
Angewandte
International Edition

A Journal of the Gesellschaft Deutscher Chemiker

www.angewandte.org
Chemie

Accepted Article

Title: Facile chemoenzymatic synthesis of O-mannosyl glycans

Authors: Lei Li, Shuaishuai Wang, Qing Zhang, Congcong Chen, Yuxi
Guo, Madhusudhan Reddy Gadi, Jin Yu, Ulrika Westerlind,
Yunpeng Liu, Xuefeng Cao, and Peng Wang

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: Angew. Chem. Int. Ed. 10.1002/anie.201803536
Angew. Chem. 10.1002/ange.201803536

Link to VoR: http://dx.doi.org/10.1002/anie.201803536
http://dx.doi.org/10.1002/ange.201803536

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.201803536&domain=pdf&date_stamp=2018-05-06


C

 
 
 
 

F

S

Y

Ab

br

O-

str

en

su

sy

ex

gly

str

sp

O-
th
no
st
an
th
m
be
ar

up
ab
m
en
pr
th
cla
M
st
or
ac
co
a 
po

ide
1

[a

[b

[c

 
[d

 
§ 

 

COMMUN

Facile ch

huaishuai W

Yu,[c] Ulrika W

bstract: O-Man

rain and muscle

-mannosyl glyc

ructurally defin

nzymatic extens

uch structures, 

ynthesis of 3 sc

xtension catalyz

ycans were ob

ructures. Subs

pecificities of gly

-Mannosylation
at plays essen
ormal tissue fu
udied O-mann
nd brain tissue
e receptor fun
uscular dystro
een reported to
renaviral infecti

In mammalia
p to 30% of
bundance, stud
ainly focused 
nabled discove
roteins and va
an 20 O-man
assified into fo
0, identified in
ructure of one 
r threonine (T
cetylglucosami
ontains both 1
phosphorylate

olysaccharides
 The core M

entified with 
1,4-GlcNAc, L

a] S, Wang; Q,
Prof. Dr. P.G
Department 
Georgia Stat
E-mail: lli22@

b] C. Chen 
National Gly
Pharmaceut

c] Dr. J Yu and
Leibniz-Instit
44227, Dortm

d] Prof. Dr. U. W
Department 
901 87 Ume
S. Wang and
alphabetical 

Supporting i
the documen

ICATION 

hemoen

Wang,[a]§ Qi

Westerlind,[

nnosylation is a 

e development, 

cans remains la

ned glycoforms

sion (SSEE) stra

by combining

caffolds and stri

zed by glycosylt

btained, coverin

equent glycan 

ycan-binding pro

n is a vital prot
ntial roles in br
unction.[1] Alpha
nosyl protein th
es. Abnormal O
nction of dystr
ophy.[2] In add
o be involved i
ion, cancer and
an brain tissue
f all O-linked
dies on mamm
on -DG. Rec

ery of an incre
arious O-mann
nosyl glycans 
ur core types.[

n cadherin fam
mannose (Ma
hr). Core M1 
ne (GlcNAc), 
1,2- and 1,6-l
d trisaccharide

s usually are att
1 and M2 are 
structures inc
N), 3-sialyl-N-

 Zhang; Y, Guo; D
G. Wang, and Dr. 
of Chemistry & C
te University, Atla
@gsu.edu (L. Li) o

ycoengineering Re
tical Science, Sha
d Prof. Dr. U. Wes
tut für Analytische
mund, Germany 
Westerlind 
of Chemistry, Um

eå, Sweden   
d Q. Zhang contrib
order by last nam

nformation for this
nt. 

 

nzymati

ng Zhang,[a

[c,d] Yunpeng

vital protein mo

whereas the bi

argely unknown

s. An efficient 

ategy was thus 

g gram-scale c

ictly controlled 

ransferases. To

ng majority of i

microarray an

oteins and spec

tein post-trans
rain and musc
a-dystroglycan 
hat is widely d
O-mannosylatio
roglycan and 
dition, O-mann
n other human
d metastasis.[3]

e, O-mannosyl 
d glycans.[4] 

malian O-manno
cent advances
eased number 
nosyl glycans.[1

have been id
5] As illustrated

mily proteins,[6] 
an) residue -li

contains a lin
whereas the 

inked GlcNAc-
e, to which glyc
tached.[5] 
typically exten
luding N-acety
-acetyllactosam

Dr. M, Gadi; Dr. Y
L. Li 
enter for Diagnos

anta, GA 30303 (U
or pwang11@gsu

esearch Center, S
ndong University,

sterlind 
e Wissenschaften 

meå University, 

buted equally to th
me.  

s article is given v

ic synth
a]§ CongCon

g Liu,[a] Xue

odification invol

iological relevan

n, due to the la

scaffold synt

developed to pr

convergent che

sequential enzy

otally, 45 O-man

dentified mamm

nalysis revealed

cific anti-sera.  

slational modific
le developmen
(-DG) is the

istributed in m
on on -DG dis
leads to cong

nosyl glycans 
n diseases incl
] 
glycans accou
Regardless o
osylation have

s in glycoproteo
of O-mannosy

1b, 5] To date, 
dentified, whic
d in Figure 1A
represents a s
nked to serine
near 1,2-linke
branched cor

-residue. Core 
cosaminoglyca

nded and have 
yllactosamine 

mine (Neu5Ac-

, Liu; Dr. X, Cao; 

tics & Therapeutic
USA) 
.edu (P.G. Wang)

School of 
 Jinan 250012, C

- ISAS - e.V.  

his work, list in 

ia a link at the end

 

hesis of

ng Chen,[b] Y

efeng Cao,[a

ved in 

nce of 

ack of 

thesis/ 

repare 

emical 

ymatic 

nnosyl 

malian 

d fine 

cation 
nt and 
 most 

muscle 
srupts 
genital 

have 
luding 

unt for 
of the 
 been 
omics 
ylated 
more 

ch are 
A, core 

single 
 (Ser) 
ed N-
re M2 
M3 is 

an-like 

been 
(Gal-

-2,3-

Gal-
LeX],
GlcA
termi
glyca
these
struc
of a
abun
abou
defin
ident
uniqu

Figure
extens
N-ace
acetyl
GlcA, 

T
core 
1999
recen
(M10
chem
mann
or co
of O-
are s
of O
empl
prepa
mann
the e

C
it is 
enzy
M100
prote
precu
hydro
are 
allow
follow
prote

cs, 

) 

hina 

d of 

f O-man

Yuxi Guo,[a]

a] Peng G. W

1,4-GlcNAc, 3
 sialyl-LeX (sL

A-1,3-Gal-1,4
inal epitopes 
ans and in fact
e two core ty
ctures centered
all brain O-lin
ndance of core
ut their functio
ed O-mannosy
tify and chara
ue probes to un

e 1. The 4 cores 
sions on core M1

etylglucosamine; 
neuraminic acid;
glucuronic acid. 

To date, only a
M1 tetrasacch

9,[7c, 7d] and late
ntly, Cao and 
00, M101, M10
moenzymatic a
nosyl structure
ore M3[11]) wer
-mannosyl glyc
still not access
-mannosylation
loying scaffold
are 45 structu
nosyl glycans (
exception of the
Considering the

concluded th
ymatically elab
0, M201 and
ected Man deri
ursor for the 
oxyl group at t
protected as 

ws performing 
wed by the C-6
ecting group. 

nnosyl g
] Madhusud

Wang,*[a] an

3SLN), Lewis X
LeX), and the h
4-Glc, HNK-1) 

largely divers
, the majority o
ypes.[1b] Additi
d on core M1 a
nked glycans
e M1 and M2 
nal relevance.
yl glycans not o
acterize such 
ncover their bio

of mammalian O
 and M2 (B). Ga

GalNAc, N-a
 Neu5Gc, N-glyc

 few O-manno
haride (Fig 2, M
er two lower h
co-workers pr

02, M104, M1
pproach.[7a] Gly

es (e.g., M101,[

re also genera
cans (especiall
ible, which ham
n. Here an eff
d synthesis/en
rally well-defin
(Fig 2), coverin
e HNK-1 epitop
e structural sign
at all core M

borated from
 M301 (Fig 
ivative 1 (Fig 
synthesis of t
the C-2 positio
the benzylide
chemical glyc

6 position with

glycans

dhan Reddy

nd Lei Li*[a]

X [Gal-1,4-(Fu
human natural

epitopes (Fig
sify core M1 
of identified stru
onally, it was
nd M2 account
, respectively
structures, ve

.[5] Therefore, 
only serve as id
glycoforms, b

ological roles. 

O-mannosyl glycan
l, galactose; Man

acetylgalactosamin
colylneuraminic a

osyl glycans we
M102) was first
homologs (M1
repared six co
05, and M102
ycopeptides ha
[8] M102,[9] core
ted. Neverthel
y core M2 bran
mpered in-dep
ficient strategy

nzymatic exten
ned core M1 a
ng all identified
pe.[1b] 
natures of O-m

M1 and M2 st
the following 
2). We envi

3A) would ser
these scaffold
on and the 4,6
ene acetal. T
cosylation at t
h the deprotect

      

 

y Gadi,[a] Jin

uc-1,3-)GlcNA
 killer-1 (3-sul
g 1B).[1b] The
and M2 bas

uctures belong
s found that t
t for 15% and 5

y.[4] Despite t
ry little is kno
structurally we
deal standards
but also prov

ns (A), and identif
n, mannose; GlcN
ne; Neu5Ac, 
acid; Fuc, L-fuco

ere prepared.[7

tly synthesized
00, M101). Mo

ore M1 structur
2G) employing
arboring basic 
e M0,[7e] M000
ess, the majo
nched structure

pth understand
y was develop
nsion (SSEE) 
nd M2 based
d glycoforms w

mannosyl glyca
tructures can 

three scaffold
isioned that t
rve as a versa
ds. It has a fr
6-hydroxyl grou
his arrangeme
the C-2 posit
tion of the ace

   

n 

Ac, 
lfo-
ese 
sed 
g to 
the 
5% 
the 
wn 
ell-
s to 
ide 

fied 
NAc, 

N-
ose; 

7] A 
d in 
ost 
res 
g a 
O-
,[10] 
rity 
es) 
ing 

ped 
to 
O-

with 

ns, 
be 
ds, 
the 
tile 
ree 
ups 
ent 
ion 
etal 

10.1002/anie.201803536

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



C

 
 
 
 

Fig

en
an
(p
th
M
ac
85
in
ge
th
st
m
pr
th
gly
ac
Ag
ex
re
cle
am

wa
be
th
10
co
us
ob
de
sta
Fm
13
(M

COMMUN

gure 2. The 45 co

As shown in
nzymatic exten
nd were assem
please refer Su
e Fmoc-Thr(O
100, donor 2
cceptor 1 at th
5% yield. An 
stead of the 
enerate over 
rough thioethe
rategies were 
ethoxybenzyl e
rotecting group
ree steps, with
ycosyl donor 6
cid 4 at 0 °C i
gOTf to obtain
xcellent yield. 
emoved succes
eaved Fmoc t
mounts with a t

To synthesiz
as initially con
enzylidene ace
e glycosyl don
0 in 79% yield
onverted to Ac 
sed as glycosy
btain the tet
eprotections o
andard reactio
moc deprotecte
3 (M301), in a 
M201) was prep

ICATION 

ore M1 and M2 O-

n Figure 3, th
nsion were synt
mbled by three 

pporting Infor
OH)-OtBu 4. T
 was chemica
he C-2 positio

N-phenyltriflu
typical trichlo
50% of a g

er migration. Ty
employed to c
ether (PMB), a
ps on 5 to ace
h a total yield 
6 was coupled
n the presenc

n the protected
The t-butyl (

ssively, followe
to provide the 
total yield of 90
ze M301, the P
nverted to Ac,
etal to achieve 
nor 3 yielded th
. Successively
groups and p

yl donor for co
trasaccharide 

of tBu and Ac
on conditions 
ed amine affo
total yield of 8
pared, by coup

 

-mannosyl glycans

e three scaffo
thesized in a c
simple building
rmation I for s
To prepare the
ally glycosylat
n to obtain th
oroacetimidate

oroacetimidate,
lucosamine th
ypical deprotec
convert the be
and trichloroeth
etyl (Ac) grou
of 80%. The 
 to the protect

ce of N-iodosuc
d glyco-amino 
(tBu) and Ac 
ed by reintrodu

final product 
0% over three s
PMB group on
, followed by 
the diol 9. Gly

he protected ta
y, the Troc prot
provided compo
oupling with th

12 in 89%
c groups were
and reprotect
rded gram-am

85% over three
pling of disacch

s prepared in this 

olds required fo
onvergent app
g blocks, 1, 2

synthetic details
e glyco-amino
ted to the gly
e disaccharide
e donor was 
 as the latte
hioether by-pr
ction and prote
nzylidene acet
hoxycarbonyl (
ps to afford 6
obtained thiop
ted threonine a
ccinimide (NIS
acid derivative
groups were 

ction of the pa
8 (M100) in g

steps.  
n the disaccha
deprotection o

ycosylation of 9
rget tetrasacch
tecting groups
ound 11, which
he amino acid

% yield. Com
e performed 
tion of the pa

mounts of comp
e steps. Similar
haride donor 3 

 

study. The three 

or the 
proach 
and 3 
s) and 
o acid 
ycosyl 
e 5 in 

used 
r can 
roduct 
ection 
tal, 4-
(Troc) 

6 over 
phenyl 
amino 

S) and 
e 7 in 

then 
artially 
gram-

ride 5 
of the 
9 with 
haride 
 were 
h was 
d 4 to 
mplete 
under 

artially 
pound 
rly, 19 
to the 

C-2 p
posit
thios
glyco

Ph

PMBO

O
O

Ph

A

H
H

AcO
AcO

Tro

AcO

AcO
A

14:

15
e

:

A

B

Figure
scaffo
(a) TM
DCM;
DCM/
MeOH
(e) (i)
77%; 

scaffold structures

position of acc
tion., Then c
glycoside 18

osylated-amino

O
PMBO

OH

SPh

O
O

h
AcO

AcO
T

1

O
O

OH

SPh

O

1

PMB

AcO

O

AcO
Troc

a

O
AcO

O

SPh

HO
O

9

O

OAc

ocHN

a

AcO

AcO

f

O
R3

O

SPh

R1
R2

OO

OAc

AcO
TrocHN

O

OAc

AcO

 R1, R2 = Benzylidene, R3 = O

 R1, R2 = OH, R3 = OAc

+2

e

+3

+3 a

O
Ph

e 3. The buildin
old structures, and
MSOTf, DCM, -60
 (ii) Zn, AcOH; (

/Et2O=1:1, 0 °C, 7
H; (iii) FmocOSu, 
 DDQ, DCM/PBS
15: 81%; (f) (i) Zn

s were squared. T

ceptor 1 follow
coupling of t

with amino 
o acid 19 in a to

O

OAc

TrocHN
OC(NPh)CF3

A

Ac

2

O
O

O

SPh5

O

OAc

cHN

A

Ac
AcO

AcO
AcO

A

b

10

O

OAc

AcO
O

AcO

O
R2

OAcO

OAc

AcO
R4

O
AcO

AcO
R4

: R2 = OH, R4 = NHTroc

: R2 = OAc, R4 = NHAc11

OPMB

A
R

O
AcO

O

AcO OAc

AcO
AcO

16: R2 = OH

17
f

: R2 = OAc

OAcO
AcO

AcO
R4

+2

a

O
O

g blocks (A) for 
d the synthetic sc
0 °C, 5: 85%; 10: 
(iii) Ac2O, Py, 80
7: 93%; 12: 89%; 1
NaHCO3, Acetone

S Buffer=9:1; (ii) A
n, AcOH; (ii) Ac2O

TF, Fmoc protecte

wed by coupling
the obtained 

acid 4 ga
otal yield of 29%

OO

OAc

AcO
TrocHN

OC

O

AcO OAc

cO
AcO

3

O
AcO

O

SPh

cO
O

6

O

OAc

AcHN

R1
R

c

O

O

SPh

O

R1 R1

R1
R1

O
R

R

12
13

d

O
AcO

O

SPh

O
R2

O

OAc

R4

, R4 = NHTroc

c, R4 = NHAc

R

1
1

d

R1

R1

7
8

+4

d

c

c

+4

+4

the assembly of
cheme (B). Reag
79%; 14: 75%; 1

% over three ste
18: 83%; (d) (i) TF
e/H2O=3:1, 8: 90%
Ac2O, Py; (iii) EtS

O, Py, 11: 87%; 17

      

ed threonine. 

g of 2 to the C
oligosacchar

ve the desir
% over 11 step

C(NPh)CF3

HO

FmocHN CO

4

O
R1

O

O

R1
R1

O

R1

R1
AcHN

FmocHN R5

O

O
R1

O

O

O
R1

FmocHN

OR1

R1

R1
AcHN

O
R1

R1
AcHN

2: R1 = OAc, R5 = CO2tBu

: R1 = OH, R5 = CO2H3

R1

O
R1

O

O

O
R1

FmocHN

OO

R1

R1
AcHN

O
R1

R1
AcHN

18: R1 = OAc, R5 = CO2tBu

: R1 = OH, R5 = CO2H19

O

R1

R1

7: R1 = OAc, R5 = CO2tBu

: R1 = OH, R5 = CO2H8 (M10

(M3

(M2

f the 3 O-manno
ents and conditio

16: 82%; (b) (i) T
eps; (c) NIS, AgO
FA, DCM; (ii) NaO
%; 13: 85%; 19: 87
SH, TsOH, DCM

7: 82%.  

   

C-6 
ide 
red 
ps. 

O2tBu

R5

R5

00)

301)

201)  

osyl 
ons: 
FA, 

OTf, 
OMe, 
7%; 
, 9: 

10.1002/anie.201803536

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



C

 
 
 
 

Fig
Pd
(g)

de
flu
bu
se
ph
an
(S

gl
sc
Th
Ne
sia
wi
ac
(P
fu
in
re
Pd
ol
pr

Nm
5'-
an
m
co

COMMUN

gure 4. Enzymati
d26ST, NmCSS, N
) GlcAT-P, UDP-G

To note the
etection and pu
uorescence (E
ulky hydropho
eparation of h
hase chromato
nd quantify e
Supporting Inf

Four robus
ucuronyltransfe
caffold M100 to
he bacterial 
eisseria menin
alyltransferase
ith decreased
ctivity,[14] 2,6-s
Pd26ST),[15] an
cosyltransferas
creased solub

ecognize minim
d26ST and H
igosaccharide 
reparing compl

As illustrate
mLgtB-catalyze
-diphosphogala
n appropriate a
/z peak of 867

orresponding to

ICATION 

ic extension of co
Neu5Ac, CTP, Mg
GlcA, Mg2+; (h) Pm

e Fmoc was 
urification, as 

Ex. 260 nm, E
obic group 
hydrophilic O-

ography. Herein
enzymatically 
formation II). 
st bacterial 
erase (GlcAT
o eight core M
GTs include, 
ngitidis (NmLg

e 1 from Paste
d donor hyd
sialyltransferas

nd C-terminal 
se from He
bility.[16] Thes
mal motifs (e.
Hp3FT, LN o
acceptors, and
ex glycans.[17] 

ed in Figure 
ed reaction, c
actose (UDP-G

amount of NmL
7.2972 was obs
o M101 [M-H]-

 

ore M1 (A) and co
g2+; (d) Hp3FT, GD
mST1m, NmCSS, 

reintroduced t
Fmoc has bot

Em. 310 nm) 
also enhanc
-mannosyl gly
n, HPLC was u

extended O-

GTs and 
T-P) were us
M1 O-mannosy
1,4-galactos

gtB),[13] mutan
eurella multocid
drolysis plus 
se from Photob
66 amino aci
licobacter py

se GTs are 
g., GlcNAc fo
or LeX for P
d have been pr
 
4, M101 was
ontaining M10

Gal) (15 mM), M
LgtB. After over
served on the E
. Meanwhile, o

ore M2 (B) structu
DP-Fuc, Mg2+; (e) 
Neu5Ac, CTP, Mg

to facilitate pr
h UV (260 nm
absorbance.[12

ced retention 
ycans on rev
used to detect, 
-mannosyl gly

a human 
ed to extend
yl glycans (Fig
syltransferase 
nt M144D of 
da (PmST1-M1

reduced sia
bacterium dam
ids truncated 

ylori (Hp3FT) 
highly active

or NmLgtB, L
PmST1-M144D
reviously appli

s prepared b
00 (10 mM), u
MgCl2 (10 mM
rnight incubatio
ESI mass spec
on the HPLC p

 

ures. (a) NmLgtB
PmST1-M144D, N
g2+; (i) GalD.  

roduct 
m) and 

2] The 
and 

versed 
purify 
ycans 

1,3-
d the 
g 4A). 

from 
2,3-

144D) 
lidase 

mselae 
1,3-

with 
 and 

LN for 
D) on 
ed for 

y the 
uridine 
), and 
on, an 
ctrum, 
profile, 

a new
unde
= 23
conv
ODS
prepa
M101
and 
respe
efficie
appro
exam
M102
meni
adde
Neu5
OPT
(Pd2
struc
(Neu
may 

C
(Neu
DG.[4

were
catal
M103
highl
in ne

, UDP-Gal, Mg2+;
NmCSS, Neu5Gc

w peak (TR = 
erneath increas
3.32 min) bec
version (monito
S-4 column), M
arative column
1 was then lyo

M104, cata
ectively (Fig 
ent and less 
oach was ado

mple, in the Pm
2, Neu5Ac, cy
ingitidis CMP
ed to achieve 
5Ac. Finally, M
E approach. E
6ST), we wer

cture, M103, 
5Ac-2,6-Gal-
serve as an id

Core M1 glycan
5Gc) (e.g. 3SG

4, 20] Structures
e thus prepar
yzed OPTE sy
3. The HNK-1 
y expressed in

euronal plastici

 (b) PmST1-M144
, CTP, Mg2+; (f) P

21.71 min) wa
sed while the p
came smaller

ored by HPLC
M101 was isol
n (Inertsil ODS
ophilized, and f
alyzed by P
4). To make 
costly, the o

opted when ad
mST1-M144D-
ytidine 5'-tripho
-sialic acid s
in situ genera

M105 was prep
Employing a 
re also able to

harboring th
-1,4-GlcNAc, 
eal standard fo
ns terminated 

GcLN, Fig 1) we
 with a Neu5G
red, using P
ystem similar 
epitope is a un
n the nervous 
ity and diseas

4D, NmCSS, Neu
d26ST, NmCSS, 

as observed, o
eak correspon

r over time. 
 with a 4.6 × 
lated by HPLC
-4, 20 × 250 m
further extende
PmST1-M144D

glycosylation 
ne-pot two-en
dding sialic ac
-catalyzed reac
osphate (CTP)
synthetase (N
ation of the su
pared from M1
bacterial 2,6

o generate a n
e 6-sialyl-N-a
6SLN) epitope

or mining such 
with N-glycoly

ere also obser
Gc residue (M10
PmST1-M144D-

to the synthes
nique sulfated t
system and p
es.[21] We opti

      

u5Ac, CTP, Mg2+;
Neu5Gc, CTP, M

of which the ar
ding to M100 (
After over 90
250 mm Iner

C using a sem
mm). The purif
ed to afford M1
D and Hp3F

reactions mo
nzyme (OPTE)
cid residues. F
ction to genera
), MgCl2, and 

NmCSS)[19] we
ugar donor CM

04 via the sam
-sialyltransfera
not yet identif
acetyllactosam
e (Fig 4), wh
structures. 

ylneuraminic a
rved on animal
02G and M103
- and Pd26S
sis of M102 a
trisaccharide th
lays critical ro
mized the cod

   

 (c) 
g2+; 

rea 
(TR 

0% 
rtsil 
mi-
ied 

102 
FT, 
ore 
)[18] 
For 
ate 
N. 

ere 
MP-
me 
ase 
ied 
ine 
ich 

cid 
 -

3G) 
ST-
and 
hat 
les 

don 

10.1002/anie.201803536

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



C

 
 
 
 

an
he
pr
pr
M
In
ge

sy
e.
br
sy
ga
fo
we
by
ot
Pm
wa
St

wa
ex

Fig
CD
Cy
PE

COMMUN

nd cloned the 
eterogeneous e
roteins were n
recursor struct
106) using 

nformation II).
enerating HNK

Core M2 O
ymmetric (with 
g., M0X0) an
ranches, e.g., 
ymmetric struc
alactosylated b
r the synthesi
ere then prepa
y PmST1-M14
ther hand, M0
mST1-M144D-
as generated 
treptococcus p

The synthes
as performed 
xtension of the

gure 5. Microarra
D15s antibody (B)
y3-streptavidin, (B
EG2-Amine; PC2, 

ICATION 

-glucuronos
expression in 
not obtained, 
ture of the HN
GlcAT-P-conta
 Research in 
-1 epitope is un
O-mannosyl g
same motifs o

nd asymmetri
M2XX and 

ctures, chemic
by NmLgtB to a
s of core M1 
ared starting fr
4D, Pd26ST, 

050 was prepa
-catalyzed reac
by treating M

pneumoniae (G
sis of asymme

starting with
e Gal-containin

ay analysis and ev
),  and core M2 po
B) goat anti-mous

Rabbit IgG; M, hu

 

yltransferase g
E. coli. Even t
we were ab

NK-1 epitope o
aining cell ly
obtaining a 3-
ndergoing. 
glycans can 
on both 1,2- 
c (with differ
M3XX) struct

cally prepared
afford M010. S
glycans, M02

rom M010 via 
and Hp3FT, r
ared starting 
ction (Fig 4B)

M201 with a -
GalD).[20] 
tric core M2 O
 M201 or M

ng branch first 

valuation of bindin
olyclonal rabbit se
e IgG-Alexa Fluo
uman IgG-Cy3 co

gene (GlcAT-P
though pure so
le to synthes
on core M1 (F
ysate (Suppo
-sulfotransferas

be classified
and 1,6-bran

rent motifs on
tures. To gen
d M201 was 
Similar as desc
0, M030 and
reactions cata

respectively. O
from M040 vi
. Specifically, 
-galactosidase

O-mannosyl gly
301, by enzy
and then the 

g to spotted O-ma
era 26560 (C). Th
r 647 conjugate, 
njugate and huma

 

P) for 
oluble 

size a 
Fig 4, 
orting 
se for 

 into 
nches, 
n the 
nerate 
firstly 

cribed 
M040 

alyzed 
On the 

a the 
M000 
 from 

ycans 
ymatic 
other, 

in a 
M2XX
desig
GTs 
the s
by ga
synth
branc
activ
react
termi
Pd26
synth
noted
M314
PmS
prefe
avoid
comb
6SLN
purifi
to co

annosyl glycans a
e x-axis shows th
and (D) goat anti

an IgG Alexa647 c

strictly contro
X is illustrated
gned according
to avoid undes

scaffold M201
alactosylation 
hetic sequence
ch, as Hp3FT
ity.[16] Lastly, M
tion, which atta
inal Gal on the
6ST-catalyzed 
hetic scheme o
d that M224 a
4 (Fig 4B, F

ST1 (PmST1m
ers the LN dis
d undesired 
binations of c
N, LeX or sLeX

ied by HPLC, a
onfirm the struc

against Ricinus co
he glycans and the
i-rabbit IgG-Alexa
conjugate. 

olled sequenti
d in Figure 4B
g to substrate
sirable glycosy
was first fucos
on the 1,6-br

e eliminates the
T requires an 
M234 was form
aches a Neu5A
e 1,6-branch,
2,6-sialylatio

of M3XX is sho
and M324 wer
Fig S1) by us
) instead of 
saccharide ov
sialylation. C

core M2 glyca
X motifs were 
and characteri

ctures (Suppor

ommunis lectin I a
e y-axis shows the
a Fluor 647 conjug

ial manner. T
B. Such synth
e specificities o
ylation. With M
sylated to form
ranch to provid
e addition of F
LN disacchar

med by the P
Ac residue sel
, as 1,3-fucos
on[22] on the 
own in Figure 
re synthesized
sing mutant E
PmST1-M144D
er the LeX tri
Collectively, a
ans that harbo
prepared. The
zed by ESI/MA

rting Informati

nd Erythrina cryst
e relative fluoresc
gate. NC, printing

      

The synthesis 
hetic routes we
of correspond

M234 as examp
m M204, follow
de M214. Such
uc onto the 1
ride motif for

Pd26ST-catalyz
lectively onto t
sylation preve
1,2-branch. T

S1. It should 
 from M214 a
E271F/R313Y 
D, which grea
saccharide,[23]

all 36 possi
oring LN, 3SL
ese glycans we
ALDI-MS & NM
ion IV & V). 

 

tagalli lectin (A), a
cence, readout by 
g buffer; PC1, Bio

   

of 
ere 
ing 
ple, 
wed 
h a 
,6-
its 

zed 
the 
nts 

The 
be 

and 
of 

atly 
to 

ble 
LN, 
ere 
MR 

anti-
(A) 

otin-

10.1002/anie.201803536

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



C

 
 
 
 

clo
m
sh
In
(R
M
ep
to
(M
to
th
a 
(s
sL
on
ha
pr
sp

try
ot
ca
gly
st
2
(F
co

be
(2
co
gly
fu
gly
sp
co
M
6C
co
fro
fre
to
th
ce
Ne
se
an
m

wi
m
(S
m
sta
bio
pr

COMMUN

The synthes
osely related g
ining fine spe

hown in Fig
nformation III)
RCA-I) and Ery
010, consisten
pitope.[24] Mor
wards all O-m

M101, M201, M
 prefer termina
e 1,2-branch 
branch prefere
pecific to sLeX

LeX on the 1,6
nly on the 1,2
and, Aleuria au
reference towa
pecificities (Sup

ConA, an -
yptic O-manno
ther natural cor
an be speculat
ycans using C
ructures. Inter
2,6-sialylated c

Fig S3), sugg
onformational c

Anti-glycan a
etter detection 
26559, 26560) 
onjugate boun
ycopeptides re
rther evaluated
ycans. Our re
pecificities tow
ontaining at le
20X, M30X) a
C, Fig S4). In 
omparable bin
om rabbit 2655
ee GlcNAc on 
 the 1,2-bran
at antibodies 

ertain individu
evertheless, o
era towards O-
nti-sera are ad
annosyl glycan

In summary
ith strictly pro
anner, an eff

SSEE) strategy
annosyl glyca
andards for ide
ological roles, 
rotein-glycan in

ICATION 

sized O-manno
glycoforms (Fi
cificities of gly

gure 5A, mi
) showed that
ythrina cristaga
nt with its prima
reover, ECA 
mannosyl glyca
M21X, M301, a
al LN on the 1
(M101, M201,

ence was also 
X epitope), whi
6-branch (M05
2-branch (M10
urantia lectin (A
ards the 1,2
pporting Infor
Man specific le

osyl peptides, s
re M1 or any c
ted that detect

ConA may miss
restingly, weak
core M1 glycan
gesting that s
changes that fa
antibodies, on 
tools. For exa
that immunize

nd to a broa
egardless of v
d the anti-sera
esults showed
wards core 
east one free 
as well as the 

addition, anti-
dings to all t

59 showed stro
the 1,6-branc

nch (M100, M
generated fr

ual heterogen
ur results reve
-mannosyl glyc
dvantageous i
ns.  
, by combinin

ogrammed enz
fficient scaffold
y was develop
ans. Such uniq
entifying O-ma
but also idea

nteractions.  

 

osyl glycans a
g 2), providing
ycan-binding p
icroarray ana
t both Ricinus
alli lectin (ECA
ary specificity t
exhibited a 

ans harboring 
nd M31X), wh
1,6-branch (M3
, M314 and M2
found for the a
ich bound to g
0, M3X5) but n

05, M2X5) (Fig
AAL, specific to
2-branch, as 
rmation III, Fig
ectin commonl
strongly bound
ore M2 structu
tion or enrichm
s a substantial 
k bindings of 
ns (M103, M1
such modificat
acilitated ConA

the other han
ample, anti-seru
ed with a core
d range of c
varied peptide
a toward synth
d that both s
M2 O-manno
terminal GlcN
core M1 disac

-sera from rab
hose glycans,
onger binding t
ch (M20X) com
30X) (Fig S4)
om different 

neity (or ind
ealed fine spec
cans. Comparin
in the detectio

g convergent 
zymatic synthe
d synthesis/en
ped to access 
que glycoform
nnosyl glycans
l probes for m

re well-defined
g unique probe
proteins (GBPs
alysis (Suppo
s communis le
A) strongly bou
towards termin
broader spec
a free termin
ereas RCA-I s

301 and M21X
215) (Fig 5A).
anti-CD15s ant
glycans that co
not to that with
g 5B). On the 
o -Fuc) exhib
well as other

g S2).  
y used for enr

d to M100 but 
ures (Fig S3). I
ment of O-man

amount of com
ConA to unn
03G) was obs
tion may res

A binding. 
nd, may prese
um from two ra

e M2 glycan (M
core M2-conta

e sequences.[10

hesized O-man
era exhibit bi
osyl glycans 

NAc residue (M
ccharide M100

bbit 26560 exh
 whereas ant
to glycans con
mpared with bi
). The results 
hosts may po
ividual differe
cificities of the
ng with ConA, 
on of branche

chemical synt
esis in a ste
nzymatic exte

45 mammalia
ms provide not
s and revealing

mining fine deta

 

d and 
es for 
s). As 
orting 
ectin I 
und to 
nal LN 
cificity 
al LN 

seems 
) over 
Such 

tibody 
ontain 
h sLeX 

other 
bited a 
r fine 

iching 
not to 
t thus 

nnosyl 
mplex 
atural 

served 
ult in 

ent as 
abbits 
M000) 
aining 
0] We 

nnosyl 
inding 

that 
M000, 
0 (Fig 
hibited 
ti-sera 
tain a 
inding 
imply 

osses 
ence). 
e anti-
these 

ed O-

thesis 
pwise 

ension 
an O-
t only 
g their 
ails of 

Exp

Detai
nucle
spect
suppo

Ack

The 
(U01
Biote
(supp
Mab(
Unive
Califo
is gr
Land
Bildu

Keyw

glyco

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

perimental 

led synthetic pro
ar magnetic 
trometry data, a
orting information

knowledge

work was s
GM116263 to 

ech LLC (Aur
ported by Natio
(IIH6) was a 
ersity of Iowa)
ornia, Davis, fo
rateful to the M
des Nordrhein-
ung und Forsch

words: carboh

osylation • micr

a) T. Endo, J. B

Biochemistry 20

T. Yoshida-Morig

F. Muntoni, H. L

341, 896. 

C. M. Dobson, S

Mol. Life. Sci. 20

S. H. Stalnaker, 

Buskirk, Y. Xio

Tiemeyer, L. We

M. O. Sheikh, S.

M. B. Vester-Ch

Bennett, S. B. Le

Sci. U.S.A. 2013

a) Y. Zhang, C

Commun. 2015,

Glycoconj. J. 20

Lett. 1999, 40, 6

Lett. 1999, 40, 5

2013, 14, 2392.

J. Yu, U. Wester

R. Sardzik, A. P

M. J. Weissenbo

S. L. Flitsch, J. A

J. Yu, O. C. Gra

Eur. J. 2017, 23,

S. M. Halmo, D. 

Moremen, D. Liv

S. Einarsson, B.

609. 

K. Lau, V. Thon,

Huang, X. Chen

G. Sugiarto, K. L

X. Chen, ACS C

H. Yu, S. Huang

Chem. Int. Ed. 2

S. W. Lin, T. M. Y

Section 

ocedures, enzym
resonance (N

nd NMR spectra
n. 

ments 

upported by 
P. G. Wang a

rora, CO) for
onal Institute of
kind gift from

). We thank D
or providing si
Ministerium für
-Westfalen an

hung. 

ydrates • chem

roarrays • O-ma

Biochem. 2015, 1

14, 53, 3066. 

guchi, T. Willer, M

Lee, S. F. Nelson, 

S. J. Hempel, S. H

013, 70, 2849. 

K. Aoki, J. M. Lim

ng, P. Zhang, K

ells, J. Biol. Chem.

 M. Halmo, L. We

hristensen, A. Ha

every, S. Y. Vakh

3, 110, 21018. 

C. Meng, L. Jin, 

 51, 11654; b) J. 

00, 17, 407; c) J. 

6803; d) I. Matsuo

5047; e) D. Live, 

rlind, Chembioche

P. Green, N. Laure

orn, R. Haddoub, P

Am. Chem. Soc. 2

nt, C. Pett, S. Sta

, 3466. 

Singh, S. Patel, S

ve, L. Wells, J. Bio

 Josefsson, S. La

, H. Yu, L. Ding, Y

, Chem. Commun

au, J. Qu, Y. Li, S

Chem. Biol. 2012, 7

g, H. Chokhawala

006, 45, 3938. 

Yuan, J. R. Li, C. 

matic reactions, m
NMR) spectrosc
a for products a

National Inst
and L. Li).  We 
r printing gly
f Health under 

m Dr. Kevin C
Dr. Xi Chen fr
ialyltransferase
r Kultur und W
nd the Bunde

moenzymatic sy

annosyl glycan

157, 1; b) J. L. P

M. E. Anderson, D

L. Yu, K. P. Cam

H. Stalnaker, R. S

m, M. Porterfield, 

K. P. Campbell, 

. 2011, 286, 2118

ells, Glycobiology 2

alim, H. J. Joshi,

hrushev, H. Clause

X. Chen, F. Wa

Seifert, T. Ogaw

Seifert, T. Ogawa

o, M. Isomura, K. A

L. Wells, G. J. B

em 2014, 15, 939. 

ent, P. Both, C. F

P. Grassi, S. M. H

2012, 134, 4521. 

hl, R. J. Woods, U

S. Wang, M. Edlin

ol. Chem. 2017, 29

agerkvist, J. Chrom

Y. Chen, M. M. M

n. 2010, 46, 6066. 

S. Lim, S. Mu, J. B

7, 1232. 

, M. Sun, H. Zhen

H. Lin, Biochemis

      

microarray analys
copy and ma
are available in 

itutes of Hea
are grateful to

can microarra
R43GM12382

Campbell (HHM
rom University 
es. U. Westerl
Wissenschaft d
esministerium 

ynthesis • 

ns 

Praissman, L. We

D. Venzke, T. Why

mpbell, Science 20

Stuart, L. Wells, C

M. Liu, J. S. Satz

H. Hu, D. Live, 

0. 

2017, 27, 806. 

 C. Steentoft, E.

en, Proc. Natl. Ac

ang, H. Cao, Che

wa, S. Kurono, Y. 

a, Y. Ito, Tetrahed

Ajisaka, Tetrahed

oons, Chembioch

Fontana, J. Voglm

Haslam, G. Widma

U. Westerlind, Che

n, G. J. Boons, K.

92, 2101. 

matogr. A 1983, 2

uthana, D. Wong

B. Ames, A. J. Fish

ng, X. Chen, Ang

stry 2006, 45, 810

   

sis, 
ass 
the 

alth 
o Z 
ays 
20). 
MI, 
of 

ind 
des 
für 

ells, 

yte, 

013, 

Cell. 

, S. 

M. 

. P. 

cad. 

em. 

Ito, 

dron 

dron 

hem 

meir, 

alm, 

em. 

 W. 

282, 

, R. 

her, 

gew. 

08. 

10.1002/anie.201803536

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



C

 
 
 
 

[17

[18

[19

[20

 

COMMUN

7] a) L. Li, Y. L

Y. Guo, Z. X

Wang, Chem

L. Byrd-Leoti

A. Steinhaue

Org. Biomol. 

8] H. Yu, X. Che

9] H. Yu, H. Yu

0] S. H. Stalna

Gutierrez-Sa

Tiemeyer, L. 

ICATION 

iu, C. Ma, J. Qu, 

Xiao, J. Song, G.

m. Sci. 2015, 6, 56

s, Y. Lasanajak, Y

er, D. F. Smith, B

Chem. 2016, 14, 

en, Org. Biomol. C

, R. Karpel, X. Ch

aker, S. Hashmi,

nchez, J. Whee

Wells, J. Biol. Ch

 

A. D. Calderon, B

. Sugiarto, Y. Li, 

652; b) Z. Wu, Y. 

Y. Guo, L. Wen, H

B. Zhao, X. Chen,

11106. 

Chem. 2016, 14, 2

en, Bioorg. Med. 

 J. M. Lim, K. A

eler, J. M. Erva

hem. 2010, 285, 24

B. Wu, N. Wei, X. 

H. Yu, X. Chen,

Liu, C. Ma, L. Li, 

H. Zhu, J. Song, Y

 W. Guan, P. G. 

2809. 

Chem. 2004, 12, 6

Aoki, M. Porterfie

asti, C. Bergman

4882. 

 

Wang, 

, P. G. 

J. Bai, 

Y. Li, D. 

Wang, 

6427. 

eld, G. 

nn, M. 

[21]

[22]

[23]

[24]

J. Morise, H. Ta

2455. 

W. W. Unger, C

Puttur, I. Stren

Sparwasser, Y. v

G. Sugiarto, K. 

Biosyst. 2011, 7

Y. Itakura, S. Na

Hirabayashi, J. B

akematsu, S. Oka

C. T. Mayer, S. 

ng-Ouwehand, M

van Kooyk, Oncoi

Lau, Y. Li, Z. Kh

, 3021. 

akamura-Tsuruta, 

Biochem. 2007, 14

a, Biochim. Biophy

Engels, C. Hesse

M. Litjens, H. K

immunology 2015

hedri, H. Yu, D. T

 J. Kominami, N. 

42, 459. 

      

ys. Acta 2017, 18

e, M. Perdicchio,

Kalay, L. Berod, 

, 4, e970462. 

T. Le, X. Chen, M

Sharon, K. Kasa

   

861, 

, F. 

T. 

Mol. 

i, J. 

10.1002/anie.201803536

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



C

 
 
 
 

 
E
 
L

 
C

An
sy
(S
pr
m
co
pr
ca
G
pe
gly
gly

 
 
 
 
 
 

COMMUN

Entry for th

Layout 1: 

COMMUN

n efficient scaff
ynthesis/enzym
SSEE) strategy
repare 45 struc
annosyl glycan

onvergent chem
rogrammed enz
atalyzed by gly
lycan microarra
erformed to min
ycan-binding p
ycoforms. 

ICATION 

he Table of 

NICATION

fold 
matic extension
y was develope
cturally well-def
ns, combining 
mistry and stric
zymatic extens
cosyltransferas
ay analysis wa
ne fine specific
proteins using t

 

Contents (

N 

 
ed to 
fined O-

ctly 
sion 
ses. 

as also 
cities of 
these 

 

 

(Please choo

 

 

ose one layoout) 

 

Shuaishuai 
CongCong 
Madhusudh
Ulrika West
Cao, Peng 

Page No. –

Facile chem
O-mannosy

 

Wang, Qing Z
Chen, Yuxi Gu

han Reddy Gad
terlind, Yunpen
G. Wang,* and

– Page No. 

moenzymatic 
yl glycans 

      

Zhang, 
uo, 
di, Jin Yu, 
ng Liu, Xuefeng
d Lei Li* 

synthesis of 

   

g 

10.1002/anie.201803536

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.


