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ABSTRACT: The EphA4 receptor is highly expressed in the APY-EphA4LBD APY APY-BAla8.am
nervous system, and recent findings suggest that its signaling
activity hinders neural repair and exacerbates certain neuro-
degenerative processes. EphA4 has also been implicated in cancer
progression. Thus, EphA4 inhibitors represent potential therapeu-
tic leads and useful research tools to elucidate the role of EphA4 in
physiology and disease. Here, we report the structure of a cyclic
peptide antagonist, APY, in complex with the EphA4 ligand-
binding domain (LBD), which represents the first structure of a
cyclic peptide bound to a receptor tyrosine kinase. The structure shows that the dodecameric APY efficiently occupies the ephrin
ligand-binding pocket of EphA4 and promotes a “closed” conformation of the surrounding loops. Structure-guided relaxation of
the strained APY f-turn and amidation of the C terminus to allow an additional intrapeptide hydrogen bond yielded APY-
PAla8.am, an improved APY derivative that binds to EphA4 with nanomolar affinity. APY-f/Ala8.am potently inhibits ephrin-
induced EphA4 activation in cells and EphA4-dependent neuronal growth cone collapse, while retaining high selectivity for
EphA4. The two crystal structures of APY and APY-f/Ala8.am bound to EphA4, in conjunction with secondary phage display
screens, highlighted peptide residues that are essential for EphA4 binding as well as residues that can be modified. Thus, the APY
scaffold represents an exciting prototype, particularly since cyclic peptides have potentially favorable metabolic stability and are
emerging as an important class of molecules for disruption of protein—protein interactions.
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phA4, a member of the Eph family of receptor tyrosine Increasing evidence also implicates EphA4 in various types of

kinases, represents a very promising target for promoting cancer. For example, EphA4 downregulation studies have
neural repair and counteracting neurodegenerative processes."” suggested a role for EphA4 in leukemia, prostate, pancreatic,
EphA4 signaling can be activated by all ephrin ligands, and gastric cancer cell growth and in liver cancer meta-
including the five GPI-linked ephrin-As and the three stasis.'*~'® High EphA4 expression has also been correlated
transmembrane ephrin-Bs. Ephrin binding stimulates EphA4 with shorter survival in breast and gastric cancer patients,lé’19
tyrosine kinase activity and downstream signaling, which in although the opposite correlation was found in lung cancer
neurons leads to inhibition of axon growth and retraction of patients.”® Finally, EphA4 can enhance the oncogenic effects of
synaptic structures known as dendritic spines.>™> In addition, fibroblast growth factor receptor 1 in glioblastoma cells.”'
EphA4 interaction with the ephrin-A3 ligand expressed in Central to its signaling ability, EphA4 has a ligand-binding
astrocytes stimulates “reverse” signals through the ephrin that domain (LBD) at the N terminus of its extracellular region and
limit the uptake of the extracellular neurotransmitter glutamate, a tyrosine kinase domain in its cytoplasmic region.”> Thus, the
thus modulating synaptic transmission.®” Dysregulation of main strategies to inhibit ephrin-dependent EphA4 activities
these EphA4 activities can hinder regeneration in the injured involve the use of either kinase inhibitors or antagonists that
nervous system as well as promote neurotoxicity and block ephrin binding to the LBD.**** Kinase inhibitors
neurodegeneration. Indeed, EphA4 has been identified as a typically target multiple kinases due to the high conservation
possible inhibitor of nerve regeneration after spinal cord of the ATP binding pocket,” explaining the difficulties in
injury>®” and as a modifier gene that accelerates the identifying kinase inhibitors selective for EphA4.>° In contrast,
progression of amyotrophic lateral sclerosis (ALS).'® Recent
reports also suggest the possible involvement of EphA4 in the Received: July 7, 2014
pathogenesis of other neurological disorders, including Accepted: September 30, 2014
Alzheimer’s disease' "> and stroke." Published: September 30, 2014
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Figure 1. APY binds to the ephrin-binding pocket of EphA4. Crystal structures of the EphA4 LBD (gray) in complex with (A,B) APY (orange); (C)
part of the GH loop of ephrin-A2 (green, PDB 2WO3, ref 36); (D) the ephrin-A2 receptor-binding domain; (E) part of the GH loop of ephrin-B2
(cyan, PDB 2WO2, ref 36); or (F) the ephrin-B2 receptor-binding domain. In the upper panels, EphA4 LBD and ephrins are shown in surface
representation. In the lower panels, the EphA4 LBD is shown in ribbon representation (gray) with APY in orange sticks (B) and the ephrins in green
(D) or blue (F) ribbon representation. The DE, GH, and JK loops lining the ephrin-binding pocket in the EphA4 LBD are shown in darker shades of

gray.

the ephrin-binding pocket of Eph receptors has unique features
that can be exploited for more selective targeting with small
molecules and peptides.”* Small molecules targeting subsets of
Eph receptors, including EphA4, have been identified but are
not very potent and some have problematic features.'>***’
Peptide antagonists that selectively target EphA4 include three
dodecapeptides identified by phage display, with the most
potent being the linear KYL (KYLPYWPVLSSL).*** The
potential of these peptides is highlighted by the successful use
of KYL in studies from various groups,>*'"'>****~3 includin
the recent study implicating EphA4 in ALS pathogenesis.'
However, with a Kp, value of ~1 uM,** the linear KYL peptide
does not appear ideally suited for therapeutic development. In
addition, both a recent phage display screen of a cyclic
nonapeptide library®® and an NMR-based screen for smaller
EphA4 peptidomimetic antagonists®® failed to yield peptides
more potent than KYL.

The difficulties in obtaining submicromolar EphA4 antago-
nists are likely due to the nature of the ephrin-binding pocket of
EphA4, which is very broad (exceeding an estimated 900 A?),
lacks sufficient hot spot regions,”* and is highly dynamic.>>~*’
These features reduce the potential free energy gain for the
binding of small molecules and flexible linear peptide ligands. In
contrast to linear peptides, cyclic peptides are more structured
in their unbound form, which can improve binding affinity and
pharmacokinetic properties.** Furthermore, cyclic peptides are
able to better occupy a wide cavity such as the ephrin-binding
pocket of EphA4 due to their circular conformation. We
therefore sought to optimize the cyclic peptide APYC-
VYRGSWSC (APY) that we originally discovered along with
KYL.”® The APY peptide has an intramolecular disulfide bond,
is only marginally less potent toward EphA4 than KYL, and
selectively inhibits EphA4 but not other Eph receptors.”” We
solved the crystal structure of APY bound to the EphA4 LBD.
This revealed the mechanism of APY-mediated antagonism and
enabled rational design of an improved APY derivative. The
crystal structure of this derivative reveals features contributing
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to its increased potency. We also performed secondary phage
display screens to discriminate the importance of different
peptide residues. The new more potent APY derivative can
serve as a research tool and a promising therapeutic lead for
targeting EphA4 in neurodegenerative diseases and cancer.

B RESULTS AND DISCUSSION

Crystal Structure of the APY Cyclic Peptide in
Complex with EphA4 Reveals a Unique Binding Mode.
While the EphA4 LBD has been crystallized in its unbound
form and in complex with ephrin 11g:1nds,35_39’41 complexes
containing peptides and small molecules that target the ephrin-
binding pocket of EphA4 have evaded structural evaluation.*”
After extensive screening of crystallization conditions, we
succeeded in generating crystals of the APY-EphA4 LBD
complex and solved the crystal structure at a resolution of 2.4 A
(Supporting Information Table 1). The structure contains four
APY—EphA4 complexes in the asymmetric unit and provides
detailed information on the APY—EphA4 interaction. The APY
peptide efficiently utilizes ~70% (~600 A%) of the available
surface within the ephrin-binding pocket (Figure 1A,B;
Supporting Information Figure 1). Comparison of the structure
of the EphA4 LBD bound to APY (Figure 1AB) with
structures not bound to a ligand (PDB entries 3CKH,
2WO1, 4BK4, and 4M4P) or bound to ephrins (Figure
1C,D,E,F)35'_39’41 reveals that APY induces conformational
changes in critical loops of EphA4. Upon binding, the peptide
locks the DE and JK loops in highly structured antiparallel S-
sheet conformations, which causes the ephrin-binding pocket to
adopt a “closed” conformation (compare Figure 1B with Figure
1D,F), counteracting the reported extraordinary structural
flexibility of the EphA4 LBD.>>** This structural rearrange-
ment suggests that the APY peptide not only functions as a
competitive inhibitor that sterically precludes ephrin ligand
binding to EphA4 but also promotes a distinct conformation of
the EphA4 LBD that could inhibit the receptor preclustering
interactions that have been proposed to facilitate subsequent
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Figure 2. Detailed structure of APY bound to EphA4. (A) Detailed view of the structure of the APY peptide, which is shown in stick representation
in orange with oxygens in red, nitrogens in blue, and disulfide bond in yellow. (B) The APY peptide has three intramolecular hydrogen bonds
(dotted green lines, with distance in A shown in black). The f-turn around Gly$8 (indicated with thicker sticks) shows high strain, as indicated by the
short unfavorable N—N distance between the Gly and Ser9 (dotted green line, with distance in A shown in red). APY molecule A is shown, with all
four molecules in the asymmetric unit shown in Supporting Information Figure 3. (C) The APY peptide is shown within the ephrin-binding pocket
of EphA4. The hydrophobic peptide residues interacting with EphA4 are shown as spheres. EphA4 is shown in surface representation in gray with
the DE, GH, and JK loops in darker shades of gray. N-ter, N-terminus. (D) There are five hydrogen bonds (dotted green lines, with distances in A
shown in black) between residues in APY (orange) and EphA4 (gray). Only EphA4 residues engaged in hydrogen bonds are shown.

ephrin-induced activation.*' Thus, the structure of the APY—
EphA4 complex suggests that APY can effectively inhibit EphA4
signaling through multiple concerted mechanisms.

The structure also reveals a critical role for Gly8 in APY. This
Gly resides at the apex of the circular portion of the peptide
(Figure 2A,B), with torsion angles in the Ramachandran plot
(p = 1159°% w = —17.6° for molecule A) that are only
compatible with Gly among the natural amino acids. This
enables formation of a “class 1, three-residue pf-hairpin”
structure that is essential for the correct alignment of the
APY residues interacting with EphA4. Residues on one side of
the peptide, including Tyr3, Tyr6, Trpl0, and the disulfide
bond, engage in hydrophobic interactions with the ephrin-
binding pocket while the opposite side of the bound peptide
remains mostly exposed to the solvent (Figure 2C; Supporting
Information Figure 1). APY forms five hydrogen bonds with
the EphA4 LBD (between the backbone NH of Tyr3,py and
backbone carbonyl of Cys73g;a4; the side chain hydroxyl of
Tyr3,py and backbone carbonyl of Prol12g,; the backbone
NH of Tyr6,py and side chain carbonyl of GIn71gyas; the
backbone carbonyl of Tyr6,py and side chain NH of
Gln71g, a4 and the side chain NH of TrplOpy and side
chain hydroxyl of Thr104g,,4; Figure 2D; Supporting
Information Figure 1). These interactions are consistent with
previous mutagenesis data showing a critical role for
GlIn71g,ppy whose replacement with Ala abolished APY
binding.32 In addition, the side chain of GIn71gy,y is
positioned by a hydrogen bond with the side chain of
neighboring Thr69g x4 (Supporting Information Figure 2A),
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in agreement with the loss of APY binding when Thr69g;,, is
replaced by Ala** The IS9A and A193S mutations have also
been shown to abolish APY binding,32 and the structure shows
that both of these EphA4 residues also participate in
hydrophobic interactions with the peptide (Supporting
Information Figure 1). In contrast, replacement of Thr104g,p04
with Ala did not decrease APY binding,32 suggesting that the
Ala may compensate for the loss of the hydrogen bond by
contributing to the hydrophobic patch that accommodates
Tyr6,py and Trpl0ypy.

Besides the interactions with EphA4, three intramolecular
hydrogen bonds stabilize the f-hairpin conformation of the
peptide (between the backbone NH of ValS and backbone
carbonyl of Serl1; the backbone carbonyl of ValS and backbone
NH of Serll; and the backbone NH of Arg7 and backbone
carbonyl of Ser9; Figure 2D; Supporting Information Figure 3).
Additional internal peptide stabilization is provided by a
network of hydrophobic interactions centered around
Trpl0spy, which includes an aromatic interaction between
Tyr6,py and TrplO,py and hydrophobic interactions of
Trpl0,py with the side chains of the disulfide linked Cys4,py
and Cys12,py (Figure 2C and Supporting Information Figure
2B,C). In summary, the crystal structure demonstrates that the
APY peptide is an EphA4 competitive antagonist that also
induces allosteric effects, with its cyclic scaffold representing a
configuration well suited for occupying the dynamic ephrin-
binding pocket of EphA4.

Structure-Guided Improvement of APY Peptide
Antagonists. Given the key role of the f-hairpin structure
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of APY bound to EphA4, and the fact that the Gly8 at its apex is
the only natural amino acid that can allow formation of this
structure, we explored substitution of Gly8 with several
unnatural amino acids that might allow for better positioning
of the peptide for EphA4 binding while preserving the f-turn
structure. We also recognized that amidation of the APY C
terminus (Cys12) should result in formation of an additional
hydrogen bond with the backbone carbonyl of Tyr3,py, further
stabilizing the conformation of the bound peptide. Thus, we
generated C-terminally amidated peptides and measured their
ability to inhibit ephrin-AS binding to EphA4 in ELISAs. As
expected, the C-terminal amidation (leading to APY.am)
increased the antagonistic potency of APY (~10 fold), while
replacements of Gly8 had variable effects (Figure 3A; Table 1).
DAla8 did not substantially affect potency, consistent with the
fact that D amino acids allow formation of the f-turn. In
contrast, replacement of Gly8 with LAla8 carried out for
comparison resulted in a ~30 fold loss in potency, confirming
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Figure 3. C-terminal amidation of APY and replacement of Gly8 with
PAla yield the nanomolar EphA4 antagonist APY-fAla8.am. (A)
Representative curves showing inhibition of ephrin-AS AP binding to
immobilized EphA4 Fc by APY derivatives in ELISAs. Bound ephrin-
AS values were normalized to those for bound ephrin-AS in the
absence of peptide and averages from triplicate measurements + SE
are shown. ICy, values are shown under each curve, and the 0.1 yuM
peptide concentration is in red font. (B) Isothermal titration
calorimetry profiles for peptide binding to EphA4 (upper part of
each panel) and plots of the integrated values for the reaction heats
(after blank subtraction and normalization to the amount of injected
peptide) versus EphA4/peptide molar ratio (lower part of each panel).
(C) Eph receptor selectivity for APY-fAla8.am. ELISA measuring
inhibition of ephrin-AS AP binding to immobilized EphA Fc receptors
and ephrin-B2 AP binding to EphB Fc receptors shows that 3.7 uM
APY-pAla8.am selectively inhibits ephrin binding to EphA4. Bound
ephrin is the signal in the presence of APY-fAla8.am normalized to the
signal without peptide. Averages from triplicate measurements + SE
are shown.
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Table 1. Potency of EphA4 Peptide Antagonists

peptide ICyy + SE (n)? by ELISA (nM)  Kp by ITC (nM)
APY 2,700 + 300 (9) 1400
APY.am 250 + 20 (3) 300
APY-DAla8.am 280 + 30 (3) 250
APY-Ala8.am 7,700 + 400 (3) 2500
APY-Aib8.am 2,600 + 200 (3) nd®
APY-fAla8.am 31 +3(13) 30

“n = number of experiments. ®nd = not determined.

the importance of the f-turn conformation. Further constraint
of residue 8 through substitution with the achiral amino-
isobutyric acid (Aib8) reduced potency by over 10-fold,
possibly because of the additional methyl group, which could
interfere with EphA4 binding.

A critical observation was that the APY backbone structure
appears to be slightly strained. For example, the hydrogen
bonds are slightly longer than the ideal 2.9 A length (Figure 2B
and Supporting Information Figure 3). In addition, the
conformation of the f-turn brings the amide groups of Gly8
and Ser9 into close proximity (2.6 A), likely leading to
electrostatic repulsion. To release the strain of the tight three-
residue f-turn at the apex of the peptide, we inserted a
methylene spacer into the backbone by replacing Gly8 with
PAla. Remarkably, this increased the antagonistic potency of
APY.am by ~8 fold, corresponding to an ICs, of ~30 nM for
APY-fAla8.am (~8S fold improvement over the original APY;
Figure 3A; Table 1). Complementary determination of
dissociation constant (Kp) values for peptide binding to the
EphA4 LBD using isothermal titration calorimetry (ITC)
revealed binding affinities consistent with the IC, values and
confirmed that C-terminal amidation and replacement of Gly8
with pAla dramatically increase binding affinity, with a K of
~30 nM for APY-flAla8.am (Table 1, Figure 3, and Supporting
Information Figure 4). This improvement in affinity makes
APY-fAla8.am the most potent EphA4 antagonist developed to
date. Importantly, the APY-BAla8.am peptide remains highly
selective for EphA4 even at a concentration ~100 fold higher
than the ICy, value for inhibition of ephrin-AS-EphA4 binding
(Figure 3C).

The Crystal Structure of APY-fAla8.am in Complex
with EphA4 Shows Improved Binding Features. We next
sought to better understand the molecular details underlying
the dramatic increase in potency of APY-fAla8.am. The
crystallization conditions used for the APY-EphA4 complex
yielded initial crystals that were further refined to obtain
diffracting crystals that enabled us to solve the structure of the
new APY-fAla8.am-EphA4 complex at a resolution of 2.4 A
(Supporting Information Table 1). Comparison of bound APY-
PAla8.am with APY revealed a very similar overall conformation
(Figure 4A). As envisioned, an additional hydrogen bond links
the amidated C terminus of APY-fAla8.am with the backbone
carbonyl function of Tyr3, leading to an overall stabilization of
the peptide and improving its interaction with EphA4 (Figure
4B). Furthermore, comparison of the four APY-fAla8.am-
EphA4 complexes in the crystal asymmetric unit with their
counterparts in the APY-EphA4 structure revealed additional
features consistent with the optimized binding of APY-
PAla8.am. These include a less strained fS-turn due to a longer
distance between the backbone NH of #Ala8 and Ser9 in APY-
PAla8.am compared to the corresponding distance between
Gly8 and Ser9 in APY (Supporting Information Figure 3).
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C-term amide

Figure 4. Crystal structure of APY-fAla8.am bound to EphA4 reveals
critical differences from APY. (A) Overlay of APY-fAla8.am (green)
and APY (orange) shows marked differences in the f-turn region,
particular in the fAla8, Ser9, and Trp10 residues (highlighted by stick
representation). Residues are labeled for the APY-fAla8.am peptide.
(B) Intramolecular hydrogen bonds of APY-BAla8.am. Overall
intramolecular hydrogen bond patterns and conformations are more
favorable for APY-pAla8.am than for APY peptide, including the
presence of an additional hydrogen bond between the C-terminal
amide and Tyr3 of APY-pAla8.am. Molecule A is shown for both
peptides, whereas all four molecules in the asymmetric unit are shown
in Supporting Information Figure 3.

Additionally, the two intrapeptide hydrogen bonds distal to the
p-turn are less variable and more favorable in the four APY-
pAla8.am molecules than in the APY molecules (average
distance + SD for the ValS O-Ser11 N hydrogen bond is 3.03 +
0.05 A in the APY-fAla8.am molecules and 3.23 + 0.36 Ain
the APY molecules; average distance + SD for the ValS N-
Ser11 O hydrogen bond is 3.03 + 0.15 A in the APY-f/Ala8.am
molecules and 3.25 + 0.31 A in the APY molecules; Supporting
Information Figure 3).

Secondary Phage Display Screens Reveal APY
Features Important for EphA4 Binding. To further
characterize the role of different APY residues, we constructed
four secondary phage display libraries that retained Cys4 and
Cys12 (essential for the cyclic conformation of APY) and Gly8
(essential for the f-turn) but had variable residues at several
other positions (Supporting Information Table 2). While the
absence of individual sequences should not be overinterpreted
due to intrinsic biases in the phage display process, the
sequences that are selected can provide useful insights into the
molecular basis of peptide binding. To investigate whether the
critical Tyr3, Tyr6, and Trpl0 can be replaced by other amino
acids, we isolated the EphA4-binding phage from libraries with
variable residues at these positions. In line with the peptide-
EphA4 structures, the sequences of 22 different binding
peptides showed a preference for hydrophobic amino acids at
position 3, including Leu (7 peptides), Tyr (S peptides), Phe/
Val (3 peptides each), and Ile/Trp/His (1 peptide each; Table
2, libraries 1 and 4). Sequencing of a randomly isolated phage
documented the presence of at least 18 of the 20 amino acids at
position 3 in libraries 1 and 4 (Supporting Information Table
3), supporting the importance of the selected amino acids for
EphA4 binding rather than a bias in their library representation.
To evaluate the approximate relative binding strength of the
pha§e-displayed peptides, we used the KYL peptide antago-
nist>** to compete phage binding to EphA4 in ELISAs. The
results suggest that peptides with Tyr, Phe, Trp, Val, Leu, His,
and Trp (but not Ile) at position 3 can bind strongly to EphA4
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Table 2. Peptides from Secondary Phage Display Screens

Number KYL concentration

Library Peptide needed to inhibit
of clones phage-EphA4 binding
1 12 AP¥CVIWRGSWSC ++d
1 1 APJICVWRGSWSC e+
1 9 APLCVWRGSWSC +++
1 2°e APLCVYRGSWSC +++
1 1 APICVYRGSWSC +
1 1 APWCVFRGSWSC +++
1 1 APHCVFRGSWSC +++
2 2 AP¥CSYYGQWMC ++
2 15 APFCLYTGDWVC +++
2 6 APFCSWAGWWTC +
3 1 APYCVYTGEWLC o+t
3 2 APYCVYDGIWIC +++
3 1 APYCVYGGTWRC +
3 1 APYCVYSGTWHC +++
3 4 APYCVYNGTWNC +++
3 2 APYCVYDGSWNC 4
3 2° APYCVYKGSWNC nd*
3 12 APYCVYEGLWNC nd
3 1 APYCVYSGVWNC ++
3 1 APYCVYSGWWKC ++
3 1 APYCVYSGRWEC ++
3 1 APYCVYRGVWEC ++++
3 12 APYCVYQGLWEC nd
3 12 APYCVYGGLWTC +
3 12 APYCVYAGKWSC nd
3 1 APYCVYQGYWKC +++
3 1 APYCVYNGRWDC ++
3 12 APYCVYRGHWGC nd
3 1° GPYCVYKGNWWC ++
4 1 APYCVYRGSWSC +++
4 2 EPY¥CVYRGSWSC +++
4 2 DAYCVYRGSWSC +
4 1 AAFCVYRGSWSC +
4 1° APLCVYRGSWSC +++
4 1 LPLCVYRGSWSC +
4 1 GPLCVYRGSWSC ++
4 1 SALCVYRGSWSC +
4 1 QALCVYRGSWSC ++
4 1 FPHUICVYRGSWSC +
4 1 LPUCVYRGSWSC +
4 1 YPMCVYRGSWSC +

“Not from panning. “Clones with different DNA sequences. The
sequence of the APY peptide (isolated from library 4) is boxed. “Same
peptide sequence isolated from different libraries. “nd, not determined.
“The Ala to Gly change at position 1 was not designed in the library
and is thus due to an aberrant oligonucleotide.

because high KYL concentrations were needed to inhibit phage
binding (Table 2, libraries 1 and 4).

The EphA4 binding peptides isolated from a library with
variable position 6 (Table 2, library 1) showed that aromatic
amino acids are strongly preferred at this position over the 14
other amino acids that were also documented at this position in
library 1 (Supporting Information Table 3). Trp was the only
amino acid identified at position 10 in the three peptides that
were selected multiple times by panning library 2 on EphA4
(Table 2), consistent with the buried position of Trp10 in the
binding interface (15 different amino acids were documented at
position 10 in library 2; Supporting Information Table 3). The
presence of an aromatic residue at position 6 and Trp at
position 10 is consistent with the observed aromatic interaction
between Tyr6 and TrplO and the additional hydrophobic
network of Trpl0 with the disulfide bonded Cys4 and Cys12
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(Figure 2C and Supporting Information Figure 2B,C), which
are key features stabilizing the APY peptide.”*

With regard to the APY N terminus (Ala-Pro), the EphA4-
binding phage contained a variety of residues at position 1
(Table 2, library 4). At position 2, Pro was most frequent (8/12
peptides) with Ala present in the remaining peptides. However,
only phage clones with Alal/Glul and Pro2 exhibited strong
binding to EphA4 (based on KYL competition ELISAs; Table
2, library 4). Thus, despite a lack of obviously important
contacts in the crystal structure, the three residues outside the
peptide macrocycle seem to be important for APY binding
activity and tolerate limited sequence variability.

The crystal structures also show that Arg7, Ser9, and Serl1 of
APY and APY-pAla8.am do not engage in direct interactions
with EphA4 residues. Indeed, a wide variety of amino acids can
occupy these positions in the EphA4-binding phage (Table 2,
libraries 2 and 3). Furthermore, approximately half of the phage
clones that were randomly chosen from library 3, in which
residues 7, 9, and 11 are randomized, bound to EphA4 even
though they were not isolated by panning on EphA4
(Supporting Information Table 3). Interestingly, all but one
of the nonbinding peptides from this library have Pro at one of
the randomized positions (Supporting Information Table 3).
Thus, it appears that many amino acids but not Pro can occupy
positions 7, 9, and 11 of the APY scaffold, likely due to the
disrupting effects of Pro on the conformation of the circular
portion of APY. These data indicate that residues forming the
solvent-exposed side of APY derivatives bound to EphA4 could
be modified without a substantial loss of binding affinity, for
modifications such as peptide derivatization to improve
pharmacokinetic properties.

APY-fAla8.am Inhibits EphA4 Activation in Cells at
Submicromolar Concentrations. To assess the antagonistic
potency of APY-fAla8.am in live cells stimulated with ephrin,
we used human embryonal kidney (HEK293) cells stably
expressing human EphA4. Stimulation of these cells with
dimeric ephrin-AS Fc promotes EphA4 phosphorylation on
tyrosine residues, which is indicative of receptor activation.
Quantifications of immunoblots revealed that APY-fAla8.am
inhibits ephrin-AS-induced EphA4 tyrosine phosphorylation
with an ICg, value of ~0.5 M, with almost complete inhibition
at 1.6 uM. The higher ICy, for inhibition of ephrin-AS Fc-
induced EphA4 tyrosine phosphorylation in cells compared to
inhibition of ephrin-AS AP binding to EphA4 in ELISAs is
likely due to the much higher ephrin concentration needed to
activate EphA4 and possibly to other differences between the
two types of experiments, in accordance with the Cheng—
Prusoff equation.” These results suggest that APY-fAla8.am is
a 220 fold more potent EphA4 antagonist than APY and also
KYL (Figure SA and ref 28), the peptide previously used in
mouse models of nerve regeneration and ALS.>"*°

Impaired axon sprouting and lack of reinnervation are
regarded as part of the pathology underlying neurodegenerative
diseases such as ALS, ultimately causing neuronal cell death.'
We therefore also assessed the ability of APY-fAla8.am to
inhibit the collapse of neuronal growth cones (enlarged
structures at the leading tip of axons), since growth cone
collapse is linked to the failure of injured axons to sprout and
regenerate.” We used nasal retinal explants, where ephrin-AS-
induced collapse depends on EphA4 activation and can be
blocked by 5 uM KYL peptide.” The APY-BAla8.am peptide
effectively blocked collapse at the much lower concentration of
0.3 uM (Figure SB). The peptide did not detectably affect the
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Figure S. Inhibition of EphA4 activation in cells by APY-#Ala8.am.
(A) Inhibition of ephrin-AS-induced EphA4 tyrosine phosphorylation.
EphA4 was immunoprecipitated from stably transfected HEK293 cells
treated with ephrin-AS Fc (+) or Fc control (—) in the presence of the
indicated concentrations of APY-$Ala8.am or APY. The immunopre-
cipitates were probed for phosphotyrosine (PTyr) and reprobed for
EphA4. The graph on the right shows quantification of EphA4 tyrosine
phosphorylation levels from the immunoblots of seven experiments,
normalized to the phosphorylation level in the ephrin-AS/no peptide
condition in each experiment. Averages from three to six measure-
ments + SE are shown in the graph. (B) Inhibition of EphA4-
dependent growth cone collapse. Explants from embryonic day 6
chicken retina were pretreated with 0.3 uM APY-fAla8.am peptide,
stimulated with ephrin-AS Fc or Fc as a control, and stained to label
actin filaments. The histogram shows the mean percentages of
collapsed growth cones (~70 to S00 per condition in each
experiment). Error bars represent standard errors from three
experiments. *, P < 0.0S compared to Fc without peptide by one-
way ANOVA. (C) The APY-pAla8.am peptide does not have
detectable cytotoxic effects. HT22 neuronal cells were grown in the
presence of 30 #M peptide, or without peptide as a control, for 24 h,
and cell viability was assessed using the MTT assay. Averages from six
measurements + SE are shown.

morphology of growth cones in the absence of ephrin,
consistent with a lack of nonspecific effects or toxicity. Indeed,
a cell viability assay did not reveal significant cytotoxicity in the
hippocampal neuron-derived HT22 cell line treated for 24 h
with 30 uM APY-fAla8.am, a concentration 100 fold higher
than that sufficient to inhibit growth cone collapse (Figure SC).
The KYL peptide has been the EphA4 antagonist of choice for
promoting neural repair and counteracting neurodegenera-
tion.”™'®"" The dramatically improved potency of APY-
PAla8.am compared to KYL suggests that this derivative can
serve as a new scaffold for the generation of greatly improved
EphA4 antagonists exerting neuroprotective effects.

Conclusions. We developed a novel cyclic peptide
antagonist, APY-fAla8.am, through structure-guided optimiza-
tion of the APY peptide previously identified by phage
display.*® APY-pAla8.am binds to EphA4 with nanomolar
affinity while maintaining high receptor specificity. Importantly,
APY-fAla8.am greatly surpasses in potency the KYL peptide
that has been used in ALS, Alzheimer’s disease, and spinal cord
injury models.>'°~"> The cyclic scaffold of APY-BAla8.am is a
particularly valuable attribute, since cyclic peptides can show
more favorable properties, including high binding affinity and
metabolic stability.** Future optimization efforts will aim at
further improving the potency as well as several other
properties of APY-fAla8.am, such as in vivo lifetime and
efficacy.

dx.doi.org/10.1021/cb500677x | ACS Chem. Biol. 2014, 9, 2787—-2795



ACS Chemical Biology

B METHODS

EphA4 LBD Expression and Purification. The EphA4 LBD
(residues 29—204 with Cys204 replaced by Ala) was cloned into the
pETNKI-His-3C-LIC expression vector** and expressed in E. coli
origami 2(DE3) bacterial cells grown at 20 °C overnight. Cells were
lysed by sonication and the EphA4 LDB was purified by Ni**-affinity
chromatography. The N-terminal His-tag was cleaved with 3C
protease (leaving the three extra GPG residues at the EphA4 N
terminus) and removed by gel filtration using a Superdex 200 column
equilibrated in 100 mM NaCl, 10 mM Hepes, pH 7.9. Protein aliquots
were flash frozen in liquid nitrogen and stored at —80 °C.

Crystallization and Structure Solution. For crystallization, the
EphA4 LBD (~20 mg mL™" in 100 mM NaCl, 10 mM Hepes pH 7.9)
was added to a 1.5 fold molar excess of peptide. Crystallization trials
were conducted using the sitting-drop vapor diffusion method with
commercial screens. Single diffraction quality crystals were obtained
after a second round of screening using the Additive Screen HT
(Hampton Research) in 0.2 M MgCl,, 0.1 M Tris pH 8.5, and 25%
PEG3350 with the additives 4% 1,3-butanediol for APY or 3% 1,6-
hexanediol for APY-f/Ala8.am. Crystals were cryoprotected in reservoir
solution with the addition of 20% glycerol and cryocooled in a
nitrogen stream at 100 K. Data sets were collected on a rotating anode
X-ray generator (Rigaku) at 100 K and processed in iMosflm*® and
with software from the CCP4 suite.*® Initial analysis suggested space
group P222), but multiple tests suggested crystal twinning, and finally
P2, was determined as the real space group. Initial phases were
obtained via molecular replacement using coordinates from PDB
2WOI chain B* as a search model. Noncrystallographic symmetry
(NCS) restraints were used in early rounds of refinement, whereas
later refinement stages included TLS (translation/libration/screw) and
twin refinement (twin fractions: ~0.35/0.65 for both structures).
MolProbity*” was used for structure validation. Data collection and
refinement statistics are summarized in Supporting Information Table
1.

Isothermal Titration Calorimetry. The EphA4 LBD and the
peptides were diluted to obtain a final buffer containing 5% DMSO in
10 mM Hepes, pH 7.6, and 100 mM NaCl. ITC experiments were
carried out at 296 K (23 °C) using an ITC200 calorimeter (Microcal).
Two microliter aliquots of a 1 mM peptide solution were injected into
the cell containing 205 uL EphA4 ligand-binding domain solution at a
concentration of 65—95 uM. Experimental data were analyzed using
the Origin software package (Microcal).

Inhibition of EphA4 Activation in Cells. HEK293AD stably
expressing human EphA4 were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS),
1 mM sodium pyruvate, and antibiotics. One hour prior to stimulation,
the cells were starved in DMEM supplemented with 1 mM sodium
pyruvate and antibiotics but without FBS. Cells were then incubated
with different concentrations of APY or APY-fAla8.am for 20 min
before the addition of 0.5 ug/mL ephrin-AS Fc (corresponding to
~3.5 nM of the dimer; R&D Systems) or Fc for another 20 min to
activate EphA4. Cells were next washed in PBS and lysed in modified
RIPA buffer (1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
20 mM Tris, 150 mM NaCl, 1 mM EDTA) containing 10 mM NaF,
phosphatase inhibitor cocktails 1 and 2 (Sigma), and protease
inhibitors. Protein concentrations were calculated using the BCA
protein assay kit (Pierce). Cell lysates were immunoprecipitated with 4
ug affinity-purified polyclonal anti-EphA4 antibody generated using a
peptide corresponding to the 11 C-terminal amino acids of EphA4.*
Immunoprecipitates were probed by immunoblotting with an
antiphosphotyrosine-HRP antibody (BD Biosciences) and then
reprobed with the anti-EphA4 antibody followed by a secondary
HRP-conjugated antibody. Signal intensity of immunoblot bands was
quantified by using the histogram function of Photoshop.

Growth Cone Collapse Assay. Explants from embryonic day 6
(E6) chicken nasal retinas were cultured on 35 mm glass-bottom
MatTek plates precoated overnight with 200 yug/mL poly-D-lysine in
PBS and then for 3 h with 20 pg/mL laminin in PBS at 37 °C.
Explants were cultured overnight in DMEM-FI2 containing 0.4%
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methylcellulose (Sigma-Aldrich), 0.45% glucose, N-2 supplement (Life
Technologies), 2 mM L-glutamine (Life Technologies), 1 mM sodium
pyruvate, 0.1% BSA, and antibiotics. The culture medium was then
replaced with a medium without methylcellulose, and 3 h later the
retinal explants were incubated with 0.3 uM APY-fAla8.am peptide for
30 min before stimulation with 1 ug/mL preclustered ephrin-AS Fc or
Fc as a control for 30 min in the continued presence of the peptide.
Ephrin-AS Fc was preclustered by incubating it for 30 min on ice with
1/10 polyclonal anti-Fc antibody (Jackson Laboratories). The explants
were then fixed for 30 min in 3.7% formaldehyde, 4% sucrose in PBS
at RT, permeabilized for 3 min with 0.1% Triton X-100 in PBS, and
filamentous actin was stained with rhodamine-conjugated phalloidin
(Life Technologies). Growth cones were photographed under a
fluorescence microscope and scored in a blinded manner as collapsed
when no filopodia were present at the tip of the neurite.
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