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A B S T R A C T

Exenatide (Ex) is a 39-amino acid peptide of glucagon-like peptide-1 (GLP-1) receptor agonist that was approved
by the FDA in 2005 as a Type II diabetes treatment. It shows a 53% homology with GLP-1 but has an extended
half-life (ca. 2.4 h) relative to GLP-1 (ca. 2–3min). In this study, to further extend its in vivo half-life, we con-
structed a fusion protein (Ex-(EBP)10-6xHis) using a biocompatible and inert elastin-based polypeptide (EBP) as
a fusion partner. Valine was inserted into the guest position of the pentapeptide (VPGXG), no linker sequence
was inserted in between the EBPs, and (EBP)10-6xHis tag was attached to the C-terminus of exenatide. By using a
recombinant Saccharomyces cerevisiae expression system, the fusion protein was expressed and secreted to the
broth and purified by Ni-NTA affinity chromatography. Compared with the native exenatide, the physical half-
life of the fusion protein was ca. 3.7-fold extended while approximately 72% of the in-vitro insulin secreting
activity was maintained. However, the biological half-life measured by a glucose tolerance test (GTT) and the
hypoglycemic test in mice was not significantly different from that of the native form. The effects of EBPylation
on bioactivity and half-life of the fusion protein are similar to those of PEGylation. The result suggests that the
bioactivity and half-life should be carefully balanced to obtain optimal fusion proteins. We expect that
EBPylation using an optimal repeat number of EBP can be an alternative to chemical modification for ther-
apeutic biobetters with extended half-life.

1. Introduction

Exenatide is a synthetic peptide of exendin-4 that is composed of 39
amino acids and has 53% structural homology to the glucagon-like
peptide-1 (GLP-1), a peptide hormone produced in the intestinal epi-
thelial cells stimulating insulin secretion and controlling blood glucose
homeostasis (Eng et al., 1992). Exenatide has a relatively longer half-
life (ca. 2.4 h) than GLP-1 (2–3min) because of its resistance to DPP-IV
(dipeptidyl peptidase-IV) protease which breaks down the N-terminus
of GLP-1 (Mentlein et al., 1993; Parkes et al., 2001). Exenatide binds to
the human GLP-1 receptor and enhances glucose-dependent insulin
secretion, suppresses inappropriate pancreatic release of glucagon,
promotes β-cell proliferation, and helps to slow down gastric emptying
(Bunck et al., 2009). It was approved by the US Food and Drug

Administration in 2005 as Type II diabetes therapeutics. However, ex-
enatide should be injected subcutaneously twice a day for the continued
efficacy, and this inconvenience has driven the development of a long-
acting exenatide with an extended in vivo half-life to reduce the injec-
tion frequency (Zhou et al., 2009; Podust et al., 2016; Zhang et al.,
2014; van Witteloostuijn et al., 2016).

The protein modification approach is frequently used to obtain
‘biobetters’ for improved functionalities and pharmacokinetic proper-
ties. Two types of protein modification have been developed. First, the
chemical modification method chemically attaches a functional domain
or material to a specific site on the protein surface through a bio-
conjugation technique. A good example is PEGylation (Harris and
Chess, 2003). In PEGylation, the PEGylated protein, or a PEGylate, is
generated by a covalent conjugation between a functional group of an
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activated polyethylene glycol (PEG), a generally regarded as safe
(GRAS) substance, and a functional group of specific residues of a
protein. In this case, however, additional efforts are required to change
the gene of a target protein for site-specific PEGylation, such as sub-
stituting a specific amino acid residue with another residue or adding a
specific residue at the terminus. In addition, post-PEGylation purifica-
tion often requires several steps of cumbersome and delicate chroma-
tographies resulting in a low recovery yield (Schellekens et al., 2013;
Lee et al., 2007). Furthermore, activated PEG, which is an artificial
polymer, is rather expensive and it has polydispersed molecular weight
distribution, especially for higher molecular weight species

The second approach is a genetic modification of a target peptide/
protein for a fusion protein with a functional domain attached as a
fusion partner. In this case, since the fusion protein is expressed from
the host cell, it is possible to guarantee the correct amino acid sequence
and thus molecular weight. However, the partner domain itself may
form a tertiary structure or cause a protein-protein interaction with a
specific domain of the target protein, which could damage the physi-
cochemical properties and biological functions of a target protein
(Chuang et al., 2002). For example, human albumin or Fc fragment of
antibodies (e.g., human IgGs) is often used as a fusion partner because
of their neonatal Fc receptor (FcRn)-mediated recycling capability.

In this study, a genetic modification method using biocompatible
and inert elastin-based polypeptides (EBP) as a fusion partner, namely
EBPylation, was developed as a new half-life extension technology to
overcome the disadvantages of the current chemical and genetic mod-
ifications. EBPn (n= repeat number) are natural biopolymers con-
sisting of a repeat sequence of a pentapeptide, VPGXG, where X can be
any naturally occurring amino acid, except proline. Proline is excluded
to render EBP a more unstructured helical conformation without spe-
cific structures. When (EBP)n is genetically attached to a target protein,
it is possible to overcome the disadvantages of a chemical modification
such as higher immunogenicity and lower stability. It has been widely
studied as an interesting bionano material with inert, biocompatible,
and thermo-responding characteristics (Floss et al., 2010).

However, most studies have focused on its temperature-dependent
phase transition, i.e., sol-gel switching capability (Han et al., 2017) and
those on applying EBPylation to half-life extension of a target protein
are relatively scarce. Recently, a US patent was issued for a re-
combinant fusion protein between an elastic polypeptide and GLP-1 as
a therapeutic agent with significantly extended half-life (Chilkoti,
2012). Also, a US biotech company, PhaseBio, Inc., reported a suc-
cessful Phase IIa clinical study result, in which a 636 amino acid
polypeptide comprising GLP-1 genetically fused to 120 ELP repeats
significantly reduced mean glucose levels in humans over a 7 day
period with minimal loss of glycemic control (Binder and Skerra, 2015).

EBPylated proteins are usually expressed in the cytoplasm of re-
combinant E. coli (Floss et al., 2010; Trabbic‐Carlson et al., 2004;
Hassouneh et al., 2012). In this study, however, we employed a re-
combinant Saccharomyces cerevisiae for the expression of EBPylated
exenatide, since it is a generally recognized as a safe (GRAS) micro-
organism with an efficient protein secretory system. Since the protein is
secreted into the broth, we could bypass the complicated cell disruption
and the subsequent clarification processes and purify the fusion protein
(Ex-(EBP)10-6xHis) by a simple affinity chromatography. Functional
characteristics such as vivo half-life and hypoglycemic bioactivity of the
fusion protein were investigated and compared with those of the mono-
PEGylated exenatide.

2. Materials and methods

2.1. Materials

Synthetic exendin-4 (exenatide) was obtained from CS Bio Co.
(Menlo Park, CA, USA)and the gene of the fusion protein, EBPylated
exenatide, i.e., Ex-(EBP)10, was synthesized from Gen Script Inc.

(Piscataway, NJ, USA). The restriction enzyme used for gene cloning
was purchased from Takara Bio Inc. (Kusatsu, Shiga, Japan). DH5α
competent cell (Real biotech Corporation, Taipei, Taiwan) was used as
a strain for gene cloning in E. coli. We used the Y2805 strain of S.
cerevisiae equipped with pYEGα vector for protein expression and MFα
prepro secretion signal peptide gene (Choi et al., 1994).

The N-terminal amino acid sequence of the expressed protein was
analyzed in the EMass Center (Seoul, Korea). Matrix assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry
analysis was commissioned by the Korea Basic Science Research
Institute (Ochang, Chungbuk, Korea). Other reagents were purchased
from Sigma–Aldrich (St. Louis, Missouri, USA) and BD Biosciences
(Franklin Lakes, NJ, USA).

2.2. Construction of recombinant Ex-(EBP)10-6xHis expression plasmid

The exenatide with EBP was constructed inserting valine to the X
amino acid position in the EBP (VPGXG) sequence. Ten repeats of EBP
without a linker sequence, (EBP)10, which has ca. 5 kD molecular
weight, was fused at the C-terminus of the exenatide for Ex-(EBP)10. To
secrete the fusion protein into the medium, a MFα prepro secretion
signal peptide was attached to the N-terminus, and for affinity pur-
ification 6x-His-tag was attached to the C-terminus by polymerase chain
reaction (PCR) (Waters et al., 1988). This gene was cleaved with XbaI/
SalI and ligated into the corresponding restriction sites in the pYEGα to
place them under the control of the GAL 10 promoter and the GAL7
terminator for a galactose inducible expression system, resulting in the
plasmid pYEGα-MFα prepro-Ex-(EBP)10-6xHis. The amino acid se-
quence of the Ex-(EBP)10 is: HGEGTFTSDLSKQMEEEQVRLFIEWLKNG-
GPSSGAPPPSVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG-
VGVPGVGVPGVG.

2.3. Yeast expression of Ex-(EBP)10-6xHis

The plasmid was transformed into the S. cerevisae Y2805 strain
using the LiAc/TE method (Hill et al., 1991), and the cells were plated
on UD agar medium (yeast nitrogen base without amino acids6.7 g/L,
Ura(-) DO supplement 0.77 g/L and glucose 20 g/L at pH 5.8) for the
transformants selection. The selected colony was picked and cultivated
in the UD medium, and then transferred to 500ml of YPDG medium
(yeast extract 10.0 g/L, peptone 20.0 g/L, glucose 10.0 g/L and ga-
lactose 10.0 g/L) in a 2 L shake flask for the recombinant protein ex-
pression at 30 °C for 48 h. The culture was centrifuged at 8000 rpm for
20min to collect the culture broth supernatant, which was used as the
crude source of the fusion protein. Also, the precipitated cells were
resuspended with a PBS buffer and lysed by a micro tube mixer (MT-
360, Tomy Seiko Co., Ltd., Tokyo, Japan) with glass beads (1.0 mm
dia.). The cell lysis solution was centrifuged to obtain the cell-free ex-
tract. The expression of the fusion protein in both the culture broth
supernatant and the cell-free extract was analyzed by SDS-PAGE and
Western blot. The SDS–PAGE analysis was carried out with the sup-
plier’s protocol using Bolt™ 4–12% Bis-Tris Plus and MES SDS running
buffer (Invitrogen, Carlsbad, CA, USA). The separated proteins were
stained with Instant Blue™ (Expedeon, San Diego, CA, USA) or elec-
troblotted to nitrocellulose membrane by Trans-Blot® Turbo™ transfer
pack (Bio-Rad, Hercules, CA, USA) for the Western blot. After blocking
with 5% (v/v) skim milk with 0.05% Tween/PBS (PBST), the mem-
brane was washed three times with PBST for 10min and incubated with
a dilution of monoclonal mouse anti-His-tag antibody for 2 h, followed
by washing. The membrane was incubated with a dilution of alkaline
phosphatase (AP)-conjugated anti-mouse IgG as the secondary antibody
and washed with the same procedure as followed above. The signal was
detected with AP substrate by a colorimetric method.
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2.4. Purification of Ex-(EBP)10-6xHis by Ni–NTA affinity chromatography

The His-tagged fusion protein was purified by Ni–NTA affinity
chromatography according to the manufacturer’s instructions (Vunnum
et al., 1998). Briefly, the Ni–NTA resin slurry was washed with distilled
water and equilibrated with a binding buffer (1x Phosphate Buffered
Saline (PBS), pH 7.4). The culture broth containing the fusion protein
was loaded into the column and the flow-through fraction was col-
lected. The weakly bound proteins were washed from the resin by a
washing buffer (1x PBS at pH 7.4 containing 20mM imidazole). The
bound proteins were eluted with an elution buffer (1x PBS at pH 7.4
containing 250mM imidazole). After purification, imidazole was re-
moved using a dialysis tubular membrane (MWCO 3500 Da). The mo-
lecular weight of the purified Ex-(EBP)10-6xHis was analyzed by
MALDI-TOF to compare it with the theoretical molecular weight and to
confirm that the N-terminus sequence integrity was maintained when it
was secreted after the cleavage of the secretion peptide sequence.

2.5. HPLC analysis

The purified fusion protein was analyzed by a HPLC 1260 system
(Agilent, Santa Clara, CA, USA) equipped with a size exclusion chro-
matography (SEC) column (Bio SEC-5 column, 150 Å, 5 μm; 4.6mm ID)
or a C18 reversed-phase column (Shim-pack GIS-ODS 5 μm;
250×4.6mm ID, Dong-il Shimazu SpeChrom Corp., Seoul, Korea). For
the SEC analysis, ca. 10 μg of the fusion protein was injected and ana-
lyzed for 45min at 0.4 ml/min at 25℃ using 1x PBS (pH 7.4) as the
mobile phase. The eluent was monitored for the UV absorbance at
280 nm. The purity was determined by calculating the area % occupied
by the fusion protein peak. The RP-HPLC (C18) analysis was performed
at 25℃ using a linear gradient of a hydrophilic solvent (buffer A; DW
with 0.1% TFA) and a hydrophobic solvent (buffer B; acetonitrile with
0.1% TFA) at 0.6 ml/min. The elution times of Ex-(EBP)10-6xHis and
exenatide were compared to find any change in the hydrophobicity
after EBPylation (Olsen, 2001).

2.6. cAMP assay for in vitro bioactivity analysis

To measure the bioactivity of the expressed fusion protein, we used
a cAMP Hunter Exendin-4 Bioassay Kit from Discovery, Inc. (Fremont,
CA, USA) using the engineered Chinese hamster ovary (CHO) cells with
GLP-1 receptors expressed on their surfaces. When exenatide, a GLP-1
receptor agonist, binds to the GLP-1 receptor, the receptor modulates
cAMP production by stimulating adenylate cyclase that is involved in a
series of secondary messenger cascades. The receptor binding is mon-
itored by measuring the cellular cAMP levels by competitive im-
munoassay based on Enzyme Fragment Complementation (EFC) tech-
nology. The bioactivity was calculated from the GLP-1 receptor binding
level. The cAMP assay we used involves the measurement of both receptor
binding to the GLP-1 receptor and the subsequent intracellular signal
transduction to produce cAMP. Thus, for the efficacy evaluation, cAMP
assay is more comprehensive than SPR assay. The half maximal effective
concentration (EC50) of the fusion protein was compared with that of
native exenatide.

2.7. Physical half-life analysis by in vivo imaging system (IVIS)

All the mouse experiments were performed at the Center for
Laboratory Animal Science at Hanyang University after the IRB ap-
proval complying with the Principles of Laboratory Animal Care of
Hanyang University (No. 2017-0146). In-vivo imaging is a direct and valid
method widely employed to measure the bioavailability and biodistribution
of a modified protein, including PEGylated proteins, by quantifying the re-
sidual fluorescence intensity (Lee et al., 2014; Kim et al., 2011). The
native exenatide and the purified Ex-(EBP)10-6xHis were incubated
with Flamma® 675 vinylsulfone (Ex/Em: 675/691 nm) fluorescent dye

from Bioacts, Inc. (Incheon, Korea) in 50mM borate buffer (molar ratio
protein: dye=1:5) for 24 h at 35℃. After the labeling reaction, the
fluorescent dye-labeled protein and unreacted fluorescent dye were
separated using a gel filtration column (PD MiniTrap G-25, GE
Healthcare, Uppsala, Sweden). The labeled protein concentration and
protein labeling ratio (dye/protein) were calculated with Eqs. (1) and
(2) by measuring the absorbance of the labeled protein at 280 nm and
675 nm with a UV spectrometer.

=

−A A CF
ε

Concentration of labeled protein (M) [ ( * )]
exenatide

280 675 280

(1)

Here, A280 and A675 are the absorbance of the labeled-protein at 280 nm
and 675 nm, respectively. CF280 (correction factor for Flamma® 675 vi-
nylsulfone), the absorbance of the fluorescent dye at 280 nm, is 0.09
and εexenatide, the molar absorption coefficient for exenatide is
5500 cm−1M−1. The protein labeling ratio is given by:

=

A
ε concentration of labeled protein M

protein labeling ratio (dye/protein)

* ( )dye

675

(2)

Here, εdye, the molar absorption coefficient for dye, is 220,000 cm−1M-1.
The labeled proteins were diluted in 1x PBS to allow the injection of

20 μg of exenatide (final volume =100 μl) into each mouse. The ex-
enatide solution was administered subcutaneously to 5-week-old male
BALB/c nude mice (8 mice, Orient Bio Inc., Seongnam, Korea) under
anesthesia induced with 5% isoflurane. The fluorescence images of the
mice were measured at 0, 1, 2, 4, 8, 12, 24, 48, 72, 96, and 147 h after
injection using in vivo imaging system (IVIS® Luminar XR, Caliper Life
Sciences, MA, USA) (Lee et al., 2014; Brom et al., 2012). In this ex-
periment, the term 'physical half-life' was used to indicate how long
fluorescence labeled drug substances stay in the body. The ‘physical’
half-life of the protein was measured by the fluorescence label intensity
observed near the injection site and calculated by assuming the first-
order kinetics of the fluorescence intensity elimination without con-
sidering the glucose-lowering bioactivity of the drug substances.

2.8. Intraperitoneal glucose tolerance test (IPGTT) and hypoglycemic test in
vivo

To compare the in vivo biological potency and the biological half-life
of the native exenatide and Ex-(EBP)10-6xHis, IPGTT and hypoglycemic
test were carried out in BKS.Cg-Dock7m+/+Leprdb/J mice (male, 5
week, Orient Bio Inc.) after 1-week adaptation to their environment
before the experiment (IRB No. 2017-0233) (Han et al., 2014; Perez
et al., 2013). Here, ‘biological’ half-life is determined by how long the
glucose-lowering bioactivity of the drug substance is maintained in vivo.
For the IPGTT, the drug substances were first injected subcutaneously
(25 nmol/kg body weight) to the overnight-fasted mice, and at 1 h after
the injection of the drug substance glucose solution (2 g/kg body
weight) was administered intraperitoneally. Blood samples were drawn
from the tail vein at 0, 20, 40min, 1, 1.5, 2, 2.5, 3, and 4 h after the
glucose administration to measure the blood glucose levels by using a
blood glucose meter (SD CodeFree™, SD Biosensor Inc., Suwon, Korea).
For the hypoglycemic test, the mice were allowed free access to food
and water during the experiment and the drug substances were injected
subcutaneously (25 nmol/kg body weight). Blood samples were drawn
from the tail at 0, 20, 40min, 1, 1.5, 2, 2.5, 3, 4, 8, and 12 h after the
drug substance administration for blood glucose measurements. All the
data were statistically analyzed by using Origin Pro® from Origin Lab
Corporation©.
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3. Results and discussion

3.1. Expression of Ex-(EBP)10-6xHis

A recombinant S. cerevisiae strain containing the expression vector
was cultivated in a galactose-containing medium (YPDG) for induced
expression of the target gene. Fig. 1(A) and (B) shows the SDS-PAGE
and Western blot results for the expression of the Ex-(EBP)10-6xHis
fusion protein in S. cerevisiae. A prominent band corresponding to ap-
proximately 10 kD (see lane 4, Fig. 1(A)) and a single major band (see
lane 4, Fig. 1(B)), both in the culture broth supernatant of the trans-
formed cells, were observed. Considering that no band was detected in
both the cell-free extract and the culture broth supernatant of the non-
transformed cells, we could conclude Ex-(EBP)10-6xHis was successfully
expressed in S. cerevisiae and secreted into the culture broth. It is

interesting to note that the fusion proteins were also present inside the
cells as evidenced by lane 3 in both SDS-PAGE and Western blot.
However, in the case of yeast, the cell lysis process is complicated be-
cause of the thick cell wall, and too many endogenous proteins are
present in the cell that makes it very difficult to purify the target protein
after cell lysis. So, we decided to focus on purifying only the Ex-(EBP)10-
6xHis secreted to the broth.

Initially, we attempted an E. coli expression system to obtain Ex-
(EBP)10-6xHis fusion protein, but the expression level of the re-
combinant protein was extremely low under various induction condi-
tions tested (data not shown). Fusion of the solubility-enhancing tags
such as MBP (maltose binding protein), GST (glutathione S-transferase),
or Trx (thioredoxin) resulted in a significantly improved expression
level (data not shown) but the removal of the fusion tags required an
additional costly process (Kapust and Waugh, 1999; Gopal and Kumar,

Fig. 1. Expression and purification of Ex-(EBP)10-6xHis in S. cerevisiae Y2805.
Expression of Ex-(EBP)10-6xHis analyzed by: (A) SDS-PAGE and (B) Western blot. Lane 1: Cell-free extract of non-transformed Y2805 (wild type); Lane 2: Culture
broth supernatant of non-transformed Y2805; Lane 3: Cell-free extract of transformed Y2805 (Ex-(EBP)10-6xHis); Lane 4: Culture broth supernatant of transformed
Y2805 (Ex-(EBP)10-6xHis).
(C) Purification of Ex-(EBP)10-6xHis analyzed by SDS-PAGE. Lane 1: Culture broth (crude protein); Lane 2: Flow-through fraction from the Ni-NTA affinity column;
Lane 3: Wash-out fraction from the column with 20mM imidazole; Lane 4: Target protein (ca. 10 kD) eluted from the column with 250mM imidazole. The position of
the target protein is indicated by an arrow. (D) Molecular weight of the purified Ex-(EBP)10-6xHis analyzed by MALDI-TOF. The observed MW of the purified Ex-
(EBP)10-6xHis (9,921.9 Da) was in agreement with the theoretical MW (9,802.2 Da).
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2013; Marblestone et al., 2006). Intracellular expression also required
the cell disruption to isolate the expressed protein. We also attempted a
Pichia pastoris expression system to secrete the Ex-(EBP)10-6xHis fusion
protein, but it was not expressed at all (Jung, 2018). Therefore, we
switched to the S. cerevisiae expression system for secretory expression.

To the best of our knowledge, it is the first report that the galactose-
induced S. cerevisiae system was employed to express the EBPylated
exenatide.

3.2. Purification of Ex-(EBP)10-6xHis by Ni–NTA affinity chromatography

Fig. 1(C) shows the SDS-PAGE result for the Ex-(EBP)10-6xHis from
culture broth supernatant purified by the Ni–NTA affinity chromato-
graphy. It confirmed that the fusion protein was neatly purified by the
elution buffer (1x PBS buffer containing 250mM imidazole). Although
impurity bands with a molecular weight of 30 kD or more were ob-
served, their concentrations were considerably lower than that of Ex-
(EBP)10-6xHis. After purification, imidazole was removed by dialysis
and the concentration of the dialyzed protein was 0.06mg/ml, which
means that the S. cerevisiae expression system can produce ca. 18mg of
the purified protein from 1 L culture broth. It was reported that when
exenatide was expressed and secreted in Pichia pastoris, ca. 150mg
exenatide was obtained from 1 L culture broth (Zhou et al., 2009). For
exenatide fused with human serum albumin (HSA), with a total mole-
cular weight of about 70 kD, ca. 73mg fusion protein was produced
from 1 L (Huang et al., 2008). Considering the MW difference between
the 70 kD Ex-HSA and 10 kD Ex-(EBP)10-6xHis, the yield from the S.
cerevisiae system is at least comparable. Also, compared with ca.
30–50mg/L yield for the GLP-1 fused with a 50 kD ELP chain from E. coli
expression, our yield (18 mg/L) was not lower on a molar basis. Considering
the MW difference between the ca. 53 kD (theirs) and ca. 10 kD (ours), it is
0.6–1.0 mmol (theirs) vs. 1.8 mmol (ours). Furthermore, expression titer
and purification yield are expected to improve after scale-up due to more
precise process automation and control.

Most of the EBPylation studies have focused on the changes of the phase
transition property as a function of amino acid composition and repeat
number of ELP. Also, ELPylated proteins have been purified using phase
transition upon temperature change at a lab scale, where temperature
changes are sharp and rapid; however, at a larger scale temperature changes
can be slow, gradual, and not uniform inside a vessel. Another potential
problem is the reversible nature of the phase transition: in large-scale cen-
trifugation, it is difficult to maintain the uniform temperature from inlet to
outlet from a centrifuge. That may be why in an industrial production of
ELPylated GLP-1, temperature-dependent phase transition was not employed
as a purification tool; instead, 3–4 chromatographic steps were used
(Christiansen et al., 2013). For a POC study with scale-up in our mind, we
decided not to utilize the thermo-responsive property of the EBP for pur-
ification; instead, attached a poly-His tag at the C-terminus for affinity
chromatography.

3.3. MALDI-TOF mass spectrometry and N-terminus sequencing

Fig. 1(D) shows the MALDI-TOF mass spectrum showing the exact
molecular weight of the purified Ex-(EBP)10-6xHis. The molecular
weight of the fusion protein was 9,921.9 Da, which is nearly the same as
the theoretical molecular weight from its amino acid sequence
(9,802.2 Da). The difference of 119.7 Da between the theoretical and
the analytical value seems to be caused by insufficient desalting during
the buffer exchange. When the fusion protein was secreted outside the
cell, the MFα prepro secretion signal peptide is cleaved (Sohn et al.,
1991; Kang et al., 1998). N-terminus sequencing analysis result con-
firmed that the N-terminus sequence of the secreted fusion protein was
fully maintained without any loss (data not shown).

3.4. SEC and C18 RP-HPLC analysis

Fig. 2(A) shows the SEC chromatogram for the purified fusion
protein as a single peak eluted at 10.2 min. However, a small shoulder
peak was observed at ca. 8.5 min, which appears to be an impurity.
These two peaks could hardly be separated due to the resolution limit of
the column; however, the impurity peak accounted for only 4.6% of the

Fig. 2. SEC and RP-HPLC characterization of the purified Ex-(EBP)10-6xHis.
(A) The purity of Ex-(EBP)10-6xHis was analyzed by SEC column (Bio SEC-5
Column 150 Å, 5 μm; 4.6 mm ID., Agilent, Santa Clara, CA, USA). About 10 μg
of the fusion protein was injected and analyzed for 45min at 0.4ml/min using
1x PBS (pH 7.4) as the mobile phase (UV wavelength: 280 nm). When the two
peaks were separated from each other at the boundary of 8.6 min in the pro-
gram, the impurity peak area occupied 4.6% of the total peak area. Therefore,
Ex-(EBP)10-6xHis, which corresponds to the main peak, is estimated to occupy
more than 95.4% of the area and thus show a purity of higher than 95%. (B)
The hydrophilicity of protein was characterized using C18 column (Shim-pack
GIS-ODS 5 μm; 250×4.6mm ID., Dong-il Shimazu SpeChrom Corp., Seoul,
Korea). The protein eluted by using a linear gradient of hydrophilic buffer (DW
with 0.1% TFA) and hydrophobic buffer (acetonitrile with 0.1% TFA).
Retention times of native exenatide (straight line) and Ex-(EBP)10-6xHis (dash
line) were 26.9 min and 26.1min, respectively. Fusion with (EBP)10 makes
exenatide more hydrophilic than before.
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total peak area and, therefore, the purity was deemed higher than 95%.
Fig. 2(B) shows the RP-HPLC chromatogram for the native exenatide
(26.9 min retention time) and Ex-(EBP)10-6xHis (26.1 min retention
time, respectively, suggesting the hydrophilicity of Ex-(EBP)10-6xHis
had increased after the EBPylation. It is interesting to see the EBPylate
peak was eluted earlier than the unmodified one in RP-HPLC. It is something
the theoretical prediction such as Gravy index on hydrophobicity did not
match the experimental observation. It was also reported that aqueous so-
lubility of GLP-1 was improved up to 50 mg/ml after ELP120 fusion, al-
though the Gravy index was increased (Christiansen et al., 2013). When
PEG is attached to a peptide/protein, the conjugate’s water solubility is
improved because of the increased hydrophilicity, which in turn results
in reduced aggregation and higher stability in long term storage (Knop
et al., 2010). Based on this, we expect that the stability of Ex-(EBP)10-
6xHis be improved through increased hydrophilicity by attaching
(EBP)10 to the native exenatide.

3.5. cAMP assay (in vitro bioactivity analysis)

The insulin secretion activity of the native exenatide and Ex-
(EBP)10-6xHis was analyzed by cAMP assay (Zhang and Xie, 2012;
Thomsen et al., 2005). Fig. 3 shows the result. The calculated EC50 of
the native exenatide was 1.09 nM (R2= 0.969) and that of Ex-(EBP)10-
6xHis was 4.72 nM (R2= 0.992), which indicates that the fusion pro-
tein maintained approximately 72% of the bioactivity of the native
form. The presence of an inert fusion partner domain is known to de-
crease the bioactivity of an active peptide/protein. For example, it was
reported that, for mono-PEGylated interferon-α2a conjugated with
various molecular weight PEGs, the interferon bioactivity decreased to
70.6, 55.3, and 21.3% of the native interferon for 5, 10, and 20 kD
conjugated PEG, respectively (Lee et al., 2007). It may be far-fetched to
compare the result directly; however, this result seems to indicate that
the bioactivity may not be seriously deteriorated by the fused EBPs.

3.6. Physical Half-Life analysis by in vivo imaging system (IVIS)

The native exenatide and Ex-(EBP)10-6xHis were labeled with
Flamma® 675 vinylsulfone and subcutaneously injected into mice. The
fluorescence intensity in the vicinity of the injection site was monitored

over time using the IVIS Living® (IVIS Imaging Program). Fig. 4 shows
that the native exenatide rapidly distributed to the kidney, whereas Ex-
(EBP)10-6xHis maintained a relatively high fluorescence intensity near
the injection site. It is well known that EBPylation renders a thermo-
responsive phase transition property to a protein, i.e., sol-like at a lower
temperature and gel-like at a higher temperature. Thus, while the native
exenatide could be distributed more readily to the kidney upon injection, a
part of the EBPylated exenatide prepared at room temperature could change
into a gel-like depot and be localized close to the injection site (McDaniel
et al., 2010). Fig. 5 shows the time-course changes in the fluorescence
intensity near the injection site, after normalizing the intensity between
the maximum value (100%) and the minimum value (0%). The in-
tensity peaked at about 1 h after the injection, not immediately after the
injection. This phenomenon was probably due to the hidden fluores-
cence that was not initially detected (Xie et al., 2017; Zhang et al.,
2016).

In this experiment, the pharmacokinetics in the mouse body was
easily evaluated by visualization but it was rather difficult to accurately
determine the half-life due to the limitations of fluorescence detection
from only the apparent tomography. Table 1 shows the change in the
calculated fluorescence intensity at the injection site over time and the
half-life (t1/2) determined by applying the first-order elimination ki-
netics in Eq. (3) and the half-life formula in Eq. (4).

=
−y t Ae( ) kt (3)

=t ln
k

2
1/2 (4)

Here, A is the initial concentration of the drug substance, k is the
elimination rate constant, and t1/2 is the half-life. When calculated,
physical half-life of the native exenatide was 2.1 h (R2=0.968) and
that of the Ex-(EBP)10-6xHis was 7.7 h (R2=0.900); about a 3.7-fold
longer half-life than the native exenatide. In another study, we found
that when 5 kD PEG was conjugated to the same exenatide, its half-life
was 2.2 h (R2= 0.966), about the same as that of the native exenatide
(Nguyen et al., 2019). This result suggests that attaching (EBP)10 in-
stead of the PEG of the similar molecular weight (5 kD) might extend
the physical half-life of the exenatide more effectively.

3.7. Intraperitoneal glucose tolerance test (IPGTT) and hypoglycemic test

Fig. 6 shows the time-course changes in the blood glucose level in
the diabetic mice injected with native exenatide and Ex-(EBP)10-6xHis
(Kim et al., 2011; Qi et al., 2017). Fig. 6(A) shows the IPGTT result;
both native exenatide and Ex-(EBP)10-6xHis showed a stronger glucose
tolerance than the PBS (control) group. Biochemical analyte measure-
ments of in-vivo samples from animal experiments may have larger error
ranges than those from in-vitro lab experiments, so area under curve (AUC)
analysis is frequently performed to assess a general trend during the test
period. In our experiment, although the 4-h sample of PBS showed a lower
glucose concentration than that of Ex-(EBP)10-6xHis, the AUC of the Ex-
(EBP)10-6xHis showed almost a half of that of PBS. The AUC of each
curve would indicate the efficacy of the glucose-lowering bioactivity.
For relative comparison, setting the AUC of the PBS control as 100%,
native exenatide and Ex-(EBP)10-6xHis showed 54.8% and 51.6%, re-
spectively. Considering the mono-PEGylated exenatide (5 kD) showed
48.4% of AUC compared with the native exenatide in another study
(Nguyen et al., 2019), we could conclude that both the EBPylated and
PEGylated exenatide with the similar molecular weights demonstrated
the similar glucose-lowering bioactivity in-vivo.

The hypoglycemic test was performed to measure the biological
half-life that reflects the glucose lowering efficacy in vivo. In the hy-
poglycemic test, the blood glucose level initially decreased after a drug
substance injection and then rebounded to the normal level. Fig. 6(B)
shows the blood glucose level changes for the native exenatide and Ex-
(EBP)10-6xHis and the time required to reach the mean glucose level for

Fig. 3. Comparison of insulin secreting bioactivity by cAMP assay.
The cAMP assay (cAMP Hunter™ Exendin-4 Bioassay Kit, Discovery, Fremont,
CA, USA) was used to measure cAMP concentration in CHO cell by GLP-1 re-
ceptor activation. The cAMP concentration is proportional to insulin secretion.
Results are plotted as a mean ± SEM (n=3) and fitted to a 4-parameter
equation. The calculated EC50 of the native exenatide (□) was 1.09 nM
(R2=0.969) and the Ex-(EBP)10-6xHis (○) was 4.72 nM (R2=0.992), ca. 72%
of the native form.
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the PBS treatment (ca. 500mg/dL). The AUC of Ex-(EBP)10-6xHis ap-
pears larger than that of the native exenatide; however, the time to
return back to the control level was similar. Biological half-life is a
combined result of physical bioavailability (or stability) and in-vivo bioac-
tivity. It means that, although physical half-life is increased by EBPylation,
biological half-life could remain similar to that of a native protein due to the
reduced in-vivo efficacy. Considering the time to return back to the
control level is proportional to the biological half-life, we can say that
Ex-(EBP)10-6xHis showed the similar biological half-life of ca. 8 h to the
native exenatide, despite the 3.7-fold longer physical half-life. It is
probably due to the reduced bioactivity; in other words, the extended
physical half-life was offset by the reduced bioactivity (72% of the
native form). However, mono-PEGylated (5 kD) exenatide that showed

a similar biological half-life to that of the native exenatide maintained a
much improved hypoglycemic bioactivity (Nguyen et al., 2019).

For a biobetter aimed at extending in-vivo half-life, we need to
consider a balance between the extended half-life and reduced bioac-
tivity (Zhai et al., 2009). Very few data are available on the relationship
between EBPylation chain length and bioactivity. In another study of our
group, when the repeat number of EBP was 60, an exenatide analog’s
bioactivity was decreased to an approximately 50% level. When it was 120,
the bioactivity dropped further to about 1/5 (Christiansen et al., 2013;
Strohl, 2015). It clearly indicates that as the EBP chain length increases the
active domain’s bioactivity decreases, just as in PEGylation. The half-life
will be further extended by using a higher repeat number of (EBP)n as a
fusion domain; however, to maintain a required level of bioactivity it is
necessary to find the optimal EBP repeat number. Future work will
attempt to optimize the repeat number and parameterize the resulting
bioactivity using the methodologies followed in this paper.

4. Conclusion

In this study, we have successfully produced a recombinant fusion
protein, Ex-(EBP)10-6xHis, from the galactose-induced S. cerevisiae ex-
pression system. The EBP domain contained 10 repeats of the penta-
peptide with no linker sequence in between, a total of 50 amino acids.
The fusion protein was expressed without promotor induction and se-
creted extracellularly. The protein was purified by Ni-NTA affinity
chromatography to higher than 95% purity with an overall yield of ca.
18mg per liter of the culture broth supernatant. This fusion protein
showed an approximately 3.7-fold longer physical half-life in vivo while
maintaining ca. 72% in-vitro bioactivity of the native exenatide. Mouse
experiments revealed its biological half-life was similar to that of the
native exenatide probably because the extended physical half-life was
offset by the reduced bioactivity. While the effects of EBPylation on the
fusion protein’s bioactivity and half-life are similar to those of
PEGylation, further study would focus on optimizing the EBP repeat
number to maintain the required level of bioactivity. In summary,
EBPylation can be an alternative half-life extension technology to
PEGylation for improving patient convenience by reducing the injection
frequency.

Fig. 4. Time-course monitoring of Flamma® 675 Vinylsulfone-tagged native exenatide and Ex-(EBP)10-6xHis near the injection site of BALB/c nude mice after s.c.
administration.
The Ex-(EBP)10-6xHis maintained relatively high fluorescence intensity at the injection site; however the native exenatide reached to the kidney from the injection
site faster due to rapid circulation over time.

Fig. 5. Comparison of time-course profiles of fluorescence remained (%) of
native exenatide and Ex-(EBP)10-6xHis near the injection site of BALB/c nude
mice.
The fluorescence intensity at the injection site of BALB/c nude mice was cal-
culated and plotted with time, after setting the maximum value to 100% and
the minimum value to 0%. The calculated physical half-life of the native ex-
enatide (□) was 2.1 h (R2=0.968) and the Ex-(EBP)10-6xHis (○) was 7.7 h
(R2=0.900). Ex-(EBP)10-6xHis showed about 3.7-fold higher half-life than the
native exenatide.

Table 1
Time-course profiles of fluorescence remained (%) and calculated physical half-life (h) of native exenatide and Ex-(EBP)10-6xHis near the injection site of BALB/c
nude mice.

Sample Fluorescence Remained (%) Physical Half-life (h)

0 h 1 h 2 h 4 h 8 h 12 h 24 h 48 h 72 h 96 h 147 h

Native exenatide 72 100 59 34 17 10 10 5 5 3 0 2.1
Ex-(EBP)10-6xHis 44 100 76 78 49 38 23 10 14 14 0 7.7
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