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SUMMARY

The EphA2 receptor tyrosine kinase activates signaling pathways with different,
and sometimes opposite, effects in cancer and other pathologies. Thus, highly
specific and potent biased ligands that differentially control EphA2 signaling re-
sponses could be therapeutically valuable. Here, we use EphA2-specific mono-
meric peptides to engineer dimeric ligands with three different geometric
configurations to combine a potential ability to differentially modulate EphA2
signaling responses with the high potency and prolonged receptor residence
time characteristic of dimeric ligands. The different dimeric peptides readily
induce EphA2 clustering, autophosphorylation and signaling, the best with sub-
nanomolar potency. Yet, there are differences in two EphA2 signaling responses
induced by peptides with different configurations, which exhibit distinct potency
and efficacy. The peptides bias signaling when compared with the ephrinA1-Fc
ligand and do so via different mechanisms. These findings provide insights into
Eph receptor signaling, and proof-of-principle that different Eph signaling
responses can be distinctly modulated.

INTRODUCTION

EphAZ2 is a receptor tyrosine kinase that belongs to the large Eph receptor family (Pasquale, 2005). Under
physiological conditions, EphA2 is predominantly expressed in epithelial and endothelial cell types, where
it regulates the integrity of cell-cell junctions and other key properties (Harada et al., 2015; Lin et al., 2010;
Miura et al., 2009; Porazinski et al., 2016; Wakayama et al., 2011; Wilson et al., 2021). Given the increased
EphA2 expression and/or functional involvement of diverse EphA2 downstream signaling pathways in
many cancers (Barquilla and Pasquale, 2015; Pasquale, 2010; Wilson et al., 2021), pathological forms of
angiogenesis (Brantley-Sieders et al., 2004; Cheng et al., 2002; Ogawa et al., 2000; Pandey et al., 1995;
Zhou et al., 2011), inflammation (Coulthard et al., 2012; Finney et al., 2017; Funk and Orr, 2013; Pandey
et al., 1995) and diseases such as cataracts (Cheng et al., 2013; Park et al., 2012; Shiels et al., 2008; Zhang
et al., 2009), psoriasis (Gordon et al., 2013) and parasite infections (Barquilla and Pasquale, 2015; Gomez-
Solerand Pasquale, 2021), EphA2 has emerged as a potentially important therapeutic target (Barquilla and
Pasquale, 2015; Biao-Xue et al., 2011; Gomez-Soler and Pasquale, 2021; Lodola et al., 2017; Pasquale, 2010;
Tandon et al., 2011; Wilson et al., 2021).

Various domains in EphA2 can be targeted to modulate its expression and activity (Barquilla and Pasquale,
2015). The extracellular region of EphA2 contains an N-terminal ligand-binding domain (LBD), a cysteine-
rich region and two fibronectin type Ill domains (Himanen et al., 2010; Seiradake et al., 2010) (Figure S1).
The intracellular region of EphA2 contains a juxtamembrane segment, the tyrosine kinase domain, a sterile
alpha motif (SAM) domain and a short C-terminal tail (Pasquale, 2005). A variety of agents are under inves-
tigation to activate or inhibit EphA2 for research and medical applications, including recombinant forms of
ephrinA or EphA extracellular regions, antibodies, peptides, small molecule kinase inhibitors, and RNA/
DNA oligonucleotides (Barquilla and Pasquale, 2015; Boyd et al., 2014; Gomez-Soler and Pasquale,
2021). Peptides are particularly attractive for EphA2 targeting. They are well suited to bind the broad
and shallow ephrin-binding pocket located in the Eph receptor LBD (Figure S1), which is easily accessible
on the cell surface (Duggineni et al., 2013; Gambini et al., 2018; Gomez-Soler et al., 2019; Lamberto et al.,
2014; Mudd et al., 2020; Riedl and Pasquale, 2015; Salem et al., 2018). In addition, peptides can be used to
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specifically activate or inhibit EphA2 signaling without affecting signaling by other Eph receptors (Gomez-
Soler et al., 2019; Koolpe et al., 2002; Ried| and Pasquale, 2015).

EphA2 can assemble into distinct oligomeric structures in response to different ligands (Light et al., 2021;
Singh et al., 2018). We reasoned that such different EphA2 assemblies could differentially affect, or bias,
signaling responses (Karl et al., 2020). To investigate this possibility, we engineered different dimeric ver-
sions of monomeric peptides previously shown to target the ephrin-binding pocket of EphA2 with high
selectivity, unlike the highly promiscuous physiological ephrin ligands (Gomez-Soler et al., 2019; Koolpe
et al., 2002). We hypothesized that the different types of peptide dimers would stabilize different arrange-
ments of the LBDs in the EphA2 oligomers (including dimers and higher order oligomers), possibly
affecting receptor activation and signaling responses. We thus investigated if dimeric peptide ligands
with distinct configurations can activate EphA2 and induce the same or different signaling responses.
Some of the dimeric peptides we describe here have subnanomolar potency and represent, to our knowl-
edge, the most potent EphA2 agonists reported to date. Indeed, the bivalent binding interactions of
dimeric ligands slow down dissociation from the receptor, increasing the apparent binding affinity (avidity)
and the receptor residence time of the ligand (Vauquelin and Charlton, 2013).

The availability of a large repertoire of EphA2 activating ligands—including the collection of dimeric pep-
tides described here, dimeric ephrinA1-Fc, monomeric peptides and monomeric ephrinA1 (m-ephrinA1)—
allowed us to systematically study whether EphA2 signaling responses can be differentially regulated, or
biased, depending on the activating ligand. Ligand bias, also known as ligand functional selectivity, has
been extensively studied for G protein-coupled receptors (GPCRs), where it is revolutionizing therapeutic
strategies (Kenakin, 2019; Kenakin and Christopoulos, 2013). Ligand bias occurs when two ligands differen-
tially activate distinct receptor signaling responses (Karl et al., 2020; Kenakin and Christopoulos, 2013;
Onaran et al.,, 2017; Smith et al., 2018). There is some evidence that ligand bias can also occur for receptor
tyrosine kinases (Trenker and Jura, 2020; Watson et al., 2014; Wilson et al., 2009), but this has not yet been
widely explored. Here we present evidence that the EphA2 receptor is potentially capable of biased
signaling. We found that distinct ligands can differentially modulate two EphA2 signaling responses.
The first is autophosphorylation on tyrosine 588 (Y588), which reports on EphA2 activation and mediates
the binding of SH2 domain-containing signaling effectors such as Vav guanine nucleotide exchange factors
leading to Rac1 activation and downstream signaling (Barquilla and Pasquale, 2015; Boyd et al., 2014; Fang
et al., 2008; Pasquale, 2010). The second is inhibition of AKT $473 phosphorylation, which reports on AKT
activation and appears to occur independently of Y588 phosphorylation (Alves et al., 2018; Miao et al.,
2009; Yang et al., 2011) (Figure S1). The very high potencies of the peptides, combined with their ability
to differentially modulate EphA2 signaling, are highly desirable for therapeutic development (Copeland
et al., 2006; Schuetz et al., 2017; Tonge, 2018).

RESULTS

Engineering potent and selective dimeric peptides with different configurations

We previously found that ligands that promote EphA2 dimerization through the "dimerization” interface
(Figure S1), which was identified in crystal structures of the EphA2 extracellular region (Himanen et al.,
2010; Seiradake et al., 2010), activate EphA2 kinase-dependent signaling (Gomez-Soler et al., 2019; Singh
etal., 2018). In silico modeling enabled us to design dimeric ligands predicted to induce EphA2 LBD dimer-
ization through this interface by linking previously identified EphA2-targeting peptides through their
C-termini (Gomez-Soler et al., 2019) (Figure S2A). Dimer (1) was generated from the previously published
monomer (9*) and dimers (2) and (3) were generated from the previously published monomer (19*), where
the asterisk indicates the numbering in (Gomez-Soler et al., 2019) (Figure 1; Tables ST and S2). We used a
C-terminal disulfide linkage in the case of dimers (1) and (2) and a more stable non-reducible linker in the
case of dimer (3). In the in silico model, dimer (1) induces a symmetric EphA2 LBD dimer and occupies a
channel formed in the dimerization interface by EphA2 residues Tyr48, Gly131 and Thr132 (Himanen
etal., 2010; Seiradake et al., 2010) (Figures S2A and S3). The binding stoichiometry measured in isothermal
titration calorimetry (ITC) experiments with the soluble EphA2 LBD confirmed that two EphA2 LBDs bind to
each dimeric peptide (Figures 1, S4A, and S4B; Table S3).

ELISAs measuring peptide-dependent inhibition of EphA2-ephrinAS interaction revealed that the dimeric

peptides are 6-40 times more potent than their monomeric precursors. The ICsq values of 71 nM for dimer
(1) compared to 410 nM for monomer (9*) and of 0.5 nM for dimer (2) and 0.77 nM for dimer (3) compared to
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Figure 1. Dimeric peptides with different configurations and other EphA2 ligands
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" New peptides are numbered 1 through 10; peptide (2*) corresponds to peptide (2) in (Gomez-Soler et al., 2019) while other relevant peptides from (Gomez-
Soler et al., 2019) are listed in Table S2. Blue indicates C-terminally linked dimers, orange N-terminally linked dimers, green a head-to-tail dimer, and

lavender monomers. 2 Cysteines and other residues that were linked to achieve dimerization are in red font; also in red font is the Ccam residue in monomers

that replaces the cysteine in the corresponding dimers; residues used as spacers are in gray; am, amidated C-terminus; BA, B-Alanine; bio, biotin; Ccam,

carbamidomethyl-cysteine; Kys, azido-lysine; Pra, propargylglycine. * Averages 4 SD are shown. The number of experiments is indicated in parentheses. N
for the ITC experiments is the calculated stoichiometry of EphA2 LBD molecules bound to a peptide molecule. * Averages are shown + SE from

multiparameter curve fitting of combined data from all experiments. The number of experiments is indicated in parentheses. inh, inhibition. ® Calculated

according to (Equation 1) in Method Details. See also Tables S1-5S3 and Figures S1-54.

19 nM for monomer (19*) (Gomez-Soler et al., 2019) (Figures 1, 2A, 2B and Table S2) are consistent with the
expected increased binding avidity of dimeric ligands for EphA2 immobilized on the ELISA wells (Vauquelin
and Charlton, 2013). On the other hand, the Ky values determined in ITC experiments for dimers (1) and (2)
reflect the affinity of the soluble monomeric EphA2 LBD for one of the two binding sites in the dimeric pep-
tides, which should be largely independent of avidity effects (Figures 1, S4A, S4B and Table S3).

To obtain dimeric ligands with a completely different configuration, we joined peptide monomers through
their N-termini. We generated dimer (4) from monomer (15%), dimer (5) from monomer (16*), and dimers (6)
and (7) from monomer (19%) (Gomez-Soler et al., 2019) (Figure 1; Tables ST and S2). We used an N-terminal
disulfide linkage in the case of dimers (4), (5) and (6) and a more stable non-reducible linkage in the case of
dimer (7) (Figure 1; Table S1; see Method Details). Dimers (6) and (7) have an amidated C-terminus to
increase binding affinity and prevent the possible interaction of the C-terminal carboxylic acid with a
neighboring EphA2 LBD (Gomez-Soler et al., 2019).

ITC experiments confirmed the expected binding stoichiometry of two EphA2 LBDs binding to one N-termi-
nally linked dimer (4) or (5) (Figures 1, S4C, S4D, and Table S3). In silico modeling of the two monomeric pep-
tides used to generate dimer (5) in complex with dimeric EphA2 LBDs showed that the peptide N-termini are
too far apart (~15 A) to form a disulfide bond (Figure S2B). Manual adjustments of the model to bring the
N-terminal cysteines in close proximity to each other required slight translation and tilting by ~45° of each
EphA2 LBD (Figure S2C). In this orientation there are only minor contacts between the two EphA2 LBDs
(including contacts involving Lys50, Gly75 and Ser113; Figure S3). This LBD arrangement, which to our knowl-
edge has not been observed in available EphA2 crystal structures, may lead to distinctive signaling. Inhibition
of ephrinA5 binding to immobilized EphA2 in ELISAs indicated that the N-terminally linked dimers are 30-140
times more potent than the corresponding monomers, with ICsg values of 7.9 nM for dimer (4) versus 390 nM
for monomer (15%*), 0.65 nM for dimer (5) versus 55 nM for monomer (16*), 0.40 nM for dimer (6) and 0.54 nM for
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Figure 2. Potency and selectivity of EphA2-targeting dimeric peptides

(A) ELISAs comparing the ability of the peptides to inhibit binding of ephrinA5 fused to alkaline phosphatase (ephrinA5-AP) to the immobilized EphA2
extracellular domain fused to the Fc portion of an antibody (EphA2-Fc). The graphs show averages + SD from triplicate measurements from a representative
experiment and the ICsq values calculated from the fitted curves. The 10 nM peptide concentration is outlined in red.

(B) Averages of the ICsq values obtained from multiple experiments are shown in panel B (and listed in Figure 1); error bars represent SDs and dots represent
the values calculated from individual experiments (n, also reported in Figure 1); a log scale is used for the Y axis.
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Figure 2. Continued

(C) EphrinA5-AP binding to EphA receptors and ephrinB2-AP binding to EphB receptors in the presence of dimeric peptides representing each of the three
configurations. Values are normalized to ephrin binding without peptide. The graphs show averages and SDs from triplicate measurements (with each
measurement shown as a dot). The peptides were used at a concentration corresponding to ~100-fold their ICsq value: 65 nM for dimer (2), 60 nM for dimer
(5) and 40 nM for dimer (8).

dimer (7) versus 19 nM for monomer (19*) (Gomez-Soler et al., 2019) (Figures 1, 2A, and 2B; Table S2). The Kq4
values measured in ITC experiments with the soluble EphA2 LBD are 104 nM for dimer (4) and 21 nM for dimer
(5) (Figures 1, SAC, and S4D; Table S3), supporting the notion that the subnanomolar potency of the dimers in
ELISAs is caused by avidity effects.

To evaluate monomeric peptides more similar in their first three residues to the dimers, we also generated
monomers (9) and (10). These monomers contain an N-terminal carbamidomethylcysteine, which mimics
the cysteine present in the dimers but cannot form a disulfide bond, followed by a glycine and an alanine
instead of B-alanine (Figure 1; Table S1). Monomers (9) and (10) are much less potent than the correspond-
ing dimers (4) and (5) (Figures 1, 2A, 2B and S4E), consistent with the notion that the high potency of the
N-terminally linked dimers is due to increased avidity and not to the N-terminal modifications.

To obtain a third dimeric peptide configuration, we designed an asymmetric dimer in which two monomer
(19*%) sequences are synthesized one after the other with an intervening GlyGly linker to yield a linear "head-
to-tail” dimer (8) (Figure 1; Tables ST and S2). The second peptide sequence starts with alanine instead of
B-alanine because protection from digestion by aminopeptidases is not needed for an internal residue. The
ICso value for dimer (8) in ELISAs is also subnanomolar (Figures 1, 2A, and 2B), again suggesting increased
potency because of avidity effects. In silico modeling suggests that the two EphA2 LBDs in complex with
dimer (8) form a symmetric dimer and utilize an interface that partially overlaps with that induced by the
C-terminally linked dimer (1), including Tyr4d8, Gly131 and Thr132 (Figures S2D and S3). However, the inter-
face is distinct from the dimerization interface induced by dimer (1) because one of the EphA2 LBDs bound
to dimer (8) is rotated by about 70° and shifted by about 11 A with respect to the hypothetical plane
between the two EphA2 LBDs.

Animportant feature of the original YSA peptide and its monomeric derivatives is that they specifically bind
to EphA2, whereas the ephrinA ligands promiscuously binds to all EphA receptors (Barquilla and Pasquale,
2015; Gomez-Soler et al., 2019; Koolpe et al., 2002; Noberini et al., 2012). Despite their very high potency,
dimeric peptides (2), (5) and (8)—representing the three different configurations—are also highly selective
for EphA2 and do not bind to other Eph receptors (Figure 2C). Thus, dimers (1) through (8) represent a
collection of very potent and diverse dimeric ligands that are highly specific for EphA2, enabling us to study
how differences in ligand configuration, potency and linker type affect EphA2 signaling responses.

Dimeric peptides potently activate EphA2 regardless of their dimeric configuration

To examine the agonistic properties of the different dimeric peptide ligands, we measured EphA2 auto-
phosphorylation on tyrosine 588 (Y588), which is indicative of receptor activation and mediates binding
of SH2 domain-containing proteins that link EphA2 to various downstream signaling pathways (Barquilla
and Pasquale, 2015; Boyd et al., 2014, Pasquale, 2010) (Figure S1). For these experiments, we stimulated
PC3 prostate cancer cells with the dimeric peptides because EphA2 is the prevalent endogenously ex-
pressed EphA receptor in these cells (Barquilla et al., 2016), allowing comparisons with the less selective
ephrins. Although some prior studies suggest that the orientations of the extracellular and transmembrane
regions in receptor tyrosine kinase dimers can affect the arrangement of the intracellular regions with con-
sequences on kinase activity and signaling (Bell et al., 2000; Doerner et al., 2015; Moriki et al., 2001; Sara-
bipour et al., 2016; Sarabipour and Hristova, 2016), we surprisingly found that peptides with all three
different dimeric configurations readily induce robust EphA2 autophosphorylation (Figures 3A-3D). The
agonistic potency of the dimers varies according to the potency of their monomeric precursors, as ex-
pected, with dimers (1) and (4) exhibiting 10-60 times lower potency than the other dimers with similar
configuration (Figures 1, 3A, and 3D). However, dimers are much more potent than monomers (Figures
1, 3A, 3B, and 3D), likely because of their increased binding avidity for EphA2 on the cell surface. The po-
tency of the dimers also depends on their configuration; the N-terminally linked and head-to-tail dimers
exhibit higher potency than the C-terminally linked dimers, with the best ECsq values as low as 0.55 to
0.75 nM for dimers (5) through (8). Another difference that correlates with dimeric configuration is that
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Figure 3. Dimeric peptides efficiently promote EphA2 autophosphorylation and downstream signaling

(A) Dose-response curves for EphA2 autophosphorylation on tyrosine 588 (pY588; purple) and for downstream inhibition of AKT phosphorylation (magenta).
PC3 cells were treated for 15 min with different concentrations of the indicated peptides. EphA2 pY588 (indicative of receptor activation), total EphA2, AKT
phosphorylation on S473 (pAKT, indicative of AKT activation) and total AKT were quantified from immunoblots. pY588/EphA2 values were normalized to the
value obtained with saturating ephrinA1-Fc concentration. pAKT inhibition was calculated as 1- pAKT/AKT values normalized to the level in cells not treated
with ligand. The graphs show quantifications from multiple blots (averages + SE; the number of experiments used to generate each curve is shown in
Figure 1). ECsg values (nM, shown) were calculated by non-linear regression with a Hillslope of 1 for the peptides and of 2 for ephrinA1-Fc and m-ephrinA1;
the 10 nM concentration is outlined in red.

(B) Examples of immunoblots of lysates from PC3 cells treated with the indicated concentrations of representative ligands. Y indicates treatment with 100 pM
of the previously identified YSA-GSGSK-bio monomer (2*), which was included in all blots for comparison. A white vertical line indicates removal of irrelevant
lanes. Molecular weight markers (in kDa) are indicated on the right.

(C) The highest EphA2 Y588 phosphorylation induced by each ligand (Eop pY588) depends on the type of ligand and dimeric configuration. The graphs show
the pY588/EphA2 values induced by 15 min stimulation with saturating concentrations of the different ligands normalized to the value for the reference
ligand ephrinA1-Fc. The bars show averages +SE, and the individual measurements are shown as black dots. The asterisks indicate the significance of the
difference from ephrinA1-Fc, calculated using one-way ANOVA followed by the Dunnett’s multiple comparisons test (**, p < 0.01; ****, p < 0.0001; ns, not
significant).

(D and E) Different ligands cause different Eyo, pY588, ECs0 pY588 and ECso pAKT inhibition (inh) but similar Ey,, pAKT inh. Plots of .o versus ECso for pY588
in D and for pAKT inh in (E) Averages =+ SE are shown for the peptides and ephrinA1. See also Figures S5 and S9.

the three C-terminally linked dimers have lower efficacy (i.e. they induce lower maximal EphA2 Y588 phos-
phorylation, Ey, pY588; Figures 1, 3A, 3C, and 3D). In contrast, the nature of the linker used for dimerization
does not seem to have major effects on potency.

The engineered ligand most widely used to activate EphA2 signaling is the dimeric ephrinA1-Fc, in which
the ephrinA1 extracellular region is fused to the dimeric Fc portion of an antibody. Treatment of cells with
ephrinA1-Fc is known to induce EphA2 oligomerization, autophosphorylation on tyrosine residues
including Y588, and downstream signaling (Barquilla et al., 2016; Fang et al., 2008; Singh et al., 2018).
Remarkably, ephrinA1-Fc (ECso = 3.8 nM) is substantially less potent than peptide dimers (5) through (8)
(Figures 1, 3A, 3B, and 3D).

The monomeric m-ephrinA1 ligand, which is also known to induce EphA2 autophosphorylation, was as ex-
pected less potent than ephrinA1-Fc (Beauchamp et al., 2012) (Figures 1, 3A, and 3D). The monomeric
CcamGA-WLA-YRPK-bio (10) peptide, but not CcamGA-WLA-YR (9), also induced EphA2 autophosphor-
ylation (Figures 1 and 3A-3D), in agreement with our previous observation that a C-terminal biotin confers
agonistic properties to this class of monomeric peptides (Gomez-Soler et al., 2019). Thus, CcamGA-WLA-
YRPK-bio (10) represents a monomeric EphA2 agonist with nanomolar potency.

EphA2 activation by ephrinA1-Fc is also known to strongly inhibit AKT in PC3 cells, which can be monitored
by measuring the decrease in AKT phosphorylation on S473 (Yang et al., 2011) (Figures 3A, 3B, 3E and S1).
We found that all peptide agonists and m-ephrinA1 also inhibit AKT in a concentration-dependent manner
(Figures 1 and 3A, 3B, and 3E) (Gomez-Soler et al., 2019). Treatment of PC3 cells with ephrinA1-Fc also in-
duces retraction of the cell periphery and cell rounding, a response related to inhibition of cell migration/
invasion (Barquilla et al., 2016). We found that dimeric peptides representing the three different configu-
rations and monomer (10) also all induce cell retraction, with a slightly smaller decrease in cell area induced
by the dimeric peptides compared to ephrinA1-Fc (Figure S5). Thus, like the ephrins, all peptide agonists
can promote not only EphA2 autophosphorylation but also downstream signaling and changes in cell
behavior. A difference between the peptides and ephrinA1 is that dose-response curves with a Hill coeffi-
cient of 1 satisfactorily describe the data obtained with the peptides but not the data obtained with eph-
rinA1-Fc and m-ephrinA1, for which a Hill coefficient of 2 yields a much better fit. This suggests positive
cooperativity in the binding of both monomeric and dimeric forms of ephrinA1 to EphA2.

The kinetics of EphA2 signaling differ depending on the activating ligand

As mentioned above, EphA2 Y588 phosphorylation levels induced by stimulating PC3 cells for 15 min with
saturating ligand concentrations (inducing maximal E;o, pY588) are lower for the C-terminally linked dimers
and the monomeric ligands than for the N-terminally linked dimers and head-to-tail dimer (8), which are
similar to the reference ligand ephrinA1-Fc (Figures 1, 3C, and 3D), suggesting that the configuration of
the dimers affects signaling features. For example, C-terminally linked dimers may be partial agonists
that are able to achieve only low maximal EphA2 Y588 phosphorylation. Alternatively, different ligands
may regulate EphA2 phosphorylation with distinct kinetics. If the EphA2 phosphorylation kinetics are

iScience 25, 103870, March 18, 2022 7




¢? CellPress

OPEN ACCESS

slower for C-terminally linked dimers, peak phosphorylation levels may not be reached by 15 min. If the
kinetics of dephosphorylation are faster, peak phosphorylation may have already declined by 15 min. To
distinguish among these possibilities, and to further characterize the activities of the different ligands,
we performed time course experiments with saturating concentrations of peptides representative of
each group and ephrinA1-Fc.

The peak of Y588 phosphorylation normalized to EphA2 (pY588/EphA2) induced by all ligands examined
occurred after 2.5-10 min of stimulation and the levels were only slightly reduced after 15 min (Figures
4A and S6). This suggests that the configuration of the dimeric peptides does not strongly affect the
kinetics of Y588 phosphorylation in the first 15 min of stimulation. Therefore, the C-terminally linked dimers
and the monomers are partial agonists that induce lower Eo, pY588/EphA2 values. pY588/EphA2 levels
gradually decreased after 1 to 3 h of stimulation, reflecting receptor dephosphorylation, but were still sub-
stantially elevated after 3 h, particularly in the case of the N-terminally linked dimer (7).

EphA2 levels, normalized to AKT as a loading control, decreased after prolonged stimulation (Figure 4B),
as would be expected because ligand-induced EphA2 activation is followed by internalization and degra-
dation with a slower time course (Walker-Daniels et al., 2002). EphA2 loss was less pronounced for the
C-terminally linked dimer (3) and monomer (10) than for the other ligands, highlighting differences in
EphA2 degradation induced by different ligands that may be due to the lower receptor tyrosine phosphor-
ylation levels induced by dimer (3) and monomer (10) (Figures 1, 3C, and 3D). The amount of EphA2 phos-
phorylated on Y588 (normalized to AKT as a loading control) persisted at higher levels when induced by
dimer (7) and monomer (10) than by the other ligands (Figure 4C), consistent with the slower receptor
dephosphorylation induced by dimer (7) and the slower receptor degradation induced by monomer (10)
(Figures 4A and 4B). Finally, all dimeric peptides similarly reduced AKT phosphorylation to very low levels,
with maximal AKT dephosphorylation observed at ~10 min (Figure 4D). AKT phosphorylation then gradu-
ally recovered over time, returning to almost the initial level after 3 h of stimulation in the case of all three
dimeric peptides. In contrast, AKT phosphorylation remained low (~40% of the initial level) after 3 h of stim-
ulation with ephrinA1-Fc and monomer (10). Thus, saturating concentrations of different ligands have
distinctive effects on the time course of EphA2 dephosphorylation and degradation and on the persistence
of a downstream signaling effect such as inhibition of AKT.

Dimeric peptides with different configurations induce EphA2 oligomers larger than dimers

To examine the effects of dimeric peptide ligands on EphA2 oligomerization (including dimerization and
higher order clustering), we performed quantitative FRET experiments in live cells (Gomez-Soler et al.,
2019; Singh et al., 2015; Singh et al., 2017a; Singh et al., 2018; Singh et al., 2016). In these experiments,
EphA2 molecules tagged at the C-terminus with a donor (mTURQ) or acceptor (EYFP) fluorescent protein
are co-expressed in HEK293 cells by transient transfection. FRET is then measured in hundreds of individual
cells with different EphA2 expression levels (Figure S7A), and the data are combined to yield average olig-
omeric fractions at different EphA2 concentrations (Figures 5SA-5D). Oligomerization curves for different
monomer-oligomer association models are then fitted to the data points to identify the oligomer model
that produces the best fit (i.e., the least mean square error (MSE)) (King et al., 2017) (Figure S7B).

In experiments previously performed in the absence of ligand, we found that EphA2 oligomerization is best
described by a monomer-dimer model (Gomez-Soler et al., 2019) (Figure 5A). The dissociation constant
determined from fitting the dimerization curve for the EphA2 G131Y mutant, which has impaired ability
to assemble through the “dimerization” interface, was similar to that for EphA2 wild-type (WT). In contrast,
the dissociation constant determined for the EphA2 L223R/L254R/V255R triple mutant, which has impaired
ability to assemble through the previously described “clustering” interface (Himanen et al., 2010; Seiradake
et al., 2010), was significantly higher than for EphA2 WT, indicating that the mutations impair dimerization
(Gomez-Soler et al., 2019). These experiments suggested that unliganded EphA2 forms dimers that are
stabilized through the clustering interface.

To obtain the data points for oligomerization curves (Figure S7A), we need to accurately determine the
concentration of EphA2 in each small region of plasma membrane in which FRET efficiency is measured.
Conversion of fluorescence intensity into accurate 2-dimensional EphA2 concentration requires a revers-
ible hypo-osmotic treatment to swell the cells and smooth the wrinkled topology of their plasma mem-
brane (Gomez-Soler et al., 2019; Singh et al., 2015; Singh et al., 2017a; Singh et al., 2018; Singh et al.,
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Figure 4. Different EphA2 ligands regulate pY588 phosphorylation and AKT inhibition with distinct kinetics. PC3
cells were treated for the indicated time periods with saturating concentrations of ephrinA1-Fc, the indicated
dimeric peptides representative of each configuration, or monomeric peptide (10). Y588 and AKT
phosphorylation levels and total EphA2 and AKT levels were quantified from immunoblots of cell lysates

(A) pY588/EphA2, normalized to the peak value.

(B) EphA2/AKT (with AKT used as loading control) normalized to the average of the values at 0, 2.5, 5 and 10 min (when
receptor degradation does not yet occur).

(C) pY588/AKT, normalized to the peak value.

(D) pAKT/AKT, normalized to the 0" time point corresponding to no ligand treatment.

(E) AKT values normalized to the average of all the values for each ligand. The graphs show averages +SE from 3to 8
independent measurements. The asterisks indicate the significance of the difference from ephrinA1-Fc for the last 3 time
points, calculated by mixed-effects analysis followed by the Dunnett’s multiple comparisons test (*, p < 0.05; **, p < 0.07;
*** p < 0.001; **** p < 0.0001; p = 0.051 is also indicated, with the color of the asterisks indicating which peptide is
significantly different from ephrinA1-Fc). See also Figure Sé.

2016) (Figure 5E). This process does not cause irreversible cell damage or alter membrane protein interac-
tions in a measurable way (King et al., 2016; Singh et al., 2017b), and EphA2 is uniformly distributed in the
plasma membrane of the swollen cells (Figure 5E).

To acquire FRET data, we treated the swollen cells with saturating concentrations of the C-terminally linked
dimeric peptide (2) and the N-terminally linked dimeric peptide (5). This caused the formation of fluores-
cent patches of EphA2 WT (Figure 5E) similar to those previously observed in response to ephrinA-Fc
ligands (Seiradake et al., 2013), which induce EphA2 oligomers that are larger than dimers (Singh et al.,
2018). Thus, the patches likely reflect EphA2 clustering. The FRET data in the presence of the two peptide
ligands are well described by a higher order oligomer model (Figure 5B, dashed lines, and S7B), corre-
sponding to steeper oligomerization curves than the dimerization curve for EphA2 WT in the absence of
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Figure 5. Dimers with different configurations induce EphA2 oligomerization and patching on the cell surface
(A-D) Oligomerization curves comparing EphA2 WT and the G131Y and L223R/L254R/V255R interface mutants transiently
expressed in HEK293 cells and treated with saturating concentrations of C-terminally linked dimer (2) or N-terminally
linked dimer (5). The data for EphA2 in the absence of ligand treatment in panels A and B are from (Gomez-Soler et al.,
2019), although binned slightly differently for consistency with the other data shown in the figure. The curves were
obtained by fitting quantitative FRET data to monomer-oligomer models. Curves derived from best fit monomer-dimer
models are shown as solid lines, and curves derived from best fit monomer-higher order oligomer models are shown as
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Figure 5. Continued

dashed lines. Curves for higher order oligomerization are steeper than dimerization curves. Averages + SE are shown
in the graphs; n values are shown in Figure S7.

(E) Two-photon integrated fluorescence images of HEK293 cells expressing EphA2-EYFP and EphA2-mTURQ and under
hypo-osmotic conditions. The plasma membrane regions in the rectangular yellow outlines are enlarged in the insets at
the bottom of each panel. The dimeric peptides induce patching of EphA2 WT on the plasma membrane and dimer (5)
also induces patching of the EphA2 L223R/L254R/V255R mutant, while in the other cases the EphA2 interface mutations
disrupt patching. # indicates the presence of EphA2 patches in the plasma membrane. The scale bar represents 10 um for
the main panels and 4 pm for the insets. See also Figure S7.

ligand (Figure 5B, solid line). Interestingly, the oligomerization curves in the presence of the two dimeric
peptides are very similar, suggesting that the stabilities of the EphA2 oligomers bound to the two peptides
are similar.

The FRET data for the EphA2 G131Y and L223R/L254R/V255R mutants treated with dimeric peptide (2)
are best described by a dimerization model (Figure 5C, solid lines, and S7B). Consistent with this, these
EphA2 mutants do not form patches in the presence of dimer (2) (Figure 5E). This suggests that muta-
tions in either interface reduce the EphA2 oligomers to dimers. The data for the EphA2 G131Y mutant
in the presence of dimeric peptide (5) are also best described by a dimer model (Figure 5D, solid line,
and S7B), but the data for the EphA2 L223R/L254R/V255R mutant suggest oligomerization (Figure 5D,
dashed line, and S7B). Consistent with these FRET data, dimer (5) causes patches of the EphA2
L223R/L254R/V255R mutant but not of the G131Y mutant (Figure 5E). These data suggest that the dimer-
ization interface plays an important role in EphA2 oligomerization in response to dimer (5), while the
clustering interface is much less involved. This is not surprising because our in silico modeling suggests
that dimer (5) stabilizes the EphA2 LBD dimer through an interface that is different from the clustering
interface (Figures S2C and S3).

Taken together, our FRET data are not consistent with a simple EphA2 dimerization model and instead sug-
gest that the dimeric peptides induce larger EphA2 oligomers that utilize different interfaces. The forma-
tion of higher order EphA2 oligomers might contribute to the ability of dimeric peptide ligands with
different configurations to activate EphA2, by enabling not only cross-phosphorylation within an EphA2
dimer but also phosphorylation by the kinase domain of a neighboring dimer.

The flexible juxtamembrane segment is required for EphA2 autophosphorylation and
downstream signaling

In an EphA2 dimer, the 50 amino acid-long flexible juxtamembrane segment (Figure S1) could allow an
arrangement of the kinase domains suitable for cross-phosphorylation, independently of the orientation
of the LBDs. Reorientation of domains through flexible linkers is supported by some studies with other
receptor tyrosine kinases (Lu et al., 2010; Lu et al., 2012; Mi et al., 2011; Sorokin, 1995). To investigate
the potential involvement of the juxtamembrane segment in EphA2 activation induced by dimeric
peptides, we generated stable HEK293 cells expressing EphA2 WT and two EphA2 mutants: the AQ565-
L582 mutant lacking 18 juxtamembrane residues (Ajxtm-1) and the AQ565-T606 mutant lacking 42 residues,
which represent most of the juxtamembrane segment (Ajxtm-2).

Since the major Y588 and Y594 autophosphorylation sites are in the deleted region of the EphA2 Ajxtm-2
mutant, we monitored overall tyrosine phosphorylation as well as phosphorylation of two other major phos-
phorylation sites still present in the mutants, Y772 in the activation loop of the kinase domain and Y930 in
the SAM domain (Figure S1). We found that EphA2 WT is substantially tyrosine phosphorylated in the
absence of ligand (WT lanes labeled “~" in the blots in Figures 6A-6D), likely because the elevated expres-
sion of the transfected EphA2 induces its dimerization (Singh et al., 2015). Tyrosine phosphorylation in the
absence of ligand was greatly decreased for the EphA2 Ajxtm-2 mutant (Figures 6A-6D). Treatment with
saturating concentrations of the four dimeric ligands for 2.5 min, to capture the early effects of ligand-
induced activation, increased tyrosine phosphorylation of EphA2 WT and the Ajxtm-1 mutant by several
folds (Figures 6A-6D). Phosphorylation of EphA2 Ajxtm-2 was also in some cases slightly increased, but re-
mained very low. These data suggest that the EphA2 juxtamembrane segment is important to enable
appropriate arrangements of EphA2 intracellular regions for cross-phosphorylation on various tyrosine res-
idues both in the absence and in the presence of ligands, regardless of the configuration of the ligand-
binding domains.
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Figure 6. The flexible juxtamembrane segment is required for EphA2 autophosphorylation

HEK293 cells stably transfected with EGFP as a control, EphA2 WT or the EphA2 juxtamembrane deletion mutantsAQ565-L582 (Ajxtm-1) and AQ565-T606
(Ajxtm-2) were treated for 2.5 min with saturating concentrations of (A) ephrinA1-Fc, (B) dimer (2), (C) dimer (6) and (D) dimer (8). Lysates were probed by
immunoblotting with the indicated antibodies. The vertical line in B and D indicates removal of irrelevant lanes. Molecular weight markers (in kDa) are
indicated on the right. The graphs show quantifications normalized for each antibody to the cells expressing EphA2 WT and not treated with ligand (lighter
bars). In the case of EphA2 phosphorylation, the background from control lanes (cells transfected with EGFP and not treated with ligand) was subtracted
before normalizing to EphA2 levels. The error bars represent SEs and the individual measurements from 3 experiments are shown as dots. Statistical
significance for the comparison between Ajxtm-1 or Ajxtm-2 cells treated with ligand and the corresponding untreated cells was determined by one-tailed
paired t-test for EphA2 phosphorylation and two-tailed paired t-test for AKT phosphorylation. Statistical significance for the comparison between WT cells
treated with ligand and untreated WT cells (which were used for normalization and thus set to a value of 1) was determined by one-sample t-test. *, p < 0.05
and **, p < 0.01; p values close to 0.05 are also shown. See also Figure S8.

We also assessed AKT S473 phosphorylation in the stably transfected HEK293 cells stimulated for 2.5 min
with the four ligands. Unlike the AKT inhibition induced by EphA2 ligands in PC3 cells, in HEK293 cells ex-
pressing EphA2 WT we observed an increase in AKT phosphorylation. This discrepancy between PC3 cells
and HEK293 cells is not surprising, given previous reports that EphA2 can activate AKT (Chang et al., 2008;
Lim et al., 2019; Pasquale, 2010; Subbarayal et al., 2015) or inhibit AKT (Menges and McCance, 2008; Miao
et al., 2015; Miao et al., 2009; Pasquale, 2010; Stallaert et al., 2018; Yang et al., 2011) in different cellular
contexts. We found that peptide dimers (2) and (8) increase AKT phosphorylation more prominently
than peptide (6) and ephrinA1-Fc (Figures 6A-6D). Furthermore, none of the ligands significantly affected
AKT phosphorylation in cells expressing the EphA2 Ajxtm-1 and Ajxtm-2 mutants. Thus, both the EphA2
juxtamembrane segment and the type of arrangement of EphA2 molecules induced by dimers (2) and
(8) appear to be important for strong AKT activation by EphA2. Treatment with the PI3-kinase inhibitor
LY294002 shows that both basal and EphA2-induced AKT S473 phosphorylation in HEK293 cells depends
on PI3-kinase activity (Figure S8), in agreement with previous findings that EphA2 can bind and activate PI3-
kinase (Brantley-Sieders et al., 2004; Fang et al., 2008; Pandey et al., 1994). Interestingly, even though all
four dimeric ligands can similarly activate EphA2 WT, the different effects on AKT phosphorylation of di-
mers (2) and (8) compared to dimer (6) and ephrinA1-Fc suggest differences in the signaling properties
of EphA2 oligomers induced by the different ligands.

Distinct ligands differentially regulate EphA2 signaling

Consistent with the findings in HEK293 cells, in PC3 cells each peptide appears to have a unique profile of
EphA2 pY588 phosphorylation and AKT inactivation (Figures 3A, 3D, and 3E), suggesting that the two re-
sponses can be differentially regulated by ligands. This observation that two EphA2 responses are differ-
entially regulated by distinct ligands suggested that EphA2 may be capable of biased signaling. Ligand
functional selectivity, or biased signaling, is a phenomenon that has been extensively studied for G pro-
tein-coupled receptors (GPCRs) but remains poorly documented for receptor tyrosine kinases (Karl
et al., 2020; Kenakin and Christopoulos, 2013; Smith et al., 2018; Watson et al., 2014). We investigated
the possibility of EphA2 biased signaling by analyzing the dose-response curves obtained with endoge-
nous EphA2in PC3 cells (Figure 3A), using approaches developed for GPCRs (Karl et al., 2020). This involves
using EphA2 Y588 phosphorylation and AKT phosphorylation quantified at 15 min as a function of ligand
concentration to determine and compare the potency (ECso) and efficacy (Eiop) for the two responses
induced by different ligands (Rajagopal et al., 2011; Smith et al., 2018). We observed large differences
among the ligands in the E., values for Y588 phosphorylation (Figures 3C, 3D, and S9A), but not in the
Eiop values for AKT inhibition (Figures 3E and S9B). In terms of relative efficacies for pY588 versus pAKT in-
hibition, the C-terminally linked dimers and monomeric ligands behave differently from ephrinA1-Fc, while
the N-terminally linked dimers and the head-to-tail dimer (8) are similar to ephrinA1-Fc (Figure S9C). Unlike
the Eyop values, when comparing the relative potency (ECso) values for Y588 phosphorylation and inhibition
of AKT phosphorylation, the N-terminally linked dimers and head-to-tail dimer (8) are all significantly
different from ephrinA1-Fc (Figure S9D). Thus, the type of linkage affects EphA2 signaling properties
induced by the dimeric peptides.

The determined ECsg and Eyo, values allowed us to calculate the bias factor Bjq for the two different re-
sponses induced by the various ligands relative to ephrinA1-Fc as the reference ligand (Rajagopal et al.,
2011; Smith et al., 2018) (Figure SYE). This analysis suggests that all the peptides tested are biased ligands
compared to ephrinA1-Fc and that they bias EphA2 signaling toward AKT inhibition relative to Y588 phos-
phorylation (Figures 1 and 7). Remarkably, the differential signaling originates from distinct mechanisms
that depend on the class of ligands, with the N-terminally linked and head-to-tail dimers modulating
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Figure 7. Evaluation of ligand bias in EphA2 signaling responses

The bias factor Bjig was calculated for the indicated ligands using ephrinA1-Fc as the reference ligand, as described in the
Method Details section. The error bars represent SEs (calculated using propagation of errors) and the number of
experiments is indicated in Figure 1. Statistical significance for the comparison of the different ligands with the reference
ligand ephrinA1-Fc (Bjig = 0) was determined by one sample t test; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
See also Figure S9.

relative potencies and the C-terminally-linked dimers and monomers modulating relative efficacies with
respect to the reference ligand ephrinA1-Fc. Our findings support the notion that Eph receptors are
capable of biased signaling and characterize a large set of rationally designed peptide ligands with diverse
effects on the signaling profile of a receptor tyrosine kinase.

DISCUSSION

We have shown that very different arrangements of two LBDs in an EphA2 dimer are compatible with acti-
vation of receptor signaling. In our in silico models of a C-terminally linked or a head-to-tail dimeric peptide
in complex with EphA2, the dimerization interface is engaged and the C-termini of the two EphA2 LBDs
both face ‘downwards’. This orientation is consistent with the orientation of the LBDs in the crystal struc-
tures of the EphA2 extracellular region (Himanen et al., 2010; Seiradake et al., 2010) and with the expected
arrangement of full-length EphA2 dimers side-by-side on the cell surface (Figure S1). Indeed, measure-
ments of EphA2 phosphorylation in cells show that the EphA2 dimeric configurations induced by C-termi-
nally linked or head-to-tail dimeric peptides is well suited for EphA2 activation.

In our model of an N-terminally linked dimeric peptide in complex with EphA2, the C-termini of the two
EphA2 LBDs have a different orientation. Extrapolating from crystal structures of the EphA2 extracellular
region (such as PDB 3FL7) (Himanen et al., 2010), this orientation would place the membrane-proximal por-
tions >230 A apart from each other. This large distance should preclude cross-phosphorylation of dimeric
EphA2 receptors bound to the N-terminally linked peptides. Unexpectedly, ourimmunoblotting data show
that the N-terminally linked dimers are able to induce high maximal EphA2 autophosphorylation (Eiop
pY588) in PC3 cells. Thus, conformational changes in the EphA2 extracellular region and juxtamembrane
segment might compensate for the altered orientation of the LBDs.

Our data with EphA2 juxtamembrane deletion mutants provide insights into signal propagation from the
EphA2 extracellular region to the kinase domain. Whether the arrangement of the extracellular region can
affect the arrangement of the intracellular region has been investigated for other families of receptor tyro-
sine kinases with contradictory results (Arkhipov et al., 2013; Bell et al., 2000; Doerner et al., 2015; Endres
et al.,, 2013; Lu et al., 2010; Lu et al., 2012; Mi et al., 2011; Moriki et al., 2001; Sarabipour et al., 2016; Sara-
bipour and Hristova, 2016; Sorokin, 1995). We found that EphA2 lacking the entire juxtamembrane segment
(Ajxtm-2 mutant) exhibits extremely low autophosphorylation. This suggests that in EphA2 WT the flexi-
bility of the juxtamembrane segment decouples the extracellular and intracellular regions, enabling robust
cross-phosphorylation in response to all ligands and even in the absence of ligand, regardless of the orien-
tation of the LBDs. In addition, phosphorylation of different tyrosines presumably requires different ar-
rangements of two EphA2 intracellular regions (functioning as “kinase” and “substrate”). This appears to
depend on the juxtamembrane segment because we found that EphA2 autophosphorylation is almost
completely lost in the absence of this flexible linker. Further investigation is needed to better understand
the role of the juxtamembrane segment in EphA2 autophosphorylation and downstream signaling,
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particularly in light of the fact that in some Eph receptors this linker can vary in length because of alternative
splicing (Zisch and Pasquale, 1997), which may represent a mechanism to fine-tune signaling.

The higher potency of N-terminally linked and head-to-tail dimers compared with C-terminally linked di-
mers engineered from the same monomeric precursors may be due to interactions between the two
EphA2 LBDs bound to the dimeric peptide. If the two LBDs bind independently, the Ky measured in ITC
experiments for a dimeric peptide should be similar to that measured for the monomeric precursor and
only the binding stoichiometry, N, should be different. However, the Ky measured for the N-terminally
linked dimer (5) is 4-fold lower than for the corresponding monomer (10). This suggests positive coopera-
tivity in the binding of the EphA2 LBDs to dimer (5), perhaps because of favorable interactions between
them. In contrast, the Kg measured in ITC experiments for the C-terminally linked dimer (2) is 2-fold higher
than for the corresponding monomers (16*) and (17*%) (Gomez-Soler et al., 2019) (Table S2). This suggests
negative cooperativity in the binding of the two EphA2 LBDs, perhaps because of steric hindrance or other
unfavorable interactions between the bound LBDs. Thus, N-terminal dimerization appears to be associated
with higher potency. In fact, dimers (5), (6) and (7), together with head-to-tail dimer (8), induce EphA2 acti-
vation even more potently than the dimeric ephrinA1-Fc and, to our knowledge, represent the most potent
EphA2 agonists reported thus far.

Our fluorescence imaging data show that EphA2 dimers induced by both C-terminally linked peptide (2)
and N-terminally linked peptide (5) form patches on the plasma membrane that likely contain large
EphA2 oligomeric assemblies, an effect similar to that reported for ephrinA-Fc ligands (Salaita et al.,
2010; Seiradake et al., 2013; Singh et al., 2018). Of note, our dimeric peptides induce EphA2 patches
despite lacking the self-assembly promoting PhePhe sequence that has recently been proposed to be
required for dimeric peptide-induced EphA2 aggregation in cells (Li et al., 2021). In these oligomers, the
EphA2 kinase domains appear to be appropriately positioned for cross-phosphorylation within a dimer
and/or possibly in trans between neighboring dimers, as previously described for the EGF receptor (Liang
et al., 2018; Needham et al., 2016). Our FRET studies with EphA2 mutants that have impaired ability to
assemble through a particular interface show that the C-terminally linked peptide (2) induces EphA2 olig-
omers that utilize both the dimerization and the clustering interfaces. In contrast, the N-terminally linked
peptide (5) induces EphA2 oligomers that utilize the dimerization but not the clustering interface, in agree-
ment with the predictions from our in silico modeling. Consistent with this, mutation of the clustering inter-
face impairs EphA2 patching induced by C-terminally linked dimer (2) but not by N-terminally linked dimer
(5). It is conceivable that these large oligomeric assemblies modulate EphA2 signaling responses, perhaps
in a manner that depends on how the receptors interact with each other.

The availability of a collection of diverse ligands (including dimeric peptides with different configurations,
monomeric peptides, m-ephrinA1 and ephrinA1-Fc) allowed us to uncover another intriguing aspect of
EphA2 signaling, leading to the finding that EphA2 signaling responses can be differentially regulated
by the activating ligand, likely through distinct mechanisms. We analyzed dose-response curves to identify
and quantify bias. We compared two well known EphA2 signaling responses that can be reliably quantified
for the endogenously expressed receptor, autophosphorylation on Y588 and downstream inhibition of AKT
in PC3 prostate cancer cells stimulated with different ligands. A wide variety of responses have been used
to determine biased signaling for GPCRs, including responses involving the receptor itself, such as recep-
tor conformational changes measured with biosensors or receptor internalization (Kenakin and Christo-
poulos, 2013; Smith et al., 2018). Autophosphorylation on tyrosine residues is an early event in the
ligand-induced activation of receptor tyrosine kinase downstream signaling networks and thus can provide
direct evidence of biased signaling at the level of the receptor. We measured responses at 15 min, a time
point when EphA2 Y588 phosphorylation and AKT dephosphorylation responses induced by all ligands are
close to maximal and are not heavily influenced by the kinetics of EphA2 phosphorylation/dephosphoryla-
tion, EphA2 degradation, or recovery of AKT phosphorylation.

The calculated bias factor, Bjig, suggests that all of the peptides and m-ephrinA1 are significantly biased
toward AKT inhibition when compared to ephrinA1-Fc. The factors responsible for the observed bias in
EphA2 signaling responses are likely complex. The values of Bjig (which indicate the extent of the bias)
do not seem to directly correlate with the configurations of the dimeric peptides (Figures 1 and 7). How-
ever, our data suggest that different classes of ligands can influence how bias is achieved. For example,
the efficacy Eyop (one of the factors contributing to bias) is lower for the Y588 phosphorylation response
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induced by the C-terminally linked dimers and the monomers than by the other ligands (Figures 1, 3C, 3D,
and S9A). Time courses with saturating ligand concentrations revealed that the peak pY588/EphA2 values
occur at 5-10 min of stimulation and only slightly decrease by 15 min with all types of ligands examined.
Thus, the C-terminally linked dimeric peptides and the monomeric peptides are partial agonists that
cannot induce the highest levels of EphA2 Y588 phosphorylation (Eop pY588). In contrast, AKT phosphor-
ylation is similarly inhibited to very low levels by all ligands, including the partial agonists (Figures 3E, 4D
and S9B).

Previous evidence has suggested the possibility that the nature of the ligand may affect Eph receptor
downstream signaling responses. For example, a peptide that binds to the EphA2 transmembrane helix
has been shown to inhibit AKT signaling without affecting Y588 phosphorylation, and thus may represent
an EphA2 biased agonist when compared to ephrinA1-Fc (Alves et al., 2018). In agreement with our find-
ings, this study shows that EphA2 Y588 phosphorylation and AKT inhibition can be regulated differently by
different EphA2 ligands. In addition, ephrinA1 immobilized on artificial lipid bilayers or nanocalipers can
cause different EphA2 signaling responses depending on the size of the EphA2 oligomers induced (Ver-
heyen et al., 2020; Xu et al., 2011). Finally, phosphoproteomics analyses have shown differences in the
EphB2 signaling responses induced by the full-length transmembrane form of ephrinB1 compared to a
truncated form lacking the intracellular portion (Jorgensen et al., 2009). It will be interesting to investigate
in dose-response experiments whether ligand bias may be responsible for these signaling differences.

Another interesting observation emerging from the time-course experiments is that ephrinA1-Fc and
monomeric peptide (10) induce more persistent AKT dephosphorylation than other ligands, with still
very pronounced effects after 3 h of ligand stimulation. AKT dephosphorylation induced by EphA2
signaling in PC3 cells depends on a serine/threonine phosphatase (Yang et al., 2011). A similar decrease
in AKT phosphorylation downstream of EphA2 has been observed in other cancer cell lines with high
AKT phosphorylation, for example due to inactivation or loss of the lipid phosphatase PTEN or to growth
factor stimulation (Boyd et al., 2014; Menges and McCance, 2008; Miao et al., 2015; Miao et al., 2009; Pas-
quale, 2010; Stallaert et al., 2018; Yang et al., 2011). In contrast, EphA2 may preferentially activate the PI3
kinase-AKT axis in cells (such as non-transformed cells) where AKT activity is low (Boyd et al., 2014; Brantley-
Sieders et al., 2004; Chang et al., 2008; Lim et al., 2019; Pandey et al., 1994; Pasquale, 2010; Subbarayal
et al., 2015). Indeed, in non-transformed HEK293 cells stably overexpressing EphA2, we observed an in-
crease in AKT phosphorylation, particularly in response to C-terminally linked dimer (2) and head-to-tail
dimer (8). Dose-response studies are needed to determine whether these differences are a consequence
of EphA2 biased signaling in HEK293 cells. AKT activation downstream of EphA2 appears to require the
juxtamembrane segment and, as also previously shown by others, PI3 kinase activation (Pandey et al.,
1994). Further work will also be needed to characterize the mechanism underlying the differential regula-
tion of PI3 kinase by different ligands and whether it might involve differential phosphorylation of Y735 in
the EphA2 kinase domain, which is a known binding site for the SH2 domain of the PI3 kinase p85 regulatory
subunit of PI3 kinase (Fang et al., 2008).

In conclusion, we have engineered different classes of peptide ligands able to stimulate EphA2 signaling
responses with unprecedented subnanomolar potency and high selectivity. While this work was in prog-
ress, several other dimeric YSA derivative peptides have been reported, which appear to be less potent
and have generally been used to stimulate cells at micromolar concentrations (Gambini et al., 2018; Li
etal., 2021; Salem et al., 2020a; Salem et al., 2020b; Salem et al., 2018). Developing different classes of pep-
tide ligands enabled us to demonstrate that ligands can differentially regulate EphA2 signaling through
different mechanisms. Our findings imply that ligands can be engineered to favor desired Eph receptor
signaling responses and functional outcomes. This suggests that biased ligands could be tailored to modu-
late Eph receptor signaling as needed to treat a particular disease, potentially favoring beneficial effects
over unwanted side-effects. For example, against cancer it would be desirable to develop ligands biased
toward inhibition of major oncogenic pathways, such as AKT-mTORC1 and RAS-ERK (Mizo et al., 2001;
Yang et al., 2011). Alternatively, ligands biased toward promoting EphA2 endocytosis could be useful
for delivery of conjugated drugs into EphA2-expressing cells (Guo et al., 2015; Mudd et al., 2020; Salem
etal., 2018; Wang et al., 2012) or for removal of EphA2 from the cell surface to inhibit certain parasitic in-
fections (Barquilla and Pasquale, 2015; Gomez-Soler and Pasquale, 2021). Finally, ligands that favor EphA2
degradation could be used to inhibit the oncogenic effects of EphA2 non-canonical signaling through S897
phosphorylation (Barquilla and Pasquale, 2015; Miao et al., 2009; Wilson et al., 2021). Such ligands may offer
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an alternative to the more challenging proteolysis-targeting chimera (PROTAC) and similar technologies
(Burslem et al., 2018; Donovan et al., 2020). Better understanding of the mechanisms underlying EphA2
biased signaling will enable the design of ligands that can fine-tune the nature and persistence of
EphA2 signaling responses as needed.

Limitations of the study

Given the laborious nature of the experiments and the need for sensitive and accurate methods to monitor
signaling responses, our studies are limited to providing proof-of-principle for EphA2 biased signaling
through examination of two signaling responses: EphA2 autophosphorylation on Y588 and inhibition of
AKT phosphorylation on S473. Bias in other EphA2 autophosphorylation sites and downstream signaling
responses merits further investigation. It could also be informative to examine EphA2 signaling bias in
additional cellular contexts and the effects of signaling kinetics on bias by measuring bias at different times
after ligand stimulation. It will also be interesting to explore the mechanisms responsible for the differential
effects of distinct ligands on EphA2 signaling responses, including the importance of different EphA2 con-
formations and oligomeric arrangements and the mechanism underlying the efficacy of EphA2 autophos-
phorylation and AKT inhibition. Additional studies are also needed to investigate biased signaling by other
Eph receptors. Finally, the factors that differentially regulate the rate of EphA2 degradation in response to
different ligands also remain to be determined.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

EphA2 pY588 Cell Signaling #12677; RRID: AB_2797989
EphA2 pY772 Cell Signaling #8244; RRID: AB_10860415
EphA2 pY930 ThermoFisher/Invitrogen #PA5-64784; RRID: AB_2663147
EphA2 Cell Signaling #6997; RRID: AB_10827743
AKT pS473 Cell Signaling #4060; RRID: AB_2315049

AKT Cell Signaling #9272; RRID: AB_329827
HRP-conjugated anti-phosphotyrosine Cell Signaling #5465; RRID: AB_10694719

(P-Tyr-100)
HRP-conjugated anti-rabbit secondary

ThermoFisher/Invitrogen

#A16110; RRID: AB_2534782

Chemicals, peptides, and recombinant proteins

EphA2 Fc R&D Systems #639-A2

Fc MP Biomedicals #55911

ephrinA1-Fc R&D Systems #602-A1-200

EphA receptor Fc fusions R&D Systems #SMPK1

EphB receptor Fc fusions R&D Systems #SMPK2

ephrinA5 AP Gomez-Soler et al., 2019 N/A

ephrinB2 AP Gomez-Soler et al., 2019 N/A

Peptides GenScript Custom, see Figure 1
and Tables S1, S2

Experimental models: Cell lines

PC3 ATCC #CRL-1435

HEK293-AD Cell Biolabs #AD-100

HEK293T ATCC #CRL-3216

Recombinant DNA

EphA2-EYFP in pcDNA3 Singh et al., 2018 N/A

EphA2-mTURQ in pcDNA3 Singh et al., 2018 N/A

EphA2 G131Y-EYFP in pcDNA3 Singh et al., 2018 N/A

EphA2 G131Y-mTURQ in pcDNA3 Singh et al., 2018 N/A

EphA2 L223R/L254R/V255R-EYFP in pcDNA3 Singh et al., 2018 N/A

EphA2 L223R/L254R/V255R-mTURQ in Singh et al., 2018 N/A

pcDNA3

EGFP in pLVX-IRES-Neo Barquilla et al., 2016 N/A

FLAG-EphA2 WT in pLVX-IRES-Neo Barquilla et al., 2016 N/A

FLAG-EphA2 Ajxtm-1 in pLVX-IRES-Neo This paper N/A

FLAG-EphA2 Ajxtm-2 in pLVX-IRES-Neo This paper N/A

Software and algorithms

Image J
Prism versions 7,8,9

MATLAB R2018B

Schneider et al., 2012
GraphPad
MathWorks

https://imagej.nih.gov/ij/
N/A
N/A
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for reagents should be directed to and will be fulfilled by the lead contact,
Dr. Elena Pasquale (elenap@sbpdiscovery.org).

Materials availability

The FLAG-EphA2 Ajxtm-1 and FLAG-EphA2 Ajxtm-2 plasmids generated in this study will be available for
academic researchers upon completion of a Material Transfer Agreement. The peptides can be purchased
from GenScript or other companies that synthesize custom peptides.

Data and code availability

This study did not generate original code. Any additional information required to reanalyze the data re-
ported in this paper is available from the lead contact upon request.

METHOD DETAILS

Peptide synthesis and design

All the peptides were purchased from GenScript. Peptide identity and purity were verified by GenScript
using mass spectrometry and high-performance liquid chromatography (HPLC) (Table S1). Peptide solubi-
lity values in PBS, H,O or DMSO reported in Table ST were determined by GenScript as previously
described (Gomez-Soler et al., 2019). All concentrated peptide stocks were prepared in DMSO and stored
frozen in aliquots at -80°C.

To generate more stable dimers without a reducible disulfide bond, we replaced the disulfide bond of di-
mers (2) and (6) with a non-reducible covalent bond. To obtain the C-terminally linked dimer, we added a
C-terminal lysine to one monomeric moiety and attached the second monomeric moiety to the side chain
of this lysine (Lys-linked dimer (3) in Figure 1). To obtain the N-terminally linked dimer, we added an N-ter-
minal azido-lysine to one monomeric building block and an N-terminal propargylglycine to the other, so
that click chemistry could be used to generate an N-terminal covalent bond (click dimer (7) in Figure 1).
The potency of dimers (3) and (7) is very similar to that of the corresponding disulfide-linked dimers (2)
and (6), respectively (Figures 1, 2A, 2B, and 3A).

In silico modeling

Initial models of dimeric peptides bound to two EphA2 LBDs were based on our previous crystal structure
of the BA-WLA-YRPK-bio (17*) peptide (Table S2) in complex with the EphA2 LBD (PDB 6NK1 (Gomez-Soler
etal., 2019)). For the model with the C-terminally linked BA-WLA-YGSGC dimer (1), we used the peptide as
observed in the crystal structure without modifications and linked two peptides by replacing the C-terminal
"RPK-biotin” sequence with the “GSG" linker sequence followed by a cysteine to enable disulfide bond
formation (Figure 1).

For the model of EphA2 bound to the N-terminally-linked CGA-WLA-YRPK dimer (5), we first generate an
EphA2 LBD dimer with the ClusPro web server (Kozakov et al., 2017). The peptide was added by overlaying
it from our previous EphA2 LBD/BA-WLA-YRPK-bio (17*) complex structure and replacing the N-terminal
BA residue with the CGA sequence (Model 1 in Figure S2B). Further manual adjustments were used to
generate N-terminal dimer Model 2 in Figure S2C.

For the model of EphA2 bound to head-to-tail peptide dimer (8), we generate an EphA2 LBD dimer with the
Frodock web server (Ramirez-Aportela et al., 2016). The peptide was added by overlaying it from our pre-
vious EphA2 LBD/BA-WLA-YRPK-bio (17*) complex structure and the linker sequence (GG) was manually
modeled. All peptide-EphA2 dimeric models were subsequently optimized using the FlexPepDock web
server (London et al., 2011).

Isothermal titration calorimetry (ITC)

The human EphA2 LBD (residues 28-200) was expressed in E. coli and purified as described previously (Go-
mez-Soleretal., 2019). ITC experiments were performed as described previously (Gomez-Soler et al., 2019)
with adjustments to account for the 2:1 EphA2 LBD:dimeric peptide binding mode. Briefly, 2 uL aliquots of
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200-250 uM EphA2 LBD were titrated into the cell containing 205 pL of 10-12.5 uM peptide. Each titration
was performed twice and individually analyzed.

ELISAs

Inhibition of EphA2-ephrin-A5 binding by peptides was measured as previously described (Gomez-Soler
et al., 2019). Briefly, EphA2 Fc (#639-A2, R&D Systems) was immobilized on protein A coated 96-well plates
and then incubated with 0.05 nM ephrinA5 alkaline phosphatase (AP) and different peptide concentrations.
The amount of bound ephrinA5 AP was quantified by using p-nitrophenyl phosphate substrate (#34045,
Pierce-Thermo Scientific) diluted in SEAP buffer (105 mM diethanolamine, 0.5 mM MgCl,, pH 9.8) and op-
tical density at 405 nm (ODygs) was measured. ODyos from wells coated with Fc alone was subtracted as
background. The selectivity of dimeric peptides for EphA2 was determined in a similar assay by measuring
inhibition of 0.05 nM ephrinA5 AP binding to different EphA receptor Fc fusion proteins (#SMPK1, R&D Sys-
tems) and inhibition of 0.5 nM ephrinB2 AP binding to different EphB receptor Fc fusion proteins (#SMPK2,
R&D Systems). Dimeric peptide concentrations corresponding to approximately 100 times the ICsq values
for inhibition of EphA2-ephrinA5 interaction were used. For ELISA experiments, we used ephrinA5 AP and
ephrinB2 AP secreted in the cell culture medium of transiently transfected HEK293 cells. The medium was
heated at 60°C for 30 min to inactivate endogenous alkaline phosphatase and the concentration of the eph-
rin AP fusion protein was measured in an alkaline phosphatase activity assay based on the specific activity
reported for alkaline phosphatase of 2U/pg (Cullen, 2000; Flanagan et al., 2000).

EphA2 constructs

The EphA2-EYFP and EphA2-mTURQ constructs in pcDNA3 used for FRET have been previously described
(Gomez-Soler et al., 2019). N-terminally FLAG-tagged EphA2 WT in the pLVX-IRES-Neo lentiviral construct
and the pLVX-IRES-Neo-EGFP control construct have also been described (Barquilla et al., 2016). The
EphA2 AQ565-L582 (Ajxtm-1) and AQ565-T606 (Ajxtm-2) mutants with deletions in the juxtamembrane
segment were generated by overlapping PCR using the pLVX-IRES-Neo FLAG-EphA2 WT construct as
the template. All regions amplified by PCR were verified by sequencing.

Immunoblotting

PC3 prostate cancer cells (ATCC, #CRL-1435; authenticated by short tandem repeat analysis) were cultured
in RPMI 1640 (ThermoFisher Scientific/Gibco, #11875-093) containing 10% fetal bovine serum with 1% anti-
biotic-antimycotic solution (Corning, #30-004-Cl), as previously described (Gomez-Soler et al., 2019).
HEK293-AD human embryonic kidney cells (Cell Biolabs, #AD-100) (~2.5 X 10% were transfected in
6-well plates with 0.5 ug EphA2 WT and Ajxtm-1 and Ajxtm-2 mutant constructs and selected with G418
(1 mg/mL) for 15 days.

For stimulations with ligands, once the cells reached 70-80% confluence, they were starved in the same me-
dium without serum for 1 h. For dose-response experiments, PC3 cells were treated with different ligand
concentrations for 15 min. For time-course experiments, PC3 cells were treated for different times with
saturating ligand concentrations: 50 nM ephrinA1-Fc (R&D Systems, #602-A1-200), 1,000 nM dimer (3),
100 nM dimer (7), 150 nM dimer (8) or 30 uM monomer (10). HEK293 cells stably transfected with EphA2
WT and mutants were treated for 2.5 min with 40 nM ephrinA1-Fc, 50 nM dimer (2), 25 nM dimer (6) or
10 nM dimer (8). In the experiments in Figure S8, HEK293 cells stably transfected with EphA2 WT were
treated with 10 pM LY294002 for 30 min and then with 50 nM dimer (2) or 10 nM dimer (8) for 5 min.

After treatment with ligands, the cells were rinsed once with cold PBS containing Ca* and Mg™ (Lonza, #17-
513F) and collected in Bolt LDS sample buffer (Life Technologies, #B0007) containing 2.5% B-mercaptoe-
thanol. Lysates were heated at 95° for 2 min, briefly sonicated and run on SDS-PAGE gels. After semi-dry
transfer using PVDF transfer packs (Bio-Rad, #1704272) with a Trans-Blot Turbo Transfer System (Bio-Rad
Laboratories), the immobilon membranes were blocked with 5% BSA in 0.1% Tween-20 in TBS (150 mM
NaCl, 50 mM Tris HCl pH 7.5) for 1 h and then incubated in the cold overnight with antibodies from Cell
Signaling Technology recognizing EphA2 pY588 (#12677, at 1:2,000 dilution), EphA2 pY772 (#8244, at
1:1,000), EphA2 (#6997 at 1:1,000 dilution), AKT pS473 (#4060, at 1:2,000 dilution) and AKT (#9272, at
1:1,000 dilution) and with an antibody from ThermoFisher Scientific/Invitrogen recognizing EphA2 pY930
(#PA5-64784, at 1:1,000 dilution). After washing, the membranes were incubated with an HRP-conjugated
anti-rabbit secondary antibody (Invitrogen anti-rabbit #A16110, at a 1:3,000 dilution). For phosphotyrosine
blots, membranes were incubated for 1 h with a phosphotyrosine antibody conjugated to HRP from Cell
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Signaling Technology (P-Tyr-100, #5465, at 1:1,000 dilution). The chemiluminescence signal was captured
using ChemiDoc Touch Imaging System (Bio-Rad), quantified using Image Lab (Bio-Rad) and analyzed
using Prism software (GraphPad).

Cell retraction

Forthe retraction assay, PC3 cells were plated overnight in RPMI-1640 medium with 10% FBS and penicillin/
streptomycin on round coverslips (ThermoFisher, Fisherbrand #12-545-80) in 24-well plates at 24,000 cells/
well. The cells were then serum starved for 4 h, and cell retraction was induced at 37°C by stimulation for
10 min with ephrinA1-Fc or peptide ligands. Stocks of peptide ligands were prepared at 500X final concen-
trations in DMSO so that the final DMSO concentration in the wells was 0.2%. Control cells were treated
with 0.2% DMSO without any ligand. In 2 of the 4 experiments 0.2% DMSO was also added to the
ephrinA1-Fc wells, which did not seem to affect retraction. The cells were then fixed in 4% paraformalde-
hyde in PBS for 15 min at RT, permeabilized in 0.5% Triton X-100 in PBS for 5 min, incubated with blocking
buffer (3% BSA in PBS) for 30 min, labeled for actin with rhodamine-conjugated phalloidin (Biotium, #00027)
diluted in blocking buffer for 1 h. Coverslips were mounted using ProLong™ Gold Antifade mountant con-
taining DAPI to stain nuclei (ThermoFisher/Invitrogen, #P36931). Cell images were captured using an Echo
Revolve fluorescence microscope with a 20X objective. Cell areas were measured using ImageJ (National
Institutes of Health, Bethesda, MD) and analyzed using Prism (GraphPad).

Analysis of ligand bias

The values for the bias factor Bjig (Karl et al., 2020; Rajagopal et al., 2011) reported in Figure 1 were calcu-
lated for each ligand using the ECsg and Eqp values in Figure 1, according to:

ECso,pvs88 EtoppaKTinh ECs0,py588 Etop,paAKTinh .
o = lo P PP —lo P PP (Equation 1)
B|g 9 ((ECSO.pAKTinh Etop.p‘(588 lig J ECSO.pAKTinh Etop‘pYSSS ref q

where ref is the reference ligand, ephrinA1-Fc. The contribution of the different factors (ECsg for pY588,
ECso for pAKT inhibition, Eiop for pY588 and Eqp, for pAKT inhibition) to the Bjig values varies depending
on the ligand (Figure S9).

Forster resonance energy transfer (FRET)

The HEK293T cells used in the FRET experiments were from ATCC (#CRL-3216). The cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, ThermoFisher, 31,600,034) with 10% fetal bovine serum
(FBS, Hyclone, #5SH30070.03) at 37°C in the presence of 5% CO,. FRET experiments were performed as pre-
viously described (Gomez-Soler et al., 2019). The cells were co-transfected with different ratios of EphA2-
mTURQ DNA and EphA2-EYFP. Co-transfected dishes contained a total of 2 pg DNA, with varying donor
(EphA2-mTURQ) to acceptor (EphA2-EYFP) ratios. Twenty-four hours after transfection, the cells were
starved in the same medium for 12 hprior to imaging (King et al., 2016).

Integrated fluorescence images were obtained in the presence or in the absence of 2 uM BA-WLA-YRPKC
dimer (2) or CGA-WLA-YRPK dimer (5) using a two-photon microscope. For each cell, two microscope scans
were acquired — an acceptor excitation scan at A = 960 nm (to measure acceptor fluorescence) and a donor
excitation scan at A = 840 nm (to measure both donor and sensitized acceptor fluorescence) (Gomez-Soler
et al,, 2019). The FSI-FRET method was used to measure FRET efficiency, donor concentration, and
acceptor concentration in micron-sized regions of the plasma membrane. To convert pixel level intensities
of the images to concentrations, calibration solutions of purified fluorescent proteins were used. A detailed
description of the FSI-FRET methodology has been published (King et al., 2017). The raw FRET data are
shown in Figure S7A.

The fitting procedure and the analysis that differentiates between dimers and higher order oligomers have
been described in detail in published work (King et al., 2017). The FRET data are interpreted within the
context of thermodynamic models that are built for different types of oligomerization (with oligomer
order = n) and fitted to the data to calculate the mean squared error (MSE; Figure S7B). Extensive evalua-
tion of this approach has shown that an MSE minimum at n = 2 reliably identifies dimer populations (King
et al., 2017). An MSE minimum at n > 2 or the same MSE value for different oligomer orders points to the
presence of oligomers larger than dimers, although the presence of dimers cannot be excluded (King et al.,
2017). While the exact order of the oligomers (n = 3, 4, 5, etc.) cannot be determined from this analysis, we
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have shown that the method reliably gives the receptor fraction that exists in an oligomeric state (i.e. dimers
or higher order oligomers/clusters) (King et al., 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism software versions 7, 8 or 9 (GraphPad Software Inc., San
Diego, CA). Statistical details of experiments can be found in the figure legends, including the statistical
tests used, p values, the definitions of n, and whether averages and SD or averages and SEM are
reported/shown.
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