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Recent findings have revealed the role of prion-like mechanisms in
the control of host defense and programmed cell death cascades.
In fungi, HET-S, a cell death-inducing protein containing a HeLo
pore-forming domain, is activated through amyloid templating by
a Nod-like receptor (NLR). Here we characterize the HELLP protein
behaving analogously to HET-S and bearing a new type of N-ter-
minal cell death-inducing domain termed HeLo-like (HELL) and a
C-terminal regulatory amyloid motif known as PP. The gene encod-
ing HELLP is part of a three-gene cluster also encoding a lipase
(SBP) and a Nod-like receptor, both of which display the PP motif.
The PP motif is similar to the RHIM amyloid motif directing forma-
tion of the RIP1/RIP3 necrosome in humans. The C-terminal region
of HELLP, HELLP(215-278), encompassing the motif, allows prion
propagation and assembles into amyloid fibrils, as demonstrated
by X-ray diffraction and FTIR analyses. Solid-state NMR studies
reveal a well-ordered local structure of the amyloid core residues
and a primary sequence that is almost entirely arranged in a rigid
conformation, and confirm a β-sheet structure in an assigned stretch
of three amino acids. HELLP is activated by amyloid templating
and displays membrane-targeting and cell death-inducing activity.
HELLP targets the SBP lipase to themembrane, suggesting a synergy
between HELLP and SBP in membrane dismantling. Remarkably, the
HeLo-like domain of HELLP is homologous to the pore-forming
domain of MLKL, the cell death-execution protein in necroptosis,
revealing a transkingdom evolutionary relationship between amy-
loid-controlled fungal programmed cell death and mammalian
necroptosis.
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Programmed cell death (PCD) plays a central role in response
to nonself and host defenses in animals, plants, fungi, and

bacteria (1–4). Altruistic cell suicide hinders pathogen replication
and promotes survival in multicellular organisms, and provides
benefits at the population level in unicellular microbes. Questions
surrounding the classification, evolutionary origin, and level of
transkingdom conservation of PCD modalities remain open and
often polemic (5). Classification systems of PCD types are based
on cytological or molecular markers that can differ between phyla,
making it difficult to merge cell death processes into unifying cat-
egories (5).
In filamentous fungi, a form of PCD termed heterokaryon in-

compatibility occurs in response to conspecific nonself (3). Cell
death by incompatibility takes place following fusion of cells from
genetically distinct individuals and is controlled by het genes. One of
the best-characterized incompatibility systems involves a cell death-
inducing protein termed HET-S, which is controlled by amyloid
templating. HET-S of Podospora anserina exhibit an N-terminal cell
death execution HeLo domain and a C-terminal regulatory prion
forming domain (PFD) that adopts a specific β-solenoid amyloid
fold, characterized by the stacking of two pseudorepeats of an el-
ementary amyloid motif (6–8). When the HET-S PFD is converted

to the β-solenoid fold, the HeLo domain undergoes refolding, and
an N-terminal transmembrane helix (TMH) is exposed, causing
HET-S to behave as a pore-forming toxin (9). On transconformation,
HET-S relocates from the cytoplasm to the cell membrane, where
it exerts toxicity (10).
Conversion of the HET-S PFD region can be achieved by two

means. The first described mechanism occurs in the context of
HET-S/[Het-s] incompatibility (9). [Het-s] is a variant form of
HET-S that has lost the pore-forming activity and can stably
propagate as a prion. [Het-s] and HET-S strains are incompatible,
because [Het-s] acts as a seed converting the PFD of HET-S,
thereby leading to activation of the HeLo cell death-inducing
domain. A second, recently described mode of activation involves
a Nod-like receptor protein (NLR), termed NWD2, encoded by
the gene adjacent to het-S in the genome (11, 12). The NWD2
NLR displays a 21-aa N-terminal region homologous to the HET-s
amyloid motif. On binding of a specific ligand to NWD2, these
N-terminal extensions adopt an amyloid fold and convert HET-S
to the toxic pore-forming state.
The NWD2/HET-S system is one of several examples in which

activation of cell death and host defense cascades relies on prion-
like and/or amyloid polymerization mechanisms (13, 14). Activa-
tion of ASC (apoptosis-associated speck-like protein with a caspase
recruitment domain) by the NLRP3 human NLR depends on a
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prion-like polymerization of the PYRIN domain and the HET-s-
prion motif is able to substitute for the PYRIN signaling domain in
NLRP3-dependent ASC activation (13). Another example is the
mammalian RIP1/RIP3 kinase complex controlling necroptosis,
assembled via short amyloid motifs termed RHIM (15). One
downstream effector of the RIP1/RIP3 complex in necroptosis is
the mixed lineage kinase domain-like protein (MLKL), which is a
target of RIP3 (16). In fungi, we have identified several other gene
clusters analogous to Nwd2/het-S in which an NLR and a putative
cell death effector protein are encoded by adjacent genes and in
which the N-terminal extension of the NLR protein is homologous to
the C-terminal end of the effector (12, 17). One such proposed prion
motif, termed PP, was found to be associated with HeLo domain
proteins, lipases, and regulatory NLRs (12). Herein we characterize
a protein identified in Chaetomium globosum bearing this motif,
termed HELLP.

Results
Identification of a PP Motif Gene Cluster. We identified in
C. globosum a gene cluster with three adjacent genes, CHGG_01412,
CHGG_01413, and CHGG_01414, encoding proteins with PP mo-
tifs, corresponding to a HeLo-like domain protein (HELLP), a
putative lipase (SBP) and a NLR (PNT1), respectively (Fig. 1A). An
N-terminal transmembrane helix (TMH) is predicted in HELLP
that shows homology to the HET-S TMH (Fig. S1). The SBP lipase
is homologous to SesB, a protein involved in propagation of the σ
infectious element of Nectria hematococca (18, 19). HELLP, SBP,
and PNT1 share a region of homology of 20–21 residues corre-
sponding to the PP motif and located C-terminally in HELLP and
SBP and N-terminally in PNT1. The similarity in genome and do-
main architecture between the het-S/Nwd2 and Hellp/Sbp/Pnt1 gene
clusters suggests that HELLP may represent an HET-S analog ac-
tivated by amyloid templating via the PP motif. It has been proposed
that the HET-s prion motif is evolutionarily related to the RHIM
amyloid motif controlling necroptotic signaling (20). The PP motif

of HELLP shows similarity to human RIP1 and RIP3 RHIMmotifs
(Fig. 1B). The RHIM and PP motif signatures share a central
common G-φ-Q-φ-G core centered on a conserved Q residue and
flanked by N residues (Fig. 1C).

HELLP Behaves as an HET-S Analog. We hypothesized that HELLP
might behave as HET-S, and thus attempted to recreate an in-
compatibility system, analogous to [Het-s]/HET-S, based on
HELLP. HET-S cannot form a prion, because amyloid conver-
sion of HET-S leads to membrane targeting and toxicity, pre-
venting prion propagation. The HeLo domain must be mutated
or truncated to allow for prion formation (7, 8). We reasoned
that if HELLP is a HET-S analog, then truncation of the HELL
domain should allow formation of a PP-based prion, and that strains
bearing this prion should be incompatible with strains expressing
full-length HELLP. A truncated HELLP construct, HELLP(172-
278)-RFP, was expressed in P. anserina. HELLP(172-278)-RFP
fluorescence was initially diffuse, but dot-like and elongated aggre-
gates formed on further subculturing (Fig. 2A). Strains expressing
HELLP(172-278)-RFP were then confronted to strains expressing
full-length HELLP-RFP (Fig. 2B). Barrage formation, indicative of
an incompatibility reaction, occurred specifically in confrontations
with strains displaying HELLP(172-278)-RFP aggregates. A shorter
construct, HELLP(215-278)-GFP, also led to dot formation and to
incompatibility with full-length HELLP (Fig. S2).
Strains expressing truncated HELLP display two phenotypic

states that we term [π*] and [π]. [π*] strains show diffuse fluores-
cence and are compatible with HELLP, whereas [π] strains show
aggregates and are incompatible with HELLP (Fig. 2 A and B). [π*]
strains were systematically converted to the [π] state when con-
fronted with [π] strains (Fig. S2). The rate of spontaneous [π] for-
mation was dependent on the growth medium (Table S1). There
was no cross-infection between [π] and [Het-s] prions. [π] strains did
not convert [Het-s*] to the [Het-s] state, and [Het-s] strains did not
convert [π*] to the [π] state (Fig. S2C).

HELLP Relocates to the Membrane, and Mutations in the TMH Abolish
Incompatibility. HET-S relocates from the cytoplasm to the cell
membrane on conversion of the PFD region to the β-solenoid
prion fold (9–11). We tested whether HELLP also relocates to the
cell membrane on interaction with the prion form of the PP motif.
A strain expressing HELLP-RFP was confronted to a strain
expressing HELLP(215-278)-GFP in the [π] prion state. HELLP-
RFP had a diffuse cytoplasmic localization in homokaryotic my-
celium and relocated to the cell membrane region in fusion cells
on interaction with HELLP(215-278)-RFP prion aggregates (Fig.
3 and Fig. S3A).

Fig. 1. The PP motif gene cluster. (A) Representation of the CHGG_1412/13/
14 locus with three adjacent genes, one encoding a HELL domain protein
termed HELLP, one encoding a predicted lipase related to SesB (SBP), and one
encoding a NB-ARC/TPR STAND protein (PNT1). The PP motif is represented as
a pink line. (B) Alignment of the PP motif region of HELLP, SBP, and PNT1
together with a portion of the RHIM motif of human RIP1 and RIP3. (C) Se-
quence signatures for the central region of PP and the RHIM motif generated
with Skylign. Letter size corresponds to level of conservation.

Fig. 2. HELLP(172-278)-RFP forms a prion, incompatible with full-length
HELLP. (A) Micrograph of a P. anserina strain expressing a HELLP(172-278)-
RFP fusion protein in either the soluble [π*] state (Upper) or the aggregated
[π] state (Lower). (Scale bar: 5 μ.) (B) Confrontation of a strain expressing full-
length HELLP and expressing HELLP(172-278)-RFP in the soluble state [π*] or
aggregated state [π] as noted. Note the formation of a barrage (marked by a
white arrow) specifically in the confrontation with the strain expressing
HELLP(172-278)-RFP in the aggregated state [π].
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The N-terminal TMH of HET-S plays a critical role in membrane
targeting and toxicity (9). To investigate the role of the predicted
HELLP TMH, we mutated two glycines, part of a putative GxxxG
glycine-zipper motif, (a motif involved in TMHmultimerization (21)
into large hydrophobic residues (G9I and G13I) predicted to dis-
rupt the glycine zipper (Fig. S1). Both mutants no longer produced
a incompatibility reaction to [π] (Fig. S3B), and instead of being
targeted to the membrane, HELLP-RFP G9I and G13I mutants
formed cytoplasmic aggregates that partially colocalized with HELLP
(215-278)-GFP (Fig. S3C).

The Prion-Forming Domain of HELLP Forms Amyloid Fibrils in Vitro. In
vitro, purified HELLP(215-278) spontaneously assembled into
∼5-nm-wide fibrils (Fig. S4A). In X-ray diffraction experiments, the
fibrils presented a reflection at 4.7 Å, typical of a cross-β structure
(Fig. S4B). When analyzed by spectroscopy, fibrils showed a single
strong amide I band (around 1,630 cm−1), usually associated with
parallel β-sheet structures in amyloid aggregates (Fig. S4C). As
described previously for HET-s(218-289) (22), HELLP(215-278)
assembled into fibrils in denaturing conditions (8 M urea) as well
(Fig. S4D). The HELLP(215-278) fibrils showed a proteinase
K-resistant core (Fig. S5). Two main products corresponding to re-
gions 238–278 and 236–278 were identified. The proteinase K-resistant
core encompassed the PP motif per se and extended N-terminally
into a highly charged region not conserved among HELLP, SBP,
and PNT1. We transfected [π*] strains with HELLP(215-278) fi-
brils to assay their prion infectivity (Table S2). On transfection of
[π*] strains with HELLP(215-278) fibrils, [π] formation rate was
strongly increased, indicating that HELLP(215-278) fibrils assem-
bled in vitro display prion infectivity.

Solid-State NMR Analysis of HELLP Fibrils.We carried out solid-state
NMR (SSNMR) experiments to characterize the structural order in
HELLP(215-278) fibrils. A 1D 13C cross-polarization (CP) experi-
ment (Fig. 4A) showed strong signals, indicating that a significant
part of the protein was immobilized in the fibrils. Multidimensional
MAS SSNMR was conducted on 15N and 13C isotope- labeled
HELLP fibrils. A 2D SSNMR insensitive nuclei enhanced by
polarization transfer (INEPT) experiment was performed to de-
tect mobile residues. The 2D 1H-13C INEPT (Fig. 4B) revealed
the buffer carbon signals and a side-chain arginine (Arg) carbon,

indicating the absence of residues that execute nearly isotropic
motion on time scales much shorter than 1 μs.
Two-dimensional 13C-13C experiments (Fig. 4C) were recorded

using proton driven spin-diffusion (PDSD) mixing times of 30 and
150 ms, leading to isolated cross-peaks encoding intraresidue and
interresidue correlations, respectively. Several residue spin systems
were observable based on their typical chemical shifts, including
threonine (Thr), isoleucine, alanine, and valine. A detailed analysis
was possible for one apparent Thr residue, because the SSNMR
Cα-Cβ and Cβ-Cγ resonance peaks of Thr residues lay in an iso-
lated part of the 2D 13C-13C correlation spectra. We could assign
the Cα, Cβ, and Cγ resonance frequencies of only one Thr (Fig. 4C,
Upper). The sequential contacts connecting the Thr residue to its
amino acid neighbors were detected in a 2D 13C-13C PDSD spec-
trum designed to detect interresidual 13C-13C correlations (Fig. 4C,
Lower) with a PDSD mixing time of 150 ms (full 2D spectrum
shown in Fig. S6). We could tentatively assign the glycine (Gly270)-
Thr271 amino acid pair located in the proteinase K core region
238–278, because SSNMR Gly Cα resonance peaks are very spe-
cific and only one Gly-Thr pair is present in the HELLP(215-278)
primary sequence. The neighboring methionine (Met) 272 Cα, Cβ,
and Cγ resonance frequencies were assigned owing to their se-
quential contacts with the isolated Thr Cβ frequency (Fig. 4B). The
three-residue stretch, Gly270-Thr271-Met272, of the fibrillar core
region located in the PP motif appeared to adopt a β-strand con-
formation in HELLP(215-278) fibrils, as demonstrated by the sec-
ondary chemical shift values (Fig. 4C). The 1D trace of the 150-ms
PDSD spectrum is shown in Fig. 4E to indicate the spectral reso-
lution and sensitivity, representative of the decent structural order
and rigidity of the amyloid core.

The PP Motif Regions of SBP and PNT1 Form Amyloids. The PP motif
was also found at the C terminus of SBP encoded by the gene
adjacent to hellp (Fig. 1). Recombinant SBP(219-280) also formed
fibrils in vitro with a parallel β-sheet FTIR signature and a pro-
teinase K-resistant core encompassing residues 235–277 (Fig. S4 E
and F and Fig. S5). A 26-aa peptide corresponding to the PP motif
of PNT1 [PNT1(23-48)] also formed fibrils, as did two other PP-
related peptides, corresponding to a PP motif consensus sequence
and to the C-terminal part of the RHIM motif of human RIP3
[RIP3(245-270)] (Fig. S4 G and H).

HELLP Targets SBP to the Plasma Membrane. We also analyzed
in vivo aggregation of SBP and the SBP/HELLP interaction. Full-
length SBP and the region encompassing SBP(219-280) were
expressed in vivo as GFP fusion proteins. SBP(219-280)-GFP led
to the formation of dot-like aggregates (Fig. S7A). For full-length
SBP-GFP, diffuse cytoplasmic localization and dot formation was
detected, suggesting that full-length SBP also can be converted to
an aggregated state (Fig. S7A). To explore a possible interaction
between HELLP and SBP, a strain expressing HELLP-RFP was
confronted to a strain expressing SBP-GFP and displaying dots. A
barrage formation was observed in the confrontation zone, in-
dicative of a cell death reaction (Fig. S7B). In HELLP/SBP fusion
cells, relocalization of both SBP and HELLP from the cytoplasm
to the membrane was observed (Fig. S7C), suggesting that SBP
aggregates are able to activate HELLP, and that HELLP allows
targeting of SBP at the membrane. The combined and synchro-
nized activation of HELLP and SBP lipase, together with the
possibility of colocalizing SBP with the membrane-bound HELLP,
might synergize membrane disruptive activity.

The HELL Domain Is Homologous to the Pore-Forming Domain of
MLKL. The HELL domain occurs in fungi as an N-terminal do-
main of NLRs or associated with amyloid-forming motifs (17, 19).
To identify distant homologs of HELL outside of the fungal king-
dom, we performed profile hidden Markov model searches and
found hits in chordate MLKL, the cell death execution protein in

Fig. 3. HELLP-RFP localizes at the cell periphery on interaction with ag-
gregated HELLP(215-278)-GFP. On fusion of cells coexpressing HELLP-RFP
and HELLP(215-278)-GFP under the aggregated state [π], HELLP-RFP reloc-
alizes to the membrane region. The white arrowhead marks the position of
the cell fusion point between the HELLP-RFP and HELLP(215-278)-GFP strains.
(Scale bar: 5 μ.)
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mammalian necroptosis, the target of a phosphorylation by the
RIP1/RIP3 complex (16, 23–26). The homology between HELLP
and MLKL lies in the N-terminal 4HB domain responsible for cell
death execution by membrane permeation. In HHPred searches,
human MLKL was the first hit to HELLP, and HELLP scored
significantly better to MLKL than to HET-S (P = 6.8 ×10−7 to
MLKL and 9.2 × 10−4 to HET-S). Fig. 5 shows the alignment of
fungal HELL domain proteins and chordate MLKL homologs.
Sequence homology began in the N terminus in the region

predicted as TMH in HELLP, and then roughly correlated with
the secondary structure elements of the 4HB region of MLKL.
Conservation of a negatively charged residue in position 2 or 3 was
common to MLKL, HeLo, and HELL domains. Homology be-
tween HELL and N-terminal domains of plant NLRs was de-
tected as well. These N-terminal domains are of the non-TIR,
CCR-type and are related to the RPW8 domain mediating cell
death and membrane targeting (27). HELL, HeLo, and CCR
(RPW8) domains occur in similar domain architectures particu-
larly as N-terminal domains of NLRs, but also associated with ki-
nase domains, with the latter architecture representing the MLKL

domain architecture. As observed in the MLKL and HELL se-
quences, a negatively charged residue was frequently found close to
the N termini in RPW8 sequences (Fig. S8). In HELL- and RPW8-
related sequences, the region corresponding to the predicted TMH
helix was similar in length, and both types of sequences contained
GXXXG-type motifs. This region was shorter in the MLKL se-
quences. These analyses revealed homology among the chordate
MLKL 4HB domain, the fungal HELL domain, and plant RPW8-
related domains, three types of domains that have membrane-tar-
geting activity in host-defense related processes.

Discussion
HET-S is a cell death-execution protein regulated by amyloid
templating (11). We have proposed the existence in fungi of other
cell death-effector proteins activated by amyloid signaling (12).
Here we have characterized one such protein, HELLP, displaying
an N-terminal HELL domain and a C-terminal PP motif. Like het-S,
the gene encoding HELLP lies adjacent to a gene encoding an
NLR with an N-terminal amyloid-forming motif. We found that the
HELL domain is also an amyloid-controlled membrane-targeting

Fig. 4. Conformational analysis of HELLP(215-278) fibrils by solid-state NMR. (A) 1D 13C-detected CP spectrum. (B) 2D 1H-13C INEPT spectrum. (C) Excerpt of 2D
PDSD ssNMR 13C-13C spectra centered around the Thr resonance frequency (Upper, 30 ms mixing time; Lower, 150 ms mixing time), optimized to detect
intraresidual (30 ms) and sequential (150 ms) 13C-13C correlations. All peak assignments of the Thr271 spin system except for the diagonal Cα-Cα peaks are
annotated. The additional peaks visible in the red spectrum reveal interresidual contacts of the Thr spin system. Assignments of Gly270 and Met272 are
annotated above the spectral excerpt. The complete aliphatic spectral region of the 2D PDSD (30 ms mixing time) is shown in Fig. S5D. (D) Secondary ssNMR
chemical shifts ΔδCα-ΔδCβ of the Gly270-Thr271-Met272 amino acid stretch in HELLP(215-278) (black), revealing their β-strand secondary structure. The
secondary chemical shifts of a Gly-Thr-Met stretch in typical α-helical and β-strand conformations (blue and orange, respectively) are plotted for eye guidance.
(E) 1D trace of the 2D PDSD (150 ms mixing time) at the position of the dotted blue line indicated in C, Lower. The line widths of intense signals are denoted.

Daskalov et al. PNAS | March 8, 2016 | vol. 113 | no. 10 | 2723

M
IC
RO

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1522361113/-/DCSupplemental/pnas.201522361SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1522361113/-/DCSupplemental/pnas.201522361SI.pdf?targetid=nameddest=SF5


cell death-inducing domain. Based on the similarity between
HELLP and HET-S, it is reasonable to propose that the HELL
domain also might function as a pore-forming domain, and that this
activity involves the predicted TMH region. Like the HET-s amy-
loid motif, the PP motif should be viewed as a functional amyloid
under evolutionary constraints to optimize and maintain function.
Of note is the resemblance of the PP motif to the RHIM motif

(15). The PP and RHIM motifs share a pseudopalindromic or-
ganization centered on a Q residue, and both obey the general
expression N-(x)1–2-G-φ-Q-φ-G-(x)1–2-N, raising the possibility
of long-term evolutionary conservation of functional amyloid
motifs. However, owing to the low sequence complexity and
short size of these motifs, an alternate scenario of convergent
evolution toward an amyloid-forming ability cannot be ruled out.
The RHIM motif has been proposed to be related to the HET-s
motif (20). Compared with the HET-s motif, the PP motif has
greater sequence similarity to RHIM. Moreover, like RHIM and

unlike HET-s, the PP motif occurs as a single motif rather than
as two pseudorepeats.
The HELL domain exhibits homology to the 4HB domain of

MLKL, responsible for membrane targeting in necroptotic cell
death. Thus, mammalian necroptosis and this form of fungal PCD
appear to be evolutionarily related and to use conserved protein
domains for cell death execution. In both mechanisms, a terminal
cell death execution domain functions by altering plasma membrane
integrity (and the PCD signaling cascade relies on formation of
amyloid complexes). Necroptosis and fungal PCD involving HeLo or
HELL proteins appear to be related processes, indicating that this
form of cell dismantle is evolutionarily ancient and plays a central
role in the control of cell fate and defense from fungi to humans and
plants. The current mechanistic models for MLKL and HeLo do-
main membrane targeting are incomplete but contrasting. In the
case of the HeLo domain, the N-terminal TMH is proposed to be a
central element in membrane binding and disruption, and in the case

Fig. 5. Homology between the HELL domain and the pore-forming domain of MLKL. Shown is alignment of the HELL domain of HELLP (and various fungal
homologs) with the 4HB domain region of various MLKL homologs from different phylogenetically diverse chordate species. The C. globosum HELLP sequence
is boxed in orange, and the human MLKL sequence is boxed in red. The secondary structure of human MLKL (after PDB ID code Q8NB16) is given below the
alignment. Alignment was generated with MAFFT with default settings.
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of the MLKL domain, it is reported that most of the 4HB domain
inserts into the membrane (9, 26). Future studies are needed to
determine the mechanistic similarities and differences in membrane
alteration by MLKL, HeLo, and HELL domain proteins.

Materials and Methods
Prion Propagation and Incompatibility Assays. Incompatibility phenotypes were
determined by confronting strains of solid corn meal agar medium. Prion
propagationwas assayed as the ability to transmit the [π] prion froma [π]-donor
strain to a [π*] prion-free tester strain after confrontation on solid medium.
Protein transfection experiments with amyloid fibrils of recombinant HELLP
(215-278) protein were performed by spotting 100 μL of a 1 mg mL−1 HELLP
(215-278) fibril suspension onto a [π*] mycelium. The mycelium was then cut
with a scalpel blade, and the regenerating mycelium was tested for the ability
to produce a barrage reaction to a strain expressing full-length HELLP.

Microscopy. P. anserina hyphae were inoculated on solid medium and cul-
tivated for 24–72 h at 26 °C. The medium was then cut out, placed on a glass
slide, and examined with a Leica DMRXA microscope equipped with a
Micromax CCD (Princeton Instruments) controlled by Metamorph 5.06 soft-
ware (Roper Scientific). The microscope was fitted with a Leica PL APO 100×
immersion lens.

SSNMR Spectroscopy. SSNMR experiments were performed with 300- and
800-MHz 1H Larmor frequency spectrometers (Bruker Biospin) using 3.2- and
4-mm MAS probes, respectively, filled with ∼7 mg and ∼14 mg of fibril sam-
ples. The MAS frequency was set between 7 and 20 kHz. Sample temperature
was set to 6 °C with the internal reference DSS (28). A ramped CP with a 1-ms
contact time was used for the 1H-13C polarization transfer. The 1D 1H-13C CP

was recorded at 800 MHz 1H Larmor frequency with an MAS frequency of
20 kHz. An acquisition time of 20 ms was used for 512 scans, with an interscan
delay of 3 s. The 2D 13C-13C PDSD spectra were recorded at 300 MHz 1H Lamor
frequency with an MAS rate of 11 kHz . 13C-13C polarization transfer was
achieved with PDSD with mixing times of 30 ms to correlate intraresidue
carbon atoms and 150 ms to connect sequential atoms. Proton decoupling
with a frequency of 85 kHz was applied during acquisition times, using the
SPINAL-64 decoupling sequence (29). Acquisition times of 20 ms (t1) × 24 ms
(t2) (for the 30-ms mixing time) and 17 ms (t1) × 24 ms (t2) (for the 150-ms
mixing time) were chosen for the indirect and direct dimensions, respectively,
resulting in a total experiment time of ∼6.5 d. A 1D trace was extracted at the
positions of the Thr resonances, indicated by a dashed blue line in Fig. 4C, from
the 2D PDSD (for the 150-ms mixing time). Mobile residues were probed using
a 2D 1H-13C INEPT experiment recorded at 300 MHz 1H Lamor frequency for a
total experiment time of ∼2 d. Random coil chemical shifts for the secondary
chemical shift calculation were as reported previously (30). Spectra were an-
alyzed and figures prepared using the CCPNMR analysis software (31).
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