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Amyloid fibrils are filamentous aggregates, with typical
diameters of 10 nm and lengths on the order of microns,
formed by a large class of peptides and proteins with
disparate sequences and with molecular masses ranging from
less than 1 kDa to tens of kilodaltons. Figure 1 shows typical
amyloid fibrils as they appear in electron microscopy (EM)1

measurements. Current interest in amyloid fibrils in the
biomedical community stems from the fact that amyloid
fibrils deposit in the affected organs of the so-called amyloid
diseases (1). Several amyloid diseases, including Alzheimer’s
disease, type 2 diabetes, transmissible spongiform encepha-
lopathies, and Parkinson’s disease, constitute major public
health problems. The precise role of amyloid deposits in these
diseases has not been settled, but amyloid deposition is likely
to be at least a contributing factor to their etiology (2, 3). In
the biophysical and biochemical communities, interest in
amyloid fibrils additionally stems from the observation that
the amyloid fibril appears to be a stable structural state of a
generic polypeptide chain (4, 5) and from the lack of a
comprehensive explanation for this observation. At the level
of EM images, amyloid fibrils formed by peptides and
proteins with unrelated sequences appear at least similar, if
not identical. Thus, amyloid fibrillization poses a problem

that is opposite to the familiar protein folding problem.
Whereas in the protein folding problem one seeks to
understand how the diverse three-dimensional structures of
proteins are determined uniquely by their amino acid
sequences, in the amyloid folding problem one seeks to
understand how a single structure can be common to a great
many unrelated sequences.

Although amyloid fibrils formed by two different proteins
may exhibit the samemorphologyin EM images, this is no
guarantee that they share a commonmolecular structure. The
most important barrier to solution of the amyloid folding
problem has been the paucity of detailed structural informa-
tion at the molecular level. Because amyloid fibrils are
inherently noncrystalline and insoluble, determination of their
molecular structures by the two principal experimental
approaches to structure determination, i.e., X-ray crystal-
lography and liquid-state nuclear magnetic resonance (NMR),
has not been possible.

X-ray diffraction patterns of aligned amyloid fibrils exhibit
a pronounced meridional scattering peak that corresponds
to a characteristic spacing of 0.47-0.48 nm, assigned to the
distance between peptide chains inâ-sheets with a “cross-
â” orientation (6, 7), i.e., with the chain directions nearly
perpendicular to the long axis of the fibril and the interchain
hydrogen-bonding direction nearly parallel to the long axis.
Theseâ-sheets may span the entire length of the fibril. Nearly
all other aspects of the molecular structures of amyloid fibrils
have been unclear. Basic questions that have been unresolved
include the following:

(1) What is the supramolecular organization of the cross-â
motif? Are theâ-sheets parallel or antiparallel? Does this
depend on sequence?
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(2) Which segments of the amino acid sequence form the
â-strands? Do other segments adopt non-â-strand secondary
structures?

(3) What is the degree of structural order at the molecular
level in amyloid fibrils?

(4) Which intramolecular and intermolecular interactions
stabilize amyloid fibril structures, in addition to the interchain
backbone hydrogen bonding in theâ-sheets?

(5) Which aspects of amyloid fibril structures are univer-
sal? Which are sequence-specific?

(6) In the case of amyloid fibrils formed by proteins with
well-ordered monomeric or oligomeric structures, which
structural elements of the monomeric or oligomeric form are
retained in the amyloid fibril form?

Since 1999, our laboratory has been using solid-state NMR
methods to examine the molecular structures of amyloid
fibrils, primarily fibrils formed by the full-length, 40-residue
â-amyloid peptide associated with Alzheimer’s disease
(Aâ1-40) (8-10), by the 42-residue variant of this peptide
(Aâ1-42) (11), and by fragments of Aâ1-40 that serve as model
systems (11, 12). Our solid-state NMR data address the
questions listed above and lead to a structural model for
Aâ1-40 fibrils. The remainder of this paper describes the basic
principles behind the solid-state NMR measurements, the
types of information available from these measurements, and
our specific findings for amyloid fibrils. Important contribu-
tions to the structural characterization of amyloid fibrils by
solid-state NMR have also been made by Griffin and co-
workers (13, 14) and by Lynn, Meredith, Botto, and
co-workers (15-18).

Several other physical techniques have recently been
brought to bear on amyloid fibril structure determination,
including cryo-EM (19-21), scanning transmission electron
microscopy (STEM) (11, 22), atomic force microscopy (23-
25), electron paramagnetic resonance (EPR) (26, 27), and
small-angle neutron scattering (SANS) (18, 28). To a large
extent, these techniques provide structural constraints that
are complementary to constraints from solid-state NMR in
terms of length scale and site specificity. Studies of amy-
loidogenic peptides and proteins by liquid-state NMR provide
important information about precursors to fibrillization (29-

32), as well as indirect information about likely fibril
structures (33, 34).

Sources of Structural Information in Solid-State NMR

The term “solid-state NMR” simply means nuclear mag-
netic resonance spectroscopy of solids and other condensed
phases of matter that are not isotropic liquids. Differences
between solid-state and liquid-state NMR techniques and data
ultimately arise from the absence of the rapid isotropic
tumbling and translational diffusion of molecules in liquids,
which accounts for the very high resolution and relative
simplicity of liquid-state NMR spectra. One important
technological difference is that many solid-state NMR
measurements are carried out under magic-angle spinning
(MAS), i.e., rapid sample rotation about an axis at the “magic
angle”θm ) cos-1(1/x3), to achieve spectral resolution and
sensitivity approaching that of liquid-state NMR. One
important difference in the data is that scalar couplings and
nuclear Overhauser effects, which are often the dominant
sources of structural information in liquid-state NMR, are
relatively unimportant in solid-state NMR. Several types of
solid-state NMR measurements and features of solid-state
NMR data have proven useful in the structural characteriza-
tion of amyloid fibrils, as follows.

Measurements of the direct magnetic interactions between
pairs of nuclear spins, called dipole-dipole couplings, serve
as measurements of interatomic distances (see Figure 2). In
a rigid solid, the strength of the dipole-dipole coupling
between nuclei I and S is represented by the coupling
constantd ) γIγSp/(2πR3), whereγI andγS are the nuclear
gyromagnetic ratios,p is Planck’s constant, andR is the
distance. For a pair of13C nuclei,d ) 69 Hz atR ) 0.48
nm (the characteristic spacing betweenâ-strands in a parallel
or antiparallelâ-sheet). For a13C-15N pair,d ) 28 Hz atR
) 0.48 nm. Although these couplings are weak, they can be
measured reliably with appropriate radio frequency pulse
sequence techniques, to better than 10% precision inRunder
realistic experimental conditions. Techniques for measuring
dipole-dipole couplings under MAS conditions are com-
monly called “dipolar recoupling” methods, because these

FIGURE 1: Transmission electron microscope images of amyloid fibrils formed by the 40-residueâ-amyloid peptide associated with
Alzheimer’s disease (Aâ1-40, sequence DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV) from a 210µM peptide solution
in 10 mM phosphate buffer, pH 7.4, at 24°C. Samples are negatively stained with uranyl acetate (8). The thinnest Aâ1-40 fibrils, called
protofilaments, have 5( 1 nm diameters. Thicker fibrils appear to be twisted pairs or bundles of protofilaments.
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techniques restore couplings that would otherwise be aver-
aged to zero by MAS. Dipolar recoupling methods that have
been applied to amyloid fibrils include rotational resonance
(35) (R2), dipolar recoupling with a windowless sequence
(36), rotational echo double resonance (37) (REDOR), and
constant-time finite-pulse radio frequency-driven recoupling
(38) (fpRFDR-CT). These methods have been used both to
measure intermolecular distances between specific isotopi-
cally labeled sites inâ-strands, and thereby determine the
supramolecular organization of the cross-â motifs (9, 11, 13,
15-18), and to measure intramolecular distances that place
constraints on secondary structure at specific sites (10, 16,
17, 39). Distances are determined from dipolar recoupling
data by comparison of the experimental signal decay or build-
up curves with numerical simulations, as in Figure 2.

Dipole-dipole couplings also permit the excitation and
detection of multiple quantum (MQ) NMR signals in13C-
labeled amyloid fibrils. In MQ NMR measurements, one
detects nuclear spin transitions in which groups of spins flip
simultaneously in the magnetic field of the NMR spectrom-
eter (40, 41). An n-quantum13C NMR signal is observable
only if at leastn 13C nuclei are sufficiently close in space to
be linked by a network of couplings with coupling constants
d ∼ 1/τMQ, whereτMQ is the period for excitation of MQ

coherences in the pulse sequence. As shown in Figure 3, we
have used MQ13C NMR to differentiate between parallel
and antiparallelâ-sheets and, in the case of parallelâ-sheets
in Aâ1-40 fibrils, to establish that the parallel alignment of
peptide chains extends over at least four successive chains
(i.e., to rule out alternations between parallel and antiparallel
alignments) (8, 11, 12, 42).

Dipolar recoupling and MQ NMR measurements have
been performed primarily, although not exclusively (10, 42,
43), on amyloid fibril samples with13C and/or15N labeling
of one or two sites per peptide molecule. The relatively sharp
solid-state NMR lines observed for singly and doubly labeled
Aâ fibrils under MAS encouraged us to prepare samples with
uniform 13C- and15N-labeling of multiple residues and to
apply two-dimensional (2D) MAS NMR techniques to these
samples (10, 12, 44, 45) (see Figure 4). The 2D spectra
contain at least two essential pieces of structural informa-
tion: (1) isotropic13C chemical shifts of CO, CR, and Câ

sites correlate strongly with secondary structure (46-50),
allowing identification of the residues that participate in
â-strands and residue-specific identification of non-â-strand
conformations; (2)13C and15N MAS NMR line widths are
empirical indicators of structural order, allowing identifica-
tion of ordered and disordered segments of the amino acid
sequence within amyloid fibrils. By combining uniform

FIGURE 2: Determination of the supramolecular organization of
â-sheets in Aâ1-40 fibrils by measurements of13C-13C nuclear
magnetic dipole-dipole couplings with the fpRFDR-CT technique
(9, 38). (a) Synthesis of Aâ1-40 peptides with a single13C label
(green circles) leads to a chain of13C nuclei with spacings of
approximately 0.48 nm in an in-register, parallelâ-sheet and to
significantly larger internuclear distances in an antiparallelâ-sheet.
(b) Experimental fpRFDR-CT decays for Aâ1-40 fibrils with 13C
labels at backbone carbonyl sites of V12 (blue circles), F20 (green
circles), L34 (magenta circles), and V39 (red circles). Filled circles
are data for unfibrillized samples, showing that the intermolecular
13C-13C distances decrease significantly upon fibril formation.
Corrections for natural-abundance13C NMR signal contributions
are applied as described (9). Simulated decays are shown for
distances of 0.38 nm (short dashes), 0.43 nm (long dashes), 0.48
nm (solid line), 0.53 nm (dot-dashed line), and 0.58 nm (dotted
line). These data indicate an in-register, parallel alignment of
hydrogen-bonded peptide chains in Aâ1-40 fibrils.

FIGURE 3: Determination of the supramolecular organization of
â-sheets in Aâ1-40 fibrils by solid-state MQ13C NMR (8, 41). (a)
Experimental MQ excitation spectra for samples labeled at methyl
carbons of A21 or A30, i.e., in the two hydrophobic segments of
Aâ1-40. Significant three-quantum and four-quantum signals develop
with increasing MQ excitation timeτMQ, with nearly identical
amplitudes for the two samples. (b) Comparison of experimental
MQ signal amplitudes (black bars) with simulations (8) for a fully
parallel â-sheet structure (red bars), a fully antiparallel structure
(yellow bars), and mixed structures in which parallel trimers (green
bars) or parallel dimers (blue bars) pack in an antiparallel fashion.
Fully parallel simulations agree best with the experimental data.
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labeling of multiple residues with 2D spectroscopy, one can
map the secondary structure and structural order across the
entire peptide sequence with a relatively small number of
fibril samples (10, 12, 44).

Quantitative constraints on the backbone and side chain
torsion angles that define the peptide conformation at specific
residues are available from several sources. As depicted in
Figure 5, measurement of the distance between two sequen-
tial backbone carbonyl carbons in a doubly13C-labeled

peptide constrains the backboneφ angle between the two
13C labels (10, 16, 17, 39). Techniques that directly probe
the relative orientation of two bond vectors or of two
functional groups and thereby provide direct angular infor-
mation have also been developed and are called “tensor
correlation” methods. In the case of a doubly carbonyl-
labeled peptide, constraints on both backbone torsion angles
φ andψ of a single residue can be obtained with techniques
that probe the relative orientations of the13C chemical shift
anisotropy (CSA) tensors at the two labeled sites, including
2D MAS exchange spectroscopy (51) and double-quantum
CSA (DQCSA) spectroscopy (52). Data obtained with these
techniques are analyzed by comparison with numerical
simulations, as in Figure 5. Tensor correlation methods that
are applicable to samples with multiple uniformly labeled
residues have also been described (53-55). Measurements
of backbone torsion angles by tensor correlation methods
can serve as a confirmation and refinement ofφ andψ values
predicted from chemical shift data for regular secondary
structural elements (10, 44) and as a means of determining
backbone conformations in segments where the chemical
shift data do not provide reliableφ andψ predictions (10,
39).

The success of solid-state NMR studies of amyloid fibrils
to date provides new impetus for methodological develop-
ments. Promising new sources of information include13CR

CSA tensor measurements (56), proton-mediated13C-13C
exchange spectroscopy (57), frequency-selective dipolar
recoupling methods (43), and solid-state1H NMR under
ultra-high-speed MAS (58).

FIGURE 4: 2D 13C-13C NMR exchange spectra of Aâ1-40 fibrils
with uniform 13C-labeling of selected residues. Spectra are obtained
in a 9.4 T magnetic field with high-speed MAS (10, 12, 44). Only
the aliphatic regions of the spectra are shown. Strong cross-peaks
connect chemical shifts of directly bonded13C-labeled sites.
Chemical shifts of individual sites, which indicate the local
secondary structure, are determined from the color-coded assign-
ment paths. (a) Sample labeled at F19, V24, G25, A30, I31, L34,
and M35. (b) Sample labeled at A2, D7, G9, Y10, V12, and M35.
Significantly broader cross-peaks for A2, D7, and Y10 indicate
structural disorder of the N-terminal segment of Aâ1-40 in the fibrils.

FIGURE 5: Determination of peptide backbone torsion anglesφ andψ from solid-state NMR measurements on doubly13C-labeled peptides.
(a) Segment of a peptide backbone with13C labels (green atoms) at two sequential carbonyl sites. Measurements of the dipole-dipole
coupling strength, which depends on the13C-13C distance, constrainφ. Measurements of the relative orientation of the two carbonyl
groups, through the relative orientation of the CSA tensor axes (δ11 andδ22), constrain bothφ andψ. (b) Experimental fpRFDR-CT data
for Aâ1-40 fibril samples with carbonyl13C labels at the indicated sites and simulations for|φ| values from 40° to 165° in 25° increments.
Data and simulations are baseline-corrected to minimize contributions from background signals.τD is the effective dipolar evolution period
in the fpRFDR-CT technique (38). (c) DQCSA data for the same samples.τCSA is the CSA evolution period for DQ coherences in this
technique (52). Lines are simulations forφ,ψ ) -145°,115° (red),-70°,-40° (green), 68°,-65° (blue),-120°,-125° (cyan), and-165°,-
133° (magenta). These torsion angle values represent best fits to the combined data on doubly labeled Aâ1-40 samples (10, 39).
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Results for Full-Lengthâ-Amyloid Fibrils

Our ongoing studies of Aâ1-40 fibrils have generated
sufficient structural constraints to permit the development
of a structural model (see Figure 6) by constrained energy
minimization (10). Although not all aspects of this model
are uniquely determined by experimental data, the model is
consistent with a large body of data that includes measure-
ments of intermolecular distances by fpRFDR-CT (9), MQ
13C NMR spectra (8), 13C and15N chemical shift and line
width measurements from 2D spectroscopy (10), torsion
angle constraints from tensor correlation measurements (10,
39), fibril dimensions observed in EM images (8, 10), X-ray
diffraction data (59), and measurements of the mass per
length (MPL) of Aâ fibrils by STEM (11, 22). The condition
that theâ-strands in amyloid fibrils form a cross-â motif is
a particularly important constraint, as it requires theâ-strands
to be positioned with all of their backbone CdO and N-H
bonds nearly parallel to a single axis (i.e., the long axis of
the fibril). Once theâ-strand segments are identified from
13C chemical shifts and the alignment and registry of
â-strands within aâ-sheet are determined from dipolar

recoupling and MQ NMR data, relatively few degrees of
freedom remain. These degrees of freedom are further
restricted by the fibril dimensions and MPL data. In short,
significantly fewer structural constraints per residue are
required to determine the correct “fold” of an amyloid fibril
than are typically required for monomeric globular proteins.
Features of the model in Figure 6 that are supported by the
experimental data are as follows:

(i) Approximately the first 10 residues of Aâ1-40 are
structurally disordered in the fibrils, as indicated by relatively
large13C MAS NMR line widths (10) (>3 ppm for CO, CR,
and Câ sites in residues 2-9 versus<2.5 ppm in residues
12-39) and by significantly weaker intermolecular13C-
13C dipole-dipole couplings than in the remainder of the
sequence (8, 9). The N-terminal segment is susceptible to
proteolysis both in vivo (60) and in vitro (61) and is not
required for fibril formation (62, 63).

(ii) Residues 12-24 and 30-40 form two â-strand
segments that are separated by a “bend” segment with non-
â-strand conformations at G25, S26, and G29. These
secondary structure elements are indicated by13C chemical
shifts in 2D spectra and by tensor correlation data (10, 39).

(iii) The two â-strand segments form two separate parallel
â-sheets. In-register, parallel alignment of the peptide chains
from G9 to V39 is indicated by intermolecular13C-13C
dipole-dipole couplings detected in dipolar recoupling and
MQ NMR measurements on a series of singly13C-labeled
samples (8, 9). The net bend angle of 180° in residues 24-
29 in Figure 6, which brings the twoâ-sheets in contact
through side chain-side chain interactions, is consistent with
the dimensions of the narrowest Aâ1-40 fibrils observed in
EM images, called “protofilaments”, which have widths of
5 ( 1 nm. Without a large net bend between the two
â-strands, the structurally ordered part of each Aâ1-40

molecule would have a length of approximately 10 nm, at
variance with the observed protofilament widths. Thus, a
single molecular layer in the cross-â motif, which we refer
to as a single “cross-â unit”, is a double-layeredâ-sheet in
this model.

(iv) Protofilaments with minimum width and MPL are
constructed from two cross-â units. The MPL of a single
cross-â unit would be 9.0 kDa/nm, equal to the 4.33 kDa
molecular mass of Aâ1-40 divided by the 0.48 nm intermo-
lecular spacing. Histograms of MPL values extracted from
STEM images of Aâ1-40 fibrils (22) show a peak near 18
kDa/nm but no counts near 9.0 kDa/nm. In Figure 6, the
two cross-â units make contact at the hydrophobic surfaces
created by side chains of residues 30-40. This mode of
association seems plausible on physical grounds and results
in a four-layered model with cross-sectional dimensions that
closely match the minimum fibril widths observed experi-
mentally and with distances betweenâ-sheet layers that agree
well with the 8.9 nm spacing suggested by equatorial
scattering peaks in fiber diffraction data (59). Fibrils with
larger widths, which typically exhibit morphologies suggest-
ing that they are twisted pairs or bundles of finer filaments
(see Figure 1), may be formed by lateral association of these
protofilaments. Contacts between protofilaments in a paired
or bundled fibril may be alongâ-sheet surfaces, through a
combination of hydrophobic interactions (possibly involving
V18 and F20) and electrostatic interactions (possibly involv-
ing K16 and E22) (10).

FIGURE 6: Structural model for Aâ1-40 protofilaments, derived by
energy minimization with constraints based on solid-state NMR
data (10). The model is also consistent with overall dimensions
and MPL from EM and STEM and with the characteristic spacings
in X-ray fiber diffraction patterns. (a) Ribbon representation of
residues 9-40, viewed down the long axis of the protofilament.
Each molecule contains twoâ-strands (red and blue) that form
separate parallelâ-sheets in a double-layered cross-â motif. Two
such cross-â units comprise the protofilament, which is then a four-
layered structure. (b) Atomic representation of residues 1-40 with
color coding to indicate residues with hydrophobic (green), polar
(magenta), positively charged (blue), and negatively charged (red)
side chains. Backbone CdO and N-H bond vectors are ap-
proximately perpendicular to the page. Contacts betweenâ-sheet
layers are through side chain-side chain interactions. N-Terminal
residues are assigned random conformations to indicated structural
disorder. Contacts between the two cross-â units are assumed to
be along the hydrophobic faces created by side chains of the
C-terminal segment. The core of the protofilament is hydrophobic
with the exception of the oppositely charged side chains of D23
and K28, which form salt bridges.
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The model in Figure 6 resolves an important fundamental
issue regarding the intermolecular interactions that stabilize
Aâ1-40 fibrils. It has been argued that fibrillization of full-
length Aâ and fragments thereof is driven by hydrophobic
interactions (63-66). The experimental observation that the
â-sheets in Aâ1-40 fibrils have an in-register, parallel structure
can be attributed to the fact that such a structure maximizes
contacts among hydrophobic side chains. However, an in-
register, parallelâ-sheet structure also places all charged side
chains in rows with spacings on the order of 0.5 nm. In the
low dielectric environment that may exist in the interior of
an amyloid fibril, repulsions between like charges could
destabilize the fibril structure by roughly 70 kcal/mol,
overwhelming the stabilizing effect of the hydrophobic
contacts (estimated to be of order 2 kcal/mol). In Figure 6b,
the only charged side chains in the interior are D23 and K28,
which form salt bridges that may actually stabilize the
structure. Apart from D23 and K28, the protofilament
structure has a purely hydrophobic core. Other charged and
polar side chains are on the exterior of the structure, in a
high dielectric environment as the fibrils grow in aqueous
solution.13C and15N chemical shifts indicate that side chains
of D23 and K28 are indeed charged in Aâ1-40 fibrils grown
at pH 7.4. Dipole-dipole couplings between the side chain
carboxylate carbon of D23 and the side chain amino nitrogen
of K28 indicate an interatomic distance of roughly 0.4 nm,
consistent with salt bridge formation (10).

Aâ1-40 and other amyloid fibrils exhibit a diversity of
morphologies in EM images (20, 67), as in Figure 1. It has
been argued that morphological differences simply reflect
differences in the lateral association of protofilaments (20),
suggesting that the molecular structure within the protofila-
ment would be essentially identical in all morphologies. In
our laboratory, evidence is accumulating that fibrils with
different morphologies may actually contain protofilament
structures that are different at the molecular level. In the case
of Aâ1-40 fibrils, the most significant variations in molecular
structure appear to be in the conformation of the bend region
(residues 25-29). Although we have observed sample-to-
sample variations in chemical shifts for residues 12-21 and
30-35, the CO, CR, and Câ chemical shifts are always
indicative of â-strand conformations. More significant
chemical shift variations are observed for residues 23, 24,
25, 28, and 29. Fibrillization protocols that permit preparation
of fibrils with predominantly a single molecular structure,
as indicated by a single set of backbone13C chemical shifts,
are under development.

Although the 40-residue form of full-length Aâ is present
at highest concentrations in the human body, it has been
shown that elevated levels of the 42-residue form (Aâ1-42,
with additional hydrophobic I31 and A42 residues at the
C-terminus) are associated with familial forms of Alzhei-
mer’s disease (68) and that Aâ1-42 peptides are the major
component of immature senile plaques and cerebrovascular
amyloid deposits (69, 70). In vitro, Aâ1-42 forms fibrils more
rapidly and at lower concentrations than Aâ1-40 (71, 72).
Solid-state NMR measurements indicate the same in-register,
parallel alignment of peptide chains inâ-sheets in Aâ1-42

fibrils as demonstrated for Aâ1-40 fibrils (11). Recent EPR
measurements support in-register, parallelâ-sheets, as well
as other aspects of the model described above, in both Aâ1-40

and Aâ1-42 fibrils prepared with pairs of nitroxide spin labels

(26). EM images show that Aâ1-42 fibrils have similar
morphologies and nearly the same dimensions as Aâ1-40

fibrils. STEM measurements indicate that the Aâ1-42 protofil-
ament contains two cross-â units, as discussed above for the
Aâ1-40 protofilament (11). These data suggest that the
association of Aâ1-42 with familial Alzheimer’s disease is
due to lower equilibrium solubility or more rapid fibrillization
kinetics, rather than being a consequence of structural
differences.

Results forâ-Amyloid Fragment Fibrils

Many shorter peptides derived from the full-length Aâ
sequence (denoted Aân-m for residuesn throughm) also form
amyloid fibrils. Structural studies of these fibrils provide
further insight into the generality of the model in Figure 6
and the interactions that stabilize amyloid fibril structures.

Aâ10-35 has proven to be a useful model system for full-
length Aâ (32, 73) because, apart from a shorter C-terminal
hydrophobic segment, it contains the structurally ordered
portion of the full-length peptide. Extensive dipolar recou-
pling measurements on singly13C-labeled Aâ10-35 fibrils by
Lynn, Meredith, Botto, and co-workers (15-18) provided
the first experimental demonstration of in-register, parallel
â-sheets in amyloid fibrils when previous work had suggested
or assumed that the cross-â motifs in amyloid fibrils were
constructed from antiparallelâ-sheets (63, 74-79). Recent
MQ NMR, fpRFDR-CT, and REDOR measurements on
Aâ10-35 fibrils also indicate in-register, parallelâ-sheets (11).
STEM measurements show that Aâ10-35 protofilaments
contain two cross-â units (11), as discussed above for Aâ1-40

and Aâ1-42 fibrils. Thus, the molecular structure of Aâ10-35

fibrils may resemble that of full-length Aâ fibrils. A detailed
structural model for the cross-â unit in Aâ10-35 fibrils that
is quite similar to the model in Figure 6 has been developed
independently by Ma and Nussinov, on the basis of the solid-
state NMR data of Lynn, Meredith, Botto, and co-workers,
computer modeling, and molecular dynamics simulations
(80).

A model for Aâ10-35 fibrils that differs qualitatively from
that in Figure 6, especially in terms of the peptide conforma-
tion and the degree ofâ-sheet lamination, has been proposed
by Lynn and co-workers (15, 17, 18). In this model, the
peptide has a fully extended conformation, the protofilament
has approximately sixâ-sheet layers, as supported by MPL
values determined from SANS data (18) and by cross-linking
data (15), and protofilaments interact laterally along their
edges (18), rather than alongâ-sheet surfaces. Strain that
might exist in this model if residues 10-35 formed a single
â-sheet is relieved by dynamic fluctuations in intermolecular
hydrogen bonding (81). The apparent disagreement between
measurements of MPL for Aâ10-35 fibrils by SANS and by
STEM may arise from differences in pH, with greater lateral
association of protofilaments or lamination ofâ-sheets
occurring at higher pH (11, 82), or from basic differences
in the properties of the two measurements, with STEM
measurements focusing on selected filaments on an EM grid
and SANS measurements sampling all fibrils in an aqueous
environment.

Fibrils formed by certain other Aâ fragments have
qualitatively different molecular structures. Aâ16-22 (sequence
KLVFFAE, with acetyl and amide capping groups at the N-

3156 Biochemistry, Vol. 42, No. 11, 2003 Current Topics



and C-termini, respectively) forms amyloid fibrils in which
the â-sheets have an antiparallel structure, with hydrogen
bonds between residues 16+ k and 22- k, wherek is an
integer between 0 and 6 (12). This experimental observation
can be rationalized by noting that either a parallel or an
antiparallel alignment of Aâ16-22 chains could maximize
hydrophobic contacts, while an antiparallel structure permits
intermolecular pairing of oppositely charged K16 and E22
side chains.

Amyloid fibrils formed by Aâ34-42 have been shown by
Lansbury, Griffin, and co-workers to have an antiparallel
â-sheet structure, for which a detailed structural model was
developed primarily from measurements of intramolecular
and intermolecular dipole-dipole couplings with theR2

technique (13). These studies were the first application of
solid-state NMR to the problem of amyloid fibril structure.
As in the case of Aâ16-22, either a parallel or an antiparallel
â-sheet structure could maximize hydrophobic contacts in
Aâ34-42 fibrils. The antiparallelâ-sheet structure may be
preferred because of the more favorable electrostatic interac-
tions between C-terminal carboxylate and N-terminal amino
groups.

As a final example, fibrils formed by Aâ11-25 (sequence
EVHHQKLVFFAEDVG, no capping of N- and C-termini)
have been the subject of structural studies by X-ray fiber
diffraction (6, 83), cryo-EM (21), and infrared spectroscopy
(84). On the basis of diffraction data (83), Serpell et al. have
proposed a unit cell and space group for the Aâ11-25 fibril
structure, as well as a molecular structure in which Aâ11-25

molecules formâ-hairpins with a type Iâ-turn in residues
17-20 and intramolecular hydrogen bonding between an-
tiparallel â-strands formed by residues 11-16 and 21-25.
13C chemical shift and dipolar recoupling data for Aâ11-25

fibrils prepared in our laboratory at pH 2.5 and 7.4 are
inconsistent with theâ-hairpin structural model (unpublished
data). These solid-state NMR data indicate that residues 17-
21 form â-strands in antiparallelâ-sheets with purely
intermolecular hydrogen bonding. Interestingly, the registry
of hydrogen bonds revealed by the dipolar recoupling data
is different at the two pH values, reflecting the pH depen-
dence of side chain ionization states and the influence of
electrostatics onâ-sheet organization.

What Do the Results Say about Amyloid Folding?

The experimental findings discussed above provide at least
partial answers to the questions raised in the introductory
section:

(1) While antiparallelâ-sheets are found in amyloid fibrils
formed by certain Aâ fragments, the cross-â motif in full-
length Aâ fibrils is comprised of in-register, parallelâ-sheets.
Thus, the supramolecular structure in amyloid fibrils is not
determined uniquely by the amino acid sequence at the level
of 15-residue or shorter segments. In all cases, theâ-sheet
structures appear to maximize hydrophobic contacts. Short
peptides with a single hydrophobic segment may then adopt
either parallel or antiparallel structures, while peptides with
an asymmetric distribution of hydrophobic segments adopt
parallel structures. Theâ-sheet structures in amyloidogenic
peptides without hydrophobic segments have not yet been
examined by solid-state NMR.

(2) The â-strand segments in amyloid fibrils can be
identified by solid-state NMR, most easily through measure-

ments of13C chemical shifts. In the case of Aâ1-40 fibrils,
the structurally orderedâ-strand segments are less than 15
residues in length and are separated by a non-â-strand bend
segment that may be capable of adopting distinct conforma-
tions in distinct fibril morphologies.

(3) Line widths observed in 2D NMR spectra of amyloid
fibrils indicate a high degree of structural order, approaching
that observed in protein crystals. Structurally disordered
segments that presumably lie outside the fibril core, such as
the N-terminal segment of Aâ1-40, are also observed.
Although a structural biologist accustomed to studying the
highly ordered molecular structures of monomeric proteins
and protein complexes might assume that amyloid fibrils are
ordered at the molecular level, this assumption would be an
unproven hypothesis in the absence of the solid-state NMR
data. It is not yet clear why amyloid fibril structures are not
more highly disordered, given the lack of stringent sequence
requirements for amyloid fibril formation, the predominantly
one-dimensional nature of intermolecular interactions in
amyloid fibrils, and the likelihood that the energetic cost of
defects involving shifts in the registry of intermolecular
hydrogen bonds would be low.

(4) All full-length Aâ and Aâ fragment fibrils studied to
date have been found to possess structures that maximize
hydrophobic contacts within aâ-sheet. Thus, hydrophobic
interactions appear to play a large role in stabilizing amyloid
fibril structures. A dominant role for hydrophobic interactions
has been suggested by other experimental results as well
(63-66). However, electrostatic repulsions within the core
of the fibril must also be avoided. The model in Figure 6
indicates how electrostatic destabilization of an in-register,
parallelâ-sheet structure can be prevented by an appropriate
molecular conformation in an amyloid fibril.

(5) Although the cross-â structural motif is a universal
and defining property of amyloid fibrils, the supramolecular
organization of theâ-sheets within this motif has been shown
to depend on the amino acid sequence. Thus, no truly
universal amyloid fibril structure exists. Nonetheless, there
may be classes of peptides and proteins that share similar
molecular structures in their amyloid state.

(6) Since the Aâ peptides are flexible (29, 31) or have
nonregular secondary structures (32) as monomers in aqueous
solution, the issue of which structural features in the
monomeric or oligomeric state are retained in the fibrillar
state is irrelevant in this case. Prelimary solid-state NMR
data on amyloid fibrils formed by insulin indicate that the
helical segments in the native tetrameric form are not retained
in fibril form (unpublished data, with M. A. Weiss). On the
other hand, studies of the enzymatic activity of amyloid
fibrils formed by enzyme/amyloidogenic peptide fusion
proteins demonstrate convincingly that the globular structures
of the enzyme components are preserved in the fibrils (85).

Future Prospects

Determination of the full molecular structures of amyloid
fibrils, primarily through a combination of solid-state NMR
and EM measurements, now appears experimentally feasible.
Further refinement and validation of the model for Aâ1-40

fibrils in Figure 6 will depend on additional measurements
of backbone and side chain torsion angles and on identifica-
tion of intramolecular and intermolecular side chain-side
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chain contacts. Solid-state NMR techniques capable of
providing this information in an efficient manner are under
active development (43, 53-55). In addition, techniques that
are specifically applicable to aligned samples, such as those
employed in structural studies of silks (86), may provide new
types of structural constraints.

As research along these lines progresses, it is likely that
new insights into the mechanism of action of fibrillization
inhibitors (87-90), the molecular structures of fibrillization
intermediates (91), and the mechanisms of fibril growth (92,
93) will be forthcoming. Additional experiments will clarify
the extent to which amyloid fibril structures resemble those
of â-helical proteins, as suggested by several groups (79,
94, 95), and the possible role of domain swapping in amyloid
fibrillization (96). The inferred importance of side chain
hydrogen bonding in glutamine- and asparagine-rich amy-
loidogenic peptides (97) and of particular electrostatic
interactions (98) will be tested by direct structural measure-
ments. We are entering an era in which our molecular level
understanding of amyloid fibrils will approach that of
globular proteins.
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