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Amyloid fibril formation of a-synuclein (aS) is associated with mul-
tiple neurodegenerative diseases, including Parkinson’s disease
(PD). Growing evidence suggests that progression of PD is linked
to cell-to-cell propagation of «S fibrils, which leads to seeding of
endogenous intrinsically disordered monomer via templated elon-
gation and secondary nucleation. A molecular understanding of
the seeding mechanism and driving interactions is crucial to inhibit
progression of amyloid formation. Here, using relaxation-based so-
lution NMR experiments designed to probe large complexes, we
probe weak interactions of intrinsically disordered acetylated-oS
(Ac-aS) monomers with seeding-competent Ac-aS fibrils and
seeding-incompetent off-pathway oligomers to identify Ac-aS
monomer residues at the binding interface. Under conditions that
favor fibril elongation, we determine that the first 11 N-terminal
residues on the monomer form a common binding site for both fibrils
and off-pathway oligomers. Additionally, the presence of off-pathway
oligomers within a fibril seeding environment suppresses seeded
amyloid formation, as observed through thioflavin-T fluorescence
experiments. This highlights that off-pathway aS oligomers can
act as an auto-inhibitor against «S fibril elongation. Based on these
data taken together with previous results, we propose a model in
which Ac-aS monomer recruitment to the fibril is driven by interac-
tions between the intrinsically disordered monomer N terminus and
the intrinsically disordered flanking regions (IDR) on the fibril sur-
face. We suggest that this monomer recruitment may play a role in
the elongation of amyloid fibrils and highlight the potential of the
IDRs of the fibril as important therapeutic targets against seeded
amyloid formation.

amyloid formation | amyloid seeding | IDP-IDR interactions | aggregation
inhibition | Parkinson’s disease

myloid formation of the intrinsically disordered protein

(IDP) a-Synuclein (aS) is closely associated with the path-
ogenesis of a variety of neurodegenerative disorders, including
Parkinson’s disease (PD), dementia with Lewy bodies, and multiple-
systems atrophy (1). The pathology of aS is still not clearly un-
derstood, as multiple species along the fibril aggregation path-
way, including on-pathway oligomeric intermediates and end-stage
fibrils, have been demonstrated to be toxic to neurons (2-8). Abro-
gation of these toxic species is extremely challenging, in part due to
the amyloid seeding process, which is a complex mechanism by which
endogenous monomers interact with existing fibril seeds to facilitate
additional fibril formation. The mechanism involves multiple micro-
scopic steps, including elongation of fibril ends and surface-mediated
secondary nucleation (9-11). Furthermore, disease progression has
become increasingly linked to prion-like cell-to-cell propagation of aS
aggregates, in which aS oligomers and fibrils are transmitted to
neighboring neurons (12, 13). Here, the invading aggregates seed
amyloid formation of endogenous monomers to accelerate pro-
duction of toxic species (3). Thus, disruption of the process by which
aS aggregates seed proliferative amyloid formation has become an
intriguing target for inhibition of pathological aS self-assembly and
may reveal new therapeutic approaches against PD.
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Under amyloid fibril formation conditions in vitro, aS mono-
mers self-assemble along multiple pathways to mature into var-
ious species of stable off-pathway oligomers, transient on-pathway
oligomers that convert into amyloid fibrils, fragmented fibril seeds
and mature fibrils, creating a complex, heterogeneous environ-
ment (Fig. 14). While the inherent structural inhomogeneity and
transient nature of on-pathway oligomers makes them extremely
challenging to isolate and characterize, off-pathway oligomers are
stable and can be isolated by size exclusion chromatography
(SEC). Multiple species of stable, off-pathway oS oligomers under
various conditions have been previously isolated (5, 14-16).
Lorenzen et al. isolated two forms of stable aS oligomers from
amyloid-promoting conditions and determined the structure of
the smaller oligomers to consist of ~30 monomers oriented in an
ellipsoid shape, with an outer cloud of flexible and disordered mol-
ecules, based on small angle X-ray scattering (SAXS) (14) (Fig. 14).
How these stable oligomers impact amyloid seeding and growth is not
well understood. Determining how stable oligomers influence amy-
loid aggregation mechanisms may provide insight into pathological
seeding processes and aid in discovery of novel therapeutic ap-
proaches against amyloid seeding.

It has been observed previously that the rigid amyloid core can
act as a template to seed fibril formation (17, 18), yet the role of
intrinsically disordered flanking regions in fibril seeding is not well
understood. Structural models derived from solid-state NMR and
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Fig. 1. In fibril forming conditions, aS undergoes multiple aggregation pathways. (A) Schematic of the multiple assembly pathways and products formed by

aS. In vitro aS monomers can self-assemble in the same conditions into multiple species of oligomers or into amyloid fibrils, creating a complex heterogeneous
environment. Stable oligomers may be formed off-pathway and do not proceed to amyloid formation. Fibril formation is accelerated through fibril seeding
processes, such as templated elongation and secondary nucleation. Here, we investigate aS monomer interactions with off-pathway PFOs or PFFs (magenta,
dashed arrows) and the impact of coexisting off-pathway PFOs on kinetics of fibril seeding. The monomer ensemble is based on PED00024 (73). Stable
oligomers formed in fibril formation conditions have been shown to have a disordered C-terminal cloud (~55 residues, red) that surrounds the core consisting
of the N-terminal and NAC regions (14). Mature amyloid fibrils also have a surface of disordered N- (blue) and C-termini (red) that flank a rigid core [model
adapted from PDB: 6h6b (20)]. (B) In an in vitro ThT fibril seeding assay at 37 °C, Ac-aS PFFs induce the formation of new amyloid fibrils (black 40 uM
monomer, 1 uM fibril seeds). However, big PFOs do not have the ability to induce formation of new amyloid fibrils (blue 40 pM monomer, 1 uM big PFOs).

(C) A TEM image of isolated big PFOs displays their worm-like morphology.

cryo-electron microscopy (EM) have revealed that aS fibrils
consist of two protofilaments with a rigid “Greek key” core flanked
by intrinsically disordered N- and C-termini (~40 residues each)
(19-23) (Fig. 14). Current inhibition methods primarily target the
rigid core. These include using chaperones to block fibril ends or
fibril surfaces (9), treating with natural products that promote fibril
clustering to reduce fibril fragmentation and hide binding sites for
monomer addition (24, 25), and creating high affinity interactions
with amyloidogenic monomers to sequester monomers from self-
assembly (26). Recently, it has become increasingly more important
to understand the role of the intrinsically disordered regions (IDRs)
in fibril growth in order to determine their potential for amyloid
inhibition. These IDRs are a substantial fraction of the fibril structure
and make up a “fuzzy coat” that surrounds the rigid core (19-21).
The flexible flanking regions in several amyloid proteins have been
found to be highly involved in biological interactions, including
binding to receptors, chaperones, membranes, or RNA (27). In oS,
modifying the “fuzzy coat” through pathologically relevant N- and
C-terminal truncations was shown to modulate the aggregation and
seeding propensity of oS fibrils and influence the resulting fibril
morphologies (28-30). This suggests that the terminal IDRs are
also actively involved in the oS aggregation mechanism. In order
to more fully understand the seeding process, it is critical to identify
the monomer—fibril interactions and whether they involve the rigid
core or the flanking IDRs.

The weak, transient nature of the monomer—fibril interactions
that occur during fibril seeding make it a challenge to identify the
key residues involved. Solution NMR is unique in its ability to
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detect perturbations to soluble proteins at atomic-level resolu-
tion. Sophisticated solution NMR experiments, dark-state ex-
change saturation transfer (DEST), have been designed to probe
the exchange of NMR-visible, free monomers with the surface of
large, NMR-invisible complexes, such as amyloid fibrils, in residue-
specific detail not accessible by other techniques. These powerful
NMR methods were introduced by probing the interactions be-
tween NMR-visible amyloid-f (Ap) monomers with large, NMR-
invisible A protofibrils implicated in amyloid formation (31). More
recently, studies have used DEST to determine site specific interac-
tions of IDPs with membranes (32), lipopolysaccharides (33), uni-
lamellar vesicles (34), and in self-assembly (35, 36). Our laboratory
has recently used "N-DEST to determine the interaction interfaces
on immunoglobulin protein p,-microglobulin (f,m) for collagen I,
which facilitates f,m amyloid formation (37).

Here, we use NMR to characterize monomer—fibril and
monomer-oligomer interactions that occur under conditions pro-
moting templated elongation in order to gain a molecular under-
standing of the interaction between the N-terminally acetylated-oS
(Ac-aS) monomer and these complex aggregates. Through relaxation-
based NMR experiments, we find that Ac-aS preformed fibrils (PFFs)
and off-pathway preformed oligomers (PFOS? are in a dynamlc
equ1hbr1um w1th NMR-visible monomers. '°N-DEST experi-
ments and *N-transverse relaxation measurements reveal that
the N-terminal 11 residues of Ac-aS monomers interact with
PFFs and stable off-pathway PFOs, suggesting that the binding
interface of the monomer is similar for both fibrils and oligomers.
When added to a monomer solution prepared under templated
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elongation conditions, these same PFOs significantly delay fibril
formation in a concentration-dependent manner and can act as
auto-inhibitors of amyloid formation when coexisting with mono-
mers and PFFs. Our results suggest that delays in fibril formation by
PFOs may be explained by competing monomer N-terminal inter-
actions between PFFs and PFOs through their common binding
modes. Identification of this shared N-terminal binding site on Ac-
oS monomers for fibrils and off-pathway oligomers, taken together
with previous data, leads us to propose that the N terminus of the
intrinsically disordered monomer interacts with the intrinsically
disordered terminal flanking regions (IDR) of the fibrils and olig-
omers, a shared feature of these aggregate structures. These IDP-
IDR interactions may play a critical role in recruiting monomer to
the fibril under conditions that promote templated elongation.
While the structured fibril core is known to be critical to the tem-
plated assembly of amyloid fibrils, it is important to consider the
role of the N- and C-terminal fibril IDRs in fibril seeding and as-
sembly and their potential as targets against amyloid propagation.

Results

Stable Ac-aS Oligomers Formed under Amyloid Promoting Conditions
Do Not Convert to Fibrils or Seed Fibril Growth. We investigate the
interactions of «S monomers with seeding-competent aS PFFs or
seeding-incompetent aS off-pathway PFOs using NMR experi-
ments. All «S used in these studies are N-terminally acetylated,
as the N terminus of «S is posttranslationally acetylated in vivo
(2). N-terminal acetylation increases the helical propensity of the
N terminus, enhances membrane binding (38, 39), and has been
shown to influence fibril formation kinetics and morphologies of
fibrils produced (40). Thus, interactions of N-terminally acetylated-
aS (Ac-aS) monomers with seeding-competent PFFs and seeding-
incompetent PFOs is physiologically significant to understand
seeding mechanisms.

We isolated two species of stable Ac-aS oligomers by SEC (S
Appendix, Fig. S14), which were prepared under fibril formation
conditions, at 37 °C with 300 rpm shaking for 5 h. Notably, these
stable Ac-aS oligomers do not convert to fibrils and do not seed
amyloid formation of Ac-aS monomers in conditions that favor
templated elongation (PBS, pH 7.4, 37 °C) within 5 d (Fig. 1B).
Thus, while they are formed in conditions that promote fibril
formation, these oligomers are formed separately from the fibril
formation pathway and so are defined as “off-pathway.” In iso-
lation they do not progress to amyloid fibrils upon incubation at
37 °C for 5 d, as evidenced by the lack of thioflavin T (ThT)
fluorescence enhancement (SI Appendix, Fig. S1C) and maintain
their morphologies without evidence of fibril formation even
after 42 d as assessed by transmission electron microscopy (TEM)
(81 Appendix, Fig. S1 F and G). In addition, these stable oligomers
are not converted to fibrils by incubation with preformed Ac-aS
fibril seeds in templated elongation conditions over 5 d, as de-
tected by ThT (SI Appendix, Fig. S1D). Both species of stable Ac-
aS oligomers show a similar distribution of secondary structures by
circular dichroism, with reduced p-sheet content relative to mature
fibrils (SI Appendix, Fig. S1B). However, they are distinct from
each other in size and morphology. “Big” oligomers show an
overall elongated, worm-like morphology as visualized by TEM
(Fig. 1C), while “small” oligomers are uniformly circular in shape
(SI Appendix, Fig. S1E). Both big and small oligomers are similar
in size and morphology to nonacetylated oS oligomer species
previously isolated and characterized by the Otzen group (14).
Taken together, these results establish these isolated big and small
PFOs as off-pathway species that can be used as negative controls
of seeding.

Off-Pathway Ac-aS Oligomers Are Nontoxic to SH-SY5Y Cells. Ex-
tensive work has been done to investigate the observed toxicity of
aS fibrils, and while an exact understanding of the toxicity mecha-
nism has not been reached, aS amyloid fibrils are| thought to exert
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their toxic effect through interactions with multiple different cellular
pathways (19, 41-43). Oligomers have also shown significant levels
of cellular toxicity (8, 44, 45). MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)  cell
viability assays were used to evaluate the potential toxicity of the big
and small PFOs used in this work. After incubating SH-SY5Y
neuronal cells with Ac-aS PFFs for 24 h, cell viability is reduced in a
dose-dependent manner (Fig. 24, gray). However, when treating
SH-SYSY cells with the either big or small PFOs (up to 5 pM
monomer equivalent) for 24 h, no significant MTS reduction is
observed (Fig. 24, red, blue). To ensure an accurate assessment of
fibril or oligomer entry into the cells, SH-SYSY cells were treated
with PFFs or PFOs covalently linked with ATTO-488. After 24 h
incubation, cells were stained with DAPI and purified mouse anti-
aS antibody (Fig. 2 B and C and SI Appendix, Fig. S2). Cells treated
with either PFFs or PFOs showed cellular entry of the aggregates
(Fig. 2 B and C and SI Appendix, Fig. S2). PFF-treated cells show
3.3-fold higher anti-aS fluorescence relative to monomer control
cells (Fig. 2 B and C and SI Appendix, Fig. S2), indicating that fibrils
or other aggregates efficiently accumulate in the cellular environ-
ment. However, cells treated with big or small PFOs only show 1.34-
fold and 1.76-fold higher anti-aS fluorescence relative to monomer
treated cells (Fig. 2 B and C and SI Appendix, Fig. S2), respec-
tively. Thus, these off-pathway oligomers do not induce signifi-
cant accumulation of aS aggregates in the cellular environment.

Mature Ac-aS Fibrils and Off-Pathway Oligomers Are in a Dynamic
Equilibrium with NMR-Visible Monomers. Ac-aS PFFs and PFOs
were characterized by solution NMR in order to gain a molecular
understanding of an equilibrium between Ac-aS monomers and
fibrils/oligomers. In seeding experiments, fibrils are sonicated to
reduce the heterogeneity of fibril lengths (SI Appendix, Fig. S3 A
and D-F) and increase the number of fibril ends to promote
elongation (SI Appendix, Fig. S3B) (46). A "H-""N heteronuclear
single quantum coherence (HSQC) spectrum of sonicated PFFs
(TEM shown in SI Appendix, Fig. S44) shows indistinguishable
chemical shifts from Ac-aS monomers under the same conditions
(Fig. 34 and SI Appendix, Fig. S5D). Because the fibril species are
large and tumble slowly in solution, they are not detected in solution
NMR. However, the presence of observable monomer signals in-
dicates a detectable population of dissociated monomers that are in
equilibrium with the fibrils.

Similarly, SEC and NMR experiments indicate that both big
and small PFOs in solution are also in equilibrium with monomers.
After being isolated by SEC, big PFOs were immediately reinjected
onto the SEC column, and a monomer peak re-emerged (S Ap-
pendix, Fig. S4B). This indicates that oligomers are continuously in
equilibrium with monomers, and monomers cannot be completely
separated from the system. These PFOs also show chemical shifts
indicative of the intrinsically disordered Ac-aS monomers in their
"H-N HSQC spectra (SI Appendix, Fig. S5 E and F). However,
normalization of the peak intensities of the off-pathway oligomer
relative to the monomer at the same concentration reveal that big
and small PFOs have increased intensity in C-terminal residues (S
Appendix, Fig. S6A4). This is in agreement with solution NMR
studies of aS oligomers by the Otzen group, which indicated that
residues 86 through 140 remain mobile, based on comparisons of
peak intensities between monomeric and oligomeric samples (47).
The increased intensity observed in the C terminus of our big and
small PFOs may be due to superposition of peak intensity resultant
from both monomeric and oligomeric species, suggesting that the C
termini make up the “fuzzy” surface of the oligomer, as seen in
previous models (Fig. 14) (14, 16).

A Common N-Terminal Interaction Hotspot on Ac-aS Monomers Is
Shared between Off-Pathway Oligomers and Fibrils. Having estab-
lished that PFFs and PFOs are in equilibrium with NMR-visible
Ac-aS monomers in solution, we next determined which specific
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Fig. 2. Off pathway oligomers are not toxic to SH-SY5Y cells. (A) Cell viability assessed using an MTS reduction assay. Ac-aS monomer was used as the control.
Percent MTS reduction for all aggregate species was normalized to the level of the control (dashed line). Both big (red) and small (blue) PFOs show no re-
ductions in cell viability with increasing concentrations relative to monomers. Conversely, increasing concentrations of Ac-aS PFFs show a dose-dependent
reduction in cell viability. (B) Quantitation of the relative fluorescence intensities observed from the (C) confocal fluorescence images of SH-SY5Y cells treated
with ATTO-488 (green) labeled monomer, PFF, big PFO, or small PFO and then incubated with anti-aS-antibody (red) and stained with DAPI (blue). In C, the
composite images are shown, which are an overlay of the three anti-aS-antibody, ATTO-488, and DAPI-treated channels along with the differential inter-
ference contrast (DIC) image showing the outline of the cell body. Separate confocal images of anti-aS—antibody, ATTO-488, DAPI channels, and the DIC
images are shown for monomer, PFF, big PFO, and small PFO treated cells in S/ Appendix, Fig. S2.

residues of the equilibrium monomers are participating in the
monomer—PFF or monomer—PFO interactions using >N NMR
relaxation experiments. No chemical shift perturbation of equilibrium
monomer from PFFs or PFOs relative to isolated free monomer in
solution is detected, indicating weak interactions (Fig. 34 and SI
Appendix, Fig. S5 D-F). Equilibrium monomers from PFFs show
substantially elevated “N-transverse relaxation rates (Ry) in the
N-terminal region (first 23 residues), especially in the early N ter-
minus (residues 2 through 11) (Fig. 3B and SI Appendix, Fig. S6B).
An increase in °N-R, is indicative of reduced backbone motions on
the picosecond—nanosecond timescale due to site-specific direct in-
teractions and/or slowing of global molecular tumbling or to en-
hanced conformational exchange on the microsecond—millisecond
timescale. The contribution of conformational exchange was assessed
by N in-phase Hahn echo experiments (Fig. 3D), which estimate the
exchange contribution to the observed BNR, as N-R.,. No sig-
nificant Rey is observed in either the free monomer alone or equi-
librium monomer from PFFs, suggesting that the enhanced *N-R,
values arise from site-specific interactions.

Surprisingly, the same N-terminal region (first 22 residues)
was found fo have increased ">N-R5 in equilibritim monomers from
PFOs relative to free monomers, with additional increased °N-R,
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in the late non—-amyloid-B-component (NAC- residues 79 through
82 and 86 through 95) and C terminus (residues 96 through 111
and 115 through 130) (Fig. 3C and SI Appendix, Fig. S6B). Taken
together with the increased peak intensity in the C terminus and
the Otzen model of a disordered C terminus in nonacetylated oS
oligomers (47), these data are consistent with a superposition of
oligomer and monomer C-terminal signals in solution. Because of
this, the contribution to the overall peak intensities and apparent
ISN.R, from these two species is difficult to deconvolute. The
intrinsically disordered segments of the oligomer would exhibit
slower molecular tumbling as part of the oligomeric complex rela-
tive to monomer free in solution. This would result in a globally
increased N-R, of the intrinsically disordered segments of the
oligomer relative to that of the monomer. However, the N terminus
of the oligomer is expected to be rigid, buried within the oligomeric
core (14, 47), and thus its contribution to peak intensities or *N-R,
is likely undetectable by solution NMR. Therefore, the elevated
BN-R, in the N terminus of the PFO samples instead indicates
perturbation of equilibrium monomer N-terminal backbone dy-
namics. This suggests that equilibrium monomers from PFOs
interact with the oligomers at the same N-terminal binding site
as identified for the monomer—PFF interaction at equilibrium.
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Fig. 3. Sonicated fibrils and off-pathway oligomers are in equilibrium with monomers. (4) "H-">N HSQC spectra of 350 pM [U-">N]-Ac-aS monomer (black)
and 350 pM [U-">N]-Ac-aS PFFs (green). An overlay of these spectra shows indistinguishable chemical shifts and linewidths, indicating that the detected species
in the [U-">N]-PFFs sample is actually monomer dissociated from fibrils, referred to as equilibrium monomer. (B and C) Residue-level >N-transverse relaxation
rates ('°N-R,) of (B) 350 pM [U-"°N]-Ac-aS monomers (black) and 350 pM [U-"°N]-Ac-aS PFFs (green) and (C) 350 uM [U-">N]-Ac-oS monomers (black) and 350 uM
[U-">N]-Ac-aS big PFOs (red). The three sequential domains of oS are indicated on top (N-terminal, blue; NAC, gray; and C-terminal, red). Dashed lines separate
the domains within the plots. Regions of three or more consecutive residues that have a AR, between the monomer and aggregate samples >0.5 s~ are
highlighted in gray. (D) Relaxation exchange rates (**N-R.,) as measured by '>N-R, Hahn echo experiments of 350 uM [U-"°N]-Ac-aS monomers (black) and
350 pM [U-"°N]-Ac-aS PFFs (green). No substantial contribution of Re is observed in either sample. The error bars in the relaxation data are propagated from
the single exponential decay fitting errors of the underlying ">N-R, data. All NMR data were acquired in 10 mM PBS (pH 7.4) with 10% D,0 and 4 °C at 800

MHz "H Larmor frequency.

Visualizing the Ac-aS Monomer-Fibril Interaction Interface Using
NMR "°N-DEST Experiments. To probe the specific molecular in-
teractions of the NMR-visible equilibrium monomer with NMR-
invisible high molecular weight species (fibrils) we use '’N-DEST
(31, 48) experiments. This technique takes advantage of the broad,
undetectable resonances of high molecular weight “dark-state”
complexes (e.g., fibrils) to selectively saturate these species at
frequencies far off resonance and transfer the saturation to an
observable “light state” (e.g., unbound equilibrium Ac-aS mono-
mer) in exchange with the complex (31, 48). These experiments are
sensitive to slow exchange processes on the ~10 ms to ~1 s time-
scale (48). A key indicator of this exchange regime is a detectable
difference in '>N-R, values between a sample with only the free
monomer and one containing the dark state. Based on consider-
ations of sensitivity and maximum AR, values (~2.5 s7L SI Ap-
pendix, Fig. S6B), the Ac-aS monomer-PFF equilibrium system is
the most amenable to >N-DEST experiments. The superposition of
equilibrium monomer and oligomer signals and the lower maximum
AR, (~2.0 57", SI Appendix, Fig. S6 C and D) in the monomer—PFO
equilibrium system makes analysis of the >N-DEST experiments
more complicated.

Yang et al.

We performed "N-DEST experiments on free '*N-Ac-aS
monomers in the absence of fibrils (i.e., absence of a dark state)
and "N-Ac-aS PFFs in equilibrium with monomers. Spectra of
NMR-visible equilibrium monomers (light state) show residue-
specific peak intensity loss at multiple distant °N-offsets relative
to free monomers in the absence of a dark state. This is indic-
ative of residues in exchange with the dark fibril-bound state and
results in broadening of the DEST saturation profile for those
residues (Fig. 4 A-C). This broadening effect is expressed as A®
in Fig. 44. We find that the per-residue DEST saturation profiles
of the equilibrium monomer from PFFs is broadened for early
N-terminal (first 12) residues (Fig. 4 A-C). This indicates that in-
deed the equilibrium monomer is associating with the fibril, forming
the detected dark-state complex, and that this association is stron-
gest in the first 12 N-terminal residues.

Representative DEST saturation (350 Hz saturation) profiles
for residues in each of the three domains of free Ac-aS monomer
in the absence of a dark state or equilibrium Ac-aS monomer are
provided in Fig. 4 B-E. For residues D2 and V3 in the N terminus,
a clear broadening of the profile is observed for the equilibrium
monomer relative to free monomer (Fig. 4 B and C). However, for
residues T64 in the NAC and N103 in the C terminus, minimal
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the underlying 2D spectra. All experiments were conducted in 10 mM PBS (pH 7.4) with 10% D,0, 4 °C at 800 MHz 'H Larmor frequency.
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differences are observed between the two samples (Fig. 4 D and
E). A simple two-state model that accounts for one light state
(unbound equilibrium monomer) and one dark state (equilib-
rium monomer bound to fibril) fits to residue-specific AR, values
(R cquilibrium g free monomery anq DEST profiles with radio-
frequency (RF) saturation fields of 350 Hz and 150 Hz (SI Ap-
pendix, Fig. S7 and Fig. 4 B-E). Based on this two-state model,
99.79 + 0.05% of the monomer is unbound while the remainder
is bound to the PFFs with an apparent first-order rate constant
(KonP) of 2.36 + 0.08 s~'. Despite this low population of PFF-
bound monomers, substantially higher R,"**™ values on the order
of 10° to 10° s (SI Appendix, Fig. STB) are estimated for the first
11 residues relative to the remainder of the sequence. The analysis
of the N-DEST saturation profiles, calculation of A®, and simu-
lated estimations of R,”"™ values suggest that within the dynamic
monomer-PFF equilibrium there exists a small population of
monomers that are in direct contact with the PFFs via a N-terminal
hotspot that includes the first 11 residues. N-terminal residues that
exhibit increased ’N-R, values but do not show the DEST effect
are likely not in direct contact with the PFFs but may still be im-
pacted by the interaction due to their proximity to the binding site.
Taken together, the differential '>N-R, data and '>N-DEST on
'>N-Ac-aS PFFs suggest that they are in dynamic equilibrium with
dissociating and reassociating Ac-aS monomers and that the
monomer—fibril direct contacts involve the early monomer N termi-
nus, which is potentially also an interaction domain for off-pathway
oligomers.

60of 11 | PNAS
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In a Kinetic Seeding Environment, Ac-aS Monomers Interact with
Off-Pathway Oligomers and Fibrils at the Same N-Terminal Interaction
Hotspot. In order to identify monomer residues that interact with
preformed fibril seeds in a kinetic seeding environment, in which
the concentration of monomeric Ac-aS is much higher than those
of the PFFs or PFOs, and to compare them with the monomer—
PFF interaction interface observed in equilibrium, we probed for
residue-specific interactions of '’N-Ac-aS monomers in the pres-
ence of low concentrations of PFFs or PFOs under conditions that
promote templated elongation (PBS at pH 7.4). No chemical shift
perturbations are observed in the 'H-'"N HSQC spectra of Ac-aS
monomers upon addition of any of the aggregates (SI Appendix,
Fig. S5 A-C). Interestingly, upon addition of either PFFs or PFOs,
we observe perturbatlon of the monomer backbone dynamics, with
the largest increases in >N-R, observed in the N-terminal nine
residues (Fig. 5 A and B), consistent with the equilibrium results
above. However, the maximum AR, observed is ~1 s7}, indicating
a slower exchange process than what is observed in the equilibrium
systems. These slow processes preclude accurate quantitation by
DEST measurements. Since the ’N-R, perturbation occurs in the
same N-terminal region of the monomer as in the equilibrium
systems without conformational exchange contribution (Fig. 5C),
we expect that the increased '>N-R, values result from monomer
interactions specifically at the N-terminal hotspot with the PFFs or
PFOs in a seeding environment that promotes templated elongation.

off-Pathway Ac-aS Oligomers Delay Seeded Fibril Elongation. Ag-
gregation of Ac-aS from free monomer results in a dynamic mixture
of fibrils and off-pathway oligomers that are present simultaneously
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in solution (Fig. 14). We used the amyloid indicating ThT fluo-
rescence change to investigate the interplay of PFOs coexisting
with Ac-aS monomers and fibrils during seeded aggregation under
conditions that promote elongation (10 mM PBS, pH 7.4). A
significant delay in fibril formation is observed upon addition of
2x molar excess of big PFOs to PFF seeds. By adding big PFOs at
a 5x molar excess to PFF seeds, amyloid formation is essentially
abolished, as evidenced by the almost complete loss of ThT
fluorescence intensity (Fig. 64). A similar inhibitory effect is also
observed for the small oligomers (SI Appendix, Fig. S8C), indi-
cating that fibril formation is significantly delayed in the presence
of off-pathway oligomers. After five days of coincubation with big
or small PFOs, fibrils show morphology that is indistinguishable
from the initial PFF seeds, which suggests that the PFOs modify
and significantly delay the kinetics of fibril formation under condi-
tions that favor templated elongation but do not change the mor-
phology of the mature fibrils produced (SI Appendix, Fig. S8 D-F).

This inhibitory effect of the PFOs is reduced either by soni-
cation of PFF seeds or by increasing concentration of monomers.
Sonication of fibril seeds reduces the fibril length from micrometers
to nanometers and produces more fibril ends, which provide more
elongation sites for the same monomer-equivalent seed concentration

(SI Appendix, Fig. S3 A and B) (10, 46, 49). Consistent with the
literature, the longer the sonication time applied to mature fibrils,
and therefore the shorter the fibril seeds, the more numerous the
elongation-competent ends and the more efficient the seeding ca-
pacity (SI Appendix, Fig. S3 A, B, and D-F). Using fibrils that have
been sonicated for extended periods of time as seeds for 40 pM
monomers and coincubating them with 2x molar excess PFOs rel-
ative to PFFs, the oligomer inhibitory effect on the aggregation
kinetics is largely reduced (Fig. 6B and SI Appendix, Fig. S8A4).
Likewise, under the same conditions, increasing the monomer
concentration corresponds to faster aggregation kinetics (SI Ap-
pendix, Figs. S3C and S8C). With increasing monomer concentra-
tion, we observe shorter lag times even in the presence of PFOs
(Fig. 6C and SI Appendix, Figs. S3C and S8B). Thus under solution
conditions favoring fibril elongation, promoting monomer—fibril
interactions by increasing fibril ends or increasing monomer con-
centration reduces the inhibitory effect of off-pathway oligomers.

Discussion

Identification of a Monomer-Fibril Interface: N-Terminal 11 Residues
of Ac-aS Monomer Interact with the Fibril. Fibril seeding is an im-
portant process in the propagation and cell-to-cell spreading of
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Perturbation to [U-'>N]-Ac-aS monomers in the presence of PFFs or PFOs in a kinetic seeding environment reveals a common interaction interface.

Residue-level ">N-R; of (A) green: 90 pM [U-">N]-Ac-aS monomer + unlabeled PFFs (1:1 molar ratio) and black: 90 M [U-'>N]-Ac-aS monomer alone and (B) red:
90 M [U-">N]-Ac-0S monomer + unlabeled big PFOs (1:1 molar ratio) and black: 90 uM [U-">N]-Ac-oS monomer alone. Regions of three or more consecutive

residues that have a AR, between monomers in the presence and absence of aggregates > 0.5 5"

are highlighted in gray. (C) ">N-R¢, as measured by ">N-R,

Hahn echo experiments of 90 uM [U-">N]-Ac-aS monomers in the absence (black) or presence of 90 uM unlabeled PFFs (green). No substantial contribution of
Rex is Observed in either sample. The error bars in the relaxation data are propagated from the single exponential decay fitting errors of the underlying ">N-R,

data. All NMR data were acquired at 700 MHz "H Larmor frequency.
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Fig. 6. Off-pathway oligomers delay fibril seeding kinetics. ThT fluorescence assays of Ac-aS seeded aggregation under various conditions of the reaction
components. (A) Seeded aggregation of 40 uM monomer, 1 uM (monomer equivalent) PFF, and either 0 uM (green), 2 uM (black), 5 pM (red), or 10 uM (blue) big
PFO. (B) Seeded aggregation of 40 pM monomer, 1 uM PFF, and 2 pM big PFO, where the fibril seeds are sonicated for either 0s (red), 15 s (blue), or 120 s (green)
before addition to the reaction. (C) Seeded aggregation of either 20 pM (red), 40 pM (black), or 80 pM (green) monomer, with 1 pM PFF and 2 pM big PFO.

disease related amyloidosis. Understanding the nature and res-
idue specificity of monomer—fibril interactions is critical for un-
derstanding the mechanism of fibril seeding and for effective
interference with aggregation processes. While numerous elegant
experiments have focused on identifying regions in the monomer
of Ac-aS that are important to the kinetics of fibril formation by
studying point mutations and changes in primary amino acid
sequence or by altering solution conditions (28-30, 46, 50-52),
here, we present a molecular view of the binding interface be-
tween Ac-aS monomer and seeding-competent PFFs or seeding-
incompetent PFOs. Our NMR relaxation based experiments re-
veal that the N terminus of the free Ac-aS intrinsically disordered
monomer forms an interaction interface with PFFs and PFOs
under equilibrium conditions and under conditions in which there
is excess monomer in solution. We demonstrate that PFFs and
PFOs are dynamic entities that exist in equilibrium with mono-
meric Ac-aS (Fig. 7). This is consistent with previous NMR
translational diffusion results that indicated a population of
monomer-like species in solution with Ac-aS fibrils (53) and with
the concept of molecular recycling of amyloid fibrils first intro-
duced with fibrils of the SH3 domain (54). Detailed ’N-DEST
experiments allow visualization of the transient binding interface
of the monomer-PFF “dark-state” complex via the free, NMR
observable monomer state. The NMR relaxation results indicate
that the N-terminal 11 residues of the monomers bind transiently
to the PFFs in equilibrium conditions and in fibril seeding con-
ditions that promote elongation (Fig. 7).

Importance of the Ac-aS N Terminus. Under physiological condi-
tions in vivo, the amino terminus of aS exists as the amino-terminal
acetylated form. The N-terminal acetylation has been shown to have
an impact on secondary structure propensity, metal binding, and
aggregation kinetics (55-58). In addition, the N terminus of aS has
been recognized as an interaction hotspot that is important for
membrane binding (59) and insertion (60) and may contribute to
induction or inhibition of amyloid formation. N-terminal interac-
tions of aS monomers with chaperones (61) and nanoparticles (62)
have been shown to inhibit amyloid formation. Recently, a canon-
ical motif for transient interactions of aS with multiple chaperones
was determined (61), which shares the 11 N-terminal amino acids
identified here. Together, this and previous work establish the N
terminus of «S monomers to be an important target for promoting
or inhibiting amyloid growth.

Ac-aS Preformed Oligomers Are Autoinhibitory: PFOs Delay Fibril
Formation in a Seeding Environment. We show that Ac-aS PFOs
formed under fibril-promoting conditions are not merely bystanders

8of 11 | PNAS
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in the aggregation process but delay or even inhibit fibril growth
under conditions that promote templated elongation. During the
fibril formation process that favors elongation processes, many
species including on-pathway and off-pathway oligomers, fibril
seeds, and mature fibrils exist in equilibrium. Our data, in which
we characterize off-pathway PFOs, highlight that they can act as
auto-inhibitors of Ac-aS fibril formation. Since the PFOs and
PFFs share a common N-terminal interaction site on the mono-
mer, we propose that the suppression of amyloid kinetics is due to
a competition between the monomer N terminus and the PFOs or
PFFs (Fig. 7). Competitive binding of monomers with PFOs re-
sults in reduced availability of free monomers to interact with
PFFs, effectively inhibiting amyloid fibril elongation. Competitive
mechanisms of suppressing amyloid formation have been previ-
ously proposed, such as competitive binding to fibril ends of
Hsp70 to prevent fibril elongation (63) and high-affinity monomer
binders that sequester monomer to inhibit their participation in
fibril growth (26). Inhibition of fibril growth by coexisting species
has been proposed for other amyloid-forming proteins, such as
insulin, lysozyme, and A (64, 65). Our data show how interactions
between the multiple coexisting species even of the same protein
may influence amyloid formation.

Fibril Seeding: Proposed Mechanism of Monomer Recruitment to
Fibrils. Based on our identification of a common N-terminal hot-
spot on Ac-aS monomers for interaction with both PFOs and
PFFs and on previous work by our laboratory (66, 67) and others
(68, 69) on aS monomer-monomer interactions (Fig. 7.4 and B),
we propose a model in which the amino terminal residues of Ac-
aS transiently interact with PFFs via the disordered flanking re-
gions that surround the Greek key fibril core. Previous work has
shown that transient IDP-IDP dimers are mediated by N-N- or
N-C-terminal interactions (66—69). Specifically, NMR para-
magnetic relaxation enhancement experiments in our laboratory
highlighted that the early N-terminal residue All, part of the
monomer binding interface identified in the current study, pref-
erentially forms intermolecular interactions with C-terminal resi-
dues in dimer formation (66).

Flanking IDRs in amyloid fibrils of multiple proteins have been
shown to regulate protein and membrane binding of functional
amyloids, modulate aggregation kinetics, and may play important
roles in fibril growth and monomer recruitment (27, 70). The re-
markable similarity in the monomer recognition site for PFFs and
PFOs is at first surprising, given the vast difference in morphol-
ogies between the PFFs and PFOs. However, similarity between
the fibril and oligomer structures lies in their intrinsically dis-
ordered termini. Previous studies of oligomers purified under
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B Weak Fibril-Monomer Complex
“Dark state”

A Monomer Ensemble
“Light state”

Weak Oligomer-Monomer Complex

Fig. 7. Proposed IDR-IDP interactions of the N-terminal monomer hotspot with disordered flanking regions in the fibrils and oligomers. (A) Cartoon diagram
of an intrinsically disordered unbound monomer ensemble. The flanking N-terminal residue interaction sites identified by '"N-DEST and 'N-R, NMR ex-
periments are represented in magenta. (B) Mature oS fibrils are in equilibrium with free monomer in solution. Based on the shared monomer binding site with
off-pathway oligomers identified in this work and previous NMR studies on «S monomer-monomer interactions (66-69), we propose that Ac-aS monomers
can interact via their N-terminal hotspot (magenta) with disordered flanking regions of mature fibrils. The fibril model is adapted from PDB: 6h6b (20),
highlighting the disordered N- (blue) and C-termini (red) flanking the ordered Greek key amyloid core. This IDR-IDP interaction may drive monomer re-
cruitment during amyloid seeding. (C) Off-pathway Ac-aS oligomers are also in equilibrium with free monomers, which reassociate with the oligomers via the
same N-terminal hotspot (magenta). A schematic diagram of an off-pathway oligomer based on the Otzen model (14) is shown, highlighting the disordered
C-terminal cloud (red) surrounding the rigid core. We hypothesize that off-pathway oligomers delay amyloid formation by competing for interactions with

the N terminus of Ac-aS monomers.

amyloid-forming conditions were determined to have an ellip-
soid core with a fuzzy outer shell composed of disordered C
termini, consistent with our solution NMR data (14, 16, 47, 71).
This “fuzzy-coat” model leaves only the C terminus of aS olig-
omer exposed for interactions with monomers (Fig. 7C). Con-
versely, aS amyloid fibrils possess both exposed disordered N-
and C-termini flanking a rigid Greek-key fibril core, as observed
in structural models determined by solid-state NMR and cryo-
EM (19-23). In this way, oS fibrils also have a “fuzzy-coat” made
of disordered C termini (approximately residues 97 through 140)
in addition to a “fuzzy-coat” made of disordered N termini
(approximately residues 1 through 36), providing the potential
for aS monomers to interact with either the N or C termini of the
fibrils (Fig. 7B).

We therefore propose that the monomer—aggregate transient
interactions that we have identified in this work occur between
the amino terminal residues of the intrinsically disordered mono-
mer and the intrinsically disordered flanking regions of the aggre-
gates. While a substantial part of amyloid structures consist of
intrinsically disordered regions in addition to the ordered core, the
role and importance of these disordered flanking regions in amyloid
seeding is not yet well understood but is a current subject of
interest (27). Here, we have presented results that demonstrate
that the monomer binding interface of the “dark-state”
monomer—PFF complex resides in the amino terminal 11 resi-
dues of the monomer and lead us to hypothesize that these
transient monomer—PFF interactions arise via intermolecular
contacts between the N terminus and the flanking regions of the
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fibril. These weak interactions may serve as the first step in the
recruitment of monomers to fibrils. Thus, future therapeutic
approaches for amyloid inhibition may consider targeting the
IDRs that coat the fibril surface in order to block monomer
recruitment and reassociation with the fibril.

Materials and Methods

Please see S/ Appendix for a detailed version of all materials and methods.

Protein Expression and Purification. N-terminally acetylated human oS was
obtained through coexpression with the pNatB plasmid (Addgene #53613) in
Escherichia coli BL21(DE3) cells. Uniformly '>N-labeled Ac-aS for NMR was
expressed in M9 minimal media with ">N-ammonium chloride as the only ni-
trogen source. Unlabeled and [U-"°N]-Ac-aS was purified as previously described
(55). Protein purity and molecular weight were confirmed by electrospray
ionization mass spectrometry (ESI-MS). Protein was stored as lyophilized pow-
der at —20 °C until usage.

Preparation of Stable Off-Pathway Oligomers and Fibrils. Briefly, off-pathway
oligomers were prepared by incubating 10 mg/mL Ac-aS powder in 10 mM
PBS buffer (pH 7.4) at 37 °C for 5 h with shaking at 300 rpm. Stable olig-
omers were separated on a Superose 6 size exclusion column (GE Health-
care) at 4 °C.

Fibrils were prepared as previously described (72). In short, fibrils were
prepared by incubating 100 pL of 70 pM Ac-aS with a single Teflon bead
(3 mm, Saint-Gobain N.A.) at 37 °C, shaking at 600 rpm in 96-well clear
bottom plates (Corning) in a POLARstar Omega fluorimeter (BMG Labtech)
for at least 72 h. To obtain varying lengths of fibril seeds, probe sonication
was applied with 30% power.
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Experimental Protocols. Detailed methods on ThT fluorescence, TEM, circular
dichroism, NMR, and cell toxicity experiments are provided in the S/ Appendlix.

Data Availability. All data and protocols are available in the main text or
SI Appendix.
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