
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

2:
14

:3
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Recent advances
aEngineering Research Center for Sugar an

Engineering Laboratory of Polysaccharide

and Glycoconjugate Drugs, Shandong Aca

250101 Shandong, China. E-mail: liufui@sd
bNational Glycoengineering Research Center

Shandong, China
cDepartment of Pharmacy, Shandong Univers

250355, Shandong, China

† Yue Yang and Huiran Hao contributed e
authors of the paper.

Cite this: RSC Adv., 2026, 16, 6786

Received 31st December 2025
Accepted 27th January 2026

DOI: 10.1039/d5ra10119k

rsc.li/rsc-advances

6786 | RSC Adv., 2026, 16, 6786–67
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a-Dystroglycan (a-DG) is an important component of the extracellular domain of the dystrophin complex,

with extensive and diverse O-mannosylation modifications, which can widely participate in various

physiological and pathological processes. In particular, core M1, core M2, and core M3 O-mannose

glycans, which are post-translational modifications of a-DG, are shown to play critical roles in muscle

and brain development. However, elucidating their precise mechanisms has been hampered by inherent

structural heterogeneity, creating an urgent demand for efficient methods to obtain homogeneous

glycans. Despite their structural complexity, tremendous progress has been made in the synthesis of O-

mannose glycans and glycopeptides in recent years. By systematically comparing synthetic strategies

and methodologies, this review highlights recent progress in the chemical, enzymatic, and

chemoenzymatic synthesis of the three major O-mannose glycan types of a-DG. In addition, key

synthetic challenges, including stereoselective glycosylation, site-specific functionalization, and

scalability, are discussed. Finally, current limitations and future perspectives in O-mannose glycans

synthesis are outlined, aiming to inspire further methodological innovation and biological applications.
1 Introduction

a-Dystroglycan (a-DG) is an extensively O-glycosylated trans-
membrane glycoprotein encoded by the DAG1 gene that serves
as a critical component of the dystrophin-associated glycopro-
tein complex (DGC).1–3 It plays a key role in maintaining muscle
integrity, neuronal development, and cell adhesion by linking
the extracellular matrix (ECM) to the intracellular cytoskeleton
(Fig. 1A).4 Unlike conventional glycoproteins, a-DG is uniquely
modied by O-mannose glycans, a rare class of glycosylation
that is essential for its functional interactions with ECM ligands
such as laminin,5 agrin,6 perlecan,7 neurexin,8 pikachurin9 and
slit.10 Defective O-mannosylation of a-DG leads to various forms
of congenital muscular dystrophies (CMDs),11–16 including
Walker–Warburg syndrome (WWS),17 muscle-eye-brain disease
(MEB),18 Fukuyama congenital muscular dystrophy (Fukuyama
CMD),19,20 and limb-girdle muscular dystrophy (LGMD).21 These
disorders are collectively dened as dystroglycanopathies
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(DGPs), a group of congenital muscular dystrophies caused by
defects in the glycosylation of a-DG.22 Clinically, these disorders
manifest from the neonatal period and are characterized by
progressive muscle degeneration, evolving from muscle weak-
ness to loss of mobility and respiratory failure, intellectual
disability due to abnormal brain development, and impaired
neuronal migration. Some cases also present ocular abnor-
malities such as microphthalmia and retinal dysplasia.23,24

These conditions not only signicantly reduce patients' quality
of life and life expectancy, but the glycosylation defects are also
associated with cancer progression and metastasis in various
malignancies.25–27 However, despite the severity of these disor-
ders, there are currently no effective treatments nor efficient
diagnostic strategies available for DGPs. Thus, O-mannose
glycans are essential for maintaining the normal structure and
function of a-DG in muscles and the brain.28 Beyond its struc-
tural role, a-DG also functions as a receptor for multiple path-
ogens, includingMycobacterium leprae and arenaviruses such as
Lassa fever virus (LFV).29–31

In a-DG, O-mannose-based glycans constitute nearly 50% of
the total O-glycans.32 Recent advances in glycobiology have
signicantly accelerated the characterization of O-mannose
glycans, leading to better understanding of laminin-binding
glycan structures. To date, three distinct O-mannose glycan
structures involved in a-DG post-translational modications
have been identied and classied based on the linkage of N-
acetylglucosamine (GlcNAc) to mannose (Man) (Fig. 1B): core
M1, GlcNAcb1-2Mana1-O-Ser/Thr; core M2, GlcNAcb1-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TheDGC andO-mannosylated glycans identified on a-DG. (A) The heavily glycosylated peripheral membrane protein a-DG participates in
the DGC and mediates interactions with ECM proteins through matriglycan. a-DG also functions as a receptor for multiple pathogens, including
Mycobacterium leprae and arenaviruses such as Lassa fever virus. (B) Biosynthesis pathway of core M1, core M2 and core M3 glycans on a-DG.
Abbreviations: Man, mannose; GlcNAc, N-acetylglucosamine; Gal, galactose; Sia, sialic acid; GlcA, glucuronic acid; Fuc, fucose; GalNAc, N-
acetylgalactosamine; Rbo, ribitol; Xyl, xylose; POMT1/T2, protein O-mannosyltransferases 1 and 2; POMGNT1, protein O-linked mannose N-
acetyl-glucosaminyltransferase 1; MGAT5B, mannosyl a1,6-glycoprotein b1,6 N-acetyl-glucosaminyltransferase; GALTs, galactosyltransferases;
B3GNTs, b1,3-N-acetylglucosaminyltransferases; SIATs, sialyltransferases; GLCATs, glucuronyltransferases; HNK1ST, HNK-1 sulfotransferase;
FUT9, a1,3-fucosyltransferase-9; POMGNT2, protein O-linked mannose b-1,2-N-acetylglucosaminyltransferase 2; B3GALNT2, b1,3 N-ace-
tylgalactosaminyltransferase 2; POMK, proteinO-mannose kinase; FKTN, fukutin; FKRP, fukutin-related protein; TMEM5, transmembrane protein
5; B4GAT1, b1,4-glucuronyltransferase 1; LARGE, like-acetylglucosaminyltransferas.
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6(GlcNAcb1-2)-Mana1-O-Ser/Thr, and core M3, GalNAcb1-
3GlcNAcb1-4(phospho-6)-Mana1-O-Ser/Thr.33,34 On this basis,
these proteins undergo further modications including gal-
actosylation, sialylation, and the addition of human natural
killer factor-1 (HNK-1) epitope, Lewis X and polylactosamine on
O-mannose glycans.34,35 These elaborations generate highly
heterogeneous and complex glycan structures that create uni-
que carbohydrate epitopes, which are believed to play key roles
in brain development. Moreover, compared with core M1 and
core M2, the structure of core M3 was claried later. Its
complete conguration [(3GlcAb1-3Xyla1)n-3GlcAb1-4Xylb1-
4Rbo5P-1Rbo5P-3GalNAcb1-3GlcNAcb1-4(phospho-6)-Mana1-
O-Ser/Thr] was not fully characterized until 2016.36,37 Notably,
Scheme 1 First chemoenzymatic synthesis of core M1 tetrasaccharide b
(Cbz).

© 2026 The Author(s). Published by the Royal Society of Chemistry
recent studies have conrmed that all gene defects impairing
core M3-type glycan maturation have been identied as causa-
tive factors of DGPs.38 This unequivocally demonstrates that
defective core M3-type glycan constitutes the fundamental
pathological mechanism underlying DGPs.

The biosynthesis of O-mannose glycans on a-DG takes place
in the endoplasmic reticulum (ER) and the Golgi apparatus (GA)
requiring the harmonic activity of multiple enzymes (Fig. 1B).11

The process is initiated in the ER, where the protein O-man-
nosyltransferase complex (POMT1/POMT2) enzyme complex
catalyzes the transfer of an O-mannose residue to the hydroxyl
group of serine or threonine residue of a-DG, forming an a-
glycosidic bond.39,40 Within the GA, protein O-linked mannose
y Ajisaka group. Abbreviation: Pac = phenacyl; Z = benzyloxycarbonyl
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Scheme 2 Chemical synthesis of the core M1 glycoamino acids by Ito group. (A) Synthesis of the core M1 tetrasaccharide amino acid. (B)
Synthesis of the core M1 di- and trisaccharide amino acid. Abbreviation: Pht = phthalyl; Pfp = pentafluorophenyl; ClAc = chloroacetyl.
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b1,2-N-acetylglucosaminyltransferase 1 (POMGNT1) subse-
quently adds a b1,2-linked GlcNAc moiety to the O-mannose,
yielding core M1.12 Core M1 serves as the biosynthetic precursor
for core M2 glycans. Under the catalysis of mannosyl a1,6-
glycoprotein b1,6-N-acetylglucosaminyltransferase (MGAT5B),
a b1,6-linked GlcNAc is added to core M1, resulting in core M2.41

Additionally, both core M1 and core M2 can undergo glycan
chain elongation through the action of various glycosyl-
transferases, such as galactosyltransferases (GALTs), b1,3-N-
acetylglucosaminyltransferases (B3GNTs), sialyltransferases
(SIATs), glucuronyltransferases (GLCATs), HNK-1 sulfo-
transferase (HNK1ST), and a1,3-fucosyltransferase-9 (FUT9),
leading to the formation of multiple epitope structures depicted
in Fig. 1B.34,42 In comparison to other glycans, the biosynthesis
of core M3 exhibits greater complexity. The process initiates in
the ER, where protein O-linked mannose b1,4-N-acetylglucosa-
minyltransferase 2 (POMGNT2) catalyzes the transfer of a b1,4-
linked GlcNAc to the initial Man residue.43 This is followed by
b1,3-N-acetylgalactosaminyltransferase 2 (B3GALNT2)-
mediated attachment of a b1,3-linked GalNAc to the GlcNAc
moiety. Subsequently, protein O-mannose kinase (POMK)
phosphorylates the C6 hydroxyl group of the mannose residue.44

The resulting phosphorylated trisaccharide undergoes further
elongation in the GA through sequential enzymatic
6788 | RSC Adv., 2026, 16, 6786–6799
modications: First, ribitol-5-phosphate transferase fukutin
(FKTN) transfers ribitol-5-phosphate (Rbo5P) to the 3-hydroxyl
group of GalNAc. Fukutin-related protein (FKRP) then catalyzes
the addition of a second Rbo5P to the rst, forming a tandem
Rbo5P–Rbo5P structure.37,45 Ribitol xylosyltransferase 1
(RXYLT1; previously designated transmembrane protein 5,
TMEM5) subsequently transfers a b1,4-linked xylose (Xyl) to the
second Rbo5P, followed by b1,4-glucuronyltransferase 1
(B4GAT1)-mediated addition of a b1,4-linked glucuronic acid
(GlcA) to the xylose residue.16,36,46 The nal maturation step
involves the alternating transfer of a1,3-linked xylose and b1,3-
linked glucuronic acid residues by like-
acetylglucosaminyltransferase (LARGE), generating the charac-
teristic repeating -3GlcAb1-3Xyla1- disaccharide units that
constitute the functional matriglycan structure.47,48

Although the structures and biological signicance of O-
mannose glycans on a-DG have been extensively elucidated,
their precise physiological roles and disease-related molecular
mechanisms remain to be fully claried.49 Access to structurally
dened, homogeneous, and scalable O-mannose glycans would
not only provide ideal probes for functional studies but also
open new avenues for the diagnosis and treatment of DGPs.50,51

Nevertheless, the inherent heterogeneity of native O-mannose
glycans produced by biological systems makes it challenging to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of glycopeptides, containingO-mannosyl glycan
NeuNAca2-3Galb1-4GlcNAcb1-2Mana. (A) Three-step enzymatic
synthesis of glycopeptides. (B) “One-pot” enzymatic cascade synthesis
glycopeptide. (C) Enzymatic oligosaccharide synthesis of a glycopetide
on a surface.

Scheme 4 Synthesis of glycopeptides and glycoconjugate vaccines
by Westerlind group. (A) Synthesis of glycosylated threonine building
blocks 40 and 44. (B). Synthesis of glycopeptides 45–48. (C) Synthesis
of BSA conjugate 49, and KLH conjugate 50.
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obtain homogeneous materials. In contrast, chemical, enzy-
matic, and chemoenzymatic approaches have collectively
emerged as powerful alternative strategies for producing
homogeneous O-mannose glycans.52,53 Signicant progress has
been made in this eld in recent years. This review systemati-
cally and comprehensively summarizes recent advances in the
synthesis of O-mannose glycans on a-DG employing these
methodologies.

2 Synthesis of a-DG core M1 O-
mannose glycans

Core M1 O-mannose glycans constitute one of the most
fundamental structural motifs decorating a-DG. Over the past
decades, considerable efforts have been devoted to their
construction through both purely chemical and enzymatic
approaches. These sustained efforts have resulted in signicant
achievement in the efficient and stereoselective synthesis of
core M1 structures.

In the 1990s, following the initial characterization of the
tetrasaccharide NeuNAca2-3Galb1-4GlcNAcb1-2Mana-by Endo
© 2026 The Author(s). Published by the Royal Society of Chemistry
and co-workers, its total synthesis became a primary objective for
the scientic community.54 In a landmark study, Ajisaka and co-
workers achieved the rst chemoenzymatic synthesis of a-(2,3)-
sialylated tetrasaccharidic glycosyl amino acid 11 (Neu5Aca2-
3Galb1-4GlcNAcb1-2Mana-O-Ser), establishing a key methodology
for glycopeptide research (Scheme 1).55 Using enzymatically
synthesized disaccharide 1 as the starting substrate,56 a thiophenyl
group was introduced at the anomeric position of its mannose
residue through a series of protection and deprotection steps,
yielding compound 3.55 Galactosylation of glucosamine at the 4-
hydroxy group, catalyzed by a galactosidase from B. bidum,
provided trisaccharide 5 in 15% yield. The glycosylation between
the acetylated compound 6 and the serine derivative 7 was per-
formed with N-iodosuccinimide (NIS) and triic acid (TfOH) in
RSC Adv., 2026, 16, 6786–6799 | 6789
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Scheme 5 Chemoenzymatic synthesis of core M1 O-mannose glycans by Cao group. (A) Sequential OPME synthesis of the Neu5Gc, Lex, and
sLex bearing core M1 glycans. (B) Enzymatic assembly of six core M1 O-mannose glycans along with their corresponding C-6-arm isomers. (C)
First enzymatic assembly of core M1 O-mannose glycans with sulfated HNK-1 epitope. Abbreviation: TFA = trifluoroacetyl.

Scheme 6 SSEE strategy synthesis of core M1 O-mannose glycans by
Li group. Abbreviation: PMB = p-methoxybenzyl.
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dichloromethane (DCM) at −78 °C, affording the glycosyl amino
acid 8 in 98% yield. Following the removal of all protecting groups
except the Fmoc group, compound 10 was elaborated to the core
M1 tetrasaccharide amino acid 11 through a sialyltransferase-
6790 | RSC Adv., 2026, 16, 6786–6799
catalyzed sialylation57 and subsequent Fmoc deprotection. Unfor-
tunately, this synthetic route proceeded in 11 steps with an overall
yield of only 0.026%. Concurrently, Ito and co-workers developed
a chemical convergent strategy for the synthesis of coreM1 glycosyl
amino acids (Scheme 2A).58 Stereoselectivity was controlled
through neighboring group participation and modulation of
solvent effects. The total synthesis, which included the preparation
of monosaccharide building blocks, comprised approximately 50
steps and proceeded in less than 1% overall yield.58 Although this
method afforded higher reaction yields compared to Ajisaka's
chemoenzymatic approach, it required a considerably longer and
more labor-intensive synthetic route. In 2000, the team further
applied this synthetic strategy and optimized the reaction pathway
to successfully obtain two core M1 glycosyl amino acids (Scheme
2B), the disaccharide 26 (GlcNAcb1-2Mana-O-Ser) and the trisac-
charide 30 (Galb1-4GlcNAcb1-2Mana-O-Ser).59

In addition to glycan synthesis, the preparation of pure,
homogeneous glycopeptides with well-dened sequences is
essential for further investigation of their biological functions.60,61

To this end, Flitsch and co-workers accomplished the rst
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 Synthesis of core M1 O-mannosylated glycopeptides by
the Peng group via microwave-assisted SPPS and enzymatic glycan
elaboration.

Fig. 2 Chemoenzymatic synthesis of core M1 O-mannosylated
glycopeptides by Nishimura group.
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synthesis of glycopeptides containing the core M1 structured O-
mannose glycan NeuNAca2-3Galb1-4GlcNAcb1-2Mana via
a biomimetic stepwise assembly from the reducing end using
three consecutive enzymatic glycosylation steps (Scheme 3).62

Specically, GlcNAc, Gal, and Neu5Ac were introduced using
human POMGnT1, bovine b1,4-galactosyltransferase (b1,4-GalT),
and a trans-sialidase from Trypanosoma cruzi (TcTS),63 respectively
(Scheme 3A). Furthermore, the authors developed a one-pot
enzymatic cascade reaction for efficient synthesis of the target
tetrasaccharide (Scheme 3B) and showcased solid-phase synthesis
of the desired glycopeptides directly on a goldmicroarray platform
(Scheme 3C). The resulting intermediates are currently being used
to study the role of this unusual glycan inmediating the binding of
a-DG to its various receptors.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Shortly aer the enzymatic synthesis, Westerlind and co-
workers subsequently achieved the chemical synthesis of
a series of glycopeptide chains and glycoconjugate vaccines
containing GlcNAcb1-2Mana disaccharide and Galb1-
4GlcNAcb1-2Mana trisaccharide motifs (Scheme 4).64 The team
prepared peracetylated Fmoc-protected glycosylated threonine
building blocks 40 and 44 via a convergent glycosylation
strategy (Scheme 4A), which were then incorporated into short
glycopeptides using optimized Fmoc solid-phase peptide
synthesis (SPPS) (Scheme 4B). The resulting glycopeptide
antigen 46 was site-specically conjugated to bovine serum
albumin (BSA) and keyhole limpet hemocyanin (KLH) through
a diethyl squarate linker, yielding fully dened vaccine
constructs 49 and 50 (Scheme 4C). Notably, while the induced
antibodies demonstrated high specicity against the target
antigenic structure, they retained residual cross-reactivity
toward the peptide backbone. This limitation renders these
antibodies unsuitable for broad detection of O-mannose
glycans presented across diverse peptide contexts.

Research on the synthesis of core M1 glycans has evolved
signicantly, transitioning from initial low-yielding multistep
chemical routes and restricted enzymatic methods to contempo-
rary strategies dominated by efficient chemo-enzymatic
approaches. Notably, Cao and co-workers reported several highly
efficient chemical and chemoenzymatic strategies for the synthesis
of core M1 glycans (Scheme 5).65–67 In 2015, they chemically
synthesized disaccharide serine 52, obtained in gram scale via
Ley's diketone protection and late-stage amino-acid introduction,
which served as the universal acceptor for a sequential one-pot
multienzyme (OPME) cascade.65 This overcomes a major limita-
tion of large-scale enzymatic glycan synthesis, namely the high
costs caused by the extensive use of costly sugar nucleotides and
enzymes. Three orthogonal glycosyltransferase modules were
integrated to deliver, for the rst time, the Neu5Gc, Lex, and sLex
bearing core M1 glycans 55–57, together with the known trisac-
charide 53 and tetrasaccharide 54 (Scheme 5A). In 2018, the same
chemoenzymatic strategy was employed to chemically synthesize
two disaccharide intermediates 59 and 60, which were subse-
quently subjected to enzymatic assembly using a three-enzyme
module system to yield six core M1 O-mannose glycans 61–66
along with their corresponding C-6-arm isomers 67–72 (Scheme
5B).66 In 2019, they further achieved the rst total synthesis of
a more complex core M1 tetrasaccharide 78 bearing the sulfated
HNK-1 epitope through further chemical transformation of key
intermediate 77 (Scheme 5C).67 Moreover, Li and co-workers
developed an efficient scaffold synthesis/enzymatic extension
(SSEE) strategy to prepare 9 core M1 glycans 81–89 by combining
gram-scale convergent chemical syntheses of scaffold and strictly
controlled sequential glycosyltransferase-catalyzed enzymatic
extension (Scheme 6).68 Employing an analogous approach, Nish-
imura and co-workers synthesized a comprehensive library of 25
distinct core M1 O-mannosylated glycopeptides for high-
throughput microarray analysis (Fig. 2).69 This systematic
screening uncovered specic ligand-recognition patterns and
associated conformational change at the O-mannosylated posi-
tion. In addition, building upon their previously established
“cyanide effect” strategy, Peng and co-workers accomplished
RSC Adv., 2026, 16, 6786–6799 | 6791
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Scheme 8 Synthesis of coreM2O-mannose glycopeptides and glycoconjugate vaccines. (A) Synthesis of glycosylated threonine building blocks
(B). Synthesis of glycopeptides. (C) Synthesis of BSA and CRM conjugates.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

2:
14

:3
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
regioselective protection at the mannose 2-OH position, facili-
tating the high-yield synthesis of a pivotal intermediate 90 and
gram-scale production of core M1 mannosylated amino acid 91
(Scheme 7).35 Subsequently, using glycopeptides 92 and 93
prepared via microwave-assisted SPPS as acceptor substrates, they
successfully generated four glycopeptides 95–98 featuring sialy-
lated and non-sialylated core M1 mannose structures through
enzymatic glycan elaboration.
3 Synthesis of a-DG core M2 O-
mannose glycans

The synthesis of branched core M2 glycans lagged signicantly
behind that of linear core M1 O-mannosyl glycans. In 2017,
Westerlind and co-workers accomplished the rst chemical
total synthesis of eleven glycopeptides 103–113 and two glyco-
conjugates 114 and 115 containing the branched core M2
structure [GlcNAcb1-6(GlcNAcb1-2)-Mana1] (Scheme 8).70 Using
a synthetic vaccine approach, they successfully elicited highly
selective antibodies that specically recognize the branched
epitope without cross-reacting with linear core M1 glycans—
demonstrating a markedly superior recognition prole
compared to traditional concanavalin A (ConA) lectin. This
work lls a crucial gap in the research tools for branched O-
mannosylation and provides reliable molecular probes for
investigating its functional roles in neurodegenerative diseases
and cancer metastasis.

In 2018, employing a strategy analogous to that used for core
M1 assembly, Cao and co-workers devised a concise synthetic
6792 | RSC Adv., 2026, 16, 6786–6799
route starting from mannose derivative 58, enabling the effi-
cient preparation of three pivotal core M2 intermediates 116–
118 in approximately ve steps (Scheme 9A).66 Subsequently, the
team employed an enzymatic extension strategy to achieve the
diversity-oriented assembly of 57 distinct O-mannosylated core
M2 structures. This collection encompassed 6 symmetric, 23 C2
“heavy chain”-branched asymmetric, and 18C6 “heavy chain”-
branched asymmetric core M2 O-mannose glycans. This work
presents the rst systematic construction of the most compre-
hensive core M2 O-mannose glycan library. Furthermore, using
glycan microarray technology, the study revealed specic
recognition patterns between these glycans and brain proteins
as well as immune molecules. In a pivotal expansion of the
glycan library, Cao and co-workers also utilized enzymatic
diversication to generate 28 structurally dened core M2 O-
mannose glycans incorporating sulfated epitope 121–132
(Scheme 9B) or non-sulfated HNK-1 epitope 133–146 (Scheme
9C), which represent functionally critical motifs in neural
systems, starting from chemically synthesized intermediates
117–120.67 During the same period, Li and co-workers employed
a developed SSEE strategy to synthesize 36 core M2 glycosyl
amino acids (Scheme 10).68 Subsequent glycan microarray
proling further uncovered the ne specicities of these glycans
towards various glycan-binding proteins and specic antisera.
In 2022, Peng and coworkers reported the synthesis of a series
of glycopeptides incorporating sialylated or non-sialylated core
M2 O-mannose glycopeptides 170–173 using a microwave-
assisted SPPS strategy (Scheme 11).35 Among these, glycopep-
tide 173 was obtained for the rst time. Remarkably, this novel
synthetic approach demonstrated that glycosyltransferases
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10119k


Scheme 9 Chemoenzymatic synthesis of core M2 O-mannose glycans. (A) Enzymatic assembly of symmetrical, C2 and C6 “heavy chain”-
branched asymmetrical core M2 O-mannose glycans from 58. (B) Synthesis of core M2 O-mannose glycans with sulfated HNK-1 epitope. (C)
Synthesis of core M2 O-mannose glycans with nonsulfated HNK-1 epitope.
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maintain considerable catalytic activity even toward N-termi-
nally exposed glycopeptide substrates. This nding provides
a promising strategy for the synthesis of extended, structurally
dened a-DG glycopeptides.
4 Synthesis of a-DG core M3 O-
mannose glycans

As depicted in Fig. 1, the structure of core M3 displays consid-
erable structural complexity, consisting of three primary
components: (1) the core trisaccharide with mannose phos-
phorylated at the 6-position; (2) the tandem Rbo5P structure; (3)
matriglycan, which is a polysaccharide composed of the
repeating disaccharide units, and is a critical component of the
core M3 O-mannose glycan. Here, we provide a detailed account
of the synthetic progress of these three parts.
© 2026 The Author(s). Published by the Royal Society of Chemistry
4.1 Synthesis of the phosphorylated core M3 trisaccharide

Early efforts in the synthesis of core M3 glycan primarily
focused on the construction of the phosphorylated core M3
trisaccharide. In 2011, Boons and co-workers reported the rst
linear synthetic strategy for the preparation of a phosphorylated
trisaccharide glycopeptide derived from a-DG (Scheme 12A).71

This synthetic route employed four key building blocks 174–177
to sequentially construct the phosphorylated trisaccharide-
threonine 180, which was subsequently incorporated into an
automated SPPS system. Through iterative coupling cycles and
deprotection steps, the glycopeptide 182 was efficiently assem-
bled. In addition, they also provided the trisaccharide and
conrmed that its NMR data matched the previously reported
spectral features of the isolated compound, thereby verifying
the structural assignment of this unusual phospho-glycan. In
2022, Peng and co-workers described a divergent synthetic
RSC Adv., 2026, 16, 6786–6799 | 6793
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Scheme 10 Synthesis of core M2 O-mannose glycoamino acids via SSEE strategy from 79.

Scheme 11 Chemoenzymatic synthesis of core M2 O-Mannosyl
glycopeptides by Peng group.
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approach to access core M3 mannose glycan structures.35 As
highlighted in the previous section, this synthetic strategy
integrated facile preparation of core M3 glycopeptide assembly
via optimized microwave-assisted SPPS, culminating in the
successful synthesis of glycopeptide 188 containing a partial
core M3 glycan motif (Scheme 12B).
4.2 Synthesis of the tandem Rbo5P structure

The tandem Rbo5P modication, a process mediated by FKTN
and FKRP that transfers Rbo5P to the O-3 of GalNAc and O-1 of
Rbo5P, respectively, is essential for the functional maturation of
a-DG and was rst identied in mammals. In 2019, Tamura and
co-workers reported the rst synthesis of partial structures of
core M3 glycans incorporating the tandem Rbo5P linkers,72

which included compounds 196 (Xylb1-4Rbo), 197 (Xylb1-
6794 | RSC Adv., 2026, 16, 6786–6799
4Rbo5P), and 198 (Xylb1-4Rbo5P-1Rbo). The synthesis was
achieved via a chemical approach to precisely control regio- and
stereoselectivity (Scheme 13). Building on this work, the group
further developed chemical and chemoenzymatic strategies to
prepare three types of partial core M3 O-mannose glycans con-
taining tandem Rbo5P motifs and their derivatives 201–206.
Moreover, they demonstrated enzymatic glycan elongation
using these synthetic acceptors, revealing that Rbo5P-3GalNAcb
derivatives constitute the minimal glycan structure necessary
for FKRP-mediated Rbo5P transfer and may function as
precursors for the elongation of the core M3 O-mannose glycan
(Scheme 14).73 Recently, Willems and co-workers synthesized
four alkyne-tagged Rbo5P derivatives and demonstrated that
the S-acyl-2-thioethyl (SATE)-protected phosphorylated probes
enabled specic labeling of overexpressed a-DG in mammalian
cells.74
4.3 Synthesis of matriglycan

Matriglycan, a high-molecular-weight polysaccharide located at
the terminus of the core M3 O-mannose glycan and composed
of repeating [-3GlcAb1-3Xyla1-]n units, mediates the critical
linkage between a-DG and the basement membrane by serving
as the direct ligand for laminin.75 However, the highly stereo-
selective construction of 1,2-cis-xylopyranosides remains
a formidable challenge in the synthesis of the -XylaGlcAb-
repeating unit. This difficulty arises from the distinctive struc-
tural and electronic properties of xylose. In contrast to its C6-
analogue glucose, the xylose ring exhibits greater conforma-
tional exibility and a stronger tendency to undergo SN1-type
glycosylation pathways, owing to its electronic features, which
collectively compromise stereochemical control. As a result,
many established glycosylation protocols that successfully form
1,2-cis-linkages in glucopyranosides prove inadequate for
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 12 Synthesis of core M3 glycopeptides via SPPS. (A) Chemical
synthesis of phospho-trisaccharide glycopeptide 182 and (B) synthesis
of disaccharide glycopeptide 188. Abbreviation: Lev = levulinoyl; Nap
= 2-naphthylmethyl.

Scheme 13 Chemical synthesis of tandem Rbo5P-containing glycans 19

Scheme 14 Chemical and chemoenzymatic synthesis of three types
of partial core M3 O-mannose glycans containing tandem Rbo5P
motifs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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xylose, generally affording poor to moderate stereoselectivity
that depends inefficiently on the anomeric effect.

Consequently, considerable efforts have been devoted to
developing a-selective xylosidation methods to enable the
successful synthesis of matriglycan. In 2020, Tamura and co-
workers combined conformation xation and intramolecular
aglycon delivery (IAD) strategies, employing 4-methoxybenzyl
6 (Xylb1-4Rbo), 197 (Xylb1-4Rbo5P), and 198 (Xylb1-4Rbo5P-1Rbo).

RSC Adv., 2026, 16, 6786–6799 | 6795

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10119k


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

2:
14

:3
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ether at the 2-position of xylose to construct 1,2-cis-xylopyr-
anoside formation.76 By exploiting this method, the
matriglycan-repeating tetrasaccharides 215 and 216 were
synthesized (Scheme 15A). Based on this, in 2025, they also
reported the synthesis of an alkyne-linked matriglycan-
repeating hexasaccharide 221 and its biotin conjugate 222
(Scheme 15B).77 In a further report, by the stepwise addition of
the corresponding disaccharide unit for regioselective and
stereoselective synthesis, they rst removed the levulinoyl (Lev)
group with hydrazine acetate, followed by glycosylation with the
donor, and repeated the process to obtain the matriglycan-
repeating decasaccharide 223 and two dendrimers 224 and
225 comprising three branches of matriglycan-repeating hexa-
and decasaccharides (Scheme 15B). However, the application of
the IAD strategy to a-linked disaccharide construction is limited
by low efficiency and the necessity for lengthy synthetic routes.
To enhance the synthetic efficiency of matriglycan, in 2023,
Peng and co-workers established a preactivation-based,
additive-modulated 1,2-cis-xylopyranosylation protocol
employing O-xylopyranosyl trichloroacetimidate 226 as glycosyl
Scheme 15 Synthesis of matriglycan constituent by Tamura group. (A
intramolecular aglycon delivery (IAD) strategies (B) synthesis of glycod
decasaccharides.

6796 | RSC Adv., 2026, 16, 6786–6799
donors, with trimethylsilyl iodide (TMSI) as a promoter in the
presence of triphenylphosphine oxide (Ph3PO) as an additive
(Scheme 16A).78 The matriglycan constituent tetrasaccharide
229 and hexasaccharide 230, which contain a tandem Rbo5P
structure, were efficiently synthesized via this synthetic strategy.
In a recent report, Xiao and co-workers also demonstrated that
1,2-cis-xylosylation could be accomplished through a synergistic
combination of reagent modulation (TMSI and Ph3PO), 3-O-acyl
group remote participation, and electron-withdrawing effects of
4-triuoromethylbenzyl group, which achieved the synthesis of
core M3 matriglycan motif 233 (Scheme 16B).79 In addition to
chemical synthesis, enzymatic elongation has also been
employed, as noted earlier, by Endo and coworkers to introduce
the disaccharide repeating units into matriglycan (Scheme
14).73 In 2022, Boons and co-workers reported a chemo-
enzymatic strategy for the assembly of matriglycan oligosac-
charides 237a–i bearing a precisely dened number of tandem
repeats (Scheme 16C).80 Extension of the core chain was
accomplished by iterative enzymatic glycosylation with large
excesses of UDP-GlcA and UDP-Xyl, furnishing products that
) Synthesis of matriglycan-repeating tetrasaccharide 215 and 216 by
endrimers 224 and 225 containing matriglycan repeating hexa- and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 16 Strategies for stereoselective construction of matriglycan-repeating a-xylopyranosides. (A) Synthesis of matriglycan constituent by
apreactivation-based, additive-modulated trichloroacetimidate glycosidation strategy and (B) Reagent modulation, remote participation,
electron-withdrawing synergistic effects and (C) enzyme-mediated specificity control.
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encompass two to fourteen disaccharide repeats. A notable
limitation, however, was that oligosaccharides with nine or
more disaccharide repeats could not be isolated as a single
homogeneous fraction by HPLC. Furthermore, utilizing glycan
microarray technology and cell-surface glyco-engineering
approaches, their work established the length-dependent
binding of matriglycan on a-DG to laminin, Lassa virus (LASV)
GP1, and the clinically important antibody IIH6. It was
demonstrated that introducing synthetically dened matrigly-
cans onto the surface of cells lacking either a-DG or O-man-
nosylation could restore infection by a Lassa-pseudovirus.
Additionally, free matriglycans were shown to inhibit viral
infection of wild-type cells in a dose and length dependent
manner. Ultimately, their ndings indicate that matriglycan
alone is necessary and sufficient for IIH6 staining, laminin and
LASV GP1 binding, and Lassa-pseudovirus infection, and
further reveal that increasing its chain length enhances ligand-
binding capacity.
5 Conclusions and perspectives

The eld of O-mannose glycan synthesis has witnessed
remarkable progress, evolving from pioneering low-yielding
chemical routes to sophisticated and highly efficient chemo-
enzymatic strategies. This review has chronicled the success-
ful synthesis of all three major a-DG O-mannose glycan types—
cores M1, M2, and the highly complex core M3. For O-mannose
glycan synthesis, chemical approaches offer exible structure
design but oen involve long, low-efficiency routes, whereas
enzymatic approaches are efficient and selective but limited by
the narrow substrate specicity of glycosyltransferases. There-
fore, productive glycosylation approaches and low-cost, broadly
applicable glycosyltransferases are still needed. Yet, while the
syntheses of core M1 and M2 glycans have been extensively
established, the construction of core M3 remains nascent,
© 2026 The Author(s). Published by the Royal Society of Chemistry
primarily limited to the preparation of its fragmentary compo-
nents. The lack of access to the fully assembled, precisely
dened core M3 glycan has consequently restricted compre-
hensive studies of its physiological functions and disease-
related molecular mechanisms. Therefore, obtaining the
complete O-mannosylated structure is of paramount impor-
tance. It is evident that the development of highly efficient
strategies, which seamlessly integrate the strengths of chemical
and enzymatic approaches, represents the most promising
direction for the future synthesis of homogeneous O-mannose
glycans and glycopeptides. Simultaneously, embracing auto-
mation and enzymatic synthesis will be key to streamlining
production, reducing costs, and providing scalable access to
these biologically vital glycans.81,82
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