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Abstract

Intracellular fibril formation by Ure2p produces the non-Mendelian genetic element [URE3] in S.
cerevisiae, making Ure2p a prion protein. We show that solid state NMR spectra of full-length
Ure2p fibrils, seeded with infectious prions from a specific [URE3] strain and labeled with
uniformly 15N, 13C-enriched Ile, include strong, sharp signals from lle residues in the globular C-
terminal domain (CTD), with both helical and non-helical 13C chemical shifts. Treatment with
proteinase K (PK) eliminates these CTD signals, leaving only non-helical signals from the Gin-
and Asn-rich N-terminal segment, which are also observed in solid state NMR spectra of lle-
labeled fibrils formed by residues 1-89 of Ure2p. Thus, the N-terminal segment, or “prion
domain” (PD), forms the fibril core, while CTD units are located outside the core. We additionally
show that, after PK treatment, lle-labeled Ure2p fibrils formed without prion seeding exhibit a
broader set of solid state NMR signals than do the prion-seeded fibrils, consistent with the idea
that structural variations within the PD core account for prion strains. Measurements of 13C-13C
magnetic dipole-dipole couplings among 13C-labeled lle carbonyl sites in full-length Ure2p fibrils
support an in-register parallel B-sheet structure for the PD core of Ure2p fibrils. Finally, we show
that a model in which CTD units are attached rigidly to the parallel B-sheet core is consistent with
steric constraints.
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Introduction

Ure2p of S. cerevisiae is a 354-residue protein, consisting of a 245-residue C-terminal
domain (CTD) with a globular fold, structurally homologous to glutathione S-transferasel2,
and a 110-residue, Asn- and GIn-rich N-terminal segment that is natively unfolded3-. Under
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typical experimental conditions, the CTD dimerizes through multiple noncovalent
interactions, principally hydrophobic in nature, on its flat facel-2:6. The normal biological
function of Ure2p is to regulate genes involved in catabolism of certain nitrogen sources by
binding to the transcription factor GIn3p. [URE3], a non-Mendelian genetic element of S.
cerevisiae described in 1971 by Lacroute’, was shown in 1994 to be an autoinactivating
infectious form of Ure2p8, making Ure2p the first non-mammalian prion protein to be
identified. Aggregation of Ure2p into amyloid fibrils proved to be the basis of [URE3]%10,
as is likely the case for the mammalian prion diseases!1-14, [URE3] is undetectable in wild
yeast strains!®, implying that [URE3] is most likely a prion “disease”, not an advantageous
or functional condition.

Polypeptides from the N-terminal segment (e.g., Ure2p1.g5, Ure2p.gg, and
Ure2p10-391916:17 with Ure2p,,.m representing residues n to m of Ure2p) form amyloid
fibrils in vitro, protease treatment of full-length Ure2p amyloid yields only N-terminal
fragments18, [URE3] propagates stably in cells that express only the N-terminal segment
(but not in cells that express only the CTD)19, and protease-treated Ure2p amyloid induces
[URE3] when transfected into S. cerevisiae?0. Overexpression of N-terminal polypeptides
(e.g., Ure2p;.g5) within S. cerevisiae also induces [URE3]®. Therefore, the N-terminal
segment (more specifically, the Asn- and Gln-rich portion thereof, residues 1-89) is the
“prion domain” (PD) of Ure2p. Solid state nuclear magnetic resonance (NMR)
measurements on Ure2p;.go® and Ure2pyg.391” fibrils indicate that the cross-p structure
within these fibrils, identified by electron diffraction?, has an in-register parallel
organization, as also observed in full-length p-amyloid fibrils22, amylin fibrils23, and other
yeast prion fibrils24-27. In-register, parallel p-sheet formation is apparently favored by
intermolecular interactions among GlIn and/or Asn sidechains, which are automatically
aligned by the parallel structure so as to permit “polar zipper” interactions28-3! regardless of
the order or spacing of GIn and Asn residues within the amino acid sequencel’25,

Recently, Loquet et al. have reported the first solid state NMR studies of full-length Ure2p
fibrils, prepared with uniform 15N and 13C labeling32. Two-dimensional (2D) solid state
NMR spectra of these fibrils clearly show strong, sharp signals attributable to the CTD,
nearly identical to the signals observed in 2D spectra of microcrystals formed by the CTD
alone. Thus, it appears that the CTD retains its globular fold in full-length Ure2p fibrils.
This observation is consistent with experiments by Baxa et al., which showed that fibrils
formed by fusions of the Ure2p PD with several globular partners (including barnase,
carbonic anhydrase, glutathione S-transferase, and green fluorescent protein) retain the
activity of the partner protein33 and that the calorimetric signature of the CTD unfolding is
identical in soluble and fibrillized Ure2p3, as well as experiments by Bai et al., which
showed that Ure2p retains glutathione peroxidase activity in the amyloid state34. An
important implication of the solid state NMR data of Loquet et al. is that the CTD is not
highly mobile in full-length Ure2p fibrils32, ruling out the possibility that CTD monomers
are tethered to the fibril core by a disordered linker segment that is sufficiently long to
permit large and rapid reorientational motions of the CTD.

Loquet et al. suggest that their results may support a model in which the core of biologically
relevant Ure2p fibrils is constructed from CTD dimers, with the N-terminal segment located
on the periphery (see Fig. S9 of ref. 32). Such a model is inconsistent with previous work
described above, especially the infectivity of fibrils that contain only the PD, the induction
of [URE3] by overexpression of the PD, and the stable propagation of [URE3] in cells that
express only the PD9:19.20 An alternative interpretation of the solid state NMR results of
Loquet et al. is that the PD forms a rigid, cross-p core that is contained within a helical shell
of CTD units, which are immobilized by a combination of covalent linkage at their N-
termini to the PD core, noncovalent CTD-CTD dimerization, and contacts among CTD
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dimers. Below, we present solid state NMR data to support this alternative interpretation.
Data below also provide further evidence that the structural basis for distinct, self-
propagating strains or variants of [URE3] lies in the PD core.

Description of samples

The relatively low resolution of previously reported solid state NMR spectra of Ure2pq.gg
fibrils is attributable in part to structural heterogeneityl®, consistent with the production of a
mixture of [URE3] prion variants on infection of yeast with such filaments2°. In order to
prepare samples with greater structural homogeneity, we seeded the growth of full-length
Ure2p fibrils with prion aggregates extracted from S. cerevisiae cells that carried a specific
variant of [URE3]. The slower kinetics of amyloid formation by full-length Ure2p compared
with Ure2p1.g910 allows efficient seeding to occur under appropriate conditions (see
Materials and Methods and Fig. S1). To eliminate NMR signals from outside the core of the
Ure2p fibrils, the fibrils were treated with proteinase K (PK), a nonspecific protease that has
been widely used to identify the stably structured cores of amyloid and prion fibrils3>-37, As
was shown previously8, such treatment generates protease-resistant fragments that
correspond to the N-terminal region of Ure2p (Table 1 and Fig. S2). Full-length Ure2p
fibrils seeded with S. cerevisiae extracts (EX-Ure2p) were compared with spontaneously
formed full-length Ure2p fibrils (SP-Ure2p) and with fibrils formed by Ure2p;_gg. For these
samples, His-tagged Ure2p and Ure2p;_gg sequences were expressed in E. coli and
isotopically labeled only at lle residues, either with 15N and 13C at all sites (U-lle) or

with 13C only at the carbonyl site (1-1le). Samples are therefore named U-lle-EX-Ure2p, U-
lle-SP-Ure2p, PK-U-lle-EX-Ure2p, PK-U-lle-SP-Ure2p, U-1le-SP-Ure2p;_gg, and 1-lle-SP-
Ure2p. All solid state NMR measurements were performed on fully hydrated fibrils, which
had never been dried or lyophilized. Details of sample preparation and experimental
measurements are given in the Materials and Methods.

Ure2p contains 18 lle residues, 14 of which are in the CTD. According to crystal structures
of dimeric CTDY2, nine Ile residues occur in helical segments (1130, 1189, 1212, 1227, 1308,
1323, 1327, 1329, and 1348), three occur in B-strand segments (1142, 1169, and 1178), and two
occur in coil or turn segments (1241 and 1325). The remaining four lle residues occur in the
PD (121, 135, and 177) or in the segment between the PD and the CTD (1102). Since lle
residues in different secondary structure elements have distinctive 13C NMR chemical
shifts38:39, solid state NMR spectra of lle-labeled samples can provide useful structural
information even without site-specific chemical shift assignments.

Fig. 1 shows transmission electron microscope (TEM) images of negatively stained fibril
samples. Prion-seeded Ure2p fibrils (Fig. 1a) are typically less than 100 nm in length, while
unseeded fibrils (Fig. 1b) have lengths approaching 1 um. This difference arises from the
fact that, in the case of seeded growth, the fibrils were sonicated after two days of incubation
with prion seeds, then incubated for an additional two days (see Materials and Methods).
Sonication generates a higher concentration of fibril ends, as required for efficient
conversion of Ure2p to the fibrillar state in seeded growth. Sonication was not required in
the production of unseeded fibrils because these fibrils were grown from a higher initial
concentration of recombinant Ure2p. After PK treatment (Figs. 1¢ and 1d), the fibrils
become thinner and tend to self-associate, making it difficult to assess the morphology of
individual PK-treated fibrils in the TEM images

J Mol Biol. Author manuscript; available in PMC 2012 June 3.
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Proteinase K treatment selectively removes the CTD from Ure2p fibrils

Fig. 2 shows the 2D 13C-13C NMR spectra of U-1le-EX-Ure2p and PK-U-1le-EX-Ure2p
fibrils. 1D slices from these spectra are shown in Fig. S3 of supplementary data. For U-lle-
EX-Ure2p fibrils (Figs. 2a and 2b), crosspeak signals of lle residues in helical segments of
CTD are clearly separated from those in non-helical segments (of the CTD and PD),
primarily due to the downfield shifts of helical Ile a-carbon signals (63-65 ppm) relative to
non-helical Ile a-carbon signals (56-61 ppm). Consistent with the results of Loquet et al.32,
signals from helical lle sites in the CTD are strong and sharp (<1 ppm full-width-at-half-
maximum). Sharp non-helical signals are also observed, which we attribute primarily to
non-helical lle residues in the CTD.

After PK treatment, nearly all sharp signals vanish from the 2D 13C-13C spectrum of PK-U-
lle-EX-Ure2p (Figs. 2c and 2d). Crosspeak signals from helical Ile residues vanish
completely (dashed rectangular areas in Figs. 2a and 2c¢). Remaining signals come from
residues 1-70 of Ure2p, as indicated by mass spectrometry of the PK-treated fibrils (Table
1). Thus, PK treatment selectively removes the CTD from Ure2p fibrils that were grown
from biologically active prion seeds. This clearly shows that the fibril core is not comprised
of CTD units.

Fig. 3 shows 2D 15N-13C spectra of U-lle-EX-Ure2p and PK-U-lle-EX-Ure2p fibrils. These
spectra also indicate that PK treatment selectively removes the sharp solid state NMR
signals that arise from the globular CTD.

Seeding with a specific [URE3] strain produces a more homogeneous Ure2p fibril core

Fig. 4 shows 2D 13C-13C spectra of U-1le-SP-Ure2p and PK-U-1le-SP-Ure2p fibrils. The
spectrum of U-lle-SP-Ure2p fibrils (Figs. 4a and 4b) is similar to that of U-lle-EX-Ure2p
fibrils (Figs. 2a and 2b) because both spectra are dominated by signals from the CTD, which
has the same structure in both samples. However, after PK treatment, the spectrum of PK-U-
Ile-SP-Ure2p fibrils (Figs. 4c and 4d) differs significantly from that of PK-U-lle-EX-Ure2p
fibrils (Figs. 2c and 2d). In particular, the 2D 13C-13C spectrum of the prion-seeded sample
shows fewer crosspeak signals (see especially Figs. 2d and 4d, as well as Fig. S3). This
observation indicates that the PK-resistant core structure is more structurally homogeneous
in the prion-seeded fibrils than in the unseeded fibrils, consistent with the idea that strain
variations arise from structural variations in the fibril core. PK treatment also produced a
somewhat different set of Ure2p fragments in the two cases, including a minor population of
fragments that extend to residue 87 or 88 in the case of unseeded Ure2p fibrils (Table 1).
Although 177 potentially contributes to solid state NMR signals of PK-U-1le-SP-Ure2p
fibrils, but not to those of PK-U-lle-EX-Ure2p fibrils, this contribution should not be
sufficient to explain the observed differences in crosspeak signals, as the longer PK
fragments are a minor component (roughly 25% of the PK-treated sample, which means
roughly 10% of the total NMR signal from lle residues).

The 2D 13C-13C spectrum of U-lle-SP-Ure2p;_gq fibrils (Fig. S4) is similar to spectra of PK-
Ile-EX-Ure2p and PK-lle-SP-Ure2p fibrils, as expected if the molecular structure in
Ure2p1_gg fibrils is similar to the molecular structure in the core of full-length Ure2p fibrils.
Structural homogeneity of U-1le-SP-Ure2p,_gg fibrils may be intermediate between that of
PK-1le-EX-Ure2p fibrils and that of PK-Ile-SP-Ure2p fibrils.

The core of full-length Ure2p fibrils has an in-register parallel B-sheet structure

Fig. 5 shows measurements of nuclear magnetic dipole-dipole couplings among lle carbonyl
sites in 1-lle-SP-Ure2p fibrils, using the PITHIRDS-CT technique®?. We have previously
used the same technique to characterize the B-sheet structures in other amyloid and prion
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fibrils22:24-26 \When 13C labels form linear chains with 4.8 A intermolecular spacings, as
expected in an in-register parallel p-sheet, 13C-13C couplings produce a decay of 13C signals
on the time scale of 30 ms. Larger spacings produce longer decay times, proportional to the
inverse cube of the internuclear distance. In measurements on 1-lle-SP-Ure2p fibrils,
interpretation of the PITHIRDS-CT data is complicated by the fact that only a fraction of the
lle carbonyl 13C labels are in the PD and the fact that the CTD contains 13C pairs with
relatively short distances. Examination of the CTD crystal structure shows that, among
helical lle residues, 1327 and 1329 have 4.5 A nearest-neighbor 13C-13C distances, 1323 has
a 5.8 A nearest-neighbor distance, and 1212 and 1308 have 6.5 A nearest-neighbor distances.
1325, in a coil segment, has a 5.8 A nearest-neighbor distance (to 1323). The remaining 8 Ile
residues, including all CTD lle residues in p-strands, have nearest-neighbor distances greater
than 7.0 A.

Fig. 5a shows that the carbonyl 13C NMR signal from 1-1le-SP-Ure2p fibrils can be
deconvolved into five Gaussian components, at chemical shift values of 176.2, 174.9, 173.8,
172.6, and 171.5 ppm and with area ratios of 3.6:3.0:4.0:5.7:1.7 (in order of decreasing
chemical shift, and normalized to a total area of 18 to match the 18 lle residues in Ure2p).
Carbonyl signals in the 2D 13C-13C spectrum of PK-U-lle-SP-Ure2p fibrils (Fig. 4a) are
entirely contained in the 170.8-173.0 ppm range. Based on both their positions and their
areas, it is therefore reasonable to assign the two highest-field (lowest chemical shift)
components of the carbonyl lineshape in Fig. 5a (i.e., peaks 4 and 5) to lle sites in B-strands,
including four sites in the N-terminal segment and three sites in the CTD. Fig. 5b shows that
these components decay most rapidly in the PITHIRDS-CT data. The decay of the sum of
peaks 4 and 5 lies between ideal simulations for linear chains of 13C nuclei with 5.0 A and
6.0 A spacings, as expected if three or four of the seven 13C-labeled sites that contribute to
these peaks follow the 5.0 A simulations and the remaining sites do not decay significantly
on the 30 ms time scale. Given that the -strand lle sites in the CTD have no nearest-
neighbor distances less than 7.0 A, the experimentally observed decay of the sum of peaks 4
and 5 implies that the 13C-labeled sites in the PD (121, 135, and 177, and possibly 1102) have
nearest-neighbor 13C-13C distances of approximately 5 A. Since these sites are well
separated in the Ure2p sequence, this result supports an in-register parallel B-sheet structure
for the PD core in full-length Ure2p fibrils. As previously reported!®, similar data for Ala,
Leu, and Val residues in Ure2p;.gg fibrils also support an in-register parallel B-sheet
structure.

As further support for our interpretation of the data in Figs. 5a and 5b, we performed PK
digestion of the same 1-lle-SP-Ure2p fibrils. The 13C NMR spectrum in Fig. 5¢ shows that
the three low-field carbonyl signal components are selectively attenuated after PK digestion.
PITHIRDS-CT data for the remaining carbonyl signals exhibit a rapid decay, as shown in
Fig. 5d. The remaining deviation of the experimental PITHIRDS-CT data after PK digestion
from the simulated 5.0 A simulated curve can be attributed to a minor signal contribution
from natural-abundance 13C at carbonyl sites, expected to be roughly 20% of the total
carbonyl 13C signal after PK digestion.

CTD units are attached rigidly to the core of full-length Ure2p fibrils

Fig. 6a shows the aliphatic region of the one-dimensional 13C NMR spectrum of U-lle-EX-
Ure2p fibrils. In this spectrum, as well as in the 2D spectra discussed above, signals

from 13C nuclei were detected after transfer of spin polarization from 1H nuclei by
Hartmann-Hahn 1H-13C cross-polarization (CP)#142, The CP time scale in such
measurements depends on the strength of 1H-13C dipole-dipole couplings, which are
sensitive to motional averaging. Rapid, large-amplitude molecular motions can reduce the
time-averaged couplings and increase the time scale for build-up of 13C polarization (and
hence the build-up of 13C NMR signals) under CP.

J Mol Biol. Author manuscript; available in PMC 2012 June 3.
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Fig. 6 compares experimental CP build-up measurements on U-lle-EX-Ure2p fibrils with
the same measurements on uniformly 1°N,13C-labeled L-valine powder, in which large-
amplitude molecular motions (other than methyl group rotation) are absent. The build-up
curves for lle a-carbon and B-carbon signals from U-lle-EX-Ure2p fibrils are remarkably
similar to the corresponding curves for L-valine powder (Fig. 6a), indicating that motional
averaging of dipole-dipole couplings in the CTD backbone is minimal. Build-up of lle
methyl carbon signals (y,-carbon and 6-carbon) is slower than build-up of L-valine methyl
carbon signals (Fig. 6b), but this observation can be attributed to Ile sidechain motions in the
U-lle-EX-Ure2p fibrils. Thus, CTD units of full-length Ure2p fibrils do not undergo large-
amplitude reorientational motions on the sub-millisecond time scale. The amplitude of
diffusional or librational motions must be on the order of £10° or less to be consistent with
data in Fig. 6a.

Discussion

Interpretation of solid state NMR data for Ure2p fibrils

The initial solid state NMR studies of selectively 13C-labeled Ure2p;_gg fibrils by Baxa et
al.16 showed that Leu, Val, and Ala residues have 13C chemical shifts and

intermolecular 13C-13C dipole-dipole couplings indicative of an in-register parallel f-sheet
structure. 2D 15N-13C and 13C-13C spectra of uniformly 1°N,13C-labeled Ure2p;_gg fibrils
did not show many sharp, well-resolved crosspeak signals, especially when compared with
2D spectra of uniformly 15N,13C-labeled HET-s prion domain fibrils obtained under
identical experimental conditions1®. The comparatively poor resolution observed in 2D
spectra of uniformly 1°N,13C-labeled Ure2p;_gq fibrils was attributed to structural
heterogeneity, which may include both polymorphisms that account for distinct [URE3]
strains and conformational disorder within fibrils with a single morphology. Quantitative
analysis of the integrated intensities of crosspeak regions in 2D 13C-13C spectra suggested
that the immobilized core of Ure2p;_gg fibrils contains only a subset of the amino acid
sequencel,

Solid state NMR data for full-length Ure2p fibrils and Ure2p;_g3 fibrils described
subsequently by Loquet et al.32 are not inconsistent with the data of Baxa et al. Although 2D
spectra of uniformly-labeled, full-length Ure2p fibrils do show many sharp crosspeak
signals, these signals arise primarily from the globular CTD, as demonstrated by Loquet et
al. through comparisons of spectra of full-length Ure2p fibrils with spectra of
microcrystalline CTD32, 2D 13C-13C spectra of uniformly-labeled Ure2p1_g3 fibrils reported
by Loquet et al. (see Fig. S3 of ref. 32) are qualitatively similar to spectra of uniformly-
labeled Ure2p;.gg fibrils reported by Baxa et al. (see Fig. 4 of ref. 16), with minor
differences attributable to differences in the amino acid sequences, sample preparation
conditions, and NMR measurement conditions (e.g., radio-frequency pulse sequences and
magnetic field strengths). We see no major differences in the data that would necessitate a
revision of the conclusions reached by Baxa et al. Loquet et al. also report that the
resolution of 1D and 2D solid state 13C NMR spectra of full-length Ure2p fibrils is
irreversibly impaired by heating to 50° C or higher32, but of course such heat treatment was
not employed in the solid state NMR experiments of Baxa et al. or in the experiments
described above.

Loquet et al. report that their solid state NMR data are consistent with a model for full-
length Ure2p fibrils in which the globular CTD (rather than the N-terminal PD) forms the
central fibril core. Such a model, if correct, would imply that measurements on Ure2p;_gg
and Ure2p4.g3 fibrils are irrelevant to the properties of full-length Ure2p fibrils and
irrelevant to the [URE3] phenomenon. Data presented above argue against such a model.
While 2D spectra of full-length Ure2p fibrils that are uniformly 1°N- and 13C-labeled at Ile
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residues show both sharp and broad crosspeak signals (Figs. 2a, 2b, 3a, 4a, 4b, S3a, and
S3c), the sharp signals from the CTD are removed by PK treatment. The PK-treated fibrils
retain only the PD (Table 1), and have only non-helical lle chemical shifts. Moreover,
measurements of intermolecular 13C-13C dipole-dipole couplings in full-length Ure2p fibrils
that are 13C-labeled at carbonyl sites of lle residues (Fig. 5) reveal couplings for p-strand
sites in the PD that are consistent with the in-register parallel p-sheets identified in
Ure2p1.gg and Ure2pqq.3q fibrils1®:17, All solid state NMR data, including those of Baxa et
al., those of Loquet et al., and those presented above, support the model for full-length
Ure2p fibrils shown in Fig. 7, in which the PD forms a cross-p core comprised of in-register
parallel B-sheets and the CTD forms an outer helical shell. CTD units are immobilized by
covalent attachment to the PD core at their N-termini, by their inherent dimerization, and by
contacts between CTD dimers, but are susceptible to PK digestion.

Comparison of Figs. 2¢ and 2d with Figs. 4c and 4d shows that recombinant Ure2p fibrils
that were seeded with [URE3] prions of a specific strain have a more homogeneous PD core
structure than fibrils that form spontaneously (see also Fig. S3). This result provides
evidence that distinct yeast prion strains arise from structural variations within the cross-f
core. This result also suggests that full structure determination for yeast prion fibrils may be
facilitated by seeded fibril growth, using infectious prion extracts.

Relation of solid state NMR data to previous studies of Ure2p

Our interpretation of solid state NMR data for Ure2p fibrils is also fully consistent with
previous structural, biochemical, and genetic studies. Brachmann et al.2% have shown that
protease-treated Ure2p amyloid, which contains only N-terminal fragments!8, efficiently
infects S. cerevisiae with the [URE3] prion. Masison et al. have shown that overexpression
of N-terminal polypeptides within S. cerevisiae also induces [URE3]® and that [URE3]
propagates stably in cells that express only the PD19, Fibrils formed by fusions of the Ure2p
PD with several globular partners retain the activity of the partner protein33; in addition,
these fibrils (which lack the Ure2p CTD) induce [URE3] when transfected into S.
cerevisiae?0. Scanning transmission electron microscopy of full-length Ure2p fibrils and
fibrils formed by Ure2p PD fusion proteins indicates mass-per-length values consistent with
a cross-P structure with one protein molecule per B-sheet repeat spacing!8, as in Fig. 7.
High-resolution TEM images of full-length Ure2p fibrils and Ure2p PD fusion protein fibrils
are also consistent with an inner PD core surrounded by globular C-terminal domains1843,

The alternative model for Ure2p fibril structure discussed above, in which the fibril core is
comprised of CTD units and does not have the cross-p motif of an amyloid, was originally
suggested by Melki and coworkers based on observations that the secondary structure
content of full-length Ure2p estimated from deconvolution of the (rather featureless) amide |
band in infrared spectroscopy is unchanged upon fibril formation, and that the catalytic
domain of Ure2p retains its substrate binding site upon fibril formation#4. These
observations are not conclusive, as both the approximate constancy of secondary structure
and the retention of substrate binding are expected if the CTD (which accounts for about
70% of the infrared signal) remains folded while only portions of the PD adopt $-strand
conformations in the fibril core. Absence of the characteristic 4.7-4.8 A scattering peak in x-
ray diffraction data has also been presented as evidence against a cross-p structure in full-
length Ure2p fibrils, but such a scattering peak, arising from only a small fraction of the
total protein mass, would be readily obscured in the fiber diffraction data reported by
Bousset et al.#°. Indeed, the 4.7-4.8 A scattering peak has been detected in electron
diffraction measurements, both for full-length Ure2p fibrils and for fibrils formed by N-
terminal Ure2p peptides?L. Thus, data presented as support for a non-cross-p structure do not
establish the existence of such a structure. On the other hand, a structure for full-length
Ure2p fibrils in which the PD forms a cross-3 core is consistent with all data discussed
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above, as well as with additional data from Melki and coworkers, including their
observations that the CTD alone can form oligomers or amorphous aggregates, but that these
aggregates do not interact with fibrillar full-length Ure2p?6, that GdnHCI denaturation
disrupts the CTD but does not disassemble full-length Ure2p fibrils#446, that proteolytic
cleavage sites in the PD become protected in full-length Ure2p fibrils*/, and that only the
PD has increased protection from hydrogen/deuterium exchange upon fibril formation?.

Model for Ure2p prion fibril structure

The structural model for a Ure2p fibril in Fig. 7a was constructed computationally from nine
copies of the Ure2p dimer, using simulated annealing and energy minimization within the
XPLOR-NIH program?®. The Ure2p dimer crystal structure from PDB 1G6Y?2 was used as
the starting point. N-terminal residues (1-97 and 1-108 for the two inequivalent molecules in
the dimer) were added with PyMOL (http://pymol.org), initially as fully extended chains.
Artificial backbone dihedral angle restraints were applied to force residues 3-12, 20-29,
37-46, 54-63, and 71-80 to form B-strands. Artificial interatomic distance restraints were
applied to force the PD to adopt a five-stranded B-serpentine conformation®® and to force the
B-strands to align intermolecularly as in-register parallel B-sheets, as shown in Fig. 7b. To
make the computations feasible, all sidechain atoms were removed from residues 109-354
during simulated annealing and energy minimization. Residues 98-354 of each dimer were
treated as a rigid unit to preserve the dimeric, globular CTD structure.

The purpose of the model in Fig. 7 is simply to show that it is geometrically feasible for
Ure2p to form amyloid fibrils with a cross-p core comprised of the PD and with CTD dimers
forming a helical outer shell. Such a structure is not prohibited by steric clashes among CTD
dimers. The structure is rather tightly packed, suggesting that CTD dimers would be
immobilized as observed experimentally. The helical twist required to accomodate the bulky
CTD dimers while simultaneously preserving the 4.7-4.8 A intermolecular spacing along the
fibril axis is not too severe to allow B-sheet formation in the PD core. Obviously, this model
is far from being uniquely determined by experimental data. In particular: (i) The
orientations of CTD dimers relative to the fibril axis are not constrained by experimental
data; (ii) The helical ordering of CTD dimers is a consequence of our modeling procedure
and may be less perfect in real fibrils; (iii) Our choices of B-strand segments and contacts
between B-sheets in the PD is arbitrary. Further experiments are required before any high-
resolution model for Ure2p fibrils can be considered fully accurate. Nonetheless, the model
in Fig. 7 is consistent with all experimental data known to us. We believe this model to be
qualitatively correct.

Materials and Methods

Protein expression and purification

Expression of Ile-labeled Ure2p and Ure2p;_gg was performed according to published
protocols?4>1, The expression plasmids pKT41-1 and pKT55%8 that code for proteins with
sequences MHgMYPRGN-Ure2p;_354 and MHg-Ure2p;_gg respectively were used. The E.
coli strain BL21-Codon Plus (DE3)-RIPL (Stratagene, La Jolla, CA) transformed with an
expression plasmid was grown in Defined Amino Acid Medium (DAM) supplemented with
amino acid mix (0.1 g/l each amino acid) at 37 °C to an optical density at 600 nm (ODgqp)
of 0.8. Cells were harvested by centrifugation and resuspended in the same volume of pre-
warmed DAM with the same amino acid composition, except that unlabeled Ile was
substituted with 0.2 g/l of isotopically labeled lle. The culture was returned to shaking at
37°C for 15 min before plasmid-based protein expression was induced by the addition of 1
mM IPTG. After 3.5 hr of induced protein expression, the cells were harvested and stored at
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-80°C. Unlabeled Ure2p was produced in rich medium (LB). When cell density reached
ODgqg of 0.8, protein expression was induced with 1 mM IPTG for 3.5 hours.

For purification of full-length Ure2p, the cells were resuspended in 50 mM sodium
phosphate, 300 mM NacCl, pH 8.0, containing protease inhibitors (Complete EDTA-free,
Roche Applied Science), and lysed by high pressure. To enhance solubilization, 0.2% Triton
X-100 was added to the suspension. Insoluble material was removed by centrifugation
(50,000 x g, 45 min). Ure2p was recovered using a nickel-nitrilotriacetic acid (Ni-NTA)
Superflow column (Qiagen). The protein was bound to the column in 50 mM sodium
phosphate, 300 mM NaCl, 40 mM imidazole, pH 8.0, then washed extensively with the
same buffer and eluted with 40 mM Tris-HCI, 200 mM NaCl, 250 mM imidazole, 5%
glycerol, pH 8.0. Immediately after elution, the protein solution was applied to PD-10
desalting columns (GE Healthcare), exchanging the buffer to assembly buffer A (40 mM
Tris-HCI, 200 mM NaCl, pH 8.0). The concentration of Ure2p was measured at 280 nm
using an extinction coefficient of 48,200 M1 cm™16. All purification steps were done at 4° C
to prevent self-assembly of Ure2p. Only freshly purified protein was used for fibril growth
(see below).

For purification of Ure2p;_gg, the cells were lysed by suspension in lysis buffer L (7 M
guanidine, 50 mM sodium phosphate, 200 mM NaCl, 40 mM imidazole, pH 8.0; about 25
ml of lysis buffer per liter of culture) followed by 1 hr incubation at room temperature. The
lysates were cleared by centrifugation (70,000 x g, 1 hr). The cleared lysate was applied to a
Ni-NTA Superflow column, equilibrated with buffer L. After several washing steps with
buffer L, the protein was eluted with 8 M urea, 40 mM Tris-HCI, 200 mM NaCl, 250 mM
imidazole, pH 8.0. Purified protein was dialyzed against buffer A to initiate fibril formation.

Fibril formation

Recombinant Ure2p and Ure2p;_gg rapidly form filaments in buffer A at concentrations
higher than 0.5 mg/ml; these conditions were used to obtain spontaneously formed (SP)
Ure2p and Ure2pq_gg fibrils. Purified proteins (2 mg/ml in buffer A) were incubated for 3
days at room temperature without rotation. The fibrils were harvested by centrifugation
(50,000 x g, 30 min), washed several times with H,O and collected for solid state NMR
analysis.

To prepare full-length Ure2p fibrils by seeding with prion extracts (EX-Ure2p), we looked
for conditions where fibril growth in the presence of seeds is much more rapid than
spontaneous fibril formation. First, buffer A was used because it stabilizes the structure of
soluble, functional Ure2p8, preventing Ure2p misfolding and aggregation. Second, different
concentrations of Ure2p were tested for spontaneous fibril assembly, using Thioflavin T
fluorescence to monitor fibril formation as previously described®? (Fig. S1); 0.2 mg/ml
Ure2p in buffer A was chosen for further experiments, since only minor spontaneous fibril
growth was detected. Partial purification of Ure2p prion seeds from yeast cells was
performed as described by Tanaka and Weissman®3. Briefly, strain BY241 (MATa ura3 leu2
trpl Ppars-ADE2 karl [URE3]) was grown in liquid YPD medium (2% glucose, 2%
peptone, 1% yeast extract). At ODggg 0f 2.0, yeast cells were harvested, washed in buffer Y
(25 mM Tris—HCI, 150 mM NaCl, 1 mM dithiothreitol, 5% glycerol, pH 7.4 and complete
protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN)) and lysed by glass
beads in the same buffer. Cell debris was removed by centrifugation at 8000 x g for 10 min.
Prion aggregates were sedimented by high-speed centrifugation (100,000 x g, 1 hr). The
pellet was resuspended with 1 M lithium acetate, incubated on ice for 30 min with gentle
agitation, and further sedimented at 100,000 x g for 30 min. Finally, the pellet was
resuspended in buffer A and sonicated two times for 15 s each at 40 W using a Branson
Sonifier 250 (Branson Ultrasonics Corp., Danbury, CT). Ure2p concentration in the
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preparation of prion aggregates was estimated by standard Western blotting using anti-
Ure2p antibodies and 2% (w/w) seeds were added to recombinant Ure2p in the seeding
reaction, which was performed at room temperature without rotation for several days. This
amount of seeds was sufficient for efficient amyloid conversion of Ure2p, as was shown in
control experiments by ThT fluorescence (Fig. S1) and acquired sodium dodecyl sulphate
(SDS) resistance (Fig. S5). To enhance the rate and efficiency of conversion for Ile-labeled
Ure2p samples, the seeded solution was subjected to a brief sonication after two days of
incubation, when about half of the recombinant Ure2p was converted to the fibrillar state
(estimated by centrifugation and SDS-PAGE analysis). After additional incubation for two
days, the fibrils were harvested by centrifugation (50,000 x g, 30 min), washed several times
with H,0, and collected for solid state NMR experiments.

Proteinase K digestion and mass spectrometry

PK digestion of Ure2p filaments was performed in buffer A at 37 °C as described by Baxa et
al.18. PK concentration and treatment time were optimized to avoid overdigestion (i.e., to
preserve as much material as possible for NMR measurements), while simultaneously
ensuring complete digestion of sensitive regions (Fig. S2). The final conditions were as
follows: 2 ml of Ile-labeled Ure2p fibril solution at 15 mg/ml in buffer A was treated with
0.01 mg/ml PK for 4 hr at 37 °C. Efficiency of digestion was confirmed by SDS-PAGE and
by electron microscopy (Fig. 1). The insoluble material was collected by centrifugation at
20,000 x g for 30 min at 4° C and washed five times by resuspension in H,O and subsequent
centrifugation. The pellet after the last washing step was used in solid state NMR
experiments on PK-Ure2p fibrils. Liquid chromatography-mass spectrometry (LC-MS) was
performed on an HP1100 LC-MSD system (Agilent Technologies, Palo Alto, CA) as
previously described?8.

Electron microscopy and solid state NMR

TEM images in Fig. 1 were obtained with an FEI Morgagni microscope, operating at 80
keV. Fibril solutions were adsorbed to glow-discharged carbon films over lacey carbon
supports on the TEM grids, after dilution of the fibril solution with deionized water to
achieve an appropriate coverage. Grids were rinsed twice with deionized water before
staining with 2% uranyl acetate solution, blotting, and drying in air.

Solid state NMR experiments were performed at 150.7 MHz and 100.4 MHz 13C NMR
frequencies (14.1 T and 9.4 T fields), using Varian InfinityPlus spectrometers and Varian
magic-angle spinning (MAS) probes with 3.2 mm diameter rotors. 2D 13C-13C spectra in
Figs. 2 and 4 were obtained at 14.1 T with 12.00 kHz MAS, using 2.67 ms finite-pulse
radio-frequency-driven recoupling (foRFDR) mixing periods®#°%- 13C x pulses in the
fpRFDR sequence were 20.0 ps, with the carrier frequency at 38 ppm. Maximum t; periods
were 3.8-7.5 ms. 2D 13C-13C spectra were obtained with 98,000-221,000 scans and 1.5 s
recycle delays. The maximum t; period and number of scans varied due to variations in the
NMR linewidths and sample quantities (10-20 mg of pelleted fibrils, including the mass of
the buffer). 2D 1°N-13C spectra in Fig. 3 were also obtained at 14.1 T with 12.00 kHz MAS,
using 4 ms 15N-13C CP mixing periods, maximum t; values of 5.8-11.0 ms, and
154,000-197,000 scans. Proton decoupling fields in 2D measurements were 105 kHz during
the t1, tp, and mixing periods, with two-pulse phase modulation (TPPM)26 during t; and t,.
Samples were cooled to approximately 15° C (determined from the IH NMR frequency of
water in the samples®’ under experimentally relevant MAS and 1H irradiation conditions) to
avoid degradation during long experiments. CP build-up data in Fig. 6 were obtained at 14.1
T with 12.00 kHz MAS, using constant 1H and 13C radio-frequency field amplitudes during
the CP period.
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THIRDS-CT data in Fig. 5 were obtained at 9.4 T with 20.00 kHz MAS, using

experimental conditions described previously4?. The 13C-13C recoupling period was 38.4
ms. 1H decoupling fields were 110 kHz, with TPPM during signal detection. Each data point

in

Supplement

Fig. 5b was obtained with 10944 scans and a 2.0 s recycle delay.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

TEM images of prion-seeded (a,b) and unseeded (c,d) Ure2p fibrils before (a,c) and after
(b,d) proteinase K treatment. TEM grids are negatively stained with uranyl acetate. Scale
bars are 200 nm.
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Figure 2.

2[5J 13¢-13C NMR spectra of prion-seeded Ure2p fibrils before (a,b) and after (c,d)
proteinase K treatment. lle residues within Ure2p are uniformly 1°N,13C-labeled. Spectra
were obtained in a 14.1 T magnetic field. Contour levels increase by successive factors of
1.5 (a,c) or 1.3 (b,d). Dashed rectangle and arrows indicate Ile crosspeak signals that are
eliminated by proteinase K treatment.
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2D 15N-13C spectra of prion-seeded Ure2p fibrils before (a) and after (c) proteinase K
treatment (same samples as in Fig. 2). Contour levels increase by successive factors of 1.3.
1D slices at indicated 1°N chemical shifts (dashed lines in the 2D spectra) are shown in

(b,d).
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Figure 4.
2D 13C-13C NMR spectra of unseeded Ure2p fibrils before (a,b) and after (c,d) proteinase K
treatment. Contour levels increase by successive factors of 1.5 (a,c) or 1.3 (b,d).
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Figure 5.

(a) 13C NMR spectrum of unseeded Ure2p fibrils in which lle residues are 13C-labeled only
at carbonyl sites. Thin lines are a fit of the carbonyl lineshape with five Gaussian
components. Dashed line is the residual after fitting, offset vertically for clarity. (b) Decay
of 13C NMR signals due to 13C-13C magnetic dipole-dipole couplings for the five Gaussian
components (open symbols), the sum of components 1-3 (filled stars), and the sum of
components 4 and 5 (filled pentagons). Data were obtained with the PITHIRDS-CT dipolar
recoupling technique®. Lines are numerical simulations of PITHIRDS-CT data for linear
chains of 13C nuclei with the indicated spacings. (c) 13C NMR spectrum of the same sample
after proteinase K treatment. (d) PITHIRDS-CT data (filled circles) of the same sample after
proteinase K treatment.
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Figure 6.

(a) Aliphatic region of the 1D 13C NMR spectrum of prion-seeded Ure2p fibrils in which Ile
residues are uniformly 15N, 13C-labeled, with assignments to lle carbon sites. (b,c) H-13C
cross-polarization build-up data for the indicated sites (open symbols). Solid and dashed
lines in (b) are data for C,, and Cg sites in uniformly 15N, 13C-labeled L-valine powder,
obtained under identical experimental conditions. Solid line in (c) is data for methyl sites in
uniformly 15N, 13C-labeled L-valine powder.
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Figure 7.
(a) Structural model for full-length Ure2p fibrils, generated as described in the text. A fibril

section comprised of nine Ure2p dimers is shown, viewed down the fibril axis (top) and
from the side (bottom). CTD dimers are shown in a cartoon representation, with each dimer
in a distinct color. Residues 1-81 are shown in an all-atom representation. The fibril
diameter is 20 nm, in good agreement with Fig 1c. (b) PD segments of one dimer, viewed
down the fibril axis, representing a possible molecular structure for the cross-p fibril core.
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