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a-Synuclein amyloid self-assembly is the hallmark of a number of neurodegenerative disorders, including
Parkinson's disease, although there is still very limited understanding about the factors and mechanisms
that trigger this process. Primary nucleation has been observed to be initiated in vitro at hydrophobic/
hydrophilic interfaces by heterogeneous nucleation generating parallel B-sheet aggregates, although no
such interfaces have yet been identified in vivo. In this work, we have discovered that a-synuclein can
self-assemble into amyloid aggregates by homogeneous nucleation, without the need of an active
surface, and with a preference for an antiparallel B-sheet arrangement. This particular structure has been
previously proposed to be distinctive of stable toxic oligomers and we here demonstrate that it indeed
represents the most stable structure of the preferred amyloid pathway triggered by homogeneous
nucleation under limited hydration conditions, including those encountered inside a-synuclein droplets
generated by liquid-liquid phase separation. In addition, our results highlight the key role that water
plays not only in modulating the transition free energy of amyloid nucleation, and thus governing the
initiation of the process, but also in dictating the type of preferred primary nucleation and the type of
amyloid polymorph generated depending on the extent of protein hydration. These findings are
particularly relevant in the context of in vivo a-synuclein aggregation where the protein can encounter
a variety of hydration conditions in different cellular microenvironments, including the vicinity of lipid
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Introduction

One of the key hallmarks of a variety of neurodegenerative
disorders, collectively referred to as synucleinopathies,
including Parkinson's disease, is the aberrant aggregation of a-
synuclein («S)," an intrinsically disordered protein highly
abundant in neuronal synapses. aS aggregation can be repro-
duced in vitro and its kinetics are typically followed by means of
thioflavin T (ThT) binding measurements, given the ability of
this dye to bind specifically the cross-p structure of amyloid
aggregates.” Using this type of assays, it has been established
that amyloid aggregates are generally formed through nucleated
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self-assembly reactions, that follow typically a sigmoidal
kinetics with a lag-phase (typically associated with a t,5) that in
part reflects the energetically unfavorable primary nucleation
step,>* followed by a rapid-growth phase as a consequence of
the more favorable processes of aggregate elongation, frag-
mentation, or secondary nucleation that take over once the early
aggregates are formed, and a final stationary phase that reflects

This journal is © The Royal Society of Chemistry 2020
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the consumption of monomers in the reaction and the equi-
librium between monomers and aggregates.* While significant
progress has been made towards understanding some of the
microscopic processes that take place during amyloid self-
assembly,* the processes that occur during primary nucleation,
and the factors and mechanisms by which the process is initi-
ated remain largely unknown. However, a detailed under-
standing of this process and its complex conformational
landscape is a prerequisite for elucidating some of the molec-
ular basis of pathology in Parkinson's disease and related
disorders, and for developing and evaluating effective disease-
specific therapeutics to reduce or eliminate one of the under-
lying sources of toxicity in these diseases.

In vitro, oS amyloid aggregation has been typically triggered
under strong stirring or shearing forces at physiological
temperature, pH and ionic strength and ca. 50-100 pM protein
concentrations.>® Under these conditions, the air/water inter-
face and/or the hydrophobic coatings of sample containers or
stirring bars have been recently shown to play an essential role
in triggering the initial self-assembly of aS through heteroge-
neous nucleation,*® as a consequence of the particular
amphipathic and surface-active properties of the protein.”
Based on these findings, particular types of hydrophobic
surfaces such as polytetrafluoroethylene (PTFE) beads,
synthetic lipid vesicles or other surface-active materials®** have
been recently used to accelerate primary nucleation of oS in
vitro. Among all these experimental conditions, those involving
lipid vesicles could represent the most physiologically relevant
ones, although at the same time, at a neutral pH, synthetic
vesicles composed of physiologically relevant lipids have been
reported to be unable to trigger aS aggregation,'” and only
vesicles with very high contents of specific acidic lipids (typi-
cally small unilamellar vesicles, SUVs, containing 100%
dimyristoylphosphatidylserine, DMPS), seem to be efficient in
catalyzing oS aggregation.">"

Our understanding of the mechanisms that initiate oS
aggregation inside the cells are even more elusive, although
particular, yet undefined, cellular microenvironments appear to
be required for the accumulation of oS amyloid aggregates
inside cells, as the sole overexpression of the protein seems to be
unable to trigger the de novo nucleation of aS amyloid formation,
and additional cellular insults are typically required.** Impor-
tantly, recent experimental evidences show that the aS amyloid
structures that have been resolved at high resolution, in all cases
generated in vitro by heterogeneous nucleation at the air/water
interface,® differ remarkably from the amyloid structures ob-
tained from patient brain extracts,"** suggesting alternative in
vivo amyloid pathways from those explored until now in vitro.

In this context, we set out to expand the conformational
landscape of amyloid aggregation and to understand the role of
interfacial effects on the primary nucleation of the protein under
different conditions. We have discovered that aS self-assembles in
the absence of an active hydrophobic/hydrophilic interface by
homogeneous nucleation under conditions of limited protein
hydration, and that, when the protein undergoes this process,
there is a preference for an antiparallel f-sheet arrangement of the
amyloid structure, in contrast to the typical parallel B-sheet
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orientation acquired during heterogeneous primary nucleation.
Interestingly, we have observed that the liquid-to-solid transition
of aS droplets generated in vitro by liquid-liquid phase separation
(LLPS) is likely triggered by this mechanism of homogeneous
nucleation, in agreement with the particularly low water activity of
such environments. Our findings, therefore, directly show the
multiplicity of nucleation mechanisms and aggregate polymorphs
within the oS amyloid aggregation landscape, and the role that
water plays in selecting one type of mechanism and polymorph
over others, suggesting that different cellular microenvironments
with different protein hydration properties would lead to the
formation of remarkably different amyloid polymorphs.

Results and discussion

Commonly used in vitro oS aggregation conditions require
hydrophobic/hydrophilic interfaces

Under the most typical in vitro conditions used to trigger oS
aggregation (PBS buffer, ca. 150 mM ionic strength, pH 7.4, 37
°C), we observed the formation of oS amyloid fibrils with the
typical sigmoidal kinetic traces, although high protein
concentrations and strong stirring were required (Fig. 1A). In
order to compare aggregation kinetics and avoid possible
effects of surface material of different sample containers'* (see
Fig. S17), all the aggregation kinetics data shown in this study
were performed in hydrophilic PEG-ylated plates,”"** unless
otherwise stated. Under these conditions, the aggregation
kinetic curves obtained were highly variable (Fig. 1A), as previ-
ously reported,®>**** likely as a consequence of the stochastic
and mutable nature of the air/water interface area of the sample
at conditions of high-speed stirring. Indeed, we have observed
that the nature and curvature of the air/water interface is
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Fig. 1 Characterization of aS aggregation at typical hydrophobic/
hydrophilic interfaces. (A) Aggregation kinetics of 500 pM aS under
shaking conditions (700 rpm). (B) Aggregation kinetics of 100 uM aS in
quiescent conditions in the presence of a PTFE bead or (C) DMPS
SUVs. The inset shows a representative AFM image of each type of
aggregate. Scale bar: 200 nm. (D) IR spectra of the aggregates formed
with shaking (solid line), or in the presence of a PTFE bead (dashed line)
or SUVs (dotted line).
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determinant for the induction of oS aggregation under these
conditions, in agreement with previous reports,® since the
presence of air bubbles rather than a flat air/water interface
particularly accelerates nucleation even in quiescent conditions
(Fig. S27%). The amyloid aggregates formed in this way are long,
unbranched twisted fibrils of 10 & 1 nm in height, 620 £
400 nm in length (n = 50) and a twisting periodic pitch of 66 +
3 nm (n = 25) according to atomic force microscopy (AFM)
analysis. In order to analyze the effect of the air/water interface
under this and other experimental conditions, we used hydro-
philic poly(methyl methacrylate) (PMMA) caps that adequately
fit into the wells and remove the air headspace, thus preventing
the formation of the air/water interface.®* When the caps were
used, no aggregation was observed (grey line in Fig. 1A), and
when the caps were eventually removed then aggregation was
observed as expected (Fig. S21). Under quiescent conditions
(without stirring), however, oS was not observed to aggregate for
more than 250 h/10 days (even at 500 puM, Fig. S2At), in agree-
ment with previous studies that have reported that, under
similar conditions, oS was unable to aggregate even after several
months of incubation.*

An alternative approach used to enhance in vitro oS aggrega-
tion involves the addition of PTFE beads, although this approach
has been generally combined with agitation systems.**?° Here, we
have analyzed the effect of adding a hydrophobic PTFE bead of
a similar surface area to that of the air/water interface in our
experiments (ca. 32 and 38 mm?, respectively) to the protein
solution at quiescent conditions (100 uM oS in PBS buffer pH 7.4,
37 °C) and observed that nucleation at the surface of the PTFE
bead was much faster than at the air/water interface (Fig. 1B),
likely due to the stronger hydrophobic nature of PTFE as
compared to air.”” The amyloid fibrils formed under these
conditions are typically 8.8 & 0.8 nm in height and 360 + 90 nm
in length (n = 15), with no apparent twisted morphology
according to AFM analysis. Synthetic lipid vesicles have also been
used to trigger aS aggregation, although only SUVs composed of
an artificially high content of saturated phosphatidylserine lipids
(typically 100% DMPS) have been observed to trigger oS aggre-
gation in vitro at nearly neutral pH.">** We were able to reproduce
the aggregation kinetics of oS under the above conditions
(Fig. 1C). The fibrillar species so generated are typically 6.3 +
0.6 nm in height and 800 & 400 nm in length (n = 15) and lack
the twisted morphology that was observed for the fibrils gener-
ated at the air/water interface under stirring. Despite the
apparent differences in morphology, the amyloid fibrils gener-
ated at the three different types of hydrophobic/hydrophilic
interfaces most typically used in vitro to trigger aS aggregation
show remarkably similar infrared (IR) spectra (Fig. 1D) with the
typical absorption band at ca. 1625-1615 cm ™' associated with
intermolecular B-sheet amyloid aggregates.*®*

Addition of low-to-mild alcohol concentrations accelerates oS
amyloid nucleation

Biophysical characterization of protein folding and aggregation
exploits often co-solvents to trigger changes in protein confor-
mation or environment. Alcohols, particularly the fluorinated

1904 | Chem. Sci, 2020, 11, 1902-11914

View Article Online

Edge Article

alcohol 2,2,2-trifluoroethanol (TFE), are perhaps the most used
type of co-solvents to investigate protein aggregation and have
been used in the past to study oS in vitro under shaking/stirring
conditions.’*** Here we have used quiescent conditions and
found that low concentrations of alcohols such as methanol
(MeOH) or TFE (see Fig. S31 for the analysis of other types of
alcohols), increased significantly the rate of oS aggregation (100
uM oS in PBS buffer pH 7.4, 37 °C, in quiescence; these
conditions have been used for all further aggregation experi-
ments) and increasing concentrations of alcohols resulted in
shortened aggregation lag times (Fig. 2A and B). Although all
the aggregates generated in the presence or absence of low
concentrations of alcohols show remarkably similar IR spectra,
with the typical amyloid-specific IR intense signal at
~1625 cm™ " (Fig. 1D, 2C, S3C and Dt), significant variations in
the morphology of the aggregates were observed by means of
AFM imaging (Fig. 1A-C and 2D-G). For example, in the case of
5% TFE, the aggregates show a fibrillar structure with an
average of 10 + 1 nm in height, and 600 & 300 nm in length (n =
20) with a twisting periodic pitch of 61 + 2 nm length, but the
10% MeOH aggregates are preferentially globular, with average
heights of 6 + 2 nm and widths of 47 + 8 nm (n = 50). Note that
slight variations in the aggregation kinetics were observed when
using other sample containers (Fig. S11), although the general
effects and relative trends were very similar for the different
conditions in all containers analyzed.

Interestingly, we noticed that within a given alcohol
concentration range, which varied depending on the type of
alcohol used, but was surprisingly narrow in any case, there was
a drastic change from a very long (typically >20 h) to a much
shorter (<5-10 min) lag phase (Fig. 2 and S3f). This
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Fig. 2 Characterization of aS aggregation in the presence of low-to-
mild alcohol concentrations. (A and B) Aggregation kinetics of 100 uM
oS in the presence of different concentrations of MeOH (A) or TFE (B).
Three representative replicas are shown from more than 10 experi-
ments with three different protein batches. (C) FT-IR spectra of
aggregates formed in 10% MeOH (red solid line), 35% MeOH (red
dotted line), 5% TFE (orange solid line) or 15% TFE (orange dotted line).
(D-G) AFM images of aggregates formed in presence of 10% MeOH
(D), 35% MeOH (E), 5% TFE (F) and 15% TFE (G). Scale bar: 200 nm.
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phenomenon was observed, for example, when going from 5 to
7.5% TFE or from 15 to 25% MeOH. Under the fast nucleation
conditions, the formed aggregates were preferentially globular,
with average heights = 5-6 nm and lengths = 40-50 nm for the
aggregates generated in 15% TFE or 35% MeOH, likely as
a result of the preference for the stabilization of structures that
maximize the volume of the aggregate while minimizing the
surface area in contact to the poor hydrating solution. In all
cases, however, the aggregates exhibited amyloid features
including ThT binding (although the intensity of ThT fluores-
cence emission was significantly lowered as compared to the
aggregates generated with longer lag phases), the amyloid IR
fingerprint (intense signal corresponding to intermolecular -
sheet aggregates; Fig. 2C, S3C and Dt), and the distinctive X-ray
diffraction pattern indicative of amyloid cross-p structure
(Fig. S47). In addition, these aggregates show seeding capabil-
ities similar to the aggregates generated at lower alcohol
concentrations, independently of their apparent size (Fig. S57),
a feature characteristic of amyloid fibrillar-like aggregates.
Note, however, that the IR spectra exhibit important peculiari-
ties for the aggregates formed after short lag times (Fig. 2C,
dotted lines), when compared to those requiring long lag times
(Fig. 1D, 2C, continuous lines). Particularly, the main signal is
shifted to ~1615 cm ', and a new, low-frequency signal
appears at =1690 cm ™~ ' (more on this below, in the context of
the results in Fig. 6).

When we investigated the origin of the increased rates of oS
aggregation by alcohols, we found that polarity alone cannot
account for the results in the aggregation kinetics observed for
the different types of alcohols analyzed (Fig. S61), in agreement
with previous studies.”*-*' In addition to changes in the dielec-
tric constant of the solution, alcohols have been reported to
disrupt hydrophobic interactions and strongly affect the
protein-water interactions, reducing the protein surface
tension and consequently the protein hydration shell.
Increasing concentrations of alcohols, particularly the hydro-
phobic ones such as TFE, lead, therefore, to increasing degrees
of protein dehydration.*»*® On the basis of this idea, Webb and
colleagues proposed a de-solvation model assuming TFE-water
mixtures as ideal solutions,® and the application of such
model predicted that oS, and other proteins, would be prefer-
entially de-solvated at moderated TFE concentrations in which
they are prone to aggregate (although the nucleation occurring
at interfaces was not considered in Webb's model).

Addition of high concentrations of salts, particularly
kosmotropic salts, leads to accelerated «S amyloid nucleation

In order to investigate whether a decrease in protein hydration
is a relevant factor in accelerating or even inducing aS aggre-
gation, we analyzed the effect of salts, particularly kosmotropic
salts, which have an opposing effect on electrostatics and
hydrophobic interactions with respect to alcohols but, at high
concentrations, are known to cause thinning of the hydration
shell of proteins, similarly to alcohols, thus reducing protein
solubility.**** Upon increasing concentrations of salts in the
0.5-1 M range of ionic strength, both kosmotropic salts, such as

This journal is © The Royal Society of Chemistry 2020
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NaCl and Na,SO, (Fig. 3), and chaotropic salts, such as NaSCN
(Fig. S71), a significant acceleration of oS amyloid aggregation
was observed. At higher ionic strength concentrations, 1-3 M
for NaCl and 1-2 M for Na,SO, or NaSCN, all salts used in this
study behaved similarly, with aggregation kinetics that varied
slightly with salt concentration, and with characteristic lag
phases > 10 h. However, there was a range of salt concentrations
in which different behaviors between kosmotropic and chaot-
ropic salts were observed. For the kosmotropic NaCl and
Na,SO, salts, the aggregation kinetics changed drastically at
very high salt concentrations towards a mechanism with
a remarkably fast nucleation step (with a lag-phase <5-10 min;
Fig. 3A and B), while in the case of the highly chaotropic NaSCN
salt, a sharp deceleration of the overall aggregation process was
observed (Fig. S7t). These results are in agreement with the
ability of each type of salt used (Na,SO,, NaCl and NaSCN) to
lower protein hydration and, thus to modify protein solubility
(i.e. a strong kosmotropic, salting-out salt, a mild kosmotropic,
salting out salt and a strong chaotropic, salting-in salt, respec-
tively).** Indeed, when analyzing in more detail the salt
concentration range at which the slow-to-fast nucleation tran-
sition took place, we found that the preference for the fast
nucleation mechanism occurred at lower salt concentrations for
the highly kosmotropic Na,SO, salt, as compared to the milder
kosmotropic NaCl salt.

Also, as previously observed for low-to-mild concentrations
of alcohols, the difference between the two oS aggregation
kinetic regimes, with either long or remarkably short lag pha-
ses, was concomitant with a difference in the structural
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Fig. 3 Characterization of aS aggregation in the presence of kos-
motropic salts. (A and B) Aggregation kinetics of 100 uM S incubated
in the presence of different concentrations of NaCl (A) or Na,SO4 (B)
(concentrations expressed in ionic strength). Three representative
replicas are shown from more than 10 measurements with three
different protein batches. (C) IR spectra of aggregates formed in 2 M
NaCl (green solid line), 3.5 M NaCl (green dotted line), 2 M Na,SO4
(brown solid line) and 3 M Na,SO,4 (brown dotted line) (concentrations
expressed in ionic strength). Representative AFM images of aggregates
formed in 2 M NaCl (D) and 3.5 M NaCl (E). Scale bar: 200 nm.
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properties of the amyloid aggregates formed, as observed by IR
analysis (Fig. 3C). The aggregates formed in high salt concen-
trations seemed to be preferentially small for all salts. For
example the AFM-derived dimensions of the aggregates gener-
ated at 2 M or 3.5 M NaCl were 3.2 + 0.2 nm in height, 20 £+ 2 in
length, versus 3.3 = 0.2 nm in height, 23 + 3 nm in length,
respectively (n = 50) (Fig. 3D and E).

Addition of macromolecular crowders also accelerates oS
nucleation

The third type of co-solvent or additive most frequently used for
probing protein hydration changes is represented by inert
synthetic polymers used as macromolecular crowding agents,
which are preferentially excluded from the hydration shells of
proteins, causing the preferential stabilization of compact
protein conformations and complexes according to the
excluded volume theory,>**” as well as a reduction in protein
hydration.*®*° In analogy with the results found with low alcohol
concentrations and high salt concentrations, we found that
mild concentrations (150 mg ml™") of three different types of
crowding agents were able to accelerate oS aggregation (tj.y =
10 h; Fig. 4A), in agreement with previous studies,*****!
although in those studies strong protein sample agitation was
used to trigger aS aggregation.

The aggregates formed under these conditions were prefer-
entially fibrillar in the case of dextran 70 and ficoll 70 with
similar dimensions according to AFM analysis: 6.0 = 0.8 nm in
height and 380 £+ 170 nm in length (n = 30) in the case of
dextran, and 6.3 + 0.5 nm in height, 340 & 170 nm in length (n
= 15) for ficoll (Fig. 4C and D). In the case of PEG 8, however,
more globular-like amyloid aggregates were observed (not
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Fig. 4 Characterization of &S aggregation in the presence of macro-
molecular crowders. (A) Aggregation kinetics of 100 pM aS incubated
in the presence of 150 g [ dextran 70 (light-to-dark pink), ficoll 70
(light-to-dark purple) and PEG 8 (light-to-dark grey). Three repre-
sentative replicas are shown from more than 10 measurements with
three different protein batches. (B) IR spectra of aggregates formed in
the presence of dextran 70 (pink), ficoll 70 (purple) and PEG 8 (grey).
Representative AFM images of aggregates formed in dextran 70 (C)
and ficoll 70 (D). Scale bar: 200 nm.
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shown). In any case, the three types of aggregates displayed an
increase in ThT fluorescence signal and the B-sheet amyloid IR
fingerprint. Indeed, we observed a remarkable similarity in the
IR spectra of all the aggregates generated through slow nucle-
ation process (see Fig. 1D, 2C, 3C and 4B). Upon increasing the
crowding agent concentration up to 300-400 mg ml~*, however,
no change in amyloid aggregation mechanisms with a short lag
phase was observed (not shown), unlike in the presence of
alcohols or salts, probably because of the well-documented
enhancement of surface-catalyzed protein fibril formation in
the presence of macromolecular crowders.**

aS forms amyloid aggregates without the presence of an active
nucleation surface under limited hydration conditions

Given that at moderate alcohol concentrations and at salting-
out concentrations of kosmotropic salts we observed a drastic
acceleration in the apparent rate of oS nucleation (Fig. S8t), we
set out to characterize the type of primary nucleation that trig-
gers the aggregation process at these conditions as compared to
that occurring at lower additive concentrations. We first
compared the kinetics of aggregation with and without hydro-
philic caps designed to fit into the wells of the plates and
remove the air/water interface.® These experiments were,
however, rather complex and because of the slow aggregation
reactions (lasting ca. 5-7 days) and the imperfect fit of the caps
into the wells, the stochastic appearance of air bubbles in
a significant number of samples was inevitable (Fig. S2Bt). For
those samples where no bubbles were formed within the first
100 h of incubation, no aS aggregation was observed under
quiescent conditions in the presence of low concentrations of
alcohols or salts (Fig. S91), indicating that under these condi-
tions, aS heterogeneous nucleation at the air/water interface
was accelerated with no signs of significant homogeneous
nucleation.

At higher alcohol or salt concentrations, however, the
nucleation process became remarkably fast, with identical
behavior of the unmodified and the N-terminally acetylated
forms of the protein (the latter being the most frequent physi-
ological form in the cells*®) (Fig. S10f), thus alternative
approaches were needed in order to analyze the role of the air/
water interface on the amyloid nucleation process under these
conditions. First, we performed surface tension experiments in
a Langmuir tensiometer by the Wilhelmy method** in order to
analyze the ability of aS to adsorb and accumulate at the air/
water interface under different conditions of either slow or
fast primary nucleation. As expected, in the absence of MeOH,
the addition of &S to the solution led to the partitioning of the
protein between the bulk of the solution and the air/water
interface, and the adsorption of the protein to the interface
resulted in a significant reduction of surface tension that could
be directly monitored in the Langmuir tensiometer (Fig. 5A). At
protein concentrations above the saturation concentration in
our experimental set up (ca. 60 nM of oS for an estimated air/
water interface of 254.5 mm?), the protein generates a protein
monolayer with a surface tension of 52 £ 2 mNm ™" (vs. 70.2 + 2
mN m~ " in the absence of protein) (see Fig. 5A, blue circles).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Propensity of aS to aggregate in the absence of an active
hydrophobic/hydrophilic interface. (A) Surface tension measurements
of aS solutions in PBS alone (blue), with 10% MeOH (pink) or with 35%
MeOH (brown); average measurement error 0.82, 1.15 and 2.07 mN
m~ for each solution condition, respectively. (B) Outline of the
microfluidic system used for the experiments shown in panels (C) and
(D). (C and D) Aggregation kinetics of 100 uM aS in the presence of 15%
TFE (C) or 3.5 M NaCl (D) incubated in the microfluidic system (black
points). Bars represent standard errors for n = 3—4 measurements per
aggregation time point. Solid colored lines show data from standard
aggregations in the microplate.

When the same experiment was performed in the presence of
10% MeOH, the interface saturation by oS was obtained at lower
protein concentrations (=25 nM), generating a protein mono-
layer with a constant surface tension of 52 & 2 mN m ', indi-
cating that the protein has a higher propensity to accumulate at
the interface at 10% MeOH, likely as a consequence of a higher
propensity to acquire the amphipathic a-helical structure. Upon
increasing MeOH concentration in the protein-free solution,
the surface tension, however, decreased to =28 £+ 2 mN m ™' at
35% MeOH, already below the value of the surface tension
generated by the oS monolayer (52 + 2 mN m ™), indicating that
under these conditions aS would not partition into the air/water
interface. Accordingly, we did not observe any variation in the
surface tension of the 35% MeOH solution upon addition of aS.

To further prove that oS forms amyloid aggregates in the
absence of any hydrophobic surface that could initiate hetero-
geneous aS nucleation under limited hydration conditions, we
used a microfluidic setup (see scheme of the system in Fig. 5B)
in which the protein solution was mixed with the appropriate
concentration of additives and incubated for a specific time
only in contact with hydrophilic material (poly-
etheretherketone, PEEK). Using this device, we were able to
reproduce the kinetics of aggregation that we observed previ-
ously in the plates, but this time without the presence of the air/
water interface or any other hydrophobic surface that could
initiate S heterogeneous nucleation (Fig. 5C and D) (note that
no apparent pre-formed aggregation nuclei were observed in the
protein batch samples, see Fig. S117). Indeed, remarkably
similar kinetics and yields of aggregation were obtained with

This journal is © The Royal Society of Chemistry 2020
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drastically different surface materials and surface-to-volume
ratios of the containers (in the case of the PEEK tubing the
surface-to-volume ratio is 5-times higher than in the microplate
wells). The small deviations observed between kinetics of aS
aggregation in the presence of 3.5 M NaCl in the plate and in the
microfluidic system (Fig. 5D) are most likely related to an
acceleration of protein heterogeneous nucleation at the air/
water interface in the plate under these conditions, since, at
3.5 M NaCl, and unlike at 35% MeOH, the protein is expected to
partition into the air/water interface where heterogeneous
nucleation is probably triggered at faster rates than the nucle-
ation in the bulk due to an increased local protein concentra-
tion. Taken together, our results indicate that oS can form
amyloid aggregates under conditions of limited hydration in the
bulk of the solution through homogeneous nucleation.

oS preferentially forms parallel B-sheet amyloid aggregates by
heterogeneous nucleation and antiparallel B-sheet amyloid
aggregates by homogeneous nucleation

When we compared the IR spectra of the aggregates generated
through either heterogeneous or homogeneous primary nucle-
ation, we observed at least two remarkable differences (Fig. 2C
and 3C). First we observed an additional band in the amide I
region, at ca. 1690 cm ™, in the aggregates generated through
homogeneous nucleation, indicative of the presence of anti-
parallel B-sheet structure.***” Also, we noticed a general shift in
the peak of the amyloid-characteristic amide I band from ca.
1625 cm™* for the aggregates generated through heterogeneous
nucleation to lower wavenumbers (ca. 1615 cm™') for the
aggregates generated through homogeneous nucleation. We
attribute this red-shift of the amyloid-characteristic amide I
band to a higher flexibility and/or solvent exposition of the B-
sheet core*”*® in this type of aggregates.

In order to further corroborate the parallel and antiparallel
arrangement of the B-sheet architecture of the two structural
classes of amyloid aS aggregates, we analyzed the intermolec-
ular fluorescence excimer formation of pyrene molecules
attached to different positions of the polypeptide chain,
particularly at positions 6, 24, 56, 69, 85, 90 and 140 in both
types of amyloid aggregates. According to previous detailed
structural analysis on parallel B-sheet «S fibrils (all formed
through heterogeneous nucleation at the air/water inter-
face),**® positions 56, 69, 85 and 90 are located in the B-sheet
amyloid core, position 24 is located close to the N-terminal part
of the amyloid core and positions 6 and 140 are located at the
very N-terminal and C-terminal ends of the protein sequence,
respectively. For this structural group of aggregates, therefore,
when labeled with pyrene, we observed, as expected, excimer
formation (emission band at around 470 nm) at the positions of
the amyloid core, in addition to the monomeric pyrene emis-
sion bands (375-395 nm) (see Fig. S12A and Bt). This behavior
was better visualized when using the excimer to monomer
intensity ratio (E/M), which indeed can be used as a pyrene-
pyrene proximity indicator.*® Still, for the positions away from
the core we did observe significant excimer formation, implying
that in a parallel B-sheet arrangement even residues located in

Chem. Sci., 2020, 11, 1902-11914 | 11907
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Fig. 6 Intermolecular pyrene excimer formation analysis of the
different B-sheet oS amyloid aggregates. (A) Pyrene E/M intensity ratio
values obtained for the aS aggregates labeled with a 1 : 10 pyrene-aS/
unlabeled-asS ratio at different sequence positions formed in PBS with
10% MeOH (A, red), PBS with 35% MeOH (A, shaded red), PBS with 2 M
NaCl (B, green) or PBS with 3.5 M NaCl (shaded green), pH 7.4.

regions distant from the amyloid core are likely in close prox-
imity, with transient intermolecular interactions, due to the
flexible nature of those regions. However, in the case of the
amyloid aggregates generated under conditions of very fast
nucleation (Fig. 6, striped red and green), no significant excimer
formation was observed for any of the aS positions analyzed, in
agreement with a relative antiparallel orientation of the aS
monomers within this type of amyloid aggregate.

Homogeneous primary nucleation leads to amyloid
aggregates with different thermodynamic stability with
respect to the aggregates generated by heterogeneous
nucleation

Our results indicate that aS aggregation can be triggered by
alternative nucleation mechanisms leading to distinct amyloid
polymorphs with different internal protofilament structure
depending on the extent of protein hydration. This is particu-
larly clear when alcohols, such as TFE or MeOH, are used to
decrease protein hydration. At low alcohol concentrations, the
formation of parallel B-sheet aggregates is preferred, while at
higher concentrations the antiparallel configuration is stabi-
lized. In order to analyze the influence of the extent of protein
hydration on the stability of the resulting aS aggregates, we
increased the MeOH concentration of the solution and
compared the percentage of parallel and antiparallel aggregates
formed (Fig. 7 and S137).

As seen in Fig. 7A, the parallel B-sheet arrangement is pref-
erentially formed at MeOH concentrations <15%, while the
antiparallel orientation is preferred at >25% MeOH. Between
15-25% MeOH, however, a mixture of both types of aggregates
is observed, indicating that in this remarkably narrow regime of
MeOH concentrations and, thus, of protein hydration condi-
tions, both types of primary nucleation mechanisms are
competing. When parallel B-sheet aggregates generated at low
alcohol concentrations were transferred to conditions where the
amyloid pathways of formation of antiparallel B-sheet aggre-
gates were preferred and vice versa (Fig. 7A), the aggregates did
not dissociate, according to SDS-PAGE analysis (not shown), as
long as the MeOH concentration was higher than 5%, and they
maintained their original B-sheet arrangement (Fig. S12C-Ff).
Their structures, however, were severely destabilized (Fig. S147),
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Fig. 7 Impact of alcohol concentration on the aggregation behavior
of aS. (A) Fraction of antiparallel aggregates found in the plateau phase
of aggregation reactions of 100 uM aS in PBS pH 7.4 (37 °C) in the
presence of different MeOH concentrations as derived from IR
deconvolution (black dots) or pyrene E/M ratio (grey dots) analysis. For
the pyrene data, error bars show the standard deviation of triplicate
experiments, while for the IR data the uncertainty obtained from the
global spectra fitting was 0.02 (see ESI and Methods in ESIT). The
stability of parallel (generated at 10% MeOH) and antiparallel (gener-
ated at 35% MeOH) B-sheet aggregates under conditions at which the
other type of aggregates is preferentially formed was analyzed (marked
as blue and orange points and arrows, respectively). (B) Stability of the
aggregates indicated in panel A by IR spectra.

with a significant increase in random coil content in both cases
(Fig. 7B), which strongly affected their seeding capabilities
(Fig. S51). Analogous results were obtained for parallel and
antiparallel B-sh