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Here we report de novo macrocyclic peptide binders to Wnt3a, a member of the Wnt protein family. By
means of the Random non-standard Peptides Integrated Discovery (RaPID) system, we have performed

in vitro selection against the complex of mouse Wnt3a (mWnt3a) with human afamin (hAFM) to discover

macrocyclic peptides that bind mWnt3a with Kp values as tight as 110 nM. One of these peptides,

WAp-D04 (Wnt—-AFM-peptide-D04), was able to inhibit the receptor-mediated signaling process, which
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was demonstrated in a Wnt3a-dependent reporter cell-line. Based on this initial hit, we applied a block-
mutagenesis scanning display to identify a mutant inhibitor, WAp-D04-W10P, with 5-fold greater
potency in a reporter assay. This work represents the first instance of molecules capable of inhibiting

Wnt signaling through direct interaction with a Wnt protein, a molecular class for which targeting has

rsc.li/rsc-chembio

Introduction

wnt pathway signalling regulates the expression of genes
affecting differentiation and proliferation, and represents one
of the best-studied mechanisms underlying development and
homeostasis.'®'" In its B-catenin-dependent (so-called “cano-
nical”) pathway, Wnt signalling is initiated by the binding of
secreted Wnt proteins to cell-surface Frizzled (Fz) receptors.
With the help of co-receptor molecule lipoprotein receptor-
related protein (LRP) 5/6, this initiates signalling cascades that
elevate the level of free cytoplasmic B-catenin, making it available
for translocation to the nucleus, thereby resulting in alteration of
gene expression (Fig. 1).">"” This signalling cascade is complicated
by the involvement of numerous Wnt and Fz isoforms (19 Wnts and
10 Fz in mammals), which exhibit differential binding and signal-
ling responses. Both Wnt and Fz proteins are highly conserved
among species, and the Wnt pathway plays critical roles not only
during development but also in disease states such as oncological
processes, particularly colorectal cancer."”***°

A characteristically conserved Ser residue in Wnt proteins,
e.g., Ser209 in Wnt3a, is modified by palmitoleic acid by a
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been challenging due its highly hydrophobic nature.

specific enzyme called Porcupine, and it is responsible for
binding to Fz receptors.”'> A crystal structure of a complex
of mouse Fz8’s cysteine-rich domain (CRD) with X. laevis Wnt8
has shed light on the functional importance of this lipid,
mediating the interaction with the hydrophobic groove on
Fz.?° Moreover, a human Wnt3 in complex with mouse Fz8’s
CRD has also revealed a nearly identical binding mode (Fig. 2a),
where their 2 : 2 complex accommodates two acyl chains in-between
parallel opposite sides of the Fz-Fz interface, suggesting a possible
role in the receptor's homodimerization during signalling.>”
Due to this lipidated nature, however, purified Wnt proteins can
only be solubilized in the presence of detergents, and are
notoriously unstable during storage.”>® Recently, a method to
isolate water-soluble and bioactive Wnt proteins was established
by making it complexed with a protein called afamin (AFM)
(Fig. 2b).”° AFM is a plasma glycoprotein that belongs to the
albumin superfamily and is thought to serve as a transporter of
small hydrophobic molecules like vitamin E,***"' and we have
found it is likely the main serum component responsible for Wnt
solubilisation in cell culture supernatant.® It was also found that
Wnt3a complexed with AFM was fully soluble in a physiological
buffer while maintaining its biological activity, indicating that
binding by AFM does not interfere with the binding of Wnt3a to
the critical signalling component, e.g.,, Fz receptors. Thus, the
Wnt-AFM complex offers a unique opportunity to present hydro-
phobic Wnt proteins in a detergent-free environment without
shielding its biologically important molecular surfaces.

Great efforts have been carried out recently targeting
wnt signalling for drug discovery. In particular, the pathway’s
relationship with cancer has been long established, boosting

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Simplified scheme of canonical Wnt signalling pathway in an
inactive and active state. (a) When inactive, cytoplasmic concentration of
the protein B-catenin is regulated by the destruction complex, a multi-unit
structure that targets it for proteasome degradation.!™ At this stage,
regulated genes' translation is blocked by Groucho/TLE repressor action
on TCF/LEF transcription factors.*> (b) Activation of Wnt signalling occurs
upon binding of Wnt ligands (shown here as PDB 6AHY) on Fz receptors,
followed by oligomerization with LRP 5/6, promoting sequestering of the
destruction complex (as one of varied mechanisms for its inactivation) and
impeding B-catenin degradation.®=° Consequently, cytoplasmic B-catenin
levels increase and it translocates into the nucleus, binding TCF/LEF and
calling other transcription-promoters to allow gene expression.’*'> The
mechanism is further regulated by binding of R-spondin agonists
on leucine-rich repeat-containing G-protein-coupled receptor (LGR) 5,
inhibiting ubiquitin ligase activity on Fz receptors to increase their
membrane population.2#1°

the development of therapeutics including small molecules,*?
antibodies,* stabilizing lipid systems®® or even receptor-
dimerizing agonists.>> However, to the best of our knowledge,
an isolated Wnt protein itself has not been successfully targeted
(or at least such an outcome has not been yet documented).

Macrocyclic peptides are an emerging class of potential
pharmacological modulators capable of interacting with a wide
range of protein targets.***®* Among the technologies for screening
of such compounds, the RaPID (Random non-standard Peptides
Integrated Discovery) system has proven to be highly reliable
for uncovering de novo macrocyclic peptides from a pool of
random sequences consisting of more than 10" members.
Such peptides have exhibited not only strong affinity and
specificity to targets of interest, but also antagonize or even
agonize the signalling cascade.*®** Taking advantage of the RaPID
system and the unique AFM-based Wnt-stabilizing technology,
here we have challenged discovering macrocyclic peptides that
interact with mouse Wnt3a (mWnt3a), leading us to identify
modulators of Wnt3a signalling.

This journal is © The Royal Society of Chemistry 2020
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Experimental
Protein expression and purification

Biologically active mouse Wnt3a (mWnt3a) in complex with
human afamin (hAFM) was prepared according to the method
described previously.>® Briefly, N-terminally PA-tagged mWnt3a
and N-terminally Target-tagged hAFM were co-transfected
into Expi293F cells to establish a stable cell line secreting
the Wnt3a-AFM complex, followed by the purification of the
complex by using an anti-PA tag NZ-1 antibody column.*” The
purified complex dissolved in PBS (20 mM phosphate, 150 mM
NaCl, pH 7.0) was biotinylated by EZ-Link NHS-Lc-Biotin
(Thermo Fisher Scientific Inc.) to facilitate bead immobilization.
Biotin incorporation was estimated to be 1-2 moles of biotin per
mole Wnt3a. We also confirmed that the biotinylation did not
diminish biological activity of mWnt3a by using a TOP flash
reporter assay. Uncomplexed hAFM was expressed in a similar
manner and purified by anti-Target tag P20.1 antibody column,"®
biotinylated, and immobilized onto the beads for the negative
selections. For certain SPR assays, hAFM fused with human IgG1
Fc was used in place of the Target-tagged hAFM described above.

mRNA library preparation

The initial randomized library was designed to contain a T7
Polymerase and ribosome binding site, a peptide encoding
region constituted by an initiating AUG codon followed by
6 to 15 contiguous NNK codons (in independent libraries),
a UGC Cys codon and a (Gly-Ser); region, in turn followed by a
stop codon and a small sequence region complementary to a
DNA splint used for Puromycin ligation. Independent libraries
were transcribed and purified through gel electrophoresis,
resuspended in water to a 10 pM concentration, and then
combined in equal volumes for a total 10 pM concentration.
For the WAp-DO04-focused library, the inhibitor’s structure was
varied as shown in Fig. 4a for a total of 50% randomization
(corresponding to 5 amino acids) in 5 different groups, each
with increasing number of sequential randomized residues.
A total of 31 independent libraries were purified separately as
stated, and combined again in equal volumes to a total 10 uM
concentration.

RaPID selection

Peptide libraries were prepared from initial 10 uM RNA
libraries using the FIT system in a similar manner as previously
reported,?”*® aiming for a total 150 pL translation for the first
round of selection. Briefly, mRNA libraries were ligated to
Puromycin using a T4 RNA Ligase at 25 °C for 30 minutes,
then extracted once with 1 volume of phenol-chloroform-
isoamyl alcohol (PCI) solution and again with a chloroform-
isoamyl alcohol (CI) solution, then precipitated by addition of
1/10 volume of 3 M NaCl and twice its volume of ethanol and
finally washed with 70% ethanol, briefly air-dried and resuspended
in water. The libraries were then translated using a Met-deficient
FIT system in the presence of 50 uM ClAc-o-Tyr-tRNA™® ., or
ClAc1-Tyr-tRNA™® ., to give the corresponding initiating stereo-
chemistry to the first amino acid in each library. Translation was
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then carried out at 37 °C for 30 minutes, and after an incubation
period of 12 minutes at 25 °C one tenth of its volume of 100 mM
EDTA was added to the reaction mix and left incubating again for
an additional period of 30 minutes to finalize macrocyclization.
mRNA-peptide product libraries were then reverse transcribed to
its corresponding cDNA using an MLV (H-) Reverse Transcriptase
(Promega) for 1 hour at 42 °C, mixed with acetylated BSA in TBS-T
pH 7.5 buffer to a final 1 mg mL™" concentration, neutralized with
the same buffer and desalted using a Sephadex G-25 Fine (GE
Healthcare) column previously swelled in the same buffer, to a
total of 400 pL. At this point, 0.5 UL of the final library was diluted
1000 times in water to make an input sample reference to calculate
recovered cDNA after the selection process. Prepared libraries
were then exposed to the target mWnt3a-hAFM complex
previously immobilized on M-280 Streptavidin Dynabeads (Life-
Technologies™) for a total of 80 pmol loaded target (200 nM
target complex concentration when resuspended in the peptide
pool). Peptide pools containing these loaded beads were then
incubated at 4 °C for 30 minutes, washed 3 times with cold
TBS-T pH 7.5 buffer to discard the unbound peptide fraction
and finally resuspended in cold PCR buffer. cDNA cognate to
the target-binding peptide fraction was then recovered by
heating the samples 95 °C for 5 minutes and separating the
supernatant. A small amount of the input and recovered cDNA
samples were then analysed using real-time qPCR on a Roche
LightCycler™ system and the remainder was amplified by PCR.
The amplified samples were then purified by one extraction
each with PCI and CI solutions, precipitated with ethanol and
resuspended in water. The resulting samples were then transcribed
to mRNA, forming the initial library for the next round. Following
rounds of selection were carried out using the same scheme, though
performing translation at a total 5 pL scale and 10 pmol of target
protein (still maintaining final 200 nM when exposed to libraries).
Additionally, before incubating the library in the target complex,
they were first exposed in 10 separate cycles to a mixture containing
25% free M-280 Streptavidin Dynabeads (LifeTechnologies™), 25%
of the same beads saturated with biotin and 50% of the same
beads loaded only with hAFM in twice the molar amount of the
objective target concentration (for a total of 20 pmol). These
“negative selection” cycles were performed in order to lower the
possibility of recovering non-specific peptides or those with
preferential binding to the protein partner instead of the
original target mWnt3a. The cycles were carried out for at 4 °C
for 30 minutes for the first and last cycles, and otherwise for
15 minutes at the same temperature. Moreover, an additional
20 times the molar amount of free (untagged) hAFM were added
to the final samples before exposing them to the target mWnt3a-
hAFM complex to further decrease the recovery of non-specific
peptides. Samples were then incubated in beads containing
10 pmol of the target and corresponding cDNA was recovered
and amplified as before.

Peptide synthesis and purification

Selected peptides were synthesized through standard solid-
phase peptide synthesis with a Biotage Syro I® parallel synthesis
system using a common Fmoc-protected amino acid chemistry

28 | RSC Chem. Biol., 2020, 1, 26-34
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on NovaPEG Rink amide resin at a 25 umol scale. Deprotection
of the final N-terminal was carried out as a last step, and the
loaded resin was washed 5 times with dimethylformamide
(DMF) and dichloromethane (DCM). Resin was then swelled
in DCM for 10 minutes, resuspended in 0.2 M diisopropylethyl-
amine (DIPEA) and then washed 6 times with DMF. Chloro-
acetylation of the free N-terminal amino acid was carried out by
addition of a coupling mixture containing 6.3 equivalents each
of chloro-acetic acid (CIAcOH), HOBt and diisopropylcarbodi-
imide (DIC), reacting for 1 hour at room temperature. Resin was
then washed 3 times with DMF, methanol (MeOH) and DCM
before drying in vacuo. Deprotection and cleavage of the peptides
from the resin was then performed by resuspending the resin in
2 mL of a TFA deprotection cocktail containing 2.5%,, each of
triisopropylsilane (TIS), 3,6-dioxa-1,8-octanedithiol (DODT) and
water for 3 hours at room temperature under continuous mixing.
Resin was then washed twice with 2 mL TFA, and the peptide
solution was then concentrated by centrifugal evaporation, later
precipitating the cleaved peptides with cold ether. Collected
peptides were then washed with cold ether 5 times and dried
in vacuo before dissolving in DMSO. Cyclization of peptides was
finally carried out in the presence of trimethylamine (TEA).
Peptides were then purified by reverse-phase HPLC in a Shi-
madzu LC-20AP system using a Merck Cromolith® Column with
a gradient of 0.1% TFA/acetonitonitrile containing 0.1% TFA, and
collected fractions were then concentrated and freeze-dried. The
resulting peptides were dissolved in low-concentration HCI for
exchange to an HCI salt and freeze-dried again twice. Final
peptides were dissolved in a small volume of DMSO and reserved
at —20 °C. Structural identity of each peptide and their evolution
through the synthesis scheme was confirmed through MALDI-TOF
MS, while the final purity of the samples by UPLC.

Surface plasmon resonance

For the evaluation of the interaction between the mWnt3a and
the peptides obtained in the initial selection series, purified
mWnt3a-hAFM complex or hAFM alone were directly immobilized
onto the Series S Sensor Chip CM5 (GE healthcare; 29104988) at a
surface density of ~7800 RU (for complex) or ~5600 RU (for
hAFM), respectively, using an amine coupling kit (GE healthcare;
BR100050) according to the manufacturer’s protocol. The binding
was evaluated by injecting peptide solutions serially diluted using
the running buffer (20 mM HEPES-NaOH (pH 7.5), 150 mM Na(l,
0.05% Surfactant P20) maintaining the final concentration of
DMSO as 0.1%. The runs were conducted in a single cycle kinetics
mode employing the following parameters; flow rate of
30 pl min ', contact time of 120 s, and dissociation time of
300 s. After each run, the surface was regenerated by injecting
3 M MgCl, until the response returned to the original baseline
level. The binding curves of the measurement cell (mWnt3a-
hAFM) were subtracted with that of reference cell (hAFM), and
used to derive K, values. Data were obtained using a BIAcoreT200
instrument (GE Healthcare) at 25 °C, and the results were analysed
by using BIAcoreT200 evaluation software version 4.1. For the
evaluation of the mWnt3a-binding properties of the peptides
obtained in the second round of selection from the focused library,

This journal is © The Royal Society of Chemistry 2020
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hAFM fused with human IgG1 Fc was used in place of the
Target-tagged hAFM described above. Thus mWnt3a-hAFM-Fc
complex as well as hAFM-Fc were expressed in Expi293F cells
and purified by either immobilized NZ-1 antibody resin or
rProteinA Sepharose Fast Flow (GE healthcare, 17-1279-03)
and immobilized on a series S Sensor Chip CM5 via Human
Fc capture kit (GE healthcare; BR100839) at a density of
~10000 RU. The binding of peptides was evaluated similarly
to the method described above, except for the use of steady-
state affinity analysis mode in the BIAevaluation 4.1.

Luciferase reporter assay

The effects of each peptide on the biological activity of mWnt3a
were evaluated in a paracrine-type reporter cell assay as
described previously.>® Briefly, HEK293 cells stably transfected
with a firefly luciferase gene under the control of a TCF/LEF
response element (BPS Bioscience, #60531) were seeded at
30000 cells per 50 pL per well in 96-well white-clear plates
(Corning, #3610), followed by an overnight culture before the
assay. 10 uL of PBS containing 100 nM purified mWnt3a-hAFM
complex or hAFM alone and 40 pL of peptide solution in 10%
serum-containing media were added to the reporter cells,
maintaining the final concentration of DMSO at 0.1%. After
culturing under 5% CO, at 37 °C for 6 h, cells were briefly
washed with PBS and lysed by adding 20 pL per well of cell lysis
buffer (Promega, E153A). Luciferase activities of the lysates
were directly measured in the same plate using the Luciferase
assay reagent (Promega, E1500) and an SH-9000 microplate
reader (Corona Electric, Inc.).

Results
Library design and selection

In order to identify direct inhibitors of Wnt3a signalling, we
employed an affinity-based selection by means of the RaPID system.
Although Wnt3a alone can readily denature upon isolation, the Wnt
ligand can be stabilized through the formation of a complex with
AFM, which would give us an opportunity to explore the available
interaction surface with Fz receptors. We thus decided to use the
bioactive mWnt3a-human AFM (hAFM) complex as a bait protein.
We then applied our standard mRNA library consisting of AUG,
(NNK)s 15 (N = A, C, G or U and K = U or G), UGC, followed by
(GGCAGC);-UAG to express two independent, thioether-cyclized
macrocyclic peptide libraries under a reprogrammed genetic code
assisted by flexizymes.**° The AUG initiator codon was assigned to
-N-chloroacetyl-Tyr (Y-library) or p-N-chloroacetyl-Tyr (y-library) in
order to induce subsequent head-to-sidechain thioether cyclization
with a downstream Cys residue, which could appear in the random
region and/or the designated UGC codon after the random
region.”" A triple repeat of a Gly-Ser peptide linker assigned by
(GGCAGC); allowed linking to a 3’-puromycin-CC-PEG-5
attached to the 3’-end of the mRNA library.

Upon the ribosome-catalysed specific formation of a peptide
linked to its cognate puromycin-mRNA (Pu-mRNA) in the absence
of RF-1, the resulting peptide-mRNA fusion was “‘counter-selected”
against immobilized hAFM in order to deplete species that had

This journal is © The Royal Society of Chemistry 2020
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affinity for hAFM. Following 10 cycles of counter-selection, the
peptide library was then panned against a beads-immobilized
mWnt3a-hAFM complex in the presence of free soluble hAFM to
further reduce the binding of peptides unselective for mWnt3a.
We hypothesized that inclusion of these extra steps were necessary
since AFM, like serum albumin, has a strong tendency to bind
hydrophobic molecules and may give very high background bind-
ing to various hydrophobic peptide sequences. The cognate cDNAs
for bound peptides were then recovered by PCR amplification and
transcribed in vitro to generate an enriched mRNA library for the
subsequent round of selection (Fig. 2c). However, despite our
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Fig. 2 Human Wnt3, human AFM and RaPID selection of macrocyclic
peptide ligands against mWnt3a—hAFM. (a) Crystal structure of a Wnt (hWnt3)
ligand (red) bound to its natural Fz receptor (mFz8, blue) as identified by Hirai
et al. (PDB 6AHY, with an inset highlighting the palmitoleic acid moiety in
yellow). (b) Wnt-stabilizing protein partner (hAFM) used in this work (PDB
6FAK). (c) RaPID selection scheme for the identification of macrocyclic
peptides capable of binding to mWnt3a: (1) the designed mRNA library is
prepared, (2) ligated with Pu using a T4 RNA ligase and (3) translated into
peptides using the FIT system to generate peptide-Pu-mRNA fusions, after
which (4) macrocyclization would occur by reaction of L-Tyr (Y) or p-Tyr (y)
with a downstream Cys at the end of the random region (brown spheres) or
within the random region itself. (5) This macrocyclic peptide library is ligated to
each cognate RNA through a (Gly-Ser)s and Pu-linker region, and the RNA
template is reverse transcribed into its cDNA. (6) The library is then exposed
several times to a combination of unloaded, biotin-saturated and biotinylated
hAFM-loaded magnetic beads in order to lower the likelihood of recovering
non-specific binders as much as possible. These fractions are discarded and
(7) the depleted library is then exposed in a single cycle to the biotinylated
mWnt3a—hAFM complex-loaded magnetic beads. (8) cDNA bound to the
complex is then recovered and amplified by PCR followed by (9) transcription
to generate the enriched mRNA library for the next round.

RSC Chem. Biol., 2020,1,26-34 | 29
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Table 1 Characterization of macrocyclic peptides selected against mWnt3a. Shown are sequence alignments, k, (association rate constant), kq
(dissociation rate constant) and Kp, values of peptides capable of binding to mWnt3a—hAFM. WAp-Dxx peptides originated from y-library, while WAp-L05
from Y-library. Sequences are numbered in increasing order of frequency (number of reads) within each recovered library at round 5

Peptide name Sequence Number of reads kax 10 (M s kax 1073 (s7h Kp (nM)
S
WAp-D02 AICyNIWVFNLPTLTLYR(l:G 3010 1.12 5.47 490
——S—
WAp-D04 AcyRKYLYERFWWCG 440 4.05 6.92 171
S/
WAp-D11 AcyLYRVPNRRVFVLVLCG 150 13.85 44.10 318
S
WAp-L05 ACYLVYDHLYAWNYFIACG 477 2.72 3.01 110
extensive precautions to deplete hAFM-binding peptides by the S 14
negative (counter) selection procedure, qPCR after 5 sequential < 12 | _} | O mWnt3a-hAFM (+) |
rounds of selection indicated similar levels of cDNA recovery from % '
the hAFM-coated counter-selection beads and the mWnt3a/hAFM- 8 1 *}
coated beads (Fig. S1, ESIt), suggesting that the recovered peptide § 0.8 |
libraries could still be contaminated by species that bind to hAFM 2 06 1
rather than mWnt3a. =
. . . o 04 4
To circumvent this problem, we decided to perform a N
2-dimensional deep-sequencing analysis comparing the most g 0.2 1
enriched sequences found to bind hAFM alone or the mWnt3a- 2 0 T — . )
hAFM complex. For this analysis, the ¢cDNA libraries in the Peptide - WAp- WAp- WAp- WAp-
5th round targeting either hAFM alone (negative clones) or D02 D04 D11 LO5

mWnt3a-hAFM complex (positive clones) were sequenced sepa-
rately, and the individual sequences of each were compared in
terms of identity and frequency (those appearing near the x-axis
of “Frequency of positive clones” in Fig. S2 and S3, ESIt). We
hoped this 2D analysis would allow us to discriminate macro-
cyclic peptides that might have specific affinity to mWnt3a over
those binding to hAFM.

From the group of enriched peptide sequences that appeared to
have higher frequencies of deep-sequencing reads to the mWnt3a-
hAFM complex than those to hAFM alone, 14 structurally distinct
peptides were chosen for the monoclonal RaPID-display recovery
assay (Table S1, ESIT). We found that all of these peptides showed
favourable binding to the mWnt3a-hAFM complex over hAFM or
mock beads (Fig. S4, ESIT). These were then chemically synthesized
by solid-phase peptide synthetic method, purified by HPLC, and
their structure and purity were confirmed through MALDI-TOF-MS
and UPLC. It is important, however, to note that even with all the
cautions taken and analysis performed, our approach does
not necessarily ensure all of them could have a biological effect
on Wnt signalling, ie. those capable of modulating the interaction
between mWnt3a and cognate Fz, which made necessary further
characterization of the individual macrocyclic peptides for not only
binding affinity but also bioactivity.

Binding profile and activity of selected peptides

The binding properties of each of the 14 synthesized peptides
was assessed using surface plasmon resonance (SPR) against
hAFM alone or mWnt3a-hAFM immobilized through amine
coupling. However, unambiguous binding affinities could be
determined only for 4 of these peptides that yielded reliable SPR
profiles (Fig. S5, ESIt). These 4 macrocyclic peptides exhibited

30 | RSC Chem. Biol., 2020, 1, 26-34

Fig. 3 Inhibition of Wnt3a signalling by WAp-DO4. Luciferase reporter
activity was assessed following cell treatment with mWnt3a—hAFM, in the
presence or absence of 1 uM candidate WAp-peptide. Bars show mean
values of a set of 4 data points, all relative to a reference signal stimulated
by mWnt3a—hAFM in the absence of any peptide, while error bars indicate
standard error (n = 4). Data was normalized to a blank signal generated in
the presence of hAFM alone and in the absence of any peptide, subtracted
from every value. Full data for this experiment is available as ESI.

specific binding toward mWnt3a with sub-micromolar equilibrium
dissociation constants (Kp, in Table 1).

We next sought to assess the effect of these peptides on the
Wnt3a-mediated signalling in a cell culture model. To validate
this, we made use of a TCF/LEF element-dependent Wnt
signalling luciferase reporter cells,”® and measured reporter
response following exposure to purified mWnt3a-hAFM in the
presence of the selected peptides shown in Table 1 (Fig. 3).
Notably, this initial bioactivity screening identified a single hit
peptide, WAp-D04 (one of the most abundant species in the
y-library), which exhibited nearly complete inhibition of Wnt3a
signalling at a 1 pM concentration. The activity titration of
WAD-D04 in a range of concentrations of 7.8-4000 nM determined
an IG5 value of approximately 290 nM (Fig. 5).

WAPp-D04 constitutes, to our knowledge, the first instance of
a non-naturally occurring molecule that inhibits the Wnt
signalling pathway by binding directly to a specific Wnt ligand,
mWnt3a. Although the finding of such a unique and bioactive
peptide with selective binding to mWnt3a constitutes an
advance in developing synthetic modulators of Wnt signalling,
we considered its binding and activity properties could be
further improved. Notably, our unusual approach targeting

This journal is © The Royal Society of Chemistry 2020
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mWnt3a in complex with a large stabilizing partner, hAFM,
allowed us access to a very rare inhibitory species by our 2D
analysis. However, as we could not rule out a possibility that more
potent variants of this hit peptide might not have been available in
the original library consisting of >10'> members, we were
prompted to further investigate on optimizing the initial hit
WAp-D04 sequence to one with higher affinity to mWnt3a.

WAp-D04 focused library and re-selection of its active variants

In order to identify more potent analogues of WAp-D04, we next
constructed a focused peptide library based on the original WAp-
D04 sequence, randomizing 5 amino acid residues of the pharma-
cophore’s total 10 residues. The positions for randomization were
chosen as shown in Fig. 4a, where 0 to 5 (X-1 to X-5) consecutive

View Article Online
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mutations occurred. We prepared individual synthetic DNA
template libraries and transcribed them into mRNA libraries.
All of the resulting mRNA libraries was then mixed into a
focused mRNA library for the expression of macrocyclic peptide
libraries. Five rounds of selection were then performed to enrich
the active population (Fig. S6, ESIt), and the enriched libraries
were finally deep-sequenced to identify improved analogues of
WAp-D04 (Fig. 4b).

The selection campaign of the focused library yielded six mutant
peptides of the parental peptide (WAp-D04). All newly identified
peptides contained a highly conserved Trp to Pro substitution at
position 10, as represented by the single mutant WAp-D04-W10P,
and exhibited higher frequency following isolation with mWnt3a-
hAFM as compared to hAFM in 2D analysis (Fig. S7, ESI}).

a WAp-D04 X-2 X-3 X-4 X-5
r S 1 r S 1 r S 1 T S 1 r N ]
AcyRKYLYERFWWCG  AcyXXYLXXRFXWCG  AcyXXXLYEXXWWCG AcyXXXXYERFXWCG AcyXXXXXERFWWCG
r S 1 r S ] r S 1T S 1
X-1 AcyRXXLYXXFWXCG ~ AcyRXXXYERXXWCG AcyRXXXXERFWXCG AcyRXXXXXRFWWCG
—S— s T S | T S 1T S 1
AcyXKXLXEXFXWCG  AcyXKXXYEXXWNCG  AcyRKXXXERFXXCG AcyXKXXXXRFWNCG AcyRKXXXXXFWWCG
—Ss— ; S . , s T S I s 1
AcyRXYXYXRXWXCG  AcyRXYXXERXXWCG  AcyXKYXXXRFWXCG “SYRXYXXXXFWWCG AcyRKYXXXXXWWCG
T S 1 T N 1 T S 1T S ]
AcyRKXLXXRFXXCG  AcyXXYLXXXFWNCG AcyRKXLXXXXWWCG AcyRKYLXXXXXWCG
T N ] s T S 1 T S 1
AcyXXYLXEXXWWCG ACyRXXLYXXXWWC‘G AcyRKYXYXXXXWCG AcyRKYLYXXXXXCG
—S— — § ————— S/
AcyRXXLYXRXXWCG  AcyRKXXYEXXXWCG YRKYLXEXXXXCG
ST —s—
AcyRKXXYEXFXXCG AcyRKYXXERXXXCG

"VRK
=
- EE‘:*-:- v o~ © %"o\,_—ﬁ-? )

Fig. 4 Design and screening of WAp-DO04-focused libraries. (a) Design of a focused library based on the WAp-D04 sequence. The library was composed
of five groups of structural variations, changing consecutive amino acids according to group number and translocating the variation along the chain.
X indicates a random amino acid determined by an NNK codon. (b) Sequence LOGO graphs of the final round of selection, representing the 80 most
enriched sequences from the focused macrocyclic peptide library.*® Note that the first Y residue of in the LOGO graph corresponds to b-Tyr (y).

Table 2 Alignment, binding and inhibition properties of selected sequences from WAp-D04-focused, p-Tyr-initiated libraries found to bind the
mWnt3a—-hAFM complex. Sequences are numbered in increasing order of frequency (number of reads) within the final recovered library. Steady-state Kp
and ICsq values are shown for the parental and W10P single-mutant peptides. The parental WAp-D04 sequence, which appeared in the final enriched
libraries as well, is also shown for comparison

Peptide name Sequence Number of reads Steady-state Ky, (nM) IG5 (nM)
— S

WAp-D04 AcyRKYLYERFWWCG 125 319 290
———S—

WAp-D04-W10P AcyRKYLYERFPWCG 8014 39.5 56
——S——

WAp-D04-W10P/R2K AcyKKYLYERFPWCG 2059 — —
S/

WAp-D04-W10P/K31 AcyRIYLYERFPWCG 1808 — —

WApP-D04-W10P/K3R AcyRRYLYERFPWCG 1034 — —
——S—

WAp-D04-W10P/K3T AcyRTYLYERFPWCG 796 — —
S/

WAp-D04-W10P/R2K/K3V AcyKVYLYERFPWCG 395 — —

This journal is © The Royal Society of Chemistry 2020
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Double mutation occurred either at positions 2 or 3 along with
the W10P mutation, with conservative mutations at R2 or K3 to
a basic sidechain alternative (R2K or K3R) or hydrophobic
sidechain alternative (K3I, K3T, or K3V) (Table 2). Thus, the
result of this focused library selection indicated that the original
WAp-D04 itself is well optimized, but that the subtle W10P
mutation possibly enhanced its inherent binding ability of
WAp-D04. Based on these findings, we synthesized all six
WAp-D04 mutants and tested their binding and inhibitory
activity as in the previous reporter assay.

Inhibitory activity of WAp-D04-W10P mutants

The synthesized WAp-D04-W10P mutants were analysed for Wnt3a
signalling inhibitory activity at two concentrations (0.16 and
1.6 pM) in the reporter assay for primary screening (Fig. 5a).
All six peptides exhibited stronger inhibition than the parental
peptide, particularly at 1.6 pM concentration, at which all
peptides shut down Wnt signalling, i.e. they completely inhibited
TCF reporter activation caused by exogenously added mWnt3a.
Even at 0.16 uM peptide concentration appreciable inhibition
occurred, where the single mutant WAp-D04-W10P (Fig. 5b) itself
displayed slightly more potent inhibitory activity than the series
of double mutants. This data is consistent with the observation
that it was the most abundant sequence in the next generation
sequencing data (Table 2).

Further characterization through a titration of WAp-D04-
W10P (7.8-4000 nM) demonstrated that inhibition of Wnt3a
signalling by this peptide was concentration dependent as with
WAp-D04, but approximately 5-fold more potent, ie. ICs, of
56 nM as compared to 290 nM for WAp-D04 (Fig. 5c). This is a
remarkable finding considering that these two compounds
differ at only a single amino acid residue. We also modified our
SPR condition by employing a more reliable ligand immobilization
method (i.e. the Fe-mediated capture of hAFM and mWnt3a-hAFM),

Q
(o2

1.2 4

) ek 00.16 uM Peptide (+)

01.6 uM Peptide (+) HaN
0.8 \\\ "
O

Normalized Fold Luciferase (A.U.)

0.6 -
o™h
0.4 -
0.2 - ﬂ ‘( ;NH
0 A . T R e
WAp-DO4 - W10 W10P W10P W10P W10P W10P W10P

/R2K /K3l /K3R /K3T /R2K
/K3V
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which gave us an approximately 90% higher Ky, value for WAp-D04
than the previous one (319 nM). However, a much smaller Ky, value
of 39.5 nM was obtained with the W10P mutant, i.e. WAp-D04-W10P
exhibited an 8-fold enhanced affinity.

Discussion

Whnt signalling is a critical component of embryonic development
and post-development homeostasis, and its role in oncogenic
processes such as colorectal cancer has led to the development
of a number of different Wnt pathway inhibitors.>**>* These
inhibitors target diverse components of the Wnt signalling
mechanism, including Fz receptors, components of the destruction
complex and PB-catenin.***>**® However, direct targeting of Wnt
ligands themselves has remained challenging due to the relative
instability of Wnt proteins and the consequent difficulty in
developing agents against them. To the best of our knowledge,
the present study describes the first instance of mid-sized
molecules acting as direct binders of a Wnt protein.

A key advantage of our approach is the use of a recently
identified stabilized form of a Wnt ligand, mWnt3a-hAFM,
which allowed the direct selection of anti-mWnt3a macrocyclic
peptides through the RaPID system. This system is remarkably
reliable, and allows us to explore a vast sequence space of
macrocyclic peptide libraries, potentially including both canonical
and non-canonical amino acids.**””*° However, since the selection
generally requires “soluble” bait proteins, it is not well applicable to
“insoluble” proteins with intrinsic structural fragility that results in
self-aggregation.

The unique strategy reported here (i.e. the use of a stabilizing
protein partner during the selection process) solved this prob-
lem by sequestering such insoluble proteins adequately
within a complex, probably shielding their hydrophobic regions
and making selection against these targets an achievable task.

(¢}

WAp-D04-W10P
0 1.0

¢

HN'
X

NH

- WAp-D04
-+ WAp-D04-W10P

Relative Fold Luciferase Change (A.U.)
o
(<.

0.0

) 10W->10P T T T T 1
-9 -8 -7 -6 -5
qus\( @ Log [Peptide] (M)

Fig. 5 Focused library-selected peptides’ activity and structure and comparison of the strongest peptide inhibitors found in this work. (a) Luciferase reporter
assay results for the peptides shown in Table 2. The effect of each peptide on activity was analysed independently at 0.16 and 1.6 pM concentration in the
presence of 10 nM Wnt3a—AFM complex. Shown are fold values relative to a basal Wnt signal reference (black bar) using 10 nM mWnt3a—hAFM in the absence
of any peptide. All data was normalized to a blank signal generated in the presence of 10 nM hAFM alone and in the absence of any peptide, subtracted from
each value. Data are mean =+ SD (n = 4). Data for this experiment is available as ESI.7 (b) The single W10P mutation (highlighted) was found to dramatically
increase the activity of the parental WAp-D04 peptide. (c) Overall inhibition rate properties of WAp-DO04 (original) and WAp-D04-W10P. Shown is a sigmoidal
fit of luciferase reporter assay results (mean & SD, n = 4) for the two peptides conducted as in (a). Data are from a representative experiment out of three
independent ones. Concentration value of each peptide corresponding to ICsq is marked with dotted lines for comparison.
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Even though aggressive counter-selection against the “solubilizing”
protein partner hAFM was implemented, the enriched pool of
peptides still contained background binders to the partner. This
did not occur when we used Fe-tagged fusion proteins in multiple
selections where the negative selection cycles against plain Fc
effectively suppressed background binders.*”*® Because of this
unexpected outcome, we had to look for an alternative approach
that could allow us to deduce which peptides bound solely to
the target, mWnt3a, in this study. Accordingly, we utilized a
2-dimensional deep-sequencing analysis to distinguishably
identify mWnt3a-hAFM binders over hAFM binders, which led
us to find specific binders to mWnt3a. Moreover, the functional
assay using the Wnt-signalling reporter cell line has allowed the
identification of a rare hit peptide (WAp-D04) capable of inhibiting
the mWnt3a-induced signal with a sub-uM concentration. Further-
more, the subsequent selection campaign using a “pharmacophore-
focused library” enabled us to discover a 5-fold enhanced inhibitor
with 56 nM ICs, by the exclusive W10P substitution. Although at
this stage we cannot concretely define why the W10P mutation was
able to enhance its activity, the fact that the mutation occurred near
the cyclizing C12 and Pro is the unique secondary amino acid
among other proteinogenic amino acids both point to the possibility
that the W10P mutation may have increased the structural rigidity
of the parental WAp-DO04, giving an overall positive effect on the
binding to mWnt3a. Further studies will include additional analysis
of this mutation (as well as other silent mutations observed in
WAp-D04) and X-ray crystallography, with a view to understanding
the molecular mechanism of mWnt3a inhibition and the generation
of molecules for application in animal studies.

Conclusions

Here we have discovered de novo macrocyclic peptides that can
strongly bind a normally insoluble mWnt3a protein, and
thereby potently inhibit Wnt3a signalling. Targeting of Wnt
proteins for therapeutic screening has long been considered
extremely difficult, mainly due to the loss of structural integrity
or activity of such proteins outside their native cell environment and
throughout the process of pharmacophore selection schemes. In
this work, we addressed this challenge by applying a unique RaPID
selection strategy that made use of a protein partner-stabilized Wnt
ligand, and performed 2D deep-sequencing analysis to discriminate
specific binders of our main target, mWnt3a. Starting from a
randomized library of macrocyclic peptides, we identified an initial
hit inhibitor that served as the basis for a focused library, in turn
allowing the identification of an analogue with improved binding
properties and inhibitory activity. The discovery of such molecules
constitutes a useful initial tool in the development of a novel class of
modulators of the Wnt pathway, which in turn can lead to a deeper
understanding of its molecular action. Furthermore, our approach
has enabled targeting of a highly hydrophobic and not commonly
targeted protein, and although successful for a single Wnt so far,
could prove applicable to other Wnt proteins or similar unstable
proteins, expanding the scope of display screening techniques such
as RaPID and bringing forward a new class of potential pharmaco-
phores for understudied proteins.

This journal is © The Royal Society of Chemistry 2020
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