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The parathyroid hormone (PTH) regulates the calcium and phosphate level in
blood after secretion from parathyroid chief cells. The pre- and pro-sequences
of precursor preproPTH get cleaved during PTH maturation. In secretory
granules, PTH forms functional amyloids. Using thioflavin T fibrillation
assays, circular dichroism, NMR spectroscopy, and cellular cAMP activation,
we show that the pro-sequence prevents premature fibrillation by impairing
primary nucleation because of Coulomb repulsion of positively charged resi-
dues. Under seeding or high salt conditions or in the presence of heparin at
pH 5.5, proPTH fibril formation is delayed, but the monomer release proper-
ties are conserved. ProPTH can still activate in cellulo PTH receptor 1 but
with impaired potency. These findings give some perspectives on medical
applications of PTH in hormone therapy.

Keywords: functional amyloids; GPCR receptor activation; parathyroid
hormone; pro-sequence; PTHI1 receptor; ThT fibrillation

The human parathyroid hormone (PTH) is an 84
amino acid peptide hormone that is secreted by the
parathyroid gland. The major function of the para-
thyroid hormone is to regulate calcium and phosphate
homeostasis in blood by activating G protein-coupled
receptors presented on the plasma membrane of bone
and kidney cells [1]. The induced cascade via heterotri-
meric G proteins converts the signal into a modulated
flow of second messengers including cyclic AMP
(cAMP), inositol triphosphate, diacylglycerol, or
c¢GMP [2]. As these second messengers modulate skele-
tal, endocrine, cardiovascular, or nervous cell function
[3], PTH, g4 and PTH, 34 are approved drugs against
osteoporosis [4]. In PTH-secreting parathyroid tissue
derived from both normal and overactive parathyroid
glands, early studies identified intrafollicular amyloids
[5]. In many cases, amyloid formation is associated

Abbreviations

with the onset of a pathological indication; however,
an increasing number of amyloids are associated with
physiological functions. One such example of func-
tional amyloids is the storage of peptide hormones at
a high concentration in membrane-coated secretory
granules in the cytosol before release into the blood-
stream [6]. PTH belongs to the latter class of peptides,
which readily showed amyloid fibril formation also
under in vitro conditions exhibiting a cross-f sheet rich
conformation [7-9].

Many peptide hormones are initially synthesized as
longer peptides with extra amino acid sequences pre-
sent at the N-terminal region, which are proteolytically
processed to yield active hormones. These precursors
are further subdivided into pre-proteins and pro-
proteins, where both precursors have a different func-
tion and processing kinetics [10]. One major step

CD, circular dichroism; FRET, fluorescence resonance energy transfer; hPTHR, human PTH receptor; HSQC, hetero nuclear single quantum
coherence; PC, pro-sequence convertases; pECso, negative logarithm of half maximal effective concentration; PTH, parathyroid hormone;
SUMO, small ubiquitin-like modifier; ThT, thioflavin; TOCSY, total correlation spectroscopy.
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Pro-sequence of PTH prevents premature fibrillation

towards a better understanding of the mechanism of
pro-protein processing into a mature and biologically
active protein has been the identification of a family of
pro-protein convertases (PC) in the pathway of secre-
tory proteins [11]. The PC family includes nine mem-
bers: PC1/3, PC2, furin, PC4, PC5/6, PACE4 (paired
basic amino acid cleaving enzyme 4), PC7, SKI-1/S1P
(subtilisin kexin isozyme 1 also known as S1P) and
PCSKD9 (pro-protein convertase subtilisin kexin 9). The
first seven members recognize and cleave precursor
pro-proteins after the basic residue motif (R/K)X,(R/
K) [12]. The eighth member, SKI-1 recognizes nonba-
sic residues after the C-terminal end of residues (R/K)
X-(hydrophobic residue)-X (where X could be any
amino acid except for proline and cysteine) [13].
PCSK9 undergoes an autocatalytic cleavage after the
internal VFAQ'? stretch [14].

Accordingly, cellular formation of active parathyr-
oid hormone (Fig. 1) occurs via two precursors pre-
proPTH (115 amino acid) and proPTH (90 amino
acid) [15]. The 25 amino acid pre-region acts as a sig-
nal sequence that directs the protein into cells’ secre-
tory pathway, whereas downstream to the signal
sequence, the six amino acid pro-region acts as an
adapter molecule, which supports the efficient and
accurate functioning of the signal sequence [16]. The
proteolytic conversion of preproPTH to proPTH takes
place in the endoplasmic reticulum by signal peptidases
and the conversion of proPTH to mature PTH takes
place in the Golgi complex by proteolytic cleavage
mediated by pro-protein convertases furin and PC7
[17-19]. Neither the calcium nor the dihydroxy vitamin
D level in the extracellular fluid, which are the major
regulators of parathyroid cell synthesis and secretory
activity, influences the mRNA level of furin and PC7
[19]. This contrasts proinsulin processing by PC1 and
PC2, which gets up-regulated in pancreatic beta-cells
by glucose [20,21] Under physiological conditions, only
mature PTH can be secreted by parathyroid chief cells
and remaining prepro- and proPTH get degraded by
the proteasome [22].

Besides its involvement in the chaperone- and
proteasome-guided quality control during PTH
maturation [22], not much is known about the role of
the pro-sequence. Therefore, we characterized in this
study the influence of the pro-sequence on the second-
ary structure of the hormone, on its in vitro fibril for-
mation and in cellulo PTH receptor 1 activation. We
found by NMR spectroscopy that the structure of
proPTH corresponds to PTH. The pro-sequence, how-
ever, prevents premature fibrillation because of its four
positive charges, which can be restored by furin clea-
vage, a high ionic strength, in the presence of heparin
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at acidic pH, and by seeding with sonicated PTH
fibrils. Monomer release from proPTH fibrils is com-
parable to the release from PTH fibrils. The pro-
sequence also reduces the PTH receptor 1 activation
potency of proPTH by two orders of magnitude. For
both effects, we discuss physiological implications.

Materials and methods

Protein expression and purification

Human PTH, g4 and proPTH_g) g4 proteins were cloned
and purified according to previous protocols [23]. In brief,
pET SUMO ADAPT vectors containing PTH or proPTH
with a C-terminal His-tag were transformed into Escheri-
chia coli BL21 (DE3) CodonPlus RIL cells. For NMR-
based experiments, "*N/!3C double labeling of the proteins
was achieved in minimal media with "’NH,CI as the sole
nitrogen source and '*C glucose as the sole carbon source.
The SUMO fusion proteins were purified by Ni-NTA col-
umn chromatography followed by SUMO cleavage with
the specific SUMO protease (1/100 ratio). Using hydropho-
bic interaction chromatography (HiTrap Butyl FF column),
SUMO was separated from the protein of interest. Finally,
both proteins were further purified by S-75 gel filtration
chromatography.

Thioflavin T monitored kinetic fibrillation assay

ThT assays were carried out on a FLUOstar Omega (BMG
Labtech GmbH, Ortenberg, Germany) reader using Greiner
96 F-bottom well plates (Greiner Bio-One GmbH, Fricken-
hausen, Germany). ThT fluorescence was monitored at
480 nm after excitation at 450 nm. All assays were per-
formed with a protein concentration of 500 um, at 37 °C,
pH 7.4, and final sample volume of 150 pL. ThT fluores-
cence was collected every 300 s including a shaking time of
150 s (double orbital, 300 r.p.m.). ThT assays to compare
the fibrillation kinetics of PTH and proPTH were recorded
in standard fibrillation buffer, i.e., 50 mM sodium phos-
phate and 150 mm NaCl. Fibrillation kinetics for proPTH
at different ionic strengths was performed at 50 mm sodium
phosphate with varying amounts of NaCl viz. 0 M, 1 M,
and 1.5 M. Pro-sequence cleavage was carried out by incu-
bating 2 units of furin (P8077; NEB, Ipswich, MA, USA)
per 150 uL of 500 um proPTH. ThT assay to study the
effect of pro-sequence cleavage on proPTH fibrillation
kinetics was performed in a buffer comprising 100 mm
HEPES, pH 7.4, 500 mm NaCl, furin, and 1 mm CacCl,.
ThT assays to study fibrillation of PTH and proPTH at
low pH conditions in the presence or absence of heparin
were recorded in citrate buffer (20 mm, pH 5.5, 37 °C) and
a protein concentration of 150 pm. Porcine intestinal
heparin (molecular weight 20 kDa) was obtained from Carl
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Fig. 1. (A) Overview of the cellular maturation and target receptor activation of the parathyroid hormone. The pre-sequence guides trans-
lated preproPTH to the ER, where it gets cleaved by a signal peptidase. In the Golgi apparatus, furin or PC7 cleave the pro-sequence before
mature PTH is secreted from membrane-coated granules into the blood. PTH receptor activation causes a second messenger modulation in
target cells. During storage in secretory granules, PTH forms functional amyloid fibrils. (B) Amino acid sequence of preproPTH, proPTH (high-

lighted) and PTH.

Roth (Carl Roth GmbH, Karlsruhe, Germany) and used in
a molar ratio of 1 : 1 (protein : heparin). All experiments
were recorded in triplicates.

Seeded fibrillation

Seeds of PTH were prepared by sonication of PTH fibrils
(500 um) in 1.5 mL Eppendorf tubes by probe sonication
(1 s pulse, 1s pause, 15 x 10% amplitude). Fresh PTH

seeds were added to the reaction mixture directly before the
start of the experiment. Final concentrations of seeds were
10 nm (2%) or 25 nm (5%). After 60 h the fibrillated sam-
ples were taken for EM investigation.

Transmission electron microscopy

The protein samples were diluted to a concentration of
25 um and a 5 pL droplet of an individual fibril sample
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was pipetted on the formvar carbon-coated copper grid
(Plano GmbH, Wetzlar, Germany). The grid was then
washed three times with 60 pL of water droplets. The resi-
dual water on the grid was removed with a Whatman filter
paper. Grids were then stained with 30 pL of 1% (w/v)
uranyl acetate, which was subsequently removed and the
copper grids were then air-dried. Finally, TEM images were
taken using an electron microscope (EM 900; Zeiss, Jena,
Germany) at 80 kV acceleration voltage.

cAMP accumulation assay

HEK 293T cells stably expressing hPTHR1 were cultured at
37 °Cin a 5% COj-humidified atmosphere. cAMP induction
by PTH and proPTH was measured by cAMP-Gs dynamic
HTREF kit from CisBio (Obrigheim, Germany). All working
solutions were prepared according to the protocol provided
by the vendor. Cells were washed twice with PBS, harvested
by centrifugation (3000 g), and diluted to a density of
5 x 10° cellssmL ™! in stimulation buffer supplemented with
0.5 mm IBMX (3-isobutyl-1-methylxanthine). The cell sus-
pension was then seeded at a density of 2500 cells per well
into an HTRF 96 well low-volume white plate (5 pL-well™").
Cells were then treated with 5 pL of a single concentration of
peptide hormone per well, performed in triplicate. The plate
was then sealed and incubated for 30 min at 37 °C. Five
microliter of cAMP-d2 reagent working solution and 5 pL of
cAMP Eu-Cryptate antibody working solution was then
added into each well and incubated for 1 h at room tempera-
ture. Fluorescence measurement was taken using FLUOstar
Omega with an advanced TRF optic head (excitation filter
337 nm, emission filters 620 and 665 nm, integration delay
60 us, integration time 400 ps).

NMR spectroscopy

NMR experiments were performed on a Bruker Avance III
800 MHz spectrometer equipped with a CP-TCI cryoprobe
at 25 °C. NMR samples contained 187 um of double-labeled
PTH or proPTH in 10 mM bis-tris buffer, pH 5.3. For back-
bone assignment standard double resonance experiment
(>N-HSQC) and triple resonance experiments (HNCACB,
I>’N-TOCSY) were used. Spectra were processed with
NMRPipe [24] and analyzed using NMRFAM-SPARKY
[25]. For secondary structure analysis [26] the differences in
B¢, and 13CB from random coil values were taken from the
chemical shift library based on Tamiola ez al. [27].

CD spectroscopy

UV circular dichroism (CD) measurements were carried
out on a Jasco J-810 spectrophotometer (Jasco Deutschland
GmbH, Pfungstadt, Germany) using a 0.01 cm pathlength
quartz cuvette (Hellma GmbH & Co. KG, Miillheim, Ger-
many). PTH and proPTH concentration was adjusted to
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20 pm in sodium phosphate (50 mm, pH 7.4) or citrate buf-
fer (20 mm, pH 5.3). The scan speed was set to
50 nm-min~' and collected spectra represent an average of
25 scans at 25 °C.

Monomer release assay

The monomer release from proPTH fibrils was performed
in accordance with PTH fibrils [8]. ProPTH amyloid fibrils
were achieved in a high salt buffer comprising 50 mm
sodium phosphate and 1 m sodium chloride at pH 7.4.
ProPTH concentration was kept at 500 um. After comple-
tion of the fibrillation process the sample was centrifuged
at 16 100 g. for 60 min to separate the amyloid fibrils (in
the pellet) from monomeric protein (supernatant). The
fibrils (in pellet) were then diluted and mixed in 1 mL buf-
fer (50 mm sodium phosphate, 1 M sodium chloride, pH
7.4). This sample was incubated for 24 h at 37 °C and the
amount of monomer released by the fibrils was determined
by centrifugation of the sample followed by measurement
of UV absorption of the supernatant fraction at 280 nm.

Results

Secondary structure of proPTH

At the N-terminus of PTH, residues N16-F34 are
responsible for binding to the ECD domain (extracel-
lular domain) of PTH receptors 1 and 2, and residues
S1-H14 activate the receptor by binding and penetrat-
ing the extracellular loops 2, 3, and 4 out of the seven
trans-membrane helices [3,28-30]. Both sections form
an o-helical conformation in the receptor-bound state.
In the unbound state, these sections have a transient
propensity to form o-helices as judged by NMR and
CD spectroscopy [8,31]. At pH 7.4, the CD spectrum
of proPTH (Fig. 2A, black) resembles the spectrum of
PTH [8] (Fig. 2A, red) reporting a-helical (negative
ellipticity at 222 nm) and random coil (shift towards
lower wavelengths than 208 nm) contributions. Also at
pH 5.3, the CD spectrum of proPTH resembles that of
PTH (Fig. 2B).

For a residue-resolved evaluation of the influence of
the pro-sequence, the backbone and Cg NMR chemical
shifts of proPTH had been assigned by standard triple
resonance experiments. The difference in the chemical
shift deviation from random coil values [27] of the C,
and Cg nuclei (AC, — ACp) is an established measure
of secondary structure sections along the polypeptide
chain [26]. As expected, PTH shows segments of posi-
tive (AC, — ACjg) values for the N-terminal residues
with highest values between S17 and Q29 (Fig. 2C)
indicative of o-helical conformations. The transient
character of these a-helical sections is reflected in the

998 FEBS Letters 597 (2023) 995-1006 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U8017 SUOWILLIOD 8A1IR.1D) 3ol [dde au Aq peusenob ae Sspie YO ‘8sn JOSe|n. 10} Aiq1T 8ULUO A8]IM UO (SUORIPUOD-PUR-SWLIBIALID" A3 1M ARIq Ul |UO//SdNY) SUORIPUOD Pue SWB 1 8y} 885 *[£202/70/Sz] U0 Aflq8ulluo A8|IM ‘SEISBAIUN BUINT ule N-Yed Aq 285KT '89rE-E/8T/200T 0T/I0P/LI0S A8 1M AeIq U1 |UO'SGRY//SANY WO1) papeolumoq ‘. ‘€202 ‘89VEELST



S. Sachan et al.

pH 7.4 —— proPTH
——PTH

-10-

eMRrwW [ 103 deg cm2 dmol-1] =
.

-15 4

190 200 210 220 230 240 250 260
A (nm)

©

3 PTH

a‘_QCB N

AC
o

0 10 20 30 40 50 60 70 80
Residue

Pro-sequence of PTH prevents premature fibrillation

(B)
5y pH 5.3 ——proPTH
i —PTH
g 0
©
E
o 57
o
(]
©
o -101
S
E 15+
=
<~}
-20 T T T T T T 1
190 200 210 220 230 240 250 260
A (nm)
D
(D) 4
PTH
3. pro
2.
@
(@)
31
o]
a
0_
-1

0 10 20 30 40 50 60 70 80
Residue

Fig. 2. Secondary structure characterization of PTH and proPTH. Circular dichroism spectrum of PTH (red) and proPTH (black) at (A) pH 7.4
and (B) pH 5.3. Protein concentration was adjusted to 20 um in sodium phosphate (60 mm, pH 7.4) or citrate buffer (20 mm, pH 5.3).
Differences in the NMR chemical shift deviations from random coil values are depicted for (C) PTH and (D) proPTH.

absolute values of this chemical shift parameter, which
is below 2 for most residues. Permanently formed o-
helices reach values up to 4 [32]. The (AC, — ACp)
values for residues D30 — Q84 confirm the intrinsically
disordered section of PTH. In proPTH, this pattern
remains unaffected (Fig. 2D) indicating that the pro-
sequence does not influence the secondary structure
propensities of unbound PTH.

Pro-sequence prevents fibrillation of PTH

Next, we asked the question to what extent the four
positively charged side chains of the pro-sequence
KSVKKR could affect the fibril formation of PTH.

Therefore, ThT fibrillation assays were recorded under
identical buffer conditions (50 mm sodium phosphate,
150 mm NaCl, pH 7.4, 37 °C) and protein concentra-
tions of 500 um for PTH and proPTH. As expected
from our previous reports [7,8], PTH forms amyloid
fibrils indicated by a sigmoidal increase in the ThT
fluorescence within 120 h and curvilinear fibrils in nega-
tively stained electron micrographs (Fig. 3A red curves
and C). By contrast, proPTH did not form fibrils
according to both a missing sigmoidal ThT increase and
no fibrillar structures in the electron micrographs
(Fig. 3A black curves and B).

In the cellular context, the pro-sequence of proPTH
gets enzymatically cleaved by propeptide convertases.
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Fig. 3. Pro-sequence inhibits fibril formation. (A) Thioflavin T binding kinetics of PTH (red) and proPTH (black) in 50 mm sodium phosphate
and 150 mm NaCl, pH 7.4, 37 °C. Transmission electron micrographs of the (B) proPTH and (C) PTH sample after completion of fibrillation
assay. (D) Thioflavin T binding kinetics of proPTH in the absence (black) and presence (blue) of propeptide convertase furin in 100 mm
HEPES, pH 7.4, 500 mm NaCl and 1 mm CaCl,. Transmission electron micrograph after completion of the fibrillation assay of proPTH (E) in
the absence and (F) in the presence of furin. Each experimental condition was investigated by three independent replicates. The scale bar in

all micrographs corresponds to 0.2 pum.

Therefore, we added the convertase furin at the very
beginning of the Thioflavin T monitored kinetic fibril-
lation assay of proPTH under our in vitro conditions.
A sigmoidal increase for the ThT fluorescence was
observed (blue curve in Fig. 3D) indicating that the
released mature PTH after cleavage of the pro-
sequence became fibrillation competent. Electron
micrographs after completion of the fibrillation
kinetics showed only fibrils for cleaved PTH and not
for proPTH (Fig. 3E,F). In control experiments, furin
had no influence on the ThT fibrillation kinetics of
PTH (Fig. S4).

Fibrillation of proPTH under high salt or seeding
conditions

One explanation for the suppression of fibril formation
by the pro-sequence is the coulomb repulsion of its four
positive charges, which might impair the association

reaction of PTH monomers. Therefore, this charge
effect was screened by increasing the ionic strength of
the buffer. With increasing NaCl concentrations up to
1.5 M, fibril formation in proPTH with a decreasing lag
phase could be restored as evidenced by the respective
ThT assay depicted in Fig. 4B. The corresponding EM
micrographs after 250 h of fibrillation showed that
proPTH forms curvilinear fibrils only under high salt
conditions (Fig. 4G). To confirm that the pro-sequence
makes the difference, fibrillation of PTH was performed
under the identical 0 M salt conditions again leading to
EM detectable fibrils (Fig. 4D). With increasing salt
concentrations, the lag phase of PTH fibrillation
becomes shorter (Fig. 4A). Comparing the time window
required to get fibrils for proPTH and PTH under high
salt conditions shows that the pro-sequence increases
the lag phase at least by a factor of 4.

The mechanism of PTH fibrillation (to be published
elsewhere) includes primary and secondary nucleation
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Fig. 4. Salt-dependent fibrillation kinetics and EM micrographs of PTH and proPTH. Thioflavin T binding assay of (A) PTH and (B) proPTH in
50 mm sodium phosphate at 37 °C, pH 7.4, and various NaCl concentrations: gray 0 m, red 1 m, black 1.5 m. Each experimental condition
was investigated by three independent replicates. (C) Release of monomeric proPTH from fibrils of proPTH formed in the high salt buffer of
1 M NaCl upon dilution. The EM micrographs were taken from samples of (D) PTH in 0 m NaCl, (E) PTH in 1.5 m NaCl, (F) proPTH in 0 m
NaCl, (G) proPTH in 1.5 m NaCl. The scale bar in all micrographs corresponds to 0.2 um.

events and monomer inhibition. To elucidate the role
of the pro-sequence during these processes, we per-
formed seeding experiments with sonicated seeds
derived from PTH fibrils (Fig. 5). Increasing amounts
of seeds up to 5% reduced the lag time of PTH fibril-
lation during which primary nuclei form and foster
fibril mass generation by secondary nucleation
(Fig. 5A).

Adding the same prepared seeds to proPTH at low
salt conditions, where no fibrils will form according to
the ThT assay (red curve in Fig. 5B), fibril formation
was observed (blue and black curve in Fig. 5B). In
these experiments, no significant lag phase was
detected. We attribute the exponential growth of fibril
mass to secondary nucleation at the surface of the pro-
vided seeds. The final curvilinear fibril morphology of
PTH and proPTH was indistinguishable in the corre-
sponding electron micrographs (Fig. 5C,D). As
proPTH showed in ThT assays without seeding only
fibril formation under high salt conditions and then
with a lag phase (Fig. 4B), we suggest that charge
screening of the pro-sequence facilitate primary nuclea-
tion. Together, we propose that the pro-sequence
under physiological salt concentrations prevents the
formation of primary nuclei as starting point of fibril
formation.

proPTH under physiological conditions

The last step of the secretory pathway of the parathyroid
hormone is the controlled release into the bloodstream
(Fig. 1). Therefore, fibril formation of PTH has to be a
reversible process. In earlier studies, we showed that upon
dilution indeed monomers are released from PTH fibrils
and when equilibrium had reached after 24 h about 10%
of monomers had dissolved [8]. To see how the pro-
sequence might impair this equilibrium, we performed
this experiment with proPTH fibrils. We found upon
dilution that about 11% of monomeric proPTH got
released within 24 h from proPTH fibrils (Fig. 4C).
During secretion and maturation of PTH the phy-
siological pH drops from neutral values in the ER to
values of about 5.5 in the trans-Golgi apparatus and
secretory granules. For PTH, we found in a previous
study that no fibrils are formed under these acidic con-
ditions, but the presence of heparin could facilitate
fibril formation [9]. Polyanionic heparin belongs to the
family of glycosaminoglycans abundant in secretory
granules and amyloid fibril deposits of peptide hor-
mones [6]. Both PTH and proPTH did not show fibril
formation in ThT assays at pH 5.5 (Fig. S3). The
addition of equimolar amounts of heparin stimulated
fibril formation and the sigmoidal kinetics reached a
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Fig. 5. Seeded fibrillation kinetics of proPTH and PTH. (A) Thioflavin T binding assay of PTH in absence of PTH seeds (red), 2 percent PTH
seeds (blue), and 5 percent PTH seeds (black). (B) Thioflavin T binding assay of proPTH in absence of PTH seeds (red), 2 percent PTH
seeds (blue), and 5 percent PTH seeds (black). EM micrograph of (C) PTH and (D) proPTH in presence of 2 percent PTH seed. Standard
buffer conditions were used and each experimental condition was investigated by three independent replicates. The scale bar in all

micrographs corresponds to 0.2 um.

plateau after 1 h for PTH and after 4 h for proPTH.
The curvilinear morphology of proPTH fibrils found
in electron micrographs corresponds to the findings in
the absence of heparin. These comparisons show that
the pro-sequence retards fibril formation also under
close physiological conditions.

In-cell cAMP activation by PTH and proPTH

The targets of PTH hormone released into blood from
parathyroid glands are PTH receptors 1 and 2

(PTHR1 and PTHR2) in bone and kidney tissue. We
employed the well-established cellular cAMP activa-
tion assay [33] to test the here investigated recombi-
nant PTH and proPTH. In this assay, upon binding to
the ligand, the increased cellular cAMP in HEK 293T
cells stably expressing PTH receptor 1 competes with
endogenous acceptor labeled cAMP for a donor
labeled cAMP antibody. This competition changes the
transfer efficiency of the donor-acceptor fluorescence
resonance energy transfer (FRET) and thus the
detected fluorescence emission at 665 nm. The cAMP
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Fig. 6. /In cellulo cAMP accumulation assay. PTH and proPTH
induced cAMP accumulation in HEK 293T cells stably expressing
wild-type PTHR1 receptors. The blue curve represents the cAMP
response induced by PTH and the red curve by proPTH. For the
orange curve, the PTH response was determined in the presence
of 107'° m proPTH. Symbols represent the mean of the performed
assay in triplicate.

response depends on the extracellular hormone con-
centration and revealed for PTH a pECsy value of
10.22 £ 0.13 (blue curve in Fig. 6) in very good agree-
ment with literature values [33]. The corresponding
experiment with proPTH showed nearly two orders of
magnitude decrease in the potency of PTHRI activa-
tion indicated by a pECs, value of 8.27 4+ 0.13 (red
curve in Fig. 6).

This indicates that the pro-sequence at the N-
terminus of PTH impairs the interactions with the
trans-membrane part of the G protein-coupled PTH
receptor 1. In a competition experiment, the assay of
PTH-induced cAMP activation was repeated in the
presence of 0.1 nm proPTH (orange curve in Fig. 6),
revealing a pECsy value of 9.8 £+ 0.15. This reduc-
tion in potency shows that proPTH can compete
with PTH for the same binding sites at the PTHRI1
receptor.

Discussion

Pro-sequences fulfill a wide range of functions before
being cleaved off during the maturation of proteins.
This includes inhibition of proteases before reaching
their final location [34], guidance during protein fold-
ing [35], as well as intra- and interchain disulfide bond
mediated assembly of procollagen chains and protein
stabilization [36]. In peptide hormones, the pro-
sequence can also play an essential role as in the case
of insulin, where the C-peptide assists in correct fold-
ing and disulfide bond formation between the A and
the B chain of insulin before its cleavage [37].

Pro-sequence of PTH prevents premature fibrillation

Various pro-hormones, pro-neuropeptides, pro-
transcription factors, pathogenic pro-proteins, pro-
receptors, and other precursor proteins are substrates
for the above-mentioned pro-protein convertases.
Examples include progastrin, proglucagon, proANF,
human proGLP1 (Glucagon-like peptide-1), and the
here-studied human proPTH. Furin and PC7 are similar
in their sequence specification to correctly process
proPTH to PTH [11,38].

From the here presented results, we propose a new
function of a pro-sequence, which is the prevention of
premature formation of functional amyloid fibrils in
the case of proPTH (Fig. 1). Under in vitro conditions
of pH 7.4 and low salt, only mature PTH readily
forms fibrils according to ThT kinetics and EM micro-
graphs but not proPTH (Fig. 3A). Fibril formation of
proPTH can be restored by cleaving the pro-sequence
with furin (Fig. 3D). As proPTH cannot leave para-
thyroid cells even at high cellular concentrations after
inhibition of its proteasomal degradation [18], we sus-
pect that pro-sequence cleavage und subsequent fibril
formation is obligatory for successful PTH secretion.
The pro-sequence of PTH comprises residues
KSVKKR. Four out of 6 residues have positively
charged side chains, which lead to high local charge
density near the fibril forming segment 25R-37L [8] of
PTH that could abolish primary nucleation and fibril
growth due to Coulomb repulsion. Therefore, no fibril-
lation could be observed for proPTH in buffer condi-
tions under which PTH readily forms fibrils. Adding
seeds from sonicated PTH fibrils allowed proPTH to
form fibrils only via secondary nucleation supporting
the hypothesis that the pro-sequence mainly prevents
the formation of primary nuclei to start the fibrillation
process. Under the acidic conditions corresponding to
the secretory PTH granules, heparin is required to sti-
mulate the fibrillation of both PTH and proPTH. This
process is four times slower for proPTH compared
with PTH, which shows that the retarding fibrillation
property of the pro-sequence also remains under phy-
siological conditions.

PTH fibrils readily release monomers [8], which is
an essential requirement for hormone release from the
secretory granules to the blood (Fig. 1) and for the
classification as functional amyloids [6,39]. This main
difference from pathogenic amyloids, which typically
do not dissolve from deposits or plaques, is preserved
for the proPTH fibrils formed in this study under high
salt conditions because upon dilution, about 11% of
monomeric proPTH got released within 24 h
(Fig. 4C). Human peptide hormones such as
corticotropin-releasing factor, f-endorphin, adrenocor-
ticotropin, vasopressin, somatostatin, and prolactin
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stored as functional amyloids in pituitary secretory
granules revealed monomer release within the same
time window in a comparable assay [6].

The NMR data show that the pro-sequence does not
affect the secondary structure content of PTH both at
pH 5.3 and 7.4. Both a-helix sections and the intrinsi-
cally disordered region are identical (Fig. 2) and both
PTH and proPTH can induce cAMP in HEK293T
cells stably expressing PTHR1 (Fig. 6). This contrasts
the influence of post-translational modification of PTH
by phosphorylation of S1, S3 and S17, which fully
abolished receptor activation and the corresponding
analysis of NMR chemical shift changes revealed that
N-terminal residue up to position A36 sensed phos-
phorylation [33]. cAMP induction by proPTH is phy-
siologically not very relevant, because only mature
PTH will be released into the blood [18]. However,
some mechanistic and pharmacological conclusions
can be drawn. Two steps are required to activate the
PTH receptors 1 and 2: binding of ligand to the extra-
cellular domain (ECD) of the GPCR followed by its
insertion into the trans-membrane helices (receptor J
domain) [40]. The latter is facilitated by the N-
terminal residues of PTH. The additional six residues
of the pro-sequence probably interfere with this inser-
tion, which could explain the 90fold reduction in acti-
vation potency (Fig. 6). For the ECD binding step we
assume that the pro-sequence has a minor effect
because more distant residues L15-F34 are involved
and because proPTH could compete with PTH for the
cAMP induction by binding the receptor (Fig. 6). Such
competition between the pro-form and the mature
form about a class B GPCR is also known for exam-
ple for the bone morphogenic protein [41]. For
proPTH the competition with PTH represents one per-
spective for drug development to treat hyperparathyr-
oidism. As PTH;gs and PTH;3; and their
formulations are already approved drugs for the treat-
ment of osteoporosis [4] we anticipate that competing
proPTH might serve as a compound for a proper
blood level adjustment during hormone therapy. Func-
tional amyloids of hormones had been put into per-
spective as a formulation of long-acting drugs [42].
Therefore, monomer-releasing proPTH fibrils formed
under high salt concentrations might further support
such a hormone therapy by serving as a hormone
depot.
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Fig. S1. 2D [1H-15N HSQC spectrum including
sequence specific backbone resonance assignments of
PTH.

Fig. S2. 2D 1H-15N HSQC spectrum including
sequence specific backbone resonance assignments of
proPTH.

Fig. S3. (A) ThT fibrillation assay PTH (blue) or
proPTH (green) in the absence of heparin and in pre-
sence of 150 pM heparin of PTH (black) and proPTH
(red) at 37 °C and pH 5.5 in 20 mm citrate buffer.
Protein concentration is 150 pm. (B) Same fibrillation
kinetics as in (A) of proPTH in presence (red) and
absence of heparin (green) recorded for 5 h. (C) EM
micrograph of fibril of proPTH achieved in presence
of heparin after 5 h.

Fig. S4. Fibrillation of 500 um PTH in presence and
absence of furin at 37 °C in 100 mm HEPES, pH 7.4,
500 mm NaCl and 1 mm CaCl2.
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