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WDRS5 is an adaptor protein involved in the regulation of various
epigenetic modifier complexes. Various inhibitors have been
described but only as inhibitors of its protein—protein interactions.
Here we describe peptidic macrocycles that act as inhibitors of the
interaction between WDR5 and long non-coding RNAs. The find-
ings provide a new strategy to modulate the biological function of
WDRS5 as an RNA binding epigenetic regulator.

Long non-coding RNAs (IncRNAs) are transcripts longer than
200 nucleotides but without protein coding function." They can
have a wide variety of functions but one that has been identi-
fied for many IncRNAs is to guide proteins involved in epige-
netic mechanisms to specific genomic locations.”™* By doing
so, they can promote histone modifications at these sites to
either activate or repress gene transcription. Various studies
have demonstrated that these IncRNA-protein interactions
could be interesting targets for therapeutic intervention.>®
However, evidence that such interactions can be targeted by
chemical inhibitors is scarce as there are only very few com-
pounds reported to do so and these only include inhibitors
of EZH2-IncRNA binding.”*® To extend the knowledge on
inhibiting such interactions beyond EZH2 we focused on
WDR5 as another IncRNA binding protein involved in epige-
netic regulation.

As a scaffold protein WDR5 is part of the “WRAD” complex
(containing WDR5, RbBP5, ASH2L, and DPY30) which can
recruit the SET1/MLL histone methyltransferase to methylate
histone 3 at lysine 4."*""* The function of the MLL complex is
commonly found to be exacerbated in cancer and has therefore been
explored as a therapeutic target using a variety of strategies.'*'
WDR5 has a WD40 fold common for scaffolding proteins
and contains two binding sites that mediate protein-protein
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interactions.’®'” One found on the “top” of the protein (WIN
site) and one found on the “bottom” (WBM site)."> The WBM
site was described to bind RbBP5, c-Myc, and KANSL but
interestingly, it has also been reported to interact with long
non-coding RNA (IncRNA) (Fig. 1A) that drive the activity of the
MLL complex at specific genomic loci.’®>' A well-studied
IncRNA that binds WDR5 via the WBM site is HOTTIP.>"*?
Besides HOTTIP, which has been described to be a driver in

various cancers, the WBM site binds many other IncRNAs.>'>*
=
. RBBP5: EDEEVDVTSVD
cMyc: DEEEIDVVSVE

KANSL: FSDDLDVVGDG

Fig.1 (A) Left: Reported structure of WDR5 with RbBP5 peptide (PDB
ID: 3P4F). Highlighted in orange (Y228, L240, and K250) and red (F266) are
residues important for INncRNA binding. Right: Sequences of WBM site
binding peptides of various proteins. (B) Close up of RbBP5 derived peptide
bound to WDR5. Highlighted is the hydrogen bonding pattern formed by
Asp376.

This journal is © The Royal Society of Chemistry 2023
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Although a large number of WIN site inhibitors have been
reported,* the number of inhibitors for the WBM site is still
limited.?®"2° Furthermore, their effect on inhibition of WDR5-
IncRNA interactions has not been investigated to date. Here, we
report the design and optimization of a macrocyclic peptide
derived from protein sequences that bind the WBM site.
The binding of the peptide was studied using biophysical
techniques as well as protein crystallography. Using RNA-
immunoprecipitation experiments we were able to demonstrate
that the cyclic peptides could indeed inhibit the interaction
between WDR5 and IncRNAs confirming the role of the WBM
site as an RNA-binding site.

To identify the core binding sequence of RbBP5 a series of
truncated peptides was synthesized based on the WDR5/RbBP5
cocrystal structure reported by Avdic et al. (Fig. 1A and B) and
we measured their affinity for WDR5 using fluorescence polari-
zation (FP).'® To study truncation of the C-terminus we placed
the FITC fluorophore on the N-terminus (Table 1, peptides 1-4,
Fig. S34, ESIt) while switching the label to the C-terminus for
N-terminal truncation (Table 1, peptides 5-9, Fig. S35, ESIt).
Both series demonstrated that a single amino acid truncation
led to a small decrease in affinity (approx. 3-fold) but further
truncation had more dramatic effects. This was confirmed by
peptide 10 which was truncated by one residue on both termini
and had an affinity of 10.4 pM (Table 1 and Fig. S36, ESIY).

Table 1 Sequences of WBM site binding peptides and their affinity for
WDR5 as determined by fluorescence polarization. Residues used for side-
chain macrocyclization are highlighted in bold. See Fig. S1 (ESI) for full
structural details of the peptides

No. Sequence Ko (uM)
371 381
1 FITC-PEG-EDEEVDVISVD-NH: 2.0540.42
2 FITC-PEG-EDEEVDVISV-NH: 7.11+2.380
3 FITC-PEG-EDEEVDVIS-NH: 20.92£8.72
4 FITC-PEG-EDEEVDVTI-NH: 29.91+£15.13
5 Ac-EDEEVDVISVD-020c~-FITIC 242+0.14
6 Ac-DEEVDVISVD-020c~-FITC 6.74+1.04
7 Ac-EEVDVISVD-020c-FITIC 23.45+6.89
8 Ac-EVDVISVD-020c-FITC >37.5
9 Ac-VDVISVD-020c-FITIC >37.5
10 FITC-020c-DEEVDVTSV-NH; 10.39+2.69
11 FITC-020c-DEEVDVIDapV-NH: 21.86+5.29
12 FITC-020c-DEEVDVIDabV-NH: 1.18+0.07
13 FITC-020c-DEEVDVIOrnV-NH: 2.67+0.10
258 268
14 FITC-020c-DEEEIDVVSVE-NH: 0.3310.02
407 417
15 FITC-020c-FSDDLDVVGDG-NH:2 1.96+0.18
16 FITC-020c-DEEEIDVVDabV-NH2 0.33+0.02
17  FITC-020c-DEEEIDVVOrnV-NH: 1.96+0.18
18 FITC-020c-DEEEIDVVDabVE-NHz2 0.1110.02
19 FITC-020c-DEEEIDVVOXrnVE-NH:2 0.56 £0.04
20 FITC-020c-DEEEIDVIDabVE-NH: 0.23+0.01
21 FITC-020c~-DEEEIDIVDabVE~-NH:2 0.18+0.01
22 FITC-020c-DEEEIDITDabVE-NH:2 0.43£0.02
23 FITC-020c~-DEEEIEVVDapVE~-NH2 >37.5
24 FITC-020c-DEEEIDabVVDVE-NH2 >37.5
25  FITC-020c-DEEEIDapVVEVE-NH; >37.5
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The truncation effects correlated with the binding pose
observed in the crystal structure of RbBP5 bound to WDR5
where the more terminal amino acids are not visible likely due
to flexibility (i.e.: Glu371 and Asp381). Residues that lead to
a strong reduction in binding affinity after truncation are
involved in direct interactions with WDR5. In most cases this
is driven by the side chains of these residues with the exception
of Asp376 and Ser379. The side chains of these residues do not
directly interact with WDRS5 itself but form a hydrogen bond
with each other thereby stabilizing the conformation of the
peptide (Fig. 1B).

To generate a more potent WDR5 WBM site ligand we were
inspired by the intramolecular stabilization between Asp376
and Ser379 and explored the possibility of converting this
inter-action into an even more stable covalent connection.
To this end, we used peptide 10 as our starting point and
replaced Ser379 with either r-diaminopropionic acid (Dap),
t-diaminobutyric acid (Dab), or r-ornithine (Orn). These were
incorporated during peptide synthesis as Alloc protected amino
acids and Asp376 was incorporated with an allyl side chain
protecting group (Scheme S1A, ESIT). The orthogonal protect-
ing groups were removed, and the liberated amine and car-
boxylic acid connected together using PyAOP and HOAt to
generate amide cyclized peptides 11-13. Evaluation of these
compounds by FP demonstrated a clear effect of the macrocycle
size (Table 1 and Fig. S36, ESIt). The smallest macrocycle 11 did
not provide the correct conformation and had a reduced
affinity in comparison to peptide 10. However, both peptide
12 and 13 with the Dab and Orn residues provided an improve-
ment in affinity with peptide 12 being the most potent at
1.18 puM. Although the improvement in affinity was encoura-
ging, we expected that for biochemical studies a more potent
ligand would be preferred. We therefore explored the alterna-
tive peptide sequences from c-Myc (peptide 14) and KANSL
(peptide 15) that were reported to bind the WBM site as well
(Table 1 and Fig. S37, ESIt)."®?° When tested by FP we found
that peptide 15 had a reduced affinity in comparison to peptide
1, but the c-Myc derived peptide 14 was significantly more
potent. To prepare a high affinity ligand we now proceeded with
this sequence and applied the two most promising cyclization
strategies as identified with peptides 12 and 13. To get the
highest affinity we decided to explore extending the N- as well
as both the N- and C-terminus and designed peptides 16-19
(Table 1 and Fig. S38, ESIf). During synthesis of peptides 18
and 19 complications were encountered due to premature
Fmoc removal after the allyl deprotection step presumably
due to the free amino side chain now being able to act as the
base for Fmoc deprotection. We therefore removed the Fmoc
group first and replaced it with the o-nitrobenzenesulfonyl
(0-Ns) group before allyl deprotection and cyclization (see
Scheme S1B, ESIt). Again, the Dab containing peptide per-
formed better in the FP assay and the full-length peptide 18 had
a 3-fold improved affinity over peptide 14.

With peptide 18 being the most potent candidate we further
evaluated whether we could optimize the affinity by point
mutation (Table 2 and Fig. S39, ESIt). In peptide 20 we mutated
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Table 2 ITC parameters for peptides 14 and 18

AG AH —TAS
(kcal mol™") (kcal mol™") (kcal mol™*)

14  0.82 £+ 0.01 805 £+ 161 —8.32 = 0.11 —5.67 = 0.64 —2.66 £ 0.77
18 0.95 £ 0.07 199 £ 64 —9.16 = 0.20 —6.94 + 0.62 —2.23 £ 0.42

Pept. N Kp (nM)

Val265 to the threonine residue found in the RbBP5 peptide
since its side chain hydroxyl group was involved in a hydrogen
bond interaction with Lys272 from WDR5." Peptide 21 has a
Val265 to Ile mutation in an attempt to address a small
hydrophobic pocket observed in the Val binding site on
WDR5 while peptide 22 contained both mutations. Unfortu-
nately, none of the mutants led to increased affinity.

To explore the role of the amide cyclization linker and its
effect on affinity we synthesized three variants of peptide 18
(Table 2 and Fig. S40, ESIt). In peptides 23-25 we maintained
the same number of atoms in the macrocycle but shifted the
amide one atom over (peptide 23), inverted its orientation
(peptide 24), or both inverted and shifted it (peptide 25). These
peptides highlighted the importance of the correct linker
orientation as all modifications led to a complete loss of
binding affinity. Since this part of the peptide does not interact
with WDR5 directly this is most likely caused by the peptides
adopting conformations that are not compatible with binding.

The advantage of cyclized peptides over linear peptides
typically lies in a reduced flexibility that leads to a reduction
in the entropic penalty paid upon binding to the protein target.
We evaluated this parameter using isothermal titration calori-
metry (ITC) for peptides 14 and 18. The affinities by ITC
corresponded well with those determined by FP but surpris-
ingly no clear effect of conformational stabilization was
observed as the —TAS component is not significantly different
(Table 2 and Table S3, Fig. S5, S6, ESIt). Instead, a difference in
enthalpy seems to be the main driver for the difference in
affinity. The minimal difference in entropic penalty could be
caused by the linear peptide being stabilized in its active
conformation by the intramolecular hydrogen bond network
formed by Asp376 (Fig. 1B) or through compensation by the
displacement of bound water molecules.

To evaluate the binding mode, we cocrystallized WDR5 and
an acetylated version of peptide 18 (18Ac). Peptide 18Ac was
found to have an identical binding affinity as peptide 18 as
measured by competitive fluorescence polarization (Fig. S41
and Table S6, ESIT). The crystal structure clearly shows that the
peptide binds the WBM site (Fig. 2A-C), and that the macro-
cyclic component indeed mimics the bound conformation of
the linear c-Myc peptide (Fig. 2B). Significant differences are
observed in the acidic residues of the N-terminal part of the
peptides, but the electron density in this region is weak
indicating flexibility. Closer to the macrocyclic core the differ-
ences are smaller and only slight changes in side chain orienta-
tion are observed.

The binding of IncRNAs to WDR5 was evaluated using an
RNA-immunoprecipitation assay by using FLAG-tagged WDR5
and RNA extracts isolated from U20S cells. We investigated the
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Fig. 2 (A) Crystal structure of the acetylated version of peptide 18Ac
bound to WDR5 at 1.8 A resolution (PDB ID: 8Q1N). (B) Overlay of 18Ac
with the structure of the parent cMyc peptide (green, PDB ID: 4Y7R).
(C) Interaction analysis of 18Ac and WDR5. WDRS5 residues making polar
contacts indicated in green, hydrogen bonds indicated in grey, electro-
static interactions in red and hydrophobic interactions with red spoked
arcs. (D) RNA-immunoprecipitation experiments using peptide 18, 23,
and a WIN-site binding peptide 26. Analysis was done by RT-gPCR. n.s.:
p > 0.05 * p < 0.05 **: p < 0.0L

This journal is © The Royal Society of Chemistry 2023
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interaction between WDR5 and the previously reported IncRNA
binding partners HOTTIP and HOXC13-AS.>"** The results
demonstrate that increasing concentrations of peptide 18
inhibited IncRNA binding albeit more efficient for HOXC13-AS
than for HOTTIP (Fig. 2D and Table S7, ESIf). The negative
control peptide 23 was not able inhibit the interaction and
neither was a peptide designed to bind to the WIN-site (26)
rather than the IncRNA binding WBM-site.** The F266A mutant
was previously reported to have a diminished ability to bind
IncRNA which was corroborated in this experiment.****

Therapeutic modulation of the WIN-site of WDR5 has been
demonstrated to be an effective strategy for tumor therapy.
However, the WBM-site remains relatively unexplored and
inhibitors were only studied for their effect on protein-protein
interactions.>® Here, we developed potent cyclic peptide inhi-
bitors to evaluate the potential of blocking the WBM-site of
WDRS5 to inhibit IncRNA binding. After exploring various WBM
site binding peptides and cyclization strategies, a cyclic peptide
derived from c-Myc provided a nanomolar affinity ligand.
Protein crystallography demonstrated that the macrocycle effi-
ciently mimicked an intramolecular hydrogen bond observed
in the linear bound peptide. With a potent inhibitor in hand,
we set out to investigate whether the IncRNA binding capacity
of WDR5 could indeed be inhibited. The RNA-immuno-
precipitation assays indeed showed that dose dependent inhi-
bition of IncRNA binding was possible for both HOTTIP and
HOXC13-AS. The work described here provides insight into how
targeting the WBM site of WDR5 not only affects its protein-
protein interactions but also its protein-RNA interactions
which will add to the therapeutic effect. As one of the first
studies to investigate this property of an epigenetic regulation
protein we expect that this principle can be extended to other
epigenetic regulator complexes as well.
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