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ABSTRACT: â-Amyloid (Aâ) peptides are the main protein component of the pathognomonic plaques found
in the brains of patients with Alzheimer’s disease. These heterogeneous peptides adopt a highly organized
fibril structure both in vivo and in vitro. Here we use solid-state NMR on stable, homogeneous fibrils of
Aâ(10-35). Specific interpeptide distance constraints are determined with dipolar recoupling NMR on fibrils
prepared from a series of singly labeled peptides containing13C-carbonyl-enriched amino acids, and skipping
no more that three residues in the sequence. From these studies, we demonstrate that the peptide adopts
the structure of an extended parallelâ-sheet in-register at pH 7.4. Analysis of DRAWS data indicates
interstrand distances of 5.3( 0.3 Å (mean( standard deviation) throughout the entire length of the
peptide, which is compatible only with a parallelâ-strand in-register. Intrastrand NMR constraints, obtained
from peptides containing labels at two adjacent amino acids, confirm the secondary structural findings
obtained using DRAWS. Using peptides with13C incorporated at the carbonyl position of adjacent amino
acids, structural transitions fromR-helix to â-sheet were observed at residues 19 and 20, but using similar
techniques, no evidence for a turn could be found in the putative turn region comprising residues 25-29.
Implications of this extended parallel organization for Aâ(10-35) for overall fibril formation, stability, and
morphology based upon specific amino acid contacts are discussed.

â-Amyloid (Aâ)1 peptides are the main protein component
of the pathognomonic plaques found in the brains of patients
with Alzheimer’s disease. These heterogeneous, neurotoxic
peptides, mainly 39-42 amino acids long, are derived from
partial proteolysis of the larger transmembrane protein, the
â-amyloid precursor protein (âAPP, 1-5), and are widely
believed to play a pathogenic role in Alzheimer’s disease.
In plaques, Aâ peptides are found in highly ordered, but
noncrystalline fibrils of a characteristic morphology on
electron microscopy (6-16). In a previous study, we have
reported that the hydrophobic core region of Aâ(10-35)sresidues
15 through 18sexists in a parallelâ-sheet with like residues

directly aligned along the strand, i.e., “in-register” (17, 18).
This conclusion was derived from solid-state NMR measure-
ments of interatomic distances between like atoms in adjacent
strands. A parallelâ-sheet in-register, if extended throughout
the entire length of Aâ(10-35), would constitute a type of “two-
dimensional” sheet structure, i.e., a lamina of the full
thickness fibril.

Highly ordered yet noncrystalline structures such as
â-amyloid are sometimes referred to as paracrystalline, a term
used to describe other fibril-forming proteins such as
collagen, hemoglobin S, actin, and tropomyosin, as well as
viral particles and cell surface structures and intracellular
inclusion bodies (19-33). The structures of self-associating
macromolecules which form paracrystalline aggregates pose
severe assignment limitations not only because of size and,
in some cases, low solubility, but also because of inherent
symmetry of the complexes. Amyloids in general are
prototypical of paracrystalline materials, but among them,
theâ-amyloid (Aâ) peptides of Alzheimer’s disease are the
most tractable at least in terms of the small size of the
aggregating peptide. In this paper, we extend the strategy
adopted in our previous studies to determine the overall
secondary structure and dynamics of the entire peptide within
the fibril.

In the present paper and previous studies (17, 18, 46), the
use of a truncated peptide allowed for the level of reproduc-
ibility, stability, and homogeneity of fibril morphology
necessary for high-resolution structural studies. The particular
truncated peptide was chosen for its biological relevance:
(1) Truncated peptides used as models form fibrils of clear
morphological similarity to those formed by full-length Aâ

† We thank the Argonne National Laboratory (D.G.L., S.C.M.), the
Alzheimer’s Association (IIRG 98-1344), and the NIH (R21 RR 12723,
D.G.L.) for support, and the NIH (5 T32 HL07327, T.S.B.; 5 T32
GM07281, T.L.S.B.), the American Federation for Aging Research
(T.L.S.B.), and the American Foundation for Aging Research (T.L.S.B.)
for fellowships.

* To whom correspondence should be addressed at the Department
of Pathology, The University of Chicago, 5841 S. Maryland Ave.,
Chicago, IL 60637-1403. Phone: 773-702-1267. FAX: 773-702-3778.
Email: scmeredi@midway.uchicago.edu.

‡ Department of Pathology, The University of Chicago.
§ Current address: Quantum Magnetics, 7740 Kenamar Ct., San

Diego, CA 92121.
| Chemistry Division, Argonne National Laboratory.
⊥ Department of Chemistry, The University of Chicago.
1 Abbreviations: Aâ, â-amyloid; NMR, nuclear magnetic resonance;

APP, â-amyloid precursor protein; Aâ(10-35), peptide comprising
residues 10-35 of â-amyloid; DRAWS, dipolar recoupling in a
windowless sequence; DQ-DRAWS, double quantum filtered DRAWS;
TFA, trifluoroacetic acid; CP/MAS, cross-polarization/magic angle
spinning; HMB, hexamethylbenzene; CSA, chemical shift tensor.
Standard one- and three-letter abbreviations for amino acids are used
throughout the text.

3491Biochemistry2000,39, 3491-3499

10.1021/bi991527v CCC: $19.00 © 2000 American Chemical Society
Published on Web 03/03/2000



peptide (6, 8-12, 14-16). (2) Neurotoxicity is linked with
the ability of a peptide to self-associate intoâ-strand fibrillar
aggregates (45, 62-66). (3) Aâ(10-35) incorporates the core
region, point mutations of which impede fibrillogenesis;
peptides derived from or based on this region have been used
to generate fibrillogenesis inhibitors (67-73). (4) Aâ(10-35)

retains the ability to add to bona fide Alzheimer’s plaques,
in contrast to other truncated peptides (74-78). (5) The full-
length peptide, Aâ(1-42), is relatively intractable for the
controlled formation of fibrils from aqueous media, since at
the earliest time points, some of the peptide exists as an
amorphous precipitate. In contrast, Aâ(10-35) formed fibrils
from aqueous solutions of defined pH, ionic strength, and
soluble peptide concentration in a reproducible and controlled
fashion, and yielded the homogeneous fibrils needed for
structural studies (17, 76).

In this paper, NMR experiments, based on the synthetic
incorporation of isotopically enriched carbonyl carbons of
individual amino acids, have been designed to extend the
structural model developed for the core domain across the
entire sequence of Aâ(10-35). In all, using a series of13C-
labeled amino acids distributed across the entire sequence,
sufficient dipolar constraints will be presented to assign the
entire Aâ(10-35) peptide as an in-register, parallelâ-sheet
within the fibril. Our first goal in the current study was to
ascertain whether the structural model developed for the core
domain could be extended beyond this limited region, and
across the entire sequence of Aâ(10-35). In addition, previous
investigations of peptide models of Aâ have shown that fibril
diameter and morphology change with both peptide length
and sequence (12, 34). Such differences might reflect local
variations in mobility of the peptide chain, different local
conformations within the peptide sequence, conformational
heterogeneity among peptide chains within the fibril, or any
combinations of these. This situation is common for many
amyloidogenic peptides and proteins, and the approaches
developed in this study should be generally useful for the
investigation of the structure and dynamics of any such self-
associating material.

EXPERIMENTAL PROCEDURES

Peptide Synthesis.All peptides reported in these studies
were humanâ-amyloid, amino acids 10 through 35. Peptides
were synthesized and purified as reported previously (17).
Briefly, [1-13C]-L-glycine, [1-13C]-L-leucine, [1-13C]-L-serine,
and [1-13C]-L-valine were obtained from Cambridge Isotope
Laboratories. Isotopic enrichment of all13C-labeled amino
acids wasg99%. Protection of the13C-labeled amino acids
was performed by Midwest Biotech, Inc. Aâ(10-35) peptides
were synthesized using an FMOC amide resin (PE Biosys-
tems) and, hence, yielded a C-terminal amidated peptide after
cleavage. Standard FMOC chemistry was used on an ABI
model 431A peptide synthesizer; all nonaliphatic side chains
were protected during synthesis, and protecting moieties were
removed during cleavage. All histidine and phenylalanine
residues were double-coupled. After cleavage from the resin,
the peptides were then purified by ether extractions, after
which the purity was assessed by analytical HPLC [using a
Rainin 25× 0.5 cm C18 column, a linear gradient over 1 h
of 0.1% (v/v) TFA in water to 0.1% TFA in 70/30
acetonitrile/water (v/v), at 70°C] and the identity confirmed
by MALDI-TOF or electron spray mass spectrometry.

Peptides determined to be 96-99% pure by this method were
stored as the ether precipitate at-20 °C. For some peptides,
further purification by preparatory HPLC was required.
Preparatory HPLC was performed on a Zorbax 300-SB C4
column at 70°C under isocratic conditions (27% acetonitrile,
0.1% trifluoroacetic acid).

Fibril Formation. The procedure used to form fibrils has
been described in detail elsewhere (17). Aâ(10-35) in 100%
trifluoroacetic acid (TFA) was precipitated into diethyl ether
at 0 °C, and residual TFA was extracted by approximately
10 washes with diethyl ether at 0°C. Then 50 mg of peptide
was dissolved in distilled deionized water to a concentration
of ≈0.6 mg/mL (≈0.2 mM); exact concentrations were
determined by amino acid analysis. The pH of this solution
was 2.9, due to the presence of traces of residual TFA; at
this point, no fibrils are precipitable by centrifugation at
17000g, nor are fibrils or amorphous precipitate visible by
electron microscopy. The pH was then adjusted to 5.60 or
7.40 by the addition of 2µL aliquots of 0.1 M NaOH every
2 min, with vortexing of the sample between additions of
base. The solution was then gently swirled on a rotator plate,
at a rate of 0.5 rotation/s, for 36-72 h, under nitrogen. The
pH was reverified every 24 h and adjusted when necessary.
Aggregation was monitored by HPLC and EM as previously
described (17). This procedure produces typical amyloid
fibrils that are visible by electron microscopy, and stain with
Congo red dye, with classic apple green birefringence of the
fibrils (35); no amorphous precipitate was detectable by
electron microscopy. For fibrils formed at pH 7.4, the
suspension of fibrils was then flash-frozen using a dry ice/
ethanol bath, lyophilized, and stored at-20 °C for solid-
state NMR studies. Fibrils formed at pH 7.4 were reexamined
by electron microscopy after lyophilization and found to
contain fibrils indistinguishable from those evaluated prior
to lyophilization.

Aâ fibrils formed at pH 5.6 which are stored at-20 °C
have been shown to denature (36). Similarly, we found that
lyophilization disrupted fibrils formed at pH 5.6, but not
those formed at pH 7.4. To examine this phenomenon further,
a series of NMR experiments on nonlyophilized peptides was
initiated. For studies of nonlyophilized peptide, fibrils formed
at pH 5.6 were harvested by centricon filtration, and the
samples were then flash-frozen. The NMR studies were
performed by immediately transferring these samples directly
into an NMR instrument rotor cooled with liquid nitrogen,
which maintains the spectrometer probe at-80 °C, and the
DRAWS experiment was performed. After 2 weeks of
storage in a-20°C freezer, the same pH 5.6 and 7.4 samples
were again studied by DRAWS, at which time no contact
was observed in the pH 5.6 sample; the samples were also
examined by electron microscopy.

Solid-State NMR Experiments.Solid-state NMR methods
used for this work have been described in detail elsewhere
(17, 18, 37, 38). Briefly, cross-polarization/magic angle
spinning (CP/MAS)13C NMR experiments were performed
on a Bruker Advance DSX spectrometer tuned to a frequency
of 50.3 MHz. The DRAWS and DQ-DRAWS pulse se-
quences were implemented (17, 18, 37, 38). Lyophilized
peptide samples were mixed with 8-12 mg of HMB and
packed into 5 mm Bruker rotors containing 4 mm spacers at
each end. If the peptide/HMB samples did not entirely fill
the rotor, the samples were unpacked and mixed with a small
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amount of KBr to take up the space. Unless otherwise noted,
experiments were performed at room temperature. In some
cases, as noted in the text, fibril preparations were flash-
frozen in NMR rotors using liquid nitrogen and inserted into
the precooled spectrometer for experiments at-80 °C. In
all cases, samples were spun at 4525 ((3) Hz. The13C RF
power level was set to 38.5 kHz. The1H decoupling level
was 120 kHz. To allow the samples and electronics to reach
equilibrium, samples were pulsed for 2 h prior to acquisition
of DRAWS data points, during which time1H and13C power
and tuning were checked and double-checked. DRAWS
spectra were acquired with 272-476 transients. Data points
for a single DRAWS curve typically required 1-4 h of data
acquisition; data points in the plots shown below were the
average values from five independent NMR experiments; at
least three replicate samples of each peptide were examined
in this way. Spectra from DRAWS experiments were
processed and analyzed as previously described (17, 18, 37).
In addition, because in solid-state NMR virtually allâ-sheet
carbonyl chemical shifts are superimposable at 171 ppm (39),
it was necessary to subtract the natural-abundance signal
derived from other amino acid residues; this was done as
described previously (17, 18).

Numerical Simulations.Simulated data were created by
numerical calculation using a density matrix approach (18,
37). Briefly, the input parameters to the numerical calculation
program included the chemical shift tensor (CSA) elements
for the spin-1/2 nuclei, the dipolar coupling strengths, Euler
angles which rotate the CSA tensors from the molecular
frame to their respective principal axis systems, an initial
density matrixF(0), an observable, and any relevant relax-
ation parameters. In this work, the Euler angles were set to
zero, as it was determined that they had a negligible effect
on the simulated curves. The CSA parameters were taken
from Ye et al. (39). The dipolar coupling strength (d) was
calculated from the equation:

where r is the distance of separation (in meters) between
two nuclei.

Relaxation effects were modeled by multiplying the single
quantum density matrix elements by an exponential factor
at the end of each time increment. Data from the unlabeled
sample were used to determine the appropriate single
quantum relaxation constant in the absence of an enriched
nucleus. A powder average of 2000 randomly selected
crystallite orientations was performed.

As we report in detail elsewhere (18), spin simulations
were performed using a three-spin, infinite-loop model for
fibril samples. In analyzing DRAWS data, our procedure was
to model relaxation data according to numerical distance
simulations. These simulations, however, must take into
account the effects of the number of interacting spins and
the various multiple spin geometries, both of which are
considered in detail in another paper (18). Briefly stated,
initial DRAWS results with peptides singly labeled with13C
in carbonyl carbon atoms of residues 15-18 of the “core
region” were calculated using “two-spin” and “three-spin”
models, and the three-spin model with a distance of 5.0(
0.2 Å provided a much better fit to the experimental data.
Spin simulations were first performed using a model in which

three spins are located at the vertexes of an equilateral
triangle. While this geometry was the simplest to calculate,
it was unrealistic as a model of amyloid parallelâ-sheets;
performing density matrix calculations on such a large
number of spins turns out to be impractical, however. For
this reason, we chose to study the influence of different
geometries on the simulations involving three spins, each
located at the vertexes of an equilateral triangle, and four
spins, with each spin located at the vertexes of a square.
The results for the two geometries were almost identical at
the initial decay rates, i.e., prior to the onset of the dipolar
oscillations seen at the shorter distances. In the case of
simulations for a 5 Å distance, both models gave the same
result for DRAWS mixing times approaching 20 ms,
indicating that all 5 Å simulation models in which every
spin interacts with two others of equal magnitude will be
indistinguishable. In addition, to test geometries that are more
representative of fibril structure, we simulated multiple-spin
systems in a linear arrangement and compared the results
with those obtained for the triangular model. The 5 Å
simulation curves for linear versus triangular geometries are
fairly similar and appear to become convergent as the number
of spins applied to the linear model increases.

We have shown elsewhere (18) that for fibrillar samples
of Aâ, T2

SQ relaxation times of carbonyl carbons measured
in the presence of DRAWS irradiation are very similar for
all samples investigated,T2

SQ ≈ 19 ms; similar values have
been obtained previously for carbonyl (unprotonated) carbons
in other systems (80). Furthermore, DRAWST2

SQ values
were similar regardless of the magnitude ofT2

SQ relaxation
times measured in the Hahn spin-echo experiment. Hence,
our previous analysis used the reasonable assumption that
T2

SQ values would also follow a similar trend in the presence
of DRAWS r.f. irradiation. Moreover,T2

SQ values measured
for all amyloid samples tend to be similar. On the basis of
these arguments and the previously observed behavior of
R2

SQ on the outcome of the DRAWS simulations on doubly
labeled samples (see reference18), the effects of DQ
relaxation could be neglected in our analyses of fibrillar Aâ
samples. For the simulations of the nonfibrillar TFA/ether
preparations, a double quantum dephasing rate ofT2

DQ ) 14
ms was calculated to give the best fit of the data; there was
no dispersion of distances. In addition, a 0.25 Å dispersion
of distances was used; i.e., several distances from 2.8 to 4.1
Å were simulated in 0.05 Å intervals. These calculated curves
were added together using a normal distribution centered at
3.4 Å with a width of 0.25 Å as a weighting function.

RESULTS

Confirmation of Fibril Morphology and Stability.Electron
microscopy was initially used to evaluate environmental
conditions necessary to prepare stable and homogeneous
fibrils. As shown in Figure 1, fibrils were formed at pH 5.6
and 7.4, and a significant number existed as superhelical
pairs. The repeat distance of this twist was≈600 Å, and the
diameters were≈90 Å by ≈160 Å. At pH 7.4, in addition
to the twisted pairs, more highly aggregated bundles of single
fibrils having a diameter of≈80 Å are obtained. Both
conditions proved suitable for preparing homogeneous fibrils
for solid-state NMR experiments.

d ) 7.598× 10-27/r3
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Fibrils formed at pH 7.4 were stable to lyophilization
Furthermore, electron microscopy showed the classical
amyloid fibrils but no amorphous precipitates. In contrast,
after lyophilization the samples prepared at pH 5.6 contained
a mixture of amorphous precipitates and fibrils when
examined by electron microscopy. As discussed under
Experimental Procedures, fibrils formed at pH 5.6 were prone
to loss of the contact in DRAWS experiments. In all cases,
the loss of the contact in DRAWS experiments was associ-
ated with the absence of fibrils when the samples were
subsequently examined by electron microscopy. These find-
ings are in accord with those of Wood et al. (79). For these
reasons, most of the experiments reported below involved
fibril samples prepared at pH 7.4.

i to i + 1 Labeled Carbonyls as Probe for Secondary
Structure. Shown below is the amino acid sequence of
Aâ(10-35):

In previous work, the core residues15QKLV of A â(10-35)

were shown to exist in the Aâ fibril as a parallelâ-sheet
(17). Figure 2 shows representative 1D13C-MAS spectra of
fibrils prepared from [1-13C]-Val18-Aâ(10-35) at pH 7.4, and
a nonfibrillar sample precipitated directly from 100% TFA
into diethyl ether (pH≈ 3.0). At pH 7.4 (Figure 2B), the
carbonyl resonance appeared at 170.9 ppm. This shift was
consistent with that expected for valine restrained in a
â-conformation, δ 171.5 (40). When the peptide was
precipitated from 100% TFA with diethyl ether (pH≈ 3.0,
Figure 2A), a resonance was observed at 175.2 ppm. This
chemical shift is consistent with valine existing in anR-helix
conformation, 174.9 ppm (40).

Carbonyl-carbonyl distances were measured directly
using dipolar recoupling NMR methods. Molecular modeling
performed on the basis of X-ray diffraction data on peptide
structures available in the Brookhaven Protein Data Bank
predicts that carbonyls in adjacent residues in canonical
R-helices have separations in the range of 2.9-3.1 Å (Figure

3A). Extended asâ-strands, this distance increases to 3.3-
3.5 Å. The ether-precipitated and fibrillized samples gave
significantly different dephasing rates (Figure 3B). When
simulated using a relaxation parameter ofR2 ) 58 s-1,
distances of 3.0( 0.1 and 3.5( 0.1 Å, respectively, were
determined. The fibrilized preparation therefore demonstrated
aâ-strand secondary structure, consistent with the determined
chemical shifts of the carbonyls and the previous interstrand
measurements within this region of Aâ(10-35) (17, 18). In the
context of the ether precipitate, Aâ has been found to adopt
R-helical conformations in membrane-mimicking solvents
(41), and, indeed, anR-helical conformation is believed to

FIGURE 1: Electron microscopy of Aâ(10-35) fibrils prepared at (A) pH 3, (B) pH 5.6, and (C) pH 7.4. Samples were applied to a glow-
discharge 400 mesh carbon-coated support film, followed by staining with 1% uranyl acetate. Micrographs were recorded using Philips EM
300 at magnifications of 33750×. The scale bar represents 100 nm.

10YEVHHQKLVFFAEDVGSNKGAIIGL35M

FIGURE 2: Representative 1D13C-MAS spectra of samples prepared
from [1-13C]-Val18-Aâ(10-35). Figure 2A shows a nonfibrillar sample
precipitated directly from 100% TFA into diethyl ether (pH≈ 3.0).
Figure 2B shows a fibrillar sample of the same peptide prepared at
pH 7.4. Figure 2A is the result of 256 scans on a sample containing
50 mg of peptide; Figure 2B is the result of 16 scans on 50 mg of
peptide.
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be the native conformation this region of theâ-amyloid
precursor protein (APP) from which Aâ is generated in vivo
(4, 34, 42). This evidence is consistent with the proposal
that under fibril-dissolving conditions, in this case strong
acid, the peptide adopts anR-helical conformation.

Extension of the Parallelâ-Strand, Determined by Further
13C Labeling and Solid-State NMR.In our previous experi-
ments, 1-13C-labels at positions 15-18 (boldface, underlined)

were used to determine a parallel, directly aligned structure

for this core domain of Aâ(10-35) (17). Additional peptides
were synthesized to examine whether this structure is
propagated beyond the core domain. The predicted distance
between carbonyls of like residues along a parallelâ-sheet
in-register would be≈5 Å, a distance well within the range
of measurement by the DRAWS technique. To determine
whether the parallel, alignedâ-structure is propagated,
additional peptides were synthesized, each containing a single
amino acid labeled with13C at the carbonyl carbon. The
results of these experiments will be presented in two
sections: (1) the residues around a potential turn sequence;
(2) additional hydrophobic residues, including ones at each
terminus of the peptide.

InVestigation of the PutatiVe Turn at Residues 25-30.

A turn sequence, predicted by the algorithm of Chou and
Fasman (43) across residues 25-30, has been proposed for
Aâ (7, 14-16, 44) and investigated by Pike (45). A peptide
containing two labeled residues at the start of the potential
turn domain, [1-13C]-Gly25-[1-13C]-Ser26-Aâ(10-35), was syn-
thesized. Samples were prepared at pH≈ 3.0; despite
incubation times which were up to a week longer than those
needed to form fibrils at pH 5.6 or 7.4, at pH 3.0 fibril
formation was slowed or prevented completely, as shown
by the persistence of monomer in HPLC analyses, and the
absence of fibrils by EM (Figure 1A). The measured
carbonyl-carbonyl distance was 3.0 Å (Figure 3C), most
consistent with anR-helical conformation. At both pH 5.6
and pH 7.4, however, the relaxation data were best simulated
with the longer distance of≈3.4 Å. While this distance is
consistent with aâ-conformation, at longer mixing times the
expected oscillations in the DRAWS curve were significantly
dampened, and curve-fitting analyses were modified to
account for greater heterogeneity in the sample.

The single-labeled [1-13C]-Gly25- and [1-13C]-Ser26-
Aâ(10-35) were prepared to evaluate the interstrand distances.
As shown in Figure 4, contact distances in fibrils prepared
at pH 7.4 were significantly longer than those observed over
the core segment of the peptide with Gly25 ) 5.7 ( 0.2 Å
and Ser26 ) 5.6 ( 0.2 Å. Taken together with the parallel
â-conformation established for the core region of the peptide,
both the inter- and intrastrand distances established with Gly25

and Ser26 are only consistent with a parallelâ-structure
extending through this region as well. Glycine residues are
the most conformationally flexible of the natural amino acids,
and peptides containing [1-13C]-Gly29 and [1-13C]-Gly33 were
prepared to determine if this anticipated flexibility might
contribute to the measured interstrand differences. Indeed,
both measured distances with the Gly29 and Gly33 carbonyl-
labeled peptides were larger, 5.5( 0.2 and 5.8( 0.2 Å,
respectively (Figure 4).

EValuation of the N- and the C-Terminus: EValuation of
Additional Internal Hydrophobic Residues.

Both [1-13C]-Val12- and [1-13C]-Leu34-Aâ(10-35) were pre-
pared to evaluate dipolar contacts at the extreme N- and
C-terminal ends, respectively. The interstrand distance
between the Leu34 carbonyls was found to be 4.9( 0.2 Å
(Figure 5). Such a close contact was surprising given that

FIGURE 3: (A) Predictedi, i + 1 carbonyl-carbonyl distances for
R-helical (3.0 Å) andâ-strand (3.4 Å) conformations. (B) [1-13C]-
Val18-[1-13C]-Phe19-Aâ(10-35) was prepared either as a diethyl ether
precipitate from TFA or as fibrils formed at pH 5.6. Data shown
are for 50 mg samples( SD (n ) 5) and analyzed by DRAWS.
Two-spin simulations were calculated under the DRAWS Hamil-
tonian, and the curves obtained for 3.0 and 3.4 Å distances are
shown. (C) DRAWS experiment on [1-13C]-Gly25-[1-13C]-Ser26-
Aâ(10-35) obtained under the same conditions.

10YEVHHQKLV FFAEDVGSNKGAIIGL35M

10YEVHHQKLVFFAEDVGSNKGAII GL35M

10YEVHHQKLVFFAEDVGSNKGAIIGL35M
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Leu34 is positioned on the C-terminal side of Gly33, a residue
shown above to have an interstrand distance of 5.8 Å. At
the N-terminus, fibrils prepared from [1-13C]-Val12-Aâ(10-35)

gave a 5.7( 0.3 Å interstrand distance (Figure 5). Such
longer distances are unlikely to be a function ofâ-branching
in the side chains as fibrils prepared from [1-13C]-Val18-
Aâ(10-35) gave a distance of 5.1 Å, and [1-13C]-Val24-
Aâ(10-35), located on the N-terminal side of Gly25, also
showed a 5.1( 0.2 Å distance. [1-13C]-Phe20-Aâ(10-35),
located at the C-terminal side of the central hydrophobic
region, also gave a 5.2( 0.2 Å distance. Therefore, while

there is some variation along the sequence, these measure-
ments made across the length of Aâ(10-35) were consistent
only with each residue in the fibril existing as an in-register
parallelâ-sheet equally positioned between two like strands
of the same orientation and conformation.

DISCUSSION

In this paper we demonstrate that the parallelâ-sheet
structure, with like residues in-register, is observed not only
for the central core region of Aâ(10-35) but also through the
entire length of the peptide. Specific cross-linking reactions

FIGURE 4: Examination of interpeptide distances at Gly25, Ser26, Gly29, and Gly33. Peptides containing 1-13C-labeled amino acids at positions
25, 36, 29, and 33 in the Aâ(10-35) sequence were synthesized, fibrillized at pH 7.4, lyophilized, and examined under the DRAWS conditions
as described. All data shown represent the mean of 5 experiments ((SD) obtained for 50 mg samples (≈256 scans). The data for Gly25
(squares, A), Ser26 (circles, B), Gly29 (triangles, C), and Gly33 (triangles, D) fit best for distances at 5.7 ((0.2), 5.6 ((0.2), 5.5 ((0.2), and
5.7 ((0.2) Å, respectively. Error bars are displayed only when they exceed the symbol size.

FIGURE 5: Examination of interpeptide distances at Val12, Phe20, Val24, and Leu34. Peptides containing 1-13C-labeled amino acids at positions
12, 20, 24, and 34 in the Aâ(10-35) sequence were synthesized, prepared at pH 7.4, lyophilized, and examined under the DRAWS conditions.
For Phe20, Val24, and Leu34, data represent the mean of 5 experiments ((SD) obtained for 50 mg samples (≈256 scans). Phe20 (circles, B),
Val24 (triangles, C), and Leu34 (diamonds, D) give measured distances of 5.2 ((0.2), 5.1 ((0.2), and 4.9 ((0.2) Å, respectively. For Val12,
the data represent the mean of two 50 mg sample preparations ((SD, n ) 10), and the interstrand distance is 5.7 ((0.3) Å. Error bars are
displayed only when they exceed the symbol size.
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carried out on the forming fibrils of Aâ(10-35) identified areas
of close contact between adjacent peptide molecules, and
thus allowed for the synthetic incorporation of specific
isotopic labels for the measurement of interatomic distances
within the core region (17). On the C-terminal side of the
core region, at Phe20, Val24, and Leu34, interpeptide distances
of 5.2, 5.1, and 4.9 ((0.2) Å, respectively, were observed,
distances compatible only with the extension of the parallel
â-strand across the entire length of this peptide. The slightly
longer distance of 5.7 Å between Val12 residues close to the
N-terminus suggests continuation of the parallelâ-structure
to the amino terminus, though perhaps with some fraying, a
common finding near the termini of peptides. In addition, a
turn structure is predicted within the Aâ sequence by the
Chou-Fasman algorithm as well as physical data on other
related peptides (7, 14-16, 43-45). Lee et al. (44) observed
a possible turn signature by NMR in dilute solutions of
Aâ(10-35), though at a slightly different locus, amino acids
21-25. The distances observed in the studies reported above
for Val24, Gly25, Ser26, and Gly29 are all incompatible with
any known canonical turn, and indeed are consistent with
only a parallelâ-sheet in-register. By measuring interstrand
distances down the length of the peptide, skipping no more
than three residues, sufficient information was obtained to
establish that the entire Aâ(10-35) peptide exists as an in-
register parallelâ-sheet within the fibril.

Because of the 1/r3 dependence of the dipolar coupling,
the closest contact between two labeled sites dominates the
distance measurement. Therefore, intrastrand measurements
can be made with precision even in the presence of weaker
interstrand interactions. However, a particularly powerful
feature of these experiments has been the ability to distin-
guish between single and multiple long-distance interactions
(17, 18). Molecular modeling within existingâ-structures
places bounds for the carbonyl to carbonyl distances of
between 4.8 and 5.0 Å, depending on the pleat of the sheet
(17). Since the measured distances are derived from an
average distance across all the peptides in the sheet, peptides
that have no dipolar contact will relax slower and contribute
to an overall lengthening of the experimentally measured
distance. The accuracy of these measurements, and their

correspondence to the carbonyl-carbonyl distances predicted
for parallelâ-sheets, argues convincingly for the homogene-
ity of the propagating array in the Aâ(10-35) fibril.

The interstrand distances for Val12, Gly25, Ser26, and Gly29,
however, are longer than those observed across the other
residues. Explanations for these longer distance determina-
tions, and the apparent dampened oscillations in the Gly25-
Ser26 double-labeled samples, have several possible origins
including averaging effects resulting from greater disorder
in this region of the peptide, and overdamping as a result of
DQ relaxation processes and/or additional weak internuclear
interactions. We have argued thatT2

DQ can be generally
neglected in these studies and that the relaxation processes
are more akin toT1F thanT2 under the DRAWS conditions
(18). The observation that data for the Gly25-Ser26 double-
labeled peptide were best modeled by incorporating a
parameter ofT2

DQ ) 10 ms and a 0.25 Å dispersion of
distances into the calculations, together with the slightly
longer interstrand distances measured for the single-labeled
residues in this region, argues that there is either a greater
mobility and/or a greater static heterogeneity associated with
these residues in the fiber. In that regard, the distances
measured for all three glycine residues in Aâ(10-35) give a
longer carbonyl-carbonyl distance consistent with the greater
flexibility associated with this residue. However, the greater
distances are not unique to glycine, as Val12 shows a 5.7 Å
interstrand dipolar contact, and this heterogeneity is probably
a characteristic of specific regions of the peptide. This
flexibility/disorder does appear to be very localized in the
fibril as Leu34, one residue from the C-terminus and just on
the C-terminal side of Gly33, appears both motionally
restricted and positionally fixed with an interstrand distance
of 4.9 Å. A further analysis of how side chain structure might
contribute to this flexibility and/or fibril heterogeneity will
be important for a complete understanding of fibril dynamics
and morphology.

There are several consequences of this extended array of
in-register, parallel,â-strands in the Aâ(10-35) fibrils. This
structure results in the amplification of the inherent am-
phiphilic character of the peptide across the entire repeated

FIGURE 6: Structural unit for Aâ(10-35) determined by NMR experiments. (A) Amino acid sequence of full-length Aâ and Aâ(10-35). (B)
â-Strand model of the peptide backbone of two adjacent Aâ(10-35) molecules in the long axis of a fibril. Each of the carbonyl carbons
examined by solid-state NMR is indicated, with inter-carbonyl distances given in angstroms (Å). At each of these positions, an interstrand
contact distance of≈5 Å was found using the DRAWS technique, for samples prepared at pH 7.4.
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stack of theâ-sheet. The understanding of the consequences
of this arrangement was exploited in the construction of the
PEG block copolymer as a strategy to generate Aâ fibrils
whose formation was completely reversible (46). In addition,
the repeated stacking of identical aliphatic side chains, such
as Ala, Val, and Leu, and the aromatic Phe side chains is a
common feature known to stabilize the extendedâ-sheets
found in crystal structures ofâ-helices (47-49). This
arrangement also places the planar histidine residues in
alignment (Figure 6). Several studies suggest that Zn2+ ions
may increase the rate of Aâ fibrillogenesis, though such ions
are not necessary for fibrillogenesis (36, 50-58). The in-
register parallelâ-sheet structure would place His13 and His14

of adjacentâ-strands in close proximity, possibly allowing
them to bind Zn2+ or other divalent metal ions. Such metal
binding might, in turn, stabilize the in-register parallel
â-strand conformation, and facilitate the formation of Aâ
fibrils.

To facilitate the preparation of homogeneous fibrils, the
truncated peptide model, Aâ(10-35), was used as a model for
the full-length Aâ(1-40) and Aâ(1-42) in these studies. An
antiparallel structure has been proposed for residues 34-42
on the basis of solid-state NMR studies of a doubly13C-
labeled nonapeptide (59), and this proposal has been
incorporated into a recent structural model of Aâ (60).
Energetic models of amyloids have supported both parallel
and antiparallelâ-strand organizations (61), and other models
have incorporated an ensemble of conformational species
within amyloid fibrils (5). These studies suggest that the full-
length peptide could exist as a parallelâ-sheet and have
established methods sufficient for its full characterization.
It is possible that the full-length peptide exists in a parallel
arrangement but diverges from this pattern near the termini;
or that it does not diverge from this pattern; or, alternatively,
that it differs radically from the truncated peptide. In any of
these cases, the approach taken in these studies should now
allow for the full characterization of the structure of the full-
length peptide. Such studies will continue to expand our
understanding of the structure and dynamics of the fibril
arrays formed by the amyloidogenic peptides and proteins.
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