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Introduction
Human milk oligosaccharides (HMOs) are complex mixtures composed of Y/ D .D,oo ?
more than 100 oligosaccharide species consisting of monosaccharides such : ‘

as Gal, Glc, and GlcNAc linked through diverse glycosidic linkages, and they (&D J %'O‘ T.
/7

represent important bioactive components characteristic of human milk

(Fig.1). Among them, type I HMOs containing lacto-/V-biose T (LNB; Galg

1-3GlcNACQ) at the nonreducing terminus have a structural feature that is

rarely found in the milk of other mammals and are considered to be  Figure 1. Human milk oligosaccharides
important HMOs responsible for the unique properties and functions of (HMOs)

human milk', These type I HMOs are known to exert multiple beneficial

effects, including the selective stimulation of bifidobacterial growth in the infant gut, reinforcement of the intestinal
barrier, inhibition of pathogen adhesion, and modulation of immune responses. However, both chemical synthesis and
fermentative production of HMOs still face serious problems such as high cost, low yield, and insufficient selectivity, and
many HMOs are still produced only on a limited scale by overseas companies. In particular, lacto-N-tetraose (LNT) and
lacto-N-fucopentaose I (LNFPI), both belonging to type I HMOs, are structurally complex and therefore extremely
expensive even as research reagents. As a result, it is difficult in practice to perform in vitro and in vivo studies, including
gut microbiota analysis and metabolic tracing experiments, on a sufficient scale unless a large research budget is
available. In addition, the lack of a stable and low-cost supply system remains a major issue in applied fields such as
infant nutrition, functional foods, and medical nutrition.

In this study, we focused on the core tetrasaccharide LNT and its fucosylated HMO derivative, LNFPI, and aimed to
establish a novel enzymatic synthesis platform that combines high-yield HMO production by glycosynthase engineering
with the enzymatic supply of inexpensive donor substrates through the reverse reaction of phosphorylases. In addition,
we sought to elucidate the mechanisms underlying these synthetic reactions in detail on the basis of protein crystal
structures complexed with ligands. This work is expected to provide a foundation for the enzymatic synthesis of the
type I HMOs LNT and LNFPI, and to promote applied research in gut microbiology, nutritional science, and functional
food development.

Synthesis of LNT by Glycosynthase Engineering of LNBase, an LNT-Degrading Enzyme

Lacto-V-biosidase (LNBase) is an enzyme that cleaves the tetrasaccharide LNT into LNB and lactose. We previously
determined its crystal structure and elucidated its detailed reaction mechanism? This structural information revealed
the substrate-recognition site and the arrangement of catalytic residues in the active site, providing the basis for the
rational design of a glycosynthase variant of LnbX (Fig. 2). Glycosynthase engineering is a highly useful strategy in
glycochemistry in which catalytic residues, such as the nucleophilic residue, are mutated to reduce hydrolytic activity,
and substrate analogs that mimic the reaction intermediate are used to drive glycosidic bond formation while retaining
glycosyl transfer activity’. Using this strategy, we investigated the enzymatic synthesis of LNT. First, LNB-a-F was
synthesized from a-F-GlcNAc and Gal-1-P using GNB/LNB phosphorylase and used as the donor substrate. We then
employed LnbX D418S, in which the

nucleophilic Asp residue of GH136 S5\ ‘

lacto-N-biosidase LnbX was replaced = osar rydobss

with Ser, and successfully synthesized Y il \’\""‘ S i w

LNT in a one-pot reaction in the %,;(- Lg“ \é’)ﬁ - d 7;-:“ ﬁtHzo_:mS:...+ Lo:
presence of lactose as the acceptor &< o VA e

substrate. Furthermore, increasing b & gLy s

the concentration of lactose raised : : waer ¢ \m Synthesis

the yield to 40%, demonstrating that O - NII . s

LNT can be synthesized at a higher a0 M blosidase (Lhee=s) ucleophile | o 7 + 0@ —’op'o' *ow

yIEld than With pI'EViOUSly reported Glycoside hydrolase family 136 (GH136)
enzymatic methods.
Figure 2. Hydrolysis of the human milk oligosaccharide lacto-N-tetraose (LNT)
by lacto-/V-biosidase and synthesis of LNT from a synthetic substrate
by the glycosynthase variant D418S.

Crystallographic Analysis of the Glycosynthase Variant and the Mechanism of Synthesis

To elucidate the reaction mechanism of the glycosynthase-engineered LnbX D418S mutant, we performed X-ray
crystallographic analysis and determined its complex structure with LNB at 2.47 A resolution. The hydroxyl group at C1
of the N-acetylglucosamine residue was found to adopt the a-anomeric configuration. In contrast, the wild-type enzyme



captures LNB in the B-anomeric form, suggesting that the reaction pathway is shifted from hydrolysis to glycosyl transfer
in the D418S mutant. This a-anomeric structure may also reflect the conformation of LNB-a-F, the donor substrate used
in the glycosynthase reaction. Furthermore, together with the observation that other mutants, such as the Ala and Gly
variants, did not produce LNT, this structure appears to explain, at least in part, the differences in reaction specificity
among the mutants. The C1 hydroxyl group was oriented toward Ser418 and stabilized by hydrogen bonding with the
nearby Asp416. These results suggest that substitution of Asp418 with Ser not only blocks the hydrolytic reaction but
also reorganizes substrate positioning and the hydrogen-bonding network within the active site, thereby creating a
structural environment favorable for glycosyl transfer. Future studies will focus on clarifying changes in interactions
around the active site through analysis of water molecules in the ligand-free structure and determination of complex
structures with LNB-a-F and LNT. These analyses are expected to deepen our understanding of the molecular
mechanism of LNT synthesis and to provide a basis for further enzyme design.

Future Perspectives

In future work, we will optimize various reaction parameters for LNT synthesis on the basis of the LnbX variants
obtained so far. Specifically, we will systematically examine substrate concentrations, especially lactose concentration,
as well as pH, temperature, enzyme amount, and reaction time, and analyze in detail how each factor affects the yield.
In parallel, we will perform detailed product analyses by HPAEC-PAD and NMR to identify the products and optimize
the reaction conditions. In addition, purified LNB-a-F will be used for detailed kinetic analysis in order to quantitatively
evaluate catalytic efficiency and achieve yields of 50-60% or higher, with the ultimate goal of gram-scale synthesis. This
enzyme also acts on LNFPI and LSTa, in which fucose or sialic acid is attached to the nonreducing terminal galactose of
LNT, suggesting that it may be applicable to the synthesis of these derivatives as well. Furthermore, the substrate
specificities of other GH136 enzymes may allow this approach to be extended to the synthesis of a broader range of
oligosaccharides, including fucosylated HMOs®. This study is expected to provide new insights into the catalytic
mechanism and substrate recognition of glycosynthases, while also establishing a high-yield, gram-scale enzymatic
synthesis platform for LNT and LNFPI. Such a platform will make it possible to supply HMOs in amounts sufficient for in
vitro and in vivo experiments, thereby enabling detailed functional analyses of individual HMO species. It is also
expected to contribute to the stable supply and cost reduction of HMO ingredients for infant formula, medical nutrition,
and functional foods.
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