8,9].

Escherichia coli lipid A (Figure 1), the reference structure of this family of glycolipids,
strongly activates the TLR4/MD-2 (Myeloid Differentiation factor 2) complex, initiating
a potent inflammatory cascade, which strictly depends on the lipid A /LPS structure and
concentration [10]. Structure-activity relationship studies reveal that the endotoxicity of
lipid A is influenced by its phosphorylation level and the number, length, and spatial
arrangement of acyl chains [11]. Some over- or under-acylated lipid A variants behave
as TLR4 antagonists, suggesting that structural modifications can provide lipid A with
an immunomodulatory activity [12]. Although several antagonists have been developed,
such as Eritoran (based on Rhodobacter sphaeroides lipid A, Figure 1) [13], clinical outcomes
have been limited, reflecting the need for better-designed molecules with enhanced efficacy
and safety profiles. Specific lipid A derivatives also hold promise in vaccine adjuvant
development. Many subunit vaccines rely on adjuvants to improve immune response
strength and duration, lower the required dosage, and enhance the generation of memory
B cells [14]. Adjuvants can also boost immune responses and accelerate initial vaccine
efficacy [15].

Escherichia coli Eritoran 3-O-desacyl-4’-monophosphoryl
|.p.d A lipid A (MPLA)
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Figure 1. Structures of different lipid A from E. coli, Eritoran, and MPLA.

To uncouple the toxicity of lipid A from its immune-stimulating properties, Masihi et al.
developed monophosphoryl lipid A (MPLA) in 1986 [16]. Derived from lipid A of Salmonella
minnesota R595, MPLA was obtained by removing one acyl chain and one phosphate
group, reducing toxicity by 100-fold while preserving immunostimulatory effects (Figure 1).
MPLA acts as a TLR4 agonist, promoting dendritic cell maturation and Th1 CD4+ T cell
polarization [17-19]. MPL®, an MPLA-based adjuvant, is the only TLR4 ligand approved
for human vaccines and is included in Cervarix® and Fendrix® (by GSK, London, UK),
targeting HPV and Hepatitis B, respectively [18].

A promising frontier in developing new and safer lipid A-based immunomodulatory
agents lies in the exploration of commensal bacteria [20] and their unique glycolipid
architectures—especially those with immunomodulatory rather than pro-inflammatory
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properties. The human immune system’s tolerance toward symbiotic bacteria makes them
attractive candidates for novel, safe vaccine adjuvants. Among these, Bacteroides fragilis, a
Gram-negative bacterium inhabiting the human gastrointestinal tract, has emerged as a
model organism.

Bacteroides fragilis is known for its capsular polysaccharide A (PSA), which promotes
immune tolerance and anti-inflammatory cytokine production, particularly IL-10, through
interactions with dendritic cells and regulatory T cells [21-23]. In 2019, the Kasper group
revealed that the lipid A moiety anchoring PSA plays a crucial immunomodulatory role [24].
The authors demonstrated that upon the glycolipid-mediated activation of the TLR1-TLR2
heterodimer and polysaccharide-based Dectin-1 engagement, PSA processing and its
presentation to CD4+ T cells were induced, ultimately leading to production of IL-10,
indicating an anti-inflammatory response which did not occur when PSA lacked its lipid
anchor, hence highlighting the importance of the glycolipid moieties. By means of NMR
and LC/MS-MS, the authors characterized B. fragilis lipid A as having a di-glucosamine
backbone with variable acylation (C15-C17 chains) and phosphorylation patterns [24],
along with tri- and tetra-acylated variants. Compared to E. coli lipid A, B. fragilis lipid A
shows greater structural diversity, which may explain its distinct TLR2/TLR4-mediated
immune responses [25].

Interestingly, as early as 1989, Weintraub et al. proposed a lipid A structure for
B. fragilis, characterized by a distinct pattern of fatty acid chains, including terminally-
branched chains [26] (Penta-C1*, Figure 2), the same features that were later acknowledged
in the more recent work of Kasper [24]. Furthermore, this structure was recently synthesized
and immunologically evaluated [27]. The compound exhibited an antagonistic response
towards the production of pro-inflammatory cytokines induced by E. coli lipid A, which is
a natural ligand of the TLR4/MD-2 heterodimer [27].

Penta-acylated 1-phosphoryl
lipid A analog (Penta-C1)

Penta-acylated 4'-phosphoryl
lipid A analog (Penta-C4')

Figure 2. Structures of the lipid A analogues object of this work.

Despite its biological relevance, the detailed structure of B. fragilis lipid A remains
only partially understood. Due to gaps in structural characterization, our study is focused
on the synthesis and computational evaluation of glycolipid compounds inspired by B.
fragilis lipid A, considering the various structural hypotheses proposed to date.

In this work, we report the synthesis of three lipid A structures (Tetra-C1, Penta-Cl1,
and Penta-C4’, Figure 2) along with preliminary molecular docking analysis to assess their
binding affinity to the TLR4/MD-2 complex. The compounds panel included both newly
synthesized structures and the one previously reported by Weintraub and Boons [26,27]
(Penta-C1*, Figure 2). We evaluated the antagonistic potential of synthesized lipid A
analogs against the TLR4/MD-2 complex through in silico methods, comparing their
inhibitory efficacy to that of the known antagonist Eritoran, and aimed to highlight the
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distinctive functional properties of Bacteroides fragilis-derived lipid A to support its further
biological validation as a promising immunomodulatory candidate.

2. Results and Discussion
2.1. Library Design

Inspired by literature, particularly the studies conducted in 2019 [24], in 1989 [26], and
more recently in 2024 [27]—we designed a set of lipid A analogues featuring three novel
structures: Tetra-C1, Penta-C1, and Penta-C4’ (Figure 2). These compounds contain either
four or five fatty acid chains, including C16 and C17 chains bearing 3-hydroxy groups with
(R)-configuration. Each chain is directly attached to the hydroxyl or amino functionalities of
the di-glucosamine disaccharide backbone. In both Penta-C1 and Penta-C4’, the 3-hydroxy
group of the C17 chain connected to the amino group of the reducing-end glucose is further
acylated with a linear C15 fatty acid. Phosphorylation occurs at the anomeric position of
the reducing-end glucose in Tetra-C1 and Penta-C1, whereas in Penta-C4’ the phosphate
group is positioned at C4’.

The library also includes the lipid A analog Penta-C1*, originally proposed by
Weintraub [26] and subsequently synthesized and evaluated by Boons in 2024 [27]. This
compound exhibits a distinct fatty acid profile, including C15 and C17 branched chains,
setting it apart from the newly designed structures. All three novel analogues were syn-
thesized from a common disaccharide intermediate. The complete set—comprising both
the newly developed and the previously proposed structures—was subjected to molecu-
lar docking simulations with the TLR4/MD-2 heterodimer to evaluate binding affinities.
The results were compared to reference ligands, including Eritoran, a well-known TLR4
antagonist [13,28], and lipid IVa from E. coli, a canonical TLR4 antagonist [29-31].

2.2. Synthesis of Target Compounds-General Approach

The synthesis of the lipid A analogues (Tetra-C1, Penta-C1, and Penta-C4’) relied on
two key structural components: a protected di-glucosamine disaccharide (3) and three
fatty acid chains (4, 6, and 7), derived from commercially available natural fatty acids. In
our approach (Scheme 1), the di-glucosamine disaccharide 3, obtained via glycosylation
of donor 1 and acceptor 2, served as the carbohydrate scaffold. Protective groups on the
donor and acceptor were selected to enable stereoselective 3-glycosylation and facilitate
selective deprotection at the sites intended for functionalization with fatty acid chains. To
introduce 16-carbon chains at positions 3, 2/, and 3’ of the disaccharide, phthalimide and
acetyl groups were employed to protect the amine at 2’ and hydroxy groups at 3 and 3/,
respectively, due to their susceptibility to base-mediated cleavage. In order to install the
fatty acid chain 7 on the amine at position 2, this group was temporarily masked as an azide,
allowing for selective reduction and functionalization post-chain 4 introduction. Selective
phosphorylation at the anomeric position (C1)—required for synthesizing Tetra-Cl—was
achieved by 1-O-silyl ether deprotection using fluoride-based reagents. Additionally,
positions 4’ and 6’ were protected as a benzylidene acetal, which was removed in the
final step of the Penta-C1 synthesis alongside benzyl groups. Alternatively, regioselective
reductive ring opening of the benzylidene acetal revealed a free hydroxy group at C4/,
which was subsequently phosphorylated to generate compound Penta-C4’.

2.3. Synthesis of Disaccharide 3

The disaccharide backbone 3 was synthesized via glycosylation with thioglucoside
donor 1 of acceptor 2. The preparation of acceptor 2 began from D-glucosamine hydrochlo-
ride, which was transformed into the azido derivative through a diazotransfer reaction
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using the safe and stable reagent imidazole-1-sulfonyl azide hydrogen sulfate [32], with
subsequent O-acetylation to afford intermediate 9. Selective removal of the acetyl group at
the anomeric position, followed by 1-O-silylation, yielded compound 11. This intermediate
was then deacetylated, regioselectively protected at positions 4 and 6 with a benzylidene
acetal (giving alcohol 12), and finally acetylated at 3-OH to generate compound 13. Reduc-
tive opening of the benzylidene acetal using phenylboron dichloride as Lewis acid and
triethylsilane as the reducing agent [33] afforded acceptor 2 with an overall yield of 56%
across seven synthetic steps.
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o) O Q
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1 l 2
OH o©
o HO/&&/ HO Q
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Scheme 1. General scheme for the synthesis of lipid A compounds Tetra-C1, Penta-C1, and Penta-
ce'.

Donor 1 was prepared according to the route reported by Liu and Wei in 2012 [34], em-
ploying phthalimide as the amino-protecting group. This choice enabled its removal under
basic conditions using hydrazine hydrate, which also allowed simultaneous deprotection
of the acetyl groups at positions C3’ and C3 of the disaccharide—thereby unveiling the
attachment sites for the C16 fatty acid chain derivative 4. Glucosamine hydrochloride was
first reacted with phthalic anhydride to afford the corresponding imide, which was then
fully O-acetylated. Thioglycoside formation, subsequent O-deacetylation, and benzylidene
protection at 4-OH and 6-OH furnished compound 14 [34]. Final acetylation at 3-OH
yielded donor 1, with an overall yield of 52% (Scheme 2).

The final disaccharide backbone was synthesized by glycosylation of acceptor 2 with
donor 1, promoted by TMSOT{/NIS at 20 °C, affording intermediate 3 in 71% yield
(Scheme 2). 'H-NMR spectroscopy confirmed the 3-configuration of the newly formed
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glycosidic linkage, as evidenced by the measured J;., coupling constant of 8.4 Hz for H1/,
typical of 1,2-trans glycosides.

& AC&“

0 AcO A o O 5
HO o :
Ho&ﬁm oH AcO —— "8 oTbs
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Scheme 2. Synthesis of disaccharide 2. Reagents and conditions. (a) 1. Imidazole-1-sulfonyl azide
hydrogen sulfate, K,CO3, MeOH, 0 °C to r.t., 4 h; 2. Ac;O, DMAP, Py, CH,Cl,, 0 °C to r.t., 12 h 84%
over two steps; (b) hydrazine hydrate, AcOH, DMF, 0 °C to r.t., 4 h; (c) TDSCI, imidazole, CH,Cl,
0 °C tor.t., 12 h, 92% over two steps; (d) 1. NaOMe, MeOH, r.t., 1 h; 2. PhCH (OMe),, pTSA, CH3CN,
rt, 8 h; (e) AcxO, DMAP, Py, CH,Clp, 0 °C to r.t., 4 h, 80% over three steps; (f) PhBCl,, Et3SiH,
CH,Clp, —78 °C, 3 h, 93%, (g) 1. Phthalic anhydride, MeONa, MeOH, Et3N, r.t., 24 h, 76% [34];
2. AcyO, Py, 0 °C to r.t., 48 h, 90% [34]; (h) p-thiocresol, BF3 OEt;, CH,Cly, 0 °C to r.t., 24 h, 91% [34];
(i) 1. NaOMe, MeOH, r.t,, 1 h, quant. [34]; 2. PhCH (OMe),, pTSA, THF, reflux, 10 h, 84% [34];
() Ac;O, DMAP, Py, CH,Clp, 0 °C to r.t., 2 h, 95%; (k) NIS, TMSOT{, 4 AMS, dry CH,Cl,, —20 °C,
2h, 71%.

2.4. Synthesis of the Fatty Acid Chain Derivatives

The synthesis of fatty acid chain derivatives 4, 6, and 7 followed a common route
starting from two commercially available fatty acids—tetradecanoic and pentadecanoic
acid. These precursors were elongated into the corresponding (3-ketoesters using a method
reported by Brinkerhoff et al. in 2014 [35]. The approach involved initial condensation with
Meldrum’s acid and DCC to form enol derivatives, which were subsequently converted
into the desired (3-ketoesters via acid-mediated reaction with the appropriate alcohol.
Using this strategy, we obtained three 3-ketoesters (15, 16, and 17) with yields ranging
from 80% to 90%. Compound 17, which incorporated a tert-butyl group as the alcohol
component, proved to be particularly advantageous for the synthesis of the double-chain
fatty acid derivative 7. The tert-butyl group could be selectively removed under mild acidic
conditions, thereby preserving the ester functionality at the 3-OH position.

Subsequent efforts focused on the stereoselective reduction of the ketone function-
ality to achieve the desired (R)-configuration at the 3-carbon. The application of Noyori
reduction conditions, employing the freshly prepared dibromodiphosphineruthenium(II)
complex [(R)-BINAP]RuBr; [36], proved highly efficient—yielding (R)-3-hydroxy fatty
acids 18-20 in good overall yields. The absolute configuration of the resulting 3-hydroxy
esters was confirmed via Mosher’s ester analysis. This involved performing ' H-NMR exper-
iments on the corresponding (S)- and (R)-MTPA esters [37] (see Supporting Information), as
well as complementary NMR studies using the chiral lanthanide shift reagent Eu(hfc)s [38]
(see Supporting Information). To prevent racemization, protection of the 3-hydroxy group
in compounds 18 and 19 was carried out under carefully selected conditions. Specifically,
acid-catalyzed reductive benzylation of compounds 18 and 19 utilizing benzaldehyde [39]
and subsequent hydrolysis of the ester groups furnished the final benzyl-protected
B-hydroxy fatty acids 4 and 6. For the synthesis of the double-chain fatty acid deriva-

254



Molecules 2025, 30, 3927

tive 7, initial condensation with pentadecanoic acid provided compound 21 in quantitative
yield. The final fatty acid derivative 7 was obtained by acidic hydrolysis of the tert-butyl
ester moiety (Scheme 3).

Noyori asymmetric

o O O reduction OH O d OBn O
a b _%a
\WJ\OH _a, WO& WOFG o
n n
h=12 15n=12,R1=Me 18n=12,R1=Me 4n=12
n=13 16 n =13, Ry =Me 19n=13 Rs=Me 6n=13
17 n=13, Ry =1Bu
20 n =13, Ry = tBu
OR, O OR; O
e f
\—, WO% WOH
13 13
21 7
R, = tBu Rz = CO(CHy)13CH3

R2 = CO(CH2)13CH3

Scheme 3. Synthesis of the fatty acid chain derivatives. Reagents and conditions. (a) i. DCC, CH,Cl,,
DMAP, r.t., 45 min, then Meldrum’s acid, Pyridine, CH,Cl, r.t., 2 h; ii. RjOH, H,SOy (cat.), reflux,
16 h, 64-74% yields over three steps; (b) [(R)-BINAP]RuBr; (10 mol%), dry MeOH, H, (balloon),
50 °C, 18 h, 18 (89%), 19 (85%), 20 (73%); (c) PhCHO, TMS,0, TMSOTf, THEF,
0°C, 3 h, then Et3SiH, 0 °C, 2 h; (d) LiOH, THF/MeOH/H,0 (3/2/1), rt., 5 h, 4 (80% over two steps),
6 (82% over two steps); (e) pentadecanoic acid, DIC, DMAP, CH,Cly, rt, 6 h, quant.; (f) TFA/CH,Cl,,
r.t., 12 h, 93%.

2.5. Fatty Acid Chains Condensation and Final Deprotections

The final phase of the synthetic work comprised the following key steps (Scheme 4):
(1) deprotection of the phthalimido group together with the cleavage of acetyl esters at the
C3 and C3' hydroxyls; (2) condensation of fatty acid derivative 4 on the newly liberated
hydroxyl and amino sites; (3) reduction of the azido group, followed by condensation with
fatty acid derivatives 6 or 7; (4) phosphorylation at either C1 or C4’, followed by final
global deprotection. The phthalimide and acetyl groups were removed using hydrazine
hydrate in ethanol at 70 °C, and the resulting crude disaccharide 22 was directly used in
the subsequent fatty acid coupling step. This stage proved particularly challenging, as
the introduction of multiple long-chain and bulky fatty acids required extensive optimiza-
tion to identify ideal conditions for satisfactory yields. After screening different condi-
tions (Table 1), optimal coupling was achieved using four equivalents of fatty acid 4 and
10 equivalents of EDC hydrochloride. Reduction of the azide at C2 using zinc in acetic acid,
followed by condensation with benzyl-protected 3-hydroxy fatty acids 6 and 7, furnished
intermediates 24 and 27 in excellent yields (87% and 85% over two steps, respectively).

Removal of the TDS group from compounds 24 and 27 by treatment with HF-pyridine
afforded hemiacetals 25 and 28, which were phosphorylated using tetrabenzyl pyrophos-
phate and LiHDMS, yielding protected precursors 26 and 29, respectively. Final compounds
Tetra-C1 and Penta-C1 were obtained through hydrogenolysis to remove benzylidene ac-
etal and benzyl groups. For the synthesis of Penta-C4’, in which the phosphate group
is located at the C4’ hydroxyl, regioselective ring opening of the benzylidene acetal on
intermediate 27 generated derivative 30, delivering the C4’ hydroxyl. The phosphorylation
conditions used for compounds 26 and 29 proved to be ineffective in this case. Then, diben-
zyl N,N-diisopropyl phosphoramidite was employed as an alternative phosphorylating
agent, affording the C4’-dibenzylphosphate intermediate 31 in excellent yield. Cleavage
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of the silyl ether at C1 using previously described conditions, followed by exhaustive

protecting group cleavage, furnished the final Penta-C4’ compound.

o OH o
Ph SO\ o &W X o
R?c%?/ S 2 oTos O%&&/BMOR Ph/%gwgno Q HO O
2R3 N3 HN o HN [} o) o o HN O N— P Gh
3Ry = Ac, RoRy = Phth o< 4 o f o N o HNG_B-OBn 5 FINEts
@l 5 22R; Ry Ry =H - BO — 0 o Rogn —2» HO
lb BnO BnO BnO~ o BnO .
cd o)
o / ( )10 ( )10 10 ( )11 ( )10 O ( )10 N
RSN ’ "’
o o) OTDS 24R =TDS Tetra-acylated 1-phosphoryl
o HN o Ns 25R=H 26 lipid A analog (Tetra-C1)
0
BnO BnO o OH o
BnO P00 O
z OMB'M Ph/vog$&/sno 0
() 2 HN o HN OH O 0 0 HN O NS _ P ®
00y o o — HN HN&_5-0Bn _g» O \O NEt;
BnO BnO 0 . o “oBn
n
l ch BnO .0 BnO~ 5 o o 0
° ) Mo 8
o} 0 () 1 ;
h/vgwsno&&/oms ’ 0" o9 0( y
N oo HN # : Penta-acylated 1-phosphoryl lipid A
ylated 1-phosphoryl lipi
° » analog (Penta-C1)
BnO BnO
BnO o)
[ OBn 4 0 OBn o
oy, P \ HOZRO B'MOTDS J e A BN OR E!SNH O 5 /ég/ &h
( )11 K e} N o HN — o} PN o HN - HN OH
2 © © ° BnO © ©
B0~ BnO 5 Bno~ 5 o AL 5
(o] (0) ]
) 0) ) 10 ) )
o0, “‘( )ﬁ( ) P ( )ﬂ( » o0 10( )ﬁ( »
30 SRZIPS Penta-acylated 4'-phosphoryl lipid A
analog (Penta-C4')
Scheme 4. Condensation of fatty acid chains and final deprotection. Reagents and conditions.
(a) Hydrazine hydrate, EtOH, 70 °C, 2 h; (b) 4, CH,Cl,/DMF (5:1), 45 °C, 12 h, Table 1; (c) Zn,
1,4-dioxane/AcOH (10:1), r.t., 12 h; (d) 6, HATU, DIPEA, CH,Cl, /DMF (5:1), rt, 7 h, 87% over two
steps; (e) HF-pyridine, THF/Pyridine, r.t., 8 h, 84% (for 25), 75% (for 28), 73% (for 32); (f) tetrabenzyl
pyrophosphate, LIHDMS, THE, —70 °C to 0 °C, 1 h, 63% (for 26), 65% (for 29); (g) Pd(OH),/C,
H; (balloon), CH,Cl,/MeOH/AcOH (10/10/1), 2 d, then EtzN, quant. (for Tetra-C1, Penta-C1
and Penta-C4’); (h) 7, HATU, DIPEA, CH,Cl, /DMF (5:1), r.t., 4 h, 85% over two steps; (i) Et3SiH,
TfOH, MS4A, CH,Cl,, —78 °C, 3 h, 70%; (j) dibenzyl N,N-diisopropyl phosphoramidite, 1H-tetrazole,
CH,Cl, /CH3CN (5:1), then mCPBA, rt, 2.5 h, 87%.
Table 1. Screening of conditions for condensation of fatty acid 4 with partially deprotected disaccharide
22.
. . Equivalents Reaction . o
Entry Reaction Reagents (Equivalents) of Fatty Acids Concentration (M) Yield (%)
1 HBTU (6.0 eq.), DIPEA (10 eq.), DMAP (3.0 eq.) 45 0.05 63
2 HATU (6.0 eq.), DIPEA (10 eq.), DMAP (3.0 eq.) 45 0.05 64
3 EDC HCl (6.0 eq.), DMAP (1.5 eq.) 45 0.05 66
4 EDC HCI (10. eq.), DMAP (1.5 eq.) 4.0 0.1 75

2.6. Docking of Compounds 1-4 in hTLR4/MD-2 Complex

To investigate the binding features of the four compounds of Figure 2, we performed

docking calculations in the agonist and antagonist models of TLR4/MD-2 dimer, generated

starting from the corresponding X-ray structures (see Section 3 for details). The protein, the
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sugar core, and the first two torsions of each acyl chain were kept rigid during the docking
calculations using AutoDock Vina [40,41]. For each ligand, we run docking simulations
in triplicate and build two ligand conformations, one based on the crystallographic di-
glucosamine backbone of lipid A bound to MD-2 (agonist-like structure, PDB ID: 3FXI [10])
and the other from lipid IVa (antagonist-like structure, PDB ID: 2E59 [30]) complex.
E. coli lipid A is the active portion of LPS and acts as an agonist; lipid IVa is a tetra-acylated
precursor of lipid A that binds to the same hMD-2/TLR4 complex without triggering the
biological response. In the X-ray structures, lipid A and lipid IVa share a similar disaccha-
ride conformation but exhibit an inverted orientation of the entire ligand within the MD-2
pocket, corresponding to a 180° horizontal rotation (Figure S1). In the agonist complex, the
sugar moiety of lipid A interacts with residues 5118 and 5120 at the MD-2 surface, whereas
in the antagonist structure, contacts are established with 5120 and K122 residues. In both
complexes, one phosphate group establishes an electrostatic contact with R264 on TLR4
(Figure 3).

R264
\~ (TLRY)
—a——

K122

: W2 ™ '-2)\

Figure 3. (a) X-ray structure (PDB ID: 3FXI) of the lipid A (purple carbon, blue nitrogen, red oxygen,

orange sulfur and white polar hydrogen atoms) and (b) generated structure (PDB ID: 2E59) of the
lipid IVa (green carbon, blue nitrogen, red oxygen, orange sulfur and white polar hydrogen atoms)
bound to MD-2 and TLR-4 (grey ribbon representation). Key residues involved in the interactions
with the disaccharide unit are shown in tube representation (grey for carbon, blue for nitrogen, red
for oxygen and white for polar hydrogen atoms). For lipid A, we highlighted the salt bridge and the
hydrogen bond between the ligand phosphate group and R264 (TLR4) and the side chain of S118
(MD2), respectively. For lipid IVa, we highlighted the salt bridge between the ligand phosphate group
and R264 (TLR4), the hydrogen bond between the ligand amide and the backbone of S120 (MD-2),
and between the sugar ring oxygen and the side chain of K122 (MD-2).

Beyond the sugar region, more pronounced structural differences are observed in
the orientation of the acyl chains. In the agonist state, five of the six lipid A acyl chains
bind within the hydrophobic cavity of MD-2, while the sixth chain extends outward from
the pocket to interact with a hydrophobic surface on a second TLR4* unit (Figure 4a—the
asterisk indicates the TLR4 of the other heterodimer involved in tetramer formation).

This interface, mainly formed by TLR4* residues (Q436, F440, L444, and F463,
Figure 4a) and the F126 of the MD-2 loop, has a pivotal role in the recruitment of the
second TLR4*-MD-2*-LPS complex and in the formation of the signaling-competent mul-
timer. Residue F126 is located at the entrance of the MD-2 binding pocket and, after the
binding of the ligand, reorients its side chain and creates, together with one LPS chain,
the hydrophobic pocket for the interaction with the second TLR4 protein. Site-directed
mutagenesis studies confirmed that F126 is essential for receptor dimerization [28].

By contrast, in the antagonist structure, the human lipid IVa is fully embedded within
the MD-2 pocket, with all four acyl chains buried inside the pockets and no hydrophobic
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chain available for interaction with another MD-2/TLR4 unit (Figure 4b). F126 adopts an
open conformation (Figure S2) that prevents its side chain from engaging the ligand lipid
chain (no contacts between the ligand and F126 are formed).

To evaluate whether our synthesized ligands behave as agonist or antagonist ligands,
docking poses were compared to the crystallographic structures of lipid A, for the results
in the agonist model, and of lipid IVa, for the antagonist model.

a L b v 5§

MD-2 hydrophobic pocket

Figure 4. (a) X-ray structure (PDB ID: 3FXI) of the lipid A (purple carbon, blue nitrogen, red oxygen,
orange sulfur and white polar hydrogen atoms) in complex with MD-2 (red) and two TLR4 proteins
(grey and yellow). The MD-2 hydrophobic pocket is represented as a grey meshed surface. MD-2
is shown in red, with residue F126 highlighted in CPK representation in its “closed” conformation,
forming hydrophobic interactions with one of the acyl chains of lipid A. One TLR4 chain is shown in
grey, the second TLR4* in yellow. The key residues of the TLR4* (yellow)-MD-2 interface are also
shown. (b) Generated structure of the lipid IVa (green carbon, blue nitrogen, red oxygen, orange
sulfur and white polar hydrogen atoms) in complex with MD-2 and TLR4 dimer. MD-2 is shown in
blue, and F126 is displayed in CPK representation in its “open” conformation, not interacting with
the acyl chains of lipid IVa. TLR4 is shown in grey.

For each ligand, after clustering the docking results based on volume overlap, we
first quantified the displacement of the disaccharide moiety from the X-ray structure by
calculating the heavy-atom RMSD for each representative binding mode. Low RMSD
scores (<2 A, see Table S1 for the atom selection) indicate a good superimposition of the
ligand pose to the experimental structure. In addition, we compared the interactions
formed with MD-2 and TLR4 proteins (shown in Figure 3) and the overlay of the acyl
chains in the MD-2 pockets to lipid A (agonist docking results) or to lipid IVa (antagonist
docking results) by visual inspection. We also considered contacts between the outer
lipophilic chain and Phe126 side chain (distance cutoff < 5.5 A) as indicative of agonist-
like behavior. According to these criteria, in the agonist MD-2/TLR4 model, none of the
compound geometries reproduces the binding mode of lipid A (Figures S4-57). With the
exception of Penta-C1*, the disaccharide core in all ligands deviates significantly from the
crystallographic reference, showing RMSD values greater than 5.84 A. Even if Penta-C1* in
the top-ranked pose is well-aligned to the sugar moiety of lipid A (RMSD = 1.22 A), none
of the X-ray protein-ligand interactions are formed, and the acyl chains are entirely buried
within the pocket, and no contacts with Phe126 side chain are present, failing to create the
hydrophobic interface required for dimerization (Figure S7a). Taken together, these in silico
analyses suggest that none of the compounds can bind to MD-2 like the agonist lipid A.
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Conversely, the analysis of docking poses generated in the antagonist model, besides
showing good convergence among the three independent docking runs, highlighted that
only the Tetra-C1 ligand can bind to the MD-2 pocket like the crystallographic ligand.
Compound Tetra-C1 features an antagonist-like binding mode with low RMSD scores in the
top-ranked and most populated cluster (50% populated, RMSD range values 0.25-1.05 A,
Table S5 and Figures S8 and 5a,b). All lipid chains are properly accommodated within
the MD-2 pocket, and the salt bridge with R264 (TLR4) and hydrogen bonds with 5120
and K122 (MD-2) are formed. For Penta-C1*, only a small subset of docking poses shows
an antagonist-like positioning of the sugar moiety (8% populated, RMSD range values
0.53-1.76 A, Table S6) and the interactions with R264 on TLR4 and K122, and S120 residues
on MD-2. One acyl chain of Penta-C1* is partially solvent-exposed and poorly aligned to
the lipid IVa reference structure (Figure S9). Docking poses of Penta-C4’ clustered into
two main binding modes: the first (12% populated) shows a good sugar core alignment
(RMSD range values 0.29-0.98 A, while the second (57% populated) has a significantly
higher displacement (Table S7). In both binding modes, one lipid chain points outside
the MD-2 pocket and does not overlap with the antagonist binding mode (Figure S10).
Compound Penta-C1 (Figure S11) adopts two binding modes, both with the disaccharide
alignment deviating from the crystallographic pose of lipid IVa (Table S8) and one acyl
chain protruding from the MD-2 pocket.

alipidIVa/Tetra-C1 -

Figure 5. (a) Top-ranked pose of the most populated cluster of Tetra-C1 ligand (red) in the antagonist
models overlaid to the crystallographic ligand (green). Both TLR4 and MD-2 are shown in grey. The
RMSD range values of the cluster for the di-glucosamine backbone are 0.25-1.05 A (b). Close-up view
of the Tetra-C1 (orange carbon, blue nitrogen, red oxygen, orange sulfur and white polar hydrogen
atoms) binding in the MD-2 pocket. Key residues involved in the interactions with the disaccharide
unit are shown in tube representation (grey for carbon, blue for nitrogen, red for oxygen and white
for polar hydrogen atoms).The salt bridge between the ligand phosphate group and R264 of TLR4,
the hydrogen bond between the ligand amide and the backbone of 5120 of MD-2, and between the
sugar ring oxygen and the side chain of K122 of MD-2 are shown.

To compare our results with a well-characterized TLR4 antagonist, we applied our
docking protocol to Eritoran, selecting its crystallographic conformation bound to hu-
man MD-2 as the starting point (PDB ID: 2765 [28]) and both the antagonist and agonist
MD-2/TLR4 models. Despite the structural differences with lipid IVa, the two antago-
nists bind in a similar way to MD-2, inserting the lipid chains in the hydrophobic pocket.
Their di-glucosamine backbones conformation is superimposable (they share a similar
conformation) with a 3.25 A shift (Figure S10) with the MD-2 site. As expected, in the
docking results of the agonist model, Eritoran adopted two binding modes, both with poor
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alignment of the disaccharide core to the lipid A (RMSD range values 7.29-9.31 A, Table S9,
Figure S13). Conversely, in the antagonist model, the top-ranked cluster of docking poses
(23% populated), all the acyl chains are properly buried inside the MD-2 hydrophobic
pocket, and the interactions with residues K122 (MD-2) and the salt bridge with R264
(TLR4) are formed. The disaccharide core is still not well aligned to lipid IVA, as in the
X-ray structures (average RMSD values 4.35 A, Table S10). The remaining two clusters
of docking poses are poorly aligned to both the lipid IVa and Eritoran X-ray structures,
with one of the acyl chains partially solvent-exposed and mispositioned outside the MD-2

pocket (Figure 6).
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Figure 6. Representative docking poses of Eritoran (orange) in the antagonist MD-2/TLR4 model
from cluster analysis. Both TLR4 and MD-2 are shown in grey and Eritoran with cyan carbon, blue
nitrogen, red oxygen, orange sulfur and white polar hydrogen atoms. Key residues involved in the
interactions with the disaccharide unit are shown in tube representation (grey for carbon, blue for
nitrogen, red for oxygen and white for polar hydrogen atoms). (a) Cluster 1: moderate disaccharide
alignment with the lipid IVa X-ray reference; all acyl chains accommodated in the MD-2 pocket; salt
bridge with R264 observed, and the hydrogen bond with K122, consistent with an antagonist-like
binding mode. (b) Cluster 2: poor disaccharide alignment; one acyl chain protrudes from the pocket
as indicated by the arrow. (c) Cluster 3: misaligned disaccharide; one acyl chain protrudes toward
TLR4 as indicated by the arrow.

Finally, to provide a consensus ranking that complements the docking scores, docking
poses from the antagonist model were re-scored using MM-GBSA calculations [42]. This
method estimates the free energies of binding by calculating the difference between the
solvation energy of the bound complex and the energy of the unbound protein and ligand
using implicit solvent. This method, though it neglects configurational entropy and de-
pends on the quality of force field parameters and solvation model [43], provides a more
accurate estimation of binding free energy compared to the docking score, allowing for
a better ranking of compounds [44]. Kaus et al. [45] have reported that the MM-GBSA
method performs better than standard scoring functions in ranking binding poses. Similarly,
Rastelli et al. [46] have shown that both MM-GBSA and MM-PBSA rescoring methodologies
improve the affinity ranking estimated by the AutoDock scoring function. Based on this
estimation, the complex with the lowest MM-GBSA energy should have the strongest
binding affinity. Notably, within the same cluster of docking poses, MM-GBSA values show
greater variability compared to docking scores or RMSD values (Tables S5-58, 510, and 512),
reflecting the intrinsic sensitivity of MM-GBSA calculations to small ligand conformational
differences. When focusing only on agonist-like binding modes, the reference compounds,
Eritoran and lipid IVa, and the Tertra-C1, showed comparable affinities based on docking
scores, whereas the MM-GBSA values of Tertra-C1 were higher than those of the reference
ligands (Table 2). Experimental validation will be essential to confirm these predictions
and to guide further refinement of the model. In addition, advanced MD-based free-energy
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calculations could be performed in the future to provide more robust and quantitatively
reliable estimates of binding free energies.

Table 2. MM-GBSA ranking of the antagonist-like binding mode of Tetra-C1, Eritoran, and lipid IVa.
Autodock Vina score and disaccharide RMSD value are also reported.

Compound RM§D * Autodock Score MM-GBSA
(A) (kcal/mol) (kcal/mol)
Tetra-C1 0.52 —7.65 —129.79
lipid IVa 0.80 —7.84 —126.09
Eritoran 3.51 —7.69 —83.74

* reference structure = lipid IVa X-ray structure PDB ID 2E59.

3. Materials and Methods

3.1. Docking Studies
3.1.1. Ligands Preparation

The 3D structures of lipid A and lipid IVa were obtained from the corresponding
X-ray complexes (PDB ID 3FXI [10] and PDB ID 2E59 [30], respectively). To build the 3D
conformations of compounds 1-4, both lipid A and lipid IVa were used as templates, and
their hydrophobic side was modified using the “building panel” of the Maestro interface.
Only the newly added and modified atoms of the aliphatic chains were locally minimized
using the “Minimize Selected Atoms” function of Maestro (OPLS4 force field [47]).

3.1.2. Protein Structures Preparation

For the agonist model, the X-ray structure of 2:2:2 hTLR4, hMD-2, and E. coli LPS
complex (PDB ID 3EXI [10]) was selected. After removing all the water molecules and ions,
the Protein Preparation tool of Maestro (Schrodinger Release 2024-3, version 14.1.138) was
used to add hydrogen atoms and determine the protonation states of the protein residues at
pH 7 £ 2. The system was relaxed by a restrained energy minimization step with the OPLS3
force field [48] and a heavy atom RMSD convergence set to the default value of 0.3 A. Chain
A of TLR4 and chain C of MD-2 were considered for the final agonist heterodimer model
for docking calculations. Since the crystallographic structure of the hTLR4/MD-2 complex
in the agonist-bound state is not available, we generated the antagonist model starting
from the structure of hMD-2 bound to lipid IVa (PDB ID 2E59, [30]) and adding the TLR4
protein by superimposition to the agonist model, following the procedure described in
this work by Lembo-Fazio et al. [49]. We prepared the system for docking calculation by
applying the Protein Preparation workflow used for the agonist model. The final structure
was then used to generate the grids for docking calculations.

3.1.3. Docking Workflow

Docking calculations were performed with AutoDock Vina [40,41] using a grid spacing
of 1 A and a box size of 60 A. The grid box (33.00 x 40.50 x 35.25 A) was centered
at the TLR4/MD-2 interface, specifically between the center of mass of R264 (TLR4),
R90 (MD-2), and K122 (MD-2) for LPS. For lipid IVa, K122 was replaced by R96 (MD-2),
following the protocol reported in the work by Sestito et al. [50]. Gasteiger charges for
ligands and receptors were calculated with AutoDockTools 1.5.6 [51], after merging non-
polar hydrogens on the receptors. The receptor structures were kept rigid, while ligands
were treated as partially flexible. Ligand conformations were generated as described
in the ligand preparation section. We considered the saccharide core as rigid, and we
introduced dihedral constraints on lipid chains. To determine the number and position
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of the constraints, the X-ray crystallographic ligands were used as references. For the
agonist model, lipid A structure (i.e., the phosphorylated di-glucosamine core and lipid
chains) was selected, and for the antagonist model, the lipid IVa. Docking calculations were
performed with different combinations of dihedral constraints to identify the setup that
best reproduced the experimental binding mode: RMSD of the di-glucosamine core < 2 A
(according to the atoms selection shown in Figure S3); the formation of the relevant polar
interactions shown in Figure 3; and all the lipidic chains properly inserted in the MD-2
pocket examined through visual inspection of the docking poses with respect to the X-ray
structures and through the formation of ligand-Phe126 contacts (within a 5.5 A distance
cutoff). The best results were obtained by constraining the first two dihedral angles linked
to the sugar ring in each hydrophobic chain (dihedral values reported in Table S13). For
each ligand, we run three independent docking calculations, and we collected the top-
ranked 20 poses, yielding a total of 60 poses (20 poses x 3 runs). These poses were then
clustered according to a volume-based overlap criterion (using the utility “phase_volCalc”
available in Maestro 2024-3, version 14.1.138) to identify the relevant binding modes of
each ligand. We selected all ligand atoms to capture the full spatial shape, enabling a
rigorous rigid alignment and grouping based on normalized volume overlap. For the most
representative clusters (i.e., those accounting for more than 10% of the total population),
docking scores and RMSD values of the saccharide core relative to the reference structures
were calculated (Tables S1-512). The most representative clusters were then evaluated
for their capability of reproducing the binding modes of the agonist/antagonist X-ray
ligands based on the validation criteria. If all criteria were satisfied, ligand binding modes
were classified as agonist-like when the outer acyl chain interacted with the Phe126 side
chain (distance < 5.5 A), and as antagonist-like when no such contact was observed. For
each ligand docked in the antagonist model, the most representative clusters were re-
scored using the MM-GBSA tool of Prime version 3.0 [42] using the VSGB2.0 implicit water
model [52] and the OPLS4 force field [47] after the addition of non-polar hydrogens to both
ligands and protein (Tables S5-S8 for compounds 1-4, Table S10 for Eritoran and Table S12
for lipidIVa).

3.2. Synthesis—General Remarks

All reagents were purchased from commercial suppliers and were used as sup-
plied without further purification. Dry solvents such as DCM, MeOH, pyridine, toluene,
DMF, CH3CN, and THF were purchased from Merck© (Darmstadt, Germany) or Thermo
Fisher Scientific© (Waltham, MA, USA) and were used without further purification. Non-
anhydrous solvents were used directly as supplied from commercial vendors. Analytical
thin-layer chromatography (TLC) was performed on Merck© precoated 60F254 plates
(0.25 mm), visualized by UV light at 254 nm and/or dipping the plates into stains: molyb-
dic solution (21 g of (NH4)¢Mo7004, 1 g of Ce(SO4),, 31 mL of H;SO4 98%, 970 mL H,O)
sulfuric acid solution (50 mL of H,SO4 98%, 450 mL of MeOH, 450 mL H,O), ninhydrin
(2.7 g of 2,2-dihydroxyindane-1,3-dione, 27 mL of AcOH, 900 mL of EtOH) with detection
by charring at 300 °C. For some reactions, High Performance Thin Layer Chromatogra-
phy (HPTLC) (Merck®© precoated 60 F254 plates 0.20 mm) was used and correspondently
pursued. Flash chromatography was performed using Silica gel (5iO,, high-purity grade
(Merck Grade 9385), pore size 60 A, 230-400 mesh particle size) from Merck®©. Biotage®
(Biotage Sweden AB™, Uppsala, Sweden) Isolera SP1 system was used to purify some
compounds. Normal phase Biotage cartridges (sizes from 3 g to 340 g, standard 50 um
silica) were employed. Freeze-drying of aqueous solutions was performed using the
Lio5P Lypholizer. 'H, 13C, and 3'P-NMR spectra were recorded at 25 °C, unless otherwise
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stated, on a Bruker© Avance TM NEO 400 MHz (Billerica, MA, USA) (400, 100.6 MHz,
and 162 MHz for 'H, 13C, and 3'P, respectively). All NMR measurements were performed
at room temperature. The samples were prepared using deuterated solvents (CDCls,
CD3COCD3, D,0O, and CD50D from Merck®© or Eurisotop®). Chemical shifts are reported
in ppm and coupling constants (J) in Hz. Multiplicities are abbreviated as br (broad),
s (singlet), d (doublet), t (triplet), hept (heptet), m (multiplet), or combinations thereof.
H-NMR spectra were recorded for all the compounds. For unknown structures, character-
ization is reported by 'H-NMR, '*C-NMR, and 3'P-NMR. Low resolution mass analysis
was recorded in negative or positive mode on a Thermo®© (Waltham, MA, USA) Finnigan
LCQAdvantage equipped with an ESI source. High resolution mass spectra (HR-MS)
were acquired on a Synapt G2-Si QTof mass spectrometer (Waters™, Milford, MA, USA)
equipped with a Zspray ESI-probe (Waters) for electrospray ionization in full scan mode.
Data were processed using MassLynx v4.2 software (Waters).

3.3. Synthesis—Synthetic Procedures
3.3.1. 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-azido-a/ 3-D-glucopyranose 9

Glucosamine hydrochloride (7.95 g, 36.9 mmol) was dissolved in MeOH (185 mL).
Anhydrous K,CO3 (15.3 g, 110.7 mmol) was added slowly at 0 °C. After 15 min, imidazole-
1-sulfonyl azide hydrogen sulfate (12 g, 44.3 mmol) was added in portions, followed by
CuSO4-5H0 (92 mg, 0.37 mmol). The reaction progress was monitored through TLC
(DCM/MeOH 7:3). After 4 h, the starting material was consumed, and the solvent was
removed under reduced pressure and dried under vacuum. The crude 2-azido-2-deoxy-
glucopyranose was then suspended in dichloromethane (185 mL) and pyridine (48 mL),
then cooled to 0 °C. DMAP (225 mg, 1.85 mmol) and AcyO (27.9 mL, 295 mmol) were
added, and the reaction was stirred at r.t. for 12 h. The reaction was followed by TLC
(DCM/MeOH 7:3 and hexane/EtOAc 7:3). The reaction was diluted with DCM, then
washed three times with 5% HCI solution, twice with saturated solution of NaHCO;3,
and finally with brine. The organic phase was dried with sodium sulfate, filtered, and
evaporated. Purification by filtration on silica (hexane/EtOAc 6:4) led to 9 (13 g, 35 mmol)
in 95% yield over 2 steps as a 2:1 mixture of the o and 3 anomers. The spectroscopic data
are in agreement with those reported in the literature [53].

3.3.2. 3,4,6-Tri-O-acetyl-2-deoxy-2-azido-3-D-glucose 10

Hydrazine hydrate (1.8 mL, 37.2 mmol) was dissolved in MeOH (30 mL). AcOH
(1.77 mL, 31 mmol) was slowly added at 0 °C, and the solution was stirred for 20 min to
give hydrazine acetate. The freshly prepared hydrazine acetate solution was slowly added
to a solution of 9 (7.7 g, 20.66 mmol) in DMF (40 mL). When the reaction was completed,
indicated by TLC (hexane/EtOAc 5:5), the reaction mixture was diluted with Et,O and
washed 1x HyO and 1x brine. The organic phase was dried over NaySQy, filtered, and the
solvent was removed under reduced pressure, obtaining 8 g of crude compound whose
purity was checked by 'H-NMR analysis. The spectroscopic data are in agreement with
those reported in the literature [54].

3.3.3. 1-O-Thexyldimethylsilyl-3,4,6-tri-O-acetyl-2-deoxy-2-azido-3-D-glucopyranoside 11
Crude compound 10 (8 g, 20.66 mmol) was dissolved in DCM (200 mL). Imidazole
(3.1 g, 45.45 mmol) was added, and the solution was stirred for 10 min at r.t. The solution
was cooled to 0 °C, and the thexyldimethylsilyl chloride (4.9 mL, 24.8 mmol) was added.
The reaction was followed by TLC (hexane/EtOAc 7:3). After 12 h, TLC indicated the
consumption of the starting material; the reaction mixture was then washed with H,O and
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brine. The organic phase was dried over Na;SOy, filtered, and the solvent was removed
under reduced pressure. The crude was purified by flash chromatography (hexane/EtOAc
7:3), leading to 11 (9.04 g, 19 mmol) with 92% yield over two steps. The spectroscopic data
are in agreement with those reported in the literature [53].

3.3.4. 1-O-Thexyldimethylsilyl-2-deoxy-2-azido-4,6-O-benzylidene-3-D-glucopyranoside 12

Compound 11 (9.01 g, 19.04 mmol) was dissolved in MeOH (170 mL), then NaOMe
(308 mg, 5.71 mmol) was added. After 1 h, as indicated by TLC (hexane/EtOAc 3:7), the
reaction was completed. Amberlite IR-120 H+ form was added until pH 6, then the mixture
was filtered, and the solution was evaporated to dryness. The residue was dried under
vacuum, then redissolved in acetonitrile (175 mL); benzaldehyde dimethylacetal (6.3 mL,
41.9 mmol) and a catalytic amount of pTSA (724 mg, 3.8 mmol) were added to the reaction
solution. After 8 h, TLC (hexane/EtOAc 3:7) indicated the completion of the reaction.
Triethylamine (1.5 mL) was added, and the reaction mixture was evaporated. The purity
of the compound, checked by 'H-NMR, was found to be adequate for direct use in the
subsequent reaction. A sample was purified by flash chromatography hexane/EtOAc 7:3)
for characterization.

'H-NMR (400 MHz, CDCl3) § 7.34-7.10 (m, 5H, H-Arom), 5.33 (s, 1H, CH benzylidene),
443 (d, ] =7.7 Hz, 1H, H-1), 4.09 (dd, ] = 10.5, 5.0 Hz, 1H, 6-a), 3.58 (t, ] = 10.3 Hz, 1H,
6-b), 3.42 (dd, ] = 9.3, 1.5 Hz, 1H, H-3), 3.36 (t, ] = 9.1 Hz, 1H, H-4), 3.19 (ddd, ] = 10.1,
9.1, 5.0 Hz, 1H, H-5), 3.15-3.04 (m, 1H, H-2), 2.52 (brs, 1H, OH), 1.49 (h, ] = 7.1 Hz, 1H,
CH-TDS), 0.72 (s, 3H, CH3-TDS), 0.70 (s, 9H, CH3-TDS), 0.02 (s, 3H, CH3Si-TDS), 0.00 ppm
(s, 3H, CH3Si-TDS).

I3C-NMR (101 MHz, CDCl3) & 136.87-129.36-128.38-126.29 (C-Arom), 102.00 (CH
benzylidene), 97.40 (C-1), 80.76 (C-4), 71.92 (C-3), 69.13 (C-2), 68.58 (C-6), 66.26 (C-5), 33.88
(CH-TDS), 24.81 (Cquat-TDS), 19.98 (CH3-TDS), 19.82 (CH3-TDS), 18.50 (CH3-TDS), 18.40
(CH3-TDS), —2.11 (CH3Si-TDS), —3.18 ppm (CH3Si-TDS).

Cy1H33N305Si; caled. mass 435.22; ESI-MS: m/z 458.43 [M+Na]*.

3.3.5. 1-O-Thexyldimethylsilyl-2-deoxy-2-azido-3-O-acetyl-4,6-O-benzylidene-2-deoxy-f3-
D-glucopyranoside 13

Crude compound 12 (10.5 g) was acetylated using a procedure analogous to that
reported for compound 9 (3.6 mL of acetic anhydride, 117 mg of DMAP, 6.2 mL of pyridine
in 90 mL DCM). The crude compound after extraction was purified by filtration on silica
gel (hexane/EtOAc, 7:3), to give compound 13 (7.27 g, 15.2 mmol) with an 80% yield over
three steps.

TH-NMR (400 MHz, CDCl3) 57.48-7.30 (m, 5H, H-Arom), 5.48 (s, 1H, CH benzylidene),
5.13 (t,] =9.8 Hz, 1H, H-3), 4.69 (d, ] = 7.5 Hz, 1H, H-1), 4.29 (dd, ] = 10.3, 5.0 Hz, 1H, H-6a),
3.78 (t,] =10.3 Hz, 1H, H-6b), 3.63 (t,] = 9.5 Hz, 1H, H-4), 3.48 (dd, ] = 5.0, 10.3 Hz, 1H, H-5),
3.43-3.36 (dd, ] =7.5,9.8 Hz, 1H, H-2), 2.13 (s, 3H, CH3CO), 1.67 (hept, ] = 6.8, 1H, CH-TDS),
0.96-0.78 (m, 12 H, 4xCH3-TDS), 0.22 (s, 3H, CH3Si-TDS), 0.21 ppm (s, CH3Si-TDS).

13C-NMR (101 MHz, CDCl3) §169.88 (CH5CO), 136.98-129.25-128.38-126.28 (C-Arom),
101.66 (C-benzylidene), 97.61 (C-1), 78.85 (C-4), 71.29 (C-3), 68.68 (C-6), 67.45 (C-2), 66.66
(C-5), 34.01 (CH-TDS), 21.02 (CH3CO), 20.07-19.94-18.64-18.53 (CH3-TDS), —2.03 (CH;Si-
TDS), —3.09 ppm (CH3Si-TDS).

Cy3H35N304Si; caled. mass 477.23; ESI-MS: m/z 500.31 [M+Na]*.
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3.3.6. 1-O-Thexyldimethylsilyl-2-deoxy-2-azido-3-O-acetyl-4-O-benzyl-2-deoxy-3-D-
glucopyranoside 2

Compound 13 (2.3 g, 4.85 mmol) was dissolved in DCM (95 mL), then freshly activated
4A MS were added under an Ar atmosphere. The mixture was stirred for 1 h at —78 °C
before the addition of Et3SiH (2.7 mL, 17 mmol). The mixture was stirred for an additional
15 min, then PhBCI, (0.69 mL, 5.34 mmol) was added. The reaction progress was monitored
by TLC (hexane/EtOAc 8:2). When the reaction was completed (3 h), it was quenched
at —55 °C by the addition of Et3N (1.5 mL) and MeOH (5 mL). The MS were removed
by filtration over celite, the organic phase was washed once with NaHCO3 (saturated
aqueous solution), thenH2O, brine, and dried over Na2504. After filtration, the crude was
concentrated in vacuo, then purified by flash chromatography (hexane/EtOAc 8:2) to give
pure 2 (2.1 g, 4.5 mmol) in 93% yield.

'H-NMR (400 MHz, CDCl3) & 7.42-7.25 (m, 5H, CH Ar), 5.06 (dd, ] = 10.4, 9.3 Hz,
1H, H-3),4.46 (d,]=7.7, 1H, H-1), 4.63 (d, ] = 3.7 Hz, 2H, CH,Ph), 3.88 (ddd, ] = 12.2, 5.3,
2.7 Hz, 1H, H-6a), 3.74 (ddd, ] = 11.9, 8.3, 3.9, 1H, H-6b), 6.65 (t,] = 9.5 Hz, 1H, H-4), 3.42
(ddd,J=9.8,4.1,2.6 Hz, 1H, H-5), 3.30 (dd, ] = 10.4, 7.7 Hz, 1H, H-2), 2.05 (s, 3H, CH3CO),
1.80 (dd, J =84, 5,4, 1H, OH), 1.67 (hept, ] = 6.8, 1H, CH-TDS), 0.92 (s, 3H, CH3-TDS), 0.90
(s, 9H, CH3-TDS), 0.22 (s, 3H, CH3Si-TDS), 0.21 ppm (s, 3H, CH3Si-TDS).

13C-NMR (101 MHz, CDCl3) §169.98 (CH5CO), 137.65 (CquatAr), 128.70, 128.16, 127.94
(CAr), 97.01 (C-1), 75.72 (C-4), 75.40 (C-5), 74.72 (CH,Ph), 74.14 (C-3), 67.01 (C-2), 61.89
(C-6), 34.07 (CH-TDS), 25.30 (Cquat), 21.07 (CH3CO), 20.11-20.10-18.57-18.54 (CH3-TDS),
1.96 (CH3Si-TDS), -3.00 ppm (CH;Si-TDS).

Cy3H37N304Si; caled. mass 479.25; ESI-MS: m/z 502.49 [M+Na]*.

3.3.7. 1-5-(4-Methylphenyl)-2-deoxy-2-phthalimido-3-O-acetyl-4,6-O-benzylidene-3-D-
glucopyranoside 1

Compound 14 [34] (3.05 g, 6.06 mmol) was dissolved in DCM (30 mL), then DMAP
(37 mg, 0.05 mmol) and pyridine (1.96 mL, 24 mmol) were added; the reaction was cooled
to 0 °C then acetic anhydride (1.15 mL, 12.1 mmol) was added slowly, then the reaction
was raised to r.t. After 2 h TLC (hexane/EtOAc 75:25) indicated the disappearance of the
starting material. The reaction was worked up as for compounds 9 and 13; the product
was purified by flash chromatography, using hexane/EtOAc 75:25 as eluent, affording
compound 1 (3.1 g) with a yield of 95%.

'H NMR (400 MHz, CDCl3) § 7.91-7.83 (m, 2H, CHAr), 7.80-7.70 (m, 2H, CHAr),
7.47-7.40 (m, 2H, CHAr), 7.40-7.32 (m, 3H, CHAr), 7.32-7.24 (m, 2H, CHAr), 7.08 (d,
J =8.0 Hz, 2H, CHAr), 5.88 (t,] = 9.4 Hz, 1H, H-3), 5.76 (d, ] = 10.5 Hz, 1H, H-1), 5.53 (s, 1H,
CH benzylidene), 4.46—4.38 (m, 1H, H-5), 4.33 (dd, ] = 10.6, 9.9 Hz, 1H, H-2), 3.87-3.69 (m,
3H, H-6, H-4), 2.32 (s, 3H, CH3Ph), 1.87 (s, 3H, CH3CO).

13C NMR (101 MHz, CDCl3) § 170.32 (CH3CO), 168.01 (C(O)N Phth), 167.41 (C(O)N
Phth), 138.87 (Cquat Ar), 137.01 (Cquat Ar), 134.58 (CAr), 134.35 (CAr), 133.86 (CAr), 131.86
(Cquat Ar), 131.37 (Cquat Ar), 129.90 (CAr), 129.33 (CAr), 128.40 (CAr), 127.35 (Cquat Ar),
126.40 (CAr), 123.87 (CAr), 123.75 (CAr), 101.80 (CHPh), 84.15 (C-1), 79.16 (C-4), 70.79 (C-3),
70.66 (C-5), 68.75 (C-6), 54.50 (C-2), 21.33 (CH;3-STol), 20.71 (CH3CO).

C39Hy7NO7S; caled. mass 545.15; ESI-MS: m/z 568,32 [M+Na]*.
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3.3.8. 6-O-(2-Deoxy-2-phthalimido-3-O-acetyl-4,6-O-benzylidene-3-D-glucopyranosyl)-3-
1-(O-thexyldimethylsilyl)-2-deoxy-2-azido-3-O-acetyl-4-O-benzyl-3-D-glucopyranoside 3

Compound 1 (3.195 g, 5.85 mmol) and compound 2 (2.58 g, 5.38 mmol) were co-
evaporated three times with toluene and stored under vacuum overnight. Then, activated
4A MS were added under an Ar atmosphere, 50 mL of dry DCM was added, and the mixture
was stirred at r.t. for 1 h. Then the reaction was cooled to —20 °C; NIS (1.6 g, 7 mmol) and
after 3 min TMSOTT (0.1 mL, 0.538 mmol) were added. The reaction was stirred at this
temperature for 2 h, when TLC (hexane/EtOAc 7:3) showed complete consumption of the
acceptor. The reaction was quenched by adding 5 mL of triethylamine at —20 °C, then
raised to r.t.; the mixture was filtered over celite, and the filtrate concentrated to dryness.
The residue was purified by silica gel chromatography (hexane/EtOAc 8:2), affording
disaccharide 3 (3.44 g) in a yield of 71%.

'H NMR (400 MHz, CDCl;) § 7.77-7.72 (m, 2H, CHAr), 7.67-7.58 (m, 2H, CHAr),
7.48-7.40 (m, 2H, CHAr), 7.40-7.28 (m, 3H, CHAr), 7.24-7.15 (m, 4H, CHAr), 7.00-6.91 (m,
2H, CHAr), 5.82 (dd, J = 10.3, 9.1 Hz, 1H, H-3'), 5.52 (s, 1H, CHPh), 5.49 (d, ] = 8.4 Hz, 1H,
H-1'),4.90 (dd, J = 10.5, 8.6 Hz, 1H, H-3), 4.49 (d, ] = 7.6 Hz, 1H, H-1), 4.39-4.31 (m, 2H, H-2/,
H-6a"), 4.31-4.21 (m, 2H, CH,Ph), 3.98 (dd, ] = 10.7, 1.7 Hz, 1H, H-6b), 3.85-3.73 (m, 2H,
H-4', H-6b"), 3.73-3.63 (m, 2H, H-6a, H-5'), 3.47-3.33 (m, 2H, H-4, H-5), 3.18 (dd, ] = 10.4,
7.7 Hz, 1H, H-2), 1.95 (s, 3H, CH3CO), 1.87 (s, 3H, CH3CO), 1.63-1.55 (m, 1H, CH-TDS),
0.83 (dd, ] = 6.8, 1.3 Hz, 6H, CH3-TDSx2), 0.79 (s, 6H, CH3-TDSx2), 0.08 (s, 3H, CH3Si-TDS),
0.00 (s, 3H, CH;3Si-TDS).

13C NMR (101 MHz, CDCl3) § 170.35 (CH3CO), 169.87 (CH3CO), 137.43 (CquatAr),
137.06 (CquatAr), 134.37 (CquatAr), 131.57 (CquatAr), 129.34 (CAr), 128.50 (CAr), 128.41
(CAr), 128.03 (CAr), 127.75 (CAr), 126.40 (CAr), 123.70 (CAr), 101.86 (CHPh), 98.42 (C-1'),
97.01 (C-1), 79.34 (C-4'), 76.30 (C-4), 74.52 (CH,Ph), 74.27 (C-5), 73.95 (C-3), 70.11 (C-3'),
68.81 (C-6'), 68.13 (C-6), 66.72 (C-2), 66.43 (C-5'), 55.43 (C-2'), 34.01 (CH-TDS), 24.89 (Cquat-
TDS), 21.00 (CH3CO), 20.69 (CH3CO), 19.9954 (CH3-TDS), 19.9854 (CH3-TDS), 18.5954
(CH3-TDS), 18.5554 (CH3-TDS), —1.97 (CH3Si-TDS), —3.39 (CH;3Si-TDS).

C46HgcN4O13Si: caled. mass 900.36; ESI-MS: m/z 901.76 [M+H]*, 923.64 [M+Na]*.

3.3.9. General Procedure for the Synthesis of [3-Ketoesters

The appropriate carboxylic acid (10 mmol) was dissolved in DCM (100 mL); DCC
(11 mmol) and DMAP (3 mmol) were added at r.t. and the reaction was stirred at this
temperature for 1 h. A white precipitate formed during the reaction. Then Meldrum’s acid
(20 mmol) was dissolved in a DCM/pyridine solution (100 + 3 mL) and stirred at r.t. for
45 min, during which the solution turned pink. This solution was then slowly added to the
first flask, and the reaction was stirred at r.t. After 3 h, TLC (hexane/EtOAc 7:3) showed the
disappearance of the starting material; the reaction was then filtered, the filtrate washed
with 5% HCl and then brine. The organic phase was dried with sodium sulfate, filtered, and
evaporated. The crude residue was dissolved in the appropriate alcohol (100 mL, MeOH
for 15 and 16 or tBuOH for 17), then 5% mol of sulfuric acid was added, and the solution
was refluxed for 15 h. The reaction was then evaporated, and the crude purified on silica
gel (hexane/EtOAc 9:1 to 8:2).

Methyl 3-oxohexadecanoate 15. Yield: 74%. The spectroscopic data are in agreement
with those reported in the literature [55].

Methyl 3-oxoheptadecanoate 16. Yield: 64%.

TH-NMR (400 MHz, Chloroform-d) & 3.73 (s, 3H, OCHj3), 3.44 (s, 2H, CO-CH,-CO,Me),
2.52 (t, ] = 7.4 Hz, 2H, CO-CH;,-CH;,-Chain), 1.64-1.53 (m, 2H, CO-CH,-CH,-Chain),
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1.34-1.17 (m, 22H, chain), 0.88 (t, ] = 6.7 Hz, 3H, CH3). '3C NMR (101 MHz, CDCl3) § 202.98
(CO), 167.83 (CO,Me), 52.44 (CO,CH3), 49.14, 43.22, 32.06, 29.79, 29.72, 29.57, 29.48, 29.32,
29.14, 23.61, 22.82 (CH; chain), 14.24 (CH3). C1§H3403: caled. mass 298.25; ESI-MS: m/z
321.47 [M+Nal*.

t-Butyl 3-oxoheptadecanoate 17. Yield: 73%.

TH-NMR (400 MHz, CDCl3) 5 3.26 (s, 2H, CO-CH,-CO,tBu), 2.44 (t, ] = 7.4 Hz, 2H,
CH,), 1.50 (q,] = 7.0 Hz, 2H, CH,), 1.41 (d, ] = 7.3 Hz, 9H, tBu), 1.19 (d, ] = 7.8 Hz, 26H, CH,
chain), 0.88-0.73 (m, 3H, CH3). 13C NMR (101 MHz, CDCl3) & 203.21 (CO), 166.48 (CO,tBu),
50.61, 42.89, 31.94, 29.71, 29.69, 29.67, 29.62, 29.50, 29.47, 29.43, 29.40, 29.37, 29.21, 29.14,
29.09, 27.95 (CH3 tBu), 23.50, 22.69. Cp1Hy9O3: calcd. mass 340.30; ESI-MS: m/z 363.29
[M+Nal]*.

3.3.10. General Procedure for the Stereoselective Reduction of 3-Ketoesters to
(R)-B-Hydroxyesters

The stereoselective reductions of (3-ketoesters were performed employing a slightly
modified procedure reported by Ratovelomanana et al. [36]. Briefly, the (-ketoester
(3.5 mmol) was dissolved in degassed MeOH (7 mL, 0.5 M) and added to the freshly
prepared [(R)-BINAP]RuBr, catalyst (0.07 mmol) [36]. The mixture was placed under
argon, and then the atmosphere was replaced with hydrogen (from a balloon). The reaction
was heated to 50 °C for 16 h, and the progress of the reaction was checked by TLC (hex-
ane/EtOAc 7:3). The reaction was evaporated, and the crude product was purified by flash
chromatography (hexane/EtOAc 8:2), affording the respective (R)-3-hydroxyesters.

Methyl 3-hydroxyhexadecanoate 18. Yield: 89%. The spectroscopic data are in agree-
ment with those reported in the literature [36]. Mosher’s esters analysis [37] and the
'H-NMR experiment employing the chiral lanthanide shift reagent Eu(Hfc)3 [38] confirmed
the stereoselective reduction, affording the (R)-enantiomers (see Supporting Information).

Methyl 3-hydroxyheptadecanoate 19. Yield: 85%.

'H NMR (400 MHz, CDCl3) & 4.07-3.93 (m, 1H, H-3), 3.71 (s, 3H, OCH3), 2.83 (d,
J=4.0Hz, 1H, OH), 2.52 (dd, ] = 16.4, 3.1 Hz, 1H, H-2a), 2.41 (dd, ] = 16.4, 9.0 Hz, 1H, H-2b),
1.48-1.38 (m, 2H, H-4), 1.26 (s, 22H, CH; chain), 0.88 (t, ] = 6.7 Hz, 3H, CH3).

13C NMR (101 MHz, CDCl3) § 173.63 (COOMe), 68.16 (C-3), 51.84 (OCH3), 41.25 (C-2),
36.68 (C-4), 32.05 (CH, chain), 29.80 (CH, chain), 29.71 (CH; chain), 29.65 (CH, chain),
29.49 (CH, chain), 29.41 (CH; chain), 25.61 (CH, chain), 22.82 (CH, chain), 14.24 (CH3).
C18H3603: caled. mass 300.27; ESI-MS: m/z 300.99 [M+H]*.

t-Butyl-3-hydroxyheptadecanoate 20. Yield: 73%.

'H NMR (400 MHz, CDCl3) & 3.98-3.88 (m, 1H, H-3), 3.09 (s, 1H, OH), 2.41 (dd,
] =16.3, 3.2 Hz, 1H, H-2a), 2.30 (dd, J = 16.3, 8.9 Hz, 1H, H-2b), 1.45 (s, 9H, CHj3 tBu),
1.43-1.34 (m, 2H, H-4), 1.33-1.18 (m, 24H, CH, chain), 0.91-0.83 (m, 3H, CH3). 3C NMR
(101 MHz, CDCl3) 6 172.71 (COOtBu), 81.30 (Cquat tBu), 68.04 (C-3), 42.42 (C-2), 36.62
(C-4), 32.07 (CH, chain), 29.83 (CH, chain), 29.80 (CH; chain), 29.78 (CH; chain), 29.72 (CH,
chain), 29.70 (CH; chain), 29.49 (CH, chain), 28.24 (CHj3 tBu), 25.60 (CH, chain), 22.80 (CH,
chain), 14.23 (CH3). Cp1Hy,O3: caled. mass 342.31; ESI-MS: m/z 343.65 [M+H]*.

3.3.11. General Procedure for the Reductive Benzylation of the 3-Hydroxyl Group of Fatty
Acids and Base-Mediated Ester Hydrolysis

Respective Methyl 3-hydroxyhexadecanoate (18) or heptadecanoate (19) (0.67 mmol)
was dissolved in dry THF (1.3 mL), and the solution was cooled to 0 °C. After the addition
of benzaldehyde (2.0 mmol) and hexamethyldisiloxane (4.0 mmol), trimethylsilyl trifluo-
romethanesulfonate (1.3 mmol) was added dropwise, and the reaction mixture was stirred
for 3h at 0 °C. Then, triethylsilane (2.0 mmol) was added, and after stirring for 2 h at 0 °C,
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the reaction mixture was diluted with EtOAc, washed with saturated aqueous NaHCOj3
solution and brine; dried over NaySQy, filtered, and concentrated.

To the crude was added THF (3 mL), MeOH (2 mL), and H,O (1 mL). To the solution
was added LiOH.H,O (2.7 mmol), and the reaction was stirred at room temperature for
5 h. The reaction mixture was then diluted with EtOAc, washed with aqueous 1 N HCI,
deionized H,O, and brine; dried over Na;SQy, filtered, and concentrated. The crude was
purified by flash silica gel column chromatography (hexane/EtOAc 7:3), affording the
respective (R)-3-(benzyloxy) fatty acids.

(R)-3-(benzyloxy)-hexadecanoic acid 4; Yield: 80%. The spectroscopic data are in
agreement with those reported in the literature [27].

(R)-3-(benzyloxy)-heptadecanoic acid 6; Yield: 82%.

1H NMR (400 MHz, CDCl3) § 7.28-7.17 (m, 5H, CHAr), 4.56-4.45 (m, 2H, CH,Ph), 3.81
(ddd, ] =12.2, 6.8, 5.5 Hz, 1H, H-3), 2.58 (dd, ] = 15.4, 7.1 Hz, 1H, H-2a), 2.48 (dd, ] = 15.4,
5.2 Hz, 1H, H-2b), 1.66-1.43 (m, 2H, H-4), 1.40-1.14 (m, 24H, CH, chain), 0.82 (t, ] = 6.6 Hz,
3H, CH3). 3C NMR (101 MHz, CDCl3) § 177.47 (COOMe), 138.29 (Cquat Ar), 128.52 (CAr),
127.98 (CAr), 127.84 (CAr), 75.87 (C-3), 71.69 (CH,Ph), 39.69 (C-2), 34.29 (C-4), 32.07 (CH,
chain), 29.83 (CH, chain), 29.82 (CH; chain), 29.80 (CH, chain), 29.79 (CH; chain), 29.73
(CH; chain), 29.70 (CH, chain), 29.51 (CH, chain), 25.26 (CH, chain), 22.84 (CH, chain),
14.26 (CH3). Co4Hy0O3: caled. mass 376.30; ESI-MS: m/z 399.70 [M+Na]*.

3.3.12. t-Butyl (R)-3-(Pentadecanoyloxy)-Heptadecanoate 21

To the solution of t-Butyl (R)-3-hydroxy-heptadecanoate 20 (1.04 g, 2.92 mmol) and
pentadecanoic acid (0.92 g, 3.79 mmol) in dry CHCl, (29 mL) was added DIC (904 uL,
5.84 mmol) and DMAP (0.36 g, 2.92 mmol). The reaction was stirred at room temperature
for 6 h, and then it was diluted with CH,Cl,. The diisopropylurea (DIU) precipitate was
filtered off, and the filtrate was washed with saturated aqueous NH,Cl solution and brine,
dried over NaySQOy, filtered, and concentrated. The crude was purified by flash silica gel
column chromatography (hexane/EtOAc = 19:1) to give 21 (1.7 g, quant.)

'H NMR (400 MHz, CDCl3) § 5.19 (tt, ] = 7.3, 5.7 Hz, 1H, H-3), 2.53-2.37 (m, 2H, H-2),
2.29-2.21 (m, 2H, H-2'), 1.58 (qd, ] = 11.5, 6.1 Hz, 4H, H-4, H-3"), 1.42 (s, 9H, CHj tBu), 1.25
(d, J =5.1Hz, 46H, CH; chains), 0.91-0.82 (m, 6H, CHj3 x 2).

13C NMR (101 MHz, CDCl3) § 173.19 (COOtBu), 169.84 (COO C15 chain), 80.82 (Cquat
tBu), 70.64 (C-3), 40.75 (C-2), 34.65 (C-2'), 34.19 (C-4), 32.05 (CH, chains), 29.84 (CH, chains),
29.82 (CH; chains), 29.81 (CH; chains), 29.79 (CH, chains), 29.78 (CH, chains), 29.75 (CH,
chains), 29.68 (CH; chains), 29.63 (CH, chains), 29.62 (CH, chains), 29.53 (CH, chains),
29.50 (CH, chains), 29.43 (CH, chains), 29.31 (CH, chains), 28.15 (CHj3 tBu), 25.25 (CH,
chains), 25.17 (CH; chains), 22.83 (CH; chains), 14.24 (CH3). C34H7(O4: calcd. mass 566.53;
ESI-MS: m/z 589.63 [M+Na]*.

3.3.13. (R)-3-(Pentadecanoyloxy)-Heptadecanoic Acid 7

Compound 21 (1.6 g, 2.82 mmol) was dissolved in CH,Cl, (23 mL), and then TFA
(6 mL) was added, and the reaction mixture was stirred at room temperature for 12 h. The
reaction was diluted with CH,Cl,, washed with saturated aqueous NaHCOj solution and
brine; dried over NaySOy, filtered, and concentrated. The crude was purified by flash silica
gel column chromatography (hexane/EtOAc = 6:4) to give 7 (1.3 g, 93%).

I'H NMR (400 MHz, CDCl3) 5 5.20 (t, ] = 6.5 Hz, 1H, H-3), 2.67-2.51 (m, 2H, H-2), 2.27
(t,] =7.5Hz,2H, H-2),1.60 (h, ] = 7.2 Hz, 4H, H-4, H-3"), 1.46-1.04 (m, 46H, CH, chains),
0.94-0.80 (m, 6H, CHj3 x 2). 3C NMR (101 MHz, CDCl3) § 176.69 (COOH), 173.44 (COO
C15 chain), 70.14 (C-3), 39.06 (C-2), 34.62 (C-2"), 34.11 (C-4), 32.07 (CH, chains), 29.86 (CH,
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chains), 29.85 (CH; chains), 29.82 (CH, chains), 29.81 (CH; chains), 29.78 (CH, chains),
29.70 (CHj chains), 29.64 (CH; chains), 29.51 (CH, chains), 29.49 (CH, chains), 29.43 (CH,
chains), 29.26 (CH; chains), 25.25 (CH, chains), 25.15 (CH; chains), 22.85 (CH; chains),
14.25 (CH3). C3,HgrOy4: caled. mass 510.46; ESI-MS: m/z 533.46 [M+Na]*.

3.3.14. 6-O-(2-Deoxy-2-((R)-3-(benzyloxy)-hexadecanoylamido)-3-O-((R)-3-(benzyloxy)-
hexadecanoyl)-4,6-O-benzylidene-f3-D-glucopyranosyl)-1-(O-thexyldimethylsilyl)-2-
deoxy-2-azido-3-O-((R)-3-(benzyloxy)-hexadecanoyl)-4-O-benzyl-3-D-glucopyranoside
23

Disaccharide 3 (620 mg, 0.688 mmol) was dissolved in absolute ethanol (20 mL) with
sonication to obtain a cloudy solution. Then, hydrazine monohydrate (2 mL) was added,
and the reaction mixture was stirred at 70 °C for 2 h. After cooling to room temperature,
the reaction was diluted with CH,Cl,, washed with deionized H,O and brine; dried over
NaySQy, filtered, and concentrated.

A mixture of the obtained crude compound 22 and benzyl-protected fatty acid 4 (1.0 g,
2.75 mmol) was co-evaporated with toluene twice and dried in vacuo for 30 min. To the
mixture was added dry CH,Cl, (5.8 mL) and dry DMF (1.2 mL), and stirred at room
temperature. Then EDC.HCI (1.3 g, 6.88 mmol) and DMAP (126 mg, 1.03 mmol) were
added, and the reaction was stirred at 45 °C for 12 h. After dilution with CH,Cl,, the
reaction mixture was washed with saturated aqueous NH4Cl solution and brine, dried
over NapySOy, filtered, and concentrated. The crude was purified by flash silica gel column
chromatography (Toluene/EtOAc = 19:1) to give 23 (0.9 g, 75%).

'H NMR (400 MHz, CDCl3) § 7.52-7.18 (m, 25H, CHAr), 6.32 (d, ] = 9.0 Hz, 1H, NH),
5.42 (s, 1H, H-7’), 5.31 (t,] = 9.8 Hz, 1H, H-3'), 5.03 (dd, ] = 10.4, 9.1 Hz, 1H, H-3), 4.62-4.35
(m, 11H), 4.27 (dd, ] =10.4, 4.9 Hz, 1H), 4.03-3.61 (m, 10H), 3.56 (t, ] = 9.4 Hz, 1H), 3.41 (dtd,
J=11.7,5.8,3.9 Hz, 2H), 3.26 (dd, ] = 10.4, 7.6 Hz, 1H, H-2), 2.73-2.53 (m, 2H), 2.51-2.40
(m, 2H), 2.34-2.22 (m, 2H), 1.73-1.66 (m, 1H, CH TDS), 1.62-1.38 (m, 8H), 1.38-1.10 (m,
70H, CH,; chains), 0.96-0.87 (m, 21H, CHjs (chains + TDS)), 0.22 (d, ] = 3.1 Hz, 6H, CH3
TDS). 13C NMR (101 MHz, CDCl3) & 171.38, 171.30, 170.80, 138.75, 138.70, 138.46, 137.92,
137.03, 129.15, 128.73, 128.56, 128.54, 128.39, 128.37, 128.29, 128.27, 127.96, 127.89, 127.88,
127.82,127.57,127.55, 126.25, 101.61, 101.56, 97.06, 79.04, 76.26, 76.14, 75.88, 75.69, 74.62,
74.30, 74.11, 71.76, 71.63, 71.27, 70.95, 68.78, 67.93, 66.90, 66.53, 54.62, 41.36, 39.88, 34.66,
34.51, 34.07, 33.84, 32.07, 29.85, 29.83, 29.81, 29.79, 29.77, 29.74, 29.73, 29.50, 25.28, 25.26,
25.23,25.21,24.98, 22.82, 20.13, 20.08, 18.65, 18.60, 14.23, —1.63, —3.17.

C103H158N4O15Si: caled. mass 1719.15; ESI-MS: m/z 1742.42 [M+Na]*.

3.3.15. General Procedure for Azide Reduction

To a solution of compound 23 (27 mg, 0.016 mmol) in 1,4-dioxane (1 mL) and AcOH
(0.1 mL) was added Zn powder (150 mg), and after stirring the reaction for 12 h at room
temperature, it was diluted with CH,Cly, filtered over celite, washed with saturated
aqueous NaHCOj solution and brine; dried over Na,;SOy, filtered and concentrated to
obtain the amine as crude which was used in the next reaction without further purification.

3.3.16. 6-O-(2-Deoxy-2-((R)-3-(benzyloxy)-hexadecanoylamido)-3-O-((R)-3-(benzyloxy)-
hexadecanoyl)-4,6-O-benzylidene-{3-D-glucopyranosyl)-1-(O-thexyldimethylsilyl)-2-
deoxy-2-((R)-3-(benzyloxy)-heptadecanoylamido)-3-O-((R)-3-(benzyloxy)-hexadecanoyl)-
4-O-benzyl-B-D-glucopyranoside 24

The crude amine obtained after azide reduction (0.019 mmol) was co-evaporated
with toluene and dried in vacuo. To the crude was added benzyl-protected fatty acid
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6 (11 mg, 0.029 mmol) and HATU (15 mg, 0.038 mmol), and the mixture was dissolved
in dry CH,Cl, (1 mL) and DMF (0.2 mL). After adding DIPEA (7 uL), the reaction was
stirred at room temperature for 7 h. The reaction mixture was then diluted with CH,Cl,,
washed with saturated aqueous NH4Cl solution and brine, dried over Na;SOy, filtered,
and concentrated. The crude was purified by size exclusion chromatography (Sephadex®
LH-20) (CHCl3/MeOH = 1:1) to give 24 (34 mg, 87%).

'H NMR (400 MHz, CDCl3) 6 7.50-7.18 (m, 25H, CHAr), 6.38 (d, ] = 9.0 Hz, 1H, NH),
6.24 (d,] =9.3 Hz, 1H,NH), 5.42 (s, 1H, H-7'), 5.34 (t,] = 9.8 Hz, 1H, H-3'),5.14 (dd, ] = 10.4,
8.8 Hz, 1H, H-3), 4.63-4.37 (m, 13H), 4.30 (dd, J = 10.5, 4.9 Hz, 1H), 4.02-3.93 (m, 1H), 3.86
(ddt, J = 189, 11.9, 6.1 Hz, 4H), 3.78-3.54 (m, 5H), 3.47-3.38 (m, 2H), 2.73-2.50 (m, 2H),
2.49-2.24 (m, 6H), 1.67-1.42 (m, 9H), 1.41-1.10 (m, 105H, CH, chains), 0.96-0.81 (m, 25H,
CHj (chains + TDS)), 0.17 (s, 3H, CH3 TDS), 0.10 (s, 3H, CH3 TDS).

13C NMR (101 MHz, CDCl3) 6 171.54, 171.38, 171.37, 171.00, 138.70, 138.61, 138.41,
138.39, 138.00, 137.01, 128.69, 128.61, 128.47, 128.36, 128.34, 128.23, 127.91, 127.89, 127.85,
127.83,127.82,127.81, 127.79,127.77,127.55, 127.52, 126.21, 101.48, 101.44, 96.19, 78.97,76.27,
76.10, 76.00, 75.88, 75.81, 75.62, 75.54, 74.67, 74.43, 74.16, 71.97, 71.72, 71.63, 71.61, 71.44,
71.21, 70.97, 70.65, 68.72, 68.29, 66.41, 55.95, 54.61, 41.27, 41.13, 39.81, 39.46, 37.15, 34.60,
34.37, 34.35, 34.05, 33.84, 33.76, 32.07, 29.87, 29.86, 29.83, 29.81, 29.80, 29.78, 29.74, 29.71,
29.69, 29.68, 29.66, 29.48, 25.34, 25.26, 25.24, 25.16, 24.80, 22.80, 22.78, 20.21, 20.19, 18.70,
18.69, 14.23, —1.31, —3.16.

C127H198N>O17Si: caled. mass 2051.45; ESI-MS: m/z 2074.86 [M+Na]*.

3.3.17. 6-O-(2-Deoxy-2-((R)-3-(benzyloxy)-hexadecanoylamido)-3-O-((R)-3-(benzyloxy)-
hexadecanoyl)-4,6-O-benzylidene-{3-D-glucopyranosyl)-1-(O-thexyldimethylsilyl)-2-
deoxy-2-((R)-3-(pentadecanoyloxy)-heptadecanoylamido)-3-O-((R)-3-(benzyloxy)-
hexadecanoyl)-4-O-benzyl-3-D-glucopyranoside 27

The crude amine obtained after azide reduction (0.016 mmol) was co-evaporated with
toluene and dried in vacuo. To the crude was added double fatty acid 7 (12 mg, 0.024 mmol)
and HATU (12 mg, 0.031 mmol), and the mixture was dissolved in dry CH,Cl, (1 mL) and
DMF (0.2 mL). After adding DIPEA (5.5 uL), the reaction was stirred at room temperature
for 4 h. The reaction mixture was then diluted with CH,Cl,, washed with saturated
aqueous NH4Cl solution and brine, dried over Na;SOy, filtered, and concentrated. The
crude was purified by size exclusion chromatography (Sephadex® LH-20) (CHCl3/MeOH
=1:1) to give 27 (29 mg, 85%).

'H NMR (400 MHz, CDCl3) § 7.44-7.13 (m, 25H, CHAr), 6.29 (d, ] = 8.9 Hz, 1H,
NH), 5.75 (d, ] = 9.1 Hz, 1H, NH), 5.39 (s, 1H, H-7'), 5.34-5.25 (m, 1H, H-3), 5.11 (dd,
J =104, 8.5 Hz, 1H, H-3), 5.08-5.00 (m, 1H), 4.69 (d, ] = 7.6 Hz, 1H, H-1), 4.60-4.33 (m, 10H),
4.31-4.20 (m, 1H), 3.98-3.74 (m, 5H), 3.73-3.51 (m, 4H), 3.51-3.43 (m, 1H), 3.43-3.34 (m, 1H),
2.64 (dd, ] =15.0, 6.4 Hz, 1H), 2.53 (dd, ] = 15.9, 7.0 Hz, 1H), 2.47-2.18 (m, 8H), 1.67-1.39 (m,
4H), 1.39-1.07 (m, 101H, CH, chains), 0.92-0.79 (m, 31H, CHj3 (chains + TDS)), 0.16 (s, 3H,
CHj; TDS), 0.13 (s, 3H, CH3 TDS).

13C NMR (101 MHz, CDCl3) § 173.92, 171.71, 171.39, 171.32, 169.30, 138.69, 138.66,
138.49, 138.04, 137.05, 128.73, 128.55, 128.53, 128.51, 128.42, 128.38, 128.36, 128.29, 128.27,
128.25, 127.91, 127.86, 127.83, 127.81, 127.78, 127.76, 127.63, 127.55, 126.27, 126.25, 126.23,
101.59, 101.49, 96.04, 79.00, 76.33, 76.03, 75.67, 75.59, 74.84, 74.55, 74.23, 71.76, 71.43, 71.26,
71.01, 70.91, 68.76, 68.34, 66.49, 56.36, 54.66, 41.87, 41.36, 39.86, 39.69, 34.68, 34.65, 34.35,
34.14, 33.89, 32.07, 32.05, 29.92, 29.91, 29.90, 29.88, 29.86, 29.83, 29.81, 29.79, 29.77, 29.75,
29.74,29.71, 29.69, 29.58, 29.51, 29.49, 29.38, 25.45, 25.35, 25.28, 25.20, 25.18, 25.15, 24.88,
22.83,20.24,20.22,18.75, 18.73, 18.70, 18.68, 14.25, —1.37, —3.15.
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C135H200N>O15Si: caled. mass 2185.61; ESI-MS: m/z 2208.58 [M+Na]*.

3.3.18. General Procedure for Desilylation

The respective TDS-protected substrate (0.017 mmol) was dissolved in dry THF
(1.2mL) and dry pyridine (0.4 mL). To the solution was added HF-pyridine (0.12 mL),
and the reaction was stirred at room temperature for 8 h. The reaction mixture was then
diluted with CH,Cl,, washed with saturated aqueous NH4Cl solution and brine, dried
over NapySOy, filtered, and concentrated. The crude was purified by flash silica gel column
chromatography (Toluene/EtOAc = 8:2) to give the corresponding desilylated products.

6-0-(2-deoxy-2-((R)-3-(benzyloxy)-hexadecanoylamido)-3-O-((R)-3-(benzyloxy)
-hexadecanoyl)-4,6-O-benzylidene-f3-D-glucopyranosyl)-2-deoxy-2-((R)-3-(benzyloxy)
-heptadecanoylamido)-3-O-((R)-3-(benzyloxy)-hexadecanoyl)-4-O-benzyl-3-D-glucopyranose
25. Yield: 84%.

'H NMR (400 MHz, CDCl3) § 7.40-7.02 (m, 30H, CHAr), 6.30 (d, ] = 8.3 Hz, 1H,
NH), 6.20 (d, ] = 9.4 Hz, 1H, NH), 5.33 (s, 1H, H-7’), 5.27-5.18 (m, 2H, H-3, H-3'), 4.84 (d,
] =3.5Hz, 1H, H-1),4.62 (d,] =8.4 Hz, 1H, H-1'), 452-4.19 (m, 11H), 4.06 (td, ] = 9.8, 3.5 Hz,
1H), 3.90 (dd, J =11.7, 1.9 Hz, 1H), 3.83-3.63 (m, 5H), 3.56 (t, ] = 9.4 Hz, 1H), 3.45-3.33 (m,
2H), 3.22 (t, ] = 9.6 Hz, 1H), 2.63-2.42 (m, 2H), 2.39-2.04 (m, 5H), 1.53-1.30 (m, 8H, CH,
chains), 1.29-1.01 (m, 99H, CH, CHj; chains), 0.86-0.73 (m, 12H, CHj3 chains).

13C NMR (101 MHz, CDCl3) § 172.00, 171.97, 171.51, 171.46, 138.76, 138.72, 138.70,
137.76, 137.65, 137.06, 128.76, 128.64, 128.61, 128.56, 128.53, 128.48, 128.45, 128.42, 128 .40,
128.35, 128.33, 128.00, 127.98, 127.96, 127.94, 127.91, 127.90, 127.87, 127.85, 127.79, 127 .61,
127.59, 126.30, 102.28, 101.64, 91.51, 79.04, 76.60, 76.56, 75.69, 75.66, 74.39, 73.50, 71.94, 71.65,
71.55,71.53, 71.39, 71.20, 70.64, 69.41, 68.81, 66.71, 55.36, 52.75, 42.10, 41.74, 40.00, 39.85,
34.64, 34.50, 34.37, 33.94, 32.11, 29.92, 29.90, 29.89, 29.85, 29.84, 29.81, 29.55, 25.40, 25.38,
25.35,25.31,22.87,14.29.

C119H189N20O17: caled. mass 1909.33; ESI-MS: m/z 1932.42 [M+Na]™.

6-0-(2-deoxy-2-((R)-3-(benzyloxy)-hexadecanoylamido)-3-O-((R)-3-(benzyloxy)
-hexadecanoyl)-4,6-O-benzylidene-[3-D-glucopyranosyl)-2-deoxy-2-((R)-3-(pentadecanoyloxy)
-heptadecanoylamido)-3-O-((R)-3-(benzyloxy)-hexadecanoyl)-4-O-benzyl-D-glucopyranose
28; Yield: 75%.

'H NMR (400 MHz, CDCl3) § 7.47-7.12 (m, 25H. CHAr), 6.38 (d, ] = 8.5 Hz, 1H, NH),
5.92(d,] =9.2 Hz, 1H, NH), 5.42 (s, 1H, H-7’), 5.35-5.24 (m, 2H, H-3, H-3'), 5.12 (dd, ] = 7.4,
49 Hz, 1H), 4.93 (d,] = 3.5 Hz, 1H, H-1), 4.71 (d, ] = 8.4 Hz, 1H, H-1"), 4.63-4.27 (m, 8H,
CH,Ph), 4.12-3.98 (m, 2H), 3.95-3.72 (m, 4H), 3.65 (t, ] = 9.4 Hz, 1H), 3.55-3.40 (m, 2H), 3.29
(t, ] =9.5 Hz, 1H), 2.71-2.53 (m, 2H), 2.48-2.19 (m, 6H), 1.96 (s, 1H, OH), 1.70-1.40 (m, 10H,
CH, chains), 1.39-1.04 (m, 106H, CH, chains), 0.89 (t, ] = 6.8 Hz, 15H, CHj chains).

13C NMR (101 MHz, CDCl3) & 173.30, 172.30, 171.86, 171.39, 169.80, 138.64, 137.63,
137.57,136.98, 128.74, 128.51, 128.45, 128.37, 128.34, 128.29, 127.94, 127.88, 127.86, 127.84,
127.82, 127.58, 127.56, 126.24, 102.26, 101.59, 91.25, 78.98, 77.48, 77.16, 76.85, 76.77, 76.53,
75.63,75.55,74.47, 73.53, 71.86, 71.43, 71.23, 71.15, 71.13, 71.01, 70.65, 69.32, 68.75, 66.65,
55.23, 52.88, 41.55, 39.93, 39.80, 34.64, 34.57, 34.43, 34.37, 33.83, 32.06, 32.04, 29.87, 29.86,
29.84, 29.82, 29.80, 29.77, 29.75, 29.73, 29.71, 29.59, 29.53, 29.50, 29.38, 25.40, 25.35, 25.28,
25.26,25.20,22.82,14.25.

C127H02N>O15: caled. mass 2043.50; ESI-MS: m/z 2066.72 [M+Na]™*.

6-0-(2-deoxy-2-((R)-3-(benzyloxy)-hexadecanoylamido)-3-O-((R)-3-(benzyloxy)
-hexadecanoyl)-4-(O-dibenzylphosphoryl)-6-O-benzyl-3-D-glucopyranosyl)-2-deoxy-2-((R)
-3-(pentadecanoyloxy)-heptadecanoylamido)-3-O-((R)-3-(benzyloxy)-hexadecanoyl)-4-O
-benzyl-D-glucopyranose 32. Yield: 73%.
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H NMR (400 MHz, CDCl3) 6§ 7.38-7.12 (m, 35H, CHAr), 6.22 (d, ] = 7.9 Hz, 1H, NH),
5.87 (d, ] =9.3 Hz, 1H, NH), 5.38 (t, ] = 9.7 Hz, 1H, H-3"), 5.28 (t, ] = 9.7 Hz, 1H, H-3),
5.17-5.08 (m, 1H), 4.99-4.83 (m, 6H, H-1, H-1’, (CH,PhO),PO-), 4.60-4.31 (m, 11H, CH,Ph,
H-4'), 4.12-4.02 (m, 1H, H-2), 3.99-3.90 (m, 2H), 3.87-3.69 (m, 5H), 3.68-3.45 (m, 4H), 3.25 (t,
] =9.4 Hz, 1H, H-4), 2.62-2.24 (m, 8H), 2.22-2.14 (m, 2H), 1.80 (s, 2H), 1.65-1.40 (m, 3H),
1.25 (d, ] = 9.5 Hz, 148H, CH, chains), 0.88 (t, ] = 6.7 Hz, 15H, CHj3 chains).

13C NMR (101 MHz, CDCl3) 6 173.27, 172.24, 172.04, 171.30, 169.73, 138.78, 138.70,
138.11, 137.83, 137.62, 135.71, 128.67, 128.53, 128.46, 128.38, 128.31, 128.16, 128.11, 127.96,
127.90, 127.86, 127.83, 100.58, 91.28, 76.34, 75.57, 74.52, 74.31, 73.83, 73.60, 71.45, 69.74, 69.66,
68.84, 55.57, 52.85, 41.53, 39.95, 39.00, 34.65, 34.42, 34.30, 34.01, 32.08, 29.87, 29.82, 29.52,
25.36, 22.83, 14.25.

31P NMR (162 MHz, CDCl3) § —2.14.

C141H217N2051P: caled. mass 2305.57; ESI-MS: m1/z 2328.67 [M+Na]*.

3.3.19. General Procedure for Phosphorylation of the Anomeric Position

To the respective substrate with a free anomeric hydroxyl group (0.01 mmol) was
added dry THF (1 mL), and the solution was cooled to —70 °C. Then, LIHMDS (0.03 mmol)
was added, and the reaction was stirred at —70 °C for 30 min. Thereafter, tetrabenzyl
pyrophosphate (0.02 mmol) was added, and stirring continued for 1 h while warming from
—70 °C to 0 °C. The reaction mixture was diluted with CH,Cl,, washed with saturated
aqueous NH4Cl solution and brine, dried over NaySOy, filtered, and concentrated. The
crude was purified by flash silica gel column chromatography (Toluene/EtOAc = 9:1) to
give the corresponding phosphorylated products.

6-0-(2-deoxy-2-((R)-3-(benzyloxy)-hexadecanoylamido)-3-O-((R)-3-(benzyloxy)
-hexadecanoyl)-4,6-O-benzylidene-[3-D-glucopyranosyl)-1-O-(dibenzylphosphoryl)-2-deoxy
-2-((R)-3-(benzyloxy)-heptadecanoylamido)-3-O-((R)-3-(benzyloxy)-hexadecanoyl)-4-O
-benzyl-a-D-glucopyranoside 26. Yield: 63%.

'H NMR (400 MHz, CDCl3) § 7.44-7.19 (m, 40H, CHAr), 7.02 (d, ] = 8.9 Hz, 1H, NH),
6.24 (d, ] =8.7 Hz, 1H, NH), 5.68 (dd, ] = 5.4, 3.3 Hz, 1H, H-1), 5.40 (s, 1H, H-7'), 5.34-5.23
(m, 2H, H-3, H-3'), 5.08-4.89 (m, 5H), 4.70 (d, ] = 8.4 Hz, 1H, H-1'), 4.61-4.24 (m, 17H),
4.08-3.95 (m, 1H), 3.87-3.67 (m, 5H), 3.62 (t, ] = 9.5 Hz, 1H), 3.54 (t, ] = 9.6 Hz, 1H), 3.40-3.32
(m, 1H), 2.66 (dd, ] = 15.0, 6.6 Hz, 1H), 2.54 (dd, ] = 16.1, 7.3 Hz, 1H), 2.46-2.11 (m, 6H),
2.03-1.93 (m, 1H), 1.86-1.68 (m, 2H), 1.60-1.41 (m, 2H), 1.37-1.07 (m, 95H, CH, chains), 0.89
(t,] = 6.9 Hz, 12H, CH3 chains).

13C NMR (101 MHz, CDClg) 5 172.04, 171.71, 171.45, 171.36, 138.78, 138.72, 138.59,
138.55, 137.41, 137.10, 128.94, 128.92, 128.84, 128.83, 128.62, 128.57, 128.55, 128.53, 128.51,
128.46, 128.41, 128.38, 128.37, 128.34, 128.32, 128.29, 128.26, 128.21, 128.13, 128.10, 127.94,
127.91, 127.86, 127.83, 127.80, 127.69, 127.64, 127.49, 126.24, 101.49, 100.99, 79.16, 76.09, 75.67,
75.43,75.34,74.92,71.54, 71.27, 71.09, 71.04, 70.11, 70.06, 70.01, 66.56, 54.37, 52.32, 41.46,
41.24, 39.94, 39.81, 34.70, 34.35, 34.08, 32.07, 29.87, 29.85, 29.83, 29.81, 29.78, 29.51, 25.29,
22.83,14.27.

31P NMR (162 MHz, CDCl3) § —3.10.

C133H193N2050P: caled. mass 2169.39; ESI-MS: m1/z 2192.68 [M+Na]*.

6-0-(2-deoxy-2-((R)-3-(benzyloxy)-hexadecanoylamido)-3-O-((R)-3-(benzyloxy)
-hexadecanoyl)-4,6-O-benzylidene-[3-D-glucopyranosyl)-1-(O-dibenzylphosphoryl)-2-deoxy
-2-((R)-3-(pentadecanoyloxy)-heptadecanoylamido)-3-O-((R)-3-(benzyloxy)-hexadecanoyl)-
4-O-benzyl-a-D-glucopyranose 29. Yield: 65%.

"H NMR (400 MHz, CDCl3) & 7.43-7.12 (m, 35H, CHAr), 6.99 (d, ] = 9.0 Hz, 1H, NH-1),
5.99 (d,J = 8.6 Hz, 1H NH-2), 5.63 (dd, ] = 5.5, 3.2 Hz, 1H, H-1), 5.38 (s, 1H, H-7’), 5.33-5.18
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(m, 2H, H-3/, H-3), 5.15-4.97 (m, 5H, ((CH,Ph)O),PO-), H-3' C17 chain), 4.67 (d, ] = 8.4 Hz,
1H, H-1'), 4.60-4.34 (m, 8H, CH,Ph), 4.28 (dd, ] = 10.5, 4.9 Hz, 1H, H-6'a), 4.19 (tt, ] = 8.4,
4.3 Hz, 1H, H-2), 4.05-3.97 (m, 2H, H-5, H-2'), 3.87-3.68 (m, 6H, H-6'b, H-6a,b, H-3' C16
chains), 3.60 (t, ] = 9.4 Hz, 1H, H-4'), 3.52 (t, ] = 9.6 Hz, 1H, H-4), 3.36 (dt, ] = 9.7, 4.9 Hz,
1H, H-5'), 2.65 (dd, J = 15.0, 6.6 Hz, 1H), 2.55 (dd, ] = 16.0, 7.3 Hz, 1H), 2.50-2.35 (m, 3H),
2.34-2.18 (m, 4H), 2.17-2.07 (m, 1H), 1.66-1.37 (m, 5H, CH, chains), 1.36-0.99 (m, 112H,
CH, chains), 0.88 (t, ] = 6.8 Hz, 15H, CH3 chains).

13C NMR (101 MHz, CDCl3) & 173.35, 172.47, 171.71, 171.34, 169.96, 138.74, 138.69,
138.54,137.41, 137.07, 135.56, 135.50, 128.95, 128.94, 128.85, 128.83, 128.61, 128.53, 128.41,
128.33, 128.24, 128.18, 128.14, 127.91, 127.89, 127.84, 127.81, 127.65, 127.48, 126.22, 101.47,
100.99, 96.05, 79.13, 76.07, 75.65, 75.40, 75.20, 74.97, 73.64, 72.46, 71.92, 71.44, 71.25, 71.01,
70.58, 70.14, 70.11, 70.09, 70.05, 68.74, 66.53, 54.35, 52.60, 52.51, 41.41, 41.24, 39.92, 39.73,
34.68, 34.50, 34.32, 34.27, 33.94, 32.05, 29.87, 29.85, 29.84, 29.80, 29.78, 29.76, 29.75, 29.50,
25.33,25.27,25.13, 22.82, 14.27.

31p NMR (162 MHz, CDCl3) § —3.05.

C141H215N2051P: caled. mass 2303.56; ESI-MS: m1/z 2326.52 [M+Na]*.

3.3.20. 6-O-(2-Deoxy-2-((R)-3-(benzyloxy)-hexadecanoylamido)-3-O-((R)-3-(benzyloxy)-
hexadecanoyl)-6-O-benzyl-3-D-glucopyranosyl)-1-O-thexyldimethylsilyl-2-deoxy-2-((R)-
3-(pentadecanoyloxy)-heptadecanoylamido)-3-O-((R)-3-(benzyloxy)-hexadecanoyl)-4-O-
benzyl-f3-D-glucopyranoside 30

Dry CH,Cl, (4 mL) was added to a mixture of compound 27 (87 mg, 0.040 mmol)
with activated MS4A, and the suspension was stirred at room temperature for 3 h before
cooling to -78 °C. Then triethylsilane (51 nL, 0.32 mmol) and triflic acid (35 pL, 0.40 mmol)
were added successively to the reaction mixture. After stirring the reaction for 3 h at
-78 °C, triethylamine (58 pL) and MeOH (0.4 mL) were added, and stirring continued
for 10 min. The reaction was then warmed to room temperature, diluted with CH,Cl,,
washed with saturated aqueous NaHCOj solution and brine, dried over NaySOy, filtered,
and concentrated. The crude was purified by flash silica gel column chromatography
(Toluene/EtOAc = 9:1) to give 30 (62 mg, 70%).

H NMR (400 MHz, CDCl3) § 7.39-7.12 (m, 25H, CHAr), 6.16 (d, ] = 8.8 Hz, 1H, NH-1'),
5.68 (d,] = 9.2 Hz, 1H, NH-1), 5.07 (m, 3H, H-3’, H-3, H-3' C17 chain), 4.64 (d,] = 7.8 Hz,
1H, H-1), 4.59-4.38 (m, 10H), 3.91-3.59 (m, 8H), 3.55 (t, ] = 9.1 Hz, 1H), 3.46 (dt, ] = 9.6,
4.2 Hz,2H), 2.62 (dd, ] = 14.8, 7.6 Hz, 1H), 2.56-2.16 (m, 8H), 1.68-1.47 (m, 3H), 1.25 (dd,
J=7.3,3.5 Hz, 125H, CH; chains), 0.94-0.77 (m, 27H, CHj3 chains, CH3 TDS), 0.14 (s, 3H,
CHj; TDS), 0.11 (s, 3H, CH3 TDS).

13C NMR (101 MHz, CDCl3) § 173.88, 172.41, 171.74, 171.23, 169.25, 138.69, 138.53,
138.34, 138.04, 137.99, 128.68, 128.57, 128.47, 128.01, 127.93, 127.87, 127.83, 127.81, 127.78,
127.61,101.09, 96.08, 76.32, 76.12, 76.02, 75.96, 75.56, 75.05, 74.70, 74.22, 74.20, 73.81, 71.41,
71.30, 71.08, 70.97, 70.89, 70.53, 68.10, 56.44, 53.77, 41.82, 41.54, 39.91, 39.65, 34.68, 34.35,
34.30, 34.12, 33.98, 32.07, 29.88, 29.86, 29.85, 29.83, 29.81, 29.80, 29.78, 29.51, 25.45, 25.34,
25.29,25.15, 24.85, 22.83, 20.20, 18.71, 14.30, —1.35, —3.17.

C135H222N2018812 caled. mass 2187.63; ESI-MS: m/z 2210.42 [M+Na]+.
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3.3.21. 6-O-(2-Deoxy-2-((R)-3-(benzyloxy)-hexadecanoylamido)-3-O-((R)-3-(benzyloxy)-
hexadecanoyl)-4-(O-dibenzylphosphoryl)-6-O-benzyl-3-D-glucopyranosyl)-1-(O-
thexyldimethylsilyl)-2-deoxy-2-((R)-3-(pentadecanoyloxy)-heptadecanoylamido)-3-O-
((R)-3-(benzyloxy)-hexadecanoyl)-4-O-benzyl-D-glucopyranose 31

The mixture of Compound 30 (13 mg, 0.006 mmol) and 1H-tetrazole (4 mg, 0.06 mmol)
was dissolved in dry CH,Cl, (0.6 mL) and MeCN (0.1 mL), and the solution was cooled to
0 °C. Dibenzyl N,N-diisopropylphosphoramidite (5 uL, 0.015 mmol) was added, and the
reaction was stirred at room temperature for 2 h. Then, mCPBA (4 mg, 0.023 mmol) was
added and continued stirring for 30 min. The reaction mixture was diluted with CH,Cly,
washed with saturated aqueous NaHCO3 solution and brine; dried over NaySOy, filtered,
and concentrated. The crude was purified by size exclusion chromatography (Sephadex®
LH-20) (CHCl3/MeOH = 1:1) to give 31 (13 mg, 87%).

'H NMR (400 MHz, CDCl3) 6 7.38-7.13 (m, 35H, CHAr), 6.06 (d, ] = 8.2 Hz, 1H, NH),
5.64 (d,] =9.3 Hz, 1H, NH), 5.42 (t,] = 9.7 Hz, 1H, H-3'), 5.16-5.00 (m, 2H, H-3, H-3' C17
chain), 4.92-4.84 (m, 4H, ((CH,Ph)O),PO-)), 4.65 (d, ] = 8.3 Hz, 1H, H-1’), 4.61 (d,] = 7.7
Hz, 1H, H-1), 4.55-4.31 (m, 12H, CH,Ph), 3.91-3.43 (m, 8H), 2.60-2.10 (m, 9H), 1.81-1.67
(m, 2H), 1.67-1.38 (m, 4H), 1.38-1.03 (m, 95H, CH, chains), 0.97-0.73 (m, 32H, CH; chains,
CH; TDS), 0.15 (s, 3H, CH3 TDS), 0.10 (s, 3H, CH3 TDS).

13C NMR (101 MHz, CDCl3) 6 173.87, 171.73, 171.50, 171.39, 169.23, 138.82, 138.72,
138.66, 138.45, 137.97, 135.80, 128.65, 128.44, 128.39, 128.14, 128.07, 127.98, 127.83, 127.71,
127.64,127.59, 100.60, 96.12, 76.25, 76.15, 75.56, 75.18, 74.64, 74.32, 74.24, 73.53,72.78, 71.41,
71.07, 71.00, 70.92, 69.75, 69.69, 69.62, 69.57, 68.88, 68.63, 56.50, 55.24, 41.85, 41.55, 39.66,
39.08, 34.69, 34.37, 34.15, 32.07, 29.87, 29.82, 29.51, 25.46, 25.40, 25.35, 25.16, 22.83, 20.23,
18.72,14.24, —1.36, —3.15.

31P NMR (162 MHz, CDCl3) § —2.11.

C149H235N>051 PSi: caled. mass 2447.69; ESI-MS: m/z 2470.80 [M+Na]*.

3.3.22. General Procedure for Hydrogenolysis

The respective substrate (0.027 mmol) was dissolved in a mixture of CH,Cl, (1.2 mL)
and MeOH (1.2 mL), and to the solution was added AcOH (0.12 mL) and Pd(OH),/C
catalyst (120 mg), and the reaction was stirred for 2 days under a hydrogen gas atmosphere
using a balloon at room temperature. The reaction mixture was neutralized with Ets;N
(0.36 mL), and the palladium was filtered off using a micropore membrane filter. The
filtrate was co-evaporated with toluene and concentrated in a rotary evaporator. The crude
was purified by size exclusion chromatography (Sephadex® LH-20) (CHCl;/MeOH = 1:1)
to obtain the corresponding final fully deprotected lipid A compound.

Tetra C-1; quantitative yield.

'H NMR (400 MHz, CDCl;/MeOD) § 5.37-5.28 (m, 1H), 5.21 (s, 1H), 5.08-4.93 (m,
4H), 4.89-4.75 (m, 1H), 4.66 (d, ] = 8.5 Hz, 1H), 4.38 (dd, ] = 14.6, 9.5 Hz, 1H), 3.68-3.59 (m,
1H), 3.46 (t, ] = 9.5 Hz, 1H), 3.39-3.28 (m, 9H), 3.26-3.17 (m, 5H), 3.01 (q, ] = 7.3 Hz, 1H),
2.87 (q,J =7.2 Hz, 16H), 2.43-1.99 (m, 10H), 1.95-1.79 (m, 1H), 1.50-0.89 (m, 90H), 0.74 (t,
J =6.8 Hz, 15 H).

13C NMR (101 MHz, CDCl3/MeOD) 6 173.60, 173.27, 172.76, 172.58, 129.88, 129.61,
75.75, 68.85, 68.75, 68.37, 68.29, 68.15, 67.99, 62.42, 61.18, 52.52, 42.06, 36.98, 31.81, 29.65,
29.62, 29.59, 29.56, 29.54, 29.52, 29.47, 29.45, 29.26, 29.24, 29.22, 29.18, 25.49, 25.45, 22.55,
13.88,10.81,7.21.

31P NMR (162 MHz, CDCl3/MeOD) § 2.81.

HR-MS: C77H147N»O9P: calcd. mass 1451.03; ESI-qTOF MS: m/z 1450.0225 [M-H] ™.

Penta C-1; quantitative yield.
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'H NMR (400 MHz, CDCl3) & 5.27-5.13 (m, 1H), 5.05-4.93 (m, 2H), 4.79 (t,] = 9.8 Hz,
2H), 4.58 (d, ] = 8.5 Hz, 1H), 3.90-3.70 (m, 3H), 3.68-3.57 (m, 2H), 3.53 (d, ] = 12.9 Hz, 2H),
3.44 (t,] = 9.5 Hz, 3H), 3.37-3.26 (m, 1H), 3.25-3.18 (m, 9H), 2.99 (q, ] = 7.5 Hz, 6H), 2.85
(q,] = 7.2 Hz, 21H), 2.39-1.96 (m, 21H), 1.86 (d, ] = 5.1 Hz, 2H), 1.52-1.00 (m, 80H), 0.72 (t,
] = 6.7 Hz, 15H).

13C NMR (101 MHz, CDCl3) 6 173.73, 173.54, 173.01, 172.80, 171.19, 162.64, 130.06,
129.77,71.03, 68.80, 68.67, 68.35, 68.09, 51.95, 51.79, 51.54, 46.08, 42.54, 42.05, 41.34, 37.47,
37.17, 36.64, 35.88, 34.54, 34.18, 34.14, 34.07, 31.99, 31.97, 29.85, 29.83, 29.81, 29.78, 29.75,
29.73,29.72, 29.70, 29.44, 29.42, 27.25, 27.21, 25.94, 25.80, 25.73, 25.61, 25.52, 25.37, 25.12,
24.99,24.98,22.73,14.12, 14.10, 11.03, 8.58.

31P NMR (162 MHz, CDCl3) 5 1.99.

HR-MS: CopH175N201 P: caled. mass 1675.24; ESI-qTOF MS: m/z 1674.2378 [M-H] ™.

Penta C-4'; quantitative yield.

'H NMR (400 MHz, CDCl3) & 5.09-5.04 (m, 1H), 4.96-4.84 (m, 2H), 4.77 (d,] = 3.5 Hz,
0H), 4.11 (s, 1H), 3.96 (q, ] = 10.0 Hz, 1H), 3.91-3.82 (m, 1H), 3.82-3.74 (m, 2H), 3.74-3.66
(m, 1H), 3.56-3.43 (m, 1H), 3.32-3.16 (m, 1H), 2.89 (q, ] = 7.3 Hz, 7H), 2.74 (q, ] = 7.3 Hz,
5H), 2.63-2.53 (m, 1H), 2.26-2.08 (m, 3H), 2.02 (q, ] = 6.3 Hz, 3H), 1.94 (t, ] = 7.7 Hz, 2H),
1.82-1.67 (m, 3H), 1.43-1.26 (m, 6H), 1.26-0.79 (m, 120H), 0.61 (t, ] = 6.7 Hz, 15H).

13C NMR (101 MHz, CDCl3) § 173.52, 173.05, 172.81, 172.11, 170.69, 101.53, 91.10, 75.49,
74.04, 73.78, 70.81, 70.25, 70.05, 68.84, 68.35, 68.22, 60.12, 53.73, 51.81, 43.49, 42.17, 41.92,
41.75, 40.80, 36.98, 36.87, 34.14, 33.80, 31.61, 29.38, 29.03, 25.32, 25.14, 24.91, 24.74, 22.33,
13.53, 10.56.

3P NMR (162 MHz, CDCl3) & 4.90.

HR-MS: CgH;75N,071 P: caled. mass 1675.24; ESI-qTOF MS: m/z 1674.2343 [M-H] .

4. Conclusions

In this work, we underscore the therapeutic potential of microbiota-inspired glycol-
ipids as modulators of innate immunity. By synthesizing and computationally evaluating a
panel of Bacteroides fragilis-derived lipid A analogs, we identified Tetra C-1 (Figure 2) as a
promising TLR4 antagonist with superior binding characteristics compared to Eritoran, a
well-established antagonist that we used as a benchmark. This indicates a potentially supe-
rior antagonistic profile, meriting further investigation. As a next step, we will evaluate our
designed Bacteroides fragilis-derived glycolipids both in vitro and in vivo, using established
cell line models and murine models of LPS-induced inflammation—systems previously
employed to assess the immunomodulatory effects of B. fragilis-derived lipids. These mod-
els will enable quantification of cytokine levels (e.g., TNF-c, IL-6), assessment of epithelial
barrier integrity, and analysis of innate immune modulation. A direct comparison with
Eritoran and other known TLR4 ligands as reference compounds in these models could
validate our findings and support the development of B. fragilis-derived glycolipids as
therapeutic agents for inflammatory diseases and immunomodulation. Our findings pave
the way for the rational design of novel anti-inflammatory agents and vaccine adjuvants,
leveraging the immunomodulatory properties of commensal-derived molecules to target
TLR4-mediated pathways in inflammatory diseases. This study marks a further advance
toward the development of novel therapeutics targeting TLR4 in pursuit of next-generation
immunomodulators and vaccine adjuvants inspired by the human microbiome.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/molecules30193927 /s1. NMR and MS spectra of synthesized compounds.
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Abbreviations

LPS, lipopolysaccharides; TLRs, Toll-like receptors; TLR1-2-4, Toll-like receptor 1, 2 or 4; MD-2,
Myeloid Differentiation factor 2; MPLA, monophosphoryl lipid A; Th1, T-helper; CD4, Cluster of
Differentiation 4; PSA, polysaccharide A; IL-10, Interleukin 10; NMR, Nuclear Magnetic Resonance;
LC, Liquid chromatography; MS, Mass Spectrometry; DMAP, Dimethylaminopyridine; Py, Pyri-
dine; AcOH, Acetic Acid; DMF, Dimethylformamide; TDSCI, Thexyl-dimethyl silyl chloride; pTSA,
para-Toluensulfonic acid; THF, Tetrahydrofuran; NIS, N-Iodosuccinimide; TMSOT, Trimethylsilyl
trifluoromethanesulfonate; DCC, Dicyclohexylcarbodiimide; BINAP, 2,2"-bis(diphenylphosphino)-
1,1’-binaphthyl; MTPA, a-methoxy-a-trifluoromethylphenylacetic acid; DIC, Diisopropylcarbodi-
imide; TFA, trifluoroacetic acid; LiHDMS, Lithium bis(trimethylsilyl)amide; HBTU, Hexafluo-
rophosphate Benzotriazole Tetramethyl Uronium; DIPEA, N,N-Diisopropylethylamine; HATU,
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5-b]pyridinium 3-oxide hexafluorophosphate;
EDC, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide; PDB, Protein DataBank; RMSD, Root mean
square deviation; MM-GBSA, Molecular Mechanics-Generalized Born Surface Area; EtOAc, Ethyl
acetate; DCM, dichloromethane; TLC, Thin-Layer Chromatography; ESI, ElectroSpay Ionization;

mCPBA, meta-chloroperbenzoic acid.
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Abstract

Cell surface sialylation is utilized by a number of pathogenic bacteria to evade the host im-
mune system through molecular mimicry of host sialoglycoconjugates. Human pathogen
Neisseria meningitidis serotype B (NmB) expresses both sialylated capsule and surface
lipooligosaccharides as pivotal virulence factors. An essential enzyme in the sialylation
pathway of NmB is CMP-sialic acid synthetase (CSS), which produces the activated nu-
cleotide sugar necessary for sialic acid transfer. In this work, novel C-4, -5, -7, and -9
functionalized derivatives of neuraminic acid 3-methyl glycoside (Neup2Me) were syn-
thesized as candidate CSS inhibitors. A number of these were found to reduce the activity
of NmB CSS in vitro. The highest inhibition of NmB CSS, in a mixed mode manner, was
observed with a Neub5Acf2Me C-9 serine carboxamide. Direct interaction with the en-
zyme was confirmed by Saturation Transfer Difference (STD) NMR. Supplementation of
growth media with this compound reduced lipooligosaccharide (LOS) sialylation of living
N. meningitidis, thus providing an interesting starting point for the development of specific
NmB CSS inhibitors as an alternative treatment strategy to fight bacterial infections.

Keywords: sialic acids; CMP-sialic acid; CMP-sialic acid synthase; inhibitors; Neisseria
meningitidis

1. Introduction

Neisseria meningitidis serogroup B (NmB) is an obligate human pathogen and a leading
cause of meningitis and septicemia in developed countries [1]. Vaccines are currently
available for protection against N. meningitidis serogroups A, B, C, W, and Y [2,3]. The
Men A, C, W, and Y vaccines are based on bacterial capsular polysaccharide antigens [2—4].
In contrast, the MenB vaccine uses subcapsular membrane proteins and outer membrane
vesicle proteins [2,5] due to the similarity of its capsular polysaccharides to human neuronal
glycans [6-8]. NmB expresses sialic acid (Sia) on its surface, both in its capsule, which is
composed of an «2,8-linked homopolymer of Sia (polySia), and as the terminal sugar on
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lipooligosaccharides (LOS) [9,10]. Sialic acids are 9-carbon acidic sugars [11], incorporated
into glycoconjugates as o-linked sialosides, which are negatively charged under physiologi-
cal conditions. The highly charged polySia capsule of serogroup B meningococci, as well as
LOS terminated by Sia, are pivotal virulence factors [12]. Sia not only mediates interactions
with the host [13] but also promotes survival and dissemination of this pathogen. Sialylated
LOS has been shown to be involved in immune evasion of NmB, resistance against phago-
cytosis by human dendritic cells [14,15], and hindrance of complement attack by interfering
with the alternative pathway of complement activation [16-18]. Genetic interruption of
the NmB sialylation pathway abolishes capsule formation as well as LOS sialylation, and
results in rapid bacterial killing by human serum [19]. Interference with NmB cell surface
sialylation may therefore provide an attractive antimicrobial strategy.

A prerequisite for incorporation of Sia into sialylated glycans in both pro- and eu-
karyotes is the enzymatic conversion of free Sia to the activated nucleotide sugar CMP-Sia.
Exclusively CMP-Sia is used by sialyltransferases for the transfer of Sia onto nascent sialo-
glycoconjugates. The sialic acid present in NmB polysaccharides is N-acetylneuraminic
acid, Neu5Ac 1. Activation of Neu5Ac to CMP-Neu5Ac 2 through reaction with cytidine 5'-
triphosphate (CTP) [20,21] is catalyzed by CMP-sialic acid synthetase (N-acylneuraminate
cytidylyltransferase, CSS, EC 2.7.7.43) (Figure 1A) [20-25]. Interference with CSS activity in
mammalian cells abolishes cell surface sialylation [26], suggesting the enzyme as a potential
target for manipulation of cell surface sialylation in NmB.

NH,
SN
A O, 0 S B
o oM OH cTpP o M oH o o o N 0 o HoH OCHs
R e oo
HO HO HO'
H HO o H HO HO OH H HO
I
1 R = NHAc (NeuSAc) 2 R = NHAc (CMP-Neu5Ac) 3 R = NHAC (Neu5Acp2Me)

Figure 1. (A). Activation of the Sia N-acetylneuraminic acid (Neu5Ac) 1 to the nucleotide sugar form
CMP-NeubAc 2, catalyzed by CMP-sialic acid synthetase (CSS). (B). Neu5Acp2Me (3), an inhibitor of
mammalian CSS [27,28].

Tolerance of NmB CSS to structural variation on the substrate Neu5Ac at carbon atoms
C-5[29-32], C-7[33], C-8 [34], and C-9 [30,31,35], and indeed to replacement of the glycerol
side chain [36], has been reported. This substrate tolerance has been exploited for the
generation of modified sialoglycans [29,37], including in multi-enzyme and chemoenzy-
matic syntheses [30-33,36,38,39]. In contrast, comparatively little research has to date been
reported on the inhibition of CSS. Only a relatively small number of studies have examined
the inhibitory effect of modified sialic acids [27,28,40,41] or nucleotide isosteres [42] on CSS
activity. Removal of the C-2 hydroxyl group of Neu5Ac (the proposed nucleophile in cou-
pling Neu5Ac 1 to CTP [43,44]) was found to abolish recognition by mammalian CSS [27].
Retaining the C-2 oxygen but blocking it with a methyl group—giving the methyl glyco-
side in the -configuration to mimic the f3-configuration of CMP-Neu5Ac 2—however,
led to inhibition of mammalian CSS, albeit at millimolar concentration [Neu5Acp2Me
(3): Kj =2.5mM [27]; 15 mM [28]. As part of our continuing work in sialic acid and CSS
biology [13,18,24,45-48], we sought to explore the potential for inhibition of CSS from
pathogenic NmB using novel Neu5Ac derivatives. As the inhibitor template, we chose the
above-mentioned 3-methyl glycoside of NeuSAc (Neu5Ac2Me 3, Figure 1B), based on its
known inhibitory effect on CSS activity [27,28].
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2. Results and Discussion
2.1. Structure Analysis of NmB CSS

To decide on a rational basis which positions of NeuSAcf32Me (3) would be most
promising for modification, to potentially increase binding affinity and inhibitory effect,
we began our study with an analysis of the available X-ray structural data for CSS. At the
beginning of our studies, the X-ray crystal structure of NmB CSS in complex with CDP as a
substrate mimetic (PDB: 1EYR) was available [49]. This structure showed the enzyme as an
asymmetric homodimer, with the active site present at the interface of the core domain of
one subunit and the dimerization domain of the other subunit [49]. In 2020, X-ray crystal
structures of NmB CSS in complex with substrate CTP, and with the product of reaction
CMP-Neu5Ac 2 (PDB: 6CKM,; Figure 2) were reported [44], providing further insights into
the catalytic cycle of the enzyme. From kinetic studies with active-site mutants and the
X-ray crystallographic studies, it is apparent that the CSS active site switches between an
open form for substrate binding (and product release), and a catalytically active ‘closed’
form [43,44,49].

Figure 2. X-Ray crystal structure of CMP-Neu5Ac 2 in the active site of Nm CSS in an open form
(PDB 6CKM) [44]. Solvent accessible surfaces are coloured according to charge (red, negative charge;
blue, positive charge; grey, neutral regions). CMP-Neu5Ac is shown in stick representation (green).
Bound Ca®* (grey sphere). Visualized using OpenAstexViewer (Version 3.0) [50].

It is clear that in the open form of the enzyme, there would be significant space around
bound Neu5Ac. Substitutions on the Neu5Ac template, however, would no doubt have
implications for the enzyme being able to close to give the correct positioning of the sialic
acid and CTP for catalytic activity. The apparent extensive flexibility of the protein as
it performs its function may limit a traditional molecular docking study. Instead, more
complex techniques would need to be employed that would take into account protein
flexibility, e.g., molecular dynamics simulations [51,52]. Our approach was therefore
to systematically explore changes in spatial and functional group characteristics on the
Neu5Ac template, based on analysis of contacts around Neu5Ac in the available models
and crystal structures.

In our original modelling study, and subsequently in the NmB CSS-CMP-Neu5Ac
(2) complex [44] (Figure 2), the glycerol side-chain (C-7 to C-9 hydroxyl groups) of the
Neu5Ac moiety is seen to project into a spacious channel or cleft. The potential binding
environment of the Neu5Ac glycerol side chain contains a number of charged amino acid
residues, including positively charged residues on one side of the channel. This suggested
that the introduction of a negatively charged substituent at the terminus of the glycerol side
chain was of particular interest. The scope for this modification could be explored through
the synthesis of a C-9 carboxylic acid derivative that could then be further elaborated with
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various simple neutral amines and with amino acids to generate a series of C-9 carboxamide
derivatives of Neu5Acp2Me (Figure 3, Series I).

3 R=NHAc (Neu5AcB2Me)

Series I: C-9 carboxamides Series II: C-7 ethers Series III: C-5 amides Series [V: C-4 amides
H H OH H OH H OH H OH
AN % OCH,4 o - OCH,4 vo OCHs Ho - OCHj,
I R O CO,™ Na* R 07/ ™~CO, Na* JR (©] CO,™ Na* JR O CO,~ Lit
HOH o ROH Ho HOH o HOH  hN

R =NHAc R =NHAc R =NHC(O)R' R =NHAc /L_O

Figure 3. Overview of modifications incorporated onto the Neu5Acf32Me (3) scaffold to explore
interactions with Nm CSS.

Activation of 7-deoxy-Neu5Ac by Nm CSS [33] indicates that the C-7 hydroxyl group
is not essential for substrate binding. Inspection of Nm CSS crystal structures revealed that
a phenylalanine residue is in proximity to the Neu5Ac C-7 hydroxyl group, suggesting
that an opportunity for possible 7-7t interaction exists in this region. With this in mind, we
chose to synthesize a number of 7-O-aryl (e.g., benzyl) and unsaturated-alkyl (e.g., allyl)
ethers, as well as the ethyl and propyl ethers, to explore this possible binding domain
(Figure 3, Series II).

Apparent spatial constraints around C-4 and C-5 of Neu5Ac in Nm CSS structures seem
to imply there is little potential for further functionalization at these positions. However,
there are extensive protein dynamics involved in the function of CSS [44,45,53], and reports
of successful activation of various N-acylated neuraminic acids by NmB CSS [29-32], and a
number of C-4 modified Neu5Ac derivatives (including 4-acetamido-4-deoxy-Neu5Ac [54])
by mammalian CSS. Together, these indicate that some structural variation at positions
C-5 and C-4 can be tolerated. We therefore chose to introduce separately at each position,
amides with varying functionality, ranging from small alkyl chains to large hydrophobic
groups, in order to investigate structure—activity relationships around these positions
(Figure 3, Series III and IV). In summary, four series of novel functionalized Neu5Ac
derivatives, as the 3-methyl glycosides (Figure 3), were proposed to probe interactions
with Nm CSS, introducing carboxamides at C-9, ethers at C-7, and amides at C-5 and C-4.

2.2. Synthesis of Functionalized Neu5AcB2Me Derivatives
2.2.1. Synthesis of C-9 Functionalized Neu5Acf32Me Derivatives (Series I)

The starting point for the current studies was the synthesis of the 3-methyl glycoside
of N-acetylneuraminic acid methyl ester [(Neu5Acl,[32Mey, 4) from Neu5Ac 1 (Scheme 1).
Methyl esterification of 1 and concomitant formation of the 3-methyl glycoside can be
achieved by heating 1 under reflux [55], or under microwave irradiation [56], with dry
acidic ion exchange resin in anhydrous methanol. We have found [56] that while both
approaches give comparable yields, microwave irradiation provides a more rapid reaction,
and is more economical in terms of solvent and resin requirement than reaction under
conventional heating. Saponification of 4 provided the benchmark -methyl glycoside
derivative, Neu5Acp2Me, 3 [27,57,58].
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Scheme 1. Synthesis of C-9 carboxamide derivatives of Neu5Acf2Me. Reagents and conditions:
(a) MeOH, H* ion exchange resin, (i) reflux, 48 h (62%), or (ii) MW (100 W), 120 °C, 15 min (63%);
(b) i. TEMPO, DCM, sat. aq. NaHCOj3, KBr, BusNBr, aq. NaOCL, 0 °C to 5 °C, 1 h; ii. AcpO, pyridine,
rt, 16 h (66% over 2 steps) [59]; (c) R'NH,, HOBt, EDC, DIPEA, DCM/DMEF (4:1), rt, 16 h (6a 60%,
6b 60%, 6¢ 56%, 6d 55%); (d) R'C(NH,)CO,CHs, HOBt, EDC, DIPEA, DCM/DMF (4:1), rt, 16 h (7a
55%, 7b 60%, 7¢ 60%, 7d 62%, 7e 55%, 7f 60%, 7g 40%, 7h 45%); () NaOH, MeOH/H,0 (1:1), pH 13,
0°C-rt, 16 h.

3 R=NHAc 6a-d R =NHAc 7a-h R =NHAc

To pursue modification at the C-9 position, we took advantage of the efficient synthesis
of the C-9 carboxylic acid derivative of Neu5Ac23Me [59], which could then be elaborated
to generate a series of C-9 carboxamides. Regioselective TEMPO-mediated oxidation of the
primary C-9 hydroxyl group of NeuSAc23Me methyl ester 4 was followed by peracety-
lation to assist in isolation and purification (Scheme 1). This gave the key intermediate
9-carboxy derivative 5 [59] in 66% yield over two steps. Compound 5 ultimately provides
an interesting probe of CSS in its own right (see 8), while the C-9 carboxy group of 5
provided us with the opportunity to further modify this position through coupling with
amines of varying functionality. Elaboration of the carboxylic acid was carried out by
reaction with neutral amines, as well as carboxy-protected amino acids. The latter would,
upon deprotection, provide a negative charge at the end of the glycerol side-chain that may
engage binding with positively charged protein residues.

The amide coupling was achieved using a slight modification of an established method
for coupling the C-1 carboxyl group of Neu5Ac to amino acid esters [60,61], with the addi-
tion of 1-hydroxybenztriazole (HOBt) to minimize racemization and side reactions. 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC), which gives a water-soluble urea byprod-
uct that can be easily removed by aqueous work-up, was used in place of (benzotriazol-
1-yloxy)-tris(dimethylamino)phosphonium hexafluorophosphate (BOP reagent) because
of the potential hazard of HMPA formation associated with coupling using the latter
reagent [62]. 9-Carboxy derivative 5 was coupled with a series of aliphatic amines, and
with a range of L-amino acid methyl esters (with the exception of D-/L-serine methyl
ester), to give carboxamides 6a—d and 7a-h, respectively, in moderate yields (Scheme 1).
De-O-acetylation followed by saponification yielded the 1,9-dicarboxylic acid derivative
8 [59], and carboxamides 9a-d and 10a-h. For the serine amino acid carboxamide 10d,
prepared from racemic D-/L-serine methyl ester, two isomers were separable by HPLC
(denoted 10d-1 and 10d-2); however, the relative stereochemistries at the serine a-carbon
were not determined.
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2.2.2. Synthesis of C-7 Functionalized Neu5Acf32Me Derivatives (Series II)

For the synthesis of the target Neu5Acp2Me C-7 ethers (Series II), we utilized a route
analogous to that reported by Masuda and coworkers [63-65] (Scheme 2). To isolate
the relatively unreactive C-7 hydroxyl group, NeubAcl,32Me; 4 was reacted with 2,2-
dimethoxypropane under acid catalysis to give the 8,9-O-isopropylidenated derivative
11 [66] in 90% yield. Regioselective monosilylation of the C-4 hydroxyl group then afforded
4-O-t-butyldimethylsilyl-8,9-O-isopropylidene derivative 12 [67]. The C-7 hydroxyl group
of 12 was successfully alkylated using ethyl iodide (13a), allyl bromide (13b), propargyl
bromide (13d), and benzyl bromide (13e) in the presence of NaH in DMF, to afford the cor-
responding alkyl ethers in moderate yield (36-60%). Use of ethyl iodide gave a comparable
yield of 13a to that reported when using diethylsulfate as the alkylating agent [64]. Higher
equivalents of base were used to overcome the low reactivity of the C-7 hydroxyl group,
which resulted in partial to complete transesterification in each reaction. Advantage was
taken of the 7-O-allyl derivative 13b, to prepare the 7-O-propyl derivative 13c [63,64] by
hydrogenation. Finally, simultaneous deprotection of both acid-labile groups (isopropyli-
dene and TBDMS) of compounds 13a—e by heating with 80% acetic acid at 80 °C, followed
by saponification, gave the target 7-O-alkylated NeuSAcp2Me derivatives 14a—e.

WL WLO
o OCH, o LuH OCHs 0 [.H OCH, o, oM OCHs
HO RO { !

HOH Ho H OR” OTBDMS ROH Ho
4 R=NHAc A I:, 11 R”=H 13a—e R =NHAc 14a—e R =NHAc
12 R”=TBDMS 13a R'=R"=CH,CH, 14a R'=CH,CH,
13b R'=CH,C=CH, ; R"=R'&CHjz (1:1) 14b R'= CH,C=CH,
13b R"=CHg; dE , .
13¢c R'= CH,CH,CHjs ; R" = CH, 14c R'= CH,CH,CHj
13d R'= CH,C=CH ;R"=R'& CHj, (2:3) 14d R'=CH,C=CH
e, f,g‘ 13e R'=R"=CH,Ph 14e R'=CH,Ph
H OAC OCH,4 H OAc OCHg HO H,". OH OCH,4
CO,CHg LN Vﬁ‘a\f\cogw3 — \W\coz- Na*
0 H AcO OH Aco R—=_OH HO
15 R =NHAcC 16a—c R =NHAC 17a—c R =NHAcC

163, 17a R'= ——@ 16b, 17b R' = »—@ows 16¢, 17¢ R'= ~@
S

Scheme 2. Synthesis of 7-O-alkylated derivatives of Neu5Acp2Me. Reagents and conditions: (a) 2,2-
dimethoxypropane, H* ion exchange resin, acetone, rt, 16 h (90%); (b) t-BuMe,SiCl, pyridine, 0 °C-rt,
16 h (58%); (c) R'X, NaH, TBAI, DMF, 0 °C-rt, 16 h (13a 56%, 13b 60%, 13d 60%, 13e 36%); (d) Hy,
10% Pd/C, MeOH, rt, 16 h (13¢ 87%); (e) 80% aq. AcOH, 80 °C, 2 h; (f) NaOH, MeOH/H,O0 (1:1), pH
13,0 °C-rt, 16 h; (g) (i) MeOH, H* ion exchange resin, MW (100 W), 80 °C, 15 min; (ii) Ac,O, pyridine,
16 h (88% over 4 steps from 13d); (h) R'I, PACl,(PPhs),, Cul, EtsN, CH3CN, rt, 2-6 h (16a 60%, 16b
87%, 16¢ 85%). In 16,17a—c, the sphere indicates the point of attachment of R’ to the alkyne carbon.

The C-7 propyne ether derivative 13d provided us with the opportunity to utilize
Sonogashira coupling to further diversify the C-7 substituent. In order to achieve coupling
selectively at the C-7 propyne ether, a sequence of deprotection and re-protection was
employed on 13d to remove the propyne ester functionality, and subsequently produce
the acetylated methyl ester derivative 15 (Scheme 2). Following the method of Sato and
coworkers [68], compound 15 was treated with aryl iodides in the presence of PdCl,(PPhs),,
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Cul, and Et3N in anhydrous CH3CN to yield the disubstituted alkyne derivatives 16a—c in
good yield (60-87%). Upon saponification, these afforded the target compounds 17a—c.

2.2.3. Synthesis of C-5 Functionalized Neuf32Me Derivatives (Series III)

For the synthesis of compounds of Series III, which have alternative acyl groups
on the amine at C-5, basic hydrolysis of the C-5 acetamido group of 4 was utilized to
obtain key 5-amino derivative 18 (Scheme 3). Instead of using conventional heating, which
requires long reaction times [69,70], in this work, we took advantage of reaction under
microwave irradiation to provide a method for rapid de-N-acetylation of 4 [71]. Under
microwave irradiation (max. 100 W) at 120 °C, NaOH-promoted de-N-acetylation of 4 was
complete in only 15 min, with the 5-amino derivative 18 obtained cleanly in 80% yield.
The carboxylate group of 18 was then re-esterified under acidic conditions to give methyl
ester 19. N-Acylation of the C-5 amino group of 19 was performed with acid chlorides
of varying functionality using triethylamine as base in water/dioxane (1:5) to provide
the desired C-5 amide derivatives 20a—i in high yields (78-91%). In contrast to an earlier
reported method [72], no bis-acylation was observed. Finally, saponification afforded the
target variously N-acylated Neup32Me derivatives 21a-i.

Neu5Ac1,f2Me, 4

la

HO H," OH OCH,4 HO H’,_ OH OCH,4 . H,‘. OH OCH,4 HO H,'. OH OCH,4
e oo 2 Nemogcoon <Nz coon, 4N zzoz o
HO H HoO HO H HO HO 4 HO HO H HO
+ +
18 R =NH, 19 R = NH, 20a-i R = NHC(O)R' 21a-i R = NHC(O)R'
20a,21a R'=CH,CH,CH;  20d R'= CH,0C(O)CHs 20f,21f R’ = CH,CH,Ph
20b, 21b R’ = cyclopentyl 21d R' = CH,0H 20g, 21g R' = CH,CH,CH,OPh

20c, 21c R' = cyclohexyl 20e R'= CHy(CHy)3CO,CHg 20h, 21h R'=
21e R' = CHy(CH,)sCO, Nat
20i, 21i R'= O

Scheme 3. Synthesis of C-5 amide derivatives of Neuf32Me. Reagents and conditions: (a) NaOH
(2.0 M), MW (100 W), 120 °C, 15 min (80%) [71]; (b) SOCl,, MeOH, 0 °C-rt, 16 h (92%); (c) R"COCl,
Et3N, 1,4-dioxane/water (5:1), 0 °C—40 °C, 2 h (20a 87%, 20b 90%, 20c 91%, 20d 91%, 20e 78%, 20f
80%, 20g 82%, 20h 80% and 20i 88%); d) NaOH, MeOH/H,O (1:1), pH 13, 0 °C-rt, 16 h. In 20,21h,i,
the sphere indicates the point of attachment of R' to the amide carbon.

2.2.4. Synthesis of C-4 Functionalized Neu5Acf32Me Derivatives (Series IV)

The synthesis of the C-4 amide derivatives of Neu5Ac[2Me (Series IV) required the
introduction of an amino group at C-4 in the equatorial configuration. Nitrogen functional-
ity can be introduced at C-4 on a suitably protected Neu5Ac template via a 3-step sequence
of oxidation of the equatorially substituted C-4 hydroxyl group, reduction in the 4-oxo
derivative to the 4-epi-OH derivative, and finally introduction of azide in the equatorial
configuration via a Mitsunobu reaction using HN3.[54] An alternative approach is to pro-
ceed via the 2,3-unsaturated sialic acid, Neu5Ac2en, scaffold, where the 4-azido derivative
22 [73-75] can be produced in good yield over four steps from Neu5Ac 1 [75]. Having 22
at hand, we chose the second approach (Scheme 4). Bromo-methoxylation [76] of the 2,3
double bond of 4-azido-4-deoxy-Neu5Ac2en derivative 22 gives rise to an approximately
1:1 isomeric mixture of 2,3-diaxial (23) and 2,3-diequatorial (24) products [77]. Treatment of
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H
1

the 2,3-di-axial bromomethoxylated isomer (the (3-methyl glycoside) 23 with tributyltin
hydride in the presence of AIBN [77] resulted in both debromination at C-3 and reduction
in the C-4 azide, to give 4-amino Neu5Ac[32Me derivative 25. Treatment of 25 with a range
of acid chlorides afforded the C-4 amide derivatives 26a—i, which, after global deprotection,
gave the target 4-acylamino-4-deoxy-Neu5Ac2Me derivatives 27a—i.
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OCHj
a CO,CHg
COH — — CO,CH; R 0 BPCHs
HO', AcO'| H AcO'| H AcO f

N3
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CO,CHj

R =NHAc 22 R=NHAc 23 R= NHAc 24 R =NHAc

°)

H OAc OCH,4 H OAc OCHj OCH,
\W\COZCHS — CO,CH, \/w\coz- Li*
ACO | N AcoH HN HOH N
25 R =NHAC R.>: 26a-i R =NHAC R.>: 27a-i R =NHAc
26a, 27a R'= CH,CH,CH, 26e, 27e R'= -—Q 26h, 27h R'=
26b, 27b R' = CHy(CH,)sCHj NG,
26¢, 27¢ R'= CH(CH,CHj), 26i, 27i R'=

26f, 27f R'= CH,CH,Ph
26d, 27d R'= CH(CH,CH3)CH,CH,CH3 269, 279 R' = CH,CH,CH,OPh
Scheme 4. Synthesis of C-4 amide derivatives of 4-deoxy-Neu5Ac2Me. Reagents and conditions:
(a) over 4 steps according to the reported procedures: (i) MeOH, H* ion exchange resin, rt, 16 h;
(ii) AcxO, pyridine, rt, 16 h; (iii) TMSOTS, EtOAc, 50 °C, 2 h; (iv) TMSN3, t-BuOH, reflux, 6 h [75];
(b) according to the reported procedure: NBS, MeOH, 0-5 °C, 72 h (23 + 24, 87%) [77]; (c) BuzSnH,
AIBN, dioxane, 65 °C, 16 h (77%) [77]; (d) R"COCl, EtsN, DCM, 0 °C-rt, 2 h (26a 55%, 26b 67%, 26¢
60%, 26d 65%, 26e 65%, 26f 65%, 26g 65%, 26h 60%, 26i 65%); (e) LiOH, MeOH/H,O (1:1), pH 13,
0 °C-rt, 16 h. In 26,27¢,h,i, the sphere indicates the point of attachment of R' to the amide carbon.

2.3. Screening of Functionalized NeubAcB2Me Derivatives for Inhibition of NmB CSS

To analyze the effect of the compounds on NmB CSS activity in vitro, we recombi-
nantly expressed and purified the enzyme to homogeneity. The EnzChek™ pyrophosphate
assay kit (Life Technologies, Darmstadt, Germany) was used to determine NmB CSS ac-
tivity in the forward reaction (i.e., formation of CMP-Neu5Ac and PPi), revealing Kn,
values of 22 and 37 uM for CTP and Neu5Ac, respectively. After confirming that the test
compounds did not show any inhibitory effect on the assay components, we screened
all functionalized Neubacyl32Me derivatives and the parent compound 3 at a concentra-
tion of 100 uM (Figure 4). Interestingly, the benchmark parent compound, unsubstituted
-methyl glycoside 3, previously reported [27] to be a modest inhibitor of mammalian
CSS (Kj = 2.5 mM), showed no significant inhibitory effect on NmB CSS in this in vitro
assay (Figure 4). This difference might be attributed to differences in the employed CSS
species and /or in assay conditions: while Zbiral and coworkers [27] utilized the Warren
assay [78] under CTP-limiting conditions, we provided both substrates in saturating con-
centrations of 1 mM each. Three of the C-9 modified Neu5Acf32Me derivatives—parent
9-carboxy-Neu5Acf32Me 8 [59], benzamide 9¢, and serine carboxamide 10d-1—and one of
the C-7 ethers—7-O-benzyl-Neu5Acf32Me 14e, however, showed inhibition of NmB CSS
activity by more than 20% in this screen. Detailed kinetic analysis of these four compounds
suggests a mixed-mode inhibition that most closely resembles the non-competitive mode,
as indicated by a-values close to 1 and supported by the appearance of Lineweaver-Burk
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plots (Supplementary Figure S1). As all compounds were designed to target the active site
and compete with the natural substrate Neu5Ac 1 for binding, the finding that none of the
four characterized inhibitors display competitive kinetics may be somewhat unexpected,
but does not necessarily indicate binding outside of the catalytic center. Indeed, multi-
ple mechanisms exist that may account for non-competitive or “mixed-mode mimicking”
inhibition patterns of inhibitors that in fact bind to the active site [79,80]. One of these
mechanisms applies to multisubstrate/-product enzymes that follow a sequential ordered
mechanism, which is the case for CSS, where CTP binds prior to Neu5Ac [44]. With in-
hibitory constants (Kj) in the range between 100 and 500 M, these compounds appear
to be stronger inhibitors than the previously reported sulfone-based nucleotide isosteres,
which inhibited NmB CSS activity up to 55% at a concentration of 1 mM [42].

1204 C-9 carboxamides i C-7 ethers (b C-5 amides L C-4 amides
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Figure 4. Relative activity of NmB CSS in the presence of C-9, C-7, C-5, and C-4 functionalized
Neu5acylp2Me derivatives (at 100 M) in the EnzChek® pyrophosphate assay (Life Technologies,
Darmstadt, Germany). Bar graphs represent the means of two individual experiments, with error
bars representing the standard deviation. Activity of NmB CSS in the absence of functionalized

compounds was defined as 100% (Ctrl).
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2.4. Interaction of NeubAcB2Me C-9 Serine Carboxamide 10d-1 with NmB CSS as Determined by
STD NMR

To confirm direct binding and to investigate the interactions of the most promising
C9 carboxamide derivative 10d-1 with CSS, we used Saturation Transfer Difference (STD)
NMR spectroscopy [46,81,82]. This powerful tool allows evaluation of ligand-biomolecule
interactions by mapping the binding epitope of the ligand, essentially through screening
the protons of the ligand for their proximity to the protein upon binding.

The binding epitope of 10d-1 in complex with NmB CSS (Figure 5iii) was determined
from the relative strength of transferred saturation (with the effect at the C-5 NHAc methyl
group set to 100%). It is evident from the STD NMR spectrum (Figure 5ii) that the carbohy-
drate ring of 10d-1 is in close contact with the enzyme. Relatively strong STD NMR signals
were observed for the equatorial proton at C-3 (H-3eq 217%), with more moderate signal
intensities observed for the axial C-3 proton (H-3ax 165%) and the glycoside methyl group
(126%). Interaction of the serine ‘tail” could not be unequivocally determined due to the
signal overlap, for example, of H-2' with H-5; however, any interaction would appear to be
only weak.
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Figure 5. '"H NMR and STD NMR spectra of Neu5AcB2Me C-9 serine carboxamide 10d-1 with NmB
CSS. (i) 'H NMR spectrum of 10d-1; (ii) STD NMR of 10d-1 with NmB CSS (ligand to protein ratio of
100:1); (iii) epitope map of 10d-1.

2.5. NeubAcpB2Me C-9 Serine Carboxamide 10d-1 as a Modulator of NmB LOS Sialylation

To determine whether Neu5Ac2Me C-9 serine carboxamide 10d-1 was capable of
inhibiting CSS (encoded by the gene nenA) in living bacteria, we established an ELISA-based
assay utilizing a sialic acid-recognizing lectin to detect LOS sialylation on the cell surface
of NmB. The capsule-deficient N. meningitidis strain ¢3 (¢3 WT) [13] expressed sialylated
LOS at high levels (defined as 100%, Figure 6). To define the background signal in the
absence of neuA activity, we generated a corresponding neuA knockout strain (¢3neuA::kan)
and observed a reduction in LOS sialylation to about 2%. Complementation of the neuA
knockout mutant by reintroducing the neuA gene (¢3neuA::kan, NeuA+) confirmed that
loss of signal in the assay was due to inactivity of CSS and thus, loss of sialylation in
this mutant (Supplementary Figure S2). To evaluate whether the results of this assay can
be interpreted in a quantitative manner, we mixed ¢3 wild type strain and ¢3neuA::kan
knockout mutant in a 1:1 ratio. This resulted in a ~44% =+ 6% reduction in signal intensity,
indicating a corresponding reduction in LOS sialylation of wild-type Nm, which was close
to ~50%. Given that not all ¢3 wild-type LOS molecules are sialylated, a value of under
50% is reasonable (Supplementary Figure S2). We then tested the effect of C-9 serine
carboxamide 10d-1 on LOS sialylation by supplementing the growth medium with 1 mM
of the compound. The ELISA results indicated that bacterial growth in the presence of
10d-1 resulted in a reduction in NmB LOS sialylation to ~66% of ¢3 wild wild-type level
(Figure 6). This suggests that inhibitor 10d-1 is able to cross the cell membranes and act on
CSS, leading to a decrease in cell surface sialylation of whole cells.
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Figure 6. ELISA to measure the effect of 10d-1 on N. meningitidis LOS sialylation. ¢3 WT (capsule—
deficient N. meningitidis wild type), ¢3neuA::kan: (CSS-deficient ¢3), and a 1:1 ratio of ¢3 WT and
¢3neuA::kan (50::50) were coated on microtiter plates and surface sialic acid detected photometrically
(405 nm) with the sialic-acid-specific lectin MAA-AP conjugate. Similarly, ¢3 wild type was incu-
bated with 10d-1 at 1 mM final concentration for 4 h, after which surface sialic acid was detected.
Absorbance at 405 nM was measured to detect p-nitrophenol released from the alkaline phosphatase
substrate p-nitrophenyl phosphate (PNPP). Experiments were performed in triplicate.

3. Materials and Methods
3.1. Modelling of Neu5Ac 3 in the Active Site of NmB CSS

The PyMOL Molecular Graphics System (Version 1.7.x Schrodinger, LLC, New York,
NY, USA) was used for modelling.

3.2. Chemical Synthesis—Materials and Methods

N-Acetylneuraminic acid (5-acetamido-3,5-dideoxy-D-glycero-D-galacto-non-2-ulosonic
acid) (1) was obtained from Jiilich Chiral Solutions GmbH (Jiilich, Germany) and Car-
bosynth Ltd. (Compton, UK). Reagents and dry solvents purchased from commercial
sources were used without further purification. Anhydrous reactions were carried out
under an atmosphere of nitrogen or argon, using oven-dried glassware. Microwave reac-
tions were conducted using a CEM Discover® SP Explorer Hybrid-12 (CEM Corporation,
Matthews, NC, USA) microwave system with a single-mode cavity, and were carried out
in a 10 mL pressure tube, sealed with a Teflon septum.

Reactions were monitored using thin-layer chromatography (TLC) on aluminum
plates precoated with Silica Gel 60 F254 (E. Merck, Darmstadt, Germany). Developed
plates were observed under UV light at 254 nm and then visualized after application of
a solution of H,SO, in EtOH (5% v/v) or ninhydrin in EtOH (0.2% v/v), as appropriate,
and heating. Flash chromatography was performed on silica gel 60 (0.040-0.063 mm) or
using a Reveleris® flash chromatography system (Grace Davison, Columbia, MD, USA) (as
indicated) using distilled solvents.

'H and '3C NMR spectra were recorded either at 600 or 300 MHz and 150 or 75.5
MHz, respectively, on a Bruker Avance 600 or 300 MHz spectrometer (Bruker, Rheinstetten,
Germany; as indicated). Low-resolution mass spectra (LRMS) were recorded, in elec-
trospray ionization mode, on a Bruker Daltonics Esquire 3000 ESI spectrometer (Bruker,
Bremen, Germany), using positive or negative mode (as indicated). High-resolution mass
spectrometry (HRMS) was carried out by the Griffith University FTMS Facility on a Bruker
Daltonics Apex III 4.7e Fourier Transform MS, fitted with an Apollo ESI source, or by the
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University of Queensland MS Facility on a Bruker MicrOTOF-Q with a Bruker ESI source
(Bruker, Bremen, Germany).

HPLC purification was performed on an Agilent HP1100 instrument (Agilent, Santa
Clara, CA, USA) using a Phenomenex Aqua 5 p C18 124 A column (250 x 10 mm) (Phe-
nomenex, Torrance, CA, USA) at a flow rate of 3 mL/min and column temperature of 40 °C
using isocratic elution with solvents as indicated. The purities of all synthetic intermediates
after chromatographic purification were judged to be >90% by 'H and *C NMR. The purity
of tested compounds was >95% by HPLC analysis or by 'H and 3C NMR.

Detailed synthetic methods for all test compounds and intermediates [83] are provided
in the Supporting Information—Part 1. NMR spectra (*H and '*C) of all test compounds
and intermediates [83] are provided in the Supporting Information—Part 2.

3.3. Protein Expression and Purification (For Screening Assay and STD NMR)

A modified pET22b-Strep vector (IBA Lifesciences, Gottingen, Germany) allowing
the prokaryotic expression of NmB CSS (accession No. M95053) was kindly provided by
PD Dr. Martina Miihlenhoff, MHH, Germany. Recombinant NmB CSS with an N-terminal
Strepll-tag was expressed in E. coli BL21(DE3) (Novagen, registered trademark of Merck,
Darmstadt, Germany) at 15 °C and purified by affinity chromatography utilizing the StreplI-
Tag. Peak fractions were desalted (HiPrep 26/10, GE Healthcare/now Cytiva, Freiburg,
Germany) and concentrated in buffer containing 50 mM Tris-HCI, pH 8, 20 mM MgCl,,
150 mM NaCl, and 1 mM DTT to 2.5 mg/mL. Protein concentrations were determined
by measuring the absorption at 280 nm under consideration of the specific extinction
coefficients calculated at https://web.expasy.org/protparam/ (accessed on 15 January
2020). Purified protein samples were flash-frozen in liquid nitrogen and stored at —80 °C
until required.

3.4. In Vitro Inhibition Assay and Kinetic Characterization

For initial screening of the synthesized compounds, CSS in vitro activity in the ab-
sence or presence of synthesized compounds was measured in 96-well half-area plates
(Greiner Bio-One, Frickenhausen, Germany) in a reaction volume of 100 pL, utilizing the
EnzChek pyrophosphate assay kit (Life Technologies, Darmstadt, Germany). Briefly, the
inorganic pyrophosphate (PPi), produced by CSS as a byproduct, is cleaved by inorganic
pyrophosphatase (IPP), yielding two molecules of phosphate (Pi), which subsequently react
with 2-amino-6-mercapto-7-methylpurine ribonucleoside (MESG) in a reaction catalyzed
by purine nucleoside phosphorylase (PNP). Detection of the reaction product 2-amino-6-
mercapto-7-methylpurine at 360 nm allows quantitation of the initially generated Pi. The
assay reaction mixture contained 50 mM Tris-HCl, pH 8.0, 25 mM MgCl,, 1 mM Neu5Ac
(Nacalai Tesque, Kyoto, Japan), 1 mM CTP (Sigma-Aldrich, Taufkirchen, Germany), as
well as 0.22 mM MESG, 1 U/mL PNP, and 0.03 U/mL IPP (all from Life Technologies),
and 0.1 mM of the compounds to be tested. To exclude an effect of the compounds on
the coupling enzymes PNP and IPP, a control assay without NeuS5Ac, CTP, and CSS was
performed, and the reaction was instead initiated by the addition of inorganic pyrophos-
phate (Sigma-Aldrich) at 20 uM final concentration. For CSS activity measurements, the
reaction was initiated by the addition of purified NmB CSS at a final concentration of
157.5 ng/mL. The enzyme was diluted in 50 mM Tris-HCI, pH 8.0, 25 mM MgCl, and
briefly pre-incubated with the compounds before transferring the CSS/compound mixture
to the reaction mixture with a 96-well pipette. Product formation was monitored at 360 nm
in a 96-well plate reader at 25 °C for 4 min. As a reference, CSS activity without compounds
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was measured and defined as 100% activity. Activity in the presence of each compound
was calculated as a percentage of the reference activity.

For kinetic characterization, the CSS in vitro activity assay was carried out as described
above, but with Neu5Ac and effector compound concentrations varied between 0.01 and
1.0 mM and 0-0.4 mM, respectively, while CTP concentration was maintained at 1 mM.
All measurements were performed in duplicate. Uninhibited CSS activity was used to
calculate kinetic parameters for the NmB enzyme by nonlinear regression according to the
Michaelis—-Menten model. Inhibitory constants were determined by plotting CSS activity
in the presence of different compound concentrations against Neu5Ac concentration, and
performing nonlinear regression curve fitting according to different inhibition modes
(competitive, non-competitive, uncompetitive, and mixed-mode). Lineweaver—Burk plots
were generated by plotting the reciprocal values of enzyme activity (1/v) against substrate
concentration (1/[s]). The displayed linear regression lines with x- and y-intercepts at
—1/Km and 1/ Vmax, respectively, were constructed based on the corresponding kinetic
parameters obtained from nonlinear regression analysis of the original data. All kinetic
analyses were carried out using GraphPad Prism version 5.01 for Windows (GraphPad
Software, Boston, MA, USA, www.graphpad.com).

3.5. STD NMR Spectroscopy

Saturation Transfer Difference (STD) NMR experiments were performed on a Bruker
Avance 600 MHz NMR spectrometer, equipped with a 5 mm TXI probe with triple-axis
gradient at 298 K [83]. The protein was saturated on-resonance at —1 ppm and off-resonance
at 33 ppm with a cascade of 40 selective Gaussian-shaped pulses, of 50 ms duration with
a 100 pus delay between each pulse in all STD NMR experiments. The total duration of
the saturation time was set to 2 s. For the STD NMR experiments, 23.3 uM NmB CSS in
deuterated 50 mM TRISps, 50 mM NaCl, and 5 mM MgCl, at pH 8.0 was used. The test
compound was added in a molecular protein:ligand ratio of 1:100. A total of 1024 scans per
STD NMR experiment were acquired, and a WATERGATE sequence was used to suppress
the residual HDO signal. A spin-lock filter with a strength of 5 kHz and a duration of 10 ms
was applied to suppress protein background.

3.6. ELISA-Based Assay to Monitor Sialylation of NmB LOS

Bacterial strains, plasmids, media, and growth conditions: Neisseria strains were grown
on brain heart infusion (BHI, Oxoid; Thermo Scientific, Scoresby, Australia) agar plates
made with 1% agar and supplemented with 10% Levinthal base [84] at 37 °C with 5%
COa,. E. coli strain DH5x was grown on Luria—Bertani agar plate or broth [85]. Antibiotics
ampicillin (amp) and kanamycin (kan) were used at a final concentration of 100 ng/mL
where appropriate.

Construction of mutant strains: A PCR product encompassing 1 kb upstream and
downstream of the sequence flanking the CMP-Neu5Ac synthase gene (neuA, NMB0069)
was amplified from Neisseria strain MC58 using primers containing Neisseria uptake se-
quence; NeuAMC58_FOR (5'-GCCGTCTGAACAGAACCTACAAGGAAGTAAC-3') and
NeuAMC58_REV (5'- GACGCT GAAGTCTCCATTG-3') and cloned into pGEM-T-Easy
(Promega, Madison, WI, USA). Expression of neuA was disrupted through the insertion of
Ry from the pUC4Kan plasmid (Cytiva (formerly GE
Healthcare, Amersham Biosciences), USA) into a BamHI restriction site. The resulting mu-

a kanamycin resistance cassette (Kan
tant construct named pGEM-T:neuA::Kan®R was linearized with Ncol-HF and transformed

into Neisseria strain MC58 ¢3 as described previously [86]. The new construct was named
(¢3neuA::kan). Orientation of the insert into the vector was verified through sequencing and
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the generation of a unique PCR product with primers NeuABMC58_REV and KanUP_OUT
(5’-AGACGTTTCCCGTTGAATATGGTCAT-3'), a primer located within the KanR® cassette.

Complementation of the siaB gene: The neuA mutant was complemented as described
previously [87]. A PCR product of siaB with 300 bp upstream and downstream flanking
region was amplified using primers with added random bases and restriction enzyme se-
quence; NeuA_COMP_FOR (5'-ACATCGCTTAAG GCAACTCAAGTGCAGGTATTAG-3)
(AfIII restriction enzyme sequence) and NeuA_COMP_REV (5'-GTCGTACCCGGGCTT-
CTTCATTCAGGGCGCAAC-3) (Smal restriction enzyme sequence). This insert was cloned
into the corresponding AfIIl and Smal digested pCTS32 vector under the control of the
vector promoter. The subsequent construct, named ¢3neuA::kan, NeuA+, was linearized
with Sall and transformed into ¢3neuA::kan. Clones were selected on BHI plates supple-
mented with 10% Levinthal base and antibiotics ampicillin (100 pg/mL) and spectinomycin
(50 png/mL), respectively. Correct recombination of siaB into the chromosome was verified
by PCR.

ELISA-based LOS sialylation assay: Neisseria strains were plated out on BHI plates
(supplemented with antibiotics where necessary) and incubated at 37 °C + 5% CO,
overnight. Cell suspension was prepared from overnight growth in 2X BHI supplemented
with levinthal, and normalized to an OD600 of 1.0.

Test compound was suspended in 300 uL of sterile dH,O to give a final concentration
of 1 mM and filter sterilized. Standing cultures were grown with the test compound at a
starting OD of 0.1 for 4 h at 37 °C, shaken at 200 rpm. After incubation, cells were washed
and resuspended in PBS and normalized to an OD600 of 0.2. Cells were heat-killed for 1 h
at 60 °C before being used for ELISA. A total of 50 pL of normalized heat-killed cells was
added per well (Nunc, Thermo Scientific, Waltham, MA, USA), and the plates were dried
overnight at room temperature. Wells were blocked with 5% BSA + 1x TBST overnight,
followed by 1 h incubation with 100 puL of Maackia amurensis lectin—alkaline phosphatase
conjugate (MAA-AP; EY Laboratories, San Mateo, CA, USA) in 1/1400 dilution. Wells were
washed at 5 min intervals with 1x TBST, repeated 4 times, and developed with substrate
p-nitrophenyl phosphate (PNPP, Thermo Scientific) for 30 min. Reaction was stopped with
50 pL of IN NaOH, and absorbance was read at 405 nm. Experiments were performed
in triplicate.

4. Conclusions

We have functionalized the C-9, -7, and -4 positions of Neu5Acf32Me and varied
the C-5 N-acyl substituent on Neuf32Me to produce a series of compounds with varied
substitution around the sialic acid framework to probe interaction with N. meningitidis
CSS. Evaluation of the compounds for inhibition of NmB CSS activity in vitro identified
four compounds that showed an increased inhibition of the recombinant enzyme (K; range
between 100 and 500 uM), compared to the unsubstituted parent compound 3. Importantly,
the Neu5AcfB2Me C-9 serine carboxamide 10d-1 was shown to directly interact with NmB
CSS, to exhibit mixed mode inhibition of the enzyme, and to reduce the level of sialylation of
N. meningitidis LOS. This data provides an intriguing starting point for further development
of NmB CSS inhibitors as novel and specific anti-microbial agents for the treatment of
bacterial meningitis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules30224329 /s1: Supporting Information-S1, which in-
cludes: Figure S1, Kinetic analysis of test compounds with NmB CSS; Figure S2, ELISA to measure N.
meningitidis LOS sialylation; Detailed experimental procedures for synthesis of the reported func-
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tionalized sialic acids and their characterization, including NMR data. Supporting Information-52:
NMR spectra.
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