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Abstract
A remarkable feature of prion biology is that the same prion protein can misfold into more than
one infectious conformation and these conformations, in turn, lead to distinct heritable prion
strains with different phenotypes. The yeast prion [PSI+] is a powerful system for studying how
changes in the strain conformation affect cross-species transmission. We have previously
established that a chimera of the Saccharomyces cerevisiae (SC) and Candida albicans (CA)
Sup35 prion domains can cross the SC/CA species barrier in a strain-dependent manner. In vitro,
the conversion of the monomeric chimera to the prion (amyloid) form can be seeded by either SC
or CA Sup35 amyloid fibers, resulting in two strains: Chim[SC] and Chim[CA]. These strains
have a “molecular memory” of their originating species in that Chim[SC] preferentially seeds
conversion of SC Sup35, and vice versa. To investigate how this species specificity is
conformationally encoded, we used amide exchange and limited proteolysis to probe the structures
of these two strains. We found that the amyloid cores of Chim[SC] and Chim[CA] are
predominantly confined to the SC- and CA-derived residues respectively. In addition, the chimera
is able to propagate the Chim[CA] conformation even when the SC residues that comprise the
Chim[SC] core were deleted. Thus the two strains have non-overlapping and modular amyloid
cores that determine whether SC or CA residues are presented on the growing face of the prion
seed. These observations establish how conformations determine the specificity of prion
transmission and demonstrate a remarkable plasticity to amyloid misfolding.
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Prions, originally postulated to explain transmissible spongiform encephalopathies1, also
underlie a number of epigenetic elements in fungi and perhaps in higher organisms2.
Arguably the best studied of these elements is the yeast prion [PSI+], which results from
self-propagating aggregates of the Sup35 translation termination factor3. Although Sup35
and the mammalian prion protein PrP have unrelated amino acid sequences, both proteins
misfold into ordered, beta-sheet rich amyloid fibers. The self-templating nature of amyloid
fibers allows the prion state to be stably propagated through the continual binding and
conversion of newly-synthesized soluble proteins to the prion form4–7. Sup35 amyloid
fibers, when introduced into yeast cells via protein transformation, induce cells to convert to
the [PSI+] state with high efficiency8–10. These studies provided direct demonstration of the
“protein-only” prion hypothesis and established amyloid as the infectious form of the Sup35
protein.

Remarkably, a single prion protein can adopt a spectrum of amyloid conformations that lead
to heritable strain variants11,12. These strain variants manifest as distinct pathological
symptoms in mammalian prions and as differences in the strength and stability of heritable
phenotypes in yeast prions including [PSI+]. Beyond causing phenotypic differences, strains
can also have different propensities for crossing “species barriers”12–15, which inhibit the
transmission of prions between species, even those with closely related prion proteins16–18.
The central relationship between strains and species barriers has been underscored by “new
variant” Creutzfeld-Jacob disease (“mad cow disease”), which is attributed to a strain of
bovine spongiform encephalopathy with an enhanced ability to cross the species barrier to
humans12,19,20. In the case of [PSI+], distinct conformations of Sup35 can be formed in vitro
by altering the polymerization conditions such as temperature. When introduced into yeast,
these conformations can induce different prion strains, establishing that heritable differences
in prion strain variants are enciphered within the conformation of the infectious protein9,10.
The ability to relate the physical properties of synthetic prions to their biological effects
provides a critical tool for exploring basic principles of prion inheritance, including how
changes in a prion's conformation alter its ability to template or “seed” the polymerization of
Sup35 from other species. As a result, [PSI+] has been particularly valuable for exploring
the relationship between prion strains and species barriers13,14,21.

Previously we found that a chimeric Sup35 (Chimera; Fig. 1a) constructed by replacing
residues 41–123 of Saccharomyces cerevisiae (SC) Sup35 with the corresponding residues
47–141 from Candida albicans (CA) could cross the SC/CA species barrier in a strain-
dependent manner13,14. Even though Chimera was originally created to identify a minimal
region of SC Sup35 required for self-recognition18, the conversion of Chimera to the prion
form could be seeded by both SC and CA Sup35. When seeded by SC Sup35, Chimera
forms a strain we call Chim[SC] and this strain readily seeds SC but not CA Sup35 (Fig.
1b,c). In contrast, seeding Chimera with CA Sup35 results in the Chim[CA] strain, which
preferentially seeds conversion of CA Sup35. Thus, the Chim[SC] and Chim[CA] strains
retain a molecular memory of their seed. Elegant peptide array experiments by Tessier and
Lindquist revealed that short peptides of Sup35 could drive polymerization of Chimera into
the amyloid form21. Chimera preferentially interacted with peptides derived from SC or CA
Sup35 at temperatures14 that favored Chim[SC] or Chim[CA] polymerization, respectively.
The above studies established that the conformation of each Chimera prion form dictates
seeding specificity, presumably by presenting different regions of the protein on the growing
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amyloid face. Nonetheless, the nature and extent of these conformational differences and
how they alter seeding specificity remain largely unexplored.

Hydrogen exchange reveals reciprocal regions of protection
To address these questions, we used amide hydrogen/deuterium exchange (HX) coupled to
multidimensional NMR22,23 to probe the conformations of Chim[SC] and Chim[CA]. HX
NMR can provide atomic-level information about which residues are involved in stable
hydrogen bonds, including those that comprise the structural core of amyloid fibers. Here,
uniformly 15N-labeled fibers are placed in a D2O-containing buffer to allow exchange of
solvent-accessible hydrogens. After quenching, the fibers are dissolved in DMSO to a
monomeric form amenable to the collection of high-resolution spectra. Exchange of the
backbone amide hydrogen of a given residue results in a decrease in the signal of the
corresponding peak in the 2D 15N-HSQC spectrum.

Analysis of the data requires assignment of the spectrum of Chimera, which is challenging
due to the extensive glutamine stretches and multiple sequence repeats in the CA domain.
By transferring existing assignments from SC Sup3523 and assigning additional peaks with
seven three-dimensional NMR experiments on uniformly 13C-,15N-labeled Chimera, we
succeeded in assigning 142 residues (Fig. 1d). This includes 30 of the first 40 SC-derived
residues (Ch1–40) and 33 of the CA-derived residues (Ch41–135). With these assignments,
we were able to monitor protection from exchange at many residues throughout the prion
domain on Chim[SC] and Chim[CA] fibers after 1 minute, 1 hour, and 1 day of exchange.

The regions most protected from exchange in Chim[SC] and Chim[CA] were nearly
perfectly reciprocal (Figs. 2 and 3a). The residues most strongly protected in Chim[SC] were
those derived from the SC Sup35 prion domain (Ch1–40), while the residues most strongly
protected in Chim[CA] were CA-derived. This immediately suggested that the amyloid
cores of Chim[SC] and Chim[CA] were radically different. Furthermore, the protected
region in Chim[SC] resembled that of the seeding SC conformation (see legend to Fig. 1a)
which has a compact core limited to the first 40 residues23. Consistent with previous
studies9,23,24, the Sup35 middle domain, Ch136–265, which is not essential for prion
behavior25, showed minimal protection from exchange indicating that it was easily solvent-
accessible and thus relatively unstructured (Fig. S1).

Limited proteolysis confirms differences in amyloid cores
We also used limited proteolysis to identify the protease-resistant core26 of Chim[SC] and
Chim[CA]. Long protected peptides that persist during digestion with proteinase K were
found to be a reliable method for distinguishing distinct amyloid strain conformations of SC
Sup35 (M.T., unpublished observations). Chim[SC] and Chim[CA] were digested, pelleted
by ultracentrifugation, and dissolved in DMSO. The resulting peptides were identified by
MALDITOF mass spectrometry. Consistent with our amide exchange results, the only long
peptides observed in Chim[SC] following proteinase K treatment spanned residues 2–45 and
2–49 (Figs. 3b and S2). In contrast, digestion of Chim[CA] revealed long protected peptides
derived from residues 50–131 in addition to peptides spanning residues 2–49.

Proteolysis confirmed the differences observed by HX in the protected regions of Chim[SC]
and Chim[CA], but both conformations had protease-resistant peptides spanning Ch1–40.
This protease protection could indicate that Chim[CA] has an expanded amyloid core that
comprises almost the entire prion domain. Alternatively, these residues could be protected
from proteolysis due to other factors such as secondary aggregation or partial structure while
not being essential for the structural integrity of the amyloid core.
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Chim[CA] does not require SC-derived residues 1–40
To test whether the protection observed in Ch1–40 was structurally critical for the
Chim[CA] core, we created a mutant Chimera without these SC-derived residues (ChΔSc).
ChΔSc retained the ability to polymerize into an amyloid form and this polymerization was
efficiently seeded by CA and Chim[CA] but not by SC or Chim[SC] (Figs. 4a–c and 4d–f).
Moreover, when seeded by CA, the resulting amyloid conformation (ChΔSc[CA]) exhibited
the same species specificity as Chim[CA] (Fig. 4g,h). Taken together, the above studies
argue that the minimal structural core required for propagation of the Chim[CA]
conformation is composed solely of CA residues and is thus distinct from that of Chim[SC].

Conclusions
Here we provide a structural explanation for earlier studies that established that the strain
conformation of Chimera determines its seeding specificity for SC or CA Sup35.
Specifically, we show that Chimera adopts two radically different conformations depending
on the templating species. These two conformations have largely non-overlapping amyloid
cores that are restricted to the species-specific region of Chimera, and are consistent with the
locations of the short nucleating sequences identified by peptide array21. Although both the
SC- and CA-derived segments of Chimera are amyloidogenic, templating Chimera in one
region appears to prevent amyloid formation in the other. Our observations provide a model
for how the “molecular memory” of the species origin of the templating seed is recorded in
the amyloid conformation of Chimera.

That a single polypeptide can form such radically different prion conformations substantially
extends our view of the plasticity of protein misfolding. This together with related work
showing structural diversity in amyloid formation27,28, emphasizes the inherent challenges
of structural studies of prions and other amyloids, where subtle differences in
polymerization conditions or the underlying peptide can result in dramatic changes in the
resulting conformation. In addition, it also underscores the challenges in preventing the
polymerization of such fibers. Given the multiplicity of nucleating sequences in
amyloidogenic proteins, therapeutic strategies that selectively direct the energy landscape to
favor less toxic amyloid conformations may be more successful than those that seek to
abolish polymerization altogether.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chimera sequence and assignments
(a) Schematic diagram of Chimera. Chimera and all other proteins in this study are
expressed as the prion domain indicated followed by the SC Sup35 middle domain and a C-
terminal 7xhistidine or 9xhistidine tag not shown in the schematic13,18. Proteins were
purified as described29. These proteins do not include the Sup35 C-terminal domain that
confers the translation termination function because it is not required for amyloid formation
in vitro. (b) Cartoon representation of the seeding specficity of Chim[SC] and Chim[CA].
(c) Species specificity of Chim[SC] and Chim[CA]. Amyloid fibers were formed and
assayed for species specificity as previously described14. Chim[SC] and Chim[CA] were
formed by two rounds of Chimera polymerization, with 5% seeding (w/w) by preformed SC
or CA fiber seeds as indicated. Resulting fibers contain no more than 0.25% of SC or CA
seed. To take advantage of previous work characterizing structural features of defined SC
strains23, Chim[SC] was seeded by SC fibers formed at 4°C. Chim[CA] was formed at 37°C
to optimize stability of species specificity. Error bars represent s.e.m. for 3 or 5 replicates.
(d) Chimera assignments. SC Sup35 residues 1–40 are red; CA 47–141 are blue; SC 124–
253 are black. Exact repeats of 5 or more residues are underlined, except the two
polyglutamine repeats at residues 57–62 and 126–132. Green highlighting indicates assigned
residues with distinct NMR peaks, blue indicates assigned residues that exactly overlap
another peak, and yellow indicates assigned residues that are in crowded areas and thus
cannot be distinguished. G64/G116 and G89/108 could be mapped ambiguously to pairs of
residues respectively but not further resolved; these residues have been highlighted in
purple.
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Figure 2.
Hydrogen/deuterium exchange of Chimera fibers
Hydrogen/deuterium exchange and NMR on 15N-labeled Chim[SC] and Chim[CA] fibers
was performed as previously described23 with the following modification. Rather than
pelleting fibers by ultracentrifugation and resuspending fibers into D2O-containing buffer to
start the exchange, freshly prepared 15N-Chimera fibers were first concentrated using an
Amicon Ultra-15 centrifugal filter unit with Ultracel-30 membrane (Millipore), then diluted
12.5-fold into the equivalent buffer in D2O at pH 7.0 to start the exchange. Time points were
taken at 0 minutes, 1 minute, 1 hour, and 1 day of exchange. Exchange was quenched by
adjusting pH to 2.5 with DCl. (a) 15N-HSQC spectrum for Chim[CA], no exchange.
Chim[SC] spectrum appears very similar. Red dashed box indicates residues shown in (c).
(b) Spectra for Chim[SC] and Chim[CA], 1 day exchange. After 1 day of exchange, the
same spectra for Chim[SC] and Chim[CA] qualitatively reveal large differences from the no
exchange spectra and from each other. (c) A subset of residues (indicated by red box in (a))
from Chim[SC] and Chim[CA] after no exchange and 1 minute, 1 hour, and 1 day of
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exchange. Peaks are colored according to assignments: blue, Ch1–40 (SC-derived); red,
Ch41–135 (CA-derived); gray, Ch136–253 (middle domain). Because most residues at the
boundaries of the SC and CA segments of Chimera were assigned, a number of unassigned
peaks (including the peak denoted as ?CA) could be identified as originating from CA
residues due to the lack of a corresponding peak in SC spectra (see Supplementary methods
for details on peak assignments).
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Figure 3.
Dramatically different regions of Chim[SC] and Chim[CA] are protected from amide
exchange and proteolysis
(a) Amide exchange data for Chim[SC] and Chim[CA] mapped to residue location.
Intensities for all assigned and distinct peaks in the Chimera prion domain are plotted as a
fraction of the unexchanged intensity. Estimated minimum peak intensity (dotted line) is
calculated based on maximum exchange observed in the middle domain (Fig. S1). For
overlapping peaks, values represent the combined intensities. For ambiguous peaks,
intensities of both peaks are plotted. (b) Limited proteolysis of Chim[SC] and Chim[CA].
Chimera amyloid fibers (5 μM, 1 ml) in 5 mM potassium phosphate, 150 mM NaCl, pH 7.5
were digested with proteinase K (1.5 μg/ml) at room temperature for 2 hours. After the
amyloid solution was ultracentrifuged at 214,000g for 30 min, the supernatant was removed
and the pellet was washed with 1 ml of buffer and ultracentrifuged again. The pellet was
dissolved in 100 μl DMSO (similar results were found with 6 M guanidine HCl, 25 mM
Tris, pH 7.5). For the MALDI-TOF MS measurement, the dissolved peptides were desalted
by NuTip C4 (Glygen) and analyzed with Microflex (Bruker Daltonics). As a matrix, we
used 3,5-dimethoxy-4-hydroxycinnamic acid. Identification of peptides was performed
using the program PAWS (ProteoMetrics). Summary of peptides identified are
schematically diagrammed here.
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Figure 4.
Chim[CA] does not require SC-derived Ch1–40 residues
Sonicated fibers were added to monomers as indicated, and polymerization was monitored
by an increase in ThioflavinT fluorescence. Data were normalized to initial and final
intensities, initial time points were fit to a line, and the slope was calculated as the initial rate
of polymerization. Representative normalized kinetic traces are shown. Error bars represent
s.e.m. for 2–5 replicates. (a, b, c) Chimera and ChΔSc monomers were seeded by CA and
SC fibers. ChΔSC, constructed with standard molecular cloning techniques and verified by
sequencing, is identical to the His-tagged Chimera with the exception of deleted residues 2–
40. (d, e, f) Chimera and ChΔSc monomers were seeded by Chim[SC] and Chim[CA] fibers.
(g, h) SC and CA monomers were seeded by ChΔSC[CA] fibers (compare to Chim[CA] in
Fig. 1b).
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