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Peptides are considered as viable therapeutic agents because
of their superior specificity compared to small molecules and
their smaller size relative to antibodies.[1–4] However, the
discovery of peptide drugs has been hampered by their short
half-life and limited bioavailability.[5] Many approaches have
been explored to improve their pharmacokinetics including
structural modifications, coadministration of competitive
inhibitors, and various delivery systems.[6, 7] Of these strat-
egies, coupling a bioactive peptide to a plasma protein, or a
protein domain that can associate with a plasma protein,
shows promise for extending the peptide half-life.[8–14] Human
serum albumin (HSA) is an endogenous molecule transporter
with a half-life of 19 days,[15] and thereby HSA has unique
advantages over other plasma proteins as a drug carrier for
improving the half-life of therapeutic peptides.[9] However,
coupling to HSA often reduces peptide bioactivity in the
fusion form. To regain peptide activity, the coupled peptide
should be liberated from its fusion form without modification.

Our intention is to design a small albumin-binding
polypeptide that can associate with HSA and liberate the
bioactive peptide. To achieve this goal, an albumin-binding
polypeptide containing three function domains, an albumin-
binding domain (ABD), a bioactive peptide (PEP), and a
protease-cleavable linker (LK), was designed (Scheme 1a).
In vivo, the polypeptide can associate with HSA so that its
circulation life can be enhanced (Scheme 1b, step 1). When
the polypeptide dissociates from HSA, it is scissile to protease
hydrolysis and consequentially releases the coupled peptide
(Scheme 1b, step 2). We aim to utilize either human thrombin
(TBN) or Factor Xa (FXa) as scissors because they are highly

specific and regulated.[16–18] It is unlikely that the designed
polypeptides will interfere with the physiological functions of
the proteases. More importantly, the basal concentrations of
these proteases in diabetes patients are at a stable level.[19–21]

TBN is specific for the amino acid sequence Phe(F)-Asn(N)-
Pro(P)-Arg(R)-Xxx(X)-Zzz(Z), where X and Z are small
amino acid residues such as Gly (G) and Ser (S), respec-
tively.[22] FXa is specific for the Ile(I)-Glu(E)-Gly(G)-
Arg(R)-Yyy(Y) sequence, where Y can be any amino acid
residue. If these sequences are used as the LK in albumin-
binding polypeptides, FXa will mediate the release of the
unmodified peptides because the N terminus of the peptide
target can be integrated into the LK sequence. But TBN-
mediated hydrolysis will generate an intermediate with an X-
Z dipeptide attached to the N terminus of the peptide target.

To examine a proof of concept that TBN or FXa can
control the release of a coupled peptide by modifying the LK
sequence, this work primarily focuses on the selection of
amino acid residues at positions P1’ and P2’ for fast cleavage
(Scheme 1a). We also consider employing DPP4, a plasma
dipeptidase, to remove X-Z dipeptide from the intermediate
generated by TBN (Scheme 1b, step 3). DPP4 is specific for

Scheme 1. Plasma protease-based strategy for controlled release of
therapeutic peptides. a) An albumin-binding polypeptide contains
three functional domains. The specificity of proteases is presented by
their substrate sequence, and their cleavage sites are marked by
arrows. Note that human thrombin (TBN) (or human Factor Xa (FXa))
and plasma dipeptidase DPP4 hydrolyze the LK sequence sequentially.
b) The half-life of ABD-LK-PEP in the bloodstream can be elongated
through association with HSA (step 1). Stepwise release of bioactive
peptide from dissociated fusion polypeptide is achieved through
cleavage of the LK sequence by either TBN or FXa (step 2). Dipepti-
dase DPP4 can be employed (step 3) following TBN-mediated hydrol-
ysis. Kd = dissociation constant.
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N-terminal dipeptide with Pro (P) or Ala (A) at position P2’.
Taken together, a consensus of the LK sequence, that is,
A1A2A3R-GA/P/S (where A1A2A3 is F-N-P or I-E-G), should
be a suitable linker for the fast release of the unmodified
peptide from an albumin-binding polypeptide. Therefore,
finding high-affinity ABDs and tuning the proteolysis rate of
LK sequences by TBN, FXa, and DPP4 are key issues to make
this strategy effective for the controlled release of bioactive
peptides.

We used glucagon-like peptide-1 (GLP-1, a potential
therapeutic peptide for Type 2 diabetes) and its clinically
approved analogue (exendin-4, or Ex-4) as models to
demonstrate that plasma proteases can function as scissors
for the sustained release of the unmodified therapeutic
peptides from albumin-binding polypeptides. The clinical
application of GLP-1 and Ex-4 is limited by their short half-
lives (2 and 40 min, respectively).[23–25] The improvement of
their stability through structural modification has not yet
been successful. Coupling of GLP-1 to HSA largely affects its
ability to cross the blood–brain barrier and its biological
activity.[8, 26]

There are few ABDs available that either exist naturally
or are selected from peptide libraries.[9,11, 14] These ABDs
either have large molecular sizes or contain cysteine resi-
due(s), which could complicate their medical application.
Thus, we aimed to select small cysteine-free ABDs by using
phage libraries (Supporting Information, Figure S1). As a
result, nine 12-mer ABD peptides were identified to exhibit
high affinity for HSA (Figure 1 a). Four of these ABDs
contained a motif of CLPXWGCLW (where X is K, R, or
Q).[9] Nevertheless, a few cysteine-free sequences were also
found to exhibit high affinity to HSA (Figure 1 a).

We selected two cysteine-free ABDs (ABD#6 and
ABD#8) and one cysteine-containing ABD (ABD#3),
which have higher binding affinity to HSA, to construct
albumin-binding polypeptides for GLP-1 (Figure 1b). As a
result, 12 polypeptides were constructed with linker sequen-
ces relevant to either FXa or TBN in combination with DPP4,
and defined as GA31, GP32, GS33, GA61, GP62, GS63,
GA81, GP82, GS83, IE3, IE6, and IE8 (Figure 1c). These 12
albumin-binding GLP-1 polypeptides were prepared by using
a recombinant peptide expression system (Supporting Infor-
mation, Figures S2 and S3). It was found that these polypep-
tides exhibit binding affinities for HSA similar to those of
their cognate ABDs alone, as measured by surface plasmon
resonance (Supporting Information, Figure S4).

Either TBN or FXa can function in vitro as scissors to
release GLP-1 from albumin-binding GLP-1 polypeptides. To
simulate the bloodstream environment in this study, the assay
was conducted in phosphate-buffered saline containing poly-
peptide (60 mm), TBN (0.45 UmL�1) or FXa (0.4 UmL�1),
and/or DPP4 (0.08 ngmL�1). The reaction process was
monitored by analytical HPLC, ELISA, and mass spectrom-
etry for evaluation of polypeptide stability. Figure 2a com-
pares the half-lives of the polypeptides against TBN or FXa.
In the absence of HSA, polypeptides with the FNPR-GA/P
linker (e.g., GA61 and GP62) exhibited more resistance to
TBN than those with the FNPR-GS linker (e.g., GS63).
Among the polypeptides containing cysteine-free ABDs,

Figure 1. Construction of albumin-binding GLP-1 polypeptides. a) A
pool of 12-mer ABD sequences with high affinity to HSA was selected
by biopanning a phage library. b) The amino acid sequence of GLP-1 is
annotated with its glucagon precursor sequence number. c) Three
selected ABDs (ABP#3, ABP#6, and ABP#8) were used to construct
albumin-binding GLP-1 polypeptides. For polypeptides with the FXa
substrate sequence (IE3, IE6, and IE8), the amino acids in positions
P1’ and P2’ can be default.

Figure 2. Comparison of in vitro stability and biological activity of
albumin-binding GLP-1 polypeptides. a) The half-life values of the
polypeptides were compared in the absence or presence of 600 mm

HSA. b) Biological activities were compared for those polypeptides
with half-lives longer than 8 h. IC50 and EC50 denote the concentration
at 50% inhibitory effect and the concentration at 50 % efficiency for
cAMP production, respectively.
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GP62 polypeptide exhibited the longest half-life. The pres-
ence of HSA in the assay solution significantly increased the
resistance to TBN cleavage for all polypeptides. For instance,
the half-life of GP62 polypeptide increased twofold when the
reaction mixture contained 600 mm HSA, which was equiv-
alent to the concentration in the human bloodstream.[15]

Similar results were also obtained for FXa-mediated hydrol-
ysis of polypeptides containing FXa-cleavable linker, that is,
IE3, IE6, and IE8 (Figure 2a). Furthermore, the half-lives for
the polypeptides containing TBN-cleavable linkers were
examined against both TBN and DPP4 (Supporting Informa-
tion, Table S1). As expected, the presence of DPP4 did not
significantly affect the half-lives of the polypeptides, regard-
less of whether or not the reaction solution contained HSA.

In vitro, through TBN/DPP4-meditated hydrolysis, each
polypeptide containing a TBN-cleavable linker generated
three forms of GLP-1-related peptide products, namely, GA/
P/S-GLP-1, GLP-1, and GLP-1(9-37). Using a monoclonal
antibody specific for intact GLP-1, we were able to detect
transient intact GLP-1 peptides in TBN/DPP4-catalyzed
hydrolysis. In the presence of HSA in the reaction solution,
the released GLP-1 from the polypeptides with FNPR-GA/P
linkers reached the maximum level in 4.8 h (Supporting
Information, Figure S5). Afterwards, the GLP-1 concentra-
tion started to attenuate, but was still maintained at a
relatively high level for over 20 h.

The transient existence of intact GLP-1 peptide in these
TBN/DPP4-catalyzed reactions was further confirmed by
mass spectrometry (Supporting Information, Figure S5). It
was presumed that transient GLP-1 would be destroyed
promptly by DPP4. However, our data suggested that DPP4
had significant differential sensitivity to the three N-terminal
dipeptides in the GA/P/S-GLP-1 products. We found that
DPP4 could recognize GS dipeptide but the turnover was
much slower than for the others. Mass spectrometric assays
indicated that accumulated intermediate products were
mainly GS-GLP-1. The cleavage rate for the three N-terminal
dipeptides by DPP4 was in the order GP>GA>GS. It is
likely that these differences play an important role in
determining the lifetime of transient GLP-1.

In FXa-catalyzed hydrolysis in the presence of DPP4, only
two GLP-1-related peptide products, GLP-1 and GLP-1(9-
37), were generated because DPP4 removed the N-terminal
dipeptide of GLP-1. Nevertheless, accumulation of intact
GLP-1 peptide was observed in these reactions (Supporting
Information, Figure S5). Taken together, it turned out that
protection of GLP-1 by GA/P/S dipeptide was beneficial to
the lifetime of transient GLP-1, as further supported by
animal model tests (see below).

To evaluate the bioactivity of the designed albumin-
binding polypeptides, the aforementioned hydrolysis mixtures
were directly used to examine their binding affinities to
human GLP-1 receptor (GLP-1R; IC50) as well as their effects
on intracellular cyclic adenosine 3’,5’-monophosphate
(cAMP) production (EC50). Figure 2b compares the bioac-
tivities of the designed albumin-binding polypeptides, the
half-lives of which were over 8 h, with those of GLP-1 and Ex-
4. Although the binding affinity of each TBN/DPP4-mediated
mixture to GLP-1R was lower than that of GLP-1, they

exhibited a high efficiency similar to that of GLP-1 in
producing intracellular cAMP. This similarity might result
from the combined effect of the three forms of GLP-1
products, which is supported by recent work from Elahi
et al.[27] On the other hand, it was found that products
generated from FXa-mediated hydrolysis had biological
activities compatible with GLP-1.

Furthermore, two albumin-binding polypeptides with
longer half-lives (GP62 and IE6) were used in animal model
tests using the Type 2 diabetes model (GK rat, 10 weeks old).
A new albumin-binding polypeptide, in which the GLP-1
segment in GP62 was replaced by Ex-4 and defined as GPex4,
was also introduced for these tests. After subcutaneous
administration, GP62, IE6, and GPex4 reduced blood glucose
levels in a similar manner to Ex-4 within 6 to 8 h (Figure 3a).
Additionally, GP62 and GPex4 acted over 12 h in lowering
the blood glucose level in the GK rats. Each polypeptide was
found to significantly enhance the insulin-to-glucose ratios in
acute insulin secretion in the control experiments using
Wistar rats (Figure 3b), and their insulin-producing efficien-
cies accounted for 98 (IE6), 90 (GP62), and 86 % (GPex4)
that of Ex-4, respectively. Importantly, these polypeptides
have a much longer lifetime in plasma than Ex-4 in GK rats

Figure 3. Antidiabetic activities of the designed albumin-binding GLP-1
polypeptides in a mouse model. a) Glucose levels in GK rats were
measured following 30 min of administering vehicle (&), GLP-1 (!),
Ex-4 (*), GP62 (~), IE6 (^), and PGex4 (star) (500 mgkg�1, n =6,
p<0.01). The rats were regularly fed (marked by arrows). b) Compar-
isons were made of the effect of GP62, IE6, and GPex4 on acute
insulin secretion (average of 5, 10, and 20 min levels) in fasted Wistar
rats. Con: control; GLP: GLP-1. c) The half-lives of GP62, IE6, and
GPex4 were compared with those of GLP-1 and Ex-4 in vivo after they
were subcutaneously administered to adult GK rats (30 weeks old).
Values are mean � standard error of the mean (n= 6; *, p<0.05; **,
p<0.01; and ***, p<0.001).
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(Figure 3c), and their half-lives in rat plasma were 8 (IE6), 17
(GP62), and 20 times (GPex4) longer than that of Ex-4.

In summary, our work on the sustained release of GLP-1
or its analogue from albumin-binding polypeptides is not only
just one example, but also provides promise for the preven-
tion of Type 2 diabetes. Considering that Ex-4 is a clinically
approved twice-daily injection therapeutic, our polypeptides
have potential to develop long-lasting therapeutics against
Type 2 diabetes. This strategy may also be applicable to other
therapeutic peptides and proteins. As many diseases including
cancers are relevant to aberrant protein–protein interactions
in cellular signal transduction pathways, and these interac-
tions have large interaction interfaces that are not suitable for
small-molecule compounds, peptides are eagerly awaited as a
potent drug source for these diseases.

Received: January 17, 2010
Revised: April 22, 2010
Published online: June 9, 2010

.Keywords: antidiabetic agents · controlled release ·
drug delivery · peptides · proteases

[1] V. Marx, Chem. Eng. News 2005, 83, 17 – 24.
[2] A. K. Pavlou, J. M. Reichert, Nat. Biotechnol. 2004, 22, 1513 –

1519.
[3] A. K. Sato, M. Viswanathan, R. B. Kent, C. R. Wood, Curr.

Opin. Biotechnol. 2006, 17, 638 – 642.
[4] S. Lien, H. B. Lowman, Trends Biotechnol. 2003, 21, 556 – 562.
[5] D. P. McGregor, Curr. Opin. Pharmacol. 2008, 8, 616 – 619.
[6] D. Kumar Malik, S. Baboota, A. Ahuja, S. Hasan, J. Ali, Curr.

Drug Delivery 2007, 4, 141 – 151.
[7] R. Pawar, A. Ben Ari, A. J. Domb, Expert Opin. Biol. Ther.

2004, 4, 1203 – 1212.
[8] L. L. Baggio, Q. Huang, T. J. Brown, D. J. Drucker, Diabetes

2004, 53, 2492 – 2500.

[9] M. S. Dennis, M. Zhang, Y. G. Meng, M. Kadkhodayan, D.
Kirchhofer, D. Combs, L. A. Damico, J. Biol. Chem. 2002, 277,
35035 – 35043.

[10] P. Holliger, P. J. Hudson, Nat. Biotechnol. 2005, 23, 1126 – 1136.
[11] D. Muller, A. Karle, B. Meissburger, I. Hofig, R. Stork, R. E.

Kontermann, J. Biol. Chem. 2007, 282, 12650 – 12660.
[12] K. M. Picha, M. R. Cunningham, D. J. Drucker, A. Mathur, T.

Ort, M. Scully, A. Soderman, T. Spinka-Doms, V. Stojanovic-
Susulic, B. A. Thomas, K. T. O�Neil, Diabetes 2008, 57, 1926 –
1934.

[13] Y. Shechter, M. Mironchik, S. Rubinraut, A. Saul, H. Tsubery,
M. Fridkin, Bioconjugate Chem. 2005, 16, 913 – 920.

[14] R. Stork, D. Muller, R. E. Kontermann, Protein Eng. Des. Sel.
2007, 20, 569 – 576.

[15] T. R. McCurdy, S. Gataiance, L. J. Eltringham-Smith, W. P.
Sheffield, J. Lab. Clin. Med. 2004, 143, 115 – 124.

[16] M. C. Guillin, A. Bezeaud, M. C. Bouton, M. Jandrot-Perrus,
Thromb. Haemostasis 1995, 74, 129 – 133.

[17] L. G. Licari, J. P. Kovacic, J. Vet. Emerg. Crit. Care (San Antonio)
2009, 19, 11 – 22.

[18] K. Borensztajn, M. P. Peppelenbosch, C. A. Spek, Trends Mol.
Med. 2008, 14, 429 – 440.

[19] I. Aoki, K. Shimoyama, N. Aoki, M. Homori, A. Yanagisawa, K.
Nakahara, Y. Kawai, S. I. Kitamura, K. Ishikawa, J. Am. Coll.
Cardiol. 1996, 27, 560 – 566.

[20] Z. Cohen, R. F. Gonzales, G. F. Davis-Gorman, J. G. Copeland,
P. F. McDonagh, Thromb. Res. 2002, 107, 217 – 221.

[21] S. Ludwig, S. Dharmalingam, S. Erickson-Nesmith, S. Ren, F.
Zhu, G. M. Ma, R. Zhao, J. W. Fenton II, F. A. Ofosu, H.
te Velthuis, G. van Mierlo, G. X. Shen, Diabetes Res. Clin. Pract.
2005, 70, 110 – 118.

[22] Z. Su, A. Vinogradova, A. Koutychenko, D. Tolkatchev, F. Ni,
Protein Eng. Des. Sel. 2004, 17, 647 – 657.

[23] A. Barnett, Expert Opin. Pharmacother. 2007, 8, 2593 – 2608.
[24] D. A. D�Alessio, T. P. Vahl, Am. J. Physiol. Endocrinol. Metab.

2004, 286, E882 – E890.
[25] J. F. Todd, S. R. Bloom, Diabetic Med. 2007, 24, 223 – 232.
[26] A. H. Stonehouse, J. H. Holcombe, D. M. Kendall, Expert Opin.

Pharmacother. 2006, 7, 2095 – 2105.
[27] D. Elahi, J. M. Egan, R. P. Shannon, G. S. Meneilly, A. Khatri,

J. F. Habener, D. K. Andersen, Obesity 2008, 16, 1501 – 1509.

Angewandte
Chemie

4933Angew. Chem. Int. Ed. 2010, 49, 4930 –4933 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1038/nbt1204-1513
http://dx.doi.org/10.1038/nbt1204-1513
http://dx.doi.org/10.1016/j.copbio.2006.10.002
http://dx.doi.org/10.1016/j.copbio.2006.10.002
http://dx.doi.org/10.1016/j.tibtech.2003.10.005
http://dx.doi.org/10.1016/j.coph.2008.06.002
http://dx.doi.org/10.2174/156720107780362339
http://dx.doi.org/10.2174/156720107780362339
http://dx.doi.org/10.1517/14712598.4.8.1203
http://dx.doi.org/10.1517/14712598.4.8.1203
http://dx.doi.org/10.2337/diabetes.53.9.2492
http://dx.doi.org/10.2337/diabetes.53.9.2492
http://dx.doi.org/10.1074/jbc.M205854200
http://dx.doi.org/10.1074/jbc.M205854200
http://dx.doi.org/10.1038/nbt1142
http://dx.doi.org/10.1074/jbc.M700820200
http://dx.doi.org/10.2337/db07-1775
http://dx.doi.org/10.2337/db07-1775
http://dx.doi.org/10.1021/bc050055w
http://dx.doi.org/10.1093/protein/gzm061
http://dx.doi.org/10.1093/protein/gzm061
http://dx.doi.org/10.1016/j.lab.2003.10.008
http://dx.doi.org/10.1016/j.molmed.2008.08.001
http://dx.doi.org/10.1016/j.molmed.2008.08.001
http://dx.doi.org/10.1016/0735-1097(95)00518-8
http://dx.doi.org/10.1016/0735-1097(95)00518-8
http://dx.doi.org/10.1016/S0049-3848(02)00334-1
http://dx.doi.org/10.1016/j.diabres.2005.03.025
http://dx.doi.org/10.1016/j.diabres.2005.03.025
http://dx.doi.org/10.1093/protein/gzh073
http://dx.doi.org/10.1517/14656566.8.15.2593
http://dx.doi.org/10.1111/j.1464-5491.2006.02071.x
http://dx.doi.org/10.1517/14656566.7.15.2095
http://dx.doi.org/10.1517/14656566.7.15.2095
http://dx.doi.org/10.1038/oby.2008.229
http://www.angewandte.org

