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Abstract

Understanding the mechanism of action of compounds capable of in-

hibiting protein aggregation is critical to the development of potential ther-
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apeutics against protein misfolding diseases. A fundamental challenge for

progress is the range of possible target species and the disparate timescales

involved, since the aggregating proteins are simultaneously the reactants,

products, intermediates and catalysts of the reaction. It is a complex prob-

lem, therefore, to choose the states of the aggregating proteins that should

be bound by the compounds to achieve the most potent inhibition. We

present here a comprehensive kinetic theory of protein aggregation inhibi-

tion which reveals the fundamental thermodynamic and kinetic signatures

characterising effective inhibitors by identifying quantitative relationships

between the aggregation and binding rate constants. These results pro-

vide general physical laws to guide the design and optimisation of protein

aggregation inhibitors.

The aggregation of peptides and proteins into amyloid fibrils is key in many phenomena

ranging from the formation of functional machineries in biology to the production of novel

nanomaterials. Recent interest in this process has come from the realisation that protein

aggregation is intimately linked to a range of human conditions, from Alzheimer’s disease

to type II diabetes.1–6 Inhibition of protein aggregation thus represents a major strategy

for the development of effective pharmacological interventions against protein misfolding

diseases.7–24 Traditionally, inhibition strategies against protein aggregation have focussed ei-

ther on blocking the production of aggregation-prone peptides and proteins or on promoting

the degradation of their amyloid products.7 Recent attempts have instead concentrated on

altering or delaying the aggregation process itself, which is typically achieved using com-

pounds that bind non-covalently to different types of protein species during the aggregation

reaction.8–10 Examples of such compounds include small drug-like molecules,23–28 molec-

ular chaperones,29–31 antibodies,32,33 and nanoparticles.34 Initially, such kinetic inhibitors

were designed with the generic goal of delaying amyloid formation.15–21 It has now been

recognised, however, that the cytotoxicity linked to amyloid formation is not attributable

to a single species. Instead, the gamut of species accessible during aggregation contribute
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differently to toxicity.30,35–38 Equally importantly, it has also been established that the ag-

gregation reaction is a complex non-linear kinetic process in which aggregating proteins can

act simultaneously as the reactants, products, intermediates and catalysts of the reaction.

This coupling between different aggregation steps makes it difficult to estimate the over-

all effects of interventions aimed at affecting the population balance of specific species.39,43

Thus, successful inhibition strategies must build on a detailed mechanistic understanding of

the aggregation reaction network and the manner in which it is affected by inhibitors.9 De-

spite this importance, the fundamental physical principles that underlie inhibition of protein

aggregation remain poorly understood. In particular, it remains challenging to establish a

quantitative connection between inhibitor binding to aggregating species and the resulting

inhibitory effect, and hence between thermodynamics and kinetics in protein aggregation

inhibition.

To address this limitation, we present a general theory of inhibition of protein aggre-

gation. We formulate the problem in terms of a master equation for aggregation kinetics

in the presence of inhibitors that bind one or more of the aggregating species. We derive

explicit integrated rate laws to such dynamic equations and show that such compounds pre-

serve the structure of the aggregation reaction network, i.e. do not modify the final form of

the analytical solution. The kinetics of inhibited aggregation can therefore be interpreted in

terms of effective rate parameters, which in practice provide a clear strategy to determine the

mechanistic effect of specific inhibitors from experimental data. Moreover, our framework

uncovers general thermodynamic and kinetic constraints on effective inhibition by quantify-

ing the effect of an inhibitor explicitly in terms of the aggregation rate constants and binding

parameters, including binding affinities. These simple physical principles will likely facilitate

the design, search and optimisation of effective inhibitors of pathological protein aggregation.
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Aggregation kinetics in the presence of an inhibitor

Dealing with the heterogeneous and transient mixture of species involved in protein aggre-

gation has proved challenging. In the absence of inhibitors, much progress has come from

applying the methodologies of chemical kinetics, well-established for simple chemical trans-

formations, to protein aggregation processes.39–45 In particular, the discovery of integrated

rate laws for the aggregation kinetics has provided key insights into the specific molecu-

lar steps of amyloid fibril formation from the analysis of experimental data (Fig. 1a).39–45

Initially, the smallest stable aggregates form directly from soluble monomers through pri-

mary nucleation.40 Fibrils grow by elongation, i.e. the addition of individual monomers at

the aggregate ends.40 In many cases, including the aggregation of Aβ42,43 rapid prolifera-

tion of aggregates can be promoted by existing fibrils in a process termed surface-catalysed

secondary nucleation.43–48 In this process, new fibrils nucleate through the interaction of

monomers with the surfaces of existing fibrils. Fibrils thus act as catalysts of the aggrega-

tion reaction.

Within this chemical kinetics approach, the combined effect of these different microscopic

steps on the overall aggregation kinetics is captured by means of a master equation for key

experimentally accessible observables, including the free monomer concentration m(t) and

the number or mass concentrations of fibrils, denoted with P (t) respectively M(t) (see SI

Sec. 1.1 for a derivation):39–44

dP (t)

dt
= k1m(t)n1 + k2m(t)n2M(t), (1a)

dm(t)

dt
= −2k+m(t)P (t) = −dM(t)

dt
. (1b)

Here, k+, k1 and k2 are the rate constants for filament elongation, primary nucleation and

surface-catalysed secondary nucleation. The exponents n1 and n2 are the reaction orders

of primary, respectively, secondary nucleation with respect to the concentration of free

monomers (SI Sec. S1.1 and Refs.47,50–53 for details on the physical interpretation of reaction

4

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 24, 2020. ; https://doi.org/10.1101/2020.02.22.960716doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.22.960716


orders). Eq. (1a) captures the total rate of formation of new aggregates by primary and sec-

ondary nucleation. Eq. (1b) describes the consumption of monomers, which occurs mainly

by fibril elongation. Since monomers are either free or part of aggregates, the total concen-

tration of monomers in the system, mtot, is conserved at all times, i.e. m(t) +M(t) = mtot.

Eqs. (1a) and (1b) yield sigmoidal-type kinetics for fibril mass concentration (Fig. 2). An

explicit integrated rate law describing this behaviour has been obtained previously:41,42

M(t)

mtot

= 1− exp

(
− λ2

2κ2

(
eκt − 1

))
. (2)

Eq. (2) reveals that only two key rate parameters control the time course of aggregation:

λ =
√

2k+k1m
n1
tot and κ =

√
2k+k2m

n2+1
tot . These are combined rates describing aggregate

proliferation through primary and secondary nucleation, respectively. Expressions such as

(2) provide a useful means to interpret protein aggregation experiments in terms of the

underlying microscopic steps from global fitting of measured aggregation curves (SI Sec. S1.1

for further discussion).54

Within the framework of Eq. (1) an inhibitor can affect protein aggregation kinetics by

binding (i) free monomers, (ii) fibril ends or (iii) fibril surface sites; these ‘species’ correspond

to the three fields m(t), P (t) and M(t) (Fig. 1b and SI Sec. S1.2).8,29 This description may be

generalised to account for inhibitor binding to additional target species, including e.g. tran-

sient oligomers.55 We describe the effect of inhibitors on aggregation using a master equation

by introducing species for the monomer concentration, the number and mass concentrations

of fibrils which are either active (“free”, subscript “f”) or deactivated due to the binding to

inhibitor molecules (“bound”, subscript “b”). In our model, bound species are unable to

participate in the aggregation process 1. We denote the binding and unbinding rates of the

inhibitor to the respective species as kon
× , respectively, koff

× , where × is a placeholder that

1In reality, aggregation involves heterogeneous populations of monomers/aggregates with different aggre-
gation propensities. Inhibitors affect the aggregation propensity of these subpopulations differently. Bound
species are assumed to have a reduced propensity to participate in the aggregation process. Mathematically,
this situation is equivalent to the binary formulation of Eq. (3) if binding rates are interpreted as averages
over these different subpopulations.
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can refer to monomers (× = m), fibrils ends (× = e), or fibril surface sites (× = s). By

binding to its target, the inhibitor affects the population balance of free and bound species

thereby influencing the rates of the different aggregation processes in which these species are

involved.

The time course of the aggregation reaction in the presence of an inhibitor is captured

by the following kinetic equations for the “free” species, as an extension of Eqs. (1):

dPf(t)

dt
= k1mf(t)

n1 + k2mf(t)
n2Mf(t)− kon

e Pf(t)Ci(t) + koff
e Pb(t), (3a)

dmf(t)

dt
= −2k+mf(t)Pf(t)− kon

m mf(t)Ci(t) + koff
m mb(t), (3b)

dMf(t)

dt
= 2k+mf(t)Pf(t)− kon

s Mf(t)Ci(t) + koff
s Mb(t), (3c)

where Ci(t) denotes the concentration of free inhibitor. The equations for the “bound”

species read:

dmb(t)

dt
= kon

m mf(t)Ci(t)− koff
m mb(t), (3d)

dPb(t)

dt
= kon

e Pf(t)Ci(t)− koff
e Pb(t), (3e)

dMb(t)

dt
= kon

s Mf(t)Ci(t)− koff
s Mb(t). (3f)

To derive Eqs. (3), we have further assumed that the amount of species (monomers, fibril

ends or fibril surface sites) deactivated by the inhibitor can be calculated by considering

independent binding events on the different sites. The binding rate is thus proportional to

the concentration of free species and the concentration of free inhibitor Ci(t).

Integrated rate laws for inhibited aggregation kinetics

To understand how an inhibitor influences aggregation in terms of the underlying rate pa-

rameters, we derived explicit analytical solutions to Eqs. (3) by exploiting self-consistent

approaches (SI Sec. S2). Strikingly, for all modes of inhibition, we find that the integrated
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rate law for aggregate mass concentration has the same functional form as in the absence of

the inhibitor, Eq. (2) (Fig. 2, SI Eq. (S51-52)):

M(t)

mtot

= 1− exp

(
− λ2

eff

2κ2
eff

(
eκeff t − 1

))
. (4)

As a key result of the assumptions made here, we find that the structure of the reaction

network of aggregation is preserved in the presence of inhibitors. This conclusion is true

irrespective of the speed and magnitude of inhibitor binding, i.e. the rates of association and

dissociation relative to the rate of aggregation. Consequently, in the presence of inhibitors

the rate couplings λ and κ in Eq. (2) are replaced in Eq. (4) by effective rates, λeff and κeff ,

which depend in characteristic ways on the kinetic parameters of aggregation and inhibitor

binding. The functional dependence of λeff and κeff depends on which aggregating species

are targeted (Fig. 3a,b): i) an inhibitor that binds the surface of fibrils may reduce the

secondary nucleation rate, hence affecting only κ; ii) an inhibitor that binds fibril ends may

lower the rate of elongation, affecting λ and κ equally; iii) an inhibitor that binds monomers

may reduce the rates of all steps of aggregation, affecting both λ and κ, although in general

by different amounts.

Rich inhibition phase behaviour from interplay between kinetics

and thermodynamics

We have calculated explicit expressions for the effective rates λeff and κeff , which are sum-

marised in Table S2. These expressions reveal that, in the case when the inhibitor binds

aggregate ends or surface sites, λeff/λ and κeff/κ are controlled only by two dimensionless

parameters: (1) a normalised binding rate kon
× Ci/κ and (2) a dimensionless binding constant

Keq
× Ci, where Keq

× = kon
× /k

off
× is the equilibrium binding constant. Based on these kinetic

and thermodynamic parameters, we can distinguish 3 primary regimes of inhibition: (1)

no inhibition (kon
× Ci � κ), (2) non-equilibrium inhibition (kon

× Ci ' κ), and (3) equilibrium
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inhibition (kon
× Ci � κ). When the inhibitor binds the target species slowly compared to the

characteristic timescale of aggregation (1/κ), the effective rates λeff/λ and κeff/κ are close

to 1 and the inhibitor is kinetically inactive. In the opposite limit when inhibitor binding is

fast compared to aggregation, we can invoke pre-equilibrium for the binding of the inhibitor

to the target species (SI Secs. S1.4-5). We term this regime equilibrium inhibition, since the

effective rate parameters are determined in this limit solely by the dimensionless binding

constant Keq
× Ci (Table S1):

λeff

λ
=

(
1

1 +Keq
m Ci

)n1+1
2
(

1

1 +Keq
e Ci

) 1
2

, (5a)

κeff

κ
=

(
1

1 +Keq
m Ci

)n2+1
2
(

1

1 +Keq
e Ci

) 1
2
(

1

1 +Keq
s Ci

) 1
2

. (5b)

Thus, effective inhibition necessarily requires sufficiently low binding affinity ((Keq
× )−1 � Ci)

and fast binding to the target (kon
× Ci � κ). An interesting intermediate non-equilibrium

inhibition regime emerges when the inhibitor binding rate to its target is comparable to the

characteristic rate of aggregation κ. In this case, weaker inhibition is observed compared to

the equilibrium limit. At fixed binding affinity, the maximum possible extent of inhibition is

obtained in the equilibrium regime. Our explicit expressions for λeff/λ and κeff/κ interpolate

smoothly between these limiting regimes (Fig. 3c).

In the case when the inhibitor binds monomers, an additional dimensionless parameter

λ/κ emerges as the ratio of the proliferation rates through primary and secondary pathways.

Since λ� κ, on the basis of this parameter we can distinguish two further non-equilibrium

inhibition regimes. When λ � kon
m Ci ' κ, we observe a non-equilibrium inhibition regime

where both primary and secondary nucleation are affected. However, when λ ' kon
m Ci � κ,

the inhibitor affects primary nucleation only, but binds monomers too slowly to be able to

interfere with the secondary nucleation process (Fig. 3d, first column).

Our theory may be extended to inhibitors that bind multiple species simultaneously. In

this case, we find that the effects of the individual modes of inhibition on λ and κ combine
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multiplicatively (see SI Sec. S2.7).

Physical design principles for effective inhibitors and illustrative

examples on experimental data

Our work carries important implications for the design of potential protein aggregation

inhibitors, by revealing that specific combinations of the thermodynamic and kinetic pa-

rameters determine the effectiveness of a compound to inhibit protein aggregation. The

expressions for the effective rates of inhibited aggregation, λeff/λ and κeff/κ, allow us to

construct phase diagrams for the possible inhibition regimes (Fig. 3d and Fig. S3). These

diagrams, which have kinetic and thermodynamic axes, provide precise strategies to opti-

mise inhibition. For instance, in the case of an inhibitor that binds monomers, increasing

the parameter kon
m Ci/κ can turn an inhibitor of primary nucleation into an effective inhibitor

of both primary and secondary nucleation pathways (Fig. 3d, first column). Systematically

characterising different compounds on phase diagrams such as in Fig. 3d provides a novel

strategy for optimising the efficacy of inhibitors of protein aggregation not only with respect

to their binding affinity, but also in terms of their binding kinetics. We now illustrate this

principle by considering the example of the inhibition of Aβ42 aggregation by two com-

pounds, Brichos30 and 10074-G5,56 which selectively target different aggregating species.

Kinetic models of protein filament formation are uniquely effective for yielding informa-

tion about the microscopic mechanisms of aggregation from the analysis of experimental

reaction profiles.54 Thus, the integrated rate law obtained in this work provide a systematic

framework for establishing the mechanism of action of unknown inhibitors on aggregation.

We have applied this approach to experimental data on the inhibition of Aβ42 aggregation by

the human Brichos domain, a molecular chaperone which has been shown to bind the surface

of Aβ42 fibrils.29,30 The rates of binding and dissociation of Brichos to/from the surface of

Aβ42 fibrils have been measured independently from the aggregation kinetics using surface

plasmon resonance:30 kon
s = 5.1 × 104 M−1s−1, koff

s = 2.1 × 10−3 s−1, with a corresponding
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binding constant of Keq
s = 2.4× 107 M−1. Thus, using these parameters, we can predict ki-

netic traces of Aβ42 aggregation in the presence of increasing concentrations of Brichos using

our analytical solution without free parameters. The resulting aggregation profiles, shown

in Fig. 4a, are in excellent agreement with the experimental data, highlighting the power

of our approach. Interestingly, a comparison between the rate of Brichos binding and the

timescale of aggregation yields kon
s Ci/κ ' 1.3 (for Ci = 0.3µM), revealing that Brichos binds

the surface of amyloid fibrils relatively slowly compared to aggregation. Indeed, the kinetic

profiles predicted using the equilibrium model (Eq. (5)) do not capture the data (Fig. 4b).

Moreover, a comparison between the effective κ and our theoretical prediction (Eq. (S76),

Fig. 4c) confirms that the inhibition of Aβ42 by Brichos falls in the non-equilibrium regime

(Fig. 4d).

As a further example we consider the inhibition of Aβ42 by the small molecule 10074-G5

(biphenyl-2-yl-(7-nitro-benzo[1,2,5]oxadiazol-4-yl)-amine), which has recently been shown to

inhibit aggregation likely by binding to and sequestering monomers.56 The binding rate

constants of 10074-G5 to monomers have been measured using bio-layer interferometry as

kon
m = 1.5 × 103 M−1s−1 and koff

m = 3.2 × 10−2 s−1,56 allowing us to place 10074-G5 in the

phase diagram of possible inhibition regimes (Fig. 4e). This can inform future drug discovery

efforts for inhibitors that bind monomers, suggesting that it is important to find compounds

that bind monomers with faster on-rates.

Summary and outlook

In this work we have developed a kinetic theory of protein aggregation inhibition. This the-

ory offers quantitative answers to questions such as: (1) Which aggregating species should

one bind to in order to suppress most effectively aggregation? (2) Which binding rates and

binding affinities should be optimised? and (3) Given a lead compound, which is the best

optimisation strategy? Our theory has allowed us to analyse quantitatively experimental

data of aggregation inhibition outside of the conventional limiting regime where inhibitor
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binding is assumed to be fast compared to aggregation (equilibrium regime). Moreover, our

work identifies a universal timescale (1/κ) to use as a ruler for developing compounds that

bind specific aggregating species. These findings could guide the design and optimisation of

potent inhibitors of protein aggregation by combining our theoretical framework with inde-

pendent measurements of kinetics and thermodynamics of binding, which in many cases are

available from experimental methods such as SPR, bio-layer interferometry and microflu-

idics.29,30,56 We also note that the principles elucidated in this study are generally applicable

to linear self-assembly processes in general, and thus are not limited to inhibition of protein

aggregation. For instance, these principles may be applicable to specific materials science

applications, where inhibitors are used to control the physical size or other properties of

aggregates.57

Methods. Details of the mathematical model are available in the online version of the

paper.

Acknowledgments. We acknowledge support from Peterhouse, Cambridge (TCTM), the

Swiss National Science Foundation (TCTM), the Royal Society (AS, SC), the Academy of

Medical Sciences (AS), Sidney Sussex College, Cambridge (GM), Newnham College, Cam-

bridge (GTH), the Wellcome Trust (TPJK), the Cambridge Centre for Misfolding Diseases

(TPJK,MV), the BBSRC (TPJK), the Frances and Augustus Newman Foundation (TPJK).

The research leading to these results has received funding from the European Research Coun-

cil under the European Union’s Seventh Framework Programme (FP7/2007-2013) through

the ERC grant PhysProt (agreement n◦ 337969).

Competing financial interests. The authors declare no competing financial and non-

financial interests.

Data availability statement. The authors confirm that all data generated and analysed

during this study are included in this published article (and its supplementary information

files).

11

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 24, 2020. ; https://doi.org/10.1101/2020.02.22.960716doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.22.960716


Author contributions. All authors were involved in the design of the study; TCTM

developed the theoretical model; all authors participated in interpreting the results and

writing the paper.

References

(1) Dobson, C. M. Protein folding and misfolding. Nature 426, 884-890 (2003).

(2) Eisenberg, D. & Jucker, M. The amyloid state of proteins in human diseases. Cell 148,

1188 (2012).

(3) Knowles, T. P. J., Vendruscolo, M. & Dobson, C. M. The amyloid state and its associa-

tion with protein misfolding diseases. Nat. Rev. Mol. Cell Biol. 15, 385 (2014).

(4) Selkoe, D.J. & Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25 years.

EMBO Mol. Med. 8, 595-608 (2016).

(5) Chiti, F. & Dobson, C. M. Protein misfolding, amyloid formation, and human disease:

A summary of progress over the Last Decade. Annu. Rev. Biochem. 86, 27 (2017).

(6) Dobson, C. M. The Amyloid Phenomenon and Its Links with Human Disease. Cold

Spring Harb Perspect Biol 9, a023648 (2017).

(7) Aguzzi, A. & O’Connor, T. Protein aggregation diseases: pathogenicity and therapeutic

perspectives. Nat. Rev. Drug Discov. 9, 237-48 (2010).

(8) Arosio, P., Vendruscolo, M., Dobson, C. M. & Knowles, T. P. J. Chemical kinetics

for drug discovery to combat protein aggregation diseases. Trends Pharmacol. Sci. 35,

127-35 (2014).

(9) Linse, S. Mechanism of amyloid protein aggregation and the role of inhibitors. Pure

Appl. Chem. 91, 211-229 (2019).

12

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 24, 2020. ; https://doi.org/10.1101/2020.02.22.960716doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.22.960716


(10) Giorgetti, S., Greco, C., Tortora, P. & Aprile, F. A. Targeting Amyloid Aggregation:

An Overview of Strategies and Mechanisms. Int. J. Mol. Sci. 19, 2677 (2018).

(11) Necula, M., Kayed, R., Milton, S. & Glabe, C. G. Small molecule inhibitors of aggrega-

tion indicate that amyloid β oligomerization and fibrillization pathways are independent

and distinct. J. Biol. Chem. 282, 10311-24 (2007).

(12) Cummings, J., Zhong, J. K. & Bernick, C. The Cleveland Clinic Lou Ruvo Center for

Brain Health: keeping memory alive. J. Alzheimers Dis. 38, 103-9 (2014).

(13) Huang, Y. & Mucke, L. Alzheimer mechanisms and therapeutic strategies. Cell 148,

1204-22 (2012).

(14) Becker, R. E., Greig, N.H., Giacobini, E., Schneider, L.S. & Ferrucci, L. A new roadmap

for drug development for Alzheimer’s disease. Nat. Rev. Drug Discov. 13, 156 (2014).
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Figure 1: Microscopic mechanisms of protein aggregation and possible inhibition
pathways. (a) Schematic representation of the microscopic steps of protein aggregation into
fibrillar structures. (b) Potential target species during protein aggregation and associated
binding rate constants.
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0.4
<latexit sha1_base64="Tek7htftoUVs9/PUaLZSmUe5RCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t39QPTxq6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB8O/PbT6g0T+SjmaQYxHQoecQZNVZ68NzLfrXmud4cZJX4BalBgUa/+tUbJCyLURomqNZd30tNkFNlOBM4rfQyjSllYzrErqWSxqiDfH7qlJxZZUCiRNmShszV3xM5jbWexKHtjKkZ6WVvJv7ndTMTXQc5l2lmULLFoigTxCRk9jcZcIXMiIkllClubyVsRBVlxqZTsSH4yy+vktaF63uuf39Zq98UcZThBE7hHHy4gjrcQQOawGAIz/AKb45wXpx352PRWnKKmWP4A+fzB1gIjSo=</latexit><latexit sha1_base64="Tek7htftoUVs9/PUaLZSmUe5RCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t39QPTxq6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB8O/PbT6g0T+SjmaQYxHQoecQZNVZ68NzLfrXmud4cZJX4BalBgUa/+tUbJCyLURomqNZd30tNkFNlOBM4rfQyjSllYzrErqWSxqiDfH7qlJxZZUCiRNmShszV3xM5jbWexKHtjKkZ6WVvJv7ndTMTXQc5l2lmULLFoigTxCRk9jcZcIXMiIkllClubyVsRBVlxqZTsSH4yy+vktaF63uuf39Zq98UcZThBE7hHHy4gjrcQQOawGAIz/AKb45wXpx352PRWnKKmWP4A+fzB1gIjSo=</latexit><latexit sha1_base64="Tek7htftoUVs9/PUaLZSmUe5RCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t39QPTxq6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB8O/PbT6g0T+SjmaQYxHQoecQZNVZ68NzLfrXmud4cZJX4BalBgUa/+tUbJCyLURomqNZd30tNkFNlOBM4rfQyjSllYzrErqWSxqiDfH7qlJxZZUCiRNmShszV3xM5jbWexKHtjKkZ6WVvJv7ndTMTXQc5l2lmULLFoigTxCRk9jcZcIXMiIkllClubyVsRBVlxqZTsSH4yy+vktaF63uuf39Zq98UcZThBE7hHHy4gjrcQQOawGAIz/AKb45wXpx352PRWnKKmWP4A+fzB1gIjSo=</latexit><latexit sha1_base64="Tek7htftoUVs9/PUaLZSmUe5RCQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t39QPTxq6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB8O/PbT6g0T+SjmaQYxHQoecQZNVZ68NzLfrXmud4cZJX4BalBgUa/+tUbJCyLURomqNZd30tNkFNlOBM4rfQyjSllYzrErqWSxqiDfH7qlJxZZUCiRNmShszV3xM5jbWexKHtjKkZ6WVvJv7ndTMTXQc5l2lmULLFoigTxCRk9jcZcIXMiIkllClubyVsRBVlxqZTsSH4yy+vktaF63uuf39Zq98UcZThBE7hHHy4gjrcQQOawGAIz/AKb45wXpx352PRWnKKmWP4A+fzB1gIjSo=</latexit>

Ci [µM]
<latexit sha1_base64="dPB2QiWLFg/hKerp4QDPImKo6EE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIRdFnsxo1QwT4gCWEynbRDZ5IwcyPWUPwVNy4Ucet/uPNvnD4W2nrgwuGce7n3nigTXIPjfFtLyyura+uljfLm1vbOrr2339Jprihr0lSkqhMRzQRPWBM4CNbJFCMyEqwdDepjv33PlOZpcgfDjAWS9BIec0rASKF9WA+5jz1f5j6wB1CyuBkFoV1xqs4EeJG4M1JBMzRC+8vvpjSXLAEqiNae62QQFEQBp4KNyn6uWUbogPSYZ2hCJNNBMbl+hE+M0sVxqkwlgCfq74mCSK2HMjKdkkBfz3tj8T/PyyG+DAqeZDmwhE4XxbnAkOJxFLjLFaMghoYQqri5FdM+UYSCCaxsQnDnX14krbOq61Td2/NK7WoWRwkdoWN0ilx0gWroGjVQE1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPbyeVNQ==</latexit><latexit sha1_base64="dPB2QiWLFg/hKerp4QDPImKo6EE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIRdFnsxo1QwT4gCWEynbRDZ5IwcyPWUPwVNy4Ucet/uPNvnD4W2nrgwuGce7n3nigTXIPjfFtLyyura+uljfLm1vbOrr2339Jprihr0lSkqhMRzQRPWBM4CNbJFCMyEqwdDepjv33PlOZpcgfDjAWS9BIec0rASKF9WA+5jz1f5j6wB1CyuBkFoV1xqs4EeJG4M1JBMzRC+8vvpjSXLAEqiNae62QQFEQBp4KNyn6uWUbogPSYZ2hCJNNBMbl+hE+M0sVxqkwlgCfq74mCSK2HMjKdkkBfz3tj8T/PyyG+DAqeZDmwhE4XxbnAkOJxFLjLFaMghoYQqri5FdM+UYSCCaxsQnDnX14krbOq61Td2/NK7WoWRwkdoWN0ilx0gWroGjVQE1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPbyeVNQ==</latexit><latexit sha1_base64="dPB2QiWLFg/hKerp4QDPImKo6EE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIRdFnsxo1QwT4gCWEynbRDZ5IwcyPWUPwVNy4Ucet/uPNvnD4W2nrgwuGce7n3nigTXIPjfFtLyyura+uljfLm1vbOrr2339Jprihr0lSkqhMRzQRPWBM4CNbJFCMyEqwdDepjv33PlOZpcgfDjAWS9BIec0rASKF9WA+5jz1f5j6wB1CyuBkFoV1xqs4EeJG4M1JBMzRC+8vvpjSXLAEqiNae62QQFEQBp4KNyn6uWUbogPSYZ2hCJNNBMbl+hE+M0sVxqkwlgCfq74mCSK2HMjKdkkBfz3tj8T/PyyG+DAqeZDmwhE4XxbnAkOJxFLjLFaMghoYQqri5FdM+UYSCCaxsQnDnX14krbOq61Td2/NK7WoWRwkdoWN0ilx0gWroGjVQE1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPbyeVNQ==</latexit><latexit sha1_base64="dPB2QiWLFg/hKerp4QDPImKo6EE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIRdFnsxo1QwT4gCWEynbRDZ5IwcyPWUPwVNy4Ucet/uPNvnD4W2nrgwuGce7n3nigTXIPjfFtLyyura+uljfLm1vbOrr2339Jprihr0lSkqhMRzQRPWBM4CNbJFCMyEqwdDepjv33PlOZpcgfDjAWS9BIec0rASKF9WA+5jz1f5j6wB1CyuBkFoV1xqs4EeJG4M1JBMzRC+8vvpjSXLAEqiNae62QQFEQBp4KNyn6uWUbogPSYZ2hCJNNBMbl+hE+M0sVxqkwlgCfq74mCSK2HMjKdkkBfz3tj8T/PyyG+DAqeZDmwhE4XxbnAkOJxFLjLFaMghoYQqri5FdM+UYSCCaxsQnDnX14krbOq61Td2/NK7WoWRwkdoWN0ilx0gWroGjVQE1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPbyeVNQ==</latexit>

0
<latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit>

0.6
<latexit sha1_base64="+SgbZEQsPuoPN2+ki8a3aU9cATg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hE1GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7tX3T941EmmGDZZIhLVDqlGwSU2DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqx077kXvWrNc70ZyDLxC1KDAo1e9avbT1gWozRMUK07vpeaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezUCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugpyLtPMoGTzRVEmiEnI9G/S5wqZEWNLKFPc3krYkCrKjE2nYkPwF19eJo9nru+5/t15rX5dxFGGIziGU/DhEupwCw1oAoMBPMMrvDnCeXHenY95a8kpZg7hD5zPH1sQjSw=</latexit><latexit sha1_base64="+SgbZEQsPuoPN2+ki8a3aU9cATg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hE1GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7tX3T941EmmGDZZIhLVDqlGwSU2DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqx077kXvWrNc70ZyDLxC1KDAo1e9avbT1gWozRMUK07vpeaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezUCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugpyLtPMoGTzRVEmiEnI9G/S5wqZEWNLKFPc3krYkCrKjE2nYkPwF19eJo9nru+5/t15rX5dxFGGIziGU/DhEupwCw1oAoMBPMMrvDnCeXHenY95a8kpZg7hD5zPH1sQjSw=</latexit><latexit sha1_base64="+SgbZEQsPuoPN2+ki8a3aU9cATg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hE1GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7tX3T941EmmGDZZIhLVDqlGwSU2DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqx077kXvWrNc70ZyDLxC1KDAo1e9avbT1gWozRMUK07vpeaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezUCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugpyLtPMoGTzRVEmiEnI9G/S5wqZEWNLKFPc3krYkCrKjE2nYkPwF19eJo9nru+5/t15rX5dxFGGIziGU/DhEupwCw1oAoMBPMMrvDnCeXHenY95a8kpZg7hD5zPH1sQjSw=</latexit><latexit sha1_base64="+SgbZEQsPuoPN2+ki8a3aU9cATg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hE1GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7tX3T941EmmGDZZIhLVDqlGwSU2DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqx077kXvWrNc70ZyDLxC1KDAo1e9avbT1gWozRMUK07vpeaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezUCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugpyLtPMoGTzRVEmiEnI9G/S5wqZEWNLKFPc3krYkCrKjE2nYkPwF19eJo9nru+5/t15rX5dxFGGIziGU/DhEupwCw1oAoMBPMMrvDnCeXHenY95a8kpZg7hD5zPH1sQjSw=</latexit>

1.3
<latexit sha1_base64="bCFnUZ7yb4pii3ydPva3MgH94vA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7tX3T941EmmGDZZIhLVDqlGwSU2DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqx077vnvWrNc70ZyDLxC1KDAo1e9avbT1gWozRMUK07vpeaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezUCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugpyLtPMoGTzRVEmiEnI9G/S5wqZEWNLKFPc3krYkCrKjE2nYkPwF19eJo9nru+5/t1FrX5dxFGGIziGU/DhEupwCw1oAoMBPMMrvDnCeXHenY95a8kpZg7hD5zPH1gKjSo=</latexit><latexit sha1_base64="bCFnUZ7yb4pii3ydPva3MgH94vA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7tX3T941EmmGDZZIhLVDqlGwSU2DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqx077vnvWrNc70ZyDLxC1KDAo1e9avbT1gWozRMUK07vpeaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezUCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugpyLtPMoGTzRVEmiEnI9G/S5wqZEWNLKFPc3krYkCrKjE2nYkPwF19eJo9nru+5/t1FrX5dxFGGIziGU/DhEupwCw1oAoMBPMMrvDnCeXHenY95a8kpZg7hD5zPH1gKjSo=</latexit><latexit sha1_base64="bCFnUZ7yb4pii3ydPva3MgH94vA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7tX3T941EmmGDZZIhLVDqlGwSU2DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqx077vnvWrNc70ZyDLxC1KDAo1e9avbT1gWozRMUK07vpeaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezUCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugpyLtPMoGTzRVEmiEnI9G/S5wqZEWNLKFPc3krYkCrKjE2nYkPwF19eJo9nru+5/t1FrX5dxFGGIziGU/DhEupwCw1oAoMBPMMrvDnCeXHenY95a8kpZg7hD5zPH1gKjSo=</latexit><latexit sha1_base64="bCFnUZ7yb4pii3ydPva3MgH94vA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7tX3T941EmmGDZZIhLVDqlGwSU2DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqx077vnvWrNc70ZyDLxC1KDAo1e9avbT1gWozRMUK07vpeaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezUCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugpyLtPMoGTzRVEmiEnI9G/S5wqZEWNLKFPc3krYkCrKjE2nYkPwF19eJo9nru+5/t1FrX5dxFGGIziGU/DhEupwCw1oAoMBPMMrvDnCeXHenY95a8kpZg7hD5zPH1gKjSo=</latexit>

0.2
<latexit sha1_base64="pTiLlK8BRQBncL6ngouGJNoC8iQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CkkR9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ219Y3Nru7RT3t3bPzisHB23dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9eG6tX6l6rjcHWSV+QapQoNGvfPUGCctilIYJqnXX91IT5FQZzgROy71MY0rZmA6xa6mkMeogn586JedWGZAoUbakIXP190ROY60ncWg7Y2pGetmbif953cxE10HOZZoZlGyxKMoEMQmZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbQj+8surpFVzfc/17y+r9ZsijhKcwhlcgA9XUIc7aEATGAzhGV7hzRHOi/PufCxa15xi5gT+wPn8AVUAjSg=</latexit><latexit sha1_base64="pTiLlK8BRQBncL6ngouGJNoC8iQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CkkR9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ219Y3Nru7RT3t3bPzisHB23dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9eG6tX6l6rjcHWSV+QapQoNGvfPUGCctilIYJqnXX91IT5FQZzgROy71MY0rZmA6xa6mkMeogn586JedWGZAoUbakIXP190ROY60ncWg7Y2pGetmbif953cxE10HOZZoZlGyxKMoEMQmZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbQj+8surpFVzfc/17y+r9ZsijhKcwhlcgA9XUIc7aEATGAzhGV7hzRHOi/PufCxa15xi5gT+wPn8AVUAjSg=</latexit><latexit sha1_base64="pTiLlK8BRQBncL6ngouGJNoC8iQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CkkR9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ219Y3Nru7RT3t3bPzisHB23dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9eG6tX6l6rjcHWSV+QapQoNGvfPUGCctilIYJqnXX91IT5FQZzgROy71MY0rZmA6xa6mkMeogn586JedWGZAoUbakIXP190ROY60ncWg7Y2pGetmbif953cxE10HOZZoZlGyxKMoEMQmZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbQj+8surpFVzfc/17y+r9ZsijhKcwhlcgA9XUIc7aEATGAzhGV7hzRHOi/PufCxa15xi5gT+wPn8AVUAjSg=</latexit><latexit sha1_base64="pTiLlK8BRQBncL6ngouGJNoC8iQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CkkR9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ219Y3Nru7RT3t3bPzisHB23dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9eG6tX6l6rjcHWSV+QapQoNGvfPUGCctilIYJqnXX91IT5FQZzgROy71MY0rZmA6xa6mkMeogn586JedWGZAoUbakIXP190ROY60ncWg7Y2pGetmbif953cxE10HOZZoZlGyxKMoEMQmZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbQj+8surpFVzfc/17y+r9ZsijhKcwhlcgA9XUIc7aEATGAzhGV7hzRHOi/PufCxa15xi5gT+wPn8AVUAjSg=</latexit>

Ci [µM]
<latexit sha1_base64="dPB2QiWLFg/hKerp4QDPImKo6EE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIRdFnsxo1QwT4gCWEynbRDZ5IwcyPWUPwVNy4Ucet/uPNvnD4W2nrgwuGce7n3nigTXIPjfFtLyyura+uljfLm1vbOrr2339Jprihr0lSkqhMRzQRPWBM4CNbJFCMyEqwdDepjv33PlOZpcgfDjAWS9BIec0rASKF9WA+5jz1f5j6wB1CyuBkFoV1xqs4EeJG4M1JBMzRC+8vvpjSXLAEqiNae62QQFEQBp4KNyn6uWUbogPSYZ2hCJNNBMbl+hE+M0sVxqkwlgCfq74mCSK2HMjKdkkBfz3tj8T/PyyG+DAqeZDmwhE4XxbnAkOJxFLjLFaMghoYQqri5FdM+UYSCCaxsQnDnX14krbOq61Td2/NK7WoWRwkdoWN0ilx0gWroGjVQE1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPbyeVNQ==</latexit><latexit sha1_base64="dPB2QiWLFg/hKerp4QDPImKo6EE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIRdFnsxo1QwT4gCWEynbRDZ5IwcyPWUPwVNy4Ucet/uPNvnD4W2nrgwuGce7n3nigTXIPjfFtLyyura+uljfLm1vbOrr2339Jprihr0lSkqhMRzQRPWBM4CNbJFCMyEqwdDepjv33PlOZpcgfDjAWS9BIec0rASKF9WA+5jz1f5j6wB1CyuBkFoV1xqs4EeJG4M1JBMzRC+8vvpjSXLAEqiNae62QQFEQBp4KNyn6uWUbogPSYZ2hCJNNBMbl+hE+M0sVxqkwlgCfq74mCSK2HMjKdkkBfz3tj8T/PyyG+DAqeZDmwhE4XxbnAkOJxFLjLFaMghoYQqri5FdM+UYSCCaxsQnDnX14krbOq61Td2/NK7WoWRwkdoWN0ilx0gWroGjVQE1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPbyeVNQ==</latexit><latexit sha1_base64="dPB2QiWLFg/hKerp4QDPImKo6EE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIRdFnsxo1QwT4gCWEynbRDZ5IwcyPWUPwVNy4Ucet/uPNvnD4W2nrgwuGce7n3nigTXIPjfFtLyyura+uljfLm1vbOrr2339Jprihr0lSkqhMRzQRPWBM4CNbJFCMyEqwdDepjv33PlOZpcgfDjAWS9BIec0rASKF9WA+5jz1f5j6wB1CyuBkFoV1xqs4EeJG4M1JBMzRC+8vvpjSXLAEqiNae62QQFEQBp4KNyn6uWUbogPSYZ2hCJNNBMbl+hE+M0sVxqkwlgCfq74mCSK2HMjKdkkBfz3tj8T/PyyG+DAqeZDmwhE4XxbnAkOJxFLjLFaMghoYQqri5FdM+UYSCCaxsQnDnX14krbOq61Td2/NK7WoWRwkdoWN0ilx0gWroGjVQE1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPbyeVNQ==</latexit><latexit sha1_base64="dPB2QiWLFg/hKerp4QDPImKo6EE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIRdFnsxo1QwT4gCWEynbRDZ5IwcyPWUPwVNy4Ucet/uPNvnD4W2nrgwuGce7n3nigTXIPjfFtLyyura+uljfLm1vbOrr2339Jprihr0lSkqhMRzQRPWBM4CNbJFCMyEqwdDepjv33PlOZpcgfDjAWS9BIec0rASKF9WA+5jz1f5j6wB1CyuBkFoV1xqs4EeJG4M1JBMzRC+8vvpjSXLAEqiNae62QQFEQBp4KNyn6uWUbogPSYZ2hCJNNBMbl+hE+M0sVxqkwlgCfq74mCSK2HMjKdkkBfz3tj8T/PyyG+DAqeZDmwhE4XxbnAkOJxFLjLFaMghoYQqri5FdM+UYSCCaxsQnDnX14krbOq61Td2/NK7WoWRwkdoWN0ilx0gWroGjVQE1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPbyeVNQ==</latexit>

0
<latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit>

0.8
<latexit sha1_base64="vx+OXglTxgDtwdofY6gEOSUHqo8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEsMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvTAXXxvO+nNLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXByM/c7j6g0T+SDmaYYxHQkecQZNVa699z6oFrzXG8B8pf4BalBgeag+tkfJiyLURomqNY930tNkFNlOBM4q/QzjSllEzrCnqWSxqiDfHHqjJxZZUiiRNmShizUnxM5jbWexqHtjKkZ61VvLv7n9TIT1YOcyzQzKNlyUZQJYhIy/5sMuUJmxNQSyhS3txI2pooyY9Op2BD81Zf/kvaF63uuf3dZa1wXcZThBE7hHHy4ggbcQhNawGAET/ACr45wnp03533ZWnKKmWP4BefjG14YjS4=</latexit><latexit sha1_base64="vx+OXglTxgDtwdofY6gEOSUHqo8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEsMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvTAXXxvO+nNLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXByM/c7j6g0T+SDmaYYxHQkecQZNVa699z6oFrzXG8B8pf4BalBgeag+tkfJiyLURomqNY930tNkFNlOBM4q/QzjSllEzrCnqWSxqiDfHHqjJxZZUiiRNmShizUnxM5jbWexqHtjKkZ61VvLv7n9TIT1YOcyzQzKNlyUZQJYhIy/5sMuUJmxNQSyhS3txI2pooyY9Op2BD81Zf/kvaF63uuf3dZa1wXcZThBE7hHHy4ggbcQhNawGAET/ACr45wnp03533ZWnKKmWP4BefjG14YjS4=</latexit><latexit sha1_base64="vx+OXglTxgDtwdofY6gEOSUHqo8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEsMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvTAXXxvO+nNLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXByM/c7j6g0T+SDmaYYxHQkecQZNVa699z6oFrzXG8B8pf4BalBgeag+tkfJiyLURomqNY930tNkFNlOBM4q/QzjSllEzrCnqWSxqiDfHHqjJxZZUiiRNmShizUnxM5jbWexqHtjKkZ61VvLv7n9TIT1YOcyzQzKNlyUZQJYhIy/5sMuUJmxNQSyhS3txI2pooyY9Op2BD81Zf/kvaF63uuf3dZa1wXcZThBE7hHHy4ggbcQhNawGAET/ACr45wnp03533ZWnKKmWP4BefjG14YjS4=</latexit><latexit sha1_base64="vx+OXglTxgDtwdofY6gEOSUHqo8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEsMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvTAXXxvO+nNLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXByM/c7j6g0T+SDmaYYxHQkecQZNVa699z6oFrzXG8B8pf4BalBgeag+tkfJiyLURomqNY930tNkFNlOBM4q/QzjSllEzrCnqWSxqiDfHHqjJxZZUiiRNmShizUnxM5jbWexqHtjKkZ61VvLv7n9TIT1YOcyzQzKNlyUZQJYhIy/5sMuUJmxNQSyhS3txI2pooyY9Op2BD81Zf/kvaF63uuf3dZa1wXcZThBE7hHHy4ggbcQhNawGAET/ACr45wnp03533ZWnKKmWP4BefjG14YjS4=</latexit>

3
<latexit sha1_base64="JYBj3t+WTAQe8bLkJgi7MxOh5ms=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBfaWMtw==</latexit><latexit sha1_base64="JYBj3t+WTAQe8bLkJgi7MxOh5ms=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBfaWMtw==</latexit><latexit sha1_base64="JYBj3t+WTAQe8bLkJgi7MxOh5ms=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBfaWMtw==</latexit><latexit sha1_base64="JYBj3t+WTAQe8bLkJgi7MxOh5ms=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBfaWMtw==</latexit>

0.2
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Figure 2: Integrated rate laws for protein aggregation in the presence of inhibitors.
Characteristic kinetic profiles for (a) free species, (b) bound species, and (c) fibril mass
concentration in the presence of an inhibitor that binds free monomers (first column), fibrils
ends (middle column) or fibril surfaces (right column). Dashed lines are the analytical
integrated rate laws (see SI for explicit expressions), which are in excellent agreement with
numerical simulations of Eqs. (3) (solid lines). Calculation parameters: mtot = 3µM, k+ =
3 × 106M−1s−1, k1 = 10−4M−1s−1, k2 = 8 × 103M−2s−1, n1 = n2 = 2, Keq

× = 0.3µM−1,
kon
× = 1.3 × 10−2M−1s−1, and (a) Ci = 0.06, 0.2, 0.4µM, (b) Ci = 0.2, 0.6, 1.3µM, (c) Ci =

0.2, 0.8, 3µM. Black curves are without inhibitor.
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Figure 3

Figure 3: Thermodynamic and kinetic design principles for protein aggregation
inhibitors. (a-b) Effective rates of aggregation in the presence of an inhibitor. (a) The
parameter λeff/λ describes the extent of inhibition on the primary aggregation pathways.
(b) κeff/κ describes the effect on the secondary pathways. These effective rates depend in
characteristic ways on two combined parameters: a dimensionless binding rate kon

× Ci/κ and
dimensionless binding constant Keq

× Ci. Dashed and solid lines in (a) and (b) indicate sample
inhibitor-response curves as a function of kon

× Ci/κ at constant Keq
× Ci. (c) Depending on the

rate of inhibitor binding to its target, kon
× Ci, compared to the overall rate of aggregation (κ),

we distinguish different inhibition regimes: (I) inactive (kon
× Ci � κ), (NE) non-equilibrium

inhibition (kon
× Ci ' κ), (E) equilibrium inhibition (kon

× Ci � κ). For fixed Keq
× , maximal

inhibition is obtained in the equilibrium regime. The extent of maximal inhibition depends
solely on Keq

× Ci. The plots in (c) correspond to the dashed and solid lines shown in (a)
respectively (b). (d) Schematic phase diagram summarising possible inhibition regimes for
an inhibitor that binds to monomers, fibril ends or fibril surfaces. These phase diagrams are
top views of the plots in (a) and (b), i.e. contour plots of λeff/λ (blue) and κeff/κ (red) (see
Fig. S3). Contour lines in (a), (b) and (c) are shown in intervals of 0.1. Plots of κeff/κ and
λeff/λ are generated using the expressions in Table S2 for the same parameters as in Fig. 2.
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Experiments

Brichos

10074-G5

Figure 4: Application to the inhibition of Aβ42 aggregation. (a) Experimental data
for the aggregation of 3µM Aβ42 in the presence of increasing concentrations of Brichos
(Ci = 0.1, 0.15, 0.22, 0.35, 0.5 Aβ42 molar equivalents). The experimental data are compared
to the theoretical prediction of our integrated rate law (solid lines). The theoretical prediction
for inhibited curves has no fitting parameters: the rate constants of aggregation are extracted
from a fit of the aggregation curve in the absence of inhibitor (k+ = 3 × 106 M−1s−1,
k2 = 8.2 × 104 M−2s−1, k1 = 1.1 × 10−4 M−1s−1) and the effect of inhibitor is predicted
using the experimentally measured binding and dissociation rates (kon

s = 5.1× 103 M−1s−1,
koff

s = 2.1 × 10−4 s−1).30 (b) Experimental data are compared to the theoretical prediction
assuming equilibrium binding (Eq. (5)) of Brichos with binding constant Keq

s = kon
s /k

off
s =

2.4 × 107 M−1. (c) Effective κeff/κ as a function of Brichos concentration and comparison
to our theoretical prediction (Table S2, solid line). (d) Location of Brichos30 in the phase
diagram of possible inhibition regimes for an inhibitor binding fibril surface sites. The points
correspond to the following concentrations of Brichos: Ci = 0.1, 0.15, 0.22, 0.35, 0.5 molar
equivalents. (e) Location of 10074-G5 in the phase diagram of possible inhibition regimes
for a monomer binder.56 The points correspond to the following inhibitor concentrations
Ci = 1, 2, 6, 10, 15, 20µM for 1µM Aβ42.
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