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Abstract

Protein misfolding and aggregation cause serious degenerative conditions such as
Alzheimer’s, Parkinson’s and prion diseases. Damage to membranes is thought to be one of
the mechanisms underlying cellular toxicity of a range of amyloid assemblies. Previous
studies have indicated that amyloid fibrils can cause membrane leakage and elicit cellular
damage, and these effects are enhanced by fragmentation of the fibrils. Here we report the
first direct three-dimensional (3D) visualization of membrane damage by specific interactions
of a lipid bilayer with amyloid-like fibrils formed in vitro from B2-microglobulin (B2m).
Using cryo-electron tomography, we demonstrate that fragmented 3om amyloid fibrils
interact strongly with liposomes and cause distortions to the membranes. The normally
spherical liposomes form pointed teardrop-like shapes with the fibril ends seen in proximity
to the pointed regions on the membranes. Moreover, the tomograms indicated that the fibrils
extract lipid from the membranes at these points of distortion by removal or blebbing of the
outer membrane leaflet. Tiny (15-25 nm) vesicles, presumably formed from the extracted
lipids, were observed to be decorating the fibrils. The findings highlight a potential role of
fibrils, and particularly fibril ends, in amyloid pathology, and describe a new class of lipid-
protein interactions in membrane remodelling.

/body
Introduction

The failure of molecular chaperones to prevent the accumulation of misfolded proteins results
in protein aggregation and amyloid formation, processes associated with severe human
degenerative diseases (1, 2). Despite the attention focussed on these problems during the
century since these disorders were first identified (3-5), and advances in understanding the
structure of the cross-f3 conformation of amyloid fibrils in atomic detail (6, 7), the basic
pathological mechanisms of amyloidosis remain poorly understood and therapeutic
intervention is lacking. The identity of the toxic species and the mechanisms of cytotoxicity
remain major unsolved problems. In some systems, there is evidence suggesting that pre-
fibrillar oligomers, rather than the fully formed fibrils, are the source of toxicity (8, 9). In
these cases, cytotoxicity is thought to result from the formation of specific membrane pores
(10, 11) although alternative models including membrane destabilisation or membrane
thinning have also been proposed (12-15). In other cases, toxicity may reside with the
amyloid fibrils themselves. Evidence that toxicity correlates with fibrillar assemblies has
been reported for yeast and mammalian prion proteins (16, 17), human lysozyme (18),
Huntingtin exon 1, a-synuclein (19) and Amyloid-3 (20, 21). Furthermore, A plaques have
been shown to form rapidly in vivo and to precede neuropathological changes in a mouse
model (22). The end surfaces of fibrils (herein termed “fibril ends”) are unusually reactive
entities: they play a key role in catalysing recruitment and conformational conversion of
amyloid forming proteins (23, 24) and provide the sites for templated elongation of amyloid
fibril growth (25, 26). Recently, Xue et al (27) showed that short fibrils of B2-microglobulin
(B2m), a-synuclein and hen lysozyme, each prepared by fragmentation of longer fibrils, cause
increased damage to membranes and disruption to cellular function compared with the initial
long fibrils. Short and long fibril preparations differ in the number of fibril ends at a given
protein concentration. Since these are known to be reactive sites, the above observations
suggest a role for fibril ends in amyloid-lipid interaction and possibly in amyloid
pathogenesis (23, 24, 27). Fragmented fibrils of all three proteins were also found to induce
dye leakage from negatively charged liposomes, the most susceptible of which contain a
mixture of the cellular lipids phosphatidylcholine and phosphatidylglycerol, but liposomes
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with a variety of compositions were damaged by the fibrils in all cases (27).

Here, we use f2m amyloid fibrils formed in vitro as a model system to investigate the
structural basis of membrane damage by amyloid fibrils (27, 28). Previous studies have
shown that these fibrils possess a parallel in register cross-p3 structure (29, 30) assembled into
multi-domain filaments coiled together, described by cryo-EM (28). These fibrils bind
amyloid-specific ligands such as serum amyloid P component with a similar affinity to their
ex vivo counterparts (31). Using the conditions under which fom amyloid fibrils induce dye
release from liposomes (pH 7.4), we examined the effects of both long (~1400 nm) and
fragmented (~400 nm) B2m fibrils (27), as well as various control preparations, on the 3D
structures of the liposomes by confocal microscopy, cryo-electron microscopy and
tomography. We found pronounced distortions in the liposomes, interruptions to the bilayer
structure, and extraction of lipids that were induced by the presence of amyloid fibrils. The
most severe distortions were seen in proximity to the fibril ends, which are enriched in the
fragmented fibril samples. This type of membrane remodelling appears distinct from the
actions of other previously described proteins that induce membrane breakage, as in the
action of membrane pore forming proteins (32). The results suggest a role of fibrils in
membrane damage that could contribute to the cellular dysfunction associated with amyloid
disease.

Results

Large unilamellar vesicles (LUVs) formed from 80% egg phosphatidylcholine (PC) and 20%
egg phosphatidylglycerol (PG), prepared by extrusion with a 100 nm filter, showed smoothly
rounded shapes in cryo-EM images (size range 60-130 nm; Fig. 1a, inset). The wide field
view of the liposomes on a lacy carbon support film shows that the liposomes are sparsely
distributed over the EM grid, mainly adhering to the carbon at the edges of holes (Fig. 1a).
When B2m amyloid fibrils initially formed at pH 2.0 are transferred to pH 7.4, they associate
into irregular bundles and aggregates which are distributed over the entire grid (Fig. 1b),
consistent with our previous observations (28). Mixing liposomes with either short or long
amyloid-like fibrils formed from Bm results in densely clustered liposomes entangled with
the fibrils (Figs.1c,d). In contrast with the finding that the liposomes alone adhere poorly to
EM grids and appear mainly at the carbon edges, the fibril-liposome mixtures are densely
distributed across the entire grid, suggesting strong fibril-liposome interactions. Analysis of
the liposome structure in the presence of short, fragmented fibrils revealed that some
liposomes are distorted into extended, teardrop-like shapes (open arrowheads, Fig. 1e). In
these samples liposomes with altered shapes are readily observed, and the liposomes are
permeabilised in dye release experiments under these conditions (27). Although the long
fibrils also bind and concentrate the liposomes, in these samples many liposomes remain
smoothly rounded, even when they contact large bundles of fibrils, consistent with the
reduced ability of the long fibrils to cause dye leakage (27) (Fig. 1f). In order to quantitate
the difference in frequency of liposomes with point distortions in samples incubated with
short or long fibrils, we counted >5000 liposomes. This revealed 5 times more point
distortions in samples incubated with short fibrils compared with their longer
counterparts,(Table S1). Example images showing the criteria for classifying liposomes as
pointed, smoothly rounded or ambiguous are shown in Fig. S1. The ambiguous category was
needed because half of the liposomes were partially obscured in the samples with short fibrils
by contacts with fibril bundles and/or other liposomes (and one third in the samples with long
fibrils), preventing their reliable classification as either pointed or smooth.



To determine whether the observations made are specific to the amyloid-like structure of the
Bom fibrils, we examined the effect of a different type of Bom aggregate, known as ‘worm-
like’ fibrils, on the liposome preparations. These worm-like fibrils are formed under different
conditions to the amyloid-like fibrils of 3om and do not contain a highly ordered cross-3
structure, as revealed by EPR, MAS NMR and FTIR (29, 30, 33). Moreover, they exhibit a
reduced ability to disrupt cellular function and to induce dye release from liposomes
compared with their amyloid-like counterparts (27). The worm-like fibrils also interact
differently with egg PC/PG liposomes, showing only partial clustering of the liposomes as
visualised by cryo-EM, with many liposomes remaining in regions free of fibrils (Fig. S2a).
This suggests much weaker interaction of the worm-like fibrils with lipid compared with both
the short and long amyloid-like fibrils, consistent with the liposome dye-release experiments
described above. f2m monomers had no detectable effect on the distribution or appearance of
the liposomes (Fig. S2b); nor did control filaments that lack a cross-3 structure such as
microtubules (Fig. S2¢) or tobacco mosaic virus (Fig. S2d).

To examine the effect of fibrils on membrane integrity in solution, fluorescence microscopy
was used to image giant vesicles labelled with green fluorescent lipid, mixed with short 3om
fibrils labelled with 5-(and-6)-carboxytetramethylrhodamine (TMR) (Fig. 2). Fluorescence
and bright field images of these liposomes incubated with buffer alone showed stable, round
structures that remained intact with no visible deformation even after 3 hours of incubation
(Fig. 2a and Fig. S3a). Similar results were obtained when the vesicles were incubated with
TMR-labelled Bom monomers (Fig. S3b). Images of short or long 3om fibrils alone at pH 7.4
showed irregular aggregates, consistent with the bundling of fibrils observed by EM (Fig.
S3c,d), while small aggregates were observed for worm-like fibrils alone (Fig. S3e). Mixing
the liposomes and short fibrils resulted in severe damage to the liposomes (Fig. 2; Fig. S4a).
Strikingly, the surfaces of the fibril aggregates co-localize with lipid (yellow regions),
suggesting that lipid extraction from the liposome membranes had occurred upon mixing
with the fibril sample. Less extensive damage occurred with long fibrils (Fig. S4b) while in
the presence of worm-like fibrils many liposomes remained intact (Fig. S4c). These
observations are consistent with the relative potencies of the different fibril types in
perturbing liposome structure as indicated by cryo-EM (Figs. 1 and S2a), in dye-release
experiments, and in causing cellular damage (short fibrils > long fibrils >> worm-like fibrils
(27). However these approaches cannot reveal the mechanism of membrane disruption, nor
can they show the details of the fibril-liposome interaction.

Although the cryo-EM images shown in Fig. 1 indicate a strong interaction of the amyloid
fibrils with liposomes, it is not possible to determine from individual projection images
whether apparent overlaps between fibrils and liposomes indeed indicate a contact in the
same plane of the specimen. Therefore we used cryo-electron tomography to examine the 3D
structures at the sites of liposome interaction with short fibrils by reconstruction from a series
of images recorded at different tilt angles. The results revealed examples of liposomes
distorted into pointed, tear drop-like shapes in every tomogram examined. These are shown
in sections through representative 3D reconstructions (Fig. 3a-c). The fibrils typically form
lateral contacts to the lipid surfaces and examples were seen in which the fibrils terminate in
close proximity to sharp discontinuities in the liposomes. The tomogram region in Fig. 3¢
was used to trace the structure of the 100 nm liposome with associated fibrils and small
vesicles, and these are shown as rendered surfaces superposed on a tomogram section in Fig.
3d. Tiny vesicles, with diameters ranging from 15-25 nm, were observed in contact with the
clusters of short fibrils in 80% of tomograms examined (Fig. 3d, red spheres). While some
vesicles in this size range are also observed inside larger ones, presumably formed during
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lipid extrusion, free vesicles of this size range were never observed in samples that had not
been incubated with amyloid fibrils.

In order to quantify the nature of the observed fibril-vesicle interactions, we divided the
contacts into three categories: fibrils binding the membrane surface by their sides, at their
ends, and by a combination of both interactions. We counted the number of interactions in
each category in a data set of 244 clear examples (in 3D) of fibril-membrane interactions
from four different tomograms collected from three different samples. The interactions
typically involve a stretch of lateral contact between the liposome and the side of a fibril,
terminating with a distortion or sharp discontinuity in the liposome shape at the end of the
fibril. Of the 244 interactions, 172 interactions (70%) involved contacts of the vesicles with
both sides and ends of the fibrils, 20 contacts (8%) involved only the sides of the fibrils, and
55 contacts (22%) were with fibril ends. An example of each of these types of interaction is
shown in Fig. 4a-c. In general, the membranes were flattened at sites of contact with other
vesicles, edges of the carbon film and fibril sides, but showed sharper distortions in the
vicinity of the fibril ends.

The EM images suggest that the short fibrils bundle together more than their longer
counterparts (Fig. 1e, f). Bundling of fibrils decreases the lateral surface/volume ratio, and
therefore the area of lateral surface available for interaction with liposomes. Nevertheless, the
short fibrils, which have a higher proportion of exposed ends, increase dye permeability of
liposomes (27), increase membrane disruption (Fig. 2), and cause more point distortions in
the lipid bilayer in the vicinity of fibril ends (Figs. 3, 4 and Supplementary movies).
Together, these data suggest that the ends of the short fibrils are the most reactive species in
membrane disruption, although the sides of the fibrils also play a role in membrane binding.
Should fibril bundling be an important factor in the disruption of liposomes, the liposomes
would be expected to form contacts to extended regions on the bundle surfaces, e.g. the
membrane might be expected to extend over, or wrap around, the bundle surface. However,
such behavior was never observed in the tomograms. Instead, in all the examples in which the
liposome-fibril contact is clearly resolved (see Figs. 3, 4 and Supplementary movies), the
membrane-fibril contacts are localized, so that the membrane appears to touch only one fibril
in any given contact, even when that fibril is part of a bundle. These observations argue
against a major effect of fibril bundling in the interaction with liposomes.

In order to better understand the details of membrane damage by the short $2m amyloid
fibrils, we collected examples of these interactions in tomograms recorded with a lower
defocus, so that the lipid bilayer was resolved, albeit at the expense of lower contrast. The
examples shown in Fig. 4d-f reveal the structural basis of how amyloid assemblies can
extract lipid from membranes. Breaks and distortions appear in the outer leaflet of the
bilayer, in regions adjacent to fibril ends, suggesting a specific interaction that leads to
destabilization and eventually disintegration of the membrane.

Discussion

There is considerable evidence that amyloid assemblies interact with membranes, supporting
the notion that these interactions may play a role in amyloid-associated cellular dysfunction
(11, 13, 34). However, the physical basis for these interactions and the mechanisms of
amyloid-induced dysfunction remain unresolved. Observations of ring-like structures formed
from o-synuclein and pre-fibrillar assemblies of other amyloid-like systems, along with
membrane leakage in the presence of pre-fibrillar oligomers, have led to the hypothesis of
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membrane pore formation, membrane thinning and membrane destabilisation by pre-fibrillar
oligomers (8, 9, 12, 34, 35). In addition it has been shown that lipid-induced
depolymerisation of non-toxic AP fibrils leads to formation of so-called “reverse oligomers”
that are cytotoxic, akin to the oligomers formed de novo during fibril assembly (36).
Membrane-induced fibril depolymerisation and membrane destabilisation associated with
fibril growth on lipid bilayers have also been proposed as alternative mechanisms of amyloid-
mediated cytotoxicity (11, 13, 15). Using fluorescence methods, Reynolds et al 2011
observed fibril growth and lipid extraction/thinning by adding monomeric a-synuclein to
membranes supported on a solid surface (12). In a similar study it was shown that addition of
islet-associated polypeptide (IAPP) induces defects on supported lipid bilayers, accompanied
by transfer of lipid vesicles onto growing amyloid fibrils (14). These studies provide a large
body of evidence suggesting a significant involvement of lipid membranes in amyloid
cytotoxicity.

Our results show that amyloid fibrils bind strongly to membrane surfaces, as shown by the
marked clustering of liposomes in the presence of fm fibrils. For many amyloidogenic
proteins and amyloid fibrils, it has been shown that binding to membranes requires negatively
charged lipids and positively charged residues or areas of high positive charge density on the
protein assembly (12, 37-39). This is also the case for the interaction of Bom fibrils with
liposomes: higher dye leakage was found for liposomes containing negatively charged lipids
(27), suggesting that the fibril-membrane interaction has a strong electrostatic component. In
the case of IAPP, binding of the monomeric protein to membranes is mainly driven by
electrostatic interactions, but the membrane damage is dominated by hydrophobic
interactions with IAPP oligomers, similar to the membrane mediated toxicity of other
amyloidogenic assemblies (11, 21, 39).

A key finding from the cryo-electron tomography images portrayed here is the sharp
distortion of the membranes by the fibrils, suggesting that the fibrils make additional
interactions that extract lipids from the outer membrane leaflet of the liposomes. Notably,
initial studies of liposomes incubated with fragmented o-synuclein fibrils also showed
examples of sharp distortions and interruptions to the bilayer at sites of contact with o.-
synuclein fibrils. The notion of lipid extraction by amyloid fibril ends is supported by the
observation of tiny (15-25 nm) vesicles found near the areas of contact between [om fibrils
and distorted liposomes and it is consistent with the co-localisation of fibrils and
disintegrated liposomes observed by fluorescence microscopy (Figs. 2b and S4a,b). The
observation that the sites of membrane disruption are mainly adjacent to fibril ends accords
with the finding of the greatest liposome disruption by fibrils that were fragmented and
therefore contained more ends, suggesting that the fibril ends have an enhanced ability
(relative to the fibril shaft) to cause the sharp distortions and extract lipids from the
membrane. It is likely that these distortions involve hydrophobic interactions in addition to
the electrostatic component. Hydrophobic domains in proteins can induce dramatic
distortions in lipid membranes. For example, the ability of epsin to induce membrane
tubulation and vesiculation is attributed to distortion caused by the insertion of wedge-shaped
hydrophobic domains into the membrane (40). The hydrophobicity of the fibril ends may be a
property in common with pre-fibrillar or fibrillar oligomers, which are also reported to
damage membranes and are considered as intermediates in amyloid fibril assembly and
disassembly (11, 41, 42, 43).

Membrane distortion and breakage occur in many biological processes, such as viral fusion
and pore formation, processes in which binding of extraneous proteins induces membrane
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curvature and breakage, resulting either in fusion with another membrane or the formation of
protein-lined transmembrane channels (32, 44). The fibril-liposome interaction appears to
represent a new class of specific membrane distortion by a protein assembly, distinct from
previously described mechanisms for distorting and disrupting lipid bilayers. Similar
distortions have been seen by cryo-electron tomography of liposomes involved in a different
process, the formation of viral fusion pores (45). In this case, formation of a pore and fusion
of the membranes is directed by haemagglutinin spikes on the viral surface that bind and
insert into the target liposome membrane. Binding occurs via the ends of the spikes, which
undergo a low pH induced conformational change to insert. In this case, a sharp point is also
drawn out from the target membrane, as is observed with short fom amyloid fibrils, but
instead of destroying the liposome, the destabilised, extruded membrane region is fused to the
viral membrane.

The cryo-electron tomography images of fom fibril-membrane interactions presented here
suggest that the cellular dysfunction associated with these and other fibrils or fibril-like
assemblies (16-21, 27) involves direct bilayer disruption. This membrane damage might arise
by direct interaction with the fibril ends and/or by the creation of new, toxic species by
reaction of the fibril ends with the lipids. The ends of biological filaments differ dramatically
in their structure and properties, with actin filament and microtubules being classic examples
(46, 47). For amyloid fibrils, fibril ends are also distinct, being the sites of growth and
disassembly, consistent with the notion that amyloid fibril ends have a specific role in
membrane disruption. The results presented here suggest new routes of amyloid-associated
cellular dysfunction involving membrane disruption by fibril ends. These observations
suggest, in turn, that inhibiting fibril-lipid interactions by capping fibril ends may provide a
potential new therapeutic strategy targeting amyloid pathogenesis in disease.

Methods

B2m fibril preparation: Long straight fibrils were prepared from recombinant fom in 10 mM
NaH;POg4, 50 mM NaCl buffer pH 2.0 containing 0.1% (w/w) fibril seeds, and worm-like
(WL) fibrillar aggregates were prepared in 25 mM NaH>PO4, 400 mM NaCl buffer pH 2.5
following previously described protocols (27, 48). Short fragmented fibril samples were
generated by stirring preformed long straight fibril samples at 1000 rpm for 48 h at 25°C
using a precision stirrer (custom-built by the workshop of the School of Physics and
Astronomy, University of Leeds), as previously described (27). The protein monomer
concentration was 120 uM for the straight fibrils and 45 pM for the WL aggregates. Fibril
samples were stored at 25°C and used within three months. To prepare fibrils for confocal
imaging Bom monomers were labeled with TMR, as described in Porter et al, (49) and as
detailed in Supplementary Information.

Tobacco mosaic virus (TMV) and microtubule controls: TMV (16 mg/mL) was supplied
by Dr JWM van Lent, Laboratory of Virology, Wageningen, Netherlands. Microtubules
prepared by polymerisation of glycerol-free bovine brain tubulin (Cytoskeleton, Inc.), in 5
mM MgCl,, 1 mM EGTA, 80 mM PIPES, 1 mM GTP at pH 6.8 and with a tubulin monomer

concentration of 50 uM were provided by Dr C Moores, Birkbeck College.

Liposome preparation: Liposome samples of large unilamellar vesicles (LUVs) of egg
PC/PG were prepared as previously described (27, 50). Briefly, a stock solution of 62.5 mM
lipids prepared from phosphatidyl choline (PC, Type XVI-E, chicken egg, Sigma Aldrich)
and phosphatidyl glycerol (PG, chicken egg, Avanti Lipids) in chloroform to give a 4:1 molar
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ratio of PC/PG and liposomes were formed by extrusion as detailed in Supplementary
Information. Giant Vesicles (GVs) used in confocal microscopy experiments were prepared
by a rapid evaporation method (51), as described in Supplementary Information. NBD-PE
(1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl),
ammonium salt, Avanti Lipids) was added to the egg PC/PG 4:1 lipid mixture at 0.04%
(molar ratio) to make the vesicles fluorescent. Similar results were obtained with GV
prepared with a PC/PG ratio of 1:1.

Sample preparation for electron microscopy. Samples of fragmented fom fibrils and
liposomes were prepared by adding fragmented fibrils (60 uM) (all fibril concentrations are
given in Bom monomer equivalent concentration) in 10 mM NaH;PO4, 50 mM NacCl buffer
pH 2.0) to stock solutions of PC/PG liposomes (1.3 or 2.6 mM lipids in 50 mM HEPES, 107
mM NaCl, 1 mM EDTA, pH 7.4), with a final concentration of 500-550 uM lipids and 13-18
pM Bom fibrils (30-40 molar excess of lipids). A typical cryo-EM sample contained a final
concentration of 0.5 mM liposomes in 50 mM HEPES, 107 mM NaCl, 1 mM EDTA, and pH
7.4 which was vortexed for few secs, mixed with 60 uM B2m fibril fragments in 10 mM
NaH;PO4, 50 mM NaCl, pH 2.0 to give a final concentration of 18 uM B.m fibrils. The
mixture was vortexed for a few seconds and then incubated for 1-2 min at 25°C. Three 5 pl
aliquots of this solution were applied to negatively glow discharged holey carbon grids (300-
400 mesh Cu, Agar-Scientific), manually blotted and plunge frozen in liquid ethane.

For cryo-tomography an aliquot (12 % (v/v) final concentration) of 10 nm gold beads (Protein
A-gold conjugates, Aurion) was added to the sample immediately prior to grid preparation.
For each sample of liposomes and fibrils, grids were prepared in batches of three, within
approximately 7 min after addition of fibrils to the liposomes. Liposome damage is complete
within 10 min according to the dye release measurements (27).

Control samples containing only the PC/PG stock liposomes and samples of PC/PG
liposomes with added TMV, microtubules, WL [.m fibrillar aggregates, long, unfragmented
2m fibrils or fom monomer were prepared using the same protocol. Equivalent samples
containing only fragmented WL [om or long (unfragmented) fibrils were prepared in parallel.
The final concentrations of TMV and microtubules in the samples containing PC/PG
liposomes were 3.5 mg/mL and 7 uM (tubulin monomer equivalent), respectively. For each
control sample, the effects of fragmented om fibrils were examined on the same stock of
PC/PG liposomes to control for the inherent variability of extruded liposomes. Control
samples of WL fibrillar aggregates and PC/PG liposomes prepared according to the above
protocol contained a higher salt concentration (196 mM NaCl), as required for preparation of
WL fibrillar aggregates (48). Therefore samples of fragmented Bom fibrils and liposomes, as
well as liposomes alone, were analysed to verify that the higher salt did not affect the results
obtained. Similarly, the pH 2.0 buffer used to assemble the amyloid-like fibrils of fom had
no effect on the liposome structure or integrity.

Cryo-EM, tomography and image processing. Low dose (15-20 e/A?) images were
recorded on a Gatan 4K x 4K charge coupled device (CCD) camera (Gatan, USA) at a
calibrated magnification of 29,000x (3.89 A/pixel) and 2-3.5 um underfocus with a Tecnai
F20 FEG electron microscope operated at 200 kV and equipped with a Gatan cold stage.
Overview images were recorded at 5000x. Cryo-EM images collected from 5 different
preparations of PC/PG liposomes showed that the liposomes were unilamellar and more than



70% had diameters in the range 60-120 nm. No liposomes were observed with diameter less
than ~20 nm (Fig. S2).

Cryo-electron tomography was done on a Tecnai Polara electron microscope (FEI,
Netherlands) operated at 300 keV with a calibrated magnification of 23,000 x (5.1 A/pixel).
Tilt series covering an angular range of -60° to +60° at 2° increments, nominal underfocus of
2.5-5 um and 70-90 e /A? per series were recorded on a Gatan Ultrascan 4000 4K x 4K CCD
camera using FEI tomography software. A total of 33 tilt series were collected from four
different samples of PG/PC liposomes and fragmented 3om fibrils. The images were binned
to 10 A/pixel and aligned with gold bead fiducial markers. Tomogram reconstructions were
calculated by weighted back-projection in IMOD (52). Some tomograms were also
reconstructed from unbinned images (5.1 A/pixel) to resolve the lipid bilayer. Tomograms
were de-noised using non-linear anisotropic diffusion (53) as implemented in IMOD (52).
Images showing the interaction between fragmented fibrils and the lipid bilayer were
obtained by averaging 10-30 slices of binned or unbinned, filtered tomograms, respectively.

Four representative, binned, filtered tomograms collected from three different grids at
underfocus 2.5-5 um were chosen for manual counting of contacts between fibril ends or
sides with liposome surfaces. Contacts were divided into three categories: end interactions,
side and end interactions, and side interactions only.

Fluorescence Microscopy. TMR-labeled short Bom fibrils were ten-fold diluted into egg
PC/PG/NBD-PE (4:1:2x103, molar ratio) giant vesicle suspension, yielding a 12 pM B2m
monomer equivalent concentration and 1.8 mM total lipid concentration. The images were
obtained following 15 min incubation of the fibrils with the vesicles on a Zeiss Axiovert
100M confocal laser scanning microscope using a Zeiss 63x/1.4 N.A. Plan Apochromat DIC
oil immersion objective lens. The NBD-PE fluorescent probe was excited with the 488 nm
line of an argon laser, while TMR was excited with argon-krypton laser at 568 nm. Long pass
filters 505 and 580 were employed for acquisition NBD and TMR fluorescence, respectively.
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Figure Legends

Fig. 1. Cryo EM overviews of liposomes and 2m fibrils. Low magnification images of: (a)
Liposomes, (b) short Bom fibrils, (c) liposomes plus short fibrils and (d) liposomes plus long
fibrils. Scale bars (a-d main images), 1 um. (e, f) Higher magnification views of liposomes
with short (e) or long (f) fibrils. Examples of distorted liposomes are indicated by white
arrowheads in (e). The inset in (a) shows a higher magnification view of liposomes. Scale
bars (e,f), 200 nm.

Fig. 2. Fluorescence microscopy showing liposome damage by short fom fibrils. (a)
Liposomes plus buffer and (b) liposomes plus short fibrils. Green, NBD-PE labelled giant
vesicles; Red, TMR-B.m fibrils. Yellow regions indicate co-localization of lipids and fibrils.
In (b), the vesicles are either completely disintegrated by fibrillar aggregates or show
membrane damage with visible lipid extraction by the fibrils.

Fig. 3. Cryo-electron tomography of liposome-fibril interactions. (a-c) Sections of
tomograms showing liposomes clustered and distorted by short fibrils. (d) A rendered 3D
model of a distorted liposome, surrounding fibrils and adjacent small vesicles from (c). Scale
bars, 50 nm.

Fig. 4. Distortions of liposomes in the vicinity of fibril ends. (a-c) Examples and cartoons of
the different types of fibril-liposome interactions observed, with the percentage of each type
measured by counting examples in 4 tomograms. (d-f) Sections of tomograms taken closer to
focus, showing examples of the disruption of the lipid bilayer in the region of fibril ends,
including (d) formation of a sharp point, (e) a break in the outer leaflet of the membrane, and
(f) a bubble forming in the outer leaflet, with corresponding cartoons showing membranes as
black lines and fibrils as grey lines. Scale bars, 50 nm.
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