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characterization of amyloid
polymorphism by microfluidic transient incomplete
separation†

Azad Farzadfard, ‡ab Antonin Kunka, ‡a Thomas Oliver Mason,a

Jacob Aunstrup Larsen, a Rasmus Krogh Norrild, a

Elisa Torrescasana Dominguez,a Soumik Ray a and Alexander K. Buell *a

Amyloid fibrils of proteins such as a-synuclein are a hallmark of neurodegenerative diseases and much

research has focused on their kinetics and mechanisms of formation. The question as to the

thermodynamic stability of such structures has received much less attention. Here, we newly utilize the

principle of transient incomplete separation of species in laminar flow in combination with chemical

depolymerization for the quantification of amyloid fibril stability. The relative concentrations of fibrils and

monomer at equilibrium are determined through an in situ separation of these species based on their

different diffusivity inside a microfluidic capillary. The method is highly sample economical, using much

less than a microliter of sample per data point and its only requirement is the presence of aromatic

residues (W, Y) because of its label-free nature, which makes it widely applicable. Using this method, we

investigate the differences in thermodynamic stability between different fibril polymorphs of a-synuclein

and quantify these differences for the first time. Importantly, we show that fibril formation can be under

kinetic or thermodynamic control and that a change in solution conditions can both stabilise and

destabilise amyloid fibrils. Taken together, our results establish the thermodynamic stability as a well-

defined and key parameter that can contribute towards a better understanding of the physiological roles

of amyloid fibril polymorphism.
Introduction

Amyloid brils are a specic class of protein aggregates char-
acterized by a highly ordered, elongated molecular architecture
formed by repeating intermolecular b-sheet motifs. Their
accumulation in intra- or extracellular deposits is a common
denominator of numerous severe pathologies including Alz-
heimer's disease (AD), Parkinson's disease (PD), or Amyotrophic
lateral sclerosis (ALS).1 The individual building blocks of
amyloid brils are structurally distinct from their soluble
precursors which range from short peptides,2 intrinsically
disordered proteins (IDPs3), to natively folded proteins,4–7
iotechnology and Biomedicine, Technical

lding 227, Kgs. Lyngby, 2800, Denmark.

O), Aarhus University, Gustav Wieds Vej

(ESI) available: Figures and tables
l details and simulations (DOC).
on of diffusive (D) and non-diffusive
ntary python code: the script for the
lobal tting (IPYNB). See DOI:

work.

44
indicating a certain universality of the “amyloid fold”.8

Conversely, cryo-electron microscopy of several amyloid-
forming proteins revealed a high degree of structural poly-
morphism, i.e., a single polypeptide chain adopting several
distinct conformations within the amyloid core.9–11 Fibril poly-
morphism is strongly modulated by extrinsic factors and
consequently, structures of brils formed in vitro oen do not
correspond to those isolated ex vivo from patients' tissues.11

Moreover, several polymorphs have been identied in a single
test tube in which initially highly pure soluble protein (a-syn-
uclein) aggregated under well-dened solution conditions.12

Altogether, it is becoming increasingly apparent that the free-
energy landscape of amyloids is much more degenerate than
perhaps originally thought, and that bril polymorphism is
a consequence of the interplay between kinetic factors and
stability of individual conformations.

The thermodynamic stability of amyloids brils can provide
the missing link for understanding the mechanisms driving
bril polymorphism. In contrast to the kinetics of amyloid
formation which has been extensively studied13–15 and charac-
terized in detail for many pathologically relevant proteins such
as amyloid-b,16 Tau,17 or a-Synuclein (aSyn),18,19 systematic
analysis of amyloid stability has only recently started to gain
more attention.20 The thermodynamic stability of amyloid
© 2024 The Author(s). Published by the Royal Society of Chemistry
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brils may contribute to dening their persistence in vivo,
which is inuenced by many factors including posttranslational
modications,21,22 proteasomal degradation,23 or clearance by
chaperones.24–26 The dysregulation and insufficient efficiency of
these clearance mechanisms leads to pathological states.

In general, thermodynamic stability is dened by the
concentration of different species in equilibrium, e.g., folded
(N), and unfolded (U) states for protein conformational stability
(eqn (1)). Similarly, the thermodynamic stability of amyloid
brils can be dened by the concentration of soluble precursors
(herein termed monomers) in equilibrium with the insoluble
brils. At sufficiently high total concentration, the equilibrium
concentration of monomer is independent of the molar
concentration of brils and relates to bril stability according to
eqn (2).

U # N; then DG0 = −RT ln([N]eq/[U]eq) (1)

[F]n + [M] # [F]n+1; then DG0 = −RT ln(1/[M]eq); (2)

where R is the universal gas constant, T is absolute temperature
(K), [N]eq and [U]eq are concentrations of folded and unfolded
protein, respectively, and [F] and [M] are protein concentrations
in brillar (insoluble) and monomeric (i.e., soluble) states,
respectively.20 The amyloid state is thought to be the global
energy minimum of the protein free energy landscape. Conse-
quently, high thermodynamic stability of brils translates to
low concentrations of soluble protein at the end of the aggre-
gation reaction which are oen difficult to quantify accu-
rately.27,28 In order to increase the equilibrium concentration of
soluble protein to easily quantiable levels, the equilibrium can
be shied in favour of bril dissociation by changing external
conditions, e.g., increasing (or decreasing) temperature,29–33

high pressure,34 or by addition of chemical denaturants.35–38 The
latter is perhaps the most versatile since, similarly to protein
unfolding, a linear dependence of Gibbs free energy on dena-
turant concentration can be reasonably assumed35,39 which
allows for the application of a (relatively) straightforward
analytical framework. This typically involves tting chemical
depolymerization data to an isodesmic polymerisation model,
in which a single equilibrium constant is assumed between
monomers and aggregates regardless of their size.40,41 The
model does not consider any intermediate species such as low
and high molecular weight oligomers or protobrils known to
form during the aggregation reaction.42–44 Such simplication
assumes that these species are not signicantly populated in
equilibrium due to their lower stability compared to mature
brils but are rather considered as kinetic intermediates.45

However, the true equilibrium is oen difficult to access
experimentally for many amyloid forming proteins due to the
kinetic traps which might lead to formation of off-pathway
oligomers or other species.46 Presence of such species must be
experimentally veried on a case-to-case basis to validate that
analysis with the isodesmic model is not biased by their pres-
ence. Despite its simplicity, the isodesmic model has been
successfully applied for analysis of stability of amyloid brils
formed by b-microglobulin, insulin, transthyretin, or amyloid
© 2024 The Author(s). Published by the Royal Society of Chemistry
beta.29,33,36,41,47 Recently, a more realistic cooperative model has
been applied to the analysis of depolymerization of glucagon
and the SH3 domain of phosphatidyl-inositol-3-kinase (PI3K-
SH3) brils.38 The model recognizes nucleation and polymeri-
zation through two distinct equilibrium constants and is able to
correctly model the protein concentration dependence of the
depolymerization curves.38

Chemical depolymerization offers several advantages
including simplicity and scalability. Experimental techniques
used in chemical depolymerization experiments can be cate-
gorized into two groups: (i) separation-based, and (ii) bulk
methods. The rst group relies on physical separation of the
soluble protein from the brils, and their subsequent quanti-
cation. Methods including (ultra) centrifugation41 or chroma-
tography (HPLC) are oen used, although they are time and
sample consuming. Techniques from the second group rely on
monitoring changes in specic features of brils or monomers
as a function of increasing denaturant concentration, and
include, for example, circular dichroism, light scattering,
intrinsic uorescence, or thioavin-T uorescence.35 Spectro-
scopic techniques have the advantage of analyzing mixtures
without the need for separation, which enables fast and high-
throughput analysis. However, these methods provide relative
measurements rather than absolute concentrations of the
species involved which introduces some degree of uncertainty
during analysis. Furthermore, they might require the presence
of specic environmentally sensitive uorophores (tryptophan
residues) and can be limited by strong scattering (circular
dichroism).

Here, we describe a newmethod for measuring bril stability
using a combination of chemical depolymerization and tran-
sient incomplete separation (TIS) of brils and monomers
based on their different diffusivity in a laminar ow. TIS occurs
under experimental conditions (mobilization pressure, capil-
lary dimensions) where monomers and brils experience
different hydrodynamic regimes. Specically, monomers full
the two conditions of Taylor dispersion (i.e., negligible axial
diffusion, characteristic diffusion time much shorter than the
average elution time),48,49 whereas the mass transfer of the
brils is dominated by convection50 which allows their incom-
plete separation and quantication of the soluble species. The
theoretical and experimental basis of TIS have been derived and
demonstrated using SDS micelles and polystyrene particles.51–54

The principle was recently utilized for accurate determination
of protein complex affinities by incomplete separation and
quantication of the free and bound protein (ACTIS – accurate
constant via transient incomplete separation).55–57 The same
group demonstrated that the change in the hydrodynamic
regime is not a prerequisite, and even mixtures of solutes with
similar diffusivities in the Taylor regime can be resolved.57 This
was recently utilized for studying aggregation of amyloid-beta
1–40 and 1–42 peptides and their mixtures.42–44 The deconvo-
lution of Taylorgrams of complex mixtures at different reaction
times enabled to quantitatively describe the differences
between aggregation mechanisms of the two peptides in terms
of temporal evolution of size and populations of different
species.43
Chem. Sci., 2024, 15, 2528–2544 | 2529
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To the best of our knowledge, the present study is the rst to
use Taylor dispersion-based analysis in conjunction with
chemical depolymerization to study amyloid bril stability. Our
approach is rapid, fully automated, amenable to high
throughput, label-free, utilizes a commercially available
instrument, and uses minute amounts of sample. We demon-
strate its advantages by benchmarking it against four
commonly used techniques using aSyn and PI3K-SH3 brils as
the test cases. Using our newly developed approach we compare
stability of brils at different experimental conditions and
quantify thermodynamic stability differences between distinct
bril polymorphs. We believe that our method is a versatile and
useful tool for probing rugged amyloid energy landscapes in
a quantitative, and efficient manner.
Results
Analysis of particles in laminar ow beyond the Taylor regime

Themethod described utilizes differences between diffusivity of
large particles (i.e. brils) and soluble species (i.e., monomers)
to measure the thermodynamic stability of aSyn and PI3K-SH3
brils. The classical Taylor dispersion analysis48 is used to
measure the size of the particles based on their diffusivity in
a laminar ow dened by low values of the Reynolds number
(Re < 2000; typical scenarios in FIDA experiments feature 0.1 <
Re < 10 in water and 25 °C). In the laminar ow regime, the uid
travels in parallel layers that move smoothly next to each other
Fig. 1 Elution profiles of diffusive and non-diffusive particles. Elution pro
(Rh = 100 nm), and (c) F94W aSyn amyloid fibrils (non-sonicated large fi

conditions (i.e., 1500 mbar mobilization pressure) described in the mater
a mixture of monomeric aSyn and nanoparticles. (d) Snapshots of the mi
points (see ESI movie 1† for the whole simulation). Concentrations of the
the colour-gradients shown on the right. (e) Overlay of the simulated e
measured profiles of D and ND species, corresponding to curves in (a) an
(d). (f) Comparison of experimental (black line) and simulated (dashed li
fibrils (purple; Rh = 20.3 nm) in 1 M urea.

2530 | Chem. Sci., 2024, 15, 2528–2544
without turbulent mixing. The central layers are the fastest
while the outermost layers in contact with the capillary wall are
immobile, giving rise to the characteristic parabolic ow
velocity prole. It has been demonstrated both theoretically and
experimentally, that for a given carrier solvent at xed temper-
ature, the mass transfer of solutes depends on (i) their diffu-
sivity, (ii) capillary dimensions (internal diameter, length, and
effective length, i.e., distance between point of injection and
detection window), and (iii) ow velocity (i.e., mobilization
pressure).48,49,58 The relationship between these parameters and
the hydrodynamic regime of solute mass transfer in the laminar
ow is dened by the characteristic diffusion time (s) and Péclet
number (Pe) according to eqn (3) and (4):

s ¼ DtR

a2
(3)

Pe ¼ ua

D
(4)

where s is the dimensionless characteristic diffusion time, D is
the diffusion coefficient, tR is the average elution time, a is the
inner diameter of the capillary, and u is the ow velocity. When
Taylor dispersion conditions are met (s > 1.4 and Pe > 69 59) the
dispersion in the axial direction of the capillary can be neglec-
ted and the mass transfer between the individual uid layers in
the directions perpendicular to the ow is achieved by radial
diffusion (see ESI movie 1†). Small particles (e.g., small mole-
cules, protein monomers) diffuse between the layers and travel
files of (a) monomeric aSyn (Rh = 3.5 nm), (b) fluorescent nanoparticles
brils, Rh > 50 nm). Experiments were recorded under the experimental
ials and methods. (d)–(f) COMSOL simulations of elution profiles using
xture separating in the capillary (i.d. = 75 mm, l = 1 m) at different time-
non-diffusive (ND) and diffusive (D) particles in the flow are indicated by
lution profiles shown on the left with the sum of the experimentally
d (b). The arrows correspond to the time points shown as snapshots in
nes) data for a mixture of F94W aSyn monomers (blue) and sonicated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with the average ow velocity (Fig. 1a, and ESI movie 1,† blue
species) resulting in a Gaussian distribution of their concen-
tration at the point of the detection. Their diffusion coefficients
(Dapp) can be obtained by tting the resulting Taylorgrams by
equations (eqn (5) and (6)) and used to determine their hydro-
dynamic radii (Rh) according to the Stokes–Einstein equation
(eqn (7)).60,61

y ¼ y0 þ A

2s
ffiffiffiffiffiffiffiffiffi
p=2

p e

 
� ðt�tRÞ2

2s2

!
: (5)

Dapp = tRa
2/24s2 (6)

Rh ¼ kBT

6phDapp

(7)

where s2 and tR are variance and residence time of the peak,
respectively, and a is the inner diameter of the capillary.

Conversely, larger particles (e.g., liposomes, large nano-
particles, protein aggregates) cannot radially diffuse under the
same experimental conditions (or diffuse marginally within the
experimental time scale) and remain in the same ow layer
during the experiments. Their mass transfer is dominated by
convection, resulting in the deformed, asymmetrical distribu-
tion of their signal at the detector (Fig. 1b and c; ESI movie 1,†
green species).

Here, we exploit this phenomenon to separate non-diffusive
aggregates from the diffusive monomers to determine the
stability of amyloid brils. To better understand the regime of
the diffusive and non-diffusive particles in the laminar ow
under the given experimental conditions, we rst numerically
simulated the experiment using the COMSOL soware (COM-
SOL Multiphysics® v. 6.1. COMSOL AB, Stockholm, Sweden). In
the simulations, a small plug (20 s, 75 mbar) containing
nanoparticles (NPs, D= 2.5× 10−12 m2 s−1, corresponding to Rh

= 100 nm) or protein monomers (D = 7.0 × 10−11 m2 s−1, cor-
responding to Rh = 3.5 nm derived from Taylor dispersion
analysis (TDA) measurements of aSyn monomer) was injected
into the one meter-long capillary with internal diameter of 75
mm, and their time-dependent distribution in the ow mobi-
lized by 1500 mbar was analyzed (Fig. 1d and e; ESI movie 1†).
Expectedly, the radially diffusing monomers formed a wide
uniform zone which travels with the average ow speed (Fig. 1d
and e; ESI movie 1†). In contrast, the non-diffusive NPs follow
the parabolic shape of the ow speed with their major fraction
being pushed ahead of the plug, followed by the gradually
decreasing fraction moving in the slower layers. This translates
to a highly skewed distribution (i.e., transient) at the point-of-
detection (84 cm from the injection) with sharp increase in
signal followed by its slow gradual decrease over time (Fig. 1d
and e; ESI movie 1†). A COMSOL simulation of different particle
sizes is shown in ESI Fig. S1.†

To validate our simulations, we carried out the experiment
with the FIDA1 instrument using aSyn monomers (WT or F94W
mutant) and uorescent carboxylate-modied polystyrene NPs
(d = 200 nm; FluoSpheres™, Thermo Fisher) as the models of
© 2024 The Author(s). Published by the Royal Society of Chemistry
diffusive and non-diffusive particles, respectively (Fig. 1a–c).
The experimental ow proles of the two types of species match
almost perfectly those obtained by the COMSOL simulations
(Fig. 1e). Moreover, the behaviour of the non-diffusive particles
can be well approximated by an analytical solution derived in
our parallel study of Taylor dispersion-induced phase separa-
tion (TDIPS62). As predicted by both the simulations and the
analytical equations, the arrival time of the fastest non-diffusive
particles is almost exactly half of the average monomer resi-
dence time. Similar observations have been made by others in
systems where mass transfer is dominated by
convection.51–54,63,64

Transient incomplete separation of amyloid brils and
soluble monomers

Following the successful modelling and experimental validation
of the NPs behaviour beyond the Taylor dispersion regime, we
extended the methodology to the analysis of amyloid brils
(Fig. 1f). We used aSyn brils equilibrated in 1 M urea to allow
their partial dissociation to monomers and analyzed the
resulting mixture using the FIDA1 instrument (Fig. 1f). The
prole resembled the one obtained as the sum of NPs and
monomeric aSyn (Fig. 1e), suggesting similar, non-diffusive
behaviour of the brils. Such transient incomplete separation
(TIS) of diffusive and non-diffusive species and different
approaches for the data analysis have been previously
described.51–57 Here, we analyzed the curve using numerical
COMSOL simulations assuming two species and obtained
diffusion coefficients of 7.0 × 10−11 and 1.2 × 10−11 m2 s−1 for
aSyn monomer and bril, respectively. Both values are in
excellent agreement with those measured by TDA of aSyn
monomers (Rh = 3.5 nm), and DLS analysis of brils (Rh = 20.3
± 0.5 nm). The latter corresponds to a brillar species of around
100 nm length with 10 nm width based on the models of rod-
like particles derived elsewhere.65 The shape of the curve for
sonicated brils (Fig. 1f) is shallower than the non-sonicated
bril curve (Fig. 1c) due to their different size distributions
which, however, both fall outside the regime for Taylor disper-
sion and form transient curves under our experimental condi-
tions (ESI Fig. S1†). Together, our results clearly demonstrate
that the FIDA1 instrument is a suitable experimental platform
for separation and individual quantication of diffusive soluble
proteins from their mixtures with non-diffusive particles.

Chemical depolymerization of aSyn brils studied by
transient incomplete separation

Next, we repeated the experiment in a range of urea concen-
trations to derive the full depolymerization curve of the aSyn
brils. First, we tested brils of the aSyn tryptophan-containing
mutant (F94W) to obtain a higher signal-to-noise ratio
compared to the wild type in the intrinsic uorescence-based
detection system. We analyzed F94W aSyn brils equilibrated
in a range of urea concentrations from 0 to 5.4M using the same
experimental conditions as described above (Fig. 2). For each
sample, a buffer with the matching concentration of urea was
used to mobilize the sample plug to avoid artefacts from
Chem. Sci., 2024, 15, 2528–2544 | 2531
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Fig. 2 Chemical depolymerization of amyloid fibrils using TIS. (left) Raw Taylorgrams of F94W fibrils (c = 20 mM) equilibrated in increasing
concentrations of urea. (middle) Quantification of monomer concentration from the elution profiles (after correction for the urea viscosity, see
materials and methods). Fitting of three representative curves (highlighted in the panel (a)) by the sum of the equations describing asymmetrical
(dotted line) and Gaussian (dashed lines) distributions (eqn (9) and (10)). The area of the Gaussian peak (gray) is proportional to the monomer
concentration. (right) Depolymerization curve of F94W aSyn fibrils. The points correspond to the ratio of monomer concentrations derived from
the deconvolution of the elution profiles in the total protein concentration as a function of urea.
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dilution or viscosity gradients. In low concentrations of urea,
the resulting elution proles were characteristic of the two-
component TIS regime described above, i.e., a sum of asym-
metrical and Gaussian peaks (Fig. 2). The amplitude of the
former gradually decreased and completely disappeared at high
urea concentrations (>2.3 M), indicating complete bril disso-
ciation to monomers which are in the TDA regime. Similar to
the experiments described above, the monomer diffusion in the
complex mixture was mostly unaffected by the larger species
and behaved in a predictable manner which could be accurately
modelled and analyzed (Fig. 2, middle panel). Conversely, the
signal from protein aggregates was less reproducible due to the
unspecic self-interaction or interaction with the capillary
surface resulting in signal spikes or delayed elution (sometimes
appearing in the washing step). Therefore, we concluded that
absolute quantication of monomers, rather than relative
quantication of brils and monomer is a more robust and
reproducible approach and used it for further analysis. We also
veried that uorescence and hydrodynamic radius of the
monomer are not affected by the denaturant by performing
control experiments with monomeric aSyn in increasing
concentrations of urea (ESI Fig. S2†).

The quantication of monomer was carried out in several
different ways. First, we removed the signal contribution from
the brils by subtracting a manually generated linear baseline
connecting the hypothetical intersections of the two distinct
peaks and integrated the remaining monomer peak to obtain
the corresponding area (ESI Fig. S3, ESI Table S1†). Although
simple, the procedure is lengthy and subjective regarding the
selection of the intersects. To overcome these limitations, we
tted the viscosity-corrected data to the sum of the two distri-
butions described by eqn (9) and (10) (see Materials and
methods for details) to obtain the deconvoluted areas under the
Gaussian peaks. The procedure worked well for curves where
the two distributions could be clearly distinguished. In cases
where the contribution from one of the peaks to the overall
signal was minimal (0 to 10%), analysis was more challenging
2532 | Chem. Sci., 2024, 15, 2528–2544
and oen resulted in overtting due to the high number of
parameters. We solved this by writing a custom python script
(provided in the associated content with a link at the end of the
manuscript) that globally ts the Taylorgrams across the whole
urea concentration range by parametrizing the monomer peak
area using DG and m-value from the isodesmic model and
sharing the rest of the parameters from eqn (9) and (10) (except
the area of the asymmetric bril peak). The global analysis gives
well dened condence intervals of the tted parameters, albeit
sometimes at the expense of quality of the individual ts. In
such cases, individual ts with higher quality can be obtained
with the same script. Finally, we veried the results using
deconvolution of the curves by numerical analysis in COMSOL.
The depolymerization curves obtained by the four methods are
almost identical and yield similar energy parameters (within
error) when analyzed within the isodesmic depolymerization
model framework (ESI Fig. S3, ESI Table S1†). We primarily
chose the global tting approach for analysis of further exper-
iments owing to its reliability, speed, and automation.

TIS is a robust method for the analysis of amyloid bril
thermodynamic stability

To validate our newly developed FIDA analysis, wemeasured the
thermodynamic stability of the WT and F94W mutant of aSyn,
and PI3-SH3 brils using other available techniques including
DSF (differential scanning uorimetry), static light scattering
(SLS) intensity, thioavin T uorescence, and ultracentrifuga-
tion (UCF) followed by quantication of the monomer in the
supernatant using UV-absorbance (Fig. 3, Table 1). Depoly-
merization curves obtained by each method were tted to the
isodesmic model and compared based on the resulting DG
values (Table 3). The isodesmic model is conceptually simpler
than the cooperative model which limits overtting by reducing
the number of free parameters, particularly in cases where only
a single protein concentration is measured.38 We obtained
excellent agreement between experiments for the F94W aSyn
with nearly overlapping depolymerization curves (apart from
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thermodynamic stability of three different amyloid fibrils measured with different techniques. (a) Chemical depolymerisation of F94W
aSyn mutant fibrils was studied reliably with all techniques including ultracentrifugation (UCF), FIDA, DSF, ThT and SLS. Data from ThT fluo-
rescence is slightly out of the error range of the other techniques. (b) WT aSyn fibrils were reliably measured by FIDA, ThT and SLS, however, DSF
failed to monitor the monomer/fibril conversion as expected due to the lack of tryptophan residues. (c) PI3K-SH3 amyloid fibrils were measured
reliably by FIDA and DSF, but SLS intensity data was unreliable most probably due to precipitation of fibrils at low denaturant concentrations.
Non-normalized data for DSF in (b) and SLS intensities in (c) are shown in the second Y axis of the corresponding graphs.

Table 1 Comparison of thermodynamic stability of three model amyloid systems measured using different techniquesa

Analytical
technique

F94W aSyn WT aSyn SH3

DG (kJ mol−1) m (kJ M−1 mol−1) DG (kJ mol−1) m (kJ M−1 mol−1) DG (kJ mol−1) m (kJ M−1 mol−1)

UCF −34.0 � 0.9 6.5 � 0.8 n.m. n.m.
FIDA −34.6 � 1.0 7.6 � 0.9 −30.1 � 0.7 8.3 � 0.97 −59.8 � 4.7 10.0 � 1.3
DSF −35.4 � 1.2 8.6 � 1.1 n.d. −58.6 � 5.1 10.0 � 1.5
ThT −32.8 � 0.8 8.2 � 0.9 −33.0 � 0.4 10 � 0.3 n.m.
SLS −33.1 � 0.8 6.3 � 0.7 −29.5 � 0.3 9.8 � 0.1 n.d.

a UCF – ultracentrifugation, FIDA – ow-induced dispersion analysis, ThT – thioavin T assay, SLS – static light scattering, DSF – differential
scanning uorimetry, n.m. – not measured, n.d. – DG could not be determined.
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that obtained by ThT uorescence) and differences between DG
values within the range of tting errors (Fig. 3a, Table 1). Since
both FIDA and DSF are based on the detection of intrinsic
uorescence, we decided to test their limits by repeating the
experiment using brils of wild type aSyn which does not
contain tryptophan, but only 4 tyrosine residues as uorophores
(Fig. 3b, Table 1). The brils were prepared according to the
same protocol used for the F94W mutant and depolymerized at
two-times higher nal concentration (40 mM) to compensate for
the lower signal. The sensitivity of the FIDA proved to be suffi-
cient and we were able to obtain a well-dened depolymeriza-
tion curve (Fig. 3b). Based on our results, we conclude that the
limits of detection for wild type and F94W aSyn monomers are
ca. 5 and 1 mM, respectively. In contrast, DSF which utilizes the
shi of the tryptophan uorescence emission spectrum
induced by changes in its local environment (e.g., monomeric
vs. brillar state66,67) did not yield any meaningful results for WT
aSyn brils (Fig. 3b), conrming that the tyrosine residues lack
the environmental sensitivity necessary to distinguish aggre-
gated from soluble states. Interestingly, the stability of WT
brils was ca. 4 kJ mol−1 lower compared to the F94W mutant
(Table 1). Arguably, the mutation alters the energy landscape of
aSyn and is therefore not a non-invasive probe for analysis of
aSyn bril stability. This is an important nding since similar
effects might be, in principle, observed in studies of amyloid
© 2024 The Author(s). Published by the Royal Society of Chemistry
forming proteins lacking tryptophan and that use engineered
Trp variants instead.

In contrast to aSyn, PI3K-SH3 naturally contains a single
tryptophan which gives the protein two distinct uorescence
emission spectra in the monomeric and brillar states (uo-
rescence is fully quenched in the brillar state), making it an
ideal probe for studying bril stability by DSF.38 Our analysis of
PI3K-SH3 bril stability by FIDA agreed well with DSF measured
here (Fig. 3c, Table 1) and published previously.38 In contrast,
the SLS signal was noisy at low denaturant concentrations,
presumably due to higher order assembly of brils and sedi-
mentation, and could not be used for the tting.

Using three model cases we successfully veried the general
applicability of our novel approach for analyzing bril stability.
The only other method which could be successfully applied to
all three cases was ThT uorescence which is also simple, fast,
and scalable. However, different brils have distinct sensitivity
to ThT, and some bril polymorphs are even “ThT-invisible”
and cannot be monitored by this uorescent dye.68–71 Although
applicable in some cases, scattering techniques (SLS and DLS)
suffer from large dependency of scattered light intensity on
aggregate size, hindering reliable normalization of the depoly-
merization curves when small amounts of residual aggregates
are present in the depolymerized samples at high urea
concentrations. Similar issues apply to ultracentrifugation,
Chem. Sci., 2024, 15, 2528–2544 | 2533
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Table 2 Thermodynamic stabilities of different WT aSyn fibril polymorphs prepared and measured under different sets of solution conditions.
The Gibbs free energy difference between monomeric and fibrillar state (DG) and m-values were obtained from fitting the chemical depoly-
merization data shown in Fig. 4 by the isodesmicmodel of depolymerization (black lines, Fig. 4). The name of the polymorphs corresponds to the
condition at which they were formed and is described in the buffer column (S – salt condition, NS – no salt condition, N – neutral, H – acidic)

Fibril polymorph Condition DG (kJ mol−1) m-Value (kJ M−1 mol−1) Buffer

S
S

−25.6 � 0.1 6.4 � 0.4 50 mM Tris, 150 mM KCl pH 7.5
NS −34.2 � 0.5 4.8 � 0.3
NS NS −25.6 � 0.3 5.3 � 0.4 5 mM Tris pH 7.5
N

N
−30.6 � 0.8 7.0 � 0.7 20 mM NaP, 150 mM NaCl pH 7.4

H −27.0 � 0.6 4.9 � 1.2
H H −33.3 � 1.6 6.3 � 1.2 20 mM NaAc, 150 mM NaCl pH 5
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which additionally requires higher volumes of sample (>30 mL),
specialized equipment, and long centrifugation times (>1.5 h) at
high-speed (>150 000×g) to ensure complete removal of the
aggregates.
Thermodynamic stability as potential indicator of aSyn bril
polymorphism

Finally, we applied our newly developed methodology to study
how the solution conditions dictate the stability of WT aSyn
brils (Table 2). First, we selected two well characterized aSyn
bril polymorphs – brils (polymorph S) assembled under
physiological conditions (50mMTris–HCl, pH 7.4, 150mMKCl;
Fig. 4 Chemical depolymerization of different aSyn fibrils measured u
measured in the absence (NS, violet), or presence (S, blue) of salt. The d
carried out to directly compare their stabilities. The error bars indicate sta
measurements. All curves were fitted to the isodesmic model of fibril dep
in neutral (pH 7.4, N, green), or acidic (pH 5, H, salmon) pH. The depoly
directly compare its stability with that of fibrils formed at neutral pH. The e
(n = 3) independent measurements. All curves were fitted to the isodesm
morphologies. The H polymorph formed large clusters on the mica prev

2534 | Chem. Sci., 2024, 15, 2528–2544
i.e., salt condition), and ribbons (polymorph NS) assembled in
the absence of salt (5 mM Tris–HCl pH 7.4, i.e., no salt condi-
tion).72 We prepared the two bril polymorphs using estab-
lished protocols72 and conrmed their morphology using AFM
(Fig. 4c). Fibrils of polymorph S are composed of two proto-
laments (8.23 ± 1.17 nm height) that twist with an average
pitch length of 204 ± 63 nm. In contrast, the ribbons were
thinner (6.59 ± 0.87 nm height), had no detectable twist, and
were oen found in bundles (Fig. 4c). Both polymorphs were
sonicated and depolymerized using increasing concentrations
of urea in (i) their original buffer (native conditions) and in (ii)
buffer with salt to allow direct comparison of their stability. The
nder various solution conditions. (a) Stability of fibrils prepared and
epolymerization of the ribbons in the presence of salt (dark violet) was
ndard deviation of the monomer areas from three (n = 3) independent
olymerization (black lines). (b) Stability of fibrils prepared and measured
merization of the H polymorph in neutral pH (red) was carried out to
rror bars indicate standard deviation of the monomer areas from three
ic model of fibril depolymerization (black lines). (c) AFM analysis of fibril
enting reliable analysis of the individual particles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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change of conditions was achieved by diluting the brils (200
mM) 5 times using a modied salt and pH solution, resulting in
the nal desired condition. We also veried that 3 days of
incubation time was long-enough to ensure that equilibrium
was reached in all urea concentrations (ESI Fig. S4 and SI Table
S2†). Interestingly, although the two polymorphs showed
similar stability in their native buffers, polymorph NS was
8.5 kJ mol−1 more stable than polymorph S when measured in
the presence of salt (Fig. 4a). Notably, the propensity of brils
NS to form bundles and clumps did not change signicantly in
the new condition based on our AFM analysis (Fig. 4c), indica-
tive that the stabilizing effect does not stem from their
increased lateral association. It has been shown by ssNMR that
polymorph NS is formed by regular long b-strands whereas
polymorph S has an irregular pattern of shorter b-strands.73 The
higher stability of polymorph NS observed here can thus argu-
ably reect the stronger network of hydrogen bonds within its
cross-b-sheet architecture and/or higher number of residues
forming the amyloid core.

Next, we studied the effect of pH on bril stability. We
prepared aSyn brils at pH 7.4 (neutral (N) polymorph) and pH
5 (acidic (H) polymorph) in the presence of 150 mM NaCl to
mimic cytosolic and lysosomal pH, respectively.74 We charac-
terized their morphology using AFM and found that the neutral
polymorph has an average pitch length of 162 ± 47 nm and
height of 5.2 ± 0.7 (Fig. 4c). The morphology of acidic poly-
morph was difficult to assess due to the higher order assembly
of individual brils into large particles observed by AFM
(Fig. 4c). When depolymerized in their native conditions, the
acidic polymorph was more stable compared to the neutral
polymorph (Fig. 4b). However, its stability decreased signi-
cantly when transferred to the neutral condition, to below the
stability of the neutral polymorph (Fig. 4b, Table 2). Arguably,
this shi of bril stability is caused by the higher solubility of
aSyn in the neutral pH compared to the acidic one leading to
(partial) bril dissociation upon the pH jump. Similar destabi-
lization of aSyn brils upon change in pH was observed by
others and could be an important phenomenon occurring in
vivo.74

Moreover, an exploration was conducted to identify aggre-
gation intermediate species in the soluble fraction of the
samples. This involved reanalyzing the FIDA curves by intro-
ducing additional species to the tting process or varying the
size of soluble species. These analyses, however, could not
distinguish monomers from dimers to decamers (ESI Section 1,
ESI Fig. S5†). Consequently, DLS and FIDA were applied to the
soluble fraction of the samples aer centrifugation, revealing
an absence of signicant fractions of intermediate species (ESI
Section 1, ESI Fig. S6†).

In general, the stability of aSyn brils measured here is low
(DG ∼ −35 to −25 kJ mol−1) which translates to relatively high
solubility (low mM range) compared to other amyloids whose
solubility is oen in the low nM range.41 We therefore calculated
the values of DG in the absence of urea based on the eqn (2) and
compared it to the ones obtained from the isodesmic model
(Table 2). We observed that although there is a correlation
between the two values, they are not equal. (ESI Fig. S7†). We
© 2024 The Author(s). Published by the Royal Society of Chemistry
speculate that this is primarily due to the uncertainty in the
estimation of the concentrations in the absence of urea based
on the FIDA analysis, since they fall below the 5 mM threshold in
most cases. This highlights the value of the chemical depoly-
merisation method to determine bril stability, even for brils
with relatively low stability, such as those of aSyn.

Discussion
TIS is a robust, sensitive, and sample-economical method for
analysis of bril stability

Several different experimental methods are used to probe
thermodynamic stability of amyloid brils (Table 3).35,38,41 These
include methods based on separation of aggregates and soluble
monomers from each other (e.g., ultracentrifugation), or those
detecting the spectroscopic or scattering signatures from
mixtures of brils and soluble protein (e.g., ThT, DSF, SLS).
Ultracentrifugation, followed by quantication of soluble
protein in the supernatant, is considered a standard method for
the quantication of the solubility at any given set of condi-
tions. Despite being conceptually simple and straightforward, it
is time-consuming and has relatively low throughput. Further-
more, in our study, we failed to separate extensively sonicated
brils from monomer even by centrifugation at 180 000×g for 1
hour. The resulting supernatant was ThT positive, indicating
the presence of residual brils or oligomers (ESI Fig. S8†).

Higher-order assemblies and aggregates of proteins strongly
scatter light which can be used for determination of bril
stability.75,76 The analysis of stability curves determined by DLS
or SLS can be cumbersome due to the large uncertainty in
quantication of soluble monomers in samples with small
amounts of large aggregates that dominate the scattering signal
which consequently hinders correct normalization of the
depolymerization curves. Moreover, aggregates that precipitate
out of solution do not show any scattering signal (e.g. SH3
brils, Fig. 3c). The Thioavin-T (ThT) assay is an extensively
used and popular method for quantication of brils, mostly in
kinetic analysis of bril formation, owing to its simplicity,
throughput, and use of commonly available uorescence plate
readers. One of the main disadvantages of ThT-based (or other
uorescent probes such as ANS) detection is the great sensitivity
of the uorescence intensity of the dye towards solution
conditions or structural features of the brils.68–71,77 DSF is an
attractive method due to its high throughput and low sample
consumption. However, it requires the presence of tryptophan
residues localized such that their structural context within the
protein changes between monomeric and brillar states and is
accompanied by sufficiently large shi of its uorescence
spectrum.38 Unfortunately, tryptophan is a relatively rare amino
acid78,79 and its introduction into the wild type by mutagenesis
can affect the protein's free energy landscape, as demonstrated
here in a case of aSyn (Fig. 3a and b). The output of spectro-
scopic and scattering techniques reports only on relative
concentrations of the species and the resulting data analysis
requires making assumptions which might be incorrect.
Specically, the normalization of data may suffer from errors if
the brils are partially dissociated in the absence of urea or not
Chem. Sci., 2024, 15, 2528–2544 | 2535
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Table 3 Comparison of different experimental methods used for chemical depolymerization experiments

Technique Detection/species Advantages Disadvantages

FIDA Intrinsic
uorescence/
monomer

Quantication of monomer, sizing of the soluble
species, 5 mL per sample (>95% recoverablea), 15
samples per hourb in autonomous manner from 96
well-plate, qualitative information about bril sizec,
can be used in tandem with centrifugationd, label-
free

Requires presence of at least one Y/W in the
sequence (LOD of aSyn WT (4 × Y) and
F94W (4 × Y, 1 × W) ca. 5 and 1 mM,
respectively), parallel measurements not
possible

UCF Absorbance/
monomer

Quantication of monomer, medium throughput
(72 samples per rune), sensitivity dependent on the
protein quantication assay and can be optimized

Labor-intensivef, large sample volume (∼30
mL), no sizing of soluble species available,
presence of soluble aggregates in the
supernatant

ThT Extrinsic
uorescence/bril

High throughput (768 samples per hourg), low
sample consumption (15 mL), autonomous,
continuous monitoring of multiple samples during
equilibration possible (depolymerization kinetics)

Low or no sensitivity to certain brils (i.e.,
ThT invisible polymorphs), indirect
measurementh, interference with other
molecules (e.g., DNA), no information about
the soluble species which can render
normalization difficult

SLS, DLS Light scattering/
brils

Simple and fast, high throughput (48 samples per
runi), low sample consumption (10 mLi). Label-free,
no specic protein amino acid requirements,
continuous monitoring of multiple samples during
equilibration possible (depolymerization kinetics)

Large dependence of scattering intensity on
aggregate size, no information about the
concentration of the soluble species leading
to errors in data normalization, low signal/
noise ratio

DSF Intrinsic
uorescence/both

Simple and fast, high throughput (48 samples per
runi), low sample consumption (10 mLi), continuous
monitoring of multiple samples during
equilibration possible (depolymerization kinetics)

Requires presence of tryptophan residues
and measurable difference of their
uorescence spectra in the monomeric
versus brillar state

a 5 mL is the minimal working volume for sample injection, <250 nL of sample is used for the analysis. b Based on the method used here which
includes washing steps. c Asymmetric peak = not diffusive or slowly diffusive aggregates; spikes = large, non-diffusive aggregates; absence of
spikes and asymmetric peak = large and macroscopic aggregates that do not enter the capillary. d Removal of most aggregates by centrifugation
followed by FIDA allows more reliable sizing of the residual soluble species. e Using Type 42.2 Ti Fixed-Angle Titanium Rotor (Beckman). f e.g.
pipetting in and out of the centrifugation tubes and absorbance measurement off-line. g Using 384-well plates and 30 min read time/plate.
h ThT signal is not always linearly dependent on bril concentration. i Using DSF capillary-based platforms such as Prometheus Panta
(NanoTemper). FIDA – ow-induced dispersion analysis, UCF – ultracentrifugation, ThT – thioavin T assay, SLS – static light scattering, DLS –
dynamic light scattering, DSF – differential scanning uorimetry. HTP – high-throughput, LOD – limit of detection.
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completely depolymerized in the highest urea concentration,
where the relative monomer concentration is normalized to
zero and one.

In contrast, the methodology described here combines fast,
in situ separation of the two species using ultra-low sample
volume (5 mL minimal sample volume with only a few hundred
nL sample consumption per data point) on relatively short time
scales (minutes) in an automated, high throughput-amenable
manner. The intrinsic uorescence detector is sensitive
enough to detect species of protein that do not contain trypto-
phan. Here, down to 5 mM of monomeric unlabelled WT aSyn
(3280 = 5960 M−1 cm−1; four tyrosine residues) could be quan-
tied. The quantication of monomer concentration enables
straightforward and reliable data normalization. Moreover,
absolute concentration of monomer can be obtained if it can be
independently demonstrated that the samples are fully mono-
meric at the highest denaturant concentrations. Otherwise,
a calibration curve with knownmonomer concentrations can be
used.

Although not considered in detail in our present analysis,
the uorescence signal of the brils during FIDA provides
valuable qualitative information about their properties. Fibrils
that are prone to self-association form larger aggregates that are
2536 | Chem. Sci., 2024, 15, 2528–2544
detected as signal spikes whose intensity is related to their size.
Conversely, isolated, and homogenized (sonicated) brils are
oen small enough to appear as continuous signal of non-
diffusive particles (Fig. 1c). Such information can be useful in
attempts to optimize solution conditions towards favouring
well-dened individual brils, something that is a requirement
for structural analyses of amyloid brils, e.g. by AFM or cryoEM.

Thermodynamic stability of aSyn brils is a valuable probe of
bril polymorphism

Multiple polymorphs of aSyn brils have been observed in both
patient samples80,81 and in vitro studies using recombinant
monomer.82,83 The structural variation of brils assembled in
vitro is dictated by the solution conditions of the aggregation
assay, including pH, salt concentration, incubation tempera-
ture, or shaking.82,83 Conversely, the diversity of bril poly-
morphs isolated ex vivomay be attributed to the unique cellular
environments84 characteristic for each disease (similarly to what
has been observed for the tau protein9). These include dopa-
minergic neurons in PD and oligodendrocytic glial cells in
different brain regions in MSA.80,85 This is supported by the
nding of unknown electron densities in the structures of both
disease-related aSyn polymorphs, indicating a cell specic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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“aggregation co-factor” whose absence explains the inability to
replicate these structures in vitro using seeded experiments.11

While it is plausible for different bril polymorphs to nucleate
in a cellular environment, disease-specic polymorph evidence
suggests that only one polymorph emerges as the dominant
competitor, propagating itself due to higher stability, faster
kinetics, or better compatibility with the cellular environment,
including ligands or post-translational modications (PTMs).

We studied the effect of salt and pH separately on the ther-
modynamic stability of the brils. We rst prepared the brils
in the absence or presence of salt (150 mM KCl) as well as
neutral (pH 7.4) and acidic (pH 5) conditions. It has been re-
ported that a distinct dominant polymorph is formed in each
condition72,86 which is supported by the morphological differ-
ences observed in our AFM analysis of the brils (Fig. 4c).

The thermodynamic stability of the polymorph S (salt condi-
tion) and NS (non-salt) was similar when assayed under the
conditions in which they were formed (Fig. 5a). However, the
polymorph NS was more stable than polymorph S when
measured in the buffer conditions in which the latter was formed
(Fig. 5a). The result was unexpected since the kinetics of bril
formation was faster at high salt, both in terms of nucleation and
elongation (ESI Fig. S9†). In contrast, the aggregation of aSyn in
the absence of salt was slow and the reaction had to be promoted
by sonication during the time course of reaction to achieve
complete conversion of monomers to brils. Analysis of the
aggregation kinetics in the presence of preformed seeds revealed
that elongation saturates already at low mM concentrations of
monomer, which might explain the need for sonication which
promotes formation of new elongation-competent bril ends and
greatly accelerates the overall conversion of monomer to brils
(ESI Fig. S5b,† right panel). To rationalize all our observations, we
consider that aSyn can adopt different conformations during
bril formation.82,83 At high ionic strength the electrostatic
repulsion between monomers and brils is largely screened.87

Consequently, the bril conformations with lowest energy barrier
of nucleation/elongation are formed rst, i.e., the structural
polymorphism is dominated by kinetic factors (Fig. 5a, poly-
morph S in S, light blue). This might lead to structures that are
Fig. 5 Schematic representation of energy landscapes of the different ty
formation and stability of fibrils. Different fibril polymorphs are depicted b
squares, H – circles, N – parallelograms) and color-coded according to
green). A change in solution conditions can both increase (a) and decre

© 2024 The Author(s). Published by the Royal Society of Chemistry
not minimising electrostatic repulsion inside the bril, because
such minimisation is not necessary under highly screened
conditions. In contrast, the high electrostatic repulsion in the
absence of salt creates an energy barrier leading to slower
aggregation (Fig. 5a, polymorphNS inNS, violet). In this scenario,
the formation of amyloid brils is driven by aSyn conformations
with an optimally minimized set of unfavourable electrostatic
interactions and maximization of favourable interactions to
ensure bril stability under such unfavourable conditions. In
other words, bril structure is primarily governed by thermody-
namic stability of the resulting brils under such unfavourable
conditions. These polymorphs exhibit enhanced stability
compared to the kinetically controlled ones when transferred to
the conditions where electrostatic forces are attenuated (high
salt, right side of energy landscape diagram in Fig. 5a). The NS
polymorph represents a low and possibly the global energy
minimum on the rugged conformational landscape for neutral
pH conditions which is unlikely to be sampled in the physio-
logically relevant context due to the easier accessibility of other
bril morphologies at physiological ionic strength. However, it
provides important insights into the delicate interplay between
kinetic and thermodynamic factors and their inuence on bril
stability and polymorphism.

Changes in bril stability in response to pH variation are
likely to have more physiological relevance. It has been reported
that brils formed under conditions that simulate the acidic
cellular compartments (lysosomes, endosomes) are destabilized
when transferred to the neutral pH of the cytosolic environ-
ment.74 Our results agree with such observations and provide
a quantitative view of this phenomenon. Aggregation of aSyn
under acidic pH conditions is faster and the resulting brils (H)
are slightly more stable compared to neutral pH (Fig. 4b, 5b; ESI
S5c and d†). In contrast to the case above, the solubility differs
between the bril-forming conditions which explains the higher
stability of brils at pH 5. However, the stability of H brils
decreases upon transfer to physiological pH even below the
stability of brils formed under such conditions (right side of
Fig. 5b). This indicates that a given bril structure can be well-
adapted to a given set of solution conditions, while a change in
pes of aSyn fibrils studied. Effect of (a) salt and (b) pH on the kinetics of
y different shapes of their monomer building blocks (NS – triangles, S –
the conditions they were formed (NS – violet, S – blue, H – red, N –
ase (b) the thermodynamic stability of a given type of fibril.
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solution conditions can severely destabilize the structure. A
change in pH can lead to a signicant change in charge state of
a protein and hence can lead to the emergence of additional
unfavourable electrostatic interactions that render the given
structure ill-adapted to the new solution environment.

To conclude, we demonstrate the importance of thermody-
namic stability measurements in probing the rugged amyloid
landscape and provide a useful novel methodology for its
analysis. We believe that future studies, which link thermody-
namic stability of bril polymorphs with high resolution
structural information can provide a missing link between the
observed structural polymorphism of amyloid brils and some
of the properties relevant for disease.
Materials and methods
Protein purication and sample preparation

Human wild type or F94Wmutant aSyn were expressed in E. coli
BL21 (DE3) cells transformed by the pT7-7 plasmid carrying the
respective gene (Addgene plasmid # 36046; http://n2t.net/
addgene:36046; RRID: Addgene_36046 (ref. 88)). Transformed
cells were used to inoculate 1 L LB medium containing
ampicillin (50 mg ml−1

nal concentration) as a selection
marker. The cell suspension was incubated at 37 °C and aSyn
expression induced by IPTG (1 mM nal concentration) at
OD600 ∼ 0.6–0.8. The cells were harvested by centrifugation
(5000×g, 20 minutes) following the 4 hour expression at 37 °
C. Cell pellet corresponding to 1 L culture was resuspended in
20 mL of Tris buffer (10 mM Tris–HCl, 1 mM EDTA, pH 8.0)
with 1 mM PMSF (phenylmethylsulfonyl uoride). The
suspension was sonicated with a probe ultrasonicator for
8 min (10 s on time, 30 s off time, 12 rounds with 40%
amplitude). 1 mL benzonase (DNAse) was added to the cell
lysate and the insoluble fraction was removed by
centrifugation (20 000×g, 30 min at 4 °C). The resulting cell-
free extract was boiled for 20 min and the heat-precipitated
proteins removed by centrifugation (20 000×g for 20 min at 4
°C). aSyn was precipitated by addition of saturated (NH4)2SO4

(4 mL per 1 mL of supernatant). The solution was incubated on
a rocking platform at 4 °C for 15 min and then centrifuged (20
000×g, 20 min, 4 °C) to obtain a protein pellet. The pellet was
dissolved in 7 mL of 25 mM Tris–HCl pH 7.7 with 1 mM DTT.
Protein was dialyzed against the same buffer for 16–18 h with
a buffer exchange aer 12 h of dialysis at 4 °C. The dialyzed
protein was then subjected to anion exchange chromatography
(AEC) (HiTrap Q Hp 5 ml, GE healthcare) followed by size
exclusion chromatography (SEC) (HiLoad 16/600 Superdex 200
pg. column). The monomeric fraction of aSyn eluted in 10 mM
of sodium phosphate buffer (pH 7.4) was collected, and the
protein concentration determined by UV-absorption at 280 nm
with theoretical molar extinction coefficients calculated from
the protein sequence using ProtParam80 (Expasy, Switzerland).
Fibril preparation

The aSyn brils were prepared using a single monomer batch
which was transferred to different buffer conditions (200 mM
2538 | Chem. Sci., 2024, 15, 2528–2544
nal monomer concentration) followed by incubation in the
benchtop thermo-shaker with constant agitation (1200 rpm) at
37 °C for 7 days. Fibril samples were frozen and stored at −20 °
C. Prior to the experiment, brils were thawed and sonicated
using an ultrasonic probe (Hielscher UP200St). Sonication was
carried out in repeating pulses of 3 second duration with 20%
amplitude separated by 12 second pauses for 5 minutes (one
minute total sonication time) to prevent sample overheating.
Flow analysis of non-diffusive particles

The ow-induced dispersion experiments were carried out
using FIDA1 instrument (FidaBio, Denmark). For each
measurement, the following method was used unless stated
otherwise:

1 – Wash 1 (1 M NaOH): 45 s, 3500 mbar.
2 – Wash 2 (MQ water): 45 s, 3500 mbar.
3 – Equilibration (buffer): 30 s, 3500 mbar.
4 – Sample application (protein/NP stock): 20 s, 75 mbar.
5 – Measurement and detection (buffer): 75 s, 1500 mbar.
All experiments were performed at 25 °C. The resulting

elution proles were corrected for the viscosity of urea accord-
ing to the following empirical formula derived in ref. 89:

h

h0

¼ 1 þ 3:75 � 10�2ðCÞ þ 3:15 � 10�3 ðCÞ2 þ 3:10

� 10�4 ðCÞ3 (8)

where h is the viscosity of the sample, C is concentration of urea
(in moles per liter), and h0 is the viscosity of water.

The monomer quantication was carried out using four
different methods of Taylorgram deconvolution following the
reasoning that (i) the observed signal is a sum of contributions
from diffusive particles (i.e., monomers) with a Gaussian
distribution, and non-diffusive particles (i.e., brils/
nanoparticles) exhibiting an asymmetrical distribution, and
(ii) that the monomer concentration is proportional to the
signal amplitude of the former.

Method 1: baseline subtraction

The contribution from the non-diffusive particles was sub-
tracted from the monomer signal using a linear baseline con-
necting manually selected points at the intersects of the two
distributions using OriginPro (OriginLab, USA). The monomer
concentration was determined from the integral of the resulting
peak.

Method 2: independent tting

Each elution prole was tted to the sum of the Gaussian and
asymmetrical distributions (Asym2Sig; OriginPro 2021)
described by the eqn (9) and (10), respectively.

y ¼ y0 þ A1

.�
w

ffiffiffiffiffiffiffiffiffi
p=2

p �
exp
�
�2ðt� tr1Þ2

.
w2
�

(9)

where y0 is the signal offset, and tr, A, and w are the peak centre
(retention time, i.e., time for average ow to reach the detector),
area, and width (reecting the size of the monomers),
respectively.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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y = [A2/(1 + exp(−(t − tr2 + w1/2)/w2))][1 − 1/(1 + exp(−(t − tr2 −
w1/2)/w3))] (10)

Here, w1 denotes the full width of half maximum, and param-
etersw2 andw3 represent the variance of the le- and right-hand
sides of the peak, respectively. Consequently, a symmetrical
distribution is recovered when w2 = w3. The retention times of
the two distributions were xed together with the width of the
Gaussian peak and the offset to reduce the number of param-
eters during tting. The monomer concentration was deter-
mined from the area of the Gaussian peak.
Method 3: global tting

Fits of individual elution proles oen suffered from over-
parameterization and did not converge, most notably in cases
where the contribution from the non-diffusive particles to the
overall signal was low (0–10%). To overcome this, elution
proles across the whole urea depolymerization series were
analyzed globally.

A global t allows shared parameters across all data to be
obtained for one series of measurements at different dena-
turant concentrations, which restricts the model and makes
tting more robust. The residency time (retention time) of the
samples should be independent of urea concentration aer
normalizing the data based on the viscosity increase and was
therefore shared between all samples. The hydrodynamic
radius of the monomer was shown to be independent of dena-
turant and could thus be represented with Gaussian curves with
shared widths (eqn (9)) but different total areas which were
dened by the isodesmic polymerization model (eqn (11),38)
multiplied with a constant to relate uorescence to
y ¼
2½M�tot exp

�
� DG þm½D�

RT

�
þ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½M�tot exp

�
� DG þm½D�

RT

�s

2½M�tot2 exp
�
� DG þm½D�

RT

�2
(11)
concentration.
where [M]tot is the total concentration of the protein, m (or m
value) is the denaturant dependency of the free energy, [D] is the
concentration of the denaturant, R is the universal gas constant,
and T is the absolute temperature.

We found that the signal for the brils changed slightly with
urea concentration, however this change could not be directly
modelled by the empirical t using the asymmetric distribution
(eqn (10)). Also, the amount of brils present in the signal was
stochastically changing in each sample due to sticking, sampling-
issues due to heterogeneous samples and sedimentation, etc. To
limit the over-parameterization and correlation between parame-
ters in the t, which made the estimation of monomer unreliable,
the global analysis therefore used a shared asymmetric distribu-
tion curve to account for the bril signal in all samples, and only
© 2024 The Author(s). Published by the Royal Society of Chemistry
the total area of the bril signal was an independent t parameter
for each individualmeasurement. Because clumping brils caused
spikes in the signal, all samples were smoothed using a median
lter with a window size of 31 data points. Least squares ts were
performed with lmt in Python using the Levenberg–Marquardt
algorithm.
Method 4: COMSOL simulation

Monomer and bril transport were simulated using COMSOL
Multiphysics 5.6 (COMSOL AB, Sweden) nite element analysis
soware. The simulated geometry was a straight capillary 1 m in
length aligned along the z-axis with a cylindrical 500 mm
detector region at z = 840 mm.

Using the “Transport of Diluted Species” interface, a Poiseuille
velocity eld was imposed in the channel, with the magnitude
determined by a parameterized pressure/viscosity term that was
variable in time. In the rst 20 seconds of the simulation, the
velocity corresponded to an inlet pressure of 75 mbar, and two
solute species were introduced by concentration constraint at the
inlet, resulting in the introduction of a sample “plug”. Aer 20
seconds, the concentration constraint at the inlet was set to zero
and the pressure parameter increased to a value corresponding to
the desired experimental velocity. The concentration of each species
at the detector was recorded as a function of simulation time.

The simulation output was calibrated against experimental
data from monomer-only runs. As the total protein concentra-
tion was constant (20 mM), and only the leading edge of the peak
was used as reference data (avoiding confounding effects from
adsorption of brils to the capillary walls), a separate calibra-
tion factor for brils was computed. The hydrodynamic radius
of the monomer was experimentally determined using the FIDA
1 instrument, and its diffusion coefficient used as determined
(7.0 × 10−11 m2 s−1). An approximate bril diffusion coefficient
(Df) was derived from a COMSOL t to an experimental FIDA run
for brils and conrmed by calculation of approximate expected
values for brils of the experimentally determined average
length (1.2 × 10−11 m2 s−1).

Using the “Parameter Estimation interface”, the free mono-
mer concentration, bril diffusion coefficient and bril
concentration/signal calibration multiplier were used as tting
parameters with the rst 30 seconds of each experimental run
as reference data. The bril signal calibration value was entered
as a tting parameter to verify consistency of results.
Chem. Sci., 2024, 15, 2528–2544 | 2539
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DSF and static light scattering (SLS)

Intrinsic uorescence and light scattering of the brils equili-
brated at different concentrations of urea were measured using
the Prometheus Panta instrument (NanoTemper, Germany).
Samples were loaded into the standard grade capillaries and
their uorescence and light scattering recorded for 30 min at
25 °C. Scattering intensity was averaged over the measured
timespan and normalized based on the assumption that brils
at the lowest (0) and the highest concentration of urea (5.4 M)
contain negligible amounts of free monomer or are completely
dissociated, respectively.
Thioavin T (ThT) uorescence

In the ThT experiments, 10 mM ThT was added to the equili-
brated samples (3 days, 25 °C), and their uorescence (ex./em.=
440/480 nm) was recorded in a 384-well plate (Corning® 384-
well Black and Clear Bottom; Corning 3544) using a FLUOstar
Omega uorescence plate reader (BMG Labtech, Germany).
Aggregation kinetics

Aggregation kinetics of wt aSyn were monitored under seeded
and non-seeded conditions by ThT assay (ex./em.= 440/480 nm,
50 mM ThT). In the seeded experiments, 2.5 mM of sonicated
seeds pre-formed under the same conditions as the respective
experiment were added to varying concentrations of fresh
monomeric aSyn. The elongation kinetics were measured in the
384-well low volume non-binding black plates with clear bottom
(Corning 3544) under quiescent conditions at 37 °C. Quanti-
cation of the residual monomer at the end of the aggregation
reaction was carried out for samples with the highest initial
monomer concentration by FIDA and used to convert the
ThT signal into concentration of the brils (in monomer
equivalents). The apparent elongation rates were obtained from
slopes of the linear curves tted into the initial timepoints
(5 hours).

In the non-seeded experiments, varying concentrations of
monomeric WT aSyn in different buffer conditions were incu-
bated with a single glass bead (d = 1 mm) in the 384-well low
volume non-treated polystyrene plates (Corning 3540) at 37 °C
and the ThT uorescence was monitored during continuous
shaking (300 rpm, double orbital). Resulting datasets were
tted individually to a purely empirical logistic function
described by the eqn (12).

y = y0 + A/(1 + exp(−k(t − t0.5))) (12)

The y0 is the pre-transition baseline, A is the signal ampli-
tude, k is the apparent growth rate, and t0.5 is the midpoint of
the transition, i.e., half-time.90
Ultracentrifugation

Fibril samples equilibrated for 72 hours at different concen-
trations of urea were ultracentrifuged (180 000×g, 1 h, 25 °C) to
pellet the aggregated fraction. The supernatant was carefully
collected in an Eppendorf tube and the concentration of the
2540 | Chem. Sci., 2024, 15, 2528–2544
residual monomer determined by UV absorption using a Nano-
Drop instrument (ThermoFisher, USA) and the extinction
coefficients of the respective variants (WT or F94W).

AFM imaging and analysis of the brils

Fibrils were diluted to 5 mMmonomer equivalent concentration
and 10 mL of the solution was pipetted onto freshly cleaved mica
substrates. Following 10 min of incubation, the substrates were
cleaned extensively with milli-Q water and dried under air ow.
All brils were imaged in tapping mode in air using a DriveAFM
(Nanosurf, Liestal, Switzerland) using PPP-NCLAuD cantilevers
(Nanosensors, Neuchatel, Switzerland).

Amyloid brils are characterized by pitch length and height.
Fibril pitch is analyzed from bril height proles along the bril
length extracted using Gwyddion. Multiple pixel averages have
been used to measure slightly curved brils. This is acceptable
for analysis since the absolute height of the brils does not
inuence pitch analysis. Additionally, length proles shorter
than 300 nm are excluded from the analysis. The Fourier
transforms of the bril height proles were computed, using
the andfreqmodules of the scipy. python library. To avoid
the frequency domain being dominated by measurement noise
and the mean bril prole, frequencies translating to length
scales below 5 pixel-lengths and above 1/3 of the full bril or
prole length are excluded. From the remaining frequency
domain, the primary frequency peak is identied as the
frequency of bril rotation and converted to length to obtain the
periodicity. The pitch length (full 360° rotation) is calculated as
twice the length of a single bril rotation. Fibril height is
analyzed from bril cross-section proles extracted using
Gwyddion. The surface baseline is calculated as the median
height of the cross-section and bril height is calculated from
the peak of the cross-section.

DLS analysis of the soluble species in the bril supernatants

Fibrils S, NS, N, and H, equilibrated in their respective native
buffers in the presence of 0, 1, and 2 M urea for three days were
centrifuged (16 000×g, 1 h, 25 °C) and the supernatant carefully
removed. The supernatant was loaded into the standard grade
capillaries (NanoTemper, Germany) and the DLSmeasurements
of the samples were carried out using the Prometheus Panta
instrument (NanoTemper, Germany). In total, ten 5 second
acquisitions were carried out for each sample and the resulting
correlation curves automatically analysed by the soware using
the size distribution t.

Data availability

The data of this study can be found on the Zenodo repository, at
DOI: 10.5281/zenodo.10479393.
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