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The lack of specificity of traditional cytotoxic drugs used in
tumor therapies has triggered the astonishing advent of
antibody therapeutics. However, these proteinaceous drugs
suffer from poor pharmacokinetics.[1,2] Small molecules that
are accessible by chemical synthesis and provide the same
degree of specificity as those drugs are highly desired. Owing
to their rigid framework, disulfide-constrained peptides offer
the potential to achieve this binding capability.[3–5] To equip
these miniproteins with a targeting specificity, libraries that
present huge repertoires of random sequences have to be
designed to evolve new molecular entities. This process is
similar to the formation of highly specific antibodies by the
immune system.

Several molecular screening techniques,[6] such as phage
display,[7] yeast two-hybrid display,[8] and ribosome display,[8]

have been developed. In ribosome display, the peptides
presented for screening are linked to the corresponding
random RNA through a ribosome, which provides high
library diversity.[8,9] The binding peptides are identified by
sequencing of the RNA. Figure 1 illustrates the screening
cycle used in ribosome display.

Herein, ribosome display was used to identify minipro-
teins that bind to the delta-like ligand 4 (DLL4), a protein
expressed in angiogenesis. As the growth of new capillary
blood vessels is a prerequisite for tumor development,[10]

antibodies that bind the vascular endothelial growth factor
(VEGF), such as bevacizumab (Avastin, Genentech), have
become established agents for angiogenic treatment.[11–13]

Its unique expression on the arterial endothelium makes
DLL4 an alternative target for an anti-angiogenic
approach,[14] both for the diagnosis and therapy of tumor
angiogenesis.[15,16]

Recently, naturally occurring cystine-knotted peptides
were exploited for the engineering of novel targeting agents
for drug design[17] and molecular imaging.[18,19] The plant-
derived cyclotide Ecballium elaterium trypsin inhibitor II
(EETI-II) was applied in display libraries to identify specific
integrin binders, and was used as an angiogenesis imaging
tracer.[20, 21]

Initially, a combinatorial scaffold library (Min-23R10) was
designed for ribosome display where 10 amino acids were
randomly inserted in the surface-exposed loop, between Cys16

and Cys28 of the Min-23 scaffold structure (Figure 2). This
repertoire, with a theoretical diversity of 6 � 1013 peptides, was
screened against the extracellular domain of recombinant
DLL4. Min-23 is a rationally designed scaffold that was
obtained by downsizing its parent knottin EETI-II,[22] and
used as a scaffold to generate new recognition molecules by
phage display[23] and artificial molecular evolution.[24]

Recently, we reported a reliable chemical reaction pathway
to Min-23;[25] its characteristics encouraged its use to generate

Figure 1. Ribosome-display selection cycle. A DNA library encoding
different peptide motifs is transcribed. The resulting RNA sequences
are translated and form the peptide–ribosome–mRNA complexes. In
the selection step, the non-binding motifs are eliminated. The RNA
sequences that are linked to peptide motifs with an affinity to the
target are amplified and screened in the following repetitions of this
selection process.
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specific binders against DLL4. The compound identified was
evaluated for diagnostic imaging using positron emission
tomography (PET).

GWYISNAIWH, an anti-DLL4 binding domain (R10-
Rib) that is displayed on the Min-23 scaffold, was identified
after four biopanning cycles. The homology of this domain is
shown in the Supporting Information, Figure S1. The entire
construct, which presents the binding domain at the surface-
exposed loop of the Min-23 scaffold, was named DLL-Rib.

The chain assembly of DLL-Rib was conducted by solid-
phase peptide synthesis (Figure 3). The subsequent formation
of the two disulfide bridges was performed by DMSO-
mediated oxidative peptide folding in an ammonium acetate
buffer that contained isopropanol and guanidinium hydro-
chloride to increase peptide solubility.[26] As already reported,
the autonomous folding capability of Min-23 to form the
native-like disulfide connectivity is highly affected by the
integration of lipophilic amino acid residues into the random

loop, which results in a mixture of different regioisomers.[23]

Only 39% of the native-like (Cys4-Cys16/Cys10-Cys28) regio-
isomer was formed within 4 days of autonomous oxidative
folding, as seen from the monitoring of the folding process,
(Figure S2 and S3); precipitation of the reaction mixture
reduced the yields. In contrast, the consecutive peptide
folding that uses the orthogonal Cys(Acm)/Cys(Trt) protect-
ing-group strategy,[25] yielded nearly exclusively the native-

like configured regioisomer
(Figure S5). HPLC-MS analy-
sis confirmed the identical
mass of the two peptides that
were folded individually
(Figure 4; Supporting Infor-
mation, Table S1).

Structural assessment by
NMR analysis unambiguously
confirmed the cystine topology
with a (Cys4-Cys16/Cys10-Cys28)
connectivity (Figure 5).
Detailed results for the mini-
protein engineering, and the
characterization are given in
the Supporting Information.

The binding specificity of
DLL-Rib was verified by sur-
face plasmon resonance spec-
troscopy (SPR) using immobi-
lized DLL4. The miniprotein
that was generated by ribo-
some display demonstrated
specific binding to DLL4 with
nanomolar affinity (KD =

44 nm). In comparison, the
interaction of the misfolded
regioisomer of DLL-Rib with

Figure 2. a) Primary structure and disulfide connectivity of Min-23,
b) the Min-23R10 display library containing ten random amino acids
marked by X, c) the screening hit DLL-Rib identified by ribosome
display. The binding domain (Gly-Trp-Tyr-Ile-Ser-Asn-Trp-Ala-Ile-His) is
highlighted in bold; at position 2 norleucine substitutes methionine.

Figure 3. Synthesis of DLL-Rib. Oxidative folding of the miniprotein was performed using an orthogonal
protecting-group strategy. The building block at position X2 represents norleucine, used as a methionine
substitute. Acm= acetamidomethyl, Boc = tert-butoxycarbonyl, DIPEA= diisopropylethylamine, Fmoc= 9-
fluorenylmethyloxycarbonyl, Gdm= guanidinium, HBTU =O-(benzotriazol-l-yl)-N,N,N’,N’-tetramethyluro-
nium hexafluorophosphate, NMP =N-methyl-2-pyrrolidinone, Pbf = 2,2,4,6,7-pentamethyldihydrobenzo-
furan-5-sulfonyl, SPPS= solid-phase peptide synthesis, Trt = triphenylmethyl, Ypro= YH,DMP pseudoproline
(DMP = 2,4-dimethoxyphenyl).

Figure 4. HPLC-MS analysis (crude reaction mixtures) of DLL-Rib.
Autonomous oxidative folding results in the formation of two different
regioisomers (upper trace), the consecutive folding exclusively yields
the native regioisomer (lower trace).
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the immobilized target was not recognized as specific binding.
Moreover, the isolated binding domain R10-Rib and the
unmodified Min-23 scaffold by itself did not interact specif-
ically with the ligand (Figure 6). In a control experiment, the
interaction of both DLL-Rib isomers with the immobilized
Notch-1 receptor did not show specific binding (Figure S12).

The peptides were radiolabeled with different iodine
isotopes to obtain the peptide tracers at radiochemical
purities of > 95 %, at specific activities of up to
26 MBq nmol�1 (for iodine-124). Detailed radiochemical
results are given in the Supporting Information.

The cell-binding capability of the radiolabeled DLL-Rib
peptide was studied using human-umbilical-vein endothelial
cells (HUVECs) and neuroendocrine pancreatic tumor cells
(AR42J). The DLL4-expression of the selected cell lines was
shown by western blot (Figure S13) and RT-PCR analysis.
Natively folded DLL-Rib demonstrated the highest binding
potential to both cell lines, with a maximum cell binding of
16.5� 2.0% on HUVECs and 5.1� 0.7% on AR42J. The
misfolded miniprotein bound only with 9.8� 0.5% on
HUVECs and with 3.3� 0.5% on AR42J; the isolated
binding domain R10-Rib displayed a maximum binding of
7.3� 0.2 on HUVECs and 1.1� 0.1% on AR42J. The

unmodified Min-23 scaffold did not show any relevant cellular
binding capability. Only a minor fraction of the radiolabeled
peptides was observed to be internalized (Figure S14).

The radiolabeled miniprotein 125I-(Tyr19)DLL-Rib dem-
onstrated a high stability in human serum with an estimated
half-life of 20 h (Figure S15).

The iodine-131 labeled peptides were intravenously
injected into AR42J tumor-bearing mice (the presence of
endothelial cells in AR42J tumor tissue, which indicates
neovascularization, was confirmed by anti-CD31 staining of
AR42 J tumor cryosections (Figure S16)). The tracer showed
a rapid accumulation of 3.31� 0.86%ID/g (percent injected
dose per gram) in the tumor 10 min post-injection (p.i.). This
value increased to a maximum of 3.93� 0.93 %ID/g after
60 min. Although the accumulation in the tumor was of high
retention, no persistent accumulation in the non-specific
compartments, such as the heart, lung, or the muscles was
observed (Figure 7a; see also the Supporting Information,
Figure S18). The tumor was the only tissue of interest that
showed a continuous uptake over a period of two hours after
tracer administration. The clearance from the non-specific
compartments resulted in a maximum tumor-to-muscle ratio
of 9.74� 1.19 and a tumor-to-blood ratio of 2.18� 0.32 at
120 min p.i. (Table S5).

Co-administration of excess unlabeled DLL-Rib resulted
in a reduced tumor uptake of 1.71� 0.37 %ID/g 120 min p.i.
(46 % inhibition), which confirmed the in vivo binding
specificity to DLL4 (Figure 7b). The control peptides,
misfolded DLL-Rib and the native Min-23 scaffold, demon-
strated a tumor uptake of 1.28� 0.32%ID/g and 0.85�
0.27%ID/g, respectively, at 120 min p.i. (Table S6). The
specific tumor uptake of 124I-(Tyr19)DLL-Rib was proven
using small-animal PET. The tumor lesion was delineated
instantly after tracer administration, and persisted over the
course of the observation, while the initial accumulation in
the liver decreased (Figure 8).

Figure 5. The solution structure, which was obtained by NMR analysis,
of the engineered miniprotein DLL-Rib (a) shows the native-like
disulfide connectivity between Cys4-Cys16 (b) and between Cys10-Cys28

(c). The variable surface-exposed loop is colored in blue, disulfide
bridges are colored in yellow. Structural data were illustrated with the
PyMol molecular visualization software. NMR spectroscopic data are
given in the Supporting Information.

Figure 6. Binding specificity of engineered miniproteins. SPR senor-
grams show the binding interaction of the identified miniprotein to
immobilized DLL4 and to the reference compounds. The miniprotein
DLL-Rib with native-like disulfide configuration (a) and with misfolded
disulfide configuration (b), the unmodified scaffold Min-23 (c), and
the isolated binding domain R10-Rib (d) are shown. RU = relative
units.
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As a consequence of the successes achieved with tumor
targeting peptides,[27, 28] small constrained peptides have been
studied to gain access to peptides with favorable in vivo
properties. Pioneering work has been done by Kimura
et al. ,[21] who studied RGD-motifs.

The peptide described herein displayed an impressive
specificity, but only at double-digit nanomolar affinity, and
thus the peptide does not yet attain the remarkable binding
characteristics of the RGD based peptides that could be even
further improved.[29] Despite these favorable binding charac-
teristics, the potential of the limited group of known peptides
is restricted, and significant innovations could be achieved by
the de novo discovery of peptide sequences.

In conclusion, by conducting ribosome display with
a custom-made Min-23 scaffold library, we were able to
identify a novel miniprotein that binds DLL4 with nanomolar
affinity. Solid phase peptide synthesis and regioselective
cysteine formation were applied to synthesize this novel
Min-23 derivative. As demonstrated in different assay sys-
tems, a specific DLL4-targeting was only shown for the
native-like folded miniprotein with a (Cys4-Cys16/Cys10-Cys28)
linkage. Consistently, the distinct bioactivity of the two
different regioisomers of DLL-Rib revealed a mutual behav-
ior in independent assay systems, conducted both in vitro and
in vivo. These results accentuate the potential of DLL-Rib
generated by ribosome display as a molecular diagnostic
agent in cancer research.
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