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Structure-Based Design of Novel EphA2 Agonistic Agents with
Nanomolar Affinity in Vitro and in Cell

Luca Gambinit, Ahmed F. SalemT, Parima Udompholkul, Xiao-Feng Tan*, Carlo Baggio”,
Neh Shah', Alexander Aronson', Jikui Song*, and Maurizio Pellecchia® '

T Division of Biomedical Sciences, School of Medicine, University of California Riverside, 900
University Avenue, Riverside, California 92521, United States

* Department of Biochemistry, College of Natural and Agricultural Sciences, University of
California Riverside, 900 University Avenue, Riverside, California 92521, United States

Abstract

EphA2 overexpression is invariably associated with poor prognosis and development of aggressive
metastatic cancers in pancreatic, prostate, lung, ovarian, and breast cancers and melanoma. Recent
efforts from our laboratories identified a number of agonistic peptides targeting the ligand-binding
domain of the EphA2 receptor. The individual agents, however, were still relatively weak in
affinities (micromolar range) that precluded detailed structural studies on the mode of action.
Using a systematic optimization of the 12-mer peptide mimetic 123B9, we were able to first derive
an agent that displayed a submicromolar affinity for the receptor. This agent enabled
cocrystallization with the EphA2 ligand-binding domain providing for the first time the structural
basis for their agonistic mechanism of action. In addition, the atomic coordinates of the complex
enabled rapid iterations of structure-based optimizations that resulted in a novel agonistic agent,
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named 135H11, with a nanomolar affinity for the receptor, as demonstrated by /n vitro binding
assays (isothermal titration calorimetry measurements), and a biochemical displacement assay. As
we have recently demonstrated, the cellular activity of these agents is further increased by
synthesizing dimeric versions of the compounds. Hence, we report that a dimeric version of
135H11 is extremely effective at low nanomolar concentrations to induce cellular receptor
activation, internalization, and inhibition of cell migration in a pancreatic cancer cell line. Given
the pivotal role of EphA2 in tumor growth, angiogenesis, drug resistance, and metastasis, these
agents, and the associated structural studies, provide significant advancements in the field for the
development of novel EphA2-targeting therapeutics or diagnostics.

Graphical Abstract
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EphA2 belongs to a class of receptor tyrosine kinases that have been implicated in
tumorigenesis, drug resistance, and metastatic behaviors of several solid tumors including
prostate cancer;1~3 melanoma;* urinary bladder,? breast,6 ovarian,” pancreatic,8-10 prain,
11-13 esophagus, 14 lung,® and stomachl6 cancers; and leukemia.1’=20 In cancer cells, the
unbalanced overexpression of the receptor compared to its ligands (ep/rin-A) primes the
EphA2 pro-oncogenic activity. Hence, unligated EphA2 receptor functions as an oncogene,
and its effect can be reverted by stimulation by agonistic agents, which, once engaged with
the receptor, stimulate intrinsic tumor suppressive signaling pathways mediated by the
EphA2.21 Structurally, EphA2 is composed of an extracellular domain, responsible for
engagement with the ephrin-A ligands. Ephrin-A ligand binding causes receptor
dimerization, clustering, and internalizations. The cytosolic region of the receptor contains a
kinase domain, a SAM domain, and a PDZ binding motif that trigger the cellular signaling
events. Because of its possible dual role as an oncogene and a tumor suppressor, EphA2 is
currently the subject of fervid research for the development of possible therapeutics that
target either its intracellular kinase domain22-2° or its ligand binding domain.26:27 Because
receptor activation reverts the prooncogenic function of the EphA2, small molecule EphA2
agonists hold great potential for the development of novel therapeutics. Recently, antibodies
directed at the ligand-binding domain were shown to have the ability to suppress tumor
growth in human breast cancer (MDA-MB-231) and in human gastric cancer (SNU-16)
xenograft mouse models.2” More recently, we have developed novel EphA2 dimeric agonist
peptides conjugated with the chemotherapeutic agent paclitaxel and demonstrated that
dimerization of the peptides can trigger receptor activation at lower concentrations
(compared to the monomeric peptides) and that the activated EphA2—peptide complex
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internalized its cargo, hence, effectively working as a molecular Trojan horse for EphA2
expressing cancer cells.28 However, the carrying agonistic peptides remained of relatively
weak affinity, limiting the full potential of these agents as effective EphA2 therapeutics.
Indeed, potent agonistic agents could be conjugated with either chemotherapy, for use as
peptide—drug conjugates (PDCs), or with fluorophores, metal-chelating groups for PET or
MRI, for use as diagnostics. In our previous studies, we used a 12-mer agonistic peptide
with a relatively weak affinity for EphA2 to derive PDCs and exploited peptide dimerization
to bootstrap cellular activity from triple-digit micromolar to low micromolar. In the current
study, we first deployed more extensive structure—activity relationship studies to obtain an
EphA2 agonistic agent with low micromolar affinity. This allowed us to obtain a crystal
structure of the complex between such an agent and the EphA2 ligand-binding domain.
Hence, using structure-based approaches, we were able to derive novel and more potent
EphA2 binding agents that displayed nanomolar affinity for the receptor as determined by
isothermal titration calorimetry and /n vitro displacement assays. A dimeric version of the
most potent agent was extraordinarily effective in cellular assays for receptor degradation,
and suppression of pro-oncogenic activity of EphA2 in cellular models, including a
remarkable inhibition of both pancreatic cancer cell migration and invasion.

RESULTS

Initial Optimization of 123B9 Based on Primary Sequences of ephrin Ligands.

In order to more rapidly and accurately characterize the binding properties of novel 123B9
(Table 1) derived EphA2-binding agents, we first developed a DELFIA assay (Figure 1A).
Briefly, a biotinylated 123B9 peptide was prepared and used as bait in streptavidin-coated
96-well plates (PerkinElmer). Subsequently, the 6XHis-EphA2-ligand-binding domain
(LBD) was added to each assay well, together with a highly fluorescent Europium-
conjugated anti-6XHis antibody. Hence, after incubation with a test agent and washing steps,
residual fluorescence indirectly measured the ability of the given test compound to displace
123B9 from EphA2. In repeated experiments, the Z” factor of this assay was 0.76,
indicating that the approach was very robust as a primary assay to conduct the proposed
studies. In this assay, the previously reported peptides YSA (YSAYPDSVPMMS)? and
123B930 (Table 1) displayed ICsq values of 16.5 M and 6.5 £M, respectively, again in close
agreement with our previous isothermal titration calorimetry studies with these agents (Table
1, Figure 1B).30

A number of putative peptide-binding regions derived from known protein binders to EphA2
(the ephrin-A ligands and an EphA2 antibody, named 1C1; Figure 1C) were identified,
synthesized, and tested, given their resemblances to 123B9 and YSA (Table 1). However,
none of these peptides displayed increased affinity for the EphA2-LBD compared to 123B9
(Table 1). Subsequently, we derived several “chimeric” peptides iteratively inserting
elements of active peptides into these ep/irin derived peptides. To expedite the synthesis, we
first kept a Tyr at the N-terminus, and subsequently, we reintroduced the Tyr isostere present
in 123B9 (namely, 4F,3ClI phenyl acetic acid; Table 1) that we had incorporated into EphA2
targeting peptides to increase their plasma stability.30 These initial studies revealed
unexpectedly that introducing the C-terminal region of the ep/irin ligands (sequence FRP)
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into 123B9 resulted in agent 135E2 (and the corresponding N1-Tyr equivalent, 135B12) that
was significantly more potent than the initial agents (Table 1). Subsequently, a second round
of optimizations focused on modifications of the C-terminal peptide region and the
introduction of non-natural amino acids in the attempt to further increase affinity for the
receptor. These studies culminated in agent 135G3 that displayed an 1Csg value of 600 nM
in the DELFIA assay (Table 1, Figure 1B). To further validate the DELFIA displacement
assay values and the selectivity of the resulting agent, we performed isothermal titration
calorimetry measurements for selected agents against the ligand-binding domains of EphA2
and EphA4 (Figure 1D). These data revealed that 135G3 bound to the EphA2-LBD with a
dissociation constant of 757 nM, hence comparable to the DELFIA 1Csq value. In addition,
no significant binding was detected against the EphA4, confirming that the resulting agent
had preserved its selectivity (Figure 1D).

Agonistic agents, such as the ephrin ligands, cause receptor dimerization that cause
phosphorylation of the kinase domain. Hence, to assess the agonistic activity of our
compounds in the cell, we could directly measure the phosphorylation levels of the EphA2
as illustrated in Figure 1E. In this cellular assay, 135G3 resulted more effective in inducing
receptor phosphorylation compared to both YSA and 135B12, which is in agreement with
relative /n vitro binding affinities of these agents to the receptor (Figure 1E).

The X-ray Structure of 135E2 in Complex with the EphA2 Ligand-Binding Domain.

Crystallization conditions were tested through sparse-matrix screening (Hampton Research
Inc.) for 135E2 in complex with the ligand binding domain of the EphA2. The crystals were
subsequently reproduced using the hanging-drop vapor diffusion method at 4 °C, from drops
mixed with 1 sl of protein complex and 1 4L of precipitant solution (0.1 M Tris-ClI, pH 8.0,
1.4-1.8 M Li,SQOy,). Crystals were soaked for a few seconds in a cryoprotectant solution,
composed of crystallization solution and 20% glycerol, before flash freezing in liquid
nitrogen. Data were subsequently collected at the 5.0.1 beamline at the Advanced Light
Source, Lawrence Berkeley National Laboratory, and the diffraction data were indexed,
integrated, and scaled using the HKL2000 program.3! The structure was finally solved using
the molecular replacement method in PHASER,32 using the PDB ID code 3C8X as a search
model. The structure of the complex was refined by iterative model building using Coot33
and PHENIX software packages.3* The statistics for data collection and structural
refinement of the EphA2— peptide complex are summarized in Supporting Information Table
S1. The structure of 135E2 in complex with the EphA2-LBD is reported in Figure 2A
together with structural superposition with the loop region from ephrinA5 bound to EphA2
(PDB 1D 3MXO0; Figure 2B). While there is a good structural agreement in the positioning of
the peptide and ephrinA5 loop region within the N-terminus region, the peptide departs for
the ephrinA5 bound conformation to form a more extended structure. Hence, the gain in
activity obtained by the introduction of the C-terminal FRP sequence from the ephrin
ligands into 123B9 was serendipitous. In this regard, in addition to intermolecular
interactions involving residue 135E2 Asp6 with EphA2 Arg159, we also observed an
additional salt bridge between 135E2 Arg11 with EphA2 Glu40 that supported the observed
increased activity of the agents compared to YSA and 123B9 (Figure 2A,C). Finally, the
presence of a hydrogen bond between Arg103 and the ether oxygen on the 4F,3ClI phenyl
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acetic acid moiety supported the observed increased activity of 123B9 versus YSA (Figure
2A, Table 1).

Structure-Based Optimization of 135E2.

Using structure-based design strategies and the structure of the complex between 135E2 and
EphA2-LBD, we have subsequently designed novel agents with improved affinity over
135G3. Given the bent bound conformation that juxtaposes the two serine residues in 135E2
(Figure 2A,C, Supporting Information Figure S4), we first sought to stabilize this
intramolecular interaction either covalently or noncovalently (Table 2, agents 135G8,
135G9, 135F11, 135G10, 13512, and 13513). Cyclization of the compound using two Cys
and a disulfide bridge (135G8) or introducing a Glu-Dap (diamino-propionic acid) lactam
(135G9) resulted in less potent agents (Table 2). However, replacement of a disulfide bond
between a Cys in position 2 and a homo-Cys in lieu of Ser 5 (but not the contrary
arrangement, as in 13512) resulted in cyclic agent 13513 with retained affinity (ICsg ~ 1 tM;
Table 2). Introducing a possible intramolecular salt bridge, hence replacing Ser2 and Ser5
with Dap and Asp, respectively, resulted in agent 135F11 that displayed a marked loss in
affinity for EphA2. However, stabilizing the bound conformation with two hydrophobic
residues in lieu of Ser2 and Ser5 (namely, Leu2 and Ala5) resulted in an agent with a
significantly increased affinity (135G10, IC5g = 0.22 ¢M, Table 2). ITC measurements with
135G10 confirmed that the increased affinity was driven by a reduced loss in entropy upon
binding compared to the parent agent 135G3 (135G3 AH = -21.9 kcal/mol, -7TAS=13.5
kcal/mol, Figure 1; 135G10, AH = -19.4 kcal/mol, — 7AS = 10.6 kcal/mol, Supporting
Information Figure S2), although the enthalpy/entropy compensation phenomena
significantly damped the potential gain in affinity.3536

Further introduction of non-natural amino acids (agents 135G11 to 135H4) at various
positions resulted in agent 135G11, with slightly improved ICgq value (Table 2).

Next, we examined the binding pose for the 4F,3Cl phenyl-acetic acid moiety of 135E2 and
designed novel restrained analogues. Molecular modeling studies based on the structure
135E2 in complex with EphA2 were conducted, and these efforts resulted in the design and
synthesis of a series of substituted benzofuranoic acids (agents 135G6 to 135H11, Table 2).
These studies culminated with the selection of a 3-methyl, 6,7-dimethoxy, 2-benzofuranoic
acid in 135E2 that resulted first in 135G6 and later in 135H11 (including all optimizing
features), a novel agent with increased affinity for EphA2 (Figure 3, Table 2, Supporting
Information Figure S5). Modeling studies anticipated the formation of additional
intermolecular hydrogen bonding between the 3-methyl, 6,7dimethoxy, 2-benzofuranoic
acid moiety and Arg 103 in EphA2 (Figure 3B). Finally, the Tyr residues in the fourth
position seemed engaged in a fairly hydrophobic area of the binding pocket; hence it was
replaced by a 4-methoxy Phe. 135H11 displayed increased affinity by ITC compared to
other agents (Figure 3C) and retained selectivity when tested against the EphA4 (Figure 3D).
Its constrained cyclic equivalent (13514, Table 2) presented a similar 1Csq value in the
DELFIA assay, and its binding affinity was driven by a reduced loss in entropy upon ligand
binding (Supporting Information Figure S2). However, this entropic gain was entirely
compensated by a dramatic loss in enthalpy of binding, suggesting a nonideal geometry of
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the constrained peptide to interact with the ligand-binding domain of EphA2 (Supporting
Information Figure S2). These data concluded that the cyclic agent 13514 is potentially a
novel and interesting agent that could be subjected to optimization of its side chains to
increase its enthalpy of binding, in addition to replacement of the disulfide bridge with more
stable moieties.

Therefore, collectively, these data suggested that linear agents 135G3 and 135H11 were the
most suitable candidates for further studies at this stage of our hit-to-lead optimizations.
Additional binding assays involved the use of 1D H NMR and 2D [*°N,H] correlation
spectra with a 1°N labeled sample of EphA4-LBD. The spectra were collected in the absence
and in the presence of various amounts of 135H11. The data are reported in Supporting
Information Figure S6. Upon titration of 135H11, EphA4 resonances progressively
disappeared, while new cross-peaks appeared, typical of binders in slow-exchange on the
NMR time scale (Supporting Information Figure S6). While it is not possible to measure the
dissociation constant by NMR titration in slow exchange, measuring the chemical shift
differences of cross-peaks in the free versus bound form, we estimated an upper limit for the
off rate for the complex, kys< 120 s~1 (Supporting Information Figure S6). Therefore,
assuming a diffusion limited on a rate of 109 M~1 s~1, a dissociation constant Ky < 120 nM
can be estimated, thus in close agreement with the DELFIA and ITC data.

Recently, we reported that dimerization of 123B9 resulted in an agent with dramatically
increased activity in the cell, presumably by facilitating receptor dimerization, and sub-
sequent clustering and internalization.28 Hence, we prepared a dimeric version of 135G3,
namely 135G4, and a dimeric version of 135H11, namely 135H12 (Table 2 and Supporting
Information Figure S1). On the basis of previous experience with dimeric agents, we did not
expect that these agents would display increased affinity for the isolated EphA2-LBD (Table
2). However, we expected that ligand dimerization would result in increased receptor
activation activity of the agent in cellular assays, presumably by facilitating receptor
dimerization and subsequent clustering.

Cellular Activity of the Novel EphA2 Agonistic Agents.

To assess whether optimized agents have retained their ability to function as EphA2
agonists, we first measured the ability of each agonistic agent to induce EphA2 receptor
degradation. Both dimeric agents 135G4 and 135H12 were remarkably active in inducing
receptor degradation and dephosphorylation of Ser897-EphA2 at submicromolar
concentrations. However, in agreement with the relatively increased affinity of 135H11
compared to 135G3, their corresponding dimers displayed differential receptor activation,
with 135H12 causing receptor degradation at nanomolar concentrations (Figure 4A).

Next, we examined the ability of 135H12 to reduce prooncogenic pSer897-EphA2 and to
degrade EphA2 in pancreatic cancer cell lines BxPC3 and PANC-1. Western blot studies
showed that 135H12 was able to degrade total EphA2 more effectively than the monomer
135H11 and YSA (Figure 4B). Moreover, to study the kinetics of EphA2 dephosphorylation
and degradation upon 135H12 treatment, we treated BxPC3 cells with 1 xM 135H12 at
different time points (Figure 4C). Western blot analysis indicated that total EphA2 was
reduced after 10 min and totally diminished after 1 h of 135H12 treatment. Finally,
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immunofluorescence data of BXPC3 cells demonstrated punctuated cytoplasmic EphA2
fluorescence in 135H12 treated cells compared to fluorescence localized at the cell
membrane in 135H11 treated and untreated cells (Figure 4D). These results confirmed the
increased agonistic activity of dimeric EphA2 ligands compared to their monomers.

Finally, to examine whether our improved EphA2 agonistic agents prevent cell migration
and invasion of cancer cells, we performed cell migration and invasion assays using the
scratch wound method as detected with an IncuCyte S3 (Sartorius) and the pancreatic cancer
cell line BXPC3. In this assay, a 96-pin mechanical device (WoundMaker, Sartorius) was
used to create homogeneous scratch wounds per plate, and the rate of wound closure
between migrating (through a surface) and invading (through a Matrigel matrix) cells is
directly observed in presence and absence of test ligands. The data revealed that 135H12 at
2.5 1M concentration is very effective in suppressing both cell migration and invasion
(Figure 5). However, and notably, while the dimer is more potent in suppressing cell
migration, the monomer is equally effective in suppressing cell invasion (Figure 5 and
Supporting Information Figure S3). These data conclude that 135H11 and 135H12 are
potent agonistic EphA2 agents with nanomolar affinity for the receptor /in vitro and low
micromolar cellular activity.

DISCUSSION

Recently, several accounts clearly identified EphA2 as a potential major target for novel and
effective anticancer therapies. However, research in this field remains hampered by the lack
of suitable, highly potent, and selective pharmacological tools that could provide stepping
stones for the development of novel therapeutics.3” The YSA peptide, discovered using
phage display techniques, has been used in numerous applications, ranging from PDCs to
incorporation in nanoparticles for delivery of diagnostics or SiRNA. However, we recently
reported that this peptide possessed relatively low in vitro affinity (ICsq 15 1M, Table 1) and
required a tripledigit micromolar concentration in cell-based assays to activate the receptor.
In addition, we found that the YSA peptide was fairly unstable in plasma with rapid
hydrolysis by amino-peptidases.3%:38 Recently, we derived the agent 123B9, replacing the
first Tyr residue with a 4F,3CI phenylacetic acid and substituting two methionine residues in
YSA with more stable residues, attaining only a modest increase in affinity (ICsq 6.5 1M,
Table 1) but greatly improving the compound resistance to plasma proteases.3° Here, by
aligning the sequences of the epfAirin-A ligands and the binding loop from a specific EphA2
antibody (1C1), and by systematically introducing non-natural amino acids, we attempted to
derive novel and more potent agents. These data, summarized in Table 1, resulted in the
identification first of agent 135E2 and subsequently of agent 135G3 with 1Cgg ~ 600 nM in a
displacement assay and a dissociation constant of ~760 nM by isothermal titration
calorimetry (Figure 1). In agreement with these increased affinities /n vitro, the agents were
more effective in cellular assays as shown in Figure 1E, where we observed that 135G3
displayed remarkably increased cellular activity in inducing tyrosine receptor
phosphorylation compared to YSA (Figure 1E). Subsequently, we were able to obtain
cocrystals of the complex between 135E2 and EphA2-LBD. The structure revealed several
critical features that were then used to derive novel and even more potent agents. The bound
conformation presented several features that were in agreement with the structure—activity
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relationships reported in Table 1. For example, the C-terminal Arg residue is involved in a
salt bridge with EphA2 residue Glu40, while the increased activity of the 5-hydroxyproline
may be due to the formation of a hydrogen bond between this residue and Asp 43 (Figure
2A,C). Also, the peptide assumed a bent conformation that can be stabilized by introducing
a covalent bridge or hydrophobic residues in lieu of residues Ser2 and Ser5 resulting in an
entropy-driven increase in affinity (for example, compound 135G10, Table 2, Figure 3).
Further modifications of the agent followed structure-based design strategies and resulted in
the identification of a 2-benzofuranoic acid at position 1 that was predicted to introduce
additional hydrogen bonding with EphA2 residue Arg103 (Figure 3B). In agreement,
compound 135H11 displayed increased affinity in the nanomolar range both by DELFIA
(ICs50 0.15 1M, Table 2) and by ITC (Ky = 0.16 M, Figure 3D). Finally, we prepared a
dimeric version of 135G3 and 135H11, namely, 135G4 and 135H12, respectively, and
evaluated their ability to induce receptor activation and to impair EphA2 pro-oncogenic
signaling in pancreatic cancer cell lines (Figure 4). First, and in agreement with the
increased affinity of 135H11 compared to 135G3, in our /n vitro displacement assay and
thermodynamic measurements, its dimer, 135H12, was remarkably and significantly more
potent in degrading the receptor than 135G4 in pancreatic cancer cells (Figure 4A). In
addition, both 135H11 and its dimeric version 135H12 were orders of magnitude more
effective than 123B9 in causing EphA2 degradation and suppressing oncogenic pSer897-
EphA2 in pancreatic cancer cell lines (Figure 4B,C). In agreement with these properties, the
agents were also remarkably effective in suppressing both cell migration and invasion in a
pancreatic cancer cell line (Figure 5). Interestingly, while both 135H11 and its dimer
135H12 were equally effective in suppressing cell invasion at low micromolar concentration,
the dimer was significantly more effective in suppressing also cell migration (Figure 5,
Supporting Information Figure S3). These data concluded that 135H12 represents a novel
potent and effective pharmacological tool that can be further used to interrogate the role of
EphA2 in tumorigenesis and cancer progression and metastasis.

The design of potent, selective, and effective agonistic small molecules or peptide mimetics
targeting the ligand binding domain of the EphA2 receptor has remained a challenging task,
despite several strategies that have been applied over the past decade ranging from NMR-
based screening3®-41 and computational docking strategies?142-44 to high-throughput*® and
phage display screening.*6 More recently, studies have emerged with potential small
molecule compounds?142.28 or EphA2/ephrin antagonists;#3-4547-49 however, in our
opinion, none of these agents have yet reached the level of potency and cellular efficacy that
we reported here for 135H11 or 135H12. Indeed, the ability of the previously reported
agents to cause receptor activation and internalization required relatively high concentrations
(>50-100 £M),46:50-52.28 |imiting their potential translation to the clinic as effective anti-
pro-oncogenic EphA2 agents.

As we demonstrated recently, small agonistic peptides can be used directly as PDCs (peptide
drug conjugates) to selectively deliver a cytotoxic agent to EphA2-expressing cancer cells.
28,30,38,50,52,53 |ndeed, we envision that 135H11, 135H12, and related compounds
(including, for example, the cyclic agent 13514, Table 1) could be used as drug delivery
agents for chemotherapy and could also be deployed to selectively introduce siRNA into
cancer cells or appropriately derivatized with imaging or other diagnostic agents.52:54-57
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However, given the remarkable activity of 135H12 inducing EphA2 degradation in the cell,
and concomitant inhibition of cell migration and invasion, we anticipate that 135H12 and
related compounds could be also used directly as single agents or in combination therapy
against a variety of tumors that depend on EphA2 expression to metastasize. Hence, in
addition to its anticipated use in PDCs or in diagnostics as we previously reported,
28,30,38,50,52,53 \ye envision performing further and more detailed pharmacology studies to
evaluate the /7 vivo pharmacokinetics, toxicity, and efficacy of 135H12 and related
compounds as single agents or in combination with the standard of care. In conclusion, we
are confident that our present studies provide novel, potent, and effective pharmacological
tools targeting the EphA2 receptor and as such represent a significant advancement in the
field of targeting EphA2. Our studies could open a wide range of opportunities for the
development of EphA2-targeting therapeutics, ranging from more effective PDCs to the
development of innovative diagnostics, or for devising more effective combination therapies
targeting tumor resistance to chemotherapy and tumor metastases.

METHODS

Chemistry.

General.—All reagents and anhydrous solvents were obtained from commercial sources,
including Fmoc-protected amino acids and resins for solid phase synthesis. Some of the
reported agents were synthesized by Innopep, while others were synthesized in house by
standard microwave-assisted Fmoc peptide synthesis protocols on Rink amide resin using a
Liberty Blue Peptide Synthesizer (CEM). For each coupling reaction, 6 equiv of Fmoc-AA,
3 equiv of DIC, and 1 equiv of OximaPure in 4.5 mL of DMF were used. The coupling
reaction was allowed to proceed for 5 min at 90 °C in the microwave reactor. Fmoc
deprotection was performed by treating the resin-bound peptide with 20% piperidine in
DMF (2 x 3 mL) for 3 min at 90 °C. Peptides were cleaved from the resin with a cleavage
cocktail containing TFA/TIS/water/phenol (94:2:2:2) for 3 h. The cleaving solution was
filtered from the resin, and the peptides were precipitated in Et,O, centrifuged, and dried in
a high vacuum. The crude peptides were purified to >95% purity by preparative RP-HPLC
using a Luna C18 column (Phenomenex) on a JASCO preparative HPLC system and water/
acetonitrile gradient (5% to 70%) containing 0.1% TFA. Compounds were further
characterized by HRMS (Supporting Information Table S2).

Preparation of 135G4 and 135H12.—Dimers were prepared using half the resin needed
for a normal scale reaction (usually 0.1 mmol) and introducing an Fmoc-Lys(Fmoc)-OH as
the first amino acid of the sequence as illustrated in Supporting Information Figure S1. A
double coupling protocol was employed to ensure the complete reaction of both elongating
sequences. Standard cleavage and purification protocol were used to obtain the pure dimers
(purity >95% by HPLC).

Binding and Displacement Assays.

EphA2-LBD and EphA4-LBD were expressed and purified as we previously reported.30
Isothermal Titration Calorimetry (ITC) measurements were obtained with a TA Instruments
microcalorimeter. The optimized DELFIA (Dissociation-Enhanced Lanthanide Fluorescent
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Immunoassay) assay protocol included a 2 h incubation of 100 gL of 1 M 123B9-biotin in
96-well streptavidin-coated plates (PerkinElmer), followed by three washing steps.
Subsequently, after preincubation of test agents for 15 min with a solution of 0.712 ziv
EphA2-LBD, 11 zi of this mixture was added to 89 yL of solution containing 4.17 nM Eu—
N1-labeled anti-6XHis antibody (PerkinElmer) and incubated for 1 h. After washing steps,
200 2 of the DELFIA enhancement solution (PerkinElmer) was added to each well
followed by a 10 min incubation prior to fluorescence reading (VICTOR X5 microplate
reader, PerkinElmer; excitation and emission wavelengths of 340 and 615 nm, respectively).
Fluorescence readings were normalized to that of DMSO control and reported as percent
inhibition. The ICsq values were analyzed using GraphPad Prism version 7 and data fitted
with a nonlinear regression (least-squares ordinary fit) of the log-[compound] versus the
observed response.

Crystallization, X-ray Data Collection, and Structure Determination.

The EphA2 protein sample was mixed with the peptide in a 1:2 molar ratio for complex
formation. Initial crystallization conditions were identified through sparse-matrix screening
(Hampton Research Inc.). The crystals were subsequently reproduced using the hanging-
drop vapor diffusion method at 4 °C, from drops mixed from 1 zL of protein complex and 1
L of precipitant solution (0.1 M Tris-Cl, pH 8.0, 1.4-1.8 M Li,SO,). Crystals were soaked
for a few seconds in a cryo-protectant solution, composed of crystallization solution and
20% glycerol, before flash freezing in liquid nitrogen.

The X-ray diffraction data for the EphA2-LBD-135E2 peptide complex were collected on
the BL 5.0.1 beamline at the Advanced Light Source, Lawrence Berkeley National
Laboratory. The diffraction data were indexed, integrated and scaled using the HKL2000
program.3! The structure was solved using the molecular replacement method in PHASER,
32 with the structure of free EphA2 (PDB ID: 3C8X) as a search model. The resulting
electron density revealed that there are four EphA2-135E2 peptide complexes in each
asymmetric unit, with one peptide containing AHHHHA. The structure of the complex was
improved by iterative model building and refinement with Coot33 and PHENIX software
packages.3# The same R-free test set was used throughout the refinement. The statistics for
data collection and structural refinement of the complex EphA2—peptide are reported in
Supporting Information Table S1.

Cell Lines, Cell Culture, and Antibodies.

BxPC-3, PANC-1, and HEK273 7717 (HEK293) cell lines were purchased from the
American Type Culture Collection (ATCC). All culture media and supplements were
purchased form ThermoFisher and supplemented with 10% FBS and 1% Pen Strep to make
complete media. BXPC3 was cultured in complete RPMI-1640, and PANC-1 and HEK293
were cultured in complete DMEM. Anti-EphA2 antibody (1C11A12) was purchased from
ThermoFisher, and anti-pS897-EphA2 antibody (D9A1) was purchased from Cell Signaling
Technology. Both antibodies were probed at 1:1000 dilution. g-Actin antibody was
purchased from Santa Cruz Biotechnology and probed at 1:10 000.
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EphA2 Stimulation and Immunoprecipitation.

We established an EphA2-overexpressing HEK293 stable cell line as we recently reported.28
The EphAZ2 cell line was plated in six-well plates. The following day, cells were starved by
replacing complete media with serum-free DMEM for 2 h. Starved cells were stimulated
with 0.5-1 tg/mL clustered mouse EphrinAl-Fc or Fc (R&D systems) with goat antihuman
1gG Fc (Abcam, cat. no. ab97221) at various time points. During stimulation, indicated
doses of compounds were added to each well. Control cells were treated with complete
media containing 1% DMSO. Stimulated cells were lysed with cell lysis buffer (20 mM Tris,
pH 7.4, 120 mM NacCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 %
IGEPAL, 5 mM EDTA, supplemented with EDTA-free Protease Inhibitor Cocktail and
PhosStop from Sigma-Aldrich) for 30 min on ice. Cell lysates were then centrifuged to clear
off cell debris for 10 min at 13 000 rpm at 4 °C. Protein concentration was quantified using a
BCA Protein Assay kit (ThermoFisher), and the sample concentration was adjusted to 1 pg/
4L for all samples. A preclear step for cell lysates was performed using Pierce Protein A/G
Agarose beads (ThermoFisher) for 1 h at 4 °C. Cell lysates and beads were centrifuged, and
the supernatant was further incubated with 2 pg of mouse antibody anti-EphA2 receptor
(ThermoFisher, cat. no. 1C11A12) at 4 °C overnight. The next day, each cell lysate—antibody
complex was incubated with A/G agarose beads for 2 h at RT. After several washes, target
protein was eluted by heating in 2X NUPAGE LDS Sample Buffer and NUPAGE Antioxidant
(ThermoFisher) for 5 min at 90 °C. Samples were loaded into 4-12% NuPAGE Bis-Tris
Precast Gels and transferred to PVDF membrane. The membrane was blocked with 5% BSA
in TBS and 0.1% Tween (TBST) for 1 h, then incubated with a 1:3000 dilution of a mouse
antibody anti-phosphotyrosine (BD Biosciences, cat. no. 610000, clone PY20) for 1 h. The
antigen—-antibody complex was visualized using a Clarity Western ECL kit (BIO-RAD). The
membrane was washed and stripped using Restore Western Blot Stripping Buffer for 1 h,
and subsequently blocked with 5% nonfat milk in TBST, followed by a 1 h incubation with a
primary mouse antibody anti-EphA2 receptor at a 1:2000 dilution. The membrane was then
washed with TBST and incubated with goat antimouse HRP.

Immunofluorescence.

In chamber slides, cells were plated and allowed to adhere overnight in humidified cell
culture incubators. The following day, cells were treated with the indicated ligands for 30
min. Subsequently, cells were washed with PBS and fixed with 4% formaldehyde
(Polysciences, Inc.), then blocked and permeabilized with 5% FBS and 0.3% Triton X-100
for 1 h. Next, wells were washed and stained with anti-EphA2 antibody, followed by three
washes and further incubation with Alexafluor goat antimouse 488 secondary antibody
(ThermokFisher). Cells were counterstained with DAPI and mounted with Prolong Diamond
Antifade (ThermoFisher). Images were acquired with confocal microscope Zeiss 880
Airyscan and processed using Adobe Photoshop CC.

Time-Lapse Scratch Wound Healing Assays.

Cell Migration Assay.—Cells were cultured in 96-well ImageLock plates (Sartorius). The
next day, wells were scratched using the WoundMaker (Sartorius). Subsequently, cells were
washed twice with PBS and treated with the indicated compounds in RPMI-1640 complete
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media. Subsequently, cells were imaged every 6 h using IncuCyte S3 (Sartorius), and
relative wound areas were analyzed using the algorithm of the imager cell migration
software module.

Cell Invasion Assay.—Matrigel (Corning) was diluted in serum-free RPMI-1640 media
(1:100); 50 yL of the mixture was added to an ImageLock plate and incubated at 37 °C for 2
h. Next, excess media were aspirated, and cells in complete media were plated and left
overnight in a humidified cell culture incubator. The following day, the cell culture plate was
aspirated, scratched with the WoundMaker, and washed twice with PBS. Subsequently, the
plate was coated with a mixture of Matrigel and cold serum-free RPMI-1640 (1:1) and left
in the incubator to solidify for 30 min. Finally, 100 L of 1.5X compound—-media mixture
was added to the plate at various concentrations. The healing of the scratches was imaged
and calculated similar to the migration assay.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
EphA2-LBD ephrin type-A receptor 2 ligand-binding domain
ITC isothermal titration calorimetry
PET positron emission tomography
MRI magnetic resonance imaging
Hyp L-trans-4-hydroxyproline
Aib a-aminoisobutyric acid
Dap diamino propionic acid
4 Pal 4-pyridyl-L-alanine
Cha 3-cyclohexyl-L-alanine
Nle L-norleucine
hS L-homoserine
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hC L-homo-Cysteine

3FAbu (2S)-2-amino-4,4,4-trifluorobutanoic acid

AspTtz 2-amino-3-(2H-1,2,3,4-tetrazol-5-yl)propanoic acid
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Figure 1.

Dgsign of 135G3. (A) Schematic representation of the DELFIA assay. (B) DELFIA
displacement curves relative to YSA (ICsq = 16.54M), 123B9 (ICsq = 6.5 M), and 135G3
(1C50 = 0.6 pM) against the EphA2-LBD. (C) Close-up view of the structure of EphA2-LBD
(light brown, PDB ID 3MX0) in complex with various ephrin ligands or the 1C1 antibody.
Only the loop regions of the ligands are shown: ephrinAl (light blue, 3CZU), ephrinA2
(purple, 2W03), ephrinA4 (red, 3MX0), ephrinB2 (green, 1KGY), and the anti-EphA2
antibody 1C1 (yellow, 3SKJ). This figure panel was generated with Chimera (http://
www.cgl.ucsf.edu/chimera). (D) Isothermal Titration Calorimetry (ITC) curves for the
binding between 135G3 and EphA2-LBD (AH=-21.9 kcal/mol, — 7A5=13.5 kcal/mol) and
EphA4-LBD (no appreciable binding). (E) EphA2 receptor phosphorylation assay in
HEK?293 cells by various doses of YSA, 123B9, and 135G3.
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Figure2.
The X-ray structure of 135H2 in complex with the EphA2 LBD. (A) 135E2 is depicted as a

stick model in magenta, while the EphAZ2 is depicted as a ribbon model and with several side
chains that interact with the peptide displayed. (B) Superposition of the structures of 135H2
(stick model in magenta) in complex with EphA2-LBD (ribbon in cyan) and the complex
between EphA2-LBD (ribbon model in yellow) and ephrinA5 (only the interacting loop
region is shown as a green rod). (C) Detailed interactions between 135E2 (stick model) and
EphA2-LBD (surface representation). The surface was generated with MOLCAD and
colored according to a lipophilic potential (brown, more lipophilic; blue, more polar).
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Design and characterization of 135H11. (A) DELFIA displacement dose—response curves
comparing 123B9, 135G3, and 135H11 (Table 2). (B) Model of the complex between
135H11 and EphA2-LBD. The model was obtained using Sybyl (Cetara) and our derived X-
ray structure of the complex between 135H2 and EphA2-LBD (PDB ID 6B9L).
Intermolecular hydrogen binding involving side chains is highlighted in green. (C) ITC
curves for 135H11 against EphA2-LBD (Ky = 150 nM) and (D) EphA4-LBD (inactive).
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Figure 4.
Dimeric EphA2 agonists degrade EphA2 receptors in cancer cells. (A) Comparison studies

between the two dimeric EphA2 agonists 135H12 and 135G4 in a cell-based assay. BXPC3
cell line was treated with the indicated doses for 3 h; then cells were lysed and Western blot
studies were performed. Both dimers degraded total EphA2 receptor and dephosphorylated
pEphA2 S897 at nanomolar concentrations, but 135H12 was more potent at lower doses
compared to 135G4 (evident comparing the 50 nM and 100 nM treated lanes). (B) 135H12
was an effective agonist compared to EphA2 agonistic monomers. BXPC3 or PANC-1 cells
were treated and lysed similar to the previous Western blot. 135H12 degraded total EphA2
receptor and dephosphorylated pEphA2 S897 at 1 1M in both cell lines. Moreover, the
monomer 135H11 was more effective than the monomer 123B9. EphrinAl-Fc is a clustered
natural ligand and used as a positive control. (C) Kinetics of EphA2 degradation after
treatment with 135H12 (1 xM). BXPC3 cells were treated with 1 M 135H12 and cell
lysates collected at the indicated time points and blotted with phospho-EphA2 S897 or
EphA2. EphA2 receptor was dephosphorylated and degraded after 10 min of adding
135H12. Moreover, the receptor band disappeared after 1 h of treatment. (D) 135H12 altered
EphA2 cellular localization. BxPC3 cells were plated in chamber slides, and the following
day they were treated with clustered Fc, clustered EphrinAl, 1 M of 135H11, or 1 ¢/M
135H12 for 30 min. Cells were immunostained with EphA2 antibody (green), and nuclei
were counterstained with DAPI (blue). Images were acquired using confocal Inverted Zeiss
880. The EphA2 receptor was located at the cell membrane when treated with Fc or 135H11.
On the contrary, punctuated fluorescence was observed in the cytoplasm of ephrinAl-Fc and
135H12 treated cells, suggesting receptor clustering and internalization.
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Figureb.
EphA2 agonists inhibit cell invasion and migration. (A) 135H12 and 135H11 inhibit cell

invasion. Seven x10° BxPC3 cells were plated in each well of a 96-well plate and treated the
following day. Plates were treated once and imaged every 6 h for 6 days. (B) 135H12 and
135H11 inhibit cell migration. BXPC3 cells were plated and treated similarly to the invasion
assay. Plates were imaged every 6 h for 36 h. (C) Time dependent inhibition of invasion and
migration of pancreatic cancer cells when treated with 135H11 (monomer) and 135H12
(dimer). Both agonists inhibited cell invasion, while 135H12 showed more significant
inhibition of cell migration than its monomer counterpart, 135H11. Invasion assay /7= 5,
migration assay /7= 10. Error bars are SEM **#*P=(0.0001; ***P=0.0002; **P = 0.003.
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Table 1.

Tested Agents and Relative ICsg Values (M) from DELFIA Assay'a

ID
YSA
123B9
ephrins A2/A5/A4
ephrin A3
ephrin B2
ephrin Al
135A1 (1C1)
135A7
135A8
135B1
135B12
135B2
135B8
135B9
135C1
135C2
135C3
135C4
135C7
135C8
135C9
135C10
135D6
135D7
135D8
135D9
135E2
135E4
135E5
135E6
135E7
135E10
135E11
135E12
135F1
135F2

sequence
H,N-YSAYPDSVPMMS-CONH,
(4-F 3-CIPhOCH,CO)SAYPDSVP(NIe) (hS)S-CONH,
H,N-FTPFSLGFEFRP-CONH,
H,N-YSAFSLGYEFHA-CONH,
H,N-FSPNLWGLEFQK-CONH,
H,N-FTPFTLGKEFKE-CONH,
H,N-YDYVAVAGPAEY-CONH,
H,N-YSAYPLSVEFRP-CONH,
H,N-YSAYPDSVEFRP-CONH,
H,N-YSAYPDSVEMMS-CONH,
H,N-YSAYPDSVPFRP-CONH,
H,N-YSAYPLSVEMMS-CONH,
H,N-FTAFPLGFEFRP-CONH,
H,N-FTAFPLGFEMMS-CONH,
H,N-YSAYPDSVPFMS-CONH,
H,N-YSAYPDSVPF-CONH,
H,N-YSAYPDSVPFRS-CONH,
H,N-YSAYPDSVPFR-CONH,
H,N-YSAYPDSVPMRS-CONH,
H,N-YSAYPDSVPMRP-CONH,
H,N-YSAYPDSVPMMP-CONH,
H,N-YSAYPDSVPFMP-CONH,
H,N-YSCYPDSVPFRP-CONH,
H,N-YSVYPDSVPFRP-CONH,
H,N-YSLYPDSVPFRP-CONH,
H,N-YS(Aib)YPDSVPFRP-CONH,
(4-F 3-C1PhOCH,CO)SAYPDSVPFRP-CONH,
H,N-YSAYPDSVP(4-CIPhe)RP-CONH,
H,N-YSAYPDSVP(3-CIPhe)RP-CONH,
H,N-YSAYPDSVP(4-FPhe)RP-CONH,
H,N-YSAYPDSVP(4-CF3Phe)RP-CONH,
H,N-YSAYPDSVPF(4-Amino-Phe)P-CONH,
H,N-YSAYPDSVPF(4-Amimo-Methy1-Phe)P-CONH,
H,N-YSAYPDSVPF(4-Guanidrmo-Phe)P-CONH,
H,N-YSAYPDSVPFKP-CONH,
H,N-YSAY (Hyp)DSVPFRP-CONH,

1Csp (UM)
16.2+0.8, n=14
6.6+1.0 n=4
>200
>200
>200
>200
>500
>100
36.3+6.2,
>100
19+0.1,n=22
>200
>100
>100
75+05
11.2+14
4409
49+0.1
88+0.1
84+12
11.8+04
46+0.1
>100
>200
>200, n=2
>200
31+04,n=6
16+0.2,n=8
1.8+0.1
31+x04
19+0.2
23+0.3
1.3+0.2
1.0+0.1
15+0.1
145+0.8
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ID sequence 1Csq (UM)
135F3 H,N-YSAYPDSV(Hyp)FRP-CONH, 15+0.1
135F4 H,N-YSAYPDSVPFR(Hyp)-CONH, 5605
135F5 H,N-YSA(4C1Phe)PDSVPFRP-CONH, 35+03
135F6 H,N-YSA(3C1Phe)PDSVPFRP-CONH, 114+13
135F8 H,N-YSAYPDSVP(4 Pal)RP-CONH, 76+0.1
135F10 H,N-YSAYPDSV(Hyp)(4C1Phe)RP-CONH, 0.94+0.11, n=6
135F12 (4F,3CIPhOCH,CO)SAYPDSVPFRP(S-Ala)K-CONH, 41+0.1
135G3 (4F,3C1PhOCH,CO)SAYPDSV(Hyp)(4C1Phe)RP-CONH,  0.54 +0.03, 7= 10
135C11 (H2N-YSAYPDSVPFRPG),-K-CONH, 0.60+0.09, =6

Page 23

a . - . . . L .
SE represents duplicate measurements unless otherwise indicated. Hyp, L-trans-4-hydroxyproline; Aib, a-aminoisobutyric acid; 4 Pal, 4-pyridyl-
L-alanine; Nle, L-norleucine; hS, L-homo-serine
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Table 2.
Novel EphA2-Targeting Agents and Relative ICsq Values (,uM)a
ID sequence 1Cs0 (UM)
135G8 H,N-Y(CAYPDC)VPFRP-CONH, 329+10.9
135G9  H-Y(EAYPDDap)VPFRP-NH, 27.2+03
13512 H,N-Y (hCAYPDC)VPFRP-CONH, 10.1+0.1
13513 H,N-Y(CAYPDhC)VPFRP-CONH, 1.2+0.2
135F11  (4F,3-CIPhOCH,CO)(Dap)AYPDDVPFRP-CONH, >200
135G10  (4F,3CIPhOCH,CO)LAYPDAV/(Hyp)(4CIPhe)RP-CONH, 0.23+0.08, n=4
135G11  (4F,3CIPhOCH,CO)SA(4MeTyr)PDSV/(Hyp)(4CIPhe)RP-CONH, 0.18 +0.05
135G12  (4F,3CIPhOCH,CO)SAYP(AspTtz)SV(Hyp)(4CIPhe)RP-CONH, 0.70 +0.09
135H2  (4F,3CIPhOCH,CO)(Cha)AYPDAV(Hyp)(4CIPhe)RP-CONH, 1.7+0.1
135H3  (4F,3CIPhOCH,CO)LAYPD(3FAbU)V(Hyp)(4CIPhe)RP-CONH, 11.2+0.1
135H4  (4F,3CIPhOCH,CO)(Cha)AYPD(3FAbU)V(Hyp)(4CIPhe)RP-CONH, 53.2+85
135G6 XSAYPDSVPFRP-NH, X = 3,6-dimethyl- benzofuran-2-carboxylic acid 0.66 +0.01
135G5 XSAYPDSVPFRP-NH, X = 5-methyl- benzofuran-2-carboxylic acid 0.50 + 0.05
135H5 XSAYPDSVPFRP-CONH, X = 3-methyl-5- fluoro-benzofuranoic acid 0.43+0.01
135G7  XSAYPDSVPFRP-NH, X = 7-methoxy-2- benzofurancarboxylic acid 0.19+0.04, n=8
135H1  XSAYPDSV(Hyp)(4CIPhe)RP-CONH, X = 5-chloro-benzodihydrofuranoic acid 0.75+0.04
135H6 XSAYPDSVPFRP-CONH, X = 3-methyl-5- chloro-benzofuranoic acid 0.19+0.01
135H7 XSAYPDSVPFRP-CONH, X = 3-methyl-6,7- diethoxy-benzofuranoic acid 0.24 +0.02
135H8  XSAYPDSVPFRP-CONH, X = 7-ethoxy- benzofuranoic acid 0.17 £0.03
135H9 XSAYPDSVPFRP-CONH, X = 5-chloro-7- methoxy-benzofuranoic acid 0.28 +0.01
135H10 XSAYPDSVPFRP-CONH, X = 3-methyl-6,7- dimethoxy-benzofuranoic acid 0.19+0.05, n=6
135H11  XLA(4MeTyr)PDA V(Hyp)(4CIPhe)RP-CONH, X = 3-methyl-6,7-dimethoxy-benzofuranoic acid 0.13+0.02, =6
13514 X(CA(4MeTyr)PDhC) V(Hyp)(4CIPhe)RP- CoNh;, X = 3-methyl-6,7-dimethoxy- benzofuranoic acid 0.16 £ 0.02
135G4  [(4F,3CIPhOCH,CO)SAYPDSV(Hyp)(4CIPhe)RPG],-K-CONH, 0.13+0.01
135H12  [XLA(4MeTyr)PDA V(Hyp)(4CIPhe)RPG],- K-CONH, 3X = 3-methyl-6,7-dimethoxy- benzofuranoic acid  0.15+0.03, 7=6

%SE indicates duplicate measurements unless otherwise indicated. Hyp, L-frans-4-hydroxyproline; Aib, a-aminoisobutyric acid; Dap, diamino
propionic acid; 4 Pal, 4-pyridyl-L-alanine; Cha, 3-cyclohexyl-L-alanine; Nle, L-norleucine; hS, L-homo-serine; hC, L-homoCysteine; 3FAbu,

(2S)-2-amino-4,4,4-trifluorobutanoic acid; AspTtz, 2-amino-3-(2H-1,2,3,4-tetrazol-5-yl)propanoic acid.
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