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Species-dependent structural polymorphism of
Y145Stop prion protein amyloid revealed by solid-
state NMR spectroscopy
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One of the most puzzling aspects of the prion diseases is the intricate relationship between
prion strains and interspecies transmissibility barriers. Previously we have shown that certain
fundamental aspects of mammalian prion propagation, including the strain phenomenon and
species barriers, can be reproduced in vitro in seeded fibrillization of the Y145Stop prion
protein variant. Here, we use solid-state nuclear magnetic resonance spectroscopy to gain
atomic level insight into the structural differences between Y145Stop prion protein amyloids
from three species: human, mouse, and Syrian hamster. Remarkably, we find that these
structural differences are largely controlled by only two amino acids at positions 112 and 139,
and that the same residues appear to be key to the emergence of structurally distinct amyloid
strains within the same protein sequence. The role of these residues as conformational
switches can be rationalized based on a model for human Y145Stop prion protein amyloid,
providing a foundation for understanding cross-seeding specificity.
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rion diseases are a diverse group of transmissible neuro-

degenerative disorders that affect both humans as well as

many animal species'™. All these diseases are associated
with the misfolding and aggregation of the prion protein (PrP), a
membrane associated glycoprotein of still unknown physiological
function. The self-propagating conversion of the normal, mono-
meric form of PrP (denoted PrP®) to a polymeric, p-sheet-rich
conformer (PrP5) is believed to be a critical molecular event in
the pathogenesis of prion diseases!™. Furthermore, a wealth of
experimental data supports the “protein-only” model, which
implies that PrP€ itself is the infectious prion agent!~1°.

One of the most intriguing and still poorly understood aspects
of prion diseases is the existence of multiple prion strains that
give rise to different disease phenotypes within the same mam-
malian species'™. In the context of the protein-only model,

individual prion strains are believed to be encoded as structurally
distinct PrPS¢ aggregates!~> 11-1°, However, despite recent pro-
gress!” 13, the nature of these structural differences is still poorly
defined, largely due to fundamental technical difficulties of
structural studies with brain-derived prions. Another confound-
ing issue relates to mechanisms that control disease transmission
barriers between different species. Growing number of data
indicate that these barriers (or lack thereof) result from a complex
interplay between species-dependent amino acid sequence dif-
ferences in PrP and prion strain characteristics® 14 1°23, How-
ever, molecular level details of this interplay remain largely
unknown.

In a series of studies, we have used amyloid fibrils formed by
the Y145Stop PrP fragment (PrP23-144) as a model for studying
molecular aspects of prion propagation?4~2°, This C-terminally
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Fig. 1 Two-dimensional °N-13Ca solid-state NMR spectra of PrP23-144 amyloid fibrils. a Amino acid sequences of hu, mo, and ShaPrP23-144. Immobile
residues, located within the amyloid p-core and observable in solid-state NMR spectra, are shown in black font, and undetectable, conformationally flexible
residues are shown in red font. Residues having the highest p-strand propensity according to TALOS-N#' chemical-shift based secondary structure analysis
described previously3® are indicated by gray rectangles. The asterisks indicate all residues that are not conserved between the hu, mo, and ShaPrP23-144
sequences. b-e Two-dimensional " N-"3Ca fingerprint NMR spectra of PrP23-144 amyloid fibrils recorded at 500 or 800 MHz H frequency, 11111 kHz
MAS rate, and 5 °C. Spectra are shown for a total of eight PrP23-144 amyloids, including the following proteins and their single or double mutants: [hu],
[mo], [Shal, [hu M112V], [hu N38M], [hu N139M], [hu N38M/1139M], and [Sha M138I/M1391], as indicated in the insets and by contours of
corresponding color. Also shown in corresponding color in b and ¢ are the resonance assignments for [hu], [mo], and [Sha] fibrils32 3, f Summary of the
key amino acid substitutions that, based on the solid-state NMR data in this study, are primarily responsible for the PrP23-144 amyloid p-core adopting

[hul, [mo], or [Shal-like structures
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truncated PrP variant is associated with one of the familial human
prion diseases®”> 28, and recent studies indicate that PrP23-144
fibrils are infectious, causing a transmissible neurodegenerative
disease in mice!?. Even though no similar C-terminal truncations
of PrP have been reported in other species, this simple model
allowed us to reproduce in vitro certain aspects of mammalian
prion propagation, providing insight into the mechanism
responsible for species-dependent and strain-dependent seeding
barriers>> 2°. One of the important findings was that the key
determinant of seeding specificity is the ability of PrP monomer
from a given species to adapt to the structure of a particular
PrP23-144 amyloid strain. However, this mechanistic model is
still largely conceptual in nature, lacking description at the atomic
level.

The unique advantage of PrP23-144 amyloid fibrils is that,
unlike other mammalian prions, this system is readily amenable
to high-resolution structural analysis by solid-state nuclear
magnetic resonance (NMR) spectroscopyzg'3 L Our previous
structural studies focused primarily on human PrP23-144
fibrils*2-3, revealing that the rigid p-sheet core of these fibrils
consists of three relatively short p-strands within the region
between residues 112-141, and that this p-core region displays a
parallel in-register organization®?=>%, This overall motif of parallel
in-register p-structure is common to amyloids formed in vitro by
different PrP variants including PrP90-23137 and full-length
protein®® ¥, even though recent data indicate that the structure
of at least some strains of brain-derived prions is based on the p-
solenoid motif*’. Here, we report solid-state NMR data that
provide the initial high-resolution insights into the structural
differences between PrP23-144 fibrils from three different species
(human, mouse, and Syrian hamster) and identify specific amino
acid residues that control these differences. Furthermore, our
studies suggest that the same amino acid residues play critical
roles in the emergence of structurally distinct strains of PrP23-
144 amyloid fibrils within the same amino acid sequence. These
structural insights provide a foundation for more complete
understanding of the molecular basis of cross-seeding in prion
propagation between species.

Results

Residues controlling PrP23-144 amyloid core structure. As
shown previously, freshly dissolved PrP23-144 is monomeric and
largely unstructured, but upon incubation it converts to -sheet-
rich amyloid fibrils?*. In this section, we describe solid-state NMR
studies of human, mouse, and Syrian hamster PrP23-144 amy-
loids (referred to as [hu], [mo], and [Sha], respectively), as well as
amyloids formed by select single or double point mutants of these
proteins, generated at 25°C under quiescent conditions as
described in the Methods section. Under these conditions all of
the PrP23-144 variants studied assemble into micron length
amyloid fibrils as documented in our previous studies usin
atomic force microscopy and thioflavin T fluorescence?*2°,
Furthermore, all of the fibril samples are reproducibly homo-
geneous on the molecular scale based on effectively identical
fingerprint 2D "’N-13Ca solid-state NMR spectra recorded for
multiple independent preparations (Supplementary Fig. 1 for
representative data).

The 13C and !°N chemical shift assignments for [mo] and
[Sha] fibrils were established by using 2D and 3D solid-state
NMR experiments as discussed in detail elsewhere®®. Assigned 2D
I5N-13Cq spectra for [mo] and [Sha] fibrils are shown in Fig. 1b,
¢, respectively, and reveal that, in close analogy to [hu] amyloid®*
33 the [mo] and [Sha] amyloids each contain a relatively rigid
and compact C-terminal B-core region spanning ~30 amino acids
(residues ~112-140) with the remainder of the protein
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dynamically disordered. The finding that the backbone chemical
shifts differ markedly between the fibrils for all three species in
spite of nearly identical amino acid sequences (!*Ca chemical
shift root mean squared deviation, 3(13Ca) RMSD, values for the
common residues were found to be 1.9, 2.3, and 1.9 ppm for [hu]
vs. [mo], [hu] vs. [Sha], and [mo] vs. [Sha], respectively36)
indicates that hu, mo, and ShaPrP23-144 adopt three-
dimensional amyloid p-core structures that are distinct from
one another at the atomic level. The chemical shift based
secondary structure analysis using TALOS-N*! summarized in
Fig. 1a (see also Supplementary Fig. 2 for plots of *Ca-'3Cp
secondary chemical shift differences), points to particularly
significant structural differences between the fB-core regions of
[hu] and [Sha] amyloids: three segments with especially high f-
strand propensity, aa ~112-113, ~120-123, and ~130-140, for
[hu] vs. two extended B-strands, aa ~113-122 and ~128-139, for
[Sha]. On the other hand, in spite of the considerable chemical
shift differences, [mo] amyloid appears to adopt a molecular
conformation bearing some similarity to its [hu] counterpart,
with three predicted f-strands spanning residues ~112-117,
~120-126, and ~130-141. It is also noteworthy that the [hu],
[mo], and [Sha] amyloids all exhibit nearly identical fibril mass-
per-lengths (MPLs), on the order of 50-55kDanm™!, according
to analysis by tilted-beam transmission electron microscopy (TB-
TEM)* (Supplementary Fig. 3). For [hu] amyloid, which has
been previously found to assemble into a parallel in-register p-
sheet structure®®, this MPL value corresponds to two PrP23-144
molecules per 0.47-nm f-sheet repeat spacing. Thus, the
structural diversity between [hu], [mo], and [Sha] amyloids
implied by the observed differences in NMR chemical shifts is not
the result of large-scale disparities in fibril supramolecular
architectures.

Previous studies emgloying biochemical and low-resolution
biophysical techniques2 » 26 have demonstrated that [hu], [mo],
and [Sha] amyloids exhibit distinct secondary structures and
morphologies and that these features are strongly correlated with
the observed seeding specificities. Notably, these studies also
identified species-dependent residues 138 and 139 (Ile-Ile, Met-
Ile, and Met-Met for hu, mo, and ShaPrP23-144, respectively) as
critical determinants of fibrillization kinetics, fibril morphology,
and seeding specificity. To assess the influence of these amino
acids on the atomic structure of PrP23-144 amyloid, we recorded
2D N-13Ca solid-state NMR spectra for several PrP23-144
variants targeting residues 138 and 139. Figure lc shows that
NMR spectra for amyloid from huPrP23-144 with hamster-like
substitutions of Ile 138 and Ile 139 ([hu I138M/1139M]) and
[Sha] amyloid are effectively identical (8(13Ca) RMSD =0.2
ppm), indicating that replacement of these two isoleucine
residues in huPrP23-144 by methionines is sufficient to drive
protein assembly into fibrils with a P-core structure that is
characteristic of [Sha] rather than [hu] amyloid. To further
validate this finding, we have generated [Sha M1381/M139]]
fibrils, with Met 138 and Met 139 in ShaPrP23-144 replaced by
isoleucines, and obtained ’N-13Ca NMR spectra (Fig. 1c) that
mirror those for [hu] amyloid (3(13Ca) RMSD =0.1 ppm). In
contrast, analogous experiments for huPrP23-144 with a single
mouse PrP-like substitution of Ile 138 with Met surprisingly
revealed that [hu I138M] amyloid adopts a [hu] rather than
[mo]-like fold (Fig. 1b; 8(13Ca) RMSD = 0.1 ppm for [hu] vs. [hu
1138M]). The latter result indicates that, in spite of the fact that
the 1138M mutation alters the fibrillization kinetics of huPrP23-
144 to be nearly identical to those for moPrP23-144%>, the exact
identity of this residue is of little, if any, consequence for the final
amyloid structure.

The unexpected finding that residue 138 is not a critical
determinant of PrP23-144 amyloid structure immediately raises
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Fig. 2 Key interresidue contacts and schematic model of the human PrP23-144 amyloid p-core. a Small regions of a 900 MHz two-dimensional Bc-B¢
DARR solid-state NMR spectrum recorded with a mixing time of 500 ms for amyloid fibrils generated from huPrP23-144 expressed with 3-13C-pyruvate as
the carbon source. The spectral regions contain the key restraints on the [hu] amyloid core structure in the form of unambiguous long-range correlations
(indicated by x-marks) between the following *C atoms: AT7CB-N39Cy2, AN7CP-139C8, A117Ca-P137Ca, and G119Ca-S135CP. b Schematic model for the
[hu] amyloid core based on the combination of solid-state NMR and tilted-beam transmission electron microscopy data (see text for details). In this model
[hu] amyloid fibrils consist of two protofilaments in a C,-symmetric arrangement with p-sheet regions running parallel to the long fibril axis. The

approximate locations of amino acid residues 112, 117, and 139, that have major impact on the structure adopted by PrP23-144 amyloid as discussed in the

text, are indicated by red spheres

the following two questions: (i) Is the I139M substitution alone
sufficient to induce huPrP23-144 into forming a [Sha]-like
amyloid structure? and (ii) Which amino acid substitutions in
huPrP23-144 are key for protein assembly into a [mo]-like
amyloid structure?

The answer to the first question is clearly affirmative—that is,
the I139M substitution indeed acts as a sole conformational
switch between [hu] and [Sha]-like amyloid B-core structures.
This assessment is based on the finding that the >N-13Ca NMR
spectrum for [hu 1139M] fibrils (Fig. 1e) is effectively identical to
the corresponding spectrum for [Sha] (as well as [hu I138M/
1139M]) amyloid. Furthermore, taken together, the NMR data for
[hu I138M], [hu I138M/I139M], and [Sha M1381/M139]]
amyloids strongly suggest that the M139I mutation is likewise
alone sufficient to switch the amyloid core fold of ShaPrP23-144
from [Sha] to [hu]-like.

In order to identify the amino acids that are most critical
for converting huPrP23-144 into a [mo]-like amyloid structure,
we note that in the immediate proximity of the B-core region hu
and mo PrP23-144 differ at only four positions: MI109L,
MI112V, 1138M, and S143N (Fig. la), with residues 112 and
138 being the only ones that are immobile enough to be
detectable in conventional dipolar coupling-based solid-state
NMR spectra. Given that the I138M substitution was
already demonstrated to have no effect on the structure of [hu]
amyloid (Fig. 1b and discussion above), we shifted our attention
to residue 112 located at the N-terminal edge of the p-core
region for [hu] and [mo] amyloids. In Fig. 1d we compare the
I5SN-13Co NMR spectra recorded for [hu], [mo], and [hu
M112V] fibrils (note that [hu M112V/I138M] amyloid was also
investigated and found to be virtually identical to [hu M112V]).
Although the degree of spectral overlap between [hu M112V] and
[mo] amyloids is not as high as that between [hu I1139M] and
[Sha], it is evident that the M112V mutation alone is sufficient to
significantly perturb the [hu] fold and yield fibrils that display
many of the spectral (and thus presumably also structural)
features of [mo] amyloid, with the residual differences possibly
linked to the precise identities of residues 109 and/or 143.
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Collectively, the solid-state NMR studies described above
indicate that [hu], [mo], and [Sha] fibrils adopt distinct amyloid
B-core structures at the atomic level and that these structural
differences are largely accounted for by the identities of only two
residues (112 and 139) located at the edges of the structured
amyloid core region. As summarized in Fig. 1f, the 1139M
substitution in huPrP23-144 is sufficient to make the protein
adopt a [Sha]-like amyloid core structure, while the M112V
substitution appears to be primarily responsible for the conver-
sion of huPrP23-144 into a [mo]-like structure.

Basis for control of core structure by residues 112 and 139. A
complete, atomistic understanding of the protein backbone and
side-chain interactions involved in stabilizing the amyloid core
regions for the different PrP23-144 variants requires the deter-
mination of their high-resolution structures—a major under-
taking which is currently in progress in our laboratory. In the
present study, having established the identity of the amino acid
residues that control species-specific differences in the structure
of PrP23-144 amyloid, we focus our attention on a rudimentary
examination of the structural basis for these differences. In Fig. 2a
we show small regions of a 2D 13C-13C dipolar-assisted rota-
tional resonance (DARR) correlation spectrum43, recorded with a
long dipolar mixing time (7, =500 ms) to highlight key long-
range through-space '3C-13C contacts, for [hu] fibrils generated
from huPrP23-144 expressed with 3-!3C-pyruvate as the sole
carbon source*®. Under the experimental conditions employed in
our study the use of 3-13C-pyruvate incorporates '3C labels at
multiple positions, with particularly efficient labeling of Ala-Cp,
Ile-Cy, Val-Cy, and Leu-CS methyl groups, while reducing the
number of strong 3C-13C dipolar couplings between adjacent
13C sites that can lead to dipolar truncation phenomena in uni-
formly-!3C-enriched proteins®°.

The '3C-13C spectrum displays unambiguous, intense long-
range correlations between the side-chains of residues A117 and
1139 that are further supported by A117-P137 and G119-S135
couplings (indicated by x-marks in Fig. 2a), with additional
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Fig. 3 Two-dimensional ®N-3Cu solid-state NMR spectrum of amyloid
fibrils formed by the A117V mutant of human PrP23-144. a Amino acid
sequences of huPrP23-144 and huPrP23-144 A117V, with the mutation site
indicated by an asterisk. Immobile residues located within the amyloid core
and conformationally flexible residues are shown in black and red fonts,
respectively. Residues with the highest B-strand propensity based on
TALOS-N# analysis are indicated by gray rectangles (c.f., Fig. 1 and
Supplementary Fig. 5). b Assigned two-dimensional °N-3Ca fingerprint
solid-state NMR spectrum of [hu A117V] amyloid fibrils (red contours),
overlaid with the corresponding spectrum of [hu] amyloid (blue contours)

contacts observed between the side-chain of L125 and residues
G114 and A115. Control solid-state NMR experiments performed
on diluted fibril samples prepared from a physical mixture of
13C,1>N-labeled, and natural abundance huPrP23-144 in a 1:3
molar ratio (Supplementary Fig. 4) indicate that these correla-
tions are intramolecular, at least in part, with additional possible
contributions from neighboring strands in the parallel in-register
B-sheet. On the other hand, correlations involving the 1138 side-
chain are primarily intra-residue or confined to adjacent amino
acids. Combined with the MPL data (c.f., Supplementary Fig. 3)
and the fact that fingerprint solid-state NMR spectra for [hu]
amyloid display a single set of resonances®® 33, these prominent
long-range contacts have enabled us to propose a schematic
structural model for the [hu] fibrils consisting of two protofila-
ments in a C,-symmetric arrangement with f-sheet regions
running parallel to the long fibril axis as shown in Fig. 2b. While
still largely qualitative, this model is consistent with additional
experimental observations reported in our earlier studies®” 3>,
Notably, residues ~115-122, which have the lowest transverse
nuclear spin relaxation rates and correspondingly highest signal
intensities in dipolar coupling-based solid-state NMR chemical
shift correlation spectra and which exhibit the least inhomoge-
neous line broadening in spectra recorded for frozen hydrated
fibril samples, make up a compact, Ala, Gly, and Val-rich
hydrophobic core located in the interior of the fibril. On the other
hand, residues ~130-139 in the C-terminal fB-strand are found at
the fibril exterior allowing the side-chain of residue R136, the
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only charged amino acid present in the [hu] amyloid p-core, to
protrude into the solvent. Finally, the structural model readily
accommodates the ~90-residue dynamically disordered N-
terminal tail by allowing it to extend out of the amyloid core
domain with no steric clashes.

The schematic model of [hu] amyloid in Fig. 2b yields several
important insights that allow us to rationalize the results of the
solid-state NMR analysis for the different PrP23-144 variants.
First, the key amyloid structure-determining residues 112 and 139
are located at the edges of the p-core, and in sufficient proximity
to allow direct interaction between the amino acid side-chains in
this region. Thus, species-specific replacement of either of these
residues could act as a “conformational switch” that ultimately
impacts the overall structure of PrP23-144 amyloid. Second, the
facts that the I139 side-chain points toward Al17 in the
hydrophobic core and that side-chains of adjacent residues in a
fB-strand point in opposite directions, indicate that the 1138 side-
chain points away from the amyloid core—such a topology
provides a rationale for why the 1138M mutation has no
appreciable effect on the structure adopted by [hu] amyloid.
Finally, based on the findings that side-chains of residues A117
and 1139 are found to be in close spatial proximity and that the
relatively conservative I1139M substitution has a major effect on
the [hu] fibril structure converting it into a [Sha]-like fold, we
hypothesize that the side-chains of these two residues in [hu]
fibrils engage in specific hydrophobic interactions that stabilize
the amyloid B-core and are reinforced by their size complemen-
tarity (i.e., a small alanine side-chain interacting with the larger
isoleucine).

In order to test this hypothesis, we have investigated amyloid
formed by the A117V variant of huPrP23-144, which assembles
into fibrils with kinetics similar to the wild-type protein as
previously reported*® but has the small hydrophobic alanine
residue replaced by the somewhat larger valine. Based on the
solid-state NMR data and structural model in Fig. 2, we expect
the putative contacts between the side-chains of residues 117 and
139 that stabilize [hu] amyloid to be perturbed by such an Ala to
Val substitution. Indeed, as illustrated in Fig. 3, we find that the
fingerprint solid-state NMR spectra of [hu A117V] amyloid differ
drastically from those of [hu] amyloid (as well as [mo] and [Sha]
amyloids). Based on the sequential resonance assignments
established using 2D and 3D solid-state NMR (Fig. 3b) and
subsequent TALOS-N secondary structure prediction (Fig. 3a and
Supplementary Fig. 5), it appears that the substitution of A117 by
the larger valine residue acts to considerably alter the [hu]
amyloid f-core structure. Specifically, we find that the rigid core
region for [hu A117V] amyloid is shortened relative to [hu],
spanning residues ~121-137 (vs. ~112-141 in [hu]) most of
which are predicted to adopt a f-strand topology. Most
remarkably, signals from residues 117 and 139 are not detected
at all in the dipolar coupling-based solid-state NMR spectra of
[hu A117V] fibrils suggesting that these residues become more
flexible and are no longer part of the rigid amyloid core domain.
This finding, which is consistent with the presence of a direct and
highly specific interaction between the A117 and 1139 side-chains
in [hu] amyloid, indicates that when this key interaction is
perturbed the PrP23-144 amyloid p-core adopts an alternate
thermodynamically stable fold.

PrP23-144 amyloid polymorphism and new structural strains.
Next, we asked the question whether, in addition to being key
determinants of species-specific differences in PrP23-144 amyloid
structure, residues 112 and 139 could also play a role in molecular
level polymorphism and emergence of distinct structural strains
of amyloid fibrils. To explore this issue, in addition to fibrils
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Fig. 4 °N-3Ca solid-state NMR spectra of PrP23-144 fibrils generated at 25 °C under quiescent conditions and at 37 °C with rotation. Assigned two-
dimensional °N-13Ca fingerprint solid-state NMR spectra are shown for q25 (blue contours) and r37 (red contours) amyloid fibrils as indicated in the insets

for a hu, b hu N138M, ¢ mo, and d Sha PrP23-144

described in the previous sections that were prepared at 25°C
under quiescent conditions (denoted q25), we also examined
PrP23-144 fibrils generated at 37 °C with continuous rotation at
8 rpm (denoted r37) as described in the Methods section. Figure 4
compares the fingerprint '’N-1Ca solid-state NMR spectra for
[hu], [hu I138M], [mo], and [Sha] amyloids prepared under these
two sets of conditions. These spectra show that [hu] (Fig. 4a) and
[hu 1138M] (Fig. 4b) amyloids adopt effectively identical core
structures for both types of conditions. On the other hand, there
are significant chemical shift differences between the spectra of
[mo] 25 and [mo] r37 fibrils (Fig. 4c) as well as between the
spectra of [Sha] q25 and [Sha] r37 fibrils (Fig. 4d), indicating that
structurally distinct amyloid strains can be formed by these
proteins depending on the experimental conditions.

Despite clear differences in the ﬁnﬁerprint IN-13Ca
solid-state NMR spectra, the '>C and N chemical shift
assignments indicate that the rigid p-core regions of [mo] and
[Sha] strains obtained under the q25 and r37 conditions in each
case consist of ~30 C-terminal residues. Furthermore, the [mo]
and [Sha] fibrils prepared under both sets of conditions have
similar MPL values (Supplementary Fig. 6). Thus, the [mo] and
[Sha] amyloid strains generated in the present study have
similarly sized core regions and are composed of the same
number of protofilaments, with the structural differences between
these strains occurring at the level of the folding pattern within
the p-core regions.
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Both elevated temperature and non-quiescent growth condi-
tions appear to be generally required to access these alternate
[mo] and [Sha] core structures. Specifically, for moPrP23-144 the
use of continuous rotation at 25 °C or elevated 37 °C temperature
in the absence of agitation yields amyloid that is effectively
identical to that obtained under the q25 conditions (Supplemen-
tary Fig. 7A); only the combination of 37°C temperature and
continuous rotation results in fibrils with distinct fingerprint
solid-state NMR spectra. For ShaPrP23-144, the amyloids
obtained at either 25 or 37°C without rotation are virtually
indistinguishable, and, while some spectral changes begin to
emerge for samples prepared at 25 °C with continuous rotation,
the resulting amyloid is clearly distinct from the alternate strain
obtained at 37 °C with rotation (Supplementary Fig. 7B).

Finally, we note that for [mo] and [Sha] amyloids generated at
37°C with rotation, on occasion, two or more structural
polymorphs could be observed within the same macroscopic
fibril preparation (Supplementary Fig. 8 for representative data)
as opposed to the single, “pure” strains associated with the NMR
spectra shown in Figs. 4 and 5. For [Sha] fibrils such polymorphic
preparations were typically binary mixtures of the pure q25 and
r37 strains (Supplementary Fig. 8A). For some of the [mo]
preparations, however, much more complicated fingerprint NMR
spectra could be obtained consistent with the presence of
mixtures of several amyloid strains (Supplementary Fig. 8B).
Most remarkably, however, we find that one of the [mo]
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Fig. 5 "°N-13Ca solid-state NMR spectra of PrP23-144 fibrils at 37 °C with rotation and energy landscape diagrams for amyloid assembly. a-¢ Assigned
two-dimensional ">N-3Ca fingerprint solid-state NMR spectra of a [hul, b [mo], and ¢ [Shal amyloid fibrils generated at 37 °C with continuous sample
rotation at 8 rpm (red contours, labeled in the insets as [hul r37, [mo] r37, and [Sha] r37). Overlaid in each panel is the spectrum of huPrP23-144 fibrils
generated at 25 °C under quiescent conditions (25, blue contours). d Schematic energy landscape diagrams associated with [hu], [mo], and [Sha] amyloid
fibril formation, with the thermodynamically most stable “ground state” and potential alternate “excited state” amyloid folds denoted as “G" and “E”,
respectively. The ground state in the energy landscape for each protein in the amyloid state is designated as the structure adopted under quiescent
conditions at 25 °C (g25), as under these conditions each of these proteins adopts a unique (presumably lowest free energy) fold which can also be
populated for some of the samples even under non-quiescent conditions. Under the specific non-quiescent conditions tested in this study involving rotation
at 37 °C (r37), the fold of [hu] amyloid remains unchanged, whereas the mo and Sha proteins are able to adopt alternate amyloid structures through a
combination of thermodynamic and kinetic factors. Additional details are provided in the text

structural strains that becomes accessible under the r37 condi-
tions appears to display a three-dimensional fold that is nearly
identical to [hu] amyloid at the atomic level, based on the high
degree of signal overlap in the 1’N-13Ca fingerprint NMR spectra
(Fig. 5b). In contrast, the [Sha] fibrils obtained under the r37
conditions have a f-core fold that is obviously distinct from any
of the other PrP23-144 amyloid structures.

As summarized in Fig. 5d, the above findings strongly suggest
that, when considered from an energy landscape perspective, the
[hu] amyloid core folds into a thermodynamically stable “ground
state” structure (represented as “G” in Fig. 5d) over the entire
range of experimental aggregation conditions investigated in this
study. While huPrP23-144 may conceivably also be able to adopt
alternate, “excited state” core structures (denoted by “E” in
Fig. 5d), these structures appear to be of sufficiently high energy
relative to the ground state fold such that they are clearly not
accessible under the conditions explored here. In contrast, the fact
that new [mo] and [Sha] polymorphs readily emerge in presence
of agitation at elevated temperature (c.f., Fig. 4c, d) points toward
far more rugged energy landscapes for these proteins, character-
ized by the existence of at least one alternate amyloid core
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structure with energy comparable to the most thermodynamically
stable ground state fold. Given the established influence of
residues 112 and 139 on the p-core structure adopted by the
different PrP23-144 variants under the g25 conditions, it is
exceedingly likely that the same amino acids are largely
responsible for altering the energy landscapes for mo and
ShaPrP23-144 and, through a combination of thermodynamic
and kinetic factors, leading to the appearance of new amyloid
strains with distinct three-dimensional core folds for these
proteins under the r37 conditions.

Discussion

One of the most puzzling and poorly understood aspects of prion
diseases is the phenomenon of interspecies transmissibility bar-
riers. Animal studies and limited experiments in vitro suggest that
efficient prion transmission requires “conformational adapt-
ability” of monomeric PrP substrate to the structure of a parti-
cular prion aggregate® '*. This model postulates that amino acid
sequence variability allows a large spectrum of prion conforma-
tions (strains) among different mammalian species, but only a
subset of these structures is thermodynamically accessible in a
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given species (ie., for a given amino acid sequence). If the
structure of a specific donor prion strain is within the range of
conformers accessible to PrP of the host, transmission will occur.
Conversely, if the structure of the incoming prion strain is
incompatible with the spectrum of conformation allowed to the
host PrP, this will result in a transmissibility barrier. Even though
supported by many observations in vivo and in vitro> ' 26, this
model of transmissibility barriers is largely conceptual in nature,
lacking molecular level description. Such description would
require detailed structural characterization of prion strains iso-
lated from different species and information regarding the role of
specific amino acid residues in formation of these structures.
However, high-resolution structural studies with brain-derived
prions present major technical challenges that are yet to be
overcome.

Previous studies revealed that the phenomena of prion strains
and transmissibility (seeding) barriers can be reproduced in vitro
using amyloid fibrils formed from the C-terminally truncated PrP
variant PrP23-144*> 2%, Even though the latter system cannot
recapitulate the full complexity of prion propagation in vivo, the
mechanistic insight provided by these studies is conceptually
consistent with the picture emerging from animal experiments.
This, together with amenability of PrP23-144 amyloid fibrils to
high-resolution structural characterization by solid-state NMR
spectroscopy>> ¢ and recent finding that these fibrils are infec-
tious!'?, suggests that this system may be of unique value for
exploring mechanistic principles of transmissibility barriers at the
structural level.

In the present study, we have used solid-state NMR to gain the
initial high-resolution insight into the nature of the structural
differences between PrP23-144 amyloid fibrils corresponding to
three different species: human, mouse, and Syrian hamster. Pre-
vious low-resolution studies using atomic force microscopy and
infrared spectroscopy concluded that structural differences
between [hu] and [Sha] are controlled by residues 138 and 13926,
both of which are occupied by Ile in huPrP and Met in ShaPrP.
However, the present high-resolution experiments conclusively
demonstrate that the sole determinant of these structural differ-
ences is the nature of the amino acid at position 139, as species-
specific substitution of this residue is sufficient to convert the
solid-state NMR spectrum of [hu] amyloid to that characteristic
of [Sha] amyloid. Analysis of the solid-state NMR data also
reveals that under quiescent fibril growth conditions different
structures are adopted at the atomic level by [hu] and [mo]
amyloids. No such differences could be detected in previous low-
resolution studies. Akin to the [hu] and [Sha] pair, the structural
differences between [hu] and [mo] amyloids appear to be largely
controlled by a single amino acid residue. In this case, however,
the critical residue is at position 112, which in huPrP is occupied
by Met and in moPrP by Val (both proteins have Ile at position
139). No spectral differences were observed upon species-specific
Ile to Met substitution at position 138 in [hu] amyloid, further
confirming that the identity of residue 138 is of little consequence
for the structure of PrP23-144 amyloid fibrils.

The crucial role of residues 112 and 139 as determinants of
species-dependent structural differences may be rationalized by
inspection of the solid-state NMR-based schematic model of a
parallel in-register p-structure for [hu] amyloid (Fig. 2b). As
described in detail in the Results section, individual monomers
fold in such a way that the M112 and 1139 side-chains, located at
opposite ends of the amyloid p-core, point toward the interior of
this core and are in sufficient proximity to each other and
additional hydrophobic side-chains to allow direct interactions.
Thus, species-specific replacement of either of these two residues
can act as a conformational switch, impacting the overall struc-
ture of PrP23-144 amyloid. On the other hand, the side-chain of
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1138 points away from the p-core and is not involved in any
direct interactions with other side-chains. This may explain why
species-dependent substitution of Ile 138 with Met has no effect
on the structure of [hu] amyloid.

Even though caution should be exercised when extrapolating
observations in a model system to a situation in vivo, our finding
that residue 139 is one of key determinants of species-dependent
structural differences between PrP23-144 amyloid fibrils is in line
with previous reports that the nature of the residue at this posi-
tion (or its equivalent) is a major determinant of prion trans-
missibility barriers between different species®” 7. On the other
hand, the present observation that the Ile to Met replacement at
position 138 is of little consequence for the structure of PrP23-
144 amyloid is intriguing in light of previous observations that
the same amino acid replacement has a major impact on the
kinetics of amyloid formation, greatly affecting the lag phase?”.
The latter finding suggests that the side-chain of residue 138 may
be directly involved in intermolecular and/or intramolecular
interactions that lead to the formation of an aggregation nucleus
that is likely oligomeric in nature. However, these early interac-
tions do not appear to be preserved in the final amyloid structure,
as in the latter the side-chain of residue 138 is not in contact with
other side-chains. In contrast, the identity of the amino acid
residue at position 112 impacts the final structure of PrP23-144
amyloid, but—according to previous data>>—not the kinetics of
amyloid formation. Thus, it appears that there is no direct link
between the effect of individual amino acid residues in PrP23-144
on the nucleation process and the impact of these residues on the
final amyloid P-core structure. In a pathobiological context,
nucleation is believed to play a key role in prion formation de
novo in sporadic prion diseases, whereas the specific structure of
prion aggregates is a key determinant of transmissibility barriers.

Perhaps even more intriguing is the finding that amyloids
formed under identical quiescent conditions by human and
mouse PrP23-144 are structurally distinct, while no seeding
barriers are observed under these conditions between proteins
from the two species (i.e., [hu] amyloid can seed fibrillization of
moPrP23-144 and [mo] amyloid can seed amyloid formation by
huPrP23-144)>> 26, In the context of the previously proposed
conformational adaptability model®®, such cross-seeding com-
patibility would suggest that the structure of [hu] amyloid is
within the spectrum of structures that can be adopted by
moPrP23-144, and the structure of [mo] is within the spectrum of
structures that are accessible to huPrP23-144. The potential for
such conformational adaptability is supported by our observa-
tions that, even though structurally distinct at the atomic level,
[hu] and [mo] amyloids formed under the q25 conditions exhibit
similar secondary structures consistent with similar overall p-core
folds. Furthermore, our data indicate that under the r37 condi-
tions moPrP23-144 can assemble into several structurally distinct
amyloid strains, one of which appears to be effectively identical to
[hu] amyloid. Structural polymorphism appears to be a general
property of amyloids formed by many different proteins (for a
recent review see ref. 48). Furthermore, recent data indicate that
prions, which often exist as a pool of multiple strains, may
undergo evolutionary adaptation to the environment, a process
that can potentially lead to selection of a particular prion strain
that replicates most efficiently in a given environment*® °°,
Further studies are needed to determine whether such a selection
would occur in reactions seeded with structurally heterogeneous
population of [mo] r37 amyloid.

An alternative possibility is that cross-seeding could result in
“strain switching”, a poorly understood phenomenon observed
for both yeast and mammalian prions> !4 °1=>3_ One hypothetical
mechanism that could lead to such strain switching proposes that
adaptation of newly recruited monomer to the structure of the
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seed takes place only within the portion of the B-core, whereas
outside this critical region conformational features may arise
from inherent (sequence-based) preferences rather than from
templating by the seed*®. The present findings provide a stepping
stone for rigorous testing of these different possibilities by sys-
tematically analyzing the structures of PrP23-144 amyloids gen-
erated in cross-seeding reactions. Furthermore, even though
additional amino acid residues (outside of the 23-144 region of
PrP) are also known to play a role in species barriers for prion
transmissibility, mechanistic insight into cross-seeding barriers in
the experimentally accessible PrP23-144 amyloid model system
provides a conceptual framework for future studies with infec-
tious aggregates formed by the full-length PrP. However, high-
resolution solid-state NMR experiments with the latter systems
are at present hampered by factors such as insufficient quantities
and heterogeneity of highly infectious material that can be gen-
erated from recombinant full-length PrP by currently available
methods.

Methods

Protein expression and purification. Plasmids encoding human, mouse, and
Syrian hamster PrP23-144, with N-terminal linkers containing a Hiss-tag and
thrombin cleavage site, were described previously?> >%. Constructs for the
expression of hu M112V, A117V, 1138M, 1139M, M112V/I1138M, 1138M/I139M,
and Sha M138I/M1391 PrP23-144 were generated by site-directed mutagenesis
using primers listed in Supplementary Table 1 and the QuikChange II site-directed
mutagenesis protocol (Stratagene), and confirmed by sequencing of the entire
genes (Genewiz). Isotopically '3C,'°N enriched PrP23-144 variants were expressed
in Escherichia coli BL21 (DE3) cells using M9 minimal media containing I5NH,Cl
(1gL™!) and 3C-glucose, 1,3-1*C-glycerol (2 gL™}), 2-1*C-glycerol (2gL™}), or
3-13C-pyruvate (3 gL™1) as the nitrogen and carbon sources, respectively, and
purified by nickel affinity chromatography using Ni-NTA resin (Qiagen), followed
by cleavage of the N-terminal Hiss-tag using biotinylated thrombin (Novagen),
sequestration of the thrombin using streptavidin-agarose beads (Novagen), and
removal of the residual Hise-tag by dialysis against ultrapure water3% 36 >4,

PrP23-144 amyloid fibrils for solid-state NMR analysis. Amyloid fibrils were
prepared by adding 1 M potassium phosphate pH 6.4 buffer to a final concentra-
tion of 50 mM, to a 400 pM (~5 mg mL™!) solution of PrP23-144 in ultrapure
water>®. The majority of PrP23-144 fibril samples in this study were generated at
25 °C under quiescent conditions (denoted q25), where the fibril suspensions were
incubated largely unperturbed except for gentle inversion of the sample tubes every
12 h to ensure complete mixing®®. In addition, several amyloid fibril samples were
prepared at 37 °C under quiescent conditions (denoted q37) and at 25 or 37 °C with
continuous rotation at 8 rpm (denoted 125 and r37, respectively), as indicated in
the Results and Discussion sections. Note that, depending on the PrP23-144
sequence, the quantitative conversion of monomers into mature fibrils, as assessed
by TEM and monitoring of the UV spectra for the supernatant following sample
centrifugation, was typically complete within ~6-24 h under the r37 conditions
versus ~2-7 days under the q25 conditions. Atomic force microscopy was routinely
used to characterize the resulting PrP23-144 amyloid fibrils?® 36, which were
subsequently washed with the 50 mM potassium phosphate pH 6.4 buffer and
transferred by centrifugation to 3.2 mm solid-state NMR zirconia rotors>C.

Solid-state NMR spectroscopy. NMR data for sequential resonance assignments
were collected usin§ a 500 MHz Varian VNMRS spectrometer equipped with a 3.2
mm BioMAS 'H-1C-!>N probe and an 800 MHz Bruker Avance Il HD spec-
trometer equipped with a 3.2 mm Efree 'H-1*C-1°N probe. The *C and >N
resonance assignments were established as described in our previous studies’® 3,
using a set of 2D and 3D chemical shift correlation spectra including >N-13Ca,
ISN-13Ca-13CX, PN-13C-13CX, and 1*C’-1>N-13Ca.. The 2D *C-13C DARR®
correlation spectrum with mixing time of 500 ms was recorded at the National
High Magnetic Field Laboratory (NHMFL) on a 900 MHz ultrawide bore instru-
ment> outfitted with a Bruker Avance III console and a 3.2 mm sensitivity-
enhanced Low-E probe designed and built at NHMFL>® 7. All NMR experiments
were carried out at magic angle spinning frequency of 11.111 kHz and effective
sample temperature of 5 °C. NMR data were processed in NMRPipe® and analyzed
in Sparky® and nmrglue®.

Data availability. Further data and data sets generated during and/or analyzed
during the current study are available from the corresponding author on reasonable
request.

|8:753

Received: 23 December 2016 Accepted: 28 July 2017
Published online: 29 September 2017

References

1. Prusiner, S. B. Prions. Proc. Natl Acad. Sci. USA 95, 13363-13383 (1998).

2. Aguzzi, A, Sigurdson, C. & Heikenwaelder, M. Molecular mechanisms of prion
pathogenesis. Annu. Rev. Pathol. 3, 11-40 (2008).

3. Cobb, N. J. & Surewicz, W. K. Prion diseases and their biochemical
mechanisms. Biochemistry 48, 2574-2585 (2009).

4. Kraus, A., Groveman, B. R. & Caughey, B. Prions and the potential
transmissibility of protein misfolding diseases. Annu. Rev. Microbiol. 67,
543-564 (2013).

5. Legname, G. et al. Synthetic mammalian prions. Science 305, 673-676
(2004).

6. Castilla, ], Saa, P., Hetz, C. & Soto, C. In vitro generation of infectious scrapie
prions. Cell 121, 195-206 (2005).

7. Deleault, N. R,, Harris, B. T., Rees, J. R. & Supattapone, S. Formation of native
prions from minimal components in vitro. Proc. Natl Acad. Sci. USA 104,
9741-9746 (2007).

8. Wang, F., Wang, X,, Yuan, C. G. & Ma, J. Generating a prion with bacterially
expressed recombinant prion protein. Science 327, 1132-1135 (2010).

9. Kim, J. I. et al. Mammalian prions generated from bacterially expressed prion
protein in the absence of any mammalian cofactors. J. Biol. Chem. 285,
14083-14087 (2010).

10. Choi, J. K. et al. Amyloid fibrils from the N-terminal prion protein fragment are

infectious. Proc. Natl Acad. Sci. USA 113, 13851-13856 (2016).

. Safar, J. et al. Eight prion strains have PrPS¢ molecules with different
conformations. Nat. Med. 4, 1157-1165 (1998).

12. Caughey, B., Raymond, G. J. & Bessen, R. A. Strain-dependent differences in
B-sheet conformations of abnormal prion protein. J. Biol. Chem. 273,
32230-32235 (1998).

13. Peretz, D. et al. A change in conformation of prions accompanies the
emergence of a new prion strain. Neuron 34, 921-932 (2002).

14. Collinge, J. & Clarke, A. R. A general model of prion strains and their
pathogenicity. Science 318, 930-936 (2007).

15. Surewicz, W. K. & Apostol, M. L. Prion protein and its conformational
conversion: a structural perspective. Top. Curr. Chem. 305, 135-167 (2011).

16. Bett, C. et al. Biochemical properties of highly neuroinvasive prion strains. PLoS
Pathog. 8, 1002522 (2012).

17. Smirnovas, V. et al. Structural organization of brain-derived mammalian prions
examined by hydrogen-deuterium exchange. Nat. Struct. Mol. Biol. 18, 504-506
(2011).

18. Safar, J. G. et al. Structural determinants of phenotypic diversity and replication
rate of human prions. PLoS Pathog. 11, €1004832 (2015).

19. Collinge, J. Variant Creutzfeldt-Jakob disease. Lancet 354, 317-323 (1999).

20. Scott, M. et al. Propagation of prions with artificial properties in transgenic
mice expressing chimeric PrP genes. Cell 73, 979-988 (1993).

. Scott, M. R. et al. Identification of a prion protein epitope modulating
transmission of bovine spongiform encephalopathy prions to transgenic mice.
Proc. Natl Acad. Sci. USA 94, 14279-14284 (1997).

22. Priola, S. A. & Chesebro, B. A single hamster PrP amino acid blocks conversion
to protease-resistant PrP in scrapie-infected mouse neuroblastoma cells. J.
Virol. 69, 7754-7758 (1995).

23. Hill, A. F. et al. The same prion strain causes vCJD and BSE. Nature 389,
448-450 (1997).

24. Kundu, B. et al. Nucleation-dependent conformational conversion of the
Y145Stop variant of human prion protein: structural clues for prion
propagation. Proc. Natl Acad. Sci. USA 100, 12069-12074 (2003).

25. Vanik, D. L., Surewicz, K. A. & Surewicz, W. K. Molecular basis of barriers for
interspecies transmissibility of mammalian prions. Mol. Cell 14, 139-145
(2004).

26. Jones, E. M. & Surewicz, W. K. Fibril conformation as the basis of species- and
strain-dependent seeding specificity of mammalian prion amyloids. Cell 121,
63-72 (2005).

27. Kitamoto, T., lizuka, R. & Tateishi, ]. An amber mutation of prion protein in
Gerstman-Straussler syndrome with mutant PrP plaques. Biochem. Biophys.
Res. Commun. 192, 525-531 (1993).

28. Ghetti, B. et al. Vascular variant of prion protein cerebral amyloidosis with
T-positive neurofibrillary tangles: The phenotype of the stop codon 145
mutation in PRNP. Proc. Natl Acad. Sci. USA 93, 744-748 (1996).

29. Tycko, R. Solid-state NMR studies of amyloid fibril structure. Annu. Rev. Phys.

Chem. 62, 279-299 (2011).

. Comellas, G. & Rienstra, C. M. Protein structure determination by magic-angle
spinning solid-state NMR, and insights into the formation, structure, and
stability of amyloid fibrils. Annu. Rev. Biophys. 42, 515-536 (2013).

1

—

2

—

3

o

| DOI: 10.1038/541467-017-00794-z | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

3

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

4

W

44.

45.

46.

47

48.

49.

50.

5

—

52.

. Meier, B. H. & Bockmann, A. The structure of fibrils from ‘misfolded” proteins.

Curr. Opin. Struct. Biol. 30, 43-49 (2015).

Helmus, J. J., Surewicz, K., Nadaud, P. S., Surewicz, W. K. & Jaroniec, C. P.
Molecular conformation and dynamics of the Y145Stop variant of human prion
protein in amyloid fibrils. Proc. Natl Acad. Sci. USA 105, 6284-6289 (2008).
Helmus, J. J., Surewicz, K., Surewicz, W. K. & Jaroniec, C. P. Conformational
flexibility of Y145Stop human prion protein amyloid fibrils probed by solid-
state nuclear magnetic resonance spectroscopy. J. Am. Chem. Soc. 132,
2393-2403 (2010).

Helmus, J. J., Surewicz, K., Apostol, M. I., Surewicz, W. K. & Jaroniec, C. P.
Intermolecular alignment in Y145Stop human prion protein amyloid fibrils
probed by solid-state NMR spectroscopy. J. Am. Chem. Soc. 133, 13934-13937
(2011).

Jones, E. M. et al. Structural polymorphism in amyloids: new insights from
studies with Y145Stop prion protein fibrils. J. Biol. Chem. 286, 42777-42784
(2011).

Theint, T., Nadaud, P. S., Surewicz, K., Surewicz, W. K. & Jaroniec, C. P. 13C
and N chemical shift assignments of mammalian Y145Stop prion protein
amyloid fibrils. Biomol. NMR Assign. 11, 75-80 (2017).

Cobb, N. J., Sonnichsen, F. D., McHaourab, H. & Surewicz, W. K. Molecular
architecture of human prion protein amyloid: a parallel, in-register B-structure.
Proc. Natl Acad. Sci. USA 104, 18946-18951 (2007).

Tycko, R., Savtchenko, R., Ostapchenko, V. G., Makarava, N. & Baskakov, I. V.
The alpha-helical C-terminal domain of full-length recombinant PrP converts
to an in-register parallel beta-sheet structure in PrP fibrils: evidence from solid
state nuclear magnetic resonance. Biochemistry 49, 9488-9497 (2010).
Groveman, B. R. et al. Parallel in-register intermolecular beta-sheet
architectures for prion-seeded prion protein (PrP) amyloids. J. Biol. Chem. 289,
24129-24142 (2014).

Vazquez-Fernandez, E. et al. The structural architecture of an infectious
mammalian prion using electron cryomicroscopy. PLoS Pathog. 12, 1005835
(2016).

Shen, Y. & Bax, A. Protein backbone and sidechain torsion angles predicted
from NMR chemical shifts using artificial neural networks. J. Biomol. NMR 56,
227-241 (2013).

Chen, B., Thurber, K. R,, Shewmaker, F., Wickner, R. B. & Tycko, R.
Measurement of amyloid fibril mass-per-length by tilted-beam transmission
electron microscopy. Proc. Natl Acad. Sci. USA 106, 14339-14344 (2009).

. Takegoshi, K., Nakamura, S. & Terao, T. Bc.ly dipolar-assisted rotational

resonance in magic-angle spinning NMR. Chem. Phys. Lett. 344, 631-637
(2001).

Lee, A. L., Urbauer, J. L. & Wand, A. J. Improved labeling strategy for 1*C
relaxation measurements of methyl groups in proteins. J. Biomol. NVR 9,
437-440 (1997).

Bayro, M. J. et al. Dipolar truncation in magic-angle spinning NMR recoupling
experiments. J. Chem. Phys. 130, 114506 (2009).

Jones, E. M., Surewicz, K. & Surewicz, W. K. Role of N-terminal familial
mutations in prion protein fibrillization and prion amyloid propagation

in vitro. J. Biol. Chem. 281, 8190-8196 (2006).

. Goldmann, W. et al. Novel polymorphisms in the caprine PrP gene: a codon

142 mutation associated with scrapie incubation period. J. Gen. Virol. 77,
2885-2891 (1996).

Riek, R. & Eisenberg, D. S. The activities of amyloids from a structural
perspective. Nature 539, 227-235 (2016).

Li, J., Browning, S., Mahal, S. P., Oelschlegel, A. M. & Weissmann, C. Darwinian
evolution of prions in cell culture. Science 327, 869-872 (2010).

Weissmann, C., Li, J., Mahal, S. P. & Browning, S. Prions on the move. EMBO
Rep. 12, 1109-1117 (2011).

. Bartz, J. C., Bessen, R. A., McKenzie, D., Marsh, R. F. & Aiken, J. M. Adaptation

and selection of prion protein strain conformations following interspecies
transmission of transmissible mink encephalopathy. J. Virol. 74, 5542-5547
(2000).

Tanaka, M., Chien, P., Yonekura, K. & Weissman, J. S. Mechanism of cross-
species prion transmission: an infectious conformation compatible with two
highly divergent yeast prion proteins. Cell 121, 49-62 (2005).

|8:753

53. Castilla, J. et al. Crossing the species barrier by PrPS¢ replication in vitro
generates unique infectious prions. Cell 134, 757-768 (2008).

54. Morillas, M., Swietnicki, W., Gambetti, P. & Surewicz, W. K. Membrane
environment alters the conformational structure of the recombinant prion
protein. J. Biol. Chem. 274, 36859-36865 (1999).

55. Fu, R. et al. Ultra-wide bore 900 MHz high-resolution NMR at the National
High Magnetic Field Laboratory. J. Magn. Reson. 177, 1-8 (2005).

56. Gor’kov, P. L. et al. Using low-E resonators to reduce RF heating in biological
samples for static solid-state NMR up to 900 MHz. J. Magn. Reson. 185, 77-93
(2007).

57. McNeill, S. A., Gor’kov, P. L., Shetty, K., Brey, W. W. & Long, J. R. A low-E
magic angle spinning probe for biological solid state NMR at 750 MHz. J.
Magn. Reson. 197, 135-144 (2009).

58. Delaglio, F. et al. NMRPipe: a multidimensional spectral processing system
based on UNIX pipes. J. Biomol. NMR 6, 277-293 (1995).

59. Goddard, T. D. & Kneller, D. G. SPARKY 3 (University of California, 2006).

60. Helmus, J. J. & Jaroniec, C. P. Nmrglue: an open source Python package
for the analysis of multidimensional NMR data. J. Biomol. NMR. 55, 355-367
(2013).

Acknowledgements

This research was supported by NIH (grants R0O1IGM094357 and S100D012303 to C.P.J.
and P01AI106705 and ROINS083687 to W.K.S.) and the Camille & Henry Dreyfus
Foundation (Camille Dreyfus Teacher-Scholar Award to C.P.J.). A portion of this work
was performed at the National High Magnetic Field Laboratory, which is supported by
NSF DMR-1157490 and the State of Florida. We thank Drs. Ivan Hung and Zhehong
Gan for assistance in acquiring the spectra at the NHMFL. We also thank Prof. Gerald
Stubbs and Dr. Amy Kendall (Vanderbilt University) for providing the tobacco mosaic
virus for the TB-TEM measurements.

Author contributions

C.PJ. and W.K.S. designed research. T.T. and K.S. prepared samples. T.T., P.S.N.,, D.A,,
and J.J.H. recorded and analyzed the NMR data. T.T., P.S.N., and S.P. recorded and
analyzed the electron microscopy data. T.T., W.K.S., and C.P.J. wrote the paper.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-00794-z.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

| DOI: 10.1038/541467-017-00794-z | www.nature.com/naturecommunications


http://dx.doi.org/10.1038/s41467-017-00794-z
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Species-dependent structural polymorphism of Y145Stop prion protein amyloid revealed by solid-state NMR spectroscopy
	Results
	Residues controlling PrP23-144 amyloid core structure
	Basis for control of core structure by residues 112 and 139
	PrP23-144 amyloid polymorphism and new structural strains

	Discussion
	Methods
	Protein expression and purification
	PrP23-144 amyloid fibrils for solid-state NMR analysis
	Solid-state NMR spectroscopy
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




