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Abstract

Amyloid fibrils are ordered, non-covalent polymers of proteins that are linked
to a range of diseases, as well as biological functions. Amyloid fibrils are often
considered thermodynamically so stable that they appear to be irreversible, ex-
plaining why very few quantitative thermodynamic studies have been performed
on amyloid fibrils, compared to the very large body of kinetic studies. Here we
explore the thermodynamics of amyloid fibril formation by the protein PI3K-
SH3, which forms amyloid fibrils under acidic conditions. We use quartz crystal
microbalance (QCM) and develop novel temperature perturbation experiments
based on differential scanning fluorimetry (DSF) to quantify the temperature
dependence of the fibril growth and dissociation rates, allowing us to quantita-

tively describe the thermodynamic stability of the fibrils between 10 and 70°C.
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This amyloid system is characterised by a moderate temperature dependence of
the fibril growth rate and a strong temperature dependence of the dissociation
rate, leading to a measurable increase in solubility above approximately 50°C.
Keywords: amyloid, kinetics, thermodynamics, non-equilibrium system,

biosensing, differential scanning fluorimetry, quartz crystal microbalance

Introduction

Amyloid fibrils are highly ordered polymers of proteins and peptides. These
structures have received much attention in the last two decades because of their
being the hallmark of a wide range of different human disorders, most notably
some devastating neurodegenerative diseases, e.g. Alzheimer’s and Parkinson’s.
At the same time, amyloid fibrils play also functional roles in biology, as tem-
plates [1], as storage forms of peptide hormones [2], or for structural integrity,
e.g. in bacterial biofilms [3]. In addition to the functional and disease-related
amyloid proteins, many additional proteins have been found to form amyloid
fibrils under certain sets of solution conditions. One such protein is the Src-
homology 3 domain of phosphatidyl-inositol-3-kinase (PI3K-SH3). A stably
folded small protein at neutral pH [4], it transforms into amyloid fibrils at
acidic pH, which destabilises its native fold [5]. This protein has played an ex-
traordinarily important role in the history of amyloid research. It was during
studies of protein folding mechanisms [6] that the group of Sir Chris Dobson
discovered the amyloid-forming potential of PI3K-SH3 [7], when an acidic so-
lution of the protein was left in an NMR tube for several days was found to
have transformed into a gel. A range of seminal studies that revealed funda-
mental features of the amyloid state were performed on the PISK-SH3 system.
Examples include studies that established the cellular toxicity potential of early
aggregate species on the pathway to amyloid fibril formation [8] and method
developments to measure the time evolution of oligomer populations [9]. Also
some of the earliest amyloid structural biology was performed on PI3K-SH3

fibrils, ranging from cryo-electron microscopy [10], limited proteolysis [L1] to
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solid state NMR, spectroscopy [12]. Indeed, the discovery that PI3K-SH3 can
form amyloid fibrils has significantly contributed to the birth of the generic
amyloid hypothesis, the intellectual father and most prominent proponent of
which was Sir Chris Dobson [13] [14]. This hypothesis states that polypeptides
are substances with inherently limited solubility and that the amyloid state is
a thermodynamically stable insoluble state that is accessible to many different
polypeptide sequences, ranging from very short peptides to large proteins. The
question about the mechanisms and driving forces for the transformation of sol-
uble protein into amyloid fibrils has been the subject of intense investigation
in recent years. Most of the focus has been put on kinetic and mechanistic as-
pects of this transition, while the question as to the origin and magnitude of the
thermodynamic stability of amyloid fibrils has received less attention. Amyloid
fibrils of many proteins appear to be virtually irreversible under physiologically
relevant conditions, both in vitro and in vivo, which explains the lack of quanti-
tative data on their thermodynamic stability. It has, however, been shown that
amyloid fibrils can be dissolved with strong chemical denaturants [15} 16} 17, 18],
as well as by exposing them to high temperatures [19] 20| 21], [22] 23 24]. The
amyloid fibrils from a range of proteins have been characterised by chemical
denaturation and it has been found that absolute stability increases with se-
quence length, but stability per amino acid is highest for short sequences [16].
Insight into the thermodynamics of the amyloid state can also be obtained from
measurements of fibril growth and dissociation rates. It can be shown (see
supplementary materials) that the ratio of the dissociation and growth rate
constants corresponds to the equilibrium concentration of monomer, which is a
measure of fibril stability - the smaller the concentration of monomer at equi-
librium, the more stable the fibrils. Such an analysis has been performed for
example for the amyloid beta peptide, both through direct measurements of the
equilibrium concentration of monomer [25] 26], as well as from measurements of
fibril growth and dissociation kinetics by surface plasmon resonance (SPR) [27].
To our knowledge, no amyloid system has so far been thermodynamically char-

acterised by both chemical denaturation, as well as by measurements of growth
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and dissociation rates, and the resulting stabilities compared. We have recently
presented an in-depth analysis of the equilibrium chemical depolymerization of
PI3K-SH3 [17], which led to the conclusion that the standard isodesmic linear
polymerization model (a single equilibrium constant) is incomplete and only an
extended version, the cooperative linear polymerization model (two equilibrium
constants, of nucleation and growth), is able to fully reproduce all features of the
chemical depolymerization experiments. In the present work, we measure the
temperature dependence of both the growth and dissociation rate constants of
PI3K-SH3 amyloid fibrils and from this data define the temperature-dependent
thermodynamic stability of these fibrils. We study the response of the fibril sys-
tem initially in equilibrium with monomer after perturbation by both changes
in monomer concentration as well as temperature. In particular, we introduce
a new method, whereby differential scanning fluorimetry is used to monitor the
response of the fibril system upon sudden (T-jump) or continuous (T-ramp)
changes in temperature. While the T-jump perturbation method of chemical
systems was originally developed for ultra-fast reactions [28], we show that it
can also be of benefit in the case of slowly relaxing systems, such as amyloid

fibrils.

Materials and Methods

Protein production, purification and conversion into amyloid fibrils

Protein expression

RosettaTM(DE3) E.coli Competent Cells (Novagen) transfected with a pET-
14b Vector (Novagen) coding for the PI3K-SH3 domain fused to an histidine
tag were used for the protein production. Six liters of inducing media were
prepared according to the following protocol: dissolution of 24g/1 yeast extract,
12g/1 tryptone and 6 ml/1 of glycerol (Carl Roth GmbH + Co. KG, Karsruhe,
Germany) in 5400 ml of deionized water and sterilization in autoclave. Af-
ter cooling down the media, a total of 600 ml of a separately-sterilized solu-

tion of 0.17 M KHyPO, (Giirssing GmbH Analytica, Filsum, Germany), 0.72
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M K>HPO, (Carl Roth GmbH + Co. KG, Karsruhe, Germany) were added,
as well as 6 ml/l of a 10% glucose (Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) solution, 30 ml/l of a 8% lactose (Carl Roth GmbH + Co. KG,
Karsruhe, Germany) solution (both of them sterilized by filtration with a 0.22
pm cut-off filter) and 100 mg/ml ampicillin (Thermofisher Scientific, Waltham,
Massachusetts, USA). The growth medium was then transferred into four 5 liter
flasks, inoculated, and grown overnight at 37°C under 120 rpm agitation in a

Infors Multitron Standard shaker.

Protein purification

After the incubation overnight, the culture was subjected to 20 minutes of
centrifugation at 4°C at 5000 g in a JLA 10500 rotor. The supernatant was then
discarded, and the cells re-suspended in a 50 mM phosphate buffer with 10mM
NaCl (Fisher Scientific UK, Leics, United Kingdom), 5 mM imidazole (Sigma-
Aldrich, Merck KGaA, Darmstadt, Germany) solution at pH 8.0. Three EDTA-
free protease inhibitor tablets (Roche, Grenzach-Wyhlen, Germany) were then
dissolved in 1 ml buffer and added to the solution, together with 150 ul of
a 10 mg/ml DNAse solution (Sigma-Aldrich, Merck KGaA, Darmstadt, Ger-
many). Sonication with a VS 70 T probe was then carried out for 10 minutes
(3s pulse, 5s pause) at 40% amplitude. After 1h of centrifugation at 4°C at 1800
rpm with a JA 20 rotor, the solution was frozen and stored at -20°C. Before
the chromatographic purification, the solution was thawed and filtrated with a
0.22 pm cut-off filter. Immoblized metal affinity chromatography (IMAC) was
performed, in order to separate the protein from the rest of the lysate. This pro-
cedure utilized a HisTrapTMFF column with immobilized nickel on a agarose
resin (NiSepharoseTMFastFlow), in order to retain the recombinant PI3K-SH3
domain through the fused histidine tag. A gradient of two solutions was uti-
lized: A) 50 mM Phosphate buffer, 10 mM NaCl, 5 mM imidazole solution at
pH 8.0, B) 50 mM Phosphate buffer, 10 mM NaCl, 100 mM imidazole solution
at pH 8.0. The flow rate was set to 1.5ml/min, and the gradient was set to go

from 0 to 100% of solution B in 50ml. After the collection, the samples were
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incubated overnight with a solution of Trypsin (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) at 4°C under agitation, in order cleave off the hystidine
tag. Size-exclusion chromatography (SEC) was then carried out with an AKTA
Pure apparatus, equipped with a HiLoadTM26/60 SuperdexTMT75 prep grade
cross-linked agarose and dextran column, equilibrated with 5 mM ammonium
acetate (Carl Roth GmbH + Co. KG, Karsruhe, Germany) buffer at pH 7. The
previously obtained fractions derived from the IMAC where concentrated with
a Vivaspin ®) 20 membrane with 10 kDa cut-off, under centrifugation at 8000
rpm for 30 minutes prior to the injection in the SEC column. 5 ml of solution
were injected for each chromatographic run. Each collected fraction was run in
an SDS-PAGE, in order to evaluate the identity and the purity of the product.
The fractions obtained from the SEC purification were flash-frozen with liquid

nitrogen and lyophilized. The dry protein was stored at -20°C.

Amyloid fibril preparation

PI3K-SH3 amyloid fibrils were prepared at pH 2. For the QCM experiments,
they were prepared in 10 mM HCI, whereas for the DSF experiments, they were
prepared in 10 mM glycine-HCI buffer (pH 2). The reason for this difference is
that the presence of the glycine buffer interferes with the chemical modification
of the fibrils required for the attachment to the QCM sensor, see below. In both
cases, fibrils were obtained by incubation of 300-450 uM PI3K-SH3 protein solu-
tions for 4 days at 42°C under agitation. Protein concentrations were measured
by absorbance spectroscopy, using an extinction coefficient of 15930 M~!cm ™!
at 280 nm. Subsequent generations of fibrils were always seeded with a small

percentage of the previous generation. Over the course of our experiments, 8

generation of fibrils were prepared in the case of the glycine buffer.

Atomic force microscopy (AFM) imaging

The fibril samples (before and after sonication) were diluted with 10 mM
HCI to a concentration of 1 or 2 uM. 5 ul were deposited on freshly cleaved

mica and left to dry. The samples were subsequently imaged using a multimode
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8 AFM with a Nanoscope V controller (Bruker) operating under peak force
tapping in the ScanAsyst mode using Bruker ScanAsyst probes (silicon nitride
triangular tip with nomina tip radius of 2 nm and nominal spring constant of
0.4 N/m). The height channel images, each with a scan size of 5 x 5 ym and
1024 x 1024 pixels were collected. Nanoscope analysis software (Version 1.5,
Bruker) was used to process the image data by flattening the height topography

data to remove tilt and bow.

Quartz crystal microbalance (QCM) experiments

The PI3K-SH3 amyloid fibrils were chemically modified by attaching cys-
tamine, in order to allow attachment to the gold-coated sensor [29]. In brief,
fibril functionalization was carried out by dissolving 0.023 g of cystamine dihy-
drochloride (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) in 100 pl of
MilliQ water and by adding this solution to 200 ul of PI3K-SH3 fibrils in HC1
pH 2 (see the section above for more details on fibril preparation). The whole
volume was then directly added to 0.001 g of N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC; Sigma-Aldrich, Merck KGaA, Darm-
stadt, Germany) and vortexed. HCI pH 2 was then added until reaching a final
volume of 1.5 ml. The sample was then subjected to 30 minutes of centrifuga-
tion at 16.1 krpm at 21°C. The supernatant was discarded and the precipitated
fibrils resuspended into 1.5 ml of HCI pH 2. The centrifugation/re-suspension
procedure was repeated three times, but after the third centrifugation the pellet
was resuspended into 500 ul instead of 1.5 ml. This procedure is necessary in
order to remove most of the un-reacted cystamine, that would otherwise com-
pete for the attachment to the available gold surface. The obtained suspension
of fibrils was then sonicated for 15 s (1 s pulse, 2s pause, at 10%amplitude) prior
to the attachment of the fibrils to the sensor surface. Clean QCM sensors were
incubated overnight with 150 pl of fuctionalized fibril suspension, under 100%
humidity (in order to reduce the evaporation of the sample). Prior to the start
of the QCM experiments, the sensors were rinsed extensively with HCI pH 2 and

incubated with a 1:100 aqueous mPEG-thiol (PolyPure, Norway) solution for
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30 minutes under 100% humidity, in order to passivate the remaining surface.
After the incubation the sensors were rinsed with HCI pH 2, dried under nitro-
gen gas flow and placed in the QCM sensor chamber for the experiment. The
measurements of the temperature and concentration dependencies of the fibril
elongation rate was carried out by performing injections of monomer solutions
in 10 mM glycine-HCI pH 2 buffer at different concentrations and temperatures,
ranging from 10 to 70°C. Absolute rates obtained from different sensors cannot
be directly compared, due to the potential differences in the surface concentra-
tion of the attached fibrils, which translate into different frequency responses
upon injection of a given monomer concentration. Normalization of data ob-
tained from different sensors is therefore mandatory in order to compose a single
data set. This procedure is carried out by performing an injection of a solution
with a specific monomer concentration at a specific temperature onto all the
considered sensors. The rates of frequency change are then compared, a refer-
ence sensor is chosen and under the assumption that all measured rates under
this set of conditions should be equal, a multiplicative factor is deduced with

which to multiply all rates from sensors other than the reference sensor.

Differential scanning fluorimetry (DSF) experiments

DSF measurements were performed using a ”Prometheus” instrument (Nan-
otemper, Munich, Germany). The instrument allows to measure the fluorescence
emission intensity at 330 and 350 nm upon excitation at 280 nm, in microcap-
illaries. Measurements can be performed at constant temperature, upon rapid
changes in temperature, or during temperature ramps at different rates. We
have previously reported that in the case of PI3K-SH3 amyloid fibrils, intrinsic
protein fluorescence is a convenient tool that allows to determine the relative
concentrations of monomers and fibrils in a sample, because the tryptophan
fluorescence is strongly quenched in the fibrillar state [17]. 440 pM PI3K-SH3
fibril stock solution was diluted to 100 uM before being sonicated using a Vial
Tweeter sonication device (Hielscher Ultrasonics GmbH, Tieltow, Germany).

250 pl samples were sonicated on ice at maximum amplitude for 5 times 10
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seconds resulting in approximately 500 J. The fibrils were then equilibrated
over night before use. Approximately 10 pl fibril sample was filled through
capillary action into high sensitivity (quartz) capillaries immediately before the

measurements.

Full fibril dissolution
100 M of non-sonicated fibrils were heated to 110°C and subsequently cooled
back to 20°C at a rate of 1.5°C/min. A sample of 100 ygM monomeric PI3K-SH3

was included as a reference.

Temperature jump experiments

For the measurements of growth rates at 15-40°C, the samples were equili-
brated overnight at 40°C after sonication. To release monomers from the fib-
rils, the samples were left to partly dissociate at 60°C for 20 minutes before
the temperature was rapidly lowered to the desired temperature at which the
growth rate was to be measured. For the temperature jump experiments to high
temperatures (60-75°C), the fibrils were incubated for several days at 15°C to
ensure slower kinetics. The experiments included an annealing strategy where
the fibrils were partly dissociated at 75°C for 5 minutes, regrown at 40°C for
20 minutes, before finally changing the temperature to 60-75°C and recording
the change in fluorescence emission. The annealing made the experiments more
reproducible and slowed down the reaction, possibly due to the dissolution of
very short fibrils during the short period at 75°C This renders the analysis more
reliable, as the rate of dissociation is slowed down with fewer fibril ends, which
makes the finite time it takes to reach the upper temperature less significant in
the experiment. To extract the initial rates, the fraction of monomeric protein
was estimated by including monomeric reference samples. The fibril fluores-
cence at high temperatures was extrapolated from ramping experiments where
the temperature dependence of the fibrillar state can be approximated by a
linear function before dissociation starts. The fraction of monomer was then

calculated by subtracting the fibril signal from the measured data and after-



235

240

245

250

255

260

wards dividing by the fluorescence signal of the monomeric sample subtracted
by the fibril sample. All the temperature jump experiments were performed at
three different fibril concentrations (25, 50 and 100 M), which corresponds to

different numbers of growing and dissociating fibril ends.

Temperature ramp experiments

The temperature ramps were performed at different rates (0.5, 1 and 1.5°C
per minute) of 100 uM fibril samples. Prior to the ramp, the samples were
equilibrated over night after sonication as desribed above before performing
a short annealing (5 minutes at 65°C, 20 minutes at 40°C, and 30 minutes of
equilibration at 15°C). The ramp was started at 15°C and the upper temperature
was kept constant at 65°C. Only the data above 40°C was used in the fits, but
the lower starting temperature of 15°C was chosen in order to obtain a better-
defined baseline (15-50°C) of the fibril fluorescence, facilitating extrapolation
into the temperature region where the fibrils start to dissociate. A monomer
reference sample was also included in order to be able to calculate the fraction

of monomer as described above.

Spectroscopic characterisation of fibrils

UV-fluorescence spectra of 25 uM PI3K-SH3 amyloid fibrils in 10 mM glycine-
HCI1 pH 2 were recorded before and after heat-induced dissociation at 90°C for
10 minutes using a Probe drum instrument (Probation Labs, Lund, Sweden)
in manual mode. The spectra were recorded at 25°C using excitation with
an 280 nm LED with an integration time of 200 ms and averaging over 64
measurements. Additionally, fibril concentration was checked by recording an

absorbance spectrum on the denaturated sample.

Data analysis and model fitting

Data analysis and model fitting was performed with Python using the pack-
ages Numpy, Pandas, Matplotlib and Lmfit. Non-linear least squares analysis

with Lmfit was performed using the Levenberg-Marquardt algortihm. All error

10
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estimates given are directly from the covariance matrix. For the QCM data, the
activation enthalpy of the fibril elongation rate was analysed in the temperature
range 15-35°C assuming negligible dissociation rate in this temperature range.
The activation enthalpy of the elongation rate constant was kept constant when
analysing the full data set. The same strategy was applied when analysing the
larger data set at three different monomer concentrations. As an extension of
this simple model, we included a heat capacity for the enthalpy of activation of
the growth reaction. Single exponential functions were fitted to the tempera-
ture jump experiments, directly in fluorescence intensity units. The conversion
of the fluorescence signal into absolute monomer concentrations was obtained
by reference to a monomeric sample and an extrapolation of the base line of a
purely fibrillar sample. The theoretical description of the T-ramp fitting can be

found in supplementary section 6.

Results

Surface-based biosensing measurements of amyloid fibril growth by QCM

We first performed an analysis of the temperature dependence of the absolute
fibril growth rate of PI3K-SH3 amyloid fibrils over a wide temperature range
(10-55°C, Figure 1) at a fixed concentration of 5 yM monomeric protein, using
a quartz crystal microbalance (QCM). Details of the experimental procedures
can be found in the methods section. The principle of the method is to attach
pre-formed fibrils to the surface of a piezoelectric quartz disk and then moni-
tor their growth upon incubation with monomeric protein via a change in the
resonant frequency of the quartz disk. This method is particularly well-suited
for evaluations of relative changes in amyloid fibril elongation rates, because
the same ensemble of fibrils is repeatedly exposed to monomer solutions and
therefore even small relative changes in elongation rate of a few tens of per-
cent can be resolved [30]. Interestingly, we find a non-monotonic temperature
dependence of the growth rate, with a decrease in rate above 40°C. Curvature

in Arrhenius-plots of protein folding reactions at high temperatures are well-

11
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established and generally interpreted as either stemming from the roughness of
the free energy landscape of folding [31], as well as a non-negligible heat ca-
pacity associated with the transition state of the folding reaction [32] 33]. It
has also been pointed out that curved Arrhenius-plots of protein folding can be
linearised by ensuring iso-stability conditions [34]; in other words, the curva-
ture stems from a significant increase in the back reaction, i.e. unfolding in the
case of an Arrhenius-plot for folding. We noticed that the fibrils showed signs
of dissociation (frequency increase) when in contact with buffer at the highest
temperatures of our QCM experiments (50°C and above). This observation sug-
gests that the dissociation reaction significantly contributes to the data at the
highest temperatures. In order to test whether a temperature-dependent com-
bination of growth and dissociation is able to quantitatively describe the data,
the signal from the QCM (rate of frequency change) needs to be converted into
molecular units. If only fibril elongation contributes to the signal and the as-
sumption holds that the rate of change of frequency is proportional to the fibril
growth rate [35] [36], then the Arrhenius-plot can be performed directly on the
raw data of rate of frequency shift. However, when the net rate, i.e. the sum of
the growth and dissociation rates is measured:
dF  d[M]

AE = W = k-{-[P]surf[m} —k_ [P]surf (1)

where F is the resonant frequency, A is the mass sensitivity of the QCM
sensor for fibril growth and [M] is the fibril mass attached to the sensor, then

the surface concentration of fibrils, [Plsut, needs to be estimated. We have

[(M]
[P]surf

obtain:

= L, the average length of the fibrils in monomer units. We therefore

A dF dL
Pl @t dt kym] — k- (2)

The rate constants k; and k_ need to be in molar units, such that multipli-
cation with the monomer concentration in molar units and subtraction of the

two rates can be carried out. It is intrinsically difficult to provide an accurate
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estimate for the surface concentration of fibrils, because the conditions of very
high surface density of fibrils (see methods section and supplementary figure 3),
required for experiments at low monomer concentrations, are also conditions
that render it difficult to accurately estimate the fibril density. However, this
does not affect the relative magnitudes of the rate constants and temperature
dependencies of the growth and dissociation rates, as they both contain the
fibril surface concentration. Indeed, we are able to fit a model consisting of a
combination of growth and dissociation, with different activation energies, to
the data. In the following, we treat the Arrhenius activation energy and the en-
thalpy of activation as equivalent, as it can be shown that they are very similar
in magnitude for reactions in solution [37].

The activation energy we find for the growth reaction (36.7 £+ 5.0 kJ/mol)
is in good agreement with the value we have reported previously (42.9 + 8.5
kJ/mol, [30]). We find that the dissociation reaction has a significantly higher
activation energy than the growth reaction (105.4410.4 kJ/mol), which explains
why the dissociation reaction can be negligible at temperatures below ca. 40°C,
but become significant at higher temperatures. If we use the kinetic pre-factors
for fibril elongation and dissociation discussed in supplementary section 2, then
we can also use the fit results to estimate the ratio of dissociation and growth
rate constants, which corresponds formally to the equilibrium concentration,
:—; =Ceq in the limit of [M] > ceq.

We obtain ceq = 0.5 puM, corresponding to a free energy change of -36.2
kJ/mol for the fibrillar state with respect to the monomeric state at 28°C (using
a hypothetical reference concentration of 1 M). We will discuss below how this
value compares to estimates from our DSF experiments, as well as estimates
of fibril stability from equilibrium denaturation experiments [17]. An impor-
tant prediction of this model for the temperature dependence of amyloid fibril
elongation is that Arrhenius-plots should display different degrees of curvature
depending on the monomer concentration used, because only the elongation re-
action and not the dissociation reaction depends on the monomer concentration,

leading to a concentration-dependent balance between these two reactions. We
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tested this hypothesis by measuring the temperature dependence (10-60°C) of
fibril growth at three different concentrations (4, 12 and 17 pM) and we indeed
observe that at the lowest concentration and highest temperature, no net growth
but dissociation is observed, whereas the two higher concentrations show clear
net growth (supplementary figure 1). We fitted this data set globally, and were
able to qualitatively reproduce the observed behaviour with the model described
above, i.e. a combination of growth and dissociation. A significantly improved
fit was obtained after adding an additional free parameter, a heat capacity for
the enthalpy of activation of the growth reaction. Inclusion of a heat capacity
for an activation enthalpy corresponds to a temperature dependence of the mag-
nitude of the energy barrier. We discuss this choice of additional free parameter
below.

In addition to measuring the temperature dependence of fibril growth at
different concentrations, it is also possible to explore the concentration depen-
dence in more detail for selected temperatures. In supplementary figure 2, we
show the effects of variations in monomer concentration on the elongation rate
at two temperatures. At the highest temperature studied in this experiment
(50°C), we find that a linear fit to the data does not intersect the concentra-
tion axis at 0, but at approximately 1.5 uM, corresponding to the equilibrium
concentration, where growth and dissociation balance. At lower temperatures
(illustrated at 10°C), the equilibrium concentration is too low to be resolvable
by this method. This experiment provides an independent confirmation for the
finding that for temperatures above approximately 45°C, the dissociation of the
fibrils contributes significantly, and measurably, to the dynamics of the system.

In conclusion of this section, QCM is a powerful method for the resolution of
small relative changes in fibril elongation rates, allowing both the temperature
and concentration dependence of the fibril growth rate to be defined. However,
the need to estimate both the mass sensitivity, as well as the surface fibril
density of the QCM sensor in order to define absolute rates and rate constants
illustrates that QCM is not an ideal method for these purposes. We therefore

explored a in-solution alternative for quantifying the temperature-dependent
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balance between fibril growth and dissociation.

Solution based measurements of amyloid fibril growth and dissociation by differ-

ential scanning fluorimetry (DSF)

If the rate of consumption of monomer can be directly quantified in solution,
and the length distribution of the seed fibrils can be determined by imaging anal-
ysis, then the rate constants of fibril growth and dissociation can be defined more
reliably than from surface-based biosensing [37]. The most convenient and least
invasive way to perform such experiments is spectroscopically, either based on
the fluorescence of an extrinsic label, such as Thioflavin-T (ThT) [38], or based
on intrinsic protein fluorescence. We have shown recently that the change in
tryptophan (Trp) emission spectrum is very pronounced upon conversion of the
monomeric PI3K-SH3 into the fibrillar state [17]. The Trp emission is signifi-
cantly quenched in the fibrillar state, probably due to ordered stacking of the
Trp residues in the fibrils [39]. In the context of chemical denaturation stud-
ies, we have shown that intrinsic Trp fluorescence of PI3K-SH3 can be used to
quantify the relative populations of monomer and fibrils as a function of chem-
ical denaturant, without need for an extrinsic label, and we have determined
the thermodynamic stability of the fibrils from equilibrium depolymerization
experiments [15] [16] [17]. Here we explore capillary-based intrinsic fluorescence
experiments in the form of differential scanning fluorimetry (DSF), a technique
which allows to subject small volumes (approx. 10 ul) of samples to well-defined
temperature profiles, such as temperature-jumps (T-jumps) and temperature
ramps (T-ramps) with different scan rates while simultaneously monitoring the
fluorescence emission intensity at 330 and 350 nm upon excitation at 280 nm.

We first tested whether the heat-induced dissociation of PI3K-SH3 amyloid
fibrils could be followed by intrinsic Trp fluorescence (Figure [2| a) by heating
the fibrils to 110°C in a differential scanning fluorimeter (see methods section
for details). We found that the spectroscopic signature of fibrils (100 M) sub-
jected to such high temperatures converges towards the spectroscopic signature

of monomeric protein at around 90°C, and upon cooling down does not convert
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Figure 2: a) Full thermal denaturation of 100 uM PI3K-SH3 amyloid fibrils, with a monomer
sample at the same concentration as control. The down scans shows that the protein had
become fully monomeric at temperatures above approximately 90°C. The inset shows full
emission spectra in the relevant wavelength region of PI3K-SHS3 fibrils before and after thermal
treatment of 10 minutes at 90°C. b) AFM image of sonicated PI3K-SH3 amyloid fibrils. Length
and thickness distributions as determined from automated image analysis are shown as insets.
Scale bar indicates 1 uM. ¢) Fibril dissociation at 60°C for 20 minutes is followed by a rapid
change to 40°C, and the re-growth of the fibrils is monitored. d) Arrhenius-plots of the
growth rate constants of the fibrils determined from experiments such as the one shown in
¢), where the lower temperature was varied. An Arrhenius-relationship was fitted to the data
of the three different fibril concentrations by imposing a constant slope. For comparison, the

Arrhenius-plot of the growth rates determined from QCM experiments is also shown.
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back to its initial state, but behaves identical to the initially monomeric sample.
This result confirms that PI3K-SH3 fibrils can be fully converted into monomer
upon heating to high temperatures. Next, we established the usefulness and re-
liability of the DSF methodology in the context of our thermodynamic study of
amyloid fibrils by probing the temperature-dependence of the fibril elongation
rate through temperature-jump experiments. All the subsequent experiments
were performed with sonicated fibrils, which has the advantage that higher or-
der assembly/clumping of the fibrils is reduced, the length distribution is easier
to determine and the kinetics is accelerated, due to the higher number of fibril
ends. We subjected the PI3K-SHS3 fibrils to ultrasound treatment (see methods
section) and determined the length distribution by automated analysis of AFM
images [40] (Figure [2| b). We observed that the ultrasound treatment not only
significantly shortened the fibrils, but in addition also appears to separate the
individual filaments, as seen from the resulting height distributions. Based on
our recently reported cryo-EM structure of these fibrils [39], we determined the
double filament fibrils to have a mass-per-length of 40 kDa/nm. We therefore
used 20 kDa/nm as mass-per-length of the single filaments, in order to con-
vert the length distributions into particle concentrations. We equilibrated fibril
samples at 40°C over night, loaded them into capillaries and inserted these into
the DSF instrument, which had been pre-equilibrated at 40°C, followed by an
immediate increase to 60°C, where the fibrils were incubated for 20 min. This
leads to a certain degree of dissociation, releasing monomeric protein from the
fibril ends. We then subjected the fibrils to rapid temperature changes to differ-
ent lower temperatures, ranging from 15-40°C and monitored the fibril growth
and monomer depletion at each of these temperatures through the change in
fluorescence signature. In supplementary section 3 we develop the theoretical
framework for the analysis of such T-jump experiments of amyloid fibril growth.
Intuitively, one might expect that the system relaxes with a time constant that
is a combination of the characteristic rate constants of the system, i.e. k; and
k_, as is often observed in temperature jump relaxation experiments. However,

we find that in the specific case of amyloid fibril elongation and dissociation, the
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relaxation towards a new equilibrium state occurs always with the elongation
rate constant, because only the rate of fibril elongation depends on the monomer
concentration. We determined the elongation rate constants at the different tem-
peratures from fits to exponential functions and performed Arrhenius-analysis,
yielding an enthalpic barrier for fibril elongation of 49.54+3.1 kJ/mol, consistent
with the result from the QCM experiments in this study, as well as previous re-
ports [30]. This agreement establishes the validity of the DSF methodology for
the study of amyloid fibril growth and dissociation. It is interesting to note that
with the DSF method presented here, it is possible to determine the effective
rate constant, k, directly, whereas QCM measurements only yield rates. In ap-
pendix 4 we discuss in more detail the difference between Arrhenius-analysis on
rates and rate constants. In order to determine the rate constant k., from k/,,
we need the concentration of growing fibril ends, [P]. We can determine [P] from
the mass concentration of fibrils [M], together with the length distribution (from
AFM image analysis) and mass per length (from the cryo-EM structure [39]).
For [M] = 100 uM, we obtain [P] = 0.8 yM. From the measurements at three
different values of [M] (25, 50 and 100 uM) at 23°C, we obtain an average value
of ky = 3500 £1400 M—'s~!. This value is in good agreement with the value
that we have previously reported from QCM experiments [30] (2000 M~1s~1),
under conditions where the QCM sensor was less crowded and where a bet-
ter estimation of the mass sensitivity and surface fibril concentration could be
achieved compared to the very highly crowded conditions of the present study.

We then performed another series of temperature jump experiments, start-
ing with fibrils equilibrated at 40°C. This time we varied the upper temperature
(60-75°C) and monitored the relaxation of the system, which occurs through a
net dissociation of fibrillar mass (Figure (3| a). Interestingly, our mathematical
analysis shows that even in this case, the exponential relaxation constant cor-
responds solely to the rate constant of fibril elongation. All information about
the dissociation rate constant is contained in the amplitude of the relaxation
or, equivalently, the slope of a linear approximation of the initial part of the

relaxation phase (see supplementary section 3).
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Figure 3: a) Temperature variation scheme including a brief period at 75°C, followed by equi-
libration at 40°C and a rapid temperature change to 60°C, where the dissociation is monitored.
b) The dissociation phases upon increase in temperature to 60, 65, 70 and 75°C. The inter-
rupted lines illustrate the fits to the initial slopes. c¢) Arrhenius-plots for the growth rate
constant (from the exponential relaxation to the new equilibrium at high temperature), as
well as for the dissociation rate constants (from initial slopes as well as with correction factor,
see supplementary section 3). d) Temperature ramp of 25 uM fibrils at three different scan

rates (0.5, 1 and 1.5°C/min), including a global fit with fixed AH? | as well as the constraint
k_(50°C)

that *1(5090)

= 1.5 uM (see supplementary section 6).
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We verified this theoretical result by performing Arrhenius-analysis for both
the exponential constants as well as for the initial slopes (Figure b and ¢) and
we find that the two Arrhenius-plots have very different slopes. The Arrhenius-
analysis of the exponential constants yields an activation energy (34.0£14.3
kJ/mol) slightly lower than what we found for the elongation rate constant
at lower temperatures, possibly indicating a non-negligible temperature de-
pendence/heat capacity of the transition state for fibril elongation, see section
above. The difference of approximately 15 kJ/mol over a temperature range of
ca. 40°C suggests a AC,, of the order of 0.4 kJ/(mol-K). This value is lower than
the one obtained from the global fit of the temperature dependence at different
concentrations measured by QCM (1.3 kJ/(mol-K) see supplementary figure 1);
however, both methods consistently require the inclusion of a temperature de-
pendent energy barrier for the fibril growth reaction. The Arrhenius-analysis of
the initial slopes, on the other hand, yields a significantly higher activation en-
thalpy (AH* = 88.9 kJ/mol+7.3 kJ/mol), which is in good agreement with the
estimate of the enthalpic barrier for fibril dissociation estimated from the QCM
experiments (see above). In supplementary section 3 we discuss how we correct
the Arrhenius-plot extracted from the initial slopes to obtain an improved ap-
proximation of the temperature dependence of the dissociation rate constants.
This correction leads to a small decrease in the slope of the Arrhenius-plot.
However, it can clearly be seen from Figure [3| b) that the initial slopes for
the experiments at different upper temperatures are measured at different time
points after the temperature jump is induced. This is caused by the finite time
required to reach the different upper temperatures, and leads possibly to an
underestimation of the temperature dependence of fibril dissociation. We fi-
nally explored the applicability of an additional feature of the DSF instrument,
namely the possibility to subject the amyloid fibrils to continuous temperature
ramps at constant and well-defined slope. Figured) shows data from an exper-
iment, where 100 M of fibrils are subjected to temperature ramps from 40-65°C
and back to 40°C at three different ramping speeds (0.5, 1.0 and 1.5 °C/min). In

these experiments, we use the fibril and monomer references in order to convert
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the spectroscopic signal into an absolute monomer concentration. We find that
the highest monomer concentration is reached while the fibrils are already cool-
ing down, suggesting that the rate of temperature change is in all cases too fast
for the system to be able to equilibrate at all temperatures. When the fibrils
reach the maximal temperature, the monomer concentration is still below the
equilibrium concentration, and the fibrils continue to dissociate while the fibrils
are cooled down, up to the point where the monomer concentration coincides
with the equilibrium concentration at the specific temperature. Further cool-
ing then reverts the situation, i.e. the monomer concentration is then higher
than the equilibrium concentration and the the fibrils will start to grow again.
The faster the scan rate the larger the deviation between equilibrium concen-
tration and actual concentration at the highest temperature reached and hence
the more asymmetric the overall time course of monomer concentration. We
fitted a model to the temperature ramp data, where we fixed the temperature
dependence of the elongation rate constant to the range of values determined
from the QCM and temperature jump experiments. Furthermore, we added
the additional constraint that the ratio of the dissociation and growth rate con-
stants, i.e. the critical concentration, at 50°C is equal to that determined from
our QCM experiments (supplementary figure 2). Details of the model and how
the fit result of the activation enthalpy for the dissociation reaction depend on
the magnitude of the activation enthalpy for the elongation reaction, as well as
on the imposed constraint can be found in supplementary section 6. For AHi
= 40 kJ/mol and ceit = 1.5 pM, we obtain AHY ~ 167 kJ/mol. This value
is significantly larger than the estimate from the temperature jumps, but we
find that it depends very sensitively on the imposed constraint, i.e. the ex-
act value of the equilibrium monomer concentration at a reference temperature
(here 50°C) that we impose (see supplementary section 6). A change from 1.5
to 3 uM changes the value of AH! from >160 kJ/mol to <120 kJ/mol. De-
spite these uncertainties, we can use the results of the fit to the temperature
ramp to extrapolate the ratio of dissociation and growth rate constant to lower

temperatures and hence estimate the thermodynamic stability of the fibrils at

22



535

540

545

550

555

560

temperatures outside the temperature range used in the ramping experiments.
This analysis leads to ceq = 0.046 uM at 28°C, a value approximately 10 times
lower than the one from the QCM experiments, corresponding to a free energy
difference of -42.2 kJ/mol for the fibrillar state with respect to the monomeric

state.

Discussion

At physiological temperature ranges and below, most amyloid fibrils are
found to be so stable that the equilibrium concentration of monomer is too
low to be reliably quantified. A notable exception to this rule are the fibrils
of the protein a-synuclein, which have been shown to be able to undergo cold
denaturation, i.e. dissociation at temperatures close to the freezing point of
water [41) [I8]. On the other hand, while many amyloid fibrils are known to
be heat sensitive, the fibrils are often only found to fully dissolve at temper-
atures above 100°C [42] [43]. Here we investigate the thermodynamic stability
of PI3K-SH3 amyloid fibrils through measurements of fibril growth and disso-
ciation at different temperatures, using both surface-based biosensing, as well
as solution-based temperature perturbation methods based on intrinsic protein
fluorescence. We find that both types of measurements agree overall in that at
temperatures below 45°C, the dissociation rate is too slow to be resolved, but
that it increases rapidly at higher temperatures due to a significantly greater
temperature dependence compared to that of the growth rate constant (acti-
vation enthalpies >100 kJ/mol vs <50 kJ/mol). The latter shows decrease in
magnitude with increasing temperature. The balance between fibril growth and
dissociation does not only depend on temperature, but also on the concentration
of monomeric protein, because only the growth rate depends on soluble protein
concentration. This concentration dependence explains why we did not detect
the strong increase in dissociation rate with temperature in a previous study,
where we performed QCM experiments with 100 uM of protein [30], whereas

in the present study we performed the initial experiments at the much lower
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Figure 4: Energy landscapes of PI3K-SH3 amyloid fibril growth around room temperature.
Left: free energy landscape, right: energy/enthalpy landscape.

concentration of 5 uM, as well as over a wider temperature range up to 60°C.
From the direct comparison of two label-free experimental techniques, one
surface-based (QCM) and one solution based (DSF), we conclude that while
QCM is able to resolve small relative changes in fibril elongation rate, estimates
of absolute rates are associated with significant uncertainties, due to the neces-
sity to estimate both the mass sensitivity, as well as the surface concentration
of the fibrils. These estimates present particular challenges when the surface
density of fibrils is maximised, as was the case in the present study. Solution
based methods, on the other hand, require an accurate determination of the
fibril length distribution, in order to define the concentration of growth compe-
tent ends [38], [37]. Reliable and accurate methods for this purpose have been
developed [40] and allow us to provide a robust estimate for the fibril end concen-
tration and therefore the absolute rate constants. The rate constants, in turn,
allow us to calculate the thermodynamic stability of the fibrils in the form of
an association equilibrium constant of a monomer interacting with a fibril end,

. k_ . . . .
according to K = m¢q = e An interesting aspect to consider is to compare
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the thermodynamic stability of the fibrils obtained from the kinetic experiments
in this paper with that obtained through equilibrium depolymerisation. Here
we find thermodynamic stabilities of 36.2 kJ/mol (from QCM) and 42.3 kJ/mol
(DSF) at 28°C, whereas in our recent chemical depolymerization experiments of
PI3K-SH3 amyloid fibrils with urea [17], we reported a value of approximately 60
kJ/mol, determined from fits of the chemical depolymerization with the cooper-
ative linear polymerization model. These measurements were performed under
different solution conditions. The kinetic experiments of the present studywere
performed in 10 mM glycine-HCL buffer, which has an ionic strength of approx-
imately 6 mM, because the Zwitterionic form of the buffer does not contribute
to the solution ionic strength [44]. The chemical depolymerization experiments
with urea, on the other hand, were performed in an ionic strength range of
27 to 47 mM. If we extrapolate the ionic strength dependence back into the
regime where the kinetic experiments were performed, using the slope at the
lower ionic strength end of the chemical depolymerization, we obtain a pre-
dicted stability of 41 kJ/mol, in excellent agreement with the measured values
in the present study. This result underlines that amyloid fibril elongation in-
deed behaves like a well-defined two state system, the thermodynamics of which
can be reliably determined from both equilibrium and non-equilibrium experi-
ments. However, the different solution conditions utilised in these two types of
experiment render a direct comparison non-trivial, due to the very strong ionic
strength dependence of amyloid fibril stability, in particular for fibrils formed
under low pH conditions, where the monomeric building blocks carry a large net
charge [17]. Such a comparison will therefore be even more challenging if ionic
denaturants, such as GnDHCI are used [15] [16] 22]. In the present study we
are able to resolve the contribution of the dissociation rate at elevated temper-
atures because the stability of the fibrils is reduced at very low ionic strength.
In a previous study based on H/D-exchange, it has been found that at low ionic
strength (10 mM), monomer recycling of PI3K-SH3 fibrils is so rapid, that on
a time scale of several days, up to half of the monomer in fibrils is exchanged

at 28°C [45]. The values of the growth and dissociation rate constants reported
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in [45] (ky=1.4M"!s7! and k_=7.1-10"°s~!) predict an equilibrium monomer
concentration of 50 uM at 28°C. Here we find from direct measurements that
this concentration is ca. 1.5 pM at 50°C and from the extrapolated values of
the rate constants at 28°C (ky = 3500 M~1s~! (T-jump) and 1000 M~1s~* (T-
ramp); k_ = 4.7.107%s~!) we obtain an equilibrium monomer concentration of
the order of tens of nM. Our value for k_ is very similar to that from [45], but
our value for k; is approximately 3 orders of magnitude larger. The fact that
our estimate stems from several independent and direct measurements, as well
as its close agreement with an earlier estimate [30] renders our estimate very
robust. These findings highlight the value of direct measurements of the molec-
ular rate constants and/or the equilibrium monomer concentration if it is high
enough [22] as opposed to through indirect measurements, such as from isotope
exchange experiments [45]. However, as we outline in supplementary section
5, the simple relationship between soluble protein concentration and thermo-
dynamic stability is only valid if the total protein concentration is much larger
than the soluble concentration. This requirements puts limits on the regime in
which the stability can be easily determined from a measurement of the soluble
protein concentration. The present study is among the first to also quantify the
temperature dependence of the fibril dissociation reaction. We are only aware of
one other study [46], where a quantitative analysis of fibril (amyloid S protofil-
aments) dissociation is performed at different temperatures, yielding a larger
enthalpy of activation of dissociation (80 kJ/mol) than the enthalpy of activa-
tion determined for (mature) fibril growth (66 kJ/mol) [30]. Here we obtain
three different estimates of the enthalpy of activation of fibril dissociation, from
QCM (ca. 105 kJ/mol), from T-jump (ca. 80-90 kJ/mol) and from T-ramp (ca.
170 kJ/mol). The value determined from T-jump represents a lower bound,
whereas the value from the T-ramp shows a strong dependence on the imposed
constraints and is likely to represent an upper bound. We conclude that the
enthalpy barrier for fibril dissociation is of the order of 100 kJ/mol or higher.
From our study emerges a picture of the free energy and enthalpy landscape

of the elongation reaction of PI3K-SH3 fibrils illustrated in Figure Both
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the enthalpic barriers and stabilities are higher than the equivalent free ener-
gies, which illustrates the typical enthalpy entropy compensation found in many
biomolecular reactions [47]. The enthalpic interactions to be broken to enable
the transition from the fibrillar to the monomeric state are found to be signif-
icantly larger than those to reach the fibrillar state from the monomeric one,
probably reflecting the higher degree of secondary structure in the fibrillar state
compared to the monomer at pH 2 [5]. The same qualitative behaviour is also
found for the amyloid S-peptide [46] which forms fibrils at neutral pH. These
results from non-equilibrium experiments of growth and dissociation, namely
that amyloid fibril formation is enthalpically favourable (Figure [4]) are in excel-
lent agreement with comprehensive calorimetric experiments of amyloid fibril
growth that show that amyloid fibril growth is in general exothermic at moder-
ate to higher temperatures [18]. In the calorimetric experiments, it was found
that amyloid fibril growth had in most cases a significant negative heat capacity.
This implies that the growth reaction becomes more enthalpically favourable at
higher temperatures, which could stem from the reactants becoming enthalpi-
cally less favourable (possibly leading to a decrease in barrier height for growth)
or the products becoming more favourable (possibly leading to an increase in
barrier height for dissociation). From the T-jump experiments in the differ-
ent temperature ranges, we have evidence that the activation enthalpy of the
elongation rate constant decreases at higher temperatures and also the QCM
experiments require an activation heat capacity to be quantitatively fittable.
We did not find it necessary in our modeling to also include a temperature de-
pendent enthalpy of activation for dissociation, but it can be argued that it is a
somewhat arbitrary choice to allow only the energy barrier for fibril growth to
depend on temperature. However, the fact that we can consistently describe the
thermodynamics of the PI3K-SH3 amyloid fibril system over a wide tempera-
ture range even without taking activation heat capacities into account suggests
that temperature dependencies of the activation enthalpies of both growth and

dissociation are probably small.
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Conclusions

In conclusion, we have measured the temperature dependencies of the growth
and dissociation rates of PI3K-SH3 amyloid fibrils by both established surface-
based biosensing measurements and novel solution based differential scanning
fluorimetry. We find that the dissociation rate displays a much stronger tem-
perature dependence than the growth rate, which leads to the fact that the sol-
ubility of the protein rises steeply above 50°C. In addition to this fundamental
result on the physical chemistry of amyloid assembly, we establish temperature
perturbation (T-jump and T-ramp) experiments as a novel strategy to probe
the thermodynamics of amyloid fibrils, with the potential to be applied at high
throughput. A detailed understanding of the origins and magnitude of the ther-
modynamic stability of disease-related amyloid fibrils, which can be achieved
with the methods developed and applied here to a model amyloid system, will
enable to better rationalise the fate and persistence of amyloid fibrils in diseased

individuals.
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1. Supplementary data

Supplementary figure 1 shows the result of an experiment where the temperature-
dependence of the fibril elongation rate was measured at three different monomer
concentrations. It can clearly be seen that degree of curvature observed at higher

s temperatures depends on the monomer concentration. We globally fitted the
data set to a model with temperature independent activation energies. The fit
yields the following results: AHY,40.5+1.6, AH" = 75.4+27.1). If we include
a heat capacity change, i.e. a temperature dependence of the activation en-
ergy/enthalpy of the elongation reaction AC,, we obtain the following results:

0 (AC, = 1.3 kJ/mol/K, AH* = 67.5422.7 kJ/mol). While a global fit to a

1to whom correspondence should be addressed: alebu@dtu.dk
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larger data set represents in general a more stringent test of our model than
the fit to a single concentration in Figure 1, a significant difficulty stems from
the fact that such an extended data set cannot be acquired with a single QCM
sensor. The finite number of data points that can be extracted from each sensor
before the fibrils are too long to be reliably detected requires combining data
sets from different sensors, which involves normalisation based on a reference

condition (see methods section).

s Without heat capacity With heat capacity
-—-~- K_ on fit, 4.0 uM
—-—- K on fit, 12.0 uM
_ 1o ——= K onfit, 17.0 uM
NE —— Full fit, c = 4.0 uM
~ 0.5- —— Full fit, c = 12.0 uyM
g —— Full fit, ¢ = 17.0 pM
< e 40uM
0.01 v 12.0puM
A 17.0uM
-0.5 T T T T
300 320 300 320
Temperature / K Temperature / K

Figure 1: Global Fitting of temperature-dependent QCM data of PI3K-SH3 amyloid fibrils at
three concentrations of monomer. Left: global fit with temperature independent activation
energies for growth and dissociation. Right: Global fit with inclusion of a heat capacity for

the activation energy of fibril growth.

We also measured the concentration-dependence of the fibril elongation rate
at low concentrations (1-5 pM) at two different temperatures (10°C and 50°C).
The results are shown in supplementary figure 2. We find that at 50°C, the
best linear fit intercepts the x-axis at a concentration of approximately 1.5 uM.
This concentration corresponds to the critical concentration of the elongation

reaction at 50°C.
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Figure 2: QCM experiment to probe the concentration-dependence of the fibril growth rate
at 10°C and 50°C.

2. Analysis of QCM experiments

The rates of fibril elongation and dissociation using the QCM are initially
obtained in the units of change of resonant frequency per unit time, %{, with
units of Hz/s, i.e. s72. In order to be able to fit a model that contains molecular
rate constants to the QCM data at different temperatures and concentrations,
the rate of change of frequency needs to be translated into the number of ad-
dition or dissociation events with respect to a single fibril end. This conversion
involves a series of assumptions and estimates that introduce significant uncer-
tainty. First of all, we require the mass sensitivity of the QCM for amyloid fibril
growth. We have previously determined that the mass sensitivity of amyloid
fibril growth is considerably higher than the Sauerbrey mass sensitivity of the

crystals we used in our experiments (17.7 ng/Hz). This mass sensitivity is valid

for rigid layers in vacuum or air. We have found an approximately 4-fold higher
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mass sensitivity of the order of 4 ng/Hz[1]. This mass sensitivity was deter-
mined at 55°C. It is possible that the mass sensitivity depends on temperature
as both the density (somewhat) and viscosity (strongly) of the solvent water
depend on temperature. However, we neglect this dependence here as it is not
precisely known and unlikely to much exceed the relative change in viscosity (ca.
factor 2.5) throughout the temperature window of our experiments (15-65°C).
Therefore, 1 Hz/s of frequency change translates into 4 ng of of dry protein
mass attaching to the sensor every second. The molecular mass of the PI3K-
SH3 monomer is 9500 Da, and hence 4 ng correspond to 2.5-10!! molecules of
PI3K-SH3 per second. We next need to estimate the surface density of growth
competent ends. In previous work, we have estimated this number from anal-
ysis of AFM images [2]. However, in the present study we have maximised the
surface density to an extent that renders it very difficult to provide even an

approximate estimate (Supplementary Figure 3).
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Figure 3: AFM image of a QCM sensor after an elongation experiment, illustrating the very

high surface density of fibrils that form a multilayer on the sensor surface.
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We therefore estimate the surface density from a direct comparison of the
rates of frequency change between our previous [2] and present studies. Pre-
viously, we have observed a rate of approximately 1.5 Hz/min at a protein
concentration of 100 uM and an estimated surface concentration of 100 fibrils
per um?. Here we observe a rate that is approximately 10 times higher, at a 10
times lower concentration, suggesting that the fibril concentration could be up
to a 100 fold higher. However, this leads to an unrealistically high estimate of
10000 fibrils per g#m?. It is more likely that upon increase of the surface-density,
more solvation water is detected upon fibril growth, leading to the mass sen-
sitivity becoming even higher. This discussion illustrates the large uncertainty
associated with the definition of absolute amyloid fibril growth rates by QCM.
This should be kept in mind when we proceed with a more realistic estimate of
1000 fibrils per pm?2, corresponding to a 10 fold higher surface density than in
our previous study [2]. This estimate translates into 2-10! fibril ends per cm?
of surface area. Taken together, we find that a rate of frequency change of 1
Hz/s corresponds to approximately 1 molecule of PI3K-SH3 per fibril end at 1
Hz/s. We use this conversion factor in our fits of the QCM data We therefore
need to scale the raw data by this factor in order to work in molar units.

The second important point to consider is as to the kinetic pre-factor of the
expressions of fibril growth and dissociation. We treat here the growth and

dissociation separately.

2.1. Fibril growth

The rate of growth of a population of fibrils is given by

O kPl M

where [M] is the fibril mass concentration in monomer equivalents, [P] is the
number concentration of fibril ends, [m] is the monomer concentration and k.
is the elongation rate constant with units of [(mol/1)~! s7!]. The growth rate

per fibril end is given by:
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G = kel )

the elongation rate constant is written in the general form:

act ant —rast ast N
_ + _ + + + +
k’+ = FJ,_@ RT — F+€ RT = F+e R e RT (3)

It can therefore be seen that the kinetic pre-factor I'y and the entropy of
activation ASi are not independent of each other. One of these two param-
eters must be fixed in order to be able to define the other. We have in the
past presented an analytical framework for the estimation of the pre-factor,
based on a combination of translational and internal motion of the incorporat-
ing monomer[3]. Recently, we have presented a simplified framework where we
approximate the pre-factor of the elongation rate constant by the diffusional
arrival frequency of the monomer in a reaction volume at the fibril end [4],
corresponding to the maximal possible rate, ryay = 1.8:10% (mol/1)~! s71. We
therefore use this value for the pre-factor of the elongation rate. The actual
rate of attempts of crossing the free energy barrier for fibril elongation is likely
significantly lower and the difference factor is hidden inside the entropy of ac-
tivation for fibril elongation. We also note that in our analysis, we neglect the
temperature dependence of the pre-factors for both elongation and dissociation.
In particular the diffusional pre-factor for elongation can be expected to dis-
play a temperature-dependence, because the translational diffuson coefficient is
temperature dependent, explicitly, as well as through its dependence on solvent

viscosity.

2.2. Fibril dissociation

A similar discussion applies to the dissociation of fibrils. Here the rate of

dissociation of a population of fibrils is given by:

dM
S =k IP) (4)
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where k_ is the dissociation rate constant with units of [s~!]. Normalised

by the concentration of fibril ends, we obtain

dM
Pl ®)

the dissociation rate constant is written in the general form:

act ant —rast ast  amt

k_ =T_e & =1_e ~— BT =1_eE e ET (6)

Now to the value of the pre-factor of the dissociation rate. The dissociation
of a monomer from the fibril end corresponds to a barrier crossing event as
outlined in Kramer’s theory[5], i.e. the diffusional escape from a metastable
state. In the limit of high solvent friction, the rate is given by:
2mwow, _ _E
—e

5 =T (7)

where wg and w, are the curvatures of the potential energy at the bottom of

rate =

the well and the barrier top, respectively. v = }“BTT is the friction coefficient and
E is the potential energy barrier to be overcome. In the limit of low friction,

the expression simplifies further

rate = @6_% (8)
m

which corresponds to the result of transition state theory. We do not know
the energy landscape in detail and hence determination of the frequencies w
is difficult. We can, however, provide a very crude estimate as the frequency
of vibration of a monomer at the fibril end around its equilibrium position.
Phononic frequencies have to our knowledge not been reported for amyloid fib-
rils, but the inter- and intramolecular vibrations of protein crystals are on the
order of low THz frequencies [6]. Protein molecules inside a crystal are likely to
be less strongly bound than inside an amyloid fibril. However, the monomer at

the fibril end might be less strongly bound than the molecules inside the fibril

and therefore experience a comparable restoring force towards its equilibrium
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position. We therefore approximate the attempt frequency for fibril dissociation

with 1 THz, corresponding to a pre-factor of 102571,

3. Temperature jump experiments of amyloid fibril growth and dis-

sociation

Here we are discussing the following experiment. Take amyloid fibrils at
equilibrium at a temperature T and subject them to a rapid temperature jump
to a new temperature To, with Ty > T7. The equilibrium monomer concentra-
tion, also referred to as the critical concentration c.it, will be higher at T than
at T;. Therefore, immediately after the temperature jump, the system will be
out of equilibrium and the fibrils need to dissociate to some extent to establish
a new equilibrium. We are interested in the rate of relaxation of the system to
equilibrium and if and how we can extract the dissociation rate constant from
this relaxation process. Let us assume the number concentration of active fibril
ends, P, does not change during the process. The differential equation governing

the change in monomer concentration is given by:

d[m](t)
dt

= —k,[P][m](t) + k_[P] (9)

The monomer concentration can be written as

[m](t) = meq(T2) + [Am](t) (10)

whereby meq(T2) = Corit is the equilibrium monomer concentration at tem-
perature To, and [Am]|(t) is the deviation from equilibrium. For the specific
T-jump experiment considered here, i.e. jump to a higher temperature, [Am](t)
is negative.

For simplicity, we absorb the fibril end concentration [P] into the rate con-

stants, according to



We insert equation 2 into equation 1 and observe that the time derivative of

the equilibrium concentration is zero:

% = —k, (Meq(T2) + [Am](t)) + K- (12)
% + K [Am](t) = K — K, meq(T2) (13)

The general solution to this inhomogeneous linear differential equation is

given by the sum of the solutions to the homogeneous equation:

[Am](t) = Ae "' + B (14)

and a particular solution:

[Am](t) = 7= = 1eq(T2) (15)
+
we therefore obtain:
, /
[Am](t) = Ae_kth + B+ k7 — meq(T2> (16)
+
150 if we use the boundary conditions [Am](0) = [Am]o (corresponding to the

amplitude of the jump in critical concentration) and [Am](co) = 0, we can

determine the constants A and B by using the relationship

K (T3)
K\ (Tz)
to be A = [Am]y and B = 0. We therefore finally obtain:

= Meq (1) (17)

[Am](t) = [Am]oe*+* (18)

This result implies that amyloid fibril growth always relaxes with the elon-
155 gation rate constant as exponential decay constant, because only elongation is

concentration-dependent. Any information on the dissociation rate constants is

hidden in the [Am]p.
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For our example, a jump from T; to Ts, with Ty >T;, the system was at

equilibrium at Ty before the T-jump. Therefore, [Am]y = Meq(T1)-Meq(T2) =
KL(T1) K. (T»)
K (T1) K (T2)

We now Taylor expand the expression for the relaxation of [Am](t) and keep

< 0.

only the linear term:

(Am](t) = [Amloe™ T & [Amlo(1 - K} (T3)1) (19)

and therefore the slope right after the T-jump:

diami®)| T = i (1) — PTOR(T)
T |, Aok ) = K ) =

(20)

Therefore, the temperature dependence of the dissociation rate can be ex-
tracted from T-jump experiments if both the magnitude of the jumps in concen-
tration, as well as the temperature-dependence of the growth rate are known.
This is equivalent to saying that if we know the temperature dependence of the
equilibrium/critical concentration (analogous to a van’t Hoff analysis, as well as
the temperature-dependence of the growth rate, we can obtain the temperature-
dependence of the dissociation rate. An approximate value of the dissociation
rate constant can also be obtained by measuring the initial slope of the dissocia-
tion upon a jump to a higher temperature. As can be seen from equation 20, the
slope is approximately equal to the dissociation rate constant at the higher tem-
perature. For situations where large temperature jumps are performed which
increase the dissociation constant several fold, and if the temperature depen-
dence of the dissociation rate constant is significantly larger than that of the
elongation rate constant, the correction term % is small. However,
this correction term decreases with increasing T and therefore the slope of an
Arrhenius plot based on the initial slopes of the dissociation will lead to an
underestimation of the true temperature dependence. In order to perform the

correction formally on the Arrhenius-plot obtained from the initial slopes, we

re-write equation 20 as:

10



185

190

195

200

205

d[Am)](¢)
dt

0 K (T2)K, (T1)

We can perform the correction iteratively, by fixing AH%r to the value de-
termined from the other experiment and we use as a first approximation for
AH* the value determined from the un-corrected analysis of the initial slopes.

Calculation of the correction factor then yields a better approximation of AHY .

4. Arrhenius analysis of rates vs. rate constants

In Arrhenius analysis, the temperature dependence of the kinetics of a reac-
tion is investigated with the aim to define the energy barriers of the reaction. In
[4], we have given a detailed description as to the relationship between the Ar-
rhenius activation energy and the enthalpy of activation, which are very similar.
Arrhenius analysis is normally carried out on the rate constants of a reaction.
However, in most cases where the temperature-dependence of amyloid fibril
growth has been studied, and an Arrhenius analysis has been carried out, the
rates of fibril growth have been plotted against inverse absolute temperature,
and the Arrhenius activation energy of the elongation step has been extracted

from a linear fit to this data, according to:

dtrate) _ () Pl ma
d(r)  d(7) d(7) RT — RT

This type of analysis assumes that the rate of fibril growth is always pro-
portional to the rate constant. This is valid as long as only the process of
elongation is studied in isolation, both in the low concentration regime, where
the growth rate is proportional to monomer concentration, as well as in the high
concentration regime, where the growth rate becomes independent of monomer
concentration[4]. Indeed, we have found in the past that the slopes of Arrhenius
plots in both the low and high concentration regimes are parallel[3]. However,

as soon as fibril dissociation contributes significantly, this proportionality no

11

S kl_(TQ) (1 - W) — k/_(T2) (1 _ 6%(%27%1)6%( 1
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longer holds. The general expression if both growth and dissociation contribute

to the dynamics of fibril mass is given by:

d(rate) _ d (%) _ d(ky[P][m] — k_[P]) (23)
d(z)  d(7) d(7)

In the limit of negligible dissociation rate k_, this expression reduces to
equation 21. The balance between fibril growth and dissociation at any given
temperature depends on the monomer concentration, and hence it is easy to un-
derstand that an Arrhenius-plot constructed in this way, i.e. with rates, rather
than rate constants plotted, will possibly show a concentration dependence.
This concentration dependence manifests itself in a concentration dependent
curvature of the Arrhenius-plot at high temperatures, where the dissociation
rate becomes non-negligible (T>40°C for PI3K-SH3 under the conditions of this
study). Supplementary Figure 1, illustrates this concept, even though the data
is plotted linearly and not as an Arrhenius-plot.

It is therefore advantageous to use a method that allows to directly extract
the rate constant, such as the perturbation (T-jump) approach developed in the

present work and discussed in Appendix 2.

5. The critical concentration of amyloid fibril growth

The simplest model to describe the thermodynamics of amyloid fibril for-
mation is the isodesmic linear polymerisation model, in which amyloid fibril
formation is described as a series of infinite equilibria of monomer additions, all
with the same equilibrium constant [7], [8, [9]. Mathematical treatment of this
model leads to the following relationship between the equilibrium constant and
the monomer concentration at equilibrium [10]:

mo m3

K= [m] \ [m] Mo 24

where mg is a standard concentration to make the expression unit-less and

Mot is the total monomer equivalent concentration, including soluble and fibril-

12



2 lar protein. If the free monomer concentration [m]<Mjot, then this expression
simplifies to:
mo

K =~ il (25)

The same expression can be obtained if we assume an equilibrium between

fibril growth and dissociation for constant number of fibril ends:

and therefore

_ k[P _ k- o
S T R ) @7

235 Therefore, the monomer concentration at equilibrium is a measure for the
affinity of the monomer for the fibril end. However, it is not straightforward to
apply this concept to full thermal denaturation curves of amyloid fibrils. When a
given concentration of amyloid fibrils is heated up slowly enough for the system
to equilibrate, then the monomer concentration can be initially used to define

20 the stability of the fibrils at a given temperature. However, as [m] approaches
M;ot, the correction term in equation 23 becomes more significant and can no
longer be neglected. This means that the equilibrium monomer concentration

is no longer independent of the total concentration, but varies according to [9]:

[m] = 1 + ! - \/ ! + ! (28)
K 2K?[Mlior K3[Mleor 4K [M7,,

A fit to the spectroscopically (DSF) determined soluble protein concentration
25 at equilibrium as a function of total concentration to this equation is shown in
supplementary figure 4. The critical concentration at 60°C can be estimated to
be of the order of 15 uM. At higher temperatures, the total concentration, M,

is not high enough to allow an accurate estimate of ccyit.-
Furthermore, in this regime, the number of fibrils is no longer constant and

20 the fibrils become shorter and shorter. This slows down the rate of dissociation

13
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Figure 4: Equilibrium monomer concentrations estimated from DSF experiments, as a function

of temperature and total protein concentration in the sample.

and therefore equilibration, and can also lead to practical problems of measuring
the concentration of monomer by spectroscopy, as the spectroscopic signature
of very short fibrils/oligomers might be more similar to that of monomers com-
pared to the spectroscopic signature of full length fibrils. Lastly, it has to be
noted that the isodesmic linear polymerisation model is not able to describe
the full complexity of the concentration and denaturant dependence of amyloid
fibril stability, but that the nucleated polymerisation model provides a better
description [9].

6. Temperature ramping experiments

To extract the concentration of monomeric protein during the temperature

ramping experiments of PI3K-SH3 fibrils, the temperature dependence of the

14
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Figure 5: Example of raw data used to extract the fraction of monomeric protein for the
temperature ramp experiments. Here, data is shown for the ramping at 1°C/minute from 15

to 65°C (left) and down again (right) using a 100 uM sample.

fibril fluorescence (base-line), fy;, at 350 nm was modelled by a linear function
from 15°C to 50°C (Figure |5). Extrapolating this model to the remaining tem-
perature range where dissociation was observed allowed for a calculation of the

monomer concentration [m]:

f350nm foi
m| = * Ctota 29
[ } my — ful total ( )

Where, f350nm is the fluorescence intensity of the fibril sample at 350 nm,
my; is the fluorescence intensity of the fully monomeric sample, and ctptq; is the
total concetration of protein in the fibril sample. The monomeric sample was
prepared by fully denaturing the same solution at 90°C to ensure exactly the
same concentration.

The temperature ramping experiments were fitted to a model of the following

form:
J _ant-hoamast A torenas
% KL (t) =K, [m](t) =T_e” — mTore@ —[P]-Tie”~ mmoremo — [P]lm]

(30)
where a(T) is the slope of the temperature ramp. In the ramp shown in figure

3 of the main manuscript, a(T) has initially a positive value (0.5, 1 or 1.5°C/min),

15
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Figure 6: Sensitivity of the activation enthalpy of the dissociation reaction extracted from
T-ramp experiments as a) choice of critical concentration at 50°C and b) choice of fixed value

for the enthalpy of activation of the growth reaction.

then for technical reasons becomes 0 for approximately 90s, and then switches
sign to become negative (-0.5, -1 or -1.5°C/min). There appears to be no general
analytical solution to this differential equation and therefore we fitted the data
numerically with Python. In order for the fit to yield consistent values, we
found it necessary to impose a boundary condition in the form of a constraint
that fixes the equilibrium monomer concentration at a given temperature to a
known value. Due to the uncertainty associated with determining the critical
concentration directly (see section above), we used the estimate of the critical

concentration at 50°C from the QCM experiments in supplementary figure 2,

le.:

k_(50°C)
iy (50°C)

In addition, we also found it necessary to fix the value of the activation en-

Cerit(50) = =1.5-10"°M (31)

thalpy of the elongation reaction. we varied its value within the full range of
plausible values determined in this study (ca. 35 to 50 kJ/mol). The resulting
activation enthalpy for the dissociation reaction was found to be rather sensi-
tively dependent on both the imposed AHi as well as the imposed constraint

for the equilibrium concentration at 50°C (see supplementary figure 6).
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For the calculation of the thermodynamic stability of the fibrils at 28°C, we

used AHi = 40 kJ/mol and cit(50°C) = k(50°C) _ 4 5.10~6M.

k1 (50°C) —
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