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The transition of intrinsically disordered, monomeric a-sy-
nuclein into f-sheet-rich oligomers and fibrils is associated
with multiple neurodegenerative diseases. Fibrillar aggregates
possessing distinct structures that differ in toxicity have been
observed in different pathological phenotypes. Understanding
the mechanism of the formation of various fibril polymorphs
with differing cytotoxic effects is essential for determining how
the aggregation reaction could be modulated to favor nontoxic
fibrils over toxic fibrils. In this study, two morphologically dif-
ferent a-synuclein fibrils, one helical and the other ribbon-like,
are shown to form together. Surprisingly, a widely used small
molecule for probing aggregation reactions, thioflavin T (ThT),
was found to tune the structural heterogeneity found in the
fibrils. The ribbon-like fibrils formed in the presence of ThT
were found to have a longer structural core than the helical
fibrils formed in the absence of ThT. The ribbon-like fibrils are
also more toxic to cells. By facilitating the formation of ribbon-
like fibrils over helical fibrils, ThT reduced the extent of fibril
polymorphism. This study highlights the role of a small mole-
cule such as ThT in selectively favoring the formation of a spe-
cific type of fibril by binding to aggregates formed early on one
of multiple pathways, thereby altering the structural core and
external morphology of the fibrils formed.

The conversion of soluble, functionally active proteins into
insoluble, B-sheet—rich, aggregated structures is associated
with a variety of neurodegenerative diseases such as Parkin-
son’s disease (PD)? and Alzheimer’s disease (AD) (1—4).
Detailed structural analyses of the characteristics of cross-3-
sheet architecture (5-7) present in these aggregates reveal their
polymorphism (8). It is now known that fibrils formed by a
single protein can show multiple distinct conformations under
different growth conditions (9-11) as well as under identical
growth conditions (12—15). The importance of studying fibril-
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lar heterogeneity originated from the prion strain phenome-
non, in which a single prion protein is known to cause multiple
different pathologies by adopting amyloid-like conformations
that differ mainly in their external morphologies and molecular
structures (16 —18). A prion strain propagates a specific pathol-
ogy faithfully by presenting a specific amyloid template for
existing monomer to add on to. Proteins other than the prion
protein can also acquire different fibrillar morphologies, show-
ing different levels of toxicity, and propagate faithfully (5, 10).
Importantly, fibrils of different morphologies, which differ in
their cytotoxicity levels, have been shown to exist in the brains
of different AD patients (8, 19). The differences in the toxicity
potentials suggest that various fibrils may have different levels
of stability, packing, and hydrophobicity (20-22). It is now
clear that fibril polymorphism is responsible for different path-
ological phenotypes (23). It is therefore important to under-
stand the origin of fibril polymorphism.

In PD, the central molecular species is the protein a-sy-
nuclein, which is an intrinsically disordered protein of 140 res-
idues. It is expressed mainly in the neurons of the central nerv-
ous system (CNS). It acquires helical and B-hairpin structure
upon binding to membranes and 3-wrap proteins, respectively
(27, 28). The function of this protein has not yet been ascer-
tained conclusively, although some studies suggest that it is
involved in the process of vesicle release and trafficking (29).
a-Synuclein is known to aggregate and form Lewy bodies in
dopaminergic neurons of the brain. Lewy bodies are made of
cross-f3-sheet—rich structured aggregates called amyloid fibrils.
The process of a-synuclein fibrillation is associated with a
variety of neurodegenerative diseases besides PD, including
dementia with Lewy bodies (1), AD, and multiple system atro-
phy (2, 3). a-Synuclein has been shown to form differently
structured amyloid aggregates (10, 12, 13, 15), but there is little
understanding of how this happens.

Structural heterogeneity in a-synuclein fibrils originates
mainly during the multi-step process of fibrillation in which
monomers self-assemble into various on- and off-pathway olig-
omers that vary in size, shape, structure, stability, and packing
(30, 31). Structurally distinct oligomers appear to grow into
different types of fibrillar aggregates with structural cores that
resemble the oligomers (31). The structural core of a-synuclein
fibrils have been characterized by solid-state NMR (10, 12,
32-34), hydrogen—deuterium exchange mass spectrometry
(HDX-MS) (31, 35), HDX-NMR (13, 33), electron paramag-
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netic resonance (EPR) spectroscopy (36, 37), and proteinase
K treatment (38). Most of the studies indicate that residues
31-109 form the structural core of fibrils (10, 12, 13, 15, 31-38).
However, fibrils with a very different structural core, compris-
ing residues 1-43 and 58-97, have also been characterized
(10).

A recent structural model for a-synuclein fibrils based on
solid-state NMR, electron microscopy, and X-ray fiber diffrac-
tion data suggests a Greek-key topology (32). The atomic struc-
tures of fibrils made from peptides corresponding to the
NACore and preNAC segments (residues 6878 and 47-56,
respectively) of the protein have been characterized in a micro-
electron diffraction study (39). Both of these sequence seg-
ments are present in the structural core of fibrils formed by
full-length «-synuclein (39). a-Synuclein monomers were
found to form antiparallel B3-sheet structures that stack on top
of each other to form a protofilament (39). The protofilaments
twist together to form fibrils (39). Cryo-electron microscopy
and scanning transmission electron microscopy studies have
also been used to characterize the structure of a-synuclein
protofibrils. Two protofilaments, each made of three B-strands
from the same subunit, form the protofibrils in which sequence
segment 8 —94 forms the structural core (15). Two protofibrils
were found to associate with each other asymmetrically to form
fibrils (15). It was hypothesized that the number of protofibrils
and their nature of association in the fibrils may determine the
final morphology of a-synuclein fibrils and, hence, their struc-
tural heterogeneity (15).

The process of a-synuclein fibrillation has been described
by the nucleation-dependent polymerization model, which
involves a lag phase followed by an exponential phase (40). Dur-
ing the lag phase, monomers undergo structural rearrange-
ments to form transient nuclei, which further grow by the addi-
tion of monomers to form fibrils. The molecular structure of
the nucleus is likely to determine the molecular structure of the
fibrils (41), and modulation of the nucleation and elongation
rates by varying the growth conditions is expected to modulate
the amount of various fibrillar polymorphs (42).

Under different solution conditions, a-synuclein has been
shown to form two types of fibrils, which differ in their mor-
phology, structural core, toxicity, and infectivity (10). Even
under the same aggregation conditions, a-synuclein can form
morphologically and structurally different fibrils (12, 13, 15).
Understanding the molecular mechanism by which different
types of aggregates arise and how fibril formation can be mod-
ulated is crucial for the development of therapeutics for PD and
other protein aggregation diseases.

Small molecules have been used extensively to modulate and
inhibit the process of aggregation for several disease-linked
proteins (43—45) including a-synuclein (46, 47). The binding of
small molecules to fibrils can reduce the amount of toxic olig-
omers by blocking fibril dissociation (48), by modifying the
fibril surface, which acts as an efficient catalyst to generate toxic
oligomers (49), or by driving the equilibrium toward fibril for-
mation (45). The small molecule thioflavin T (ThT) is used
widely to monitor the aggregation process for many proteins
because of its ability to bind to cross-B-sheet structures found
in amyloid fibrils, which modulates the fluorescence properties
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Figure 1. ThT accelerates the fibrillation of a-synuclein. This graph shows
ThT fluorescence-monitored kinetics of fibril formation by 100 um a-sy-
nuclein in the absence (purple) and presence (cyan) of 1 mm ThT at pH 7.0,
37 °C. The error bars represent S.D. from three independent aggregation
reactions.

of ThT (50). ThT binds to different types of fibrils with different
affinities (51), and it can accelerate protein aggregation by bind-
ing to monomer or fibrils (52, 53). It is, however, not known
whether small molecules such as ThT that bind fibrils can mod-
ulate a fibril formation reaction, such that one type of fibrils is
preferred over another, or whether the presence of such small
molecules during fibril formation affect the internal structure
as well as the external morphology of the fibrils.

In this study, the process of a-synuclein fibrillation in the
absence and presence of ThT was studied. In the absence of
ThT, two types of coexisting fibrils were observed. 70% of the
fibrils were helical in external morphology and had a shorter
structural core, whereas the remaining 30% of the fibrils had a
flat, ribbon-like morphology and an extended structural core.
The addition of ThT during aggregation enhances the rate con-
stant of a-synuclein fibril formation and reduces structural het-
erogeneity with only ribbon-like fibrils being formed.

Results
Effects of ThT on the fibrillation of a-synuclein

To study the effects of ThT on the fibrillation of a-synuclein,
100 um protein was incubated at pH 7.0 and 37 °C in the
absence and presence of 1 mM ThT. The fibrillation process was
monitored by measuring the ThT fluorescence emission at 482
nm (Fig. 1). In the absence of ThT, fibril formation by a-
synuclein followed a nucleation-dependent polymerization
mechanism with a lag phase of ~30 h duration. In contrast, the
presence of ThT accelerated the fibrillation of the protein by
reducing the lag phase and accelerating the elongation phase.
The ThT fluorescence emission signal obtained at saturation
for the reaction in the presence of ThT was 2-fold higher than
for the reaction in the absence of ThT, indicating that either the
amount of fibrils was greater or the fibrils differed in their bind-
ing ability to ThT. For fibrils formed in the absence and pres-
ence of 1 mM ThT, similar amounts of monomer were found to
have converted into fibrils at saturation (supplemental Fig. S1).
Hence, it was likely that the fibrils formed in the absence and
presence of 1 mM ThT differed in their ability to bind ThT.
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Figure 2. Two different morphologies of a-synuclein fibrils are observed in the absence of ThT. a and b, AFM images of fibrils formed in the absence of
ThT (a) and in the presence of 1 mm ThT (b) at a time corresponding to three times the t5, of ThT fluorescence-monitored kinetics. ¢ and d, show is the fibril

height distribution from aand b, respectively. e, the height profile of a single hel

ical fibril from a, where an arrow points to the area from which the height profile

was taken. f, the height profile of a single, flat, ribbon-like fibril from b, where an arrow points to the area from which the height profile was taken.

Effect of ThT on the size and morphology of the fibrils

Atomic force microscopy (AFM) images were obtained for
fibrils formed by 100 um protein both in the absence and pres-
ence of ThT (Fig. 2, a and b). Two types of fibrils were observed
to have formed in the absence of ThT (Fig. 2¢). One type was
helical, with a periodicity of 74 = 6 nm (Fig. 2e), and the other
was flat and ribbon-like with no periodicity. The mean heights
of the helical and ribbon-like fibrils were 5.7 = 0.7 and 6.3 = 1.5
nm, respectively. Interestingly, only one type of fibril was
obtained in the presence of ThT; these were flat and ribbon-like
with a mean height of 7.4 = 0.8 nm (Fig. 2, d and f). Comparable
results were obtained when the fibrils were formed from 50 um
protein (data not shown). The flat, ribbon-like fibrils formed in
the presence of ThT had a larger diameter and less heterogene-
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ity than the flat, ribbon-like fibrils formed in the absence of ThT
(Fig. 2, c and d); the standard deviation of the fibril height dis-
tribution was 0.8 nm in the former case and 1.5 nm in the latter
case. The difference in the heights of the ribbon-like fibrils
formed in the absence and presence of ThT could conceivably
result from intercalation of the ThT molecules in the fibrils
formed in the presence of ThT.

To check whether the two types of fibrils behaved like prion
strains, seeds were formed by sonicating the fibrils formed in
the absence and presence of ThT, and seeding assays were car-
ried out both in the absence and presence of ThT. It was found
that both types of seeds (at 3% concentration) abolished the lag
phase regardless of whether ThT was present during the aggre-
gation of 100 uM a-synuclein (supplemental Fig. S2). Further-
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Figure 3. Binding of ThT to a-synuclein fibrils and the secondary struc-
ture of fibrils. a, 100 umfibrils made in the absence and presence of T mmThT
were incubated with 1 mm ThT. After washing (see “Experimental proce-
dures”) the amount of ThT that remained bound to the fibrils was determined
by measuring ThT fluorescence. The error bars represent the spread from two
independent experiments. b, FTIR spectra of fibrils formed by 100 um a-sy-
nuclein in the absence (purple) and presence (cyan) of ThT. The spectra were
acquired at a time corresponding to three times the t5, of ThT fluorescence-
monitored kinetics.

more, the nature of the fibrils formed depended not on the
nature of the seed but on whether ThT was present or not

during aggregation (data not shown).

Binding of ThT to fibrils and its effect on fibril secondary
structure

To determine whether the fibrils made in the presence of
ThT had ThT incorporated into their structure, 100 uM fibrils
made in the presence and absence of ThT were incubated with
the same concentration (1 mm) of ThT. Free and loosely bound
ThT was then removed by washing the fibril pellet with buffer
following centrifugation. ThT fluorescence was measured for
equal concentrations of the fibrils to compare the extent of ThT
bound to fibrils made in the absence and presence of ThT (Fig.
3a). The ThT fluorescence of fibrils made in the presence of
ThT was about 5-fold higher than that of the fibrils made in the
absence of ThT but to which ThT was subsequently added.
Comparable results were obtained when the concentration of
associated ThT was determined by measuring the absorbance
at 412 nm (supplemental Fig. S3a) after first dissolving the
fibrils in 8 M GdnHCI. Hence, ThT remained tightly bound to
the fibrils made in its presence, presumably by intercalation
inside the fibrils. These results suggested that the fibrils made
in the absence and presence of 1 mm ThT differed in their
structures.

To determine whether the fibrils made in the presence and
absence of ThT differed in their secondary structures, infrared
spectra were acquired (Fig. 3b and supplemental Fig. S3, b and
¢). The presence of the peak near 1630 cm ™' for both types of
fibrils suggested that the fibrils had typical parallel B-sheet
structures. This peak near 1630 cm ™! appeared at a lower wave
number for the fibrils made in the presence of ThT compared
with the fibrils made in the absence of ThT, which suggested an
increase in the number of B-strands in the fibrils or a change in
the twist angle of the B-sheet in fibrils made in the presence of
ThT (54, 55).

Structural characterization of fibrils by hydrogen- deuterium
exchange mass spectrometry

HDX-MS was used to further characterize the difference in
the internal structures of the fibrils made in the absence and
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presence of 1 mm ThT. In HDX-MS studies, the amide hydro-
gen sites that are protected against HDX can be localized to
specific segments of the protein sequence by proteolytic frag-
mentation at low pH after the HDX reaction is complete. A
peptide map of a-synuclein, covering 100% of the sequence,
was first generated by controlled proteolysis using pepsin at low
pH (supplemental Fig. S4). The measured mass of each peptide
was found to be the same as its calculated mass (supplemental
Table S1), except for peptide 95—109 with a mass 18 daltons less
than its calculated mass, probably due to water loss. A 5-min
labeling pulse was given by incubating the fibrils as well as mono-
meric protein in deuterated buffer at pH 7.0, 25 °C. Control
samples having no deuteration (0% D) and complete deutera-
tion (95% D) were also run to calculate the amount of deute-
rium incorporation in different samples (supplemental Fig. S5).
As expected for an intrinsically disordered protein, the mono-
meric protein showed complete labeling in all the sequence
segments after 5 min of HDX (supplemental Fig. S6). Regions of
the protein that are highly flexible or that remain unfolded in
the fibrils would get labeled to the same extent as they do
in the monomer. Regions that are part of the structural core
of the fibrils would remain protected and not be labeled. In
all fibrils obtained under the two differing conditions, the
sequence segments spanning residues 39 to 94 were found to
remain highly protected and unlabeled, whereas sequence
segments spanning residues 95 to 140 were fully labeled
(Fig. 4 and supplemental Fig. S5).

Interestingly, sequence segments spanning residues 1 to 38
showed bimodal mass distributions for the fibrils formed in the
absence of ThT but highly protected unimodal mass distribu-
tions for the fibrils formed in the presence of 1 mm ThT (Fig. 4).
The bimodal mass distributions for the sequence segments
spanning residues 1 to 38 indicated the existence of two differ-
ent conformations differing in structure in this region. One of
the conformations showed protection against HDX and hence
was structured, whereas the other conformation showed no
protection against HDX and hence was not structured in the
sequence segment 1-38. Taken together, the data presented in
Fig. 4 show that fibrils formed in the absence of ThT existed in
at least two conformations. One of the conformations had a
structured core from residues 1 to 94, whereas the other con-
formation had a structured core only from residues 39 to 94
(Fig. 5, a and b). On the other hand, fibrils formed in the pres-
ence of 1 mm ThT had only a single conformation with a struc-
tured core from residues 1 to 94 (Fig. 5¢).

Differences in molecular structures of fibrils with different
morphologies

To correlate the structural core with external morphology
for fibrils formed in the absence of ThT, the relative amounts of
the two conformations were quantified by fitting the bimodal
mass distributions obtained for sequence segments 1-17 and
18 -38 to the sum of two Gaussian distributions (Fig. 6a). In
addition, the fractions of helical and flat fibrils were quantified
by counting the numbers of the two types of fibrils from AFM
images (Fig. 6a). About 70% of the fibrils were found to be
helical, and the remaining ~30% fibrils had a flat morphology.
Interestingly, about 70% of the fibrillar protein molecules had a
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Figure 4. Conformational heterogeneity in fibrils formed by a-synuclein. Representative mass spectra of peptide fragments of a-synuclein for fibrils
formed in the absence and presence of 1 mm ThT along with the mass spectra of protonated (0% D) and deuterated (95% D) controls. Peptide fragments
corresponding to sequence segments 1-17 and 18 -38 show bimodal mass distributions for fibrils formed in the absence of ThT and unimodal mass distribu-

tions for fibrils formed in the presence of 1 mm ThT.

structural core region extending from residues 39 to 94,
whereas the remaining ~30% of the fibrillar protein molecules
had a fibril core that extended from residues 1 to 94. These
observations suggested that the helical fibrils are likely to have a
core region extending from residues 39 to 94, whereas the flat,
ribbon-like fibrils are likely to have a core region extending
from residues 1 to 94. To further establish whether the flat,
ribbon-like and helical fibrils had core regions extending from
residues 1 to 94 and residues 39 to 94, respectively, the struc-
tural cores and morphologies of the fibrils were studied at 0.3
mMm ThT instead of in the absence of ThT. Importantly, the
AFM and HDX-MS studies showed that about 30% of the fibrils
were helical in morphology and had a core region extending
from residues 39 to 94, and about 70% of them were flat fibrils
and had a core region extending from residues 1 to 94 (Fig. 6b).
Hence, these data suggested that the helical fibrils had a core
region extending from residues 39 to 94 and the flat fibrils had
a core region extending from residues 1 to 94. These results
also suggested that the average helical fibril and the average
flat, ribbon-like fibril contained similar numbers of protein
molecules.

The structure of the N-terminal region was found to differ in
the two types of a-synuclein fibrils. In the ribbon-like fibrils,
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but not in the helical fibrils, the N-terminal region was found to
be part of the structural core. This suggested that the N-termi-
nal region plays an important role in determining the morphol-
ogy of the fibrils. Helical fibrils formed in the absence of ThT
did not convert into ribbon-like fibrils after incubating the
fibrils in 1 mm ThT for 24 h at 25 °C (data not shown), suggest-
ing that the fibrils have a stable structure and do not
interconvert.

The presence of ThT modulated the fibrillar conformation,
and it was important to determine how this occurred. To this
end, a-synuclein aggregation reactions were carried out at dif-
ferent concentrations of ThT ranging from 0 to 1 mm, and AFM
imaging was used to determine the relative fraction of helical
fibrils formed at each concentration of ThT (Fig. 6¢). We found
that the relative fraction of helical fibrils decreased monotoni-
cally with an increase in the concentration of ThT present and
that no helical fibrils had formed at 1 mm ThT concentration.
The structure of the final aggregates was also determined using
HDX-MS (supplemental Fig. S7). The relative amounts of the
two fibrillar conformations were quantified by fitting the
bimodal mass distributions obtained for the sequence segment
18-38 to the sum of multiple Gaussian distributions (supple-
mental Fig. S7). Interestingly, the relative amount of fibrillar

J. Biol. Chem. (2017) 292(41) 16891-16903 16895
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Figure 5. The structural core of the a-synuclein fibrils. a-¢, the percent
deuterium incorporation into different sequence segments of fibrils formed
by a-synuclein in the absence (a and b) and presence (c) of T mm ThT. The
deuterium incorporation data for sequence segments 1-17,4-17,and 18-38
in a correspond to the higher mass distribution of the observed bimodal mass
distribution, and the data for the same segments in b correspond to the lower
mass distribution of the observed bimodal distribution. The data presented in
¢ correspond to the unimodal mass distribution observed for the sequence
segments for fibrils formed in the presence of 1 mm ThT. The error bars repre-
sent S.D. from three independent experiments.

protein with a core extending from residues 39 to 94 decreased
with increasing concentration of ThT (Fig. 6¢ and supplemental
Fig. S7). Thus, the relative amount of helical fibrils decreased
from 70% when the fibrillation was carried out in the absence of
ThT to 0% when fibrillation was carried out in the presence of 1
mMm ThT. These results showed that ThT reduced structural
heterogeneity in the fibrils formed by a-synuclein.

Monitoring the formation of a-synuclein oligomers during
fibrillation

To determine whether oligomer formation occurred during
the fibril formation reaction carried out in either the absence or
presence of ThT, a-synuclein was incubated at two different
concentrations (100 and 690 um (10 mg/ml)) under the fibril-
lation conditions (pH 7.0 and 37 °C) for 5 h. Size-exclusion
chromatography was used to detect whether oligomers had
formed. Oligomers were not observed to have formed in either
the absence or presence of ThT (supplemental Fig. S8, 2 and b).
Oligomers could only be observed (supplemental Fig. S8c)
when aggregation was carried out at high a protein concentra-
tion (10 mg/ml) in a different (PBS) buffer at pH 7.4 and 37 °C
for 5 h, as described previously (31).
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Characterization of the toxicity levels of the fibrils

To determine whether the fibrils with different structures
were differentially toxic to cells, the toxicities of the fibrils
formed in the absence and presence of 1 mm ThT were mea-
sured using HEK-293T cells (human embryonic kidney cells).
Equal amounts of fibrils (2.5 um) were incubated with HEK-
293T cells for 24 h, and toxicity was measured using the Wst-1
assay (Fig. 7). To eliminate the effect of any free ThT, the fibrils
were first washed multiple times with Milli-Q water to remove
any free and loosely bound ThT. For toxicity assays, 1 um ThT
was used as a buffer control, and cells without the addition of
any buffer served as the control. It was found that about 113 *
22% of the cells were viable after incubating them with fibrils
formed in the absence of ThT, whereas about 76 = 8% of the
cells were viable in the case of fibrils formed in the presence
of ThT. It could be concluded that the flat, ribbon-like fibrils
formed in the presence of ThT were significantly more toxic
to the cells than the fibrils formed in the absence of ThT. It
would therefore appear that fibrils with a flat, ribbon-like
morphology are more toxic than fibrils with a helical mor-
phology. Control experiments were carried out to ensure
that the observed toxicity was due to fibrils and not to any
free (unbound) ThT. To this end, toxicity assays were carried
out at various free ThT concentrations (supplemental Fig.
S9). Free ThT was found to be toxic to cells at concentrations
greater than 1 uM (supplemental Fig. S9) but not at lower
concentrations.

Discussion

The current study was focused on understanding the struc-
tural and mechanistic basis for heterogeneity in a-synuclein
fibrils and its modulation by the small molecule ThT. In the
case of several neurodegenerative diseases, the aggregating
protein concerned has been found to adopt distinct fibrillar
conformations (5, 8, 15, 19). Thus, understanding the struc-
tural and physical basis for fibril heterogeneity may shed
light on the different pathological behaviors of distinct fibril-
lar conformations.

Structural heterogeneity in a-synuclein fibrils and their
toxicity levels

In this study, both helical and flat, ribbon-like fibrils were
found to form under the same aggregation conditions (Fig. 2, a
and ¢). In previous studies as well, a-synuclein was found to
form two types of fibrils, under particular aggregation condi-
tions, which differed in their secondary structures, morpholo-
gies, folds, and the extent and distribution of B-sheets but had
the same structural core encompassing residues 38 —95 (12, 13).
In contrast, the two types of fibrils observed to form together in
the current study had different structural cores (Fig. 5, 2 and b).
The structural core of the helical fibrils comprises residues
39-94, and that of the flat, ribbon-like fibrils comprises resi-
dues 1-94 (Fig. 5, a and b). Multiple studies using solid-state
NMR (10, 12, 32—34), HDX-MS (31, 35), HDX-NMR (13, 33),
EPR spectroscopy (36, 37), and proteinase K treatment (38)
have previously identified the structural core of the a-synuclein
fibrils. Most of the studies have determined that residues
31-109 form the structural core of the a-synuclein fibrils (10,
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Figure 6. Quantification of the two types of fibrils formed by a-synuclein. a, shows data for fibrils formed in the absence of ThT. b, shows data for fibrils
formed in the presence of 0.3 mm ThT. The brown bars represent the percentages of fibrils that were helical and ribbon-like, as determined from counting the
fibrils seen in the AFM images. The percentages of protein molecules in fibrils that had and did not have a structural core extending down to residue 1 were
determined from the bimodal mass distributions seen for sequence segments 1-17 (orange) and 18-38 (green) as described in the legend for Fig. 4. The
percentage of fibrillar protein molecules with a core extending down to residue 1 matches the percentage of flat, ribbon-like fibrils formed in both the absence
(a) and presence (b) of 0.3 mm ThT. ¢, shows the percentages of fibrillar protein molecules with a core extending from residues 39 to 94, formed at various ThT
concentrations, as quantified from the higher mass peak of the mass distributions of sequence segment 18-38 (supplemental Fig. S7). Also shown are the
percentages of helical fibrils formed at various ThT concentrations, determined by counting the two types of fibrils seen in AFM images. The red line through

the plot of % helical fibril data is described as 63 exp(—3.8 [ThT]). The error bars represent S.D. from three independent experiments.
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Figure 7. Cytotoxicity of a-synuclein fibrils. The cytotoxicity of a-synuclein
fibrils (2.5 um) to HEK-293T cells was measured using water-soluble tetrazo-
lium (Wst-1 assay kit). Fibrils were made by incubating 100 um a-synuclein at
37 °Cin the absence and presence of 1 mm ThT. Fibrils were added to a final
concentration of 2.5 uM to the cells in each well. The concentration of ThT
associated with 2.5 um fibrils was ~0.25 um. After incubating the cells for
24 h, Wst-1 reagent was added to the wells. After incubating them for
2.5 h, the OD at 477 nm was measured. Absorbance data were normalized
to that of the untreated cells (Control) having 100% cell viability (ns =
non-significant; **** p < 0.0001 using an unpaired t test). Buffer repre-
sents cells treated with only 1 um ThT as described under “Experimental
procedures.” The error bars represent S.E. from five independent experi-
ments, each with three replicates.

12, 13, 15, 31-38). In a previous study, ribbon-like fibrils were
found to form under one aggregation condition and cylindrical
fibrils under another aggregation condition, with the two types
also differing in their morphology, structural core, toxicity, and
infectivity (10). The cylindrical fibrils observed in that study
resembled the helical fibrils observed in the current study in
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having a structural core composed of residues 39 -94; and the
ribbon-like fibrils observed in that study were similar to the
ribbon-like fibrils observed in the current study in having a
structural core formed by residues 1-94 (10). Although the
structurally distinct fibrils were shown to differ in their toxicity
potentials (10), the properties of the fibrils that determine their
toxicity potentials are not well-known. The factors that are
likely to affect the toxicity of fibrils include their stability, their
ability to interact with membranes, and their surface hydropho-
bicity (20-22).

The flat, ribbon-like fibrils, which possess the extended
structural core, are somewhat more toxic than the helical
fibrils (Fig. 7). Interestingly, in a previous study, fibrils
formed by peptides of two different lengths, which were
derived from the a-synuclein NACore (segment 68 —78) and
subNAC (segment 69 -77) regions, which differed in their
structural core, were also found to differ in their cytotoxicity
(39). Fibrils made of the longer peptide (NACore), which had
a longer structural core, were more cytotoxic than those
made by the shorter peptide (39). Further studies are
required to delineate the biological importance of the length
of the amyloid core.

It is interesting to note that although the fibrils formed in the
absence of ThT include flat ribbon-like fibrils similar to those
formed in the presence of ThT, which are toxic, little if any
toxicity was observed for them. It seems that this might be due
to the relatively low proportion of ribbon-like fibrils formed in
the absence of ThT.

It should be noted that in this study, toxicity was measured
after the addition of the fibrils to cells for 24 h. It is possible that
during this incubation with the cells, the fibrils break down into
smaller aggregates and that it is these smaller aggregates that
are toxic. In this context, it should also be noted that oligomers
and prefibrillar aggregates formed by a-synuclein are reported
to be toxic (56 —60) as are fibrils (10, 61, 62).
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Different internal structures lead to different external fibril
morphologies

Different fibril morphologies can originate from distinct
molecular structures or from different arrangements of the
same molecular structure (6). In the current study, a-synuclein
fibrils possessing different morphologies were found to com-
prise internal structural cores of different lengths. It is likely
that the fibrils differing in the length of the structural core also
differ in extent and organization of -sheets. The observation
that the flat, ribbon-like fibrils with an extended structural core
had alarger diameter/height than the helical fibrils (Fig. 2, cand
d) suggests that they are likely to have a higher fold symmetry
than the helical fibrils, as observed previously for A fibrils (6).
In the case of the small protein barstar as well, fibrils of very
different morphology and diameter, which were, however,
formed under different solution conditions, were found to have
inner structural cores of different lengths (63, 64). At present,
the link between a short structural core and helical fibrillar
morphology, and between a longer structural core and flat, rib-
bon-like fibrillar morphology is not understood in the case of
a-synuclein.

Origin of a-synuclein fibril heterogeneity and its reduction by
ThT

Structural heterogeneity in a-synuclein fibrils could arise
from heterogeneity at the monomer level, which would lead to
the formation of distinct nuclei. Because of its intrinsically dis-
ordered nature, a-synuclein can adopt various conformations
in a given solution condition as characterized by electrospray
ionization mass spectrometry (65), single-molecule AFM (66),
and NMR (67). Modifications in the amino acid sequence and
solution conditions have been shown to modulate the confor-
mational composition of the ensemble of a-synuclein mole-
cules (66). The conformational diversity could determine the
relative proportion of different aggregates that can be formed,
as suggested previously for other proteins (23). It can then be
expected that the stabilization of a specific conformational state
upon binding to a small molecule might lead to the formation of
specific aggregates.

Structural heterogeneity in a-synuclein fibrils could also
arise from the utilization of multiple pathways for fibril forma-
tion. For several other proteins, including barstar (64, 68) and
the mouse prion protein (70), structurally distinct amyloid
fibrils have been shown to form on different aggregation path-
ways under different aggregation conditions. In the case of
a-synuclein, morphologically and structurally different aggre-
gates have been shown to form from structurally distinct olig-
omers (31). One oligomer was found to be on pathway to fibril
formation and had a structural core similar to that of fibrils, and
the other oligomer with a different structural core grew into
amorphous aggregates (31). In the current study, the inability to
detect the formation of oligomers during fibril formation under
the aggregation conditions used, either in the absence or pres-
ence of ThT (see “Results” and supplemental Fig. S8), did not
permit us to determine whether the ribbon-like and helical
fibrils arose from structurally distinct oligomers formed on dif-
ferent pathways of fibril formation.
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The formation of distinct a-synuclein fibrils suggests that
multiple nucleation events can take place under the same
aggregation condition. Changes in the aggregation condition
may affect the nucleation rate and elongation rate differently
for distinct nuclei, which would play an important role in mod-
ulating structural heterogeneity. In the current study, the
observation that the presence of ThT accelerates nucleation
and elongation (Fig. 1) suggests that ThT binds to early species
formed during the fibrillation of a-synuclein. Binding of ThT to
early aggregates on one pathway, when multiple pathways are
operative, will stabilize those aggregates and result in a reduc-
tion in fibril heterogeneity.

Role of ThT in modulating the fibril formation reaction of
a-synuclein

ThT is known to bind to cross-B-sheet structures found in
amyloid fibrils and has been used widely to monitor the amyloid
fibril formation reaction of many proteins (50). The binding of
ThT to fibrils can occur in different ways. ThT can bind per-
pendicular to the long fibril axis in the cavities formed by the
side chains of aromatic/hydrophobic residues across consecu-
tive B-strands on the surface of the B-sheet in the fibrils (51,
71-73). ThT is also known to bind in a parallel orientation to
the peptide strand (74). It also appears that ThT can bind to the
peptide backbone via -7 interactions (75). Hence, it is not
surprising that ThT can bind diverse types of amyloid fibrils
with different affinities (51). If fibrillar structures (nuclei),
which form very early, differ in their binding affinity for ThT,
then the early structure (nucleus) that binds most tightly to
ThT will be stabilized and, hence, populated the most. The
relative amounts of different fibrils formed will reflect the rela-
tive amounts of the initial aggregates (nuclei). Hence, the rela-
tive amounts of different fibrils that form will depend on the
concentration and binding affinity of the ThT present. Thus,
ThT must bind strongly to the early fibrillar structures (nuclei)
that lead to the formation of the flat, ribbon-like fibrils. In fact,
ThT is seen to remain bound to the final, mature, flat, ribbon-
like fibrils (Fig. 3a).

The observation that ThT accelerates the fibrillation of a-sy-
nuclein by increasing the nucleation rate (as indicated in the
reduction of the lag phase) (Fig. 1) suggests that ThT does
indeed bind to early structures (nuclei) formed during the
fibrillation process, resulting in an increase in the nucleus con-
centration and the elongation rate. In the case of A, a previous
study shows that the nucleation rate is affected more than the
elongation rate in the presence of ThT, which also suggests that
ThT binds to the early structures on the fibrillation pathway
(52, 76).

It is also possible that ThT accelerates the amyloid fibril for-
mation reaction by binding to monomer. In the case of a-sy-
nuclein, the electrostatic interaction of ThT with monomeric
a-synuclein might favor nucleation or the conformation con-
version of monomer to aggregation-prone structures that ulti-
mately form the nucleus. Indeed, ThT is known to bind to the
negatively charged C terminus of monomeric a-synuclein (53).
Nevertheless, fibrils made from a-synuclein truncated at its C
terminus can still bind ThT (77), indicating that ThT binds
differently to monomer and to fibril.
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The C terminus is known to be the most solvent-exposed
region in both oligomers (31, 78, 79) and fibrils (10, 12, 13, 15,
31-38). The C terminus is also known to stabilize the disor-
dered conformation of the protein by interacting with the N
terminus or NAC domain (80 - 83). It is likely that the interac-
tion of the C terminus with the N-terminal region suppresses
the participation of the latter in forming the structural core of
amyloid fibrils (53). Not surprisingly, then, C-terminal trunca-
tion significantly accelerates the fibrillation of a-synuclein (77,
84). Binding of the C-terminal domain to the NAC region pro-
tects the NAC region from participating in aggregation. Bind-
ing of the C terminus to other proteins (85), polyamines (86,
87), and metal ions (9, 88) increases the rate of fibril formation,
suggesting that neutralization of the negatively charged C ter-
minus prevents its binding to the NAC region and the N termi-
nus of the protein. Thus, the interaction of ThT with the C
terminus of a-synuclein may play an important role in modu-
lating the fibrillation reaction.

It should be noted that, in this study, a range of ThT concen-
trations was used to investigate the effect of ThT in modulating
structural heterogeneity in a-synuclein fibrils (Fig. 6). It was
found that fibril formation by a-synuclein was not modulated
at ThT concentrations below 30 uM, a concentration known to
be the critical micelle concentration for ThT (89). It seems
therefore that structural modulation by ThT during fibril for-
mation, as seen in this study, is effected by micellar ThT. ThT is
used widely to monitor fibril formation reactions, and the pres-
ent study suggests that it is safe to do so at concentrations below
its critical micelle concentration.

In summary, the small molecule ThT has been shown to
modulate the fibril formation reaction of a-synuclein and to
thereby modulate the structural heterogeneity of the fibrils that
form. The presence of ThT during the fibril formation favors
the formation of flat, ribbon-like fibrils over the formation of
helical fibrils. The flat, ribbon-like fibrils have inner structural
core extending from residues 1 to 94, whereas the helical fibrils
have an inner structural core extending from residues 39 to 94.
The current study highlights the potential use of small mole-
cules in modulating the fibril formation reaction of proteins so
that the less toxic aggregates are favored over the more toxic
aggregates.

Experimental procedures
Protein expression and purification

The plasmid pRK172 containing the human a-synuclein
gene was a kind gift from Prof. A. L. Fink. The protein was
expressed and purified as described previously (90) with some
modification to the procedure. Escherichia coli BL21(DE3)
codon plus (Stratagene) cells transformed with pRK172 were
grown overnight at 37 °C in LB medium containing 100 ug/ml
ampicillin and then subcultured into 1000 ml of LB containing
100 wg/ml ampicillin. At an OD,, of 0.8 1.0, the cells were
induced by adding IPTG at a final concentration of 10 ug/ml
and pelleted down after 5 h. They were resuspended in osmotic
shock buffer (30 mm Tris-HCI, 40% w/v sucrose, 2 mMm EDTA,
pH 7.2), incubated at 25°C for 15 min, and centrifuged to
remove supernatant. The pellet was resuspended in Milli-Q
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water containing about 1 mm MgCl,, and the supernatant was
obtained after centrifugation. This supernatant was dialyzed
twice against 20 mm Tris-HCl buffer, pH 8.0, at 4 °C. The pro-
tein was denatured by adding 8 M urea solution and loaded onto
a DEAE FF ion-exchange column (5 ml, HiTrap, GE Health-
care). The loaded protein was washed and then eluted out using
a gradient of 100-300 mm NaCl. The eluted protein was con-
centrated by ultrafiltration (Millipore), flash-frozen in liquid
N,, and stored at —80 °C.

Chemicals, buffers, and aggregation condition

All of the reagents used were of the highest purity grade avail-
able from Sigma-Aldrich unless specified otherwise. GdnHCl
was procured from USB Corp. The stored protein was concen-
trated by filtration using a YM3 filter (Millipore) and denatured
in 6 M GdnHCI before injecting it into a size-exclusion col-
umn (Superdex 200 10/300 GL). The protein was eluted out in
20 mm sodium phosphate, 0.01% sodium azide, and 0.1 mm
EDTA, pH 7.0 (aggregation buffer) and passed through a
YM100 filter to remove any aggregated protein. For aggrega-
tion reactions, 500 ul of 100 M protein was agitated at 750 rpm
and 37 °C (Eppendorf ThermoMixer) in a 1.5-ml centrifuge
tube. For aggregation reactions in the presence of ThT, 500 ul
of 100 um protein solution containing 0.01 to 1 mm ThT was
agitated at 750 rpm and 37 °C.

Aggregation studies

Aliquots were withdrawn from the aggregation reaction at
various time points, and the amount of fibrils was monitored by
measuring the ThT fluorescence at pH 8.0 in 20 mm Tris-HCI
buffer. In the assay, 10 um ThT and 1 M protein were used. For
aggregation reactions carried out in the absence of ThT, 5-ul
aliquots were withdrawn and mixed with 495 ul of 20 mwm Tris-
HCI buffer containing 10 um ThT. For aggregation reactions
carried out in the presence of 1 mm ThT, 5-ul aliquots were
withdrawn and mixed with 495 ul of 20 mm Tris-HCl buffer.
Then fluorescence was monitored using a Fluoromax-4 spec-
trofluorometer with the excitation and emission wavelengths
set at 440 and 482 nm, respectively.

Quantification of ThT bound to a-synuclein fibrils

To 45 pul of 100 uM fibrils prepared in the absence of ThT, 4.5
plof 10 mm ThT was added. To 45 ul of 100 M fibrils prepared
in the presence of 1 mm ThT, 4.5 ul of Milli-Q water was added.
In both cases, the fibrils were then incubated at 25 °C for 90 min
and then spun down at 20,000 X g for 10 min at 9 °C. The pellet
was resuspended in 50 ul of aggregation buffer (without ThT).
This was repeated four times to remove the free/loosely bound
ThT. Fibril concentration was determined using the BCA assay
kit (Thermo Scientific), and equal amounts of fibrils formed in
the absence and presence of ThT were used to monitor the ThT
fluorescence and compare the amount of ThT retained in each
fibril sample. The amount of ThT bound to the fibrils was also
measured by dissolving the fibrils in 8 M GdnHCl and monitor-
ing the absorbance at 412 nm.

Atomic force microscopy

50 ul of fibrils applied onto freshly cleaved mica were incu-
bated for 3 min. The mica surface was rinsed twice with filtered
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Milli-Q water and dried under vacuum for 45—60 min. The
AFM images were acquired using a FastScan Bio (Bruker)
instrument and analyzed using WSxM software. The height
distribution of the fibrils was obtained by measuring the heights
of about 200 fibrils from 10 images of fibrils formed in the
presence of ThT and about 1000 fibrils from 36 images of fibrils
formed in the absence of ThT. The nature of the periodicity
seen in the helical fibrils was determined by measuring 32 fibrils
from nine images.

Fourier transform infrared (FTIR) spectroscopy

For FTIR measurements, samples were spun down at
20,000 X g for 10 min at 9 °C, and fibrils were washed three
times with aggregation buffer (without EDTA) made in D,O
and then resuspended in the same buffer. A thin film was pre-
pared on the diamond crystal by drying 3 ul of sample using N,
gas. FTIR spectra were acquired using a Thermo Nicolet 6700
FT-IR spectrometer. The FTIR spectra of the fibrils were ana-
lyzed after background subtraction of the spectrum of the
appropriate aggregation buffer.

Peptide mapping

To generate a peptide map of a-synuclein, the protein, dis-
solved in water, was subjected to online pepsin digestion in
0.05% formic acid using an immobilized pepsin cartridge
(Applied Biosystems) at a flow rate of 50 wl/min on a nano-
Acquity UPLC (Waters). The eluted peptides were collected
using a peptide trap column (C18 reversed-phase chromatog-
raphy column), and eluted into an analytical C18 reversed-
phase chromatography column using a gradient of 3—40%
acetonitrile (0.1% formic acid) at a flow rate of 45 wl/min.
The peptides were directed to the coupled Synapt G2 HD
mass spectrometer (Waters). The peptides were sequenced
using the MS/tandem MS (MSF) method followed by analysis
with ProteinLynx Global Server software (Waters) and man-
ual inspection.

HDX-MS measurements

Fibrils were prepared as described above. 80 ul of 100 um
fibrils were spun down at 20,000 X g for 20 min at 9 °C. The
pellet was resuspended in 20 ul of aggregation buffer. To initi-
ate deuterium labeling, 10 ul of the above sample was diluted
into 190 ul of aggregation buffer (without EDTA) made in D,O
and incubated at 25 °C for 5 min. After a 5-min pulse, 200 ul of
the above sample was mixed with 400 ul of ice-cold quench
buffer (0.1 m glycine-HCl, 8.4 M GdnHCI, pH 2.5) and incubated
for 1 min on ice to dissolve the fibrils. The samples were
desalted using a Sephadex G-25 HiTrap desalting column
equilibrated with water at pH 2.5 and Akta Basic HPLC. The
desalted samples were injected into the HDX module coupled
with a nanoACQUITY UPLC system (Waters) for online pep-
sin digestion using an immobilized pepsin cartridge (Applied
Biosystems). Further processing of the sample for mass deter-
mination using a Waters Synapt G2 mass spectrometer was
carried out as described previously (91).

Peptide masses were calculated from the centroid of the iso-
topic envelope using MassLynx software, and the shift in the
mass of labeled peptide relative to the unlabeled peptide was
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used to determine the extent of deuterium incorporation. As
the sample was in 95% D,O during labeling and was exposed to
H,O after dissolution in GdnHCI, control experiments were
carried out to correct for back-exchange and forward-ex-
change. To this end, monomeric a-synuclein was completely
deuterated by incubating it in 20 mm sodium phosphate
buffer, pH 7.0 (95% D,0) at 25 °C for 5 min. The fully deu-
terated a-synuclein sample was then processed in exactly the
same way as the aggregates. The extent of deuterium incor-
poration in each peptide, % D, was determined using the
following equation,

% D = (m(t) — m(0%))/(m(95%) — m(0%)) X 100
(Eq.1)

where m(t) is the measured centroid mass of the peptide at time
point £, m(0%) is the measured mass of an undeuterated refer-
ence sample, and 7(95%) is the measured mass of a fully deu-
terated reference sample (in 95% D,0) (69).

The percent deuterium incorporation for peptides showing a
bimodal distribution was calculated as described previously
(14, 91). The centroid mass for each peak was obtained by fit-
ting the bimodal mass distributions to the sum of two Gaussian
distributions using OriginPro 8. The % D for each peak was
determined using Equation 1.

Cytotoxicity assay

Equal concentrations (1 mm) of ThT were added to the fibrils
made under the two different conditions, and the fibrils were
incubated at 25 °C for 15 min. The fibrils were spun down at
20,000 X gfor 20 min at9 °C, the supernatant was removed, and
the fibrils were washed with an equal volume of autoclaved
Milli-Q water. The washing process was repeated three times,
and then the fibrils were resuspended in autoclaved Milli-Q
water. The concentration of the fibrils was determined using
the BCA assay after dissolving the fibrils in 4 M GdnHCI.
Equal concentrations (2.5 um) of fibrils made under the two
different conditions were used for the cytotoxicity experi-
ments. Autoclaved Milli-Q water containing 1 um ThT was
used as a buffer control in the cytotoxicity assay. For the assay,
HEK-293T cells (ATCC) were cultured in DMEM (Gibco)
supplemented with 10% FBS at 37 °C ina 5% CO,-humidified
environment. Cells were plated in a 96-well plate at a density
of 5000 cells/well to a final volume of 100 ul. After incuba-
tion for 25 h, 10 ul of fibrils (25 um) or ThT only (0.1-5 um)
was added to each well, and the cells were further incubated
for 24 h at 37 °C in 5% CO,. The Wst-1 assay kit (Roche) was
used to measure the viability of the cells. 9 ul of Wst-1 re-
agent was added into each well, and the cells were incubated
for 2.5 h at 37 °C in 5% CO,. The optical density at 477 nm
was measured with a microplate reader (SpectraMax M5).
Data were normalized with respect to the data obtained with
untreated (control) cells.
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