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ABSTRACT: The YAP—TEAD protein—protein interaction (PPI) mediates the oncogenic function of YAP, and inhibitors of
this PPI have potential usage in treatment of YAP-involved cancers. Here we report the design and synthesis of potent cyclic
peptide inhibitors of the YAP—TEAD interaction. A truncation study of YAP interface 3 peptide identified YAP**~'% as a weak
peptide inhibitor (ICs, = 37 M), and an alanine scan revealed a beneficial mutation, D94A. Subsequent replacement of a native
cation—z interaction with an optimized disulfide bridge for conformational constraint and synergistic effect between
macrocyclization and modification at positions 91 and 93 greatly boosted inhibitory activity. Peptide 17 was identified with an
ICs, of 25 nM, and the binding affinity (K = 15 nM) of this 17mer peptide to TEAD1 proved to be stronger than YAP**~'"! (K,
= 40 nM).
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he Hippo signaling pathway plays an important role in decreased proliferation and increased apoptosis.'’ Very
organ size control by regulating cell proliferation and recently, it was reported that verteporfin was able to interrupt
apoptosis.' > Dysregulations of this pathway have been YAP—TEAD interaction by binding to YAP and suppressed
implicated in human tumorigenesis. Yes-associated protein liver overgrowth caused by YAP overexpression or activation'>
(YAP) is the major downstream effector of the Hippo pathway, and human retinoblastoma cell growth."> All these results
and not surprisingly, it functions as an oncogene. YAP gene is suggest that blocking YAP—TEAD interaction can abolish the

amplified in several human cancers,”> and increased YAP : . L1
pliie o ’ - oncogenic function of YAP, and inhibitors of YAP—TEAD
expression and nuclear localization have been observed in liver

cancers, colon cancers, ovarian cancers, lung cancers, and
prostate cancers.”™® As a coactivator, YAP regulates gene
transcription through its interaction with transcription factors.
The TEA domain (TEAD) family was found to play a key role
in mediating the growth-promoting function of YAP.”'° - o ] i i
Knockdown of TEADs or disruption of YAP—TEAD substrate-binding cavities. However, with the increasing
interaction diminished the majority of YAP-dependent gene understanding of the nature of PPIs, emerging drug discovery

expression and YAP functions in promoting cell proliferation,

interaction could have potential therapeutic use for treatment
of cancers where YAP is overexpressed or activated.
Historically, protein—protein interactions (PPIs) have been
considered undruggable due to their much larger interaction
surface areas and less well-defined shape than conventional

oncogenic transformation, and epithelial-mesenchymal tran- Received: April 24, 2014
sition (EMT). In addition, the phenotype of TEAD1/TEAD2 Accepted: July 13, 2014
double-knockout mice resembled YAP knockout mice with Published: July 14, 2014
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technology, and recent successful cases,"*™'” PPIs have become
more feasible drug targets. The YAP—TEAD PPI is mediated
by YAP’s TEAD-binding domain (TBD) and TEAD’s YAP-
binding domain (YBD). Located at the N terminus, YAP TBD
is natively unfolded, while TEAD YBD is at the C-terminal
region adopting a globular structure.'® The crystal structure of
the human YAP—TEAD complex reveals that YAP TBD
becomes highly structured after being bound, and it wraps
around TEAD via three interfaces (Figure 1)."” The third
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Figure 1. YAP—TEAD complex (PDB code: 3KYS). (A) TEAD is
depicted as a surface representation in green, and YAP as a cartoon in
violet with 3 interfaces, a f§ strand, an « helix, and a twist coil shown.
(B) A zoomed-in view of interface 3. The surface of TEAD is colored
by atoms (carbon in green, oxygen in red, and nitrogen in blue). YAP
is in violet cartoon representation, and residues are in sticks colored
with carbon in violet, oxygen in red, nitrogen in blue, and sulfur in
yellow.

interface, YAP*'% (residues 86—100), is a twisted-coil fitting
into a hydrophobic pocket on the surface of TEAD and was
reported to be most important to the YAP—TEAD interaction.
Since the use of an interface peptide represents a valid approach
to identify PPI inhibitors, we sought to optimize this YAP
peptide by conformational constraint and key residue
modification in order to identify potential biological tools and
prototype therapeutics. Herein we report the design and
synthesis of potent cyclic peptide inhibitors targeting the YAP—
TEAD PPL

The study commenced with YA peptide
(' PQTVPMRLRKLPDSFFKPPE'®) instead of YAP®~'%
given that *'PQTVP®, a part of a loop located at the N
terminus of YAP®™'%, was reported essential for YAP’s binding
to TEAD and for Yki to Sd (homologues of YAP and TEAD,
respectively, in Drosophila).***' Using a competitive binding
assay based on surface plasmon resonance (SPR) to test the
ability of peptides to disrupt the (His-YAP*™'7")—(GST-
TEAD1*®~*°) complex, terminal truncation and alanine scan
studies were conducted to identify the minimal active sequence
and key amino-acid residues (Table 1).>* Parent peptide
YAP#' 7% showed weak inhibitory activity with ICg, around 49
UM. Truncation study revealed that three N-terminal residues
(PQT) were dispensable, and marginal activity improvement
was actually observed with their deletion (YAP®™'% vs
YAPS!19) - Fyrther truncation of Val84 (YAP*7'%) and
Pro85 (YAP¥'%) decreased the activity substantially, and as
high as a 100-fold loss of activity was observed (peptides $26 vs
8, Table SS, Supporting Information). Val84 is engaged in an
intramolecular hydrogen bond between its backbone carbonyl
and the guanidinium NH of Arg87. Furthermore, the fact that
V84A mutation (Table 1, YAPY***) could not maintain activity
suggests that V84 provides a steric shielding effect on protein/

P81—100
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peptide folding. This effect may also be invoked to explain the
importance of Pro8S. At the C-terminus, deletion of Glul00
(YAP®*'%°) had little effect (See also peptides S$27 vs 8, Table
SS, Supporting Information), while the removal of Pro99
(YAP*'"%®) and Pro98 (YAP®™?7) did harm the activity (see
also peptides $29 vs $27, Table SS, Supporting Information).
However, alanine scan (Table 1, from YAPT$3% to YAPE!004)
illustrated the importance of each individual residue. The well-
documented key residues,'” Met86, Arg89 (forming a hydrogen
bond with Asp264 of TEADI, see Supporting Information),
Leu9l, Ser94 (forming hydrogen bonds with Tyr421 and
Glu255 of TEADI, respectively), Phe9S, and Phe96 were
confirmed here, as alanine substitution at each of these residues
led to a complete loss of activity. In addition, Pro92 was found
to be another essential residue. Apparently, residues Val84,
Pro8S, and Arg87 were more important than Thr83, Leu8s,
Lys90, Lys97, Pro98, and Pro99. E100A mutation maintained
the activity (YAPEIA ys YAPSI7109) ' which, together with
truncation study (vide supra), indicated that Glul00 did not
contribute to the YAP—TEAD interaction. In contrast to
mutations at other positions, a 2-fold activity improvement was
realized for D93A, which is presumably due to the a helix
stabilization nature of alanine, considering the existence of a
one-turn helix in that region (Figure 1B). Another piece of
information supporting this assumption is that a more
profound activity improvement could be achieved by Aib (2-
aminoisobutyric acid) substitution at this position (Table S,
Supporting Information). A p-amino acid scan was also
performed, providing similar results to the alanine scan (Figure
S4, Supporting Information). Therefore, YAP**™® was
concluded to be the shortest peptide with meaningful inhibitory
activity against YAP—TEAD PP], and an overall picture of the
importance of each amino acid residue to the YAP—TEAD
interaction was obtained.

The cocrystal structure of the YAP—TEAD complex revealed
that Arg87 and Phe96 in YAP are spatially close (Figure 1B and
PDB 3KYS). The distance between the guanidinium carbon of
Arg and the aromatic center of Phe is less than 5 A indicating a
cation—7 interaction between the two residues.”’ Since these
two residues were not involved in direct interaction with
TEAD, we speculated that this cation—7 interaction could be
replaced by a more robust covalent bond via the macro-
cyclization strategy, which could lead to a much better global
conformational constraint effect,”> thereby conferring better
activity as well as plasma stability. Given that the two residues
are located in the middle of the peptide, side chain to side chain
cyclization was envisioned. Various lactam bridges were tested
first. However, the resulting cyclic peptides were totally inactive
(data not shown). We then turned our attention to disulfide
bridges, a strategy widely used by nature for protein
conformational constraint. Two thio-containing amino acids,
cysteine and homocysteine (Hcy), were explored as sub-
stituents at positions 87 and 96 (Table 2, peptides 1-S5),
respectively. Remarkably, peptide 3 with a disulfide bond
formed from Hcy87 and Cys96 was found to be 5-fold more
potent than the parent YAP**'%, Substitutions the other way
around (peptide 2), that is, Cys87 and Hcy96, were not as
potent, and the resulting peptide was 14 times less active than
peptide 3. Interestingly, disulfide peptide 1 with Cys87 and
Cys96 and disulfide peptide 4 with Hcy87 and Hcy96 were not
active at all, though they are just one CH, (methylene unit)
different in ring size from peptide 3. Apparently, both ring size
and the exact location of the disulfide bond within the
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Table 1. N- and C-Terminal Truncation and Alanine Scan of YAP$1%

peptide® sequence

YAPS-100 PQTVPMRLRKLPDSFFKPPE
YAPS2-100 QTVPMRLRKLPDSFFKPPE
YAPS3-100 TVPMRLRKLPDSFFKPPE
YAPS4-100 VPMRLRKLPDSFFKPPE
YAPSS-100 PMRLRKLPDSFFKPPE
YAPS6-100 MRLRKLPDSFFKPPE
YAPS7-100 RLRKLPDSFFKPPE

YAPS!I—%? PQTVPMRLRKLPDSFFKPP
YAPS!-98 PQTVPMRLRKLPDSFFKP
YAPS-Y7 PQTVPMRLRKLPDSFFK
YAPS!-% PQTVPMRLRKLPDSFF
YADSI-95 PQTVPMRLRKLPDSF
YAPTS3A PQAVPMRLRKLPDSFFKPPE
YAPV#A PQTAPMRLRKLPDSFFKPPE
YAPPSSA PQTVAMRLRKLPDSFFKPPE
YAPMSoA PQTVPARLRKLPDSFFKPPE
YAPRS7A PQTVPMALRKLPDSFFKPPE
YAPLS8A PQTVPMRARKLPDSFFKPPE
YAPRSA PQTVPMRLAKLPDSFFKPPE
YAPKOA PQTVPMRLRALPDSFFKPPE
YAPWA PQTVPMRLRKAPDSFFKPPE
YAPPo2A PQTVPMRLRKLADSFFKPPE
YAPP93A PQTVPMRLRKLPASFFKPPE
YAPS#A PQTVPMRLRKLPDAFFKPPE
YAPFosA PQTVPMRLRKLPDSAFKPPE
YAPFosA PQTVPMRLRKLPDSFAKPPE
YAPK7A PQTVPMRLRKLPDSFFAPPE
YAPPosA PQTVPMRLRKLPDSFFKAPE
YAPPoA PQTVPMRLRKLPDSFFKPAE
YAPEL00A PQTVPMRLRKLPDSFFKPPA

% inhib @ SO uM®
60
59
60
62
25
12
12
52
)
14
13
54
52
26
33
1.3
23
49
17
42
0.0
0.0
83
1.6
4.0
9.4
42
47
41
71

ICy (uM)*
49

37

25

43

“Synthetic peptides in this letter are N-terminal acetylated and C-terminal amidated unless otherwise indicated. bPercentage inhibition at
concentration of 50 #M. “Half maximal inhibitory concentration; blank spaces denote not determined.

macrocyclic linkage are critical for mimicking the cation—7
interaction. Conversely, peptide S, the corresponding open-
chain counterpart of 3, did not show any activity, illustrating
the importance of conformational constraint by cyclization. The
D93A mutation was also found beneficial in the context of the
cyclic peptide, and peptide 6 was 4-fold more active than
peptide 3.

After successfully identifying a disulfide as an excellent
surrogate of the cation—z interaction between Arg87 and
Phe96, we continued to improve peptide activity by key residue
modification. Met86, Leu91, and Phe95, which are involved in
hydrophobic interactions with TEAD, stood out as the
preferred sites for modification. Starting from residue Leu91
(Table 2, peptides 7—12; see also Table S2 in Supporting
Information), we first replaced it with its straight side chain
homologue, norleucine (Nle), which resulted in a 4-fold activity
increase (peptides 7 vs 3). The D93A mutation was then
executed here again. Surprisingly, this maneuver rendered a 10-
fold activity boost from peptide 7 to peptide 8 with an ICs, of
0.15 uM. Comparing the extent of improvement caused by the
D93A mutation in a different context (vide supra), we conclude
that there is a synergistic effect between D93A, L91Nle, and
macrocyclization, which led to a 250-fold total activity
improvement (peptide 8 vs YAP*™'?%). Elongation by one
CH, at the side chain of Nle provided further activity
improvement, leading to peptide 9 with an ICy, of 0.04 uM.
However, further side chain elongation (peptide 10) was
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detrimental, as were branched side chains (peptides 11 and 12).
Next we modified Met86 (peptides 13—18), while keeping Nle
at position 91 due to its better availability than (S)-2-amino-
heptanoic acid (Ahe) though the latter fit better here (peptides
9 vs 8). Nle, as an isosteric analogue of methionine, did not
function as well as Met (peptides 13 vs 8). However, extension
of the side chain with one CH, greatly improved the activity to
0.04 uM (peptide 14). Aromatic side chains were also studied.
meta-Chloro substituted phenylalanine (Phe(3-Cl)) demon-
strated by far the best activity with an ICy, of 0.025 uM
(peptide 17), while ortho- and para-chlorinated phenylalanines
(peptides 16 and 18, respectively) as well as phenylalanine itself
(peptide 15) decreased the activity (vs 8) and were >1S5-fold
less potent than the corresponding meta-substituted analogue.
Compared to positions 86 and 91, there seemed to be less
tolerance at position 95 for modification (Table S4, Supporting
Information), and para-fluorinated phenylalanine (Phe(4-F))
proved to be the best residue (Table 2, peptide 19). Though 3-
chlorophenylalanine, (S)-2-amino-heptanoic acid, and 4-fluo-
rophenylalanine were the optimal residues at positions 86, 91,
and 95, respectively, combination of these residues did not yield
peptides superior to peptide 17 (Table S4, Supporting
Information). This could be due to the fact that these 3
residues reside in the same hydrophobic pocket (Figure 1B)
and may interfere with each other.

In order to rationalize the potency difference of the various
peptides, we carried out computer modeling to investigate the
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interaction between the cyclic peptide and TEAD protein on a
molecular level. The difference observed from modification at
position 86, especially for chlorophenylalanines, could be
explained rationally (Figure 2). As illustrated in Figure 24, the

Figure 2. Interactions of peptides 17 (A), 16 (B), 18 (C), and 14 (D)
with TEADI, respectively, by computer modeling. The van der Waals
interaction surface between TEAD1 and peptide is represented as line
surface colored with lipophilic interaction in green, neutral in white,
and hydrophilic in magenta. The TEAD1 residues 1262, K265, V406,
and T386 are highlighted in ball and stick representation with carbon
in blue. Peptides are represented as a ribbon in light red, and only
residues at position 86 are shown in ball and stick for clarity with
carbon in light red. The nitrogen atom is always colored in blue,
oxygen in red, and chlorine in dark green.

meta-Cl-phenyl ring of Phe(3-Cl) in peptide 17 forms extensive
hydrophobic interactions with Val406, 1le262, and the side
chain of Lys26S5 of TEADI1. Furthermore, the chlorine atom
and the phenyl ring contact perfectly with the van der Waals
interaction surface of TEADI, indicating favorable van der
Waals interaction with the protein. In contrast, the chlorine
atom of Phe(2-Cl) in peptide 16 is largely solvent exposed
without much interaction with the protein (Figure 2B),
consistent with the similar activity between peptides 16 and
15. In the case of peptide 18, the chlorine atom of Phe(4-Cl)
would protrude into the TEAD] interaction surface and cause
mild clashes with Lys265, Val4061, and Thr386, which
consequently resulted in a certain level of distortion in the
TEAD1 protein and rearrangements particularly of the
interfacing residues (Figure 2C), in line with the much
decreased activity. Figure 2D depicts the interaction between
peptide 14 and TEAD1. The side chain of Ahe86 in peptide 14
undergoes a favorable hydrophobic interaction with TEAD1
with its orientation apparently similar to Phe(3-Cl) in peptide
17, rendering its good activity.

To gain more insight into conformational changes of the
peptide after macrocyclization, a "H NMR study of peptide 8
was performed. The data in d®-DMSO indeed showed peptide
8 produced nuclear Overhauser effects (NOEs), but no
evidence indicated that it was locked into one unique
conformation. Therefore, the peptide was somewhat flexible
but not completely floppy. Pro92, the newly identified key
residue, existed in two conformers in a trans/cis ratio of 3.5:1.
There was a large NOE in the minor species between the Ca-H

997

of Nle91 and that of Pro92, diagnostic of a cis conformation at
this peptide bond (Figure S6, Supporting Information). In
addition, the minor Pro92 Ca-H (4.48 ppm) moved downfield
with respect to where it was for the major species (4.23 ppm),
also consistent with the conversion to cis. The exchange
between the two conformers was quite slow. The other three
prolines, Pro85, Pro98, and Pro99, appeared to be essentially all
trans. Co-crystallization of our peptides with TEAD was also
attempted, yet without success. Fortunately, we were able to
coexpress [Cys®’, Ala®’, Cys*®, Arg'°°]-YAP**~'7! and
TEAD1*®™*¢ in an E. coli system, and successfully solved
their cocrystal structure. The secondary structure of this
quadruple YAP mutant was well retained with the core root-
mean-square deviation (rmsd) as 0.81 A when superimposed to
the wild-type YAP structure (PDB: 3KYS). A disulfide bond
between Cys®” and Cys®® was unambiguously determined,
which indicated the critical contribution of the disulfide bridge
to rigidifying the YAP conformation and to the PPI
interaction.”*

We further evaluated the competitive activity of some
representative peptides against endogenous YAP binding to
GST-TEAD1*®* in a GST pull-down assay (Figure 3A). As

A Q;b"\@ 60'\ b@% b@‘b g'{\
S R & &
N QQ;Q QQ;Q QeQ QQ,Q
GST-TEAD1 + + + + + +
IB: Anti-YAP , ' — — -
IP: Anti-GST Prr——— .
B
Peptide 7 8 9 17 His-YAPSO-71
K,(nM) 211 39 18 15 40

Figure 3. (A) GST pull-down assay. Peptides competed with
endogenous YAP protein binding to GST-TEAD1**~*¢ in a pull-
down assay with 20 pL of glutathione sepharose beads, 5 yg of GST-
TEAD1*®7*6, Bel-7404 human hepatoma cell lysate (0.2 mg), and
peptides (2 M) in 1 mL of lysis buffer. Binding proteins were
analyzed by SDS-PAGE and Western blotting. See Supporting
Information for experimental details. (B) Binding affinity (Kj) of
peptides and His-YAP®*™'"! to GST-TEAD12*~*,

can be seen, the wild-type peptide YAP**'®° did not work,
while all 4 disulfides tested showed substantial inhibitory
activity with peptides 9 and 17 being the most potent ones.
The binding affinity of the 4 disulfides to GST-TEAD12%~#
was also measured by Biacore (Figure 3B). Consistent with the
pull-down assay, peptides 9 and 17 showed the strongest
binding affinity with dissociation constants (K;) of 18 and 15
nM, respectively. As a benchmark, the K of His-YAP**"!7! was
determined to be 40 nM, which is close to that of YAP?> 2% to
TEAD2*7~*7 (33 nM) measured by isothermal titration
calorimetry."®

Cell permeability and plasma stability are two often faced
challenges in peptide drug discovery. Conjugation of our cyclic
peptide at the C-terminal with cell penetrating peptide like
TAT enabled cell penetrating; however, it also led to some level
of cell membrane damage (data not shown). Apparently

dx.doi.org/10.1021/mlI500160m | ACS Med. Chem. Lett. 2014, 5, 993—998
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alternative intracellular delivery technologies may be needed.
However, cyclization marginally improved plasma stability, and
incorporation of K90k mutation could dramatically increase a
peptide’s resistance to proteolytic degradation (Table S6,
Supporting Information).

In conclusion, a disulfide bridge was successfully employed as
a surrogate for a cation—z interaction for peptide conforma-
tional constraint, and potent 17mer peptide inhibitors against
YAP—-TEAD PPl were identified. In particular, synthetic
peptides such as 17 demonstrated stronger binding affinity to
TEAD1 than the YAP protein. Substantial structure—activity
relationship (SAR) information on interface 3 of the PPI was
obtained. The binding affinity of YAP to TEAD could be
significantly enhanced by improving the hydrophobicity at
residues Met86, Leu9l, and Phe9S of YAP, yet to capture
hydrogen bonds like between Ser92 of YAP and Tyr421 and
Glu2SS of TEAD is important. Residue K90 is a potential place
for further improvement both in potency and plasma stability.
All this information should be very useful in the search for
peptidomimetic and small molecule inhibitors of the YAP—
TEAD interaction.”
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Experimental procedures, additional data on modification at
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