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Glucagon like peptide-1 (GLP-1) regulates glucose medi-
ated-insulin secretion, nutrient accumulation, and B-cell
growth. Despite the potential therapeutic usage for type 2 dia-
betes (T2D), GLP-1 has a short half-life in vivo (t;2 <2 min). In
an attempt to prolong half-life, GLP-1 fusion proteins were ge-
netically engineered: GLP-1 human serum albumin fusion
(GLP-1/HSA), AGLP-1/HSA which has an additional alanine at
the N-terminus of GLP-1, and AGLP-1-L/HSA, in which a pep-
tide linker is inserted between AGLP-1 and HSA. Recombinant
fusion proteins secreted from the Chinese Hamster Ovary-K1
(CHO-K1) cell line were purified with high purity (>96%).
AGLP-1 fusion protein was resistant against the dipeptidyl pep-
tidase-IV (DPP-IV). The fusion proteins activated cAMP-medi-
ated signaling in rat insulinoma INS-1 cells. Furthermore, a
C57BL/6N mice pharmacodynamics study exhibited that
AGLP-1-L/HSA effectively reduced blood glucose level com-
pared to AGLP-1/HSA. [BMB Reports 2013; 46(12): 606-610]

INTRODUCTION

Glucagon-like peptide-1 (GLP-1) is an insulinotropic hormone
released in endocrine L-cells and is related to the regulation of
glucose-dependent insulin secretion and glucagon (1). In addi-
tion, GLP-1 promotes insulin biosynthesis, pancreatic {-cell
growth, and proliferation (2, 3). GLP-1 secreted from the small
intestine is active as GLP-1 (7-36) amide and inactive as GLP-1
(1-39) amide. However, the bioactive GLP-1 (7-36) is con-
verted to an inactive form of GLP-1, GLP-1 (9-36), within 2 mi-
nutes in vivo due to the rapid cleavage by dipeptidyl pepti-
dase-1V (DPP-IV) (1, 2).

GLP-1 receptor (GLP-1R) agonists increase insulin biosyn-
thesis and Ca’* levels in cAMP-dependent and cAMP-in-
dependent pathways (4). GLP-1R agonists also mediate protein

*Corresponding author. Tel: +82-42-629-8773; Fax: +82-42-384-
8770; E-mail: hschung@hnu.kr

http://dx.doi.org/10.5483/BMBRep.2013.46.12.106
Received 10 May 2013, Revised 23 May 2013, Accepted 27 May 2013

Keywords: Dipeptidyl peptidase-IV, Fusion protein, Glucagon like
peptide-1, Human serum albumin, Type 2 diabetes

ISSN: 1976-670X (electronic edition)

Copyright © 2013 by the The Korean Society for Biochemistry and Molecular Biology

kinase A (PKA) and protein kinase C (PKC) signaling pathways
to enhance f-cell mass via insulin secretion, B-cell pro-
liferation, and anti-apoptosis (1, 4). Furthermore, downstream
targets of GLP-1R include important regulators such as cAMP
response element binding protein (CREB), insulin receptor sub-
strate-2 (IRS-2), and pancreatic duodenal homeobox-1 (PDX-1)
on cytoprotective effects (5, 6).

GLP-1R agonists have been recently developed for the treat-
ment of type 2 diabetes (T2D) (7). Many approaches have
been designed in order to increase the short in vivo half-life of
the molecule. The modification of amino acids at the cleavage
site of GLP-1 showed resistance to the activity by DPP-IV (8,
9). In spite of this, the clinical limitation of these GLP-1 ana-
logs remains due to the short duration of the peptides in the
body. The conjugation of long-chain palmitic acid (PAA, C16)
to GLP-1 increased the in vivo duration of GLP-1 substantially
(10). The encapsulation of another GLP-1 analog, exendin-4
from the lizard salivary gland peptide also showed sustained
circulation of the peptide in the body (11). However, it may be
necessary to design the long-acting technology for a GLP-1 an-
alog for the effective delivery of this important therapeutic
peptide in order to improve the patient compliance signifi-
cantly. Recent attempts have focused on GLP-1 or exendin-4
fusion proteins with human serum albumin, 1gG-Fc, or trans-
ferrin (12-15) in order to improve the sustained circulation in
the body.

We designed AGLP-1 albumin fusion proteins to develop
the long-acting GLP-1R agonists. The biological activity and re-
sistance to DPP-IV of the fusion proteins were examined in vi-
tro and in vivo. The results indicated that the AGLP-1 albumin
fusion protein could be an alternative agent for the treatment
of T2D.

RESULTS

Construction, expression, and purification of recombinant
fusion proteins

The recombinant fusion plasmids were genetically engineered
for encoding proteins of GLP-1/HSA, AGLP-1/HSA, and
AGLP-1-L/HSA to overcome the limitation of native GLP-1.
GLP-1 or AGLP-1 that an alanine was added to N-terminus of
GLP-1 were fused at the N-terminal region of HSA.
AGLP-1-L/HSA was constructed by the insertion of a peptide
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linker between AGLP-1 and HSA (Fig. 1A). The recombinant
fusion proteins were transiently overexpressed in CHO-K1
cells. The fusion proteins were purified using Ni-affinity chro-
matography, and SDS-PAGE showed that the proteins had a
molecular weight of approximately 73 kDa (Fig. 1B). In further
analysis, RP-HPLC and GP-HPLC determined that the purities
of fusion proteins were more than 96 % (data not shown).
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Fig. 1. Schematic diagram and purification of the recombinant al-
bumin fusion proteins. (A) Fusion plasmids were genetically en-
gineered: GLP-1 human serum albumin fusion (GLP-1/HSA),
AGLP-1/HSA, which has an additional Ala at the N-terminal loca-
tion of GLP-1, and AGLP-1-L/HSA in which a peptide linker is
inserted. The plasmids for the fusion protein were transiently
transfected into CHO-K1. (B) The fusion proteins were purified by
Ni-affinity ~chromatography and analyzed wusing 10% (V/V)
SDS-PAGE stained with Coomassie Brilliant Blue-G (CBB-G) under
reducing conditions. M, Broad range protein marker; lane 1,
GLP-1/HSA; Lane 2, AGLP-1/HSA; Lane 3, AGLP-1-L/HSA.

Table 1. N-terminal sequences of GLP-1/HSA and AGLP-1/HSA
with or without DPP-IV

N-terminal sequences

DPP-IV
GLP-1/HSA AGLP-1/HSA

- HAEGT® AHAEG®

+ EGTFT® AHAEG

*HAEGT is the N-terminal sequence of GLP-1/HSA. "AHAEG is the
N-terminal sequence of AGLP-1/HSA with or without DPP-IV. ‘EGTFT
is the N-terminal sequence after cleavage by DPP-IV in GLP-1/HSA.
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Resistance to the enzymatic degradation by DPP-IV

Two amino acids (His-Ala) of the N-terminus in GLP-1 are en-
zymatically cleaved by DPP-IV in vivo and inactivated, leading
to a short half-life (t;» < 2 min). Therefore, the N-terminus of
the fusion proteins was analyzed via N-terminal sequencing
equipment after treatment with DPP-IV in vitro. GLP-1/HSA
was degraded by DPP-IV in the conditions described in the
materials and methods while AGLP-1 albumin fusion protein
was not (Table 1). The analysis of the N-terminal sequence
demonstrated that the addition of an alanine to the N-terminus
in GLP-1 prevents degradation by DPP-IV. Furthermore, the
DPP-IV-resistant AGLP-1/HSA indicated that AGLP-1 albumin
fusion proteins could have a longer half-life than native GLP-1
in vivo.

In vitro activity of the albumin fusion proteins

CcAMP response element binding protein (CREB), a cellular tran-
scription factor, is activated following cAMP/PKA dependent
mechanisms, leading to the activation of insulin receptor sub-
strate-2 (IRS-2). Therefore, the increase of CRE exhibits in vitro
activity for AGLP-1 or AGLP-1 fusion proteins in the
CAMP-mediated pathway. The activities of AGLP-1 fusion pro-
teins analyzed by CRE-SEAP plasmid determined that the pro-
teins stimulate the expression of CRE promoter in a dose-de-
pendent manner, although AGLP-1 fusion proteins were less ef-
fective than AGLP-1 (ECso = 5.881 + 0.729 nM). The activity
of AGLP-1/HSA was similar to that of AGLP-1-L/HSA (ECsp =
783.5 + 18.735 nM) in the cAMP-dependent signaling path-
way (Fig. 2).
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Fig. 2. In vitro activity of the fusion proteins in INS-1 cells. The
CRE-SEAP plasmid is transiently transfected into rat insulinoma
INS-1 cells to compare with AGLP-1, AGLP-1/HSA, and AGLP-1-L/
HSA. After serum deprivation, the cells were treated with the fu-
sion proteins for 14 h at 37°C. The culture media were analyzed
for CRE-SEAP using a chromogenic substrate, p-nitrophenyl phos-
phate (pNPP). Experiments were performed in triplicate and the
data are expressed as the means + standard error (n = 3).

BMB Reports

607



608

Novel AGLP-1 albumin fusion protein as a long-lasting agent for type 2 diabetes
Yong-Mo Kim, et al.

>
w

o5  1h o5 - 12h
= ay
3 S
£ £
E E
O [+ ]
w "]
] S
3 2
) =)
° °
8 S
o o
0 ; : - ; : ‘ 0
60 30 0 30 60 9 120 0
Time (min)
c
D
2000
Ty 1600 - [
° —_
£ £
E E 1200
S o 800
3 >
ed <
3 : 400
8
m
0
0 - . , ; .
0 30 60 20 120
Time (min)

Glucose-lowering effects of albumin fusion proteins

In order to investigate the in vivo activity for the DPP-IV-re-
sistant fusion proteins, IPGTT was performed at 1, 12, 24 h
post intra-peritoneal injection of the fusion proteins (0.1
umol/kg) in C57BL/6N mice. Fig. 3 shows that AGLP-1 albu-
min fusion proteins reduced the glucose levels after admin-
istration of the proteins. AGLP-1 exerted blood glucose-low-
ering effect for up to 12 h. However, both AGLP-1/HSA and
AGLP-1-L/HSA showed blood glucose-lowering effect at 24 h.
In addition, the glucose-lowering potency of AGLP-1-L/HSA
was interestingly more effective compared with that of
AGLP-1/HSA (Fig. 3C, D). The pharmacodynamics study
showed that AGLP-1-L/HSA inserted with linker peptides has a
more sustained effect than AGLP-1/HSA in vivo.

DISCUSSION

GLP-1, a GLP-1R agonist, is known to be an important ther-
apeutic agent for the treatment of type 2 diabetes. Despite the
beneficial effects in incretin-based therapies (16), its small mo-
lecular weight and enzymatic degradation by DPP-IV lead to a
short half-life (t;, < 2 min) in traditional treatments (13, 17).
Therefore, many approaches have been attempted for the phar-
maceutical development of GLP-1R agonists and DPP-IV in-
hibitors (18). GLP-1 agonists should be resistant to DPP-IV,
and should have long-acting capability (17).
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Fig. 3. Blood glucose-lowering effect
of the fusion proteins in Vvivo.
C57BL/6N mice were intraperitoneally
injected with PBS (gray), AGLP-1
(blue),  AGLP-1/HSA  (orange), or
AGLP-1-L/HSA (green) fusion protein.
Blood glucose levels were measured
at (A) 1 h, (B) 12 h, and (O) 24 h af-
ter IPGTT in mice fasted overnight.
(D) Blood glucose levels were ex-
pressed as the area under the curve
(AUC). The values are expressed as
the means + standard error; n = 5
mice/group. *P < 0.05, **P < 0.01,
*¥**¥p < 0.001 compared with
PBS-treated animals.

24hr

In recent studies, few research groups focused on the addi-
tion of an amino acid to the N-terminus of GLP-1R agonists (8,
9) and the fusion to HSA, 1gG, or transferrin (8, 14, 15). In a
previous study, we demonstrated that a modified GLP-1 pep-
tide with additional alanine (AGLP-1) at the N-terminus was re-
sistant to DPP-IV. AGLP-1 fusion protein with IgG-Fc was also
prevented from rapidly degrading by the enzyme, and had bio-
logical activity which stimulated the expression levels of IRS-2
protein in vitro (9). Furthermore, the effect of AGLP-1/1gG-Fc
fusion protein which suppressed the glucose levels was pro-
longed for up to 24 h in vivo (19). Although many approaches
have been attempted to develop GLP-1R agonists showing pro-
longed pharmacokinetic properties, the development of
long-lasting GLP-1R agonists is still needed for the treatment of
type 2 diabetes.

Albumin fusion proteins were developed to show bio-
logically active GLP-1 as a straightforward and economical
method (8). In this study, we genetically constructed and puri-
fied novel albumin fusion proteins, AGLP-1/HSA and
AGLP-1-L/HSA, which have an additional alanine of the N-ter-
minus in GLP-1. AGLP-1 albumin fusion proteins were not
cleaved by DPP-IV in vitro unlike GLP-1 albumin fusion
protein. The resistance to DPP-IV of AGLP-1 albumin fusion
protein is consistent with an earlier report (19).

GLP-1R agonists mediate the cAMP/PKA or PKC/protein kin-
ase B (PKB) signaling pathways in pancreatic —cells (1, 4, 20).
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In addition, GLP-Tagonists activate the GLP-1 receptor and reg-
ulate CREB with a complicated molecular mechanism (1, 5). In
in vitro activity assay, AGLP-1 albumin fusion proteins in-
creased the expression of CRE-SEAP in a cAMP-dependent sig-
naling mechanism. The lower activity of either AGLP-1-HSA or
AGLP-1-L/HSA may come from the blockage of receptor bind-
ing sites of the peptides due to the fusion with HSA. This phe-
nomenon was frequently observed with fusion proteins due to
the steric hindrance of fusion carrier with protein drugs (8, 13).

In spite of the lower in vitro receptor binding activities of
AGLP-1fusion molecules, the in vivo investigation showed that
both AGLP-1/HSA and AGLP-1-L/HSA reduced blood glucose
levels for up to 24 h after intraperitoneal injection in C57BL/
6N mice. AGLP-1-L/HSA administration was significantly more
effective at lowering the blood glucose level than AGLP-1/
HSA. The biological property of AGLP-1-I/HSA was believed
to be influenced by the insertion of linker peptide
(GGGGSGGGGSGGGAS) between AGLP-1 and HSA, which
might have a greater hydrodynamic volume in solution com-
pared to the direct fusion between AGLP-1 and HSA.

In conclusion, we have designed AGLP-1 albumin fusion
proteins. The AGLP-1 fusion protein was resistant to the pro-
teolytic cleavage by DPP-IV in vitro, but GLP-1 fusion protein
was not. AGLP-1 fusion proteins activated CREB in the
cAMP-mediated pathway in vitro. AGLP-1-L/HSA fusion pro-
tein reduced the blood glucose levels in vivo for a substantial
period. These findings suggest that AGLP-1 albumin fusion
protein could be a potential therapeutic agent for T2D. In fur-
ther research, pharmacokinetic study and the safety of
AGLP-1-L/HSA require attention to develop it as a promising
anti-diabetic agent.

MATERIALS AND METHODS

Construction of recombinant GLP-1 and AGLP-1 fusion plasmids
The plasmids encoding human serum albumin in pDNR-LIB
(4724105, Open Biosystems) were purchased. The cDNA se-
quence for albumin was amplified by polymerase chain re-
action (PCR) using forward primer (ACGT GGA TCC GAT
GCA GCT AGC GAT GCA CAC AAG AGT GAQ) and reverse
primer (GGG A CCG CGG TCA GTG GTG GTG GTG GTG
GTG AGC GGC CGC TAA GCC TAA GGC AGCQ). The PCR
product was subcloned into the BamHI and Notl sites of the
pSGHVO vector, resulting in pN003 expression vector. Each of
the genes GLP-1, AGLP-1, and AGLP-1L was amplified by PCR
and subcloned into the Xhol and Nhel sites of the pN003 vec-
tor, resulting in pGLP-1/HSA, pAGLP-1/HSA, and pAGLP-1-L/
HSA.

Expression and purification of fusion proteins

CHO-K1 cells were cultured in DMEM medium with 10% (v/v)
FBS and 1% (v/v) antibiotics at 37°C with 5% CO; air. The fu-
sion plasmids were transiently transfected into CHO-K1 with
polyethyleneimine (PEl). The medium was replaced with se-
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rum-free medium. Recombinant fusion proteins obtained from
culture supernatants were purified by Ni-affinity chroma-
tography. The purified proteins were analyzed using
SDS-PAGE, Reverse phase (RP)-HPLC (Vydac 214TP54, C4, 5
um, 4.6 x 250 mm), and Gel permeation (GP)-HPLC
(TOSOH, TSK-gel G3000swx. 7.8 x 300 mm (5)).

N-terminal sequencing

The fusion proteins (30 ug) were incubated for 4 h at 37°C
with or without 3 pl (0.0234 unit/ul) of human DPP-IV. The
samples were loaded onto a Prosorb® sample preparation car-
tridge according to the manufacturer’s instructions. The car-
tridge was placed in protein sequencing equipment (Applied
Biosystems). The sequences of protein were read based on the
Edman degradation principle using Procise software.

In vitro activity assay

INS-1 cells were grown in RPMI 1640 medium with 10% (v/v)
FBS, 1% (v/v) antibiotics, and 50 uM B-mercaptoethanol at
37°C with 5% CO; air. To investigate in vitro activity, CRE
(c-AMP responsive elements) -SEAP (Secreted alkaline phos-
phatase) plasmid is transiently transfected into rat insulinoma
INS-1 cells with polyethyleneimine. The medium was replaced
with serum-free medium. After 4 h of replacement, the INS-1
cells were treated with 0.001-1,000 nM or 0.01-10,000 nM of
the fusion proteins with 10 nM intervals, and incubated for 14
h. Then, the media were mixed with SEAP assay buffer with 12
mM of a chromogenic substrate, p-nitrophenyl phosphate
(PNPP). The absorbance was measured at O.D. 405 nm on a
Microplate reader.

Intraperitoneal glucose tolerance test (IPGTT)

To perform IPGTT, C57BL/6N mice purchased from
KOATECH were fasted for 10 h, and intraperitoneally injected
with AGLP-1 peptide or purified fusion proteins (0.1 umol/kg).
IPGTT was conducted at 1, 12, and 24 h post injection of the
fusion proteins. Blood samples were obtained from the tail
vein at 0, 15, 30, 60, 90, and 120 min after glucose (1.5 g/kg)
administration and blood glucose levels were measured by a
glucometer (GlucoDr™, Allmedicus).
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