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A Competition of Secondary and Primary Nucleation
Controls Amyloid Fibril Formation of the Parathyroid

Hormone

Bruno Voigt, Maria Ott, and Jochen Balbach*

Functional amyloids belong to an increasing class of non-toxic biologic
material, in contrast to the prominent disease-related amyloids. Herein, this
work reports on the fibril formation of the parathyroid hormone PTHy, as a
representative candidate following the same generic principles of primary and
secondary nucleation. Employing Thioflavin T monitored kinetics analyses
and negative-staining transmission electron microscopy, an intricate,
concentration dependent behavior of time dependent generation and
morphologies of PTHy, fibrils are found. While at low peptide concentrations,
fibril formation is driven by surface catalyzed secondary nucleation, an
increased amount of peptides cause a negative feedback on fibril elongation
and secondary nucleation. Moreover, the source of primary nuclei is found to
regulate the overall macroscopic fibrillation. As a consequence, the
concentration dependent competition of primary versus secondary nucleation
pathways is found to dominate the mechanism of fibril generation. This work
is able to hypothesize an underlying monomer-oligomer equilibrium providing

biological function. An important feature is
the, at least partial, reversibility of fibril for-
mation and thus a controlled monomer re-
lease. Among others, functional amyloids
have implications in bacterial biofilm, hu-
man skin pigmentation, memory and pep-
tide hormone storage.>! For the latter
task, peptide hormones are synthesized as
monomers, and subsequently stored in se-
cretory granules. Upon release into the
blood stream, monomers dissociate from
fibril ends and can thus act on their
targets.”® For p-endorphin it has been
shown for example that a pH jump (from
acidic granule into alkaline blood) in com-
bination with a drop in peptide concentra-
tion due to dilution triggers the monomer
release.[%]

high-order species for primary nucleation and, additionally, negatively

affecting the available monomer pool.

1. Introduction

Amyloid fibrils play key roles in disease and physiological
function.['?] An increasing number of so-called functional amy-
loids had been identified, for which the fibrillar state is not a
pathological form of the corresponding protein but has its own
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Tracking the kinetics of amyloid forma-
tion, for example, by the small organic
dye Thioflavin T (ThT) monitoring the fib-
rillar mass, results in a sigmoidal shape
build up curve when starting from peptide
monomers. The time evolution comprises
a lag-phase, a growth phase and a stationary phase at which
the system approaches an equilibrium state.['"?] Intensive work
over the last decades revealed that this simple macroscopic be-
havior originates from an intricate network of different individ-
ual molecular mechanisms.['*] These are typically classified into
processes increasing the fibrillar mass M (elongation) and the
number of fibrils P (Figure 1). The latter comprises primary (pri-
mary nucleation) and secondary events (secondary nucleation,
fragmentation). The contribution of these individual microscopic
pathways for a certain system and the respective rate constants
defines the macroscopic curve shape as well as its dependence
on the peptide concentration.[1#1%]

The parathyroid hormone is a peptide hormone acting in Ca?*
and phosphate homeostasis which gets produced by the parathy-
roid glands as a pre-pro-hormone of 115 amino acids.['®!°] The
25 residue pre sequence is cleaved co-translationally, while the
six residue pro-sequence is cleaved by the endopeptidase fu-
rin in the Golgi apparatus.l?*?!l The mature hormone, being re-
ferred to as PTHj,, comprises of 84 amino acids. The N-terminal
34 amino acids exhibit an a-helical propensity whereas the C-
terminus remains intrinsically disordered.?>?}] In previous in
vitro studies we demonstrated that PTHg, undergoes sponta-
neous fibrillar self-assembly at neutral and alkaline conditions
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Figure 1. Simplified microscopic processes involved in macroscopic amy-
loid fibril formation.[18] New fibrils (one fibril/seed is assumed to have two
growth-competent ends, P) are generated by primary (primary nucleation
— ky) or secondary processes (secondary nucleation — k,, fragmentation —
k.). The increase of fibrillar mass M occurs mainly via elongation of growth-
competent ends, k., by the addition of, in most cases, monomers. The
mass increase due to nucleation is typically neglected in the analysis. In
this work, we use a three-step kinetic model treating k; as k and

oligo,1 kconv
ky s kejigo2 keony (see Experimental section).l7]

conv

(pH7.4 and pH9.0).222*] Under physiological context, on the
other hand, no spontaneous fibril formation is observed.[*’! In-
stead, glycose-amino-glycans (GAG), such as heparin, can act as
a trigger molecule initializing amyloid fibril formation. The role
of GAGs in assisting fibril formation is also known for other amy-
loidogenic peptides.[®2¢] Moreover, PTHj, fibrils are the hypoth-
esized storage form of the hormone in analogy to various peptide
hormones from the pituitary gland.!®22?7]

This work was performed as part of project A12 of the Collab-
orative Research Center Transregio CRC-TRR 102 “Polymers un-
der multiple constraints.” There, we focused on the polymer and
biophysical properties of PTHg, and polymer hybrid-molecules.
The latter included covalent conjugates of synthetic polymers
with PTHg, or the Alzheimer peptide A, ,,. PTH,, conjugates
showed a shroud-like polymer conformation and the polymer
stimulated the nucleation process of the peptide hormone.[?*] A
systematic variation of the physicochemical properties of the syn-
thetic polymer allowed to elucidate how the molecular mass and
hydrophilicity/hydrophobicity influenced the kinetics and mor-
phology of amyloid fibrils of Af,_,,.[252]

Further, we have engineered f-turn mimetic conjugates con-
taining synthetic turn mimetic structures in the turn region of
Ap,, and AB,¢ 55, replacing two amino acids in the turn-region
G25 — K28.B3% The structure of the turn mimic induces both, ac-
celeration of fibrillation and the complete inhibition of fibrilla-
tion, confirming the importance of the turn region on the aggre-
gation using either a bicyclic f-turn mimetic (BTD) or an arti-
ficial aromatic f-turn (TAA), while positions N27-K28 and V24-
G25 showed only weaker or no inhibitory effects. A catalytic effect
on the fibrillation or inhibition of native Ag,, was observed even
when added in amounts down to a 1/10 ratio.

Using a reversibly photo-switchable group we could con-
trol the bioavailability of the fibrillating parathyroid hormone
(PTH,_g,)-derived peptide.?!] We have embedded the azoben-
zene derivate 3-{[(4-aminomethyl)phenyl]diazenyl}benzoic acid
(3,4-AMPB) into the PTH-derived peptide PTH,; ,, to gener-
ate the artificial peptide AzoPTH,s ;,, which can be reversibly
photo-switched between its cis and trans forms. The trans-form
of AzoPTH,;_ 5, is fibrillating similar to PTH,g_;,, while the cis-
form of AzoPTH,s_;, generates only amorphous aggregates. Fur-
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thermore cis-AzoPTH,,_, catalytically inhibits the fibrillation of
PTH,;_3; in ratios down to 1/5, opening an approach to catalyt-
ically control fibrillation in vivo by an added photo-switchable
peptide.3ll

In the present work we report on a biophysical study aiming
to investigate the spontaneous self-assembly of PTHj, at neutral
pH. Under these conditions, a long lag-phase ensured the con-
centration dependent investigations of fibril elongation and sec-
ondary processes since primary nucleation plays a minor role in
this time regime.

2. Results and Discussion

2.1. PTHg, Undergoes Spontaneous Amyloid Fibril Formation
Only at Elevated Peptide Concentrations

One main key to elucidate the different mechanisms of fibril for-
mation is the investigation of peptide concentration dependent
fibril formation kinetics. For this purpose, we conducted aggre-
gation experiments starting from freshly purified, monomeric
PTHg, at initial monomer concentrations ¢, ranging from 50 to
600 um. The need of high peptide concentrations to obtain fibrils
was already shown in previous studies and is closely linked to the
reported critical concentration of ¢, = 74 + 25 um for PTHg,.[?224]
We obtained curves characteristic for amyloid fibril formation
with a lag phase, a sigmoidal growth phase and a plateau phase
at which the system approaches its thermodynamic equilibrium
(Figure 2A). Interestingly and despite the high concentrations
used, we found the lag times (time without significant fluores-
cence increase) with #,, > 50 h to be very long compared to, for
example, Af,, (f,, < 10 h for ¢, < 10 um, depending on the ex-
act conditions) followed by a relatively long growth phase.[3?! In
addition, a notable feature of the fibrillation profiles is a double-
sigmoidal character at low ¢, (<200 um, Figure 2A and Figure
S1A, Supporting Information). We suspect that, at least, two dis-
tinguishable kinetic components with distinct rate constants con-
tribute to the overall fibrillation curves.

However, for samples with ¢, above 200 um the sigmoidal
growth is followed by a decrease of the ThT fluorescence signal
before finally reaching a plateau. Interestingly, the final fluores-
cence values are constant (Fp,r = 8411 + 1904 a. u.), while the
maximum signal revealed two linear regimes, with an intercept
at 383 um (Figure 2B). We suspect that these segments hint to-
ward distinct fibril morphologies displaying unique ThT bind-
ing behavior. The mean of the final fluorescence overlaps with
the maximum fluorescence at ¢, = 230 um. Moreover, the fluo-
rescence decrease can be described by a mono-exponential decay
with a rate constant k4, 0of 0.01 + 0.005 h~! (Equation (6)) without
any dependence on ¢, (Figure 2D, inset). Hence, the decay results
from a fibril dependent, rather than a monomer dependent, pro-
cess, such as the assembly of fibrils into clusters. Images taken
from the plate after 310 h incubation indeed proof the existence of
precipitates large enough to lead to a turbid sample (Figure S1D,
Supporting Information). Static light scattering experiments sup-
ported the presence of large particles by displaying an increase of
the optical density at 600 nm (ODy,, Figure S1E,F, Supporting
Information). Interestingly, we observed a shift of the maximum
ThT absorbance toward higher wavelengths at high ¢, (Figure
S1G, Supporting Information), indicating a change within the
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Figure 2. Amyloid fibril formation by PTHg,. A) ThT monitored fibrillation kinetics for the concentration range between 0 and 600 um in steps of 25
or 50 uM. For 0 and 50 um no ThT fluorescence increase was detected. All triplicates for each ¢ are shown. B) Average ThT fluorescence at the curve
maximum (black) and at t =310 h (red) with respect to c,. Black dashed lines mark the two linear regimes of the maximum fluorescence. The red dashed
line indicates the average end-point fluorescence for ¢, > 200 um. Inset: mono-exponential rate constant k.. of the fluorescence decay after passing

the maximum (Equation (6)). C) Equilibrium free monomer concentrations ¢,
as the mean of all ¢, (for ¢g > 74 um).122] The solid line indicates the case of no fibril formation (z,

after 310 h. The critical concentration c. (dashed line) was calculated
= ¢g). D) log(t;2)-log(co)-plot of the half time of

€q

fibril formation (t,,). The shaded regions indicate positive (orange) and negative (cyan) curvature. Alil data points in B)-D) represent the mean and the

standard deviation of three individual replicates.

molecular environment of the dye or a different binding behav-
ior of ThT leading to distinct fluorescence quantum yields. We
determined the concentration of free ThT after fibrillation (after
centrifugation of the fibrils) which we found to be inversely pro-
portional to ¢, (Figure S1H, Supporting Information), indicating
that bound ThT sedimented together with the fibrils. Conversely,
the ThT concentration in the control sample yielded only 35 um.
However, we checked the concentration at the beginning of the
experiment (indicated by black dotted line). The decrease of de-
tectable dye molecules could be due to micelle formation of ThT
which precipitated during centrifugation.[**! Another possibility
would be self-quenching of ThT fluorescence due to an increase
of the local dye concentrations leading to the observed fluores-
cence decrease (Figure 2B).3+3]

The critical concentration of amyloid formation, c_, is a param-
eter reflecting the thermodynamic stability of amyloid fibrils.*®]
Therefore, we additionally measured the concentration of free
PTHg, monomers in equilibrium with fibrils after 310 h. The
equilibrium free monomer concentration c,, was consistently
found to be 67 + 21 um, reflecting the critical concentration c,
(Figure 2C). This agrees with our previous studies as well as with
the general concept of the critical concentration and monomer
release from functional hormone fibrils.[?23¢]

An analysis of the times to half completion of fibrillation pro-
files (half times, ¢, ,) is a powerful tool to obtain initial informa-
tion on the dominating mechanisms as well as on corresponding
reaction orders.!'! The scaling exponent y of a log(t, ,)-log(c,)-
plot can be extracted as a power law with t;, ~ ¢;”. In general,
a single consistently dominant mechanism is characterized by a
linear scaling, while a competition between two processes typi-
cally results in a negative curvature (Ay < 0). On the other hand,
a positive curvature (Ay > 0) indicates saturation effects, pre-
sumably of elongation or secondary nucleation. Here we ana-
lyzed the fibrillation kinetics until the maximum ThT fluores-
cence emission had reached. Interestingly, for PTHg, at various
initial monomer concentrations we found a positive as well as
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a negative curvature of the corresponding half time plot (Fig-
ure 2D). This complex behavior has yet only been reported for
the Tauy, s34, fragment but it has not been further elucidated.*’!
The positive curvature dominates at ¢, < 300 um, with a scal-
ing exponent increasing from y ~ —0.5 to y = 0 (indicated by
shaded orange region). This agrees with a saturation of the elon-
gation process. The observed negative curvature at ¢, > 300 um
(shaded cyan region) denotes the entrance of a process gener-
ating additional growth-competent ends into the reaction net-
work. In principle, primary and secondary nucleation need to be
considered.

2.2. PTHy, Fibrils Display a Strong Polymorphism

We further aimed to investigate the morphology of the fibrils at
low (100 pm, Figure 3A), intermediate (300 um, Figure 3B) and
high ¢, (500 pm, Figure 3C) by negative staining transmission
electron microscopy. The micrographs show curvilinear fibrils
characteristic for PTHy, as previously reported.[?22#%5] The fib-
rils are up to several um in length, only showing few shorter in-
dividual fibrils. Notably, PTHj, fibrils exhibit a strong polymor-
phism. Fibrils can be found to be twisted or flat, with an irreg-
ular pitch length even in strongly twisted fibrils. Additionally, at
500 um we found the fibrils to be clustered with only few individ-
ual fibrils (Figure 3C, upper panel). In a sample isolated 20 h after
the fluorescence maximum was reached in the kinetic assay (Fig-
ure S1B, Supporting Information) as well as in a sample treated
with probe-sonication (Figure S1C, Supporting Information) an
essentially lower amount of these clusters is observed. Both sam-
ples exhibit the same macroscopic appearance as for 300 um
at the end-point (compare to Figure 3B). Taken together with
the observed fluorescence decrease (Figure 2B), this supports
the hypothesis of the formation of supramolecular fibril clusters
with impaired ThT fluorescence. Thus, unclustered fibrils essen-
tially contribute to the final ThT fluorescence signal. Since fibril
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Figure 3. Electron Microscopy reveals polymorphism of PTHg, fibrils. Fibril morphologies after 310 h incubation time have been characterized for A) ¢,
=100 um, B) ¢y = 300 um and C) ¢y = 500 um. Shown are representative electron micrographs (upper panel, scale bar = 200 nm), calculation of fibril
diameters (middle panel) as well as fibril cross sections (lower panel, left — gray scale, right — representative individual fibril, scale bar = 50 nm, red solid

lines indicate cross sections).

precipitation occurs above a threshold concentration of ¢, =
230 um (Figure 2B), we propose a maximum soluble fibril frac-
tion of 230—-67 um = 163 pumM (given in monomer equivalents
converted into fibrils, with c. = 67 pm as the fraction of soluble
monomers) in equilibrium with free monomers.

A more detailed analysis of the fibril dimension revealed a
consistent diameter of dy,, = 17.4 + 1.6 nm for 300 um and
of dyyy = 16.5 + 2.4 nm for 500 pm, whereas three different
species with dyyy; = 16.6 £ 1.4 nm, dyop, = 26.6 + 1.7 nm and
digos = 36.5 = 1.0 nm were found for 100 pm (Figure 3A-C,
middle panels). An inspection of the cross sections shows that
the fibrils consist of three (d,gg1, @30, ds00), five (dyg ), O seven
(d100,3) individual filamentous structures of about 5.5 nm width
within a fibril (Figure 3A-C, bottom panels). The occurrence of
three fibrillar sub-types gives rise to the assumption of different
underlying kinetic rate constants of fibril formation, as observed
for low ¢, (Figure S1A, Supporting Information). However, in a
previous study using heparin as fibrillation trigger no polymor-
phism was observed.!>] Heparin possibly favors the formation of
only one morph which we also found for all probed ¢,. The mor-
phology of fibrils present in vivo within the secretory granules is
currently unknown but their characterization is part of our future
work.
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2.3. PTHg, Fibril Formation is Dominated by Secondary
Processes and Inhibition Effects

2.3.1. Light Seeding Demonstrates the Importance of Autocatalytic
Self-replication

We further investigated whether secondary processes contribute
to the macroscopic fibrillation behavior. Therefore, we repeated
the experiment presented in Figure 2A with the addition of a
low amount of pre-formed probe-sonicated seeds (0.2 % of ¢,
given in monomer equivalents) at time zero (Figure 4A, curves
for all ¢, are shown in Figure S2A, Supporting Information).
For seeded experiments, ¢, denotes the initial concentration of
monomeric peptide to which pre-formed seeds are added. If sec-
ondary events (secondary nucleation or fragmentation) do not
contribute to the overall time course no significant acceleration of
fibrillation is expected for a given ¢, compared to the correspond-
ing de novo experiment. Instead, we found a strong reduction of
the lag times for all ¢, underlying the importance of secondary
events, and thus the autocatalytic self-propagation, for the fibril-
lation of PTHy,. Moreover, we found a linear scaling in the half-
time plot with y = —0.75, indicating that the saturation and com-
petition effects, as observed for de novo fibrillation (Figure 2D),
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Figure 4. Seeding experiments reveal the importance of secondary processes as well as inhibition effects. A) Comparison of fibril formation de novo
(solid lines) with the addition of 0.2 % seeds (given as monomer equivalents of ¢y, dotted lines) for ¢y = 250 (blue) and 500 pm (orange). Arrows indicate
the shift of the kinetic curves toward lower lag times. The data for de novo fibrillation are the same as presented in Figure 2A. B) log(t;/;)-log(co)-plot
of the half times. The scaling factor was found to be y = ~0.75. Additional curves are shown in Figure S2A, Supporting Information. C) t; ,-log(co)-plot
of PTHy, at three different ¢, with different amounts of sonicated seeds added at time zero. Seed concentrations are given as monomer equivalents of
Co- The solid lines connecting the data points are drawn to guide the eye. D) initial gradients ry at various ¢, supplemented with 25 pum sonicated seeds.
The dashed blue and the solid red lines are fits according to Equation (2) in the ¢, ranges 70-500 pum or 70-300 pm, respectively. E) initial (black) and
maximum gradients (red) ry and r,,,,, respectively, of various ¢, supplemented with unsonicated seeds. For 100 and 200 um no further fluorescence
increase was found after the initial phase. All data points represent the mean and the standard deviation of three individual replicates.

are effectively bypassed (Figure 4B). With the addition of seeds,
elongation and secondary nucleation directly proceed from these
templates, whereas the relevance of primary nucleation becomes
negligible.

2.3.2. Heavy Seeding Reveals that Elongation as well as Secondary
Nucleation are Affected by High Peptide Concentrations

In order to evaluate if saturation of the elongation rate constant
k, is responsible for the positive curvature of the halftime plot
(Figure 2D), we performed additional seeding experiments (Fig-
ure 4C-E). In contrast to the presented data at very low ¢4, elon-
gation of the existing seeds is the only significant contribution to
the increase in fibrillar mass in the high seeding regime. This can
be addressed as the linear initial gradient of the ThT signal r, at
the first points of the time course. The dependence of r, from ¢,

for a constant seed number concentration P, is given by

Y,
dt t—=0

To =2k, P 1)

Macromol. Biosci. 2023, 23, 2200525 2200525 (5 of 11)

with M the aggregate mass concentration and k. the rate con-
stant of elongation.'*] P, reflects the number of template fibrils
in a seed sample, in contrast to c,..q Which denotes the seed mass
concentration. Since P, is a highly error-prone parameter, we do
not aim to calculate k,. To determine the necessary seed mass
concentration c .4 at which the high seeding regime can be ex-
pected we performed seeding experiments at increasing c,,.q with
three different monomer concentrations (with c .4 up to 10 %
of ¢,, in monomer equivalents). Directly plotting the halftime of
aggregation versus the logarithm of ¢4 allows an estimation on
the regime (Figure 4C and Figure S2B, Supporting Information).
The high seeding regime is expected for alinear dependence with
a small negative slope. We identified c...s = 25 um to fulfill these
requirements (at log(c,..q) = 1.4 in Figure 4C). At lower seed
concentrations, the non-linear nature of the plot proves the con-
tribution of secondary processes. Interestingly, at a given ¢4 in
this range, we obtained a concentration dependent ¢,,, possibly
indicating inhibitory effects at high c,.

In the next step, PTH,, at varying monomer concentrations
was supplemented at time zero with a constant seed mass
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concentration of ¢4, = 25 pmM (Figure 4D and Figure S2C, Sup-
porting Information). We found a linear dependence of the initial
gradient r, from ¢, for ¢, < 200 um, indicative for monomers as
the species required for elongation.*®! The addition of oligomers
to fibril ends would result in a polynomial-like dependence.®%!
However, with a maximum at 300 pum a further increase of ¢, even
results in a decrease of r,. The data indicate that the rate constant
of elongation, k,, is not proportional to c,, as predicted by the
halftime plot (Figures 2D and 4C), and is written as k,. For the
case of a saturation of the elongation process, Equation (1) needs
to be extended to

k. c
;Opo‘* Yo ()

%
Kg

ro=2 hcoP0 =

in analogy to the Michaelis—Menten description of enzymatic
reactions, with k, the true rate constant of elongation, K the
concentration at which saturation effects occur and y, an off-
set value introduced due to the high value of ¢. below which
no fibril formation occurs.[*"! In this case diffusion and binding
of a monomer to a growth-competent end (“dock”) is the rate-
determining step at low ¢,, whereas the slow structural conver-
sion becomes limiting at high ¢, when basically all free ends are
blocked by attached monomers (“lock”). A fit of the data to Equa-
tion (2) is shown in Figure 4D (blue dotted line). The fit only suc-
ceeds to represent the data at low ¢, but fails at high ¢,. However,
a systematic decrease of r, at high ¢, is obvious from the experi-
mental kinetic curves (Figure S2C, Supporting Information). We
further confined the fitting range to the maximum value of r,
(red solid line in Figure 4D) resulting in a valuable fit within this
range. Interestingly, the model of saturated elongation reaches a
limitation when applied to our data. We suspect that the elonga-
tion step at high ¢, is confined by an inhibition rather than by a
true saturation effect.

Note that for this experiment the seeds have been probe-
sonicated to break the fibrils into fragments and thus to increase
the number of growth competent ends (2 P, in Equation (1) and
(2), Figure S1C, Supporting Information). The same experiment
can be conducted for untreated seeds displaying an essentially
lower number of free ends compared to the fibril mass (Figure 4E
and Figure S2D, Supporting Information). This allows conclu-
sions on secondary processes. If secondary processes are active,
the initial gradient r, is not equal to the maximum slope r, .. A
relation of r,,, to the time evolution of the fibril number con-
centration, predominantly reflecting secondary processes in the
observed time regime, is given by

dp .
T ™ d—tt ~ kM +2k_P, 3)

max

where P, and M, are the fibril number and fibril mass concentra-
tion, respectively, k, and n, the rate constant and reaction order of
secondary nucleation, respectively, according to the two-step bulk
description, and k_ the rate constant of fragmentation.*41:42]
The contribution of primary nucleation is neglected in Equa-
tion (3). For the initial gradient we found a monomer dependence
similar to the behavior described for probe-sonicated seeds. r,
decreases for ¢, > 200 um. Simultaneously, r,,, increases, with
a maximum at ¢, = 400 um and a decrease at ¢, = 500 pm.
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Since r,,,, obviously depends on ¢,, we propose that secondary
nucleation contributes to PTHy, fibril formation, rather than
monomer independent fragmentation (Equation (3)). Addition-
ally, the data provide a hint toward a saturation or even an inhi-
bition of secondary nucleation at high ¢, in addition to the dis-
cussed effect on elongation.

2.4. Kinetics of PTH,, Amyloid Formation Display a Complex
Concentration Dependence

In order to gain a deeper understanding of the underlying mech-
anism of amyloid formation by PTHg, we performed individual
curve fittings to the increasing part of the ThT monitored fibril-
lation kinetics depicted in Figure 2A (Equation (6)) as described
previously, thus revealing information about the effective rates
of primary (4) and secondary (k) processes.[®! The fits repro-
duce the data well, only at ¢, = 600 um (red curve) it is obvious
that the applied simple model is not sufficient to describe the
full curve (Figure 5A). Still, the parameters provide a solid trend.
As mentioned before, the introduction of a second component
contributing to the overall fibrillation kinetic is necessary to de-
scribe the data at ¢, below 200 um (Equation (17)). Since the per-
centage of the second kinetic component approaches < 5 % with
increasing ¢,, and thus giving high errors of the fitting parame-
ters, we only focused on the dominant first component (Figure
S14, , Supporting Information inset). At ¢, below 250 pm, A ex-
hibits a linear scaling, though the scattering of the data points did
not allow a well-defined fit (Figure 5B). The visible trend agrees
with a reaction order of Ny, + feony < 4 (Equation (9), reac-
tion orders 2 (dotted orange line) and 4 (dashed orange line)
are shown as theoretical examples). For higher ¢, the reaction
order increases 0 M1 + Mooy = 18.5. These data indicate
that the species involved in primary nucleation changes from a
low-order oligomer (1, + Moy < 4) to a high-order oligomer
(Mgligo1 + Meony = 18.5). Note that the reaction order denotes a
combination of the respective reaction orders of oligomer forma-
tion and oligomer conversion, and thus does not reflect the exact
number of monomers within a hypothetical oligomer. Neverthe-
less, it provides a clear trend. This, highly hypothetical, size of
primary nuclei is consistent with a simulation study in which
peptides with a low propensity to form f-sheets were found to
have higher corresponding primary nuclei sizes of n, > 2 com-
pared to, for example, AB,,.[**] PTH,, is known to exhibit an a-
helical propensity at the N-terminus while the C-terminal region
remains intrinsically disordered.?223]

The importance of the air-water-interface (AWI), and thus the
surface tension, is a mostly neglected but underappreciated factor
in amyloid growth.[**] The surface tension of a solution of insulin
was shown to decrease if oligomers are present, but increased
for a fibril-containing sample.[*] In general, conformational and
oligomerization effects at the AWT have been reported, for exam-
ple, p-sheet containing dimer formation and induced polymor-
phism via alternative assembly pathways.[**46-*8] For example,
amphipathic helices display an inherent surface activity.*} For
PTHg, residues S17-V31 are reported to adopt such an amphi-
pathic helical structure, which in the context of hormone activity
is required for receptor activation.*®! As a consequence, small
oligomers of PTHg, which are possibly formed and converted
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Figure 5. Individual curve fitting reveals insights into primary and secondary processes. The data shown in Figure 2A have been fitted according to
Equation (7). A) Representative curves chosen from triplicate measurements (points) at six individual ¢y with the respective fits (solid lines) are shown.
For 100 and 200 pum Equation (17) was used, introducing a second kinetic component. The fits and the data in the following panels are only given for the
first component. The extracted parameters are B) 4, the sum of primary, C) k, the sum of secondary processes and D) the kinetic prefactor A (Equation 8).
In B-D) the parameters are presented as log(parameter)-log(cy)-plots. Concentration ranges in panels B) and C) displaying a respective linear scaling
are indicated with a solid red line corresponding to a power law fit with log(4/x) = slope; ;. X log(cy) + constant, .. All data points represent the mean
and the standard deviation of three individual replicates. The orange lines in panel B) represent theoretical curves for ngjig 1 + Ncony = 2 (dotted) and

=4 (dashed).

”oligo,] + Neony

to an elongation competent nucleus at low ¢, by adsorption of
the amphipathic helix at the AWI via different pathways could be
a considerable origin of the here observed polymorphism (Fig-
ure 3A).

For the investigation of k¥ we only took ¢, < 275 um into ac-
count considering the high statistical errors of the data points at
higher ¢, and the inhibition effects at high ¢, (compare with Fig-
ure 4D,E), resulting in the reaction order ng,, + feppy = 1.5
(Equation (10), Figure 5C). Equation (16) shows that this corre-
sponds to the more frequently used bulk model with n, = 0.7, in-
dicating a peptide monomer as the physical nucleus size required
for secondary nucleation. Thus, we note that both elongation
(Figure 4D) and secondary nucleation (Figures 4E and 5C), the
microscopic processes requiring monomeric peptide, are inhib-
ited at high c,. However, at 300 uM, a concentration at which the
half-time scaling factor was found to approach y = 0 (Figure 2D),
the scaling of k apparently becomes concentration independent.
The definition of « includes elongation (k, ) as well as secondary
nucleation (kg0 Keony) (Equation (10)). The apparent saturation
of k might be an effect of the inhibition of one or both processes
(see also Figure 4D,E). Interestingly, the high reaction order of
A obviously compensates the effect of k, on the ¢, dependence
of A. Nevertheless, the contribution of a high-order oligomer is
evident. The high hypothesized order of an involved oligomer
raises the question if this indicates a “core—shell” nanocrystal or
a micelle- or droplet-like condensated state.[!] Interestingly, for
lysozyme, IAPP and a-synuclein it has been shown that nucle-
ation from such states result in very weak dependences on c,
which is in contrast to our data.[*®52-54]

The significantly different reaction orders of primary and sec-
ondary nucleation, in combination with a negative curvature in
the halftime plot, gives rise to the hypothesis that primary nucle-
ation starts to compete with secondary processes at high ¢, to be
the dominant mechanism of new fibril generation. To the best
of our knowledge, this is the first experimental report of this spe-
cific case. An inspection of the prefactor A (A = 43 37! =3, Equa-
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tion (8)) illustrates this behavior. From this definition it follows
that small values (A < 0.33 for A = k) or a negative trend indi-
cate the dominance of secondary processes. At low ¢,, A is of the
order 107! with a negative dependence on c,, highlighting the
importance of secondary processes on the macroscopic fibrilla-
tion curves (Figure 4C). A dramatic increase of A of several orders
of magnitude after passing a minimum at 275 pm indicates the
competition of two microscopic mechanisms to be the dominant
process for the creation of new growth-competent ends, P,, and
thus the relevance of primary nucleation for high c,.

3. Conclusion

In this work we investigated amyloid fibril formation of PTHg,.
Employing a simple kinetic analysis approach, we have been able
to elucidate an intricate concentration-driven fibrillation network
of a functional amyloid (Figure 6). We demonstrated a complex
concentration dependent behavior including polymorphism, as-
sembly of fibrils into clusters and inhibition effects. We found
that at low ¢, (for ¢, > c_) fibrils nucleate from small oligomeric
peptide species. The variation of the fibril diameters agrees with
the occurrence of, at least, two distinguishable kinetic compo-
nents contributing to the overall fibrillation behavior. At low con-
centrations (¢, < 300 pm), secondary nucleation is the dominant
process for the creation of new fibrils. Upon increasing c,, the
monomer consuming processes elongation and secondary nucle-
ation become inhibited. In addition, the physical size of the pri-
mary nucleus dramatically increases, indicating a different un-
derlying nucleation mechanism. We conclude that the nucleus
originates from large on-pathway oligomers which are in equi-
librium with monomers above a certain threshold concentration,
the “critical oligomer concentration” (coc), reducing the effective
monomer concentration. Thus, monomer availability becomes
rate limiting for self-propagation (secondary nucleation) and the
increase in fibrillar mass (elongation).
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Figure 6. Scheme of the concentration dependence of PTHg, amyloid fibril growth. Below the critical concentration ¢, PTHg4 is monomeric and no fibril
formation occurs. Above the c. low-order oligomers or, when exceeding a threshold concentration, coc, high-order oligomers of PTHyg, contribute to
the formation of primary fibril nuclei. Both oligomer species are on-pathway within the fibrillation network. The equilibrium decreases the concentration
of available monomers (apparent c;), negatively affecting elongation and secondary nucleation as the processes requiring monomers (indicated by
red arrows). Moreover, exceeding a solubility barrier fibrils self-assemble into supramolecular clusters that eventually precipitate with a rate constant
independent from ¢,. However, below the coc secondary nucleation is the dominant process producing new growth-competent ends P, but competes

with primary nucleation above the coc.

In addition, fibril precipitation occurs above a threshold con-
centration of ¢, = 230 pwm, indicating a maximum soluble fibril
fraction of 163 um (given in monomer equivalents converted into
fibrils) in equilibrium with free monomers. The occurrence of
two distinct linear regimes of the maximum ThT fluorescence
intensities results from the different origins of primary nuclei
at low or high ¢,. We suspect that the nature of the nucleus de-
termines the exact fibril morphology and thus the ThT binding
behavior. This is supported by the concentration dependent poly-
morphism of PTHy, fibrils as well as by the observed photophys-
ical changes of fibril bound ThT occurring only at high ¢,.

Furthermore, we revealed PTHj, to be an amyloid forming sys-
tem exhibiting primary nucleation with a high reaction order able
to kinetically compete with secondary nucleation to be the domi-
nant process for the generation of new fibrils. This is, according
to our knowledge, the first experimental report of such a scenario.
A more detailed investigation of the hypothesized PTHyg, concen-
tration dependent monomer-oligomer equilibrium will be part of
our future work.

4. Experimental Section

Chemicals:  All chemicals were purchased from Carl Roth GmbH or
Sigma Aldrich and used without further purification.

Recombinant Production and Purification of PTHg,: PTHg, was pro-
duced recombinantly in E. coli BL21 (DE3) c+ RIL cells and purified from
the cell lysate as described previously with small changes.[?3°] The es-
tablished purification procedure consisted of immobilized metal ion affin-
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ity chromatography (Ni2*-IMAC), hydrophobic interaction chromatogra-
phy (HIC), and size exclusion chromatography (SEC). In contrast to the
published protocol a cation exchange chromatography step (CIEX using
a sulphopropyl residue) was conducted, followed by subsequent dialysis
(3.5 kDa molecular weight cut-off) in 50 mm Na,HPO,, pH7.4. The pep-
tide was stored as a 1 mm stock solution in the same buffer at —80 °C.

ThT Fluorescence Monitored Kinetic Fibrillation Assay:  The PTHg, stock
solution was carefully thawed on ice. After subsequent centrifugation at
12 800x g for 1 h at 4 °C to remove possible pre-formed aggregates, the
supernatant was used to adjust the desired PTHg, monomer concentra-
tions. NaCl was added to a final concentration of 150 mm from a stock
(50 mm Na,HPO,, 3 M NaCl, pH7.4). The small, extended p-sheet specific
dye Thioflavin T (ThT) was used to monitor the increasing fibril mass.[®!
The concentration of ThT was adjusted to 45 um in all samples from a
1 mwm stock.

The measurements were performed in triplicates from the same sam-
ples on the same black non-binding 96-well plates with transparent bot-
tom (Greiner Bio-One, Art. Nr. 655 906). The plates were sealed to prevent
evaporation. ThT fluorescence indicating fibril growth was monitored at 37
°Cin a FluoStar Omega plate reader using bottom optics (BMG Labtech).
For excitation (448 nm) and emission (482 nm) optical filters were used
with 10 nm bandwidth. Depending on the experimental requirements, two
different incubation protocols have been designed:

Protocol I: 30 s double-orbital shaking at 300 rpm, 270 s quiescent incu-
bation

Protocol I1: 5 s double-orbital shaking at 300 rpm, 295 s quiescent incuba-
tion

For monomer dependent de novo nucleation and low seeding exper-
iments, protocol | was applied with fluorescence detection in a cycle of
20 min. Protocol Il (5 min cycle) was used for heavily seeded experiments.

© 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

85UB01 7 SUOLILLIOD A1 3[dfedt dde U Aq pauenob ae il VO ‘85N JO 3N o} Akeiq 18Ul UO AS]IA LIO (SUONIPUOD-PUE-SWLBIALID" A3 | 1M Afe.d] 18U [Uo//StY) SUORIPUOD Pue S | U1 89S *[£202/S0/TT] Uo AriqTauliuo A|IM ‘SEISIBAIUN JBUINT une W-Yed Aq 525002202 IGeW/Z00T 0T/I0p/uod" A | Im Afe.q1|Bul|uoy/Sciy Woiy papeojumod ‘v ‘€202 ‘S6TSITIT



ADVANCED
SCIENCE NEWS

M

Bioscience

www.advancedsciencenews.com

Equilibrium Free Monomer and ThT Concentrations:  Fibrillation sam-
ples in the thermodynamic equilibrium were centrifuged at 16 100x g for
1 h at room temperature. The concentration of free peptide monomer in
solution was determined at 280 nm (e,30 = 5500 M~' cm~") and of free
ThT at 412 nm (47, = 36 000 M~ cm™') by UV-vis spectroscopy.l>758l
Since ThT contributes to the UV absorption at 280 nm, the peptide ab-
sorption was corrected using Equation (4)

OD;g0,ref
OD330,peptide= OD2go = ODyg1y =——— (4)
peptide ODy1p,ref

where OD,gq of and ODy1; f are the corresponding absorption values of
ThT in a reference sample without peptide. The molar concentrations were
calculated with the law of Lambert-Beer. The baseline correction was con-
ducted with pure buffer.

Seed Preparation: Seeds were prepared from a 500 um fibrillation sam-
ple without ThT which reached the stationary phase. If not mentioned oth-
erwise, fibrils were disrupted by probe-sonication (1's pulse, 1s pause, 12
% 10 % amplitude). Seeded assays were started within maximally 30 min
after seed preparation.

Optical Density and Scattering: ~ After completion of the kinetic assay,
UV-vis spectra had subsequently been acquired for all replicates without
removing the seal foil (FluoStar Omega, BMG Labtech; range 350-700 nm,
data pitch 5 nm). For the characterization of the ThT absorbance the ratio
of the optical density OD at 420 and 430 nm (OD,,y ODy3,™") was cal-
culated. This work defined the observed turbidity of the samples to be the
scattering intensity, that is, as the increase of ODgg of a respective sample
compared to the control that only contained ThT:

Scattering :OD6OO, sample — OD6OO, control (5)

Kinetic Analyses: The fluorescence decay after passing a maximum
value was fitted with a single exponential function

F = Fo+ Be kdec! (6)

with kg the exponential decay rate.

For the investigation of the mechanism of PTHg, fibril formation a sim-
ple kinetic approach was employed as described previously.l'7:255°] For
a basic description of the sigmoidal curve shape the introduction of the
parameters A and k reflecting the sum of primary and secondary events,
respectively, results in the function

1

F= 1l ———— 7
T A “
with F the normalized ThT fluorescence and the parameters
43
A= — 8
33 @)
_ k. k k Noligo, 1 cony 1/3
A=(2 + Koligo,1 Keonv Co ) 9)
Noligo,2 Hconv+1
K= (2k+ koligo,Z kconv 2 e )1/3 (]O)

with kjigo,1/2 the rate constant of the formation of oligomers involved in
primary or secondary nucleation, respectively, k.., the rate constant of
conversion, k, the rate constant of elongation via monomer addition, ¢,
the initial peptide monomer concentration, nyji 1/, the reaction order of
the formation of oligomers involved in primary or secondary nucleation,
respectively, and n,,,, the reaction order of oligomer conversion. The reac-
tion orders can be extracted from the corresponding log(4/x)-log(cy)-plots
with the scaling factors.

”oligo,] + Neony

; an

Vi =
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Noliso 2 + Neonyt 1
ye = oligo,2 - conv (12)

This approach explicitly takes nucleation via oligomeric species into ac-
count which is reflected by the cubic influence of A and k on the prefactor
A and thus on the time scale. In this case nucleation is treated as a three-
step process consisting of oligomer formation (kyjig,1/2), conversion of
the oligomers into growth-competent species (k) and elongation (k, ),
with the respective reaction orders i 1/2 and Aqp, -

A connection to the more frequently used two-step description (nucle-
ation coupled with elongation) with the bulk rate constants k; and k, and
the corresponding bulk reaction orders n; and n, of primary and secondary
nucleation, respectively, is given by:

1/3
3 2
2 koligo,lkconv (13)
==
3 2k+koligo,2
koligo,chonv /3
k=) 22 14
o= o (14
N1 = Noligo,1 ~ Noligo,2 T M2 (15)
ny = 2 noligo,2+23 Neonv — 1 (16)

For low concentrations, a second kinetic component was added to
Equation (7), which leads to

L Fy (Fior—=F1)
LA (@1 =1) 1A (ex2t-1)

(17

with F; the total fluorescence signal, F; the fluorescence of component 1,
A1/, and kq, the kinetic prefactor and the sum of secondary events for the
first or the second component, respectively. The major kinetic component
is indexed as “1.”

Negative-Staining Electron Microscopy: The fibrillation samples were
diluted 20-fold in buffer (50 mm Na,HPO,, 150 mm NaCl, pH7.4) and sub-
sequently 5 uL were transferred to a 3 mm carbon/Formvar-coated copper
grid. After 3 min incubation, the grids were blotted, washed with ddH,0O
and blotted again. For negative staining, grids were incubated with 1 %
uranyl acetate. After blotting, the grids were allowed to dry for 24 h on
filter paper. Sample imaging was conducted on a Zeiss EM900 electron
microscope with 80 kV acceleration voltage. The analyses of the fibril di-
ameters as well as the cross-section gray-scale profiles were performed
using Image)/Fiji software. The diameters were calculated based on the
measurement of n = 100 (¢y = 100 um), n =75 (¢ = 300 um), or n = 30
(¢o = 500 um) fibrils.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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