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ABSTRACT: The [PSI ] prion is a self-propagating amyloid of the Sup35 protein, normally a subunit of the
translation termination factor, but impaired in this vital function when in the amyloid form. The Sup35 N, M,
and C domains are the amino-terminal prion domain, a connecting polar domain, and the essential C-terminal
domain resembling eukaryotic elongation factor la respectively. Different [PSI "] isolates (prion variants)
may have distinct biological properties, associated with different amyloid structures. Here we use solid state
NMR to examine the structure of infectious Sup35NM amyloid fibrils of two prion variants. We find
that both variants have an in-register parallel S-sheet structure, both in the fully hydrated form and in
the lyophilized form. Moreover, we confirm that some leucine residues in the M domain participate in the
in-register parallel B-sheet structure. Transmission of the [PSI "] prion by amyloid fibrils of Sup35NM and
transmission of the [URE3] prion by amyloid fibrils of recombinant full-length Ure2p are similar whether they

have been lyophilized or not (wet or dry).

A prion is an infectious protein able to transmit a disease or trait
without any essential nucleic acid. This concept arose from studies
of the mammalian transmissible spongiform encephalopathies
(TSEs), but there are now seven known distinct prions in yeast,
[URES3], [PSI"], [PIN"], [Bl, [SWI ], [IMCA], and [OCT ], based
on self-propagating altered forms of Ure2p, Sup35p, Rnqlp, Prblp,
Swilp, Mcalp, and Cyc8p, respectively (/—6). Extensive evidence,
culminating in transfection by the corresponding amyloid of the
recombinant protein, has shown that at least [PSI "], [URE3], and
[PIN "] are based on self-propagating amyloids (7—10). Amyloid is
a fibrillar protein aggregate characterized by partial protease
resistance, birefringence on staining with Congo Red, and a
cross-f3-sheet structure (/7).

The Sup35 protein is a subunit of the translation termination
factor that is inactivated by its aggregation as amyloid in cells
infected with the [PSI "] prion. The diminished levels of Sup35p
lead to inefficient translation termination and thus more
frequent read-through of premature termination codons, for
example, suppressing a nonsense mutation in ADE2 and allowing
adenine biosynthesis. Sup35p includes an N-terminal 123-residue
prion domain (N), whose normal function is in mRNA turn-
over (12), a middle 130-residue charged domain (M), and the
C-terminal 432-residue translation termination domain (/3—16).
The N domain is both necessary and sufficient for prion
propagation (/4).
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A single prion protein sequence can determine several biologi-
cally distinguishable infectious entities. In mice, more than a dozen
TSE variants are recognized, distinguished by incubation period,
distribution of pathology in the brain, species barriers, protease
sensitivity of PrP*, and glycoform ratios (reviewed in refs /7
and 18). Variants of the yeast prions [PSI "], [URE3], and [PIN ']
have also been found, distinguished by the intensity of the prion
phenotype, stability of prion propagation, response to excess or
deficiency of some chaperones, and ability to cross species
barriers (9, 19—25). Prion variants are a consequence of different
amyloid structures which are faithfully propagated (26, 27).

Solid state NMR' has been used to study amyloid structure
(reviewed in ref 28), and different amyloids have been found with
in-register parallel S-sheet (29—32), antiparallel 5-sheet (33, 34),
and parallel p-helix-like (35, 36) structures. Solid state NMR
structural studies of infectious amyloid of Sup35NM, Ure2' ™,
and Rnq 1" (the prion domains) have indicated that each is
an in-register parallel S-sheet, meaning that adjacent peptide
chains line up in the same N to C orientation, with corresponding
residues opposite each other (Figure 1) (37—39). The f3-sheets are
folded along the fibril axis as shown by the diameter of fibrils of
the prion domain. Mass per unit length measurements for Ure2p
and Sup35p are also consistent with this structure, with
each molecule contributing one layer to the fibril (one monomer
per 4.7 A fibril length) (40, 41). The material used in the solid state
NMR studies (37—39) was prepared in a manner known to
produce a mixture of prion variants on transfection into yeast

! Abbreviations: CSA, chemical shift anisotropy; NMR, nuclear magnetic
resonance; MAS, magic angle spinning.
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FIGURE 1: Model of in-register parallel S-sheet structure. The yeast
prions [PSI"], [URE3], and [PIN'] are structurally based on
in-register parallel 3-sheets. The ribbon represents the prion domain
(blue) along with some of the middle domain (red) of Sup35. The
prion conformation is propagated through in-register pairing of the
polypeptides, thus forming fibrils composed of long parallel 5-sheets
with the S-strands stacked in a manner perpendicular to the fibril axis.
Different prion variants are based on different arrangements of the
polypeptide template which are propagated by incorporating free
polypeptide into the in-register parallel S-sheets. Residue i of chain n
is opposite residue i of the next polypeptide (blue spheres), and
hydrogen bonds (black lines) to residues i + 1 of an adjacent chain
are parallel to the fibril axis.

cells (8—10). Although this was interpreted to mean that the
in-register parallel structure is shared by different variants, it is
clearly important to verify that this is the case by direct experi-
ments. Weissman’s group has found that cells infected with
Sup35NM fibrils produced at 4 °C are mostly of a strong
variant while those made at 37 °C are nearly all a weak variant (8).
The 37 °C fibrils are more resistant to heat denaturation and
breakage, and show slow H—D exchange extending further
toward the C-terminal part of the prion domain than fibrils
made at 4 °C (27). Here we prepare 37 and 4 °C fibrils, verify the
expected phenotypes of their transfectants, and show that both
have in-register parallel 5-sheet structure.

NMR experiments require relatively large amounts of material
packed into a small volume. Lyophilized fibrils are routinely used
for this purpose, and previous solid state NMR studies have
shown that lyophilization does not perturb the molecular struc-
tures of f-amyloid (34, 42) and HETs(218—289) fibrils (38).
Nonetheless, particularly in light of a previous report that
hydrated and lyophilized Sup35NM fibrils may have different
X-ray diffraction patterns (43), it is important to verify that
drying does not perturb the Sup35NM fibril structure. We have
therefore analyzed fibrils which have never been dried and find
that never-dried fibrils are also in parallel S-sheet structure.
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FIGURE 2: Sup35NM amyloid fibrils and prions formed at 4 and 37 °C.
(A) All experiments were performed using Sup35NM, which is com-
posed of the prion (N) and middle (M) domains of Sup35 but lacks
the C-terminal eRF3 domain. Tyrosine and leucine residues (highlighted
in red and blue, respectively) were selectively labeled for NMR experi-
ments. (B) Following purification in denaturant, Sup35NM was
exchanged into phosphate buffer at either 4 or 37 °C, whereupon it
formed long fibrils. (C) Fibrils formed at both 4 or 37 °C could infect
yeast with the [PSI "] prion following transfection. Fibrils grown at 4 °C
conferred a stronger [PSI "] variant, as reported by whiter yeast colonies
on low-adenine medium (see Experimental Procedures).

Importantly, drying does not produce a difference in infectivity
for yeast of either Sup35SNM or Ure2p fibrils.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Sup3SNM  was
expressed from pFPS167, which encodes residues 1—253 with
an additional carboxy-terminal histidine tag (see Figure 2A).
Freshly transformed BL21-CodonPlus (DE3) RIPL cells
with pFPS167 were grown in Defined Amino Acid Medium
(DAM) for isotopic labeling using adaptations of established
methods (37, 44).

Cells were grown overnight in 50 mL of LB medium with
50 ug/mL ampicillin, 34 ug/mL chloramphenicol, and 100 ug/mL
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streptomycin, harvested, and resuspended into 2 L of DAM
with 50 ug/mL ampicillin. One liter of DAM contains 100 mL of
10x salts (130 g/L KH,POy, 100 g/L K,HPO,, 90 g/L Na,HPO,,
and 20 g/L NH4CI), 10 mL of 100x trace elements [0.6 g of
FeSQy, 0.6 g of CaCl,, 0.12 g of MnCl,, 0.08 g of CoCl,, 0.07 g of
ZnS0y4, 0.03 g of CuCl,, 0.002 g of H3BOs3, 0.025 g of
(NH4)sM 07,054, and 0.5 g of EDTA, all per 100 mL], 10 mL
of 100x MgSOy (1 M), 12 mL of 40% (w/v) glucose, 100 mL of
10x TAU mix (0.3 g/L thiamine, 2 g/L adenine sulfate, and 2 g/L
uracil), and 70 mL of AA mix (2 g/L for each amino acid). The
cells were grown in DAM at 37 °C with vigorous shaking until
they reached an Agy of ~1.0, harvested by centrifugation at
~8000g for 7 min, and resuspended in 4 L of prewarmed DAM
with the same amino acid composition, except the amino acid
with the desired label had been substituted for the unlabeled
counterpart at a concentration of 0.2 g/L. After the sample
had been shaken for 15 min at 37 °C, protein expression was
induced by adding of 1 mM isopropyl 5-p-thiogalactopyranoside
(IPTG). After ~4 h, the cells were harvested at ~8000g and
stored at —80 °C or taken directly to the first purification step.

Sup35NM was purified as previously described (44). Follow-
ing protein overexpression, cell pellets were resuspended in 80 mL
of 8 M guanidine, 150 mM NaCl, and 100 mM K,HPO, (pH 8)
and incubated at room temperature for ~2 h. The cell lysate was
cleared by high-speed centrifugation (~150000g) for 1 h. The
supernatant was mixed with 6 mL of nickel-nitrilotriacetic acid
agarose (NiNTA from Qiagen) and incubated at 4 °C for 1 h.
The sample and NiNTA were poured into a gravity column and
washed twice with 10 mL of 8.5 M urea, 100 mM Na,HPO,
(pH 8), 10 mM Tris (pH 8), 150 mM NaCl, and 20 mM imidazole
and twice with 10 mL of 8.5 M urea, 10 mM Tris (pH 7.5), 80 mM
NaCl, and 20 mM imidazole. The protein was eluted twice
with 10 mL of 8.5 M urea, 10 mM Tris (pH 7.5), 80 mM NaCl,
and 200 mM imidazole.

The eluate from NiNTA was passed through an equilibrated
Q-Sepharose ion exchange column. Following loading, the col-
umn was washed with 1 column volume of 8.5 M urea, 10 mM
Tris (pH 7.5), and 80 mM NaCl (also used to equilibrate the
column). Sup35NM was eluted with an 80 to 160 mM NaCl
gradient in the same buffer. The Sup35NM-containing fractions
were pooled and dialyzed several times against prewarmed/cooled
5 mM KPO, (pH 7.4) and 150 mM NaCl using Pierce dialysis
cassettes (20000 molecular weight cutoff). Dialysis was always
performed at 4 or 37 °C accordingly. Sup3SNM samples were
incubated at their respective temperatures for at least 1 week.

Fibrils were harvested by high-speed centrifugation (~150000g),
which also served to separate fibrils from remaining soluble
contaminants. Fibrils were washed several times with water. To
achieve very dense samples for solid state NMR, the fibrils were
spun at ~280000g for 30 min.

Ure2p was expressed from pKT41-1 (40), purified by affinity
chromatography, and dialyzed against 50 mM sodium phosphate
(pH 8.0) and 300 mM NaCl, and fibers formed at room
temperature with agitation.

Transfection. Sup35NM fibrils were tested for infectivity by
transfection into Saccharomyces cerevisiae strain 74-D694
(MATa adel-14 ura3 leu2 trpl his3 [psi-]) (45) and Ure2p fibrils
into S. cerevisiae strain DK174 (M ATa karl Pp,;5ADE2 ura3
trpl leu2 his3) as previously described (9, 46).

Electron Microscopy. The formation of Sup35NM fibrils
was confirmed by electron microscopy of negatively stained
samples. Aqueous suspensions of fibrils were dispensed to

Shewmaker et al.

carbon-coated copper grids and incubated for several minutes.
The fibril suspensions were blotted away; the grids were briefly
washed with water, and then 2% uranyl acetate stain was applied
to the grids for ~2 min. The stain was blotted away, and the grids
were left to air-dry. Fibrils were visualized using an FEI
Morgagni transmission electron microscope operating at 80 kV.

Nuclear Magnetic Resonance. Solid state NMR experi-
ments on selectively labeled Sup35NM fibrils were performed at
room temperature and 9.39 T (100.4 MHz '*C NMR frequency)
using an InfinityPlus spectrometer (Varian, Palo Alto, CA) and
magic angle spinning (MAS) NMR probes with 3.2 mm diameter
rotors (Varian). *C NMR spectra were recorded at an MAS
frequency of 20 kHz with "H—"2C cross polarization (47) and
two-pulse phase-modulated decoupling (48). PITHIRDS-CT
measurements were taken at a MAS frequency of 18 or 20
kHz (49), using spin-lock detection for an improved signal-to-
noise ratio (50). Each PITHIRDS-CT data point is the result of
1024 or more scans with a recyle delay of 4 s.

The raw PITHIRDS-CT data, Sp.y(7) [Where Sp,(0) = 100],
were corrected for the 1.1% natural abundance of '*C based on the
roughly linear decay of the signal to 70% of the initial value by
76.8 ms with dry unlabeled samples (37). The corrected signal
due to the specific label, S, was calculated with the equation
Seorll) = [Srunt) = foa100 = 0390)]/(1 = fy), where fy, is the
fraction of the *C signal due to natural abundance spins. For dry
samples, we assume all natural abundance and specifically labeled
carbonyl °C sites contribute to the signal. For wet samples, we
estimate f,, assuming that natural abundance carbonyl "*C from
all of N and one-third of M contribute to the signal. This estimate
is based on our finding that part of the M domain is in -sheet
structure and contributes to the signal but part is not and is
presumed to be unstructured (see Results). If all of M were
structured, the natural abundance carbonyl '*C correction would
increase by one residue equivalent, implying that more leucines are
in an in-register parallel S-sheet structure. Thus, this is a con-
servative assumption. The raw PITHIRDS-CT data are shown in
the Supporting Information (Figure S1). Even in the raw data
for Leu-1-"2C fibrils, it is clear that a significant fraction of the "*C
NMR signal decays on the 35 ms time scale typical of in-register
parallel B-sheets with 5 A intermolecular '*C—">C distances.

Estimation of Leu Residues in In-Register Parallel
B-Sheet Structure. With Ny s being the number of Leu-1-">C
residues ~0.5 nm from its nearest Leu-1-'>C neighbor and
therefore presumably having in-register parallel 5 sheet structure,
Siso 18 the signal from isolated residues (as in the natural abundance
sample), S is the observed signal from labeled amyloid, S s is the
simulated signal from a linear array of *C atoms 4.7 A apart, and
Ny 1s the total number of Leu residues (8)

NO.S = Nres(Siso _Sl)/(Siso _SOAS)

That is, the location of the signal between that predicted for
0.5 nm spacing (S, 5) and that known for isolated labels (S;) is
assumed to be proportional to the fraction in these forms. For
example, if all residues had the 0.5 nm spacing, then S" would
equal Sys and Nys would equal N, If all labeled residues
were isolated, then " would equal S, and N, s would be zero.
Using values at 40 ms for Sis, (85 £ 5) and S5 (23 £5), S'ary =
57 + 5 implies Nys = 3.6, S'ywer = 44 implies Nys = 5.3, and
S rehyar = 44 implies and Ny s = 5.3. The increased fraction of
Leu-1-"°C residues estimated to be within 0.5 nm of their nearest
neighbor in wet or rehydrated filaments can be accounted for if
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~2.6 Leu residues become mobile in the hydrated state and
therefore stop contributing to the solid state NMR signal. The
1.8 remaining Leu residues that contribute to the solid state
NMR signal, but whose signals do not decay rapidly in the
PITHIRDS-CT measurement, are assumed to be structured, but
not in in-register parallel S-sheets.

Two-dimensional 'H—"C NMR spectra in Figure 5 were
obtained with MAS at 9.5 kHz. "H—"C spin polarization transfer
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FIGURE 3: One-dimensional solid state NMR spectra. Spectra of
Tyr- and Leu-labeled Sup35NM were recorded at 9.39 T using magic
angle spinning at 9.0 kHz. The full spectrum of Tyr-1-"*C-labeled
Sup35NM is shown along with the expanded carbonyl peaks of some
of the samples showing the decomposition into major and minor
components listed in Table 1.
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between the 7, and #, dimensions was conducted with a refocused
INEPT sequence (57), with a total transfer period of 3.4 ms.
"H—"3C scalar couplings were refocused in the ¢, dimension by a
single "*C 7 pulse at 7,/2 and removed in the 7, dimension by
WALTZ decoupling, with a 7.8 kHz 'H tf field.

RESULTS

Sup35NM fibrils were prepared as described previously (8) by
incubation at either 4 or 37 °C. Although not clearly distinguish-
able by electron microscopy (Figure 2B), the variants produced
on transfection into yeast cells were as described, with a strong
[PSI"] variant produced by 4 °C fibrils and a weak variant by
37 °C fibrils (Figure 2C).

The 37 °C Fibrils and 4 °C Fibrils both Have In-Register
Parallel 3-Sheet Structure. We prepared 4 and 37 °C amyloid
fibrils of Sup35NM fully labeled with '*C at the carbonyl position of
all tyrosine residues (Figure 2A) and concentrated them by
centrifugation but without drying. The one-dimensional spectrum
of each (Figure 3) shows a single carbonyl peak at 172.84 ppm with
a full width at half-height of ~3 ppm (Table 1). The tyrosine
carbonyl C frequency expected for random coil residues is
1742, and residues in a p-sheet conformation are shifted
1-3 ppm to lower values while o-helical residues show shifts to
higher values (33, 52—54). The tyrosine residues of Sup35NM are
distributed throughout the N domain but are absent from the
M domain (Figure 2A); this result indicates that all or nearly all are
in a S-sheet conformation for amyloids of both prion variants.

The rapid molecular motion of proteins in solution averages
out dipole—dipole interactions and chemical shift anisotropies
(CSA), but in solid state *C NMR, MAS is needed to average
out dipole—dipole interactions and CSA. Pulse sequences that
selectively restore '*C—'3C dipole—dipole interactions are useful
for measuring nearest neighbor distances because the magnitude
of the interaction between '*C-labeled atoms is proportional to
1/r’. Such pulse sequences are called “dipolar recoupling”
sequences. We used the PITHIRDS-CT sequence (49), which
has been shown to be particularly effective in measurements of
relatively large *C—'°C distances (>4 A), even among °C-
labeled sites with large CSA. In PITHIRDS-CT measurements, a
train of radio frequency (rf) pulses occupying one-third of each
MAS rotation period and rotating the spins of interest by 7
(thus “PITHIRDS”) recouples the dipole—dipole interactions.
The effective time of recoupling is varied by shifting certain pulses
within the rotation period (49), but with a constant total time

Table 1: One-Dimensional Solid State NMR Experiments with Sup35NM*

major components

minor components

chemical line width chemical shift line width random coil

label, hydration shift (ppm) fwhm (ppm) fraction (ppm) fwhm (ppm) fraction shift (ppm)
37°C Leu-1-"3C dry 173.24 4 0.88 176.45 29 0.12 175.9
37 °C Leu-1-"3C dry with H,O 173.29 28 0.89 1758 2.4 0.11 175.9
37 °C Leu-1-"3C wet 172.61 22 0.59 174.93 2.4 0.25 175.9
177.14 3.1 0.16 175.9
4°C Leu-1-13C wet 173.12 2.3 0.58 175.36 1.3 0.42 175.9
37 °C Tyr-1-13C wet 172.84 3.6 1.00 174.2
4 °C Tyr-1-13C wet 172.84 3.3 1.0 174.2
37 °C Tyr-1-13C dry 172.68 43 1.0 174.2

“The carbonyl peak of each one-dimensional spectrum was fit to a sum of two Gaussian curves. Chemical shifts are relative to tetramethylsilane, and

random coil shifts are from Wishart et al. (58).
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FIGURE 4: Dipolar recoupling experiments. Measurements of '*C—'3C
nuclear magnetic dipole—dipole couplings usin% the PITHIRDS-CT
method at 9.39 T. (A) Comparison of Tyr-1-""C-labeled Sup35NM
fibrils formed at 4 or 37 °C using magic angle spinning (MAS)
at 18 kHz. Fibrils were compacted by centrifugation but were never
dried. Simulated PITHIRDS-CT curves are shown for ideal linear
chains of '*C nuclei with the indicated spacings. (B) Comparison of
Leu-1-"*C-labeled Sup35NM fibrils formed at 4 or 37 °C and never
dried. (C) Comparison of Tyr-1-*C-labeled Sup35NM fibrils formed
at 37 °C and either never dried (wet) or dried by lyophilization (dry).
(D) Comparison of Leu-1-'*C-labeled Sup35NM fibrils formed at
37 °C and dried by lyophilization (dry) or rehydrated by addition of
water (wet).

before the signal is measured (hence CT = constant time) to
minimize effects of 7 relaxation on the experimental data.

The rate of decay of *C NMR signals under the PITHIRDS-
CT sequence depends on distances among *C nuclei, as shown
by the simulations in Figure 4. Wet (never dried) fibrils of
Sup35NM labeled with Tyr-1-"*C and formed at 4 °C or at
37 °C each show rates of signal decay indicating a 4.5—5.0 A
distance to the nearest neighbor (Figure 4A), indicating an
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FIGURE 5: Two-dimensional 'H—'>C NMR spectra. (A and B)
S;)ectra of Sup35NM fibrils formed at 4 and 37 °C, with uniform
>N and "*C labeling of all leucine residues. Spectra were recorded
under conditions appropriate for solution NMR, so that only signals
from highly mobile residues are observed. Cross-peaks arising from
"H,—C,, IH[;—”C/;, 1HV—”CV, and "Hy—"3Cy sites of leucines are
indicated. (C and D) One-dimensional slices at 'H chemical shifts of
4.35and 4.61 ppm, corresponding to major and minor components of
the 'H,—"°C, signals. The minor component is relatively stronger in
the spectrum of 37 °C fibrils. Chemical shifts in these spectra are
relative to DSS.

in-register parallel f5-sheet structure as previously shown for
fibrils formed at 20 °C (37).

The Sup35 M Domain Has Partial 5-Sheet Structure in
both 4 and 37 °C Filaments. There are eight leucine residues in
Sup35NM, only one of which is in the N domain (Figure 2A).
Sup35NM Leu-1-"C filaments formed at 4 or 37 °C were
examined, without drying, by solid state NMR one-dimensional
analysis (Figure 3 and Table 1). The carbonyl peak was best fit by
two (or in one case three) Gaussian peaks. The major peak for
both samples, accounting for 58% of the signal (~4.6 residues),
has a chemical shift of ~173 ppm which is a frequency typical of
p-sheet structure.

PITHIRDS-CT experiments with Leu-1-"*C filaments, con-
ducted as described for Tyr-1-"*C-labeled filaments (above),
showed less rapid decay, indicating that not all of the leucine
residues had the nearest neighbor BC—13C distances of approxi-
mately 5 A characteristic of in-register parallel S-sheets. Assum-
ing that the signal is a sum of residues in in-register parallel
p-sheets and residues outside the f-sheets, with >9 A nearest
neighbor distances, the results can be explained if ~3.6 leucines
are in the p-sheets. This result, taken with that for the
one-dimensional spectra above, suggests ~4 leucine residues
are in in-register parallel S-sheets. The filaments formed at
4 and 37 °C showed nearly the same signal decay rate
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FIGURE 6: Comparisons of solution NMR and solid state NMR spectra. (A) One-dimensional '*C NMR spectrum of Leu-1-'*C-labeled
Sup35NM fibrils formed at 4 °C, obtained with 512 scans under conditions appropriate for observation of highly mobile protein segments,
i.e., direct pulsing of '*C, continuous-wave proton decoupling with a 11 kHz rf field, 6.00 kHz MAS frequency, 2.0 s recycle delay. The inset is an
expansion of the carbonyl signal region. The sample was a wet pellet (never dried) in a thin-wall 3.2 mm MAS rotor with a volume of 36 uL,
containing 4.6 mg of protein. (B) Same as panel A, but with 4.9 mg of Tyr-1-"*C-labeled Sup35NM fibrils formed at 4 °C. All sample and
measurement conditions are identical, and the vertical scale is the same as in panel A. (C) Same as panel A, but for the supernatant obtained
by suspending the Leu-1-"*C-labeled Sup35NM fibril pellet in 50 uL of H,O and repelleting. The MAS rotor contains 36 uL of supernatant;
16384 scans were acquired, and the vertical scale is reduced by a factor of 4 relative to that in panel A. Asterisks indicate NMR probe background
signals at 130 and 165 ppm. (D) Spectrum of Leu-1-"*C-labeled Sup35NM fibrils formed at 4 °C (same sample as in panel A), obtained with 2048
scans under conditions appropriate for observation of rigid protein segments, i.e., '"H—'C cross-polarization for 1.5 ms, TPPM proton
decoupling with an 85 kHz rf field, a 6.00 kHz MAS frequency, a 2.0 s recycle delay. (E) Same as panel D, but for Tyr-1-'*C-labeled Sup35NM
fibrils formed at 4 °C (same sample as in panel B). Arrows indicate MAS sideband lines, expected from rigid (but not mobile) carbonyl 'C sites due
to their chemical shift anisotropy. Double-headed arrows indicate signals from natural abundance '*C in Sup35NM. The vertical scales in panels
D and E are the same. Nearly equal natural abundance signal intensities in panels D and E indicate nearly equal sample quantities.

(Figure 4B), indicating similar numbers of leucine residues in the
p-sheets in the two samples.

Sup35NM filaments with uniform N and "*C labeling of leucine
residues were also grown at 4 and 37 °C. Two-dimensional (2D)
'H-"C NMR spectra of these samples, obtained at room tem-
perature with measurement conditions appropriate for solution
NMR rather than solid state NMR [ie., 'H="*C polarization
transfers mediated by scalar couplings rather than dipole—dipole
couplings and low 'H decoupling powers during detection of
3C NMR signals (55—57)] showed strong cross-peaks at chemical
shifts that were within 0.04 and 0.3 ppm (for 'H and "C,
respectively) of random coil values (58) (Figure 5A). The
2D "H—"3C spectra therefore indicate that a subset of the leucine
residues (presumably those leucines that are not involved in 3-sheet
structure) exist in highly mobile segments of the M domain.
2D spectra of 4 and 37 °C filaments were quite similar, although
37 °C filaments exhibited a more intense minority component in the
'Ho—"C, cross-peak signal (Figure 5B).

It was possible that the NMR signals observed under “solution
NMR” conditions arose from Sup35NM molecules in solution,
rather than from mobile segments of Sup35NM in fibrils. We
thus directly compared *C NMR spectra of Leu-1-"*C-labeled
Sup35NM fibrils and Tyr-1-"*C-labeled Sup35NM fibrils,
both as fully hydrated, never dried, centrifuged pellets. Spectra
were obtained both with solution NMR conditions, i.e., direct

pulsing of "*C spins and relatively weak proton decoupling
(Figure 6A,B), and with “solid state NMR” conditions, i.c.,
Hartmann—Hahn cross-polarization of '*C spins and relatively
strong proton decoupling (Figure 6D,E). The Leu-labeled sample
shows strong, sharp carbonyl *C signals under solution NMR
conditions, while the Tyr-labeled sample shows only weaker,
broad carbonyl signals under solution NMR conditions. Both
samples show carbonyl '*C signals under solid state NMR
conditions, but the signals from the Tyr-labeled sample are
stronger (but recall that Sup35NM contains 20 Tyr and 8 Leu
residues). These results support our claim that the mobile Leu
residues are from the fibrils themselves, not from free Sup35NM
in solution as the latter possibility would result in mobile Tyr
residues as well. In addition, as shown in Figure 6C, we have
looked directly for Leu carbonyl signals from free Sup3SNM
molecules by resuspending and repelleting the fibrils and then
recording a *C NMR spectrum of the supernatant. We see no
signals from free Sup35NM, despite extensive signal averaging.
Therefore, we conclude that free Sup35NM does not make a
measurable contribution to the signals in Figure 6A.

Dried and Never Dried Samples Have Similar Infectivity
for Yeast. To address the possibility that drying of protein
samples may cause irreversible damage to the structure of
amyloid fibrils, we compared the infectivity rates for fibrils with
and without drying. In this functional assay, amyloid fibrils were
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Table 2: Comparison of Prion Induction by Wet and Dry Amyloid Fibrils®

none
protein Sup35NM Ure2p (control)
final concentration of wet and dry fibrils («M) 1.3 0.8 0
conversion to prion, by wet fibrils (%) 31 22 0
conversion to prion, by dry fibrils (%) 31 20 0

“Data shown are the average of two experiments. Sup35NM fibrils
formed at 4 °C and Ure2p fibrils formed at room temperature were either
used without ever having been dried or lyophilized to dryness and
rehydrated by addition of water. Fibrils were mixed with pRS425 (LEU2)
and introduced into spheroplasts selecting plasmid transformants on Leu
with limiting adenine. More than 300 colonies appeared for each fibril type,
and tests of Ade+ and curability by guanidine showed the indicated
fraction of prion-containing transformants. None of the control plasmid
transformants without fibrils were Ade + and curable.

mixed with plasmid DNA and used to transform non-prion yeast
cells by a procedure similar to DNA transformation (8, 9). Together
with selection for the DNA plasmid, limited adenine in the medium
allowed detection of colonies with a prion induced by the fibrils. In
these experiments, freshly formed amyloid fibrils were compared
with the same fibrils that underwent drying using conditions that
were normally used to prepare samples for solid state NMR
experiments. Just before transformation, the dried fibrils were
dissolved in water and these rehydrated fibrils as well as wet (never
dried) fibrils were sonicated. For these experiments, we used
Sup35NM fibrils formed at 4 °C as well as full-length Ure2p fibrils
formed at room temperature. The result shown in Table 2 clearly
indicates that the infectivity rates of dry and wet fibrils are similar
for both proteins, so we conclude that drying of amyloid fibrils
before the NMR experiments does not cause an irreversible
alteration of their biological effects, consistent with prior evidence
that lyophilization does not alter the molecular structures of
amyloid fibrils significantly [i.c., NMR chemical shifts of lyophilized
and fully hydrated fibrils are the same (34, 38, 42)].

Solid State NMR of Dried and Never Dried Fibrils. We
compared Sup35NM Tyr-1-"3C-labeled fibrils made at 37 °C that
had been dried by lyophilization, as in our previous report (37),
or had never been dried (Figure 4C). The wet fibrils exhibited, if
anything, a more rapid decay of signal in the PITHIRDS-CT
experiment, showing that the in-register parallel structure is
not a consequence of drying. The one-dimensional solid state
NMR spectrum of wet 37 or 4 °C fibrils each showed a single
peak with the shift to lower frequencies indicative of S-sheet
structure (Table 1). We previously showed that dry Sup35NM
Tyr-1-"*C-labeled 20 °C fibrils show a major peak indicating
p-sheet (91%) and a minor non-f3-sheet peak (9%).

Dry Sup35NM Leu-1-"*C-labeled 37 °C fibrils exhibited
slower decay in PITHIRDS-CT experiments than did fibrils to
which water had been added (Figure 4D), and the one-dimen-
sional spectra showed a higher proportion of f-sheet content.
Both results can be explained by loss of some non-S-sheet signal
in wet samples; unstructured residues should be mobile in the wet
sample and then not contribute to the NMR signal. Note that
never dried Sup35NM Leu-1-*C-labeled 37 °C fibrils
(Figure 4B) show essentially the same kinetics as those which
had been dried and rehydrated (Figure 4D).

DISCUSSION

Prions of yeast or mammals are genes made of protein, in the
sense that they carry inherited information and, like genes of
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DNA or RNA, can even have an array of alleles. The alleles are
called “strains” in the mammalian literature and “variants” for
yeast prions (to avoid confusion with yeast strains). The mole-
cular basis of prion propagation and prion variants clearly
involves self-propagating amyloids differing in structure between
variants, but for no variant is the atomic structure yet known.
Our earlier work has shown that infectious amyloids of
Sup35NM, Ure2p' ™™, and Rnglp'® " each have an
in-register parallel S-sheet structure (37—39). Mutations in the
N domain affect different prion variants in different ways,
suggesting different regions are involved in the f-sheet struc-
ture (59, 60). H=D exchange experiments show that fibrils
formed at 4 and 37 °C had significantly different distributions
of the fastest- and slowest-exchanging components (27), indicat-
ing significant differences in structure between variant amyloids.
In the H=D exchange experiments, most amino acid residues
exhibited a mixture of exchange faster than 1 min and exchange
slower than 1 week, indicating that although 4 and 37 °C fibrils
each include infectious particles producing mostly a single prion
variant, the amyloids in each case are significantly heterogeneous.

Our earlier experiments used dried Sup35NM and Ure2' ™
fibrils which, in principle, might alter their structure or infectivity.
Here, we show that wet and dry fibrils have the same infectivity and
that, as previously shown for the dry fibrils, the wet Sup35NM
fibrils have an in-register parallel S-sheet structure. Our earlier
experiments used infectious fibrils, but those fibrils produced a
mixture of prion variants. Here, we prepared fibrils at 4 and 37 °C
following Tanaka et al. (§) and similarly found that they produced
different variants on transfection into yeast. We showed that in both
cases the N (prion) domain had in-register parallel S-sheet structure
based on data with Tyr-1-*C-labeled fibrils.

We previously estimated that six or seven of the eight Leu
residues of Sup35NM fibrils formed at 20 °C were in 5-sheets and
that all S-sheet Leu residues were in in-register parallel struc-
ture (37). This indicated that, unexpectedly, the in-register
parallel structure extended into the highly charged M domain.
These data on wet fibrils formed at 4 or 37 °C yield an estimate of
four residues in an in-register parallel S-sheet, consistent with
results of Toyama et al. (27), both confirming that the in-register
parallel S-sheet structure extends into the charged M domain
which contains seven of the eight leucines. The different estimates
may reflect the different temperatures of sample preparation, a
factor shown to be critical in determining structure (27).

Of course, an important caveat of all studies of infectious
amyloids is that although yeast prion amyloids are highly
infectious, the particle/infectious unit ratio must be quite high,
so thatitis always possible that the physical properties of the bulk
of the amyloid are not those of the minority infectious fibrils.

Given that different variants have in-register parallel 5-sheet
structure, what is the nature of the difference? The ~7—10 nm
diameter of Sup35NM fibrils is a fraction of the length of the
extended 123-residue N domain (~40 nm), implying that the
sheet must be folded several times along the fibril axis. We have
previously suggested that variants may differ by the location of
the folds or the length of the loops. Moreover, the data of King
and of Weissman (27, 60) suggest that the extent of S-sheet
structure differs among variants. Differences in the staggering of
p-strands in the multilayered structure are also possible (28).

The most important feature of our discovery of the in-register
parallel 3-sheet structure for yeast prions of Sup35p, Ure2p, and
Rnqlp is that this structure provides a clear explanation for how
variant information is inherited (39, 61, 62). The end of the fibril
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provides a template guiding the conformation assumed by the
new monomer joining the fibril to be the same as the last one. The
“polar zipper” bonds of Asn and Gln residues (63—65), possible
similar interactions between Ser and Thr residues, and the
hydrophobic interactions all favor the in-register parallel struc-
ture. Only the repulsion of like-charged residues works against
formation of this structure, and such residues are few in number
in the prion domains of Sup35p, Ure2p, and Rnqlp.
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