
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 1
:0

3:
27

 A
M

. 
 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
Synthesis of aryl
aDepartment of Chemistry, Chemical and B

Regulation in Health and Disease (GRHD),

Avenue, Cleveland, Ohio 44115, USA. E-mai
bInstitute of Traditional Chinese Medicine &

Jinan University, West 601, Huangpu Avenu

† Electronic supplementary informa
10.1039/d0ra08400j

Cite this: RSC Adv., 2020, 10, 38561

Received 1st October 2020
Accepted 14th October 2020

DOI: 10.1039/d0ra08400j

rsc.li/rsc-advances

This journal is © The Royal Society o
azide chain-end functionalized N-
linked glycan polymers and their photo-labelling of
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We report a straightforward synthesis of aryl azide chain-end functionalized N-linked glycan polymers and

its application for affinity-assisted photo-labelling of specific protein. The aryl azide chain-end

functionalized N-glycan polymers, including N-galactosyl, N-glucosyl, and N-lactosyl polymer, were

synthesized from free glycan via glycosylamine intermediates followed by acrylation and polymerization

via cyanoxyl-mediated free radical polymerization (CMFRP) in a one-pot fashion. The aryl azide chain-

end functionalized N-glycan polymers were characterized by 1H NMR and IR spectroscopy. The affinity-

assisted photo-labeling capabilities of the aryl azide N-glycan polymers were demonstrated with aryl

azide N-lactosyl polymer as a ligand for b-galactose-specific lectin from Arachis hypogaea (PNA) after

UV irradiation and confirmed by SDS-PAGE with silver staining. Overall, the aryl azide chain-end

functionalized N-linked glycan polymers will be useful multivalent ligands for specific protein labelling

and functionality studies.
Cell surface carbohydrates, existing as glycoproteins, glyco-
lipids, and proteoglycans, oen serve as receptors to relay crit-
ical interactions and trigger crucial signalling events in many
biological processes, such as cell–cell interactions, pathogen/
host interactions, tumor metastasis, immune responses, and
many more.1 Glycoscience research specically concerning the
carbohydrate–protein interactions can provide an abundance of
opportunities to discover the molecular mechanisms of bio-
logical processes, potential therapeutic targets, and diagnostic
mechanisms for various diseases.1 Therefore, sensitive proling
of carbohydrate–protein interactions is the initial and key step
for basic research, clinical diagnostics, and therapeutic appli-
cations. In fact, the diversity and complexity of glycan struc-
tures, together with their crucial roles in many physiological or
pathological processes, require the development of effective
tools for the comprehensive analysis of carbohydrate–protein
interactions.2 Multifunctional glyco-ligands with other func-
tional groups, such as labelling and probing units, facilitate the
proteome-wide identication of various carbohydrate-binding
proteins.3–5 Photo-crosslinking functional groups, such as aryl
azides, benzophenones and diazirines, can generate highly
reactive species that react with adjacent molecules, resulting in
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direct covalent modications, which can be used for target
imaging, isolation and identication applications.3–7

Glycopolymers, polymers with glycan pendant groups, have
been widely used as multivalent glyco-ligand as they mimic
native glycoprotein structure and functions.8 Glycopolymers
with both glycans and photoactivatable crosslinkers pending on
the polymer backbone have been used for target protein label-
ling, but have substantial problems for both accessibility to the
target and efficiency of crosslinking due to hinderances from
each unit.5 Chain-end functionalized glycopolymers have been
demonstrated in many potential applications, such as in
microarray,9 cells surface re-engineering10 and glyco-engi-
neering11 as the chain functional group facilitates site-specic
and oriented glycopolymer immobilization as well as end-to-
end protein–glycopolymer conjugation. Herein, we proposed
an aryl azide chain-end functionalized glycopolymer as multi-
functional glyco-probe for specic protein labelling and func-
tionality study (Fig. 1). Specically, the multivalent sugars
pending the polymer backbone will facilitate specic binding to
Fig. 1 Aryl azide chain-end functionalized glycopolymer for specific
protein photo-labelling.
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Scheme 1 Straightforward synthesis of N-linked glycan polymers (4)
from free glycans (1) via glycosylamine intermediates (2) followed by
acrylation (3) and CMFRP.

Fig. 2 1H NMR spectrumof b-lactose (1), b-D-lactopyranosylamine (2),
N-(prop-2-enoyl)-b-D-lactopyranosylamine (3), and p-azido-phenyl-
b-D-Gal(1–4)-b-D-Glc-N-glycopolymer (4), (D2O, 400 MHz NMR).
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the target protein, while the single chain-end aryl azide will
serve as photoactivatable crosslinker for labelling of the bound
protein.

To construct efficient glycopolymers, glycan linkage must be
taken into consideration when mimicking native glycosylation,
which affects signicant protein properties, namely stability,
folding, molecular recognition, and immunogenicity. The
common types of glycosylation are N-linked and O-linked. N-
Linked glycans possess both intrinsic and extrinsic functions,
where intrinsically, they provide structural components to the
cell membrane and extracellular matrix; while extrinsically, they
direct the trafficking of glycoproteins and mediate immune
signalling.1,12–14 Also, the importance of N-linked glycosylation
has been becoming increasingly evidential with therapeutic
proteins in the market, such as Etanercept, Iniximab and
Rituximab, which are all N-glycosylated glycoproteins.12,14–16

Therefore, N-linked glycan polymers that closely mimic the
natural N-glycan conjugates will be effective multivalent glyco-
ligands for specic protein targeting and functionality study.
Herein, we report an aryl azide chain-end functionalized N-
linked glycan polymer as glyco-probe for specic protein
labeling and functionality study (Fig. 1). The affinity-assisted
photo-labeling capabilities of the aryl azide N-linked glycan
polymer was demonstrated with aryl azide N-lactosyl polymer as
a ligand for b-galactose-specic lectin from Arachis hypogaea
(peanut agglutinin, PNA) and N-glucosyl polymer as a ligand for
Glc-specic lectin from Canavalia ensiformis (Concanavalin A,
ConA) aer UV irradiation followed by SDS-PAGE conrmation
with silver staining.

Cyanoxyl-mediated free radical polymerization (CMFRP) has
been demonstrated for a straightforward synthesis of chain-end
functionalized O-linked glycopolymers.17 In this report, aryl
azide was employed as the initiator for the CMFRP with the
mixture of N-acrylated glycomonomer and acrylamide to ach-
ieve N-linked glycan polymers with a chain-end photo-labelling
functionality. First, free glycans were treated with ammonium
bicarbonate in ammonium oxide to generate glycosylamines
quantitatively,18,19 then the N-acryloyl group was introduced by
treatment with acryloyl chloride in methanol–water while in the
presence of sodium carbonate at 0 �C, followed by the removal
of excess acryloyl chloride and sodium carbonate to yield N-
acryloyl-glycosylamines as glycomonomers. Next, 4-azidoaniline
was used as the initiator for CMFRP scheme in one-pot fashion
to afford N-linked glycan polymers (Scheme 1). Overall, aryl
azide chain-end functionalized N-glucosyl polymer, N-galactosyl
polymer, and N-lactosyl polymer were synthesized in very good
yields (over 60% yield).

The progress of N-glycan polymer synthesis was monitored
by 1H NMR spectra. As shown in Fig. 2 for N-lactosyl polymer,
the successful amination of free lactose was conrmed by the
signals of anomeric proton directly adjacent to the introduced
amine (4.05 ppm), while the introduction of acrylamide was
conrmed by the signals of protons on the alkene (5.82 and 6.25
ppm) as well as the downeld signal shi of the anomeric
proton directly adjacent to amine (5.05 ppm) (Fig. 2). The
saccharide density and average molecular weight of the resul-
tant glycopolymers were also determined by 1H NMR spectrum.
38562 | RSC Adv., 2020, 10, 38561–38565
For example, for N-lactosyl polymer, the integration of protons
on the terminal phenyl group (7.1 and 6.9 ppm), sugar anomeric
carbons (4.4 and 4.9 ppm), sugar backbones (3.40 to 3.80 ppm)
and polymer backbones (2.10 to 2.30 ppm and 1.80 to 1.30 ppm)
were assigned and calculated for its saccharide density of 57
and an average molecular weight of 78, 970 Mn (Fig. 2). In
addition, the chain-end azido and O-cyanate functional groups
of the glycopolymers were conrmed by FT-IR spectrum, in
which azide absorption was observed at 2118.6 cm�1 while O-
cyanate absorption was observed at 2217.6 cm�1 (Fig. 3B). In
comparison, aryl chloride chain-end functionalized N-lactosyl
polymer synthesized in our previous report9 showed only O-
cyanate absorption at 2217.6 cm�1 (Fig. 3A).

Once the aryl azide chain-end glycopolymers were in hands,
their ability to photo-label a specic protein was evaluated with
the aryl azide chain-end N-lactosyl polymer as ligand for the
Galb-1,4-Glc-specic Arachis hypogaea (PNA). Briey, the aryl
azide chain-end N-lactosyl polymer was incubated with PNA
(lyophilized powder, Millipore-Sigma) in PBS buffer (pH 7.4)
solution containing 0.2% Tween 20 for 4 hours at room
temperature, then, while sitting on ice, exposed to a 366 nm UV
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 FT-IR spectrum of p-Cl-phenyl-b-D-Gal(1–4)-b-D-Glc-N-gly-
copolymer (A) and p-azido-phenyl-b-D-Gal(1–4)-b-D-Glc-N-glyco-
polymer (B).
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source in the dark for 30 min. As controls, aryl azide chain-end
acrylamide polymer, aryl azide chain-end N-glucosyl polymer
and aryl azide chain-end N-galactosyl polymer were tested with
PNA in the same manner, respectively. To evaluate which gly-
copolymer was accounted for selective ligand–protein binding
with PNA, the UV-irradiated glycopolymer–PNA conjugates were
subjected to SDS-PAGE and silver staining (Pierce™ Silver Stain
Kit, ThermoFisher) (Fig. 4).

PNA is a homotetrameric protein with specicity for b-O-Gal
such as Galb-1,4-Glc in b-lactose, which in theory should display
affinity only for the N-lactosyl polymer, but not acrylamide
polymer, N-glucosyl polymer and N-galactosyl polymer. As
shown in Fig. 4, only N-lactosyl polymer-PNA affinity-assisted
photo-labeled complexes exhibited a denitive darkened
smear staining (Fig. 4A, lane 5), which conrmed the formation
of supramolecules via specic binding and photo-crosslinking.
Like the N-lactosyl polymer, the other polymers all possessed
the aryl azide chain-end groups but did not have b-O-Gal
necessary for PNA affinity, which showed no noteworthy photo-
Fig. 4 (A) SDS-PAGE characterization of glycopolymer–PNA cross-
linking after UV irradiation. Lane M. MW marker; lane 1. Arachis
hypogaea (PNA) only (negative control); lane 2. PNA +N3-AM polymer;
lane 3. PNA + N3-Glc polymer; lane 4. PNA + N3-Gal polymer; lane 5.
PNA + N3-Lac polymer. Silver staining, polymer/protein molar ratio:
6 : 1. (B) SDS-PAGE characterization of glycopolymer–ConA cross-
linking after UV irradiation: lane M. MW marker; lane 1. ConA only
(negative control); lane 2. ConA + N3-Glc polymer; lane 3. ConA + N3-
Lac polymer. 50 ng of protein loaded in each lane. Silver staining.

This journal is © The Royal Society of Chemistry 2020
crosslinking (Fig. 4A, lane 2, 3, and 4). Observations can be
made that slight smearing exhibited in all lanes except for the
negative control where only PNA was present, suggesting the
expected functionality of the aryl azide groups, which may
crosslink with proteins when they are close enough due to non-
specic bindings. The SDS-PAGE results also indicated that it
was, for the most part, unnecessary to wash away unbound
glycopolymers before UV irradiation, as glycopolymers without
assistance of protein affinity displayed drastically lower degree
of supramolecule formation following photo-induced cross-
linking, suggesting that specic affinity played a vital role in
establishing proximity between the aryl azide functional groups
and the amino acids of the proteins, where crosslinking and
covalent bonding would take place. Compared to the single
band of unlabeled protein, the smear staining of the photo-
labeled proteins indicated variously-sized supramolecular
formation due to multiple glycopolymers cross-linking to each
lectin unit of homotetrameric PNA20 via the single aryl (azide)
chain-end. Specically, some lectin molecules have more gly-
copolymers conjugated while others have fewer glycopolymers
conjugated, all together generating a mixture of lectin–glyco-
polymer conjugates as smear bands in SDS-PAGE. This
phenomenon is oen seen in protein–glycopolymer SDS-PAGE
characterizations.21–23

In addition, an photocrosslinking experiment with aryl azide
chain-end functionalized N-glycan polymers and ConA lectin,
which specically binds to a-Glc and a-Man,24 was conducted.
As a result, aryl azide chain-end functionalized N-lactosyl poly-
mer did not achieve any photo-crosslinking with ConA lectin,
while aryl azide chain-end functionalized N-glucosyl polymer
showed specic photo-crosslinking with ConA lectin (Fig. 4B).
This result further conrmed the specic photocrosslinking
capacity of the aryl azide chain-end functionalized N-lactosyl
polymer for the target lectin PNA.

To further investigate the specicity of N-lactosyl polymer for
PNA labelling, selected control conditions focusing on
Fig. 5 (A) SDS-PAGE characterization of glycopolymer–protein
crosslinking in controlled conditions after UV irradiation: lane M. MW
marker; lane 1. N3-Lac polymer + free b-lactose + PNA (competitive);
lane 2. PNA + free b-lactose + N3-Lac polymer (sequential); lane 3. N3-
Lac polymer + PNA (1 : 1 molar ratio); lane 4. N3-Lac polymer + PNA
(3 : 1 molar ratio); lane 5. N3-Lac polymer + PNA (6 : 1 molar ratio). (B)
SDS-PAGE characterization of comparative glycopolymer–protein
crosslinking after UV irradiation: lane M. MW marker lane 1. Cl-Lac
polymer + PNA; lane 2. N3-Lac polymer + PNA. Silver staining. Poly-
mer/protein molar ratio: 6 : 1.

RSC Adv., 2020, 10, 38561–38565 | 38563
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competitivity and concentration were performed (Fig. 5). For
example, free b-lactose disaccharide was introduced to PNA
either competitively alongside N-lactosyl polymer or sequen-
tially prior to the introduction of N-lactosyl polymer followed by
UV irradiation. Both conditions displayed smears in a similar
manner (Fig. 5A, lane 1 and 2) and intensity as determined
using ImageJ with the former possibly being slightly more
intense than the latter (Fig. 5A, lane 1 and 2). This observation
can contribute to the consensus that the multivalent nature of
carbohydrates presented on polymer backbones is much more
preferred by lectins as multivalent ligands compared to mono-
saccharide single-unit ligands. In addition, a gradient can be
achieved in the intensity of the smears when the reaction molar
ratio between N-lactosyl polymer and PNA is manipulated. As
a result, when the molar ratio between N-lactosyl polymer and
PNA are equal, fewer supramolecules were formed following
affinity-assisted photo-labelling (Fig. 5A, lane 3), however, pro-
portionally more supramolecules were formed when more N-
lactosyl polymer was used as observed using ImageJ measure-
ments (Fig. 5A, lane 4 and 5). Roughly, 20% increase was
measured in smear staining intensity when the molar ratio of N-
lactosyl polymer to PNA was increased from 1 : 1 to 6 : 1
(Fig. 5A(1)), which is coherent with a 20% decrease measured in
band intensity in respective lanes (Fig. 5A(2)). These results
suggest that the level of crosslinking is directly correlated to the
molar ratio between the ligand and protein, indicating the
existence of a specic interaction between N-lactosyl polymer
and PNA.

Finally, to investigate the specic reactivity of aryl azide of
the N-lactosyl polymer for PNA labeling, aryl chloride chain-end
functionalized N-lactosyl polymer synthesized in our previous
report9 was investigated for the same photo-crosslinking
procedure for aryl azide N-lactosyl polymer with PNA (Fig. 5B).
As a result, aryl chloride chain-end functionalized N-lactosyl
polymer did not achieve any photo-crosslinking with PNA
(Fig. 5B, lane 1) compared with aryl azide of the N-lactosyl
polymer, which showed apparent PNA labelling (Fig. 5B, lane 2).
This observation conrmed that the chain-end aryl azide
generates highly reactive species that reacts with adjacent
molecules, resulting in the direct covalent modication of
proteins.

In summary, we have developed aryl azide chain-end func-
tionalized N-linked glycan polymers as photoactivatable glyco-
ligands and characterized their application for affinity-
assisted photo-labelling of the specic protein. CMFRP is an
attractive method for the synthesis of chain-end functionalized
N-linked glycan polymers, as it possesses several advantages,
such as direct polymerization, reaction in aqueous solution,
exclusion of tedious protection and deprotection steps, and
compatibility with a broad range of functional groups. The
present synthetic method can be applied to synthesizing poly-
mers with any kind of glycan and alternative chain-end func-
tionalizable groups, such as benzophenone and diazirine. On
the other hand, the reported aryl azide chain-end functionalized
N-linked glycan polymers have demonstrated undeniable
capabilities for specically labelling proteins and will be useful
multivalent ligands for specic protein labelling and
38564 | RSC Adv., 2020, 10, 38561–38565
functionality study both in vitro and in vivo. In addition, the
present polymers can undergo further modication to its O-
cyanate chain-end group to yield an additional chain-end
functional group, such as a biotin or uorophore, thus
achieving dual functionalities on both ends of the polymers for
protein imaging and proteomics applications.
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