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Functional amyloids exist in fungi, bacteria, insects and 
humans1–5. They are involved in adhesion, invasion and bio-
film formation, exhibit regulatory functions and act in the 

sorting and storage of hormone peptides. β-endorphin amyloids 
belong to the last group of functional amyloids. β-endorphin is an 
endogenous opioid neuropeptide of the central nervous system 
and the pituitary gland. It is involved in the regulation of the stress 
response and pain perception, and is activated during exercise6. As 
with many other pituitary hormones, β-endorphin is secreted by 
the so-called ‘regulated’ secretory pathway7,8, through which cells 
are able to store peptide or protein entities for extended periods 
of time by concentrating the secretory peptides or proteins inside 
membrane-enclosed secretory granules7,9,10. When a signal triggers 
their release, peptides or proteins are secreted into the blood much 
faster than their synthesis rates would permit, yielding a fast and 
intense signaling event. The granules are generally composed of a 
single peptide or protein species stored in an amyloid state11, which 
has been structurally characterized for several peptide hormones12,13.

The amyloid structure confers semi-autonomous properties 
for peptide and protein sorting, secretory granule formation, inert 
storage and peptide or protein release, minimizing the need for a 
dedicated cell machinery5. However, the chemical environment 
(including pH, phosphate and cofactors) appears to play an impor-
tant role in hormone assembly inside secretory granules and during 

their disassembly into the blood stream11. Indeed, the decrease of 
phosphate salt from about 60 mM in the cytosol to about 1–2 mM 
phosphate in the blood has been suggested to support disassem-
bly of β-endorphin amyloid fibrils14. Furthermore, a concomitant 
decrease in the concentration of heparin, which is several orders 
of magnitude higher in secretory granules than in the blood, may 
promote the disintegration of β-endorphin amyloid fibrils14,15.

To get detailed mechanistic insights into the disassembly of the 
amyloid entity, we determined here the atomic-resolution structure 
of the β-endorphin amyloid fibril by solid-state NMR and per-
formed mutagenesis and fibril disassembly studies. The resulting 
structure–function relationship of peptide release from amyloid 
fibrils shows the nature of the interplay between cellular envi-
ronment and amyloid structure and stability, building a basis for 
understanding the mechanism of secretory granule formation and 
hormone release in vivo.

Results
Fibril formation by β-endorphin under physiological conditions. 
The β-endorphin fibrils in this study were grown under physiologi-
cal conditions, namely at pH 5.5 and in the presence of 400 μM low 
molecular weight (LMW) heparin. The pH of 5.5 was selected to 
mimic the pH of secretory granules16 and heparin was used as a 
representative for glycosaminoglycans, which are present at high 
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abundance in secretory granules17 and may affect neuropeptide 
aggregation. Under these conditions, we previously obtained a sin-
gle set of very well-defined solid-state NMR resonances18, indicat-
ing the presence of a single polymorph.

This polymorph was stable (as assessed by solid-state NMR) 
under different buffer conditions; that is, with 10 mM NH4Ac 
and 200 mM NaCl or with 5% d-mannitol in addition to hepa-
rin19. A single polymorph that is stable under different conditions 
has been observed with other functional amyloid systems, such 
as the HET-s(218–289) prion20,21. However, there was an apparent 
chemical-shift difference between the solid-state NMR spectra of 
heparin-containing and heparin-free fibrils, suggesting consider-
able structural differences between the two preparations14. In addi-
tion, β-endorphin fibrils grown in the absence of heparin show 
multiple polymorphs, suggesting that heparin influences the coher-
ence length of the fiber14. This is in agreement with super-resolution 
fluorescence microscopy studies that showed that heparin acts as a 
structural component of β-endorphin amyloid fibrils, rather than a 
simple aggregation promoter14,15.

β-endorphin monomers pack into in-register parallel β-sheets. 
In the presence of heparin β-endorphin forms micrometer-long 
unbranched fibrils (Fig. 1a)19, which were sedimented into 3.2-mm 
NMR rotors. The fibrils are composed of several protofibrils (Fig. 1a)  
with a mass per length (MPL) of 16.6 kDa nm−1, corresponding to 
one molecule per cross-β sheet layer of the protofibril19 and exhibit 
a cross-β diffraction22. The NMR sequential resonance assign-
ment was previously obtained using a set of 3D experiments18 and 

reported23 (Biological Magnetic Resonance Bank (BMRB) entry 
26715). All residues except Tyr1 and Gly2 were visible in the spec-
trum. The line width of most 13C peaks was ~120 Hz, consistent with 
a well-ordered system.

The secondary structure was derived from chemical shifts, 
which indicate the presence of three β-strands, formed by residues 
4–12 (β1), (14)17–19 (β2) and 21–24 (β3) (Fig. 1b). The length 
of β2 varies according to the reference chemical-shift set used24,25  
(Fig. 1b,c), and in the following, we use the more conservative clas-
sification, β2:17–19.

Most amyloids of biologically relevant systems characterized so 
far are organized into in-register parallel β-sheets26. To verify this 
hypothesis for β-endorphin amyloids, a proton assisted insensi-
tive nuclei cross polarization (PAIN) experiment on a 1:1 mixture 
of exclusively 13C and 15N-labeled peptides was performed27. For an 
in-register parallel arrangement, PAIN peaks are expected at the 
same positions as 15N-13CA correlations retrieved from a uniformly 
labeled sample. Indeed, strong peaks for N-C contacts in the 1:1 
mixture were found for a number of residues covering all three 
β-sheets (Supplementary Table 1), strongly indicating the presence 
of an in-register parallel β-sheet structure.

Collection of distance restraints for 3D structure calculation. We 
used a 500-μs mixing time CHHC(13C-1H to 1H-13C correlation)28, 
a 6.5-ms PAR (proton-assisted recoupling)29 and a 400-ms PDSD 
(proton-driven spin diffusion)30,31 experiment (Extended Data Fig. 1  
and Supplementary Figs. 1 and 2) on a uniformly 15N,13C-labeled 
fibril sample to identify through-space contacts from the cross-peak 
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Fig. 1 | initial structural characterization of β-endorphin amyloid fibrils. a, Negative-stain transmission electron micrograph of micrometer-long, 
unbranched β-endorphin fibrils. The scale bar is 200 nm. b, Predicted secondary structure of the β-endorphin peptide in its amyloid state based on 
backbone (Δδ13Cα–Δδ13Cβ) (ppm) secondary chemical shifts24. For Gly, Δδ13Cα values are plotted. Three β-strands are labeled with β1, β2 and β3. c, An 
alternative secondary-structure prediction based on other random-coil chemical-shift values25. d, Superposition of the NCA spectrum (15N to 13CA 
correlation spectrum) of uniformly 15N, 13C-labeled fibrils (black) with the PAIN spectrum of mixed fibrils composed of exclusively 15N or 13C-labeled 
monomers (orange). The superposition of cross peaks indicates in-register parallel β-sheets. Individual cross peaks are assigned with sequence positions 
and amino acid single letter codes.
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positions using the program CcpNmr Analysis32. We selected cross 
peaks with a single assignment based on the chemical shifts (spec-
trally unambiguous peaks) as well as peaks with low assignment 
ambiguity (Supplementary Table 2).

To distinguish between intra- and intermolecular restraints 
among the low ambiguity peaks we compared the three aforemen-
tioned spectra with identical spectra acquired on samples with 
20% labeled monomers mixed with 80% monomers with natural 
isotopic abundance27 (Extended Data Fig. 2 and Supplementary 
Table 2). The experimental parameters are given in Supplementary 
Table 3. In contrast to other fibrils investigated27,33,34, only few of the 
peaks could be classified unambiguously following the procedure 
described in the caption of Extended Data Fig. 2, hinting at a stag-
gered arrangement of the molecules. This is in agreement with the 
mean weighted cross-peak intensities for residue pairs of 0.5 on 
average, which are between the values of 1 and 0.2 representative 
for an entirely intramolecular or entirely intermolecular cross-peak, 
respectively.

In earlier studies (in particular with fibrils of MPL of >1)27,33,34, 
it was necessary to first calculate a structure on the basis of these 
low ambiguity restraints and their further classification of the 
restraints as intra- or intermolecular. However, in the present 
case, with an MPL of 1 and well-resolved solid-state NMR spec-
tra, this initial calculation has proved unnecessary (although it 
was still performed).

3D structure calculation. With this set of 192 distance restraints 
(Table 1 and Supplementary Table 2), a 3D structure of the 
β-endorphin protofibril with one molecule per layer19 was calcu-
lated using CYANA35,36. For structure calculations, the amyloid pro-
tofibril was approximated by six β-endorphin molecules. Symmetry 
restraints37 were applied to enforce identical structures for the six 
monomers.

Intermolecular hydrogen-bond restraints corresponding to 
in-register β-sheets were introduced for the β-strands of residues 
4–12 (β1), 17–19 (β2) and 21–24 (β3) (Fig. 1b). Backbone dihedral 
angles were restrained to −200° < φ < −80° and 40° < ψ < 220° if the 
difference of the Cα and Cβ secondary chemical shifts was below 
−2 ppm for three residues in a row38. Intermolecular hydrogen-bond 
restraints were added to ensure the in-register parallel packing of 
adjacent β-strands into a β-sheet. Four possibilities for the relative 
orientation of the three β-strands exist. Calculating 3D structures 
with all the experimental distance restraints for all four possible 
packings showed that only one orientation yielded low CYANA 
target function values (Extended Data Fig. 3b) and thus only one 
orientation is compatible with the experimental data set. It is the 
one for which the hydrogen bonds of β-sheet β2 have opposite ori-
entations along the fibril axis with respect to the β-sheets β1 and β3 
(noted ABA or BAB in the Extended Data Fig. 3b), which was then 
used in the following calculations.

The structure calculation used the manually identified 
restraints of Supplementary Table 2 and a further 1,830 cross 
peaks selected in the CHHC, PAR and PDSD spectra of the 
β-endorphin samples in the presence of 10 mM NH4Ac, 200 mM 
NaCl, 400 μM LMW heparin (buffer A). Of these, 1,261 were iter-
atively assigned to interatomic distances by CYANA35 using the 
known resonance assignment23. The calculated structure is shown 
in Fig. 2a. The bundle composed of ten conformers (Fig. 2b) ful-
fills the conformational restraints with an average CYANA target 
function of 2.97 Å2 and is well-defined with an average r.m.s.d. to 
the mean coordinates of residues 3–27 of the hexamer of 0.39 Å 
for the backbone atoms N, Cα, C′ and 0.71 Å for the heavy atoms 
(Table 1).

The 3D structure of β-endorphin protofibrils is a β-solenoid. 
The 3D structure of the β-endorphin fibril shows a β-solenoid  

composed of three in-register parallel β-sheets around the central 
fiber axis (Fig. 3a) with the longest dimension of the protofibril 
(~3.3 nm) similar to the protofibril width previously determined by 
electron microscopy14 (~3.2 nm) (Extended Data Fig. 4). Every layer 
of the solenoid is made by one peptide (individually colored in Fig. 3)  
unlike the β-solenoid of the HET-s(218–289) prion27,39, which has 
two layers per protein. In the 3D structure, β-strands are formed 
by residues 4–10 (β1), 14–19 (β2) and 21–24 (β3) as determined 
by hydrogen bonding supporting backbone geometries. Their 
lengths differ slightly from those suggested by chemical-shift-based 
secondary-structure prediction (Fig. 1b). The β1 and β2 strands 
interact through a hydrophilic core comprising the side chains of 
Thr6, Glu8, Ser10 and Thr16 and with the hydrophobic side chains 
of Phe4 and Phe18, the latter being part of the central hydropho-
bic core that includes also Ala21, Ile23 and Ala26 of strand β3  
(Fig. 3c,d). Side chains of opposing β-strands β1 and β2 are stag-
gered at the turn between Ser10 and Pro13 (Fig. 3e–g), while the 
staggering of the aromatic residues Phe4 and Phe18 is of intramo-
lecular nature (Fig. 3h; also supported by the lack of intermolecu-
lar cross peaks between Phe4 and Phe18). Ser10, Thr12 and Thr16 
form hydrogen-bonded ladders as typically observed in amyloids40.  

Table 1 | NMR and structure statistics

β-endorphin protofibril 
(BMRB 26715, PDB 6TuB)

NMR distance and dihedral constraints (per monomer)

Distance restraints from solid-state 
NMR

 Manually assigned in CHHC/PAR/
PDSD (|i – j| > 2)

49 / 73 / 70

 Spectrally unambiguous 16 / 28 / 30

 Manually assigned intramolecular 6 / 11 / 2

 Manually assigned intermolecular 8 / 3 / 19

 Total manually and automatically 
assigned

714

Intraresidue (|i – j| = 1) 118

Interresidue

 Medium-range (2 ≤ |i – j| ≤ 4 
intramolecular)

231

 Long-range (|i – j| ≥ 5 or 
intermolecular)

365

Restrained intermolecular hydrogen 
bonds

11

Total dihedral angle restraints (ϕ/ψ) 22

Structure statistics Mean ± s.d.

CYANA target function value (Å2) 2.97 ± 0.28

Violations (mean ± s.d.) 0

 Distance restraint violations >0.2 Å

 Dihedral angle restraint violations >5° 0

Deviations from idealized geometry

 Bond lengths (Å) 0

 Bond angles (°) 0

Average pairwise r.m.s.d. (Å)a

 Backbone N, Cα, C′ (Å) 0.39 ± 0.07

 Heavy atoms (Å) 0.71 ± 0.08
aPairwise r.m.s.d. was calculated on all of the ten refined structures for residues 3–27.
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The N-terminal residues Tyr1 and Gly2 are not assigned and prob-
ably not visible in the spectrum, indicating that these residues are 
flexible. In addition, structural heterogeneity is expected in the 
vicinity of Gly3, Ile23 and Tyr27 based on the presence of a sec-
ond set of distinct resonances23. Finally, the five positively charged 
lysine residues and the two terminal residues are part of the 
solvent-exposed fibril surface (Fig. 3c,d).

The location of Glu8 in the core is unusual, but supported by 
many NMR restraints to Leu14, Val15 and Thr16 (about 40 manu-
ally assigned restraints, including nine spectrally unambiguous ones 
in Supplementary Table 2). Its low side-chain carbonyl chemical  
shift of 175.34 ppm suggests that it is protonated, since the cor-
responding chemical shift of deprotonated glutamate would be 
expected to be higher than 180 ppm (ref. 41). With protonation, Glu8 
is well embedded in the hydrophilic core and able to form also a 
hydrogen-bond ladder.

A putative role of Glu8 in the fibril disassembly at neutral pH. 
The finding that Glu8 is protonated in the hydrophilic core of the 
β-endorphin fibril grown under secretory granule-relevant acidic 
conditions (with a pH of 5.5) is interesting in a biological context 
since the release of the hormone amyloid into the blood is accom-
panied with a pH change of the milieu from 5.5 to 7.4. This increase 
in pH may eventually cause the deprotonation of Glu8, along with 
the destabilization of the fibril core and subsequent fibril disas-
sembly. It could be thus expected that the deprotonation of Glu8 
on pH change could provide the mechanism for the decomposition 
of the fibril and the release of β-endorphin monomers. However, 
β-endorphin fibrils have shown to be stable at pH values around 7.4 
(ref. 34), which speaks against such a simple mechanism.

To probe in more detail whether Glu8 protonation is indeed rel-
evant for disaggregation of the β-endorphin amyloids, we made two 
mutations, E8Q and E8L, to replace the negatively charged gluta-
mate side chain with either the polar glutamine or the hydrophobic 
leucine side chain. Both the E8Q and E8L mutants form amyloid 
fibrils, as evidenced by electron microscopy (Extended Data  
Fig. 5). To determine the structural influence of the mutations on 
the fibril conformation, isotopically labeled E8Q fibrils were pre-
pared and 20 ms dipolar assisted rotational resonance (DARR) spec-
tra were recorded and compared to the 20 ms DARR spectrum of 
wild-type β-endorphin amyloid. The overlay is shown in Extended 
Data Fig. 5; the overall appearance of the two spectra is very similar, 
indicating a quasi-identical 3D fold, although some considerable 
chemical-shift differences are observed for residues Leu14, Val15, 

Thr16 and to a lesser extent for Leu17. These chemical-shift differ-
ences are expected since these residues are close in space to Glu8 
across the fibrillar core.

We then monitored the disassembly of wild-type, E8Q and E8L 
amyloid fibrils using an in vitro disaggregation assay that mimics 
the conditions encountered by the β-endorphin fibrils on secretion 
into the blood by means of the change in pH (ref. 11). We assem-
bled amyloid fibrils with wild-type and mutant β-endorphins at 
pH 5.5 (similar to pH inside secretory granules) and in the pres-
ence of heparin (see Methods). The amyloid fibrils were shortened 
by sonication42 to reach a size of 100–300 nm close to the secretory 
granule size11, followed by dialysis with a 10 kDa membrane against 
10 mM Tris buffer at pH 6.5, 7.4, 8.5 or 9.5 mimicking the change 
of pH from the secretory granule (pH 5.5) to the blood environ-
ment (pH 7.4) (Fig. 4, Extended Data Fig. 6 and Supplementary 
Fig. 3). During dialysis, fibrils in all five pH conditions released 
monomers (Fig. 4, Extended Data Fig. 6 and Supplementary  
Fig. 3), supporting the observation that hormone fibrils are unstable 
on dilution by change to a phosphate-free buffer system as docu-
mented earlier for heparin-free nonsonicated β-endorphin fibrils14. 
We expect that the release of monomers in the native environment 
should be a few orders of magnitude higher than what we observe 
here, under simplified experimental conditions, as discussed in 
detail below. We note that the tendency of wild-type fibrils to disas-
semble with increasing pH is more pronounced than for the E8Q 
and E8L mutants (Fig. 4). The effect is stronger at higher pH (that 
is, pH 8.5–9.5). indicative of a high pKa value Glu8 within the fibril. 
Indeed, we observe a high chemical CO shift at pH 7.4 suggesting 
that Glu8 is still protonated in the fibril core (Extended Data Fig. 7). 
At this neutral pH, a particular deprotonation of Glu8 is, however, 
expected at the end of fibrils as Glu8 gets exposed to the solvent. 
The number of molecules at the end of the fibrils is very low in 
comparison to the ones inside the fibril and thus the cross peaks of 
Glu8 sitting at the fiber endings are not detectable in the solid-state 
NMR spectra. To assess whether the pH-triggered release of pep-
tides from fibrils involves only the molecules at the end of the 
fibrils, we compare disassembly of sonicated and nonsonicated 
long fibrils, and observed more monomer release for the sonicated 
fibrils, which have more ends per mass than the nonsonicated 
fibrils, at all pH conditions (Extended Data Fig. 6). Apart from the 
general dilution effect during dialysis, which causes partial fibril 
disassembly, our observation at high pH supports the hypothesis 
that Glu8 functions as a molecular switch that guides the assembly/
disassembly of fibrils on pH change.
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Discussion
Many proteins including hormones are secreted by the cell through 
a regulated secretory pathway by which cells are able to store peptide  

or protein entities for extended periods of time in so-called secre-
tory granules to release very fast and in large amounts the protein 
or hormone into the blood on triggering7,8. The protein or hormone 
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is thereby believed to be stored inside the secretory granule in a 
functional amyloid state11,43,44. Our 3D structure of an amyloid of 
β-endorphin (Fig. 3) comprises a β-solenoid fold with a hydrophilic 
surface similar to the other available 3D structures of functional 
amyloids such as the HET-s(218–289) prion27,39 and the necrosome 
RIPK1–RPIK3 amyloid45. It is well packed with both a hydrophobic 
as well as a hydrophilic core, structurally insensitive to small changes 
in buffer conditions19, and gives rise to high-resolution-quality 
solid-state NMR spectra—all properties that are expected for a 
functional amyloid and that rationalize stable and densely packed 
hormone storage. The 3D structure shows that the storage container 
is the peptide itself in a well-defined aggregated state.

An important component of the β-endorphin amyloid fibrils 
studied here is the presence of heparin as a representative of gly-
cosaminoglycans present in secretory granules11. While heparin 
is absent from the 3D structure due to the lack of experimental 
restraints, it has an important structural role as demonstrated by 
Nespovitaya et al.14,15. Heparin facilitates β-endorphin fibril for-
mation and stability, and appears to orchestrate the assembly of a 
single environment-insensitive amyloid polymorph, in contrast to 
the multiple polymorphs observed for heparin-free β-endorphin 
amyloids14. Moreover, the presence of heparin results in a structure 
featuring a protonated Glu8 in the fibril core; in absence of hepa-
rin, Glu8 is negatively charged and within a different fibril struc-
ture, thereby changing the pH sensitivity of fibril disassembly. The 
super-resolution fluorescence microscopy studies by Nespovitaya 
et al.14,15 led to a structural model with heparin as a structural linker 
between two protofibrils. The presence of natural abundance 1% 
13C-labeled heparin signals in the solid-state NMR spectra of the 
ultra-centrifuged solid-state NMR sample (Extended Data Fig. 8) 
supports this suggested structural role. The lack of any interproto-
fibril interactions in the solid-state NMR spectra provides further 
agreement with the proposed model. Based on the 3D structure 
(Figs. 2a and 3c) showing the highly conserved, solvent-exposed 
and positively charged array of lysine residues (Lys19, Lys9, Lys24, 
Lys28, Lys29); interactions of one or several of them with the nega-
tively charged heparin is plausible. Potential prime candidates are 
Lys24 and Lys28 since only their Nζ chemical shifts are observed 
and their chemical-shift values are at rather high-ppm values, both 
findings are indicative of a close contact with a negatively charged 
entity. Based on this in vitro observation, one may speculate on 
a relevant in vivo role of glycosaminoglycans in the formation of 
β-endorphin fibrils and thus secretory granules.

An essential property of hormone amyloids is their disassembly 
on release into the blood. As previously demonstrated11,14, a combi-
nation of hormone dilution, changes in pH (from secretory granule  

pH of 5.5 to the blood pH of 7.4) and in buffer composition (from 
the intracellular phosphate environment to the carboxylic acid buf-
fer system in the blood) is crucial for amyloid disassembly. The 3D 
structure of the β-endorphin fibril determined here reveals that 
the highly conserved Glu8 (Extended Data Fig. 9) is protonated 
in the amyloid core and acts as a pH sensor. Deprotonation by a 
pH increase would result in a negatively charged Glu side chain 
within the core of the amyloid, which would be strongly unfavor-
able energetically, thus contributing to fibril disassembly. As the 
pKa of the carboxyl group of Glu8 is above pH 7.4 (compared to a 
pKa of 4.25 of a freely solvent-exposed Glu side chain) as evidenced 
by the chemical-shift data, at physiological pH, the deprotonation 
of Glu8 may likely appear only at the water-accessible ends of the 
fibril releasing a β-endorphin monomer from the fibril end, thereby 
yielding a controlled release. This view is in line with the rather 
slow amyloid fibril disassembly observed in vitro (Fig. 4) because 
the percentage of end molecules per fibril is very low (below 1%) 
and the dilution factor was rather small.

The 3D structure also points to the amyloid stabilizing role of 
phosphate14 or heparin14,15. As a poly-anion, phosphate may inter-
calate between the positively charged Lys side chains arrayed along 
the fibril surface, thereby reducing their charge repulsion as indi-
cated in the cryo-EM structure of an α-synuclein fibrils polymorph 
in which a phosphate is likely present between several Lys resi-
dues46, including Lys19, Lys9 and Lys29, with the last one outside 
the β-solenoid fold. It is thus argued that a change of the buffer, 
from 60 mM phosphate in the cellular milieu to roughly 1–2 mM 
phosphate in the blood, would yield an increase of the charge repul-
sion of the Lys side chains, effectively contributing to β-endorphin 
fibril destabilization11,14. The presence of heparin could have an 
even stronger effect, since it has a structural role in the β-endorphin 
fibril, through a proposed interaction with Lys24 and/or Lys28. The 
concentration of heparin in secretory granules is estimated to be 
higher (~10 μM–100 mM) compared to the blood (~25 nM–1 μM)34. 
A dilution of the fibril into the blood is therefore expected to desta-
bilize the fibril entity. In summary, the combination of hormone 
dilution, change in buffer composition and change in pH would 
promote amyloid disassembly.

Once released, the monomeric β-endorphin is structurally  
flexible, likely folding into a helix on binding to the receptor and  
activating it through the highly conserved five N-terminal  
residues (Extended Data Fig. 9)47. In combination with the amyloid 
structure described here, β-endorphin has chameleon-like struc-
tural properties, adopting environment-dependent disordered, 
helical44 and β-sheet structures, all of which are believed to be bio-
logically relevant.
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Fig. 4 | Wild-type β-endorphin fibrils disassemble faster with increasing pH than the variants e8l and e8Q. Bar diagram representation of the relative 
disassembly for sonicated wild-type β-endorphin (WT) fibrils and its variants E8L and E8Q measured at different pH values after 50 h disassembly time 
in buffer B. The release was measured by UV absorbance at 280 nm outside the dialysis membrane and normalized such that 100% corresponds to the 
entire peptide material. The data show that with increasing pH, wild-type β-endorphin fibrils disassemble more than those of the mutants E8Q and E8L. 
For example, at pH 9.5, wild-type β-endorphin fibrils are disassembled to 57 ± 2% release while E8L and E8Q fibrils released only 39 ± 2% and 38 ± 4% 
through the dialysis membrane, respectively. Data are shown as means and s.d. of n = 3 of different samples.
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In conclusion, the 3D structure of the β-endorphin amyloid fibrils 
presented here is expected to represent the conformation of the hor-
mone in its storage form inside secretory granules. The complex 
mechanisms of hormone synthesis, storage, release and activation 
appear to be guided by the interplay between the structure and the 
environment. An analogous albeit structurally very different process 
is spider silk polymerization, which is also triggered by changes in 
buffer composition and pH conditions, along with shear forces48. 
The reversible nature of the amyloid fibrils formed by β-endorphin 
and its control by the environmental conditions provides a fascinat-
ing illustration of the power and creativity of evolution.
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Methods
Protein expression and purification. The previously described procedure19 was 
used. Briefly, β-endorphin was expressed in E. coli BL21* cells (Invitrogen) in a 
pET32a-vector as a thioredoxin fusion construct with an internal tobacco etch 
virus- (TEV-)protease cleavage site. With the plasmid inoculated cells were grown 
at 37 °C in 1 l of 13C,15N-M9, 15N-M9 or 13C-M9 medium if labeled and LB medium 
if unlabeled. When the cell density reached an optical density (OD600) of 0.8–1.0, 
protein expression was induced with 1 mM isopropyl-β-d-thiogalactoside and the 
temperature was decreased to 18 °C. After 16 h of expression, cells were collected 
by centrifugation and resuspended in lysis buffer A (50 mM Tris pH 8.0, 300 mM 
NaCl, 20 mM imidazole, 10% v/v glycerol, 1 mM DTT, 0.5 mg lysozyme per ml), 
then stirred at 4 °C for 10 min and subsequently lysed completely by three passes 
over a microfluidizer at a processing pressure of 80,000 psi (M-110S, Microfluidics). 
The supernatant was passed over a 2-cm Ni Sepharose 6 Fast Flow column (GE 
Healthcare), then washed with 10 column volumes of lysis buffer A and eluted 
with the same buffer including 200 mM imidazole. For removal of the N-terminal 
thioredoxin tag, the protein was buffer exchanged into 150 NaCl, 50 mM Tris pH 8, 
1 mM DTT on a HiPrep 26/10 desalting column (GE Healthcare) and then treated 
with inhouse-made TEV protease (1:40 molar ratio) at 20 °C without agitation for 
at least 7 h. In addition to cleaved, soluble peptide, β-endorphin fusion protein was 
found in inclusion bodies and purified as described19.

Fibrillization. Purified β-endorphin was fibrillized as described19. In short, 
β-endorphin was fibrillized at a concentration of 2 mg ml−1 in 1.5-ml Eppendorf 
tubes incubated in an EchoTherm model RT11 rotating mixer (Torrey Pines 
Scientific) with a speed corresponding to 50 r.p.m. inside a 37 °C incubator. For 
this purpose, lyophilized β-endorphin was resuspended at a concentration of 
~5–10 mg ml−1 in ddH2O and mixed with 4× fibrillization buffer. Additional 
ddH2O was added to yield the final fibrillization concentration of 2 mg ml−1 in 
either Buffer A (10 mM NH4Ac, 200 mM NaCl, 400 μM LMW heparin (5 kDa 
heparin from CalBioChem), 0.01% sodium azide, pH 5.5) or Buffer B (5% 
d-mannitol, 0.01% sodium azide, 400 μM LMW heparin (5 kDa heparin from 
CalBioChem), pH 5.5). The incubation time for fibril formation was monitored 
over time measuring the residual soluble material on ultracentrifugation by 
absorption measurements. The incubation time used was about 2 weeks. This 
procedure was used for uniformly 13C,15N-labeled samples, mixed 13C,15N (1:1) 
samples, as well as a 1:4 mixture of 13C,15N and unlabeled samples starting by 
mixing the individual material at the lyophilized stage.

Solid-state NMR spectroscopy. All solid-state NMR experiments were performed 
on a Bruker 850 MHz wide-bore magnet using a Bruker 3.2 mm triple-resonance 
‘E-free’ probe. The data was recorded and processed using Topspin 3.2. We 
recorded three types of 2D 13C-13C correlation experiment with different mixing 
elements on both the uniformly labeled and the 1:4 diluted sample for the dilution 
analysis. These mixing elements were a 500-μs CHHC, a 6.5-ms PAR and a 
400-ms PDSD. Additionally, a 6 ms 2D 13C-15N PAIN was recorded on the 1:1 
13C:15N-labeled sample. Experiments on both samples were done back-to-back to 
keep the experimental conditions as similar as possible. Supplementary Table 3 
summarizes all experimental conditions. Note that acquisition times were longer 
on the diluted sample to account for the lower concentration of active isotopes. 
Peaks were picked using CcpNmr Analysis32.

Structure calculation. The structure calculations were performed using combined 
automated distance restraint assignment and structure calculation with CYANA 
v.3.98.3 using 100,000 torsion angle dynamics steps per conformer35,36. In each 
calculation cycle, 95 structures were calculated and the ten structures with the 
lowest final target function values were selected for the structural bundle. The 
restraints and peak lists that were used for the calculation can be found in the 
Supporting Information (Supplementary Tables 1 and 2).

The structure is well supported by Ramachandran statistics (PROCHECK) 
with 64.5% of residues in most favored regions and 35.5% in additionally  
allowed regions.

β-endorphin fibril preparation for the fibril disassembly assay. A 2.5 mg amount 
of wild-type β-endorphin peptide and its mutants E8L/E8Q (purchased from 
Bachem, Switzerland) were dissolved in 400 µl in both buffers containing 0.01% 
sodium azide. heparin (molecular weight of ~5 kDa) was added to the peptide 

solutions drop-wise, and the final volume of the mixture was adjusted to 500 µl. 
In the final mixture both peptide and heparin concentration were 1,400 µM. 
Thereafter, the pH of the solutions was adjusted to 5.5. The resulting solution 
mixtures were incubated at 37 °C for 7 d for fibrillation with slight agitation.

Fibrillar disassembly assay. Here, 500 μl of every fibril aggregation mixture 
was either directly used for the fibril disassembly assay or sonicated following 
procedures as described42 as follows. The fibrils formed by wild-type β-endorphin 
and its mutants (E8L/E8Q) were sonicated using probe sonicator and subsequently 
used for release assay. The fibrils were placed on an ice bath and sonicated for 
90 min with constant amplitude of 30% and 30 pulses per min (two pulses on 
and two pulses off). After 20, 30 and 90 min, 4 μl of the sonicated samples were 
taken and subjected to electron microscopy analysis. Finally, sonicated samples 
obtained after 90 min were selected for the release assay, centrifuged at 20,000g 
for 90 min at 4 °C to obtain ‘pure’ short fibrils. The fibril pellets were resuspended 
in the corresponding buffer A or B and the final peptide concentrations were 
adjusted to 800 µM monomer concentration. The solution was then subjected to 
dialysis through a 10 kDa cut-off membrane against 500 μl of 10 mM Tris HCl 
buffer (pH 6.5, 7.4, 8.5 and 9.5). Then, 250-μl fibril samples were placed into a 
Slide-A-Lyzer mini dialysis unit system (Thermo Fisher Scientific), capped and 
positioned into a home-made dialysis tube containing 500 μl of Tris HCl buffer 
(pH 6.5, 7.4, 8.5 and 9.5). The Slide-A-Lyzer dialysis unit was placed such that its 
membrane was in contact with the buffer. Magnetic bars were put into individual 
tubes and the assembled units were placed on a magnetic stirrer. The rotation of 
the magnetic bars provided a constant movement in the outer solution allowing 
release of monomer. After suitable time intervals (0, 15, 24, 36 and 50 h), the 
solutions outside the dialysis membrane were taken for analysis. To monitor the 
monomer release/fibrillar disassembly, an aliquot of 150 μl solution from the 
dialysis tube (outside the membrane) was taken and absorbance in the ultraviolet 
(UV) range (240–340 nm) was measured. After each reading, the outside solution 
was returned to the dialysis tube and the dialysis systems were reassembled. 
Absorbance at 280 nm for different time points were taken; normalized with 
respect to its absorbance at 0 h and plotted against time for wild-type β-endorphin 
and its mutants (E8L/E8Q) across different pH values.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Structural coordinates and experimental restraints have been deposited in the 
wwPBD under accession code PDB 6TUB. NMR chemical shifts have been 
deposited in the BMRB under entry 26715.
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Extended Data Fig. 1 | NMR spectrum for distance restraint collection: 400 ms PDSD spectrum recorded on uniformly 15N,13C-labelled fibrils .  
a, Spectrally unambiguous contacts are labeled in red for intermolecular contacts and in blue for contacts that are ambiguous with respect to being 
intra- or intermolecular. Some structurally relevant restraints defining crucial contacts in the 3D fold of the protein (Supplementary Table 2, PDSD) were 
assigned manually and are shown in b as zoomed-in regions: E8 sidechain to L14, E8 to T16; F4 sidechain to A21 and I23. Intramolecular contacts are 
framed in grey, intermolecular contacts in orange. Contacts that are ambiguous with respect to being intra- or intermolecular are framed in black.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Spectral distinction between inter and intra-molecular contacts. Selected traces through the indirect dimension of the individual 
spectra (as indicated on the right) of a fully uniformly 13C,15N-labeled sample in black and a sample diluted four-fold with unlabeled peptide in red at the 
resonance frequencies of 14LeuCD2 (23.62 ppm, three top panels) or 16ThrCA (62.70 ppm, three bottom panels) as indicated. The dashed lines indicate 
the peaks that were used for scaling. Red labels are used for intermolecular contacts, green labels for intramolecular contacts, and blue labels for contacts 
that fall in between. In short, if the relative cross peak intensity in the spectra of the diluted sample is similar in intensity as the one in the spectrum of the 
fully-labeled sample (see green-labeled cross peak 8GluCG) the cross peak originates from an intra-molecular contact, while an inter-molecular contact 
would give rise to a 5-fold less intense cross peak attributed to the dilution (see, for instance, the red-labeled cross peak 6ThrCA). Signal intensities in the 
two spectra to be compared (uniformly labelled versus diluted) were determined by summing over the peak regions in a 0.5 by 0.5 ppm square centered at 
the peak positions. The noise on these signal intensities was estimated by the standard deviation of a set of 1000 signal intensities in an empty region 

of the spectrum. For each slice j, a scaling factor Sj ¼
P
i
wiUi=Di

 
=

P
i
wi

 

I

 was determined, where the sums run over all peaks in slice j, Ui and Di 

are the intensities of a given peak i  in the uniformly labelled and diluted spectrum, respectively, and wi ¼ 1=σ2i
I

 with σi equal to the error of the intensity 
ratio obtained by error propagation from the estimated noise of the intensities. For each peak i in slice j that spans more than 2 residues, the scaled 
intensity ratio Ri = Sj Di/Ui and its error σRi

I
, obtained by error propagation, were computed. Restraints were classified as intramolecular if Ri þ σRi >0:8

I
 and 

Ri � σRi >0:7
I

, or as intermolecular if Ri þ σRi <0:4
I

 and Ri � σRi <0:3
I

. Ratios that do not meet either of these criteria are classified as ambiguous with respect 
to being an intra- or intermolecular restraint.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | The identification of the staggering extent (A) and of the relative orientation of the β-sheets (B). The weighted mean ratio 
between relative cross peak intensities from spectra obtained of a fully uniformly 15N,13C-labeled sample and a 80% (1:4) diluted sample (shown in part 
in Extended Data Fig. 2 and Supplementary Fig. 4) are shown per residue pair (as indicated on the x-axis). The weighted mean ratios were obtained by 
averaging over all cross peaks observed between the two residues in the various spectra, weighing the contribution of the i-th cross peak by 1=σ2i

I
, where 

σi is the error of the peak intensity ratio for cross peak i. Error bars show the estimated standard error of the weighted mean, determined by performing 
a bootstrap with a sample size of 10,000. If the cross peaks between a residue pair is due to an intra-molecular interaction, the value should be 1, if it 
is of entire inter-molecular origin, the value should be 0.2. In a staggered structure, individual contacts across the fibrillar core can have an intra- or 
intermolecular nature. However, the weighted average of all contacts for a cross fibrillar-core contacts should tend towards a value in between the 
intra- and intermolecular regime. Here, these ratios are all substantially lower than 1 and mostly higher than 0.2, indicating that the structure is indeed 
staggered. Once the in-register parallel β-sheet conformation has been established, the relative orientation of the β-sheets, that is the direction of the 
hydrogen bonds along the fibril axis (N-H…O=C, denoted here as A, or C=O…H-N, denoted here as B), was determined. Four unique possibilities for the 
relative orientation of the three β-strands β1, β2, β3 exist (Supplementary Fig. 4). These are labeled with AAA, AAB, ABA, and ABB. (The BBB orientation 
is equivalent to AAA, BAB to ABA, BBA to AAB, and BAA to ABB.) CYANA structure calculations of β-endorphin fibrils were performed with all four 
orientations of the β-sheets using in addition to the experimental restraints for each of the possible orientations their corresponding intermolecular 
hydrogen-bond restraints. The plot shows the CYANA target function value, which is a weighted sum of all squared restraint violations. Only the ABA (and 
equivalent BAB) orientation yielded a low target function value and thus a well fulfillment of the experimental restraints and therefore the ABA orientation 
was used in the subsequent final structure calculations. ABA is the one arrangement for which the hydrogen bonds of β-sheet β2 have the opposite 
orientations along the fibril axis to the β -sheets β1 and β3 strands.
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Extended Data Fig. 4 | embedment of the 3D structure of the proto-fibril into the fibril. The width of 3.2 +/− 0.2 nm of proto-fibrils within fibrils 
extracted from (a) negative-stain transmission electron microscopy data from Seuring et al. 2017 (ref. 19) fit well (b) the dimension of the determined 3D 
solid state NMR structure. In the depicted micrographs, β-endorphin forms straight, striated fibril ribbons of variable widths in buffer A. The full width at 
half-maximum (FWHM) of approximately 3 nm (9 pixels) can be retrieved from the corresponding intensity profiles.
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Extended Data Fig. 5 | Negative-stain transmission electron micrographs and NMR spectra show that the two variants e8l and e8Q form also amyloid 
fibrils with similar morphologies and 3D structure as wild type β-endorphin. Negatively stained transmission electron micrographs of wild-type 
β-endorphin and the two variants E8L and E8Q are shown (all prepared in buffer B). Scale bars correspond to 200 nm. Below, a superposition of the 20 ms 
[13C,13C]-DARR spectra of wild type β-endorphin (blue) and the variant E8Q (red) is shown. The close resemblance between the two spectra indicates 
the formation of the same fold. Only residues in spatial proximity to residue 8, that is Leu14, Val15, Thr16, and, to a lesser extent, Leu17 show significant 
chemical shift changes. The cross peaks for which the chemical shift perturbation due to the mutation exceeds the line width, are labeled for both the 
wild-type and the variant E8Q amyloid fibrils with one letter amino acid residue codes. The line widths are overall comparable between the two spectra, 
indicating homogeneous samples for both endorphin forms. The spectrum of wild type β-endorphin fibrils was recorded at 20.0 T static magnetic field and 
17 kHz MAS. The spectrum of the mutant E8Q was recorded at 14.1 T static magnetic field and 13 kHz MAS.
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Extended Data Fig. 6 | Fibril disassembly of wild type and mutant β-endorphin fibrils in absence (A) and presence (B) of sonication in the acetate buffer 
A. a, b, Bar diagram representation of the relative disassembly for (a) sonicated and (b) not-sonicated wild type β-endorphin (WT) fibrils and in (a) also 
its variants E8L (8L) and E8Q (8Q) measured at different pH values after 50 h disassembly time. The release was measured by UV absorbance at 280 nm 
outside the dialysis membrane and normalized such that 100% corresponds to the entire peptide material. The data show that with increasing pH, wild 
type β-endorphin fibrils disassemble more than those of the mutants E8Q and E8L. In addition, the disassembly is more pronounced in the sonicated wild 
type fibrils than the non sonicated ones indicating disassembly also from the end of the fibrils.
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Extended Data Fig. 7 | Glu8 is protonated at pH 5.5–7.4 as evidenced by solid state NMR. 20 ms DARR spectra of wild type β-endorphin amyloids at  
pH 5.5 (blue) and 7.4 (green) are shown. The arrow highlights the Glu8 Cδ/Cβ cross-peak, which is present in both spectra. The Cδ chemical shift indicates 
the protonated state of the Glu8 carboxyl group.
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Extended Data Fig. 8 | Presence of natural abundance heparin in the β-endorphin NMR sample as measured by solid state NMR. A weak diagonal signal 
from natural abundance (1%) 13C heparin indicated by the grey rectangle is observed in the 400 ms [13C,13C]-PDSD spectrum in addition to the strong 
signals from 15N,13C-labeled β-endorphin amyloids.
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Extended Data Fig. 9 | Sequence alignment of β-endorphins. The 37 sequences shown in this alignment are the non-redundant output of a PSI-BLAST 
search with the β-endorphin sequence comprising residues 1–31 (carried to convergence at an E-value threshold of 0.005). The query sequence is shown 
as the first sequence of the alignment. Of the other sequences displayed, 31 correspond to β-endorphin sequences of the precursor POMC. The six 
“only”-β-endorphin sequences are marked by black dots on the left. The color code represents hydrophilic, hydrophobic, negative and positive charged 
residues in green, white, blue and red, respectively. The consensus and sequence conservations are displayed below. The high conservation of the five 
N-terminal residues is attributed to their role in receptor activation.
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