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Processing of asparagine (Asn)-linked (N-linked) glycans
creates a variety of glycoforms which play important roles in
a variety of intracellular events.[1] In the endoplasmic
reticulum (ER) a combination of various enzymes, chaper-
ones, lectins, and cargo receptors constitutes the glycoprotein
quality control (GQC) system.[2]

N-linked glycans are co-translationally introduced to
nascent polypeptides initially as a triglucosylated tetradeca-
saccharide Glc3Man9GlcNAc2 (G3M9)[3] by oligosaccharyl-
transferase (OST; Figure 1).[4] Subsequently, trimming by
glucosidase I (G-I) and glucosidase II (G-II) produces the
monoglucosylated glycoform Glc1Man9GlcNAc2 (G1M9).[5]

Further removal of the remaining Glc by G-II forms the
nonglucosylated glycan Man9GlcNAc2 (M9). All the above-
mentioned glycans are potentially susceptible to trimming by
ER mannosidases,[6] which may generate glucosylated as well
as nonglucosylated glycans with a variable number of Man
residues (e.g. G1M8, G1M7, M8, M7, etc.).

Folding of glycoproteins is aided by a variety of chaper-
ones in the ER.[7] Among them, calnexin (CNX) and
calreticulin (CRT) occupy a privileged position as lectin
chaperones, which are able to specifically recognize Glca1!
3Man-containing glycans, such as G1M9.[8]

In the ER, UDP-glucose:glycoprotein glucosyltransferase
(UGGT) operates as the folding sensor, by which folding
defective glycoproteins are re-glucosylated.[9] A combination
of CNX/CRT, G-II, and UGGT constitutes a cycle (CNX/

CRT cycle).[10] Simultaneously, misfolded glycoproteins are
gradually demannosylated to Man8GlcNAc2 (M8),
Man7GlcNAc2 (M7), and Man5-6GlcNAc2 (M5-6) by ER
mannosidase and delivered to the cytosol for ER-associated
degradation (ERAD).[11]

Our previous effort has established synthetic routes to
most of the ER-related high-mannose-type glycans,[12] which
have proven valuable in clarifying specificities of CRT,[8b,13]

Fbs1,[14] UGGT,[15] and G-II.[16] To facilitate more compre-
hensive analysis of glycan functions in the GQC, we initiated
the study to construct a high-mannose-type glycan library
through top-down diversification of a common precursor.

Although our plan was hinted at by the biosynthetic
pathway of N-linked glycans,[17] it is obviously unrealistic to
reconstitute the biosynthetic pathway to generate the high-
mannose glycan library. For instance, both G1M9 and M9
have multiple a1,2-mannosyl linkages, thus prohibiting con-
trolled trimming of one of these Man residues (Figure 2a). To

Scheme 1. Synthesis of Glc1Man4GlcNAc2 heptasaccharide acceptor.
Reagents and conditions: a) [Cp2HfCl2], AgOTf, 4 � M.S., CH2Cl2,
�10 8C, 3.5 h, 85%. b) HF-pyridine/pyridine (1:5), 0 8C to RT, 21 h,
75%. c) MeOTf in ClCH2CH2Cl, 4 � M.S., CH2Cl2, �40 8C to RT, 12 h,
73%. d) HF-pyridine, pyridine, 1 GPa, RT, 21 h, quant. e) [Cp2HfCl2] ,
AgOTf, 4 � M.S., toluene/Et2O (10:1), �40 to �10 8C, 21 h, 86 %.
f) TsOH·H2O, MeCN, RT, 3 h, 73 %. Bz = benzoyl,
[Cp2HfCl2] = bis(cyclopentadienyl)hafnium dichloride, Phth= phthaloyl,
M.S.= molecular sieves, Tf = trifluoromethanesulfonyl, Ts = 4-toluene-
sulfonyl.
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overcome this problem, our strategy adopted the non-natural
precursor I, each branch of which was capped by a distinct
sugar residue (Figure 2b).[18] We anticipated that, if proper
selection of the terminal sugar residues A, B, and C has been
made, liberation of three arms can be executed indepen-
dently, thus giving the second-generation precursors I-A, I-B,
and I-C. Digestion with logically defined sets of glycosidases
will give a variety of high-mannose-type glycans.

To pursue this scheme, we designed the non-natural
tetradecasaccharide 1 as the precursor (Figure 3), in which A,
B, and C branches were capped by a-Glc, b-Gal, and b-
GlcNAc, respectively. We additionally planned to convert
1 into the BODIPY-labeled derivative 2 (BODIPY= boron-
dipyrromethene). Our plan required the fully protected
tetradecasaccharide 3. As depicted in Figure 3, 3 was dis-
sected into the three fragments 4, 5, and 6.

To begin with, construction of the heptasaccharide
acceptor 4, which comprises the A arm and the core
trisaccharide, was carried out as depicted in Scheme 1.

Namely, the disaccharide (Manb1-4GlcN) donor 7,[12a] which
was synthesized by intramolecular aglycon delivery,[19] was
coupled with 8 to give the trisaccharide 9, which was
desilylated to provide 10. Subsequent reaction with the
thioglycoside 11[12a] led to the hexasaccharide 12, whose tert-
butyldiphenylsilyl (TBDPS) group was removed[20] to give 13.
Its stereochemistry was confirmed by three signals, corre-
sponding to a-mannosyl linkages, at d> 5.0 ppm (d =

5.33 ppm, 5.25 ppm, 5.19 ppm). Subsequent glycosylation
was conducted with the fluoride 14.[12] The reaction was
promoted by [Cp2HfCl2]/AgOTf[21] exclusively to give the
desired isomer 15, acid treatment of which gave the A-arm-
containing heptasaccharide acceptor 4.

For the construction of the C- and B-arm fragments, 6 and
5, respectively, we opted to bifurcate the compound 16.[22]

Thus, treatment of 16 with LiAlH4/AlCl3
[23] provided the 6-

OH product 17 (Scheme 2), which was protected by a penta-
fluoropropionyl (PFP) group[24] to give 18. The latter was used
for glycosylation with the mannose-derived acceptor 19,[25]

Figure 1. Glycoprotein quality control. OST =oligosaccharyltransferase, G-I = glucosidase I, G-II = glucosidase II, CNX= calnexin, CRT= calreticu-
lin, ERManI = ER mannosidase I, UGGT =UDP-glucose:glycoprotein glucosyltransferase, EDEM= ER degradation-enhancing a-mannosidase-like
protein, ERAD= ER-associated degradation.
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which gave the coupled product 20. Removal of the PFP
group was conducted under weakly basic conditions (pyri-
dine/EtOH). The resultant 21 was subjected to coupling with
the glucosaminyl donor 22,[26] thus giving the trisaccharide 23.
Selective deacetylation gave 24, which in turn was converted
into the trichloroacetimidate 6.

To construct the B arm, reductive opening of 16 was
conducted by NaBH3CN/HCl/1,4-dioxane[27] to provide 25,
which was again protected by PFP to give 26. Glycosylation
with 19 promoted by MeOTf[28] gave 27, from which the PFP
group was removed quantitatively. Thus the obtained com-
pound 28 was glycosylated with the galactosyl chloride 29[29]

to give the trisaccharide 30. The anomeric acetate 30 was

converted into the trichloroacetimidate 32 via the hemiacetal
31, which was coupled with the 6-O-chloroacetylated thio-
glycoside 33,[30] thus giving the tetrasaccharide 34. Its
chloroacetyl group was removed[31] to give the tetrasaccharide
acceptor 5.

The compound 5 was then glycosylated with the C-arm
donor 6 to give the heptasaccharide 35 (Scheme 3). Based on
our previous experience,[12] the thioglycoside 35 was con-
verted into the fluoride 36. Coupling with the diol 4 gave 3,
which was fully deprotected to give 1. Having the designed
tetradecasaccharide in hand, fluorophoric modification was
conducted to facilitate the screening of enzymatic reactions
and analysis of glycan–protein interactions. The tetradeca-

Figure 2. Overview of chemoenzymatic synthesis of high-mannose-type glycans. a) a1,2-Mannosidase-reactive sites of natural G1M9 and M9
glycans. b) Orthogonal liberation of A, B, and C arms of non-natural tetradecasaccharide for the construction of a high-mannose glycan library.

Figure 3. Retrosynthesis for the tetradecasaccharide 1 and BODIPY-labeled derivative 2.
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saccharide 1 was treated with aq. NH4HCO3,
[32] thus giving the

glycosylamine, which was reacted with Fmoc glycine penta-
fluorophenyl ester (Fmoc-Gly-OPfp) in DMSO at temper-
atures below freezing.[33] Removal of the Fmoc group and
treatment with succinimide ester of BODIPY-FL gave the
fluorescently-labeled tetradecasaccharide 2 (Scheme 3).

To remove the GlcNAc residue, Jack bean b-N-acetylhex-
osaminidase digestion was highly satisfactory, thus giving the
tridecasaccharide 37 smoothly (Figure 4a). However, the
b1,4-linked Gal residue was resistant to b-galactosidases
derived from bovine liver, Jack bean, Kluyveromyces lactis,
and Escherichia coli, presumably because of steric hindrance.
Only Aspergillus-oryzae-derived enzyme had substantial
activity to provide the B-arm-unblocked product 38. Sim-
ilarly, rat liver a-glucosidase II uniquely gave 39 by cleaving
the Glc residue.

Although removal of the a-Glc from the A arm of 2 was
straightforward, controlled removal of the terminal Man
would be difficult. Consequently, digestion with Golgi endo-
a-mannosidase was conducted, and cleanly gave 40 (Fig-
ure 4b). Importantly, the presence of terminal a-Glc con-
ferred susceptibility to endomannosidase.[34]

To demonstrate the feasibility of our strategy, we
attempted systematic preparation of mono- as well as non-
glucosylated M8 glycans (Figure 5), because of their impor-
tant roles in GQC.[2] Production of M8A was achieved by
a three-step enzymatic trimming with Jack bean b-N-acetyl-
hexosaminidase, Golgi endo-a-mannosidase, and A. oryzae b-
galactosidase. HPLC profiles for each step are shown in
Figure S1 of the Supporting Information. G1M8(B) was given

Scheme 2. Synthesis of the B-arm tetrasaccharide donor and the C-arm
trisaccharide acceptor. Reagents and conditions: a) LiAlH4, AlCl3, Et2O/
CH2Cl2 (1:1), 50 8C, 1.5 h, 93%. b) (PFP)2O, pyridine, CH2Cl2, RT, 1.5 h,
93%; c) DTBMP, MeOTf, 4 � M.S., ClCH2CH2Cl, 50 8C, 15 h, 87 %.
d) Pyridine, EtOH, RT, overnight, quant. e) [Cp2HfCl2] , AgOTf, 4 �
M.S., CH2Cl2, �40 8C, 12 h, 84%. f) NH2NH2·AcOH, DMF, RT, 2 h,
69%; g) CCl3CN, DBU, CH2Cl2, RT, 4 h, 84%. h) NaBH3CN, 4m HCl in
1,4-dioxane, THF, 4 � M.S., 0 8C, 9 h, 80%. i) (PFP)2O, pyridine,
CH2Cl2, RT, 1.5 h, 96 %. j) DTBMP, MeOTf, 4 � M.S., ClCH2CH2Cl,
50 8C, 15 h, 82%. k) Pyridine, EtOH, 50 8C, overnight, quant. l) AgOTf
in ClCH2CH2Cl, 4 � M.S., toluene, 100 8C, 18 h, 71%.
m) NH2NH2·AcOH, DMF, RT, 1.5 h, 85%. n) CCl3CN, DBU, CH2Cl2,
RT, 2 h, 87%. o) TMSOTf, 4 � M.S., CH2Cl2, �40 8C, overnight, 76%.
p) DABCO, EtOH/THF (2:1), RT, overnight, 91 %. DBU = 1,8-
diazabicyclo[5.4.0]undec-7-ene, DMF= N,N-dimethylformamide,
DTBMP= 2,6-di-tert-butyl-4-methylpyridine, THF = tetrahydrofuran,
TMS= trimethylsilyl.

Scheme 3. Synthesis of the tetradecasaccharide 1 and labeling with
BODIPY. Reagents and conditions: a) TMSOTf, 4 � M.S., CH2Cl2,
�40 8C, overnight, 90 %. b) DAST, NBS, CH2Cl2, �40 to �20 8C, 3 h,
93%. c) [Cp2HfCl2] , AgOTf, 4 � M.S., toluene, �40 8C to RT, overnight,
54%. d) 1. ethylenediamine, nBuOH, 90 8C, 14 h; 2. Ac2O, pyridine, RT,
19 h; 3. NaOMe, MeOH, 40 8C, 21 h; 4. Pd(OH)2/C, H2 (gas)/MeOH-
H2O, RT, 24 h, 59%. e) 1. Sat. NH4HCO3 aq., 40 8C, overnight,
2. Fmoc-Gly-OPfp, pyridine, DMSO, 4 8C, 24 h; 3. piperidine, DMF, RT,
1 h; 4. BODIPY-FL-SE, DIPEA, DMF, RT, overnight, 55% (4 steps).
DAST= N,N-diethylaminosulfurtrifluoride, DMSO =dimethylsulfoxide,
DIPEA = diisopropylethylamine, Fmoc =9-fluorenylmethoxycarbonyl.

Figure 4. a) Enzymatic removal of GlcNAc, Gal, and Glc. b) Enzymatic
digestion by Golgi endo-a-mannosidase.
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by A. oryzae b-galactosidase digestion, followed by sequential
treatment with Aspergillus saitoi a1,2-mannosidase and Jack
bean b-N-acetylhexosaminidase. Similarly, its regioisomer,
G1M8(C), was obtained by sequential digestion with b-N-
acetylhexosaminidase, a1,2-mannosidase, and b-galactosi-
dase. Glucosidase II treatment of these undecasaccharides
smoothly gave the nonglucosylated congeners M8B and M8C.
In support of their structures, M8A, M8B, and M8C gave the
same molecular mass (MW = 2074.5), but exhibited different
retention times (Figure S2). Further evidence of their struc-
tures was obtained by A. saitoi a1,2-mannosidase digestion,
which gave identical Man5 derivative (MW= 1589.0) from all
three isomers (Figure S3). Similarly, after the a1,2-mannosi-
dase digestion, G1M8(B), G1M8(C), and G1M9 gave the
same G1M7 derivative (MW= 2074.5).[35] Although these
enzymatic digestions were performed on the pmol mL�1 scale,
this method can be easily extended to the mmolmL�1 scale,
which is sufficient for various bioassays.

In summary, we achieved efficient synthesis of the
tetradecasaccharide 1, which was shown to be appropriate
as the common precursor of top-down, chemoenzymatic
synthesis of high-mannose glycans. This method will provide
a powerful tool in studying biological events related to high-
mannose-type glycans.
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