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ABSTRACT: The effectiveness of protein and peptide pharmaceuticals depends essentially on their intrinsic pharmacokinetics.
Small-sized pharmaceuticals in particular often suffer from short serum half-lives due to rapid renal clearance. To improve the
pharmacokinetics by association with serum albumin (SA) in vivo, we generated an SA-binding tag of a helix−loop−helix (HLH)
peptide to be linked with protein pharmaceuticals. For use in future preclinical studies, screening of yeast-displayed HLH peptide
libraries against human SA (HSA) and mouse SA (MSA) was alternately repeated to give the SA-binding peptide AY-VE, which
exhibited cross-binding activities to HSA and MSA with KD of 65 and 20 nM, respectively. As a proof of concept, we site-specifically
conjugated peptide AY-VE with insulin to examine its bioactivity in vivo. In mouse bioassay monitoring the blood glucose level, the
AY-VE conjugate was found to have a prolonged hypoglycemic effect for 12 h. The HLH peptide tag is a general platform for
extending the bioactivity of therapeutic peptides or proteins.
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1. INTRODUCTION

As an alternative to antibodies, downsized affinity molecules
with non-immunoglobulin folds are attractive.1 By using
naturally occurring protein scaffolds, a variety of small proteins
have been engineered such as designed ankyrin repeat protein,2

anticalin,3 monobody,4 and truncated Z-domain,5 which are
used for controlling protein−protein interactions in chemical
biology and drug discovery. To advance downsizing, we have
developed a conformationally constrained peptide with a de
novo designed helix−loop−helix (HLH) structure termed a
“molecular-targeting HLH peptide” (MW: ∼4500).6 We have
constructed phage- and yeast-displayed libraries of HLH
peptides, which have been screened against ganglioside
GM1, granulocyte colony stimulating factor receptor (G−
CSF−R), cytotoxic T lymphocyte antigen-4 (CTLA-4), and
vascular endothelial growth factor to successfully generate
molecular-targeting HLH peptides.7−10 Due to the rigid
constrained conformation, the HLH peptide shows strong
binding affinity, high target specificity, and proteolytic

resistance.10 The small molecular size induces no unwanted
immunogenic reactions. In addition, HLH peptides, which
consist of natural L-amino acids, are easily produced by
conventional chemical synthesis, having the advantages of
synthetic simplicity and low-cost manufacture. In this work, an
HLH peptide library was used to develop an albumin-binding
peptide tag, which was conjugated with a short-lived protein
pharmaceutical to improve the pharmacokinetic property.
The effectiveness of recombinant protein pharmaceuticals

depends essentially on their intrinsic pharmacokinetics. Small-
sized therapeutic proteins and peptides in particular usually
suffer from a short serum half-life that leads to low therapeutic
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efficacy and frequent dosing: this poor bioavailability is
commonly due to rapid renal clearance and low stability
against proteolytic degradation. Since proteins having a
molecular size lower than 70 kDa are efficiently filtered
through the glomerular membrane,11 strategies for increasing
the molecular size have been developed, such as chemical
modification with polyethylene glycol (PEG) and genetic
fusion to the Fc fragment of immunoglobulin G or human
serum albumin (HSA). In addition, non-covalent association
with HSA has been explored as an alternative method.12

Protein pharmaceuticals have been fused to albumin-binding
peptides to increase their half-life in vivo.
Here, we describe the generation of a serum albumin (SA)-

binding HLH peptide from yeast surface-displayed peptide
libraries. From the screening, we isolated HLH peptides with
cross-reactivity between HSA and MSA (mouse SA) and
explored their biological activity in an animal model. The
cross-reactive HLH peptide was site-specifically conjugated to
insulin via copper(I)-catalyzed azide−alkyne cycloaddition
(CuAAC). Finally, the insulin activity in vivo (mouse) was
examined by monitoring plasma glucose concentrations, and it
showed an extended hypoglycemic effect. HSA-binding HLH
peptides can serve as general molecular tags to improve the
pharmacokinetics of small-sized therapeutic proteins and
peptides.

2. EXPERIMENTAL SECTION
2.1. Yeast Surface Display. The procedures of the library

construction were previously described.9 In the magnetic-
activated cell sorting (MACS) separation, the yeast library was
incubated with a mixture of biotinylated HSA and MSA
(round 1, 100 nM; round 2, 50 nM; round 3, 25 nM) for 1 h at
room temperature. After washing with PBST (PBS with 0.05%
Tween 20), the yeast cells were incubated with streptavidin
microbeads for 1 h at room temperature and then washed
again with PBST. We resuspended the pellet in 7 mL of PBST
and applied to the LS column on a magnetic stand. After a
wash with PBST, we detached the LS column from the
magnetic stand and added 7 mL of SDCAA media into the
column to elute the bound yeast cells. The collected cells were
grown in SDCAA at 30 °C for 16 h and cultured in SG/RCAA
at 20 °C for 24 h to express the HLH peptides on the yeast cell
surface.
In the fluorescence-activated cell sorting (FACS) screening,

the yeast cells were labeled with mouse anti-FLAG antibody
(Sigma-Aldrich), biotinylated HSA, and biotinylated MSA for
1 h. After a wash with PBST, the cells were stained with goat
anti-mouse IgG antibody Alexa-488 (Thermo Fisher Scientific)
and streptavidin-APC (Thermo Fisher Scientific) for 1 h. The
cell sorting was performed on a BD FACS Aria III. The sorted
cells were spread onto an SD (−Ura, −Trp) plate.
2.2. Fmoc Solid-Phase Peptide Synthesis. The HLH

peptides were synthesized by Fmoc chemistry using an
automated peptide synthesizer (PSSM-8, SHIMADZU) on
an Fmoc−NH−SAL−PEG resin (substitution: 0.22 mmol/g).
After the solid-phase peptide synthesis (SPPS), we performed
peptide cleavage with a cocktail containing 2,2,2-trifluoroacetic
acid (TFA)/H2O/triisopropyl silane/1,2-ethanedithiol (94/
2.5/2.5/1) at room temperature for 3 h. The peptides were
extracted three times using ice-cold diethyl ether. The crude
peptides were purified by reverse-phase high-performance
liquid chromatography (RP-HPLC) on a C18 column. The
fractions were analyzed using matrix-assisted laser desorption

ionization time-of-flight mass spectrometry (MALDI-TOF-
MS) (AutoflexII, Bruker Daltonics). The purified peptides (5
mg) were dissolved in 50 mL of 20 mM NH4HCO3 (pH 8)
and stirred for 12 h to proceed with intramolecular disulfide
bond formation. After the reaction, we lyophilized the solution
and purified the cyclic peptides by RP-HPLC. All peptides
were obtained with a purity >95%.
The N-terminal azidation was performed by the following

procedures. Sodium azide (49 mg, 0.75 mmol, 30 equiv) and
bromoacetic acid (104 mg, 0.75 mmol, 30 equiv) were reacted
in 5 mL of dimethylformamide for 15 h in the dark. The
reactant was mixed with N,N′-diisopropylcarbodiimide (58 μL,
0.37 mmol, 15 equiv). After 20 min, the solution was reacted
with the peptide N-terminus on the resin and stirred for 4 h.

2.3. Surface Plasmon Resonance. Binding affinities were
determined using a Biacore T200 instrument (Cytiva). Fatty
acid-free HSA (Sigma-Aldrich), fatty acid-free MSA (Sigma-
Aldrich), and recombinant human insulin receptor (R&D
Systems) were immobilized on a CM5 sensor chip by the
standard amine coupling method, and binding responses of the
HLH peptides at different concentrations were analyzed in
PBST at 25 °C. The data were fitted with a 1:1 kinetic binding
model using the Biacore T200 Evaluation Software.

2.4. Circular Dichroism Spectra. Circular dichroism
(CD) spectra were acquired using a J-820 spectropolarimeter
(Jasco). We collected CD spectra of HLH peptides dissolved
in 10 mM phosphate buffer (pH 7.0) at a concentration of 20
μM. The scan speed, response time, and bandwidth were 50
nm/min, 2 s, and 1 nm, respectively.

2.5. Tryptic Digestion Assay. Peptides at concentrations
of 150 μM were incubated with trypsin in a substrate/enzyme
ratio of 5000:1 at 37 °C in 100 mM Tris−HCl pH 8.0.
Aliquots of 10 μL were sampled at different time intervals and
mixed with 30 μL of 1 M HCl to stop the reaction. The
remaining peptide was detected by RP-HPLC.

2.6. Synthesis of Insulin-Alkyne. Alkyne-PEG5-acid (0.7
mg, 2 μmol), N-hydroxysuccinimide (0.3 mg, 2 μmol), and
N,N′-diisopropylcarbodiimide (0.3 μL, 2 μmol) were dissolved
in 100 μL of acetonitrile and stirred for 3 h. Recombinant
human insulin (10 mg, 1.8 μmol) was dissolved in 0.3 M
Na2CO3 (100 μL) and mixed with the active ester for 1 h at
room temperature. The reaction was quenched by the addition
of 200 mM methylamine (100 μL) and neutralized by 1 M
HCl. The product was isolated by RP-HPLC and lyophilized
(2.7 mg, 26% yield). HPLC, eluent A: 0.1% TFA in water;
eluent B: 0.1% TFA in acetonitrile; linear gradient B: 30−40%
over 30 min; column: C-18 (SP-120-5-ODS-RPS, DAISO-
PAK).
Site-specific modification was confirmed by the following

procedure.13 Insulin-alkyne (5 mg) was dissolved in 300 μL of
5 mM dithiothreitol (DTT) in 50 mM Tris−HCl buffer (pH
8.0) and incubated for 30 min at 50 °C. The solution was
mixed with 1 mg/mL of trypsin solution (20 μL) for 18 h at 37
°C. To stop the enzymatic reaction, 10% TFA (3 μL) was
added. The reactant solution was analyzed by MALDI-TOF-
MS.

2.7. Synthesis of AY-VE-Insulin. AY-VE-azide (0.7 mg,
0.2 μmol) and insulin-alkyne (1 mg, 0.2 μmol) were dissolved
in 200 μL of water and mixed with 60 mM CuSO4 (25 μL) and
120 mM sodium L-ascorbate (25 μL) for 1 h. The final product
was isolated by RP-HPLC (0.7 mg, 40% yield). HPLC, eluent
A: 0.1% TFA in water; eluent B: 0.1% TFA in acetonitrile;
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linear gradient B: 30−45% over 30 min; column: C-18 (SP-
120-5-ODS-RPS, DAISOPAK).
2.8. Hypoglycemic Effect of the AY-VE-Insulin

Conjugate. To obtain sample solutions, human insulin, AY-
VE-insulin, and YT1-S-insulin (2.3 mg insulin) were dispersed
in 100 mL of PBS (pH 7.4) and dissolved by adding 1 N or 10
N HCl solution. After adjusting the pH to 7.4 with 1 N or 10
N NaOH solution, the samples were subcutaneously
administrated (38 μg/kg insulin) to 16 h-fasted healthy ddy
mice (6 weeks old, male) (Japan SLC, Inc). At appropriate
intervals (0, 1, 2, 4, 6, 8, and 12 h), blood was collected from
the jugular veins of the mice anesthetized with isoflurane. The
blood glucose concentration was determined using the
Glucose-CII-Test Wako (Wako Pure Chemical Industries).

3. RESULTS
3.1. Screening of a Yeast Surface-Displayed HLH

Peptide Library for HSA and MSA. A yeast surface-
displayed HLH peptide library was constructed based on the
HLH peptide scaffold YT1-S. In the scaffold YT1-S (Figure
1A), eight leucine residues inside the two helices make a
hydrophobic interaction, which is a driving force to fold the
peptide into the HLH structure, and the intramolecular
disulfide bond between the N- and C-termini plays an
accessory role in the structure stabilization. However, the
solvent-exposed residues have no contribution to peptide
folding. Therefore, random mutations are introduced into the
solvent-exposed positions in YT1-S to give a library of peptides
with the HLH structure. We constructed an HLH peptide
library by introducing nine random mutations into the loop
region (Figure 1A). The degenerate codon NNK (where N =
A/C/G/T and K = G/T) covers all 20 amino acids and was
used for the randomization. The size of the yeast surface-
displayed HLH peptide library was estimated to be 3.0 × 108

by the number of transformants.
The HLH library was screened against HSA and MSA

proteins to identify peptides with cross-reactivity: two steps of
MACS followed by two steps of FACS. In the first MACS step,
the peptide-displayed yeast library was reacted with a mixture
of biotinylated HSA and MSA and then captured by using
streptavidin-linked magnetic beads. In the second step, the
enriched library was screened again for the HSA/MSA mixture
and then captured by using anti-biotin antibody-linked
magnetic beads to eliminate the streptavidin binders. Since
the MACS steps enriched all of the HSA-specific, MSA-
specific, and HSA/MSA cross-reactive peptides, we performed
further FACS screening to identify the cross-reactive HLH
peptides (Figure 1B). The MACS-enriched yeast library was
reacted with biotinylated HSA and labeled by streptavidin-
APC. The yeast cells with a high fluorescence intensity of APC
were sorted by FACS (Figure 2A). After the cell amplification,
the yeast library was reacted with biotinylated MSA and then
sorted by FACS as well (Figure 2B). The sorted clones were
randomly picked up for DNA sequencing to identify the clone
AY-01. The HLH peptide AY-01 was then synthesized by
Fmoc SPPS (Table S1). After cleavage from the resin, the
peptide was cyclized by a disulfide bond between the N- and
C-terminal cysteines. The binding affinity of the synthetic
peptide AY-01 was examined by surface plasmon resonance
(SPR), showing KD values of 590 ± 90 and 560 ± 160 nM for
HSA and MSA, respectively (Figure 2C).
3.2. Affinity Maturation of Cross-Reactive HLH

Peptide AY-01. In vitro affinity maturation of AY-01 was

conducted to improve its binding activity. A yeast surface-
displayed library of AY-01 mutants was constructed by error-
prone PCR, which introduced two amino acid mutations per
clone on average. The yeast library was screened against
biotinylated HSA with a lower concentration (50 nM) by
MACS followed by FACS screening (Figure 3A) to give 24
binding peptides. The majority of peptides contained the K28E
mutation, and in addition, the peptide loop region possessed
the mutation E23V with high frequency (Figure 3B),
suggesting that these two mutations were beneficial for HSA
binding. The double mutant with E23V/K28E, AY-VE, was
synthesized by Fmoc SPPS to evaluate its binding affinity. The
HLH peptide AY-VE exhibited improved binding affinities to
HSA and MSA with KD values of 65 ± 39 and 20 ± 3 nM,
respectively (Figure 3C). In addition, using FACS to evaluate
the cross-reactivity of AY-VE, the yeast clone of AY-VE was
reacted with the SAs of multiple species and showed affinity for
the albumins of human and mouse, but no affinity to the
albumins of cynomolgus monkey and rat (Figure 3D).

Figure 1. Yeast surface-displayed HLH peptide library. (A) Structural
model of the HLH peptide library and the amino acid sequence. Each
variable residue (X, red spheres) in the libraries used an NNK
degenerate codon that encodes all 20 amino acids. Leu residues
located in the hydrophobic core are represented by green spheres. (B)
HLH peptide library is displayed on the yeast surface as a fusion with
Aga2 protein. The binding to biotinylated SA was detected by using
streptavidin-APC. The expression of the HLH peptide library on the
cell surface was detected using mouse anti-FLAG antibody and goat
anti-mouse IgG antibody-Alexa 488.
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3.3. Peptide Structural Stability. CD spectra were
examined to assess the structural stability of the HLH peptide.
As shown in Figure 4A, the peptide AY-VE folded into an α-
helical structure that exhibited a positive band at 191 nm and
two negative bands at 208 and 222 nm. The structural stability
was reversible under heating between 20 and 80 °C; the

spectral magnitude was slightly increased at 80 °C, and then, it
returned to the original state with cooling to 20 °C. However,
the non-cyclized derivative, AY-VE-dS (Table S2), showed an
α-helical structure at 20 °C but not at 80 °C and presented
irreversible thermal denaturation (Figure 4B). The C-terminal
half-peptide AY-VE-dN, in which the N-terminal helix was

Figure 2. Screening of the yeast surface-displayed HLH peptide library. (A) Dot plots of the initial FACS screening in the presence of 100 nM
biotinylated HSA. The yeast cells in the P4 gate were sorted. (B) Dot plots of the second FACS screening in the presence of 100 nM biotinylated
MSA. The yeast cells within the P4 gate were collected. (C) Sensorgrams from SPR measurements for binding affinity of the peptide AY-01 to HSA
and MSA. AY-01 was injected at concentrations of 125−2000 and 31−2000 nM over immobilized HSA and MSA, respectively. The data were
fitted with a 1:1 Langmuir model. Red and black lines indicate the observed sensorgrams and fitting curves, respectively.

Figure 3. Screening of the yeast surface-displayed library of AY-01 mutants. (A) Dot plots of the final FACS screening of a yeast library of AY-01
mutants in the presence of 50 nM of biotinylated HSA. The yeast cells in the P4 gate were sorted. (B) Sequence logo visualization14 of the sorted
AY-01 mutants and the amino acid sequence of SA-binding peptide. Selected residues from the first library are shown in bold, and mutations after
the affinity maturation are shown in red. (C) Sensorgrams of AY-VE for HSA (6−500 nM) and MSA (4−330 nM). Red and black lines indicate the
observed sensorgrams and fitting curves, respectively. (D) Binding specificity of AY-VE against SAs from multiple species. The peptide-displayed
yeast cells were labeled with mouse anti-FLAG antibody and anti-mouse IgG antibody-Alexa488 conjugate to detect the peptide expression on the
cell surface. Binding to biotinylated SAs was labeled with streptavidin-APC. The fluorescence intensities were analyzed by using a flow cytometer.
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deleted, gave an unfolded structure (Figure 4C). The order of
stability was AY-VE > AY-VE-dS > AY-VE-dN.
Furthermore, a tryptic digestion assay of the peptides was

performed because proteolytic degradation is a major pathway
for peptide inactivation in vivo. The half-lives of AY-VE, AY-
VE-dS, and AY-VE-dN were 190 ± 10, 56 ± 1, and 6.3 ± 0.4
min, respectively (Figure 4D). A correlation between peptide
structural stability and proteolytic resistance was observed,
indicating that a peptide with a highly stable structure was
resistant to tryptic digestion.
3.4. Synthesis of the Conjugate of AY-VE and Insulin.

To examine whether the albumin-binding HLH peptide, AY-
VE, prolongs the bioactivity of therapeutic proteins in vivo, we

synthesized a conjugate of peptide AY-VE and insulin, as
shown in Figure 5A. After cleavage of AY-VE azidated at its N-
terminal amine on the resin, the AY-VE-azide derivative was
cyclized by a disulfide bond in 20 mM ammonium bicarbonate
(pH 8). Recombinant human insulin was site-specifically
acylated at the ε-amino group of LysB29 with an alkyne-PEG5-
acid under alkaline conditions (pH > 10).15 Insulin contains
three primary amine groups, the side chain of LysB29 and the
N-termini of the two main chains. Therefore, the site-specific
acylation was confirmed by MALDI-TOF-MS experiments
using 1,5-diaminonaphthalene (DAN) as a reductive matrix.16

The MS spectrum showed three peaks corresponding to the
whole insulin (right, m/z 6095.38), modified B-chain (center,

Figure 4. Structural stability of AY-VE and its variants. CD spectra of AY-VE (A), AY-VE-dS (B), and AY-VE-dN (C) at an initial temperature of
20 °C, after incubation at 80 °C for 5 min, and then after cooling down to 20 °C. MRE = mean residue ellipticity. (D) Peptide stabilities against
trypsin. The peptides and trypsin were incubated in 0.1 M Tris−HCl at pH 8.0. Natural logarithmic plots of the remaining peptide are represented
(n = 3).

Figure 5. Conjugation of AY-VE and insulin. (A) Synthetic scheme of AY-VE-insulin conjugate. Insulin LysB29 was acylated to give insulin-alkyne.
The AY-VE-azide derivative was synthesized by Fmoc SPPS and azidated at the N-terminal amine. These derivatives were conjugated by CuAAC.
(B) MALDI-TOF-MS spectrum of the insulin-alkyne using a DAN reductive matrix. A-chain, calculated mass (average isotopes) 2384.74, observed
mass 2383.96 (m/z); acylated B-chain, calculated mass (average isotopes) 3717.26, observed mass 3717.83 (m/z); insulin-alkyne, calculated mass
(average isotopes) 6094.91, observed mass 6095.38 (m/z) (C) MALDI-TOF-MS spectrum of the insulin-alkyne treated with DTT and trypsin.
Insulin B1-22, calculated mass (average isotopes) 2487.2, observed mass 2486.2 (m/z).
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m/z 3717.83), and A-chain (left, m/z 2383.96) (Figure 5B). In
addition, after the insulin-alkyne was treated with DTT and
trypsin,13 MS showed the highest peak for the B1-22 fragment
(m/z 2486.20), indicating no modification of the N-terminal
amino group of the B-chain (Figure 5C). Chemical
modifications at LysB29 generally do not affect the biological
activity.17 As expected, the SPR analysis showed that the
binding affinity of insulin-alkyne (KD = 334 ± 47 nM) for the
insulin receptor was comparable to that of native insulin (KD =
380 ± 75 nM) (Figure S1).
Finally, the cyclized AY-VE-azide and insulin-alkyne

derivatives were linked by CuAAC to give the conjugate AY-
VE-insulin. The scaffold YT1-S was also conjugated with
insulin in the same manner to give a blank (Figure S2). SPR
measurements showed that the conjugate AY-VE-insulin
bound to MSA, HSA, and human insulin receptor with KD
values of 130 ± 2, 190 ± 35, and 340 ± 14 nM, respectively.
The blank conjugate, YT1-S-insulin conjugate, showed no
binding to MSA and had binding activity to insulin receptor
with a KD value of 620 ± 12 nM (Table 1, Figure S3). The
conjugation thus maintained binding affinity to MSA, HSA,
and insulin receptor.

3.5. In Vivo Bioactivity of the AY-VE-Insulin Con-
jugate. To evaluate the in vivo bioactivity of AY-VE-insulin,
blood glucose levels were monitored after subcutaneous
administration to healthy mice (Figure 6). Human insulin
showed a peak of hypoglycemic effect at 1 h after

administration. The hypoglycemic effect of YT1-S-insulin was
not prolonged and was slightly reduced compared to human
insulin. Importantly, AY-VE-insulin exhibited a prolonged
hypoglycemic effect for 12 h without a clear peak, suggesting
the utility of AY-VE conjugation for extending the bioactivity
of therapeutic peptides or proteins.

4. DISCUSSION
In the present study, we generated an HLH peptide that bound
to both HSA and MSA to evaluate its efficacy in animal
models. In general, the inherent high specificity of antibodies
for their target proteins shows limited species cross-reactivity.
Therefore, pharmacological evaluation in animal models is
performed using surrogate antibodies instead of the candidate
antibodies when safety and efficacy are evaluated in preclinical
animal models prior to human use. This causes serious
problems for the development of therapeutic antibodies, since
it is uncertain whether the pharmacological profile exhibited by
surrogate antibodies is exactly the same as that of candidate
antibodies. As with antibodies, the molecular-targeting HLH
peptides show high specificity for their target proteins and
limited species cross-reactivity. For use in preclinical studies,
we devised a screening method to isolate HLH peptides that
bound to both HSA and MSA.
Corresponding to the strong binding of the HLH peptide,

AY-VE, to MSA, the in vivo bioactivity of AY-VE-insulin was
markedly prolonged compared to that of human insulin or
YT1-S-insulin (Figure 6). The ability to bind to albumin allows
for sustained absorption in subcutaneous tissues and/or long
blood retention. So far, insulin therapeutics have been
modified with fatty acids to bind to albumin, exhibiting
prolonged half-lives. A long-acting insulin detemir possesses
myristic acid attached to the side-chain of LysB29.18

Conjugation of hexadecanoic diacid to insulin at the same
position yielded insulin degludec to show a 2.4-fold higher
affinity for albumin and a further prolonged half-life.19,20

Generally, lipid conjugation is practical for their prolonged
blood retention. However, lipidation increases the overall
hydrophobicity of the modified biopharmaceuticals that often
causes solubility problems. As alternative methods to
lipidation, a variety of albumin-binding tags have been
reported, for example, albumin-binding small compounds,21−28

peptides,12,29 antibody fragments,30−32 and engineered pro-
teins.33−35 Particularly, the peptide tags have advantages in
versatility because they can be recombinantly or chemically
produced to attach to any protein or peptide therapeutics. A
drawback of peptide tags is susceptibility to proteolysis in vivo,
leading to short half-lives. On the other hand, the HLH
peptide, AY-VE, overcomes the drawback by folding into the
rigid conformation, which provides high proteolytic resistance.
As described in the introduction section, a variety of
molecular-targeting HLH peptides have been generated from
phage- and yeast-displayed libraries.7−10 We expect that
grafting of the HSA-binding loop region of AY-VE onto the
molecular-targeting HLH peptides would give mid-sized
peptide therapeutics with the prolonged bioactivity.
It is noteworthy that the magnitude of the hypoglycemic

effect of AY-VE-insulin was retained compared to that of
human insulin (Figure 6), even though AY-VE was chemically
modified. In general, the PEGylation of insulin causes
significant activity loss. For instance, insulin lispro (MW of
PEG, 20,000) decreases its activity by 94%.36 PEGylation
forms a hydrate layer on the surface of a protein, resulting in a

Table 1. Binding Affinities for HSA, MSA, and Insulin
Receptora

KD (nM)

peptide HSA MSA insulin receptor

AY-01 590 ± 90 560 ± 160 N.T.b

AY-VE 65 ± 39 20 ± 3 N.T.
AY-VE-azide N.T. 38 ± 1 N.D.c

AY-VE-insulin 190 ± 35 130 ± 2 340 ± 14
YT1-S-insulin N.D. N.D. 620 ± 12
insulin N.D. N.D. 380 ± 75

aData represent mean ± standard deviation of three independent
experiments. bN.T.: not tested. cN.D.: not determined. The peptide
was tested but no measurable value was observed.

Figure 6. Blood glucose levels after subcutaneous administration of
human insulin, AY-VE-insulin, and YT1-S-insulin (38 μg/kg insulin)
to healthy mice. Each point represents the mean ± S.E of 4−7
experiments. *p < 0.05 versus human insulin.
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decrease of affinity to the target molecule. In contrast, the
molecular weight of AY-VE is ca. 4500, and it has a compact
conformation. Thus, the binding affinity of AY-VE-insulin to
the insulin receptor was retained, although the activity of YT1-
S-insulin was slightly decreased. The conjugation of the HLH
peptide AY-VE had a negligible influence on the interaction
between the native insulin and insulin receptor. The prolonged
absorption and/or blood retention of the AY-VE-insulin
conjugate by albumin binding probably resulted in its high
hypoglycemic effect.

5. CONCLUSIONS
In this work, molecular-targeting HLH peptides with cross-
reactivity to both HSA and MSA were generated from a yeast
surface-displayed library. The HLH peptide AY-VE was site-
specifically conjugated with insulin as an affinity tag to SA,
resulting in prolonged bioactivity of insulin. The high efficacy
in vivo was due to the highly stable α-helical structure that
provides proteolytic stability in plasma. In general, peptides are
susceptible to proteolysis by proteases or peptidases due to the
amide bonds in their structures. Many approaches are available
to enhance the stability of peptides through structural
modification, such as replacing L-amino acids with D-amino
acids or modification of amino acids (non-natural amino acids
and protecting N- and C-termini).37 In contrast, the HLH
peptide, which consists of only natural amino acids, gains
proteolytic stability through its stable HLH structure. This
constrained conformation limits the adoption of binding
conformations to the active sites of proteases. The composition
of natural amino acids has the advantage of genetic production
of HLH-fused recombinant protein pharmaceuticals. There-
fore, an HSA-binding HLH peptide tag can serve as a general
platform for the engineering of long-acting protein and peptide
pharmaceuticals.
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