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Antibodies have been widely used in a range of biopharma-
ceutical and biomedical applications due to their intrinsic high
affinity and specificity toward various targets."! However,
poor tissue penetration owing to their large size, undesired
effector functions, immunogenicity, costly recombinant pro-
duction in mammalian cells, and complex intellectual prop-
erty barriers (royalty stacking) have led researchers to seek
alternatives to antibodies.’! Protein-scaffold-based affinity
molecules® and oligo DNA or RNA-based aptamers!* have
recently emerged as novel high-affinity molecules that have
indeed demonstrated potential utility in diagnosis and
therapy. A common feature of such high-affinity molecules
is that they possess three-dimensional folded structures that
facilitate target binding through a large recognition interface,
resulting in tight target binding with high specificity. High-
affinity molecules with small molecular mass exhibit rapid
extravasation and higher tissue penetration than bigger high-
affinity molecules® and can be used as cancer diagnostics'® or
therapeutics.”! To date, however, few reports have described
the development of peptide-scaffold-based affinity molecules,
presumably because it is difficult for peptides to form robust
pre-organized structures. The knottin family®®! and phylom-
ers”’ are peptide scaffolds engineered from naturally occur-
ring protein domains; tight peptide binders with micro-
molar'” or nanomolar affinities!"!! can be selected from these
two families. However, multiple disulfide bonds are involved
in stabilizing knottin scaffolds. Thus, structural determination
is necessary to ensure assumption of the correct fold, which
limits the speed of product development.'” Phylomers are
not peptide scaffolds with a defined, single structural frame-
work; they rather consist of a library of diverse naturally
occurring structural frameworks derived from foreign sour-
ces. Therefore, the structures of selected ‘hits’ must be solved
to figure out the specific scaffold, and there is a concern on
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potential immunogenicity because of the origin of phylom-
ers.”’)

To our knowledge, no reports have described artificial
peptide scaffolds that can be used as a general source of high-
affinity peptides and that exhibit affinities toward a variety of
biological targets in the nanomolar range. An artificial
peptide scaffold must satisfy the following design criteria:
1) it should be able to form a secondary structure; 2) its pre-
organized structure should be stable and robust; 3) it should
have a sufficient number of variable (randomizable) amino
acids to create diversity; and 4) its variable regions should
minimally affect its secondary structure.

Herein, inspired by the structure of basic leucine zipper
(bZIP) proteins, which function as transcriptional regulators
in all eukaryotes through high-affinity (ca. low nanomolar),
sequence-specific recognition of unique DNA motifs, we
rationally designed novel artificial peptide-scaffold-based
affinity molecules that form robust pre-organized structures
and are capable of binding targets with high affinity and
specificity. Homo- or heterodimeric bZIP proteins have a
basic region that abuts a sequence of hepta-leucine repeats
(Figure 1a). The upper leucine-zipper region serves as a
scaffold that maintains a unique open-mouthed structure
through which variable basic regions are used to recognize
DNA sites.™” Exploiting these features, we designed new
artificial high-affinity peptide ligands, which we have termed
“aptides”, from aptamer-like peptides. An aptide comprises a
stabilizing scaffold and two target-binding regions (Fig-
ure 1a). The scaffold consists of a small (12 amino acids)
but highly stable tryptophan zipper (trpzip; T, =72°C) that
forms a leucine-zipper-like (3-hairpin structure, in which two
tryptophan-tryptophan cross-strand pairs create a robust and
stable structure."! To mimic the DNA recognition site of
bZIP proteins two target-binding regions, each comprising six
randomizable amino acids, are introduced at both ends of the
trpzip scaffold through glycine linkers. We expected that
aptides would bind their target molecules with high affinity
and specificity as a result of the synergistic action of the two
target-binding sites.

We used phage display to explore the feasibility of using
aptide libraries as a source of high-affinity peptide candidates
for screening against protein targets. For functional selection,
the aptide libraries were adapted for monovalent display on
filamentous bacteriophage surfaces. As an initial target
protein for evaluating the aptide platform, we chose human
fibronectin extradomain B (EDB), which is a validated
tumor-specific biomarker that has been used in tumor
imaging and therapy.'” Phage-display-based selections of
the aptide library (8 x 10%) against biotinylated EDB bound to
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Figure 1. a) Design rationale of an aptide. Structural comparison
between the basic region leucine zipper (bZIP) motif (left) and an
aptide (right). The leucine zipper contains interacting hepta-leucine (L)
repeats and serves as a stable scaffold, while the basic regions are
capable of recognizing unique DNA sites with high affinity. Similarly,
the aptide has a trpzip (green) region with tryptophan—tryptophan (W-
W) cross-strand pairs as a scaffold and two randomized ligand-binding
regions (orange and blue) that are capable of synergistically binding
the target. Each orange or blue circle in the aptide represents a
randomized amino acid, while the green circles denote the glycine
linkers connecting the scaffold to the randomized binding sites. A
ribbon diagram of a trpzip structure is included (protein database 1D

1 LET). b) NMR structures of an aptide. Stereopairs of backbone
atoms (N, C*% C) for twenty converged NMR structures obtained from
a model aptide (APTepg). The N-terminal randomized region, the
C-terminal randomized region and the trpzip scaffold are shown in
orange, blue, and green, respectively.

a streptavidin plate yielded enrichment of bound phages after
the third round of selection (Figures Sla and S1b in the
Supporting Information). Sequencing of the bound aptides
yielded three highly redundant aptide sequences. The binding
properties of the selected aptides, which were chemically
synthesized by using a conventional solid-phase peptide
synthesizer, were analyzed using a surface plasmon resonance
(SPR) assay. The highest-affinity peptide, designated APTgpp,
exhibited an association rate constant (k,) of approximately
1.7x10*M's™" and a dissociation rate constant (k) of
approximately 1.1x107s™!, yielding a dissociation constant
(K,) of approximately 65nm (Table 1 and Figure 2a). To
further investigate the specificity of this aptide, we performed
a phage enzyme-linked immunosorbent assay (ELISA)
experiment using the corresponding APTgp; phage (Fig-
ure Slc in the Supporting Information). Our results revealed
that APTgpg exhibited high-level binding of EDB but only
negligible binding to various other non-target proteins,
indicating that the aptide had high specificity for its target
protein.

To determine whether aptides actually formed the pre-
organized structure that we expected based on our rational
design, we performed a preliminary NMR-spectroscopy-
based structural analysis of APTgpg. Twenty NMR structures
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Table 1: Kinetic binding data for selected aptides, as determined by
affinity measurements using BlAcore chips adapted for surface plasmon
resonance.

Target Aptide name k,[M~'s7'] ke[s™ Kqy [M]

EDB APTpp 1.7x10* 1.1x1073 65%x107°
EDB APTpg" 3.0x10* 5.1x107* 16x107°
EDB APT 2" 1.3x10* 4.7x107 3x107°
VEGF APTyecr 3.5x10° 1.0x1072 30x107°
cD7 APT¢p; 1.4x10° 1.3x1072 93x107°
His-tag APT i 1ag 5.3x10* 3.7x1073 71x107°

EDB: human fibronectin extradomain B, VEGF: human vascular
endothelial growth factor, CD7: human cluster of differentiation 7.

were converged into the model aptide shown in Figure 1b. As
expected, the trpzip scaffold caused APTgpg to form a pre-
organized hairpin structure in aqueous solution, and the two
target binding sites were positioned randomly in an open-
mouthed shape as well as at the same side that may be able to
facilitate target binding in a fixed or defined distance (see
Table S2 in the Supporting Information for details on the
NMR spectroscopy analysis). Furthermore, circular dichro-
ism spectroscopy experiments with only the trpzip scaffold
and several candidate aptides revealed that aptides were able
to maintain pre-organized hairpin structures as the trpzip
scaffold does (Figure S2 in the Supporting Information).!*!

To further examine the cooperative binding between the
two arms of the aptide’s target-binding region, we synthesized
APTgpg derivatives with deletions of either the N- or C-
terminal variable parts and measured their affinities (Fig-
ure 2b). Both the APTg; derivatives with N- and C-terminal
deletions showed dramatic (at least three orders of magni-
tude) losses of their affinities, which dropped from 65 nm to 12
and 592 uMm, respectively. These results indicate that the two
target-binding regions of APTgpg cooperatively bind the
target molecule to give the aptide its high affinity and
specificity. Next, we examined the importance of the pre-
organized hairpin structure using a scaffold mutant of
APTgpg in which the four tryptophan residues in the trpzip
scaffold were replaced with glycine, which resulted in the
complete loss of hairpin structure (Figure S2 in the Support-
ing Information). SPR affinity measurements revealed that,
unlike the parent APTgpg, the scaffold mutant showed no
binding to EDB at 1 um and only weak binding even at a
concentration of 100 pum (Figure 2c¢). Furthermore, we exam-
ined whether the structure-stabilizing, rigid trpzip scaffold
improves the stability of an aptide in serum. A high-
performance liquid chromatography (HPLC) analysis
revealed that the half-life of APTgps was 12-fold greater
than that of the scaffold mutant lacking the structure
(approximately 60 min versus approximately 5 min, respec-
tively; Figure S3 in the Supporting Information). These
results clearly indicate that the trpzip scaffold is vitally
important for maintaining the aptide structure with the
cooperative target binding of the two arms and for improving
serum stability.

The aptide selection strategy affords a unique mechanism
for stepwise affinity maturation (Figure 2d). The first step in
the maturation process is to maintain either the N- or C-

www.angewandte.org

1891


http://www.angewandte.org

Angewandte

1892

Communications

a) 8o

APTgpg

60 RN

/ S~ ——

e
v
~~ana.
———

40 /s

20

Response units

50 100 150 200 250

Time (s)

c)

120 ,
100 |
80 |
60 |
40 |

Response units

01 APTgps
_20 | scaffold
mutant
—40 )
—-100 -50 0 50 100 150 200 250 )
Ne/

Time (s)

b) 80 80
4"'--“""1 60
60 | { \
B2 P "i 0
540
a 04
520!
@ 0
8 2
0 20/
Ky=12pM Ky =592uM
-20 v v v —40+ = = 2
-50 0 50 100 150 -50 0 50 100 150
Time (s) Time (s)
APTgpg N-terminal deletion APTgpg_C-terminal deletion
d) APTgpg First APTggg'! APTgpg?™
maturation maturation

4
Elongated
Version

INTINTS

Variable Fixed +

100 |

2nd

Response units

-100 o 100 200 300
Time (s)

Figure 2. a) SPR sensorgrams obtained from BlAcore chips with immobilized EDB upon treatments with various concentrations of APTgg (100,
200, 400, and 600 nm). b) Affinity measurements of APTgyg derivatives with deletions of the N- or C-terminal binding parts. c) Comparison of SPR
sensorgrams of parental APTgps (1 1M, black line) and an APTgyg scaffold mutant (1 um, light-gray line, and 100 um, dark-gray line). d) A stepwise
affinity maturation process for the generation of higher-affinity aptides and an overlay of SPR sensorgrams obtained from the parental APT;pg and
the two affinity-matured aptides (APTgpg' and APTgps®™) at 250 nm. N- and -C in the peptide drawings indicate the positions of the N terminus

and C terminus, respectively.

terminal variable part of the aptide “hit” obtained by
selection while randomizing the six amino acids of the other
variable part. In the second affinity maturation step, two
randomized amino acids were introduced at both the N- and
C-termini of the first affinity-maturated aptide. By using this
approach, we obtained new EDB-specific aptides from the 1%
and 2" affinity maturation steps, which we termed APTgpg'™
and APTgps™, respectively. APTgpp™ exhibited approxi-
mately 20-fold better affinity (K, ca. 3 nm) than the parent
APTgpg (K4 ca. 65 nM), confirming the effectiveness of the
maturation step. As seen in an overlay of the SPR sensor-
grams obtained using APTgpg, APTgpg™, and APTgpg™ at
250 nm (Figure 2d), the mature aptides clearly demonstrated
more rapid association kinetics.

To show that our aptide library may be used as a general
source of molecules binding with high-affinity, we screened
for aptides targeting several other proteins, including VEGF,
CD7, and the hexa-histidine (Hisg) tag. We obtained a number
of target-specific aptide sequences (Table S1 in the Support-
ing Information). As summarized in Table 1, the selected
APTyggr had an affinity of approximately 30 nm, which is the
highest affinity of any reported VEGF-binding peptide (the
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previous highest one is the v114 peptide with a K, of ca.
230 nm).'! The CD7-specific aptide (APT¢p;) also had a
strong affinity of 93 nM, which is the first reported specific
peptide ligand for CD7. We also generated an aptide specific
to the small peptide tag, Hiss-tag. The affinity of ATPy;q,,,
even before affinity maturation, was approximately 71 nM,
which is better than that of commercially available anti-His-
tag antibody (ca. 340 nm).'” The fact that the selected “hit”
aptides for various targets exhibit double-digit nanomolar
affinities even before affinity maturation indicates that our
aptide platform could be used as a general source of a high-
affinity peptide library.

We finally investigated whether our selected EDB-
specific aptide could target EDB-expressing tumors in an
in vivo model. The human glioblastoma (U87MG)-xeno-
grafted mouse tumor model was used, because it exhibits
high-level EDB expression, as reported and confirmed
herein by using an anti-EDB antibody (Figure S4a in the
Supporting Information). Tissue-level histofluorescence
experiments showed that fluorescein isothiocyanate (FITC)-
labeled APTgpg specifically stained EDB protein in the
ex vivo U87MG tissue sample in a manner similar to that of
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an anti-EDB antibody, which was used as a positive control
(Figure S4b in the Supporting Information). For in vivo
imaging, we utilized APTgpp' and scrambled aptide (scr-
APT; a negative control) both labeled with the fluorescent
dye Cy5.5 (Figure S5 in the Supporting Information). In vivo
fluorescence images of whole animals were obtained 0, 1, 2, 4,
and 6 h after intravenous injection of each dye-labeled aptide
(1 nmol; Figure3a). Notably, the fluorescence signal
increased over time within the tumor for APTgp'", whereas
scr-APT was not preferentially taken up into the tumor at any
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advantages over larger high-affinity molecules. First, with 26
amino acids (ca. 3 kDa), aptides can be synthesized in a single
chemical process; they are also much smaller than current
leading molecules that bind to a specific target, such as
antibodies (ca. 150 kDa), aptamers (> 10 kDa), and protein
scaffolds (ca. 7-20 kDa). It has been shown that smaller
molecules lead to higher accumulation in tumor tissue than
larger molecules with similar affinities because of fast
extravasation and high diffusibility in tumor tissues, in case
the sizes of both molecules are below a molecular weight cut-
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Figure 3. a) Tumor targeting of the EDB-specific aptide in a human glioblas-
toma xenograft mouse model. In vivo fluorescence imaging of subcutaneous
U87MG glioblastoma-tumor-bearing athymic nude mice after intravenous
injection of Cy5.5-labeled APTgpg'™! or Cy5.5-labeled scrambled aptide (scr-
APT). Near-IR (NIR) fluorescence images were acquired at 0, 1, 2, 4, 6 h,
and the results were normalized with respect to the image taken at one
hour. The red arrow indicates the position of the tumor. b) Representative
images of organs dissected from tumor-bearing mice sacrificed six hours
after intravenous injection of Cy5.5-labeled APT;5'*" or Cy5.5-labeled scr-
APT. N- and -C in the peptide drawings indicate the positions of the

N terminus and C terminus, respectively.

time point, indicating that the aptide specifically accumulated
at the tumor site. After six hours, mice were sacrificed and
organ and tumor samples were excised and imaged (Fig-
ure 3b). We found that APTgpp" was predominantly taken
up by the US7MG tumor and not by the organs (kidney, liver,
lung, heart, and spleen). In contrast, scr-APT did not
accumulate in the tumor. Furthermore, APTgps™ did not
accumulate in an LNCaP-derived prostate tumor model that
lacked EDB expression (Figures S6a and S6b in the Support-
ing Information), thus indicating the specificity of the aptide.
These results clearly demonstrate that the EDB-specific
aptide could specifically bind its target in vivo, suggesting (6
that it could prove useful as a targeting ligand for diagnostic
and therapeutic applications in vivo.

The proof-of-concept studies reported herein show that
we have developed a novel class of high-affinity peptides for
potential biological and biomedical uses. Aptides have several
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off (ca. 40 kDa) for elimination through kidneys; in this
application, higher affinity may result in better tumor
uptake.P! Thus aptides may be appropriate candidates for
tumor imaging and therapy, because they are small, high-
affinity peptides with affinities in the nanomolar range
with slow dissociation rates. Second, unlike antibodies or
proteins, aptides are amenable to site-specific conjuga-
tion to a variety of molecules (e.g., drugs and imaging
modalities) during peptide synthesis, thereby expanding
the range of potential applications.'”] Lastly, aptides
showed no unintended immune responses under our
experimental conditions (Figure S7 in the Supporting
Information); thus, they may exhibit lower toxicities than
many other biological agents. Taken together, the poten-
tial applications of our novel aptide technology span the
full range of biopharmaceutical applications, from bio-
logical research and diagnostics to therapeutics, including
the direct development of peptide drugs.
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