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In acidic secretory granules of mammalian cells, peptide hormones including the

parathyroid hormone are presumably stored in the form of functional amyloid

fibrils. Mature PTH, however, is considerably positively charged in acidic envi-

ronments, a condition known to impede unassisted self-aggregation into fibrils.

Here, we studied the role of the polyanion heparin on promoting fibril formation

of PTH. Employing ITC, CD spectroscopy, NMR, SAXS, and fluorescence-

based assays, we could demonstrate that heparin binds PTH with submicromo-

lar affinity and facilitates its conversion into fibrillar seeds, enabling rapid

formation of amyloid fibrils under acidic conditions. In the absence of heparin,

PTH remained in a soluble monomeric state. We suspect that heparin-like

surfaces are required in vivo to convert PTH efficiently into fibrillar deposits.

Keywords: acidic pH; amyloid fibrillation; functional amyloids; heparin

interaction; intrinsically disordered proteins; parathyroid hormone

The parathyroid hormone (PTH) is a peptide hormone

expressed in parathyroid chief cells that binds the

PTH-specific G protein-coupled receptors PTH1R and

PTH2R to regulate serum calcium ion and phosphate

levels [1–4]. Like any peptide hormone, PTH needs to

be secreted from the producing cells to enable its

access to the target structures via the blood stream [5]

(Fig. 1A). For that purpose, peptide hormones are

generally destined to pass the secretory pathway.

Importantly, the organelles that constitute the secre-

tory pathway get continuously acidified as they

approach the state of secretion [6]. The resulting pH

gradient across the secretory pathway is implicated in

regulating events of post-translational modifications

and sorting of cargo proteins. Moreover, the decrease

in pH is accompanied by the formation of amyloid

fibrils, which is the presumed storage form of peptide

hormones inside secretory granules [7–9]. Interestingly,
many peptide hormones yield an isoelectric point (pI)

close to the acidic pH of approx. 5.5 as found in the

trans-Golgi network and secretory granules. Conse-

quently, these proteins are less soluble at low pH while

displaying an enhanced propensity to aggregate, for

example, into amyloid fibrils [8,10–12]. Indeed, many

of these peptide hormones spontaneously fibrillate also

in vitro at pH 5.5 [7].

Mature PTH (C-terminal 84 amino acids, from now

on referred to as PTH1-84), however, has a calculated

pI value of 8.9 and harbors four histidine residues with

a pKA value of approximately 6.2. As a result, the net

charge of PTH1–84 increases significantly under acidify-

ing conditions: While the net charge at pH 7.4 is
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approximately +1.4, it is raised to +5.9 at pH 5.5 [13].

Since PTH1–84 is a protein with high structural

disorder (Fig. 1B) [14], an increased repulsion between

like-charged residues should lead to more extended

conformations and enhanced mutual repulsion. Hence,

the inherent predisposition for amyloid-prone confor-

mations and the formation of initial amyloid seeds

should be affected [15]. Indeed, in vitro screening of

different buffer conditions revealed that amyloid fibrils

form preferably at basic conditions, close to the pI of

PTH1-84 [14]. This finding contrasts in vivo observa-

tions of amyloid fibril generation in acidic secretory

granules of parathyroid chief cells [9]. Hence, under

physiological conditions, fibril formation of PTH1–84
requires additional factors to occur. In this study, we

tested the hypothesis of a polyanion-assisted fibrilla-

tion of PTH1–84 by the use of heparin (Fig. 1B), an

important and widely used member of the gly-

cosaminoglycan (GAG) family [16]. GAGs are linear

polyanionic polysaccharides that are abundant in the

secretory pathway [17,18] and known components of

amyloid deposits [19]. Notably, the seminal work of

Maji and coworkers in 2009 identified GAGs to be

essential for in vivo fibrillation of numerous peptides

and protein hormones found in secretory granules [7].

To our best knowledge, this aspect has not yet been

investigated for the parathyroid system with its hor-

mone PTH1–84.

With the help of in vitro experiments, we could

demonstrate that heparin does not only efficiently bind

PTH1–84, but also increases its ordered secondary

structure content and induces rapid fibrillation even at

low physiological pH. Moreover, fibrils formed in the

presence of heparin were still capable to release mono-

meric peptides, a typical characteristic of functional

amyloid fibrils. In the absence of heparin, PTH1–84
was not able to form fibrils.

Material and methods

Material

PTH1–84 was synthesized by the Core Unit Peptide

Technologies of the University Leipzig using microwave-

assisted solid-phase peptide synthesis (CEM GmbH, Kamp-

Lintfurt, Germany) based on Fmoc-strategy. For long peptides

as PTH1–84, the incorporation of selected pseudoprolines leads

to products usable for the challenging purification steps after

the cleavage from the resin. The successful synthesis of PTH1–84

was verified by mass spectrometry. Unfractionated porcine

intestinal heparin with an average molecular weight of 20 kDa

was sourced from Carl Roth (Carl Roth GmbH, Karlsruhe,

Germany). The heparin sulfate analog fondaparinux

(pentasaccharide) was sourced from Merck (Merk KGaA,

Darmstadt, Germany). Other chemicals were reagent grade

and sourced from Sigma-Aldrich (Sigma-Aldrich Chemie

GmbH, Schnelldorf, Germany) if not stated otherwise.

Methods

Sample preparation

Lyophilized PTH1–84 was dissolved in citrate buffer (20 mM,

pH 5.5) or sodium phosphate buffer (50 mM, pH 7.4) and its

concentration adjusted via UV absorbance at 280 nm

(ε = 5500 M
−1�cm−1). Heparin or fondaparinux were weighed

in and dissolved in the same buffer. Desired heparin concentra-

tions were prepared according to its average mass of 20 kDa.

Circular dichroism spectroscopy

UV circular dichroism (CD) measurements were carried

out on a Jasco J-810 spectrophotometer (Jasco Deutschland
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fibrilla

PTH1-84 heparin

sulfated -iduronic acid

sulfated -glucosamine

acidity; PTH e net charge1-84

PTH1-84

(A)

Nucleus

ER Golgi secretory
granules

Secretory pathway

blood

GAG

Fig. 1. Research hypothesis based on cellular transport of basic

PTH1–84 and fibrillation in acidic environments. (A) Illustration of the

PTH (blue) passing through the secretory pathway. The pH gradient

across the secretory pathway leads to a continuous increase in

positive net charge of PTH1–84. PTH1–84 fibrils are found in acidic

secretory granules [9]. GAGs (red) are abundant in the secretory

pathway [17,18]. We hypothesize that GAGs interact with PTH1–84

and induce its fibrillation. (B) Cartoon representation of PTH1–84

based on the PDB entry 1ZWA and a C-terminal disordered region.

Charged residues are highlighted in blue (positive) and red (nega-

tive). The linear polyanionic heparin consists of repeating sulfated

D-glucosamines and L-iduronic acid monosaccharides (black box).
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GmbH, Pfungstadt, Germany) using a 0.01 cm pathlength

quartz cuvette (Hellma GmbH & Co. KG, Müllheim, Ger-

many). The PTH1–84 concentration was adjusted to 0.1 mM

in citrate buffer (20 mM, pH 5.5) or sodium phosphate buf-

fer (50 mM, pH 7.4). Heparin-containing samples were set

to a final molar ratio of 1 : 10 (heparin : PTH1-84) and

incubated for 1 h at 20 °C. As the amplitude of the CD sig-

nal of heparin was much smaller compared with PTH1–84,

we corrected the CD spectra of the solution containing

PTH1–84 and heparin for eventual heparin contributions by

adding equal heparin concentrations in the reference buffer.

The exposure time was set to 50 nm�min−1, and spectra

were obtained from averaging 64 subsequent measurements

at 20 °C after subtracting the reference buffer spectrum.

NMR spectroscopy

2D 1H-15 N HSQC spectra of 100 μM 15 N labeled

PTH1–84 were recorded on a Bruker Ascend 500 MHz spec-

trometer at pH 5.5 and 25 °C in the absence and presence

of 100 μM fondaparinux. Chemical shift assignments were

performed by standard triple resonance experiments based

on the published values [20].

Isothermal titration calorimetry

Calorimetric measurements were performed using a Micro-

Cal iTC200 (Malvern Panalytical Ltd, Malvern, UK)

calorimeter at 25 °C and 750 r.p.m stirring. Titrations of a

125 μM heparin solution into a 150 μM PTH1–84 solution,

both citrate buffer (20 mM, pH 5.5), were analyzed. The

titration regime included an initial 0.5 μL injection and

subsequent 39 × 1 μL injections with a time interval of

300 s. The reference cell contained citrate buffer (20 mM,

pH 5.5). Thermograms were integrated using NITPIC soft-

ware (version 1.3.0) [21]. Data fitting was performed using

CHASM software with the built-in one-site model and

optional use of multi-site models [22].

Wide-angle and small-angle X-ray scattering

All X-ray scattering experiments were performed in

vtransmission mode using a SAXSLAB laboratory setup

(Retro-F) equipped with an AXO microfocus X-ray source.

The AXO multilayer X-ray optic (AXO Dresden GmbH,

Dresden, Germany) was used as a monochromator for Cu-

Kα radiation (λ = 0154 nm). A two-dimensional detector

(PILATUS3 R 300 K; DECTRIS, Baden, Switzerland) was

used to record the 2D scattering patterns. For wide-angle

X-ray scattering (WAXS) experiments, fibrils were formed

in citrate buffer (20 mM, pH 5.5) in the presence of heparin

(1 : 10 molar ratio). The fibril suspension was ultracentrifu-

gated (200 000 x g, 10 min) and the thus obtained pellet

transferred into a ring-shaped aluminum holder (2 mm

thick and with a central hole of 1.5 mm diameter) and left

to dry overnight. The scattering measurements were per-

formed at room temperature in vacuum.

Small-angle X-ray scattering (SAXS) experiments were

conducted using refillable capillaries with an outer diameter

of 1 mm (BioSAS JSP stage, SAXSLAB/Xenocs SAS,

Grenoble, France). The intensities were angular-averaged

and plotted versus the scattering angle q. The measure-

ments were performed in citrate buffer (20 mM, pH 5.5), at

room temperature and corrected for background, transmis-

sion and sample geometry. The measurement times of pure

heparin and PTH1–84 solutions were 10 h. For the time-

dependent series of the mixed solution, 12 consecutive

measurements of 2 h each were taken. Due to the lower

scattering contrast of heparin and, consequently, the need

to measure at higher concentrations, we performed

experiments at two concentrations (100 μM and 1 mM) with

subsequent extrapolation to zero concentration [23]. The

data analysis for all measurements included at first the

determination of the radius of gyration, Rg, using the

Guinier approximation with ln I qð Þð Þ ≈ R2
g=3 � q2 for the low

q-range, qRg < 1.3. Secondly, the intermediate q-range was

fitted to access the shapes of the scatterers using suitable

form factor descriptions, P(q). For the scattering of PTH1–

84, a linear polymer model (Debye function) was used [24]:

P qð Þ ¼ ϕ Δρð Þ22Vc e qRgð Þ2 þ qRg

� �2
�1

� �
= qRg

� �4
,

(1)

where Vc is the chain’s volume of occupation, Δρ the scat-

tering contrast, and ϕ the volume fraction.

For solutions of heparin and heparin with PTH1–84, a

description of a semiflexible chain, as introduced by Peder-

sen and Schurtenberger [25,26], gave the best fitting result.

The main fitting parameters are the so-called Kuhn length,

b, reflecting the stiffness of the chain, the chain’s cross-

sectional radius, Rc, and the contour length, L, describing

the total length of the chain. To strengthen the uniqueness

of the description, the parameters were matched with

results from other analyses techniques: Rc was additionally

derived from the Guinier relation ln I qð Þð Þ � q ≈ R2
c,g=2 � q2

for the q-range 1.5 < qRc,g < 2.1 with Rc ¼
ffiffiffi
2

p
Rc,g and

found to be concentration independent. The parameter b

was determined by the minimum of the plot I(q)�q2 versus q
via the relation b ≈ 4.6/q* and subsequent extrapolation to

zero concentration [27]. The contour length, L, was also

determined by extrapolation, using the concentration-

dependent scattering intensities I(q) and I(q)q with q→0

[23].

Thioflavin T assay

Thioflavin T (ThT) assays were carried out on a FLUOstar

Omega (BMG Labtech GmbH, Ortenberg, Germany)

reader using Greiner 96 F-bottom (non-binding) well plates
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(Greiner Bio-One GmbH, Frickenhausen, Germany). All

experiments were performed at 37 °C. Every 300 s, the ThT

fluorescence was monitored at 480 nm with excitation at

450 nm. Samples were shaken with 300 r.p.m for 150 s prior

to each excitation. The final sample volume was set to

150 μL with final concentrations of 150 μM PTH1–84 and

50 μM ThT in citrate buffer (20 mM, pH 5.5) or sodium phos-

phate buffer (50 mM, pH 7.4). A series of heparin concentra-

tions (0, 3, 7.5, 15, 30, 150, and 600 μM) was tested to assess

its role in PTH1–84 fibrillation. All measurements were done

in triplicate with subsequent averaging of the ThT intensities.

Recent molecular rate kinetic descriptions of fibrillar growth

enable to disentangle two main fibrillation processes [28]. While

primary nucleation describes the generation of structured nuclei

in the absence of fibrils, secondary pathways address the gener-

ation of nuclei on fibrillar surfaces. Both processes affect the

time dependence of the fibrillar growth in a different way and

hence, their contributions to the total increase in fluorescence,

ΔF(t), can be analyzed using the function

ΔF tð Þ ¼ 1� 1
λ3
3κ3 eκt�1ð Þ þ 1

 !
ΔFpl (2)

where ΔFpl describes the plateau of the fluorescence assay.

λ and κ are the rate constants of nucleation and growth for

primary and secondary processes, respectively. λ and κ
comprise the individual microscopic rates of oligomeriza-

tion, ko1 and ko2, respectively, the rate of conversion of the

unstructured oligomers into seeds, kc, as well as the rate of

elongation via monomer addition k+ [29,30]:

λ ¼ 2ko1kckþmn1
� �1=3

, κ ¼ 2ko2kckþmn2þ1
� �1=3

(3)

The parameter m displays the total mass of the monomers

and n1 and n2 the sizes of the nuclei for each process. In

this context, λ would also include heterogeneous seeding, as

it might be induced by surfaces.

Transmission electron microscopy

5 μL of a 20 times dilution of the respective fibrillated sam-

ple was transferred to a 200 mesh Formvar/Carbon coated

Cu grid (Plano GmbH, Wetzlar, Germany). After 3 min of

waiting time, the grids were first cleaned in water for

3 × 10 s and then negatively stained with 1 percent (w/v)

uranyl acetate for a further 60 s. Transmission electron

microscopy (TEM) images were taken with an electron

microscope (EM 900; Carl Zeiss AG, Oberkochen, Ger-

many) at 80 kV acceleration voltage.

Determination of the critical concentration

PTH1–84 fibrils (1 mL of 150 μM PTH1–84 monomer) were

formed in the presence of heparin (1 : 10 molar ratio) in

pH 5.5 (20 mM citrate) or pH 7.4 (50 mM sodium

phosphate) buffer at 37 °C and 350 r.p.m agitation for 3 h.

The chosen incubation time ensured completion of fibril

formation. Fibrils were pelleted via ultracentrifugation at

200 000 x g for 10 min. The PTH1–84 concentration of the

supernatant fraction was determined using UV spec-

troscopy and taken as the critical concentration, c*.

Monomer release assay

Fibril pellets were obtained as mentioned above, resus-

pended in 100 μL pH 7.4 buffer (50 mM sodium phosphate,

5% mannitol), and subjected to dialysis through 20 k

MWCO Slide-A-Lyzer Mini dialysis devices (Fisher Scien-

tific GmbH, Schwerte, Germany) against 1 mL pH 7.4 buf-

fer (50 mM sodium phosphate, 5% mannitol). The protein

concentration outside of the dialysis device was determined

using UV spectroscopy at several time points.

Results and discussion

Binding of PTH1–84 to heparin

Thermodynamics of the interaction

Binding thermodynamics can provide a comprehensive

view of the various types of molecular interactions that

drive biomolecular association. The thermodynamic fea-

ture of the heparin-PTH1–84 binding was accessed using

isothermal titration calorimetry (ITC), which detects the

heat absorbed or released along the reaction coordinate.

The resulting binding isotherm, as shown in Fig. 2A,

can be used to determine the enthalpy, Gibbs free

energy as well as stoichiometry of binding. Using a

model description of independent identical binding sites,

we found the equilibrium constant of dissociation, KD,

to be (213 � 29) nM and the stoichiometry of binding

to be n = 0.09 � 0.01 corresponding to 11 PTH1–84
molecules per heparin molecule. The negative isotherms

generated by the interaction of PTH1–84 with heparin

correspond to an exothermic binding event with a Gibbs

free energy change, ΔG, of (−38.0� 0.3) kJ�mol−1. The

changes in enthalpy, ΔH, and entropy, ΔS are (−-
72.5� 1.0) kJ�mol−1 and (0.89 � 0.01) kJ mol−1�K−1,

respectively. The here determined Gibbs free energy

change is in very good agreement with a previously pub-

lished value of −37 kJ�mol−1 of Kamerzell et al. [31], who

used unfractionated heparin with an average mass of 12–
16 kDa compared with the larger 20 kDa heparin used in

this study. While the different sizes of heparin did not

seem to alter ΔG, we found the stoichiometry of binding

to scale linearly with the size of the heparin molecules.

While heparin molecules of the size of 20 kDa (this study)

revealed a binding ratio of about 11 proteins per heparin

molecule, Kamerzell et al. found in their experiments that
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one 12–16 kDa heparin molecule can bind about 8 PTH1–

84 molecules. Hence, assuming an average mass of a disac-

charide unit of 533 Da, one protein binds roughly 3 disac-

charide units of heparin. This finding supports the beads

on a string model, as previously suggested in the context

of other heparin-protein systems [32,33]. Notably, a minor

enthalpic deviation of about 20 kJ�mol−1 is apparent at

low ligand (heparin) concentrations and could be

explained by a second binding process of a higher affinity

but smaller exothermic enthalpy [22]. Multi-site

approaches, however, yielded a high fitting error and

could not be applied.

Induction of secondary structure

Circular dichroism spectroscopy was used to compare

the relative secondary structure content of PTH1–84 in

citrate buffer (20 mM, pH 5.5) in the absence and pres-

ence of heparin (see Fig. 2B). In its unbound state,

PTH1–84 gave rise to a CD spectrum with pronounced

negative ellipticities close to 200 nm and a shallow mini-

mum around 222 nm. This characteristic is typical for

intrinsically disordered proteins with contributions from

transient α-helices [34] and matches structural data of

several PTH constructs obtained via X-ray crystallogra-

phy and nuclear magnetic resonance spectroscopy [35–
37]. In the presence of heparin, a very different CD

spectrum was obtained with a loss of negative ellipticity

around 200 nm and significantly stronger contribution

of negative ellipticity in the range spanning 210–
230 nm. Since irregular peptide structures show rela-

tively low optical activity in the latter wavelength range,

the CD spectrum suggests an increase in ordered sec-

ondary structure elements of PTH1–84 that is governed

by the interaction with heparin. The CD spectrum anal-

ysis tool BeStSel [38] revealed an enhanced α-helical
content in the presence of heparin (12% without hep-

arin, 33% with heparin) accompanied by a decrease in

β-strand content (25% without heparin, 13% with hep-

arin, see Fig. S1). Comparing pH 7.4 to pH 5.5, a simi-

lar structural content of PTH1–84 was found, but the

change in secondary structure upon heparin binding

was less pronounced for pH 7.4. Based on these results

it can be concluded that the polyanion heparin does not

only bind PTH1–84 at low pH, while presumably screen-

ing its positive charges, but importantly also induce a

change in the ordered secondary structure content.

Size and shape of heparin-PTH1–84 associates

Small-angle X-ray scattering experiments allow to

study sizes, shapes, and mutual interactions of dis-

solved particles and are used to investigate the

molecular arrangement of PTH1–84 with heparin. Fig-

ure 2C displays absolute scattering intensities of solu-

tions of PTH1–84 and heparin (1 : 10 molar ratio),

prior and after mixing. The scattering intensity profile

of PTH1–84 (black data set of Fig. 2C) agreed with the

simple polymer model of a flexible chain as given by

Eq. 1, yielding a radius of gyration, Rg, of

(2.9 � 0.5) nm. The applicability of this model depicts

the disordered feature of the protein. In contrast to

PTH1–84, the shape of the heparin molecules (gray

dataset) could be described by a semiflexible chain

with a Kuhn length, b, of (19.2 � 0.7) nm and a con-

tour length, L, of approx. 30 nm, in agreement with

literature values [23,27]. While L describes the average

length of the heparin backbone, b reflects the length

scale of the chain’s stiffness. The radius of the chain’s

cross-section, Rc, is (0.45 � 0.03) nm. Immediately

after the addition of PTH1–84, the scattering intensity

of the heparin solution increased by two orders of

magnitude (see the red data set of Fig. 2C). Again,

according to the model of a semiflexible chain, a rea-

sonable agreement could be achieved, without chang-

ing b or L of the aforementioned description (red line

in Fig. 2C). Only the cross-section of the chain

increased significantly from Rc = (0.45 � 0.03) nm to

(5.3 � 0.2) nm, supporting the earlier mentioned

beads on a string model as sketched in Fig. 2D.

With time, the scattering intensities of the described

chains displayed a slightly increased scattering inten-

sity at low q values, eventually reaching a plateau after

22 h (see colored data sets in Fig. 2C). The exponent

of the arising power-law dependence, I(q) ∼ qD, can

be interpreted as the dimension, D, of a mass fractal.

We found D to be 2.04, characteristic for a diffusion-

limited aggregation with a preferred growth at the tips

and thus reduced branching [39]. This slow and prefer-

ably linear growth of PTH1–84-heparin constructs can

be taken as a first indication for a process of fibrillar

growth.

Fibrillation properties

Since PTH1–84 needs to undergo at least a partial con-

formational transition from α-helices to β-strands to

form cross-β-structured amyloid fibrils [14], we moni-

tored the growth process using the structure-sensitive

fluorescent dye Thioflavin T that binds to β-sheet sur-
faces along motifs formed by cross-β strand ladders

(see Fig. 3A). In the absence of heparin, the ThT fluo-

rescence remained at a low level throughout the mea-

surement indicating that any potential buildup of

fibrils was below the detection limit. Even after 70 h of

incubation at an elevated temperature of 37 °C and
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with orbital shaking, the fluorescence level remained

virtually unchanged. Subsequent centrifugation of the

sample did not yield a noticeable precipitate, suggest-

ing that PTH1–84 remained in its soluble, monomeric

state. Conversely, PTH1–84 rapidly formed fibrils when

heparin was present with ThT plateau intensities that

initially increased with heparin concentration and

eventually saturated (Fig. 3C, top graph). The latter

could be evidence for possible binding of heparin to

the fibrillar surfaces as it was observed for fibrils of

the amyloid beta peptide [40].

Notably, the initial lag phase was passing a mini-

mum value of 0.6 h at heparin concentrations of

15 μM and 30 μM (1 : 10 and 1 : 5 ratio of heparin:

PTH1–84) indicative for a more complex interplay of

aggregation processes than simple seeding. Seeding

would solely lead to a concentration-dependent

decrease in the lag times [41].

To infer more information regarding the dominating

processes of fibrillation, we analyzed the data with

respect to the total rates of primary and secondary fib-

rillation pathways, λ and κ, as given by Eq. 2. The fit-

ting results are displayed in the normalized data set of

Fig. 3B and the derived values of λ and κ are given in

Fig. 3C, bottom graph. While λ reflects the generation

of structured nuclei in the absence of fibrils, κ
addresses the generation of nuclei on the surface of the

growing fibrillar phase. It is important to mention that

both rates comprise not only their specific microscopic

rates of nucleation but also the more general rate of
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fibrillar growth via monomer addition (see Eq. 3). For

concentrations below the critical molar ratio of 1 : 10

(heparin : PTH1–84), one can expect that not all of the

PTH1–84 molecules are bound to heparin. For low con-

centrations (up to 7.5 μM, 1 : 20 ratio), we found both

rates to not depend on heparin concentration. Higher

heparin concentrations caused both rates to increase

until a plateau of about 150% of their initial values

was reached. The significant increase of κ implies that

heterogeneous seeding, meaning that heparin molecules

act as seeds on their own, cannot be the leading mech-

anism by which heparin induces fibrillation. Heteroge-

neous seeding would affect λ only and, hence, lead to

an increase in the so-called nucleation-to-growth factor

λ3/3κ3 of Eq. 2. This factor was not only small,

indicative for reactions in which the nucleation step is

rate-limiting [42], but also independent from the hep-

arin concentration with, for example, (2.0 � 0.2)�10−4
for the 1 : 50 molar ratio and (1.5 � 0.3)�10−4 for the

1 : 10 molar ratio (heparin : PTH1–84). Hence, the

experimental determined increase in the overall rate

could either origin from an increased rate of structural

conversion into seeds, or fibrillar growth (kc or k+ of

Eq. 3). If the latter would be true, λ and κ should be

still enhanced at higher heparin concentrations, at

which most of the PTH1–84 molecules are bound to

heparin. However, at heparin concentrations above the

critical molar ratio of 1 : 10, we observed a plateau of

λ and κ followed by a decrease (see Fig. 3C), meaning

that heparin-bound PTH1–84 can form primary and
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secondary seeds but cannot contribute to the fibrillar

growth as growth seems to require unbound PTH1–84-

molecules. Hence, the leading mechanism of heparin at

high and low concentrations is the structural conver-

sion of bound PTH1–84 into amyloid-prone seeds. The

morphology and structure of the mature PTH1–84 fib-

rils were confirmed by electron microscopy (Fig. 3D)

and X-ray diffraction (Fig. 3E). The TEM images dis-

played long and slightly curved fibrils of about 16 nm

thickness. Branching was very rarely observed, which

agrees well with the fractal dimension from the scatter-

ing experiments. WAXS experiments confirmed the

cross-β sheet structure of the fibrils with characteristic

reflections at 4.7 Å and 10.1 Å (Fig. 3E) [14].

The interactions of heparin/GAG with proteins are

known to be dominated by electrostatics [43]. Since

the charge state of PTH1–84 is sensitive toward changes

in the physiological pH range, we asked if variations

in pH conditions influence fibrillation efficiency. We

incubated PTH1–84 and heparin at 37 °C for 3 h in

buffers adjusted to pH 5.5 or pH 7.4 and pelleted the

fibrillar content via ultracentrifugation (more details in

material and methods). As a control, by omitting the

incubation, we could confirm that heparin-PTH1–84
complexes formed immediately after mixing could not

be pelleted by ultracentrifugation, indicating that fib-

rils formed after 3 h are the main species pelleted. The

remaining protein concentration in the supernatant

should approximate the critical concentration for fibril

formation assuming basic thermodynamic principles

[42]. Following the described procedure, we found the

critical concentrations for fibril formation, c*, to be

about 2.6-fold higher at pH 7.4 compared with pH 5.5

(Fig. 3F). This finding would imply that the conver-

sion of monomers into fibrils is more efficient at low

pH. In order to validate this finding, we additionally

compared the plateau intensities of the ThT assays.

Based on the crystallization model of Finke and

Watzky [42], plateau values of ThT assays, ΔFpl, are

not only directly correlated to the fibrillar mass but also

to the supersaturation of the solution, σ = (c –c*)/c*
[42]. These considerations lead to the equation:

c�pH7:4=c
�
pH5:5 ≈ c=c�pH5:5� ΔF pH7:4

pl =ΔF pH5:5
pl

� �
c=c�pH5:5�1
� �

,

where c is the total protein concentration of the exper-

iment. Using the experimentally derived value c�pH5:5 of

17 {M and the independently obtained ThT plateau

intensities of the PTH1–84 fibrillation (see Fig. S2),

these considerations would lead to a ratio c�pH7:5=c
�
pH5:5

of 3.2. This value is slightly larger than from the

above-mentioned ultracentrifugation experiments, but

in the same range. The difference could originate, for

example, from surface charges that are present at low

pH and modify the interaction of ThT with fibrils [44].

Possible pH-dependent spectral changes in ThT were

considered by control measurements. Surprisingly, the

obtained ratio of the critical concentrations would be

equivalent to just a small additional gain in free energy

of Δ(ΔG) ≈ 2.6 – 2.8 kJ�mol−1 according to the rela-

tion Δ ΔGð Þ ¼ �RTln c�7:4=c
�
5:5

� �
. Hence, lowering the

pH leads to a small, but significant change in ΔG com-

pared with the total gain of free energy for amyloid

fibrillation that is about 30–50 kJ�mol−1 [45].

The described pH dependence points to a mainly

charge-driven interaction of heparin with PTH1–84 that

is modulated by the protonation state of the four his-

tidine residues within the peptide chain. Due to their

unique pKA value close to the physiological pH (pH

≈ 6.2), histidine side chains are mainly protonated at

pH 5.5 while unprotonated at pH 7.4. Therefore, his-

tidines display a pH-dependent switch-like property

that is key in many biochemical processes including

pH sensoric function [46,47]. This switch-like property

has previously been identified to modulate protein–
GAG interactions [48].

However, even accounting for protonated histidi-

nes, PTH1–84 lacks a classical heparin-binding consen-

sus sequence (XBBXBX and XBBBXXBX, where B

is a basic residue and X is a hydropathic residue)

[49]. Importantly though, heparin-binding proteins

lacking these particular amino acid sequences are well

known [50]. They may instead bind heparin through

a structurally similar binding motif, in which the

involved residues are spatially close but may be dis-

tant in the primary sequence [50]. This binding

modality seems particularly intriguing in the case of

the largely disordered PTH1–84, which might dynami-

cally adopt a high-affinity heparin-binding state with

particular amino acids arranged in a structural

heparin-binding motif. At low pH, this structural

binding motif might be partially formed by proto-

nated histidines within PTH1–84, while being inter-

rupted when histidines are unprotonated at neutral

pH. Similarly, it has already been reported that seem-

ingly minute differences in the sequence of peptides

can have significant effects on the GAG-mediated fib-

ril formation [51].

To get a more detailed view on the binding sites of

PTH1–84 for GAGs, we recorded a residue resolved 2D

NMR experiment in the presence and absence of fon-

daparinux (Fig. S3). Fondaparinux is a pentameric

heparin sulfate analog with a well-defined molecular

weight of 1728 Da and suitable in size for NMR spec-

troscopy [52]. We observed binding within the first 40

residues, which contain H10, K13, H14, R20, R25,
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K26, K27, and H32 with the latter four residues con-

tributing to the fibrillar core [14]. Additionally, the

positive stretch R52, K53, and K54 reported binding.

Along this line, our data indicate that PTH1–84 fibrilla-

tion in the presence of heparin does not only overcome

fibrillation retarding side chain protonation due to

charge repulsion, but results even in a remarkably

higher fibrillation efficiency compared with neutral

pH.

Monomer release of PTH1–84 fibrils

Functional amyloid fibrils typically are reversible

structures capable of releasing monomers in solution

[53–56]. Various structures of PTH and related pep-

tides in complex with their target receptor PTH1R

show a protrusion of the ligand deep into a tight cav-

ity of the receptor [57–59]. Hence, it is likely that

monomeric PTH1–84 is required for receptor stimula-

tion. We tested whether PTH1–84 fibrils formed at pH

5.5 in the presence of heparin-released monomers in a

neutral pH buffer. We used a dialysis approach with a

cutoff filter of 20 k MWCO to let PTH1–84 monomers

pass the membrane and dialyzed against buffer

adjusted to pH 7.4 to resemble the blood pH (see

Method section). Under these conditions, we found

the PTH1–84 monomer concentration outside of the

dialysis membrane increasing over time (Fig. 3F), sug-

gesting a time-dependent monomer release. This is in

accordance with similar functional amyloid [53,60] and

confirms an earlier report by Gopalswamy et al., [14]

who found PTH1–84 fibrils to release monomers in a

similar manner.

In summary, a major goal of our in vitro experi-

ments was to mimic two key environmental properties

that may affect the fibrillation of PTH1–84 in the cellu-

lar context (Fig. 1A): We adjusted the pH to a moder-

ately acidic value (pH 5.5) to approximate the

conditions in which PTH1–84 fibrils are supposed to

form in vivo. We combined the low pH conditions with

the addition of heparin, as the Golgi apparatus is the

major site for the synthesis of GAGs. The use of the

GAG heparin allowed us to study the effect of a

polyanionic linear macromolecule that is in close

resemblance of what PTH1–84 might interact with dur-

ing intracellular transport.

Under the conditions tested, we found that the lar-

gely intrinsically disordered PTH1–84 binds with a sub-

micromolar affinity to heparin and heparin is

indispensable for rapid PTH1–84 fibril formation. Strik-

ingly, binding to heparin changed not only the ordered

secondary structure content and induced fibrillation,

but enabled even more efficient fibrillation at low pH

compared with neutral pH. Notably, the mean

β-strand content as determined by CD spectroscopy

did not correlate with individual seeding capabilities

(comparison of PTH1–84 free and bound to heparin at

low pH) nor fibrillation efficiencies (comparison of

PTH1–84 fibrillation with heparin at high and low pH)

for heparin-PTH1–84 associates. This finding under-

scores the importance of heparin or equivalent polyan-

ionic structures and their interactions during protein

assembly.

The enhanced kinetic of fibrillation in the presence

of heparin is consistent with the potentially short life-

time of the peptide hormone in the cells as indicated

by previously conducted pulse-chase experiments that

show a cellular secretion of PTH1–84 as soon as 30 min

after its translation [61,62]. This is in line with the gen-

eral properties of functional amyloids, which need to

form more rapidly compared with disease-associated

fibrils [63]. Mechanistically, heparin forms a semiflexi-

ble chain assembly decorated with several PTH1–84
molecules, which induces fibril formation by enhancing

primary and secondary nucleation pathways likewise.

The heparin-assisted fibrillar growth at low pH further

suggests that PTH1–84 fibril formation might follow a

similar mechanism in the cellular context possibly rely-

ing on endogenous GAGs or glycosylated proteins.

This is further supported by earlier studies which

revealed that PTH1–84 is co-stored and co-secreted with

proteoglycans [62,64]. The high efficiency of fibril for-

mation as indicated by a reduced critical fibrillation

concentration at the lower pH suggests that the

polyanion-driven PTH1–84 fibrillation is enhanced

under pH conditions present in later stages of the

secretory pathway, for example, the trans-Golgi net-

work and secretory granules. The pH sensitivity of this

process might have a regulating function for sorting

and further transport of PTH1–84. A regulatory role of

the GAG-assisted formation of functional amyloid fib-

rils in the secretory pathway was previously proposed

[7].
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Fig. S1. Buffer effect on circular dichroism spectra of

PTH1−84 in absence and presence of heparin (1 : 10

molar ratio heparin : PTH1−84).

Fig. S2. Buffer effect on ThT curves of PTH1−84 in

presence of heparin (1 : 10 molar ratio heparin :

PTH1−84).

Fig. S3. NMR detected interaction of PTH1−84 with

fondaparinux.
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