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Abstract: Protein complexes are defined by the three-dimen-
sional structure of participating binding partners. Knowledge
about these structures can facilitate the design of peptidomi-
metics which have been applied for example, as inhibitors of
protein—protein interactions (PPIs). Even though [-sheets
participate widely in PPIs, they have only rarely served as
the basis for peptidomimetic PPI inhibitors, in particular when
addressing intracellular targets. Here, we present the structure-
based design of [-sheet mimetics targeting the intracellular
protein B-catenin, a central component of the Wnt signaling
pathway. Based on a protein binding partner of [3-catenin,
a macrocyclic peptide was designed and its crystal structure in
complex with (-catenin obtained. Using this structure, we
designed a library of bicyclic B-sheet mimetics employing
a late-stage diversification strategy. Several mimetics were
identified that compete with transcription factor binding to f3-
catenin and inhibit Wnt signaling in cells. The presented design
strategy can support the development of inhibitors for other [5-
sheet-mediated PPIs.

Introduction

In protein complexes, binding partners adopt defined
three-dimensional structures in which amino acid (aa) side
chains are aligned to facilitate intermolecular interactions.
The mimicry of underlying secondary and tertiary structures
has provided selective and high-affinity ligands that have
been used for the elucidation and modulation of biological
processes.!! Peptidomimetic structures proved particularly
useful for the inhibition of protein—protein interactions
(PPIs),” here mainly recapitulating a-helices.””! Even though
B-sheets occur frequently in PPIs,* the corresponding mim-
etics have been less explored as PPI inhibitors.”! In general,
most B-sheet mimetics are based on (3-hairpin peptides which

comprise two antiparallel -strands connected by a turn.>®
The P-hairpin structure can be stabilized by backbone
modifications within the [-strands, p-sheet-inducing turn
mimetics and by hairpin macrocyclization.’”) Macrocycliza-
tion has predominantly been implemented via head-to-tail as
well as cross-strand tethers with the latter using different
crosslinks such as disulfides,® triazoles” amides,'” thio-
ethers %! and hydrocarbon structures.'"®'?) Owing to the
often low tendency of B-hairpin mimetics to penetrate cells,
they have been mainly applied to target extracellular PPIsP-
thereby excluding a large number of highly interesting
intracellular PPIs.

The inhibition of certain pathological PPIs is considered
a promising therapeutic approach for numerous diseases.!
Due to the extended nature of involved interaction areas,!'¥
conventional ligand-discovery approaches that rely on small
molecular scaffolds often fail to provide potent PPI inhib-
itors.™) A prime example for a therapeutically interesting
protein which participates in numerous PPIs is the transcrip-
tional coactivator 3-catenin serving as the central intracellular
interaction hub of the Wnt signaling pathway."® Importantly,
[-catenin binding to transcription factor proteins of the T-cell
factor (TCF) family activates the expression of Wnt target
genes thereby stimulating cell growth and proliferation.!"”!
Hyperactivation of the Wnt pathway is associated with
various forms of cancer rendering the inhibition of the {3-
catenin/TCF interaction an attractive strategy for therapeutic
intervention." Due to the challenges associated with the use
of small molecules,"”! the development of peptide-derived
PPI inhibitors has been pursued.” However, these efforts
have not resulted in therapeutically useful inhibitors of the [3-
catenin/TCF interaction mainly due to their unfavorable
physico-chemical properties and/or low bioavailability.'”! The
development of inhibitors would greatly benefit from novel
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cell-permeable and high affinity ligands ideally with a struc-
turally characterized binding mode to support subsequent
optimization efforts towards clinical inhibitors.

Here, we describe the structure-based design of -sheet
mimicking bicycles that target (-catenin and inhibit its
interaction with a TCF transcription factor. Based on the
known structure of $-catenin in complex with the protein E-
cadherin, a macrocyclic binder of f-catenin was developed
which comprises a short antiparallel (3-sheet. A crystal
structure of the macrocycle bound to -catenin was obtained
supporting the design of a library of bicyclic peptidomimetics.
Among those mimetics, we identified a bicycle (A-b6) that
inhibits the Wnt signaling pathway in a cell-based assay and
shows cellular uptake comparable to the cell penetrating Tat
peptide.

Results and Discussion
E-Cadherin-Derived Peptides Bind -Catenin

B-Catenin consists of 781 amino acids and comprises
a central armadillo repeat domain (aa 141-664), which is
flanked by flexible N- and C-terminal regions. The armadillo
repeats serve as interaction hub recognizing several protein
binding partners.!'”* The family of TCF transcription factors is
among those binders and shares homologous f-catenin bind-
ing domains (CBDs) that bind a central region of the
armadillo repeat domain.”!! These CBDs usually encompass
an a-helix and an extended sequence which are connected via
a flexible loop (CBD of TCF-4, green, Figure 1a). The
extended region includes a short 3-strand with two crucial
hot-spot amino acids (D16 and E17 in TCF-4) that bind -
catenin on the so-called “binding site 3”.%!

Herein, we aimed to design a ligand capable of targeting
[-catenin’s binding site 3 to compete with TCF binding. When
inspecting available 3-catenin complex structures, we noticed
that the CBD of E-cadherin (orange, Figure 1a), a protein
that recruits P-catenin to cell-cell adhesions junctions, in-
cludes a small antiparallel 3-sheet which also binds to -
catenin’s binding site 3. Initially, we considered a 52 aa
sequence (E-CBD, aa 628-679, Figure 1a) that encompasses
an o-helix (a1, aa 652-665) and the two antiparallel $-strands
(B1: aa 628-633; B2: aa 674-679) including intervening loop
regions. Notably, two of the five predicted hot-spots of E-
CBD (D674 and 1676)! are located within strand p2
(Figure 1a). A fluorescently labeled version of E-CBD was
synthesized with the one methionine (M638) present sub-
stituted by the chemically inert analogue norleucine. A
fluorescence polarization (FP) assay applying full length {3-
catenin revealed a high binding affinity for E-CBD (dissoci-
ation constant (K,)=0.053 uM). Keeping (2 as the anchor
point, a series of N-terminally truncated and labeled E-CBD
versions was synthesized (Figure 1b). While the deletion of 7
or 13 amino acids (peptides 1 and 2) only moderately affected
affinity for B-catenin (K;=0.13 and 0.2 uM, respectively),
a truncation to 28-mer 3 severely reduced binding (K, approx.

3 uM).
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Figure 1. a) Top: Crystal structure (PDB ID 2gl7) of B-catenin (grey) in
complex with the CBD of TCF-4 (green) and superimposed with the
CBD of E-cadherin (orange, PDB ID 1i7x, chain B). Bottom: Close-up
of indicated region with 3-catenin in surface representation (grey).
Hot-spot amino acids of E-CBD (D665, 1657, Y643, D674, L676) and
TCF (D16, E17) are shown as stick. Terminal amino acids of peptides
E-CBD, 1, 2 and 3 are indicated. Position where sequence of E-CBD
was opened to generate peptide 6 is indicated (for details see
Supporting Figure S2). b) Peptide affinities and lengths are shown
including the visualization of involved peptide regions. Ky-values were
obtained from FP measurements (n=3, & std. error, for binding
curves see Supporting Figure S1). c) Table shows peptides derived
from 6. The P-alanine loop (BA-BA) is highlighted in black. Measure-
ments in analogy to Figure 1b. Peptide sequences can be found in
Supporting Table S1.

Seeking a short peptide sequence suitable for subsequent
stabilization via chemical modification, we aimed to place
strand B2 in the center of the primary peptide sequence,
thereby facilitating an alternative truncation pattern. For that
purpose, we took advantage of the spatial proximity of the C-
and N-terminus in E-CBD (F679 and V628, respectively, d =
6.5 A, Figure 1a), which we aimed to covalently link. In this
alternative arrangement, the new peptide termini were
generated by opening the sequence between Y643 (new N-
terminus) and Q642 (new C-terminus, Figure 1a). Between
V628 and F679, different linker structures were considered
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(Supporting Figure S2). The p-proline-L-proline (DP-LP)(>!]
motif was introduced in combination with an additional
glycine (peptide 4) or B-alanine (peptide 5) to align the two
termini. Both peptides exhibited low affinities for (3-catenin
(in both cases: K4 approx. 2 uM). The incorporation of two [3-
alanines yielded peptide 6 with only mildly reduced affinity
(Ky=0.18 uM) when compared to E-CBD (K;=0.053 uM).
The introduction of three f-alanine residues (peptide 7)
resulted in a lower affinity (K, =0.38 uM). Using peptide 6 as
a starting point, a series of truncated peptides was synthesized
(Figure 1c¢). While the deletion of the N-terminal loop (6 aa)
was tolerated (peptide 8, K,;=0.053 uM), helix ol appeared
to be essential for binding (peptide 9, K; > 5 uM). On the C-
terminus, the deletion of the loop (9 aa) moderately reduced
binding (peptide 10, K;=0.6 uM). As expected, the combi-
nation of the truncations of 9 and 10 resulted in a peptide with
very low affinity (peptide 11, K;>5 uM). These truncation
studies indicate that linear versions of the E-cadherin CBD
require about 40 aa for sub-micromolar binding affinities.
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A Cyclic Peptide Inhibits the 3-Catenin/TCF-4 Interaction

Seeking a smaller binder that includes strand 2 and
would therefore target -catenin’s binding site 3 (Figure 1a),
we considered macrocyclization of peptide 11. When assum-
ing a binding mode analogous to the CBD of E-cadherin, the
termini of peptide 11 would be in proximity (V633 and D674,
d=5.2 A, Supporting Figure S3). Aiming for the stabilization
of the antiparallel B-sheet, the DP-LP turn mimetic®* was
incorporated to provide macrocycle 12 (Figure 2a). Initially,
a linear precursor (H,N-BA-VTRNDV-pDP-LP-DSLLVF-BA-
OH) of 12 was synthesized on solid-support using 2-chloro-
trityl chloride resin. After cleavage, the side-chain-protected
peptide was head-to-tail cyclized in solution. Then all
protecting groups were removed, and after purification,
macrocycle 12 was obtained in overall yields of about 10 %
(Supporting Figure S4). To evaluate the binding of 12,
a competition FP assay was performed. Briefly, full-length
[(-catenin and a fluorescently labeled TCF-4-derived tracer
peptide™ (Supporting Figure S5) were incubated with vary-
ing concentrations of competitor to provide half-maximal

BA intramolecular
T629 hydrogen bonds

E-cadherin

Figure 2. a) Chemical structure of the macrocycle 12. Amino acids of f-strands 1 and 32 are highlighted in blue. b) FP competition assay with
TCF-4-derived tracer peptide (c=10 nM) and full-length -catenin (¢=250 nM, Supporting Figure S5). Competitor concentration was varied
(c=7.9x107°-188 uM, n=3, + std. error). Peptide sequences can be found in the Supporting Tables S1 and S2. c) Left: Electron density map
(2mFo-DFc, contoured at 1 rmsd) of cyclic peptide inhibitor 12 (PDB ID 7ar4). Right: Stick representation of peptide 12 when bound to B-catenin,
showing backbone atoms and Cg-atoms (PDB ID 7ar4). Intramolecular hydrogen bonds are indicated with dashed lines. d) Crystal structure of p-
catenin (grey, surface representation) in complex with peptide 12 (blue, cartoon representation, PDB ID 7ar4). The hot spot residues as well as
BA-BA and the DP-LP turn are shown in stick representation (blue). 12 is superimposed with the CBD of E-cadherin (orange, cartoon
representation, PDB ID 1i7x). Residues L676 and D674 are shown explicitly. Data collection and refinement statistics for the PDB ID 7ar4 can be

found in Supporting Table S3 (BA: p-alanine).
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inhibitory concentrations (ICs,, Figure 2b). In this assay,
macrocycle 12 showed good inhibition (ICsy=16 pM), being
only threefold less potent than the 52-mer peptide E-CBD
(ICsy=5.4 uM). In comparison, linear 28-mer peptide 3 (ICs,
approx. 100 uM) and a linear version of 12 lacking the f-
alanine linker (peptide 12-1, IC5,> 100 uM) showed greatly
diminished competition.

To investigate the binding mode of peptide 12, co-
crystallization with the armadillo repeat domain of 3-catenin
(aa 134-665) was pursued. After obtaining crystallization
conditions from initial screening, crystals were optimized and
analyzed by X-ray diffraction. We collected a dataset and
included reflections up to 2.6 A resolution. The structure was
solved in space group P2,2,2, (PDB ID 7ar4, Supporting
Table S3) using molecular replacement with $-catenin as the
search model (derived from PDB ID 1jdh). The obtained
crystal structure shows one copy of the B-catenin armadillo
repeat domain per asymmetric unit (Supporting Figure S6).
Except for one loop (aa 550-559), protein residues are well-
resolved and superimpose closely with previously reported
structures (PDB ID 1jdh and 2gl7, Supporting Figure S7). At
[-catenin’s binding site 3, additional well-defined electron
density was observed matching the molecular structure of
macrocycle 12 (Figure 2 ¢, Supporting Figure S6). In complex
with B-catenin, 12 closely resembles the conformation of the
two antiparallel strands 1 and (32 of E-cadherin (Figure 2d,
for Ramachandran plot of 12 see Supporting Figure S8). The
B-hairpin in 12 is stabilized by six intramolecular hydrogen
bonds within the [3-sheet (two between each of the following
aa pairs: T629/V678, N631/L676 and V633/D674, Figure 2c¢)
and one additional hydrogen bond within the (3-alanine turn
contributing to the stabilization of the hairpin structure. The
crystal structure also revealed that the predicted E-CBD hot
spot residues (L676, D674) closely overlay with the corre-
sponding side chains in macrocycle 12 which form analogous
contacts with -catenin. Consequently, the binding site of 12
overlaps also with the hot-spot region of TCF (Figure 1a,
Supporting Figure S9) which is in line with the observed
inhibition of TCF-4 binding (Figure 2b).

Bicyclization of f-Hairpin Structures

Utilizing the structure of macrocycle 12 in complex with 8-
catenin, the design of more constrained p-hairpin structures
was pursued. We aimed for the introduction of a cross-strand
bridge and identified three potentially suitable amino acid
pairs located in the core of the (3-hairpin (A: T629/V678, B:
N631/L676, C: D632/S675, Figure 3a). To allow the installa-
tion of different bridges at a late stage of the synthesis, we
decided to introduce two cysteines which, after the initial
head-to-tail cyclization, are reacted with a bis-electrophile
(Figure 3b). This crosslinking chemistry proved already
useful for the cyclization of a-helices and loop structures.?”!
A small library of bis-electrophiles (el-e7, Supporting Fig-
ure S10) was assembled resulting in bridge structures that
ranged from one to four bridging atoms between the cysteines
(b1-b7, Figure 3c). Bridge bl, b2, b3 and b5 are fully
saturated, while b4 and b6 include a double bond. Bridge b7
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Figure 3. a) Crystal structure of 12 (blue) bound to [3-catenin (grey,
PDB ID 7ar4) highlighting positions in 12 selected for cross-strand
bridges (A-C). C,-atoms of the corresponding amino acids are shown
as red sphere. b) Bicyclization of monocyclic 12 derivatives bearing
two cysteines at cross-strand positions. Crosslinking with bis-electro-
philes (e1-e7, Supporting Figure S10). Bicycle sequences can be found
in Supporting Table S2. c¢) Chemical structures of bridges b1-7, which
have been introduced within macrocycles A-o, B-o, and C-o, are shown
(derived from 12 by introduction of two cysteines at positions A, B and
C, respectively). Heat map depicts ability of resulting compounds to
compete with the TCF-4/B-catenin interaction. Data is based on an FP
competition assay in analogy to Figure 2b but employing a single
competitor concentration (¢=30 uM, 0% inhibition =absence of com-
petitor, 100% inhibition =30 pM E-CBD (lower plateau, Figure 2b,
Supporting Table S4 and Figure S5)). d) Concentration-dependent in-
hibition in FP competition assay (Supporting Figure S5) of A-b5, A-bé
and A-b7 including their monocyclic precursor A-o (c=7.9x10"°~

188 uM, n=3, + std. error). Constant concentration of TCF-4 tracer
peptide (10 nM) and f-catenin (250 nM) was employed. e) Concentra-
tion-dependent inhibition in FP competition assay (Supporting Fig-
ure S5) of C-b5 and C-b7 including their monocyclic precursor C-o
(c=7.9x107°-188 uM, n=3, = std. error). Constant concentration of
TCF-4 tracer peptide (10 nM) and p-catenin (250 nM) was employed.
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harbors the aromatic ortho-xylene moiety (Figure 3¢). The
monocyclic double-cysteine precursors (A-o, B-o and C-0)
were synthesized in analogy to macrocycle 12, and subse-
quently reacted with each of the bis-electrophiles (el-e7).
Conditions for this bicyclization reaction were adjusted to the
reactivity of the corresponding bis-electrophile. While e4, e6
and e7 reacted rapidly in ammonium carbonate buffer and
acetonitrile (1:1, v/v), the bicyclization with el, e2, 3 and e5
was performed in a mixture of water and tetrahydrofuran (1:1,
v/v) with large excess of the bis-electrophile (10-50 equiv.)
and triethylamine (15-75 equiv.) to ensure sufficient product
formation. In addition, the three disulfide-bridged derivatives
(A-ox, B-ox and C-ox) were obtained by oxidation. All
peptides were purified via HPLC providing product yields
between 7% and 64 % for the final bicyclization.

The generated 24 bicycles and 3 monocycles were
subsequently assessed for their ability to inhibit the TCF-4/
[-catenin interaction. Using the FP competition assay de-
scribed above (Supporting Figure S5), all derivatives were
screened at a concentration of 30 uM (Figure 3¢, Supporting
Table S4). For series A and C, we observed similar trends with
low competition capabilities (< 25 %) for the monocycles (A-
o, C-0) as well as the bicyclic derivatives with short cross-
strand bridges (bl and b2). For longer bridges, inhibitory
potency increased with the highest activities observed for
bicycles with four bridging atoms (A-b5/6/7 and C-b5/7). The
B-series exhibited overall lower competition without a clear
trend regarding changes in the lengths of the cross-strand
bridge. Subsequently, the concentration-dependent effect of
the most active peptides (inhibition > 50 %, A-b5/6/7 and C-
b5/7) was investigated (Figure 3d and e). The two monocyclic
peptides A-o and C-o showed considerably lower activity
(ICs, approx. 100 uM and below) than macrocycle 12 (ICs, =
16 uM) indicating that cysteine variation affects [-catenin
binding. Notably, the five selected bicycles showed efficient
inhibitory activity exceeding that of macrocycle 12. For the
tested A-series bicycles, obtained /Cs;-values indicated a low
dependency on the degree of saturation within the bridge
(ICsy=8.5-11 uM for A-b5/6/7). From all tested bicycles,
ortho-xylene bridged C-b7 exhibited the highest inhibitory
activity (ICsy=4.8 uM), which is comparable to the 52-mer
peptide E-CBD (ICsy,=5.4 uM).

Bicyclic 3-Sheet Mimetics Inhibit Wnt Signaling

Since some of the library members show inhibition of the
TCF-4/B-catenin interaction in biochemical assays, we were
interested if this also translates into the inhibition of the Wnt
signaling pathway in a cellular context. Therefore, we chose
the TOPFLASH reporter gene assay® for activity testing
which is sensitive to activated Wnt signaling and should
respond to the inhibition of the TCF/B-catenin interaction.
Briefly, the TOPFLASH reporter plasmid®! encoding a firefly
luciferase gene under control of a TCF/B-catenin-dependent
promoter, and a Wnt-independent control reporter plasmid
encoding a renilla luciferase were co-transfected into
HEK?293T cells. The Wnt signaling pathway was activated
by incubation with recombinant Wnt-3a protein ligand in the
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presence of inhibitor (=24 h). Wnt-reporter activity was
calculated based on the subsequently measured firefly and
renilla luciferase signals: firefly/renilla ratios were normalized
with respect to the absence and presence of Wnt-3a (0% and
100% rel. reporter activity, respectively). To verify assay
functionality, we tested the known upstream Wnt pathway
inhibitor XAV939 which promotes B-catenin degradation”!
and indeed shows the expected reduction in reporter activity
(30% rel. reporter activity, Figure 4 a). Initially, all series A, B
and C bicycles with four-atom bridges (b5/6/7) were tested
(c=20 uM, =24 h). Notably, the Wnt-independent renilla
activity was only mildly affected (Supporting Figure S11)
indicating that HEK293T cells tolerate this treatment.
Interestingly, macrocycle 12 did not display a meaningful
inhibition of Wnt reporter activity, while considerable inhib-
ition was observed for the bicycles of series A (A-b5/6/7,
Figure 4a). However, none of the series B and C derivatives
showed significant reduction of reporter activity (Figure 4a).
Among the tested bicycles, the highest inhibitory activity was
observed for butene-bridged A-b6 (43 % rel. reporter activ-
ity).

Due to its activity in the reporter gene assay, bicycle A-b6
(Supporting Figure S12) was chosen for follow-up character-
ization. For comparison, we included monocycle 12 and its
linearized analog 12-l. Initially, a concentration-dependent
TOPFLASH reporter gene assay was performed showing
robust Wnt inhibition for A-b6 (ICs,=8 uM, Figure 4b) with
high inhibitory activity at 50 uM (2% residual activity).
Neither monocycle 12 nor linear analog 12-1 displayed
inhibition under these conditions (Figure 4b). Having char-
acterized binding in a competition format (Figure 2b and 3d),
we sought to determine dissociation constants (K,) in a direct
FP assay. For that purpose, 12-1 was fluorescently labeled at
the N-terminus. Since 12 and A-b6 do not possess an N-
terminus, we substituted a non-interacting amino acid (N631)
with a lysine, which was subsequently labeled with an N-
hydroxysuccinimide ester of fluorescein. FP titration experi-
ments with full-length B-catenin revealed highest affinity for
A-b6 (K;=91 nM) followed by monocycle 12 (K, =156 nM).
The linear analog 12-1 exhibited low affinity (K, approx.
2 uM). These results follow the trend observed in above FP
competition assays: [Cs,=85uM (A-b6), 16 uM (12),
>100 uM (12-1). To assess the conformation of these three
compounds in solution, circular dichroism (CD) spectra were
recorded (Figure 4d). For linear 12-1 (grey), a minimum
slightly below A =200 nm was observed which is indicative of
a dominant random coil character, albeit with some degree of
B-sheet formation as a shoulder around A=215nm was
observed.™ In contrast, the spectrum of monocycle 12 (blue)
showed a minimum at A =215 nm indicating an increase in [3-
sheet character. Bicycle A-b6 displayed the strongest (3-sheet
character as shown by the pronounced minimum at 1=
215 nm and the maximum around 4 =200 nm.**!

Observed differences in cellular activity (A-b6> 12 ~12-
1) cannot solely be explained with compound affinity for 8-
catenin (A-b6>12>12-1). We suspected differences in
cellular uptake to be responsible for this discrepancy and
therefore assessed their cell penetration properties using
again HEK293T cells. Initially, compounds were incubated
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Figure 4. a) TOPFLSH reporter gene assay in HEK293T cells testing inhibition of the Wnt pathway for macrocycle 12 and selected bicycles (n=3,
error shows std. dev., ns: p>0.05, *: p<0.05, **: p<0.01, ***: p<0.001). Wnt signaling was activated with Wnt-3a (c=100 ngmL"). Cells were
incubated with compound (c=20 uM, t=24 h), before luciferase activity was measured (for details see Supporting Methods). b) Concentration-
dependent effect on reporter activity for 12-1, 12 and A-b6 (¢=0.512-50 pM, incubation t=24 h, n=3, + std. error). c) FP titration measurements
of the fluorescein-labeled analogues of 12, 12 and A-b6 (c=10 nM, Supporting Table S1 and S2) and B-catenin (7x107°-12.6 uM, n=3, =+ std.
error). d) CD spectra of 12-1, 12 and A-b6 (c=75 pM) in sodium phosphate buffer (5 mM, pH 7.5). e) Cytosolically localized compound

(¢=20 uM) in HEK293T cells after 2 h (white) and 24 h (grey) incubation. Quantification was performed via mass spectrometry using total
cytosolic protein as reference (n=3, errors show std. dev., LLOQ: lower limit of quantification). f) Compound localized to the nucleus of
HEK293T cells after 2 h (white) and 24 h (grey) incubation (c=20 pM). Quantification was performed via mass spectrometry using total cytosolic
protein as reference (n=3, errors show std. dev., LLOQ: lower limit of quantification). Tat is a cell-permeable peptide (for sequence see

Supporting Table S1).

(t=24h) in cell culture media including 10 % fetal bovine
serum (FBS) and in presence of HEK293T cells. Mass
spectrometry (MS) measurements confirmed the presence
of all three peptides after 24 h (Supporting Figure S13).
However, while A-b6 and 12 provided signals in the range of
the starting point, 12-1 showed considerably reduced signal
intensity (ca. 50 %) presumably due to proteolytic degrada-
tion. To assess the cell penetration properties, cytoplasmic
and nuclear localization was determined after sub-cellular
fractionation using a MS-based methodology.”! In these
experiments, we included cell-penetrating peptide Tat as
reference. HEK293T cells were incubated with compounds
(c=20 uM) for 2 or 24 h, then the cells were lysed and
fractionated to isolate cytoplasmic and nuclear contents for
subsequent LC-MS analysis (Supporting Figures S14-S18,
Table S5-S8). While we did not observe cytosolic localization
for linear 12-1 and monocyclic 12, bicycle A-b6 showed time-
dependent cytosolic accumulation (Figure 4¢), which after
24 h exceeds cell-penetrating peptide Tat. We also observed
nuclear uptake of A-b6 and Tat, which was not the case for 12
and 12-1 (Figure 4f). Here, it is important to note, that
subcellular concentrations are reported relative to the
corresponding total protein concentrations and cannot be
directly compared between different cellular compartments.

Conclusion

Due to its involvement in the onset and progression of
numerous types of cancers, hyperactive Wnt signaling has
moved into the focus of drug discovery efforts. In an
oncogenic context, Wnt signaling is often activated via
mutations in central pathway regulators. For that reason,
targeting the downstream (3-catenin/TCF transcriptional acti-
vator complex has been pursued. TCF transcription factors
recognize the armadillo repeat domain of B-catenin via an
elongated peptide sequence (green, Figure 1a) with two
central hot spot residues crucially contributing to binding.
Previous structure-based efforts to generate ligands targeting
the corresponding site on p-catenin (binding site 3)?°*" have
not resulted in therapeutically useful inhibitors. Herein, we
took a novel approach towards the generation of ligands for
[-catenin’s binding site 3 using E-cadherin as a starting point.
We noticed that the CBD of E-cadherin binds to site 3 via an
antiparallel $-sheet which may serve as the basis for inhibitor
design. However, while the 52-mer E-cadherin epitope (E-
CBD) showed high affinity for f-catenin (K;=53 nM), we
were unable to identify a considerably truncated version with
sufficient affinity (e.g. 14-mer 11, K, >5 uM). Most notably,
macrocyclization of 14-mer peptide 11 using the pP-LP turn
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motif resulted in a molecule with greatly improved affinity
(12, Ky=156 nM).

We were able to co-crystalize macrocycle 12 with (-
catenin providing a crystal structure that confirms the
expected binding site 3 and an antiparallel 3-sheet arrange-
ment of 12. This is the first crystal structure of a synthetic
ligand bound to this site of (3-catenin. In fact, only two crystal
structures of synthetic ligands bound to [-catenin had been
reported so far.?"t3!! Based on the structure of 12 bound to -
catenin, a focused library of bicyclic inhibitors was synthe-
sized applying a late-stage diversification strategy. The library
was obtained by reacting unprotected monocyclic peptides
bearing two cross-strand cysteines with seven different bis-
electrophiles. Three distinct monocyclic precursors were used
providing a total of 21 thioether bridged bicycles. A competi-
tion assay using P-catenin and the CBD of TCF-4 as tracer,
revealed diminished inhibitory activity for macrocyclic dou-
ble-cysteine variants while the installation of four-carbon
atom bridges restored inhibitory activity for two of the three
scaffolds (A-b5/6/7 and C-b5/7). Best performing library
members showed affinities in the range of the 52-mer starting
sequence (E-CBD) which highlights the impact of conforma-
tional constrain on binding.

In a Wnt reporter gene assay, only series A peptides (A-
b5/6/7) showed inhibitory activity with A-b6, encompassing
a butene bridge, performing best (ICs,=8 uM). In contrast,
monocyclic precursor 12 did not show cellular activity (high-
est tested concentration 50 uM). This is a surprising finding
which cannot solely be explained by differences in competi-
tion with TCF: IC5y=16 uM (12) vs. 8.5 uM (A-b6). CD
analysis showed that bicycle A-b6 exhibits a more pro-
nounced (-hairpin structure than monocyclic peptide 12. This
was accompanied by robust cellular uptake in the range of
cell-penetrating peptide Tat. Thus, the more pronounced f3-
sheet character of free bicycle A-b6 may contribute to cell
penetration. Taken together, B-sheet mimetic A-b6 represents
an appealing starting point for the development of potentially
useful anti-cancer agents targeting the TCF/pB-catenin inter-
action. Moreover, the presented design strategy towards
bicyclic peptides is a rare example of a structure-based
development of cell-permeable -sheet mimetics, and it can
serve as a basis for the development of novel inhibitors for
other -sheet-mediated protein—protein interactions.
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