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the effect of N-glycan
modification and its sialylation on proteolytic
stability and glucose-stabilizing activity of
glucagon-like peptide 1 by site-directed enzymatic
glycosylation†

Huan Liu,‡a Zengwei Liang,‡a Yu Wang,‡a Yingze Li,a Ya Wang,a Xin Guo,cd

Wanyi Guan, *b Wei Zou*a and Zhigang Wu *a

In this study, an approach to prepare long-acting glucagon-like peptide 1 (GLP-1) by site-directed

enzymatic glycosylation with homogeneous biantennary complex-type N-glycan has been developed.

All the N-glycan-modified GLP-1 analogues preserved an unchanged secondary structure. The

glycosylated GLP-1 analogues with sialyl complex-type N-glycan modified at Asn26 and Asn34 exhibited

a 36.7- and 24.0-fold in vitro half-life respectively when incubated with dipeptidyl peptidase-IV (DPP-IV),

and 25.0- and 13.9-fold respectively when incubated with mouse serum. Compared to native GLP-1,

both glycosylated GLP-1 analogues modified at Asn34 by asialyl and sialyl N-glycan demonstrated lower

maximum blood glucose levels, as well as more rapid and more persistent glucose-stabilizing capability

in type 2 diabetic db/db mice. Our results indicated that the selection of an appropriate position (to

avoid hindering the peptide-receptor binding) is crucial for N-glycan modification and its sialylation to

improve the therapeutic properties of the modified peptides. The information learned would facilitate

future design of therapeutic glycopeptides/glycoproteins with N-glycan to achieve enhanced

pharmacological properties.
1. Introduction

Peptides and protein-based drugs have promising therapeutic
applications because of their multiple therapeutically favour-
able properties including high activity and better target speci-
city.1,2 However, their clinical use has been limited by their
poor physiochemical and pharmacological properties, such as
short metabolic stability and rapid clearance.3 Numerous
attempts, including but not limited to glycosylation, PEGylation
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and lipidation, have beenmade to improve the pharmacological
prole of peptide/protein drugs.1,4,5 Among them, glycosylation
is a promising strategy, since it can enhance the metabolic
stability of peptides/proteins, reduce the clearance rate, and
weaken antigenicity.6,7 Among all the attempts at glycosylation
of peptide/protein drugs, some attached a sugar moiety to Asn,
Ser/Thr, or Cys to form N–, O– or S–linked glycosylation,
mimicking the glycosylation site in natural glycopeptides/
glycoproteins,8–17 whereas some conjugated carbohydrates to
the N-terminal amino acid residue of the peptides/proteins.18,19

In addition,a non-natural amino acid bearing bioorthogonal
group that facilitates site-specic glycosylation has been incor-
porated into proteins to enable the semi-synthesis of complex
therapeutic glycoproteins.20 As for glycoforms, some efforts
modied the peptides/proteins with sugar entities having rela-
tively simple structures (e.g. mono-, di- or trisaccharides),8,9,18,21

while some incorporated complex-type N-glycans as in natural
eukaryotic glycopeptides/glycoproteins.11,12,14–17,22 N-glycosyla-
tion with complex-type N-glycan is a post-translational modi-
cation for natural glycoproteins, but ne choice of position of
glycosylation site within a peptide/protein drug for this modi-
cation and the subsequent evaluation of therapeutic proper-
ties were rarely reported.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Glucagon-like peptide-1 (GLP-1) is a peptide hormone that
behaves as a promising therapeutic candidate for treatment of
type 2 diabetes.23 However, it is easy to be degraded by enzymes
in serum, leading to its short serum half-life (∼2 min) and
restricting its potential usage for diabetes treatment.24 Glyco-
sylation has been reported to improve its proteolytic stability as
well as in vivo activity. For instance, site-specic glycosylation
on Asn26, Asn34 or/and Asn37 with sialylated N-acetyllactos-
amine (LacNAc) moiety improved its proteolytic stability and
extended its in vivo glucose-lowering activity.9 GLP-1 analogue
with O-GlcNAcylation on Ser18 demonstrated a small change of
structure, increased serum half-life, and improved in vivo
glucose-controlling activity.21 S-glycosylation on Cys18 with N-
acetylglucosamine (GlcNAc) showed unchanged secondary
structure and enhanced glucose-stabilizing activity.25 All of
these modications were with relatively simple carbohydrate
moieties, including mono-, di- and trisaccharides. Compared to
simple sugar moieties, N-glycan is the modication of natural
glycoprotein, and acts better for improvement of half-life and
activity. In our previous work, a sialylated complex-type N-
glycan was conjugated to GLP-1 at Ser26, and the modication
resulted in unremarkable change in the secondary structure of
GLP-1,10 but the biological activity of the generated glycopeptide
was not characterized. Hence, it is still unclear how humanized
glycosylation, i.e. the biantennary complex-type N-glycan
attached to the consensus sequence for N-glycosylation, can
affect the serum half-life and the biological activity of GLP-1.

Under these circumstances, to better understand how the
position of glycosylation site and the sialylation status of glycan
can affect the half-life and bioactivity of glycoengineered ther-
apeutic peptides, herein, taking GLP-1 as a model, we explored
the effect of N-glycan modication and its sialylation at
different positions of GLP-1 on its secondary structure, in vitro
proteolytic stability against dipeptidyl peptidase-IV (DPP-IV)
and mouse serum, and blood glucose-stabilizing activity in
diabetic db/db mice.
2. Experimental
2.1 Materials

GLP-1 analogues with pre-designed N-glycosylation site were
synthesized by Chinapeptides Co., Ltd. Dipeptidyl peptidase-IV
(DPP-IV) was purchased from R&D Systems Co., Ltd. Eclipse
XDB-C18 column (5 mm, 4.6 mm × 250 mm) and Xbridge
Peptide BEH C18 column (10 mm, 10 mm × 250 mm) were from
Agilent Technologies Inc. and Waters Corp., respectively. BKS-
Leprem2Cd479/Jpt db/dbmice (7–10 weeks of age) were purchased
from GemPharmatech Co., Ltd.
2.2 Preparation of enzymes used in this study

Endo-b-N-acetylglucosaminidase M (EndoM)26 and sialidase
BiNanH2 from Bidobacterium longum subsp. infantis
ATCC15697 (ref. 27) were prepared following the previously re-
ported method.

The Q469A mutant of N-glucosyltransferase derived from A.
pleuropneumoniae (ApNGTQ469A),28 and the N180H mutant of
© 2022 The Author(s). Published by the Royal Society of Chemistry
endoglycosidase from C. cinerea (EndoCCN180H)29 were codon-
optimized and synthesized by Genewiz Co. (Suzhou, China)
and were inserted into pET22b vector, respectively. Both
recombinant enzymes were over-expressed with a C-terminal
His-tag in Escherichia coli BL21 (DE3) cells and puried by Ni-
NTA affinity column.
2.3 Preparation of sialylglycopeptide (SGP), complex-type
glycan oxazoline (SCT-oxa) and desialylated complex-type
glycan oxazoline (CT-oxa)

SGP was prepared according to the previously reported
method.30 Sequential digestion of SGP by EndoM and BiNanH2
provided sialyl-complex-type glycan (SCT) and desialylated
complex-type glycan (CT), respectively. SCT-oxa and CT-oxa were
then prepared following the previously reported method.31
2.4 Two-step chemoenzymatic preparation of glycan-GLP-1
analogues

Glycan-GLP-1 analogues containing homogeneous N-glycan
were prepared by ApNGTQ469A-catalyzed glucosylation and
EndoCCN180H-catalyzed transglycosylation sequentially.

To prepare Glc-GLP-1 analogues, reaction mixtures contain-
ing 200 mM Tris–HCl (pH 8.0), 6 nM GLP-1 analogues as
acceptor, 30 nM UDP-Glc as donor and 20 mg ApNGTQ469A were
incubated at 37 °C overnight. The reaction was terminated by
boiling for 5 min and then analysed by reverse-phase HPLC (RP-
HPLC) through an Eclipse XDB-C18 column (5 mm, 4.6 mm ×

250 mm) and electrospray ionization mass spectrometry (ESI-
MS). The synthesized Glc-GLP-1 analogues were puried from
the mixture through Xbridge Peptide BEH C18 column (10 mm,
10 mm × 250 mm). The puried compounds were analysed by
ESI-MS.

Subsequently, to prepare glycan-GLP-1 analogues, 200 mM
PBS (pH 7.5), 6 nMGlc-GLP-1 analogues as acceptor, 60 nM SCT-
oxa (or CT-oxa) as donor, and 20 mg EndoCCN180H were mixed
and incubated at 30 °C for 15 min. The reaction was terminated
by boiling for 5 min and then analysed by RP-HPLC through an
Eclipse XDB-C18 column (5 mm, 4.6 mm × 250 mm) and ESI-
MS. The synthesized glycan-GLP-1 analogues were puried
from the mixture through Xbridge Peptide BEH C18 column (10
mm, 10 mm × 250 mm). The puried compounds were analysed
by ESI-MS.
2.5 ESI-MS analysis

High resolution MS assays were performed on an Impact HD Q-
ToF mass spectrometer (Bruker Daltonics) equipped with
heated-ESI source and UltiMate 3000 high performance liquid
chromatography system (Thermo Fisher). HPLC puried
samples were assayed through an autosampler without sepa-
ration. Full-scan positive MS experiments (m/z range from 300
to 2000; ESI voltage at 4500 V; Nebulizer gas pressure at 0.4 bar;
dry gas ow of 4.0 L min−1 at 180 °C) were performed with the
Impact HD mass spectrometer, using sodium formate as
internal mass calibration standard.
RSC Adv., 2022, 12, 31892–31899 | 31893
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2.6 Analysis of secondary structures of glycan-GLP-1
analogues by circular dichroism (CD) spectroscopy

Secondary structures of native GLP-1 and glycan-GLP-1
analogues were analysed by far-UV (195–260 nm) CD spectros-
copy by Beijing Bio-Tech Pack Technology Company Ltd. The
spectra were recorded for 120 mM GLP-1 or glycan-GLP-1
analogues in 10 mM PB (pH 6.5) on a J-810 spec-
tropolarimeter (Jasco) at ambient temperature (25 °C) using
a 0.1 cm-pathlength quartz cuvette. All spectra presented were
averaged for at least 3 scans, and the background signal was
from the buffer.
2.7 Evaluation of proteolytic stability of Glc-GLP-1 and
glycan-GLP-1 analogues against DPP-IV and incubation with
mouse serum

Evaluation of proteolytic stability of GLP-1, Glc-GLP-1 and
glycan-GLP-1 analogues was performed against DPP-IV and
incubation with mouse serum in vitro. The DPP-IV was diluted
with 50 mM Tris–HCl (pH 7.4) to a nal concentration of 10 ng
mL−1. To ensure accurate half-life measurement, the amount of
DPP-IV required was rst optimized so that the in vitro half-life
of GLP-1 was around 10 min. To this end, 0.3 nmol (i.e. 1 mg) of
native GLP-1 was incubated with various amount of DPP-IV at 37
°C to determine appropriate amount of DPP-IV. Then, the same
amount of DPP-IV was used to incubate with 0.3 nmol of each
Glc-GLP-1 or glycan-GLP-1 analogue to determine the in vitro
half-life. Each sample was analysed in triplicates. All incubation
mixtures were boiled for 5 min to terminate the proteolysis, and
the supernatants obtained aer centrifugation at 12 000 rpm for
30 min were analysed by RP-HPLC. The proteolytic half-life of
GLP-1, Glc-GLP-1 or glycan-GLP-1 analogues was calculated
based on the peak area. For incubation with mouse serum, 15
mL (containing 6 nmol (i.e. 20 mg)) of GLP-1, Glc-GLP-1 or gly-
cosylated GLP-1 analogues were mixed with the same volumes
of mouse serum, and incubated at 37 °C. Each sample was
analyzed in triplicates. The reactions were quenched by adding
twice volume of ice-cold methanol and centrifuged at 12
000 rpm for 60 min. Supernatants were then analysed by RP-
HPLC. The proteolytic half-life of GLP-1, Glc-GLP-1 or glycan-
GLP-1 analogues was calculated based on the peak area.
2.8 Evaluation of glucose-stabilizing capability in type 2
diabetic db/db mice

BKS-Leprem2Cd479/Jpt db/db mice (7–10 weeks of age) were fas-
ted for 18 h and received an i.p. injection of saline, GLP-1, or
glycan-GLP-1 analogues (10 nmol kg−1, n = 6–8), respectively at
30 min before glucose administration. At 0 min, a 1.0 g kg−1

dose of glucose was administered orally to each mouse. At
predetermined times (15 min, 30 min, 60 min, 90 min, 120 min,
and 180 min), a drop of blood was drawn from the tail vein, and
the blood glucose level was measured by using a one-touch
blood glucose meter (ACCU-CHEK® Sensor, Roche Diagnostics
Corp., USA). Three factors, including (i) maximum blood
glucose level (BGLmax), (ii) required time to lower the blood
glucose level to below 10 mmol L−1 (TBGL<10mmolL−1), and (iii)
31894 | RSC Adv., 2022, 12, 31892–31899
total hypoglycaemic degree (HGD%total) were considered to
assess the glucose-stabilizing capability. The total hypo-
glycaemic degree (%versus saline group) was calculated as
follows: [(AUCsaline,0–180min − AUCtest,0–180min)/AUCsaline,0–180min]
× 100. (AUC: area under the curve.) All experiments were
approved by Institutional Animal Care and Use Committee of
Hebei University of Science & Technology (Protocol code: 2021–
0901).
2.9 Statistical analysis

Results are expressed as means ± S.D. Signicant differences
were analysed using the Student's t-test where appropriate.
Values of p < 0.05 were considered to be statistically signicant.
3. Results and discussion
3.1 Design and preparation of site-directed glycosylated
GLP-1 analogues

To better understand how the position of glycosylation site can
affect the half-life and bioactivity of glycoengineered thera-
peutic peptides, we designed the glycosylation regions of the a-
helix spanning from Thr13 to Val33 of GLP-1, which is critical
for the binding of GLP-1 to its receptor:32 (1) inside the a-helix
and close to the N-terminus (peptides 1 and 2), (2) in the middle
the a-helix (peptide 3), and (3) adjacent to the C-terminus of the
a-helix (peptides 4 and 5) (Table 1). Since the six amino acids
(HDEFER) at the N-terminus of native GLP-1 were absent in its
biologically active form,23 the truncated GLP-1 (amino acids 7–
37) was used in this study.

The glycosylated GLP-1 analogues were prepared by Q469A
mutant of N-glucosyltransferase derived from Actinobacillus
pleuropneumoniae (ApNGTQ469A)-catalysed glucosylation28 fol-
lowed by N180H mutant of endoglycosidase from Coprinopsis
cinerea (EndoCCN180H)-catalysed transglycosylation29 (Scheme
1). In the rst step, ApNGTQ469A requires the presence of
a conserved Asn-X-Ser/Thr (X s Pro) sequon28 which does not
naturally exist in GLP-1. Meanwhile, some amino acids in GLP-1
were found not essential for its affinity to receptor or activity.32

Therefore, we introduced the consensus N-glycosylation site
into GLP-1 by substituting a few replaceable residues with Asn
when designing the sequences of GLP-1 analogues to be glyco-
sylated (Table 1, peptides 1–5). In addition, Thr at position +2
was shown to be preferred over Ser by ApNGT.33 Hence, a pair of
candidate GLP-1 analogues were designed with the only differ-
ence at their +2 positions (peptides 4 & 5) for comparison.

Aer the glucosylation catalysed by ApNGTQ469A, three out of
ve peptides provided Glc-GLP-1 peptide products with over
90% yields (Table 1, peptides 1, 3 and 5), whereas no products
were detected for the other two peptides (Table 1, peptides 2
and 4). The successful glucosylation of peptides 1, 3 and 5
demonstrated that ApNGTQ469A could transfer Glc residue effi-
ciently to the peptides regardless of which portion of the a-helix
the glycosylation site located. However, failure of glucosylation
of peptides 2 and 4 indicated that the local environment
surrounding the glucosylation sequon did inuence the activity
of ApNGTQ469A. Compared to peptide 1, peptide 2 has the same
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Sequences and yields of glycosylated GLP-1 analogues synthesized by ApNGTQ469A and EndoCCN180H

Peptide ID Peptide sequence (amino acids 7–37)
Glycosylation
site

Yielda (%)

ApNGTQ469A EndoCCN180H

Glc CT SCT

1 HAEGTFTSNVSSYLEGQAAKEFIAWLVKGRG 15N 97.13 46.33 66.73
2 HAEGTFTSDNSSYLEGQAAKEFIAWLVKGRG 16N N. D.b — —
3 HAEGTFTSDVSSYLEGQAANESIAWLVKGRG 26N 96.74 68.57 68.83
4 HAEGTFTSDVSSYLEGQAAKEFIAWLVNGSG 34N N. D. — —
5 HAEGTFTSDVSSYLEGQAAKEFIAWLVNGTG 34N 94.44 63.49 61.19

a Yields were determined by peak ratio of HPLC analysis of reaction mixtures. b N. D.: Not detected.

Scheme 1 Site-directed glycosylation of GLP-1 analogues with
homogeneous biantennary complex-typeN-glycan. The glycosylation
site was introduced into GLP-1 by chemical synthesis. The peptides
were initially glucosylated by ApNGTQ469A and then modified by
EndoCCN180H with asialyl or sialyl complex-type N-glycan oxazoline
(CT-oxa or SCT-oxa) as donor.
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NXS sequon but its location has only one amino acid difference,
resulting in different surrounding amino acids. As for peptide 4,
its only difference with peptide 5 is that the amino acid at +2
position is Ser instead of Thr, suggesting that for specic
glycosylation site, NXT sequon is favoured by ApNGTQ469A than
NXS, consistent with previous report.33

Next, to generate glycopeptides whose glycoforms are asia-
lylated complex-type N-glycan or its sialylated version for func-
tional evaluation, both asialylated and sialylated biantennary
complex-type N-glycans (CT and SCT) were used as glycan
donor for the subsequent glycan elaboration of the 3 Glc-GLP-1
peptides, catalysed by EndoCCN180H. Moderate yields (over
60%) were achieved except for Glc-GLP-1-1 with CT as glycan
donor (Table 1), which means the overall yields of the two-step
enzymatic glycosylation for most GLP-1 analogues we designed
were over 50%. For Glc-GLP-1 peptides 3 and 5, sialylation state
of donor glycan did not affect the transglycosylation yields. Yet
for Glc-peptide-1, the transglycosylation yield with CT as glycan
donor was only 46.33%, much less than the yield when SCT was
the glycan donor (66.73%). This implies that different glycan
donors may result in considerably different transglycosylation
efficacy when the position of glycosylation site varies. All 6
glycan-GLP-1 analogues were puried by reverse phase-HPLC
(RP-HPLC) to a purity of over 95% for subsequent evaluation
© 2022 The Author(s). Published by the Royal Society of Chemistry
and characterized by electrospray ionization mass spectrometry
(ESI-MS) (Table S1, Fig. S1†).

3.2 Secondary structure analysis of glycosylated GLP-1
analogues

Glycosylation of some peptides was reported to result in altered
structure of peptide chain and hence lead to loss of bioactivity.1

Therefore, aer purication of the glycosylated GLP-1
analogues, their secondary structures were assayed by circular
dichroism (CD) spectroscopy in the far-UV (195–260 nm) range
and compared to native GLP-1. No dramatic differences were
observed for the CD spectra of GLP-1 and the 6 glycan-GLP-1
analogues (Fig. 1, Table S2†), demonstrating that the N-glycan
modication has no inuence on the secondary structure of
GLP-1.

3.3 In vitro proteolytic stability of glycosylated GLP-1
analogues against DPP-IV and mouse serum

Short serum half-life has been a signicant drawback that limits
the therapeutic application of GLP-1. Degradation by DPP-IV is
one major factor that inactivates GLP-1.23 Hence, the proteolytic
stability against DPP-IV andmouse serum was then assessed for
glycosylated GLP-1 analogues. Compared to native GLP-1, the
Glc-GLP-1 analogues showed slightly prolonged in vitro half-
lives by incubation both with DPP-IV and with mouse serum.
Glc-GLP-1-3, which is glycosylated at Asn26, the same position
as for Liraglutide (a GLP-1 analogue in clinical use with fatty
acid modication at Lys26),34 showed the most increase of in
vitro half-life, whereas Glc-GLP-1-1 showed the least increase
(Table 2, Fig. S2 and S3†). This illustrates that glycosylation at
different positions has diverse effects on enhancement of half-
life. All glycan-GLP-1 analogues exhibited much longer (3 ∼ 10
fold) in vitro half-life compared to the corresponding Glc-GLP-1
analogues (Table 2, Fig. S2 and S3†), indicating that modica-
tion with N-glycan has better stabilizing effect on GLP-1
peptides against peptidase degradation than with a single Glc
residue. In addition, sialylation contributed greatly to proteo-
lytic stability. This could be attributed to the negative charges
carried by sialic acid that prevented the binding between the
peptide and DPP-IV. Sialylated glycan-GLP-1 analogues dis-
played 1.3- to 3-fold half-life of that of their asialylated coun-
terparts when incubating with DPP-IV, and approximately 2-fold
RSC Adv., 2022, 12, 31892–31899 | 31895
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Fig. 1 Far-UV circular dichroism (CD) spectra of native GLP-1 and the glycan-GLP-1 analogues.

Table 2 In vitro half-life of GLP-1 and glycosylated GLP-1 analogues
incubated with DPP-IV and mouse seruma

Variants

In vitro half-life (min)

DPP-IV Serum

GLP-1 10.2 � 0.4 55.7 � 12.1
Glc-GLP-1-1 30.2 � 2.4 94.1 � 7.6
Glc-GLP-1-3 46.1 � 3.5 138.8 � 14.5
Glc-GLP-1-5 32.5 � 1.4 113.3 � 11.8
Glycan-GLP-1-1(G2) 49.1 � 5.7 355.5 � 9.3
Glycan-GLP-1-1(G2S2) 145.7 � 4.3 736.6 � 12.3
Glycan-GLP-1-3(G2) 185.3 � 1.1 738.6 � 9.7
Glycan-GLP-1-3(G2S2) 374.7 � 1.8 1393.1 � 8.9
Glycan-GLP-1-5(G2) 182.0 � 0.1 390.4 � 13.5
Glycan-GLP-1-5(G2S2) 245.3 � 1.3 777.0 � 10.2

a Data are presented as means ± S.D. of triplicates.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 6

/9
/2

02
5 

9:
14

:4
0 

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
when incubating with mouse serum. Of all the 6 glycan-GLP-1
peptides, the sialylated glycan-GLP-1-3 (named as glycan-GLP-
1-3(G2S2)) and sialylated glycan-GLP-1-5 (named as glycan-
GLP-1-5(G2S2)) showed the longest half-lives (374.7 min and
245.3 min, respectively), which were 36.7- and 24.0-fold of the
native GLP-1 (10.2 min) for DPP-IV incubation, and were 25.0-
and 13.9-fold (1393.1 min and 777.0 min, respectively,
compared to 55.7 min) for serum incubation. Collectively, N-
glycan modication, especially with sialylated glycoforms, has
great potential in enhancing the proteolytic stability of GLP-1.
3.4 In vivo glucose-stabilizing activity of glycosylated GLP-1
analogues

The glucose-stabilizing capability of the N-glycan modied GLP-
1 analogues was evaluated and compared with native GLP-1 by
performing an oral glucose tolerance test (OGTT) on type 2
diabetic db/db mice. Saline, GLP-1 and glycan-GLP-1 analogues
were intraperitoneal administrated to mice at 30 min before
glucose was fed orally. Three factors, including (i) maximum
blood glucose level (BGLmax), (ii) required time to lower the
31896 | RSC Adv., 2022, 12, 31892–31899
blood glucose level to below 10 mmol L−1 (TBGL<10mmolL−1), and
(iii) total hypoglycaemic degree (HGD%total), were considered to
evaluate their glucose-stabilizing capability (Table 3). Glycan-
GLP-1-5 peptides (both G2 and G2S2 glycoforms) were found
to have the most signicant glucose-stabilizing capability in all
factors evaluated (Table 3, Fig. 2 and 3). The BGLmax values of
glycan-GLP-1-5(G2) (14.50 ± 1.62 mmol L−1) and glycan-GLP-1-
5(G2S2) (15.50 ± 3.74 mmol L−1) were obviously lower than
those of saline (29.73± 2.56 mmol L−1) and GLP-1 (19.27± 1.41
mmol L−1). Glycan-GLP-1-5(G2) and glycan-GLP-1-5(G2S2) low-
ered the blood glucose level (BGL) more rapidly (at 30 min) than
saline (both P < 0.001) and GLP-1 (P < 0.001 and P < 0.01,
respectively) (Fig. 2 and 3a), and could lower the BGL to <10
mmol L−1 within 60 min aer administration, whereas the
TBGL<10mmolL−1 of the saline and GLP-1 were 180 min or longer
(Table 3, Fig. 2). Moreover, the glucose-stabilizing capability of
glycan-GLP-1-5 analogues was persistent, showing signicantly
better effect at 120 min (glycan-GLP-1-5(G2) and glycan-GLP-1-
5(G2S2)) and 180 min (glycan-GLP-1-5(G2S2)) compared to
native GLP-1 (Fig. 3b and c). On the contrary, the glucor-
egulatory activity of glycan-GLP-1-1 and glycan-GLP-1-3
analogues were not improved at all. Their BGLmax were higher
than that of native GLP-1 group, and their TBGL<10mmolL−1 were
the same or even longer than that of native GLP-1 group (Table
3). These results clearly indicated that N-glycan modication
could improve the therapeutic efficacy of peptide drugs, but the
modication must be incorporated into the peptides at the
proper position.

According to the current binding model for GLP-1 and GLP-1
receptor (GLP-1R) and the crystal structure of receptor-bound
GLP-1 (Fig. S4†), the C-terminal fragment of GLP-1 (Ala24–
Val33) forms a stable a-helical conformation and binds the
extracellular domain (ECD) of GLP-1R. The a-helical confor-
mation of C-terminal segment may further facilitate the
formation of a stable a-helical conformation in the N-terminal
segment of GLP-1 (Thr13–Glu21) and the latter part binds the
extracellular loops and transmembrane a-helices (TM domain)
of GLP-1R, thus activating the receptor.32 This suggests that
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 In vivo glucose stabilizing capability of GLP-1 and glycosylated GLP-1 analogues

Variants

Glucose-stabilizing capability

BGLmax
a (mmol L−1) TBGL<10mmolL−1

b (min) HGD%total
c (vs. saline)

Saline 29.73 � 2.56 180 N. A.d

GLP-1 19.27 � 1.41 180 27.00
Glycan-GLP-1-1(G2) 24.44 � 2.37 >180 9.57
Glycan-GLP-1-1(G2S2) 28.71 � 2.63 180 6.03
Glycan-GLP-1-3(G2) 24.07 � 3.79 180 20.93
Glycan-GLP-1-3(G2S2) 25.71 � 3.19 180 16.24
Glycan-GLP-1-5(G2) 14.50 � 1.62 60 49.29
Glycan-GLP-1-5(G2S2) 15.50 � 3.74 60 54.29

a BGLmax: maximum blood glucose level. Data are presented as means± S.D. of six to eight determinations. b TBGL<10mmolL−1: required time to lower
the blood glucose level below 10 mmol L−1. c HGD%total: total hypoglycaemic degree. The total hypoglycaemic degree (%versus saline group) was
calculated as follows: [(AUCsaline,0–180min − AUCtest,0–180min)/AUCsaline,0–180min] ×100. AUC: area under the curve. d N. A.: not applicable.
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stable binding between the C-terminal part of GLP-1 and the
ECD of GLP-1R is an important prerequisite for GLP-1R activa-
tion. In our trials, glycan-GLP-1-1 peptides were glycosylated at
position 15, in the region within positions 7–17, which is sug-
gested to be essential for activity of GLP-1.23 The loss of bio-
logical activity of glycosylated peptide 1 could be because the
glycan linked to position 15 impedes the binding between the
N-terminal region of GLP-1 and the TM domain of GLP-1R,
hence impairing the receptor activation. When the complex-
type N-glycan was attached to position 26, glycan-GLP-1-3
peptides exhibited weakened glucoregulatory effect compared
to native GLP-1, although their in vitro stability was enhanced.
The results were contrary to the results when GLP-1 was modi-
ed at the same position by acylation (Liraglutide at Lys26),34

PEGylation (at Lys26)35 or glycosylation with simple sugar
moieties (at Asn26).9 One possible explanation for this
disagreement could be that the biantennary complex-type N-
glycan moieties (nonasaccharide or undecasaccharide) used in
this study can take upmore space than the fatty acid, the PEG or
the sialyl-LacNAc moiety in those work, hence block the
Fig. 2 In vivo biological activity of GLP-1 analogues in type 2 diabetic db
fasted for 18 h, and received an i.p. injection of saline, GLP-1, or gly
administrating glucose orally (0 min). Data are presented as means ± S.D

© 2022 The Author(s). Published by the Royal Society of Chemistry
interaction between the N-glycan modied GLP-1 to its receptor
for its bioactivity. The glycosylation at position 34 has provided
glycan-GLP-1-5 peptides with both increased in vitro half-life
and greatly enhanced glucose stabilizing capability, indicating
that bulky complex-type N-glycan linked to position 34 did not
hamper the receptor binding and receptor activating. Therefore,
for glycoengineering of therapeutic peptides/proteins with N-
glycan, the glycosylation site should be carefully considered to
avoid impeding the peptide/protein-receptor binding.

In addition, sialylation of N-glycan displayed considerable
inuence on the bioactivity of the engineered peptides. For
glycan-GLP-1-5 analogues, glycan-GLP-1-5(G2S2) showed clearly
better glucose-stabilizing effect than glycan-GLP-1-5(G2) at 120
and 180 min (Fig. 3b and c). The difference in the pharmaco-
kinetics of the two glycosylated peptides may be explained by
the longer half-life of sialylated glycopeptides. Similar results
were also found for recombinant human erythropoietin
(rHuEPO), as the desialylation of rHuEPO led to quicker serum
clearance rate and drastically decreased biological activity.3

However, for peptides 1 and 3, the sialylated glycopeptides
/db mice. BKS-Leprem2Cd479/Jpt db/db mice (7–10 weeks of age) were
can-GLP-1 analogues (10 nmol kg−1), respectively at 30 min before
. of six to eight determinations.
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Fig. 3 Hypoglycaemic degrees of glycosylated GLP-1 analogues relative to saline or native GLP-1. Blood glucose levels were determined at
30 min (a), 120 min (b) and 180min (c) after glucose administration. Data are presented as means ± S.D. of six to eight determinations. *P < 0.05,
**P < 0.01, ***P < 0.001, compared to saline. AP < 0.05, BP < 0.01, CP < 0.001, compared to GLP-1. DP < 0.05, compared to glycan-GLP-1-5(G2).
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exhibited even worse glucoregulatory properties compared to
the asialylated version (Table 3, Fig. 2 and 3). Our speculation is
that the N-glycan modication of the two peptides were already
at the positions that hampered the binding between the peptide
and its receptor, hence the negatively charged sialic acid further
weakened the binding. The decreased in vitro bioactivity and in
vitro receptor binding affinity observed for human interleukin-
17A modied with sialyl complex-type N-glycan36 might also
support this view. Recently, the Dong group37 reported the
chemical synthesis of a few GLP-1 analogues containing sialy-
lated complex-type N-glycan, in which Ala8 was substituted with
unnatural amino acid 2-aminoisobutyric acid. Sialyl N-glycosy-
lated GLP-1 analogues modied relatively close to N-terminal
showed decreased activity, whereas the other analogues
exhibited improved hypoglycaemic activity in vivo. From all the
above-mentioned results, we can speculate that a proper posi-
tion is critical for sialylation of N-glycan to exert positive effects
on peptide/protein-receptor binding and the corresponding
bioactivity.
4. Conclusions

In this work, we have developed an approach to generate long-
acting GLP-1 by chemoenzymatic synthesis of site-directed
monoglycosylated GLP-1 analogues with homogeneous bian-
tennary complex-type N-glycan. The glycosylated GLP-1
analogues exhibited unchanged secondary structure but
greatly prolonged proteolytic stability. Furthermore, since N-
glycan moiety is bulky, the improvement of bioactivity of the
modied peptides upon N-glycan modication requires appro-
priate position to be selected. Sialylation of N-glycan should be
considered in conjunction with the location of the N-glycan
modication. The information learned from this study would
be useful for future research on rational design of therapeutic
glycopeptides/glycoproteins with N-glycan to achieve improved
pharmacological properties.
31898 | RSC Adv., 2022, 12, 31892–31899
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