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ABSTRACT The pathognomonic plaques of Alzheimer’s
disease are composed primarily of the 39- to 43-aa b-amyloid
(Ab) peptide. Crosslinking of Ab peptides by tissue transglu-
taminase (tTg) indicates that Gln15 of one peptide is proximate
to Lys16 of another in aggregated Ab. Here we report how the
fibril structure is resolved by mapping interstrand distances in
this core region of the Ab peptide chain with solid-state NMR.
Isotopic substitution provides the source points for measuring
distances in aggregated Ab. Peptides containing a single car-
bonyl 13C label at Gln15, Lys16, Leu17, or Val18 were synthesized
and evaluated by NMR dipolar recoupling methods for the
measurement of interpeptide distances to a resolution of 0.2 Å.
Analysis of these data establish that this central core of Ab
consists of a parallel b-sheet structure in which identical resi-
dues on adjacent chains are aligned directly, i.e., in register. Our
data, in conjunction with existing structural data, establish that
the Ab fibril is a hydrogen-bonded, parallel b-sheet defining the
long axis of the Ab fibril propagation.

The primary component of the amyloid plaques of Alzheimer’s
disease is the 39- to 43-aa peptide b-amyloid (Ab), a proteolytic
product of the b-amyloid precursor protein (1–4). Mutations in
Ab and the presenilin have been found to increase the levels of
both soluble Ab peptides and of amyloid plaques and are
associated with an earlier onset and more severe phenotype of
Alzheimer’s disease (5–10). Furthermore, the number of amyloid
plaques correlates directly with the severity of the disease (11). It
has been shown, by electron microscopy and x-ray scattering, that
Alzheimer’s amyloid plaques consist of a highly ordered, fibrillar
structure which can be replicated in vitro by using synthetic
peptides (12–20). The basic secondary structure of these fibrils is
considered to be a b-strand (12–20), and the overall structure is
often referred to as a ‘‘cross-b fibril.’’ However, the precise
arrangement of the individual peptides in these fibrils has been
elusive. The term ‘‘cross-b fibril’’ is an historical one and has been
applied to Ab on the basis of data obtained from low-resolution
x-ray diffraction (21–23). Although such data are compatible with
either a parallel or antiparallel conformation, the term ‘‘cross-b’’
often has been assumed to betoken an antiparallel conformation,
and all of the prevailing models for b-amyloid fibrils incorporate
this assumption to some degree (24–31). The experimental
support for this contention, however, is limited to infrared
spectroscopy, which does not yield high precision data and which
cannot, furthermore, distinguish unambiguously between parallel
and antiparallel b-conformations.

The elucidation of the structure of Ab fibrils would be an
important step toward understanding the pathogenesis of Alz-
heimer’s disease and ultimately toward understanding the prop-
agating structure of the many fibrillar proteins involved in amy-

loid diseases. Efforts toward these goals have been hindered by
the insoluble, noncrystalline nature of Ab fibrils, which renders
them unsuitable for high resolution techniques of protein struc-
ture determination such as solution-phase NMR and x-ray crys-
tallography. In this paper, we use solid-state NMR to demon-
strate that the core structure of Ab contains b-strands in a parallel
arrangement. Using this approach, we have determined the
specific conformation and alignment of the core domain of Ab
peptide, which is critical for self-association and fibril formation
(32–39).

EXPERIMENTAL PROCEDURES
Peptide Synthesis. 1-13C-L-Lys, 1-13C-L-Gln, 1-13C-L-Leu,

1-13C-L-Phe, and 1-13C-L-Val were obtained from Cambridge
Isotope Laboratories (Cambridge, MA). Isotopic purities, from
individual lot numbers, were 99.2% for 1-13C-L-Lys; 97.4% for
1-13C-L-Gln; and 99.0% for 1-13C-L-Leu, 1-13C-L-Phe, and 1-13C-
L-Val. Protection of the 13C-labeled amino acids was performed
by Midwest Biotech (Indianapolis). Ab(10–35) with an amidated
carboxy terminus was synthesized by using standard 9-fluorome-
thoxycarbonyl chemistry on an Applied Biosystems model 431A
peptide synthesizer. Peptides were purified as described (40).
Molecular mass was verified by matrix-assisted laser desorption
ionization–time-of-flight mass spectroscopy. Peptide purity was
.96% by RP-HPLC.

Formation of Ab Fibrils for Solid-State NMR Studies.
Ab(10–35) in 100% trifuoroacetic acid was precipitated into diethyl
ether at 0°C, and residual trifuoroacetic acid was extracted with
diethyl ether. Peptide (50 mg) was dissolved in distilled water to
'0.6 mgyml ('0.2 mM); exact concentrations were determined
by amino acid analysis. The pH of this solution was 2.9 because
of the presence of traces of residual trifuoroacetic acid; at this
point, there was no precipitate by centrifugation at 17,000 3 g,
and no fibrils or amorphous precipitate were seen by electron
microscopy. The pH was adjusted to 7.40 by addition of 2-ml
aliquots of 0.1 M NaOH every 2 min. The solution then was
swirled gently at 0.5 rotationsys. The course of the reaction was
monitored by disappearance of monomeric peptide peak on
analytical RP-HPLC. At the end of this procedure, a precipitate
had formed, which was entirely fibrillar by electron microscopy;
that is, no amorphous precipitate was visible. Furthermore, as
published elsewhere (41), the fibrils could be stained by Congo
Red stain, and when viewed under doubly polarized light, they
displayed classical apple-green birefringence. The suspension of
fibrils then was flash-frozen, lyophilized, and stored at 220°C for
solid-state NMR studies. As control experiments, we tested
several other procedures for sample preparation, notably the use
of flash-freezing at 280°C or 2196°C, with or without subsequent
lyophilization. In no case was any difference in the NMR spectra
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observed to result from these variations in sample preparation, so
long as the pH was 7.40.

Solid-State NMR. Cross-polarizationymagic-angle spinning
13C NMR experiments were performed on a Bruker Avance DSX
spectrometer (Bruker, Bellerica, MA) tuned to a frequency of
50.3 MHz. The dipolar recoupling in a windowless sequence
(DRAWS) pulse sequence was implemented (42). Spectra were
acquired with 272 scans for the 50-mg, 13C-labeled samples
(1-13C-Gln15-Ab, 1-13C-Leu17-Ab, and 1-13C-Val18-Ab) and 600
scans for unlabeled or 15-mg samples (1-13C-Lys16-Ab). There-
fore, to acquire all of the points for a single DRAWS curve, with
a 5-fold repetition of points, typically took 5–21 h. All samples
contained a small amount of hexamethylbenzene (8–12 mg) as an
internal control. Samples were spun at 4,525 (63) Hz. The 13C
radio frequency power level was set to 38.5 kHz. The 1H
decoupling level was 120 kHz. Spectra from DRAWS experi-
ments were processed and analyzed as described (42).

Simulated data were created by numerical calculation by using
a density matrix approach (58). The input parameters to the
numerical calculation program included the chemical shift tensor
elements for the spin-1y2 nuclei, the dipolar coupling strengths,
Euler angles that rotate the chemical shift tensors from the
molecular frame to their respective principle axis systems, an
initial density matrix r(0), an observable, and any relevant
relaxation parameters. In this work, the Euler angles were set to
zero because it was determined that they had a negligible effect
on the simulated curves. The chemical shift tensor parameters
were taken from the data of Ye et al. (44). The initial density
matrix and the observable are given by either

r~0! 5 q̂ 5 I1Y 1 I2Y

or

r~0! 5 q̂ 5 I1Y 1 I2Y 1 I3Y

for two spin and three spin systems, respectively. This was
propagated under the DRAWS Hamiltonian (44). The calculated
‘‘signal’’ was found by taking the trace

K q̂~t!L 5 trF r~t!q̂G
r~t! 5 U21~t!r~0!U~t!

U~t! 5 P
m51

n

exp~iH~mzDt!!

and

n 5
t

Dt
.

The time increment was typically 2–3 ms. The program also
performed a powder average of 2,000 randomly selected crystal-
lite orientations.

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 relax-
ation time constant. Moreover, this decay rate was reproduced in
several other samples, including unfibrilized Ab containing single
and multiple 13C labels. Ab fibril samples containing a single 13C
label diluted to 10% in unlabeled material also showed in a decay
rate similar to that measured for unlabeled Ab samples.

In other work, we performed several additional experiments,
confirming that modeling of other relaxation processes as an
additional, single-exponential decay was reasonable. First,
DRAWS was performed on 13C-labeled model compounds (suc-

cinic and adipic acid) with carbonyl–carbonyl carbon distances of
3.8 Å and 6.3 Å, respectively. Accordingly, measured DRAWS
distances were found to be 3.8 1 0.1 Å and 6.0 1 0.5 Å, validating
the accuracy of the measurements over distances .4 Å. Further-
more, only single-quantum relaxation effects were taken into
account in the calculations. Results from numerical simulations
showed that effects of zero-quantum relaxation were negligible
on the DRAWS results. On the other hand, simulations showed
that double-quantum relaxation can have a measurable effect on
the results. However, for unprotonated carbonyl carbons, simu-
lations were found to fit the data better when effects from
double-quantum relaxation were ignored; this included distances
from 3.4 to 6.0 Å measured for the Ab fibrils. Therefore,
double-quantum relaxation appeared to have a negligible effect
on our experiments.

Given the inherent resolution of solid-state NMR spectra,
virtually all b-sheet carbonyl chemical shifts are superimposible
at d ' 171 ppm (45). It was necessary, therefore, to subtract the
natural abundance signal derived from other amino acid residues.
For ST equaling total experimentally observed signal, one obtains

ST 5 aSL 1 bSU

where SL equals normalized signal attributable to the labeled
carbonyl carbon, and SU equals normalized aggregated signal
caused by natural abundance of 13C at all 25 other carbonyl
carbon atoms, and a 1 b 5 1. This treatment assumes that the 13C
abundance at the labeled position is 100% and is 1.1% for each
of the other 25 amino acids in the peptide. Thus, a 5 0.78 and

ST 5 aSL 1 ~1 2 a!SU

SL 5 ~ST 2 0.22SU!y0.78

Structural Modeling. The distances tabulated in Fig. 2 are for
crystallgraphic structures of 1BNH (46) and 2DLH (47). Indi-
vidual distances for b-sheets varied by as much as 0.5 Å for a given
position, especially when approaching a turn or the end of a sheet;
however, in each of the structures examined, the mean measure-
ment for a given position fell within the standard error for the
structures represented in the table. The DRAWS experiment

FIG. 1. Crosslinking by tTg suggests design of NMR experiments. (A)
Amino acid sequence of Ab(10–35). Peptides containing a 13C label at the
carbonyl carbon of either Gln15 or Lys16 (underlined) were synthesized for
use in solid-state NMR experiments. (B) Unlabeled Ab(10–35) was
crosslinked by tTg (69, 70) and was analyzed on TriszTricine SDSyPAGE
(83). Reaction mixtures contained 1 mgyml Ab(10–35) peptide, 0.04–0.20
mgyml tTg (Sigma), and 0.2–0.4 mM CaCl2 in 40 mM Tris (pH 8.6). After
4 h at 23°C, the experiments were stopped by addition of excess EDTA.
Crosslinked peptide species ranged from dimeric to hexameric. The
proportion of higher molecular weight species depended on the amount
of tTg included; no higher order oligomers were observed. Specific
crosslinking of Gln15 of one peptide to Lys16 of another, in a regular,
ordered fashion, suggested placing 13C labels at these positions.
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gives a single result, representing the average distance for that
contact in the molecule; hence, standard error and not standard
deviation is presented in Fig. 2.

RESULTS AND DISCUSSION
In recent years, solid-state NMR methods have emerged that
are capable of determining the local structures of biomol-
ecules. These methods have allowed the measurement of
internuclear distances between specific labels to an accuracy
of 60.2 Å (42, 48–65). Until now, solid-state NMR had not
been used successfully to determine the structures of complex,
self-associating proteins such as the amyloids. This lack of
success is caused largely by two particular barriers. First, the
experiments require the incorporation of specific nuclear
labels at discrete positions; the decision of where to place these
labels, in the context of a large molecule, is nontrivial. Thus,
most experiments have been limited to small peptides or
oligonucleotide sequences, often those with known crystallo-

graphic structures. Second, the usual approach is to place two
specific labels within a single molecule and measure the
distance between them. In the study of self-associating amy-
loids and prion proteins, however, untangling intramolecular
interactions in the presence of stronger intermolecular inter-
actions has proven to be complex, and the resulting structural
data have been limited to the tentative assignment of confor-
mational structure (43). Thus, an approach that examines only
intermolecular associations is highly desirable.

The decision of where to place these labels was aided by studies
of tissue transglutaminase (tTg) crosslinking of Ab (66–70). This
enzyme specifically crosslinks Gln15 and Lys16 of Ab but never
involves Lys28 (70), suggesting that Gln15 and Lys16 are proximate
in an aggregated form of Ab. For our experiments, we synthesized
a 26-aa peptide, comprising residues 10–35 of the Ab peptide
(Ab(10–35), Fig. 1A). For Ab(10–35), the reaction of tTg was
self-limiting, as only products up to the size of a hexamer were
observed (Fig. 1B). This specificity of the tTg reaction suggested

FIG. 2. Modeling of b-strands indicating that orientation and alignment of Ab can be determined by peptides containing single 1-13C labels in Gln15
or Lys16. (A) Top pair: the chemical and schematic views of a single alignment of two parallel b strands. The ‘‘pleat’’ of the b-pleated sheet is denoted
by the offsets of the amino acids in the schematic view (right). For this single alignment, there are two possible offsets of the carbonyls, i.e., one where
the carbonyls representing Gln15 (pink arrows) point out of the b-sheet (top pair) and one where the carbonyls of Gln15 point into the b-sheet (bottom
pair). Interstrand carbonyl–carbonyl distances for parallel and antiparallel b-sheets were measured for .50 structures from the Brookhaven National
Laboratory Protein Data Base, including isolated pairs of b-strands, sheets, and barrels. Two representative structures were chosen (46, 47). Shown in
B are the measurements obtained for one antiparallel structure, in Å 6 SE (n 5 23–29), correlated with possible interstrand alignments of singly 1-13C
labeled (Gln15 or Lys16) Ab peptides. In C are the measurements obtained for one parallel structure, in Å 6 SE (n 5 34–38), correlated with possible
interstrand alignments of singly 1-13C labeled (Gln15 or Lys16) Ab peptides. The DRAWS experiment has a sensitivity limit of 6 Å and a precision of
0.1–0.2 Å; hence, it was clear at the outset of the experiment that if the Gln15 was indeed ‘‘near’’ the Lys16 of an adjacent peptide, combined distance
data for the 1-13C-Gln15 and 1-13C-Lys16 peptides could be used to predict the form (parallel or antiparallel) and alignment of the peptides as they
self-associate in the fibrils.
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initial sites of Gln15 and Lys16 for the placement of 13C labels in
Ab(10–35) for the NMR experiments.

For structural studies, a biologically relevant peptide was
required, which could be prepared in a homogeneous fibrillar
form. Our selection of Ab(10–35) was based on the following
considerations: (i) Model peptide studies have demonstrated that
truncated peptides form fibrils (12–20); (ii) neurotoxicity is linked
with a peptide’s ability to self-associate into filamentous b-strand
aggregates (71–76); (iii) Ab(10–35) incorporates the core region,
point mutations of which significantly obstruct fibril formation
and have been used to generate inhibitors of fibrillogenesis
(33–39); (iv) Ab(10–35) retains the ability to add to bona fide
Alzheimer’s plaques, in contrast to other truncated peptides
(77–81), and forms fibrils morphologically similar to those of the
full length peptide; (v) and of most importance, the full length
peptide, Ab(1–42), is intractable for the controlled formation of
fibrils from aqueous media because at the earliest time points,
some of the peptide exists as an amorphous precipitate. In
contrast, the use of Ab(10–35) allowed the reproducible and
controlled formation of fibrils from aqueous solutions, under
defined conditions of pH, ionic strength, and peptide concentra-
tion and thus yielded the required homogeneous fibrils.

We implemented the DRAWS pulse sequence to measure
distances between 13C nuclei (42) in fibrillar peptides containing
a single label in one amino acid. The DRAWS pulse sequence
selectively restores the dipolar coupling interaction that is elim-
inated as a result of magic-angle spinning. Only interactions
between proximal 13C labels in aggregated Ab fibrils were
observed as an accelerated rate of decay of the NMR signal with
increasing DRAWS mixing time. Moreover, one of the distinct
advantages of this method is its ability to measure distances
between two sites containing an identical 13C-label with degen-
erate chemical shifts, e.g., two 13C carbonyl labels of a single
amino acid. Because of the sensitivity of the inverse cube rela-
tionship of dipolar coupling to internuclear separation, the
DRAWS approach allows precise measurement of 13C-13C in-
ternuclear separations, up to a maximum distance of '6 Å.

To analyze the distance measurements obtained in the
DRAWS experiments, we obtained interstrand carbonyl–
carbonyl distances for parallel and antiparallel alignments of
b-strand peptide conformations based on data from structures in
the Brookhaven National Laboratory Protein Data Bank, and
these distances then were superimposed on sliding alignment
models of Ab peptides (Fig. 2). For peptides containing a single
13C backbone carbonyl, the predicted distances for different
interstrand alignments indicated that, if the Gln15 of one peptide
was indeed proximate to the Lys16 of an adjacent peptide, then a
clear solution to the structure of this domain could be obtained
given the precision of the NMR measurements. Furthermore, by
labeling only one position per peptide, only intermolecular in-
teractions between nuclei were measured.

Three sets of fibrils were prepared initially: 1-13C-Gln15-Ab,
1-13C-Lys16-Ab, and unlabeled-Ab. To obtain distances between
labels, DRAWS experiments were performed on the fibrils (Fig.
3). The signal of the labeled carbonyl peak (d ' 171 ppm) was
integrated for each mixing time, and the normalized signal
intensity was plotted as a function of mixing time for both the
labeled and unlabeled samples. The plots then were compared
with theoretical curves obtained from numerical simulations. As
shown in Fig. 3, distances measured for the 1-13C-Gln15-Ab and
1-13C-Lys16-Ab samples were 5.1 Å (60.2) and 4.9 Å (60.2),
respectively. These distances were obtained for both repeated
measurements on the same sample and for repeated sample
preparations at pH 7.4, including control experiments as sum-
marized briefly in Experimental Procedures. These aspects of the
experiments are discussed elsewhere (82).

Close analysis of the DRAWS results revealed yet another
structural constraint. The contacts under observation did not fit
a simple ‘‘two-spin’’ numerical simulation. As shown in Fig. 3C,
at mixing times of 16 ms and greater, the experimental data

deviate from a simulation designed to examine a pair of 13C
carbonyls interacting in isolation. However, if the simulations are
adjusted to model a condition under which every 13C carbonyl
interacts with two, equidistant 13C carbonyls (multiple spin
model, Fig. 3D), the experimental data conform more closely to
the simulation curves. Additional simulated DRAWS curves
using a model of four spins resulted in the same measured
distance. Thus, it is reasonable to assume that any model in which
each spin is coupled to several other spins will give similar results.

This multiplicity constraint had an important bearing on the
structural modeling which followed. As indicated by the data in
Fig. 2 and illustrated in Fig. 4, distance constraints of 5 Å for both
Gln15-Gln15 and Lys16-Lys16 could fit either a parallel or an
antiparallel b-strand structure. In the parallel structure, every 13C
carbonyl interacts with two, equidistant 13C carbonyls (‘‘multiple
spins’’; Fig. 4A). In the antiparallel structure, however, each 13C
carbonyl interacts with only one other 13C carbonyl at a distance
of 4.8 Å; the second 13C carbonyl interaction of 8.1 Å would not
be detectable in the DRAWS experiment. Hence, in the antipa-
rallel model, each 13C interacts effectively with one spin in
isolation (two spins; Fig. 4B). Thus, from the DRAWS experi-
ments, there were two 5-Å distance constraints and a multiplicity
constraint, which made the parallel, directly aligned structure
(Fig. 4A) the clearly preferable solution.

To test the validity of this structure, two additional peptides
were synthesized: 1-13C-Leu17-Ab and 1-13C-Val18-Ab. For both

FIG. 3. DRAWS data demonstrating a 5-Å, multiple-contact model
for both 1-13C-Gln15-Ab and 1-13C-Lys16-Ab fibrils. (A) Conventional
cross polarizationymagic angle spinning experiment (DRAWS mixing
time 5 0) for 50 mg of 1-13C-Gln15-Ab (d 5 171 ppm) mixed with 10 mg
of unlabeled hexamethylbenzene (internal control). (B) For each peptide,
the DRAWS experiment was performed by using a series of mixing times
from 0 to 22 ms. At each mixing time, the carbonyl peak was integrated
and normalized to the first data point (mixing time 5 0) to allow
comparison between samples. Data also were adjusted for natural abun-
dance signal as described in Experimental Procedures. Values shown are
the mean 6 1 SD for 50 mg of 1-13C-Gln15-Ab lyophilized fibrils (red
squares, n 5 5), 15 mg of 1-13C-Lys16-Ab (blue circles, n 5 6), and 50 mg
of unlabeled fibrils (black triangles, n 5 5) compared with numerical
simulations of no interaction (dotted line), a 5.2-Å interaction (long
dashed line), a 5.0-Å interaction (solid line), or a 4.8-Å interaction (short
dashed line). Error bars for experimental data are shown only when they
exceed the symbol size. C shows the same data for 1-13C-Gln15-Ab plotted
against simulations for two 13C labels interacting in isolation (i.e., a single,
two-spin contact) at 5.0 Å (solid line), 4.8 Å (short dashed line), or 4.6 Å
(dot-dash line). D shows the 1-13C-Gln15-Ab data plotted against simu-
lations for three or more 13C labels interacting simultaneously (multiple
spin, i.e., each 13C label has at least two contacts) at 5.2 Å (long dashed
line), 5.0 Å (solid line), or 4.8 Å (short dashed line). At mixing times
beyond 16 ms, the experimental data clearly fit a multiple-interaction
model (D) better than an isolated-interaction model (C).

13410 Biochemistry: Benzinger et al. Proc. Natl. Acad. Sci. USA 95 (1998)



peptides, the parallel, directly aligned structure (Fig. 4A) predicts
distances of 5 Å. The antiparallel structure (Fig. 4B) predicts
distances of '8 Å and '13 Å for 1-13C-Leu17-Ab and 1-13C-
Val18-Ab contacts, respectively. The increased interstrand dis-
tances predicted for Leu17 and Val18 in the antiparallel structure
follow from the fact that, for antiparallel b-sheets, the internu-
clear distances increase continuously as the antiparallel chains
proceed from the point of Lys15-Gln16 proximity. As can be seen
in Fig. 4 C and D, DRAWS curves for 1-13C-Leu17-Ab and
1-13C-Val18-Ab demonstrate 5.1 Å (6 0.2) and 5.0 Å (6 0.2),
respectively, which is consistent with only the parallel, directly
aligned structure for the core of the Ab fibril (Fig. 4A).

Our data, establishing that the Ab peptide stacks as a directly
aligned parallel b-sheet, now can explain important previous
observations. x-ray diffraction studies have identified 5- and 10-Å
reflections of Ab fibrils. The intensity of the 5-Å reflection was
attributed to the repeating unit occurring along the long axis of
the fibril (32–39), and our data now can account for this 5-Å
reflection by positing the parallel b-sheet oriented with H-bonds
along the fibril axis. The weaker 10-Å reflection then would be
attributable to the lamination of multiple b-sheets through side
chain interactions, allowing for lateral thickening of the fibril.
Therefore, our data provide an atomic resolution structure for an
Ab fibril, and the outlined approach is completely generalizable,
providing a strategy for characterizing the fibrillar structures
critical to amyloid diseases.
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synthesized. A parallel arrangement (A) predicts 5-Å contacts for both peptides. An antiparallel arrangement (B) predicts that no measurable
interaction at either Leu17 or Val18 would be found. (C) DRAWS experiments for 1-13C-Leu17-Ab demonstrate a 5.1-Å (6 0.2) interaction at this
position. Data shown are mean (6 SD of mean) for two 50-mg samples, each run five times. (D) DRAWS experiments for 1-13C-Val18-Ab
demonstrate a 5.0-Å (6 0.2) interaction. Data shown are for one 50 mg-sample, run five times per data point. For both C and D, error bars are
shown only when they exceed the size of the data point. Simulations shown are for multiple interactions (i.e., multiple spins) at 5.2-Å (long dashed
line), 5.0-Å (solid line), or 4.8-Å (short dashed line).
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