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ABSTRACT: The seven-residue peptideN-acetyl-Lys-Leu-Val-Phe-Phe-Ala-Glu-NH2, called Aâ16-22 and
representing residues 16-22 of the full-lengthâ-amyloid peptide associated with Alzheimer’s disease, is
shown by electron microscopy to form highly ordered fibrils upon incubation of aqueous solutions. X-ray
powder diffraction and optical birefringence measurements confirm that these are amyloid fibrils. The
peptide conformation and supramolecular organization in Aâ16-22 fibrils are investigated by solid state
13C NMR measurements. Two-dimensional magic-angle spinning (2D MAS) exchange and constant-time
double-quantum-filtered dipolar recoupling (CTDQFD) measurements indicate aâ-strand conformation
of the peptide backbone at the central phenylalanine. One-dimensional and two-dimensional spectra of
selectively and uniformly labeled samples exhibit13C NMR line widths of<2 ppm, demonstrating that
the peptide, including amino acid side chains, has a well-ordered conformation in the fibrils.
Two-dimensional13C-13C chemical shift correlation spectroscopy permits a nearly complete assignment
of backbone and side chain13C NMR signals and indicates that theâ-strand conformation extends across
the entire hydrophobic segment from Leu17 through Ala21.13C multiple-quantum (MQ) NMR and13C/
15N rotational echo double-resonance (REDOR) measurements indicate an antiparallel organization of
â-sheets in the Aâ16-22 fibrils. These results suggest that the degree of structural order at the molecular
level in amyloid fibrils can approach that in peptide or protein crystals, suggest how the supramolecular
organization ofâ-sheets in amyloid fibrils can be dependent on the peptide sequence, and illustrate the
utility of solid state NMR measurements as probes of the molecular structure of amyloid fibrils. Aâ16-22

is among the shortest fibril-forming fragments of full-lengthâ-amyloid reported to date, and hence serves
as a useful model system for physical studies of amyloid fibril formation.

The molecular structures of amyloid fibrils, which are
formed by a wide variety of peptides and proteins with un-
related sequences and disparate lengths (1, 2), are largely
unknown because of the intrinsically noncrystalline and
insoluble nature of these materials. Until recently, structural

information about amyloid fibrils at the molecular level has
come primarily from X-ray diffraction measurements on
oriented fibril bundles (2-4), which yield the characteristic
“cross-â” diffraction pattern that is one of the defining
features of amyloid fibrils. The diffraction data are generally
interpreted as indicating the presence of ribbon-likeâ-sheet
structures, with peptide chains inâ-strand conformations
running roughly perpendicular to the long axes of the fibrils
and hydrogen bonds between peptide chains running roughly
parallel to the long axes. The resulting ribbons ofâ-sheets
may be laminated in several layers (2, 3), although other
interpretations have been proposed (4, 5). Negatively stained
electron micrographs of amyloid fibrils show unbranched
structures, typically 50-150 Å in diameter and more than 1
µm in length, often with an apparent periodic twist (4, 6-15).
The similarity of the electron micrographs of amyloid fibrils
from different sources is remarkable. Recently, atomic force
microscopy has been used to obtain images of amyloid fibrils
with higher resolution and to examine the mechanism and
kinetics of fibril assembly (16-20). Recent cryoelectron
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microscopy studies support the cross-â structure of amyloid
fibrils (21).

Solid state NMR1 measurements developed for structural
studies of noncrystalline solids are ideally suited for molec-
ular level structural studies of amyloid fibrils. Two types of
structural information are of interest, namely, information
about the molecular conformations of peptides and proteins
in amyloid fibrils and information about the supramolecular
organization of the fibrils, i.e., about the intermolecular
interactions and packing. Griffin, Lansbury, and co-workers
(22, 23) used rotational resonance (22, 24) and spin-echo
(23) solid state NMR techniques in structural studies of fibrils
formed by the nine-residue peptide Aâ34-42, which represents
the hydrophobic C-terminal portion of the 42-residue form
of the Alzheimer’sâ-amyloid peptide. Their data indicate a
â-strand conformation of the peptide and an antiparallel
organization ofâ-sheets. Lynn, Botto, Meredith, and co-
workers (12, 25, 26) used the DRAWS solid state NMR
technique (27) to characterize the peptide conformation and
the supramolecular organization of fibrils formed by the 26-
residue peptide Aâ10-35, which represents residues 10-35
of the Alzheimer’sâ-amyloid peptide and includes both
hydrophobic and nonhydrophobic segments. Their data
support an in-register, parallel organization ofâ-sheets in
these fibrils. We have recently introduced solid state multiple-
quantum (MQ)13C NMR spectroscopy (28, 29) as a structural
probe of biopolymers, based on the time-reversible MQ
excitation techniques developed originally by Pines and co-
workers (30-34). MQNMR data on fibrils formed by the
full-length, 40-residue Alzheimer’sâ-amyloid peptide Aâ1-40

also indicate an in-register, parallel organization ofâ-sheets
(35). These solid state NMR studies provide molecular level
experimental constraints on structural models of amyloid
fibrils. In particular, the solid state NMR data on Aâ10-35

and Aâ1-40 fibrils contradict a common assumption in
modeling ofâ-amyloid fibrils (5, 9, 36-38) that these fibrils
are necessarily constructed from antiparallelâ-sheets. Evi-
dence for antiparallelâ-sheets in amyloid fibrils comes
primarily from infrared spectra (6, 11), which exhibit an
amide I band near 1690 cm-1 that has been shown to be
characteristic of antiparallelâ-sheets in model systems (39).
Intramolecular antiparallelâ-sheets, as proposed in structural
models for â-amyloid fibrils (5, 9, 36, 37) but not yet
established experimentally, may account for the infrared
results on full-length Aâ fibrils, or other structural explana-
tions may be forthcoming.

In this paper, we report the formation of amyloid fibrils
by the seven-residue peptideN-acetyl-Lys-Leu-Val-Phe-Phe-
Ala-Glu-NH2 and describe structural measurements on these
fibrils by solid state NMR. The peptide, which we call
Aâ16-22, comprises residues 16-22 of the Alzheimer’s

â-amyloid peptide with acetyl and amide capping groups at
the N- and C-termini. Aâ16-22 is among the shortest fibril-
forming â-amyloid fragments yet reported (6-10, 13). As
such, it is an appealing model system for physical studies
of fibril formation. This region of theâ-amyloid peptide is
of particular interest because residues 17-21 have been
proposed to constitute a hydrophobic core that is essential
for fibrillization of full-length â-amyloid peptides (8, 40-
43). In addition, peptides containing this region have been
shown to inhibit fibrillization of full-length â-amyloid
peptides, presumably by complexation with monomeric or
oligomeric forms of the full-length peptides (43-46). As
shown below, the low molecular weight of Aâ16-22 leads to
a high degree of resolution in one-dimensional (1D) and two-
dimensional (2D) solid state13C magic-angle spinning (MAS)
NMR spectra of selectively and uniformly labeled Aâ16-22

fibril samples. These spectra exhibit unusually narrow lines
for a noncrystalline solid, demonstrating that the peptide
conformation (including both side chain and backbone
conformations) is well ordered in the fibrillized state. We
report quantitative measurements of the peptide backbone
conformation, using the 2D MAS exchange (47-49) and
constant-time double-quantum-filtered dipolar recoupling
(CTDQFD) (50) techniques, which indicate aâ-strand
conformation. Aâ-strand conformation for the entire hy-
drophobic segment from Leu17 through Ala21 is supported
by 13C chemical shifts determined from 2D chemical shift
correlation spectra.13C MQNMR and13C/15N rotational echo
double-resonance (REDOR) (51-53) data indicate an anti-
parallel organization ofâ-sheets in Aâ16-22 fibrils, as in
Aâ34-42 but not in Aâ10-35 or Aâ1-40. Comparison of the
supramolecular organization in Aâ16-22 with that in the other
amyloid fibrils investigated by solid state NMR suggests that
hydrophobic interactions may be the principal determinant
of supramolecular organization and that electrostatic interac-
tions play a secondary role.

MATERIALS AND METHODS

Peptide Synthesis and Fibrillization.Aâ16-22 samples were
synthesized on a Perkin-Elmer/Applied Biosystems model
433A solid phase peptide synthesizer, using standard FMOC
synthesis and cleavage protocols, a Rink amide MBHA resin
(Peptides International), and HBTU activation. Samples were
synthesized with no isotopic labels, with13C labels at
carbonyl sites of Val18 and Phe19, with a13C label at the
methyl carbon of Ala21, with a13C label at the carbonyl
carbon of Leu17 and a15N label at the amide nitrogen of
either Phe20 or Ala21, and with uniform13C and15N labeling
in the hydrophobic segment from Leu17 through Ala21.
Isotopically labeled FMOC-protected amino acids were
obtained from Cambridge Isotopes Laboratories and Isotec.
Unprotected13C-labeled alanine was protected by Midwest
Biotech. The doubly13C-labeled and uniformly13C- and15N-
labeled samples were diluted to 20 and 10%, respectively,
by mixing labeled and unlabeled synthesis resins in the
appropriate ratios before cleavage. Samples were purified
by high-performance liquid chromatography (HPLC), using
a water/acetonitrile gradient with 0.1% trifluoroacetic acid
and a Vydac C18 reverse phase column. Final purities were
greater than 95%, as determined by electrospray mass
spectrometry. After lyophilization of the HPLC fraction

1 Abbreviations: NMR, nuclear magnetic resonance; MQ, multiple-
quantum; 1D, one-dimensional; 2D, two-dimensional; MAS, magic-
angle spinning; CTDQFD, constant-time double-quantum-filtered di-
polar recoupling; RFDR, radio frequency-driven recoupling; TPPM,
two-pulse phase modulation; REDOR, rotational echo double resonance;
Aâ, Alzheimer’sâ-amyloid peptide; DRAWS, dipolar recoupling with
a windowless sequence; FMOC, fluorenylmethoxycarbonyl; HBTU,
H-benzotriazol-1-yltetramethyluronium hexafluorophosphate; MBHA,
methylbenzhydrylamine; HPLC, high-performance liquid chromatog-
raphy; FID, free induction decay; CSA, chemical shift anisotropy; EM,
electron microscopy; fwhm, full width at half-maximum; rms, root-
mean-square.

Solid State NMR of Amyloid Fibrils Biochemistry, Vol. 39, No. 45, 200013749



containing the peptide, fibrillized samples were prepared by
incubation of aqueous Aâ16-22 solutions at a peptide con-
centration of approximately 200µM, at a temperature of 24
°C, and with 1.0 mM phosphate buffer at pH 7.0. In the
case of the selectively13C- and15N-labeled samples prepared
for REDOR measurements, the buffer concentration was 10
mM. In all cases except the doubly13C-labeled sample,
0.01% NaN3 was added to inhibit bacterial and fungal
growth. After incubation for approximately 10 days, solutions
were either evaporated to dryness over a period of several
days or centrifuged to permit collection of precipitated
material, which was then dried under a N2(g) stream. Sample
sizes were 1-5 mg in all NMR measurements. We estimate
that these samples contain 80-90% fibrils, with the remain-
ing material being unfibrillized peptide, based on the line
widths and line shapes in the solid state NMR specta (see
below). Further evidence for a high degree of fibrillization
is provided by the electron microscopy (EM), optical
microscopy, and X-ray diffraction results described below.
In addition, the Fourier transform infrared spectrum of one
of our fibrillized Aâ16-22 samples (the doubly13C-labeled
sample in Figure 2) was obtained in the form of a KBr pellet.
This spectrum exhibits a strong amide I band at 1634 cm-1,
with a width of 25 cm-1, and a weaker band at 1692 cm-1.
These amide I bands are characteristic ofâ-sheets in amyloid
fibrils. The 1692 cm-1 band is often interpreted as a signature
of antiparallelâ-sheets (6, 11, 39), in agreement with the
solid state NMR results described below.

Solid State NMR Spectroscopy.NMR measurements were
carried out on Varian/Chemagnetics Infinity-400 spectrom-
eters, at13C NMR frequencies of 100.4 or 100.8 MHz.
Varian/Chemagnetics MAS probes were used. All measure-
ments were taken at room temperature. Rotor-synchronized
2D MAS exchange and CTDQFD measurements on the
doubly 13C-labeled Aâ16-22 sample were carried out as
previously described (47, 48, 50) at MAS frequencies of 2.5
and 4.0 kHz, respectively, using a probe with a 6.0 mm rotor
diameter. The radio frequency (rf) pulse sequences are shown
in panels a and b of Figure 3. Proton decoupling fields were
85 kHz in amplitude, and TPPM (54) was employed in
intervals between13C pulses in the rf-driven recoupling
(RFDR) (55, 56) periods of CTDQFD measurements.13C
radio frequency (rf) fields were 50 kHz in amplitude, except
that 180° pulses during RFDR periods were 36.5 kHz in
amplitude. Total signal averaging times on approximately 3
mg of fibrillized Aâ16-22 in which 20% of the molecules
were doubly13C-labeled were 60 and 40 h for 2D MAS
exchange and CTDQFD measurements, respectively, using
a recycle delay of 0.5 s for 2D MAS exchange and 1.0 s for
CTDQFD measurements. The exchange period in the 2D
MAS exchange measurements was 500 ms.

MQNMR, REDOR, and 2D chemical shift correlation
measurements used a probe with a 3.2 mm rotor diameter.
MQNMR measurements were performed without MAS and
employed the time-reversible multiple-pulse sequence of
Suter et al. (33), modified by the insertion of 180° pulses to
average out chemical shifts and resonance offsets and by
incorporation into a double-resonance technique with cross
polarization and proton decoupling as previously described
(28, 35) and shown in Figure 8. The length of a complete rf
pulse cycle, consisting of eight 90° pulses and twenty-four
180° pulses at the13C frequency, was 4.8 ms. The13C rf

amplitude was approximately 41.7 kHz during the multiple-
pulse sequence, but pulse lengths were carefully adjusted to
maximize the 10-, 11-, and 12-quantum signals frommethyl-
13C-L-methionine powder with aτMQ of 19.2 ms after
minimization of rf phase transients with appropriate tune-
up sequences on13C-labeled methanol. Proton decoupling
fields were 140 kHz during MQ preparation and mixing, with
TPPM phase modulation employed in the intervals between
13C pulses. Total signal averaging times for MQNMR
measurements on approximately 4 mg of fibrillized Aâ16-22

were 11, 21, and 43 h whenτMQ ) 4.8, 9.6, and 14.4 ms,
respectively, using a recycle delay of 1.0 s. Extensive block
averaging was used to minimize artifactual MQ signals that
might otherwise arise from spectrometer instabilities during
long experiments. Because the pulse sequence of Suter et
al. creates a single-quantum effective dipole-dipole coupling
Hamiltonian and the initial state of the13C spin system is
transverse magnetization, an intense one-quantum signal is
observed at smallτMQ values and both even- and odd-order
MQ signals develop at largerτMQ values.

13C-detected13C/15N REDOR measurements were carried
out with the pulse sequence reported by Anderson et al. (53),
in which one 180° pulse per rotor period is applied to both
13C and15N nuclei, at a MAS frequency of 5.0 kHz.13C and
15N rf amplitudes were 50 and 44 kHz, and the proton
decoupling field during the REDOR pulse train was 110 kHz.
Total signal acquisition times for REDOR data in Figure 12
were 64 h per sample, using a 1.0 s recycle delay and
approximately 1 mg of fibrillized Aâ16-22.

2D chemical shift correlation experiments were carried out
with a phase-sensitive 2D exchange pulse sequence at a MAS
frequency of 24.0 kHz. Amplitude-modulated cross polariza-
tion was used to prepare13C polarization (57), with 1H and
13C rf fields mismatched by the MAS frequency. Proton
decoupling fields were 110 kHz, with TPPM employed
during thet1 and t2 periods. Hypercomplex 2D data were
collected by varying the phase of the 90° pulse at the end of
t1. An RFDR sequence, with one 12.5µs 13C 180° pulse per
rotation period, was used to recouple13C-13C dipole-dipole
interactions during the exchange period, which was set to
2.6 ms to produce strong cross-peaks only between directly
bonded13C nuclei. The 2D spectrum in Figure 7 was acquired
in 39 h on approximately 4 mg of fibrillized Aâ16-22 in which
10% of the molecules were isotopically labeled, with 123t1
points, at1 increment of 40µs, a 2.2 s recycle delay, and
256 scans per free induction decay (FID).

Numerical Simulations of NMR Measurements.Experi-
mental 2D MAS exchange, CTDQFD, REDOR, and MQN-
MR data were analyzed by comparison with numerical
simulations using FORTRAN programs written specifically
for this purpose. 2D MAS exchange and CTDQFD data were
simulated over a grid ofφ and ψ values, representing the
peptide backbone conformation between the two13C-labeled
carbonyl sites, in 5° increments as previously described (47,
48, 50). These simulations assumed planar peptide bonds,
standard chemical bond lengths and angles, and a standard
carbonyl13C chemical shift anisotropy (CSA) tensor orienta-
tion with the δ33 axis perpendicular to the carbonyl plane
and theδ11 axis at an angle of 40° with respect to the C-N
bond (47, 48, 50, 58-61). Uncertainty inφ and ψ values
derived from the comparison of experimental and simulated
data due to uncertainty in the assumed CSA tensor orientation

13750 Biochemistry, Vol. 39, No. 45, 2000 Balbach et al.



is estimated to be(5°. Additional uncertainty in theφ and
ψ values arising from finite signal to noise in the experi-
mental data appears explicitly in theø2 contour plots
described below. Average CSA principal values for the two
13C-labeled carbonyl sites in Aâ16-22 fibrils were determined
from MAS sideband analysis (62) as described below. 2D
MAS exchange cross-peak amplitudes were calculated and
analyzed for sidebands on the order of-2 to +2. Because
the labeled Val18 and Phe19 carbonyl sites did not give fully
resolved NMR lines, intrasite cross-peaks resulting from
spin-lattice relaxation of directly bonded amide14N nuclei
were not resolved from intersite cross-peaks and were
therefore included in the analysis (47, 48).

For analysis of MQNMR data, MQ signal amplitudes were
calculated at values ofτMQ employed in the experiments for
the models ofâ-sheet organization described below, using
a nine-spin system represented by a 512× 512 density matrix
and a time-independent effective dipole-dipole interaction
Hamiltonian of the form ideally created by the time-reversible
MQ excitation sequence of Suter et al. (33). The accuracy
of this idealized treatment of the MQNMR pulse sequence
was verified by comparison with simulations that included
the time-dependent rf field interaction explicitly. Of the nine
13C spins in the MQNMR simulations, seven represented13C
labels at positions dictated by the structural model and two
represented natural-abundance13C at random positions. MQ
signal amplitudes were averaged over the random positions
of the natural-abundance spins and over the external field
direction relative to the labels.

REDOR data were simulated assuming an ideal REDOR
pulse sequence that produces an effective Hamiltonian
containing only heteronuclear dipole-dipole coupling terms,
and assuming that the single carbonyl13C label in each
peptide chain is coupled only to the amide15N labels in the
two neighboring peptide chains within a singleâ-sheet. The
accuracy of idealized REDOR simulations was confirmed
by comparison with simulations that included finite rf pulse
widths as well as13C and 15N CSA. Simulated REDOR
curves were found to be insensitive to variations in rf
amplitudes by up to 10% of the nominal amplitude.

Electron Microscopy.Carbon film substrates for EM were
prepared by evaporation from a carbon rod source onto
freshly cleaved mica in an Edwards Auto 306 coating system.
Films were floated off in deionized water and picked up on
lacy Formvar/carbon films (EM Sciences) supported on 200
mesh copper grids. Grids were glow-discharged in air prior
to peptide deposition. Aliquots (5µL) of an incubated
Aâ16-22 solution were applied to EM grids and allowed to
adsorb for 2 min. Grids were then washed 10 times in
deionized water before being stained by being passed through
2 drops of 1% uranyl acetate. Excess fluid was blotted off,
and grids were allowed to dry in air. Transmission electron
micrographs were recorded using a Philips/FEI CM120
electron microscope and a Gatan GIF100 imaging filter
equipped with a cooled slow scan CCD camera. Images were
acquired and processed by means of the Digital Micrograph
program (Gatan).

X-ray Diffraction.A portion of one of the Aâ16-22 samples
prepared for REDOR measurements was packed into a 0.7
mm quartz capillary. Diffraction data were collected using
Ni-filtered and double-mirror-focused CuKR radiation (1.54
Å wavelength) generated in a rotating anode source operated

at 50 kV and 100 mA. The sample was oscillated over an
angle of 90° and exposed for 30 min. Diffraction data were
recorded on a Rigaku Raxis IIC imaging plate detector and
processed with an image display program supplied by
Molecular Structure Corp.

RESULTS

Electron Microscopy, X-ray Diffraction, and Optical
Birefringence Indicate Amyloid Fibril Formation.Figure 1a
shows negatively stained electron micrographs of Aâ16-22

fibrils deposited from a 200µM aqueous solution of the
peptide after incubation for 15 days at 24°C and pH 6.8.
Fibrils with lengths ranging from 300 to>8000 Å and
apparent diameters ranging from 100 to 240 Å are observed.
These fibrils appear to be bundles of thinner filaments, with
diameters ofe50 Å. In a fully extendedâ-strand conforma-
tion, a single Aâ16-22 molecule would be approximately 25
Å in length. No nonfibrillar aggregates of Aâ16-22 are
observed in the electron micrographs.

A portion of a centrifuged pellet from an incubated Aâ16-22

solution was spread on a microscope slide, stained with 10
µL of alkaline Congo Red solution (Sigma), rinsed with
ethanol, and covered with a cover slip. The deposited Aâ16-22

material appeared pink in bright field optical microscope
images and exhibited the pronounced green birefringence
characteristic of amyloid films (63) when viewed between
crossed polarizers (data not shown). The same centrifuged
pellet was subsequently dried under a N2(g) stream for
REDOR NMR and X-ray diffraction measurements.

Figure 1b shows results of X-ray diffraction measurements
on the dried powder. Peaks in intensity at scattering angles
(2θ) of 8.9° and 18.8° are observed, corresponding to the
9.9 and 4.7 Å periodicities, respectively, observed in fiber
diffraction measurements on amyloid fibrils from a variety
of sources (2-4). The 4.7 Å periodicity is commonly
attributed to the spacing between peptide chains within a
â-sheet, while the 9.9 Å periodicity is attributed to the
spacing betweenâ-sheet layers.

FIGURE 1: (a) Transmission electron micrograph of fibrils formed
by the seven-residue peptide Aâ16-22, negatively stained with uranyl
acetate. (b) X-ray powder diffraction profile of a fibrillized,
lyophilized Aâ16-22 sample, showing peaks in the scattering
intensity at angles corresponding to 4.7 and 9.9 Å periodicities
characteristic of amyloid fibrils. The same sample was used for
the REDOR measurements depicted in Figure 12a.
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Because the true periodicity of peptide chains within an
antiparallelâ-sheet is approximately 2× 4.7 Å ()9.4 Å),
one might expect a peak in Figure 1b when 2θ ≈ 9.4° for
consistency with the solid state NMR results described below.
Although such a peak has been reported in the meridional
X-ray scattering from oriented Aâ1-28 fibrils (8), this peak
is not generally reported (4, 7, 11) and has been argued to
be systematically absent by symmetry from diffraction
patterns of amyloid fibrils composed of antiparallelâ-sheets
(64).

One-Dimensional13C NMR Indicates Structural Order.
Figure 2 shows13C MAS NMR spectra of a fibrillized
Aâ16-22 sample in which 20% of the peptide molecules are
13C-labeled at the carbonyl carbons of both Val18 and Phe19,
obtained at MAS frequencies of 6.0 (Figure 2a) and 2.0 kHz
(Figure 2b). The carbonyl signal centered at 171 ppm has a
full width at half-maximum (fwhm) of 1.7 ppm, but this line
width results from the overlap of somewhat narrower lines
from the two different labeled sites (inset of Figure 2a). The
carbonyl line shape exhibits a tail on the downfield edge
that we attribute to a small fraction (roughly 15%) of
unfibrillized peptides. Isotropic chemical shifts of carbonyl
carbons are known to be sensitive to secondary structure,
with carbonyl carbons inâ-strands being shifted approxi-
mately 1-3 ppm upfield from the random coil value (65).
The observed chemical shifts and the fact that the tail is on
the downfield edge are consistent with theâ-strand confor-
mation in the fibrils demonstrated below. The spectrum in
Figure 2b shows the spinning sideband pattern characteristic
of rigid carbonyl 13C sites. From analysis of the spinning

sideband intensities (62), we determine the following average
chemical shift anisotropy (CSA) principal values for Val18
and Phe19:δ11 ) 240 ppm,δ22 ) 178 ppm, andδ33 ) 94
ppm. CSA principal values could not be determined for the
two labeled sites separately because their signals were not
fully resolved.

From fitting the observed carbonyl line shape to the sum
of two Gaussian lines, we estimate the individual carbonyl
line widths to be 1.0 ppm and the chemical shift difference
to be 0.9 ppm. The aliphatic region of the13C MAS spectrum
(15-60 ppm) shows natural-abundance lines with a fwhm
of 1.0 ppm. These line widths are comparable to line widths
observed under similar conditions in13C MAS NMR spectra
of polycrystalline peptides (47, 50) and are narrower than
those observed in frozen solutions of peptides with well-
ordered helical conformations (50, 66) or in a tightly bound
peptide-antibody complex (67).

Aâ16-22 Adopts aâ-Strand Conformation in the Fibrils.
The peptide backbone conformation in Aâ16-22 fibrils was
investigated by 2D MAS exchange (47-49) and CTDQFD
(50) measurements on the same sample used for the
experiments whose results are depicted in Figure 2. The rf
pulse sequences for these measurements are shown in panels
a and b of Figure 3. These two solid state NMR techniques,
which have been applied previously in a variety of structural
studies (47, 48, 50, 66, 67), provide constraints on the
dihedral anglesφ andψ that define the backbone conforma-
tion between the two labeled carbonyl sites, in this case the
φ andψ angles of Phe19, the central residue in Aâ16-22. 2D
MAS exchange spectra, obtained in the limit of full exchange,
are sensitive to the relative orientations of the CSA tensors
of the two labeled carbonyls but not the internuclear distance.
CTDQFD measurements are primarily sensitive to the
internuclear distance, with a weaker dependence on the
relative CSA orientations arising from the dependence of
13C-13C dipolar recoupling on the CSA tensors when the

FIGURE 2: One-dimensional13C NMR spectra of a fibrillized
Aâ16-22 sample in which 20% of the peptide molecules have13C
labels at carbonyl sites of Val18 and Phe19. The same sample was
used for the measurements depicted in Figures 4 and 5. (a) Spectrum
obtained at a magic-angle spinning (MAS) frequency of 6.0 kHz.
The inset shows partial resolution of signals from the two carbonyl
labels. (b) Spectrum obtained at a MAS frequency of 2.0 kHz.
Spinning sideband lines typical of rigid carbonyl sites are observed
from 90 to 250 ppm. Narrow carbonyl lines and sharp spectral
features from natural-abundance13C between 20 and 60 ppm
indicate a well-ordered molecular conformation in the fibrils.

FIGURE 3: Radio frequency (rf) pulse sequences for 2D MAS
exchange measurements (a) and constant-time double-quantum-
filtered dipolar recoupling (CTDQFD) measurements (b). CP
represents Hartmann-Hahn cross polarization.x, y, and-x indicate
the phases of 90° pulses.τe is the exchange period. In 2D MAS
exchange measurements, four complete 2D data sets are acquired,
with η ) x or y, and with rf pulses synchronized with MAS so that
eitherτe or t1 + τe is a multiple of the rotor periodτR. In CTDQFD
measurements, rf-driven recoupling (RFDR) sequences are applied
in the three shaded intervals. The double-quantum preparation time
is LτR. The effective dipolar evolution time is (M - N)τR. Double-
quantum filtering is accomplished by acquiring signals with overall
rf phase shifts∆φ of 0°, 90°, 180°, and 270° and alternately adding
and subtracting the signals.
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RFDR recoupling sequence is employed (50, 55, 56, 68).
The 2D MAS exchange spectrum of the fibrillized, doubly
labeled Aâ16-22 sample is shown in Figure 4. Cross-peaks
that connect the carbonyl spinning sideband lines are evident.
The intensities of these cross-peaks, which contain the
structural information, were measured by integration over
rectangular areas centered on the expected cross-peak posi-
tions. Intensities of cross-peaks symmetrically disposed about
the diagonal of the 2D spectrum were added together before
comparison with simulations. The root-mean-square (rms)
noiseσ2D was measured by integration over rectangular areas
centered on regions of the 2D MAS exchange spectrum that
contain no signals. CTDQFD data are shown in Figure 5a.
The dependence of the double-quantum-filtered carbonyl
signal on the effective dipolar evolution timeτD [)(M -
N)τR, whereτR is the MAS rotation period] was assessed by
integrating the spectra over 10 ppm wide intervals centered
on the isotropic carbonyl chemical shift and on the two
spinning sidebands visible in Figure 5a. The rms noiseσDQ

was measured by integrating the spectra over intervals that
contain no signals. The dependence of the experimental
CTDQFD signal amplitude onτD is plotted in Figure 5b,
along with simulations for several pairs ofφ andψ.

Figure 6 shows contour plots of theø2 deviation between
experimental data and simulations for the 2D MAS exchange
measurements (ø2D

2, Figure 6a), the CTDQFD measurements
(ø2D

2, Figure 6b), and the combined measurements (øSUM
2,

Figure 6c), using the definitions

In eqs 1a and 1b,N2D and NDQ are the numbers of
experimental data points, with the values 10 (after sym-
metrization of the 2D MAS exchange spectrum) and 6,
respectively.E2D(m) andEDQ(m) are the experimental data.
SINTER(m;φ,ψ) and SDQ(m;φ,ψ) are the calculated intersite
cross-peak intensities in the 2D MAS exchange spectrum,
resulting from exchange of nuclear spin polarization between
the two labeled carbonyl sites during the periodτe in Figure
3a, and the calculated CTDQFD signal intensity for theφ

andψ values assumed in the calculations.SINTRA(m) is the
calculated contribution of intrasite exchange to the cross-
peak intensity, which results from spin-lattice relaxation of
amide14N nuclei duringτe (47, 48). SINTRA(m) is independent
of the peptide conformation. The scaling coefficientsCINTER-
(φ,ψ), CINTRA(φ,ψ), and D(φ,ψ) are required because the
NMR signals are not measured on an absolute scale and
because the extent of14N spin-lattice relaxation is not
known. These coefficients are calculated to minimizeø2D

2

andøDQ
2 for each pair ofφ andψ.

The absolute minimum inø2D
2 (Figure 6a) occurs atφ and

ψ ) -125° and 125°, respectively. The next lowest local

minimum occurs atφ and ψ ) -50° and -110°, respec-
tively. A single strip of minimumøDQ

2 is observed (Figure
6b). When the two data sets are combined, a single deep
minimum in øSUM

2 (Figure 6c) occurs atφ andψ ) -130°
and 115°, respectively. The value oføSUM

2 at this minimum

ø2D(φ,ψ)2 ≡ 1

(σ2D
2)
∑
m)l

N2D

[E2D(m) -

CINTER(φ,ψ)SINTER(m;φ,ψ) - CINTRA(φ,ψ)SINTRA(m)]2

(1a)

øDQ(φ,ψ)2 ≡ 1

(σDQ
2)
∑
m)l

N2Q

[EDQ(m) - D(φ,ψ)SDQ(m;φ,ψ)]2

(1b)

øSUM(φ,ψ)2 ≡ ø2D(φ,ψ)2 + øDQ(φ,ψ)2 (1c)

FIGURE 4: 2D MAS exchange spectrum of the doubly13C-labeled
Aâ16-22 sample described in the legend of Figure 2, obtained at an
MAS frequency of 2.5 kHz and with aτe of 500 ms. The carbonyl
region is shown. Cross-peaks connecting spinning sidebands of the
labeled carbonyl sites are observed. The cross-peak amplitudes are
analyzed by comparison with numerical simulations to provide
constraints on the peptide backbone dihedral anglesφ and ψ at
Phe19, as shown in Figure 6.

FIGURE 5: (a) CTDQFD data for the doubly13C-labeled Aâ16-22
sample described in the legend of Figure 2, obtained at an MAS
frequency of 4.0 kHz, a double-quantum preparation timeLτR of 8
ms, and the indicated values of the effective dipolar evolution time
τD of (M - N)τR. (b) Comparison of experimental signal amplitudes
(O) with simulated CTDQFD curves assumingφ andψ values for
Phe19 of-130° and 120° (s), -50 and-110° (‚‚‚), and-60°
and -40° (- - -), respectively. Theseφ and ψ values correspond
roughly to the global and local minima inø2 in Figure 6a and to
typical R-helical values and are chosen to illustrate the sensitivity
of CTDQFD curves to peptide conformation. Experimental signal
amplitudes are in arbitrary units. Error bars indicate the rms noise
in the experimental spectra. Simulated signal amplitudes are scaled
for optimal agreement with experimental data as described in the
text.
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is 10.2, which is less thanN2D + NDQ - 3 (i.e., number of
data points minus the number of adjustable parameters),
indicating a good fit to the experimental data. Theseφ and
ψ values indicate an extended backbone conformation, i.e.,
a â-strand conformation, at Phe19 in fibrillized Aâ16-22.

2D MAS exchange and CTDQFD measurements cannot
distinguishφ andψ from -φ and-ψ, due to symmetries
of the nuclear spin interactions (48). The possibility thatφ
andψ ) 130° and-115°, respectively, is ruled out as being
energetically unfavorable for a phenylalanine residue.

2D NMR Spectroscopy of Uniformly Labeled Aâ16-22

Indicates a High Degree of Structural Order in the Fibrils.
A fibrillized A â16-22 sample was prepared in which all carbon
and nitrogen sites in the hydrophobic segment from Leu17
through Ala21 are labeled with13C or15N. Labeled molecules
were diluted to 10% in unlabeled molecules to reduce the
effects of intermolecular couplings. A 2D13C-13C chemical
shift correlation spectrum of this sample (Figure 7) was
recorded under fast MAS to explore the feasibility of solid
state NMR measurements on uniformly labeled amyloid
fibrils, investigate line widths at backbone and side chain
carbon sites, and measure conformation-dependent13C
chemical shifts. Strong cross-peaks between directly bonded
13C sites are visible in Figure 7 that permit chemical shift
assignment of the majority of sites. The assignments are
summarized in Table 1 and compared with random coil
chemical shifts (69). The systematic upfield shifts of CR and
carbonyl resonances and systematic downfield shifts of Câ

resonances, relative to the random coil chemical shifts,
indicate aâ-sheet conformation along the entire hydrophobic
segment (65, 70). 13C line widths (fwhm) of individual sites
estimated from resolved cross-peak line shapes are all
approximately e2 ppm. These line widths include an
estimated 0.7 ppm contribution from unresolved13C-13C
scalar couplings so that the inhomogeneous broadening due
to structural disorder is apparently less than 2 ppm, in
agreement with the spectra of doubly labeled Aâ16-22 fibrils
in Figure 2. These line widths are comparable to13C line
widths reported for uniformly labeled polycrystalline peptides
and proteins (71-77). It is well-known that13C line widths
in MAS experiments are sensitive to structural disorder, with
backbone and side chain line widths from unstructured
peptides generally exceeding 4 ppm. Thus, it appears that

the molecular conformation, including side chain conforma-
tions, is well-ordered in Aâ16-22 fibrils. The degree of local
structural order approaches that of a peptide or protein
crystal, although the long-range translational symmetry of a
crystal is lacking.

Multiple-Quantum NMR and REDOR Measurements In-
dicate an Antiparallel Organization ofâ-Sheets in Aâ16-22

Fibrils. The supramolecular organization of Aâ16-22 fibrils
was investigated initially by13C MQNMR measurements (28,
29, 35). These measurements contain structural information
because observation of anm-quantum 13C NMR signal
requires that at leastm 13C nuclei be coupled by magnetic
dipole-dipole interactions (31-33, 78). The strength of these
interactions is specified by the dipole-dipole coupling
constant

where γ is the nuclear magnetogyric ratio andR is the
internuclear distance. WhenR ≈ 4.8 Å, the typical distance
between hydrogen-bonded peptide chains in aâ-sheet,dCC

≈ 70 Hz for 13C pairs. The time scale for excitation of MQ
coherences is roughly 1/dCC. Thus, the amplitudes of MQ

FIGURE 6: Quantitative analysis of 2D MAS exchange and
CTDQFD data depicted in Figures 4 and 5. Contour plots represent
the ø2 deviation between numerical simulations and experimental
data as a function of theφ andψ angles of Phe19 assumed in the
simulations. Plots are shown for 2D MAS exchange data alone (a),
CTDQFD data alone (b), and the combined data sets (c). The
minimumø2 value in part c occurs withφ andψ values of-130°
and 115°, respectively, indicating aâ-strand conformation for
Aâ16-22 at the central Phe19 residue in the amyloid fibrils. Lowest
contour levels (darkest regions) are atø2 ) 9, 2, and 12 in panels
a-c, respectively. Higher contours represent increments of 1 unit
in panels a and b and 2 units in panel c.

FIGURE 7: 2D 13C-13C chemical shift correlation spectrum of a
fibrillized Aâ16-22 sample in which the hydrophobic segment from
Leu17 through Ala21 is uniformly13C- and15N-labeled in 10% of
the molecules. The remaining 90% are unlabeled. This spectrum
was acquired at a MAS frequency of 24 kHz using a 2D exchange
pulse sequence with an exchange period of 2.6 ms for selective
observation of cross-peaks between directly bonded carbon sites.
The 2D assignments of carbonyl, CR, Câ, Cγ, and Cδ signals for
Leu17, Val18, Phe19, Phe20, and Ala21 in Aâ16-22 are indicated
by the arrows. Signals from the two phenylalanines are not resolved
from one another. The assignments are summarized in Table 1.

Table 1: 13C Chemical Shifts in Aâ16-22 Fibrils, Determined from
the 2D13C-13C Chemical Shift Correlation Spectrum in Figure 9a

13C
site Leu17 Val18

Phe19, Phe20
(unresolved) Ala21

CO 172.8 (177.6) 172.1 (176.3) 170.8 (175.8) 173.3 (177.8)
CR 52.5 (55.1) 59.6 (62.2) 54.5 (57.7) 48.9 (52.5)
Câ 45.2 (42.4) 34.1 (32.9) 42.1 (39.6) 21.9 (19.1)
Cγ 26.9 (26.9) 19.6 (21.1, 20.3) 137.5 (138.9)
Cδ 22.9 (24.9, 23.3) 129.5 (131.9)

a Experimental shifts are in parts per million, calibrated to an external
adamantane standard at 38.56 ppm. Uncertainties due to noise and
resonance overlap are approximately(0.2 ppm. Shifts in parentheses
are random coil values from Wishart et al. (69).

dCC ≡ γ2p

2πR3
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signals in MQNMR spectra of13C-labeled Aâ16-22 fibrils
can be used to probe the organization ofâ-sheets when the
MQ excitation periodτMQ is on the order of 15 ms.

Experimental MQNMR spectra of a fibrillized Aâ16-22

sample in which all peptide molecules were labeled with13C
at the methyl carbon of Ala21, obtained with the rf pulse
sequence in Figure 8, are shown in Figure 9 forτMQ values
of 4.8, 9.6, and 14.4 ms. The labeling scheme in these
measurements follows the idea of using solid state NMR
measurements on singly13C-labeled peptides to probeâ-sheet
organization originally introduced by Lynn, Botto, Meredith,
and co-workers (12, 25, 26). In an in-register, parallelâ-sheet
(Figure 10a), the13C labels would form a nearly linear chain
with approximately 4.8 Å internuclear distances. In an
antiparallelâ-sheet (Figure 10b), the labels would form a
nearly planar zigzag pattern, with significantly larger inter-
nuclear distances, weaker dipole-dipole couplings, and
hence weaker MQNMR signals. The experimental spectra
exhibit increasing amplitudes of two-quantum and three-
quantum signals relative to the one-quantum signal with
increasingτMQ. No four-quantum or higher-order signals are
observed above the noise, even atτMQ ) 14.4 ms. These
spectra differ significantly from MQNMR spectra of singly
labeled Aâ1-40 and Aâ10-35 fibrils (data not shown), which
were obtained under identical conditions and clearly exhib-
ited four-quantum signals as well as greater three-quantum
amplitudes (35). MQNMR spectra of Aâ1-40 and Aâ10-35

fibrils are in good agreement with simulations based on an
in-register, parallelâ-sheet model (35). The spectra in Figure
9 indicate that the organization ofâ-sheets in Aâ16-22 fibrils
is qualitatively different from that in Aâ1-40 and Aâ10-35

fibrils.
The MQNMR spectra in Figure 9 were analyzed quanti-

tatively by comparison of the experimental MQ signal
amplitudes with numerical simulations for in-register parallel
and antiparallelâ-sheet models. Simulations were carried
out on nine-spin systems, as previously described (35). Seven
spins, representing methyl13C labels on Ala21, were placed
at positions dictated by the structural models in Figure 10.
For the parallel model, the (x,y,z) coordinates of the seven
labels (in angstroms) were (0,4.8i,0) (1 e i e 7). For the
antiparallel model, the coordinates were (6.8k,4.8i,0), with
a k of (-1)i and 1 e i e 7. The remaining two spins,
representing natural-abundance13C nuclei at other aliphatic
carbon sites, were positioned randomly in a rectangular box
with a 1.0× 104 Å3 volume enclosing the labels. The 7:2
ratio of 13C labels to natural-abundance13C in the simulations
closely approximates the 1.00:0.28 ratio of13C labels to
natural-abundance aliphatic carbons in the actual samples,
calculated from the known chemical formula and the
expected 1.1% level of natural-abundance13C. Simulated MQ
amplitudes were averaged over the random positions of the
natural-abundance spins and over orientation relative to the
external magnetic field direction. An overall scaling factor
ú was applied to the simulated amplitudesS(n;τMQ) for each
model and each value ofτMQ to minimize the squared
deviations2 betweenS(n;τMQ) and the experimental ampli-
tudesE(n;τMQ), as defined by

Zero- and one-quantum signals were not included ins2

FIGURE 8: (a) Radio frequency (rf) pulse sequence for13C multiple-
quantum (MQ) NMR measurements. MQ excitation sequences are
applied during the preparation and mixing periods with durations
τMQ and phase shifts∆φ. τ is a delay for dephasing of13C
coherences. MQ signals of different orders are separated by
incrementation of the preparation period phase according toφk )
2πk/32, wherek ) 0, 1, 2, ..., 31, and Fourier transformation of
the13C NMR signals with respect tok andt2. (b) Pulse cycle applied
during the preparation and mixing periods. Solid bars represent 180°
inserted between the 90° pulses to remove chemical shifts. The
pulse cycle is repeatednc times, makingτMQ ) ncτc. The 45° pulses
with phasesy and-y are applied at the beginning and end of the
preparation and mixing periods, producing effective dipole-dipole
couplings that are time-reversible by a phase shift∆φ which equals
π.

FIGURE 9: Experimental13C MQNMR spectra of a fibrillized
Aâ16-22 sample with13C labels at the methyl carbon of Ala21. The
amplitudes of two- and three-quantum signals increase relative to
the one-quantum amplitude with increasingτMQ, but no higher-
order MQ signals are detected. Vertical scales are adjusted for each
τMQ so that the one-quantum peak is clipped at 25% of its full
height.

FIGURE 10: Schematic representations of hypothetical in-register,
parallel (a) and in-register, antiparallel (b)â-sheet organizations
in Aâ16-22 fibrils. Dotted lines represent hydrogen bonds. Black
dots indicate the locations of Ala21 methyl carbons that are labeled
in MQNMR measurements.

s2 ) ∑
n)2

5

[E(n;τMQ) - úS(n;τMQ)]2
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because the experimental zero-quantum amplitudes are
especially sensitive to rf inhomogeneity and other pulse im-
perfections and the one-quantum amplitudes have a signifi-
cant contribution from natural-abundance13C nuclei that can
only be included in the simulations at an approximate level.

Figure 11 shows that simulations based on the in-register,
parallelâ-sheet model substantially overestimate the three-
and four-quantum signal amplitudes and underestimate the
one-quantum signal amplitude. Simulations based on the
antiparallelâ-sheet model are in better agreement with the
experimental MQ amplitudes at all values ofτMQ (note the
logarithmic scale in Figure 11). The agreement between
experiments and antiparallel simulations is not truly quantita-
tive, however. In an in-register, antiparallelâ-sheet (Figure
10b), the shortest distance between13C labels at Ala21 in a
single sheet would be greater than 9 Å and may be
comparable to (or greater than) distances between labels in
differentâ-sheet layers. Couplings between labels in different
layers, which cannot be included in the MQ simulations
without a detailed model of the interlayer structure, may then
affect the MQ signal amplitudes. Couplings to natural-
abundance13C nuclei, which can only be simulated ap-
proximately as described above, may also affect the MQ
signal amplitudes significantly when the couplings among
labels are weak. Thus, highly quantitative agreement between
experiments and antiparallel simulations is not expected, even
when the trueâ-sheet organization is antiparallel. The
MQNMR data demonstrate thatâ-sheets in Aâ16-22 fibrils
do not have an in-register, parallel organization and are con-
sistent with (but do not prove) an antiparallel organization.

Motivated by the MQNMR data, REDOR experiments
(51-53) were designed to confirm an antiparallel organiza-
tion and to investigate the hydrogen bonding pattern in the
antiparallelâ-sheets. Two selectively13C- and15N-labeled

Aâ16-22 samples were prepared, one with a13C label at the
carbonyl position of Leu17 and a15N label at the amide
nitrogen of Ala21 (LA sample) and the other with a13C label
at the carbonyl position of Leu17 and a15N label at the amide
nitrogen of Phe20 (LF sample). In an antiparallelâ-sheet
with hydrogen bonding between a13C-labeled carbonyl and
a 15N-labeled amide nitrogen, one expects heteronuclear
dipole-dipole couplingsdCN of ≈41 Hz, corresponding to
a 4.2 Å13C-15N distance. In a parallelâ-sheet, the shortest
13C-15N distance is expected to exceed 8 Å, makingdCN <
6 Hz. Heteronuclear dipole-dipole couplings can be assessed
in MAS experiments using the REDOR technique developed
by Gullion and Schaefer (51-53). In these experiments, one
measures13C NMR signals after a dephasing period of length
τREDORduring which a train of rotor-synchronized 180° pulses
is applied at the13C NMR frequency alone (S0) or at both
the 13C and 15N NMR frequencies (S1). A significant
difference signal∆Sof S0 - S1 is expected whenτREDOR ∼
1/dCN, i.e., τREDOR ∼ 25 ms for a 4.2 Å13C-15N distance.
The dependence of∆S/S0 on τREDOR can be compared with
numerical simulations to extract quantitative structural
constraints.

Figure 12a shows the results of13C-detected REDOR
measurements on the two fibrillized, selectively13C- and15N-

FIGURE 11: Comparison of experimental MQ signal amplitudes
(solid bars) with simulations for hypothetical in-register, antiparallel
(bars filled with slanted lines) and in-register, parallel (cross-hatched
bars) organizations ofâ-sheets, as in Figure 10. MQ amplitudes
are presented on a logarithmic scale because they vary over more
than 2 orders of magnitude. Parallelâ-sheet simulations greatly
overestimate the amplitudes of three- and four-quantum signals
relative to the two-quantum amplitude. Antiparallelâ-sheet simula-
tions are in better agreement with experiments. Experimental MQ
amplitudes are normalized to a one-quantum amplitude of 100.
Simulated MQ amplitudes are scaled for optimal agreement with
experiments at eachτMQ value as described in the text. Uncertainty
in the experimental amplitudes due to the rms noise in the
experimental spectra is approximately(0.16.

FIGURE 12: (a) 13C-detected13C/15N REDOR measurements on
fibrillized Aâ16-22 samples with13C labels at the carbonyl carbon
of Leu17 and15N labels at the amide nitrogen of Ala21 (LA sample,
b) or Phe20 (LF sample,2). The dependence of the normalized
REDOR difference signal∆S/S0 on the dephasing timeτREDOR is
determined by13C-15N distances and directions. Experimental data
are determined from integrals of carbonyl signals in REDOR
spectra. Error bars are determined solely from the rms noise in the
experimental spectra. (b) Antiparallelâ-sheet geometry assumed
in REDOR simulations. The black circle, thick-walled circles, and
thin-walled circles represent a13C label at the Leu17 carbonyl,15N
labels at the two nearest Ala21 amides, and15N labels at the two
nearest Phe20 amides, respectively. Simulated REDOR curves in
panel a assume an idealized in-register, antiparallel structure with
hydrogen bonding between Leu17 and Ala21 (d1 ) 4.2 Å, d2 )
9.4 Å,d3 ) 3.4 Å, θ1 ) 0°, θ2 ) 90°, solid line for the LA sample,
dashed line for the LF sample) or a modified geometry that leads
to an improved fit to the experimental data (d1 ) 4.4 Å, d2 ) 10.0
Å, d3 ) 3.4 Å, θ1 ) 10°, θ2 ) 78°, closely spaced dotted line for
the LA sample, widely spaced dotted line for the LF sample).
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labeled Aâ16-22 samples. In both samples, significant values
of ∆S/S0 are observed, providing strong support for an
antiparallelâ-sheet organization. The growth of∆S/S0 with
increasingτREDOR is more rapid in the LA sample than in
the LF sample. This observation implies shorter13C-15N
distances in the LA sample than in the LF sample and
provides qualitative support for an in-register, antiparallel
structure in which Leu17 is hydrogen-bonded to Ala21, rather
than to Phe20 (Figure 10b).

The REDOR data were analyzed quantitatively by com-
parison with simulations for a three-spin system, consisting
of a single carbonyl13C label and the two amide15N labels
on neighboring peptide chains. The simulations presented
in Figure 12a assume an in-register, antiparallelâ-sheet
organization. As depicted in Figure 12b, the geometry of
the antiparallelâ-sheet is described by five parameters,
namely, the hydrogen-bonded13C-15N distanced1 connect-
ing Leu17 and Ala21, the interchain15N-15N distanced2,
the intrachain distanced3 connecting nitrogen sites of Ala21
and Phe20, the angleθ1 betweend1 andd2, and the angleθ2

betweend1 andd3. All nuclei are assumed to lie in a single
plane. REDOR curves were calculated numerically for both
the LA and LF samples and were scaled in amplitude to
minimizeø2, defined in analogy to eqs 1. Figure 12a shows
the results of two such simulations, one assuming an
idealizedâ-sheet geometry(d1 ) 4.2 Å, d2 ) 9.4 Å, d3 )
3.4 Å,θ1 ) 0°, θ2 ) 90°, andø2 ) 99.9), the other assuming
a geometry that is slightly distorted from the idealized case
and gives better agreement with the experimental data (d1

) 4.4 Å, d2 ) 10.0 Å,d3 ) 3.4 Å, θ1 ) 10°, θ2 ) 78°, and
ø2 ) 61.2). These two simulations demonstrate the sensitivity
of REDOR curves to relatively small changes in geometry.
The agreement between these simulations and the experi-
mental data is satisfactory given the uncertainties in the
precise geometry of theâ-sheets and uncertainties regarding
the effects of longer-range13C-15N couplings, small-
amplitude molecular motions (which tend to reduce the
dipole-dipole coupling strengths and would lead to longer
apparent internuclear distances) and rf pulse imperfections
on the data. Analogous simulations assuming out-of-register,
antiparallelâ-sheet structures, with hydrogen bonding of
Leu17 to either Phe20 or Glu22, gave significantly poorer
fits to the data. We interpret the results as support for an
in-register, antiparallel organization ofâ-sheets in Aâ16-22

fibrils.

DISCUSSION

A number of fragments of the Alzheimer’sâ-amyloid
peptide have been shown by other groups to form amyloid
fibrils, including Aâ1-28, Aâ12-28, Aâ14-28 (79), Aâ1-X where
X ) 18, 30, 33, and 36 (7, 8, 13), Aâ18-28 (7, 8), Aâ11-25

(7), Aâ26-33 (10), Aâ34-42 (10, 22), Aâ10-35 (12, 25, 26),
Aâ10-23, Aâ29-42, AâX-43 whereX ) 4, 8, 10, and 12 (6),
and Aâ7+X,30-X where 0e X e 7 (9). The results described
above showing that Aâ16-22 also forms amyloid fibrils are
especially interesting because Aâ16-22 is among the shortest
fibrillizing fragments yet reported. As such, Aâ16-22 serves
as a particularly useful model system for investigations of
amyloid fibril structure and the physical basis for amyloid
fibril formation. One consequence of the low molecular
weight of Aâ16-22 is the simplicity of the 1D and 2D solid
state NMR spectra, which facilitates the quantitative deter-

mination of theφ andψ backbone dihedral angles at Phe19
in the doubly13C-labeled sample (Figures 4-6) and permits
the resolution and assignment of backbone and side chain
13C NMR lines in the 2D chemical shift correlation spectrum
of the uniformly labeled sample (Figure 7 and Table 1). The
φ andψ angles at Phe19, the central residue in Aâ16-22, are
those of aâ-strand. The assigned carbonyl, CR, and Câ

chemical shifts in the uniformly labeled sample deviate
systematically from random coil values in a manner indica-
tive of aâ-strand conformation throughout the hydrophobic
segment from Leu17 through Ala21. These NMR results
represent the first application of the 2D MAS exchange and
CTDQFD techniques to the determination of the local
secondary structure in a specifically labeled peptide fibril
and the first assignment of13C NMR lines from 2D
spectroscopy of a uniformly labeled peptide fibril. The
feasibility and utility of these measurements are established
by the results reported above. The same techniques can be
applied to full-length Alzheimer’sâ-amyloid fibrils, or
amyloid fibrils formed by other peptides and proteins. It will
be of particular interest to search for non-â-strandφ andψ
values (i.e., turns and helical regions) in higher-molecular
weight peptide fibrils, as observed inâ-amyloid peptides in
solution (80-82) and invoked in structural models for full-
length â-amyloid fibrils (5, 9, 36, 37), and to carry out
multidimensional NMR measurements on full-lengthâ-amy-
loid fibrils that are uniformly labeled in five-to-ten-residue
segments.

A prevalent structural model forâ-amyloid fibrils, sup-
ported by the cross-â pattern observed in X-ray fiber
diffraction measurements, describes these fibrils as being
constructed from laminated layers ofâ-sheet, with peptide
chains running approximately perpendicular to the long axis
of the fibril and hydrogen bonds between peptide chains in
each layer running approximately parallel to this axis (2, 3).
The NMR data indicating aâ-strand conformation for the
Aâ16-22 peptide backbone (Figure 6 and Table 1) and the
X-ray diffraction data indicating the 4.7 Å periodicity of an
extendedâ-sheet (Figure 1b) suggest that this structural
model may apply to Aâ16-22 fibrils. Thus, it appears that
theâ-sheets in an amyloid fibril may be as narrow as 25 Å,
corresponding to the approximate end-to-end distance of an
Aâ16-22 molecule in aâ-strand conformation.

Alternative models forâ-amyloid fibrils have been pro-
posed, includingâ-helical models (5) and a double-walled
tubular model (4). It is unclear how aâ-helix or double-
walled tube could be constructed from a seven-residue
peptide in aâ-strand conformation, although these models
may correctly describe amyloid fibrils constructed from
longer peptides.

As stressed above, the13C NMR lines observed in 1D and
2D spectra of selectively and uniformly labeled Aâ16-22

fibrils are remarkably narrow for a noncrystalline solid. The
line widths indicate a high degree of conformational order.
In addition, the 2D MAS exchange and CTDQFD data are
well fit by simulations that assume singleφ and ψ values
(Figure 6), without inclusion of any disordered component
in the NMR data and without invocation of a distribution of
φ andψ values. These results are strong evidence for a well-
defined molecular conformation, including side chain as well
as backbone conformations, in the fibrils. In the absence of
such solid state NMR data, it would be unclear whether
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amyloid fibrils have short-range translational order at the
atomic level or merely the approximate periodicity of the
peptide chains inâ-sheets demanded by X-ray fiber diffrac-
tion data. It may also be unclear whether a macroscopic
amyloid fibril sample, for which EM images clearly indicate
a distribution of fibril morphologies, possesses homogeneous
microstructure. The experimental results support a level of
local translational order and homogeneity comparable to
those in peptide and protein crystals. The precise length scale
of translational order remains to be determined, but is likely
to exceed tens of angstroms.

The MQNMR and REDOR data rule out an in-register,
parallelâ-sheet organization for Aâ16-22 fibrils and support
an antiparallel organization. An in-register, parallelâ-sheet
organization has been established for Aâ1-40 by MQNMR
(35) and for Aâ10-35 fibrils by DRAWS measurements (12,
25, 26). An antiparallel â-sheet organization has been
established for Aâ34-42 fibrils by rotational resonance NMR
measurements (22). Thus, it appears that amyloid fibrils
exhibit a variety ofâ-sheet organizations, depending on the
peptide sequence. A common feature of the Aâ1-40 and
Aâ10-35 sequences is the presence of hydrophobic segments
(residues 17-22 and 29-40 in Aâ1-40) that are not sym-
metrically disposed about the midpoint of the peptide. In
such cases, an in-register, parallelâ-sheet organization
juxtaposes the hydrophobic segments of neighboring mol-
ecules within aâ-sheet, producing extended hydrophobic
patches, while an antiparallelâ-sheet organization necessarily
intermingles hydrophobic and nonhydrophobic residues.
Hydrophobic interactions may then favor an in-register,
parallel organization over an antiparallel organization. The
importance of hydrophobic interactions in amyloid fibril
formation has been discussed by others (6, 7, 10, 13). In
contrast, both Aâ16-22 and Aâ34-42 contain a single central
hydrophobic segment, a positive charge at the N-terminus
(Lys16 in Aâ16-22; the free amino group in Aâ34-42), and a
negative charge at the C-terminus (Glu22 in Aâ16-22; the
free carboxylate group in Aâ34-42). In other words, Aâ16-22

and Aâ34-42 are electric dipoles inâ-strand conformations.
Hydrophobic residues can be juxtaposed in either a parallel
or an antiparallel structure for Aâ16-22 and Aâ34-42. The
antiparallel structure may then be favored by electrostatic
interactions between the C- and N-termini of neighboring
molecules in aâ-sheet. Additional measurements on other
amyloid fibrils will test the importance of these simple
considerations as determinants of supramolecular organiza-
tion. Side chain packing and interactions betweenâ-sheet
layers may also play important roles in determining the fibril
structure.

Taken together, the solid state NMR data on supramo-
lecular organization in full-length Aâ fibrils and Aâ fragment
fibrils indicate that the amino acid sequence within a seven-
residue segment is insufficient for determining the supramo-
lecular organization uniquely. The side chains in particular
segments of the peptide sequence (e.g., the segments
containing residues 16-22) must be capable of packing in
more than one way, to allow both the parallel (Aâ10-35 and
Aâ1-40) and the antiparallel (Aâ16-22 and Aâ34-42) â-sheet
structures observed in different amyloid fibrils containing
those segments.

The low molecular weight of Aâ16-22 and the quality of
the solid state NMR spectra reported above suggest the

feasibility of deriving a complete molecular structure of
Aâ16-22 fibrils from solid state NMR restraints, using
additional solid state NMR measurements. With segmental
uniform labeling, it may prove possible to determine com-
plete structures of amyloid fibrils formed by longer peptides.
Such structures would contribute to the development of a
more detailed understanding of the interactions that govern
amyloid fibril formation.
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