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Self-replication of amyloid fibrils via secondary nucleation is an intriguing physico-
chemical phenomenon in which existing fibrils catalyze the formation of their own
copies. The molecular events behind this fibril surface-mediated process remain largely
inaccessible to current structural and imaging techniques. Using statistical mechanics,
computer modeling, and chemical kinetics, we show that the catalytic structure of the
fibril surface can be inferred from the aggregation behavior in the presence and absence
of a fibril-binding inhibitor. We apply our approach to the case of Alzheimer’s Afs;
amyloid fibrils formed in the presence of proSP-C Brichos inhibitors. We find that
self-replication of A By, fibrils occurs on small catalytic sites on the fibril surface, which
are far apart from each other, and each of which can be covered by a single Brichos
inhibitor.

self-replication | amyloid aggregation | auto-catalysis | secondary nucleation | inhibition mechanism

The formation of amyloid fibrils is a ubiquitous form of protein self-assembly (1). Despite
their apparent simplicity—such fibrils are typically homomolecular and possess a quasi
one-dimensional geometry—a number of distinct processes simultaneously participate
in their formation. Fibril formation necessarily includes a nucleation step in which
the initial fibrils form, followed by fibril elongation (2). In addition, branching, lateral
association, and self-replication processes such as fragmentation and secondary nucleation
can be involved (1, 3-5). Fibril self-replication by secondary nucleation in particular
has emerged as a general feature of pathological protein self-assembly, observed in the
context of many disorders (6): hemoglobin fibrils involved in sickle cell anemia (7, 8),
and amyloid fibrils associated with Alzheimer’s disease (Amyloid-f peptide, Ap) (9, 10),
type II diabetes (islet amyloid peptide, IAPP) (11-13), and Parkinson’s disease (a-
synuclein) (14-16), are all able to make copies of themselves without any external
energy input or complex cellular machinery. During secondary nucleation, the surface
of existing parent fibrils is able to catalyze the formation of daughter fibril nuclei. Due to
this autocatalytic replication, which has been reported to be many orders of magnitude
faster than nucleation not involving existing fibrils, the formation of new amyloid fibrils
and the associated cytotoxicity becomes challenging to control (17, 18).

To date, a number of successful experimental strategies have been reported to impede
the self-replication of amyloid fibrils in vitro (19-26). In addition to emerging as a
therapeutic strategy, the introduction of inhibitors into a self-replicating fibril system
offers a controlled way of perturbing the system and gaining mechanistic insights. In
this paper, we use inhibitors, alongside a combination of statistical mechanics, chemical
kinetics, and computer modeling, to show that kinetic signatures of amyloid aggregation
in the presence of inhibitors can provide significant information about the catalytic
structure of the fibril surface. We apply our approach to the case of the amyloid f peptide
(Aps2) from Alzheimer’s disease in the presence of proSP-C Brichos, a known inhibitor
of secondary nucleation (27, 28). A clear picture emerges from our study: Af4, secondary
nucleation takes place on small and isolated catalytic sites, each of which can be completely
inhibited by single Brichos molecules. We anticipate that the approach presented here
can be used to interrogate nucleation and inhibition mechanisms behind self-replication
of other amyloidogenic proteins as well as of heterogeneous supramolecular catalysis
more generally.

Method of Scaling Exponents

Self-replication of amyloid fibrils via secondary nucleation has been shown to be a multi-
step mechanism driven by the adsorption of monomeric amyloidogenic proteins onto the
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surface of amyloid fibrils (29-34). It has been shown that the
secondary nucleation rate in the absence of inhibitors, 7, depends
on the coverage of the fibril surface by monomeric protein 6y as:

r o 0§, (1]

where ¢ is a scaling exponent (30, 33, 35). This formula
suggests that the nucleation process can be described as a
rearrangement of o surface-bound proteins into an oligomer of a
critical size. This pre-equilibrium reaction step is then followed
by a conformational conversion step from the surface-attached
oligomer into a growth-competent f-sheet-rich fibrillar form
(Fig. 1 A, Leff). Using the Langmuir adsorption model, the
protein coverage can be expressed as:

m/ Ky

b= ———,
1+ m/Ky

(2]

where m is the concentration of free monomers in solution, and
Ky is the dissociation constant for the binding of monomers to
the fibril surface. If we now introduce a fibril-binding inhibitor at
concentration / into the system, the inhibitor will compete with
monomers for space on the fibril surface and therefore decrease
the protein surface coverage (Fig. 1 A, Right). This effect of a

competitively binding inhibitor on the protein coverage can be
expressed as:

6 = (1—6r) 6o, (3]

where 0y is the inhibitor coverage of the fibril surface, and 0 is the
protein coverage that now depends on both protein and inhibitor
concentration (see S/ Appendix for the derivation). Based on Egs.
1-3, one would then expect that in the presence of inhibitors, the
expression for the secondary nucleation rate Eq. 1 would remain
the same and only the protein coverage would be decreased. To
investigate how the presence of inhibitor influences the secondary
rate, it is useful to define two scaling exponents that can be
compared:

o= dlnr GIE(Blnr ) 4]
dlno =0 dlno m=const

where o, as already defined by Eq. 1, tracks the dependence of the
secondary nucleation rate » on protein coverage 0 in the absence
of inhibitor. The second scaling exponent oy tracks the same
dependence when inhibitor concentration is varied at constant
monomer concentration. In a simple scenario where inhibitors
displace monomers by competing with them anywhere on the
surface (Fig. 14 and Egs. 1-3), one would expect the two scaling
exponents to be equal o1 = o (Fig. 1B).

Fig. 1. Fibril self-replication and its inhibition: (A) Self-replication of amyloid fibrils by secondary nucleation involves binding of amyloidogenic protein
monomers to the fibril surface, association of monomers into protein oligomers, and the catalysis of the oligomers into new daughter fibrils. The rate of
this multi-step process is directly related to the coverage of the fibril surface by protein monomers. Nucleation of protein can be disrupted by inhibitors
that decrease protein coverage by competing with monomers for the fibril surface. (B) Langmuir model prediction for how protein coverage (Left panel) and
nucleation rate (Middle panel) change when modulating either monomer (blue solid line) or inhibitor (pink dashed line) concentration. Here, inhibitors only affect
the protein coverage so the scaling exponents o, o) that track the dependence of rate on coverage (defined in Eq. 4) should have the same value, regardless of
whether protein coverage is modulated by changing protein or inhibitor concentration. (C) In experiments, however, we observe starkly different behavior; the
values of scaling exponents differ significantly and the presence of inhibitors seems to increase the rate of nucleation at a given amount of protein coverage.
Data for varying monomer are taken from ref. 10 and data at varying inhibitor are the same as in Fig. 4.
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ApB42 Aggregation in the Presence of Brichos
Shows Non-trivial Inhibition Behavior

We now evaluate the scaling exponents ¢ and o7 from in-vitro
experimental data of A4, aggregation kinetics in the presence
of proSP-C Brichos, a molecular chaperone that binds to Af
fibril surfaces and specifically inhibits secondary nucleation but
does not bind A monomers (27, 28, 36-38). Per Eq. 4, we
analyze two datasets. In the first dataset, the initial monomer
concentration is kept constant and the inhibitor concentration
is varied, allowing the evaluation of o1 (S Appendix, Fig. S1).
In the second dataset (33), the initial concentration of Afs)
monomers is varied in the absence of any inhibitor, allowing the
evaluation of o (8] Appendix, Fig. S2). The secondary nucleation
rate (numerator in Eq. 4) can be directly extracted parameter-free
from the time-dependence of aggregated fibril mass, as measured
by ThT fluorescence (SI Appendix, Eq. S.3). To evaluate the
protein coverage (denominator in Eq. 4), we rely on the kinetics
of Af4» monomer and proSP-C Brichos adsorption to Afy, fibril
surface (SI Appendix, Eqs. S.6 and S.7), as measured by surface
plasmon resonance (33, 37).

When changing the fibril coverage by varying the monomer
concentration in the absence of inhibitor, we measure a constant
scaling exponent 6 = 2.3 & 0.4. Surprisingly, when modulating
the inhibitor concentration, the scaling exponent is much smaller,
and equals unity (61 = 1.0 £ 0.1) (Fig. 1C). Interestingly, the
measured disparity between scaling exponents (61 < 6) suggests
that at a given fibril coverage by protein, the rate of secondary
nucleation is higher in the presence of inhibitors than in their
absence. We find these values of the scaling exponents to be
well bounded and robust (§7 Appendix, Fig. S3). The somewhat
unintuitive result 6 # o7 disagrees with the prediction from
the ideal inhibitor binding model and points to a possibly
nontrivial inhibition mechanism by which Brichos chaperones
affect secondary nucleation.
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In the following sections, we investigate the possible surface-
based inhibition mechanisms of secondary nucleation and look
for the origin of the scaling exponent behavior o1 = 1 < o. First,
we use a particle-based computer model of secondary nucleation
to investigate the effect of interprotein interactions on the scaling
exponents (Fig. 2). Then, we develop a more general statistical-
mechanics model of secondary nucleation and its inhibition that
also takes into account the structure of the fibril surface (Fig.
3). Finally, based on the statistical mechanics model that best
explains the experimental data, we build a kinetic model of
amyloid aggregation in the presence of inhibitors and test it
against time-dependent experimental data (Fig. 4). The summary
of the results is given in Fig. 5.

Particle-Based Model: Monomer-Inhibitor
Interactions Influence oy

The simple theoretical scenario for secondary nucleation and
its inhibition presented in Fig. 14 neglects possible interactions
between adsorbed particles. Realistically, however, the few
nanometers wide fibrils offer only a limited surface for protein and
inhibitor binding, and one can imagine that nonideal properties
of adsorbed macromolecules can alter the expected kinetic
behavior. To investigate the potential role of the macromolecular
properties of the adsorbed molecules on secondary nucleation,
we utilize a coarse-grained computer model of fibrillization that
describes all molecules as physical particles (30, 35, 39-43).
The amyloidogenic protein monomers are described as sphero-
cylindrical particles (Fig. 24) that can interconvert between three
distinct conformational states: i) the dissolved state which can
transiently aggregate via nonspecific interactions into unstruc-
tured oligomers, ii) the f-sheet-prone state that readily assembles
into compact elongated fibrillar structures, and iii) the “catalyzed”
state on the fibril surface that stabilizes a surface oligomer
and enables its detachment from the surface. Energetically,

B Competitive binding between s and s to fibril

D Mismatch of scaling exponents
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Fig. 2. Particle-based model of secondary nucleation and its inhibition: (A) Building blocks of the model are patchy spherocylinders with the capacity to
self-assemble into oligomers and fibrillar structures. (B) Inhibitors compete with protein monomers for common binding sites. (C) The secondary nucleation
pathway involves binding and oligomerization of amyloid proteins on the fibril surface followed by an oligomer conversion to a catalyzed, detachment-prone
state, oligomer detachment, and finally a second conversion to a fibrillar form. (D) Simulations reveal a stark mismatch of scaling exponents ¢ (slope of blue
circles data) and o) (slope of red pentagons data) purely due to volume exclusion interaction between bound protein and inhibitor particles. Inhibitors act by
lowering the protein coverage (path 1 — 2) through competitive binding but also promote micro-phase separation of proteins and inhibitors due to repulsive
volume-exclusion interactions, leading to increased oligomerization of protein and therefore enhancement of the nucleation rate (path 2 — 3).
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Fig. 3. Independent catalytic sites model of the fibril surface: (A) Model schematic: Adsorption of protein monomers and inhibitors to the fibril surface occurs
only on special catalytic sites that are separated by noncatalytic surface. Each catalytic site can hold up to Nmax adsorbing particles. Neighboring monomers
and inhibitors bound to the same catalytic site interact with energy ¢, but there is no interaction of adsorbents between distinct catalytic sites. (B and C) Value
of the inhibition scaling exponent at varying strength of monomer-inhibitor repulsion energy and for different sizes of the catalytic surface. We recover the
experimental value ¢) = 1 only in the limit where monomers and inhibitors are prevented from co-occupying the same catalytic site (Nmax = 2, € — ).

the fibril-forming f-sheet-prone state is separated from the
dissolved state by a large free-energy penalty. This creates a
barrier for fibrillization that can be effectively surpassed through
a secondary nucleation process that involves the formation of an
oligomer on the fibril surface, its conversion to the “catalyzed”
conformational state, detachment, and a final conversion to a
fibril nucleus (Fig. 2C), as explored in previous computational
and experimental work on fibril self-replication (30, 35, 43).

We extend this scheme by introducing inhibitory molecules
that bind to the fibril surface via the same adsorption mechanism
as monomers. This results in a competition for the fibril
surface between nucleation-able monomers and inert inhibitors
(Fig. 2B). We performed grand-canonical Monte-Carlo sim-
ulations at different combinations of protein and inhibitor
concentrations. We recorded the rates of fibril self-replication
and protein coverage, just as in experiments, and evaluated the
scaling exponents ¢ and o7.

In the simulations, we observe a similarly stark disparity
between the two scaling exponents o, o7 as in the experiment
(Fig. 2D). Conveniently, simulations enable us to investigate
the physical mechanisms behind this behavior. We find that
the scenario o1 < o is a result of two competing effects of
inhibitors on secondary nucleation. Foremost, by competing
for the same fibril surface, inhibitors substantially decrease the
protein coverage and therefore decrease the rate of nucleation
(see path 1 — 2 in Fig. 2D). However, at the same time,
the repulsive volume—exclusion interaction between the macro-
molecular proteins and inhibitors effectively promotes micro-
phase separation between the two bound species. This means
that at a constant protein coverage, adding inhibitors promotes
oligomerization of protein on the fibril surface and increases
the rate of nucleation (path 2 — 3 in Fig. 2D) relative to
what we would expect from ideal Langmuir competitive binding.
Although the presence of inhibitors leads to an overall slowing
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down of the nucleation process (S/ Appendix, Fig. S4), their ability
to displace proteins from the fibril surface is partially offset by
inhibitors’ influence on oligomerization. To further confirm this,
we performed simulations with appreciable attractive tip-to-tip
interactions between inhibitors and monomers—in addition to
their hard-core repulsion—and indeed, we measured o1 > ©
(SI Appendix, Fig. S4). However, in our simulations, under no
conditions could we recover the values of scaling exponents that
emerged in experiment: While a repulsive interaction between
adsorbed inhibitors and protein is sufficient to give an appreciable
separation of scaling exponents (67 < 0), it cannot quantitatively
explain experimental scaling (61 = 1).

Statistical-Mechanics Model: o1 = 1 Points to
Small and Isolated Secondary Nucleation Sites

Our particle-based computer model suggests that a comparison
between the two scaling exponents ¢ and o1 can serve as
a readout of the interactions between fibril-bound molecules.
To explore broader conditions under which we can recover
the experimentally measured o1 = 1 we develop a general
statistical-mechanical representation of secondary nucleation and
its inhibition.

To start, we define all fibrils as an ensemble of independent
subsystems that are surrounded by a common protein-inhibitor
solution. The surface of each independent fibril is able to
accommodate up to Npmax molecules such that any number of
monomers (V) and inhibitors (V) can adsorb subject to a
constraint Ny + N < Npax. The adsorption of both species and
their clustering on a given fibril surface is governed by a grand-
partition function &(Am, A1, Nimax, 7), where Ay, and g are the
monomer and inhibitor thermodynamic activities, respectively,
and 7 is the temperature. Generally, we have:

pnas.org
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Fig. 4. Kinetics of Agy, aggregation in the presence of surface-binding inhibitor: Time-dependence of fibril aggregation measured at 21°C in 20 mM sodium
phosphate, 0.2 mM EDTA, pH 8.0, initial monomer concentration of 3 uM, a low fibril seed concentration, and at varying concentration of proSP-C Brichos
inhibitor. Data points represent normalized ThT fluorescence and the solid lines a global fit to the kinetic reaction schemes based on two limiting models of
secondary nucleation and its inhibition. For model fit (A) secondary nucleation takes place on small and distant catalytic sites, that can each be covered by a
single inhibitor molecule. And for model fit (B) inhibitors compete for the fibril surface according to Langmuir competitive binding kinetics.

1vma.x lvmax 7Nm

E= Y Y QuumAhmah, [5]

Np=0 N=0

where Qp,,n; is the canonical partition function for the case with
adsorbed V;;, monomers and NV} inhibitors. The coverage of the
fibril surface by the nucleating species 6 and the rate of nucleation
7 can be extracted from the grand partition function as

0 = (Nm)/Nmax> 7= ("NpNi )> (6]
where (Np), and (ry, n;) are the grand-canonical averages of
the monomer occupancy, and per-occupancy rate of nucleation,
respectively. The per-occupancy rate is in turn given by a
canonical ensemble average over all different configurations i
that N, monomers and NV inhibitors can arrange into:

1 i
NN = ——— Z e BT Z 1;(7)Ci(f). (7]
Qi 5 =
Here, E; is the energy of a given configuration, 4 the Boltzmann
constant, 7;(j) the protein cluster distribution at configuration
(with j the size of the cluster), and C;(j) the rate of conformational
conversion of a protein cluster of size j at the configuration 7. This
general form of the nucleation rate accounts for the possibility
that protein oligomers of different sizes and shapes might get
catalyzed at different rates (44—47). Combining the formulas for
the average rate and coverage Eq. 6, we can evaluate the scaling
exponents ¢ and oy by enforcing the constraints A1 = 0 or
Am = const., respectively.

Remarkably, regardless of the potentially complicated details
of the nucleating system and the influence of inhibitor, we can
find a general condition under which 61 = 1, which can be
mathematically expressed as:

oy =1 if Qn,>1,m>1 =0. (8]
This vanishing partition function means that monomers and
inhibitors cannot co-occupy the same space for o7 = 1.
Taking this consideration into account, the no co-occupancy
(Qn,,>1,n>1 = 0) criterion can only be satisfied if a given fibril
surface is small enough that a single volume—excluding inhibitor
completely covers it and there is no space for a protein to bind
at the same time. A more physical interpretation is that the
fibril surface is divided into one or more catalytically active sites,

PNAS 2024 Vol. 121 No.7 2220075121

where monomers and inhibitors can adsorb, and inactive surface
that separates the active sites. Such catalytic sites have a small
maximum occupancy Nmayx, and the criterion of no monomer—
inhibitor co-occupancy can therefore be easily satisfied. Hence,
our ensemble of independent subsystems refers to an ensemble
of catalytic sites. To be considered independent, such sites need
to be far apart from one another such that molecules adsorbed
onto them cannot cross-interact.

Let us now consider a simplified case that emerged from the
above general statistical-mechanics model, for which we can more
easily evaluate the scaling exponents: a one-dimensional fibril
covered with sparse catalytic sites. Monomers and inhibitors can
bind the catalytic sites and interact with each other with an energy
€ (Fig. 34). Without loss of generality, we specify the size of the
nucleation-prone oligomer to be 2, which sets the conformational
conversion rate of protein clusters of size j to scale as C;(j) o< j—1.
Consequently, the scaling exponent in the absence of inhibitor
and monomer—monomer interactions is consistent (¢ = 2) for
all Npax. We then solve this simplified model for the scaling
exponent oy at different values of monomer—inhibitor interaction
energy € and for different values of Npax.

In the ideal Langmuir competitive binding regime (¢ — 0),
we find o = 6 = 2, as expected from Fig. 1, regardless of
the maximal occupancy of the catalytic site (Fig. 3 B, Top Left
part of the graph and 3C, blue and green symbols). However, as
soon as monomers and inhibitors interact with a nonvanishing
repulsive interaction, € > 0, o1 acquires values appreciably below
o for € ~ kT and then reaches a constant value at higher
repulsion energies (Fig. 3B). The value to which o7 saturates
depends on the maximal occupancy of the catalytic site. For
instance, for Ny, = 50, which mimics a scenario where the
entire fibril surface contributes to secondary nucleation akin to
a homogeneous fibril, the inhibition scaling exponent saturates
to about o1 = 1.3. This value of o1 remains approximately
the same as long as Npa > 3 (Fig. 3 B and C, red triangle).
However, for Nmax = 2, and only then, do we find o1 = 1
(Fig. 3C, purple pentagon). In other words, the experimentally
observed o7 can be recovered only if the catalytic site is small
(Vmax = 2) and if the inhibitor and monomer interact strongly
unfavorably with each other (¢ >> 0). This strong unfavorable
interaction in practice means that a monomer and inhibitor
cannot occupy the same binding site, which can be satisfied if
the monomer and inhibitor cannot overlap on a small binding
site due to volume—exclusion. No other repulsive interaction is
required.

https://doi.org/10.1073/pnas.2220075121
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Fig. 5. Summary of our analysis and the proposed model of Ag4, secondary nucleation at small and isolated fibril sites. (A) The method of scaling exponents
(o, 1) allows us to extract information on the sign of interactions between fibril-adsorbed monomers and inhibitors, and in the special case of o; = 1, we
additionally acquire information about the catalytic structure of the fibril surface. (B) Our proposed kinetic reaction scheme for Ag,; fibril aggregation in the
presence of proSP-C Brichos. Fibril formation includes a primary nucleation step in which the initial fibrils form, followed by elongation of the fibril by addition
of monomers to fibril ends. The surface of fibrils is able to catalyze the formation of new fibrils on special catalytic sites, leading to a fibril self-replication
mechanism. This process of self-replication can be inhibited by Brichos inhibitors binding to catalytic sites, covering them whole.

This result confirms the no co-occupancy criterion of Eq. 8. It
is important to notice that the uncertainty in the experimentally
measured o7 is much smaller than the difference between
61(Nmax = 2,€ — 00), where co-occupancy is prohibited,
and 61(Nmax = 3,€ — 00), where co-occupancy is possible.
For completeness, we also considered alternative scenarios for
secondary nucleation to the one outlined in Eq. 7. In all the cases,
however, we found that o1 = 1 requires small catalytic sites and
no co-occupancy between monomer and inhibitor (S/ Appendix).

Small Fibril Sites Model Explains Ap,,
Aggregation Kinetics in the Presence of
proSP-C Brichos

Let us now test the mechanistic picture of the fibril catalytic
surface against time-dependent experimental data. To do so, we
build a kinetic model of amyloid aggregation that incorporates
small fibril sites and test its predictions against the time-
dependent Afy; aggregation data.

Following previous work, we describe the aggregation kinetics
of APsy by combining primary nucleation, self-replication by
secondary nucleation and fibril elongation into a single kinetic
model that describes the number (P) and mass (#/) concentra-
tions of fibril aggregates as a function of time (z) (10, 29, 33, 48):

P
(cii_t = kam™ + 7,
Here, 7. is the reaction order for primary nucleation, 4, and
k. are the rate constants for primary nucleation and elongation,
respectively, and 7 is the rate of secondary nucleation. We model
secondary nucleation and its inhibition by Brichos as

r= ke M(1—61)° 67, [10]

dm
— =2kimP.
i 47 [9]

where ke, is a catalysis rate constant for converting a surface
oligomer into a new fibril nucleus, 6y is the coverage of catalytic
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surface by Brichos, and 6y the coverage by protein in absence of
Brichos, given by the Langmuir isotherm of Eq. 2. Importantly,
Brichos binding to the fibril occurs on a slow timescale, compa-
rable to that of fibril aggregation (27, 37, 46). Hence, unlike
0o, Brichos coverage cannot be captured by a pre-equilibrium
expression. Rather, it evolves in time according to

dlnM
de )

do
d—; = (1-6)k1—6 (k{ +

(11]

where k1+ and k| are the Brichos association and dissociation rate
constant, and the term (d ln A//d¢) signifies that as the amount
of fibril surface increases through elongation, the proportion of
the surface covered by inhibitor decreases. See SI Appendix for a
full derivation of the rate laws.

Depending on the chosen value of the inhibitor scaling
exponent o7, the same rate formula of Eq. 10 describes both
the nucleation-inhibition scenario of Eqs. 1-3 (61 = 0), and
the small fibril sites scenario that we derived from the general
statistical mechanics model (61 = 1 < o). To compare which
model of the fibril surface and inhibition matches better with
experiment, we numerically solve Eqs. 9-11 and fit the evolution
of fibril mass M () against experimental data of Afy, aggregation
at different concentrations (/) of proSP-C Brichos. We perform
the fits in a global manner, where the same set of rate laws
and a common set of kinetic parameters attempts to describe
data at all inhibitor concentrations. The global parameters we
fit are k¢, and the initial amount of fibril seed (M (z = 0)). All
other parameters (kn, 7¢, b+, Ky, k1+ ,and k) are taken from the
literature (33, 37).

As shown in Fig. 4, both models fit the experimental
aggregation data equally well in the absence of inhibitor where
the value of o1 does not play a role (Leff-most curve I = 0
in Fig. 4). However, at increasing concentrations of Brichos,
it becomes clear that the model with small and independent
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secondary nucleation sites that can be covered by single inhibitors
(Fig. 4A) outperforms the model where ideal inhibitors bind
according to the Langmuir adsorption model (Fig. 4B, see also
SI Appendix, Fig. S6).

Crucially, the comparison between the two models showcases
that the inhibition mechanism and the associated value of o]
greatly influence the aggregation kinetics. Moreover, it demon-
strates that our analysis workflow—the extraction of experimental
scaling exponents in the presence and absence of inhibitors—
provides a method for finding molecular mechanisms and the
corresponding rate laws.

Discussion and Conclusions

In this paper, we have demonstrated that inhibitory molecules,
beyond their therapeutic promise, can serve as a powerful tool for
identifying mechanistic details underlying protein aggregation
phenomena. In particular, the use of inhibitory molecules
within statistical-mechanics and chemical kinetics frameworks
revealed structural heterogeneity of Af4, fibril surface, where
only specific and small sites on the fibril surface are able to
catalyze the formation of new fibrils. Each such catalytic site is
likely completely inhibited by a single proSP-C Brichos complex.
Our model also suggests that these catalytic sites need to be
substantially distant from one another such that the contact
between bound inhibitors and proteins is prevented. Fig. 5
presents the summary of our results.

The above requirements suggest a lower bound on the
spacing between catalytic sites that we estimate to be at least
the size of Brichos ~15nm (49, 50). The distance between
secondary nucleation sites is thus much larger than the repeat
distance of Af monomers along the fibril axis, which is only
a few A (51). While we should expect nonhomogeneity of
the fibril structure on the length scale of monomer spacing,
we find the surface heterogeneity on a length scale that is
larger than ~10 nm surprising, especially given the universally
homomolecular makeup of the fibrils (52).

There is, however, a body of evidence supporting the scenario
of surface heterogeneity. Surface plasmon resonance measure-
ments of Brichos binding to the fibril surface suggest two binding
modes (37). While this behavior could arise due to co-existence
of strong specific and much weaker nonspecific interactions
with the homogeneous fibril surface, it could also indicate
two types of binding sites. Additionally, electron-microscopy
images of immunogold-labeled Brichos bound to the fibril surface
suggest sparse binding sites (27, 36). Furthermore, a recent co-
aggregation study of A4, and S100A9 proteins shows S100A9
fibrils binding to the surface of Af fibrils at a sub-stoichiometric
ratio of one S100A9 fibril per about 300 fibrillar Af monomers
while completely abolishing secondary nucleation (53). The same
study reports a smallest distance of ~40 nm between surface-
bound S100A9 fibrils, corroborating our model.

Our analysis cannot reveal the origin of secondary nucleation
sites, but it can be hypothesized that such sites are not periodic, as
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otherwise they would be visible from structural data. They also do
not seem to be correlated with morphological features of the fibril,
such as the fibril local curvature or the relative intensity of ThT
fluorescence, as recently reported (54). Instead, it is tempting to
speculate that catalytic sites might originate on the level of higher-
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monomers could occur anywhere on the fibril surface due to
thermal fluctuations. These defects would scale in number with
the amount of aggregated fibril mass, consistent with Eq. 10, and
their presence could expose the fibril core for motifs not present
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Importantly, the realization that the fibril surface might be
structurally heterogeneous has implications for structure-based
rational drug design, as discovery methods typically focus on
structural information averaged along the fibril axis. In line
with this, mutations of the Af peptide that modify the surface-
exposed residues do not seem to affect the resulting fibril’s ability
to self-replicate  (57). Similarly, antibodies designed to target
epitopes exposed on the fibril surface usually bind the fibril
with very high affinity but do not seem to act as particularly
good inhibitors of secondary nucleation (25, 26). This indicates
that such antibodies, including aducanumab that has recently
been put in the spotlight in the context of Alzheimer’s disease
treatment (58, 59), likely bind to non-catalytic parts of the
fibril surface, hence interfering with secondary nucleation only
indirectly. We expect that future work will provide more details
into the nature of catalytic sites both via structural methods, as
well as by measuring their persistence over multiple secondary
nucleation events or their abundance at varying environmental
conditions.

Data, Materials, and Software Availability. Aggregation dataand the source
code for the coarse-grained computer model have been deposited in Figshare
(https:/Higshare.com/s/85798bbadebc68d822ed) (60).

ACKNOWLEDGMENTS. We acknowledge support from the Erasmus pro-
gramme and the University College London Institute for the Physics of Living
Systems(S.C., T.C.T.M.,A.S.), the Biotechnology and Biological Sciences Research
Council(T.P.J.K.), the Engineering and Physical Sciences Research Council (D.F.),
the European Research Council (T.P.J.K., S.L,, D.F., and AS.), the Frances and
Augustus Newman Foundation (T.P.J.K.), the Academy of Medical Sciences and
Wellcome Trust (A.S.), and the Royal Society (5.C. and A.S.).

Author affiliations: @Institute of Science and Technology Austria, Klosterneuburg 3400,
Austria; PDepartment of Physics and Astronomy, Laboratory for Molecular Cell Biology,
University College London, London WC1E 6BT, United Kingdom; ¢Yusuf Hamied Depart-
ment of Chemistry, University of Cambridge, Cambridge CB2 1EW, United Kingdom;
dDepartment of Biochemistry and Structural Biology, Lund University, Lund 22100,
Sweden; and ©Department of Biology, Institute of Biochemistry, ETH ZUrich, Zurich 8093,
Switzerland

7. F.A Ferrone, J. Hofrichter, W. A. Eaton, Kinetics of sickle hemoglobin polymerization: II. A double
nucleation mechanism. J. Mol. Biol. 183, 611-631(1985).

8. W.A. Eaton, J. Hofrichter, Sickle cell hemoglobin polymerization. Adv. Protein Chem. 40, 63-279
(1990).

9. P.Hortschansky, V. Schroeckh, T. Christopeit, G. Zandomeneghi, M. Fandrich, The aggregation
kinetics of Alzheimer's g-amyloid peptide is controlled by stochastic nucleation. Protein Sci. 14,
1753-1759 (2005).

10. S.1.A. Cohen etal., Proliferation of amyloid-p42 aggregates occurs through a secondary
nucleation mechanism. Proc. Natl. Acad. Sci U.S.A. 110, 9758-9763 (2013).

1. S.B. Padrick, A. D. Miranker, Islet amyloid: Phase partitioning and secondary nucleation are central
to the mechanism of fibrillogenesis. Biochemistry 41, 4694-4703 (2002).

https://doi.org/10.1073/pnas.2220075121

7o0f 8


https://www.pnas.org/lookup/doi/10.1073/pnas.2220075121#supplementary-materials
https://figshare.com/s/85798bba4ebc68d822ed

Downloaded from https://www.pnas.org by ETH Bibliothek on February 21, 2024 from |P address 129.132.109.46.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

. A.M. Ruschak, A. D. Miranker, Fiber-dependent amyloid formation as catalysis of an existing

reaction pathway. Proc. Natl. Acad. Sci. U.S.A. 104, 12341-12346(2007).

. D.E. Schlamadinger, A. D. Miranker, Fiber-dependent and-independent toxicity of islet amyloid

polypeptide. Biophys. J. 107, 2559-2566 (2014).

. A.K.Buell et al., Solution conditions determine the relative importance of nucleation and

growth processes in a-synuclein aggregation. Proc. Natl. Acad. Sci. U.S.A. 111,7671-7676
(2014).

. C.Galvagnion etal., Lipid vesicles trigger a-synuclein aggregation by stimulating primary

nucleation. Nat. Chem. Biol. 11, 229-234 (2015).

. R. Gaspar et al., Secondary nucleation of monomers on fibril surface dominates a-synuclein

aggregation and provides autocatalytic amyloid amplification. Q. Rev. Biophys. 50, e6
(2017).

. S. Linse, Monomer-dependent secondary nucleation in amyloid formation. Biophys. Rev. 9,

329-338(2017).

. M.Tomquist et al., Secondary nucleation in amyloid formation. Chem. Commun. 54, 8667-8684

(2018).

. J. Habchi et al., Systematic development of small molecules to inhibit specific microscopic

steps of AB42 aggregation in Alzheimer's disease. Proc. Natl. Acad. Sci. U.S.A. 114, E200-E208
(2017).

A. Munke et al., Phage display and kinetic selection of antibodies that specifically inhibit amyloid
self-replication. Proc. Natl. Acad. Sci. U.S.A. 114, 6444-6449 (2017).

S. Linse, Mechanism of amyloid protein aggregation and the role of inhibitors. Pure Appl. Chem.
91,211-229(2019).

G.T. Heller et al., Small-molecule sequestration of amyloid-3 as a drug discovery strategy for
Alzheimer's disease. Sci. Adv. 6, eabb5924 (2020).

F. Hasecke et al., Protofibril-fibril interactions inhibit amyloid fibril assembly by obstructing
secondary nucleation. Angew. Chem. Int. Ed. 60, 3016-3021 (2021).

M. Perni et al., Multistep inhibition of a-synuclein aggregation and toxicity in vitro and in vivo by
trodusquemine. ACS Chem. Biol. 13, 2308-2319 (2018).

S. Linse et al., Kinetic fingerprints differentiate the mechanisms of action of anti-a antibodies. Nat.
Struct. Mol. Biol. 27, 1125-1133(2020).

F. A Aprile et al., Selective targeting of primary and secondary nucleation pathways in Ag42
aggregation using a rational antibody scanning method. Sci. Adv. 3, 1700488 (2017).

S.1.A. Cohen et al., A molecular chaperone breaks the catalytic cycle that generates toxic A
oligomers. Nat. Struct. Mol. Biol. 22, 207 (2015).

S.D. Knight, J. Presto, S. Linse, J. Johansson, The BRICHOS domain, amyloid fibril formation, and
their relationship. Biochemistry 52, 7523-7531(2013).

G. Meisl et al., Differences in nucleation behavior underlie the contrasting aggregation kinetics of
the AB40 and AB42 peptides. Proc. Natl. Acad. Sci. U.S.A. 111, 9384-9389 (2014).

A. Sari¢ et al., Physical determinants of the self-replication of protein fibrils. Nat. Phys. 12, 874-880
(2016).

A. Abelein, J. Jarvet, A. Barth, A. Graslund, J. Danielsson, lonic strength modulation of the

free energy landscape of AB40 peptide fibril formation. J. Am. Chem. Soc. 138, 6893-6902
(2016).

G. Meisl, X. Yang, C. M. Dobson, S. Linse, T. P. J. Knowles, Modulation of electrostatic interactions
to reveal a reaction network unifying the aggregation behaviour of the Ag42 peptide and its
variants. Chem. Sci. 8, 4352-4362 (2017).

S.1.A. Cohen et al., Distinct thermodynamic signatures of oligomer generation in the aggregation
of the amyloid-B peptide. Nat. Chem. 10, 523-531(2018).

T. Scheidt et al., Secondary nucleation and elongation occur at different sites on Alzheimer's
amyloid-p aggregates. Sci. Adv. 5, eaau3112 (2019).

T.C.T. Michaels et al., Reaction rate theory for supramolecular kinetics: Application to protein
aggregation. Mol. Phys. 116, 3055-3065 (2018).

8of 8 https://doi.org/10.1073/pnas.2220075121

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

H. Biverstdl et al., Dissociation of a BRICHOS trimer into monomers leads to increased inhibitory
effect on Ag42 fibril formation. Biochim. Biophys. Acta Proteins Proteomics 1854, 835-843 (2015).
A. Leppert et al., Smallest secondary nucleation competent a8 aggregates probed by an ATP-
independent molecular chaperone domain. Biochemistry 60, 678-688 (2021).

P. Arosio et al., Kinetic analysis reveals the diversity of microscopic mechanisms through which
molecular chaperones suppress amyloid formation. Nat. Commun. 7, 10948 (2016).

R.Vécha, D. Frenkel, Relation between molecular shape and the morphology of self-assembling
aggregates: A simulation study. Biophys. J. 101, 1432-1439 (2011).

W. Chun, J.-E. Shea, Coarse-grained models for protein aggregation. Curr. Opin. Struct. Biol. 21,
209-220(2011).

A.Sart, Y. C. Chebaro, T. P. Knowles, D. Frenkel, Crucial role of nonspecific interactions in amyloid
nucleation. Proc. Natl. Acad. Sci. U.S.A. 111, 17869-17874 (2014).

J. Krausser, . P. J. Knowles, A. Sari¢, Physical mechanisms of amyloid nucleation on fluid
membranes. Proc. Natl. Acad. Sci. U.S.A. 117, 33090-33098 (2020).

T. C.T. Michaels et al., Dynamics of oligomer populations formed during the aggregation of
Alzheimer's AB42 peptide. Nat. Chem. 12, 445-451 (2020).

P.R. ten Wolde, D. Frenkel, Enhancement of protein crystal nucleation by critical density
fluctuations. Science 277, 1975-1978 (1997).

P. G. Vekilov, The two-step mechanism of nucleation of crystals in solution. Nanoscale 2,
2346-2357(2010).

A. Sari¢, T. C.T. Michaels, A. Zaccone, T. P. J. Knowles, D. Frenkel, Kinetics of spontaneous filament
nucleation via oligomers: Insights from theory and simulation. J. Chem. Phys. 145, 211926
(2016).

A.Vitalis, R. V. Pappu, Assessing the contribution of heterogeneous distributions of oligomers to
aggregation mechanisms of polyglutamine peptides. Biophys. Chem. 159, 14-23 (2011).

T.C.T. Michaels et al., Chemical kinetics for bridging molecular mechanisms and macroscopic
measurements of amyloid fibril formation. Annu. Rev. Phys. Chem. 69, 273-298(2018).

H. Poska et al., Recombinant Bri3 BRICHOS domain is a molecular chaperone with effect

against amyloid formation and non-fibrillar protein aggregation. Sci. Rep. 10, 1-14

(2020).

K. Nakanishi, T. Sakiyama, K. Imamura, On the adsorption of proteins on solid surfaces, a common
but very complicated phenomenon. J. Biosci. Bioeng. 91, 233-244 (2001).

E. Chatani, K. Yuzu, Y. Ohhashi, Y. Goto, Current understanding of the structure, stability and
dynamic properties of amyloid fibrils. Int. J. Mol. Sci. 22, 4349 (2021).

R. Cukalevski et al., The AB40 and AB42 peptides self-assemble into separate homomolecular
fibrils in binary mixtures but cross-react during primary nucleation. Chem. Sci. 6, 4215-4233
(2015).

J. Pansieri et al., Templating S100A9 amyloids on a fibrillar surfaces revealed by charge detection
mass spectrometry, microscopy, kinetic and microfluidic analyses. Chem. Sci. 11, 7031-7039
(2020).

M. R. Zimmermann et al., Mechanism of secondary nucleation at the single fibril level from direct
observations of AB42 aggregation. J. Am. Chem. Soc. 143, 16621-16629 (2021).

M.T. Colvin et al., Atomic resolution structure of monomorphic AB42 amyloid fibrils. J. Am. Chem.
Soc. 138, 9663-9674 (2016).

V. Lattanzi et al., Amyloid £ 42 fibril structure based on small-angle scattering. Proc. Natl. Acad. Sci.
U.S.A 118,€2112783118(2021).

D. Thacker et al., The role of fibril structure and surface hydrophobicity in secondary nucleation of
amyloid fibrils. Proc. Natl. Acad. Sci. U.S.A. 117, 25272-25283 (2020).

J. Sevigny et al., The antibody aducanumab reduces a plaques in Alzheimer's disease. Nature
537,50-56(2016).

S. Dhillon, Aducanumab: First approval. Drugs 81, 1-7 (2021).

S. Curk et al., aggregation_data. Figshare. https://figshare.com/s/85798bbadebc68d822ed.
Deposited 13 December 2023.

pnas.org


https://figshare.com/s/85798bba4ebc68d822ed

