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SUMMARY

The division of amyloid protein fibrils is requirddr the propagation of the amyloid state, andnis a

important contributor to their stability, pathogety and normal function. Here, we combine kinetic
nanoscale imaging experiments with analysis of éhematical model to resolve and compare the
division stability of amyloid fibrils. Our theore@l results show that the division of any type of
filament results in self-similar length distribut® distinct to each fibril type and the conditions
applied. By applying these theoretical results riafife the dynamical stability towards breakage for
four different amyloid types, we reveal particutiifferences in the division properties of disease-
related amyloid formed from alpha-synuclein whempared with non-disease associated model
amyloid, the former showing lowered intrinsic stipitowards breakage and increased likelihood of
shedding smaller particles. Our results enablectimparison of protein filaments’ intrinsic dynamic

stabilities, which are key to unravelling theirimand infectious potentials.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

INTRODUCTION

Amyloid fibrils, proteinaceous polymers with a csdseta core structure, represent an important class
of bio-nanomaterials (Bleem and Daggett, 2017; Kiesewand Buehler, 2011). They are also
important biological structures associated with ad¢ating human diseases such as Alzheimer’s
disease, Parkinson’'s disease, Creutzfeldt-Jakodasks (CJD), systemic amyloidosis and type 2
diabetes (Knowles et al., 2014), as well as haviitgj biological functions such as adhesion and
biofilm formation, epigenetic switches, and hormaterage (e.g. Berson et al., 2003; Bleem and
Daggett, 2017; Chapman et al., 2002; Knowles arehiu, 2011; Larsen et al., 2007; Li et al., 2014,
Romero et al., 2010; Tuite and Serio, 2010). Dorisbf amyloid fibrils, which can manifest vitro

in amyloid nanomaterials oin vivo in disease-associated or functional amyloid aggesy is
mediated by mechanical agitation, thermal stressmical perturbation or chaperone catalysis. Fibril
division is a crucial step in the life-cycle of almg (Fig. 1a) (Xue, 2015) and enables the
propagation of the amyloid protein conformation &nmlogical information encoded therein. Despite
knowledge of its importance, it is not understoduyvamyloid division processes give rise to varied
biological impacts ranging from normal propagatainfunctional amyloid assemblies to large inert
structures or the creation of molecular specieslied in disease, e.g. small cytotoxic amyloid
species and infective prions, which are transmissimyloid particles. In this respect, the resisgan
of amyloid to division is also a critical aspect pootein misfolding associated with disease
progression and biological roles of functional aniylassemblies (e.g. Tanaka et al., 2006). In terms
of disease association, there is much debate lamt@myloid aggregates are associated with cellular
toxicity, with evidence of both prefibrillar oligoens and fibrillar species (Breydo and Uversky, 2015
Tipping et al., 2015) giving rise to disease-ralagghenotypes. While it is hypothesised that all
proteins can undergo conversion into an amyloitestRobson, 1999), why most proteins do not

form amyloid under physiological conditions or puod amyloid particles that are non-toxic, non-
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transmissible or non-disease associated is not. dleghis debate, it has been suggested thatdibri
are not merely the end product of amyloid aggregatbut rather elicit profound biological responses
through fibril fragmentation and oligomer sheddifipping et al., 2015), due to lack of fibril

stability.

Amyloid fibrils have remarkable physical propertisach as their tensile strength comparable to that
of steel and elasticity similar to spider silk (Kvles et al., 2007). As proteinaceous polymers, they
also offer the potential for modification by ratedrdesign, which makes them an ideal target for the
development of biologically compatible nanomateri@leem and Daggett, 2017; Hu et al., 2018; Li
et al., 2014; Mankar et al., 2011). This interastinyloid as a bio-nanomaterial has led to a sdarch
proteins and peptides which can undergo converstoma stable amyloid conformation while lacking
the properties that associate them with toxicitfecétivity and disease. Though the precise progerti
that associate some amyloid to disease or biolbdioection are not resolved, the potential for
different morphologies (sometimes referred to &sitss’) to elicit different results (Meinhardt a,
2009; Sachse et al., 2010; Tanaka et al., 20081 dm attributed to the stability of amyloid filsil
towards division or their mechanical properties hante et al., 2017; Xue et al., 2009a). Thus, the
stability of amyloid fibrils is an important physikcfactor which modulates their biological functioh

amyloid and potential as a nanomaterial.

The kinetics of the nucleated growth of amyloidrifb are profoundly influenced by secondary
processes such as fibril fragmentation/breakageo\ites et al., 2009; Xue et al.,, 2008) and
secondary surface nucleation (Buell et al., 20lemdjuist et al., 2018)F{g. 1a). These processes
determine the rate of the exponential growth plasamyloid assembly alongside with growth by
elongation at fibril ends (Lorenzen et al., 2012jeXet al., 2008). As one of the key secondary
processes, fibril fragmentation stands out compsoéde other three main procességy(1a) in that

it reduces aggregate size at the same time asr@dses the number of aggregates (Xue et al., 2009a
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In this aspect, fibril fragmentation results in thieision of amyloid fibrils analogous to a micrabor
cellular division process. Resistance to fibrilgineentation is linked to the mechanical stability of
amyloid fibrils, which has implications for both ethdevelopment of nanomaterials and on the
understanding of amyloid disease-associated bigdbgirocesses. The mechanism and the rate of
fibril fragmentation have been subjected to thecaétconsiderations (Hill, 1983; Knowles et al.,
2009; Paparcone and Buehler, 2011; Xue et al., 2608 experimental investigations involving
fragmentation promoted by mechanical perturbat{®hsoud et al., 2015; Xue et al., 2008; Xue and
Radford, 2013). The fragmentation of protein filamseis a length dependent process whereby longer
particles break more easily than short ones. Témngth-dependent breakage of amyloid fibrils can
follow a strong, non-linear dependence where lorfgeils are progressively less stable towards
breakage per monomeric unit relative to their strarbunterparts (Xue and Radford, 2013). Thus, the
fibrils’ resistance to division, and in turn theharent stability of the fibrils, is an importantdan
measurable property (Xue and Radford, 2013) th#dtheip rationalise phenomena such as prion
strains, polymorphism, transmission, amyloid tayicbiofilm formation and epigenetic regulation
(e.g. Aguzzi et al., 2007; Cox et al., 2003; Derdkiet al., 2010; Lee et al., 2011; Lin et al., 201
Marchante et al., 2017; Shorter and Lindquist, 2@@hdheimer and Lindquist, 2000; Tanaka et al.,
2006; Xue et al., 2009a; Zeng et al., 2015) and teaa better understanding of amyloid-associated

diseases.

The division of amyloid polymers into small mordeictive particles, either through environmental
perturbations or through catalysis by molecularpenanes, is key to the spreading of prion
phenotypes (Cox et al., 2003; Marchante et al.72Mor example, the propagation of the yeast prion
phenotype PSI] associated with yeast Sup35 protein assembllEsren the fragmentation activity
of the chaperon Hsp104 and its co-chaperones (Gfieghal., 1995; Shorter and Lindquist, 2004).
The resistance of Sup35 assemblies to fragmentatioelates with the formation of differerR$I']
phenotypes (Tanaka et al., 2006). In addition,stimaller particles generated by fibril fragmentation

show enhanced cytotoxicity when compared with #rgdr parent fibrils (Xue et al., 2009a), likely
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due to a higher propensity to interact with cellnmbeanes, entering cells by endocytosis, interacting
with the lysosome and inducing cytotoxicity by disting proteostasis (Ankarcrona et al., 2016; Hu et
al., 2009; Jakhria et al., 2014; Marchante et2d11,7; Milanesi et al., 2012). The stability of awiyl
fibrils towards division is, therefore, an importacharacteristic of amyloid fibrils that must be
considered if we are to understand the biologicsividy and nanomaterial properties of amyloid.
Because protein filaments formed from differentcprsors show a variety of suprastructures and size
distributions (e.g. Barritt et al., 2017; Knowldsaé, 2007; Meinhardt et al., 2009; Xue et al.0248),

no unifying theory has been developed for the @iwisof amyloid fibrils. As consequence, the
stability towards division for different types aingloid fibrils with varied suprastructures that gas
from inert network of long filaments to infectioysrticles is yet to be systematically measured,

determined and compared.

We have previously shown that the time evolutiormwiyloid fibril length distributions obtained by
nanoscale atomic force microscopy (AFM) imagingtaonvaluable information on the rate, length-
dependence and position-dependence of fibril fragation that can be extracted (Xue and Radford,
2013). However, since fibril division is itself arangly length-dependent process, systematic
comparison of the stability of fibrils towards diion and their division rates has been hampered by
the varied length distributions of different typefsamyloid fibrils. Currently, the links betweentda
and theory that would allow direct comparison & ftbrils’ division propensities are also missing.
Here, we have developed an analytical approachethables direct determination of the dynamic
stability of amyloid fibrils towards division frorfibril length distributions. We have developed avne
theory on amyloid fibril division that shows howetdivision mechanism of amyloid fibrils and their
stability towards division dictates the exact shapethe resulting length distributions. We then
established an analytical method to extract afsetigue and intrinsic properties of the fibril Isiléty

to division from image data of pre-formed fibriladergoing physical fragmentation experimentally
promoted by mechanical perturbation. Demonstrativeg utility of our combined experimental and

theoretical approach, we determined and compaeditlision of fibril samples formed from human
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a-synuclein ¢-Syn) associated with Parkinson’s disease withlgilormed fromp-lactoglobulin -
Lac) and lysozyme (Lyz). We have also reanalysed emmpared previously published fibril
fragmentation data df,-microglobulin #,m) under the same mechanical perturbation regime (X
and Radford, 2013). Comparison of the dynamic ktalif these fibrils types of different origin
revealed different division properties, with filsriformed from the human Parkinson’s disease-
associated-Syn being the least overall stable and prone teigge small sub 100 nm particles that
may possess enhanced cytotoxic and prion-like tiofies potential (Brundin and Melki, 2017). The
ability to assess and compare the division progentif amyloid fibrils, enumerated as parameters
extractable from experimental data, enables thdigiten of an amyloid’s propensity to generate
toxic and infectious particles, and therefore hasgaificant impact on the understanding of their

roles in biology, in diseases, and their applicatis a functional bio-nanomaterial.

RESULTS

Amyloid fibrils of diverse suprastructures and length distributions fragment to different extents

upon mechanical perturbation

To demonstrate that the fibril division rates, satlive of their dynamic stability to division, cée
assessed and compared for amyloid fibrils with i@esuprastructures and length distributions, we
first collected experimental AFM image data setsaafyloid fibrils, pre-formed from different
precursors, undergoing division through fragmeamtpromoted by mechanical stirring. These
experiments were designed to isolate the fibrilsiibn processes from other growth processes and to
generate data that contain sufficient quality aodndgity of information on the division of fibril

particles under identical mechanical perturbatiegimes to enable comparison. Here, we chose to
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investigate the human disease-associated amylstérag-Syn alongside bovinp-Lac and chicken
egg white Lyz as biophysical model systems notctlyerelated to human disease. Samples were
formed containing long, straight fibrils from thetbgee proteinsn vitro, and validated by negative-
stain Electron Microscopy imagin@{pplementary Fig. S1). Lyz andp-Lac were both converted to
their fibrillar amyloid form by heating under aaidconditions (pH 2.0), commonly used conditions
for the assembly of these proteiirs vitro. o-Syn fibrils were prepared from freshly purified
recombinant-Syn monomers (Cappai et al., 2005) at@under physiological pH. For each fibril
sample, 500 ul of 120 uM monomer equivalent fibollutions in their respective fibril forming buffer
were then stirred at 1000 rpm by a 3 x 8mm magrsitieer bar in a 1.5ml glass chromatography vial
using the same mechanical perturbation methodeasously reported (Xue and Radford, 2013) using
an lka Squid stirrer plate with a digital displaihe in vitro-formed fibril samples were initially
dispersed by 5-10 min of stirring and were subsetiyieeposited onto freshly cleaved mica surfaces

and imaged by AFMKig. 2 left most column).

As seen in the leftmost column of imaged-ig 2., the initial samples after brief stirring to dispe

the fibril particles show long, straight, elongatedbranched nano-structures expected for amyloid
fibrils. However, whereas Lyz angSyn form fibrils that exhibit more flexibility andurvature 8-

Lac forms comparably shorter, straighter, moredragsemblies consistent with previous observations
(e.g. Knowles et al., 2007; Lara et al., 2011; Ngtet al., 2015; Sweers et al., 2012). The Lyz[and
Lac images also display higher background noisepemed to the images afSyn fibrils, which may
reflect their overall less efficient fibril assembkaction conditions compared deSyn. Importantly
however, all of the samples showed well-disperdaxd particles that can be individually measured
after the brief stirring treatment, as the samplielsnot show strong propensity for clumping on the

surface substrates.
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The samples were then continuously stirred foraupx days and 1-5 pl samples (see Materials and
Methods) were taken out periodically and imageagi#iFM to visualise their fragmentation under
mechanical perturbationFig. 2). For each sampling time-point, an identical AFMe&men
preparation procedure was used for each amyloig, tpd 20 um x 20 um surface areas were imaged
at 2048 x 2048 pixels resolution in order to enaplantitative analysis of individual fibril parted as
previously described (Xue, 2013; Xue et al., 2009b)total, fragmentation of two independent fibril
samples was followed for each fibril type, and Images with at least 300 particles for each sample
and time point were analysed, giving a total ddtasataining physical measurements of more than

220,000 individual fibril particles for the thremwgloid types Supplementary Table S1).

Quantitative single-particle measurements of fikeilgth and height distribution&i@. 3, leftmost
column corresponding to imageshig. 2. leftmost column) reveal that the fibrils have staintially
different initial dimensions. Analysis of their kbt distributions shows that the initial fibril Ighits,
indicative of the width of the fibrils, are arouidhm fora-Syn fibrils, and around 3 nm for bofh
Lac and Lyz fibrils. The initial length distributis for the different fibril types were also disdimnj
with both Lyz anda-Syn forming fibrils of up to ~10 um in length wleasp-Lac formed shorter

particles with lengths of up to ~2 um under thedtbons employed.

Qualitative inspection of the AFM images throughaleé experimentHig. 3) showed that the
amyloid fibrils were fragmented into much smalleartizles under the applied mechanical
perturbation Fig. 2 andFig. 3) as expected. However, the rate of division anortehing of the
particles’ lengths was seen to differ between tived different fibril types analysedrify. 3 and
Supplementary Fig. S2). Analysis of the time evolution of the fibril lgkit and length distributions
obtained by quantification of individual particles the AFM images over the course of the
experiment confirmed that fibril fragmentation didt cause detectable changes in fibril morphology

and fibril width through lateral association andsdiciation. Average fibril heights in the AFM
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images, indicative of fibril widths, remained cateint throughout the experiment for Lyz an8yn.
The same was also largely observedpfdrac, with the exception that a small second pdpmneof
taller polymers at the very end of the fragmentatime-course after 432000 s were exhibited (height
graphs inFig. 3 and Supplementary Fig. S2). Hence the division of the fibrils under mechaiic

perturbation applied has resulted in a shortenfrayerage fibril length.

To confirm that the changes in fibril length byrfildivision did not cause disaggregation or regeas
of monomer/small oligomers (e.g. dimers), we nestethmined the residual monomer concentration
of the samples. For each fibril type, aggregatesevpelleted by centrifugation (75k rpm, 15 min)
after fragmentation time-course and the presenagaarfomer in the supernatants was quantified by
SDS-PAGE. The comparison between the initial saspled those fragmented over two weeks
showed no substantial changes in the protein coitimosf the supernatants, with differences of less
than 2% for all amyloid systems analysed (Lyz: 1.8%ac: <1%, andi-Syn: 1.3% Supplementary

Fig. S3). These data confirmed that the time-dependengimgaexperiments we carried out pertain
almost exclusively to the fibril division processal®ng the length of the pre-formed fibrils, and

therefore, contain valuable information on theiriglon rates and their stability to division.

Time evolution of fibril length distributions converges to time-independent, characteristic, self-

similar length distribution shapes

The fibril samples formed from different proteirepursors have different initial length distributon
(as seen irFig. 2 andFig. 3). However, fibril division is itself a strongly ngth-dependent process
(Xue and Radford, 2013) as short fibril particlel ine more resistant towards division compared to
longer particles, irrespectively of any differenaeshe intrinsic stability of the different fibriypes to

division. Therefore, to compare the stability ofydoid fibrils with different suprastructures and

10
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length distributions towards division, a new appto@o extract information intrinsic to each fibril
type independent of their experimentally differemitial length distributions must be developed.
Consequently, in parallel with the experiments dbsed above, we mathematically analysed the
division equation of amyloid fibrils so that keyfanmation on the stability of amyloid fibrils to
division could be resolved. We first describe tinasibn of amyloid fibrils mathematically using a
continuous framework based on the partial diffdeértquation (PDE) Eq. (1). Since the number of
monomers inside a fibril observed in the image datarge, typically in the order of 1@r more, we
assumed continuous variabbeandy that correspond to the length of fibrils (for exdenas defined

in Fig 1b where vy is the length of the parent fibril andsxhe length of one of the daughter fibrils).
This approach has the advantage that the infireteo$ ordinary differential equations (ODESs)
normally used to describe the length-dependensidiviprocesses (e.g. Knowles et al., 2009; Xue et
al., 2008; Xue and Radford, 2013) can now be cs#ldpinto a single continuous PDE that can be
treated analytically (see Supplemental Informafmndetails). Denotingu(t,x) as the distribution of
fibrils of length x at timet in number concentration units (e.g. Molar unitgg. (1) is the
mathematical translation of the pure division modie$cribed by the schematicskig.1b-d, where
we assume any parent fibril can divide into two gidars, and the end-end reattachment rate of
daughter fibrils is negligible (Hill, 1983):

[0}

d _ v ) 1 x v J
au(t,x) = —ap(ax)’u(t,x) + f;xo (;) ag(ax)Yu(t,y)dy

y=x
Eqg. ()

In Eq. (1),%u(t, x) denotes the time)(evolution of the concentration of fibrils withrigthx. Here,

we model the total division rate constant of fimlf sizex using the power law,(ax)¥, which we
denote a®(x) (Hill, 1983) (see Supplementary Information), wéey is a constant unit reference
we set to 18 The first term in Eq (1), therefore, denotes e of loss of fibrils with length by
division into smaller fibrils. The probability thafter dividing, a given parent fibril of lengthgives

rise to a daughter fibril fragments of lengtland y-x depends on the ratio of the lengtikg/) (Xue

11
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and Radford, 2013) and is given by the probabi@npsity functionjl; Ko (%) The second integral term

in Eq. (1), therefore, denotes the total gain lofil with lengthx by division of all fibrils with length

y that are larger tham. Interestingly, Eq. (1) describes a fundamentaisiin process that is
mathematically analogous to the division of molesumacroscopic materials and cells (Escobedo et
al., 2005; Robert et al., 2014), and we have madlieally proven that its behaviour is entirely and
uniquely dictated by three propertiesthat describes the magnitude of the division catestant,y

that describes the fibril length dependence of division rate constant, angy that describes the
probability of division at any given position alorayfibril, also called the fragmentation kernel
(Doumic et al., 2018). We then proceeded to solge (E) analytically with regard ta, y and
using theoretical results shown in (Escobedo et 2005) and (Doumic et al., 2018) (see
Supplementary information). From our solution, waenfour key predictive insights that emerged

from our analysisKig. 4).

Firstly, we note that given enough time, the degcithe average fibril length will converge to the
same rate independently of the initial fibril lehglistributions. This result comes from that after
sufficiently long time, the reduction of averagedéh of the fibril length distribution can be debed

as a power law versus time (Eqg. 2, see Supplemelmimrmation):
H(t) =C. t_l/)/

Eq. (2)

whereC is a constant. As seen in Eg. (2), the experinigrntaservable average length of a sample,
u(t), is predicted to tend towards a straight line wpkatted on a log-log plot with the slope of the
line representing -Y/(Eq. 2, black line irFig. 4b) because the long-time behaviour of Eq. (1) can be

described as a power law.

12
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Secondly, we note that given enough time, thelfierigth distribution will converge to the same

shape independently of the initial state of theilfilength distribution. After a sufficiently longme
(t » t,), the distribution of fibril-lengths tends towardgime-independent distribution shapéxg),
that scales only with andy, but does not depend on the initial length distidn (Eq. (3) and

Supplementary Information).

1 1
g(xg) = f(&,x)-t ¥,  x,=xt¥, Foranyt> t

Eq. (3)

wheref(t, x) are experimentally measured length distributidifgs point is of key importance for
characterising and predicting fibril division prgses because it establishes that for any fibrié typ
under certain conditions: 1) a distinct fibril lehgdistribution shapeFg. 4a) will be reached
independently of the initial fibril length distriban, and 2) the length distribution and the averag
length will shrink as function of time in a predie manner as fibrils continue to divide (e.g. the
black line inFig. 4b for the mean length) but the shape of the didtiobuwill not change as function
of time, i.e. the length distribution can be resdao the samg(xg) using Eqg. (3) at any timealong
the black line irFig. 4b if t is sufficiently large. We refer to the distributbwith the scaling property

and shape invariance property as ‘self-similar teristributions’ Fig. 4a).

The existence of a self-similar length distributidmat is initial length distribution-independentdan
shape invariant over time, as well as the predietdbcay of fibril lengths as fibrils divide (etie
reduction of the average length Fig. 4b) can be seen as a characteristic behaviour speoifi
individual fibril types under distinct condition3.his fibril division behaviour can, therefore, be
classed as a type of intrinsic dynamic stabilitytted fibrils. One way to visualise this property is
shown inFig. 4b represented by the black line, here referred tthadibril type’s ‘asymptotic line’
under the conditions applied. Any fibril populatioabove this line are relatively unstable and will

13
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rapidly divide, pushing the average length towatds line (red and yellow coloured near-vertical
arrows showing rapid decay of unstable fibril lérgjt In contrast, any fibril populations below this
line are comparatively stable or metastable and avily slowly evolve towards the line through
division (green to blue coloured near-horizontabas showing slow decay of stable fibril lengths
towards the black line). Importantly, this resukaaindicates that the dynamic stability of fibrits
division represented by the asymptotic line: 1) tendetermined from experimental data, 2) is
intrinsic to fibril type and conditions applied,ca8) can be compared independently of varied starti
fibril length distributions, if the characterisself-similar length distributions that contain infoation
about the intrinsic dynamic stability of the filsrils reached (e.g. the asymptotic line is reachexhi

experiment running for sufficiently long lengthtohe).

Thirdly, we note that the probability of division ihe centre of a fibril as compared to the shegldin
small particles from fibril edge can be evaluatednf the experiments. The self-similar length
distributions contain information about. Fig. 4c shows how different self-similar fibril length
distributions are indicative of differert probability functions. As seen Fig. 4c, ak, indicative of
fibril types that are more likely to divide in timeiddle will result in fibril length distributions ith a
distinct peak and low relative population of snfiedlyments. In contrast,iq indicative of fibril types
and conditions that promote equal likelihood ofiglisn along the fibril or even favouring the
shedding of fragments from fibril edges will resultself-similar fibril length distributions thaiake
large relative population of small fibril fragmentsat may possess enhanced cytotoxic and/or

infective potential compared i@ favouring division in the centre of the fibrils.

Finally, the dynamic stability of fibrils to divign, their propensity to break at different lengttes
be determined. The first order division rate comsB{x) = a,(ax)? that describes the division of
the fibrils as a function of their length can be directly evaluated from the self-similangth

distribution andy (see Eq. 2) whetr>t, (see Supplementary information and Eq SI.21) wheie
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the start of the experiment. Thus, the divisione rabnstantB(x) can be determined from
experimentally observing how fibril length distrilmns change with time when the self-similar fibril
length distribution is obtained, and they are imor parameters for defining and comparing the
fibrils intrinsic dynamic stability to division. Téh effect of different values ofr and y on fibril
stability is visualised irFig. 4d andFig. 4e as characteristic the asymptotic line plottedag-log
plots of average length versus time. The enumeraifathe asymptotic line described Byx) will

subsequently enable direct quantitative comparigahe fibrils’ stabilities towards division.

The divison properties of amyloid fibrils can be obtained from image data and their complex

stability to division can be compar ed

Applying the results of the mathematical analysisthe experimental AFM image data sets, the
parameterg; a, and the characteristic self-similar Iength-dlnltionSg(xg) indicative ofx, can be
extracted and meaningfully compared as a measutiedfibrils’ intrinsic stability to division. We
first determined the/values for each of the fibril types, by globaliitifhg a variant of Eq. (2) to the
time evolution of average fibril length (see Mat#si and MethodsFig. 5). We also reanalysed
previously published data set @sm fibril fragmentation under the same mechanicatypkation
conditions (Xue and Radford, 2013) using our newothtical results above and included the

reanalysis in the comparison.

The constanywas determined from least-squares fitting of algical result to the data (Materials
and Methods). The power law relationship (Eq. 2Zapeeterised witlydetermined by global analysis
was visualised on a log-log plot of mean fibril g&m vs. time inFig. 5, together with the measured
mean fibril lengths. The resultingvalues are listed ifable 1. A yvalue of 1 would suggest that the

division rate of fibrils is only dependent on thember of division sites per fibril, which is lindar
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related to the number of monomers in the fibrild anturn to the length of the fibrils. Howeveretj
values fora-Syn, -Lac andB,m are all significantly larger than 1, indicatingliy length dependent
microscopic division rates for division sites iresie fibril types. Of the four fibril types analyséide
division of Lyz fibrils yielded ay value closest to 1. This suggests the divisioasrébr Lyz fibrils
may only depend on the number of available divisies along the fibrilg3-Lac fibrils yielded the
highestyvalue of the fibril types analysed. This demortsgahat-Lac fibril fragmentation is highly
length-dependent, and smdltLac fibril fragments are more resistant to furtfesgmentation
compared with the other fibril types. This behavionay corroborate with an increased lateral
association of smap-Lac fibril fragmentation fragments observed on liegght distributions at the
end of the time-course experiments (height grapisg. 3 andSupplementary Fig. S2). As seen in
Fig. 5, the later time points for all of our fibril typdsllow a straight line on the log-log plots (solid
section of the fitted lines iRig. 5), indicating that the self-similar length distritans, and hence the
asymptotic line, were sufficiently reached in abkes. The analysis also revealed that all of thé fi
types analysed approached the self-similar lengglrilnbition shapes in less than 5 hr, with the

exception of the Lyz samples that reached thesselilar distribution in approximately 24 hr.

The a values were subsequently calculated (liste@able 1) with equations Eq. (S21) using all of
the fibril length distributions at time points postaching the near-characteristic self-similar
distribution shapes (represented by the solid lineSig. 5). Once bothx and y values have been
extracted from the length-distribution data, theision rate constarB(x) can be obtained for fibrils
of any lengthx. Table 1 shows the division rate constant calculated fbrilf of 100 nm. The
asymptotic line for the fibrils types characteridgdthe division rate constaBi(x) (Fig. 6b) or by
fibril mean length Eig. 6a) as function of time was also visualised and caegbandependently of
initial fibril length, showing thai-Syn and Lyz fibrils fragments fastest at long-tsmender the
mechanical perturbation applied, suggesting thedetfibrils were less stable than fhkac andp,m

fibrils.
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Next, we determined the shape of the self-siméagth distributions for each fibril type by resodgli
the experimental length distributionsgéxg) with Eqg. (3) using thg values obtained above. As with
the evaluation of values, only time points where the length distiitms closely approached the self-
similar length distribution (time points in the sen represented by the solid lineskig. 5) were
averaged to obtaig(xg) for each fibril type $upplementary Fig. $4). Fig. 6¢c shows how the self-
similar length distribution shapes compare with heather at extended times (2 weeks) when
calculated using(xg) (Supplementary Fig. $4) with Eqg. (3). As seen in Fig 6c, Lyz fibrils teial
produce high relative populations of small pargdiess than 100 nm long followed &Syn and then
B.m. On the other hand, the divisiontac fibrils resulted in a lower relative populatiof small

particles over the same long time scale used foother fibril types.

Finally, to validate our model and the predictivemer of our approach, we performed direct
simulations of the fibril division time-coursé-if. 7) using only the individual sets of division
parameters obtained for each of our fibril types. €ach simulation, we used the initial experimenta
length distributions (dashed lines Fing. 7) directly as the starting points for the simulato The
large set of ordinary differential equations ddsiag the chemical master equation for the system
(Xue and Radford, 2013) was then solved to seehehetur analytical model was able to predict the
full division behaviour and the time evolution bgtfibril length distributions for each fibril typés
seen inFig. 7, the result of the numerical simulations basedoon results show remarkable
agreement with the experimental data. This uneqailvcesult validated the fact that the set of three
propertiesy, a, and k, are indeed capable of fully and uniquely descghbine complex amyloid
division processes, and the enumeration of thespepties yield valuable insights. Such insights

allow meaningful comparison of the amyloid fibrilatrinsic stability to division.
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DISCUSSION

The understanding of the properties that undethisebiological activities of amyloid nano-structsire
such as their cytotoxic and infectious potentislgrucial for the understanding of why some antyloi
is associated with devastating human diseasesdiVigon of amyloid fibrils, for example through
fibril fragmentation by mechanical perturbation et al., 2008; Xue and Radford, 2013), enzymatic
action (Chernoff et al., 1995; Glover and Lindqui$®98) or other cellular or environmental
perturbations, is a key step in their life-cyclatthesults in the exponential growth in the numbfer
amyloid particles. Simultaneously, daughter pagsictesulting from the division of parent fibrils
cause a reduction in the overall size distributiendivision proceeds. These two consequences of
division are undoubtedly linked to the enhancenwnthe cytotoxic and infectious potentials of
disease-associated amyloid (Marchante et al., 200&;et al., 2009a). The amyloid fibrils’ resistanc
to division, i.e. the stability of the amyloid fils to division, rationalises these two fundamental
requirements for pathogenicity associated with amylAkin to uncontrolled division of cells or any
pathogenic microorganisms, the division step in &neyloid life cycle Fig. 1) could be a key
determinant in their overall potential to be asata with properties in the amyloid and prion

associated pathology.

Here, we have developed a theory, as well as aeriexental approach utilising our theoretical
insights to resolve the amyloid fibrils’ dynami@sility to division. These represent a step forwiard
how we are able to study the amyloid fibril divisiprocesses such as in fibril fragmentation and
prion propagation, essentially the replication stephe amyloid lifecycle. It also allows the ditec
comparison between amyloid particles of differemlenular types and quantifies the difference in
division and stability between those that are aredret disease associated. Specifically, we have

applied our theoretical results to the comparisoa diverse set of amyloid assemblies consisting of
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humana-Syn (a neurodegenerative disease-associated anghinple formed under physiological
solution conditions), humaym (a systemic amyloidosis disease-associated atijydample formed
under acidic pH, data from Xue and Radford, 20b8Yyjinep-Lac and hen egg white Lyz (later two
cases are both biophysical model systems not Gireelated to human disease but converted to
amyloid when subjected to heating in acidic pH). Bi}y analysing and comparing their division
behaviour, which is uniquely described by the &ipf parametersa( magnitude of the division rate
constanty; fibril length dependence of the division rate stamt, ands, probability of division at any
given position along a fibril) under identical meacical perturbation for long timescales using our
approach, we show a remarkable difference in thbilgy of these different amyloid assemblies
relative to each other and how they divide (sumseakiinFig. 8). Interestingly, for the four fibril
types we included here, considering the diviside onstant B with their cross-sectional area, the
disease-associated humasyn fibrils demonstrate lowest overall stability division followed by
Lyz, humanp,m and finallyp-Lac particles that are most stable towards divigkig 8. last row).
Based on the comparison of treand y parameters that together describe the divisiags&(x), the
likelihood that smalb-Syn particles (<100 nm long) will divide is simileo that of Lyz particles of
identical length despite having more than doubéerttean width (and thus around four times bigger
cross-sectional ared,able 1 and Fig. 8). More importantly, the division ofi-Syn particles also
results in a larger relative concentration of srpaliticles compared t&m andp-Lac. These results
show that humarm-Syn amyloid fibrils are relative unstable asseswlcapable of a more rapid
shedding of small particles that could well posseskanced cytotoxic and infectious potentials
(Peelaerts et al., 2015) through division compavitd the other fibril types investigated here. Thus
our results also directly suggest a testable ciydiak between the low stability af-Syn fibrils to
division and recent observations that hume®yn may behave in a prion-like manner in celled c

propagation and their cytotoxicity (Steiner et 2018).

Since the division of amyloid fibrils is an intefpart in the propagation of the amyloid conforroati

(Fig. 1), the nanoscale materials properties of amyloidleapin processes which drive the
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proliferation of amyloid, as well as their variedles in biology. Therefore, it is important to
appreciate the suprastructural properties of amyleig. clustering, bundling, twist, stiffness, thid
distribution, orientation distribution, and lengthistribution etc) at mesoscopic (nanometre to
micrometre) length scales, as these propertiesinfilience how individual amyloid fibrils divide.
Our data show that despite all amyloid consistihg oross-beta core structure, their ability tastes
division through fragmentation promoted by mechahjerturbation varies strongly between fibril
types. Since the stability of amyloid fibrils tovision will depend on their suprastructural projsit
which in turn depend on their precise structuratamic level, mesoscopic level structural propsertie
may well be the missing link between amyloid stwetand the varied biological effects and
consequences that different amyloid types evokewudiferent conditions. While the results reported
here reveal the breakage behaviour of fibril pofiotes, future advances in AFM imaging may allow
either individual polymorphs in a fibril populatiolw be distinguished or individual fibrils to be
tracked in real-time, further revealing how fibrilsszide as individuals. Thus, it should be posstble
generate a structure activity relationship cornetathe suprastrucutral properties of amyloid, rthei
ability to divide, and their cytotoxic and/or infemus potentials. Understanding this structurevigti
relationship for amyloid assemblies could lead he tesign of bio-safe polymers with tuned
mechanical and nanomaterials properties as weth@snalise the disease-associated properties of

amyloid structures.

Analogous to the diverse response of soluble folgeoteins towards unfolding by chemical
denaturants, thermal melting and mechanical fotce the stability of amyloid fibrils could alsowya
depending on the nature of the perturbation. Indaed/loid fibrils may break down in the presence
of chemical, thermal or enzymatic action (Baldwinaé, 2011; Chernoff et al., 1995; Glover and
Lindquist, 1998; Knowles et al., 2007; Shammasl.e811; Surmacz-Chwedoruk et al., 2014), and
their relative resistance or stability to differatesses, including those associated with phygiicab
changes involved in human disorders, is not knolmnparticular, understanding how enzymatic

action by molecular chaperones such as Hspl04 pB @fomote amyloid division, degradation
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and/or propagation of amyloid conformation (Chem@t al., 2017; Scior et al., 2016) in relevant
cases may be key in resolving the complex behawbtlte amyloid lifecycle in a biological context.
In summary, the combined theoretical and experiademtork we report here will enable the
characterisation and comparison of the amyloidsitivi processes and the relative stabilities of
amyloid assemblies. Both properties are fundamemtalinderstanding the lifecycle of disease-

associated amyloid as well as the normal rolesimétional amyloid in biology.

LIMITATIONSOF THE STUDY

The division model (assumptions illustratedrig. 1) does not take into account the possibilities that
newly created fibril ends by division may be moymamic, disordered, and/or being ‘sticky ends’ in
their interactions with other fibril ends or surac compared with established fibril ends for
elongation. The results reported here reveal tlegadvbreakage behaviour of the fibril populations,
as our experiments may contain a mixture of sinblarnevertheless different polymorphs that could
not be readily distinguished in our images. Futadvances in AFM imaging allowing either
individual polymorphs in a fibril population to lastinguished or individual fibrils to be tracked i
real-time will resolve breakage behaviour of indisél fibril polymorphs. The model assumptions
and limitations may also leave scope for improveimé@nthe model to be pursued in future work by

the field.
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FIGURE LEGENDS

Figure 1. Schematic illustration of fibril division in the amloid lifecycle. (a) The lifecycle of
amyloid assembly where soluble monomeric proteirtlés) are converted into the amyloid state
with a crossg conformation (the parallelograms). The colouredoavs represent the four main
processes in amyloid assembly. Red arrows repregentary nucleation, which may occur as
homogeneous nucleation in solution, heterogeneaakeation at interfaces. Primary nucleation may
also occur subsequent to liquid-liquid phase seppamaor phase transitions (Khan et al., 2018).
Purple arrows represent secondary nucleation, whiely occur as heterogeneous nucleation at
surfaces presented by preformed aggregates. Blwewnarrepresent growth by elongation at fibril
ends. Yellow arrows and box represent fibril dmsi(e.g. fibril fragmentation or breakage). The
arrows may represent consecutive reversible steysthe thickness of the arrows symbolizes the
relative rates involved in the processes. (b) Aptérmodel of fibril division, where a given parent
fibril particle of length y divides to give rise two daughter fibril particles of size x and y-her
model does not otherwise identify the lineage efitidividual fibrils. (¢) The division model assuame
that each parent fibril particle divides into exgctwo daughter particles at each microscopic
reaction step. (d) The division model assumes tiatdivision rate for each microscopic step is

identical as long as the resulting two particlevbdahe same size.

Figure 2. AFM imaging of amyloid fibrils undergoing fragmenti@on promoted by mechanical
stirring. Hen egg white Lyz, bovine mifilLac, and humai-Syn amyloid fibril samples (all 120 uM
monomer equivalent concentration) were stirred fgr to 15 days. Samples were taken out
periodically, deposited on mica and imaged usingAFypical AFM images representing 10x&®
surface areas are show together with 4x magnifregkts. The scale bar representgs® in all

images.
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Figure 3. Fibril length and height distributions exacted from AFM images of the fibril

undergoing fragmentation by mechanical perturbatiomormalised length (upper row of each
sample) and height (lower row of each sample) itistions of fibril particles corresponding to the
same AFM images ifig. 2 are shown as histograms. The histograms are shasimg the same

length and height scales, respectively, for conguanri

Figure 4. lllustration of the key insights emerginffom the mathematical analysis of the division
model. The behaviour of the division equation Eqg. (1emirely and uniquely dictated by a set of
three propertiesa, y, and k. Several key predictive insights emerged fromatiaytical solution of
Eq. (1) with regard to these three properties. Tae three example length distributions in the left
panel can be rescaled to show the same distribudi@pe in the right panel, illustrating the concept
of self-similar length distributions. (b) After aenqiod of time, where the self-similar length
distribution shape is reached. From this point, thduction in the average length of the fibril I¢&mg
distribution can be described as a power law vertsme. The decay of mean length of a sample is
predicted to tend towards a straight line, the agiatic line, when plotted on a log-log plot witteth
slope of the line representing yA(black line in b, d and e). The stability line lwinean fibril lengths
also does not depend on the initial length disttitou (coloured lines in b). (c) The self-similanggh
distribution shape contains information abagt which describes how likely a fibril will divida the
middle versus shedding a small fragment from thge efl k; indicative of fibril types that are more
likely to divide in the middle will result in fibriength distributions with a distinct peak and low
relative population of small fragments (dark greserd light green curves). In contrag, indicative

of fibril types and conditions that promote equkélihood of division along the fibril or even fawo
shedding of small fragments from fibril edges wéhult in self-similar fibril length distributionthat
have a larger relative population of small fibnbments (yellow and orange curves) compareghto

values favouring division in the centre of theiffor(d) and (e) illustrate how the black asymptoti
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line describing the decay of fibril lengths in (a)dictated by the parametersand y; respectively.
For each panel, the colour bar to the right illusties the different properties associated with the
colours in the panel (e.g. division in the centse at the edge of a fibril for panel c, and divisiof a

long vs. a short fibril in panel e)

Figure 5. Fitting the fibril division model to fibil length decay data extracted from AFM images.
The analytical solution of our division model shaive decay of average length as function of the
gamma parameter in equation Eq. (2) and Eq. (4udfign Eq. (4) was fitted to the decay of average
fibril length during division for each of the fibtiypes analysed (including previously publishetada
for g,m fragmentation under the same mechanical pertishatonditions in Xue and Radford,
2013). The solid fitted lines represent the timgime where the length distributions closely
approached the stability line and the self-simiistribution shape where Eqg. (2) is valid (Matesial

and Methods).

Figure 6. Comparing the stability towards divisioof different amyloid fibril types.The decay of
mean lengths (a), the division rate constants astfan of fibril length (b), and the self-similaerigth
distribution shapes (c) for hen egg Lyz (blue),ibewmilk g-Lac (yellow), humam-Syn (red) and
humang.m (black, data from Xue and Radford, 2013) amyfidl samples undergoing division by
fibril fragmentation under mechanical perturbatiofll curves were calculated using ), and g()
obtained from our analysis of the experimental AlRhges. In (a), the thicker portion of the lines
denote the time range where the characteristicssgiflar length distribution shape is observedhie t
imaging experiments (i.e. corresponding to the tieggme represented by the solid fitted line&ig

5), and crosses are the experimental data pointstihae closely reached the self-similar distribatio
shapes shown in the same plot. In (b), the thipketion of the lines denote the range of fibril déims
observed experimentally on the AFM images. In tfwd, distributions were calculated using self-

similar distributions g(¥) in Supplementary Fig. Safter two weeks.
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Figure 7. Validation of the division parameters, y and &, and their predictive powerf-ull direct
simulation of fibril fragmentation processes usimgy and x, determined from the image data. For
each fibril type, the initial normalised frequendistribution (dashed lines in top row) were used
directly as the initial state for the simulation¥he resulting simulated evolution of length
distributions solely based on the calculatedind yvalues and estimated shapes(see Materials

and methods) are compared with the experimental slabw as histograms.

Figure 8. Schematic summary of the fibril divisioproperties and their consequences compared
between each of the fibril type€omparison of the fibril division profiles revedifferences in the
dynamical stability towards breakage for the foiffatent types of amyloid fibrils, and suggest that
disease-related amyloid has lowered stability tadgaoreakage and increased likelihood of shedding
smaller particles compared to amyloid not relateddisease. In the illustrations, the fibril width,
number and number of breakage symbols are notdle snd denote the relative rankings for the

different properties.

TABLES

Table 1. Parameters from the division analysis of the dgife fibril types

Sample | y+SE a/nm'(loga+SE) | B (100 nm)/3 (log B+ SE) = Height (fibril width) / nm
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a-Syn 2.0+0.3 2.6-10(-5.6 £ 0.2)
Blac 57+0.8 1.8-16(-3.7 £ 0.2)
Lyz 1.7+1.0 9.4-10(-6.0 + 0.9)
Bm* 3.4+0.4 5.6-10(-4.3 £ 0.3)

* Reanalysis of data from Xue and Radford, 2013.
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9.2.18(-7.0+0.3)

1.2-1¢ (-9.9 £ 0.8)

2.0-16(-6.7 £ 1.0)

2.5.18(-7.6 £ 0.4)

6.8+0.6

3.0£0.5

3.1+04

54+0.6



= O

\@MO
O

Monomer

Monomeric
unit in the
amyloid state

Amyloid fibril

Primar%/_
nucleation

- Elongation growth
S Seand,ary

nucleation

Fibril division




a-Synuclein

1293300 s
(15.0 d)

606300's
7.0 d)

/200 s 86400 s 432000 s 1 12600 s
(2.0 h) (1.0d) (5.0d) (13.0d)

Lysozyme

600 s 18000 s 264600 s
(10.0 min) (5.0 h) (3.1d)




Length / um

Normalised frequency

15

10

10

0 5 10 0

10

< o <+ o <+ o
S O o n S O o SO o
o Q9 ™ Q9 ™ QO ™
SO O OO O O© O O oo Soo ocoo
NG
2T o) 2T
<t LO (e8]
Rz Q= R
[Q\] — (@]
N i =
R )
2T 2T 2T
o so S
o> L o=
(@) o™ —
Ne) < NS
~
o0 o0 o0
~ _,Ha(o\ Ro )\ 46
5 o 3
.\ N
~
o ﬂlL . LL
[7p g n— [7p g
oS o o= o<
oM el &)
IoN & S
<S5 S =%}
) N
o LL
[7p gy n— wn—
of of of
Qo Qo Qo
~
O I..I-L
uiepnuAg-0 awAzosAT

Height / nm



>

time 3

scale for
time 1,2 and 3

Frequency

Self-similar
length
distribution

Length

0o

<
Asymptotic line

R\
R\

log (Mean Length)

—

Below the.
characteristic
asymptotic line,
more stable

Above the
characteristic
asymptotic line,
less stable

log (Time)

O

degreasing o

=

]

(0)}

C

Q

-

c

© —

[} or -

& [increasipg
= , g/<g/
o INcreasing\a g
0 a

2 creasing o

. log (Length)\

log (Time)

_ Slower
division rates,
intrensically
more stable

. Faster
division rates,
intrensically
less stable

@

-

Frequency Frequency

log (Mean Length)

scale %or time 3

scale for time 2

scale for time 1
time 1,2and 3

Long time

Short time

Rescaled length

(LD

likelihood of division

more likely than

relative low
aboundance of
smaller particles

less likely than

relative high
aboundance of

Length smaller particles
N\ Small difference
I incpéasingy . in division rates
£ i\ decheasing y etween
il !a@%ﬁaeai
2 and rgles
a .
3 9
log (Length)
Large difference
. . In division rates
|nCreaS|ng Y betvveen
and rglee

log (Time)



2500

- 12000

1.510°

;'-_- ------
S 1 1000
c 209 700 +
~ 500
< 300
4§)1500- 00
3 4 5
9 1000| 10° 107 10° 109
[
o
= >0 a-Synuclein]
0 - .
0 510° 1100
Time /s
1000 R
c Q00 7001 ++
c 800F 290 "
=~ t+ 300
f 700_|._ i
o) 600t
o 500 -
— +
c 400t
o 300!
= 200 Lysozyme
100 L0 |
0 4105 8105
Time /s

1.210¢

Mean Length / nm

Mean Length / nm

Time /s

600 ,
550t 500
400
500} 300
450+ 250
200
4001 150
o 102 108 10° 105 10°
300t |
250t
200t
150 |
00 o ,
0 410° 8-10° 12108
Time /s
1100 S
10004 800
600
7007 500
800 | 400
700} 300
600 t 10 10°
500t
400 |
300t |
-Microglobulin =+
200 LP2 9 |
0 410¢ 8-10* 1.210°



>

Characteristic
Mean Length / nm

100 B 102 C o010 —
— o-Synuclein
100
10° o= gO-OOB — Lysozyme
2o 102 2 — B, Microglobulin
€ 10 2 0.006
108 5 —
w2 100 Boom
102 5310 £
Ny v § 0.002
10° b
1 ’IO—WZ O
100 102 10 10° 10° 10¢ 107 100 100 102 10° 10*  10° 0 100 200 300 400

Time /s Length / nm Length / nm



Normalised frequency

o-Synuclein Lysozyme  f,-Microglobulin
300s 300s 600's 540 s
(5.0 m) (5.0 m) (10.0 m) (2.0m)
T.W_me‘m N HALE.
18200 s 7200 s 18000 s 3300 s
(5.3 h) (2.0 h) (5.0 h) (55.0 m)
e JQL
257100 s 86400 s 264600 s 8280 s
(3.0d) (1.0d) k (3.1d) (2.3h
606300 s 432000 s 610200 s 16920 s
7.0 5.0 d) & 71 d) U7h
1293300 s 1126800 s 1048500 s 84240 s
\\ (15.0d) (13.04d) (12.1d) (23.4 h)
0 1 2 3 2 3 0 1 2 3 1 2 3




Filament width and
cross-sectional area

'wsmn rate (B = o) for
particles nm or shorter

gth depend
o trp'ue dlvglo%nra?n%%

Likelihood of divi |on at
filament centre vs edge (k)

Characteristic mean fibril |ength
at long timescale (>days

Relat|v%8boundaﬂce of
particles ~100 nm or shorter

Overall filament stability

a-Synuclein B-Lactoglobulin Lysozyme B,-Microglobulin
YRR, — v
Y%, Vo, 1o = e Yo oa v e vox o VALY e
TR Ty ~ Ty === oes > hooooes rooelmes: 5 w< reeness  YORR R % Ve YU :
W rorsees: e v
Wl Vele Ve s ves ros ros ros Yt o

I




HIGHLIGHTS

Theory on the division of amyloid fibrils developagsing a continuous PDE
framework

- The theory allowed direct analysis of fibril bregkgroperties with AFM image data
- The new insights enabled comparison of fibrilstimgic stability to breakage

- a-synuclein fibrils showed low stability to divisimompared to other model amyloid



