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Insoluble amyloids rich in cross- fibrils are observed in a number of neurodegenerative diseases. Depending
on the clinicopathology, the amyloids can adopt distinct supramolecular assemblies, termed conformational
strains. However, rapid methods to study amyloids in a conformationally specific manner are lacking. We
introduce a novel computational method for de novo design of peptides that tile the surface of a-
synuclein fibrils in a conformationally specific manner. Our method begins by identifying surfaces that are
unique to the conformational strain of interest, which becomes a “target backbone” for the design of
a peptide binder. Next, we interrogate structures in the PDB with high geometric complementarity to the
target. Then, we identify secondary structural motifs that interact with this target backbone in a favorable,
highly occurring geometry. This method produces monomeric helical motifs with a favorable geometry for
interaction with the strands of the underlying amyloid. Each motif is then symmetrically replicated to form
a monolayer that tiles the amyloid surface. Finally, amino acid sequences of the peptide binders are
computed to provide a sequence with high geometric and physicochemical complementarity to the target
amyloid. This method was applied to a conformational strain of a-synuclein fibrils, resulting in a peptide
with high specificity for the target relative to other amyloids formed by a-synuclein, tau, or AB40. This

Received 22nd November 2023
Accepted 14th March 2024

DOI: 10.1039/d35c062459 designed peptide also markedly slowed the formation of a-synuclein amyloids. Overall, this method offers

rsc.li/chemical-science a new tool for examining conformational strains of amyloid proteins.

Introduction

Insoluble amyloid aggregates are hallmarks in the pathogenesis
of neurodegenerative and systemic amyloidosis diseases." The
formation of amyloid fibrils occurs through the self-assembly of
amyloidogenic proteins, namely, amyloid-B (AB), tau, and o-
synuclein (aSyn). These amyloidogenic proteins aggregate after
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aberrant conformational changes and misfolding, resulting in
an accumulation of B-strand-rich, insoluble fibrils.>* The mis-
folded monomers in the fibrils stack against one another and
interdigitate as B-sheets, forming a cross-p supramolecular
motif.* These amyloid structures have been linked to a diverse
range of disorders, making them a focal point of scientific
investigation. For example, aSyn amyloids accumulate as
inclusion bodies in the neurons of Parkinson's disease
patients,>® which are correlated with cellular dysfunction,
neuronal damage, and neuroinflammation, leading to the
progressive loss of cognitive and motor functions.”®

With the advancement of solid-state nuclear magnetic reso-
nance (ssNMR) and cryo-electron microscopy (cryo-EM), the
structures of many fibrils at the molecular resolution are now
available.>** Depending on clinicopathology, each amyloidogenic
protein can adopt multiple, distinct supramolecular assemblies,
termed conformational strains.’*** This conformational strain
polymorphism of each amyloidogenic protein adds complexity to
study amyloid-related disorders and, in some cases, multiple
conformational strains are associated with a single disease (e.g
two conformers of tau amyloids are observed in Alzheimer's
disease patients'®). A method that could enable the identification
and association of specific conformational strains at low cost
(relative to, e.g., cryo-electron microscopy) would provide valuable

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc06245g&domain=pdf&date_stamp=2024-05-31
http://orcid.org/0000-0002-9208-3063
http://orcid.org/0000-0003-2524-2201
http://orcid.org/0000-0002-6181-7810
http://orcid.org/0000-0002-1323-037X
http://orcid.org/0000-0002-2534-0242
http://orcid.org/0009-0006-0535-6892
http://orcid.org/0000-0002-4863-0779
http://orcid.org/0000-0002-8454-5360
http://orcid.org/0000-0002-1779-8907
http://orcid.org/0000-0003-4745-263X
https://doi.org/10.1039/d3sc06245g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06245g
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015022

Open Access Article. Published on 30 2024. Downloaded on 2025/11/2 23:41:23.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

insight into the nature of amyloidopathies. The development of
amyloid conformational-specific binders will advance our funda-
mental understanding of the molecular recognition of amyloid
structure for therapeutic strategies. Such binders will also enable
the identification of polymorphs in vitro and in animal models,
providing valuable reagents for histological examination of brain
tissue. Ultimately, the knowledge gained in this process can
contribute to the design of molecular therapeutics for the recog-
nition and/or degradation of fibrils in a cellular context.

Current approaches have used small molecules, peptides, and
antibodies as tools to recognize fibrils and disrupt their aggre-
gation kinetics."”** However, these approaches exhibit varying
degrees of conformational specificity. There are also molecular
dyes that recognize differences in conformational strains and
shift excitation/emission profiles; however, they often bind to
multiple types of fibrils.>”-** Progress has been made in the field
of protein design to engineer high-affinity fibril capping peptides
that inhibit amyloid growth.>*-*¢ However, these capping sites are
limited in a growing fibril when compared to the immense fibril
surface, providing only limited surface area for specific molec-
ular recognition. These limitations underscore the feasibility of
de novo designed binders targeting the surface of fibrils.

In this work, we have developed a computational method to
design peptides that bind amyloids in a conformational strain-
specific manner. We focused on in vitro fibrils for this model
study because they are available in quantities for bulk studies
and do not require biosafety requirements associated with
handling human tissues. The designed peptides interact in
a structure-specific manner with amyloids, and amyloid growth.
Finally, our new computational approach should, in principle,
allow for the development of new tools for the structure-based
design of proteins that bind to other repeating protein surfaces.

Results
Computational design

We began by identifying possible discriminating binding
epitopes along the fibril surface of aSyn. Cryo-EM structures of in
vitro-prepared WT*® and E46K*" aSyn fibrils produced under the
same conditions revealed two distinct conformational strains
(Fig. 1). For generality, we sought regions that were identical in
sequence between these two amyloids but differed in their
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Fig.1 Cryo-EM structures of WT (green) and E46K (cyan) aSyn fibrils.
The most discriminating residues Gln62, Thr64, and Val66 project
outward in PDB 6cu? butinward in PDB 6ufr. E46 and K46 are buried in
each structure.
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conformation and solvent exposure of amino acid side chains. To
facilitate the identification of regions that vary considerably
between the two strains, we computed the solvent accessible
surface areas (SASA) for each residue of aSyn in both conforma-
tions.*” By aligning the SASA scores based on the sequence, we
identified a distinguishable region spanning residues 62-66 that
shared an identical sequence but had markedly different expo-
sures to solvent between the two conformational strains. In
particular, Gln62, Thré64, and Val66 are solvent-exposed in the
WT aSyn structure, while in the mutant E46K aSyn, they are
buried in the fibril core (Fig. 1). Although the mutation occurs at
residue 46 in E46K, this residue is rather buried, ensuring that
any discrimination we observe is not due to this residue but
instead reflects conformational differences in the rest of the
protein.

To construct the target binding surface, we stacked the 5-
residue fragment of the distinguishable region along the Z-axis,
using the screw symmetry of the fibril cryo-EM structure (Fig. 2).
We then extracted three neighboring strands and used the
program MASTER® to search for structures in the Protein Data
Bank (PBD) that contained similar backbone coordinates to this
motif. Because 3-stacked B-strands are highly prevalent in
structures in the PDB, a large number of matches were retrieved
(15395 matches at 1.0 A RMSD). We then extracted the
secondary structural motifs that are in the vicinity of the 3-
strand motif (i.e., the target binding surface). In this process,
interacting B-sheet motifs were filtered out because we expected
that any hits conforming to the B-sheet conformation of an
amyloid would probably self-assemble into an amyloid, even in
the absence of aSyn fibrils. This resulted in a large number of
helical poses, which were clustered based on the geometry of
the interacting helix, its orientation relative to the target
binding surface, and its frequency of occurrence (designability).

Having identified helical poses that could interact favorably
with the underlying amyloid surface, we next used the screw
symmetry of the fibril to create the overall assembly and design
helix-helix interactions. The repeating geometry of the under-
lying fibrils dictated the stoichiometry and topology of the
peptides relative to the target amyloid surface. The spacing of
the B-strands is approximately 5 A, restrained by the formation
of inter-strand mainchain hydrogen bonds. On the other hand,
the interhelical distance of helices within water-soluble
proteins is approximately 8-11 A, depending on the bulk of
the residues lining the interface.** These values dictated a stoi-
chiometry of one helix for every two B-strands. Application of
the fibril symmetry created a helical array with 9.6 A spacing
(twice the 4.8 A spacing of the B-strands in the fibril). Moreover,
the symmetry dictated a parallel orientation between the
interacting helices.

Parallel packing of helices with a 10 A spacing occurs quite
frequently in proteins,* suggesting that this should be a highly
designable interface and may facilitate cooperative peptide
binding on the amyloid surface. However, other interhelical
parameters such as the a-helical phase and the precise inter-
helical crossing angle should also be favorable in the design.**
Thus, to identify helices suitable for helix-helix stacking along
the amyloid surface, we again used MASTER to query two
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Fig.2 Amyloid peptide binder design pipeline. (A) Helix—strand designability is evaluated using MASTER and structural filters consisting of steric,
contact, and secondary structure. This produced helix backbones favorable for helix—strand interaction. (B) Helix—helix designability is evaluated
by applying the screw symmetry of amyloid structure on the helix and assessing their occurrence in the PDB using MASTER. (C) The peptide
sequence was generated by Rosetta using the symmetry files, considering both interactions of helix—strand and helix—helix while fixing the

amyloid residues.

neighboring helices. The number of matches determined the
feasibility of each helix-helix geometry, resulting in 75 helical
backbones (>200 matches at 1.0 A RMSD) that were well suited
for the joint optimization of helix-strand and helix-helix
interfaces in the next step of design.

8416 | Chem. Sci, 2024, 15, 8414-8421

We then ran a flexible backbone sequence design protocol
using symmetry files for symmetric helix-helix packing within
Rosetta.’*** Rosetta symmetry files enable sequence design
considering the symmetry of the fibril and the peptides,
engendering favorable helix-strand and helix-helix interactions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Sequences of designed and synthesized peptides
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Peptide 1 SWEEIIKALAELMRKVLEALSKL
Peptide 2 SMLEKVVEAGQKIVAK

Peptide 3 KMWELWARMAKEAFKMAESAYKS
Peptide 4 KMWELWARMAKEAFKMAESAAKS
Scramble ASKAKMAAEKRWMESLWEAMKAF

as a joint optimization problem. A total of 75 000 designs were
generated using flexible backbone design. To rank the designs,
we used Rosetta's REF2015 score function. We took the energy
score of [six B-strands-one helix] and subtracted the sum of [six
B-strands] and [one helix] to estimate the helix-strand interac-
tion. The helix-helix interaction score was similarly computed
as the contribution from interactions in a symmetrical complex
(Fig. S1t). During the selection process, designs were further
filtered to minimize unsatisfied hydrogen bonds, ensuring only
the most promising candidates were retained.

Experimental evaluation

The top four designs derived from three helical motifs were
selected for synthesis and experimental evaluation (Table 1).

Peptide 1* FITC-AP-SWEEITKALAELMRKVLEALSKL
Peptide 2* FITC-AP-SMLEKVVEAGQKIVAK

Peptide 3* FITC-AP-KMWELWARMAKEAFKMAESAYKS
Peptide 4* FITC-A*-KMWELWARMAKEAFKMAESAAKS
Scramble* FITC-AP-ASKAKMAAEKRWMESLWEAMKAF
FITC-B-Ala* FITC-AP

Additionally, we synthesized a scramble control peptide, in
which the sequence of peptide 4 was randomized. We chose the
scramble sequence first by assessing its aggregation score using
TANGO then predicting its a-helix formation using AlphaFold2.
Each peptide was synthesized using the conventional Fmoc-
solid phase peptide synthesis method with and without the N-
terminus capped with fluorescein-5-isothiocyanate (FITC). A -
Ala was included as a linker between the peptides and the FITC
group to reduce N-terminal cleavage by FITC.*® All synthesized
peptides showed good solubility in aqueous solution.

We examined the binding of our peptides to WT aSyn fibrils
using confocal microscopy. Peptides 1*-4* were dissolved and
diluted in PBS buffer at concentrations ranging from 10 nM to
0.1 nM with a final volume of 50 pL in a 384-well plate (Fig. 3A).

10 nM 10 nM 10 nM 10 nM 1nM 0.1 nM
peptide 1* peptide 2* peptide 3* peptide 4* peptide 4* peptide 4*
WT aSyn WT aSyn WT aSyn WT aSyn WT aSyn WT aSyn
. .
. ’
100 pm . . :
B peptide 4* peptide 4* scramble® FITC-control*
WT aSyn E46K aSyn WT aSyn WT aSyn
100 pm
C peptide 4* peptide 4* peptide 4*
WT aSyn AB40 ON3R tau
e . -~
\ 100 pm -
D peptide 4* peptide 4* peptide 4*
WT aSyn Ribbon aSyn Fibril aSyn
4
Ay
v
100 pm

Fig. 3 Raw confocal images of amyloids with FITC-labelled peptides 1*-4%*. (A) WT aSyn fibril with peptides 1*-4*. (B) Peptide 4* with WT aSyn
and E46K aSyn fibrils. (C) Peptide 4* with WT aSyn, AB40 and ON3R tau fibrils. (D) Peptide 4* with three conformers of aSyn fibrils.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To each well, 1 puL aliquot of 300 uM WT aSyn fibril was added
and incubated for 30 min. The plate was centrifuged to pellet the
fibrils for confocal microscopy. At 10 nM concentration, Peptide
4* displayed strong intensity indicating good binding. Even at
concentrations as low as 1 nM, binding was still detectable with
a good signal-to-noise ratio. The other three peptides 1*-3%*,
however, did not stain the fibrils brightly. It is interesting to note
that peptide 3* was not bright despite having only a single
alanine to tyrosine mutation from peptide 4*. Therefore, we
focused additional characterization on peptide 4*.

To confirm the specificity of peptide 4* binding to WT aSyn
fibrils, we compared the fluorescence intensity with E46K aSyn
(Fig. 3B). Since the targeting region comprised of GIn62, Thr64
and Val66 is buried in the E46K aSyn fibril structure, no bright
signal was expected. Indeed, we observed bright signal from the
WT aSyn fibrils whereas only weak fluorescence from E46K aSyn
which matched the intensity from the scramble* peptide. These
data suggested that peptide 4* bound WT aSyn fibrils with good
affinity and did not bind E46K aSyn fibrils validating our
peptide design method to bind structure-defined amyloid
conformer of interest. To rule out any nonspecific binding of
the FITC dye, we also synthesized FITC-B-Ala, and no signal was
observed with aSyn fibrils. We then examined if binding
occurred with other types of amyloids such as AB40 and ON3R
tau fibrils (Fig. 3C). Peptide 4* showed dim fluorescence for
AB40 and a low signal for ON3R tau fibrils, in comparison to
bright WT aSyn. Collectively, these data suggest that peptide 4*
recognizes the targeted WT aSyn fibril conformational strain
over E46K as well as other amyloid fibrils.

We then investigated whether peptide 4* could distinguish
conformational strains of aSyn based solely on the structural
differences, where the conformational strains each share iden-
tical amino-acid sequences. Three different wildtype aSyn fibril
conformers (named WT, ribbon, and fibril) are produced in
three different buffer conditions.*® Peptide 4* showed good
intensity for the targeted WT aSyn conformer, dim signal for
aSyn Ribbon, and low signal for aSyn fibril, respectively
(Fig. 3D). These data clearly demonstrate that peptide 4* can
effectively distinguish structural differences between confor-
mational strains of the same amyloid sequence, highlighting
the power of our peptide-design pipeline.

A Docking prediction B
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E
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Fig. 4 (A) Docking prediction of the designs using MOE dock and Hdock.

-
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To gain structural insight into the peptide-amyloid complex,
we first turned to protein-protein docking protocols from MOE
and Hdock" to predict the potential binding poses of the peptide
bound to the target amyloid structure (Fig. 4A). When three copies
of the designed helix were rigidly docked onto six B-strands of the
fibril, the two methods were in good agreement with the design. A
backbone RMSD difference of only 0.8 A (relative to the compu-
tational design) was observed for peptide 4 when the helices were
docked using Hdock and only slightly larger using MOE.

We next used 500 ns molecular dynamics (MD) simulations
to assess the stability of the designed complex (Fig. 4B). Four
copies of designed helices in an array were simulated in
complex with ten B-strand chains for 500 ns and their helical
backbone RMSDs were calculated to monitor stability of the
initial configuration on this time scale. Peptides 1 and 2, which
did not show appreciable binding in the confocal microscopy
study, showed the largest deviations from the initial model. The
functional peptide 4 was quite stable by this metric, indicating
that MD was able to differentiate this binder from non-
functional peptides. However, the Co. RMSD of peptide 3 was
similar to peptide 4, indicating that stability on the 500 ns time
scale was a necessary but not sufficient metric predictor of
binding.

To determine whether the binding interaction was stoichio-
metric, we determined the binding affinity between peptide 4 and
WT aSyn fibril using a ligand depletion sedimentation assay
(Fig. 5A). WT aSyn fibrils were titrated into a fixed concentration
of peptide 4*, and the amount of peptide remaining in solution
was determined after ultracentrifugation. Our results displayed
a saturation binding curve, indicating a plateau in binding. The
data fits well to a binding isotherm with a K, = 1.3 pM and
a stoichiometry of 1 peptide per 2 oSyn monomer, which
matched the designed stoichiometry. It is, however, still possible
that the peptide initially binds with higher affinity at low peptide/
surface ratios and becomes weaker as saturation is approached.
In a control experiment with the scramble* peptide, no appre-
ciable binding to WT aSyn fibril was observed.

We next assessed the effect of peptide 4 on the rate of
fibrillization of aSyn in the presence of thioflavin T (ThT),
a fluorogenic probe for amyloid formation (Fig. 5B). We
prepared fibrilization kinetics experiment with WT aSyn
monomer in the presence and absence of peptide 4, each in of

MD simulation

- peptide 1
- peptide 2
— peptide 3
— peptide 4

100 200 300 400 500 | e
time (ns) B design model

The backbone RMSD for design vs. prediction from MOE dock was 2.0

A and 0.8 A for Hdock. (B) MD simulation of design and the WT aSyn fibril (PDB 6cu?) with a plot showing the Ca. RMSD calculation over 500 ns

simulation.
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B ThT fluorescence assay
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(A) Ligand depletion assay with peptide 4* reveals a saturation binding curve with K, = 1.3 uM and binding stoichiometry of 1 peptide per 2

aSyn proteins (black). The scramble* control did not show appreciable binding (red) (B) ThT fluorescence assay with 300 pM aSyn monomer with
or without 200 uM peptide 4. The mean fluorescence signal from octuplicate is shown in thicker line with standard deviation. A rapid increase in
ThT fluorescence is observed at 500 min for aSyn alone whereas a slower increase is observed with the aSyn with peptide 4.

eight replicates. We noticed an increase in the fluorescence
signal for WT aSyn at around 500 min, indicating aSyn fibril-
lization. This was compared to aSyn fibrilization with peptide 4
where a delayed increase in fluorescence is observed at around
2500 min and a slower increase of fluorescence signal. These
data suggest that peptide 4 can interfere with the fibrilization
kinetics. We suspect that peptide 4 tiles the solvent exposed
fibril surface and prevents the secondary nucleation event.** It is
also possible that peptide 4 competes with ThT for the amyloid
binding site, or peptide 4 favored one conformational strain
over the other polymorphs. Collectively, peptide 4 slowed the
fibrilization kinetics and did not act as an inducer.

Discussion

Our peptide-design approach provides a novel method to
identify different conformational strains of amyloid fibrils. For
example, aSyn has distinct conformational strains associated
with Parkinson's, multiple system atrophy, and dementia with
Lewy bodies. Similarly, one or more distinct conformational
strains are specific for tau fibrils in Alzheimer's vs. Pick's
disease or AP fibrils in sporadic vs. familial Alzheimer's
diseases. Current conformational strain identification methods
typically involve a combination of antibodies and dye-staining
techniques. The present method utilizes small, robust
peptides that can be chemically synthesized. Future projects
include studying these peptides with genetically fused fluores-
cent proteins for uncovering the mechanisms of intracellular
amyloid formation. Alternatively, they may also offer attractive
possibilities for proof-of-concept studies for targeted degrada-
tion of amyloids. They could be coupled to E3 ligases to provide
genetic approaches to targeted degradation that might help
identify targets to guide future drug discovery.

More generally, this work presents a comprehensive approach
for designing peptide or protein assemblies along any structured,
repeating biological surface. In this method, the specificity of
interaction is generated through both peptide-strand interac-
tions and peptide-peptide interactions. The interaction of

© 2024 The Author(s). Published by the Royal Society of Chemistry

a single peptide is expected to be relatively weak, but by forming
highly favorable peptide-peptide repeating interactions, the
overall free energy of assembly becomes significantly favorable.
Moreover, the specific interaction that each adjacent peptide
forms with its neighbors stabilizes the geometry required for
peptide-strand interactions. Altogether, a highly specific
assembly is created, and might be widely useful as such.
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