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ABSTRACT: EphA4 is a receptor tyrosine kinase with a critical role in repulsive axon
guidance and synaptic function. However, aberrant EphA4 activity can inhibit neural
repair after injury and exacerbate neurodegenerative diseases such as amyotrophic lateral
sclerosis (ALS) and Alzheimer’s. We previously identified the cyclic peptide APY-d2
(APYCVYRβASWSC-NH2, containing a disulfide bond) as a potent and selective EphA4
antagonist. However, APY-d2 lacks sufficient plasma stability to be useful for EphA4
inhibition in vivo through peripheral administration. Using structure−activity relationship
studies, we show that protecting the peptide N-terminus from proteolytic degradation
dramatically increases the persistence of the active peptide in plasma and that a positively
charged peptide N-terminus is essential for high EphA4 binding affinity. Among several
improved APY-d2 derivatives, the cyclic peptides APY-d3 (βAPYCVYRβASWSC-NH2)
and APY-d4 (βAPYCVYRβAEWEC-NH2) combine high stability in plasma and
cerebrospinal fluid with slightly enhanced potency. These properties make them valuable
research tools and leads toward development of therapeutics for neurological diseases.
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EphA4, a member of the large Eph receptor tyrosine kinase
family, is predominantly expressed in the nervous system.
Through activation by the cell surface-anchored ephrin ligands,
EphA4 plays important physiological roles in axon guidance
during development as well as in the structural remodeling of
synaptic connections and modulation of synaptic transmission
in the adult brain.1−3 However, increased EphA4 expression
and aberrant kinase activity following nervous system injury or
disease can contribute to pathological processes.1,3 EphA4 was
identified as a gene promoting disease pathogenesis in
amyotrophic lateral sclerosis (ALS), and studies in ALS animal
models and patients have shown that reduced EphA4 activity
delays disease onset and slows disease progression.4 Evidence in
cultured neurons and mouse models has also implicated EphA4
activity in the synaptic dysfunction induced by the pathogenic
amyloid-β oligomers in Alzheimer’s disease.5,6 Furthermore,
EphA4 is preferentially expressed in breast cancer stem cells,
where it supports malignancy by interacting with ephrin ligands
expressed by monocytes/macrophages.7

Thus, EphA4 is a promising target for promoting neural
repair after injury and stroke, counteracting neurodegenerative
processes, and inhibiting breast cancer malignancy.1−3 The two
main strategies that could be used to inhibit the detrimental
effects of EphA4 activity involve blocking either its kinase
activity or its interaction with ephrin ligands.1,2 To our
knowledge, high affinity, selective EphA4 kinase inhibitors

remain to be identified.1,3 In contrast, selective and high affinity
peptide antagonists targeting the ephrin-binding pocket in the
extracellular ligand-binding domain (LBD) of EphA4 are
available.2 Peptides appear to have greater potential than
small molecules (such as rhynchophylline and bile acid
derivatives) for high affinity, selective binding to the ephrin-
binding pocket of EphA4 due to its broad surface and
conformational flexibility.2,6,8 Among the EphA4-targeting
peptides identified using phage display screens and other
strategies, the linear dodecameric KYL (KYLPYWPVLSSL)
was initially considered the most promising.2,9 Although the
ephrin ligands promiscuously bind multiple Eph receptors, KYL
binds only to EphA4. Despite its modest (∼1 μM) binding
affinity, KYL has been instrumental not only as a research tool
but also in demonstrating the potential therapeutic value of
pharmacologically inhibiting EphA4 in in vitro and in vivo
models of ALS, Alzheimer’s disease, spinal cord injury, and
breast cancer.4−7,10 KYL has been administered in animal
models by continuous infusion into the brain or spinal cord
with minipumps.4,6,10 However, this invasive route of
administration has limited applicability in the clinic.
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A structurally distinct dodecameric peptide antagonist
identified by phage display that also specifically targets
EphA4 is APY (APYCVYRGSWSC), which contains a disulfide
bond between Cys4 and Cys12. The constrained macrocyclic
structure of APY makes it more suitable than KYL for further
development toward a therapeutic lead.11−15 In previous
structure−activity relationship (SAR) studies, APY was
modified to obtain a derivative, designated here APY-d2
(APYCVYRβASWSC-NH2, Table 1). APY-d2 includes the non-
natural amino acid βAla at position 8 to stabilize the β-hairpin
geometry within the macrocycle and an amidated C-terminus
that provides an additional backbone hydrogen bond in the
exocyclic region of the peptide. These modifications increased

EphA4 binding affinity from 1.5 μM for APY to 30 nM for
APY-d2.15

An important step to make peptides suitable for in vivo
peripheral administration is to overcome their high suscepti-
bility to proteolytic degradation in the blood circulation.11−14

APY-d2 rapidly loses its ability to inhibit ephrin-A5-EphA4
interaction (measured in ELISAs) upon incubation in mouse
plasma (half-life of the active peptide <3 h; Figure 1A and
Table 1). Thus, we sought to increase the half-life of the active
peptide in plasma.
The macrocycle of APY-d2 defined by the disulfide bond

forms a β-hairpin structure that is likely to resist proteolysis,
and the C-terminus of the peptide is protected by amidation.15

Since exopeptidases are often responsible for the rapid
degradation of unstructured peptides in the blood,11−13 we
focused on modification of the three N-terminal residues, which

Table 1. Potency and Stability of APY Derivatives with N-
Terminal Modifications

aAll peptides are cyclized by a disulfide bond between Cys4 and
Cys12; Ahx, 6-aminohexanoic acid; Ava, 5-aminovaleric acid; γAbu, γ-
aminobutyric acid; Lac, lactic acid; PE, pyroglutamine; Sar, sarcosine.
bAverage IC50 value ± standard error, calculated from n experiments.
cMeasured by ELISA. dnd = not determined.

Figure 1. Characterization of APY-d2 derivatives with N-terminal
modifications. (A) Peptide antagonistic activity remaining after
incubation in mouse plasma or rat CSF for different time periods.
(B) Representative ELISA curves measuring peptide inhibition of
ephrin-A5-EphA4 interaction; IC50 values for each curve are shown,
while averages from multiple experiments are reported in Table 1. (C)
Isothermal titration calorimetry profiles (upper panels) and integrated
values for the reaction heats (lower panels) versus EphA4/peptide
molar ratios. Calculated Kd values are shown. (D) ELISA curves
measuring APY-d3 inhibition of ephrin-A5 binding to mouse EphA4
(mEphA4; IC50 = 20 nM) and human EphA4 (hEphA4; IC50 = 17
nM). (E) ELISA measuring inhibition of ephrin binding to different
Eph receptors. Bound ephrin is the signal in the presence of 2.7 μM
APY-d3 normalized to the signal without peptide. Averages from
triplicate measurements ± SE are shown in A, B, D, and E.
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are outside the macrocycle. Loss of Ala1 in peptide 2 only
slightly decreased potency while increasing plasma half-life to
∼15 h (Table 1). However, loss of both Ala1 and Pro2 in
peptide 3 decreased potency by nearly 50-fold (Table 1). These
results together with the observed dramatic decrease of APY-d2
antagonistic activity in plasma suggest that APY-d2 is
inactivated by a dipeptidyl peptidase cleaving the N-terminal
Ala-Pro dipeptide.12,13

To reduce susceptibility to aminopeptidases, we chemically
modified the N-terminus of APY-d2 and peptide 2, its active
derivative lacking Ala1. We first explored N-terminal
acetylation, which is a widely used strategy to prevent peptide
degradation by aminopeptidases.11−13 The active acetylated
versions of peptides APY-d2 and 2 (derivatives 4 and 5,
respectively) both had a greatly increased half-life of ∼72 h in
mouse plasma (Figure 1A; Table 1). This indicates that the N-
terminus is the main site susceptible to proteolysis and confirms
the hypothesis that the disulfide constrained cyclic portion and
the C-terminus of the peptides are resistant to plasma
peptidases. However, acetylation reduced the antagonistic
potency of the peptides by >30-fold (4 versus APY-d2) and
>10-fold (5 versus 2) (Figure 1B; Table 1). This drastic
reduction in potency was unexpected because the N-terminus
of APY-d2 engages in few direct interactions with the EphA4
LBD in the crystallized complex.15 The loss in affinity of 5 was
particularly surprising since this peptide does not contain any
chemical moiety that is not present in APY-d2; the acetyl group
structurally replaces the carbonyl and α-carbon of Ala1 and thus
should not cause destabilizing steric clashes.
These results suggest that the positive charge of the peptide

N-terminus is necessary for high affinity interaction with
EphA4. To further examine this hypothesis, we substituted the
first or the first two amino acids of APY-d2 to place a neutral
hydrogen bond donor at the N-terminus (lactyl in 6 and
pyroglutamyl in 7; Table 1). We found that both of these
neutralized derivatives have ∼8-fold reduced binding affinity (6
versus APY-d2 and 7 versus 2), supporting the importance of
the N-terminal positive charge. However, introducing an
additional N-terminal positive charge by substituting the first
two amino acids of APY-d2 with either Lys (8) or His (9)
substantially reduced potency, presumably due to steric clashes
involving the Lys and His side chains.
To investigate the relationship between potency and the

distance of the N-terminal charge from the macrocycle, we
examined a series of N-terminal primary amines spaced 2−6
carbons (corresponding to ∼4−8 Å) from Tyr3 (10−14; Table
1). Furthermore, to discern how the size of the peptide N-
terminal charge affects EphA4 binding, we also examined an N-
terminal secondary amine (sarcosine in 15; Table 1). All of
these derivatives have inhibitory potencies (IC50 values) within
0.5−2.5-fold that of 2 (Table 1), indicating that the precise
location and size of the positively charged group is not as
important as its presence.
While these data identify 12 and 13 as having the most

favorable combination of potency and plasma stability, neither
of these derivatives combines the highest potency with the
longest plasma stability. Insights from structure−function
analysis suggest that APY-d2 plasma stability can be extended
by making the peptide N-terminus resistant to aminopeptidases
and that an N-terminal amine is required to maintain high
binding affinity. In order to meet both criteria, Ala1 of APY-d2
was substituted with DAla in 16 and βAla in 17 (renamed APY-
d3; Table 1). The active forms of both peptides have a half-life

of >72 h in mouse plasma (Figure 1A; Table 1). Both peptides
also remain active following prolonged incubation in rat
cerebrospinal fluid (CSF; Figure 1A), suggesting that they are
suitable for cerebroventricular or intrathecal delivery. However,
βAla1 in APY-d3 slightly increases potency compared to APY-
d2, whereas DAla1 in 16 has the opposite effect (Figure 1B,C;
Table 1). Importantly, APY-d3 targets mouse and human
EphA4 with similar potency (Figure 1D) and is more than 100-
fold selective for EphA4 over other Eph receptors (Figure 1E).
Thus, although we identified several APY derivatives with
favorable properties (including 11, 12, 13, 15, and 16), the high
potency, plasma stability, and selectivity of APY-d3, combined
with the simple achiral nature of the N-terminal βAla group,
make it the most promising lead for future functional studies.
To obtain structural insights into the interaction of APY-d3

with EphA4, we solved the crystal structure of the APY-d3/
EphA4 LBD complex at 1.75 Å resolution (Figure 2A). The

crystallographic asymmetric unit contains four independent
EphA4/APY-d3 complexes. APY-d3 adopts the same overall
conformation as APY-d2 in the APY-d2/EphA4 complex
structure (Figure 2B)15 and thus similarly interacts with the
receptor (Figure 2C,D). However, the longer βAla1 in APY-d3
enables additional interactions with EphA4 compared to Ala1
in APY-d2. The N-terminus of βAla1 forms a double salt bridge
with EphA4 Glu77 and a hydrogen bond with EphA4 Asn74.
These interactions are observed in all four EphA4/APY-d3
complexes in the asymmetric unit, although small differences
among the four complexes are apparent (Figure S1), indicating
conformational flexibility in the peptide/EphA4 interaction. In
contrast, the N-terminus of Ala1 in APY-d2 does not make
direct interactions with EphA4, as reflected in the long

Figure 2. Crystal structure of APY-d3 bound to EphA4. (A) Overall
structure of the EphA4 LBD (gray, surface representation with loops
surrounding the ephrin-binding pocket in darker gray) in complex with
APY-d3 (cyan, sticks; PDB 5JR2). (B) Comparison of APY-d3 (cyan,
chain E) and APY-d2 (wheat, chain F of PDB 4W4Z).15 (C)
Interactions of APY-d3 βAla1 with EphA4 residues are indicated by
green dashes with distances shown in Å. Chains A and E are shown.
(D) Representation equivalent to C showing the N-terminus of APY-
d2. Black arrows (with distances in Å) indicate that no direct
interactions are present between Ala1 of APY-d2 and EphA4. Chains
B and F of PDB 4W4Z are shown. All four complexes of the
asymmetric unit for both APY-d2 and APY-d3 are shown in Figure S1.
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distances between the APY-d2 N-terminus and the closest
EphA4 residues (Figure 2D; Figure S1). The only exception is a
salt bridge between the APY N-terminus and EphA4 Glu77 in
one of the four complexes in the asymmetric unit (chains D/H;
Figure S1). Another difference is that in three of the four APY-
d3 complexes, Pro2 is in the generally thermodynamically less
favored cis configuration, whereas all four APY-d2 complexes
have Pro2 in the trans configuration (Figure S1). The cis isomer
is likely favored due to reduced steric hindrance by βAla1,
which unlike Ala1 lacks side chain atoms that could clash with
cis Pro2. The presence of an alternative backbone suggests that
these interactions with EphA4 may be dynamic, which is
consistent with the observed SAR.
To examine the importance of the observed salt bridge

between the peptide N-terminus and Glu77 for EphA4 binding,
we measured the binding affinity of APY-d3 for the EphA4
E77A mutant. Unexpectedly, the E77A mutation had minimal
impact on binding affinity (Figure S2A). More detailed analysis
of the crystal structure revealed that EphA4 features an
extended electronegative surface in the vicinity of the peptide
N-terminus, which is still largely preserved in the EphA4 E77A
mutant (Figure S2B,C). The redundancy of residues forming
the EphA4 electronegative surface could explain the similar
potency of peptides that differ substantially in the positioning of
the N-terminal amine (Table 1, 10−14). The positional
independence of the amino group is probably a function of
both the large size of the shallow electronegative surface of
EphA4 localized near the N-terminus of the bound peptide and
the flexibility of the EphA4 loops that comprise the ephrin-
binding pocket.
We also explored further peptide modifications that may

increase EphA4 binding affinity or yield a peptide with different
charge, which could be more suitable for some applications.
Secondary phage display screens previously showed that Ser9
and Ser11 of the original APY peptide are tolerant to
substitution.15 Furthermore, modeling of APY-d3 with S9E/
S11E substitutions suggested that negative charges at these
positions may stabilize the peptide through formation of a salt
bridge between the side chains of Glu11 and Arg7 as well as
result in an additional salt bridge between the side chains of
Glu9 in the peptide and Arg162 in EphA4 (Figure S3). We
therefore synthesized an S9E/S11E derivative of APY-d2 (18)
as well as an S9D/S11E derivative (19). These peptides, and
particularly 18, exhibited slightly increased potency (Table 2).

Thus, we also examined an S9E/S11E derivative of APY-d3
(20, renamed APY-d4), which exhibited slightly better potency
and binding affinity than APY-d3 and retained high plasma
stability and >100-fold selectivity for EphA4 versus other Eph
receptors (Figure 3A−D; Table 2). Thus, APY-d4 represents

an alternative to APY-d3 for EphA4 inhibition. As a strategy to
obtain inactive APY-d2 derivatives with very close physico-
chemical properties to the corresponding active peptides, we
explored swapping Trp10 and Glu11, given the importance of
Trp at position 10 for EphA4 binding.15 We indeed found that
a derivative of APY-d4 with Glu10 and Trp11 (21) exhibits at
least 1000-fold less activity than APY-d4 (Figure 3E; Table 2).
APY-d3 and APY-d4 represent improved derivatives of APY-

d2 with greatly increased plasma stability. We confirmed that
APY-d3 and APY-d4 inhibit EphA4 tyrosine phosphorylation
(activation) induced by ephrin-A5 Fc ligand stimulation in cells
(Figure 4A,B) with slightly greater potency than the previously
characterized APY-d2.15 The higher IC50 values for inhibition
of ephrin-induced EphA4 phosphorylation in cells compared to
inhibition of ephrin binding in the ELISAs are likely due to
differences in experimental conditions, and particularly, the
higher ephrin concentration needed to activate EphA4 in
cells.15 Neither peptide showed any evidence of toxicity at
concentrations 100-fold higher than their IC50 values for
inhibition of EphA4 activation (Figure 4C). Further experi-
ments revealed that APY-d3 effectively inhibits ephrin-induced
growth cone collapse in chicken embryo retinal explants at a
concentration of 150 nM, demonstrating that APY-d3 can

Table 2. Potency and Stability of APY Derivatives with S9
and S11 Modifications

aAll peptides are cyclized by a disulfide bond between Cys4 and
Cys12. bAverage IC50 value ± standard error, calculated from n
experiments. cFrom ref 15. dRed font indicates residues that are
different from APY-d2 and APY-d3. end = not determined.

Figure 3. Characterization of APY-d4, a derivative of APY-d3 with
S9E and S11E substitutions. (A) Representative ELISA showing
inhibition of ephrin-A5 AP binding to EphA4 Fc by APY-d4; the IC50
for the curve is indicated, while the average IC50 is shown in Table 2.
(B) Isothermal titration calorimetry profile (upper panel) and
integrated values for the reaction heats (lower panel) versus EphA4/
peptide molar ratio. Calculated Kd value is shown. (C) APY-d4
antagonistic activity remaining after incubation in mouse plasma or rat
CSF. (D) ELISA measuring APY-d4 inhibition of ephrin binding to
Eph receptors. Bound ephrin is the signal in the presence of 2 μM
APY-d4 normalized to the signal without peptide. (E) ELISA
measuring inhibition of ephrin-A5-EphA4 interaction by peptide 21.
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prevent EphA4-dependent axon repulsion at submicromolar
concentrations (Figure 4D), as previously found for APY-d2.15

In conclusion, we have investigated the relationship between
structure and EphA4-binding capability of APY-d2 derivative
peptides. These studies have led to the identification of APY-d3
and APY-d4, two differentially charged derivatives with
nanomolar binding affinity and extremely high stability in
plasma and CSF. These peptides represent the currently
available EphA4 antagonists with the best combination of
receptor binding affinity, selectivity, and plasma stability. Future
efforts will aim to increase peptide half-life in the blood
circulation by decreasing kidney clearance and to achieve
peptide delivery to the central nervous system by promoting
blood−brain barrier permeability.
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