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Fibrils associated with amyloid disease are molecular assem-
blies of key biological importance, yet how cells respond to the
presence of amyloid remains unclear. Cellular responses may
not only depend on the chemical composition or molecular
properties of the amyloid fibrils, but their physical attributes
such as length, width, or surface area may also play important
roles. Here, we report a systematic investigation of the effect of
fragmentation on the structural and biological properties of
amyloid fibrils. In addition to the expected relationship between
fragmentation and the ability to seed, we show a striking finding
that fibril length correlates with the ability to disrupt mem-
branes and to reduce cell viability. Thus, despite otherwise
unchanged molecular architecture, shorter fibrillar samples
show enhanced cytotoxic potential than their longer counter-
parts. The results highlight the importance of fibril length in
amyloid disease, with fragmentation not only providing amech-
anism by which fibril load can be rapidly increased but also cre-
ating fibrillar species of different dimensions that can endow
new or enhanced biological properties such as amyloid
cytotoxicity.

Amyloid fibril deposits are associated with numerous disor-
ders, including type II diabetesmellitus andAlzheimer and Par-
kinson diseases (1). These proteinaceous fibrillar aggregates are
commonly regarded as the self-assembly end products of pep-
tides or proteins that form by nucleated polymerization (2).
Despite sharing a common cross-� molecular architecture,
fibrils of different morphologies and/or superstructural fea-
tures can be formed, even from the same starting material
(3–6). Other types of aggregates, including oligomeric species
of different sizes (e.g. (25)), typically accumulate during fibril
formation. It has also been shown that mechanical stress can
affect the products of fibril assembly, producing fibrils of differ-
ent dimensions and/or molecular structure even under other-
wise identical conditions (3, 4, 8).

Because of the enormous complexity and heterogeneity in
the dynamic equilibrium between different species populated
during amyloid formation, the identity of the culprits of cyto-
toxicity associated with amyloid disease remains far from clear
despite a plethora of studies in recent years (for example, Refs.
9–15). The species involved inmediating the cytotoxicity asso-
ciatedwithmany amyloid disorderswere initially assumed to be
fibrils and fibril plaques that are abundant in diseased tissues
(16, 17). However, numerous recent reports have focused on
soluble prefibrillar oligomers as the primary cytotoxic species
(for example, Refs. 9–12). Despite significant evidence sup-
porting prefibrillar oligomeric species as toxic agents, examples
of toxicity associated with fibrils persist (e.g. Refs. 13, 15, and
18). This raises the possibility that the determinants of cytotox-
icitymay not always be associatedwith the same type of species,
and for some amyloidogenic proteins, fibrils themselves or
fibril-associated species may possess cytotoxic potential (19).
Recent studies have shown that A�3 fibrils interacting with
sphingolipids, gangliosides, or cholesterol, all of which have
been shown to associate with amyloid plaques in vivo (20),
result in the release of cytotoxic species (14), whereas the
assembly process of islet amyloid polypeptide (also known as
amylin) fibrils on lipid membranes results in liposome disrup-
tion, suggesting fibril-associated toxicity during the fibril
growth process (21). Taken together, these studies suggest that
fibrils should perhaps not be dismissed as the inert products of
amyloid assembly but might provide a further source of toxic-
ity, either directly by interacting with membranes or indirectly
by acting as a source of cytotoxic entities.
How fibrils elicit a biological response may not only depend

on their chemical composition or molecular properties, but
their physical attributes such as length, width, or surface area
may also play important roles, as found for other nanoscale
materials (22, 23). To investigate this possibility, we report here
a detailed analysis of the relation between fibril length, quanti-
fied using tapping-mode atomic force microscopy (TM-AFM),
and the structural and biological properties of amyloid fibrils.
Using long straight (LS) fibrils formed from human �2-micro-
globulin (�2m) (3), we show that samples containing these
fibrils can disrupt model liposome membranes and reduce cell
viability, whereas prefibrillar oligomeric species formed in the
lag phase of assembly and fibrillar aggregates with different
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structural properties (3, 7) do not. Strikingly, we show that the
cytotoxicity displayed by the LS fibril samples is enhanced by
reducing fibril length, supporting the idea that the physical
dimensions of fibrils can also modulate their cytotoxic poten-
tial. The same length-dependent effect is also observed with
fibrils formed from lysozyme and �-synuclein, suggesting that
reduction of fibril length by fragmentation presents a generic
mechanism by which fibril-associated cytotoxicity, i.e. cytotox-
icity caused by fibrils themselves or by species dynamically
associated with fibrils through direct exchange, could be
enhanced. These results not only demonstrate the cytotoxic
potential associated with fibrillar samples, but more impor-
tantly, reveal that fibril breakage can enhance toxic responses in
cells, even for fibrils that have identical molecular architecture.
Fibril fragmentation therefore poses a double threat in amyloid
disease, providing amechanism by which fibril load can be rap-
idly increased, as well as a route by which amyloid cytotoxicity
may be enhanced. The results may provide a rationale of the
varied cellular responses to fibrils of apparently identical chem-
ical composition and suggest that targeting amyloid fibril sta-
bility against breakage may be a powerful strategy for develop-
ing therapies against amyloid disease.

EXPERIMENTAL PROCEDURES

Fibril Sample Preparations—All mechanical agitation exper-
iments were performed by stirring 500 �l of fibril samples in
1.5-ml glass vials, each containing a 3 � 8-mm polytetrafluoro-
ethylene-coated magnetic stirring bar. Agitation was per-
formed using a custom-made precision stirrer with accurate
rpm readout provided by a revolution counter on the rotor axis
(custom-built by the workshop of the School of Physics and
Astronomy, University of Leeds) at 1,000 rpm, 25 °C.
Preparation of �2m fibrils was performed by dissolving

lyophilized protein (wild-type �2m expressed and purified as
described previously (3, 24)) into the reaction buffer containing
10 mM sodium dihydrogen phosphate and 50 mM NaCl,
adjusted to pH 2.0 using HCl. The reaction mixture was imme-
diately syringe-filtered (0.2-�m Minisart fast flow, Sartorious
Stedim Biotech) and split into two equal aliquots. The first ali-
quot was stirred as described above for 3 days at 25 °C. Under
this condition, short fragmented fibrils (LSSh) form. Long fibrils
(LSLn) were subsequently grown by seeding the second aliquot
of �2m monomers with 0.1% (w/w) of LSSh fibrils and incubat-
ing the mixture at 25 °C under quiescent conditions for 48 h.
The agitation sample series were next prepared by stirring the
LSLn fibril sample in a newglass vial. Small sample aliquotswere
taken after different times of stirring with a dead time of 9 min
between the start of the stirring and the first sample taken.
Fibrillar aggregates of �2m with worm-like (WL) or rod-like
(RL) morphology (3) were assembled in 150 mM or 250 mM

ammonium formate buffer adjusted to pH 3.6 using HCl,
respectively (3, 25). The protein monomer concentration of
samples used to form the initial fibril stock solutions was 120
�M, and under the employed conditions, all fibril solutionswere
translucent without visible turbidity, indicating that the sam-
ples contain well dispersed fibrils.
Preparation of lysozyme fibrils was performed by first dis-

solving lyophilized chicken hen egg white lysozyme (Sigma)

into 10mMHCl. The solution was immediately syringe-filtered
(0.2-�m MiniSart fast flow) and incubated at 60 °C for 48 h
under quiescent conditions. The solution was next placed at
25 °C and left quiescently for �2 months until fibrils (LyzLn)
appeared. Fragmented fibrils (LyzSh) were obtained by subse-
quently stirring an aliquot of the fibril sample at 1,000 rpm for
72 h. The protein monomer concentration was 350 �M.
Preparation of �-synuclein fibrils (�Syn) was performed by

first dissolving lyophilized protein powder (wild-type �Syn
expressed and purified as described in Ref. 26) into 25 mM

sodium phosphate buffer at pH 7.5. The sample solution
(�SynLn) was then incubated under gentle orbital shaking (200
rpm in a 1.5-ml Eppendorf tube) at 37 °C for 1 week and subse-
quently left quiescently for �2 months. Short fragmented
fibrils (�SynSh) were again obtained by stirring of an aliquot of
the fibril sample at 1,000 rpm for 72 h. The protein monomer
concentration was 350 �M.
Fibril Imaging Using TM-AFM and Negative Stain Elec-

tron Microscopy (EM)—For TM-AFM, the �2m fibrils were
imaged using a Dimension 3100 scanning probe microscope
(Veeco Instruments) and PPP-NCLR silicon cantilever
probes (NanoWorld AG, NANOSENSORS, Neuchatel, Swit-
zerland) with nominal force constant of 48 newtons/m. For
LS fibril samples, each sample was diluted to 0.4 �M with
sterile filtered deionized water and 20 �l incubated on the
surface of freshly cleaved mica for 5 min. The surface was
then washed with 1 ml of sterile filtered deionized water and
dried under a gentle stream of N2 gas. For WL and RL fibril
samples, the same volume and concentration of the sample
material was incubated on the mica surface for 1 min but
otherwise using the same protocol. Images of 10 � 10 �m at
1,024 � 1,024 pixels were collected. Negative stain EM imag-
ing was performed as described previously (24).
AFM Data Processing—The AFM images were processed

using automated scripts written in MATLAB (MathWorks).
For each image, fibril contours were picked out automatically
by the scripts to ensure objective analysis. The length of the
individual fibrils, as well as the height information of each pixel
along the highest ridge of each fibril, was extracted for fibrils
that could be unambiguously recognized by the scripts. The
resulting distribution of lengths was biased toward shorter
fibrils, because longer fibrils are cut off more frequently by
image boundaries, by overlap with other fibrils, and by length-
dependent differences in surface deposition efficiency of fibrils
with different length (27). To correct for this bias, the length
distribution was adjusted by factoring in an empirical power
function obtained by assuming that the average total length of
fibrils recognized on each image should be constant (described
in Ref. 27), as expected from the fact that all images are col-
lected on surfaces treated with samples formed from an identi-
cal protein monomer concentration, using an identical proto-
col (27).
From the bias-corrected length distributions, weight average

lengths (referred to as the average length throughout this
report) were calculated. The results from the fibril extension
assay and the liposome dye release assay versus the average
lengths, proportional to the surface area parallel to the fibril
axis per fibril, were fitted to a power law function (y � axb)
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using the total least squaresmethod (28) that takes into account
variations in x and y values.
Fourier Transform Infrared (FTIR) Spectroscopy—Fibril sam-

ples for FTIRwere prepared as described above but using buffer
solutionsmade up using 99.8%D2O.The pDwas adjusted using
DCl. The samples were concentrated 10 times by centrifuging a
500-�l sample at 16,300 � g for 2 h and subsequent resuspen-
sion to 50 �l using the supernatant. Transmission mode FTIR
absorbance spectra of the samples as well as the buffer and the
vapor spectra were collected on a Thermo-Nicolet IR-560
(Thermo Scientific) FTIR spectrometer at 25 °C. For each sam-
ple, 1,024 scans were obtained at a spectral resolution of 1
cm�1, through a sample path length of 0.05mm.The final spec-
tra were corrected for the buffer and the vapor signals, and
secondary derivatives of the absorbance spectra were calcu-
lated and plotted.
Fibril Growth Kinetics Followed by Thioflavin T (ThT)

Fluorescence—The fibril growth kinetics of �2m LSSh fibrils
were monitored using a sample contained within a 1.5-ml glass
vial in the same buffer condition and stirred as described above
at a protein monomer concentration of 60 �M. A 10-�l sample
was removed periodically and diluted into 10mM sodium phos-
phate buffer at pH 2.0 with 50 mM NaCl and 10 �M ThT to a
final volume of 200�l. The fluorescence emission of ThT at 480
nm was then read at an excitation wavelength of 440 nm on a
PTIQuantaMaster spectrometer (Photon Technology Interna-
tional). An additional 10 �l of the sample was also taken and
used for liposome dye release assays at each time point.
For the seeding efficiency assays, the kinetics of 2% (w/w)

seeded fibril growth at 12 �M monomer concentration were
followed by monitoring the fluorescence of ThT in a 96-well
plate using a BMG LABTECH FLUOStar Optima at 25 °C as
described previously (29). The initial slope of the resulting
growth curves was extracted after normalizing the signals using
the baseline signal values and the signal values when the reac-
tion reaches completion. The initial slopes were subsequently
used as a measure of the efficiency of fibril samples to seed the
growth of new fibrils.
Liposome Dye Release Assay—Large unilamellar vesicles

(LUV) were prepared using a lipid mixture containing 1.6
mg/ml phosphatidylcholine and 0.4 mg/ml phosphatidylglyc-
erol purified from chicken egg (Avanti Lipids) to give 20% neg-
atively charged head groups (within typical physiological range
(30)). The lipid mixture also contained 0.01mg/ml rhodamine-
labeled phosphatidylethanolamine (Avanti Lipids) for determi-
nation of the lipid concentration. The lipids were dissolved in
50mMHEPES, 10mMNaCl, 1mMEDTA, pH 7.4, containing 50
mM carboxyfluorescein (Sigma). LUVs were prepared from the
lipid mixture by extrusion through a polycarbonate filter with
400-nmpore size. The LUVswere nextwashed three timeswith
a buffer (liposome buffer) containing 50 mM HEPES, 107 mM

NaCl, 1 mM EDTA, pH 7.4, and resuspended to form a stock
solution with final lipid concentration of 0.5 mM. The final
stock solution containing LUVs with encapsulated carboxy-
fluorescein were used within 2 days.
For each dye release assay reaction, 2 �l of the LUV stock

solution was diluted with typically 188 �l of liposome buffer.
Fibril sample (typically 10 �l) was then added to the solution to

give a final volume of 200 �l, and the fluorescence emission of
carboxyfluorescein at 513 nm was quantified using an excita-
tion wavelength of 492 nm on a PTI QuantaMaster spectrom-
eter (Photon Technology International). For the concentration
series and control experiment with fibril supernatant, fibril
samples were diluted prior to addition to the liposome solution
with the fibril growth buffer to the final concentrations in
monomer equivalents between 12�M (highest possible concen-
tration for the experiments) and 12 pM for the concentration
series and 0.12�M for the supernatant control. Triplicates were
measured for each sample.
The dye release kinetics, with typical traces shown in supple-

mental Fig. 1A, are complex and dependent on factors such as
membrane composition. Controls using LUVs composed of
100% phosphatidylcholine, phosphatidylglycerol, phosphatidic
acid, or phosphatidylserine all showed dye release (supplemen-
tal Fig. 1B), demonstrating that disruption of membranes of
different composition occurs upon the addition of fibril sam-
ples. The kinetic traces of dye release show that the fluores-
cence signal approaches a plateau after 10 min, which showed
less than 100% dye release when compared with liposomes
incubated with Triton X-100. Why less than complete dye
release occurs is not clear and could be due to a subpopulation
of liposomes that are particularly susceptible to dye release, or
dye release may be caused by fusion and/or aggregation of lipo-
somes. The fluorescence intensities at 10 min were subse-
quently chosen as the reporter parameter value for dye release
and were recorded and normalized to the signal when lipo-
somes are disintegrated by the addition of 5 �l of a solution
containing 20% (v/v) Triton X-100. The low level of back-
ground response frombuffer was then subtracted from the nor-
malized signals. For comparison between fibrils originating
from lysozyme, �-synuclein, and �2m (see Fig. 6B), the relative
dye release efficiency for short fibrils in each case was obtained
by dividing the dye release efficiency of each samplewith that of
the corresponding long fibril samples, which had normalized
dye release efficiency of 0.48, 0.13, and 0.11, respectively.
Size Exclusion Chromatography—Gel filtration was per-

formed using an analytical Superdex 75 10/300 GL column (GE
Healthcare) at 25 °C. All experiments were performed using a
running buffer containing 10 mM sodium phosphate, pH 7.0.
After the columnwas equilibrated in the running buffer, 500 �l
of a sample (24 �M monomeric �2m, 12 �M monomer equiva-
lent of LSSh in liposome buffer, or 12 �M monomer equivalent
of LSSh in liposome buffer incubated at 25 °C for 2 h) each that
had been centrifuged at 16,300� g for 30minwas injected. The
flow rate was 0.4 ml/min.
3-(4,5-Dimethylthiazol-2yl)-2,5-diphenyltetrazolium Bro-

mide (MTT) Cell Viability Assay—SH-SY5Y, RAW 264.7 and
HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% (v/v) fetal bovine serum at
37 °C in 5%CO2. Cells were plated out at 5,000–7,500 cells/well
in 96-well plates (Nunc, Thermo Fisher Scientific or Costar for
RAW264.7 cells) and incubated for 24 h at 37 °C and in 5%CO2.
The medium was then replaced, and the fibril samples or con-
trols (monomeric �2m, buffer alone, or 0.1% (w/v) NaN3) were
incubated with cells for 24 h at 37 °C and in 5% CO2. For the
�2mLS fibril samples, the fibrils were concentrated 20-fold into
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sterile filtered deionized water through centrifugation at
16,300 � g for 2 h to minimize the impact of the low pH buffer
on the cells, and 1 �l was added to each well containing 200 �l
of medium. For the �2m WL samples, the buffer was neutral-
ized using NaOH before addition, and 2 �l was added to each
well containing 200�l ofmedium. For lysozyme and�Syn sam-
ples, 1 �l was added to each well containing 200 of �l medium.
After incubation with fibril samples, the mediumwas replaced,
and 20 �l of MTT (5 mg/ml) dissolved in cell medium was
incubated with cells for 1.5 h. The medium was discarded, and
the resulting formazan crystals were resuspended in dimethyl
sulfoxide (DMSO). The absorbance was measured at 570 nm
with the signal of background cell debris (measured at 650 nm)
subtracted. For each sample, the experiments were repeated on
at least three different days with five replicates generally carried
out during each day to ensure sufficient sampling of the varia-
tions of the experiments for accurate statistical analysis. The
results were normalized using the signal for untreated cells as
100% viability and cells treated with NaN3 as 0% viability. The
effect of the added fibril buffer on viability was also subtracted
to give the percentage of cell viability of the sample. For com-
parison between fibrils originating from lysozyme,�-synuclein,
and �2m (see Fig. 6C), the relative cell viability in each case was
obtained by dividing the viability of cells cultured in each fibril

sample with that of cells cultured
with long fibril samples, which had a
viability of 70, 68, and 82%,
respectively.
Antibody Dot Blots—Dot blots of

the �2m samples using WO1 (31)
and A11 (9) antibodies were per-
formed according to Ref. 3 except
that phosphate-buffered saline
(with 0.05% (v/v) Tween 20 for A11
and 0.2% (v/v) Tween 20 for WO1)
was used as buffer. Antibody bind-
ing was visualized using the Super-
Signal West Pico chemilumines-
cent substrate (Thermo Fisher
Scientific, Perbio) and Amersham
Biosciences Hyperfilm ECL.

RESULTS

Effect of Mechanical Agitation on
the Structural Properties of �2m
Fibrils—To investigate the effects of
agitation on the molecular and
superstructural properties of amy-
loid fibrils and to establish whether
agitation-promoted fragmentation
affects the biological responses of
cells to amyloid fibrils, LS fibrils
with all the characteristics of amy-
loid (7) were created in vitro from
�2m using well established proce-
dures (29). Samples fragmented to
different extents were then gener-
ated from a single stock of quies-

cently grown LS fibrils by mechanical agitation for different
lengths of time using a custom-made precision stirrer (“Exper-
imental Procedures”). Each sample was subsequently imaged
using TM-AFM. A total of 46 1,024 � 1,024-pixel images, each
covering 10 � 10 �m, were collected (Fig. 1A). The distribu-
tions of fibril length and height in each sample, quantified from
the information collected from a total of 5,430 fibrils extracted
from theAFM image data using automated scripts (27) are plot-
ted in Fig. 1, B and C, respectively. The change in average fibril
length as a function of the length of time each sample has been
agitated is shown in Fig. 2A. As shown in Figs. 1B and 2A, the
distribution of the fibril length is shifted toward shorter parti-
cles as the duration of time under agitation is increased. The
fibril length distribution of the initial sample is broad and shal-
lowwith an average length of 1,401� 88 nm. After 1,800min of
stirring, a narrower distribution results, with an average length
of only 366 � 12 nm. By contrast, the heights of the fibrils (Fig.
1C) remain constant throughout the agitation time (average
modal height of 5.2 nm, consistent with previously reported
values (3)).
To investigate whether fragmentation induces structural

changes in the fibril architecture, the initial and final sam-
ples in the agitation time series were analyzed by FTIR spec-
troscopy (32). The resulting spectra (Fig. 2B) show identical

FIGURE 1. �2m fibrils agitated to different extents characterized by TM-AFM. A, typical AFM height images
of the fibril samples with scale bars shown below the images. The left column shows whole 1,024 � 1,024 pixel,
10 � 10-�m images. The right column shows zoomed in 2 � 2-�m regions of the same images. B, normalized
frequency (unit area) histograms of the length distribution of each fibril sample. The sample size (Nfibril) is
indicated in each histogram. The red text and lines denote the weight average length of each sample with errors
corresponding to one S.E. C, normalized frequency (unit area) histograms of the height distribution of each
fibril sample. The sample size (Npixel) is indicated in each histogram. The red text and lines denote the modal
height values with variations corresponding to one S.D.
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bands, ruling out significant structural perturbations of the
fragmented samples when compared with their longer coun-
terparts, in agreement with previously reported observations
by other methods (33). The applied mechanical agitation
thus extensively alters the physical attributes of the amyloid
fibrils by fragmenting them into shorter units, whereas the
molecular architecture of the fibrils remains apparently
unperturbed.
Effect of Fibril Fragmentation on the Efficiency of Seeding and

MembraneDisruption—Fibril samples from the agitation series
were next used in fibril extension assays to probe their ability to
seed the growth of new fibrils. In parallel, liposome dye release
assays were performed on the same samples to explore the abil-
ity of fibrils of different length to disrupt membrane bilayer
integrity.
To assay the ability of the fibril samples to seed fibril growth,

fresh protein solutions containing 12 �M �2m monomers were
seeded by the addition of 2% (w/w) of each fibril sample from
the agitation series, and the initial rate of fibril growthwasmon-
itored by measuring the fluorescence of the amyloid-specific
dye ThT (Fig. 2C). Previous studies have shown that ThT pro-
vides an accurate measure of �2m fibril formation (29). The
results showed, as expected, that samples subjected to extensive
fragmentation are significantly more efficient in seeding new
fibril growth than their less fragmented counterparts (Fig. 2C).
This response is entirely consistent with an assembly mecha-
nism involving slow nucleation and rapid elongation, as dem-

onstrated for �2m fibril growth under the conditions employed
(29).
Because membrane disruption is a potential generic mecha-

nism associatedwith the cytotoxicity of amyloid aggregates (see
review, Ref. 34), including aggregates formed from�2m (35, 36),
the ability of the fibril samples to disrupt membranes was also
assayed by monitoring dye release from LUV formed from 80%
phosphatidylcholine and 20% phosphatidylglycerol, within
which the fluorescent dye carboxyfluoresceinwas encapsulated
at pH 7.4 (“Experimental Procedures”). When these liposomes
were incubated with each fibrillar sample for 10 min, the fluo-
rescence intensity increased considerably (supplemental Fig.
1), indicating that a substantial proportion of the liposomeswas
disrupted by the presence of the fibrillar material, releasing the
encapsulated dye to the bulk solvent and thereby decreasing the
self-quenching of fluorescence of the dye in liposome-encapsu-
lated environment. The efficiency by which the fibril samples
cause dye releasewas found to be increased in samples that have
experienced most agitation and consequently have a decreased
average length (Fig. 2D). Although the initial fibril sample that
measures 1.4 �m in average length released only �10% of
encapsulated dye, the samplewith ameasured average length of
366 nm formed by fragmentation for 1,800 min caused a 3-fold
increase in dye release over its unagitated counterpart. Thus,
despite being indistinguishable in fibril architecture and iden-
tical in protein (monomer equivalent) concentration, the sam-
ples containing shorter fibrils are better able to disrupt lipo-
some membranes. To further demonstrate the enhanced
capability of shorter fibrils to disrupt LUVmembranes, an addi-
tional experiment was performed in which the dye release
caused by a newly fragmented fibril sample agitated for 1,800
min was compared with the dye release capability of the super-
natant of exactly the same sample centrifuged at 16,300 � g for
30 min. Although the majority of the material in the form of
longer fibrils was pelleted by this procedure (21% of total
protein material remained in the supernatant after centrifu-
gation), the dye release efficiency of the supernatant was
only reduced to 51 � 2% of the initial sample. This result is
consistent with the long fibrils pelleted by centrifugation
being less capable of disrupting the liposome membranes
than their shorter counterparts remaining in suspension
after centrifugation.
Taking all the above data into account, the remarkable pic-

ture that emerges is that fibril fragmentation not only increases
the efficiency of new fibril growth by seeding, but it also
enhances the ability of fibril samples to disrupt liposomemem-
branes. Thus, potentially important newor enhanced biological
properties can emerge by shortening amyloid fibrils through
fragmentation without other detectable changes to their struc-
tural organization.
Cell Viability Reduction in the Presence of Fragmented Fibrils—

Todeterminewhether the enhanced ability to disrupt liposome
membranes associatedwith short fibrils ismirrored in a cellular
response, the viability of different cell types to the presence of
fibril samples formedwith or without fragmentationwas deter-
mined usingMTT assays (37). Three different cell lines, human
neuroblastoma (SH-SY5Y), mouse macrophage (RAW 264.7),
and human cervical carcinoma (HeLa) cells, were each incu-

FIGURE 2. Effect of fibril fragmentation on fibril architecture and the effi-
ciency to seed fibril growth or to cause dye release by liposome mem-
brane disruption. A, weight average length of �2m fibrils agitated for differ-
ent length of time. B, FTIR spectra of �2m fibrils before (gray) and after 1,800
min of stirring (black). The second derivative spectra of the amide I region are
shown. C, the efficiency of the fibrils to seed new fibril growth characterized
by the initial slopes of the normalized fibril elongation traces. The inset shows
typical normalized kinetic traces of fibril growth monitored by ThT fluores-
cence at 25 °C with 12 �M �2m monomer seeded with 2% (w/w) of the fibril
samples. The y axis indicates the reaction progress. D, the efficiency of the
fibrils to disrupt liposome membranes of LUVs formed from 80% (w/w) phos-
phatidylcholine and 20% (w/w) phosphatidylglycerol encapsulated with 50
mM carboxyfluorescein. In A, C, and D, error bars represent one S.E.
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bated with �2m fibrils (12 �M initial monomer concentration)
formed under quiescent conditions (LSLn, Fig. 3A) or with pre-
cisely the same fibril sample fragmented by vigorously stirring
for 3 days (LSSh, Fig. 3A). Cell viability in the presence ofmono-
meric �2m, as well as WL, or RL fibrillar aggregates formed
from �2m that have a structure and morphology distinct from
the cross-� organization of LS fibrils (3, 38) (Fig. 3A) and were
formed under different solution conditions at the same mono-
mer concentration, were also assayed for comparison. All fibril-
lar samples were bound by the WO1 antibody (31) (Fig. 3B),
which recognizes a generic structural epitope in amyloid fibrils,

confirming the presence of fibrillar material. By contrast, no
binding by the amyloid oligomer-specific antibody A11 (9) was
observed for any of the samples under the protein (monomer
equivalent) concentration employed in theMTTassays (12�M)
when compared with strong binding to the A11-positive A�
oligomers at �5 �M (Fig. 3B). The exact same samples used for
MTTassayswere also used in liposomedye release experiments
for direct comparison (Fig. 3C). The results of MTT cell viabil-
ity assays (Fig. 3, D–F), from data collected on at least three
different days with five replicates within each day show that the
cell lines respond differently to the presence of fibril samples in
the growth medium, with SH-SY5Y cells showing most sensi-
tivity to the fragmented LSSh fibril sample, whereas the
RAW264.7 cells also showed the largest reduction in cell viabil-
ity in the presence of LSSh fibrils (Fig. 3, D and E). The viability
of HeLa cells was not affected by any fibril sample (Fig. 3F).
Importantly however, for both RAW264.7 and SH-SY5Y cells,
cell viability is diminished most markedly when the cells are
incubated in the presence of the LSSh fibril sample, whereas
considerably less cytotoxicity is associatedwith its longer coun-
terparts LSLn (Fig. 3,D and E). The dye release experiments also
showed a higher level of membrane disruption for the LSSh
fibril sample when compared with LSLn (Fig. 3C). Incubation in
the presence of monomeric �2m, WL, or RL fibrils resulted in
no effect or only a minor decrease in cell viability when com-
pared with the effect of the LSSh fibril sample (Fig. 3,D–F) in all
of the tested cell lines. In addition, these samples did not result
in major membrane disruption when compared with both the
LSSh and the LSLn fibril samples (Fig. 3C).
To further confirm the observed cytotoxic effect associated

with the LSSh fibril sample, the dependence of cell viability of
SH-SY5Y cells on the concentration of LSSh fibrils was deter-
mined. The resulting data (Fig. 4A) revealed that treatment
with the LSSh fibril sample resulted in decrease in cell viability
in a dose-dependent manner down to concentrations in the nM
range (monomer equivalent). Liposome dye release experi-
ments performed in parallel on the same samples also showed a
similar dose-dependent response (Fig. 4B). These results cor-
roborate the finding that the capacity to disrupt liposomemem-
branes and to reduce cell viability is enhanced for the LSSh fibril
sample. Thus, the cytotoxic potential associated with LS fibrils
may be mediated by disruptive interactions with cellular mem-

FIGURE 3. MTT cell viability of different polymeric forms of �2m. Assays
were performed using monomeric �2m (M) or RL, WL, LSLn, or LSSh fibrils
formed by stirring LSLn for 3 days at 1,000 rpm. A, different fibril samples used
for the MTT assay imaged using negative stain EM (top images) and TM-AFM
(lower images). The scale bar for each method is shown to the left of the
images. B, dot blot analysis of the same samples using WO1 (31) or A11 (9)
antibodies. The sample concentration (monomer equivalents) tested for each
sample is shown above each sample series, with a 4-fold dilution between
each sample. Immunoreactivity of A11-positive A� oligomers (9) is shown for
comparison. C, liposome dye release assay of the same samples treated iden-
tically to those used for the MTT assays. D–F, MTT assays using the same
samples with SH-SY5Y, RAW, or HeLa cell lines. In C–F, a concentration equiv-
alent to 12 �M monomer was used. The error bars in C–F indicate one S.E.

FIGURE 4. Disruption of liposome membranes and loss of cell viability as
a function of the concentration of fragmented fibrils. A, MTT cell viability
assay of SH-SY5Y cells incubated with 12 pM to 12 �M monomer equivalent of
fragmented LSSh fibrils. B, dye release assay using the same samples. The error
bars indicate one S.E.
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branes, which are dependent on the physical length of the fibrils
within each sample.
Analysis of Membrane Disruption by Species Formed during

Fibril Formation and Depolymerization—The results above
suggest that considerable disruption to membrane bilayers is
associated with LS fibril samples and is enhanced when short
fibrils are predominantly populated. Prefibrillar oligomeric
species, up to tetramers in size, have been shown to be popu-
lated during the lag phase of the assembly of LS �2m fibrils
under the conditions employed (25). It thus remains possible
that the residual presence of such oligomeric species in solution
at the end of fibril growth that is undetectable by the oligomer-
specific antibody A11may contribute to the observed effects of
fibril samples onbilayer integrity. To investigate this possibility,
dye release assays were performed during the course of
unseeded fibril growth. In parallel, to determine whether fibril
depolymerization can generate species capable of membrane
disruption, LSSh fibrils were placed under conditions in which
they are unstable, and dye release assays were performed as
function of the depolymerization time course.
Fig. 5A shows the kinetics of �2m fibril formation at pH 2.0

monitored by ThT fluorescence. As expected for a fibril growth
reaction under agitated conditions wherein fibril fragmenta-
tion is a significant secondary process (29), a sigmoidal kinetic
trace results that has an extended lag phase and a high apparent

rate of elongation. Fig. 5B shows the liposome dye release effi-
ciency during the same fibril growth. The data show that the
dye release efficiency closelymirrors that of the ThT trace, with
significant membrane disruption occurring only when fibrils
are formed as judged by WO1 binding, ThT fluorescence, and
negative stain EM.Most importantly, no significant membrane
disruption is detected during the lag phase where oligomers are
most populated (up to 25% mass of the initial monomers), as
demonstrated using analytical ultracentrifugation, mass spec-
trometry (25), and mechanistic modeling (29). Further experi-
ments showed that no fibrils are present during the lag phase,
when samples were probed with the amyloid-specific antibody
WO1 (Fig. 5C) and imaged using negative stain EM (Fig. 5D),
and noA11 immunoreactivity was observed at any stage during
fibril growth (Fig. 5C). This excludes the possibility that prefi-
brillar oligomers are the cause of dye release in this case and
instead attribute the presence of species capable of membrane
disruption to the time atwhich LS fibrils first appear. To further
confirm that the presence of LS fibrils is responsible for mem-
brane disruption, dye release was also measured during the
depolymerization of the LSSh fibrils induced by altering the pH
from the acidic pH of fibril growth to neutral pH (Fig. 5, E–H).
The experiments revealed that the dye release efficiency
decreases (Fig. 5F) during fibril depolymerization in a manner
that closely mirrors the decrease in the amount of fibrils
remaining as monitored by ThT fluorescence (Fig. 5E), WO1
immunoreactivity (Fig. 5G), and negative stain EM (Fig. 5H).
No observable A11 immunoreactivity was detected during the
time course, demonstrating that fibril depolymerization does
not release oligomeric species that are recognized by the A11
antibody. To rule out the presence of persistent species that are
not detected by the A11 antibody as the cause of membrane
disruption, size exclusion chromatography was performed on
samples containing monomeric �2m, LSSh fibrils, and LSSh
fibrils depolymerized for 2 h. None of the samples showed any
detectable peaks between the void volume and the peak of
monomeric �2m and, more importantly, none of the fractions
collected between the void volume and the peak of monomeric
�2m were able to cause any dye release (supplemental Fig. 2).
Additional control experiments also showed that the presence
of liposomes does not affect the rate of fibril depolymerization.
Overall, therefore, the data suggest that the disruption ofmem-
brane bilayers is caused by the presence of the short fragmented
LS fibrils, either directed by fibrils themselves or through spe-
cies in direct exchange with fibrils that are distinct from prefi-
brillar oligomers populated in the lag phase of assembly.
Because no persistent oligomers were observed during fibril
depolymerization, such species are also unlikely culprits of the
membrane disruption effects observed.
Generic Dependence of Cytotoxicity on Fibril Fragmentation—

To investigate whether the fragmentation-dependent cytotox-
icity associated with �2m fibrils is observed for amyloid fibrils
formed from different proteins that polymerize under different
conditions, liposome dye release experiments and MTT cell
viability assays were performed on fibrils formed from hen egg
white lysozyme and human �-synuclein (see “Experimental
Procedures”). Identical to the experiments performed on LS
�2m fibrils, precisely the same fibrils before and after extensive

FIGURE 5. Fibril formation and depolymerization time course. A–C, ThT
fluorescence (A), dye release assay (B), dot blot analysis using the WO1 (31)
and A11 (9) antibodies (C); and negative stain EM of samples taken during
agitated fibril growth at 25 °C, pH 2.0, and 1,000 rpm stirring (D). E–G, ThT
fluorescence (E), dye release assay (F), dot blot analysis using the WO1 (31)
and A11 (9) antibodies (G), and negative stain EM of samples taken during
fibril depolymerization at 25 °C, pH 7.4, under quiescent conditions (H). For
EM images in D and H, the scale bar is shown in the lower right, and arrows
indicate the location of fibrils in samples scarcely populated with fibrils.
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fragmentation by agitation were examined (Fig. 6A). Strikingly,
fibril samples of both �-synuclein and lysozyme are able to dis-
rupt liposome membranes, and in both cases, the dye release
efficiency is enhanced for the fragmented fibril samples (Fig.
6B). In addition, for all protein fibrils tested, the presence of
shortened fibrils resulted in decreased cell viability when com-
pared with their longer counterparts (Fig. 6C). These results
therefore suggest that fibril fragmentation may provide a
generic mechanism of enhancing cytotoxicity associated with
amyloid disease.

DISCUSSION

Role of Physical Dimension in Defining the Biological Proper-
ties of Amyloid—The results presented here demonstrate that
the biological properties of amyloid fibrils depend critically on
their length, without the need for parallel changes in their
molecular structure or chemical composition. Through the
application of carefully controlled fragmentation by mechani-
cal agitation, we show a remarkable correlation between the
pathogenic potential of amyloid fibrils and their average length,
with fibril samples of decreased average length displaying an
enhanced ability to disrupt membrane bilayers and to decrease
cell viability when compared with identical fibrils of longer
length. Importantly, enhancement of fibril-associated cytotox-
icity by fragmentation is not only observed for �2m fibrils but is
also found for fibrils formed from lysozyme and �-synuclein,
suggesting that a dependence of cytotoxicity on physical prop-
erties such as length is a shared property of these amyloid
samples.
The length-dependent fibril-associated cytotoxicity shown

here is consistent with the consideration of amyloid aggregates
as a nanoscale material in which surface properties and biolog-
ical availability are critically dependent on their size (22). Akin

to man-made or other natural nanoscale materials, amyloid
assemblies may present surfaces not normally encountered in
vivo despite the fact that they are generated in situ by physio-
logically available proteins or peptides. Furthermore, similar to
man-made nanomaterials that have been shown to adsorb pro-
teins onto their surfaces (e.g. Refs. 39 and 40), amyloid fibrils
may perturb biological functions through unintended sur-
face-mediated interactions with membranes, proteins, or
other macromolecules. Because the type and the strength of
surface-mediated interactions are dependent on the dimen-
sions of the aggregates, amyloid species of different size may
give rise to aberrant interactions of different type or biolog-
ical responses of different magnitude. This size-dependent
complexity may contribute to the variability in pathogenic
properties of seemingly identical amyloid aggregates formed
by the same polypeptide sequence when assessed in vitro and
in disease associated with the aggregation of the same pro-
tein sequence in different individuals.
Role of Fibril Surfaces in Determining Their Biological

Properties—Wehave demonstrated in the present study that LS
fibrils of �2m formed in vitro are associated with cytotoxicity in
certain cell types in amanner that is dependent on their average
length. The fibril samples were further found to be able to dis-
ruptmodel membrane bilayers in LUVs in amanner that is also
dependent on their average length. Through detailed kinetic
analysis, the possibility that toxicity results from residual pop-
ulations of prefibrillar oligomers that are formed during the lag
phase of assembly (25, 29) or from persistent oligomers gener-
ated during fibril depolymerization could be ruled out. The
combined results therefore suggest that the observed cytotox-
icity of the fibril samples is fibril-associated, i.e. the fibrils them-
selves, or species in direct dynamic exchange with fibrils, are
toxic to cells. The observed enhancement in cytotoxic response
for fibrils of short average length could result from a decrease in
fibril-fibril interactions and/or an increase in fibril-membrane
interactions.
The physical consequences of fibril fragmentation are to

decrease the length of individual fibrils and to increase the
number of fibrillar particles. These changes lead to a decrease in
the surface area parallel to long axis of each fibril and an
increase in the total surface area of fibril ends. To decouple the
contributions of these different features on the biological
effects observed, the scaling relationship between the ability of
fibril samples to seed fibril growth or to disrupt liposome integ-
rity and the average fibril length was analyzed (Fig. 7). Solid
black lines in Fig. 7 show the total least squares fits (28) of a
power law function (y � axb) to the initial fibril extension rate
or the dye release efficiency versus the average fibril length (pro-
portional to the surface area parallel to the fibril axis per fibril).
In the case of initial fibril extension rate versus average fibril
length (Fig. 7,A,C, and E), the fit resulted in a scaling exponent,
b� �0.95� 0.23. Fitting with the exponent fixed at�1 did not
result in large changes in the quality of the fit. This analysis
shows quantitatively that the observed rate of fibril extension is
proportional to 1/average fibril length (characterizing the rela-
tive number of fibrils, proportional to the total surface area
presented by fibril ends). Fibril extension therefore depends on
the number of specific extension sites located on fibril ends

FIGURE 6. Liposome dye release and MTT assays using fibrils formed from
lysozyme (LyzLn) and �-synuclein (�SynLn) as well as the same fibrils
fragmented by stirring for 3 days at 1,000 rpm (LyzSh and �SynSh). A, neg-
ative stain EM images of the fibril samples, with scale bars to the left of the
images. The lower images are 2� magnifications of the upper images. B, lipo-
some dye release assays; C, MTT assays using the same fibril samples. In B and
C, the relative signal when compared with that of long fibril samples of each
fibril type is plotted to facilitate comparison (see “Experimental Procedures”).
Results obtained with fibrils formed by �2m using the same data as shown in
Fig. 3 are included for comparison. The error bars indicate one S.E.
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(Fig. 7E), precisely as predicted by the nucleated assembly
model with monomer addition (29). The same type of analysis
with the dye release efficiency data yielded a scaling exponent of
�0.57� 0.08, and fittingwith the exponent fixed at�1 resulted
in large systematic deviations between the fit and the data (Fig.
7, B, D, and F). This result indicates a more complex relation-
ship between dye release efficiency and average fibril length
than can be described solely by the increase in the number of
fibrils as fragmentation proceeds (Fig. 7F). The complexity of
the relationship between dye release and the number of fibrils is
evident, for example, in that the fibril particle concentration of
the LSLn sample is less than 10 times lower than the LSSh sample
because the average length of LSLn is less than 10 times longer
than LSSh (Fig. 7), yet a 10-fold decrease in LSSh concentration
(i.e. 1.2 �M instead of 12 �Mmonomer equivalent of LSSh) does
not lead to a corresponding decrease in membrane disruption
efficiency, as seen in Fig. 4. Thus, a sample with long fibrils
produces a lower level of membrane disruption under the con-
ditions employed than a sample containing the same number of
short fibrils. The data suggest therefore that the surface pre-
sented by fibril ends, increased by fibril fragmentation, is
responsible for promoting fibril extension and may also affect
membrane disruption, whereas the surface along the fibril long
axis, which is decreased within each fibril particle by fragmen-
tation, does not notably influence fibril extension but may be
involved in membrane disruption.
Role of Fibril Fragmentation in Amyloid Cytotoxicity and

Implications for Amyloid Disease—Numerous investigations
have reported that soluble prefibrillar oligomers are the pri-

mary cause of toxicity in amyloid
disease, whereas fibrils represent
the inert end product of amyloid
assembly (16, 17). This hypothesis
was originally pursued because the
amount of A� deposits in Alzhei-
mer patients does not fully correlate
with cognitive decline (16, 17). This
has since been supported by the cor-
relation found between cognitive
and memory decline in Alzheimer
disease sufferers and the amount of
oligomers present and the demon-
stration of oligomer-linked cytotox-
icity in various cell lines (9, 11, 12,
41).However, by contrastwith these
observations, other studies have
shown that fibrils may yet cause
cytotoxicity (13, 15, 18). Recent
reports have suggested several dif-
ferent mechanisms of fibril-associ-
ated cytotoxicity: by fibrils being
cytotoxic themselves (13, 15); by the
growth process of fibrillation caus-
ing toxicity (21, 42); by fibrils being a
source of cytotoxic species that are
in dynamic equilibrium with fibril
ends (43); or by fibrils being a source
of cytotoxic species as a conse-

quence of their depolymerization caused by interaction with
lipids (14). For all these possiblemodes of fibril-associated cyto-
toxicity, fibril fragmentation could represent an important
aspect of amyloid disease, with the average length of fibrils pre-
senting an important parameter, in defining the extent of cyto-
toxicity observed (schematic illustration in Fig. 8). Thus, by
enhancing fibril-membrane surface interactions and/or reduc-
ing fibril-fibril interactions that may decrease the biological
availability and surface activity of fibrils, shorter fibrils could
display enhanced fibril cytotoxicity when compared with lon-
ger fibrils. In addition, reducing the overall fibril size could
increase the internalization of fibrils by cells (44) and enhance
diffusion, resulting in increased biological availability. Simi-
larly, fragmentation increases the quantity of extension-com-
petent surfaces at fibril ends, leading to an increase in the fibril
extension rate, as well as increasing the frequency of exchange
with soluble species (43). In all of these scenarios, decreasing
fibril length by fragmentation would have the ultimate
response of enhancing the capacity to increase fibril load by
seed extension, as well as opening the door to new or
enhanced biological responses through alteration of the
physical properties of fibril particles.
Because physical characteristics such as the average length of

fibrils influence the cytotoxicity of amyloid assemblies, under-
standing the mechanistic factors that cause amyloid fragmen-
tation in vivo becomes key to understanding amyloidogenicity
itself. We have shown previously (29) that fragmentation is the
primary effect of agitation, which subsequently influences the
rate of fibrillation reactions (29, 45, 46) and can affect the mor-

FIGURE 7. Analyses of the scaling relationships between the ability of the fibril samples agitated for
different length of time to seed fibril growth or to disrupt liposome membranes and the average fibril
length. The weight average length is plotted against the initial fibril extension rate (A) or the efficiency of the
sample to cause membrane disruption measured by release of carboxyfluorescein from LUVs formed from 80%
(w/w) phosphatidylcholine and 20% (w/w) phosphatidylglycerol encapsulated with 50 mM carboxyfluorescein
(B). The black lines indicate total least squares fits (28) of a power law function y � axb, and the gray lines indicate
the same fits but with the exponent b fixed to �1, which correspond to the case when the initial fibril extension
rate or the membrane disruption efficiency is proportional to 1/average fibril length. Plots C and D represent
exactly the same data and fits as A and B, respectively, but are plotted with logarithmic x and y axes to visualize
the exponent parameter values of the fitted power laws as slopes. Plots E and F also represent exactly the same
data and fits as A and B but using 1/average fibril length proportional to the fibril particle concentration (conc.)
as the x axis to visualize the relationship between the number of fibrils and the observed seeding or membrane
disruption potential of the fibril samples. The error bars indicate one S.E.
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phology of the fibrils formed from monomers (3, 4). It has also
been reported that the phenotype strength of prion strains is
dependent on the brittleness of amyloid fibrils in yeast, further
supporting the biological importance of fragmentation (47). In
vivo, fragmentation could be caused by direct mechanical
stress, thermal motion, or the activity of chaperones such as
Hsp104, which has a known ability to fragment fibril samples
(48). Because the stability toward fragmentation may depend
critically on the cellular environment, chemically identical
amyloid fibrils could provide an array of possibilities in vivo for
varied phenotypic, toxic, and/or pathogenic properties.
As we have portrayed here using fibrils formed from three

different proteins as models of intracellular or extracellular
amyloid deposits in disease, fragmentation has a marked effect
on the progress of amyloidogenesis. First, fibril fragmentation

increases the number of fibril extension sites, hastening the rate
of amyloid deposition. Secondly, fragmentation increases the
biological availability of fibrillar material and/or increases its
interactionwith cellularmembranes, leading to new/enhanced,
deleterious, biological responses. Fibril fragmentation could
therefore be a significant generic factor for amyloidosis, provid-
ing a double-edged sword by both increasing the fibril load and
enhancing the potential for cytotoxicity in parallel. Under-
standing the changes in biological response invoked by fibril
fragmentation will thus become critical in designing therapeu-
tic agents targeting amyloid disease.
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