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1 Nomenclature
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2 Supplemen tary description of the model

The coarse-grainednodel deweloped for studying aggregationkinetics and thermo-
dynamicsis a compromisebetweenthe mesoscopidetail and the computational
e ciency, which are conicting requiremens. Ead monomer has internal exi-

bility and can interact through electrostaticsand van der Waals forceswith other
monomers. Someof the model parametersare chosento enforcea certain geome-
try (sudch asthe bonds,the spheresradii and the angles). The strength of van der
Waals and electrostatic energyterms are rst varied to ewvaluate the e ects on the
formation of aggregates.Then the dihedral potential is changedto analyzedi er-

ent aggregationpathways and kinetics. The simplied model does not represen
a particular protein; it is useful to understand di erent aggregationscenariosas

obsened for di erent amyloidogenicsequencesind experimertal conditions.

2.1 The force eld

The monomerconsistsof 10 sphericalbeads,four of which represen the "backbone™
(A2 A3 A6 A10) and six the "sidechains” (A1 A4 A5 A7 A8 A9) (Figure 1). The
badkbone consists of two identical dipoles with a partial charge q expressedin
electronic units; this part of the monomeris designedto interact speci cally by
intermoleculardipole-dipole interactions. The larger beadsrepresen the sidetains
and interact by van der Waalsforces. The energyE of the systemis evaluated using

the following force eld formula:
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Figure 1. Model of the monomer: light gray spheresare hydrophilic and light red
spheresare hydrophobic. The bold black bondsindicate the polar system. Here
the positive chargesare blue and negative are red. The monomerin the cis state is
depictedin the left image,the +90 state in the certer, the trans conformation on
the right. The spheresdrawn here do not re ect the actual van der Waals radii.
Geometricalpropertiesand force eld parametersare descriked in the text. Labels
indicate the spherename.

wherethe sumsare evaluated for all bonds, angles,dihedralsand spherepairsii; |
of the system. The variablesl; and are the length of the bond, the angle and
dihedral values, respectively, while rj is the distance betweenthe spherepair i; j .
The valuesof the force constarts kp; k, and the optimal distancesly and angles ¢
are reported in Table 1. The "molecule” can changeits conformation by rotation
around the internal dihedral de ned by the beadsA6-A2-A3-A10. Dependingon
the simulation purposethe dihedral potential function F( ) is either an harmonic

function

F() Co()=ka( o) (2)

that restrainsthe value of the dihedral around the value g, or a potential

FC) PC) 3)

designedusing the CMAP facility [1], with a grid size of 15 degrees. Se\eral
potertials P were investigatedin the presen work (seealso Section2.3).

The optimal van der WaalsenergyE " and distancer"?" aswell asthe partial
chargesq are listed in Table 2. The pair constarts Ei‘j’dW for the van der Waals
interaction in Equation 1 are evaluated usingthe Lorentz-Berthelot mixing rules[2].

A dielectric constart ,, = 1 is usedbecausethe e ects of the solvert are taken
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Bond energy

Beadtype kp (kcal mol 1 A ?) lo (A)
AorC-B 1000.0 5.0
D-B 1000.0 2.0

Angle energy

Beadtype ka (kcal mol * rad ?) , (degrees)

AorCorD-B-AorCorD 100.0 90.0

Table 1: Bonding parameter of the force eld.

E VW rviW  mass chargeq
Name | Beadtype [kcal/mol] [A] [a.u.] [e.u.]
Al A -0.1/-16() 25 500 0.0
A2 B -0.1 2.0 500 0.29/0.52( )
A3 B -0.1 2.0 500 0.29/0.52( )
Ad A -0.1/-16() 25 500 0.0
A5 C -0.1 2.5 500 0.0
A6 D -0.1 2.0 500 -0.29/-0.52( )
A7 C -0.1 2.5 500 0.0
A8 C -0.1 2.5 500 0.0
A9 C -0.1 2.5 500 0.0
Al0 D -0.1 2.0 500 -0.29/-0.52( )

Table2: Nonbonding parameterof the force eld. ( ) Variation of theseparameters
is investigatedin Section2.4.

into accoun implicitly by the nonbonding parametersEVYW and g. Assuming
an ellipsoidal symmetry, the volume of the monomeris 941 A3, which roughly
correspnds to the volume occupied by a peptide of 5 to 11 residues. The mass
per beadis setto 500a.u. This value correspndsto a massof 4-5residues,and is
chosento provide stability to the moleculardynamics simulations.

Two types of sidedains are de ned: A2, A3 and A5 to A10 have a van der
Waalsenergyminimum EV9W of 0:1 kcal/mol, while A1 and A4, the hydrophobic
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sidedains, have a much more favorable van der Waalsenergyminimum. Thesetwo
sidetain typesgeneratean "amphipathic” momernt which allows the formation of
amorphousaggregatesud as micellesand the asserbly of brils. Soreghanet al.
have emphasizedhe surfactart propertiesof -amyloid peptide and its capability
to form solvert oriented structures [3]. For many amyloid proteins, amorphouson
and o pathways intermediateshave beendetected[4{8]. More complex combina-
tions of "sidechain" typescould be ervisagedfor future investigations.

Given the geometry of the monomer (seeSection2.3) and the simpli ed force
eld, only two nonbonding parametersare relevant. The van der Waals energy
minimum EY9 of the hydrophobic beadsAl and A4 tunes the strength of the
non-speci ¢ interaction while the partial charge g regulatesthe strength of the

dipole-dipole interaction (seeSection2.4).

2.2 Simulation proto col

Simulations were performedat di erent temperature values(300-360K), and con-
certrations (1.52- 106.0mM ) using125monomersin abox with periodic boundary
conditions. The sizeof the cubic simulation box de nes the value of the concerra-
tion. A few runs were performedwith 1000monomersto investigatethe "seeded"
aggregation(see Section 4.2). The simulation protocol is the samefor all runs.
Monomersare initially placedin a cubic lattice. The systemis then heated for 2
ps to the nominal temperature and equilibrated for 20 ps. In this rst stagethe
integration time stepis 2 fs and there is no shale constrairt. The secondstageis a
more intensive equilibration; the monomercerters of massare constrainedat their
position and simulated for 50 ns. The purposeis to equilibrate the dihedral degree
of freedom. The third stageis the production, with previous constrairts released.
For the secondand the third stagesthe time stepis 50fs, all bondsare restrained
with SHAKE [9], and the leapfrogintegrator is usedfor Langevin dynamicsat a
very low viscosity (0.01 ps 1) which doesnot in uence the thermodynamic prop-

erties. For all stagesthe cutos are setto 25 A for the nonbonding list, 20.0 A
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and 18.0 A for the nonbonding interactions cuto and cuton, respectively, with a

switching function [10].

2.3 Probing dieren t monomer conformations

The two dipoles are orthogonal to eat other in the states o and oo corre-
spondingto = +90 and 90, respectively. In theseconformationsthe monomers
cannot stadk alonga longitudinal axis, i.e., brils cannotbe formed. Theseconfor-
mations represem the amyloid-protected state. The states o and g9 correspnd
to cis( = 0) andtrans ( = 180) conformation, respectively. Thesetwo states
can propagatea longitudinal stadking, namely they canform brils. The e ects of
di erent dihedral conformationswere investigatedby 1.5s runs (125 monomers)
with the harmonicpotential C de ned by the equation2 (seeFigure 2). Besideghe

900, 90, o and 1gp States mentioned above, conformationswith a deviation of

15and 30degreedrom cisortrans (notedas 39, 15, 150, 165 S€EFigure
2) were simulated to investigatethe e ect of monomerchirality on bril structure.
All simulations were performed at aggregation-promotingconditions (see Section
3.4),i.e., concetration of 20.88mM, 310K, and aggregation-promotingnonbond-
ing parameters(seeSection2.4), i.e., EV®W = 1:3 kcal/mol for the hydrophobic
spheresand g = 0:34 electronic units.

For all monomericconformationsthe systemreadily starts to form aggregates
of di erent kinds. As mertioned above, conformations gg and oo do not produce
orderedaggregatesut rather sphericalmicellar asserblies (see gure 4) wherethe
hydrophobic spheresare partitioned into the core and the hydrophilic spheresare
exposed. These micellesare in equilibrium with dissaiated monomersand have
an averagesize of 20-23monomers(see Section 3.4). All other conformersasso-
ciate into orderedstructures, but interestingly only the chiral conformersproduce
bril-lik e aggregates.The simulations where the monomersare constrainedto be
either in the state o or g9 Yield an orderedoligomeric asserbly that resenbles

a disorderedcrystal lacking a precisecylindrical symmetry (seeFigure 2.2) rather



Pellarin and Ca isch 9

than a bril. The remaining simulations ( 15, 30; 165 150) Yield a single
cylindrical aggregateconsistingof three to four laments intertwined together, and
asserbled around the hydrophobic core (seeFigure 2.1-3). Theseordered aggre-
gatesdisplay a twist clockwise or cournter-clockwise depending on the chirality (in

Figure 2 the circular arrows indicate the helicity of the bril). Theseobsenations
agreewith a statistical medanical model for the asserbly of chiral moleculeg11].
Taken together, the simulation results reveal a complex conformational scenario;
in spite of a minimal set of systemdegreesof freedom, by far smaller than a real
polypeptide, the morphologicalheterogenely is noticeable. It is important to note
that real brils do not display a large morphology assortmen [12,13]. In the case
of A 4, only two main morphologiesare obsened, and probably only two monomer

conformationsare favored amongall possibleto form brils [13].

reduced landscape

T g0 Ty

Trans Cis
B‘so ﬁwss B‘eo [5455 Brwse Brao ﬁws ﬁo BWS ﬁﬁo

150 165 180 -165 -150 -90 -30 -15 0 |15 30 90
Dihedral angle

CICRFILY) o0 |GG

i,

(

1)B165 (2) B180 (3) B-15

Figure 2: E ects of monomerdihedral angle on aggregationbehaviour. Circular
arrows indicate the helicity of the resulting bril. The red box marks the range of
dihedral angle valuesfocussedupon by usingthe CMAP potertial (seeFigure 3).
Fibrils resulting from the simulations of monomersin the state 165 (1), 180 (2),
and 15 (3). Black lines connectthe spheresbelongingto the polar system, light
gray points are the hydrophilic spheres,and light red points are the hydrophobic
spheres.
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To prevernt samplingof redundan, i.e., symmetry-related,conformationsa value
of 5.0kcal/mol for all valuesoutsidethe interval 7.5 97.5 degreesvasimposed
by CMAP [1]. This procedure renders all conformations outside sud interval
inaccessible.Thereforethe accessible -value interval includesthe state o9, which
is ordered-aggregationprotected, and the states 315 and 39 that form twisted
brils (seeFigure 2). It is now corveniert to introducea short notation for the two
conformations: the -aggegation protected state 90 and the -aggegation
competent state 15 OF 3.

A dihedral potertial function canbeintroducedin the reducedregionto explore
di erent kinetic and thermodynamic properties of the monomerand to investigate
their in uence on bril formation. The dihedral potertial is de ned by two param-
eters(Figure 3): E is the energyof the aggregationprotected conformation for
valuesranging between67.5and 97.5degreeswhile E, is the energyat the barrier,
de ned for the 525< < 675 interval.

By xing the referencestate at E = 0 the dihedral potential is fully de ned
by P(Ep; dE) whereEy, is the potential value at the barrier, and dE = E E is

the potential di erence betweenthe states and . As anexampleP(1:0; 25)is

CMAP dihedral potential
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Figure 3: CMAP dihedral potertial P(1:0; 25). E is the energy for the
aggregation-comptent state, E, is the energy at the barrier, and E is the en-
ergy at the protected state.
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a poterntial with a 1.0 kcal/mol barrier for the ! conversion, and a protected

state stabilized by -2.5 kcal/mol.

2.4 Probing nonbonding parameters

The e ects of the variation of the two nonbonding parameters,EVYW and g, are
explainedin this section. For three di erent potertials [P (0;0), P(1:0; 2:5) and
C.g90( )] simulations at di erent valuesof EV9W for the hydrophobic spheresand
g are performed (Table 3). There are di erent types of ordered and disordered
aggregatesf increasingcomplexity: micelles(M), single lament (f ), non-twisted
bundlesof laments (F (1)), twisted bundlesof laments (F (1 1)), and other ordered
aggregategF(I'11)) that cannot be classi ed in the previoustwo groups (Figure
4). The bundles( brils) canbe of di erent sizes( two to four laments, noted with
a number, seecaption of Table 3), but alsoa single bril canpresen segmets with
a variable number of laments.

All three investigated potertials shov a commonfeature: the variation of the
two parametersde nes multiple phasechange. At low g and marginally favorable
EVIW the monomersaredissaiated. This correspndsto the top-right cornerof the
tables. An equilibrium of monomerswith oligomersat the transition points is often
obsened, or evertually micelleswith brils (asin the caseof potertial P (1:0; 2:5),
q= 0:3land EVYW = 1:6). At the bottom-left corner no coexistenceis obsened
(pure orderedaggregates).

The restrained potential. The simulations performedwith the C.qo( ) po-
tential are cortrol simulations. As mertioned above, the state( = +90) cannot
form any orderedaggregatebut only micelles. As it is evidert from Table 3, mi-
cellesformation occursfor EV4W 1.0 kcal/mol, weakly dependingon the value
of the chargeq.

The -unstable potential P(1:0; 25). Favorable valuesof EV¢ and high
values of g promote the ordered aggregation. F (1) brils are obsened at high

g, together with single laments f. The size of the bundle increaseswith more
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Figure 4: Di erent aggregationmorphologiesobsened in simulations. The dipole
systemis indicated in black, the hydrophilic spheresare indicated in transparert
gray, and the hydrophobic spheresare light red. Micellesare non-orderedspherical
or elliptical metastable aggregates.Fibrils are multi- lamen t assemblies. Fibrils
of "type I" are not twisted, while brils of "type ll" are twisted. Fibrils of "type
11" include ewverything that cannot be classi ed in the previoustypes: type I11-5

is a bundle of 5 laments, I11-y is a crossof two or more brils, andtypelll-p isa
planar bril similar to a ribbon.

favorable EV®WV, i.e., by increasingthe hydrophobicity. Twisted brils F(I1) are
presen at lower g, indicating that the twisting is a result of balancingof thesetwo

parameters.

The -stable P(0;0) potential. The region wherethe brillation occursis

larger than in the P(1:0; 2:5) case,which is a consequencef the larger thermo-

12



Potential C.go( )

EvdW 0=0.52 0.45 0.4 0.36 0.34 0.31 0.29
-0.1 m m m m m m m
-0.4 m m m m m m m
-0.7 m m m m m m m
-1.0 m+M m-+M m m m m m
-1.3 M M m+M m+M m+M m+M m+M
-1.6 M M M M M M M

Potential P(1:0; 2:5)
EvaW 0=0.52 0.45 0.4 0.36 0.34 0.31 0.29

-0.1 m m m m m m
-0.4 F(l,):1 m m m m m m
-0.7 F(l3):1 m m m m m m
-1.0 F(13):2 F(113):2 m m m m m
-1.3 F(14):3  F(l'l3 4):3 F(114):3 m+F(11,):3 m+M m+M
-1.6 F(I'13 4):4 F(I'13 4):4 M+F( 11,4):4 M

Potential P(0;0)

EvaW g=0.52 0.45 0.4 0.36 0.34 0.31 0.29
-0.1 m m m m m
-0.4 | F(l, 3):1 m+F(l3):1 m m m m
-0.7 | F(l4 5): 1 m+F(13):1  m+F(13):1 m m m m

-1.0 | F(l2 4):1 F(I3): 1 m+F(113 4):1 m+F(114):2 m+F(114):2  m+F(11,):2 m+F(114):2
1.3 [ F(llg 41 F(l2 4):1 F(114):2 Mm+F(114):3° m+F(113):3°  m+F(113 4):3
-1.6 F(113 4):3"  F(l g 111p):3 F(ll3 4):3

F(I15 4):3

Table 3: E ect of variation of the hydrophobic strength (EV?" is the van der Waals potential energywell of spheresAl and A4)
and the chargeqg. Legend: (m) monomers,(M) micelles, (f) laments, (F) brils. For the brils it is notated the type and the
number of laments: e.g. F(l 13 4) isa bril of type Il with 3to 4 laments. The number after the colonis the type of pathway
followed by the simulation (seeFigure 5). The sign plus "+" indicates coexistenceof di erent phases.The conceitration is 20.88
mM and the temperature is 310K. The colors of the elds stand for the main aggregationmorphology: greenfor micelles, blue
for single laments f , pink for F (1), orangefor F(11), and red for F(I'11).
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dynamic accessibiliy of the state. It is worth noting that chemically or mutation
denaturated proteins are more susceptibleto form brils than their standard con-
ditions or wild type courterparts, respectively [14{16].

The aggregation processcan be monitored by the number of parallel polar
contacts and hydrophobic cortacts along the trajectories. A parallel polar contact
is formed wheneer sphere6 and 2 or sphere10 and 3 of di erent monomersare
closerthan 5 A. This selectionof cortacts de nes the parallel aggregation,whereas
the antiparallel is not obsened becauseof the amphipathicity of the monomer
(seeabove). A hydrophobic cortact is formed wheneer spheresl or 4 of di erent
monomersare closerthan 5 A. The total number of polar n, and hydrophobic nj,

conacts is evaluated for ead frame:

>
°
11
X
X

(rj 5+

I
>
o
I
>
N

() (4)
i=A10j=A3
X X

NI NP NI

np =

(rj 9) (5)

i=ALA4j=ALA4

where,for instance,the summationindexi = Al; Adrunsfor all A1 and A4 spheres,
and the function is equalto 1 if the distancebetweenthe two spheresrj is less
than 5 A. Thesequartities are usedasprogressvariablesof the aggregationprocess.
A point in Figure 5 represets values of n, and n, of a single snapshot. Fibril
formation correspndsto a trace of points that spansfrom the origin (monomeric
state) to a maximal value of both variablesthat is around 225for n, and 600for nj,
in the simulation with 125monomers.Giventhe geometryand sizeof the monomer
the number of parallel polar and hydrophobic cortacts per monomerincorporated
into a bril is about 2 and 5, respectively.

The left and right plot of gure 5 display the (n,; ny)-valuesof the snapshots
saved along the simulations with the P(0;0) and P(1:0; 2:5) potertials respec-

tively. Di erent pathways of bril formation canbeidentied. The meaningof the
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di erent pathways can be understood considering rst the path number 2 which
follows a straight line for both potential models. The variablesunder consideration
depend linearly on ead other in path 2, namely for any asseiation ewert n,, and
Ny increaseby a valuethat is constart alongthe aggregationprocess.The physical
meaningof this behavior is that the bril, onceit hasnucleated, progressiely in-
creasests sizeby absorbingmonomersor small oligomers. During elongationthe
morphology of the progressing bril it is similar to the nal bril.

There are di erent considerationsfor path 1, path 3-3' and path 4. Path 1 is
a double stage transition for both potentials. In the rst stage monomersform
aggregateghat maximize the number of polar interactions. Theseoligomersas-
senble by increasinghydrophobic cortacts number in the secondstage. They can
be iderti ed with single laments. Only for the P(1:0; 2:5) potertial, paths of
type 3 and 4 are obsened. Clouds of points in the low n, and high n, can be in-
terpretated as disorderedaggregates.From visual examination, these on-pathway
asserblies are micellar-like oligomersvery similar to thoseobtained for the C.go ( )
potertial.

In the caseof path 3' of P (0; 0) potertial, theseon-pathway micellar aggregates
are not presert: there is a faster transition from monomer state to bril state.
Path 3' is thus dierent from path 3. The pathway 4 is obsened only at high
hydrophobic strength; it is similar to pathway 3, but shifted towards the high
hydrophobic cortacts cortent. In other words it is a nucleation from a bigger
micellar aggregate.Likewisethe pathway 3' is prese at high hydrophobic strength
for the P(0;0) potential. As mertioned above the micellar state is absen for this
pathway, it is consequetty equivalert to path 2, shifted towards high cortent of
hydrophobic contacts. Pathways 3 and 4 are therefore qualitativ ely the same,and
the sameis valid for pathways 2 and 3'. This allows a characterization of the bril
formation pathways in three main classegseeFigure 6).

The path numbers are reported in Table 3 for all parameterspairs. The pre-

ferred path dependson the valuesof q and EV9W. For potertial P(1:0; 2:5) the
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Figure 5. Pathways of bril formations. The number of parallel polar interactions
n, and the number of hydrophobic interactions ny, for all trajectories de ned in
Table 3 for P(0;0) and P (1:0; 2:5) potertials. The clustering of points permits
a classi cation of diverseaggregationpathways. Red lines are meart to guide the
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Figure 6: Pathways classi cation. Legend: (m) monomer,(M) micelle,(N) nucleus,

(f) lament, (F) bril.

predominart path changesrom 1to 4 by increasingthe strength of the hydrophobic

contacts. For the P(0;0) potential the variation is in uenced by both parameters.

Theseresults allow us to descrile the distinctive aggregationpathways for the
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two potential models. For the -unstable model P(1:0; 2:5) the micellar state is
an intermediate required for nucleating the orderedaggregation. Especially when
the monomerspeci c a nit y is low, i.e., whenthe chargeqis small, bril formation
occurs via micellar intermediates. The hydrophobic interactions are essetial for
the bril nucleation step. For the -stable P (0;0) potertial the structure inter-
cornversionis kinetically fast, the monomersdepositing onto an orderedaggregate
promptly corvert its conformationto the state. The elongationprocessss driven
by polar interactions and hydrophobic interactions play a role only in the bril
morphology i.e., laments asserbly.

With the values of EVdW =  1:3 kcal/mol and q = 0:34 e.u. an equilib-
rium betweenmonomersand brils is readed at the nal stageof the -unstable
P(1:.0; 2:5) potential simulations (Table 3). This thermodynamic behavior is an
important feature of a realistic model system. For this reasonthese values are
adopted for all kinetic and thermodynamic analysisin the following sectionsand

the main text.
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3 Supplemen tary metho ds

In this section,and the main text, valuesof EV™W = 1:3 kcal/mol and q= 0:34
e.u. are used for the van der Waals energy minimum and the partial charge,

respectively.

3.1 Evaluation of system kinetics

The lag phasetime t,, is extracted from the exponertial tting of the time series
of the number of parallel polar cortacts n, (de ned by Equation 4). The tting

function is

Np(t) = Np(0) + (1) np(O)J(L e = "))S(t; t;p) (6)

where n,(0) is the initial number of polar cortacts, ny(1 ) the equilibrium value,
and ke the elongationrate. S(t; t,,) is a switching function that is O for t < t,
and 1 fort  t,, and is neededto force the function ny(t) to have a constart
value for t < t,, (Figure 7). The lag phase lasts during t < t;, while the nal
bril-monomer  equilibrium is establishedat timest > 10t whenthe function
Np(t) exceedD0% of its maximal value ny(1 ), wherete = 1=k.. The elongation

occursduring tj, t  10t.

Time series ﬁtting < 600 Sl B WAL BARALL B ma:
t, 101, o é
o 30— O 500 F & g 3
c | s E 2 E E
2] 5 = E 2 = E
5 2501 g 1 8 400f & E 3
1] L 5 Final Equilibrium o E : ] 3
S 200 A n (i 8 . F : E
38 | [ P Y ny(inf) £ 300F : § 3
8 150 | o E  Initial phase ‘Lag phase ! Equilibrium3
g 2, 200F : : 3
r 1 £ E : 1 E

S 100}~ r 1 B é é_ag phase plate:au
o | E‘. a 100 :_ ................. T e e SEETEREERTE _:
o Lag phase Re) E " : E
S e _I fs0 In (0) £ o Do tem 3
z | /! 1 z °F L/ : E
ol L W ) Erod v el vl 100

0 1 2 3 4 5 6 0.001  0.01 ) 0.1 1 10
Time (microsec) Time (us)

Figure 7: Example of the tting of a time seriesof the number of parallel polar
cortacts n, (left). Time seriesof the number of hydrophobic cortacts n, and the
time of micelle formation t¥, (right).
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For the kinetic investigationsof Sections3.7and 3.8it is moreappropriate to use
a slightly di erent de nition of the lag phasetime, i.e., the time neededto reat
50% of the maximal amplitude tsqg [17] (Figure 7). The tso (termed delay time
henceforth) is more robust than the lag phasetime t,, esgecially for nucleation
ewerts with a short lag time. The lag phasetime t,, is used only for an exact
measureof the lag phase,e.g. when thermodynamic properties at the lag phase
are investigated(Sections3.3, 3.4 and 3.5).

The number of parallel polar cortacts n, is not appropriate to monitor the
nucleation kinetics of disorderedaggregatessud as micelles. For this purposeit
is cornveniert to usethe number of hydrophobic contacts n, (de ned in Equation
5). In analogy with tso, one can de ne the time of micellization t¥, asthe time
neededto reat 50% of lag phase plateau amplitude starting from t = 0 (see
Figure 7). The t¥, time can be evaluated only for -unstable models and at low
concelration, where the lag phaseis long enoughto separatethe micellization
from the bril nucleation phase. The averagevalue of t¥, is 30 ns at C=8.5 mM

(Figure 2 in the main text).

3.2 Clustering

A clustering algorithm is usedto calculate the sizeof the oligomeric speciesalong
the simulations. It is basedonthe matrix of cortacts Dj betweenlabeledmonomers.
Givenasingleframe of the simulation Dj; is equalto oneif any sphereof monomer
i is closerthan 6:0 A to any sphereof monomerj, otherwiseit is zero. Dj is
equivalent to the rst neighbor matrix, di(jl). The secondneighbor matrix d® is
constructedfrom d® including the neighbors of the rst neighbors. The corverged

corntact matrix di(jl ) is de ned by the following recursiwe sequence



Pellarin and Ca isch 20

i = Ri
21 d"P=1

d” = _ 1 if dfk” =1 and df V=1 7
0 otherwise
d*) = lim d{”

'J ni1

which yields a block matrix of onesand zeraes. Each block represets a cluster of
monomersand cortains rst-neigh bors, secondneighbors, third and so on. This
procedureis equivalert to a hierarcdhical clustering performedwith a spanningtree
technique [18]. With the cornvergedcortact matrix one can identify clusters(i.e.
tagging eat oligomerwith an identi cation number), list monomersbelongingto

a speci ¢ oligomerand make statistics on the sizeof oligomers.

3.3 Cluster size histogram

The above de nition of oligomeric speciesallows the statistical analysisof cluster
size. The probability that a monomeris aggregatedn a cluster of sizeN is:

1 X .

N i (Ni ®)

i=l;NT

p(N) =

where N+ is the total number of simulated monomers, i (N) is equalto 1 if the
monomeri at time t is enmbeddedin a cluster of sizeN , and the angular brackets are
the time average. This function (termed cluster sizedistribution) canbe evaluated
for the lag phaseor the nal monomer- bril equilibrium. The elongation phase
cannot be analyzedby p(N) being an out of equilibrium dynamic process.

The peaks of the p(N) distribution can be interpreted as stable oligomeric
species. The monomer peak rangesfrom N = 1 to 7, the micellar peak from
N = 8to 60, and the bril peakfrom N = 61to 125(Figure 8). The heigh of
the peaksdependson the relative stability of the -competent state aswell asthe

total monomer concerration (Figure 8). For the -stable potertial P(0;0) the
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micelle peak is not obsened at any concertration value. With incresingconcen-
tration the monomer and micelle peak distributions are skewed towards high N
valuesbecausanulti-monomer collisionsand multi-micellar collisions, respectively,

transienly generateoligomersof a larger size.

3.4 Phase diagrams and critical concentrations

Phasediagramsof temperature T and concenration C werecalculatedonly for the
potertial P(1:0; 2:5) becauseof their computational demand (about 2 weekson
80 CPUs). The probability of a monomerbeing in the monomeric (m), micellar

(M) and brillar (F) states are evaluated as cumulative sum of the probability

p(N):

X7

Pm = P(N) 9)
N =1
)@0

v = P(N) (10)
NX—;F)

Pe = p(N) (11)
N =61

In the simulated system three possible phasescan coexist: monomeric, micellar
(disorderedoligomer),and bril (Figure 9). The results are robust for a monomer-
micelle threshold in the range 5-10 and a micelle- bril threshold between 50 and
70. The C; T-diagram of the lag phaseis similar to the oneof the nal equilibrium
for large T values,wherethe brillization is inhibited. At equilibrium one has a
triphasic diagram.

The probability distribution p(N) can be usedto ewaluate the critical concen-
tration of micelle formation Cy;,. The micelle aggregationnumber in the lag phase

is de ned as

Nu = NpP(N) (12)
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Figure 8: Cluster sizehistogramsofthe P(1:0; 2:5) potential (top) and P (0;0) po-
tential (bottom) calculatedin the lag phase(left) and the nal equilibrium (right).
Histogramsbelongingto the sameconcertration arereported in the samerow. The
z-dimensionrepresem the relative probability.
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Lag Phase Equilibrium
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Figure 9: Phasediagram of the lag phase(left) and nal equilibrium (right) for
the potential P(1:0; 2:5). Ead color of the phasediagram is obtained by mix-
ing the red, blue and greencomponerts accordingto the valuesof the calculated
probabilities, i.e., red=pr, blue=p,,, green=p,,; (seeEquations9, 10and 11).

where p'? is the probability function evaluated only in the lag phase(where there
is coexistenceof micellesand monomerswithout brils). The number of micelles
per simulation box is Nt py NMl, wherethe total number of simulated monomers
N+ is 125. The micelle concetrration Cy, is derived from the number of micelles
in the simulation volume. The micelle aggregationnumber N\, and conceitration

are plotted in Figure 10 as a function of the total monomerconceiration C for
the potertial P(1; 2:5) in the lag phase. By extrapolating a linear t of the

concertration of micellesthe critical concetration of micelle formation C;, canbe
evaluated. The valueis Cy, =4.36 mM.

Another important obsenable is the critical concerration of bril formation
Cr, that is obtained from the concetration of dispersedmonomersin equilibrium
with the nal bril. The number of dispersedmonomersin the simulation box at
the equilibrium phaseis:

X7

Nm = Ntpi'= Ny p*Y(N) (13)

N=1
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Figure 10: Lag phaseof the P(1.0;-2.5) potertial. Micelle concenration Cy, (red
circles) and the micelle aggregationnumber Ny, (squares)as function of the total
concertration of monomersC. The straight line is a linear t whoseparameters
are reported in the graph.
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Figure 11: (Left) critical concertration of bril formation C{ asa function of the
monomeric G (1). The numbersdisplayed nearthe data points are the value of
dE for the potential P(1:0;dE). The critical conceiration of micelle formation is
indicated by a dashedline. (Right) Validation of the critical concetration of bril

formation, for the potertial P(1:0; 2:5). The dispersedmonomer concertration
is monitored along time for the aggregationprocess( lled diamonds)and along a
simulation of disaggregatiornstarted from a previously formed bril (empty circles).
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where p®9 is the probability function ewvaluated at the equilibrium (where there is
the coexistenceof monomersand brils). The value of C£ can be ewvaluated by
dividing N, by the simulation volume. In Figure 11, C{ is displayed for di erent
monomerpotertials P and plotted againstrelative stability of the protected state

G (1) (Table4). Smallerdi erencesin free energyresult in lower critical con-
certration. In other words -stablemodelsare morereactive and shift the reaction
towards the bril formation. The critical concertration of micelle formation is al-
ways higher than the critical concenration of bril formation; for this reasonthe
micellesdisappear at the monomer- bril equilibrium.

The critical concenration of bril formation is validated by additional simu-
lations (Figure 11 right plot). The dispersedmonomerconcertration is evaluated
dynamically for an aggregationtrajectory (potertial P(1:0; 2:5), C=16.0 mM).
The nal concertration is equalto the predicted critical concettration of 2.5 mM
(Figure 11 left plot, dE=-2.5). The reversereaction is also performedto test if
sudh C{ valueis approatable alsofrom the disaggregationdirection. A bril, pre-
viously preparedat C=16.0 mM, is simulated at the critical concerration of bril
formation (C=C{L=2.5 mM). The bril progressiely disasserblesandthe dispersed
monomer concefnration increaseso the value of 2.5 mM. The samecombination
of forward and reversereactionswere usedto experimertally test the robustnessof

the critical concenration of bril formation for the -amyloid peptide [19].

3.5 Aggregation pro cess

Six monomeric states can be de ned as a conmbination of or , and the three
oligomericspeciesm, M, orF: m; m; M; M; F; F. Asanexample F isthe
state for a monomerin the conformation within a bril. The transition matrix

Tj ( t) isdened as

Ty () =p( 1) (14)

wherei andj aretwo of the six statesand p(ijj; t) is the conditioned probability
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Figure 12: Simpli ed network represetation of the transition matrix T; in the lag
phase,elongationand equilibrium time regimes. The size of the nodesrepreseits
the state self transition T;, and the size of the links is the crosstransitions T;;
with i 6 j. Assumingthe initial state m (green)and the nal state F (blue),
blue arrows indicate the pathways leadingform m to F and greenarrows from

F to m. Only transitions with probability greaterthan 0.05 are shoved. The
transition matrix is evaluated on the potential P(1; 2:5) at concetration 11.8
mM and on 15 independert simulations of 12 s ead.

of jumping to the j state from statei in atime t. The time t is chosenas
the smallest available time in the simulation (the time of coordinate saving, 0.5
ns) to resole the fastestevents. From the simpli ed network represetation of the
transition matrix (Figure 12) it is clear that for the potential model P (1:0; 2:5)
the lag phase consistsof a micellar ass@iation equilibrium m $ M as well
as intramonomer intercorversions m$ mand M $ M. Furthermore, in
the lag phasethe bril state F is mainly accessiblghrough the micellar state M .
Therefore,in this time regimethe bril stateis atransiernt orderedoligomerin equi-
librium with micelles. At the nal equilibrium micellesare very unstable and the
main pathway is m! m$ F $ F, indicating that monomersare attached
to the bril in the protected conformation beforeassumingthe amyloid confor-
mation . Furthermore,the m stateis o -path way. This medanismis consisten
with kinetic experimerts on radiolabeled A 40 peptideswherethe transition from
solubleto amyloid-like conformation of the peptide was suggestedo be mediated
by interaction with the bril template (dock-lock medanism) [20]. The equilib-

rium F $ F re ects coexistenceof monomers and monomers in the bril.
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From trajectory visualization it is clear that the conformations and populate
di erent domainsof the bril; monomers are found mainly in the certral region
of the bril, whereasmonomers populate the disorderedcaps. Therefore,isolated
monomersin equilibrium with the bril are cortinously attaching to and detacing
from the capsof the bril in the -protectedconformation . The growing phaseis
regulated by monomeraddition, rather than oligomeraddition. Collins et al. [21],
using a combination of kinetic measuresyeported a monomeraddition growing for

the yeastprion.

3.6 free energy dierence

The aggregationnumber N is a natural progressvariable to monitor the polymer-
ization progressof an oligomer. The clustering procedureintroduced in Section
3.2, canbe usedto calculatethe free energydi erence betweenthe state and the

state of a monomerbelongingto an oligomer of sizeN:

N (N)
N (N) "

whereN (N) andN (N) arethe number of -monomersand -monomersrespec-

G (N)=G (N) G (N)= hKkTlog (15)

tively, presen in an oligomerof sizeN, and the angular bracket is the averageover
all oligomersof sizeN. This function of the number of monomersdoesnot depend
on the concenration becauseit is an intrinsic property of the oligomer and inde-
penden of the surrounding environmert (Figure 13.A-B). The lack of dependence
on conceitration allows the ewaluation of the function G  usingsimulation data
at di erent valuesof concettration (Figure 13.C).

The models with dihedral energydi erence dE < 2:5 kcal/mol are not ob-
sened to nucleate, even at high concerration (C=61 mM) and long simulation
times (16 s); their aggregationnumber (or cluster size)N doesnot exceed60 70
(empty circlesin Figure 13.C). The dE = 25 and 2:25 kcal/mol potertials,
which are the most -unstable potertials still capableof bril formation, have a

G (N)=0atN 45and 30, respectively. Interestingly, thesevaluesroughly



Pellarin and Ca isch

AGBE(N) (kcal/mol)
AGBE(N) (kcal/mol)

) 50 100 0
cluster size

AGﬁn(N) (kcal/mol)

OO

ﬁ‘? é«m%%%md’p Q;dbg % 7]
58

XTI R T N T T N N T T A T M S A N A

0 50 100
Cluster Size

50 100
cluster size

UV UV TVTTUVTUVUTVTTUTUVTTTUTD

28

Figure 13: G (N) ewaluated at di erent concetrations (di erent colors and
symbols) for the potertial P(1; 2:5) (A) and P(0;0) (B). (C) Variation of the

G (N) ewaluated for dierent potentials. The gray areain the badground is
the normalized cluster distribution during the lag phase.
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Relativ e stabilit y
Potertial G (1) (kcal/mol)
P(; 05) -0.452
Barrier height P@; 1.0) -1.05
Potertial G (1) (kcal/mol) P(; 15 -1.65
P(4;0) -0.165 P(@; 1:.75) -1.94
P(3;0) -0.0776 P@; 20) -2.24
P(2;0) -0.0255 P(@; 225) -2.54
P(1;0) 0.0844 P@; 25) -2.84
P(0;0) 0.101 P(@; 275) -3.16
P(1, 30) -3.47
P(1, 325) -3.77
P, 35 -4.04

Table 4: Free energydi erence of isolatedmonomers G (1) for all investigated
potertial models.

correspnd to the estimated nucleussizesof 40 for the dE = 2.5 model and 27
for dE = 2:25 (seeFigure 6 of the main text) indicating that the oligomericsize
No at which G (Ng) = 0 identies thermodynamically the nucleussize,in a
way which is consistem with the probabilistic de nition of nucleusexposedin Sec-
tion 3.11. Comparingthe G (N) and the cluster sizedistribution at lag phase
(Figure 13.C), it is revealedthat the valuesof N, for nucleating modelsare in the
range wherethe cluster sizedistribution has a statistically signi cant probability.

For nucleating -unstable modelsdE = 25 and 2:25 kcal/mol the Ny values
are located at the micelleright tail, indicating that the nucleation stepis initiated

in an oligomerwith a sizelarger than a micelle. The valuesof the monomericfree
energydi erence G (1) show a shift to more pronouncedstabilization of the

state with slightly more negative valuesthan dE (Table 4).

3.7 Concentration inuence on kinetics of bril formation

The time seriesof the number of parallel polar cortacts n, for di erent potertial
modelsand at di erent concertration valuesare shovn in Figure 15. The analysis
of the concertration dependenceof the delay time tsg and the elongationrate ke is
reported in Figure 14 C-D. Potentials P(1; 2:5), P(1; 2:25),P(2;0) andP(0;0)

were analyzed. Elongation rate ke is evaluated by tting with the Equation 6 the
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Nucleation and elongation kinetics
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Figure 14: (A) In uence of the micelle concetration on the delay time tso for -
unstablepotertials P (1:0; 2:5)andP(1:0; 2:25). The powerlaw ts arereported
as cortinuous lines. The isolated data point at the lowest micelle concenration
was not usedfor tting for P(1:0; 2:25). The error bars represen the minimum
and the maximum value. (B) E ect on the delay time tso (black circles) and the
elongation rate ke (red squares)of the barrier height variation for the potertial
P(Ey; 0). (C) E ect of concenration on delay time tso for four potential models:
P(1:.0; 25) blac circles, P (1:0; 2:25) blue triangles, P (2:0;0) greendiamonds,
P (0;0) red squares. The symbols represeh the average value calculated on 15
simulations of P(1:0; 2:5) and 10 simulations (all the others). The error bars
represeh the minimum and the maximum value. (D) E ect of concenration on
the elongationrate k.. Symbols and error barsasin (C).
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C (mM) | P(0;0) P(2;0) P(1;-2.25) P(1;-2.5)

1.52 10/10 (3.0 s) 10/10 (3.0 s) n.a. n.a.

2.13 10/10 (3.0 s) 10/20(3.0 s) n.a. n.a.

3.01 10/10 (1.5 s) 10/20(1.5 s) n.a. n.a.

4.26 10/10 (1.5 s) 10/10(1.5 s) 1/10 (6.0 s) 0/15(3.0 s)

6.04 10/10 (1.5 s) 10/10 (1.5 s) 10/10(6.0 s) 0/15 (6.0 s)

8.50 10/10 (1.5 s) 10/10 (1.5 s) 10/10(6.0 s) 10/15(12.0 s)
11.8 10/10 (1.5 s) 10/10 (1.5 s) 10/10 (6.0 s) 15/15(12.0 s)
16.0 10/10 (1.5 s) 10/10 (1.5 s) 10/10(6.0 s) 15/15(12.0 s)
20.9 n.a. n.a. 10/10 (6.0 s) 15/15(3.0 s)
25.9 n.a. n.a. 10/10 (6.0 s) 15/15(3.0 s)
38.7 n.a. n.a. 10/10 (6.0 s) 15/15(3.0 s)
61.5 n.a. n.a. 10/10 (6.0 s) 10/10 (3.0 s)

Table 5: Table of all performedsimulations for the concetration analysisof gure
14.C-D. The ratios indicate the number of nucleating trajectory over the number of
independen simulations. The time reported in the bradkets is the simulated time.
(n.a.) the simulations were not performedat this concerration.

n, time seriesof 15 independent simulations for the potertial P (1, 2:5), and 10
simulations for eat of the remaining potertials. The delay time ts is evaluated
from the n, time seriesas descrited in Section3.1. Someof the P(1; 2:5) runs
were prolongedup to 12 s (30 days on an Athlon 2800 GHz) to increasethe
number of nucleation events (Table 5).

The concetration dependenceof the delay time and the elongationrate canbe
tted by apowerlaw tsg = AgoC 5 andke = AcC ¢, respectively, whereC is the to-
tal monomerconcenration. Resultsofthe t arereported in Table6. Interestingly,
the dependenceof the rate of elongationon the concerration decreasesigni cantly
by increasingthe stability of the protected state . The reducedconcenration de-
pendenceoriginates from competitive polymerizations, i.e., the elongation of the
bril and the presenceof micelles. Furthermore, the concetration dependenceof
the delay time ( 5o 6 0) for -unstable potentials indicatesthat micellespromote
the nucleation.

The nucleussizesN can be extracted from the parameter 5o, beingN =

2 50, provided that (a) the monomer concentration changesonly by addition

to and subtraction from polymers longer than the sed, (b) polymer formation by
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Potential Asg 50 Ae e A50 50
P(0;0) 273 -252 234 132 - -
P(20) |1.75 -2.40 232 129 - i
P(1;-2.25)| 1.93 -0.916 2.24 0.409 0.104 -0.680
P(1;-2.5) | 225.8 -1.80 2.45 0.258 0.708 -1.02

Table 6: Resulting t parametersof the power law regressiorfor the concenration
dependenceof kinetic obsenables. The delay time tsy, and the elongationrate ke
were tted for C greater that 8.5 mM for the P(1:0; 2:25) potertial (see Fig-
ure 14.C-D). The valuesof Az, and g, were obtained by tting to the micelle
concetration (Figure 14.A).

sed production is irr eversible,and (c) the seed precursor is in pre-equilibrium with
monomers[22]. Thesethree assumptionsare valid for -stable modelswhereonly
bril and monomer speciesare produced, as demonstratedin Section 3.3. For
P (0;0) the nucleussize N is about 5, a value closeto the one calculated with
the probability of bril formation (seeSection3.11and Figure 6 of the main text).
-stable models, involving a small nucleussize, sharethe downhill polymerization
medanismdescriled for the partially denaturatedtransthyretin [17]. On the other
hand, the -unstable models shov a strong cohexistenceof micellar and brillar
oligomersin the lag and the elongation phases(see Section 3.5), therefore the
hypothesis (a) cannot be ful lled. Assumingthat the nucleation processis rst
order to the micelle concerration, one can t the delay time with a power law
tso = A5,Cy°, whereCy, is the micelle concertration (seeFigure 14.A and Section
3.4 for micelle concertration evaluation). The nucleussizeN = 2 ;,, expressed
in micelle units, is 1.36 for P(1:0; 2:25) and 2:04 for P(1:0; 2:5). Given the
averageaggregationnumber per micelle of 17:5 at C = 8.5 mM (seeFigure 10) a
value of 23.8 monomersand 35.7 monomersinvolved in the nucleation is obtained
for P(1:0; 2:25)and P(1:0; 2:5), respectively. Strikingly, very similar valuesare

obtained using the probability of bril formation (seeFigure 6 of the main text).
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Figure 16: Stability, i.e., - free energydierence (A) and barrier (B) in uence
on the time seriesof the number of parallel polar cortacts n, normalizedto the
maximum value which correspndsto bril. In plot (A) eat row correspndsto a
di erent value of dE (with constart E, of 1.0 kcal/mol) while in plot (B) ead row
correspndsto a di erent value of E, with constart dE = 0 kcal/mol.

3.8 Monomer energy landscap e in uence on the kinetics of
bril  formation

To monitor the e ects of the monomerenergy surfacea seriesof runs were per-
formed at the concenration of 85mM. The left plot of Figure 16 displays the
changeof kinetics upon variation of the stability of the -state without changing
the ! barrier E,. The resulting rates and lag phasetimes are reported in
Figure 2 of the main text. The right plot of Figure 16 shavs the e ects of variation
of the barrier, keepingconstan the stability of the -state (seealsoFigure 14.B).
No appreciabletrend for the elongationand nucleation kinetics is obsened for dif-
ferert valuesof E,. Thesesimulation resultsindicate that the aggregationkinetics
of the model are mainly in uenced by the relative stability of the -aggregation

prone state with negligible cortribution of the ! barrier.
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3.9 Pathways of oligomeric aggregation

Sinceindividual oligomerschangetheir composition of monomers(i.e., in a given
time interval an oligomer can absorb or releasemonomersto the sohen), it is
crucial to de ne criteria for identifying oligomersalongthe simulation. Given the
corvergedcortact matrix at time t, d*)(t), all oligomersat time t can be labeled:
AL AL AL, whereng is the number of oligomers. Each oligomer A has a size
N} and cortains a list of taggedmonomersm®'; m2%; :::: m¥<". The time ewlution
of a single oligomer A} at time t + is ewaluated by comparing the monomer
composition of every singleoligomerpresen at time t + . The similarity between
two oligomersis de ned as

X X _ .

S(AGA" ) = (mi;mi*™) (16)

i=1;Nl§j=1;N|t+

where is the Kronedker function which is 1 if the comparedmonomersare the

same. The time ewlution A, of oligomer Al is de ned as the oligomer with

highest similarity:

S(AAG ) = max (S(AGA" ) (17)

If two or more Al; fulll this equation, then the rst labeled oligomeris chosen.
Al isthen forwardly linkedto A, , or equivalertly A, is assignedo the temporal
successopf AL. It is worth noting that:

1) the temporal suaessorof an oligomer at time t is the oligomer at time t +
that shares the highestnumber of monomers;

2) each oligomer can havea single temporal suaessor;

3) many oligomerscan be forwardly linked to the samesuaessor.
By iterating this procedure, one can build the pathway of individual oligomers.
Thus, the simulation trajectory is mappedto a network of temporally linked nodes
(oligomers).

One natural de nition for is the time di erence betweenframesof the sim-
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ulation, in our case = 0:5ns, sothat is smallerthan the averagelife time of
oligomers. The life time of an oligomer is the time neededto completely recycle
monomersor to dissole the oligomer. If this requiremen for the time is not
ful lled the similarity can be ill-de ned. Fibrils have a life time that is by far
larger than  being in the microsecondtimescale (see Section 4.1). Metastable
oligomerssud as disorderedaggregatesor micelleshave an estimated life time in
the ten-nanosecondscale. Unstable oligomerscreated by occasionalcollision of

monomershave a life time slightly larger than

3.10 -subdomains time evolution and nucleus de nition.

An important issueis the quartitativ e characterizationof the nucleus. In literature,
a nucleusis often de ned asthe smallest marginally stablestructured aggegate[6].
In the framework of MD simulations a usefulde nition would be the oligomer that
has the same prokability to either progressto a bril or regressto the disordered
state An analogousde nition was applied to the folding transition state ensem-
ble of two-state folders [23]. Using only the aggregationnumber N to distinguish
the oligomers, this de nition is problematic since an oligomer of given size can
have a high morphological heterogeneiy. It can cortain no ordered aggregates,
one subdomain ordered, two disjoint subdomains,and even more complicatedfea-
tures. A -subdomainis a portion of the oligomermadeof interacting -monomers
and the surrounding -monomerscan be consideredas a local perturbation on the
-domains. With the previous nucleusde nition it is possibleto follow the dy-
namic ewlution of -subdomainsin the context of their constituting oligomers.
As a consequencéhe similarity procedureexplainedin Section 3.9 is applied to
-monomersonly to idertify the pathways of -subdomains.
We de ne as progressvariable of the ordered polymerization process,the ag-

gregationnumber of the -subdomain:

N(AL) = N} (18)
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wherenow A} is an oligomer cortaining only -monomers. A singletrajectory is
a collection of many independen pathways for the labeled -subdomains(Figure
17). The pathway (A) is an unproductive evert; rst a regionappearsin a -
only oligomer, it persistsfor a period of time, and disappears. (B) is a productive
ewvert; the appeared -regionspreadsirreversibly into a bril. Oligomersand their

-subdomains can interact in many di erent ways. Pathway (C) is a merging
ewert while in (D) a -regionsplitting is depicted. Pathway (E) is a conmbination
of merging and division, while (F) is an interaction betweenoligomersthat does

not involve their -subdomains.

Possible pathways

Unproductive event Merging of B-subdomains
(A) —_ —_ —_ —_ \\ 1
0 1 2 1 0 1 O g
(C) —>/, —_—
Productive event ZY/": 2
B) —_— — —_— — Fibril 1’
0 1 4 10
B-subdoma|n1splltt|ng , B-subdomain fluctuation
- 1 1‘
(D) \—> — ® — _;: —_—,
‘\\\ \1/
2 1 ™ 2 2
1
Oligomer collision
1 e
\\\ > /
. - 1
(F) —_—
AN
- -
1 1
Pathway example
f2 - L ® P4 P6
Rl S PO .
P1 e o rg® e ::/,,;.\, . ¥ =@ Fibril
P3 e
Splitting Collision P5 Merging  Fluctuation

Figure 17: Classi cation of di erent pathways. The light gray regionssthematize
an oligomer, while the dark gray regionsare the included -subdomains. Bold
arrows indicate the time ewlution of ertire oligomers,while the thin arrows arethe
time ewlution of -subdomainsasde ned by the similarity procedure(Equations
16 and 17). In the pathway exampleat the bottom, the dynamic ewolution of an
ertire cluster (blue circles) and its -subdomains (black dots) is depicted. Gray
shadedregionsare clustersinteracting with the blue one.
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3.11 Pathways analysis and probabilit y of bril formation

It is corvenient to include an abstract state Ao, whoseaggregationnumber is zero,
to descrike the beginningor the endof -subdomain pathways. Another important
state isthe bril state Ag; it is de ned asthe -subdomainwith aggregationnum-
ber greaterthan 60. Given Ay and Ag, an unproductive pathway is the trajectory
of a -subdomainthat starts from Ag, and returns badk to Ag, while a productive
pathway is the trajectory of a -subdomainthat starts from Ay and endswith the
bril state Ag. In the exampleof Figure 17, P1, P2 and P 3 are unproductive
while P4, P5 and P6 are productive. Given a set of trajectories, one can collect
all productive and unproductive pathways P; and de ne the probability of bril

formation of a -subdomain Ay of sizeN as

1 X

Pre(N ) =

Pi3AN
whereM (Ay ) is the number of times that an aggregateof sizeN occurredin the
simulations set. The sumruns over all P;s pathways that cortain an aggregateAy, ,
and F (P;) is equalto 1 if the pathway P; is productive, and is O otherwise. In this
way the nucleusis unequiwvocally de ned asthe oligomer containing a -sulidomain
of sizeN with a probkability of bril formation prs (N ) egualto 0:5.

To nally characterizethe nucleusit is usefulto calculateits total aggregation
number N . The averagenumber of -monomersasa function of the oligomersize

N canbe obtained by taking the exponertial function on both sideof Equation 15:

N (N) _ G (N)

NN P TT (20)
Usingthe factthat N (N) = N N (N) onehas
1
N (N) = N exp[kT G (N)] (21)

~ 1+explkT * G (N)]
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the averageaggregationnumber N of an oligomer cortaining a -subdomain with
size N is obtained by numerical inversion of the function N (N), N = N(N )

(Figure 6 of the main text), and the nucleusaggregationnumberisN = N(N ).
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4 Supplemen tary analysis
4.1 Molecular Recycling

A molecular recycling medanism has been obsened by a combination of NMR
spectroscoy and massspectroscopy for an amyloid bril formed from an SH3 do-
main [24]. To evaluate the recyclingtime of the coarse-grainednodel, simulations
of mature brils in equilibrium with dispersedmonomersare analyzedfor the po-
tential P(1:.0; 2:5) at all conceiration values. The number of the unrecycled
monomersN(t) is de ned asfollows. First, all monomersbelongingto the bril
at time t = O are labeled and courted. Then, at all timest > 0 the monomers
that newer detached from the bril are courted and the resulting number is N (t).
In two of nine simulations, N(t) goesto zerowithin 4 s, which shows that all
monomersinitially belongingto the bril have beenrecycled(Figure 18).

The number of unrecycledmonomersN,(t) can be tted with an exponertial

function:

Figure 18: Number of unrecycledmonomersN, asa function of time for nine sim-
ulations started from a preformedequilibrated bril. Simulations were performed
at total concenration C = 16:0 mM and for the potential P(1:0; 2:5). The values
of decy time at di erent conceftrations are reported in the inset.
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Nu(t) = Ny(0)e = (22)

where N (0) is the initial value of monomersbelongingto the bril and is the
time for the deca. In the inset of Figure 18, valuesfor all concenrations and
all independert simulations are reported. The decg times do not depend on the

total concerration at which the bril was formed.

4.2 Seeding

Fibril formation generally occursvia nucleation-degendert oligomerizationwith a
lag time required for nucleusformation. This lag time can be abolished by using
a seed,i.e., a small preformed bril. To further ewvaluate the coarse-grainednodel
and to validate the nucleus de nition of Section 3.10, a seedingexperimert is

performedin silico. For the potential P(1:0; 2:5) the smallestoligomerwith high

Figure 19: Number of polar cortacts n, alongthe time for a spontaneous(red line)
and seededrajectory both at 8.5 mM and P (1:0; 2:5) potertial. The unseeded
simulation shovn hereis the fastestnucleation obsened at this concertration while
nucleation in the other runs are about one order of magnitude slover (seeFigure
16 left). The spontaneoustrajectory readesa plateau at about 225polar cortacts
becausat wasrun with 125monomerswhereashe seededrajectory wasrun with
a total of 2000monomers.



Pellarin and Ca isch 42

probability of bril formation is isolated from a trajectory at 387 mM. This post-
critical oligomer consistsof 60 monomersand has a probability of bril formation
of 98% accordingto the de nition of Section 3.10 and to Figure 4 of the main
text. The oligomer is introduced in a box with 940 dispersed monomersat a
total concerration of 85 mM. This is the lowest concetration that displayed a
nucleationfor this potential (seeFigure 15and Table5). The averagelag phasefor
the spontaneousnucleation is around 5 s (seeFigure 14.C) and the minimal lag
phasetime obsened is 0.4 s (Figure 19). Strikingly, the lag phaseis completely
abolishedin the seededsimulation (Figures 19 and 20).

On the other hand for the P(0;0) potential seedingdoes not in uence the

kinetics (data not shawvn), as expectedfor downhill polymerization [17].
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t=0ns t=50ns

/

Seed Micelle Seed

t=300ns t=750ns

t=1000ns t=1350ns

Figure 20: Six illustrativ e snapshotsof the seedingtrajectory. At the start (t = 0
ns) there are 60 monomersin the post-critical oligomer (i.e. the seed)and 940
monaodispersedmonomers.The total concerration is 8.5 mM. Within the rst 50
ns micellesare nucleated, and progressiely disappear during the bril elongation
phase.
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