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CONS P EC TU S

M any peptides and proteins self-assemble into amyloid
fibrils. Examples include mammalian and fungal prion

proteins, polypeptides associated with human amyloid dis-
eases, and proteins that may have biologically functional
amyloid states. To understand the propensity for polypeptides
to form amyloid fibrils and to facilitate rational design of
amyloid inhibitors and imaging agents, it is necessary to
elucidate the molecular structures of these fibrils. Although
fibril structures were largely mysterious 15 years ago, a
considerable body of reliable structural information about
amyloid fibril structures now exists, with essential contribu-
tions from solid state nuclear magnetic resonance (NMR)
measurements. This Account reviews results from our labora-
tories and discusses several structural issues that have been
controversial.

In many cases, the amino acid sequences of amyloid fibrils
do not uniquely determine their molecular structures. Self-
propagating, molecular-level polymorphism complicates the
structure determination problem and can lead to apparent dis-
agreements between results from different laboratories, particu-
larly when different laboratories study different polymorphs. For
40-residueβ-amyloid (Aβ1�40) fibrils associatedwith Alzheimer's disease, we have developed detailed structuralmodels from solid state
NMR and electron microscopy data for two polymorphs. These polymorphs have similar peptide conformations, identical in-register
parallel β-sheet organizations, but different overall symmetry. Other polymorphs have also been partially characterized by solid state
NMR and appear to have similar structures. In contrast, cryo-electron microscopy studies that use significantly different fibril growth
conditions have identified structures that appear (at low resolution) to be different from those examined by solid state NMR.

Based on solid state NMR and electron paramagnetic resonance (EPR) measurements, the in-register parallel β-sheet organization
found in β-amyloid fibrils also occurs in many other fibril-forming systems. We attribute this common structural motif to the stabilization
of amyloid structures by intermolecular interactions among like amino acids, including hydrophobic interactions and polar zippers.
Surprisingly, we have recently identified and characterized antiparallel β-sheets in certain fibrils that are formed by the D23Nmutant of
Aβ1�40, a mutant that is associated with early-onset, familial neurodegenerative disease. Antiparallel D23N-Aβ1�40 fibrils are
metastable with respect to parallel structures and, therefore, represent an off-pathway intermediate in the amyloid fibril formation
process. Other methods have recently produced additional evidence for antiparallel β-sheets in other amyloid-formation intermediates.

As an alternative to simple parallel and antiparallelβ-sheet structures, researchers have proposedβ-helical structural models for some
fibrils, especially those formed bymammalian and fungal prion proteins. Solid state NMRand EPR data show that fibrils formed in vitro by
recombinant PrP have in-register parallel β-sheet structures. However, the structure of infectious PrP aggregates is not yet known. The
fungal HET-s prion protein has been shown to contain a β-helical structure. However, all yeast prions studied by solid state NMR (Sup35p,
Ure2p, and Rnq1p) have in-register parallel β-sheet structures, with their Gln- and Asn-rich N-terminal segments forming the fibril core.
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Introduction
Many polypeptides can self-assemble into filamentous enti-

ties known as amyloid fibrils. Amyloid-forming polypeptides

include disease-associated molecules such as the β-amyloid

peptide of Alzheimer's disease, the R-synuclein protein of

Parkinson's disease, and the islet amyloid polypeptide (IAPP,

or amylin) of type 2 diabetes. Prion proteins, responsible for

transmissible spongiform encephalopathies in mammals

and transmissible traits and diseases in yeast and other

fungi, form amyloid fibrils that encode the prion state.

Amyloid fibrils with essential biological functions have also

been identified. Amyloid fibrils formed by polypeptides with

quite diverse amino acid sequences have similar appear-

ances in transmission electron microscope (TEM) images

(Figure 1), suggesting that their underlying molecular struc-

tures are similar.

The defining molecular structural property of an amyloid

fibril, distinguishing it fromnonamyloid filaments formed by

proteins such as actin and hemoglobin S, is that an amyloid

fibril contains a 00cross-β00 motif. A cross-βmotif is a ribbonlike

β-sheet, comprising β-strand segments running nearly per-

pendicular to the fibril growth direction, linked by inter-

strand hydrogen bonds running nearly parallel to the

growth direction. The presence of cross-β motifs in amyloid

fibrils was establishedwell before 1990.1 All other aspects of

amyloid fibril structures were unclear, however, largely

because amyloid fibrils are inherently noncrystalline and

insoluble and hence are not amenable to direct structure

determination byX-ray crystallographyormultidimensional

solution nuclear magnetic resonance (NMR) methods. For

example, the identities of the β-strand segments, the orga-

nization of the β-sheets (parallel vs antiparallel), the number

of β-sheets, and the conformations of non-β-strand seg-

ments within amyloid fibrils were unknown. It was not even

clear that amyloid fibrils contain well-defined molecular

structures, rather than being highly disordered assemblies

with cross-β character.

In the 1990s, new experimental approaches began to

shed light on the molecular-level details of of amyloid

structures. Solid state NMR techniques have been especially

important, because these techniques provide detailed in-

formation about molecular and supramolecular structure

without requiring crystallinity or solubility. By now, full

structural models for fibrils formed by a variety of polypep-

tides have been developed from solid state NMR data.2�6

These models reveal the principal intermolecular interac-

tions that stabilize fibril structures, help explain the nearly

generic nature of amyloid formation, and provide a basis for

future progress toward the discovery of new amyloid inhi-

bitors and imaging agents. Related information has also

been obtained from electron paramagnetic resonance

(EPR).7�9

Despite dramatic advances over the past 15 years, an

impression that amyloid structures are 00controversial00 per-
sists in the biology, biochemistry, and chemistry commu-

nities. This Account discusses some of the issues that have

generated controversy, especially issues related to our own

work. Although important structural questions remain to be

answered, it is our view that consensus currently outweighs

controversy.

Self-Propagating Polymorphism in
β-Amyloid Fibrils: Sequence Does
Not Determine Structure
TEM images of amyloid fibrils formed bypolypeptideswith a

given amino acid sequence typically show a variety of

morphologies, differing in the diameter, twist period, curva-

ture, or other properties (Figure 1a,b and d,e). When we

began our studies in 1998, the molecular structural

FIGURE 1. Negatively stained TEM images of amyloid and prion fibrils,
illustrating the diversity of fibril morphologies and fibril-forming poly-
peptides. (a) 40-residue β-amyloid (Aβ1�40) fibrils with 00twisted00 mor-
phology.2,10 (b) Aβ1�40 fibrils with 00striated ribbon00 morphology.3,10 (c)
37-residue islet amyloid polypeptide (IAPP or amylin) fibrils.14 (d)
Recombinant PrP fibrils with 00R00 morphology,16 Syrian hamster se-
quence, residues 23�231. (e) PrP fibrils with 00S00 morphology.16 (f)
Pmel17 repeat domain fibrils.15 (g) Ure2p prion fibrils, full-length S.
cerevisiae sequence.43 (h) Sup35NM prion fibrils.41 (i) HET-s prion fibrils,
P. anserina sequence, residues 218�289.4,19 All scale bars are 200 nm.
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significance of these morphological variations was unclear.

Our initial solid state NMR spectra of 40-residue β-amyloid

(Aβ1�40) fibrils showed multiple sets of 13C NMR chemical

shifts for individual 13C-labeled residues, varying in their

relative intensities from sample to sample. Subsequent

experiments showed that the chemical shifts correlatedwith

the fibrilmorphologies, that the predominant chemical shifts

and morphology could be controlled reproducibly by subtle

variations in Aβ1�40 fibril growth conditions, and that both

chemical shifts and morphologies were self-propagating in

seeded fibril growth.10 Thus, fibrils with different morpholo-

gies have distinct molecular structures; that is, the amino acid

sequence alone does not uniquely determine the molecular

structure in amyloid fibrils. Subsequent studies have provided

additional support for molecular-level polymorphism in β-

amyloid fibrils2,11�13 and other fibrils.14�16 Polymorphism

has also been observed in crystal structures of peptide frag-

ments derived from amyloid-forming proteins.17

The mass-per-length (MPL) of a fibril is an important struc-

tural characteristic that can be measured by various dark-field

electron microscopy techniques.18,19 Early measurements on

polymorphic Aβ1�40 fibrils by Goldsbury et al. showed a

distribution of MPL values, with peaks near 21, 31, and

42 kDa/nm.18 In our ownmeasurements, we observed values

around18kDa/nminsomesamplesand27kDa/nm inothers.

We interpreted these MPL values as evidence for structures

with either two or three cross-β units, since a value near

9 kDa/nm is expected for one cross-β unit comprising

4.3 kDa peptides with the standard 4.7�4.8 Å interstrand

spacingofaβ-sheet. Sincesolid stateNMRspectraof isotopically

labeled, morphologically homogeneous Aβ1�40 fibrils show a

single setof 13CNMRchemical shifts, thesestructuresmusthave

approximate2-foldor3-fold symmetryabout the long fibril axis.

Molecular models for specific Aβ1�40 polymorphs with

2-fold and 3-fold symmetry (Figure 2) were developed from

sets of restraints that include conformation-dependent 13C

chemical shifts, quantitative measurements of internuclear

magnetic dipole�dipole couplings that restrain intramole-

cular and intermolecular distances,20,21 and semiquantita-

tive measurements of dipole�dipole couplings that reveal

the proximities of specific pairs of amino acid side chains.

Root-mean-squared deviations for backbone and heavy

atom coordinates in these models (see Protein Data Bank

files 2LMN, 2LMO, 2LMP, and2LMQ) are about 2.1 and2.7Å,

respectively. Figure 3 shows representative experimental

data that distinguish the two Aβ1�40 fibril structures. The

models in Figure 2 illustrate some of the structural variations

that underlie fibril polymorphism. Aβ1�40 adopts aU-shaped

conformation in both models, with β-strands formed by

residues 10�22 and 30�40 separated by a bend or loop

that allows the two β-strands to fold back on one another. In

both structures, the two β-strands form a double-layered

cross-β unit, with a parallel β-sheet in each layer and with

similar hydrophobic contacts between the two layers. The

bend conformation, the number of cross-β units (either two

or three), the contacts between cross-β units, and the overall

symmetry are different in the two models.

Molecular-level polymorphism implies that different re-

search groups are likely to study different molecular struc-

tures, unless their fibril growth conditions are identical, their

fibrils are indistinguishable in TEM images, and their fibrils

have the same NMR chemical shifts. Aβ1�40 is capable of

forming at least 5�10 structurally distinct polymorphs.5,6

Bertini et al. have recently reported a 2-fold symmetric

Aβ1�40 fibril model, based on solid state NMR data, that

resembles the model in Figure 2b but differs in the details of

FIGURE 2. Structural models for Aβ1�40 fibrils developed from solid
state NMR and electron microscopy data.2,3 Models with 3-fold (a) and
2-fold (b) symmetry correspond to 00twisted00 fibrils and to individual
filaments within 00striated ribbon00 fibrils in Figure 1a and b, respectively.
Models include residues 9�40 and are viewed in cross section, with the
long fibril axis perpendicular to the page. Four repeats of the parallel
cross-β structures are shown, with side chains of hydrophobic residues
in green, polar residues in magenta, negatively charged residues in red,
and positively charged residues in blue.
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contacts within and between cross-β units.22 Sample prep-

aration conditions used by Bertini et al. were significantly

different from our conditions, and 13C chemical shifts are

different.

FIGURE 3. Examples of experimental data that lead to the structural models for Aβ1�40 fibrils in Figure 2. (a) Mass-per-length (MPL) histograms derived from
dark-field transmission electron microscopy,19 showing the predominant values of 18 and 27 kDa/nm expected for 2-fold and 3-fold symmetric cross-β
structures. (b) Exampleofanunstaineddark-fieldTEM image, showinga3-foldAβ1�40 fibril (yellowarrow) and tobaccomosaicvirusparticles (greenarrows) that
serve asMPL standards. FibrilMPL values are determined from the ratios of integrated intensitieswithin yellowandgreen rectangles. (c) Differences in 13CNMR
chemical shifts between 2-fold and 3-fold Aβ1�40 fibrils, for backbone carbonyl, R-carbon, and β-carbon sites. (d) Quantitative measurements of magnetic
dipole�dipolecouplingsbetweenK28ζ-nitrogenandD23γ-carbonsites in2-fold (redcircles) and3-fold (bluecircles) fibrils,usingafrequency-selectiverotational
echo double-resonance technique.21 These data demonstrate the presence of D23-K28 salt bridge interactions in the 2-fold fibrils3 and the absence of these
interactions in 3-fold fibrils.2 (e) Aliphatic region of a two-dimensional 13C�13C NMR spectrum of 3-fold fibrils, prepared with uniform 13C labeling of I31, G33,
M35, G37, andV39, recordedwith a1.5 smixingperiod that allows long-range crosspeaks todevelop. Intraresidue crosspeaks for I31andV39are identified by
cyan and redassignment paths, respectively. Cyan/red circles indicate inter-residue crosspeaks that imply proximity of I31andV39 side chains,2 as in Figure 2a.
(f) Similar two-dimensional spectrum of 2-fold fibrils. Absence of clear crosspeaks in cyan/red circles implies a greater I31�V39 separation, as in Figure 2b.
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Reif and co-workers have reported 2D solid state NMR

spectra of Aβ1�40 fibrils that show two sets of chemical shifts,

suggesting a repeat unit containing two structurally inequiva-

lent peptide molecules.23 Although fibril structures with two

inequivalent molecules in the repeat unit are possible,24,25 it is

difficult to rule out the alternative explanation that two poly-

morphs with different NMR spectra coexist in the NMR sam-

ples, unless nuclear spin polarization transfers between the

two sets of chemical shifts are observed unambiguously.25

Cryo-electron microscopy (cryoEM) studies of Aβ1�40 and

Aβ1�42 fibrils have produced models for the cross-sectional

density of the fibrils that seem inconsistent with the models

in Figure 2.12,26,27 Again, sample preparation conditions for

cryoEM studies were significantly different from our condi-

tions, and the fibrils are clearly different innegatively stained

TEM images. For example, one Aβ1�40 fibril polymorph de-

scribed by Grigorieff and co-workers, prepared in 50 mM

borate buffer at pH 7.8 and 4 �C, has a width of roughly

18 nm and approximate 2-fold symmetry about the long fibril

axis. This polymorph hasMPL≈46 kDa/nm, corresponding to

fiveAβ1�40moleculesper 4.8Å repeat,26 avalue that is difficult

to reconcile with a 2-fold symmetric, cross-β structure. Frieden

and co-workers describe a 2-fold symmetric, approximately

tubular Aβ1�42 fibril polymorph, prepared at pH 2 and 37 �C.27

Hydrogen/deuterium (H/D) exchange rates for backbone

amide sites have been used to identify the structurally

ordered or β-sheet-forming segments within amyloid fibrils.

For Aβ1�40 and Aβ1�42 fibrils, most H/D exchange studies

suggest that the ordered segments comprise a smaller

fraction of the peptide sequence than is indicated by solid

state NMR measurements,11,28 although some studies sug-

gest otherwise.29 Although certain segments in amyloid

fibrils exhibit extremely slow H/D exchange (<10�5 s�1),

segments with much faster H/D exchange (g10�3 s�1) may

still be part of the ordered structure and rigid from the

standpoint of solid state NMR. Thus, apparent discrepancies

between H/D exchange and solid state NMR results may

simply reflect differences in the sensitivities of the two

techniques to minor or infrequent structural fluctuations.

Note that H/D exchange rates for intrinsically disordered

proteins30 are typically greater than 10�2 s�1 near pH 7 and

5 �C. Smaller rates at higher temperatures therefore indicate

at least some degree of structural involvement or rigidity.

β-Sheets in Amyloid Fibrils: Parallel,
Antiparallel, or Both?
Prior to 1998, amyloid fibrils were often assumed to contain

antiparallel cross-β structures. Solid state NMRmeasurements

on fibrils formed by residues 34�42 of the 42-residue β-

amyloid peptide (Aβ34�42) supported this assumption.5 Sub-

sequent solid state NMR measurements on residues 10�35

(Aβ10�35) by Lynn,Meredith, Botto, and co-workers6 provided

the first evidence that amyloid fibrils could contain parallel

cross-β structures, especially 00in-register00 parallel β-sheets in
which backbone amide and carbonyl groups of residue n of

one peptide chain are hydrogen-bonded to carbonyl and

amide groups of residues n � 1 and n þ 1 of a neighboring

chain, respectively. By now, solid state NMR2,10,14 and EPR

measurements7,8 on numerous systems have identified in-

register parallel cross-β structures as the most common

structures in amyloid fibrils. In-register parallel β-sheets ap-

pear to maximize intermolecular hydrophobic interactions

and 00polar zipper00 interactions,31 accounting for the experi-

mental results. Antiparallel β-sheets have been found in

fibrils5,24,32 and amyloid-like crystals17 formed by short frag-

ments of full-length amyloid-forming proteins, especially

peptides that contain a single hydrophobic β-strand, so that

either parallel or antiparallel alignments can produce favor-

able intermolecular hydrophobic interactions. Antiparallel

alignment may then produce more favorable electrostatic

interactions.

Surprisingly, the Asp23-Asn mutant of Aβ1�40 (D23N-

Aβ1�40) was recently found to form both straight fibrils with

the expected parallel cross-β structure andmore curved and

shorter fibrils with an unanticipated antiparallel cross-β

structure,13,33 as shown in Figure 4. The structural model

for antiparallel D23N-Aβ1�40 fibrils in Figure 4c, developed

from solid state NMR data,13 shows how favorable hydro-

phobic interactions in an amyloid fibril core can be achieved

with antiparallel intermolecular alignments, using aU-shaped

peptide conformation that is similar to the peptide conforma-

tions in Figure 2.

Interestingly, antiparallel D23N-Aβ1�40 fibrils are meta-

stable, slowly converting to parallel structures when both

structures are initially present.13 For D23N-Aβ1�40, antipar-

allel cross-β structures therefore represent 00off-pathway00

intermediates in the process of parallel cross-β fibril forma-

tion. These observations suggest that the wormlike
00protofibrils00 that have been described as neurotoxic inter-

mediates in wild-type Aβ1�40 and Aβ1�42 fibril formation34

may have similar antiparallel structures. Alternatively, Hard

and co-workers have suggested that protofibrils are com-

prised of β-hairpins,35 which are distinct structures in that

they contain intramolecular hydrogen bonds. β-hairpin

structures have been observed in crystal structures of small

oligomeric states of amyloid-forming peptides.36
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Structures of Prion Fibrils: Parallel β-Sheets,
β-Helices, or Something Else?
A β-helix (or β-solenoid) is a structural motif in which short β-

strand segments alternatewith bends to createmultiple coils

in a solenoid-like rod. The β-strand segments are perpendi-

cular to the long axis of the rod, as in a cross-βmotif. A single

polypeptide chain contributes many coils to the β-helix. Early

on, β-helical structures were proposed for amyloid fibrils,35

and more recently for mammalian and fungal prions.36�38

Definitive evidence for a β-helical structure in the case of

the HET-s prion of Podospora anserina has been obtained by

Meier and co-workers, who have developed a very precise

structuralmodel forHET-s fibrils froma large set of solid state

NMRmeasurements.4 In HET-s fibrils, each proteinmolecule

contributes two coils to the β-helix, so that hydrogen bonds

between β-strand segments are both intramolecular and

intermolecular. HET-s fibrils have a number of properties

that distinguish them from disease-associated fibrils, espe-

cially an absence of polymorphism at biologically relevant

pH. In contrast to HET-s fibrils, fibrils formed by the yeast

prion proteins Sup35p, Ure2p, and Rnq1p exhibit both

structural heterogeneity and biological heterogeneity

(multiple prion strains on infection of yeast).

Whether β-helices exist in other amyloid and prion fibrils

remains an open question. β-Helical models formammalian

PrP fibrils have been proposed, originally based on electron

microscopy of PrP constructs in two-dimensional crystalline

form.37 Direct measurements on recombinant PrP fibrils

indicate an in-register parallel β-sheet core structure, formed

by a C-terminal segment that is roughly 60 residues in

length.8 Brain-derived, infectious PrP aggregates exhibit

strong protection from H/D exchange in a larger segment

of the protein sequence, spanning approximately 145

residues.38 Additional experimental data are clearly needed

before firm conclusions can be drawn about the molecular

structures in infectious PrP aggregates.

Extensive solid state NMR measurements on yeast prion

fibrils, including fibrils formed by the prion domains of

Sup35p,39�41 Ure2p,40,42,43 and Rnq1p,44 support in-register

parallel β-sheet structures, probably stabilized by polar

zippers31 among the many Gln and Asn residues in these

domains. Evidence for in-register parallel structures comes

frommultiple measurements of intermolecular dipole�dipole

interactions among multiple 13C-labeled sites, in samples that

were lyophilized,39,40,42 lyophilized and then rehydrated,41,44

or never lyophilized,41,43 as well as in samples that were

shown to have biological activity41 (i.e., prion infectivity in

yeast). Someof thesedataare shown inFigure5, includingdata

for HET-s fibrils (not previously published) that illustrate the

difference in β-sheet organization.

Random shuffling of amino acids within a yeast prion

domain (Figure 5d) does not abrogate prion formation, a

finding that is consistent with an in-register parallel β-sheet

structure stabilized by polar zippers,45 but is more difficult to

reconcile with β-helices that depend on specific sets of

intramolecular and intermolecular interactions. MPL mea-

surements indicate one molecule per 4.7�4.8 Å repeat,19

consistent with the in-register parallel architecture. Lateral

FIGURE 4. (a) Negatively stained TEM image of D23N-Aβ1�40 fibrils, prepared by amethod that selects metastable, antiparallel β-sheet structures.13

(b) Schematic comparison of antiparallel (left) and parallel (right) cross-β structures that can be constructed from similar U-shaped peptides. (c)
Structural model for metastable D23N-Aβ1�40 fibrils developed from solid state NMR data,13 viewed in cross section. Two repeats (four D23N-Aβ1�40

chains, residues 15�40 only) are shown, with side chains colored as in Figure 2. (d) Residues 15�40 of one cross-β unit within a 2-fold Aβ1�40 fibril.
Comparisonwith panel (c) showshow similar sets of hydrophobic interactions in the core of the cross-β unit can stabilize both parallel and antiparallel
structures.
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association of specific numbers of β-helices would be re-

quired to explain theMPLdata.Moreover, in-register parallel

β-sheet structures provide a natural explanation for the

existence and self-propagation of prion strains (i.e., biologi-

cally distinctmanifestations of prion infection, caused by the

same prion protein). Whether prion strains are due to varia-

tions in the number of cross-β units and symmetry, as in

Figure 2, variations in the identities or lengths of β-sheet-

forming segments,46 or variations in the locations of folds in

the β-sheets,45 the favorable interactions between identical

FIGURE 5. Investigations of β-sheet structures in prion fibrils, throughmeasurements of intermolecular 13C�13C magnetic dipole couplings with the
PITHIRDS-CT technique.20 (a) Ideal in-register parallel and antiparallel β-sheets. (b) Ideal PITHIRDS-CT curves for an in-register parallel β-sheet with a
single carbonyl 13C label at any residue in each peptide chain (cyan) and for antiparallel β-sheets with a single carbonyl 13C label at either of two
residues (orange and green). (c) PITHIRDS-CT data for Sup35NM fibrils, prepared with 13C labels at backbone carbonyl sites of all Tyr (circles) or Leu
(triangles) residues. Datawere obtained from lyophilized (blue) or fully hydrated (red) samples.41 All 20 Tyr residues are in the N domain of Sup35NM,
while 7 of 8 Leu residues are in the M domain. (d) PITHIRDS-CT data for wild-type Ure2p1�89 fibrils (triangles), prepared with 13C labels at backbone
carbonyl sites of all Leu residues, and for two 00shuffled prion00 fibrils40 with Leu at the indicated residue numbers (squares and circles). (e) PITHIRDS-CT
data forHET-s fibrils, residues 218�289, preparedwith 13C labels at backbone carbonyl sites of the indicated residues, in separate samples. (f) Side and
cross-sectional views of the HET-s fibril model developed by van Melckebeke et al. (PDB 2KJ3).4 Residues 224�248 and 259�289 are shown,
corresponding to themost highly ordered and rigid segments. Labeled carbonyl sites are represented by large spheres, colored according to panel (e).
In the β-helical core structure of HET-s fibrils, only Leu carbonyls have∼5Ånearest-neighbor distances. Signal contributions from labeled sites outside
the core are uncertain. (All PITHIRDS-CT data are corrected for natural-abundance 13C contributions.41)
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side chains in a parallel structure force monomers that add

to a growing fibril to adopt the same conformation as

molecules in the bulk.

Sup35NM is a commonly studied construct of Sup35p, the

prion protein responsible for the [PSIþ] trait in yeast, contain-

ing the Gln- and Asn-rich N-terminal prion (N) domain and

the Glu-rich 00middle00 (M) domain, but not the C-terminal

globular domain. Data from two types of experiments have

been presented as evidence for a β-helical structure in

Sup35NM fibrils: (i) Kishimoto et al. reported that the 8�
10 Å equatorial scattering peak in X-ray fiber diffraction

data, attributed to stacking of β-sheets perpendicular to the

long fibril axis, was not detectable in fully hydrated samples

(from which the total X-ray scattering intensity due to fibrils

was alsoweak).47While these data argue against a structure

that contains many stacked β-sheets, they do not imply a

β-helical structure. Calculated fiber diffraction patterns for

realistic in-register parallel β-sheet structures show relatively

weak and broad equatorial scattering features, due to the

limited number β-sheet layers within a single fibril;48 (ii)

Krishnan and Lindquist reported measurements of fluores-

cence emission spectra from pyrene-labeled Sup35NM fi-

brils, showing strong red-shifted excimer fluorescence

characteristic of pyrene�pyrene proximity only when the

labels were in residues 25�38 and 91�106. From these

data, they suggested a 00head-to-head, tail-to-tail00 β-helical
structure for Sup35NM fibrils.49 Although one might naively

expect the excimer fluorescence to be uniform across the

sequence in an in-register parallel β-sheet, the phenomenon

of excimer fluorescence requires a specific geometry of

pyrene�pyrene interactions that is likely to be inaccessible

in the relatively rigid and crowded core of a fibril. Unlike solid

state NMR measurements of intermolecular distances,

which require only isotopic labeling, pyrene labeling re-

quires introduction of a pyrene maleimide group that is

larger than any amino acid side chain. Therefore, the ab-

sence of strong excimer fluorescence for residues between

38 and 91 does not imply absence of in-register parallel

β-sheets. Moreover, excimer fluorescence ratios for samples

in which pyrene-labeled Sup35NMwas diluted in unlabeled

Sup35NM appear to support an in-register parallel structure,

in that the excimer fluorescence is reduced by only a factor

of 2 with 1:3 dilution.49 (Within an in-register parallel

β-sheet, each labeled site has two intermolecular neighbors,

each of which could be labeled.)

Solid state NMR data indicate that portions of the M

domain, in addition to the N domain, participate in the

in-register parallel β-sheet structure of Sup35NM fibrils.

Specifically, measurements of dipole�dipole couplings

among 13C labels at carbonyl sites of leucine residues

(Figure 5c) indicate that at least four of the eight leucine

carbonyls have nearest-neighbor distances of approxi-

mately 5 Å to other leucine carbonyls, although only one

leucine is in the N domain.39,41 Participation of the M

domain in β-sheet structure is unexpected because it is

highly charged. Although the N domain is sufficient for

propagation of many [PSIþ] strains, others require proximal

parts of M for faithful propagation.50 Also, barriers to trans-

mission of [PSIþ] between sequence polymorphs depend in

part on differences in the M domain.51 Moreover, solution

NMR data suggest that four leucine residues are at least

partially immobilized in Sup35NM fibrils, and that portions

of the M domain remain partially protected from H/D

exchange.46 It seems that the structural and dynamical

properties of the M domain may vary among [PSIþ] strains.

In the case of Ure2p, responsible for the [URE3] trait in

yeast, solid state NMR spectra reported by Loquet et al.

reveal that the C-terminal enzymatic domain retains its

globular structure but becomes immobilized in Ure2p

fibrils.52 This observation rules out structural models in

which the C-terminal domain is loosely tethered to a cross-

β core. Loquet et al. initially suggested that their data support

a model for Ure2p fibril structure proposed by Melki and co-

workers, in which the C-terminal domain forms the fibril

core, without an N-terminal cross-β structure.53 Our subse-

quent solid state NMR measurements confirmed immobili-

zation of the C-terminal domain, but additionally showed

that the N-terminal domain does indeed form an in-register

parallel β-sheet structure in the context of full-length Ure2p

fibrils.43 The C-terminal domain is selectively removed by

proteinase K treatment, supporting a model in which dimer-

ized C-terminal domains form a helical shell around the

cross-β core.43 Fibrils formed by a recombinant N-terminal

segment of Ure2p are infectious in yeast, and the N-terminal

domain alone (but not the C-terminal domain) is sufficient

for prion propagation in vivo.54,55

Concluding Remarks
Our understanding of amyloid and prion fibrils structures

has made remarkable progress in the past 15 years, with

major contributions from solid state NMR measurements.

While important questions remain about the structures of

fibrils (and prefibrillar intermediates) formed by specific

proteins, existing data for well-studied systems do not con-

tain real contradictions. Where different laboratories have

obtained different results for the same protein or peptide,
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apparent inconsistencies are largely attributable to the

highly polymorphic nature of most amyloids, or to differ-

ences in the structural information content of various ex-

perimental techniques. Future work is likely to focus on the

development of detailed structural models for fibrils formed

by larger proteins, on further clarification of the specific

structural variations that underlie prion strains, and on

characterization of the specific structural states that are

important in amyloid and prion diseases.
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