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ABSTRACT

Many proteins that self-assemble into amyloid and amyloid-like fibres can adopt diverse
polymorphic forms. These forms have been observed both in vitro and in vivo and can arise
through variations in the steric-zipper interactions between [I-sheets, variations in the
arrangements between protofilaments, and differences in the number of protofilaments that
make up a given fibre class. Different polymorphs arising from the same precursor molecule
not only exhibit different levels of toxicity, but importantly can contribute to different disease
conditions. However, the factors which contribute to formation of polymorphic forms of
amyloid fibrils are not known. In this work, we show that in the presence of 1,2-dimyristoyl-
sn-glycero-3-phospho-L-serine, a highly abundant lipid in the plasma membrane of neurons,
the aggregation of a-synuclein is markedly accelerated and yields a diversity of polymorphic
forms under identical experimental conditions. This morphological diversity includes thin and
curly fibrils, helical ribbons, twisted ribbons, nanotubes, and flat sheets. Furthermore, the
amyloid fibrils formed incorporate lipids into their structures, which corroborates the previous
report of the presence of a-synuclein fibrils with high lipid content in Lewy bodies. Thus, the
present study demonstrates that an interface, such as that provided by a lipid membrane, can
not only modulate the kinetics of a-synuclein amyloid aggregation but also plays an important
role in the formation of morphological variants by incorporating lipid molecules in the process

of amyloid fibril formation.

INTRODUCTION

Protein self-assembly is involved in many diverse biological processes, from maintaining
cellular homeostasis to being the causative mechanism of many diseases. Some well-known
examples of nature utilising self-assembled protein structures are the cytoskeletal architectures
built from actin and tubulin'~, the aggregation of blood fibrinogen into fibrin®, the formation
of collagen fibres*, and the synthesis of spider silk® to name but a few. Under the appropriate
conditions, however, many proteins can self-assemble into supramolecular structures known
as amyloid fibrils that are associated with more than thirty human diseases including
Parkinson’s and Alzheimer’s disease®. Despite their prominent role in disease, amyloid fibril
structures have been successfully utilized in the field of nanotechnology, bioelectronics,

biomedicine and material science due to their exceptional mechanical properties’®. Thus,
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understanding the factors that control and modulate the processes of protein self-assembly is

of fundamental importance and will impact multiple areas of current scientific research.

Amyloid fibril formation has been reported for a large number of proteins, including many that
are not known to form amyloid fibrils in vivo’. Although these amyloid fibril forming proteins
are distinctly different in primary amino acid sequence!®, the shared structural features are
strikingly similar. Studies carried out by solid-state NMR, cryo-EM and diffraction
methods!®!! have enriched our knowledge of the common structural elements of amyloid
fibrils. These studies show that amyloid fibrils consist of orderly arrangements of []-sheets and
[ J-strands that are organized parallel and perpendicular to the fibril axis, respectively. Each [ -
sheet interacts with a neighbouring sheet via “steric-zipper” interactions between amino acid
sidechains!'?. Interestingly, it was observed in multiple amyloid fibril forming systems that the

1314 which results

B-sheets can pack via different symmetry classes of steric-zipper interactions
in different conformational variants known as polymorphs. Another factor which can
contribute to amyloid fibril polymorphism is the differential packing of protofilaments into
mature fibrils, which arises due to differences in lateral contacts between protofilaments'>. For
example, a cryo-EM study of two different polymorphs of tau fibrils (paired helical and straight
fibrils) extracted from an Alzheimer’s disease post-mortem brain tissue show that these variants
have two identical protofilaments but have differential packing arrangement of
protofilaments'®. Similarly, cryo-EM structure of full-length a-syn and a C-terminally
truncated form of a-syn (1-121) show both consist of two protofilaments with diameter of 10
nm. However, full length a-syn forms a left-handed helix, whereas a C-terminus truncated o-
syn shows a right-handed helix. Furthermore, the helical rise and twist angle of two structure
are also different!”"!8. Such polymorphs have been observed under both in vitro and in vivo
conditions for various proteins. Several studies investigating pathologically relevant amyloid
fibrils have reported the presence of polymorphic forms, and this phenomenon is emerging as

a common feature for amyloid fibre forming proteins'>!>*’, however, it is not known if this

phenomenon extends to functional amyloids.

Apart from the different steric-zipper interactions that can occur between the [J-sheets of a
protofibril and the differential packing arrangements of protofilaments into mature fibrils,
another factor that contributes to the observed polymorphism is the number of protofilaments

that make up the mature fibril*!. The polymorphic forms of these fibrils possess interesting
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geometrical features such as helical and twisted architectures, variable widths (10 - 173nm),

and higher persistence lengths which are directly correlated with the protofibril number?>?>.

Importantly, different polymorphs arising from the same precursor protein exhibit varying
levels of toxicity and disease conditions?>**. For example, amyloid fibrils isolated from brain
cells of Alzheimer’s patients have been found to be morphologically homogenous in a single
patient but different from one patient to another?, and the varying polymorphs of these fibrils
formed by the [J-amyloid protein display altered levels of toxicity in neuronal cells?®. In
addition to differences in cell toxicity in a single cell line, amyloid fibril polymorphs can also
target different tissues and cell lines resulting in distinctive pathologies®’. In the case of
synucleinopathies (e.g. Parkinson’s disease, multiple system atrophy, dementia with Lewy
bodies), these conditions are all associated with the formation of a-syn amyloid fibrils?®.

t?4, i.e. these

However, the amyloid fibril structures presented in these pathologies are differen
diseases are correlated with different polymorphic forms of a-syn amyloid fibrils. Additionally,
one study showed that injecting different strains of a-syn fibrils into rat brains resulted in
varying forms of synucleinopathies, with fibrils causing Parkinson's disease and ribbons

9

causing Lewy body dementia.?’. Thus, it is important to understand and discover the factors

that play an important role in the formation of fibril polymorphs.

a-Syn is a small, 140 amino acid protein present in the presynaptic termini of neuronal cells.
In its soluble form, it presents as an intrinsically disordered protein, whereas in its membrane-
bound form, the N-terminal region acquires an a-helical rich structure®’. Its membrane-bound
form has been linked to its putative physiological role in synaptic plasticity, neurotransmitter
release, assembly and disassembly of the SNARE complex®!. Interestingly, a recent study
showed the importance of native a-syn in the central nervous system for providing innate
immunity against RNA virus infection®2. Importantly, many in vitro studies have shown that
its interaction with different lipid membranes plays an important role in modulating the kinetics

of amyloid fibril formation’.

The lipid composition of the brain changes with age*® and PD is largely an age-associated
pathological condition®*. Phosphatidylserine in one of the most abundant lipids in synaptic
vesicles®®, and importantly, it has been shown previously that phosphatidyl serine synthase has
an elevated activity in the substantia nigra of patients with Parkinson’s disease’. To investigate
the effect of this on a-syn, we have used the synthetic lipid 1,2-dimyristoyl-sn-glycero-3-

phospho-L-serine (DMPS), and have shown that it can trigger the conformational changes of

85U80|7 SUOWILLIOD dA 8. 8|qedl|dde auy Aq peusenob ae SsjoiLe YO SN JO S8|n. 10} Aug1 78Ul U AB|IA UO (SUOTIPUOD-PpUe-SWLB)W00" A3 1M ARe.q 1[pu1 [UO//:SANY) SUORIPUOD pue sWe | 8L 885 *[£202/80/82] Uo AreidiTaulluo A1 ‘ybinquip3 Jo AisieAlun Aq 9g/101d/Z00T OT/10p/wod A8 1M Afelq1jeul|uoy/sdny wouj papeojumoq el ‘x96869T



a-syn into a range of structures. Their morphologies include thin and curly fibrils, helical
ribbons, twisted ribbons, nanotubes, and flat sheets. Further analysis of the fibril characteristics
shows a large variation of polymorphs within each class; such a high number and different
class of amyloid polymorphs under a single set of environmental condition has hitherto not
been reported for any protein system. Finally, using single-molecule total internal reflection
fluorescence (TIRF) microscopy with single aggregate visualization by enhancement (SAVE)
imaging’’, we show evidence for the incorporation of lipid molecules into mature amyloid
fibrils. Thus, this study shows that the presence of DMPS not only modulates the kinetics and
polymorphic nature of a-syn amyloid formation, but also can be integrated into the mature

fibrils.

RESULTS
In the presence of DMPS vesicles, folding of a-syn follows a two-state transition

It is well established that in the presence of interfaces such as anionic lipids, cardiolipin, poly
unsaturated fatty acids, detergent and trifluoroethanol, the secondary structure of a-syn changes
from random coil to an a-helical form*°. Although the structural and conformational dynamics
of membrane-bound and non-aggregated states of a-syn have been well characterized®®, it is
not fully understood if the membrane-bound protein molecules are on the aggregation pathway.
Importantly, a study carried out in the presence of sodium dodecyl sulfate (SDS) micelles — a
well characterized phospholipid mimetic — had shown that a-syn can adopt three well-defined
equilibrium states (unfolded, high degree of a-helical structure, and an intermediate state),
depending upon the micelle concentration®. Similarly, in the presence of organic solvents such
as simple and fluorinated alcohol, a multiphasic structural transition of o-syn has been
observed*®*!. Furthermore, the observed transition phases differed between solvents. A
common feature for these studies, however, is that all were characterized by the presence of a
partially folded intermediate at a relatively low concentration. Importantly, these intermediate
species were found to increase the propensity for a-syn to aggregate. To understand if a helical
intermediate is involved in the fibril-formation of a-syn in the presence of DMPS vesicles, we

142, using the data obtained from

have employed the phase diagram method of Kuznetsova et a
circular dichroism (CD) spectroscopy at different DMPS/a-syn molar ratios from a value 0 to

30. In the absence of DMPS vesicles, CD spectra were flat except for minimum at ~198 nm,
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which is characteristic of a random coil configuration. As we increased the ratio of DMPS/a-
syn, we observed a significant change in the CD spectra. Minima appeared at values of 222
and 208 nm which is indicative of the formation of an a-helical conformation (Fig. 1A). A plot
of ellipticity at 198 nm (0198) against the ellipticity at 222 nm (0222) shows a linear trend across
all lipid/protein molar ratios (L/P) (Fig. 1B). It is important to note that a-syn shows a
remarkable ability to adopt a range of structural architectures by involving different lengths of
its N-terminus region (corresponding to residue 1 to ~ 100) to undergo structural transition**
47_Studies carried out in the presence of other interfaces show the different lengths of the N-
terminus of the a-syn fold into helical structure depending upon the interface:protein ratio.
When the interface:a-syn ratio is low, only a partial region of the N-terminus of a-syn adopts
a helical structure, whereas at higher interface:a-syn ratios, the complete N-terminus region of
a-syn adopts an a-helical structure. If that were the case with the interface provided by DMPS,
we would have observed a transition point in the phase diagram. A linear trend across all the
points in the phase diagram suggests a-helical content of a-syn does not change with DMPS:a-
syn ratios. This result clearly shows that in the presence of DMPS vesicles, a-syn follows a
two-step folding pathway and does not form a helical intermediate, i.e. upon interaction with
DMPS vesicles, a-syn acquires the a-helical structure which does not change with L/P ratio.
Furthermore, the presence of a single isochromatic point on far-UV CD spectra is a
characteristic of the two-state folding model of protein folding*®. The fact that isochromatic
points were observed at 203 nm for all CD spectra at different L/P ratios in our experiments
provides further evidence for the validity of the two-state model in describing a-syn folding on
the surface of DMPS vesicles. This is in contrast to the previously reported multiphasic folding
of a-syn on the interface of SDS micelle and organic solvent. It is also important to note that
the results presented here are physiologically more relevant compared to similar studies with
SDS micelles or organic solvents since DMPS is one of the most abundant components of

synaptic vesicle membranes®> and its elevated level has been linked to PD3.
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0 (ellipticity)

Wavelength (nm) 0222

Figure 1. CD Spectroscopy (A) Far-UV CD spectra of 10 uM a-syn alone and in presence of
10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 200, 250 and 300
mM DMPS vesicles at 30 °C. (B) Plot of ellipticity at 222 nm (0222) against ellipticity at 198
nm (0198), the numbers denote the lipid/protein ratio across different points. . All the spectra
were acquired in the 25 mM phosphate buffer at pH 7.4 and 30 °C.

Lipid to protein ratio modulates the Kinetics of a-syn aggregation

To investigate the effect of L/P molar ratio on o-syn aggregation, we incubated the
recombinantly expressed monomeric a-syn at L/P ratios of 0.5, 1, 2, 4 and 8. We detected
aggregate formation using the amyloid-binding dye thioflavin-T (ThT) (Fig. S1A-E). To
confirm that the ThT signal was not affected by lipid vesicles or buffer alone, we incubated
vesicles and buffer without protein. We did not observe any change in the ThT signal during
the entire incubation period for either sample (Fig. S1F). It was previously demonstrated that
the presence of salt reduces the ionic interaction between anionic head group of lipid and
positively charged N-terminus of the o-syn®>. However, it is also known that under
physiological conditions, a-syn exist in soluble and membrane-bound form?®!. Therefore, we
avoided using salt in our experiments to investigate the effect of membrane binding on amyloid

fibril formation by a-syn.

In the presence of DMPS vesicles, the lag-time of fibril-formation was dependent on the L/P
ratio; an increase in this ratio led to a significant decrease in the lag-time (Fig. 2). Despite the
significance, it is evident that there is a high variability in the lag-phase for each ratio. The
mechanistic details for lag-time variability are not well understood, however, the stochastic
nature of nucleation at the molecular level may influence the observed variability at the

macroscopic scale®. Indeed, a-syn is known to exhibit highly variable self-assembly kinetics
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between replicates of the same sample®. These data imply that DMPS vesicles significantly
promotes the fibrillization of a-syn, but does not affect the lag-time variability of protein

fibrillization.
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Figure 2. The lag-time of fibril-formation is affected by lipid:protein ratio. Plot of
lipid:protein molar ratio against the lag-time of a-syn amyloid formation in the presence of
DMPS vesicles (mean + S.D., n = 8). Lag time was calculated the time at which the
fluorescence intensity reached 10% of that at the plateau phase. A statistical analysis of data in
this figure shows that there are significant differences between the groups. This was determined
by analysis of variance, which found that p-values for *p < 0.05 and **p < 0.005.

In the presence of DMPS vesicles, a-syn aggregates into many distinct polymorphs

We next used transmission electron microscopy (TEM) to study the effect of DMPS vesicles
on the morphology of aggregates formed. In our initial experiment, we used a 50 uM
concentration of a-syn and an L/P ratio of 8 to minimize the lag time of the reaction®>. We then
compared the morphological structures that were formed in the presence of DMPS vesicles to
the fibrils formed in the absence of lipid vesicles. In the absence of DMPS vesicles, we
observed only a slight increase in the ThT signal at the same protein concentration. However,
when we increased the protein concentration to 100 uM, a significant increase in signal was
observed (Fig. S2A). The kinetics of a-syn fibril-formation in the presence of DMPS, which
was used for TEM studies, are shown in Fig. S2B. In the absence of DMPS vesicles, we
identified small oligomeric aggregates when a-syn was incubated at a concentration of 50 pM
(Fig. 3A). However, at a higher concentration of 100 mM, we observed fibrils with a rod-like
morphology (Fig. 3B-C). In contrast, TEM images of amyloid fibrils of a-syn formed in the
presence of the DMPS vesicles exhibited a large diversity of morphologies (Fig. 3D-L),
including thin and curly amyloid fibrils without any clear periodicity (Fig. 3D-F), helical
ribbons (Fig. 3G-I) and twisted ribbons (Fig. 3J-L). These morphologies were the predominant

structures observed, but we also found the presence of nanotubes (Fig. 4A), and flat sheets
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(Fig. 4B). While thin and curly amyloid fibrils appear to be the earliest stable fibril form, the
other forms appear to be generated by the high-order association of thin and curly amyloid
fibrils. The characteristic feature of twisted ribbons is the presence of an anisotropic cross
section and saddle-like (Gaussian) curvature, whereas helical ribbons can be wrapped around
a hypothetical cylinder of a finite radius and characterized by defined mean curvature
associated with bending, but with zero Gaussian curvature?'>!. Although twisted and helical
ribbons both contain multiple protofilaments, the transition from twisted ribbons to helical
ribbons takes place when the number of protofilaments reaches a critical number
(parameterized by the width to thickness ratio). When this ratio is low, twisted polymorphs are
energetically more favoured, whereas at high ratios helical polymorphs are energetically more
stable’!. Further, helical ribbons can transform into nanotubes, which is a consequence of
eliminating line tension associated with the exterior protofilaments of a fibril>!. Flat sheets can
form by the assembly of multiple parallel protofilaments and these structures have a higher

stiffness than helical ribbons>>.

These results clearly demonstrate that in the presence of DMPS vesicles, a-syn aggregates into
diverse polymorphic forms. Compared to previous data, the presence of such a large number
of polymorphic variants formed under identical environmental conditions has not been reported
before for any protein. It was previously reported that in the presence of phospholipid vesicles
composed of 1,2-dipalmitoyl-sn- glycero-3-phosphate (PA) and 1,2-dipalmitoyl-sn-glycero-3-
phospho-choline (PC), there was no effect on the morphology of the fibrils as compared to in
the absence of these vesicles®. In a recent cryo-EM study by Benedikt ef al., three dominant
protofilament folds were observed when a-syn was aggregated in the presence of POPA/POPC
lipid vesicles®*. With differential quaternary arrangements, these protofilament resulted in six
polymorphs of a-syn. However, unlike our approach described here, the study involved
subjecting the samples to repeated cycles of sonication for 20-48 hours before incubating it for
aggregation reaction under mechanical shaking. Surprisingly, in the presence of small
unilamellar vesicles composed of DMPS or DLPS, a-syn has been shown to form only thin and
curly amyloid fibrils with an absence of any higher order aggregates®>>. One explanation for
these differences is that they incubated a-syn and lipids at pH 6.4 in a phosphate buffer®>. The
presence of phosphate in the reaction solution in addition to variations in pH has been reported

3657 which can cause proteins to adopt

to have a strong effect on amyloid fibril morphology
entirely different conformations, resulting in different polymorphs>®. Our observation of a large

spectrum of polymorphic forms of amyloid fibrils formed in the presence of DMPS differs
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from previous report. All things considered, it appears that many factors, including lipid:protein
ratio, the chemistry of the lipid head group and solution conditions (e.g., pH and co-solutes)

can influence the formation of polymorphic forms of a-syn fibrils.
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Figure 3. TEM imaging. Polymorphs of a-syn (50 puM, 100 pM) in the absence and presence of DMPS
vesicles (400 uM). (A) 50 uM of a-syn in absence of DMPS vesicles shows formation of small
oligomers. (B-C) 100 uM of a-syn in the absence of DMPS vesicles shows presence of straight rod-
like fibrils. In the presence of DMPS vesicles a-syn (50 uM) forms (D-F) thin and curly amyloid fibrils
(G-]) helical ribbons and (J-L) twisted ribbon. Images show gross morphological features; note the
variation in scale bar across images. Scale bar is 0.3 um (A), 1 um (B, G, J and H), 0.5 um (D, E and
K), 0.2 um (C, F and L) and 0.4 um (I). Images C, F, I and J are from area shown within rectangle in
B, E, H and K, respectively.

Figure 4. TEM imaging. Minor morphological variants (A) Flat sheets and (B) Nano-tube structure.
Scale bar is 0.2 um in figure A, and 1 pm in figure B.

Impact of L/P ratios on fibril morphology.

To further investigate the impact of L/P ratios on fibril morphology, we performed TEM
imaging at L/P ratios of 1, 2, and 4. Our observations revealed distinct structural characteristics
at different L/P ratios. At an L/P ratio 1, only thin and curly fibrils were formed. These fibrils
were also found to be laterally associated at several instances, resembling the morphology of
helical ribbons. However, unlike helical ribbons at L/P ratio 8, cross over of the individual
fibrils were observed at this ratio (Fig. SA-C). At an L/P ratio 2, we observed that all of the
fibrils exhibited small spherical structures along their length. Similar to the L/P ratio of 1,
clusters of laterally associated mature fibrils resembling helical ribbons structures were also
observed (Fig. SD-F). At an L/P ratio 4, the predominant form of fibrils displayed loop

structures along their length and also at their ends (Fig. SG). Upon closer examination, these
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fibrils consisted of two closely associated mature fibrils with an average distance of 9 nm
(indicated by red arrows in Fig. SH), and occasionally separated by significant gaps, forming
the observed loop structures (indicated by blue arrows in Fig. SH). Furthermore, the helical
ribbon structures formed at this L/P ratio showed a smooth surface with very little pronounced
individual fibrils structures (Fig. SI). No other morphological structures were observed at any

of these L/P ratios (1, 2, and 4).

The observed differences in fibril structures at various L/P ratios may be attributed to the
presence of lipid molecules which were co-localized with the fibril (see Fig. 9). Benedict et
al. also found that hydrophobic residues on the fibril surface were coated with lipid
molecules®®. In our experiment, the absence of spherical or loop structures at an L/P ratio of 1
suggests that there may not be enough lipid molecules to coat these surfaces effectively. In
contrast, at an L/P ratio of 8, there are sufficient lipid molecules present, which adequately
cover these surfaces. Additionally, the presence of lipid-coated fibrils will facilitate their lateral
association to minimize the exposure of their hydrophobic surfaces. This would promote the

fibrils to form hierarchical aggregates, as observed at L/P ratio of 8.

Figure 5. TEM images of a-syn fibrils at varying L/P ratios. The effect of L/P ratio on the
morphology of a-syn fibrils. (A-C) Fibrils formed at L/P ratio 1 exhibit thin and curly fibrils,
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with instances of mature fibril clustering. (D-F) Fibrils formed at L/P ratio 2 display small
spherical structures along their length with instances of mature fibrils clustering (G-I) Fibrils
formed at L/P ratio 4 show closely associated two mature fibrils along their length (indicated
by red arrows in Fig. H), forming loop structures (indicated by blue arrow in Fig. H), and the
presence of twisted ribbon structures in Fig. I. Scale bars: 0.1 um (H), 0.3 um (G), 0.5 pm (A,
C, D, and F), 1 um (E), and 2 um (B). Image C, F, and H correspond to the areas under the

brackets in images B, E, and G, respectively.

Quantitative analysis of amyloid fibrils

As the morphology of a-syn fibrils in the presence of an L/P ratio of 8 contained several distinct
morphological features from those in the absence of DMPS vesicles and other L/P ratios we
examined, we performed quantitative analysis of TEM images to extract the structural
characteristics (e.g., length, width) of the polymorphic fibrils. To this end, we measured the
width and contour length of 900 and 1200 fibrils, respectively, formed in both the absence of
lipid vesicles and at the L/P ratio 8. A comparison of fibril length and width is shown in Fig.
6.

The results obtained from this analysis show that at the L/P ratio 8, the average fibril length is
10.8 + 7.5 pm with a minimum and maximum value of 0.8 and 43.2 um, respectively. In
comparison, fibrils formed in the absence of DMPS were measured to have an average length
of 2.6 £ 2.6 um with a minimum and a maximum length of 0.2 and 15.8 um, respectively (Fig.
6A). Thus, fibrils formed at the L/P ratio 8 are much longer compared to those that were formed
in its absence. Moreover, such long fibril lengths have not, to the best of our knowledge, been
previously reported for a-syn. Analysis of fibril width shows that at the L/P ratio 8, the average
width is 30.4 nm with a minimum and maximum of 3 and 157 nm, respectively. On the other
hand, fibrils formed in the absence of DMPS vesicles have an average width of 16.3 nm, with
a minimum and maximum value of 7 and 33 nm, respectively (Fig. 6B). Further, we performed
a quantitative analysis to understand the relative distribution of fibrils under each category (Fig.
6C). For this we analysed total 637 fibrils which revealed highest abundance of thin and curly
amyloid fibrils (78.96 %), followed by twisted ribbons (13.81%), helical ribbons (5.02%), flat-
sheet (1.41%) and nano-tubes (0.78%).
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For fibrils formed in the absence of DMPS, the width of the fibril remains constant for its entire
length. In contrast, the width of fibrils generated in the presence of DMPS shows a constant
width for thin and curly fibrils and for flat sheets. However, helical and twisted ribbons possess
a periodic modulation in the width as a function of fibril length. It has been demonstrated that
shorter peptides have a higher tendency than larger proteins to form larger fibril assemblies
consisting of laminated b-sheets which arise from the lateral association of protofibrils®”. Most
studies that report the presence of amyloid fibril polymorphs that are comprised of a large
numbers of protofibrils have typically been studied in short-peptide systems - either synthetic
peptides or fragments of amyloid forming proteins'#!>3269-64 The major drawback of studying
small peptides is that in these studies, fibril-formation occurs via homotypic-interactions'*. In
contrast, structural studies of full-length fibrils at atomic length scales show these interactions
are composed of 25-70 residue heterotypic interactions'®®>%®_ For example, the 11-aa peptide
of the NAC region of a-syn makes a homotypic steric zipper structure, whereas the same region
in the full-length protein bends twice and form an S-shaped heterotypic zipper®®®’. Although
many full-length proteins have been shown to form polymorphic forms, the number of
protofibrils involved in these polymorphs is limited to only a few!*!7-36:66.68-70 " Apart from o-
syn, only [-lactoglobulin and lysozyme have been reported to form higher order polymorphic
assemblies of full-length protein. For lysozyme it was shown to form both helical and twisted
ribbons whereas [I-lactoglobulin can only form helical fibrils**®8. For polymorphs consisting
of high numbers of protofibrils, it was found that these fibrils were intrinsically unstable and
degrade into smaller fragments. The studies in these structures were observed were performed
at low pH (2) and high temperature (90 °C); at lower temperatures the same proteins are unable
to form higher-order assemblies of protofibrils. The findings described here demonstrate the
existence of a large spectrum of polymorphic forms of amyloid fibrils produced at more
physiological conditions (both temperature and pH). The fibrils we observe vary widely in their

physical characteristics and importantly, are highly stable (Fig. 3, 4, 8 and S4).
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Figure 6. Quantitative analysis of TEM images of fibrils. (A) Distribution of contour length of -
syn fibrils. (N = 900) (B) Distribution of width of a-syn fibril (N = 1200). These results show that in
the presence of DMPS the contour length and width of the fibrils has much higher distribution than in
its absence. (C) Relative abundance of polymorphs (N = 637). This data imply that thin and curly
amyloid fibrils have highest abundance followed by twisted, helical, flat sheet and nano-tubes,
respectively.

Helical pitch and width are important parameters often used to identify the polymorphs of
amyloid fibrils?>. A helical pitch is defined as the distance along the fibril length that it takes
for the helix to complete one 360° turn. Fig. 7 shows the relationship between helical pitch and
fibril width for multiple helical fibrils. We found that the helical pitch ranged from 245 to 3373
nm and widths spanned from 15 to 157 nm. Moreover, we found that the helical pitch is linearly
correlated with the width of the fibrils measured. Previous work on other polymorphic amyloid
fibril systems demonstrated a similar relationship*>%®. In those works, they found a very strong
linear relationship with little variation from the linear model whereas we observe more

variation. One interpretation of this finding is that this may imply there are different structural
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arrangements or interactions occurring between the constituent protofibrils which gives rise to
the structural variations we see. However, more work needs to be done in order to confirm this

hypothesis.

The large widths observed for the twisted and helical ribbon polymorphs suggest that they are
composed of a number of protofilaments. This observation is consistent with models that
consider hierarchical assembly of protofilaments into larger amyloid fibril polymorphs!>-8,
Indeed, we observe several helical and twisted ribbons that appear to split along the length of
the fibril (Fig. 8 and S3). Moreover, we see that this splitting can happen at multiple locations
along the length of single fibril. The individual strands of these “frayed” fibrils have a larger
width than that observed for protofilaments (3 nm). This implies that fibrils consisting of many
protofibrils may further assemble to produce giant fibrils in a hierarchical assembly. It is
important to note that we were unable to determine the length and position of individual fibrils
in hierarchically assembled fibrils. This means that we cannot rule out the possibility that
mature fibrils may join at different positions on laterally assembling fibrils to form such long

fibrils. However, our study does demonstrate that a-syn fibrils formed in the presence of lipid

vesicles are much longer than those formed in the absence of lipid vesicles.
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Figure 7. Helical pitch of twisted ribbons plotted against width of the fibrils. This result shows a
linear relation between fibril width and helical pitch of a-syn amyloid fibrils formed in the presence of
DMPS vesicles.
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Figure 8. TEM imaging of fibril splitting: Fibrils show splitting along their length as shown in A-C.
Splitting was observed for both helical (marked with red arrow) and twisted (marked with blue arrow)
fibrils. This result shows that observed giant fibrils are composed of mature fibrils.

Fibril formed in the presence of DMPS vesicles co-localize with lipid molecules

Previous in vitro studies have shown that co-assembly can occur between lipid molecules and

a-syn during amyloid fibril formation’"’?

, and in a recent study it has been shown that Lewy
bodies, the hallmark of Parkinson’s disease, consist of highly crowded mixtures of organellar
and membranous features that contain inclusions of a-syn’®. Interestingly, in another study,
incubation of a-syn on a supported bilayer of phospholipid membrane resulted in the
aggregation of a-syn accompanied by lipid extraction from the membrane, causing membrane
disruption and clustering of lipid molecules around growing a-syn aggregates’®. To see whether
a-syn fibrils can incorporate lipid, we employed TIRF microscopy to image individual a-syn
aggregates (SAVE imaging)’*. For these experiments, we utilised a previously published
approach in which the DMPS liposomes are mixed with biotinylated lipid’>. These biotinylated
liposomes were added to our a-syn samples and allowed to undergo fibrilization. Samples were
collected and incubated with Alexa Fluor 647 labeled streptavidin (1 nM) and 5 uM ThT to
allow for simultaneous imaging and localization of lipids and fibrils, respectively. We found a
high degree of co-localization of the lipids and fibrils (Fig 9). In contrast, when fibrils were

prepared without biotinylated lipids, no co-localization was observed (Figs. S5). The

association quotient, 078 (see single-molecule data analysis in Methods), is a measure of the
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level of coincidence of the fibrils and lipids. For these samples, O = 0.43 = 0.17 (mean £ S.D.,
n = 27 images), indicating that 43% of the fibrils identified contained biotinylated lipid. For
the control in which biotinylated lipid was not included, Q = -0.02 + 0.04 (mean+ S.D.,n =15

images).

Taken together, these imaging techniques demonstrate that in the presence of DMPS lipid
vesicles, the growing fibrils can directly incorporate lipid molecules. Further study of these
highly polymorphic a-syn amyloid fibril variants can better illuminate the processes that

govern lipid-induced conversion of a-syn into potentially pathological forms.

Figure 9. a-Syn amyloid fibrils association with lipid observed by TIRFM imaging. 0.5
UM a-syn amyloid fibrils and in the presence of 4 mM DMPS vesicles (containing 2 mol % of
biotinylated lipid) in the presence of 1 nM streptavidin-AF647 and 5 mM ThT (A) Images were
recorded for 50 frames from the red channel (AF647 emission) with 641 nm illumination,
followed by (B) green channel (ThT emission) with 405 nm illumination.

DISCUSSION

With a growing number of studies, it is becoming increasingly clear that heterogenous
nucleation plays an important role in amyloid formation in different amyloid forming proteins.
Most importantly, many studies have shown interactions between lipid bilayers and amyloid
forming proteins is a common triggering event in the formation of amyloid fibrils and other
cytotoxic species’* !, Current evidence suggests that lipid membranes provide a platform

where the binding of amyloidogenic protein increases the local concentration of bound protein
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molecules and thus facilitates the formation of toxic aggregates. In the work reported here, we

have explored the effect of physiological relevant lipid DMPS on a-syn fibrillization.

Analysis of ThT fluorescence data showed that with an increase in the L/P ratio, lag-time was
significantly decreased (Fig. 2). Interestingly, the kinetic curves of samples incubated in the
presence of DMPS vesicles show biphasic fluorescence (Fig S1). Similar kinetic profiles have
been observed in a study in which a-syn was incubated with brain tissue from PD patient’s
frontal and temporal cortex samples®?. Similarly, another study that incubated a-syn with lipid
vesicles at higher temperature also reported a comparable biphasic increase in ThT
fluorescence intensity®’. The reason for these biphasic increase in the ThT fluorescence

intensity is not clear.

TEM imaging of the samples revealed the presence of a large spectrum of amyloid fibril
structures when a-syn was aggregated in the co-presence of DMPS vesicles. At an L/P ratio of
8, we identified multiple structures such as thin and curly fibrils, twisted and helical ribbons,
nanotubes and flat sheets (Fig. 3D-L and 4). Although all of these structures have been
reported before for amyloid forming proteins and short peptides, no study has described the
presence of so many variants under identical environmental conditions. We further investigated
the impact of L/P ratios ranging from 1 to 4 on the morphology of the fibrils. We found that
these ratios strongly affect the morphology of a-syn fibrils (Fig. 5). We speculate that higher
L/P ratios effectively cover the fibrils surface and thereby promote their lateral association by
hydrophobic interaction. However, we acknowledge that further studies are required to confirm

our hypothesis.

When we carried out the reaction in the absence of DMPS, we observed either small oligomeric
aggregates or straight fibrils with rod-like morphologies (Fig. 3A- 3C). Quantitative analysis
of these fibrils showed they possess a wide spectrum of lengths and widths as compared to
fibrils in the absence of DMPS (Fig. 6 A-B). Further analysis of the width-to-period relation of
twisted ribbons showed a linear relationship, which suggest these fibrils have a different
number of constituent protofilaments (Fig. 7). These results clearly show that the presence of
DMPS vesicles not only modulates the kinetics of fibril formation of a-syn but importantly, its
interaction leads to the formation of polymorphic fibril forms. Polymorphic forms of a-syn are
known to be present under in vivo conditions and they have been linked to different

24,27,84-86

pathological conditions , however, factors responsible for formation of these
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polymorphs under in vivo conditions are not known. The findings of our present study highlight

the possible role lipids play in the formation of a-syn polymorphs under in vivo conditions.

Previous reports of lipid molecule clustering on growing a-syn fibrils’* prompted us to
investigate if lipid molecules are being directly incorporated into amyloid fibrils. Experiments
carried out with TIRF microscopy shows a high-level of co-localization of lipid and amyloid
fibrils (Fig. 9). Thus, we confirmed that lipids can be incorporated into the structure of amyloid
fibrils during their growth process. Notably, in a recent cryo-EM study by Benedikt et al.>*, six
polymorphs of a-syn were observed in the presence of POPA/POC lipid vesicles, all of which
were coated with lipid molecules. Moreover, in polymorph L1B, which consists of two
identical protofilaments, a wide cavity in the inter-protofilament interface was observed. These
cavities were found to contain lipid molecules, and both the head-group and acyl-chains of
anionic lipid made specific contacts with amino acid residues in the protofilaments. In another
polymorph L2A, which consists of three protofilaments that are 20 A apart and show no direct
protein-protein contact, an ordered interaction network of negatively charged head-group and
acyl-chain lipids was observed. Although Benedikt et al. elegantly demonstrated that lipid
molecules were incorporated into fibrils, which stabilised alternative quaternary fold, it should
be noted that they used phospholipid with a phosphatidic acid (PA) head-group, whereas a
phosphatidylserine (PS) head-group used in our study. PS contains a serine molecule attached
to a phosphate group, whereas PA only has a phosphate group. Additionally, the acyl chain
length and saturation state differ between DMPS and DOPA, with 14:0-14:0 and 18:1,18:1 for
DMPS and DOPA, respectively. Therefore, the fibrils formed in the presence of these two
molecules will be different. Furthermore, lipid profiling shows the content of PS is about 40
times higher than PA in mouse brain®’, and there is a significant increase in PS content in the
brain of PD patients and animal models®®* These findings suggest that PS may play a crucial
role in the pathogenesis of PD, highlighting the need to understand its importance in a-syn

aggregation.

In summary, we have shown that under in vitro conditions, lipid-protein interactions play an
important role in the formation of polymorphs of a-syn amyloid fibrils. Further study is needed
to understand the mechanism of the lipid-induced conversion of a-syn into its polymorphic
forms. The knowledge obtained from such a study is also expected to provide crucial
information on the widely observed lipid-induced conversion of amyloid forming proteins into

their toxic forms.
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METHODS
Reagents

1,2-dimyristoyl-sn-glycero-3-phospho-L-serine  (DMPS) lyophilized powder and 1,2-
distearoyl-sn-glycero-3-phosphoethanol-amine-N-[amino(polyethyleneglycol0)] (DSPE-
PEG) were purchased from Avanti Polar Lipid, Inc. Streptavidin, Alexa Fluor 647 conjugate
was purchased from ThermoFisher Scientific. Tris base, ethylenediaminetetraacetic acid
(EDTA), Thioflavin T, Chloroform, Methanol, and Hydrochloric acid (HCI) and other

chemicals were purchased from Sigma Aldrich.

Protein purification. Recombinant WT a-syn was expressed in Escherichia Coli and

purified as described previously™.
Liposome preparation

About 1 mg DMPS were obtained in a glass test-tube and dissolved in chloroform:methanol
(3:1 v/v) solvent. Thin layer of lipid was obtained by constant rotating of test-tube, while gentle
stream of nitrogen gas was used to evaporate the solvent. To remove the any trace amount of
solvent, test-tube was placed in the vacuum for minimum of 4h. Liposome biotinylation was
achieved by adding 2 mol % of biotinylated lipid (DSPE-PEG Biotin, Avanti) to DMPS lipid.
The thin lipid layer was then hydrated with appropriate amount of 25 mM Tris buffer, pH 7.4
to make a stock concentration of 2 mM and vortexed for 2 mins to dissolve the lipid layer in
the buffer. Sample was frozen and thawed for 4 cycle on dry ice and water-bath at 40 °C. Small
unilamellar vesicles (SUVs) were prepared by sonication (VWR ultrasonic cleaner) for 30

minutes.

Dynamic light scattering (DLS)

Size distribution of lipid vesicles was determined by an ALV/CGS-3 platform-based
goniometer system (ALV-GmbH). This instrument was equipped with a 22 mW HeNe laser
with a wavelength of 633 nm, and backscattered light was detected at an angle of 90° at room

temperature. DMPS stock solutions were diluted to 60 uM in filtered 25 mM Tris buffer (pH
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7.4), transferred into glass test tube, and placed in the measurement cell. Three measurements
were performed for the sample for 300 seconds at room temperature and average values were
used for analysing the data. The analysis showed that the data consisted of two peaks, a small
peak centered at a diameter of 17 nm and a large peak centered at a diameter of 109 nm. This

is similar to the findings of a previous report®> (Fig. S6).
Aggregation assay

ThT fluorescence time-course measurements were performed in 96-well microliter plates using
Fluostar Omega microplate reader (BMG Labtech) with excitation and emission wavelengths
setto 450 nm and 485 nm. 50 uM WT a-syn samples were prepared in the absence and presence
of 25 uM, 50 uM, 100 uM, 200 uM and 400 uM of DMPS vesicles with 25 uM ThT in 25 mM
Tris buffer (pH 7.4). Each sample-well contained 100 pL of the reaction mixture and

spontaneous aggregation was induced by incubation at 30 °C without shaking.
Transmission electron microscopy

At the end of aggregation assay, aggregated sample was diluted to 1 mM concentration. An
aliquot (7 mL) of diluted sample was placed onto carbon support film 300 Mesh 3 mm copper
grids (TAAB) for 3 min and blot dried. The TEM grids were subsequently stained using 7 mL
of 1 % uranyl acetate for 2 min followed by blot drying. Samples were imaged on a Thermo
Fisher Scientific Tecnai F20 electron microscope (200 kV, field emission gun) equipped with

an 8k x 8k CMOS camera (TVIPS F816).
CD Spectroscopy

A Jasco J-810 spectrometer was used for CD measurements. Samples containing 10 uM WT
a-syn in presence of different amount of DMPS (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110,
120, 130, 140, 150, 160, 170, 200, 250 and 300 uM) were prepared in 25 mM phosphate buffer
(pH 7.4). Experiments were performed at 30 °C using a quartz cuvette with 1 mm path length
at a scan rate 20 nm min™! with a data pitch of 0.1 nm and a digital integration time of 1s. A

total five scan were accumulated and averaged for a final data.
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Slide preparation for single-molecule analysis

Glass coverslips (22 x 22 mm, VWR international, USA) were cleaned using an argon plasma
cleaner (Zepto, Diener, Germany) for 40 minutes to remove any fluorescent residue. Frame-
seal slide chambers (9 x 9 cm?, Bio-Rad, Hercules, USA) were affixed to the glass, 50 pl of
poly-L-lysine (70-150k molecular weight, Sigma-Aldrich) was added and incubated at room
temperature for at least 15 minutes. The coverslips were washed twice with 25 mM filtered

buffer (25 mM Tris, pH 7.4) immediate before adding the sample for imaging.
Total internal reflection fluorescence microscopy

Single-molecule imaging was performed using a custom-built single-molecule TIRF
microscope, which restricts the illumination to within ~200 nm of the sample slide. The
fluorophores were excited at either 405 nm (ThT), or 638 nm (AF647). Collimated laser light
at wavelengths of 405 nm (Cobolt MLD Series 405- 250 Diode Laser System, Cobolt AB,
Solna, Sweden), and 638 nm (Cobolt MLD Series 638-140 Diode Laser System, Cobolt AB,
Solna, Sweden) were aligned and directed parallel to the optical axis at the edge of a 1.49 NA
TIRF objective (CFI Apochromat TIRF 60XC Oil, Nikon, Japan), mounted on an inverted
Nikon TI2 microscope (Nikon, Japan). The microscope was fitted with a perfect focus system
to autocorrect the z-stage drift during imaging. Fluorescence collected by the same objective
was separated from the returning TIR beam by a dichroic mirror (Di01-R405/488/ 561/635
(Semrock, Rochester, NY, USA), and was passed through appropriate filters (405 nm: BLPO1-
488R-25 (Semrock, Rochester, NY, USA), 638 nm: FF01-692/40—25 (Semrock, Rochester,
NY, USA). The fluorescence was then passed through a 2.5x beam expander and recorded on
an EMCCD camera (Delta Evolve 512, Photometrics, Tucson, AZ, USA) operating in frame
transfer mode (EMGain = 11.5 e~/ ADU and 250 ADU/photon). Each pixel was 103 nm in
length. Images were recorded over 10 frames with an exposure time of 50 ms with 638 nm
(~50 W cm?) illumination, followed by 405 nm excitation (~100 W c¢cm2). The microscope

was automated using the open-source microscopy platform Micromanager.

Sample collected from a 96 well-plate after completion of aggregation reaction was diluted 100
x and incubated for 10 minutes in presence of 1 nM Straptavidin-AF647 (ThermoFisher
Scientific). It was then centrifuged at 14k rpm for 10 minutes and the pellet was redissolved

in 5 uM ThT and placed on glass coverslip for imaging.
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Single-molecule data analysis

The data were analysed using a custom-written code in Igor Pro (Wavemetrics). Each tiff image
stack was first averaged over the 10 frames in each channel, before having the background
subtracted. A manual threshold value of 1000 ADU (ThT channel) was used to distinguish
fibrils from background. A clustering algorithm (Density-based spatial clustering of
applications with noise)’! was used to identify individual fibrils. For each fibril, the
corresponding fluorescence was analysed in the AF647 channel for each pixel, and a positive
coincidence was defined if at least one of these had a value greater than an applied threshold
of 1500 ADU in the AF647 channel. To account for chance coincidence (i.e. due to the fibrils
and AF647-tagged liposomes being in close proximity), the same analysis was performed with
the AF647 images being rotated 90° and translated 100 pixels. For each image set, the
association quotient, Q’%7% which is a measure of coincidence, was calculated according to

Equation 1.
Equation 1 Q=—

Where C is the number of coincident events, E the number of chance events, and A the total

number of fibrils detected.
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