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Abstract  

The C-terminally truncated Y145Stop variant of prion protein (PrP23-144), which is associated 

with heritable PrP cerebral amyloid angiopathy in humans and also capable of triggering a 

transmissible prion disease in mice, serves as a useful in vitro model for investigating the 

molecular and structural basis of amyloid strains and cross-seeding specificities. Here, we 

determine the protein-solvent interfaces in human PrP23-144 amyloid fibrils generated from 

recombinant 
13

C,
15

N-enriched protein and incubated in aqueous solution containing 

paramagnetic Cu(II)-EDTA, by measuring residue-specific 
15

N longitudinal paramagnetic 

relaxation enhancements using two-dimensional magic-angle spinning solid-state NMR 

spectroscopy. To further probe the interactions of the amyloid core residues with solvent 

molecules we perform complementary measurements of amide hydrogen/deuterium exchange 

detected by solid-state NMR and solution NMR methods. The solvent accessibility data are 

evaluated in the context of the structural model for human PrP23-144 amyloid.            

 

Keywords: Prions; Amyloids; Protein aggregation; Paramagnetic solid-state NMR; 

Hydrogen/deuterium exchange  
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Introduction 

 The prion diseases, which include Creutzfeld-Jakob disease and bovine spongiform 

encephalopathy, are a family of lethal neurodegenerative disorders that have been linked to the 

conformational conversion of prion protein (PrP), a largely α-helical brain glycoprotein, from its 

native monomeric form (PrP
C
) to supramolecular β-sheet-rich aggregates (PrP

Sc
) (Aguzzi et al., 

2008; Cobb and Surewicz, 2009; Kraus et al., 2013; Prusiner, 1998). Although currently not fully 

understood at the molecular level, prion infectivity and ability to be transmitted between 

different hosts appears to be closely tied to the three-dimensional structures of fibrillar PrP
Sc

 

deposits (Aguzzi et al., 2008; Bett et al., 2012; Caughey et al., 1998; Cobb and Surewicz, 2009; 

Collinge and Clarke, 2007; Peretz et al., 2002; Safar et al., 1998; Surewicz and Apostol, 2011).  

 We have previously shown that the Y145Stop mutant of prion protein (PrP23-144), 

which is associated with a familial human prionopathy (Ghetti et al., 1996; Kitamoto et al., 

1993), is a valuable model for investigating the molecular basis of amyloid and prion 

propagation phenomena including strains and species barriers (Jones and Surewicz, 2005; Kundu 

et al., 2003; Surewicz et al., 2006; Vanik et al., 2004). Recent studies also indicate that synthetic 

mouse PrP23-144 amyloids are infectious and capable of causing transmissible prion disease in 

mice (Choi et al., 2016). In order to gain an in-depth understanding of the molecular and 

structural basis of Y145Stop PrP amyloid propagation we have undertaken high-resolution solid-

state nuclear magnetic resonance (NMR) studies of recombinant amyloid fibrils formed by a set 

of related mammalian (human, mouse and Syrian hamster) PrP23-144 proteins exhibiting a high 

degree of sequence identity (Helmus et al., 2010; Helmus et al., 2008; Helmus et al., 2011; Jones 

et al., 2011; Theint et al., 2017a; Theint et al., 2017b). These studies permitted an initial 

structural model to be proposed for human PrP23-144 (huPrP23-144) amyloid, where the fibrils 
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contain two protofilaments in a C2-symmetric arrangement with each protofilament consisting of 

a relatively rigid parallel-in-register β-core of ~30 amino acid residues located near the C-

terminus and a disordered flexible N-terminal tail region (Theint et al., 2017b). Furthermore, we 

found that human and mouse PrP23-144 are able to adopt similar, albeit distinct, conformations 

in the amyloid state that differ considerably from the conformation of the Syrian hamster fibrils, 

and showed that these conformational preferences, as well as the ability of the mouse and Syrian 

hamster PrP23-144 to misfold into multiple amyloid strains with different structures, are 

primarily governed by the identities of two amino acids at positions 112 and 139 (Theint et al., 

2017a; Theint et al., 2017b). Here, as part of our ongoing efforts to elucidate the three-

dimensional structures of mammalian Y145Stop PrP amyloids, we report our characterization of 

the fibril-solvent interfaces in huPrP23-144 amyloid by using paramagnetic solid-state NMR 

methods in combination with NMR-detected hydrogen/deuterium (H/D) exchange and interpret 

these solvent-accessibility data in the context of the current structural model of the huPrP23-144 

fibril core.       

 

Materials and Methods 

Preparation of human PrP23-144 amyloid fibrils. Recombinant 
13

C,
15

N-enriched human 

PrP23-144 was expressed in E. coli BL21(DE3) strain and purified as described previously 

(Theint et al., 2017a; Theint et al., 2017b). Amyloid fibrils were generated at 25 
o
C under 

quiescent conditions (Theint et al., 2017a; Theint et al., 2017b) by dissolving purified lyophilized 

huPrP23-144 in ultrapure water at a concentration of 400 µM (~5 mg/mL), and adding 1 M 

potassium phosphate pH 6.4 buffer to a final concentration of 50 mM as well as 1% (v/v) of an 

aqueous solution containing preformed huPrP23-144 amyloid fibril seeds at a concentration of 
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400 µM in 50 mM potassium phosphate pH 6.4 buffer. Following an incubation period of 24 h 

the fibrils were washed with two aliquots of 50 mM potassium phosphate pH 6.4 buffer, pelleted 

using a tabletop centrifuge, and either transferred to 3.2 mm Bruker solid-state NMR zirconia 

rotors (reference sample) or treated further as described below. Each of the samples used for the 

solid-state NMR measurements contained ~10 mg of fibrils. 

 Cu(II)-EDTA doped amyloid fibrils for solid-state NMR. The huPrP23-144 fibrils were 

incubated for 48 h at 4 
o
C in 50 mM potassium phosphate pH 6.4 buffer containing Cu(II)-EDTA 

at a concentration of 20 mM or 200 mM, washed with two aliquots of 50 mM potassium 

phosphate pH 6.4 buffer containing Cu(II)-EDTA at the desired concentration (20 or 200 mM), 

and transferred by centrifugation to 3.2 mm Bruker solid-state NMR zirconia rotors.      

  Amyloid fibrils for hydrogen/deuterium exchange solid-state NMR. The pelleted 

huPrP23-144 fibrils were rapidly washed at 4 
o
C with two aliquots of 50 mM potassium 

phosphate buffer in D2O (pD* 6.5) to remove residual bulk H2O, and subsequently incubated at 

25 
o
C for 2, 6 or 48 h in excess D2O-based 50 mM potassium phosphate buffer. The fibrils were 

then transferred by centrifugation to 3.2 mm Bruker solid-state NMR zirconia rotors. 

  Samples for hydrogen/deuterium exchange solution NMR. The pelleted huPrP23-144 

fibrils were rapidly washed at 4 
o
C with two aliquots of 50 mM potassium phosphate buffer in 

D2O (pD* 6.5) to remove residual bulk H2O, and subsequently incubated at 25 
o
C for 1, 6, 24, 72 

or 168 h in excess D2O-based 50 mM potassium phosphate buffer. Following the incubation 

period the fibrils were pelleted using a tabletop centrifuge and lyophilized. The lyophilized 

fibrils were then dissolved to a final concentration of 0.6 mM in a buffer solution containing 

95% (v/v) d6-DMSO, 4.5% (v/v) D2O and 0.5% (v/v) d2-dichloroacetic acid at pD* 5.0 and 

loaded into Shigemi microcells (~300 µL volume) for immediate analysis by solution NMR. 
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 Solid-state NMR spectroscopy. NMR data were collected using an 800 MHz Bruker 

Avance III HD spectrometer equipped with a 3.2 mm Efree HCN probe. The magic angle 

spinning frequency was set to 11.111 kHz and the effective sample temperature was maintained 

at ~5 
o
C. 2D 

15
N-

13
Cα chemical shift correlation spectra, with short (180 µs) 

1
H-

15
N cross 

polarization contact times to minimize polarization transfer to amide 
15

N nuclei from aliphatic 

protons or amide protons of adjacent residues, were recorded for samples incubated in the D2O-

based potassium phosphate buffer for increasing amounts of time to assess the extent of H/D 

exchange in the fibril core. The residue-specific longitudinal 
15

N relaxation rate constants as a 

result of exposure to Cu(II)-EDTA in the solvent were determined as described previously 

(Nadaud et al., 2009; Sengupta et al., 2012), based on a series of 2D 
15

N-
13

Cα correlation spectra 

recorded with longitudinal relaxation delays of 10 µs, 0.5 s, 1 s, 2 s and 4 s. All solid-state NMR 

data were processed in NMRPipe (Delaglio et al., 1995) and the longitudinal relaxation data 

were analyzed using nmrglue (Helmus and Jaroniec, 2013). 

Solution NMR spectroscopy. NMR measurements were performed at 25 °C on an 800 

MHz Bruker Avance III HD spectrometer equipped with a cryogenic probe with z-axis gradients. 

Spectra were processed using NMRPipe (Delaglio et al., 1995) and analyzed using Sparky 

(Goddard and Kneller, 2006) and nmrglue (Helmus and Jaroniec, 2013). 

Sequential backbone resonance assignments of huPrP23-144 in a DMSO-based buffer 

solution, analogous to the one used to dissolve amyloid fibril samples for the H/D exchange 

measurements described below, were established using 
13

C,
15

N-labeled protein and 3D HNCO, 

HNCA and HN(CA)CB pulse sequences based on the schemes of Kay and co-workers 

(Yamazaki et al., 1994).  
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 In order to assess the extent of residue-specific amide H/D exchange, corrected for any 

possible amide proton exchange with the d6-DMSO, D2O, d2-dichloroacetic acid dissolution 

buffer (Luhrs et al., 2005), a series of 20 
15

N-
1
H heteronuclear single quantum coherence

 

(HSQC) spectra with duration of ~15 minutes each were recorded for huPrP23-144 fibril 

samples incubated in the D2O-based potassium phosphate buffer for varying amounts of time as 

described above. Following these measurements, a 1D 
1
H spectrum was recorded for each 

sample, with the total spectral intensity in the region corresponding to non-exchangeable 

aliphatic protons used to assess the protein concentration and normalize the residue-specific H/D 

exchange data for the different samples. 

 

Results and Discussion  

Fibril-solvent interfaces probed by paramagnetic solid-state NMR. Previous studies 

indicate that huPrP23-144 amyloid fibrils are composed of two protofilaments (Theint et al., 

2017b), with residues ~112-141 of each protofilament forming a relatively rigid parallel-in-

register β-core and the remaining residues being dynamically disordered (Helmus et al., 2010; 

Helmus et al., 2008; Helmus et al., 2011). In order to directly probe the protein-solvent interfaces 

in huPrP23-144 amyloid, we monitored the 
15

N longitudinal relaxation rates of individual 

residues in the β-core for fibril samples incubated with 20 or 200 mM Cu(II)-EDTA. Similar 

approaches have been previously successfully used in studies of other peptide and protein 

assemblies including amyloid fibrils (Linser et al., 2009; Oster et al., 2017; Wickramasinghe et 

al., 2009). Figure 1 shows representative fingerprint 2D 
15

N-
13

Cα chemical shift correlation 

spectra, with 
15

N longitudinal relaxation delays of 10 µs (Figure 1A) and 2 s (Figure 1B) prior to 

15
N chemical shift encoding (Nadaud et al., 2009), recorded for huPrP23-144 amyloid fibrils 
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incubated in phosphate buffer solution containing 200 mM Cu(II)-EDTA; additional 
15

N-
13

Cα 

spectra for fibrils incubated with 20 mM Cu(II)-EDTA are shown in Supporting Information (SI) 

Figure S1. These spectra indicate that, relative to the control huPrP23-144 amyloid sample 

containing no Cu(II)-EDTA, for fibrils incubated with 20 or 200 mM Cu(II)-EDTA roughly half 

of the resonances experience significant longitudinal amide 
15

N paramagnetic relaxation 

enhancements (PREs), as manifested by major suppression of cross-peak intensities in the 

spectra recorded with the longer relaxation delays, caused by the close proximity of these protein 

15
N nuclei to the paramagnetic Cu

2+
 centers present in the solvent. 

Figure 1C shows the amide 
15

N longitudinal relaxation trajectories for representative 

residues in huPrP23-144 fibrils incubated with 20 and 200 mM Cu(II)-EDTA; the complete set 

of relaxation trajectories is shown in SI Figure S2. In Figure 3A we show a plot of the 

longitudinal 
15

N PREs as a function of residue number, calculated by subtracting the longitudinal 

15
N relaxation rate constants (R1) for the paramagnetic and diamagnetic samples. These data 

indicate that the smallest 
15

N PREs (less than ~0.1-0.2 s
-1

) are observed for residues 115-127, 

while, on the whole, residues 113-114 and 130-141 experience the most pronounced relaxation 

enhancements in the ~0.3-0.6 s
-1

 regime. Furthermore, for the majority of residues, the bulk of 

the observed relaxation enhancements are realized already in the presence of 20 mM Cu(II)-

EDTA, with relatively minor additional PRE effects when the Cu
2+

 concentration is increased 

ten-fold to 200 mM. Altogether, these results clearly indicate that the amyloid core residues 113, 

114 and 130-141 are the most solvent-exposed and presumably located at or near the fibril-

solvent interfaces, while residues 115-127 are located in part of the core that is relatively 

protected from the solvent.        
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Fibril-solvent interfaces probed by hydrogen/deuterium exchange. Hydrogen/deuterium 

exchange of backbone amide groups can provide an additional measure of solvent accessibility, 

even though interpretation of exchange data is more complicated as the exchange rates are 

affected both by solvent accessibility as well as the presence (and stability) of hydrogen bonds 

within secondary structure elements such as  α-helices and β-sheets  (Englander and Kallenbach, 

1983). To corroborate the results of the paramagnetic solid-state NMR experiments we 

investigated the extent of amide H/D exchange for individual residues in huPrP23-144 amyloid, 

by incubating the fibrils in D2O-based potassium phosphate buffer at 25 
o
C for varying amounts 

of time and monitoring the changes in signal intensities on a residue-specific basis using 2D 

solid-state NMR (Chevelkov et al., 2017; Cotten et al., 1999; del Amo et al., 2010; Grohe et al., 

2017; Sharpe et al., 2006; Wang et al., 2011). 

In Figure 2 we compare the fingerprint 2D 
15

N-
13

Cα solid-state NMR spectrum recorded 

for huPrP23-144 fibrils subjected to H/D exchange in the D2O-based buffer for 48 h with a 

reference 2D 
15

N-
13

Cα spectrum for fibrils not exposed to D2O. Additional 2D 
15

N-
13

Cα spectra 

for huPrP23-144 fibril samples that have undergone H/D exchange for 2 h and 6 h are shown in 

SI Figure S3. Note that these data were recorded at a temperature of ~5 
o
C, where the amide 

hydrogen exchange rate is significantly reduced relative to ambient conditions (Englander et al., 

1972). Moreover, the data were collected as a series of 2D 
15

N-
13

Cα spectra with relatively short 

experiment times (~3 h), which enabled us to confirm directly that no appreciable H/D exchange 

occurred during the course of the solid-state NMR experiments. In these 2D 
15

N-
13

Cα spectra, 

for each amino acid residue, the nuclear spin magnetization is initially transferred from the 

amide 
1
H to 

15
N and subsequently to the directly bonded 

13
Cα for detection. The use of a 

1
H-

15
N 

cross-polarization period of minimal duration needed for efficient magnetization transfer (180 
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µs) ensures that the vast majority of the proton magnetization that is transferred to each amide 

15
N, and ultimately 

13
Cα, originates from the amide 

1
H for that residue as opposed to aliphatic 

protons or amide protons of neighboring residues. Consequently, the intensities of 
15

N-
13

Cα 

correlations for residues where a certain fraction of the amide protons has been exchanged for 
2
H 

(on average for the macroscopic sample) are expected to be proportionally reduced. 

As summarized in Figure 3B, these data indicate that one contiguous stretch of the 

protein sequence spanning residues 115-125 displays the highest overall cross-peak intensities 

for fibril samples that have been incubated in D2O relative to the control sample. After 2 h and 

48 h of H/D exchange residues located within this segment respectively retain ~80% and ~50% 

of their intensity on average relative to the control sample, and thus appear to be the most 

strongly protected from exchange. In contrast, many residues located outside this region (113-

114, 132-135, 141) have lower signal intensities upon exposure to D2O, with several residues 

(G114, S132 and F141) being particularly susceptible to H/D exchange and showing severely 

reduced intensities even for the shortest, 2 h, incubation time. Note that G114 and F141 are 

located near the N- and C-terminal edges of the huPrP23-144 amyloid fibril core, respectively 

(Theint et al., 2017b), while the exchange rate for the S132 amide proton may be further 

accelerated due to the polar nature of its side-chain (Bai et al., 1993) that is likely to be solvent 

exposed (Theint et al., 2017b). Overall, these results are in reasonable agreement with the 

analysis of protein-solvent interfaces based on measurements of amide 
15

N longitudinal PREs in 

huPrP23-144 amyloid samples incubated with Cu(II)-EDTA (vide supra), which suggests that 

residues 115-127 constitute the most solvent-protected part of the fibril core. 

 Finally, in addition to directly probing the extent of H/D exchange for huPrP23-144 

amyloid core residues using solid-state NMR and intact fibril samples as described above, we 
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performed a set of complementary experiments where H/D exchange is monitored in a residue-

specific manner by 
15

N-
1
H HSQC solution NMR following the dissolution in a DMSO-based 

buffer of fibril samples exposed to D2O for varying amounts of time. This type of approach has 

been previously employed to investigate amyloid fibrils formed by multiple peptides and 

proteins (Hoshino et al., 2007), including PrP fragments 106-126 (Kuwata et al., 2003), 89-143 

(P101L mutant) (Damo et al., 2010) and 23-159 (Skora et al., 2013). H/D exchange times 

ranging from 1 to 168 h were investigated, and for most residues the exchange process was 

found to be effectively complete within ~24-48 h.  

SI Figure S4 shows 
15

N-
1
H HSQC spectra of huPrP23-144 fibrils dissolved in the pD* 

5.0 d6-DMSO based buffer containing 4.5% D2O, corresponding to no H/D exchange in D2O-

based potassium phosphate buffer (reference sample) and H/D exchange times of 1 h and 6 h. 

Given that the experiment “dead-time” required for dissolution of the fibrils and NMR 

experiment set up was ~15 minutes and that non-negligible further amide H/D exchange 

generally occurs in the DMSO-based quenching buffer (Hoshino et al., 2007; Luhrs et al., 2005), 

the residue-specific proton occupancies at time zero of the measurement were extrapolated from 

spectral intensities in series of successive HSQC spectra recorded as described in the Materials 

and Methods section (see SI Figure S5 for representative data). In SI Figure S6 we show the H/D 

exchange trajectories for the huPrP23-144 amyloid core residues, as well as several 

representative residues located outside the core region. For all residues located outside the core 

the H/D exchange was very rapid and typically complete within 6 h. Similar rapid exchange 

profiles were also observed for residues found at the edges of the core (A113, G114, F141 and 

G142), as well as for several residues within the core including S132 and S135. For most of the 

remaining amyloid core residues (A115-H140) the exchange profiles displayed reduced initial 
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exchange rates and/or significantly higher steady-state proton occupancies, and appeared to 

contain contributions from two components with different exchange rates. Note that such two-

component H/D exchange profiles, consisting of a rapidly exchanging component and a very 

slowly exchanging component, have been reported for a number of other amyloids investigated 

by using this methodology (for example (Hoshino et al., 2007; Luhrs et al., 2005)) and generally 

attributed to several possible factors including exchange between the fibril and soluble states of 

protein molecules located at the fibril edges, fibril structural heterogeneity and/or presence of 

residual protein oligomers in the fibril sample. A summary of these data is presented in Figure 

3C, which shows the relative amide cross-peak intensities for the huPrP23-144 amyloid core 

residues as a function of residue number for H/D exchange times of 1, 6 and 24 h. While these 

data are generally consistent with the results of the solvent PRE and H/D exchange solid-state 

NMR experiments in terms of identifying the huPrP23-144 residues making up the amyloid core 

region, in and of themselves they do not appear to enable the most solvent exposed and protected 

residues within the core to be readily classified in an unambiguous manner. 

Summary of solvent accessibility data and relation to structural model. Figure 3A-C 

shows a summary of all the solvent accessibility data for the amyloid core residues in huPrP23-

144 fibrils. Taken together, these data indicate that residues 115-127 are relatively solvent-

protected, amino acids 113-114 and 141 are the most solvent-exposed, and residues within the 

130-140 region show variable degree of solvent accessibility. Importantly, these results are 

consistent with and provide further independent validation for the structural model of huPrP23-

144 amyloid fibrils shown in Figure 3D, according to which the fibrils consist of two 

protofilaments in a C2-symmetric arrangement with parallel in-register β-sheet regions running 

parallel to the long fibril axis (Theint et al., 2017b). Specifically, in this structural model the 
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hydrophobic alanine, glycine, leucine and valine residues (amino acids ~115-127) are located at 

the interface between the two protofilaments in the interior of the fibril core, where they are 

relatively shielded from direct contacts with solvent. On the other hand, residues ~130-140 make 

up the extended C-terminal β-strands positioned at the exterior of the fibril, where they are more 

readily accessible to solvent molecules. This may explain why, despite the network of stabilizing 

hydrogen bonds, some residues in this region show little protection from H/D exchange. Not 

surprisingly, little protection from exchange (and high solvent accessibility as probed by 

paramagnetic solid-state NMR) is also observed for residues 113-114 and 141 that are located 

near the amyloid core boundaries. 

 Our findings are also generally consistent with the studies of human PrP23-159 amyloid 

by Skora et al. (Skora et al., 2013) using H/D exchange coupled with solution NMR 

spectroscopy and hydroxyl radical footprinting detected by mass spectrometry, which localized 

the fibril core region to residues 109-142 and pointed to the side-chain of residue 129 as being 

buried within this core. Although our solid-state NMR experiments are not able to directly probe 

the solvent PRE and H/D exchange for the amide of residue M129, which is undetectable in 

conventional solid-state NMR spectra of huPrP23-144 fibrils due to the flexibility of the protein 

backbone at that site (Helmus et al., 2010; Helmus et al., 2008; Helmus et al., 2011), the 

structural model of huPrP23-144 amyloid in Figure 3D indicates that it is feasible for the M129 

side-chain to be readily accommodated within the interior of the fibril core. Additionally, 

previous studies of mouse PrP106-126 fibrils by H/D exchange coupled to solution NMR 

(Kuwata et al., 2003) concluded that residues 111-123 comprise the most solvent protected part 

of the amyloid β-core region. While this result is also consistent with our findings for human 

PrP23-144 fibrils, this correspondence may be coincidental in nature given that the structural 
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models proposed for the mouse PrP106-126 fibrils (Kuwata et al., 2003) and homologous human 

PrP106-126 fibrils (Walsh et al., 2009) differ significantly from the conformation adopted by 

these residues in huPrP23-144 fibrils and their location within the amyloid core according to our 

structural model. Interestingly, our findings differ somewhat from the results of H/D exchange 

measurements for fibrils formed by the P101L mutant of mouse PrP89-143 (Damo et al., 2010), 

where residues 102-109 and 117-136 were found to display high levels of protection from 

exchange with solvent. A possible reason for this discrepancy is that this particular PrP fragment 

forms a structure in the amyloid state that differs considerably from those of human or mouse 

PrP23-144 investigated in our studies, both of which adopt similar fibril conformations (Theint et 

al., 2017a; Theint et al., 2017b). Indeed, earlier solid-state NMR studies of mouse PrP89-143 

fibrils (Laws et al., 2001; Lim et al., 2006) suggest that this may be the case. 
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Figure Captions 

 

 

Figure 1. Two dimensional 
15

N-
13

Cα correlation spectra of huPrP23-144 amyloid fibrils (blue 

contours) and huPrP23-144 fibrils incubated with 200 mM Cu(II)-EDTA (red contours). The 

spectra were recorded at 800 MHz 
1
H frequency, 11.111 kHz MAS rate and effective sample 

temperature of ~5 
o
C, with 

15
N longitudinal relaxation delays of 10 µs (A) and 2 s (B) prior to 

15
N chemical shift encoding (Nadaud et al., 2009). (C) Amide 

15
N longitudinal relaxation 

trajectories for representative residues in huPrP23-144 fibrils (blue circles) and the same residues 

in huPrP23-144 fibrils incubated with 20 mM (green circles) and 200 mM Cu(II)-EDTA (red 

circles). Simulated best-fit trajectories to decaying single exponentials used to determine the 

longitudinal 
15

N relaxation rate constants (R1) are shown as solid lines of the corresponding 

color. See SI Figures S1 and S2 for additional 
15

N-
13

Cα spectra and complete set of relaxation 

trajectories. 

 

Figure 2. Two dimensional 
15

N-
13

Cα correlation spectra of huPrP23-144 amyloid fibrils (blue 

contours) and huPrP23-144 fibrils subjected to H/D exchange in D2O-based phosphate buffer for 

48 h (red contours). The spectra were recorded at 800 MHz 
1
H frequency, 11.111 kHz MAS rate 

and effective sample temperature of ~5 
o
C as described in the text. 

 

Figure 3. (A) Plot of the longitudinal 
15

N PRE as a function of residue number in huPrP23-144 

amyloid fibrils incubated with 20 or 200 mM Cu(II)-EDTA as indicated in the legend. For each 

residue, the PRE was calculated by taking the difference between the 
15

N R1 for the 

paramagnetic and diamagnetic samples. (B) Plot of cross-peak intensity in 
15

N-
13

Cα solid-state 
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NMR spectra as a function of residue number for huPrP23-144 fibrils following H/D exchange 

times of 2, 6 or 48 h in D2O based buffer as indicated in the legend, relative to the intensity of 

the corresponding cross-peak for a control fibril sample. (C) Plot of cross-peak intensity in 
15

N-

1
H HSQC NMR spectra as a function of residue number for huPrP23-144 fibrils following H/D 

exchange times of 1, 6 or 24 h in D2O based buffer as indicated in the legend and dissolution in 

the DMSO based buffer, relative to the intensity of the corresponding cross-peak for a control 

fibril sample. Asterisks in plots shown in panels (A-C) indicate residues for which corresponding 

data could not be obtained due to the residue being a proline or otherwise not detectable in the 

solid-state NMR spectra. (D) Schematic structural model of the huPrP23-144 amyloid core based 

on the combination of solid-state NMR and fibril mass-per-length data (Theint et al., 2017b), 

with the approximate locations of several amino acid residues indicated for reference by red 

spheres. 
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