1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Semin Cell Dev Biol. 2012 February ; 23(1): 51-57. d0i:10.1016/j.semcdb.2011.10.023.

Targeting Eph Receptors with Peptides and Small Molecules:
Progress and Challenges

Roberta Noberini*, llaria Lamberto*, and Elena B. Pasquale¥3"
*Sanford-Burnham Medical Research Institute, 10901 N. Torrey Pines Rd., La Jolla CA 92037

SDepartment of Pathology, University of California, San Diego, California 92093

Abstract

The Eph receptors are a large family of receptor tyrosine kinases. Their kinase activity and
downstream signaling ability are stimulated by the binding of cell surface-associated ligands, the
ephrins. The ensuing signals are bidirectional because the ephrins can also transduce signals
(known as reverse signals) following their interaction with Eph receptors. The ephrin-binding
pocket in the extracellular N-terminal domain of the Eph receptors and the ATP-binding pocket in
the intracellular kinase domain represent potential binding sites for peptides and small molecules.
Indeed, a number of peptides and chemical compounds that target Eph receptors and inhibit ephrin
binding or kinase activity have been identified. These molecules show promise as probes to study
Eph receptor/ephrin biology, as lead compounds for drug development, and as targeting agents to
deliver drugs or imaging agents to tumors. Current challenges are to find (1) small molecules that
inhibit Eph receptor-ephrin interactions with high binding affinity and good lead-like properties
and (2) selective kinase inhibitors that preferentially target the Eph receptor family or subsets of
Eph receptors. Strategies that could also be explored include targeting additional Eph receptor
interfaces and the ephrin ligands.
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1. Introduction

EphA and EphB receptors together with ephrin-A and ephrin-B ligands play a wide variety
of physiological and pathological roles in many tissues ([1,2] and articles in this issue).
Therefore, molecules that modulate their activities can serve as probes to study the complex
biology of the Eph/ephrin system and potentially as therapeutic agents to treat a variety of
diseases. They could be useful, for example, for inhibiting cancer progression and
pathological forms of angiogenesis [2-4] or promoting nerve regeneration in the injured
nervous system [1,5]. The roles of the Eph/ephrin system in stem cell proliferation and
differentiation could also be exploited in regenerative medicine [6]. Furthermore, interfering
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with the EphA/ephrin-A system in the nervous system may also be useful to treat diseases
where excessive extracellular levels of the neurotransmitter glutamate cause
hyperexcitability or toxicity [7], while enhancing EphB2 function may help treat
Alzheimer’s disease [8]. Other applications of Eph/ephrin-targeting molecules could involve
modulation of bone remodeling and glucose homeostasis [1], and reduction of heart damage
following myocardial infaction [9]. Finally, EphA2 and ephrin-B ligands could be targets for
anti-viral therapies [1,10]. Targeted delivery of imaging agents or chemotherapeutic drugs
and toxins to tumors expressing high levels of certain Eph/ephrin family members also
offers medical promise for diagnosis or therapy.

Several types of molecules that target Eph receptors and ephrins have been identified.
Recombinant monomeric Eph receptor extracellular domains and chimeric proteins
containing the extracellular domain of an Eph receptor or ephrin fused to the Fc portion of
an antibody have also been used to functionally modulate the Eph/ephrin system [2].
However, these molecules lack selectivity because of the promiscuity in Eph receptor-ephrin
interactions [11]. More selective targeting agents include antibodies that recognize Eph
receptor or ephrin extracellular epitopes and peptides that bind to Eph receptors. Small
molecules that bind to the Eph receptor extracellular or kinase domain have also been
identified. Whereas antibodies can bind with high affinity to a variety of sites, binding of
peptides and small molecules typically requires the presence of suitable cavities, such as the
ephrin-binding pocket or the ATP-binding pocket of the Eph receptors (Fig. 1). Such
cavities are not evident in the ephrins, which therefore may be less suitable for targeting
with this type of molecule.

This review focuses on peptides and small molecules that bind to Eph receptors and inhibit
either ephrin ligand binding or kinase activity. Other types of Eph/ephrin-targeting
molecules have been reviewed elsewhere [2,3,12].

2. Peptides that bind to Eph receptors and inhibit ephrin binding

2.1. EphA2

A stretch of 15 consecutive amino acids within the ephrin sequence (known as the G-H
loop) mediates high-affinity binding to Eph receptors by interacting with a deep pocket in
their N-terminal ephrin-binding domain (Fig. 1). Although the isolated ephrin G-H loop
binds poorly to Eph receptors [13], phage display screens have identified a number of 12
amino acid-long peptides that bind to the Eph receptor extracellular domain with low
micromolar affinity [13-15]. The most potent peptides block ephrin binding, suggesting that
they target the ephrin-binding pocket of the Eph receptors. This has been confirmed for two
peptides that were crystallized in complex with EphB2 or EphB4. Although each ephrin
binds to most or all Eph receptors of the same A or B class [11], some of the peptides show
remarkable selectivity and bind only to one Eph receptor.

Two related peptides identified by phage display selectively bind to EphA2: YSA
(YSAYPDSVPMMS) and SWL (SWLAYPGAVSYR; identical amino acids in the two
peptides are underlined) [13]. Amino acid replacements and truncations in the YSA peptide
revealed that five of the six N-terminal amino acids are essential for high affinity binding to
EphA2, while the last three amino acids are the least critical [16]. Interestingly, a shorter
version of YSA comprising only the first 5 amino acids is still able to bind selectively to
EphA2, albeit very weakly.

YSA and SWL both inhibit ephrin binding with an 1Csq value of ~1 wM in ELISA assays,
and computer modeling suggests that YSA binds in the ephrin-binding pocket of EphA2
[13,16]. In cells, both YSA and SWL induce EphA2 tyrosine phosphorylation (activation),
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leading to receptor endocytosis and downstream signaling. Similar to the ephrin-Al ligand,
the two peptides can also cause inhibition of two major oncogenic signaling cascades, the
P13 kinase-Akt and Ras-MAP kinase pathways, and cell retraction [13,16]. It is surprising
that the two monomeric peptides act as agonists, rather than antagonists, given that Eph
receptor activation is thought to involve clustering [11].

EphA2 is highly expressed in many types of cancers and in tumor blood vessels, while it is
not expressed in quiescent vasculature and is present at low levels in most adult tissues
[3,12,17]. Hence, the YSA and SWL peptides could be useful for targeted delivery of
anticancer drugs. Y SA-functionalized nanogels have indeed been used to deliver sSiRNA
that downregulates the epidermal growth factor (EGF) receptor into EphA2-expressing
ovarian cancer cells, causing their sensitization to chemotherapy [18,19]. Moreover,
adenoviruses engineered to express YSA in their viral capsid have improved ability to
transduce EphA2-expressing pancreatic cancer cell lines and resection specimens [20]. The
YSA peptide conjugated to magnetic nanoparticles has also been used to capture ovarian
cancer cells expressing EphA2 from the mouse peritoneal cavity and human ascites fluids
[21,22]. A similar approach might be useful to capture circulating tumor cells for diagnostic
purposes.

Three peptides identified by phage display preferentially bind to EphA4: KYL
(KYLPYWPVLSSL), APY (APYCVYRGSWSC) and VTM (VTMEAINLAFPG) [15].
KYL and APY have related sequences (identical amino acids are underlined), although the
conformation of APY is likely constrained by a disulfide bond between its two cysteines. All
three peptides compete with each other for binding to EphA4 and inhibit ephrin binding,
suggesting that they target the ephrin-binding pocket. However, their interaction with
EphA4 remains to be structurally characterized.

KYL is the most potent of the three peptides. It inhibits ephrin-A binding to EphA4 with an
ICsq value of ~1 M in ELISA assays and blocks ephrin-A-induced EphA4 tyrosine
phosphorylation in cells and hippocampal slices at ~15 M. KYL has been used in
organotypic cultures to investigate the role of EphA4 in neural crest cell migration and the
topographic arborization of hippocampal mossy fibers [15,23]. Furthermore, in cortical
neurons and explants from nasal retina, KYL prevents ephrin-induced growth cone collapse
and axon retraction [24,25]. These effects, together with evidence that KYL promotes axon
sprouting and functional recovery when infused in the injured rat spinal cord [24], suggest
that inhibition of EphA4 may enhance axon regrowth after injury. KYL was also shown to
increase adhesion of T lymphocytes to endothelial cells [26], implying that targeting EphA4
could also be useful for modulating immune responses.

A number of EphB2-targeting peptides have been identified by phage display [14]. Among
them, SNEW (SNEWIQPRLPQH) is the most potent, with an 1C5q value for inhibition of
ephrin-B2 binding of ~15 M in ELISA assays and a Kd of 6 .M in isothermal titration
calorimetry assays [27]. SNEW completely inhibits ephrin binding to EphB2 in ELISA
assays and ephrin-induced EphB2 tyrosine phosphorylation in cells at ~100 M. The crystal
structure of SNEW in complex with EphB2 revealed that the peptide binds in the ephrin-
binding pocket of EphB2 [27]. All the amino acids in SNEW (except Lg and Hq5) contribute
to the interaction with the receptor. Furthermore, structure-guided /n silico combinatorial
mutagenesis identified a Qg to L amino acid change that results in a 2-fold increased EphB2
binding affinity.
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SNEW inhibits the binding of phage clones displaying most of the other EphB2-binding
peptides identified, suggesting that these peptides also target the ephrin-binding pocket [14].
While SNEW selectively binds to EphB2, many of the other phage-displayed peptides
identified by panning on EphB2 — and EphB1 - bind to both receptors, underlying the close
similarity in their ephrin-binding pockets [14]. Peptides inhibiting EphB2-ephrin interaction
may be useful to inhibit pathological forms of angiogenesis and the progression of cancers
driven by EphB2 activation [1,2].

Many peptides that selectively bind to EphB4 have been identified by phage display [14].
TNYL (TNYLFSPNGPIA) was the most potent among several synthetic peptides examined,
with an ICsq value of 50-150 M for inhibition of EphB4-ephrin-B2 interaction in ELISA
assays. However, a modified version that contains at the C terminus the RAW motif found
in other EphB4-binding peptides (TNYL-RAW) has dramatically improved potency, with a
10,000 fold decrease in 1C5q and a low nanomolar binding affinity [14,28,29]. Consistent
with this, the crystal structure of TNYL-RAW in complex with EphB4 revealed that the
peptide occupies the ephrin-binding pocket and forms many interactions that stabilize
binding [28]. The conformation of TNYL-RAW is governed by turns induced by P7 and the
GgP19 motif, which is conserved in many of the other EphB4-binding peptides [14], as well
as by the pseudohelix formed by the RAW motif. Surprisingly, the FSPN sequence of
TNYL-RAW binds in an opposite N- to C-terminal orientation compared to the same
sequence in the ephrin-B2 G-H loop.

T1and N, in TNYL-RAW are dispensable for the interaction with EphB4 [28] and can
therefore be modified for the attachment of drugs or imaging agents. Indeed, TNYL-RAW
has been recently used to image EphB4-positive cancer xenografts in mice. TNYL-RAW
was labeled with 84Cu for positron emission tomography (PET) and attached to polymeric
micellar nanoparticles containing a fluorescent dye and 1111 for dual imaging by near-
infrared fluorescence and single photon emission computed tomography (SPECT) [29,30].

Blocking EphB4-ephrin-B2 binding would be expected to inhibit the pro-angiogenic effects
of not only EphB4 signaling but also ephrin-B2 reverse signaling [2,31-33]. Indeed, TNYL-
RAW lacking the first two amino acids (in combination with the EphB2-inhibitory peptide
SNEW) was shown to disrupt the assembly of endothelial cells and pericytes into vascular
structures, concomitant with inhibition of ephrin-B2 reverse signaling [34]. However, high
TNYL-RAW concentrations (10-100 M) are needed to inhibit EphB4 phosphorylation in
cells [14,34], likely because the presence of R13 makes the peptide particularly susceptible
to protease digestion.

2.5 Other Eph receptors

Peptides that bind to the EphA5, EphA7 and EphB1 receptors have also been identified by
phage display [14,15]. Of these, the EWLS peptide selectively binds to EphB1 and inhibits
ephrin-B2 binding in ELISA assays with an ICgq value of ~10 wM. The EphA5- and EphA7-
binding peptides remain to be characterized as isolated peptides. Moreover, a 18-amino acid
peptide derived from azurin, a bacterial protein of the cupredoxin family (which is
structurally related to the ephrin family), was reported to bind to EphB2, EphA6 and other
Eph receptors and to inhibit EphB2 activation by ephrin-B2 in cultured cells [35]. Finally, a
13-amino acid cyclic peptide was computationally designed based on the structure of the
ephrin-B2 G-H loop in complex with EphB4 [36]. If further studies demonstrate that this
peptide indeed binds to EphB4 with good affinity, this would support the feasibility of
structure-guided computational approaches to design novel Eph receptor-targeting peptides.
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However, the selectivity of ephrin-based peptides may be low, given the promiscuity of Eph
receptor-ephrin interactions.

3. Small molecules that bind to Eph receptors and inhibit ephrin binding

The identification of small molecules capable of disrupting protein-protein interfaces is a
challenging endeavour [37-39]. Difficulties include the often large size of the protein
interacting surfaces, which may lack deep indentations where small molecules could bind
with high affinity, and the poor suitability of traditional small molecule libraries used in
high-throughput screening. The ephrin-binding pocket of Eph receptors, however, seems to
present favorable features for high-affinity binding of small molecules [37]. Consistent with
this, a few small molecules that inhibit Eph receptor-ephrin interaction have been recently
reported (Fig. 1 and Table 1), although some appear to function through non-classical
mechanisms.

3.1 Salicylates

A high-throughput screen measuring inhibition of EphA4 receptor binding to the KYL
peptide followed by structure-activity relationship (SAR) analysis identified two isomeric
salicylic acid-dimethylpyrrole derivatives that preferentially inhibit ephrin binding to the
EphA2 and EphA4 receptors with Ki values of ~10 uM in ELISA assays [25]. Nuclear
magnetic resonance (NMR) characterization was consistent with the binding of the two
salicylates in the ephrin-binding pocket of EphA4 and cell-based assays suggested that the
compounds inhibit ephrin-dependent EphA2 and EphA4 activation and biological responses,
although with low potency [25,40]. However, recent studies have revealed that some
modification of the original compounds, which may involve polymerization or oxidative
processes, is required for their inhibitory activity [41].

A small molecule containing two salicylic acid-furanyl groups was also found to target the
ephrin-binding pocket of EphA4 and inihibit ephrin binding to EphA2, EphA4 and several
other Eph receptors through a mechanism that may involve irreversible binding [41]. The
ability of the three salicylates to inhibit the activation of a subset of Eph receptors and their
effects in cells, including endothelial capillary-like tube formation, suggest that these
compounds could be used as chemical tools to study Eph receptor functions. In addition,
salicylic acid derivatives with better pharmacological properties may be developed as Eph
receptor-targeting agents.

3.2 Lithocholic acid

The recent screen of a collection of ~200 chemicals, including some natural compounds,
identified the bile acid lithocholic acid as an inhibitor of EphA2-ephrin-Al interaction [42].
Lithocholic acid behaves as a reversible competitive inhibitor of EphA2, with a Ki value of
~50 M, while other related bile acids were found to be inactive. Lithocholic acid inhibits
ephrin binding to both EphA and EphB receptors in biochemical assays as well as ephrin-
induced EphA2 and EphB4 tyrosine phosphorylation in cell-based assays, while it does not
target several other receptor tyrosine kinase families. It will be interesting to investigate
whether lithocholic acid plays a role in intestinal homeostasis through interference with Eph
receptor-ephrin interactions, given its millimolar fecal concentration.

3.2 Other compounds

A recent screen of 133 plant extracts showed that extracts that are rich in polyphenols inhibit
EphA2-ephrin-Al interaction in ELISA assays and ephrin-Al-induced EphA2
phosphorylation in cell-based assays with potencies in the pg/ml range [43]. This is
consistent with previous studies reporting that in endothelial cells low micromolar
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concentrations of epigallocatechin gallate, a green tea polyphenol with antitumorigenic and
antiangiogenic properties, inhibit ephrin-Al-dependent EphA2 tyrosine phosphorylation,
cell migration and capillary-like tube formation [44]. However, given the many reported
activities of epigallocatechin gallate, more work is needed to establish whether this
compound acts only by inhibiting ephrin binding or also by inhibiting kinase activity and/or
through other mechanisms.

4. Kinase inhibitors

Many inhibitors that bind with nanomolar affinity to the ATP-binding pocket of Eph
receptors (Fig. 1) have been identified, either in screens focused on Eph receptors or when
profiling the selectivity of compounds known to inhibit other kinases (Table 1). In fact,
given the high conservation of the ATP-binding pocket, kinase inhibitors generally target
more than a few of the 518 kinases in the human kinome [45-47].

A variety of approaches have been used to search for novel kinase inhibitors that target Eph
receptors. Several compounds that show relatively good selectivity for the Eph family were
identified by screening a combinatorial library of inhibitors designed to bind to the inactive
kinase conformation (type 2 inhibitors) in a cell-based assay measuring phosphorylation of
an EphB2 chimeric receptor [48]. A series of imidazo[1,2-a]pyrimidines and pyrazolo[1,5-
a]pyridines that preferentially target tyrosine kinases over serine/threonine kinases were
identified in a high-throughput screen measuring inhibition of EphB3 kinase activity [49].

The EphB4 receptor, however, has been the focus of most efforts because it is regarded as a
promising target for inhibition of tumor angiogenesis [2,4,32]. Several classes of 2,4-bis-
anilinopyrimidine derivatives were identified by screening libraries of kinase inhibitors
followed by crystal structure-guided optimization [50-52]. Some of these compounds are
active in biochemical and cell-based assays at low nanomolar concentrations and have a
good selectivity profile, although they also inhibit Src family kinases and some other
kinases. EphB4 is also a target for various classes of inhibitors designed based on a
pharmacophore model for ATP competitive inhibitors or around a known scaffold [53,54],
and for inhibitors identified by high-throughput 7 sifico docking to a model of the EphB4
kinase domain [55,56].

A particularly promising inhibitor is NVP-BHG712, which was identified by computer
design using a model of the EphB4 kinase domain followed by optimization based on
inhibition of EphB4 phosphorylation in cells [32]. This compound shows substantial
selectivity for the Eph family, with some preference for EphB4, and has good
pharmacokinetic properties. It inhibits EphB4 phosphorylation in tissues after oral
administration and vascular endothelial growth factor (VEGF)-driven angiogenesis /in vivo.
Because NVP-BHG712 has little effect on VEGF receptor kinase activity, its effects suggest
that Eph receptors play an important role in VEGF-induced angiogenesis. This work
demonstrates the usefulness of pharmacological tools for elucidating Eph biological
activities. Eph kinase inhibitors could also help discriminate between effects mediated by
Eph receptor or ephrin signaling [32,33].

Several kinase inhibitors show some selectivity for certain Eph receptors (Table 1). In
particular, EphA6 and EphA7 are often poorly inhibited by compounds that target other Eph
receptors. This is likely due to their different “gatekeeper”, a residue that controls access of
inhibitors to a deep hydrophobic pocket adjacent to the ATP binding site [47]. The
gatekeeper residue is a threonine in most Eph receptors, but it is a valine in EphA6 and a
bulkier isoleucine in EphA7. Interestingly Src, Abl and platelet-derived growth factor
(PDGF) and EGF receptors also have a threonine gatekeeper residue. This is consistent with
the selectivity profile observed for many of the kinase inhibitors targeting Eph receptors. For
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example, dasatinib and nilotinib were first identified as Src and Abl inhibitors but also
potently target Eph receptors [57,58].

Despite the propensity of kinase inhibitors to be promiscuous, several strategies may be used
to improve selectivity. Crystal structures of inhibitors in complex with the kinase domain of
Eph receptors provide information on how to maximize interactions with specific residues
both within and near the ATP-binding pocket [46-48,50]. A computational analysis of key
residues in the ATP binding site of all human kinases suggests that it may be possible to
design selective inhibitors for EphB4, besides EphA6 and EphA7 [46]. Certain cysteines in
the ATP-binding pocket may also be exploited by irreversible inhibitors that contain mildly
reactive groups capable of forming a covalent bond [47]. For example, a cysteine near the P
loop of most Eph receptors is found in only a small subset of other kinases. This cysteine
may enable inhibition of Eph receptors by FMK, an irreversible Rsk inhibitor developed by
modifying the tyrosine kinase inhibitor PP1 with a fluoromethylketone reactive group
[47,59]. Moreover, a cysteine in the hinge region of EphB3 is found in only two other
kinases [47]. Allosteric inhibitors should also be more selective.

High selectivity may not always be desirable, however, and inhibitors that target multiple
kinases involved in tumor angiogenesis, cancer progression or nerve regeneration may have
increased effectiveness and better ability to circumvent resistance mechanisms [47,57]. For
example, a series of imidazo[1,2-a]pyrazine diaryl ureas and a furo[3,2-c]pyridine
derivatives target EphB4, EphA2, VEGF receptor 2 and the Tie2 receptor [53,54]. These
angiogenic kinases, and the PDGF receptor, are also targeted by LY2457546. This orally
bioavailable multikinase inhibitor has anti-angiogenic activity at nanomolar concentrations
in cell culture assays and inhibits tumor growth in preclinical mouse xenograft models
[57,58].

5. Conclusions and perspectives

A number of peptides and small molecules that bind to Eph receptors and inhibit ephrin
binding or kinase activity have been successfully identified in the last decade. In future
studies, it will be important to increase the binding affinity and resistance to proteases of
existing peptides as well as screen for peptides that target other Eph receptors. Additional
small molecule inhibitors of the Eph receptor-ephrin interaction will likely also emerge from
the optimization of existing compounds as well as from new high-throughput,
computational, biophysical and NMR-based screens. /n silico screens and rational design of
targeting peptides and small molecules may also represent viable options, given the rapidly
increasing crystallographic structural information becoming available for Eph receptors in
complex with diverse ligands.

Other interfaces that could be targeted to inhibit Eph receptor function include receptor-
receptor interfaces in the extracellular, transmembrane and cytoplasmic regions (Fig. 1) in
order to inhibit the clustering that promotes cross-phosphorylation between receptor
molecules [11,60]. Alternatively, inhibition of Eph receptor association with specific
cytoplasmic or extracellular binding partners would allow selective silencing of downstream
signaling pathways or other effects. However, these interfaces have less favorable features
for the binding of small molecules.

The development of chemical libraries more suitable for the identification of inhibitors of
protein-protein interactions would be particularly useful for facilitating the discovery of new
modulators of the Eph/ephrin system [38,39]. It would also be interesting to investigate
whether non-classical mechanisms of inhibition, such as those employed by mildly reactive
small molecules that can form covalent bonds in the targeted binding pocket, represent a
viable strategy to increase potency and selectivity in the inhibition of Eph receptors [41,47].
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Deciding how best to target Eph receptors for therapeutic applications represents another
challenge, due to the complex and incompletely understood biology of the Eph/ephrin
system [1,2]. For example, Eph receptors and ephrins can mediate bidirectional signals and
engage in crosstalk with other signaling systems, and have diverse effects in different
cellular contexts. Indeed, not only inhibiting but also enhancing Eph receptor activation may
be useful in some cases. The ensuing increased Eph kinase activity could stimulate the
tumor suppressor effects of Eph receptors in certain cancers or enhance the beneficial effects
of Eph receptor signaling in the diseased nervous system [1,2,8]. Eph receptor activation
might be enhanced, for example, by molecules disrupting the inhibitory association of the
juxtamembrane domain with the kinase domain. Despite the challenges, progress has been
made in targeting Eph receptors with peptides and small molecules, and further exciting
advances are expected in the years to come.
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NMR nuclear magnetic resonance
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Fig. 1.

Current and potential strategies to target Eph receptors with peptides and small molecules.
Molecules that target the ephrin-binding pocket inhibit ephrin binding, while molecules that
target the ATP-binding site inhibit kinase activity. Other interfaces that could be targeted are
those between the ephrin-binding domains, sushi domains, transmembrane segments and
sterile alpha motifs (SAM) of two neighboring Eph receptor molecules (asterisks).
Furthermore, inhibiting the binding of amyloid- (A-B) or cytoplasmic signaling proteins,
such as those containing SH2 domains, could more selectively affect only some Eph
receptor activities.
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