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Recent advances in chemoenzymatic synthesis of glycosphingolipids
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Abstract: Glycosphingolipids (GSLs) are important glycoconjugates located on the cell membrane surface that
possess both structural and functional properties and play critical roles in cellular recognition, signal transduction,
immune regulation, and the development and progression of diseases. Among them, complex glycolipids such as
gangliosides exhibit remarkable structural heterogeneity and biological complexity owing to their diverse glycan and
lipid architectures. However, naturally derived glycolipids generally suffer from low abundance, high structural
heterogeneity, and difficulties in isolation and purification, which severely restrict their functional studies and clinical
applications. Although chemical synthesis offers high structural tunability, it is still challenged by the stereoselective
construction of glycosidic linkages and tedious protection/deprotection manipulations. In contrast, enzymatic synthesis
relies on key enzyme systems such as glycosyltransferases and glycosynthases and is often limited by substrate scope,

enzyme stability, and poor tolerance toward hydrophobic lipid acceptors. Consequently, chemoenzymatic assembly

Wi BHA: 2026-04-13 {&EIHHA: 2026-05-18

HEEMB: EREAREESE (92578103, 22377134)

SIRAX: SR, FEK, MXE, ZHE. BRI EIRAamMRERE]. aaE®S, 2026, 7. DOI: 10.12211/2096-8280.2026-023

Citation: MA Yuan, CHEN Jiale, HAO Tianhui, LI Tiehai. Recent advances in chemoenzymatic synthesis of glycosphingolipids [J]. Synthetic Biology Journal,
2026, 7. DOI: 10.12211/2096-8280.2026-023




002 GRENE 75

strategies, which integrate the flexibility of chemical synthesis with the high regio- and stereoselectivity of enzymatic
catalysis, have emerged as an important approach for the precise construction of complex glycosphingolipids. This
review systematically summarizes recent advances in the chemoenzymatic synthesis of glycosphingolipids. First, the
structural characteristics, classifications, and biological functions of glycosphingolipids are introduced, followed by a
comparative discussion of the advantages and limitations of chemical and enzymatic synthetic strategies. Subsequently,
key technologies in chemoenzymatic assembly are highlighted, including modular assembly strategies, one-pot
multienzyme (OPME) systems, glycosynthase-mediated glycan-lipid coupling approaches, and the precise synthesis of
functionalized glycolipids. In addition, critical challenges in current systems, including the solubility mismatch of
amphiphilic substrates, insufficient enzyme tolerance toward hydrophobic lipid substrates, limited compatibility of
multienzyme systems, and difficulties in large-scale preparation, are discussed. Future developments are expected to
integrate emerging technologies such as artificial intelligence-assisted enzyme engineering, structure prediction and
machine learning-guided directed evolution, automated synthesis platforms, microfluidic continuous-flow systems, and
synthetic biology-based microbial cell factories. Through the development of chemoenzymatic cascade systems with
improved efficiency, generality, and scalability, together with high-throughput screening and function-oriented
molecular design, the efficient, precise, and scalable synthesis of complex glycosphingolipids is anticipated to become
achievable, thereby further promoting their translational applications in cancer immunotherapy, diagnosis and treatment

of neurodegenerative diseases, drug delivery, and precision medicine.
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(a) Strategy 1: Chemically constructing glycolipid - Enzymatic elongation - Lipid introduction
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