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Rationally Designed Helical Peptidomimetics Disrupt a—Synuclein

Fibrillation
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Misfolding of the human protein a-synuclein results in toxic fibrils and the aggregation of Lewy bodies, which are a hallmark

of Parkinson’s disease in brain tissue. Here we disclose a supramolecular approach where peptidomimetics are rationally

designed and pre-organised to recognize the surface of native helical, pre-fibrillar, a-Syn by forming complementary

contacts with key patches of protein surface composed of charged and hydrophobic residues. Under lipid-catalyzed

conditions the mimetics slow the rate of aggregation (thioflavin-T assay) and disrupt the misfolding pathway (electron

microscopy of aggregates). This hypothesis is supported by comparison with a series of negative control compounds and

with circular dichroism experiments. Given the approach relies on selective recognition of both amino acid sequence and

conformation (helical secondary structure) there is potential to develop these compounds as tools to unravel the currently

intractable structure-function relationships of (i) missense mutation, and (i) amyloid polymorphism with disease

pathogenesis.

Introduction

Fibrillation of the 140 amino acid intrinsically disordered protein
(IDP) a-synuclein (a-Syn) is critical to the neurotoxic pathway
resulting ultimately in the deposition of B-sheet-rich Lewy
bodies characteristic of Parkinson’s disease.l!l Extensive
biophysical analysis of native a-Syn reveals transient population
of a membrane-bound a-helical conformation,[213] with recent
studies supporting the presence of helical assemblies, the
“tetramer hypothesis”, that may serve a protective role in
preventing misfolding.[*] Several early-onset familial forms of
the disease are associated with point mutations, including
A30P, E46K, H50Q, G51D, AS53E/T, in which initiation of
aggregation and subsequent of accumulation are altered
[Figure 1].151 This suggests that amino acid substitution in these
regions plays an important role in predisposing misfolding.
Given the scale of the societal and economic cost of Parkinson’s
diseasel®! extensive efforts have led to the discovery of
numerous small molecule mediators of misfolding,[”18] although
it is often difficult to establish the nature of the interaction with
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a-Syn at a molecular level and how the molecules exert their
affects. Thus, it is appealing to explore rationally designed
molecules for the recognition of specific native conformational
states of a-Syn in which sequence-structure-function can be
interrogated.
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Figure 1. Outline of a-Syn structure and folding landscape: A) domains, characteristics
and location of point mutations, (B) introduction of a peptidomimetic to bias
conformational equilibria towards helices.

IDPs present a particular challenge from a molecular
recognition perspective because they are moving targets.l
Molecules that selectively bind to one of many conformations
require multiple points of contact orchestrated over large
surface areas.ll9 Nature uses biomacromolecules such as
peptides, nucleic acids and oligosaccharides for these purposes,
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achieving exquisite selectivity and affinity. Taking inspiration
from these oligomers, we, and others, have shown that
rationally designed conformationally pre-organised,
peptidic scaffolds bind protein surfaces competitively with their
endogenous ligands.[*1l Many of these scaffolds are mimetics of

non-

secondary structural elements such as the a-helix,[12-15] 3-
strand(16-191 and (-sheet.[201-[22] |n addition to the work of
several groups demonstrating mediation of therapeutica vy
relevant protein-protein interactions (PPIs)[23] we have shown
that rationa'ly designed peptidomimetics disrupt fibrillation of
the DPs ‘s'et amyloid polypeptide ((APP)24-271 and Af,[28]-[30]
which are implicated in the pathogenesis of type-Il diabetes and
Alzheimer’s disease respectively.

Our hypothesis is that a-helical
stabilise the a-helical
transiently populated in the presence of lipid,[2B! via the

peptidomimetics can
conformation of a-Syn, which is
formation of a helix-mimic interaction analogous to that of the
helix-helix. In seeking to stabilise the native helical form of the
protein it was our hope that the equilibrium might be biased
away from non-native fibrillar states that are toxic and lead to
aggregation [Figure 1B].
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Figure 2. Peptidomimetics designed to present complementary non-covalent contacts

B) E20 Q24 E28 C) A53 H50 E46

with specific protein sequences and conformations. (A) Membrane-bound aSyn (C-term
grey, NAC domain orange) with the two helical regions of the N-terminal domain (purple)
to be targeted shown with light red and light blue overlays. These regions are coincident
with the indicated point mutations (cyan). The two sets of target residues are also shown
on a sequence map highlighted as green, red and blue boxes. Schematic of mimetics
targeting: (B) E20, Q24, E28, (C) E46, H50, A53.

For this purpose, we selected the oligobenzamide scaffold
because it performed well in our previous work with
IAPP[241125]31] and Wilson has disclosed extensive synthetic
routes towards mimetics for a broad range of successfully
mediated targets.[32-34] @-Syn contains many hydrophilic
residues including those in the imperfect KTKEGV repeat
sequence [Figure 2]. Since familial point mutations occur at
E46K (i), H50Q (i+4), and A53E/T (i+7), and these drastically
increase early-onset Parkinson’s, we reasoned that these
appear to be important and that making
complementary contacts at these positions might impact
fibrillation kinetics. The choice of E20, Q24, E28 was more
subtle: here we noted that Q24 was an exception to the KTKEGV
repeat sequence, instead reading KTKQGV. Based on this

residues
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information we designed a library of tribenzamides to provide
complementary contacts along a face of the a-Syn helix
displaying either E20, Q24, E28 (residues i, i+4, i+8) or E46, H50,
A53 (residues i, i+4, i+7). For example, at neutral pH, mimetic 3
displays positive (RNHs*), negative (RCO;?) and hydrophobic
(ROI-Pr) groups at the i, i+4 and i+7 positions with the potential
to form salt bridges with E46 and H50, and hydrophobic
interactions with A53. We also prepared a series of negative
controls with random sequences of R groups that do not
provide a sequence complementary to a-Syn [Figure 3, see the
supporting information for compound synthesis and spectral
data].

a-Helical Peptidomimicry: three side-chains on one face (R'-%)
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Figure 3. Peptidomimetics designed to bind specific regions of helical a-Syn through
presentation of complementary surfaces: [A] tribenzamide scaffold conformationally
pre-organised to reproduce spatial and angular projection of side chains (i, i+3/4, i+7/8)
along one face of a-helix; [B] library of oligobenzamides displaying various side chains to
target specific surfaces.

Results and discussion

The focused library of peptidomimetics were evaluated for their
ability to slow fibrillation kinetics at a 50 UM concentration
using a thioflavin-T (ThT) assay in the presence of a model
membrane system. This concentration was chosen based on our
previous work in a related study,[26] in which this concentration
of mimetic successfully stabilised the helical conformation of
IAPP in a lipidic environment and prevented fibril formation
[Figure 4 and supporting information for protein expression and
purification].[33! An increase in the fluorescence intensity is an
indication for the formation of ThT-positive aggregates, in
particular amyloid fibrils. Mimetics 3 and 4, targeting E46, H50,
A53, and 1 and 2, targeting E20, Q24, E28, had a significant
effect on fibril formation based on end-point fluorescence
relative to a-Syn alone. In presence of 1-4, in particular 1 and 2,
the fluorescence signal showed almost no change over time,
which means the monomeric a-Syn did not form ThT-positive
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aggregates. In contrast, the five negative control compounds
demonstrated limited disruption of fibrillation with similar
kinetics to those in the absence of compound (black curve). This
is also presented as normalised intensity increase [Figure 4b],
relative to protein only (dashed line) and as time to 50%
maximum fluorescence, or ti; [Figure 4c], determined by
sigmoidal fitting. These show that in the presence of negative
control peptidomimetics 5-9 the final fluorescence intensity
approaches, but does not reach, that of a-Syn/lipid alone.
Values of t1/; for the negative control peptidomimetics 5-9 are
similar to that for protein/lipid only, whilst for mimetic 3 it
slowed ti; to around 60 hours. For mimetics 1, 2, and 4 the
suppression of intensity increase was so great that it was not
possible to produce meaningful t1/> values via sigmoidal fitting.
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Figure 4. ThT fibrillation kinetics in the presence of 150 uM DMPS liposomes with
10 uM a-Syn: (A) raw data. Absence (black curve) or presence (various colours) of
50 uM peptidomimetics. Each curve represents the average of three replicates,
(B) normalised increase in intensity of the raw data, and (C) halftime of the
aggregation (ty;). The horizontal dotted line represents the control (protein
without mimetic) and the arrows mark the compounds where a sigmoidal fitting
was not feasible due to a lack of intensity increase.

Encouraged by the ThT data we used electron microscopy to
gain insights into the effect of the mimetics on the nature of
a-Syn fibril formation under lipid catalysed conditions [Figure
5]. Both in the absence of compounds [panel A], and in the
presence of negative control 5 [panel C], fibrils of differing
morphologies are evident. Conversely with compounds 1 and 3

[panels B and D respectively], two mimetics showing
pronounced disruption by ThT, no fibrils are apparent.
Further evidence to support the hypothesis that

peptidomimetics stabilise the a—helical conformation of a-Syn
comes from circular dichroism experiments. After an incubation
of 16 h at 37 °C in the presence of one of the most promising
disruptors of fibrillation, mimetic 1, an a—helical signature
(purple curve with local minima at ~205 and 225 nm) is
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apparent, whereas this is absent for the analogous experiment
with negative control 5 (green), or without added compound
[black, Figure 6]. These two latter curves are indicative of
B—sheet conformation, which would be consistent with the
onset of fibrillation and the ThT data.
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Figure 5. Electron microscopy of fibrils formed in the absence [A] or presence of
peptidomimetics [B] 1, [C] 5, [D] 3. The EM samples were prepared after

incubation from the ThT kinetic assays.
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Figure 6. CD spectra of a-Syn in the presence of DMPS large unilamellar
liposomes/vesicles (LUVs) after 16 h incubation (black) and in the presence of
peptidomimetic 1 (purple) and negative control 5 (green).

Conclusions

In  conclusion, we have shown that o—helical
peptidomimetics that are rationally designed to present
complementary contacts with helical a-Syn disrupt fibrillation
kinetics in the presence of a model membrane. Future work will
explore structure/activity optimisation, use of the mimetics at
lower concentration and membrane leakage and toxicity. It will
also be interesting to explore selective recognition of familial
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forms of the protein bearing point mutations, in particular:
A30P, E46K, H50Q, G51D, AS53E/T. Further molecular
characterisation of protein:peptidomimetic complexes,
including their thermodynamic and kinetic parameters will be
investigated using wild-type and conformationally constrained
analogues.
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