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Abstract
EphB4 is a member of the large Eph receptor tyrosine kinase family. By interacting with its
preferred ligand ephrin-B2, which is also a transmembrane protein, EphB4 plays a role in a variety
of physiological and pathological processes ranging from bone remodeling to cancer malignancy.
EphB4-ephrin-B2 binding occurs at sites of contact between cells. Ephrin-B2 causes EphB4
clustering and increased kinase activity to generate downstream signals that affect cell behavior.
Previous work identified a high-affinity antagonistic peptide that targets EphB4, named TNYL-
RAW. This peptide is 15 amino acid long, has a molecular weight of ~1,700 Da and binds to the
ephrin-binding pocket of EphB4. Here we report the structure-based design and chemical
synthesis of two novel small molecules of ~600–700 Da, which were designed starting from the
small and functionally critical C-terminal portion of the TNYL-RAW peptide. These compounds
inhibit ephrin-B2 binding to EphB4 at low micromolar concentrations. Additionally, although the
ephrin-B2 ligand can interact with multiple other Eph receptors besides EphB4, the two
compounds retain the high selectivity of the TNYL-RAW peptide in targeting EphB4. TNYL-
RAW peptide displacement experiments using the more potent of the two compounds, compound
5, suggest a competitive mode of inhibition. These EphB4 antagonistic compounds can serve as
promising templates for the further development of small molecule drugs targeting EphB4.
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1. Introduction
The EphB4 receptor tyrosine kinase is a member of the large Eph receptor family, which is
known to regulate biological processes in developing and adult tissues, and has also been
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implicated in cancer (1, 2). There are two classes of Eph receptors, A and B. The EphA
receptors (EphA1–EphA10) bind to six glycosyl phosphatidyl-inositol (GPI)-linked ephrin-
A ligands (ephrin-A1–ephrin-A6), while the EphB receptors (EphB1–EphB6) interact with
three transmembrane ephrin-B ligands (ephrin-B1–ephrin-B3). EphB4 preferentially binds
ephrin-B2, and this interaction results in transduction of “forward” signals through EphB4
and “reverse” signals through ephrin-B2.

In recent years, the EphB4 receptor tyrosine kinase has emerged as an important potential
therapeutic target (1, 2). Despite the complex and not fully elucidated roles of EphB4 in
cancer, increasing evidence suggests that targeting this receptor may be useful to inhibit
cancer growth and tumor angiogenesis. EphB4 is highly expressed in a variety of tumors,
such as breast (3–5), colon (6, 7) bladder (8), prostate (9, 10) and ovarian cancers (11),
melanoma (12), and others. EphB4 can support tumor cell survival in many of these cancers
(3, 11, 13). For instance, in mouse melanoma cells ephrin-B2-induced EphB4 signaling
results in increased cell migration and invasiveness (12, 14) while in MCF7 breast cancer
cells it promotes growth and Erk1/2 activation (15). In addition, EphB4 forward signaling
has been proposed to play a role in tumor angiogenesis (16–19). On the other hand,
activation of ephrin-B2 reverse signaling by EphB4 can regulate endothelial cell migration
and proliferation, the assembly of endothelial cells and their supporting mural cells as well
as vascular endothelial growth factor-mediated angiogenesis, including tumor angiogenesis
(16, 20–25).

Several strategies for developing EphB4 targeted anti-cancer therapies have shown
promising results thus far. Knockdown of EphB4 using antisense oligonucleotides and
siRNAs can reduce survival, proliferation, migration and invasion in several cancer cell
types (3, 11, 13). Two recently reported antibodies (MAb47 and MAb131) that bind to
EphB4 with high affinity show efficacy in inhibiting primary tumor development and
metastasis in mouse models (25). Whereas MAb131 works mainly by inducing EphB4
degradation, MAb47 was suggested to work by inhibiting interaction of EphB4 with ephrin-
B2 or other proteins. Furthermore, the monomeric EphB4 ectodomain can inhibit
tumorigenesis presumably by blocking EphB4-ephrin-B2 forward and reverse signaling,
resulting in inhibition of angiogenesis (19, 26, 27). Therefore, inhibitors of EphB4 such as
small molecules and peptides that are able to block the interaction of the receptor with
ephrin-B2, are likely to be useful therapeutic tools in cancer. So far there have been no
reports of small molecules or peptidomimetics that selectively inhibit EphB4-ephrin-B2
binding. Although small molecule inhibitors of the kinase domain of EphB4 have been
identified, these compounds target the ATP binding site and therefore their selectivity tends
to be low (28). Additionally, EphB4 kinase inhibitors will not be effective in preventing
ephrin-B2 reverse signaling (5, 28). In this study, we have identified small molecule
peptidomimetic inhibitors that are highly selective for EphB4 and inhibit its binding to
ephrin-B2 at low micromolar concentrations.

Even though protein-protein interactions typically involve large interfaces and are perceived
as difficult to inhibit by using small molecules (29, 30), new strategies have been
successfully used by many groups over the past decade to modulate protein-protein
interactions with synthetic peptides and small molecules (30–33). This has led to the
growing field of drug discovery to target protein-protein interfaces. In the case of Eph
receptors, a number of small molecule antagonists preferentially targeting EphA2 and
EphA4, or a larger subset of Eph receptors, have been identified (29, 34–37). More selective
peptide inhibitors of interactions between Eph receptors and ephrins have also been
identified (28), including a 15 amino acid peptide (TNYL-RAW, amino acid sequence
TNYLFSPNGPIARAW) that selectively targets EphB4 by binding to the ephrin-binding
pocket of the receptor (38). The shorter peptide TNYL (TNYLFSPNGPIA), which inhibits
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ephrin-B2 binding to EphB4 with an IC50 value of ~150 µM, was identified by using phage
display. Addition of the C-terminal RAW motif to TNYL, based on the sequence alignment
of multiple EphB4-binding peptides identified in the same phage display screen, then
yielded the TNYL-RAW peptide, which inhibits EphB4 binding with an IC50 of ~15 nM and
has a low nanomolar binding affinity (38–40). Thus, the C-terminal RAW sequence is
critical for the high-affinity binding of TNYL-RAW to the EphB4 receptor.

2. Materials and Methods
2.1 Reagents

Tental Gel S RAM resin (1% divinylbenzene, 100–200 mesh, 0.24 mmol/g substitution),
amino acids, piperidine, trifluoroacetic acid and adamantane carboxylic acid were purchased
from Sigma Aldrich (Steinheim, Germany). 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU), N-hydroxybenzotrizaole (HOBt) and
N,N-diisopropylcarbodiimide were purchased from Anaspec (Fremont, CA). Anhydrous
solvents were used for all the reactions. The reactions were carried out in peptide reaction
vessels of 15 mL capacity, which were rotated on Fisher Isotemp Hybridization.

2.2 Peptide synthesis
Linear tripeptides were synthesized by removing the Fmoc group of Tanta Gel S RAM resin
(0.24 mmol/g) by treatment with 20% piperidine in DMF (5 mL) for 5 and 15 min, followed
by standard peptide couplings. Once synthesized, the N terminus of the tri-peptides
(naphthylalanine/5-phenyl furoic acid-propargylglycine/Dap(Dde)/Lys(Dde)-Arg-resin) was
acetylated with acetic anhydride, dichloromethane and pyridine (1:8:8) at room temperature
for 30 min. This was confirmed by ninhydrine test. The side chain alkyne of
propargylglycine was reacted with azido adamantane by using click chemistry to generate
compound 2. Compounds 3–5 were synthesized by removing the side chain 1-(4,4-
dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde) group of diaminopropionic acid (Dap) or
Lys and then coupled with adamantane carboxylic acid. The final compounds were cleaved
from the resin and the cleavage mixture was evaporated. This step was followed by addition
of diethyl ether and centrifugation. The crude compounds were purified by using reverse-
phase HPLC using a Xbridge™ BEH130 C-18 (4.6 × 250 mm) column with a flow rate of 1
ml/min. The following solvents were used: A, water with 0.1% TFA; and B, 10% water in
CH3CN with 0.1% TFA in a linear gradient of 0% to 100% B over 25 min. The synthetic
scheme for compound 2 is shown in Scheme 1(reviewer 1). The compounds were further
purified by using Xbridge™ BEH130 prep C-18 (10 × 250 mm) column with a flow rate of
5 mL/min and characterized by MALDI-TOF-MS. The purity of the compounds were >95%
(HPLC and MALDI-TOF characterization of compounds 1–5 are shown in the Appendix).
The TFA salts of compounds 1–5 were used for the experiments.

2.3 Computer modeling
The structure of the receptor solved at 1.65-Å resolution was obtained from crystal structure
of EphB4 in complex with the antagonist peptide TNYL-RAW (PDB entry 2BBA). The
receptor file was converted to a PDBQT file, and a 60 × 60 × 60 grid box with a grid
spacing of 0.375 Å was defined to cover the whole pocket in which the TNYL-RAW
binding site is located. The molecular docking study of compound 5 with EphB4 was
performed using the Autodock4 program and AutoDockTools-1.5.2. We performed 100
docking runs, and selected the top 3 ranked models based on lowest binding energies.
Because the top two models were not part of clusters of similar conformations (with an
RMSD tolerance of 2.0 Å), we chose the model with the third lowest binding energy as the
best binding model.
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2.4 IC50 determination
Protein A-coated wells (Pierce Biotechnology, Rockford, IL) were incubated with 1 µg/mL
EphB4 Fc (R&D Systems, Minneapolis, MN) in TBST (150 mM NaCl, 50 mM Tris-HCl,
pH 7.5 containing 1 mM CaCl2 and 0.01% Tween 20) for 1 hour. EphB4 Fc-coated wells
were then rinsed with TBST, and incubated for 1 hour with different concentrations of the
compounds and cell culture medium containing ephrin-B2 AP diluted in TBST at a final
concentration of 0.02 nM in a total volume of 50 µL. Cell culture medium containing ephrin-
B2 AP was obtained by transiently transfecting HEK293 cells with an ephrin-B2 AP
plasmid and alkaline phosphatase activity was determined as previously described (41–43).
After washing away the unbound peptide and ephrin, bound ephrin-B2 alkaline phosphatase
(AP) was detected using 1 mM pNPP (Pierce Biotechnology, Rockford, IL) as the substrate.
Data were fitted using non linear regression and IC50 values were calculated using the
program Prism (GraphPad Software Inc., San Diego).

2.5 Receptor selectivity
Protein A-coated wells (Pierce Biotechnology, Rockford, IL) were incubated with 1 µg/mL
EphA Fc or EphB Fc (modified according reviewer 1) receptors (R&D Systems,
Minneapolis, MN) in TBST for 1 hour. The wells were then incubated for 1 hour with either
0.01 nM ephrin-A5 AP (produced as described above for ephrin-B2 AP) for the EphA
receptors, or 0.02 nM ephrin-B2 AP for the EphB receptors in the presence or absence of
200 µM compound 2 or 100 µM compound 5. After washing away unbound ephrin and
compound, the amount of bound ephrin was detected by measuring alkaline phosphatase
activity as described above.

2.6 Inhibition of TNYL-RAW binding to EphB4 by compound 5
Curves for the binding of biotinylated TNYL-RAW to EphB4 Fc, which was immobilized
on protein A-coated plates as described above, were obtained in the presence of several
concentrations of compound 5. Bound biotinylated TNYL-RAW was detected with
horseradish peroxidase (HRP)-conjugated streptavidin (1:2,000 dilution in TBST, Pierce
Biotechnology, Rockford, IL). The binding curves were fitted to the Michaelis-Menten
equation: B = Bmax [S]/(Kd + [S]), where [S] is the concentration of TNYL-RAW and Kd is
the dissociation constant, using non linear regression and the program Prism (GraphPad
Software Inc., San Diego).

3. Results and Discussion
The crystal structure of the ephrin-binding domain of human EphB4 in complex with the
antagonistic TNYL-RAW peptide shows that the RAW motif binds to a hydrophobic cavity
within the ephrin-binding pocket, near the EphB4 G–H loop (44). Arginine (R13) forms a
hydrogen bond with E43 in the receptor, whereas tryptophan (W15) is buried in the
hydrophobic cavity of the ephrin-binding pocket, stabilized between the J–K and G–H loops
of the receptor, and forms hydrophobic interactions with L95, L100, P101 and K149 of
EphB4.

Based on the information from binding studies of TNYL-RAW and its crystal structure in
complex with EphB4, we selected the tri-peptide Arg-Ala-Trp (RAW) and its reverse
sequence Trp-Ala-Arg (WAR) as a starting point to design much smaller peptidomimetics of
TNYL-RAW (Table 1). First, we synthesized peptidomimetic analogs of the WAR sequence
(compounds 1 and 2, Table 1). To favor binding in the same hydrophobic binding pocket of
EphB4 where TNYL-RAW is known to bind, we replaced the tryptophan with the more
hydrophobic naphthylalanine (compound 1) and to further increase the hydrophobicity of the
molecule, we replaced the alanine with propargylglycine and used click chemistry to
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introduce triazolo adamantane to generate compound 2 (Scheme 1) (45) The RAW and
WAR peptides as well as compound 1 do not show any detectable inhibition of EphB4-
ephrin-B2 binding (Table 1). In contrast, compound 2 inhibits EphB4-ephrin-B2 binding
with an IC50 ~ 40 µM (Table 1 and Figure 1). Importantly, compound 2 retains selectivity
for EphB4, showing only substantial inhibition of EphA6 among the other Eph receptors
tested when used at a concentration of 200 µM (Figure 1). Therefore, we identified
compound 2 as our lead compound and proceeded with structure-activity relationship
analysis to improve its affinity and selectivity for EphB4.

We replaced the triazoloadamantane with adamantane carboxylic acid attached to a
butylamine linker (compound 3) or adamantane carboxylic acid (compound 4). Compounds
3 and 4 did not show any measureable activity (Table 1). Further replacement of the
adamantane group with different hydrophobic groups like biphenyl, pyrene and 4-(4-
fluorophenoxy) phenyl (not shown in Table 1) all resulted in compounds with undetectable
inhibition of EphB4-ephrin-B2 interaction. However, replacing the naphthylalanine in
compound 4 with 5-phenyl furoic acid in compound 5 resulted in higher potency than
compound 2, with an IC50 value of 18 µM. Compound 5 is also very selective and inhibits
ephrin binding only to EphB4 among the Eph receptors tested (Figure 1).

Compound 5 appears to be a competitive inhibitor of TNYL-RAW binding to EphB4
(Figure 2), which suggests that the compound binds in the same pocket of EphB4 as TNYL-
RAW and ephrin-B2. Further analysis of the binding using molecular modeling also
supports this notion (Figure 3A). In the model, the backbone of compound 5 forms a
hydrogen bond with the backbone of C61 in EphB4 and the arginine guanidium group of
compound 5 occupies the same binding position as the guanidium from R13 of TNYL-
RAW, forming a hydrogen bond with the EphB4 E43 side chain. The adamantane group
occupies a hydrophobic pocket composed of the hydrophobic side chains of EphB4 V63,
L100 and P101. The model shows that compound 5 fits in the ephrin binding pocket of
EphB4 very well. Superposition of compound 5 with the TNYL-RAW peptide from the
crystal structure of the complex with EphB4 (Figure 3B) shows that the guanidium groups
of compound 5 and TNYL-RAW R13 overlap, suggesting that they are engaged in similar
interactions with the EphB4 receptor. However, the interaction with E43 is unlikely to
account for the selective EphB4 targeting of compound 5 and TNYL-RAW because this
glutamic acid is conserved in four of the five EphB receptors (EphB1 through EphB4). On
the other hand, the hydrophobic benzene ring of compound 5 superimposes with the I11 side
chain of TNYL-RAW. Thus, our model suggests that compound 5 only partially mimics the
position of the RAW sequence from the TNYL-RAW peptide within the ephrin-binding
pocket of the EphB4 receptor, although the crystal structure of the complex will be
necessary to conclusively define the positioning of compound 5 bound to EphB4.

In conclusion, we have designed and synthesized two small molecules that selectively
inhibit ephrin-B2 binding to EphB4 at low micromolar concentrations. The most potent is
compound 5, which shows competitive binding against TNYL-RAW suggesting that it binds
in the same ephrin-binding pocket of EphB4 as the peptide and the natural ligand ephrin-B2.
This is the first report of small peptidomimetics (molecular weight less than 700 Da) that
selectively inhibit the protein-protein interface between EphB4 and ephrin-B2. Compound 5
can be useful either as a probe in screens for other small molecule EphB4 antagonists or as a
starting point for designing more potent small molecule derivatives that inhibit ephrin-B2
binding to this receptor.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Potency and Eph receptor selectivity of compounds 2 and 5. The left panels show curves for
inhibition of ephrin-B2 AP binding to immobilized EphB4 Fc by compounds 2 and 5 and the
calculated IC50 values. The right panels show the levels of bound ephrin-A5 AP (for EphA
Fc receptors) or ephrin-B2 AP (for EphB Fc receptors) in the presence of 200 µM compound
2 or 100 µM compound 5 normalized to the levels in the absence of compound. Error bars
represent standard errors from duplicate measurements (compound 2) or triplicate
measurements (compound 5). The curves for IC50 determination were repeated in 3
independent experiments for compound 2 and in 4 independent experiments for compound 5
(see Table 1). The Eph receptor selectivity experiments were repeated twice with similar
results.
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Figure 2.
Compound 5 competitively inhibits TNYL-RAW binding to EphB4. Curves for the binding
of the biotinylated TNYL-RAW peptide to immobilized EphB4 Fc in the presence of the
indicated concentrations of compound 5. Kd, dissociation constant; Bmax, maximal binding.
This experiment was repeated twice with similar results.
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Figure 3.
Molecular modeling of compound 5 in the EphB4 ephrin-binding pocket. (A) The EphB4
receptor is shown as a pink ribbon with residues important for TNYL-RAW binding
indicated in cyan and labeled. Compound 5 is shown as gray sticks, and forms hydrogen
bonds with EphB4 E43 and C61. Yellow indicates the disulfide bond between EphB4 C61
and C184. (B) Superposition of compound 5 with the TNYL-RAW peptide from the crystal
structure of the complex with EphB4 (PDB entry 2BBA). Compound 5 is shown in gray
sticks and TNYL-RAW in yellow sticks.
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Scheme 1.
Synthetic route for compound 2.
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Table 1

Chemical structures and IC50 values for inhibition of EphB4-ephrin-B2 binding

Compound MW Structure IC50 (µM)

RAW 430 >100

WAR 430 >100

1 442 >100

2 685 41 ± 2.2 (n = 3)

3 703 >100

4 661 >100
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Compound MW Structure IC50 (µM)

5 592 18 ± 2.8 (n = 4)
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