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ABSTRACT: Residues 1-89 constitute the Asn- and Gln-rich segment of the Ure2p protein and produce
the [URE3] prion ofSaccharomyces cereVisiae by forming the core of intracellular Ure2p amyloid. We
report the results of solid-state nuclear magnetic resonance (NMR) measurements that probe the molecular
structure of amyloid fibrils formed by Ure2p1-89 in Vitro. Data include measurements of intermolecular
magnetic dipole-dipole couplings in samples that are13C-labeled at specific sites and two-dimensional
15N-13C and13C-13C NMR spectra of samples that are uniformly15N- and13C-labeled. Intermolecular
dipole-dipole couplings indicate that theâ-sheets in Ure2p1-89 fibrils have an in-register parallel structure.
An in-register parallelâ-sheet structure permits polar zipper interactions among side chains of Gln and
Asn residues and explains the tolerance of [URE3] to scrambling of the sequence in residues 1-89.
Two-dimensional NMR spectra of uniformly labeled Ure2p1-89 fibrils, even when fully hydrated, show
NMR linewidths that exceed those in solid-state NMR spectra of fibrils formed by residues 218-289 of
the HET-s prion protein ofPodospora anserina[as originally reported in Siemer, A. B., Ritter, C., Ernst,
M., Riek, R., and Meier, B. H. (2005)Angew. Chem., Int. Ed. 44, 2441-2444 and confirmed by
measurements reported here] by factors of three or more, indicating a lower degree of structural order at
the molecular level in Ure2p1-89 fibrils. The very high degree of structural order in HET-s fibrils indicated
by solid-state NMR data is therefore not a universal characteristic of prion proteins, and is likely to be a
consequence of the evolved biological function of HET-s in heterokaryon incompatibility. Analysis of
cross peak intensities in two-dimensional NMR spectra of uniformly labeled Ure2p1-89 fibrils suggests
that certain portions of the amino acid sequence may not participate in a rigidâ-sheet structure, possibly
including portions of the Asn-rich segment between residues 44 and 76.

The [URE3] prion of Saccharomyces cereVisiae is an
infectious intracellular aggregated form of the Ure2p protein,
with the morphological, tinctorial, and molecular structural
characteristics of an amyloid fibril (1-4). In the [URE3]
state, Saccharomyces cereVisiae cells are able to utilize
ureidosuccinate in place of uracil in the presence of ammonia.
In the more common [ure-o] state, corresponding to the
absence of intracellular Ure2p amyloid, utilization of urei-

dosuccinate is blocked in the presence of ammonia (5).
Unaggregated Ure2p acts by inhibiting the transcription
factor Gln3p (reviewed in ref (6)). Current interest in [URE3]
and other fungal prions (reviewed in ref (7)) arises in part
from the fact that these prions are more amenable to
experimentation and manipulation than are the mammalian
prions that are associated with transmissible spongiform
encephalopathies. Generation of [URE3] from recombinant
Ure2p aggregatedin Vitro proves that [URE3] is a protein-
only trait (8). Strains or variants of [URE3] and other yeast
prions have been identified and attributed to self-propagating
variations in the molecular structure of the amyloid fibrils
(8-13).

The C-terminal domain of Ure2p (residues 97-354) is
primarily responsible for the normal function of Ure2p as a
regulator of nitrogen catabolism (3). The full molecular
structure of the C-terminal domain has been determined by
X-ray crystallography and is similar to that of glutathione
S-transferases (14, 15). The N-terminal domain of Ure2p
(residues 1-89, or Ure2p1-89) has an Asn-rich (33 out of
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89 residues) and, to a lesser extent, Gln-rich (10 out of 89
residues) sequence. Ure2p1-89 and shorter fragments of the
N-terminal domain have been shown to form amyloid fibrils
in Vitro and to induce [URE3] when overexpressed inS.
cereVisiae (1, 3). Deletion of residues 1-65 from Ure2p
abrogates [URE3] propagation, and these residues constitute
the most protease-resistant part of Ure2p amyloid (16).
Fusion of the Ure2p1-89 sequence to the N-termini of several
enzymes with globular structures results in amyloid fibrils
with essentially full enzymatic activity, implying that the
globular domains are not perturbed by amyloid aggregation
(17, 18). Thus, Ure2p1-89 contains the “prion domain” of
Ure2p.

Amyloid fibrils are â-sheet-rich filamentous aggregates
that are formed by many peptides and proteins. As shown
by X-ray fiber diffraction (19), and supported by electron
microscopy (20), electron diffraction (10, 21), and solid-state
nuclear magnetic resonance (NMR1) (22), the â-sheets in
an amyloid fibril have a “cross-â” orientation, meaning that
theâ-strand segments that form the sheets run approximately
perpendicular to the long axis of the fibril, while the
interstrand backbone hydrogen bonds in the sheets are
approximately parallel to the long axis. Solid-state NMR
measurements have been particularly valuable in distinguish-
ing parallel (23-30) from antiparallel (31-35) â-sheets in
amyloid fibrils and in elucidating other molecular-level
structural features, leading to experimentally based models
for amyloid structures at various levels of detail (26, 27, 31,
36-45). In the case of fibrils formed by theâ-amyloid
peptide associated with Alzheimer’s disease, full molecular
models have been developed from solid-state NMR data in
combination with constraints from electron microscopy (41).

Solid-state NMR measurements on fibrils formed by
residues 10-39 of Ure2p (Ure2p10-39) (26), the most highly
conserved segment of the prion domain (46), have shown
that these fibrils contain in-register, parallelâ-sheets and that
intermolecular interactions among side chain amide groups
of Gln residues may be important in stabilizing the fibril
structure, as originally proposed by Perutz for polyGln fibrils
(47). Intermolecular interactions among side chain amide
groups of Asn residues may also be important, as seen in
the crystal structure of the peptide GNNQQNY (representing
residues 7-13 of the Sup35 prion protein) reported by
Nelson et al. (48). Ross et al. have shown that scrambling
the sequence of the prion domain of Ure2p, while preserving
the amino acid composition, does not prevent prion formation
in ViVo (49). This surprising result can be understood if the
prion domain adopts an in-register, parallelâ-sheet structure
in Ure2p fibrils, stabilized by intermolecular interactions
among Gln (and possibly Asn) residues or by other interac-
tions among like residues, as demonstrated by Chan et al.
for Ure2p10-39 fibrils (26). However, direct experimental data
on theâ-sheet structure in fibrils formed by the full-length
Ure2p prion domain (i.e., Ure2p1-89) have not been reported
previously. Ure2p1-89 fibrils preparedin Vitro have been
shown to induce [URE3] inS. cereVisiae, while induction

of [URE3] by Ure2p10-39 fibrils has not been achieved (8),
raising the possibility that theâ-sheet structures may be
different in the two cases.

In this paper, we report the results of solid-state NMR
measurements designed to determine whether Ure2p1-89

fibrils have the same in-register parallelâ-sheet structure
found in Ure2p10-39 fibrils (26) and in fibrils formed by
Sup35NM, which comprises the [PSI] prion ofS. cereVisiae
(25). The measurements are performed on fibrils prepared
in Vitro from recombinant Ure2p1-89, expressed inEscheri-
chia coliand13C-labeled at backbone carbonyl sites of either
all Leu or all Val residues, or at methyl carbon sites of Ala
residues. Data described below demonstrate that Ure2p1-89

fibrils do indeed contain in-register parallelâ-sheets. In
addition, we report the results of solid-state NMR measure-
ments on fibrils that are uniformly15N,13C-labeled. Measure-
ments on uniformly labeled Ure2p1-89 fibrils are motivated
in part by the success of recent solid-state NMR studies of
fibrils formed by the prion domain of the HET-s prion of
Podospora anserina(42, 50, 51), which indicate an unusually
high degree of structural order in HET-s fibrils compared
with the degree of order inâ-amyloid (27, 41, 52) or other
nonprion amyloid fibrils (53). Data described below show
that Ure2p1-89 fibrils are not as highly ordered as HET-s
fibrils, implying that the high degree of structural order in
HET-s fibrils is not a general feature of prions but instead
is a likely consequence of the evolved, biologically functional
nature of HET-s fibrils, as suggested previously by Ritter et
al. (42). Solid-state NMR data for uniformly labeled Ure2p1-89

fibrils also suggest that, contrary to our expectations, the Asn-
rich segments of Ure2p1-89 may not participate entirely in
immobile â-sheets.

MATERIALS AND METHODS

Expression, Labeling, and Fibrillization of Ure2p1-89. His-
tagged Ure2p1-89 (i.e., MHHHHHH-Ure2p1-89) was ex-
pressed inE. coli BL21 from the expression vector pKT55
(16). For the preparation of site-specific labeled Ure2p1-89

(Leu-13CO-Ure2p1-89, Val-13CO-Ure2p1-89, Ala-13CH3-
Ure2p1-89, and Arg-13CO-Ure2p1-89) a published protein
expression protocol (54) was used with minor modifications.
A culture was grown overnight in 10 mL of LBamp broth.
Cells were harvested by centrifugation, taken up in 2 mL of
water, and used to inoculate a synthetic medium with a
composition essentially as described by Cai et al. (55),
supplemented with 100 mg/L of each of the 20 amino acids
(without isotopic labels, to inhibit biosynthesis) and 100
mg/L ampicillin. The culture was grown at 37°C to an
optical density of 0.8 at 600 nm. Cells were harvested by
centrifugation and resuspended in the same volume of fresh
prewarmed synthetic medium, again supplemented with 100
mg/L of each of the 20 amino acids, but with the desired
13C-labeled amino acids in place of the corresponding
unlabeled amino acids (also 100 mg/L, except 1 g/L of
labeled alanine in the case of Ala-13CH3-Ure2p1-89). After
15 min of further growth, expression of Ure2p1-89 was
induced by addition of 1 mM IPTG for a period of 4 h. Note
that the medium for preparation of Leu-13CO-Ure2p1-89

included methyl-labeled alanine at 100 mg/L, but incorpora-
tion of labeled alanine in this sample was later determined
to be too low to produce interpretable solid-state NMR data

1 Abbreviations: NMR, nuclear magnetic resonance; GdnHCl, guani-
dine hydrochloride; 2D, two-dimensional; SDS, sodium dodecyl sulfate;
1D, one-dimensional; TEM, transmission electron microscope; MAS,
magic-angle spinning; fpRFDR-CT, constant-time finite-pulse radiof-
requency-driven recoupling; CSA, chemical shift anisotropy.
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(see below), necessitating the preparation of a separate Ala-
13CH3-Ure2p1-89 sample.

For the preparation of uniformly15N,13C-labeled Ure2p1-89

(U-15N,13C-Ure2p1-89), a 10 mL overnight culture in LBamp

broth was harvested, washed twice in water, and used to
inoculate a minimal medium enriched with trace elements
(13 g/L KH2PO4, 10 g/L K2HPO4, 9 g/L Na2HPO4, 1 g/L
U-15N-NH4Cl, 4 g/L U-13C-glucose, 10 mM MgSO4, 0.03
g/L thiamine, 0.6 mg/L FeSO4, 0.6 mg/L CaCl2, 0.12 mg/L
MnCl2, 0.08 mg/L CoCl2, 0.07 mg/L ZnSO4, 0.03 mg/L
CuCl2, 2.0 µg/L H3BO3, 0.025 mg/L (NH4)6Mo7O24, 0.5
mg/L EDTA, 100 mg/L ampicillin). Cultures were grown
to an optical density of 0.8 at 600 nm before expression of
Ure2p1-89 was induced by the addition of 1 mM IPTG.
Cultures were grown for an additional 12 h at 37°C to a
final optical density of about 2.5 at 600 nm before cells were
harvested.

Ure2p1-89 was purified using Ni-NTA agarose (Qiagen)
under denaturing conditions with the batch method according
to the recommendations of the manufacturer. Briefly, cells
were lysed by gentle agitation for 30 min at room temperature
in 6 M guanidine hydrochloride (GdnHCl) in 100 mM
sodium phosphate, 10 mM Tris, pH 8.0 (buffer A). The cell
lysate was cleared by centrifugation at 40000g for 1 h. Ni-
NTA agarose resin was added to the supernatant and
incubated under soft agitation for 1 h. The agarose was
loaded in a column, washed with 8 M urea in 100 mM
sodium phosphate, 10 mM Tris, pH 8.0, washed again with
8 M urea in 100 mM sodium phosphate, 10 mM Tris, pH
6.3, and finally eluted with 200 mM imidazole in 8 M urea,
100 mM sodium phosphate, 10 mM Tris, pH 4.5. Eluted
fractions were analyzed by SDS-PAGE and stored at
-70 °C.

Fibril formation was induced by dialysis of Ure2p1-89

fractions against 2 mM sodium phosphate, pH 7.0. Fibrils
formed during dialysis. In an attempt to increase the level
of structural order in U-13C,15N-Ure2p1-89 fibrils (and thereby
decrease the solid-state NMR linewidths), we also tested a
gradual dialysis scheme in which eluted fractions were
dialyzed against buffer containing decreasing urea concentra-
tions (7.0 M, 6.5 M, 6.0 M, 5.5 M, 5.0 M, and 4.0 M for
16 h, 8 h, 16 h, 8 h, 16 h, and 8 h, respectively, followed by
final dialysis at 0 M urea). The first visible precipitation was
observed between 5.5 and 5.0 M urea. However, gradual
dialysis did not affect the level of structural order, as
determined from linewidths in two-dimensional (2D) solid
state13C-13C NMR spectra, or any other aspects of the 2D
spectra. Importantly, this protocol for fibril formation is not
significantly different from the protocol used by Brachmann
et al. to prepare infectious Ure2p1-89 fibrils (8), in which
Ure2p1-89 was also His-tagged, purified and eluted under
denaturing conditions with a Ni-NTA resin, and fibrillized
by dialysis against buffer without denaturant.

Isotopic enrichment was quantified by mass spectrometry.
Aliquots of labeled and unlabeled filaments were pelleted
and redissolved in sodium dodecyl sulfate (SDS) buffer with
10 M urea, boiled for 2 min, and run on SDS-PAGE gels.
After colloidal Coomassie staining, the Ure2p1-89 band was
excised. For site-specifically labeled peptides the bands were
subjected to in-gel trypsin digestion. Mass spectra were
obtained with a Waters CapLC/QTOF-2 instrument, using a
microscale C18 column. In the case of Leu-13CO-Ure2p1-89,

the peptide MMNNNGNQVSNLSNALR was used for
analysis by further fragmentation. The isotope distribution
for the SNALR ion was shifted by 1 Da relative to that of
the same ion in the unlabeled sample, while the isotope
distribution of the SNA ion exhibited only minor differences.
Isotopic enrichments were calculated to be approximately
31% for 13CH3 of alanine and 92% for13CO of leucine in
Leu-13CO-Ure2p1-89, consistent with the solid-state NMR
spectra discussed below. The high enrichment for leucine
was also confirmed by the isotope distribution of the LR
ion. For Val-13CO-Ure2p1-89 and Arg-13CO-Ure2p1-89 the
isotope distribution of the peptide QVNIGNR was used to
estimate isotopic enrichment. Isotopic enrichments were
approximately 75% for13CO of valine in Val-13CO-Ure2p1-89

and∼33% for13CO of arginine in Arg-13CO-Ure2p1-89. Solid
state13C NMR measurements of carbonyl signals from Arg-
13CO-Ure2p1-89 and methyl signals from Leu-13CO-Ure2p1-89

were attempted but could not be analyzed due to the low
isotopic enrichment. Measurements on carbonyl signals in
Leu-13CO-Ure2p1-89 and Val-13CO-Ure2p1-89 and on methyl
signals in Ala-13CH3-Ure2p1-89 are discussed below.

For U-15N,13C-Ure2p1-89, tryptic digests were analyzed on
an Applied Biosystems Voyager DE-Pro time-of-flight mass
spectrometer in the reflectron mode. Isotopic enrichment was
estimated to be greater than 98%, and no variations in the
levels of enrichment of different amino acids were observed.
In particular, Asn and Gln residues were found to have13C
enrichment levels greater than 98%.

For13CO-labeled Ure2p1-89, scrambling of13CO labels was
assessed by solution13C NMR spectroscopy of acid-
hydrolyzed samples. Approximately 4 mg of peptide was
dissolved in 1 mL of a 1:1 mixture of HCl and propionic
acid, heated to 150°C for 30 min in sealed, evacuated
ampules, and dried under a continuous stream of dry nitrogen
gas. Hydrolyzed material was then dissolved in ammonium
carbonate buffer, filtered through a 0.2µm filter, and
lyophilized. The resulting powder was dissolved in 0.5 mL
of 10% D2O/90% H2O and adjusted to pH 7.8 with dilute
HCl and NaOH. Proton-decoupled13C NMR spectra were
obtained on a Varian Mercury spectrometer and compared
with reference spectra of corresponding13C-labeled amino
acids. No carboxylate13C NMR lines attributable to scram-
bling of 13CO labels were detected in Leu-13CO-Ure2p1-89

and Val-13CO-Ure2p1-89 samples (detection threshold ap-
proximately 5%, limited by signal-to-noise in the13C NMR
spectra).

Additional details of mass spectrometry and solution NMR
are given in Supporting Information.

Preparation of Synthetic Peptides.The peptides Ac-
NNNNNSSSNNNN-NH2 and Ac-QQQQQQSSSQQQQ-
NH2 (with acetyl and amide capping groups at the N- and
C-termini, respectively) were synthesized by standard FMOC
protocols on an Applied Biosystems model 433A automated
solid-phase peptide synthesizer. After cleavage from the
synthesis resin, precipitation in coldt-butyl methyl ether,
resuspension in water, and lyophilization, the crude peptides
were dissolved in trifluoroacetic acid at a concentration of
approximately 15 mM (based on crude peptide weight),
diluted to a concentration of approximately 270µM in 6 M
guanidine hydrochloride (GdnHCl), and adjusted to pH 6.5-
8.0 by addition of concentrated NaOH and phosphate buffer.
GdnHCl was subsequently removed by fast protein liquid
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chromatography, using a desalting column (HiTrap, GE
Healthcare) equilibrated with 10 mM phosphate buffer, pH
7.0, containing 0.01% NaN3 to inhibit bacterial and fungal
growth. For Ac-NNNNNSSSNNNN-NH2, the peptide con-
centration in this buffer after removal of GdnHCl was
approximately 35µM. Aliquots of the Ac-NNNNNS-
SSNNNN-NH2 solution were concentrated by factors of 4
and 16 by centrifugal evaporation. Aggregation of Ac-
NNNNNSSSNNNN-NH2 at 35µM, 140 µM, and 560µM
concentrations was monitored by electron microscopy. For
Ac-QQQQQQSSSQQQQ-NH2, visible aggregates formed in
6 M GdnHCl within minutes after pH adjustment. Subsequent
chromatography, under the same conditions as for Ac-
NNNNNSSSNNNN-NH2, revealed that less than 50% of the
Ac-QQQQQQSSSQQQQ-NH2 remained soluble in 6 M
GdnHCl.

Preparation of HET-s218-289 Fibrils. For comparison with
Ure2p1-89, uniformly 15N,13C-labeled HET-s218-289 (residues
218-289 of theP. anserinaHET-s protein, with an ad-
ditional C-terminal His6 tag) was expressed inE. coli, using
a protocol similar to that used for U-15N,13C-Ure2p1-89.
Inclusion bodies containing U-15N,13C-HET-s218-289 were
dissolved in 8 M GdnHCl, 150 mM NaCl, 0.1 M Tris, pH
8.0 and purified on a Talon nickel column. Purified protein
was then desalted on a PD10 column at low pH, neutralized
by addition of Tris, and allowed to form fibrils at 4 C for 5
days. The resulting gel-like solution was pelleted, washed
4× with deionized water, and lyophilized. Additional details
are given in Supporting Information.

Electron Microscopy.Transmission electron microscope
(TEM) images of Ure2p1-89, Ac-NNNNNNSSSNNNN-NH2,
and Ac-QQQQQQSSSQQQQ-NH2 fibrils or aggregates were
obtained on FEI CM120 and Morgagni microscopes, oper-
ated at 120 kV and 80 kV, respectively. For negative staining,
the samples were adsorbed onto freshly glow-discharged
carbon-coated grids or carbon films supported on lacey
carbon-coated grids for 150 s, rinsed twice with water,
stained with 1% or 3% uranyl acetate for 100 s, blotted, and
allowed to dry in air.

Solid-State NMR.NMR measurements were carried out
at room temperature in a 14.1 T magnetic field (150.7 MHz
13C NMR frequency; 60.7 MHz15N NMR frequency) using
Varian Infinity and InfinityPlus spectrometers and a Varian
3.2 mm magic-angle spinning (MAS) NMR probe. Val-13-
CO-Ure2p1-89, Leu-13CO-Ure2p1-89, and Ala-13CH3-Ure2p1-89

fibrils were lyophilized before packing into MAS rotors.
Sample masses were 1.2, 4.0 mg, and 6.0 mg, respectively.
Measurements of intermolecular13C-13C dipole-dipole
couplings were performed with the constant-time finite-pulse
radiofrequency-driven recoupling (fpRFDR-CT) technique
(56) that has been applied in previous studies of fibrils
formed by several different peptides and proteins (25, 26,
28, 52). As in previous studies, fpRFDR-CT data were
acquired at an MAS frequency of 20.0 kHz with 15.0µs
13C π pulses, 5.0µs 13C π/2 pulses, a total13C-13C
recoupling period of 76.8 ms, and proton decoupling with a
110 kHz radiofrequency (rf) field. Pulsed spin-lock detection
(57) was used to enhance sensitivity in fpRFDR-CT mea-
surements on Val-13CO-Ure2p1-89 and Leu-13CO-Ure2p1-89

fibrils, but not Ala-13CH3-Ure2p1-89 fibrils. Total fpRFDR-
CT measurement times were 18 h for each sample, with a 4
s recycle delay. Although previous fpRFDR-CT measure-

ments were carried out at 9.4 T, numerical simulations
indicate that the 14.1 T field in the current measurements
does not affect the results significantly. Simulations discussed
below include the carbonyl13C chemical shift anisotropy
(CSA) at 14.1 T.

2D 13C-13C NMR spectra of U-15N,13C-Ure2p1-89 fibrils
were acquired at an MAS frequency of 12.0 kHz, using finite-
pulse radiofrequency-driven recoupling (fpRFDR) (32, 58)
with 25.0 µs 13C π pulses and 110 kHz proton decoupling
during the mixing period of 2.667 ms (i.e., 32 rotor periods).
The13C carrier frequency was placed at 71.5 ppm. Identical
conditions were used for 2D13C-13C NMR spectra of
â-amyloid and amylin fibrils discussed below. Spectra of
U-15N,13C-Ure2p1-89 fibrils were obtained in three condi-
tions: (1) fully hydrated, pelleted fibrils from the initial
fibrillization buffer, contained in a thin-walled 3.2 mm MAS
rotor with a 36µL sample volume; (2) lyophilized fibrils,
contained in a thick-walled 3.2 mm MAS rotor with an 11
µL sample volume; (3) lyophilized fibrils in the thick-walled
rotor, rehydrated by addition of 3µL of deionized H2O to
the rotor. Linewidths, chemical shifts, and cross peak
volumes in 2D spectra of pelleted fibrils and rehydrated
fibrils were indistinguishable. 2D spectra of rehydrated fibrils
(1.3 mg protein mass) are analyzed below because of their
higher signal-to-noise ratio. Spectra of dry lyophilized fibrils
showed significantly broader NMR lines than those of
pelleted and rehydrated fibrils, as discussed below.

2D 15N-13C NMR spectra of U-15N,13C-Ure2p1-89 fibrils
were acquired at an MAS frequency of 12.0 kHz, using a
1.5 ms cross-polarization period between thet1 andt2 periods,
with15N and13C rf fields optimized for one-bond15N-13CR

polarization transfers.
For comparison, 2D13C-13C and15N-13C NMR spectra

of U-15N,13C-HET-s218-289 were obtained under nearly identi-
cal conditions. Lyophilized U-15N,13C-HET-s218-289 fibrils (21
mg) were packed in a thin-walled 3.2 mm MAS rotor and
rehydrated by addition of 15µL of deionized water. After
rehydration, spectra with linewidths similar to those reported
previously for fully hydrated (pelleted, but never lyophilized)
samples (42, 50, 51) were obtained.

13C NMR chemical shifts reported below are relative to
tetramethylsilane, based on an externalL-alanine powder
carboxylate signal at 177.95 ppm.15N NMR chemical shifts
are relative to liquid NH3, based on a calculated ratio of
0.4029075 between liquid NH3 and L-alanine carboxylate
NMR frequencies (59). 2D NMR data were processed with
NMRPipe software (60). Cross peak volumes were extracted
from 2D 13C-13C NMR spectra with ImageJ software
(available at http://rsb.info.nih.gov/ij/), after converting the
2D spectra from NMRPipe format to grayscale TIFF format.
Note that conversion to TIFF format did not entail any
distortion or loss of precision in the NMR signal amplitudes.

RESULTS

Fibril Formation Verified by Electron Microscopy.Figure
1 shows TEM images of Ure2p1-89 fibrils prepared as
described above. Fibrils are 6-25 nm in width, and appear
to be composed of finer filaments with 3-6 nm widths.
Images in Figure 1 are similar to previously reported images
of Ure2p1-89 fibrils and fibrils formed by shorter segments
of the Ure2p prion domain (1, 16), including in Vitro
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Ure2p1-89 fibrils that were found to be capable of inducing
[URE3] in S. cereVisiae (8).

Parallel â-Sheets Indicated by Intermolecular13C-13C
Dipole-Dipole Couplings.Figure 2 shows 1D13C and15N
NMR spectra of the Ure2p1-89 fibrils. The spectrum of an
unlabeled sample is shown in Figure 2a. The spectrum of
the Ala-13CH3-Ure2p1-89 sample (Figure 2b) shows an
enhanced methyl carbon line at 20 ppm. Other aliphatic
carbon signals (25-70 ppm) are also enhanced relative to
the carbonyl line (172 ppm). Assuming that the carbonyl
line arises from natural-abundance13C nuclei (1.1% abun-

dance), analysis of peak areas in Figures 2a and 2b indicates
that CR sites in Ala-13CH3-Ure2p1-89 (48-60 ppm) have an
average13C content of approximately 2.7% and methyl sites
(15-25 ppm) have an average13C content of approximately
7.3%. Assuming that Ala methyl sites are 100%13C-enriched,
the 27 methyl sites of other residues have an average13C
content of approximately 3.7%. Thus, Figure 2b is consistent
with a high level of enrichment of Ala methyl sites and much
lower enrichment (through scrambling of the labeled alanine
in the culture medium) of other aliphatic sites.

Figures 2c and 2d show 1D13C NMR spectra of Leu-13-
CO-Ure2p1-89 and Val-13CO-Ure2p1-89 fibrils. A single 13C
NMR line from the labeled sites is observed in each
spectrum, centered at a chemical shift value (172.5 ppm for
Val-13CO-Ure2p1-89, 173.0 ppm for Leu-13CO-Ure2p1-89)
that is significantly upfield from reported random coil
carbonyl chemical shifts (174.6 ppm for Val, 175.9 ppm for
Leu) (61). An upfield shift for carbonyl sites is characteristic
of â-strands (25, 27, 32, 33, 52, 62), indicating that all labeled
Val and Leu sites are located inâ-sheets. The enhancement
of carbonyl signals relative to aliphatic signals in Figures
2c and 2d is consistent with the high level of13C enrichment
indicated by mass spectrometry (see above).

The spectrum in Figure 2c does not show a clear peak
near 20 ppm that would arise from13C labels at side chain
methyl sites of alanine residues, consistent with the low
incorporation of Ala-13CH3 in the Leu-13CO-Ure2p1-89

sample (see Materials and Methods).
Figure 3 shows fpRFDR-CT data for Val-13CO-Ure2p1-89,

Leu-13CO-Ure2p1-89, and Ala-13CH3-Ure2p1-89 fibrils. The

FIGURE 1: TEM images of Ure2p1-89 fibrils, negatively stained
with uranyl acetate. Samples are13C-labeled at Leu carbonyl sites
(a) or uniformly15N,13C-labeled (b).

FIGURE 2: Solid state13C NMR (a-e) and15N NMR (f) spectra of
Ure2p1-89 fibrils. Fibrils were not isotopically labeled (a),13C-
labeled at side chain methyl carbons of Ala residues (b), or13C-
labeled at backbone carbonyl sites of Leu residues (c) or Val
residues (d), and were lyophilized. Uniformly15N,13C-labeled fibrils
(e, f) were fully hydrated. Signals arising from side chains of Arg
and Lys residues are indicated in part d. All spectra were acquired
in a 14.1 T magnetic field with MAS at 13.00 kHz (a, b),
20.00 kHz (c, d), or 12.00 kHz (e, f). Spectra were obtained in
5000, 4096, 156, 136, 6144, and 1696 scans (a-f, respectively).

FIGURE 3: Measurements of intermolecular13C-13C dipole-dipole
couplings, which depend on intermolecular distances, in Ure2p1-89
fibrils using the fpRFDR-CT technique. Signal contributions from
natural-abundance13C are subtracted as described in the text.
Simulated curves are for linear chains of13C nuclei with the
indicated nearest-neighbor internuclear distances. (a) Data for fibrils
that were13C-labeled at backbone carbonyl sites of Leu and Val
residues. (b) Data for fibrils that were13C-labeled at methyl sites
of Ala residues.
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fpRFDR-CT technique (25, 26, 28, 52, 56) is a measurement
of magnetic dipole-dipole couplings among13C nuclei,
which are proportional to the inverse cube of the internuclear
distances. More rapid decay of the fpRFDR-CT signal
therefore indicates shorter internuclear distances. Numerical
simulations for ideal linear chains of13C nuclei with various
nearest-neighbor spacings are included in Figure 3 for
comparison with the experimental data. The simulations
include five13C nuclei, powder averaging, and the full time
dependence of rf fields and13C-13C dipole-dipole interac-
tions during fpRFDR-CT measurements. Simulations in
Figure 3a additionally include carbonyl CSA interactions,
assuming a CSA tensor orientation and principal values (70
ppm, 10 ppm, and-80 ppm, relative to the rf carrier
frequency) appropriate for backbone carbonyl sites (63). To
minimize “end effects” in these simulations, spin polarization
was placed only on the central13C nucleus initially, and NMR
signals from all spins were detected subsequently. Contribu-
tions of natural-abundance13C nuclei to the experimental
fpRFDR-CT data were subtracted before plotting the data
in Figure 3. Natural-abundance corrections in Figure 3a
assume 1.5 natural-abundance carbonyl or carboxylate13C
nuclei per Ure2p1-89 molecule (based on the amino acid
sequence, and representing 33.3% of the total signal in Leu-
13CO-Ure2p1-89 data and 27.3% of the total signal in Val-
13CO-Ure2p1-89 data) and a linear decay of the natural-
abundance signal to 70% of its initial value at the maximum
dipolar evolution time (based on earlier measurements on
unlabeled Sup35NM fibrils (25)). Corrections in Figure 3b
assume that 50% of the methyl13C NMR signal in Ala-13-
CH3-Ure2p1-89 arises from methyl carbons at residues other
than alanine, based on the analysis of isotopic enrichment
and scrambling described above. Uncorrected data for all
three samples are shown in Supporting Information.

Experimental fpRFDR-CT signals for all three fibril
samples decay to approximately 30% of their initial values
in 35 ms, indicating internuclear distances of 0.50( 0.04
nm. Given the distribution of Val and Leu residues in
Ure2p1-89, at residues 9, 12, 16, 19, 43, 58, and 81, and the
â-strand backbone conformation at these residues indicated
by the13C chemical shifts, the 0.50( 0.04 nm internuclear
distances are assigned to intermolecular distances between
like residues in parallelâ-sheets. Based solely on data from
the Val-13CO-Ure2p1-89 and Leu-13CO-Ure2p1-89 samples
(Figure 3a), these parallelâ-sheets could have in-register
alignment (i.e., intermolecular backbone hydrogen bonding
of the backbone amide and carbonyl groups of residuek in
oneâ-strand to the carbonyl group of residuek - 1 and the
amide group of residuek + 1 of a neighboringâ-strand in
the sameâ-sheet), which would lead to internuclear distances
of 0.48( 0.01 nm. Alternatively, the parallelâ-sheets could
have a one-residue shift of the intermolecular alignment,
which would result in nearest-neighbor intermolecular dis-
tances of approximately 0.53 nm for backbone carbonyl
labels, as can be seen by examination of parallelâ-sheets in
amyloid fibril models (41, 64) or â-sheet crystal structures
(48). As in earlier studies of Ure2p10-39 fibrils, Sup35NM
fibrils, and full-lengthâ-amyloid fibrils (25, 26, 28, 52), a
one-residue shift of the intermolecular alignment is ruled out
by the fpRFDR-CT data for Ala-13CH3-Ure2p1-89 fibrils
(Figure 3b), because nearest-neighbor intermolecular dis-
tances between alanine methyl carbons would exceed 0.65

nm in any out-of-registerâ-sheet structure. Thus, the
fpRFDR-CT data in Figure 3 imply an in-register parallel
â-sheet structure in Ure2p1-89 fibrils.

Spectra in Figures 2a-2d and fpRFDR-CT data in Figure
3 were obtained from dry, lyophilized samples. Therefore,
we expect these spectra and data to be unaffected by the
molecular motions that affect 2D spectra of hydrated samples,
which are discussed below. All labeled Leu and Val residues
are expected to contribute with approximately equal intensi-
ties in Figures 2 and 3. This interpretation is supported by
earlier investigations of effects of hydration on similar data
for Sup35NM fibrils (25).

At dipolar evolution times beyond 45 ms, experimental
data in Figure 3 deviate significantly from the simulated data
for 0.5 nm internuclear distances. We attribute these devia-
tions to effects of transverse nuclear spin relaxation on the
experimental data. In earlier simulations of fpRFDR-CT data
for two-spin systems (28), transverse nuclear spin relaxation
was shown to produce a damping of oscillations at long
evolution times, similar to the effects in Figure 3. Inclusion
of transverse nuclear spin relaxation in simulations for the
five-spin systems considered in Figure 3 was not feasible
from the standpoint of computation time.

Solid-State NMR of Uniformly Labeled Ure2p1-89 Fibrils.
Figures 2e and 2f show 1D13C and 15N NMR spectra of
U-15N,13C-Ure2p1-89 fibrils in hydrated form. 2D15N-13C
and 13C-13C NMR spectra, obtained with conditions de-
scribed above, are shown in Figures 4 and 5. One motivation
for our experiments on U-15N,13C-Ure2p1-89 fibrils was to
determine whether their NMR spectra are as well-resolved
as spectra of uniformly labeled HET-s218-289 fibrils obtained
by Siemer et al. (50, 51) The spectra in Figures 2, 4, and 5
show that this is not the case. Whereas13C NMR linewidths
less than 0.5 ppm were observed in hydrated HET-s218-289

fibrils, and many individual cross peaks were resolved in
2D spectra of hydrated HET-s218-289 fibrils, linewidths in
spectra of hydrated U-15N,13C-Ure2p1-89 fibrils (Figures 2c,
2d, 4a, 4b, 4c, and 5) are generally larger by factors of three
or more, and few individual cross peaks are resolved in the
2D spectra. In Figure 5, intraresidue cross peaks between
backbone15N and13CR lines merge into a single, broad cross
peak. In Figure 4c, most13C-13C cross peaks merge into
broad features with no structure attributable to individual
residues. In the lyophilized state (Figures 4e and 4f),13C-
13C cross peaks are even broader and more poorly resolved.
No changes in13C chemical shifts are observed that might
indicate major structural changes upon lyophilization, con-
sistent with the observation that solid-state NMR spectra of
pelleted and rehydrated (see Materials and Methods) Ure2p1-89

fibrils are indistinguishable.
Figure 6 shows our own 2D13C-13C and15N-13C spectra

of U-15N,13C-HET-s218-289 fibrils, obtained under essentially
the same experimental conditions as the spectra in Figures
4 and 5. Spectra in Figure 6 are in good agreement with the
results of Siemer et al. (50, 51). Although HET-s218-289 and
Ure2p1-89 have similar molecular weights, 2D spectra of
U-15N,13C-HET-s218-289 fibrils are much better resolved.
Typical 13C and15N NMR linewidths for backbone sites are
0.7 and 1.0 ppm, respectively. It is worth noting that the
spectra in Figure 6 were obtained from a sample that was
lyophilized and subsequently rehydrated by addition of water
into the MAS rotor. NMR linewidths and chemical shifts in
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Figure 6 are indistinguishable from those observed in 2D
spectra of hydrated U-15N,13C-HET-s218-289 prior to lyo-
philization. Data in Figure 6 show that the relatively low
resolution in 2D spectra of U-15N,13C-Ure2p1-89 fibrils is not
a consequence of our sample preparation or NMR measure-
ment conditions, but instead is a consequence of the inherent
properties of Ure2p1-89 fibrils.

The signals in Figure 4c occur in regions that can be
assigned to one-bond and two-bond cross peaks of groups
of residues, based on the known13C chemical shift ranges
for each residue (61). Regions whose total cross peak
volumes can be determined from the experimental spectrum
are shown in Figure 4d. The corresponding assignments and
measured volumes are given in Table 1. Note that the single

Ala residue in Ure2p1-89 contributes cross peak signals
assignable to bothâ-strand and non-â-strand conformations
(regions 10 and 9, respectively). This observation suggests
that our Ure2p1-89 fibrils are polymorphic at the molecular
structural level, as previously observed for other amyloid
fibrils (12, 52, 65, 66). Molecular-level structural variations
in Ure2p fibrils in ViVo may give rise to [URE3] strains.

The Ure2p1-89 sequence contains 33 Asn, 10 Gln, and 10
Ser residues. If all one-bond cross peaks had equal intensities,
one might expect the signals from Asn, Gln, and Ser residues
to dominate the spectrum in Figure 4c. A cursory examina-
tion of this spectrum and of Table 1 suggests that Asn, Gln,
and Ser signals might be anomalously weak, but a definite
conclusion cannot be drawn without calibration of the

FIGURE 4: 2D 13C-13C NMR spectra of U-15N,13C-Ure2p1-89 fibrils. (a) Full spectrum of hydrated fibrils. Asterisks indicate cross peaks
among spinning sidebands. (b) 1D slices at positions indicated by dashed lines in part a, to illustrate the signal-to-noise ratio of cross peaks
in the 2D spectra. (c) Aliphatic region of the spectrum in part a. (d) Cross peak regions for which signal volumes are analyzed as described
in the text. Signal volumes and assignments to one-bond and two-bond cross peaks of specific sets of amino acids are given in Table 1. (e,
f) Full and aliphatic regions of the 2D spectrum of dry, lyophilized fibrils. The number of scans per complext1 point was 1544 (parts a and
c) or 2816 (parts e and f), with a 19.2µs t1 increment and 150 points. Contour levels in all spectra increase by successive factors of 1.5.
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intrinsic cross peak volumes for individual residues under
our experimental conditions. Therefore, we measured one-
bond and two-bond cross peak volumes in 2D13C-13C
spectra of amyloid fibrils formed by several peptides that
had been synthesized with uniformly labeled residues at
selected sites for independent structural studies, including
the 40-residueâ-amyloid peptide (Aâ1-40), residues 11-25
of theâ-amyloid peptide (Aâ11-25) and the 37-residue amylin
peptide. 2D spectra of these samples are shown in Figure 7.

Table 2 contains the intrinsic cross peak volumes for residues
that are present in Ure2p1-89, determined or estimated from
the spectra in Figure 7.

Cross peak volumes in Table 2 are normalized to the
volumes of cross peaks betweenR-carbon andâ-carbon
signals of Ala and Ser residues, because all samples in Figure
7 contain either a uniformly labeled Ala or a uniformly
labeled Ser residue. The equivalence of ARâ and SRâ cross
peak volumes is supported by the near equality of the ratios
of VRâ to ARâ and VRâ to SRâ volumes in the experimental
spectra, as well as the near equality of the ratios of GCOR to
ARâ and GCOR to SRâ volumes. In addition, since both Ala
and Ser residues are three-spin13C systems, one expects
similar cross peak volumes from basic principles of nuclear
spin dynamics under the fpRFDR pulse sequence used to
obtain the experimental 2D13C-13C spectra.

Given the amino-acid-specific cross peak volumes in Table
2 and the volumes for U-15N,13C-Ure2p1-89 fibrils in Table

FIGURE 5: (a) 2D15N-13C NMR spectrum of U-15N,13C-Ure2p1-89 fibrils in the hydrated state. The number of scans per complext1 point
was 272, with a 100.0µs t1 increment and 64 points. (b) 1D slices at positions indicated by dashed lines in part a.

FIGURE 6: 2D solid-state NMR spectra of U-15N,13C-HET-s218-289
fibrils, for comparison with the spectra of U-15N,13C-Ure2p1-89
fibrils in Figures 4 and 5. (a) 2D13C-13C NMR spectrum obtained
with a 2.56 ms mixing period, 12.50 kHz MAS frequency, 96 scans
per complext1 point, 21.0µs t1 increment, and 480 points. (b) 2D
15N-13C NMR spectrum obtained with a 4.0 ms15N-13C cross-
polarization period, 12.50 kHz MAS frequency, 128 scans per
complext1 point, 105.0µs t1 increment, and 150 points.

Table 1: Relative Cross Peak Volumes in the Experimental
Two-Dimensional13C-13C NMR Spectrum of U-15N,13C-Ure2p1-89

Fibrils Shown in Figure 4c

cross
peak

regiona assignmentb

fraction
of total

cross peak
volumesc

1 5TRâ 0.0416
2 10SRâ 0.0752
3 5Tâγ 0.0343
4 3IRâ, 2FRâ 0.0890
5 4VRâ 0.0668
6 4VRγ, 3IRγ2, 5TRγ 0.0263
7 33NRâ, 3LRâ, 2DRâ 0.2022
8 2MRâ, 2MRγ, 10QRâ, 10QRγ, 1KRâ, 1KRγ,

4RRâ, 4RRγ, 3IRγ1, 3ERâ, 3ERγ, 1HRâ

0.2028

9 1ARâ (non-â-strand) 0.0142
10 1ARâ (â-strand) 0.0345
11 uncertain 0.0097
12 1Kδε 0.0185
13 3Iâγ1, 4Rγδ, 3Lâγ 0.0598
14 3Iâγ2 0.0240
15 4Vâγ 0.0744
16 3Iγ1δ 0.0267

a Numbering corresponds to Figure 4d.b Numbers preceding one-
letter amino acid codes are the number of copies of each amino acid
in the Ure2p1-89 sequence. Subscripts indicate carbon sites whose NMR
signals are connected by the cross peak.c Includes cross peaks on both
sides of the diagonal in Figure 4d.
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1, signals from Asn and Ser residues are indeed weaker than
expected if the entire Ure2p1-89 sequence were contributing
fully to the spectrum in Figure 4c. One possible interpretation
of this observation is that, in the fibrillar state, Ure2p1-89

contains disordered, non-â-strand segments between the
â-strand segments that comprise the ordered, parallel cross-â
structure. Motions of the disordered segments would strongly
attenuate their contributions to 2D13C-13C spectra by
producing relatively shortT2 andT1F spin relaxation times,
by interfering with MAS and proton decoupling, or by
averaging out13C-13C dipole-dipole couplings. This inter-
pretation is suggested by NMR studies of HET-s218-289 and
R-synuclein fibrils (42, 50, 51, 66, 67), which revealed the
presence of both rigid,â-sheet-forming segments (observable

in solid-state NMR spectra) and mobile “tail” and “loop”
segments (not observable in solid-state NMR spectra).
Consequently, we attempted to fit the cross peak volumes
in Table 1 with a simple model in which the observed signals
arise fromn segments of the Ure2p1-89 sequence, each with
a minimum length of eight residues, separated by invisible
segments with a minimum length of three residues. A
computer program was written to exhaustively search all
locations and lengths of then segments and calculate the
total squared deviation∆2 between experimental cross peak
volumesEi (from Table 1) and calculated volumesCi (using
Table 2), with∆2 ≡ ∑i[(Ei/ET) - (Ci/CT)]2/(Ci/CT)2, ET ≡
∑iEi, andCT ≡ ∑iCi. With this definition of∆2, deviations
for each cross peak regioni are weighted inversely by the

FIGURE 7: 2D 13C-13C NMR spectra of various amyloid fibril samples, used to determine the amino-acid-specific intrinsic cross peak
volumes in Table 2. (a) Aâ1-40 fibrils with uniform 15N and13C labeling of H14, Q15, A21, V36, and G37. (b) Aâ1-40 fibrils with uniform
15N and13C labeling of F20, S26, N27, G33, G38, and V39. (c) Aâ1-40 fibrils with uniform 15N and13C labeling of K16, F19, A21, E22,
I32, and V36. (d) Aâ1-40 fibrils with uniform 15N and 13C labeling of F20, D23, V24, K28, G29, A30, and I31. (e) Amylin fibrils with
uniform 15N and13C labeling of A8, S19, F23, G24, L27, N35, and T36. (f) Aâ11-25 fibrils with uniform 15N and13C labeling of V18, F19,
F20, and A21. Experimental conditions for all spectra were identical to those in Figure 4 except that the number of scans pert1 point varied
with sample quantities. Samples in parts d and e were rehydrated after lyophilization. Other samples were lyophilized but not hydrated.
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corresponding cross peak volumes, which is appropriate if
the dominant source of error arises from uncertainty in the
calibration of intrinsic cross peak volumes. In calculating
∆2, cross peak regions 9 and 10 were combined and region
11 was ignored.

Figure 8 summarizes the output of this program. The best
fits to the experimental cross peak volumes were achieved
with n ) 4. The minimum value of∆2, equal to 0.7132,
corresponds to an average deviation of 23% betweenEi/ET

andCi/CT values. All values ofn greater than or less than
four produced values of∆2 that exceeded 0.89.

Fibril Formation by Ac-NNNNNNSSSNNNN-NH2 and Ac-
QQQQQQSSSQQQQ-NH2. The best-fit configurations of
observable and invisible segments in Figure 8 place residues
45-57, with sequence NNNNNNSSSNNNN, in an invisible
segment. This result is surprising in light of previous
evidence that other Asn-rich proteins form amyloid fibrils
(25, 26, 68) and that fibril structures may be stabilized by
interactions among side chain amide groups of Asn residues
(48, 69). Additionally, crystal structures ofâ-helical proteins
reveal the presence of “Asn ladders” that apparently stabilize
the â-helical fold (70). We therefore investigated the
propensity of the peptide Ac-NNNNNNSSSNNNN-NH2 to
form amyloid fibrils. Solutions of Ac-NNNNNNSSSNNNN-
NH2 in phosphate buffer were incubated at room temperature,
without deliberate agitation. TEM images of resulting
aggregates were recorded, as shown in Figure 9. At a peptide
concentration of 35µM, only amorphous aggregates were
observed, and only at low densities on the electron micro-
scope grids (Figure 9a). No fibrillar aggregates were
observed, even after 120 days of incubation, suggesting that
the equilibrium solubility of this peptide exceeds 35µM. At
concentrations of 140µM and 560µM, fibrillar aggregates
were observed, with densities on the electron microscope
grids that increased with peptide concentration (Figures 9b
and 9c). In contrast, peptides such as Ure2p10-39 (sequence
SNLSNALRQVNIGNRNSNTTTDQSNINFEF) form fibrils
within several minutes at concentrations below 50µM (26).
These observations suggest thatâ-sheet formation by residues
45-56 is not a driving force for fibrillization of Ure2p1-89.

The analogous Gln-rich peptide Ac-QQQQQQSSSQQQQ-
NH2 was found to form fibrils rapidly even in 6 M GdnHCl
(Figure 9d). Thus, although prior proposals and experimental
evidence indicate that polar zipper interactions among side
chain amide groups of either Gln or Asn residues can
stabilize amyloid fibrils, it appears that Gln and Asn residues
are not equivalent in this regard. We speculate that the shorter
side chain of Asn may restrict the capacity of polyAsn
segments to form networks of polar zipper interactions with
optimal geometry in cross-â structures.

DISCUSSION

The principal conclusions to be drawn from the data
presented above are as follows: (1)â-sheets in fibrils formed
in Vitro by the prion domain of Ure2p have an in-register
parallel intermolecular alignment; (2) the parallelâ-sheet
structure includes all Leu and Val residues in Ure2p1-89,
implying that it spans residues 9-81; (3) the parallelâ-sheet
structure of Ure2p1-89 may contain both rigid and mobile
segments, leading to variations in solid-state NMR signal
amplitudes from different segments; (4) residues 45-57,
containing ten Asn residues, may be a relatively mobile and
disordered segment; (5) the degree of structural order or
structural homogeneity in Ure2p1-89 fibrils is not as high as
in HET-s218-289 fibrils, suggesting that the high degree of
molecular structural order in the HET-s prion ofP. anserina
is a consequence of special properties of HET-s.

Parallelâ-sheets have now been observed in many amyloid
fibrils (23-26, 28-30, 48, 52, 71-74), including fibrils
formed by the prion domains of the [URE3] and [PSI] prions
of S. cereVisiae as well as fibrils formed by theâ-amyloid
and amylin peptides associated with Alzheimer’s disease and
type 2 diabetes. To date, antiparallelâ-sheets have only been
found in fibrils formed by relatively short peptides that
contain only oneâ-strand segment (31-33, 35, 45). Forma-
tion of parallelâ-sheets with purely intermolecular hydrogen
bonding of neighboringâ-strands is most likely driven by
favorable interactions among like residues, including hydro-
phobic interactions among hydrophobic groups and polar

Table 2: Amino-Acid-Specific, Intrinsic Cross Peak Volumes Used in the Analysis of the Two-Dimensional13C-13C NMR Spectrum of
U-15N,13C-Ure2p1-89 Fibrilsa

cross peak

amino
acid (X) XRâ Xâγ XRγ Xδε Xγδ

A 1.00
S 1.00
V 0.56( 0.05 0.80( 0.06 0.25( 0.05
F 0.48( 0.06
I 0.48 0.40( 0.08,b 0.36( 0.02c 0.18( 0.06,b 0.14(0.02c 0.46( 0.01b

Q 0.37 0.08d

H 0.35
N 0.87( 0.05
K 0.66 0.16(0.06 0.08( 0.02 0.44( 0.06
E 0.31 0.08b

T 0.61 0.61 0.21
L 0.35 0.41 0.15
D 0.40
R 0.50d 0.08d 0.44d

M 0.50d 0.08d

a Except where indicated, all values are determined from experimental spectra in Figure 7. Error limits indicate the range of values for a given
cross peak when more than one value could be extracted from the experimental spectra. All cross peak volumes are relative to ARâ and SRâ volumes,
which are taken to be 1.00.b For γ1 site.c For γ2 site.d Estimated from corresponding values for L and K, but not determined directly from
experimental spectra.
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zipper interactions (26, 47, 48) among side chains of Gln,
Asn, and possibly other polar, uncharged residues.

Residues 9-81 of Ure2p1-89 cannot form a singleâ-strand,
because the length of thisâ-strand (approximately 25 nm)
would exceed the widths of Ure2p1-89 fibrils observed in
TEM images. Alternation ofâ-strand segments with “bend”
or “loop” segments, as demonstrated (41-44, 74) or sug-
gested (25, 66, 71, 73, 75, 76) for other amyloid fibril
structures, is a strong possibility. The anomalous cross peak
volumes in 2D solid-state NMR spectra presented above
suggest that certain non-â-strand segments may be relatively
mobile, thereby attenuating their solid-state NMR signals.
The amplitudes and time scales of motion cannot be
determined from the present data, because several mecha-
nisms of signal attenuation that operate in different motional
regimes are possible. Surprisingly, after calibration of the
amino-acid-specific, intrinsic cross peak volumes as ex-
plained above, the best fits to 2D13C-13C NMR cross peak
volumes for Ure2p1-89 place residues 45-56 in a mobile
segment. The fact that the corresponding peptide Ac-
NNNNNNSSSNNNN-NH2 does not aggregate readily at
35µM concentration (whereas the analogous Gln-rich peptide
aggregates quickly in 6 M GdnHCl) supports the possibility
that intermolecular interactions involving this segment are
not an important stabilizing factor for Ure2p1-89 fibrils. Ross

et al. have shown that Ure2p mutants with scrambled prion
domain sequences are capable of acting as prions even when
the prion domain contains no more than three sequential Asn
residues (49).

Solid-state NMR spectra of Ure2p1-89 fibrils, especially
2D spectra of uniformly15N,13C-labeled fibrils, are qualita-
tively different from the corresponding spectra of HET-
s218-289 fibrils, as originally described by Seimer et al. (50,
51) and confirmed under our own experimental conditions
in Figure 6. The lower resolution in Ure2p1-89 spectra is a
consequence of greater structural disorder.13C NMR lin-
ewidths in Figure 4c are approximately 2.0 ppm, similar to
linewidths observed in13C NMR spectra of Aâ1-40 fibrils,
where linewidths of approximately 1.5 ppm for backbone
sites are observed from hydrated samples with a single
predominant fibril morphology (see Figure 7) and linewidths
of 2.0-2.5 ppm are observed from lyophilized samples (27,
52). The precise nature of structural disorder that leads to
2.0 ppm13C NMR linewidths is not known, but may include
relatively minor variations in side chain and backbone torsion
angles (approximately(15°, sufficient to cause variations
in conformation-dependent13C chemical shifts), variations
in â-sheet twist, and variations in contacts between fibrils
within fibril bundles. Major tertiary and quaternary structural
variations, such as variations in the locations ofâ-strand and

FIGURE 8: Results of fitting the experimental cross peak volumes in the 2D13C-13C spectrum of U-15N,13C-Ure2p1-89 fibrils, from Figure
4c and Table 1, with calculated cross peak volumes based on Table 2, assuming that the experimentally observed signals arise from a
specified number of rigid segments of Ure2p1-89 and that intervening segments are relatively mobile and therefore do not contribute to
solid-state NMR signals. Residues in rigid and mobile segments are indicated by x and- symbols, respectively. The 24 configurations with
lowest total squared deviation∆2, all of which contain four rigid segments, are shown along with the best-fit configurations that contain
two, three, five, and six rigid segments. (Arrows above the amino acid sequence indicate the Val, Leu, and Ala sites that were13CO- or
13CH3-labeled for fpRFDR-CT measurements reported in Figure 3. The sequence is underlined in groups of ten residues to facilitate
identification of residue numbers. His-tag is omitted.)
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loop segments or variations in interstrand hydrogen-bonding
patterns, are not required to produce 2.0 ppm linewidths, as
shown by results for Aâ1-40 fibrils (27, 52). On the other
hand, the clear splitting of Ala15 cross peaks (regions 9 and
10 in Figure 4d) is a likely consequence of polymorphism,
apparently involving the presence of Ala15 inâ-strand and
non-â-strand segments in two or more alternative Ure2p1-89

fibril structures. Preparation of Ure2p1-89 fibrils with a single
predominant morphology, if experimentally achievable,
might lead to improved resolution in 2D solid-state NMR
spectra, but the existing data in Figures 4 and 5 (which show
no evidence for sharp underlying peaks from specific
morphologies) suggest that the improvement would be
relatively minor.

As previously proposed (42, 50), it appears likely that the
high degree of structural order in HET-s218-289 fibrils is a
consequence of the evolved biological function of HET-s,
as the determinant of heterokaryon incompatibility inP.
anserina(reviewed in ref (77)). Data above show that a prion
without an evolved biological function has a lower degree
of structural order, similar to that in typical disease-associated
amyloid fibrils. The amino acid sequence of HET-s218-289 is
also qualitatively different from the sequences of Sup35NM,
Ure2p1-89, and other amyloid-forming polypeptides, in that
HET-s218-289 contains only five Asn and two Gln residues
and contains no hydrophobic segments longer than four
residues. The structural model for HET-s218-289 fibrils
proposed by Ritter et al. (42) contains two layers of parallel
â-sheet, with each molecule contributing twoâ-strands to
eachâ-sheet and with alternation between intermolecular
hydrogen bonding and intramolecular hydrogen bonding of

â-strands within eachâ-sheet. This model for theâ-sheet
structure in HET-s218-289 fibrils is consistent with recent
electron microscopic determinations of the axial packing
density of subunits in the fibril, which is half that observed
in Ure2p fibrils, implying that they have basically different
structures (21). In contrast, the parallelâ-sheets in Ure2p1-89

and Sup35NM fibrils contain only intermolecular hydrogen
bonds. Ure2p1-89 fibrils preparedin Vitro produce an array
of [URE3] strains when transformed into yeast (8). Distinct
strains of the HET-s prion have not been reported.
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