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ABSTRACT: As a small affinity molecule to serve as an alternative
to antibodies, we have developed a conformationally constrained
peptide with a de novo designed helix−loop−helix (HLH) scaffold.
To evaluate its potential for biomedical applications, we performed
directed evolution of HLH peptides to obtain an inhibitor for
vascular endothelial growth factor-A (VEGF). A phage-displayed
library of HLH peptides was constructed and screened against
VEGF, giving the peptide VS42 that inhibits the VEGF/VEGF
receptor-2 interaction (IC50 = 210 nM), which was further
improved by in vitro affinity maturation using a yeast-displayed
library. An identified HLH peptide, VS42-LR3, exhibited improved
inhibitory activity (IC50 = 37 nM), high thermal stability, and
excellent resistance against chemical denaturation. In biological activity tests, the HLH peptide was found to block VEGF-induced
proliferation of human umbilical vein endothelial cells and suppress tumor growth in a murine xenograft model of human colorectal
cancer.

■ INTRODUCTION

At present, monoclonal antibodies are the most successful
agents in molecular-targeted therapy.1,2 However, antibodies
have limitations such as high immunogenicity and high cost
and complexity of manufacture. Because these drawbacks are
due to their large molecular size (∼150 kDa) and complicated
molecular composition, it is of great interest to develop
downsized alternative affinity molecules with non-immunoglo-
bulin folds.3 Using naturally occurring protein scaffolds, a
variety of small proteins have been engineered such as DARPin
(∼21 kDa),4 anticalin (∼20 kDa),5 monobody (∼10 kDa),6

and truncated Z-domain.7 To address further downsizing, we
have developed a conformationally constrained peptide with a
de novo designed helix−loop−helix (HLH) structure termed
“molecular targeting HLH peptide” (∼4 kDa).8 The HLH
peptide is too small to induce an unwanted immunogenic
reaction and is resistant to enzymatic degradation. HLH
peptides, which consist of natural L-amino acids, have the
advantage of synthetic simplicity and can be produced by
conventional chemical synthesis at low cost.
In the HLH peptide scaffold YT1-S (Figure 1A), eight

leucine residues inside the two helices facilitate a hydrophobic
interaction, which is the driving force to fold the peptide into
the HLH structure, and an intramolecular disulfide bond
between the N- and C-termini plays an accessory role in
structure stabilization. On the other hand, the solvent-exposed

residues have no contributions to the 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. Previously, we constructed phage-
displayed libraries of HLH peptides, which were screened
against a variety of disease-related proteins to develop
molecular targeting HLH peptides with antibody-like affinity
and specificity.9,10

In this work, we demonstrate the generation of an HLH
peptide inhibitor for human vascular endothelial growth factor-
A (VEGF) from the HLH peptide libraries. VEGF is a well-
established molecular target for cancer therapy.11 Some tumor
cells overexpress VEGF, which interacts with the VEGF
receptor to stimulate angiogenesis. Because tumor angiogenesis
is essential for tumor growth and metastasis, a VEGF-
neutralizing antibody, bevacizumab, is widely used for cancer
therapy. Although VEGF peptide inhibitors were previously
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developed by phage display,12,13 their anticancer effects in vivo
have not been described.
Here, we report on the screening process of the HLH

peptide libraries and the biochemical characterization of
selected VEGF-targeting peptides (binding affinity and
structural stability) and describe their VEGF-blocking activities
in vitro and in vivo using human umbilical vein endothelial
cells (HUVECs) and a LS174T human colorectal cancer
xenograft model.

■ RESULTS AND DISCUSSION

Screening of Phage-Displayed HLH Peptide Libraries.
Two types of phage-displayed HLH peptide library, ΔPTA-6R-
Loop11C and Loop11C, were constructed based on the HLH
peptide scaffold YT1-S and screened against VEGF to isolate
HLH peptide inhibitors (Figure 1B). In library ΔPTA-6R-
Loop11C, the peptide loop region was randomized using NNK
degenerate codons, and the C-terminal α-helical region was
randomized by using NDK degenerate codons to avoid
encoding Pro, Thr, and Ala because proline residues break
an α-helical structure. In library Loop11C, only the loop region
was randomized using NNK degenerate codons. These peptide
libraries were displayed on the minor coat protein pIII of the
M13 phage by modification of the pComb3 system.14−16 To
detect peptide expression on phage surfaces by enzyme-linked
immunosorbent assay (ELISA), an E-tag (GAPVPYPD-
PLEPR) was inserted into a GS linker between the peptide
C-terminus and the pIII protein (Figure 1C).

These phage libraries were mixed with biotinylated VEGF.
Phage clones binding to VEGF were captured by streptavidin-
linked magnetic beads followed by competitive elution with
recombinant human VEGF receptor-2 (VEGFR-2). After four
rounds of screening, we confirmed the enrichment of VEGF-
binding phages by phage ELISA (Figure S1), and the binding
phage clones were randomly picked up for DNA sequencing.
Consequently, two peptide candidates, VS41 and VS42, which
possessed the consensus sequence (AXFPW, X = C and S) in
the loop region, were identified (Figure 1D), and peptide V42
with a higher frequency was examined in more detail.
Peptide VS42 was synthesized by Fmoc solid-phase peptide

synthesis (SPPS) (Figure S2). The peptide cyclization reaction
proceeded to give VS42 in a high yield (∼70%), and there was
no detection for the formation of the oligomers with
intermolecular disulfide bonds. This suggested that the linear
peptide folded into the HLH structure, in which the cysteine
residues at both termini were close enough to promote the
intramolecular disulfide bond formation. The chemically
synthesized VS42 was examined for its binding affinity to
VEGF and inhibition activity against the VEGF/VEGFR-2
interaction by surface plasmon resonance (SPR). As a result,
VS42 showed a dissociation constant (KD) of 401 ± 22 nM
and an IC50 value of 210 ± 2 nM for the VEGF/VEGFR-2
interaction (Figures S3A and S4).
The phage-displayed peptide libraries were screened against

VEGF to give HLH peptides binding to VEGF. Consequently,
first, the binding affinity (KD values) was determined.
However, the binding affinity gave no guarantee of inhibitory

Figure 1. Design of the phage-displayed HLH peptide libraries. (A) Structural models of the HLH peptide scaffold. Leu residues in a hydrophobic
core are represented green spheres. (B) Structural models of the HLH peptide libraries. The ΔPTA-6R-Loop11C library has a 43 amino acid length
composed of the N-terminal helix (AELAALEAELAALE, 14 aa), loop (GXXXXXXXXXG, 11 aa), C-terminal helix (KLXXLKXKLXXLKX, 14 aa),
and AC linkers at both termini. The randomized positions are presented as red and blue spheres. (C) Gene arrangement of the phagemid vector.
(D) Amino acid sequence of HLH peptide libraries and identified clones. The number of identified clones is indicated as frequency.
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activity for VEGF/VEGFR-2 interaction: the inhibitory activity
should require a competitive binding to the receptor-binding
site of VEGF. Therefore, in the next step, inhibitory activity
(IC50 values) for VEGF/VEGFR-2 interaction was examined.
In the previous work, we isolated a VEGF-targeting HLH
peptide, M49, by bio-panning with library ΔPTA-6R-Loop11C
in which the binding phage particles were eluted under acidic
conditions (glycine-HCl buffer, pH = 2.0).10 The peptide M49
showed tight binding to VEGF (KD = 0.87 nM), but no
inhibitory activity for the VEGF/VEGFR interaction. There-
fore, we conjugated M49 with a toxin to generate a peptide−
drug conjugate, which made a ternary complex with VEGF and
VEGFR to go into cells by receptor-mediated endocytosis. In
the current work, VEGF-binding peptides were screened by
bio-panning in which the binding phage particles were eluted
by excess of its receptor (VEGFR). The competitive elution
led to the success of selecting a peptide inhibitor for the
VEGF/VEGFR interaction.
In Vitro Affinity Maturation of Peptide VS42. To

improve the binding affinity of VS42, we performed in vitro
affinity maturation in yeast surface-displayed libraries. This
display system offers an advantage in that yeast cells can be
sorted using fluorescence-activated cell sorting (FACS),
allowing quantitative discrimination among peptide mutants
with different binding affinities.17 The isolated peptides, VS41
and VS42, possessed the consensus sequence in the loop
region (AXFPW, X = C/S), which was likely to be significant
for VEGF binding. Therefore, we introduced random

mutations in five amino acid (aa) residues located near the
consensus sequence in VS42 (CAAELAALEAELAALEGXXX-
XAXFPWGKLNNLIEKLWQLKQAC, X = any natural amino
acid, and the consensus sequence is underlined). The size of
the constructed yeast library was estimated as 2.4 × 107 from
the number of yeast transformants. We performed two rounds
of magnetic-activated cell sorting (MACS) to amplify the
VEGF binders. The library was labeled with biotinylated VEGF
and captured by streptavidin microbeads, followed by magnetic
separation. In the second round, antibiotin microbeads were
used to exclude the yeast cells binding to streptavidin. After
MACS, the enrichment of the affinity binders was confirmed
by flow cytometry: yeast cells binding biotinylated VEGF (50
nM) were labeled with streptavidin-APC (Figure 2A). As
shown in Figure 2B, the APC signal of the VS42 library before
MACS was comparable to the background, and in contrast, the
enriched yeast library after MACS exhibited high fluorescence
from APC. This indicated that high-affinity clones were
successfully enriched by screening with MACS. Finally, we
sorted the yeast cells in the P4 gate by FACS (Figure 2B).
Some of the sorted cells were randomly picked up for DNA
sequencing, and the deduced peptide sequences were similar
(Figure 2C). At position 18, the Gly residue of VS42 was
substituted with positively charged amino acids (His, Arg, or
Lys). At position 19, hydrophobic residues such as Val, Ile, and
Leu were conserved, and this site of the wild-type is also a
hydrophobic residue, Val. At the other three positions, 20, 21,
and 23, negatively charged amino acid residues frequently

Figure 2. In vitro affinity maturation of the VS42 peptide. (A) Fluorescent labeling of the yeast library for FACS screening. The peptide expression
and target binding were monitored using Alexa-488 and APC, respectively. (B) Flow cytometric analysis of the VS42 secondary library and the
enriched yeast library. (C) List of HLH peptides isolated from the VS42 secondary library. The basic amino acid residues, hydrophobic residues,
and acidic residues are indicated as blue, green, and red, respectively. The number of identified clones is shown as the frequency.

Table 1. Summary of Biophysical Properties of the HLH Peptides

peptide sequence KD (nM) IC50 (nM) t1/2 (min)

Loop11C CAAELAALEAELAALEGXXXXXXXXXGKLAALKAKLAALKAAC
ΔPTA-6R-Loop11C CAAELAALEAELAALEGXXXXXXXXXGKLXXLKXKLXXLKXAC
YT1-S CAAELAALEAELAALEGGGGGGGKLAALKAKLAALKAYC N.D.a N.D. N.T.b

VS42 CAAELAALEAELAALEGGVGQASFPWGKLNNLIEKLWQLKQAC 392 ± 22 210 ± 2 N.T.
VS42-LR3 CAAELAALEAELAALEGHVEEADFPWGKLNNLIEKLWQLKQAC 74.9 ± 0.9 36.6 ± 7.1 1670 ± 10
VS42-LR3-dN GHVEEADFPWGKLNNLIEKLWQLKQ N.D. N.T. 2.01 ± 0.02

aN.D.: not determined. The peptide was tested but no measurable value was observed. bN.T.: not tested.
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appeared. VS41, an isolated peptide from the first library,
possesses a Cys residue in the loop region at position 23 that
has the potential to form a dimer by a disulfide bond.
However, majority of sorted peptides from the second library
presented Asp, and Cys did not appear at position 23. Thus,
the dimeric formation by Cys23 would not be significant for
the VEGF binding. A peptide with high frequency, VS42-LR3,
was synthesized by Fmoc SPPS, and the binding affinity was
determined by SPR. As shown in Table 1, peptide VS42-LR3
exhibited improved binding affinity (KD = 74.9 ± 0.9 nM) and
inhibition activity (IC50 = 36.6 ± 7.1 nM) for the VEGF/
VEGFR-2 interaction.
Peptide Structural Stability. Historically, native peptides

have been disfavored as drug leads owing to their short plasma
half-life.18 Peptides are susceptible to proteolysis by proteases
or peptidases, which is a major elimination pathway from the
body. Therefore, the HLH peptides were designed to maintain
a well-folded stable conformation to provide proteolytic
resistance. We evaluated the structural stability and proteolytic
stability of the HLH peptides. As shown in CD spectral
measurements (Figure 3A), at 20 °C, peptides YT1-S, VS42,
and VS42-LR3 showed typical CD spectra of an α-helical
structure. Even at 80 °C, these HLH peptides maintained an α-
helical structure, although the ellipticities at 222 nm slightly
increased. Similarly, in GuHCl denaturation experiments, no
changes in the ellipticities of the HLH peptides were observed
(Figure 3B). Thus, despite the randomized mutations on the
C-terminal helix and the loop region, the isolated HLH

peptides from the library had stable α-helical structures, as
same as that of the library scaffold YT1-S.
Previously, peptides with a two-helical bundle, Z34C and

mini-Z have been designed as a truncated version of the Z-
domain of protein A and used for a scaffold for phage-
displayed libraries.7,13 The HLH peptide and Z34C have
totally different amino acid sequences, but share structural
similarities with the HLH fold. The most significant difference
is the positions of a hydrophobic core contributing to the
formation of stable tertiary structures. Z34C has hydrophobic
residues, which are clustered on one edge of the helical
interface. The clustered hydrophobic residues are enclosed by
charged residues in the solvent-exposed region to enhance the
hydrophobic interaction and solubilities.19 On the other hand,
the HLH peptide has hydrophobic residues, which pack tightly
inside the interface between the two helices. This difference is
most likely to affect the thermal stability of the tertiary
structures. The temperature dependence of the CD spectrum
for Z34C showed a complete denaturation at 80 °C,19 while
the HLH peptides maintained an α-helical structure at 80 °C,
as shown in Figure 3A.
Next, we examined the stability of peptides against trypsin

by HPLC analysis. Deletion of the N-terminal helical region of
VS42-LR3 gave a random-coil peptide (Figure S5), which
showed a half-life of 2.01 ± 0.02 min. In contrast, the HLH
peptide VS42-LR3 exhibited an 830-fold increased trypsin
resistance (Table 1 and Figure S6). A variety of strategies have
been developed to stabilize peptides, such as introducing N-

Figure 3. Structural stability of the HLH peptides. (A) CD spectra of the HLH peptides at 20 and 80 °C in 10 mM phosphate buffer at pH 7.4. CD
spectra are presented as mean residue ellipticity. (B) Changes in MRE at 222 nm with the increase in concentrations of GuHCl are shown.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.1c00940
ACS Chem. Biol. 2022, 17, 647−653

650

https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00940/suppl_file/cb1c00940_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00940/suppl_file/cb1c00940_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00940?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00940?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00940?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00940?fig=fig3&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.1c00940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


alkylation and replacing with D- and β-amino acids.20

Although the HLH peptides are only composed of natural L-
amino acids, the well-folded stable conformation provides
strong proteolytic resistance to improve peptide druggability.
Cell-Based Assays. To investigate the inhibition activity of

the HLH peptides against angiogenesis, we performed VEGF-
induced proliferation assays using HUVECs. In the assay,
HUVECs were stimulated by VEGF in the presence of HLH
peptides, and after cell cultivation, the cell viability was
determined using WST-1 reagent. As a result, peptides VS42
and VS42-LR3 exhibited antiproliferative activity in a dose-
dependent manner, with IC50 values of 3300 nM and 44 nM,
respectively, while the scaffold peptide YT1-S showed no effect
on proliferation (Figure 4A). In contrast, when basic fibroblast
growth factor (bFGF) was used to stimulate HUVECs, the
HLH peptides exhibited no antiproliferative activity (Figure
4B), showing that they were specific for VEGF.
In Vivo Tumor Growth Inhibition. Finally, the ability of

VS42-LR3 to inhibit tumor growth was examined with a

murine xenograft model: LS174T human colorectal cancer
cells were subcutaneously transplanted into BALB/c nude
mice. The day after the tumor inoculation, phosphate-buffered
saline (PBS), YT1-S (10 mg/kg), or VS42-LR3 (10 mg/kg)
was administered intraperitoneally (i.p.) every day for 10 days.
An anti-VEGF antibody drug, bevacizumab (5.0 mg/kg), was
used as a positive control and i.p. administered every 3 days
four times as previously reported.21 Because small-sized
peptides generally suffer rapid renal filtration,22 VS42-LR3
was administered at a higher dose and shorter dosing interval
as compared to bevacizumab.
As shown in Figure 5, the HLH peptide VS42-LR3 and

bevacizumab both inhibited tumor growth. The tumor
volumes were significantly smaller than in PBS-treated mice
(p < 0.01). Although the peptide administration was ended at
day 10, VS42-LR3 inhibited tumor growth at the same level as
bevacizumab until day 14, and still significantly inhibited it at
day 18 compared with PBS and YT1-S as a control peptide.

Figure 4. Cell growth inhibition by VEGF inhibitory HLH peptides. (A) Inhibition of VEGF-induced HUVEC proliferation. (B) Inhibition of
bFGF-induced HUVEC proliferation. 20 micromolar HLH peptides were incubated with bFGF (25 ng/mL). After 24 h incubation, cell viability
was measured using WST-1. The data represent the means of triplicate experiments and standard deviation.

Figure 5. Tumor growth inhibition by the HLH peptides. LS174T cells were inoculated into BALB/c nude mice. The mice were treated with
bevacizumab (5 mg/kg on days, 1, 4, 7, and 10) or the HLH peptides (10 mg/kg on days 1−10). Data represent mean ± standard deviation (n =
5). *p < 0.01 vs control.
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■ CONCLUSIONS

Therapeutic antibodies are a successful class of molecular-
targeted drugs. However, their applications are limited owing
to their biophysical properties, large molecular size, and
molecular complexity. As an alternative to antibodies, we have
developed a downsized binding peptide with a de novo
designed HLH structure.
Herein, we successfully isolated the VEGF-binding HLH

peptide VS42-LR3 to inhibit a ligand−receptor interaction by
directed evolution of our original HLH peptide libraries. In the
construction of these libraries, the amino acid residues used for
random mutations and their mutated positions were controlled
to maintain the constrained HLH structure. Consequently, the
isolated peptides possessed extremely stable α-helical struc-
tures that have potential as molecular-targeted drugs with high
binding affinity, specificity, and proteolytic resistance. This
preorganized, constrained conformation limits the unfavorable
entropy loss during the interaction with VEGF, thus resulting
in strong binding affinity. The constrained conformation also
limits the adoption of a binding conformation to other proteins
and to the active sites of any proteases, resulting in target
specificity and proteolytic resistance.
Finally, we revealed that the HLH peptide VS42-LR3

possesses VEGF-neutralizing activity and shows anticancer
effects in a xenograft model of LS174T human colorectal
cancer. HLH peptides have great potential as an alternative to
antibodies for molecular-targeted therapy. However, in general,
such small-sized peptides suffer rapid renal filtration. There-
fore, further investigations of the pharmacokinetics profile of
the HLH peptide and improvements in blood retentivity by
advanced technology drug delivery systems would lead to
practical applications.

■ METHODS
Phage Display. The phage-displayed HLH peptide libraries were

incubated with biotinylated VEGF165 in 3% bovine serum albumin
(BSA)-containing PBS. We captured VEGF-bound phages by
Dynabeads M-280 Streptavidin (Invitrogen). After washing with
PBST (PBS with 0.05% Tween 20), VEGF-bound phages were eluted
with a recombinant human VEGFR-2/Fc chimera (R&D systems) for
15 min at room temperature. The recovered phages were amplified at
30 °C in XL1-Blue with VCSM13 helper phage for the subsequent
round of bio-panning.
Yeast Surface Display. The yeast surface-displayed HLH peptide

library was mixed with biotinylated VEGF165 for 1 h. After washing
with PBSM (PBS with 0.5% BSA), the cells were incubated with
streptavidin-coupled microbeads for 1 h. After washing with PBSM,
we resuspended the cells in 7 mL of PBSM and separated VEGF-
bound yeast cells using an LS column. The collected cells were grown
in SDCAA at 30 °C for 18 h and cultured in SG/RCAA at 20 °C for
20 h to express the HLH peptides on the yeast cell surface.
In FACS screening, the yeast library was incubated with mouse

anti-FLAG antibody (Sigma) and biotinylated VEGF for 1 h. After
washing with PBST, the cells were labeled with goat anti-mouse IgG
antibody Alexa 488 (Thermo Fisher Scientific) and streptavidin-APC
(Thermo Fisher Scientific) for 1 h. Cell sorting was performed on a
BD FACS Aria II. The sorted yeast cells were spread on an SD (−Ura,
−Trp) plate.
Cell-Based Assays. HUVECs (Lonza) were seeded in gelatin-

coated 96-well microplates (5000 cells/100 μL/well) in EBM-2 and
stimulated by 25 ng/mL recombinant human VEGF165 or bFGF
(R&D Systems) in the presence of HLH peptides for 48 h. Then, 10
μL of WST-1 (Roche) was added into each well to determine the cell
proliferation. Data represent mean ± standard deviation of three
independent experiments.

In Vivo Tumor Growth Inhibition. LS174T cells were expanded
in EMEM supplemented 10% FBS. On day 0, LS174T cells (1 × 106)
were transplanted subcutaneously into BALB/c nude mice. The mice
were injected i.p. with 5 mg/kg bevacizumab every 3 days for a total
of four doses (days 1, 4, 7, and 10) or treated with daily injections of
the HLH peptides at 10 mg/kg (i.p. administration: days 1−10). The
tumor volume was calculated according to the formula: (longest
diameter) × (short diameter)2 × 0.5. Mice were killed when the
tumor volume reached 2000 mm3.

All research staff involved in the animal experiments received
training in animal care, and experiments were approved by the Animal
Experiment Committee of Osaka Prefecture University.
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