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too – the thermodynamics of
amyloid fibril formation

Alexander K. Buell

Amyloid fibrils are supramolecular homopolymers of proteins that play important roles in biological

functions and disease. These objects have received an exponential increase in attention during the last

few decades, due to their role in the aetiology of a range of severe disorders, most notably some of

a neurodegenerative nature. While an overwhelming number of experimental studies exist that

investigate how, and how fast, amyloid fibrils form and how their formation can be inhibited, a much

more limited body of experimental work attempts to answer the question as to why these types of

structures form (i.e. the thermodynamic driving force) and how stable they actually are. In this review, I

attempt to give an overview of the types of experiments that have been performed to-date to answer

these questions, and to summarise our current understanding of amyloid thermodynamics.
Introduction

The polymerisation of proteins to form supramolecular brillar
structures is of great biological signicance. Protein polymers
can provide mechanical stability to the cell and act as scaffolds
and tracks that conne the movement of molecular motors.
Furthermore, the polymerisation dynamics of proteins and the
associated force generation are exploited in processes such as
cellular movement and chromosome segregation. In many
cases, biological polymers are formed from protein building
blocks that adopt a very similar structure in the polymer to that
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in isolation, exemplied by the cytoskeletal proteins actin and
tubulin, or bacterial agellin. A different class of protein poly-
mers is amyloid brils, the formation of which is usually asso-
ciated with a substantial structural change that the individual
polypeptide unit undergoes. Amyloid brils have been prom-
inent objects of research in the last two decades because of their
formation being the hallmark of a range of severe disorders,
such as Alzheimer's disease or amyotrophic lateral sclerosis
(ALS).1 However, amyloid brils are also found to fulll func-
tional roles in biology (e.g. as storage forms for human
hormones2 or in bacterial biolms3). Furthermore, many
proteins can be induced to form amyloid brils in vitro under
appropriate, oen non-native conditions.4

In this work, I adopt the denition of amyloid brils gener-
ally accepted in biophysical studies, which is less stringent than
the medical denition,5 and comprises all classes of protein
laments with certain common structural motifs. In amyloid
brils, individual protein molecules are held together by
intermolecular b-sheet formation, with the b-strands being
oriented perpendicular to the long bril axis (cross-b struc-
ture6). This is true whether or not the individual protein
building blocks contain any b-sheet structure in solution. In
many cases, amyloid brils are formed by proteins that are
intrinsically disordered in solution, but also globular proteins
with much a-helical structure are observed to form amyloid
brils under some conditions.7 The requirement for a signi-
cant rearrangement of the building block explains why solution
conditions that destabilise the native state (extremes of
temperature, pH, and denaturant) of a protein are oen highly
conducive to the formation of amyloid brils.4,8 This general
observation in turn immediately suggests that the amyloid state
itself is less susceptible to destabilisation under those condi-
tions that destabilise the native state; otherwise the conversion
Chem. Sci., 2022, 13, 10177–10192 | 10177
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reaction would not be facilitated. These ndings have given rise
to the notion of the amyloid bril being in general a highly
thermodynamically stable structure that is not easily reversible
and the absolute stability of which is difficult to quantify. This
assessment, together with the view that amyloid bril formation
is essentially a ‘kinetic problem’ (i.e. kinetic factors are decisive
for the in vivo and in vitro behavior), has led to the thermody-
namics of amyloid bril formation being much less studied
than its kinetics. The aim of this review article is to highlight
these experimental studies that have addressed the thermody-
namics of amyloid bril formation and to point out the
important open questions in this space to be addressed in the
years to come.

The thermodynamics of protein folding
Energetics

Before I start with a survey of the available data on amyloid bril
thermodynamics, I will recall some of the main features of
protein folding thermodynamics, in order to provide an appro-
priate context. Protein aggregation into amyloid brils is also
oen referred to as ‘misfolding’, reecting the fact that the
protein molecules adopt a specic structure when incorporating
into amyloid brils. Even if this structural fold is not the native
one, it is stabilised by the same types of fundamental inter- and
intra-molecular interactions as the native state. Excellent reviews
have been written on the energetics of protein folding;9,10

therefore I will restrict the discussion to some essential aspects.
For those readers who would like to refresh their knowledge on
basic thermodynamics, Appendix 1 contains a short summary of
the key ideas required for an understanding of protein folding
and misfolding thermodynamics. The folding of even small
proteins is a very complex process, involving the breaking and
formation of hundreds of individual interactions that cancel
each other out to a large extent. It is therefore not surprising that
even aer decades of work in this area, it is still very difficult to
predict absolute thermodynamic stabilities of folded proteins,
even if high resolution structures are available. The main types
of interactions involved in protein folding are covalent bonds
(disulde links), hydrogen bonding, ionic interactions (e.g. salt
bridges between positively and negatively charged amino acid
side chains), and van der Waals and other non-covalent inter-
actions. Most of these interactions make a net favourable
contribution to the stability of the native state. However, there
are also entropic factors that contribute signicantly to protein
folding, mostly the hydrophobic effect and the entropy of the
polypeptide chain. The hydrophobic effect is related to the
solvent (i.e. water) entropy that is reduced when small hydro-
phobes (substances incapable of engaging in hydrogen bonds
with water) are solvated.11 The assembly of small hydrophobes
into clusters is driven by the associated increase in the solvent
entropy. The single largest entropic factor that opposes protein
folding is the conformational entropy of the polypeptide chain
that is severely restricted when the protein transitions from
a disordered chain to a well-dened three-dimensional shape.
Overall, these different interactions cancel in large parts, both
overall as well as in their respective enthalpic and entropic
10178 | Chem. Sci., 2022, 13, 10177–10192
contributions (enthalpy-entropy compensation12), leading to
moderate stabilities of the folded state of the order of a few tens
of kJ mol�1.9 This is equivalent to the net formation of 1–2
hydrogen bonds while hundreds of such bonds and other
interactions are broken and formed in the process. This delicate
balance of energies rationalises how in many cases a single
amino acid change (‘point mutation’) can signicantly desta-
bilise a folded state of a protein to an extent that under physi-
ological conditions a measurable concentration of (partly)
unfolded protein exists, posing an increased risk for aggrega-
tion.13 A signicant fraction of proteins are not able to adopt
a stable fold in isolation and are known as intrinsically disor-
dered proteins.14 They require a binding partner to do so, as only
this interaction lowers the free energy of folding sufficiently.15

Folded proteins usually have a well-dened stability optimum
(free energy minimum) at intermediate temperatures (�30–50
�C) and become destabilised at hot and cold temperatures. For
proteins from extremophile organisms, the temperatures of
optimal stability may be shied to higher or lower tempera-
tures.16 At high temperatures proteins unfold because of the
increasing contribution of chain entropy and at low tempera-
tures because of the weakening of the hydrophobic effect,
caused by the increased order in bulk water. The temperature-
dependence of the free energy of protein folding can be quan-
tied by the heat capacity of the folding reaction (i.e. the
difference of the heat capacities of the unfolded and folded
states), which is usually large and negative, and has been found
to correlate with both the protein size and buried hydrophobic
surface area (which are also strongly correlated with each
other).17 Under conditions where the native state is stable with
respect to the unfolded state, it is usually considered to repre-
sent the global minimum of the free energy.18 However, this
applies only in (innitely) dilute solution, as aggregated states
(e.g. amyloid brils) become accessible at nite concentration
and their stability is strongly concentration dependent (Fig. 1a).
If one focuses on the stability of the native fold itself, a relatively
weak, but nite concentration-dependence can be observed, e.g.
in thermal unfolding experiments. Increasing the protein
concentration can lead to both a higher (through molecular
crowding19) or lower (through intermolecular interactions/
aggregation20) thermal stability.
Probing and modulating protein stability

The conceptually simplest way to quantify the stability of a fol-
ded state of a protein is to determine the population of the
unfolded state(s). However, in most cases this is not easily
possible, because even a modest stability of the folded state of
only 20 kJ mol�1 translates into a ratio of the populations of the
unfolded to folded state of 0.0003. Sophisticated uorescence21

and NMR22 experiments can determine the populations of
higher energy states in the few percent range, but this becomes
very challenging for populations signicantly smaller than this
order of magnitude. Therefore, various methods have been
established to increase the populations of the unfolded state by
applying conventional or generalised thermodynamic forces.
Proteins can be most literally unfolded by mechanical force,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Amyloid thermodynamics. (a) The position of the equilibrium between the soluble and fibrillar state depends strongly on the total protein
concentration. (b) Amyloid fibril equilibria need to be defined with respect to I: free monomer concentration, II: fibril length distribution and III:
populations of different fibrillar polymorphs (illustrated in different colors).
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using an atomic force microscope (AFM23) or optical tweezers.24

In such experiments, most commonly one end of the protein is
attached to a surface and the other end to the AFM cantilever or
a bead in an optical trap, which allows us to acquire force-
distance curves. Such experiments however, while allowing
a relatively detailed characterisation of the free energy land-
scape,25 are difficult to perform and analyse. More common is
the application of generalised thermodynamic forces in the
form of changes in temperature, pressure and chemical
potential (see Appendix 1). High temperature and very high
pressure are both found to efficiently destabilise proteins, even
though organisms living at high temperatures and hydrostatic
pressures have proteins that are adapted to these conditions.16

The observation that most folded proteins are sensitive to very
high pressure9 suggests that the partial molar volume of the
unfolded state is smaller than that of the folded state, which
contains nanoscopic cavities. A change in chemical potential
amounts in practice to a change in the solution composition
and a wide range of changes in solution conditions have been
shown to destabilise the folded state of the protein, such as
organic solvents (modulation of the hydrophobic effect and
electrostatic interactions),26 chemical denaturants27 (competi-
tion with intramolecular H-bonds) and extremes of pH (ref. 28)
(intramolecular electrostatic repulsion). The most commonly
employed method of chemical protein unfolding is by dena-
turants, such as urea or guanidinium chloride (GndHCl). It has
been found empirically that the free energy of folding is to
a good approximation a linear function of the denaturant
concentration in many cases and this linear relationship can be
used to determine the free energy of folding by extrapolation to
zero denaturant.29 It has to be noted that all types of protein
unfolding experiments yield very different results if any covalent
bonds, notably disulde bonds, are broken prior to the experi-
ment30 because none of the denaturation methods described
above is, as such, able to break covalent bonds.
The thermodynamics of some non-
amyloid protein filament formation

Filamentous protein assemblies are ubiquitous in nature, and
full a range of important functions, for example for the
© 2022 The Author(s). Published by the Royal Society of Chemistry
cytoskeleton (actin- and tubulin-like proteins) or for cellular
motility (agellin). Even though an increasing number of bio-
logically functional amyloid brils are being discovered, many
of the functional protein laments found in biology do not full
the structural denitions of amyloid brils. In fact, the
systematic biophysical study of non-amyloid protein laments
signicantly pre-dates that of amyloid brils. The time period
from the 1950s to the 1970s was particularly active in this
respect; notably the early work by Fumio Oosawa and co-
workers should to be mentioned in this context.31 The reason
why I bring up these non-amyloid protein polymers here is that
they form a natural link between protein folding thermody-
namics and amyloid thermodynamics, in that these types of
polymers are formed from pre-folded building blocks that
change their structure only marginally, if at all, when incorpo-
rated into a brillar polymer. In agreement with this basic
feature, the functional protein polymers listed above, as well as
sickle hemoglobin brils, which are also formed from essen-
tially native building blocks, oen display a well-dened
stability optimum as a function of temperature.32,33 The rapid
loss in polymer stability already at moderate temperatures just
above the physiological range can oen be directly linked to
a loss in stability of its building blocks. Other than temperature,
the stability of functional polymers is also a function of chem-
ical composition, particularly oen also the concentration of
divalent ions and of the energy currency ATP (or GTP). This
feature can be explained by these polymerisation reactions
being under tight cellular control and the expenditure of ATP
allows the reversal of a spontaneous process. The solubilities,
i.e. equilibrium monomer concentrations of polymers, such as
actin and tubulin are of the order of hundreds of nM to a few
mM.33,34 Notably, the polymerisation of these proteins is able to
generate a force,35 and hence perform useful work for the cell, if
the concentration of the growth-competent/activated monomer
is maintained above the equilibrium concentration.
The thermodynamics of amyloid fibril
formation

Amyloid bril formation, particularly from disordered pre-cursors
(‘misfolding’), can be considered a combination of protein folding
Chem. Sci., 2022, 13, 10177–10192 | 10179
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and functional polymerisation. A key difference between folding
and misfolding is the loss of translational and rotational entropy
of the monomer upon addition to a bril end. Historically, it has
been surprisingly difficult to provide a good estimate for the
translational entropy of a molecule in solution.36 The main
approach has been to apply the Sackur–Tetrode equation for the
translational entropy of a gas molecule that depends logarithmi-
cally on the volume of the container in which the molecule is
conned. In the case of a molecule in solution, very different
relevant volumes have been proposed, ranging from the volume of
the cage of water molecules around the solute all the way to the
volume of the respective reaction vessel (e.g. test tube, plate well
etc.), the latter leading to the same translational entropy of
a molecule in solution as a molecule in the gas phase.36,37 It is
however generally recognised that the unmodied Sackur–
Tetrode equation overestimates the translational entropy of
a molecule in solution.36,37 Rotational entropy of molecules in
solution, on the other hand, is thought to be relatively well
described by the corresponding expression for the gas phase.37

Independent of the exact magnitude of the volume available to
a freely diffusing protein molecule, the loss of translational
entropy it experiences upon binding to another molecule depends
on the overall concentration of the solution. The more dilute the
solution, the greater the cost in translational entropy associated
with binding and hence the less favourable the binding interac-
tion, i.e. the less favourable the formation of an amyloid bril
(Fig. 1a). This factor is added to the loss in rotational and
conformational entropy of the peptide chain that most amyloid
proteins will experience upon binding to another monomer or
a bril end and adopting the conformation of the brillar state.
These combined losses in translational, rotational and confor-
mational entropy may in part be offset by an increase in solvent
entropy upon binding, due to the burial of hydrophobic sequence
regions. Independent of the exactmagnitude by which the entropy
of a proteinmolecule decreases upon binding to an amyloid bril,
this decrease is ultimately responsible for why amyloid brils
(indeed, all non-covalently-bound molecular complexes) become
unstable below a certain critical concentration, where the loss in
entropy can no longer be compensated by the favourable inter-
molecular interactions. At the typical concentrations used in in
vitro experiments, which can be more than two orders of magni-
tude above the solubility, this concentration dependence is oen
difficult to detect. Furthermore, the dissociation kinetics of
amyloid brils upon dilution can be so slow that they may appear
stable at low concentration, but are in reality only metastable.
Indeed, the question whether or not a given system of amyloid
proteins has reached equilibrium or not is important for an
accurate characterisation of its thermodynamics.
Equilibrium experiments

Relatively early in the systematic study of amyloid brils it has
been proposed that the amyloid state could be the true equi-
librium state of polypeptides, the free energy minimum, at
nite concentrations.38 But what exactly does it mean for
a solution of amyloid-forming protein molecules to have
reached equilibrium? There are three main aspects to consider:
10180 | Chem. Sci., 2022, 13, 10177–10192
free monomer concentration, length distribution and poly-
morph populations (Fig. 1b). All molecular systems that are
capable of forming multimers, from micelles over virus capsids
to amyloid brils, have a well-dened equilibrium solubility, i.e.
the concentration of free soluble building blocks converges
against a constant value, ccrit (the ‘critical concentration’), as the
total concentration tends towards large values39 (Fig. 2a). For
highly cooperative structures that are dened by geometrical
constraints of the building blocks, such as micelles and virus
capsids, there is an abrupt transition between a linear increase
in monomer concentration below ccrit and a constant monomer
concentration above ccrit. Amyloid brils are linear polymers
and it appears that only their width but not their length is
subject to geometrical constraints, in that only certain well-
dened widths, but a continuum of lengths, are normally
observed. Therefore, amyloid systems can be expected to reach
a constant free monomer concentration as a function of total
concentration more gradually than micellar systems (Fig. 2a).
However, at total concentrations 1–2 orders of magnitude above
the limiting ccrit, the concentration of free monomer converges
towards a constant value, ccrit. Considering the length distri-
bution of brils, true equilibrium corresponds to a state in
which it no longer changes. Nucleation, growth and fragmen-
tation of brils are all processes that inuence the evolution of
the length distribution. The simplest model of a linear poly-
merisation equilibrium (no explicit time dependence) is the
isodesmic model39–41 with a single equilibrium constant for
monomer addition to all species, which produces an exponen-
tially decreasing length distribution. This also corresponds to
the long term solution of nucleated polymerisation models,
with explicit time dependence.42 In general, the free energy of
the system depends only weakly on the shape of the length
distribution for a given degree of polymerisation (i.e. free
monomer concentration), which means that the driving force
towards optimisation of the length distribution is weak, once
ccrit has been reached. It is a common feature of amyloid
systems that different molecular species can co-exist. For
example oligomeric structures can co-exist with brils43 and
different types of brils (‘polymorphs’) can be found in the
same sample.44 Furthermore, for short peptides, a coexistence
and competition between amyloid brils and microcrystals can
be observed in some cases, e.g. for GNNQQNY.45 The latter
scenario corresponds to a competition between favourable
crystal contacts and torsional energy caused by forcing the
peptide molecules into a periodic crystal against their natural
tendency to twist.46 If the different types of aggregates have
different stabilities, equilibrium corresponds to a state in which
the populations of these species reect their relative stabilities:
the most stable structure will be the dominant one at equilib-
rium, according to the Boltzmann distribution. What makes
amyloid thermodynamics so challenging to study is the fact that
all three factors mentioned above are difficult to quantify
accurately, even though much progress has been made in the
identication of polymorph populations by high resolution
imaging methods, particularly cryo-electron microscopy44 and
atomic force microscopy.47 Furthermore the three relevant
features with respect to which equilibrium can be dened are
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc06782f


Fig. 2 Free monomer concentration as a measure of amyloid fibril stability. (a) Depending on the degree of cooperativity of a self-assembling
system, a constant monomer concentration as a function of total concentration is reached very abruptly (dotted line, highly cooperative, micellar
systems) or more gradually (solid line, e.g. linear polymers, such as amyloid fibrils). (b) In real amyloid systems (here Ab (1–40)), the free monomer
concentration can remain almost indefinitely in a metastable state due to high nucleation barriers preventing the formation of fibrils at
concentrations right above ccrit. Reproduced from ref. 48 with permission from Elsevier, copyright 2021. (c) If the solubilities of systematically
designed point mutations of an amyloid peptide (Ab (1–40)) aremeasured, residue-specific information can be obtained about the importance of
different sequence regions for the stability of the fibrillar fold. Reproduced from ref. 54 with permission from Elsevier, copyright 2006. (d) In some
scenarios (here a-synuclein in the presence of DMPS liposomes), kinetically trapped states can be reached at which the concentration of amyloid
fibrils does not depend on the initially addedmonomer concentration, but is limited by the lipid concentration (bottom, the red line indicates the
concentration of fibrils that would be expected if all the initially addedmonomer was converted). In this case the free monomer concentration at
the plateau of the kinetic experiment followed by thioflavin-T fluorescence (top) is not a measure of the stability of the amyloid fibrils.
Reproduced from ref. 56 with permission from Springer Nature, copyright 2015.
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subject to kinetic factors that makes it difficult to ensure that
equilibrium has actually been reached. In particular the
nucleation rate, i.e. the rate of formation of new brils, is
a critical factor in the establishment of equilibrium with respect
to monomer concentration and length and polymorph distri-
bution. If all rate constants are low, the equilibrium monomer
concentration is only slowly approached. For initial monomer
concentrations very close to ccrit, the system can in some cases
remain almost indenitely in a metastable state with csol > ccrit
due to high nucleation barriers48 (Fig. 2b). A system with
a combination of low nucleation and fragmentation rate
constants with a high growth rate constant can reach ccrit
rapidly but leads to a skewed length distribution with few but
very long brils. Furthermore, if a less stable bril form has
a much faster nucleation rate than a more stable one (which
Ostwald's rule of stages predicts to oen be the case49), it may
dominate the system for a very long time. Indeed, both the
length distribution and the polymorph distribution are so
strongly dened by kinetic factors that they may almost never
reach equilibrium values in realistic settings, particularly in
vivo. It is, however, possible to signicantly accelerate the
approach to the equilibrium of the bril length distribution in
in vitro experiments throughmechanical action, which has been
shown to act differently on different types of amyloid systems.50

Despite the recent advances in the quantication of poly-
morph populations and length distributions, we will neverthe-
less in the following focus on the (pseudo-)equilibrium with
© 2022 The Author(s). Published by the Royal Society of Chemistry
respect to the free monomer concentration, which is the most
accessible, as well as the most informative thermodynamic
parameter. It should however be noted that the three charac-
teristics with respect to which equilibrium can be dened are
not fully decoupled. For example, different bril strains/
morphologies may feature different equilibrium solubilities.
Furthermore, for very short brils, the equilibrium monomer
concentration may depend on the actual length distribution,
due to nite end effects.39
The free monomer concentration as a measure of amyloid
bril stability

The free monomer concentration at the end of an amyloid bril
formation reaction is oen routinely quantied in order to
probe the degree of conversion into brils. Such measurements
have also, albeit less frequently, been used for the quantica-
tion of the thermodynamic stability of the brils.48,51–53 A
benchmark in this context is an extensive study of the solubil-
ities of a large number of sequence variants of the Ab peptide by
the group of Ronald Wetzel54 (Fig. 2c). Such experiments are
usually performed by physically separating the aggregates from
the monomer, e.g. by centrifugation, followed by quantication
of the concentration in the supernatant. Whether or not all
species except monomers are spun down in such experiments is
determined by the applied centrifugation force. Ultracentrifu-
gation at several tens of thousands of g is usually sufficient to
Chem. Sci., 2022, 13, 10177–10192 | 10181
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ensure that most aggregated species are no longer found in the
supernatant. When such experiments are performed with
samples of amyloid proteins that, based on their kinetic
proles, appear to have reached equilibrium, the soluble
concentrations of the monomer can vary dramatically, from
tens of micromolar to virtually undetectable by classical means,
i.e. nM or below. A key question in such scenarios is whether or
not a given sample has actually reached equilibrium with
respect to the free monomer concentration, something that is
not always easy to establish. The most reliable way to ensure
that equilibrium has in fact been reached is to demonstrate that
the same free monomer concentration is reached, whether one
starts with an excess of brils or an excess of monomer.51 When
very high free monomer concentrations of tens of micromolar
or higher are detected in cases where amyloid brils are formed
by full length proteins, equilibrium should always be veried
because such equilibrium free monomer concentrations would
correspond to amyloid brils of an unusually low thermody-
namic stability. However, for short peptide systems, the overall
stabilities are generally lower and equilibrium concentrations
in the hundreds of mM to mM range are not unusual.55

At least in some cases, it has been demonstrated that
amyloid systems can be kinetically trapped in states with
monomer concentrations signicantly above the equilibrium
concentration, e.g. in the case of lipid-induced aggregation of a-
synuclein56 (Fig. 2d). In such cases, mechanical perturbation of
the sample by sonication or vigorous stirring assists the
approach to equilibrium, as it released fresh growth competent
bril ends. If it can be established that equilibrium has indeed
been reached, then the free monomer concentration, i.e. the
solubility, is a direct measure of the thermodynamic stability of
the brils. If the total protein concentration is signicantly
higher than the measured free monomer concentration [m], the
free energy difference between the monomer and bril state,

DG0, can be directly quantied from ½m�=½m�0¼e� DG0

RT , where [m]0 is
a reference concentration, chosen to be 1 M for convenience.
For a given amyloid system, the free monomer concentration at
equilibrium depends on a variety of factors, such as ionic
strength, pH and temperature.57 In particular electrostatic
interactions have been found to be very important for amyloid
bril stability,41,58–61 as is to be expected from a homopolymer-
isation reaction that leads to the formation of parallel in register
intermolecular b-sheet structures in most cases.62 This struc-
tural arrangement can lead to stacks of equal charges along the
entire bril, a highly electrostatically unfavourable arrange-
ment. Indeed, there is strong evidence from multiple types of
experiments, such as calorimetry,63 electrophoretic mobility64

and direct pH change measurements,65 that amyloid brils have
a signicantly lower net charge than expected from the net
charge of the isolated monomeric building blocks in solution.
The decrease in net charge upon incorporation into an amyloid
bril can be explained through shis in the pKa value or
counterion condensation, the driving force for which is
provided by the (non-electrostatic) favourable interactions that
stabilise the bril. In some amyloid and related systems (e.g.
short aromatic peptide assembly), it has been shown that the
10182 | Chem. Sci., 2022, 13, 10177–10192
free monomer concentration decreases in steps, rather than in
a continuous manner, during the assembly process.66 Impor-
tantly, this type of behaviour oen requires direct quantica-
tion of the residual free monomer over the aggregation time
course, as it can be masked if for example only Thioavin-T
(ThT) uorescence is used to follow the progress of the reac-
tion.67 This can be interpreted within the context of Ostwald's
rule of stages,49 in that the system undergoes a series of tran-
sitions between distinct states, in which different molecular
species are populated. The step-wise decrease in the free
monomer concentration corresponds to a step-wise decrease in
free energy, from less stable to more stable structures. A
successive population of different types of aggregated species
with increasing stability, e.g. oligomers, protolaments and
nally mature brils, is observed in many amyloid systems,68–72

and it is oen challenging to study the species with interme-
diate stability, due to their transient nature.68 The transition
from less stable to more stable assemblies has recently started
to receive increased attention in the context of the maturation
of dense condensate droplets formed by proteins that undergo
liquid–liquid phase separation (LLPS). While LLPS is fully
reversible in many cases, some proteins that can undergo LLPS
are found to also subsequently transition from reversible
droplets into irreversible aggregates over time.73 This conver-
sion is oen dened by the associated decrease in diffusional
dynamics of the protein molecules inside the evolving droplet,
e.g. through uorescence recovery aer photobleaching (FRAP)
experiments. A new experimental method, CapFlex, has recently
been presented in this context that allows to follow directly this
conversion reaction bymonitoring the time evolution of the free
monomer concentration.74 We close this section with the
general remark that amyloid bril formation is expected to only
occur to a very small (but nevertheless non-zero) extent at
concentrations below the solubility, i.e. below the equilibrium
monomer concentration, as dened by the limit of free mono-
mer as the total concentration tends towards innity40 (Fig. 2a).
This leads to the question how amyloid brils can form in vivo
from protein species that are present at exceedingly low
concentrations, below the solubility established in in vitro
experiments, such as the amyloid b peptide (present overall at
pM concentrations75). While this is a topic that requires addi-
tional investigation, a possible explanation is that local up-
concentration in vesicles76 or on surfaces, particularly lipid
bilayers, can lead to increased local concentrations that can
reach values above the solubility, enabling amyloid bril
formation.77,78 Molecular crowding by the high concentrations
of other macromolecules is likely to also play an important role
in rendering the thermodynamics of amyloid bril formation
more favourable at low concentrations. However, crowding
effects on amyloid thermodynamics also require more detailed
experimental study, given that most studies of crowding effects
so far have focused on kinetics.79
Chemical depolymerisation

In many cases, the free monomer concentration at equilibrium
is too low to be reliably measured. This corresponds to the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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equivalent situation in protein folding where the population of
the unfolded monomer is too low to be detected under native
conditions. The solution found for protein folding, i.e. chemical
denaturation, can also be applied for amyloid brils, and this
has been pioneered by Yuji Goto's group80 (Fig. 3a). In such
experiments, the soluble concentration of protein is plotted as
a function of denaturant concentration, leading to a sigmoidal
curve. The soluble concentration can be determined by direct
measurement aer centrifugation,81 or else spectroscopically,
using circular dichroism, intrinsic uorescence or thioavin-T
uorescence.80 Spectroscopic determination of the soluble
protein population has the advantage that physical separation
between aggregates and monomer is not necessary. In these
types of experiments, the same denaturants are being used as in
conventional protein denaturation, e.g. urea, GndHCl or
GndSCN.81 While the relative strength of denaturants is similar
to the case of protein unfolding, in that e.g. GndSCN is stronger
than GndHCl,81 it has also been found that in some cases urea
can be a stronger denaturant than GndHCl for amyloid brils.41

This is not usually observed for folded proteins and highlights
very clearly the different importance of unfavourable electro-
static interactions in amyloid bril formation vs. protein
folding. In the former, the nature of GndHCl as a salt stabilises
Fig. 3 Chemical depolymerisation of amyloid fibrils. (a) One of the
earliest such data sets, in which b2-microglobulin amyloid fibrils have
been destabilised by GndHCl and the depolymerisation has been fol-
lowed by CD spectroscopy and ThT fluorescence. Reproduced from
ref. 80 with permission from Elsevier, copyright 2004. (b) Global fit of
chemical depolymerisation (by urea) of glucagon amyloid fibrils, fol-
lowed by intrinsic fluorescence. It can be seen that a better fit is
achieved with the cooperative linear polymerisation model (solid line)
than with the simpler isodesmic linear polymerisation model (dotted
line). (c) The dependence of the soluble concentration on the total
concentration of glucagon amyloid fibrils is measured at 3 M urea
(compare with panel b). In this type of experiment, the isodesmic
model does not describe the data. (b) and (c) Reproduced from ref. 41
with permission from the RSC, copyright 2019. (d) Chemical depoly-
merisation analysis of different amyloid peptides and proteins revealed
that the per-residue stability of amyloid fibrils is the highest for short
sequences. Reproduced from ref. 81 with permission from the ACS,
copyright 2019.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the brils at moderate concentrations relative to urea that has
a purely destabilising effect. Chemical denaturation of amyloid
brils and related aggregates can be used in a qualitative
manner,82 e.g. to assess the stabilities of different bril
strains83,84 or the effect of sequence changes,85,86 by comparing
the denaturation mid-points. However, it is also possible to
perform a more quantitative analysis. Such an analysis needs to
be based on the nature of amyloid bril formation as a poly-
merisation process. The simplest model of equilibrium poly-
merisation is the so-called isodesmic linear polymerisation
model, which assumes a single equilibrium constant for all
monomer addition reactions, from dimer formation to n-mer
formation with n reaching innity.40 Using the same linear free
energy dependence on denaturants as is customary in protein
unfolding, it is possible to derive an equation for the analysis of
amyloid depolymerisation curves and t the depolymerisation
data41,80,81 (Fig. 3a).

An important difference between the mathematical expres-
sion to be used for protein unfolding vs. depolymerisation
experiments is that the latter explicitly contains the total protein
concentration. This means that amyloid bril depolymerisation
curves are protein concentration-dependent. Individual depo-
lymerisation curves can be very well tted to the isodesmic
model. In this context, it should be kept inmind that it has been
well-established, particularly also in the amyloid eld, that
tting individual sigmoidal data sets (e.g. kinetic time courses)
to a sigmoidal mathematical expression is not a very stringent
test of the given mechanistic model, and that global ts are
usually needed.87 The overall validity of the model is therefore
not automatically established by the ability to t amyloid bril
depolymerisation data to the isodesmic linear polymerisation
model. Nevertheless, this model has been applied in a land-
mark study where depolymerisation curves of a range of
proteins were analysed and some general principles of amyloid
bril stability were discovered81 (Fig. 3d). It was found that
amyloid stability depends on the sequence length, and the
stability per amino acid is the highest for short sequences,
presumably due to less probability of frustrated interactions in
short sequences. Also it was proposed that many amino acid
sequences occur in vivo at concentrations that correspond to
a metastable state with respect to their solubility. In other
words, the formation of amyloid brils would correspond to
a thermodynamically favourable reaction at these concentra-
tions.88 In a recent study, the validity of the isodesmic model
has been more thoroughly tested by performing chemical
depolymerisation experiments at different total protein
concentrations.41 It was found that depolymerisation curves are
indeed strongly concentration dependent, and that the iso-
desmicmodel cannot reproduce all the features of the data set if
it is globally tted (Fig. 3b). The extension of the model to
include a different equilibrium constant for the initial associ-
ation reactions (cooperative linear polymerisation model40)
improves the ts, which is also to be expected simply due to the
introduction of additional free parameters. However, it was also
found that in a variation of the conventional chemical depoly-
merisation experiments (protein concentration kept constant,
denaturant concentration varied), where the denaturant
Chem. Sci., 2022, 13, 10177–10192 | 10183
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concentration was kept constant at an intermediate value and
the total protein concentration was varied, the isodesmic model
was qualitatively unable to model the data41 (Fig. 3c). This
nding provides evidence that the isodesmic model is an
oversimplication and that depolymerisation experiments at
different protein concentrations reveal its shortcomings.41 In
the same study, it was also shown that urea is the denaturant of
choice if electrostatic interactions in amyloid brils are to be
probed, due to its neutral nature that does not screen electro-
statics. By measuring the magnitude of electrostatic interac-
tions that destabilise amyloid brils, far-reaching conclusions
could be drawn. Notably, it was shown that the brillar state
features similar albeit slightly stronger repulsive electrostatic
interactions as the transition state for bril growth.41 This
nding provides evidence for the transition state of amyloid
bril growth being product like. Chemical depolymerisation of
amyloid brils as a means to probe their thermodynamic
stability is applicable in many cases, but it has also been re-
ported that some types of amyloid brils resist even the most
powerful denaturants, e.g. bacterial functional amyloid involved
in biolm formation. Even for such systems, solution condi-
tions can be found that ultimately dissolve the brils, such as
formic acid.89 However, in such cases, the free energy of bril
formation is probably not well approximated as a linear func-
tion of the dissociating compound, and hence meaningful
thermodynamic parameters are more difficult to extract. Similar
to the case when the free monomer concentration is measured,
it needs to be ensured in depolymerisation experiments that
equilibrium has indeed been reached in all samples. Equili-
bration times can vary from hours to days, depending on the
denaturant concentrations.41,81 Verication that equilibrium
has been reached can be achieved by approaching it from
different sides, and by perturbing the system and observing its
relaxation back to the equilibrium state.81 It has been reported
that the age of the brils can have a signicant effect on their
susceptibility to denaturant.84 This effect could be due to a bona
de ageing/maturation process of the brils, which may also
involve increased higher order assembly.90 It has, however, also
been shown that intermolecular cross-links between the
monomers inside a bril can render them signicantly more
resistant towards chemical depolymerisation.91 Such covalent
interactions (dityrosine links) were articially introduced by UV
radiation in this particular study,91 but similar effects could also
arise naturally, e.g. through disulde bond shuffling, oxidation
etc. In such cases, the measured stability against chemical
depolymerisation no longer corresponds to a well-dened
thermodynamic property.
Non-equilibrium experiments

In addition to measuring the position of the equilibrium
between the free monomer and the available brils (in the
presence or absence of denaturants), the thermodynamics of
the bril growth reaction as the main driver of bril thermo-
dynamics can also be dened from measurements of growth
and dissociation rates.57,60,92 Growth rates can be measured by
a range of different techniques, mostly in scenarios where seed
10184 | Chem. Sci., 2022, 13, 10177–10192
brils are added, e.g. by ThT uorescence or surface-based
biosensing.93 Fibril dissociation is less straightforward to
measure because it is very slow under most conditions. A
particularly suitable experimental platform is provided by
biosensors, such as surface plasmon resonance (SPR)
sensors60,92 or the quartz crystal microbalance (QCM).57 Using
these platforms, a given constant ensemble of seed brils can
be exposed to different monomer concentrations, and also
rinsed with pure buffer. If the growth rate is measured
systematically at decreasing monomer concentrations, the
equilibrium solubility can be dened as the monomer
concentration at which neither net growth nor net dissociation
of brils is observed57 (Fig. 4a). Such experiments were for
example used to demonstrate a strong dependence of the
stability of amyloid-b brils on solution pH (ref. 60) (Fig. 4b). An
advantage of such measurements compared to direct determi-
nation of ccrit is that it is easier to prepare a protein solution at
a given (low) concentration, and to measure the growth rate
with a sensitive biosensor, than to accurately determine very
low, unknown concentrations. An additional benet in such
biosensing experiments is that the affinity of the monomer for
the surface of amyloid brils can be measured. The attachment
of the monomer to the bril surface is the rst step in the
secondary nucleation process, whereby new brils form on the
surface of the existing ones. Such surface affinity measurements
have been performed for the amyloid b peptide (1–40 (ref. 94)
and 1–42 (ref. 95)) and it was found that the affinity of the
monomer for the bril surface is approximately two orders of
magnitude lower than that for the bril ends. Fibril growth and
dissociation can also be studied by differential scanning uo-
rimetry (DSF), using intrinsic Trp uorescence, e.g. by subject-
ing amyloid brils to sudden temperature jumps or to
continuous temperature ramps57 (Fig. 4c). The degree of disso-
ciation of the brils in temperature ramps at any given
temperature depends on the temperature scan rate and this can
be used to determine the dissociation rate, as well as their
temperature dependence.57 It was found that the thermody-
namic stabilities determined through these non-equilibrium
DSF experiments agreed well with the results from equilibrium
depolymerisation, conrming that both types of experiments
essentially probe the interaction between bril ends and
monomers.57

Amyloid brils can generate force through their growth and
the quantication of this force represents another handle on
amyloid thermodynamics, similarly as is the case for functional
protein polymers, such as actin and tubulin.35 Such experiments
were realised by trapping amyloid spherulites (gel-like particles
with radially arranged amyloid brils96) in microuidic devices
and measuring the bending of PDMS pillars against which the
growing amyloid brils are pushing.97 It was found that amyloid
bril growth can generate similar forces to the growth of func-
tional protein polymers, which is consistent with the compa-
rable stabilities of these types of structures. It has also been
attempted to measure the force that is necessary to remove
a monomer from a bril end or from inside a bril, by force
spectroscopy with AFM98 or optical traps.99 Such experiments
are, however, extremely difficult to perform in a highly
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Non-equilibrium experiments of growth and dissociation to assess amyloid fibril stability. (a) The monomer concentration at which
amyloid fibrils are observed neither to grow nor to dissociate corresponds to their equilibrium solubility, ceq. (b) The growth and dissociation rates
of Ab (1–40) amyloid fibrils attached to an SPR sensor surface were measured at different pH values. It was found that the growth rate, and
ultimately the thermodynamic stability of the fibrils greatly increased as the pH was lowered. Reproduced from ref. 60 with permission from the
ACS, copyright 2014. (c) Differential scanning fluorimetry experiments to probe amyloid fibril growth and dissociation rates. A temperature
variation scheme is shown that includes a brief period at 75 �C, followed by equilibration at 40 �C (lower temperature) and a rapid change to 65 �C
(upper temperature), where the dissociation is monitored. Fluorescence emission measured at 350 nm is shown for fibril (F) and monomeric
reference (M) samples. The interrupted line indicates the measurement of the initial slope. If the upper temperature is systematically varied, the
dissociation rates can be determined at these different temperatures.57 Reproduced from ref. 57 with permission from Elsevier, copyright 2021.
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controlled manner and therefore only little quantitative insight
into amyloid thermodynamics has been obtained from atomic
force spectroscopy to-date. Lastly, another scenario should be
mentioned in which the non-equilibrium behaviour of amyloid
brils allows insight to be generated into their thermody-
namics. In addition to the fact that different numbers of indi-
vidual amyloid protolaments can assemble in various ways
into ‘mature’ brils, these brils can themselves undergo
higher order assembly into larger clusters. This corresponds to
the occulation process of unstable colloidal suspensions.39

Such higher order assembly is particularly inuenced by solu-
tion pH and ionic strength,100,101 and can be followed e.g. by
microscopy100 or scattering techniques.101 The nding that
a brillar suspension undergoes such higher order assembly
spontaneously under some conditions indicates that individual
suspended brils represent an unstable state. The fact that
amyloid brils are mostly found in dense deposits in vivo, such
as plaques, tangles and Lewy bodies, can presumably be partly
explained by this tendency of brils to cluster.102
Thermodynamic signatures of amyloid brils

Similar to the case of protein folding, it is also of interest to
investigate the thermodynamic signatures, i.e. the enthalpy-
entropy balance of amyloid bril formation. Calorimetry is the
method of choice to obtain this type of experimental insight.
Both protein folding and misfolding can be studied by differ-
ential scanning calorimetry, in which the temperature is scan-
ned and the difference in heat absorption between a sample and
reference cell is observed. Such experiments in general reveal
a signicantly higher thermal stability of amyloid brils than
the corresponding native state of the building block (if it is
folded under some conditions).58,103 The thermal ‘unfolding’ or
rather depolymerisation of amyloid brils is also generally
found to be endothermic58,104 (Fig. 5a) and strongly dependent
on the scan-rate57 and the protein concentration.58 In contrast to
protein folding, which is oen very fast and not easily amenable
© 2022 The Author(s). Published by the Royal Society of Chemistry
to isothermal titration calorimetry (ITC), the much slower
nature of seeded bril growth makes it possible to be charac-
terised by ITC. ITC allows us to probe the enthalpic signature of
bril growth at different temperatures and therefore also the
associated heat capacity. It is generally found in most such
experiments that amyloid bril growth, similar to protein
folding, is exothermic and associated with a signicant negative
heat capacity61,105–109 (Fig. 5b and c). This means that bril
growth at higher temperature releases more heat than at lower
temperature. Negative heat capacities in protein folding and
association reactions are oen attributed to the hydrophobic
effect, even though it has also been proposed that other types of
weak non-covalent interactions can lead to the same signa-
ture.12 In selected cases, most notably a-synuclein, it has even
been observed at moderate to lower temperatures that amyloid
bril growth can become endothermic.61,108 Non-zero heat
capacities of amyloid bril growth automatically imply a para-
bolic stability prole of the brils, with a maximum in stability
at intermediate temperatures, predicting a signicant destabi-
lisation of brils at low temperatures. a-Synuclein amyloid
brils are notable as one of the very few amyloid systems in
which the equivalent of protein cold denaturation, i.e. cold
depolymerisation, was observed.61,108,110 Overall, a-synuclein
amyloid brils are consistently found in multiple studies to
have only moderate stability under physiological conditions.
This probably explains why they can be sufficiently destabilised
by lower temperatures to lead to measurable dissociation.
Similar to folded proteins, many amyloid brils may be slightly
destabilised by cold temperatures, but if this change in stability
does not translate into a measurable increase in the monomer
concentration, it is difficult to detect. As an example, if a given
amyloid bril becomes destabilised from �50 kJ mol�1 to �45
kJ mol�1, its solubility changes from about 2 nM to 15 nM,
whereas if it is destabilised by the same absolute magnitude,
but from�30 to�25 kJ mol�1, the solubility changes from 6 mM
Chem. Sci., 2022, 13, 10177–10192 | 10185
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Fig. 5 The enthalpic signatures of amyloid fibril formation and
dissociation. (a) Differential scanning calorimetry (DSC) experiments of
b2-microglobulin amyloid fibrils at different NaCl concentrations, from
lowest (1) to highest (7). The data show a strong dependence of
amyloid thermal stability on salt concentration, as well as a strongly
endothermic signature upon dissociation. Reproduced from ref. 58
with permission from Elsevier, copyright 2005. (b) Raw data of
isothermal titration calorimetry (ITC) of b2-microglobulin amyloid fibril
growth. Small portions of monomer solution are repeatedly injected
into a suspension of fibrils. (c) If experiments such as the one shown in
(b) are performed at different temperatures, the enthalpies of fibril
growth can be determined at these different temperatures, and hence
also the heat capacity DCp of the elongation reaction. (b) and (c)
Reproduced from ref. 106 with permission from the ASBMB, copyright
2004. (d) When the heat capacities of the elongation reaction of
several different amyloid systems are quantified, it is found that they
are negative in all cases, i.e. that the enthalpy of the reaction becomes
more negative at higher temperatures.61 Further analysis shows that
the magnitude of the heat capacity correlates with the buried hydro-
phobic surface area upon fibril growth. Reproduced from ref. 61 with
permission from the PLoS, copyright 2020.
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to 45 mM (using kBT z 2.5 kJ mol�1). Scenario 1 is much more
difficult to detect experimentally than scenario 2.

Similar to the case of protein folding, based on calorimetric
data it has also been proposed for amyloid bril growth that the
magnitude of the heat capacity depends on the buried hydro-
phobic surface area upon addition of the monomer to the bril
end61 (Fig. 5d). Temperature as a generalised thermodynamic
force to probe a given molecular system has the advantage of
being easily controllable. The signicant heat capacity in
biomolecular interactions reects the fact that most relevant
interactions have a strong temperature dependence, rendering
the interpretation of calorimetric or van't Hoff experiments
oen non-trivial. It has long been recognised that pressure is
a conceptually simpler generalised force, and pressure effects
can be straightforwardly interpreted as changes in the partial
molar volume upon reaction. Inspired by pressure-induced
protein unfolding, it has been shown in a range of studies that
amyloid brils can be dissociated by the application of high
hydrostatic pressures.111–113 This nding conrms that while the
amyloid state is on the whole a compact state of the polypeptide
chain, it nevertheless also contains voids that render it
susceptible towards high pressure. However, the changes in the
10186 | Chem. Sci., 2022, 13, 10177–10192
partial molar volume upon amyloid bril formation are so small
that very high hydrostatic pressures (hundreds of atmospheres)
are required to observe pressure-induced amyloid bril depo-
lymerisation. This leads to the requirement for complex high
pressure equipment that is not widely available, explaining the
relative scarcity of such studies.
How can amyloid bril formation be reverted?

The main relevance of a discussion of amyloid thermody-
namics, other than to obtain a better fundamental under-
standing of these fascinating self-assembled structures, is
provided by the question of the long term fate and reversibility
of amyloid brils in a biological context. The notion that
amyloid brils are very stable structures and essentially irre-
versible stems from the long lived nature of disease-related
amyloid depots, as well as the requirement for strong dena-
turants to dissolve amyloid brils in vitro. However, these
features do not seem to be inextricably linked to the amyloid
state as such. In a range of cases it was found that a sudden
change in solution conditions (e.g. pH, protein concentration)
can lead to rapid dissolution of amyloid brils, e.g. in the case of
peptide hormones stored as amyloid brils,2 or a-synuclein114 or
b2-microglobulin115 brils that shed oligomers upon change in
solution pH. Such sensitivity towards solution conditions is
likely to have evolved by natural selection in the case of func-
tional amyloid. Disease-related amyloid protein sequences
oen lead to disorders aer the end of the reproductive life of
the affected organism and hence are less subject to natural
selection for reversibility of their associated amyloid brils. In
these cases the dependence of stability on solution conditions
may be accidental.

In addition to solvent conditions (pH, ionic strength, and
co-solvents117) a wide range of different compounds has been
reported to inuence amyloid bril stability, and they can be
roughly divided into two classes, passive and active
compounds. The former exert their effects through binding
interactions (Fig. 6a), whereas the latter through energy
expenditure (Fig. 6b), e.g. ATP hydrolysis. Before discussing
some such compounds in more detail, it is worth considering
the basic requirements of a passive compound able to desta-
bilise amyloid brils. Based on fundamental physico-chemical
reasoning, direct interaction between the compound and the
amyloid bril is neither sufficient nor even required to achieve
destabilisation. The law of mass action states that if a given
system is at equilibrium and we introduce an additional
species that selectively interacts with one component of the
equilibrium, this component will be stabilised. In other words,
if an external compound binds selectively to amyloid brils in
their most stable form, it will stabilise these brils further,
rather than destabilise them (Fig. 6a). The only way in which
a binding interaction can destabilise an amyloid bril is if the
compound interacts more strongly with any other state, e.g. an
amorphous, oligomeric or monomeric state. In cases where the
brillar ground state is in dynamic equilibrium with a less
stable brillar conformation, this equilibrium could also be
shied towards the less stable state if the external compound
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Reversal of amyloid fibril formation. (a) Passive compounds. Binding to monomers (left, red compounds) stabilises the soluble state and
shifts the equilibrium towards the monomer, leading to fibril dissociation. Binding to fibrils (right, green compound) stabilises the fibrils and shifts
the equilibrium towards the fibrillar state. (b) Active compounds are able to destabilise fibrils despite their affinity for the fibrillar state, by
undergoing a spontaneous reaction, such as ATP hydrolysis that is coupled with the fibril dissociation reaction. (c) Example of an active
compound, a chaperone, dissociating a-synuclein amyloid fibrils. This reaction requires energy in the form of ATP and various co-factors.
Reproduced from ref. 116 with permission from CellPress, copyright 2015.
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preferentially interacts with it. Within this conceptual frame-
work, the most straightforward manner by which bril
formation can be reverted is by providing a strong binding
interaction with the monomeric state (Fig. 6a). Given the
affinity of the monomer for the bril end, a monomer binder
needs to have an affinity at least of the order of mM, and in
most cases of the order of nM to be able to out-compete bril
growth to a signicant extent. Indeed, bril dissolution, or
signicant shis of the aggregation equilibrium towards the
monomeric state, has been demonstrated by incubation with
high affinity monomer binders, such as antibodies,118 affi-
bodies,119 or lipid vesicles.56 In cases where bril dissolution is
directly observed, its kinetics is limited by the rate of dissoci-
ation of the monomer from the bril end, which can be very
slow.120 If no dissociation of pre-formed brils is observed in
the presence of a high affinity monomer binder, this can
therefore have two possible explanations: a very stable bril
structure or a very slow rate of dissociation. These two possi-
bilities can be distinguished in principle by varying the
concentration of the monomer binder; if the limiting factor is
the bril dissociation rate, this will have no effect. Similar to
cases when monomer binding species are employed to inhibit
amyloid bril formation, bril dissolution also requires stoi-
chiometric amounts of binding species. Indeed, stoichio-
metric sequestration of monomers is the only available
strategy to fully reverse bril formation. It is therefore inter-
esting to ask whether other strategies exist that would change
the amyloid brils in such a way as to signicantly alter their
biological effects, without dissociating them into monomers.
In this context, the concept of bril ‘remodeling’ has been
proposed, with the green tea compound epigallocatechin
gallate (EGCG) being a prominent candidate for such effects,121

but other compounds have also been reported to act in similar
© 2022 The Author(s). Published by the Royal Society of Chemistry
ways.122 Overall the picture shows that such effects may indeed
be possible, but signicantly more quantitative and mecha-
nistic research is needed in this area. Aspects that have so far
not received enough attention are (1) quantitative evaluation of
the effect of the compound on brils, particularly through the
use of the latter as seeds,123 rather than mostly basing the
assessment on imaging of the brils; in the latter case results
may be confounded by the compound itself. (2) Consideration
of chemical reactions that compounds such as EGCG can
undergo both by itself and with the protein.124,125 (3) Detailed
kinetic and thermodynamic analysis to assess the plausibility
and mechanism of a given proposed effect. We end this section
with a short discussion on cases where active compounds,
such as biomolecular machines, achieve processing of amyloid
brils with energy expenditure, i.e. by coupling a spontaneous
reaction to the energy consuming process of bril dissolution
(Fig. 6b). This has been demonstrated for a range of chaper-
ones (Hsp104 and126 Hsp70,116 Fig. 6c), as well as the protea-
some.127 Ever since living systems have started to use
polypeptides as universal tools for almost all biological func-
tions, they had to deal with the intrinsically low solubility, i.e.
the fact that aggregated states have a high tendency to form.88

Given that the cellular proteostasis machinery evolved in the
presence of this fundamental physical constraint, it is not very
surprising that various clearance mechanisms have been
developed, and that the energetic uphill nature of aggregate
reversal necessarily comes with an energetic cost. It is,
however, remarkable that it has been possible in recent years
to reconstitute some of this functionality in vitro. Such recon-
stituted systems allow a detailed study of their mechanisms
and energy balance. It has for example recently been demon-
strated that amyloid brils are dissociated from the ends by
a chaperone.128
Chem. Sci., 2022, 13, 10177–10192 | 10187
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Summary

The experimental studies summarised in this review paint a clear
picture of amyloid bril formation (‘protein misfolding’) being
equally amenable to detailed and quantitative thermodynamic
analysis as protein folding. Very similar methods to those
employed in protein folding studies can be applied to amyloid
brils to modulate their free energy landscape and subsequently
quantify the populations of soluble vs. aggregated states, as well
as probe the thermodynamic signatures of the misfolding reac-
tion. Difficulties specic to amyloid brils can arise from the
potential heterogeneity of aggregated species in some cases, as
well as the high resistance towards chemical and thermal
denaturation of some amyloid systems. However, the view of the
amyloid bril as an ultra-stable, effectively irreversible state of
a protein does not reect the reality of many in vitro experiments.
The stability of the amyloid state depends very strongly on the
protein concentration and solution conditions and can therefore
be oen modulated to an extent that renders the direct quanti-
cation possible through determination of the relative pop-
ulations of soluble and aggregated states at equilibrium. The
stabilities of the native state of proteins and the amyloid state are
dened by the same types of interactions, but their relative
balance is different. Electrostatic interactions are mostly unfav-
ourable in amyloid brils. The relative importance of hydrogen
bonding and the hydrophobic effect are probably shied towards
hydrogen bonding in the case of amyloid,129 even though the
enthalpic and heat capacity signatures of amyloid bril growth
still appear to be dominated by the hydrophobic effect.61 Amyloid
brils are on the whole less susceptible to unfolding by low and
high temperatures than native states of proteins, reecting
a lower temperature dependence of the free energy of amyloid
bril formation, but both cold and heat-denaturation have been
observed for amyloid brils. The latter oen requires tempera-
tures comparable to those at which hyperthermophilic proteins
unfold. Kinetic effects play a very important role in amyloid bril
formation as well as dissociation, and have a strong potential to
confound thermodynamic experiments. Therefore, special care
needs to be taken that equilibrium has indeed been reached with
respect to the process under study.

Open questions

My hope is that this overview stimulates much further experi-
mental research in the area of amyloid bril thermodynamics,
which has been largely neglected compared to kinetic experi-
ments. Large scale exploration of amyloid thermodynamics has
been attempted by purely computational means,130,131 but it
mostly lacks quantitative experimental validation to-date. More
quantitative experimental data on the thermodynamics of
amyloid bril assembly, combined with the recent revolution in
structural biology (cryo-EM44 and AlphaFold132), have the
potential to address the following important questions in the
coming years:

- What is the role of amyloid thermodynamics in the bio-
logical effects of these structures and their resilience towards
natural clearance mechanisms?
10188 | Chem. Sci., 2022, 13, 10177–10192
- How can amyloid brils form under the oen very dilute
concentrations in vivo, where they would not form in vitro?

- How do posttranslational modications (truncation,
phosphorylation, ubiquitination etc.) affect bril stability?

- What changes in interactions drive the transition from
reversible liquid droplets towards irreversible brillar
aggregates?

- What are the mechanisms of bril remodeling and disso-
lution by active and passive external compounds?

- What are the thermodynamic driving forces for novel types
of brillar architectures, such as cross-a brils133 or brillar
structures of amino acids134 and metabolites135?

Answering these questions has the potential to enable us to
develop targeted strategies to remove amyloid in scenarios
when it is deleterious (pathologies and biolms) and to enhance
its resilience or engineer its reversibility for different types of
applications related to materials science.

Appendix 1: Some basic notions of
thermodynamics

If we are to discuss the thermodynamics and driving forces
behind the formation of amyloid brils, it is useful to recall
a few basic concepts of thermodynamics.

Classical thermodynamics deals with systems at equilib-
rium, i.e. the state of matter where all microscopic exchanges
and uxes balance and no measurable net change occurs in any
macroscopic system parameter. In order to describe a system at
equilibrium, we need to specify the values of the so-called state
variables, also known as state functions, such as the tempera-
ture, the pressure, the entropy or the internal energy. If any of
these state functions takes on a different value, then the system
will be in a different equilibrium state. If a transition from one
equilibrium state to another occurs innitely slowly (without
a net driving force, something that clearly never happens in
practice) then the transition is said to be reversible (no associ-
ated increase in entropy). However, in the presence of a net
driving force, transitions are usually irreversible and their
description is the realm of non-equilibrium thermodynamics.

In analogy to mechanical systems, where work is given by the
(scalar) product of a force times a displacement, W ¼ ~F$~x, in
thermodynamics generalised forces and displacements can be
dened, the product of which corresponds to energy. The
change in internal energy of a system can be written in terms of
differentials of these so-called conjugated pairs of generalised
forces and displacements as:

dU ¼ TdS � pdV þ
X
i

midNi (1)

where temperature T, pressure p and chemical potential m

correspond to the generalised forces, and the changes in
entropy dS, in volume dV and in particle number (of species i)
dNi correspond to the generalised displacements. Gradients, or
changes, in the generalised forces usually lead to changes in the
system composition and the way how a given system responds
to such external stimuli can reveal a lot of detailed information
about the fundamental physico-chemical characteristics of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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system. As can be seen throughout the present article, this
approach has been, and is the methodology of choice to learn
about the fundamental driving forces and origins of protein
aggregation. Various experimental approaches merely differ by
which generalised force is varied (temperature, pressure or
chemical potential), and whether the external perturbation is
applied slowly enough for the system to remain (approximately)
at equilibrium throughout the transition or whether the tran-
sition corresponds to a non-equilibrium process. One might
argue that in order to probe a biological system, the only
generalised force that is appropriate to be used is the chemical
potential, as this is the only handle that biology itself has in
order to modify a system, whereas temperature and pressure are
not under active biological control. However, a (bio)physicist
will reply to this objection that it really does not matter which of
the generalised forces one uses, as the powerful framework of
thermodynamics allows us to freely interconvert the various
forces and displacements, and that one should use whichever
generalised force is most convenient in practical terms.

We need to introduce a few more basic concepts, most
notably the Gibbs free energy G ¼ H � TS, where H is the
enthalpy, the heat exchanged at constant pressure. Closed
systems (heat exchange, but no particle exchange with the
surroundings) tend towards a state of minimal free energy (DG
# 0, with DG ¼ 0 for reversible processes and DG < 0 for
spontaneous processes), a statement that is equivalent to the
maximisation of entropy of the system and the surroundings.
Both the chemical potential m and the equilibrium constant of
a chemical reaction can be derived from the Gibbs free energy,

according to m ¼
�
vG
vNi

�
T ;p;Njsi

and K ¼ e�
DG0

RT , with the super-

script 0 referring to the free energy difference at some standard
state of the reactants, for example 1 mol l�1.

The last idea that we need in order to understand some of
the discussions in the article is the link between the macro-

scopic denition of entropy, S ¼ Q
T
, where Q is the heat that is

exchanged at temperature T and the microscopic denition S ¼
kBlog(U) where kB is the Boltzmann constant and U is the
number of microstates, i.e. the number of microscopic
arrangements of the components of a system that are compat-
ible with its macroscopic state. This can be understood in such
a way that any given macroscopic state has a large entropy when
many possible microscopic arrangements of its component
particles exist, as well as many ways to distribute the available
energy. In order to increase the temperature of a molecular
system, a certain amount of heat energy needs to be provided,
which depends on the temperature difference intended and on
the nature of the system. A systemwithmany internal degrees of
freedom, i.e. many vibrational modes over which energy can be
distributed, as well as many interactions, will require more heat
to increase its temperature. This idea can be quantied through
the concept of the heat capacity, which is dened as

Cp ¼
�
vH
vT

�
p
, where the subscript p denotes constant pressure.

If the heat capacity changes during a reaction, this indicates
© 2022 The Author(s). Published by the Royal Society of Chemistry
that the nature of the interactions that characterise the reac-
tants and products differ.
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S. Muyldermans and J. D. Hoheisel, Sci. Rep., 2018, 8, 7934.

21 H. S. Chung, J. M. Louis and W. A. Eaton, Proc. Natl. Acad.
Sci. U. S. A., 2009, 106, 11837–11844.

22 P. Neudecker, P. Robustelli, A. Cavalli, P. Walsh,
P. Lundström, A. Zarrine-Afsar, S. Sharpe, M. Vendruscolo
and L. E. Kay, Science, 2012, 336, 362–366.

23 M. Rief, M. Gautel, F. Oesterhelt, J. M. Fernandez and
H. E. Gaub, Science, 1997, 276, 1109–1112.

24 M. S. Z. Kellermayer, S. B. Smith, H. L. Granzier and
C. Bustamante, Science, 1997, 276, 1112–1116.

25 J. Stigler, F. Ziegler, A. Gieseke, J. C. M. Gebhardt and
M. Rief, Science, 2011, 334, 512–516.

26 K. Griebenow and A. M. Klibanov, J. Am. Chem. Soc., 1996,
118, 11695–11700.

27 J. A. Schellman, Biophys. Chem., 2002, 96, 91–101.
28 Y. Goto, L. J. Calciano and A. L. Fink, Proc. Natl. Acad. Sci. U.

S. A., 1990, 87, 573–577.
29 R. F. Greene and C. N. Pace, J. Biol. Chem., 1974, 249, 5388–

5393.
30 A. Cooper, S. J. Eyles, S. E. Radford and C. M. Dobson, J.

Mol. Biol., 1992, 225, 939–943.
31 F. Oosawa, Thermodynamics of the Polymerization of Protein,

Academic Press Inc., 1975.
32 P. D. Ross, J. Hofrichter and W. A. Eaton, J. Mol. Biol., 1977,

115, 111–134.
33 P. S. Niranjan, P. B. Yim, J. G. Forbes, S. C. Greer,

J. Dudowicz, K. F. Freed and J. F. Douglas, J. Chem. Phys.,
2003, 119, 4070–4084.

34 E. Krieg, M. M. C. Bastings, P. Besenius and B. Rybtchinski,
Chem. Rev., 2016, 116, 2414–2477.

35 J. W. Kerssemakers, E. L. Munteanu, L. Laan, T. L. Noetzel,
M. E. Janson and M. Dogterom, Nature, 2006, 442, 709–712.

36 L. M. Amzel, Proteins, 1997, 28, 144–149.
37 M. Mammen, E. I. Shakhnovich, J. M. Deutch and

G. M. Whitesides, J. Org. Chem., 1998, 63, 3821–3830.
38 E. Gazit, Angew. Chem., Int. Ed. Engl., 2002, 41, 257–259.
39 J. Israelachvili, Intermolecular and surface forces, Academic

Press, 1992.
40 M. M. Smulders, M. M. Nieuwenhuizen, T. F. de Greef,

P. van der Schoot, A. P. Schenning and E. â. W. Meijer,
Chem.–Eur. J., 2010, 16, 362–367.

41 N. Vettore and A. K. Buell, Phys. Chem. Chem. Phys., 2019,
21, 26184–26194.

42 T. C. Michaels, G. A. Garcia and T. P. Knowles, J. Chem.
Phys., 2014, 140, 194906.

43 N. Lorenzen, S. ren Bang Nielsen, A. K. Buell, J. rn Dø vling
Kaspersen, P. Arosio, B. S. Vad, W. Paslawski,
G. Christiansen, Z. Valnickova-Hansen, M. Andreasen,
J. J. Enghild, J. S. Pedersen, C. M. Dobson,
10190 | Chem. Sci., 2022, 13, 10177–10192
T. P. J. Knowles and D. E. Otzen, J. Am. Chem. Soc., 2014,
136, 3859–3868.

44 A. W. Fitzpatrick, B. Falcon, S. He, A. G. Murzin,
G. Murshudov, H. J. Garringer, R. A. Crowther, B. Ghetti,
M. Goedert and S. H. Scheres, Nature, 2017, 547, 185.

45 K. E. Marshall, M. R. Hicks, T. L. Williams, S. V. Hoffmann,
A. Rodger, T. R. Dafforn and L. C. Serpell, Biophys. J., 2010,
98, 330–338.

46 T. P. J. Knowles, A. D. Simone, A. W. Fitzpatrick, A. Baldwin,
S. Meehan, L. Rajah, M. Vendruscolo, M. E. Welland,
C. M. Dobson and E. M. Terentjev, Phys. Rev. Lett., 2012,
109, 158101.

47 L. D. Aubrey, B. J. F. Blakeman, L. Lutter, C. J. Serpell,
M. F. Tuite, L. C. Serpell and W.-F. Xue, Commun. Chem.,
2020, 3, 125.

48 V. Lattanzi, K. Bernfur, E. Sparr, U. Olsson and S. Linse,
Joint Coalition Interoperability Solution, 2021, 4, 100024.

49 R. Van Santen, J. Phys. Chem., 1984, 88, 5768–5769.
50 D. M. Beal, M. Tournus, R. Marchante, T. J. Purton,

D. P. Smith, M. F. Tuite, M. Doumic and W.-F. Xue,
iScience, 2020, 23, 101512.

51 B. O'Nuallain, S. Shivaprasad, I. Kheterpal and R. Wetzel,
Biochemistry, 2005, 44, 12709–12718.

52 S. L. Crick, K. M. Ruff, K. Garai, C. Frieden and R. V. Pappu,
Proc. Natl. Acad. Sci. U. S. A., 2013, 110, 20075–20080.

53 C. L. Pashley, E. W. Hewitt and S. E. Radford, J. Mol. Biol.,
2016, 428, 631–643.

54 A. D. Williams, S. Shivaprasad and R. Wetzel, J. Mol. Biol.,
2006, 357, 1283–1294.

55 T. O. Mason, T. C. T. Michaels, A. Levin, C. M. Dobson,
E. Gazit, T. P. J. Knowles and A. K. Buell, J. Am. Chem.
Soc., 2017, 139, 16134–16142.

56 C. Galvagnion, A. K. Buell, G. Meisl, T. C. T. Michaels,
M. Vendruscolo, T. P. J. Knowles and C. M. Dobson, Nat.
Chem. Biol., 2015, 11, 229–234.

57 R. K. Norrild, N. Vettore, A. Coden, W.-F. Xue and
A. K. Buell, Biophys. Chem., 2021, 271, 106549.

58 K. Sasahara, H. Naiki and Y. Goto, J. Mol. Biol., 2005, 352,
700–711.

59 S. L. Shammas, T. P. J. Knowles, A. J. Baldwin,
C. E. Macphee, M. E. Welland, C. M. Dobson and
G. L. Devlin, Biophys. J., 2011, 100, 2783–2791.
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