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ABSTRACT: [3-Amyloid (ApS) 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
APB10-35). Specific interpeptide distance constraints are determined with dipolar recoupling NMR on fibrils
prepared from a series of singly labeled peptides contaifi@garbonyl-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 paralfekheet in-register at pH 7.4. Analysis of DRAWS data indicates
interstrand distances of 58 0.3 A (mean+ standard deviation) throughout the entire length of the
peptide, which is compatible only with a paralestrand 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 wifit incorporated at the carbonyl position of adjacent amino
acids, structural transitions fromhelix to 5-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 resiei28s 25
Implications of this extended parallel organization fg#&-ss) for overall fibril formation, stability, and
morphology based upon specific amino acid contacts are discussed.

p-Amyloid (Af3)* peptides are the main protein component directly aligned along the strand, i.e., “in-registet’7( 18.
of the pathognomonic plagues found in the brains of patients This conclusion was derived from solid-state NMR measure-
with Alzheimer’s disease. These heterogeneous, neurotoxicments of interatomic distances between like atoms in adjacent

peptides, mainly 3942 amino acids long, are derived from
partial proteolysis of the larger transmembrane protein, the
p-amyloid precursor protein@APP, 1-5), and are widely
believed to play a pathogenic role in Alzheimer’s disease.
In plaques, & peptides are found in highly ordered, but
noncrystalline fibrils of a characteristic morphology on
electron microscopy6—16). In a previous study, we have
reported that the hydrophobic core region @f:#-ss—residues

15 through 18-exists in a paralleB-sheet with like residues
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strands. A paralleB-sheet in-register, if extended throughout
the entire length of B0-35, 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
p-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 bodies19—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

rototypical of paracrystalline materials, but among them,

he g-amyloid (A3) 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 studieg (18, 49, 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:

Standard one- and three-letter abbreviations for amino acids are usedl) Truncated peptides used as models form fibrils of clear

throughout the text.

morphological similarity to those formed by full-lengthBA
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peptide 6, 8-12, 14-16). (2) Neurotoxicity is linked with
the ability of a peptide to self-associate ifkstrand fibrillar
aggregates4b, 62-66). (3) ABuo-35) incorporates the core
region, point mutations of which impede fibrillogenesis;

Benzinger et al.

Peptides determined to be-989% pure by this method were
stored as the ether precipitate-&20 °C. For some peptides,
further purification by preparatory HPLC was required.
Preparatory HPLC was performed on a Zorbax 300-SB C4

peptides derived from or based on this region have been useatolumn at 70°C under isocratic conditions (27% acetonitrile,

to generate fibrillogenesis inhibitor§ {—73). (4) ABo-3s)

retains the ability to add to bona fide Alzheimer’s plaques,

in contrast to other truncated peptid@4-¢78). (5) The full-
length peptide, Bu-42), iS relatively intractable for the
controlled formation of fibrils from agueous media, since at

0.1% trifluoroacetic acid).

Fibril Formation. The procedure used to form fibrils has
been described in detail elsewhel&)( Af o35 in 100%
trifluoroacetic acid (TFA) was precipitated into diethyl ether
at 0°C, and residual TFA was extracted by approximately

the earliest time points, some of the peptide exists as an10 washes with diethyl ether at’C. Then 50 mg of peptide

amorphous precipitate. In contrastj#y-ss formed fibrils

was dissolved in distilled deionized water to a concentration

from aqueous solutions of defined pH, ionic strength, and of ~0.6 mg/mL &0.2 mM); exact concentrations were
soluble peptide concentration in a reproducible and controlled determined by amino acid analysis. The pH of this solution
fashion, and yielded the homogeneous fibrils needed for was 2.9, due to the presence of traces of residual TFA; at

structural studiesl(, 76.

this point, no fibrils are precipitable by centrifugation at

In this paper, NMR experiments, based on the synthetic 1700@, nor are fibrils or amorphous precipitate visible by

incorporation of isotopically enriched carbonyl carbons of

electron microscopy. The pH was then adjusted to 5.60 or

individual amino acids, have been designed to extend the7.40 by the addition of 2L aliquots of 0.1 M NaOH every
structural model developed for the core domain across the2 min, with vortexing of the sample between additions of

entire sequence of fuo-35. In all, using a series of*C-

base. The solution was then gently swirled on a rotator plate,

labeled amino acids distributed across the entire sequenceat a rate of 0.5 rotation/s, for 3672 h, under nitrogen. The
sufficient dipolar constraints will be presented to assign the pH was reverified every 24 h and adjusted when necessary.

entire AB0-35) peptide as an in-register, parallgisheet
within the fibril. Our first goal in the current study was to

Aggregation was monitored by HPLC and EM as previously
described 17). This procedure produces typical amyloid

ascertain whether the structural model developed for the corefibrils that are visible by electron microscopy, and stain with
domain could be extended beyond this limited region, and Congo red dye, with classic apple green birefringence of the

across the entire sequence @4 -ss). In addition, previous
investigations of peptide models offAave shown that fibril

fibrils (35); no amorphous precipitate was detectable by
electron microscopy. For fibrils formed at pH 7.4, the

diameter and morphology change with both peptide length suspension of fibrils was then flash-frozen using a dry ice/

and sequencel®, 39. Such differences might reflect local
variations in mobility of the peptide chain, different local

ethanol bath, lyophilized, and stored -a20 °C for solid-
state NMR studies. Fibrils formed at pH 7.4 were reexamined

conformations within the peptide sequence, conformational by electron microscopy after lyophilization and found to
heterogeneity among peptide chains within the fibril, or any contain fibrils indistinguishable from those evaluated prior
combinations of these. This situation is common for many to lyophilization.

amyloidogenic peptides and proteins, and the approaches Ap fibrils formed at pH 5.6 which are stored a0 °C
developed in this study should be generally useful for the have been shown to denatu@s). Similarly, we found that
investigation of the structure and dynamics of any such self- lyophilization disrupted fibrils formed at pH 5.6, but not

associating material.

EXPERIMENTAL PROCEDURES

Peptide Synthesi\ll peptides reported in these studies
were humarB-amyloid, amino acids 10 through 35. Peptides
were synthesized and purified as reported previousH). (
Briefly, [1-13C]-L-glycine, [143C]-L-leucine, [113C]-L-serine,
and [143C]-L-valine were obtained from Cambridge Isotope
Laboratories. Isotopic enrichment of afC-labeled amino
acids was>=99%. Protection of thé*C-labeled amino acids
was performed by Midwest Biotech, Incfo-35) peptides

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-&0 °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

were synthesized using an FMOC amide resin (PE Biosys-was observed in the pH 5.6 sample; the samples were also
tems) and, hence, yielded a C-terminal amidated peptide afterexamined by electron microscopy.

cleavage. Standard FMOC chemistry was used on an ABI

Solid-State NMR ExperimenSolid-state NMR methods

model 431A peptide synthesizer; all nonaliphatic side chains used for this work have been described in detail elsewhere
were protected during synthesis, and protecting moieties were(17, 18, 37, 38 Briefly, cross-polarization/magic angle
removed during cleavage. All histidine and phenylalanine spinning (CP/MAS)*C NMR experiments were performed
residues were double-coupled. After cleavage from the resin,on a Bruker Advance DSX spectrometer tuned to a frequency
the peptides were then purified by ether extractions, after of 50.3 MHz. The DRAWS and DQ-DRAWS pulse se-
which the purity was assessed by analytical HPLC [using a quences were implemented7, 18, 37, 38 Lyophilized

Rainin 25x 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 7€C] and the identity confirmed
by MALDI-TOF or electron spray mass spectrometry.

peptide samples were mixed with-82 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,three spins are located at the vertexes of an equilateral
experiments were performed at room temperature. In sometriangle. While this geometry was the simplest to calculate,
cases, as noted in the text, fibril preparations were flash- it was unrealistic as a model of amyloid paraliekheets;
frozen in NMR rotors using liquid nitrogen and inserted into performing density matrix calculations on such a large
the precooled spectrometer for experiments-80 °C. In number of spins turns out to be impractical, however. For
all cases, samples were spun at 4528) Hz. The'3C RF this reason, we chose to study the influence of different
power level was set to 38.5 kHz. ThE decoupling level geometries on the simulations involving three spins, each
was 120 kHz. To allow the samples and electronics to reachlocated at the vertexes of an equilateral triangle, and four
equilibrium, samples were pulsed @ h prior to acquisition spins, with each spin located at the vertexes of a square.
of DRAWS data points, during which tindél and**C power The results for the two geometries were almost identical at
and tuning were checked and double-checked. DRAWS the initial decay rates, i.e., prior to the onset of the dipolar
spectra were acquired with 27276 transients. Data points  oscillations seen at the shorter distances. In the case of
for a single DRAWS curve typically required-# h of data simulations fo a 5 A distance, both models gave the same
acquisition; data points in the plots shown below were the result for DRAWS mixing times approaching 20 ms,
average values from five independent NMR experiments; atindicating that dl5 A simulation models in which every
least three replicate samples of each peptide were examine@pin interacts with two others of equal magnitude will be
in this way. Spectra from DRAWS experiments were indistinguishable. In addition, to test geometries that are more
processed and analyzed as previously describ&di@, 37. representative of fibril structure, we simulated multiple-spin
In addition, because in solid-state NMR virtually gtsheet  systems in a linear arrangement and compared the results
carbonyl chemical shifts are superimposable at 171 @80 ( with those obtained for the triangular model. The 5 A
it was necessary to subtract the natural-abundance signakimulation curves for linear versus triangular geometries are
derived from other amino acid residues; this was done asfairly similar and appear to become convergent as the number
described previouslyl(, 18. of spins applied to the linear model increases.

Num_encal S|mu!at|on§5|mulated_data were created by We have shown elsewher#§) that for fibrillar samples
numerical calculation using a density matrix approat, ( SQ relaxation i f carbonvl carbons measured
37). Briefly, the input parameters to the numerical calculation pf AB, T, relaxation times or carbony neasu

’ . . in the presence of DRAWS irradiation are very similar for
program included the chemical shift tensor (CSA) elements . . SQ L
all samples investigated, =~ 19 ms; similar values have

for the spin-1/2 nuclei, the dipolar coupling strengths, Euler b biained - usiv bonvi g b
angles which rotate the CSA tensors from the molecular 2€€n obtained previously for carbonyl (unprotonated) carbons

frame to their respective principal axis systems, an initial in other systems&Q). Furthermore, DRAWST;® values
density matrixo(0), an observable, and any relevant relax- Were similar regardless of the magnitudeTgP relaxation
ation parameters. In this work, the Euler angles were set totimes measured in the Hahn spiecho experiment. Hence,
zero, as it was determined that they had a negligible effect our previous analysis used the reasonable assumption that
on the simulated curves. The CSA parameters were takenTngalues would also follow a similar trend in the presence
from Ye et al. 89). The dipolar coupling strengttd) was of DRAWS r.f. irradiation. MoreoverT§Q values measured

calculated from the equation: for all amyloid samples tend to be similar. On the basis of
these arguments and the previously observed behavior of
d=7.598x 10 ?'Ir® RS? on the outcome of the DRAWS simulations on doubly

labeled samples (see referent8), the effects of DQ

wherer is the distance of separation (in meters) between relaxation could be neglected in our analyses of fibrillg A
two nuclei. samples. For the simulations of the nonfibrillar TFA/ether

Relaxation effects were modeled by multiplying the single preparations, a double quantum dephasing raﬁ'@%f: 14
quantum density matrix elements by an exponential factor ms was calculated to give the best fit of the data; there was
at the end of each time increment. Data from the unlabeled no dispersion of distances. In addition, a 0.25 A dispersion
sample were used to determine the appropriate singleof distances was used:; i.e., several distances from 2.8 to 4.1
quantum relaxation constant in the absence of an enrichedA were simulated in 0.05 A intervals. These calculated curves
nucleus. A powder average of 2000 randomly selected were added together using a normal distribution centered at

crystallite orientations was performed. _ 3.4 A with a width of 0.25 A as a weighting function.
As we report in detail elsewherd ), spin simulations

were performed using a three-spin, infinite-loop model for RESULTS

fibril samples. In analyzing DRAWS data, our procedure was

to model relaxation data according to numerical distance Confirmation of Fibril Morphology and StabilityElectron
simulations. These simulations, however, must take into microscopy was initially used to evaluate environmental
account the effects of the number of interacting spins and conditions necessary to prepare stable and homogeneous
the various multiple spin geometries, both of which are fibrils. As shown in Figure 1, fibrils were formed at pH 5.6
considered in detail in another papd). Briefly stated, and 7.4, and a significant number existed as superhelical
initial DRAWS results with peptides singly labeled wifiC pairs. The repeat distance of this twist we800 A, and the

in carbonyl carbon atoms of residues-1B of the “core diameters werev90 A by ~160 A. At pH 7.4, in addition
region” were calculated using “two-spin” and “three-spin” to the twisted pairs, more highly aggregated bundles of single
models, and the three-spin model with a distance of45.0 fibrils having a diameter of~80 A are obtained. Both
0.2 A provided a much better fit to the experimental data. conditions proved suitable for preparing homogeneous fibrils
Spin simulations were first performed using a model in which for solid-state NMR experiments.
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Ficure 1: Electron microscopy of Bo-3s) 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 3375Q The scale bar represents 100 nm.

Fibrils formed at pH 7.4 were stable to lyophilization ~ Vall8 pH 3.0 175.2 A
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, A J
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- Val18 pH 7.4 170.9 B
ings are in accord with those of Wood et &9). For these
reasons, most of the experiments reported below involved
fibril samples prepared at pH 7.4.

i toi + 1 Labeled Carbonyls as Probe for Secondary
Structure. Shown below is the amino acid sequence of
ABo-3s)

1Y EVHHQKLVFFAEDVGSNKGAIIGL *M

T T T T T T T T
350 300 250 200 150 100 50 0 ppm

In previous work, the core r(?SIqu@KLV of Afo-zs) FIGURE 2: Representative 1B5C-MAS spectra of samples prepared
were shown to exist in the /Afibril as a parallelf-sheet  tom (1130]Val;e Ao 36, Figure 2A shows a nonfibrillar sample
(17). Figure 2 shows representative H2-MAS spectra of  precipitated directly from 100% TFA into diethyl ether (p+3.0).
fibrils prepared from [1C]-ValigAf10-35) at pH 7.4, and Figure 2B shows a fibrillar sample of the same peptide prepared at
a nonfibrillar sample precipitated directly from 100% TFA PH 7.4. Figure 2A is the result of 256 scans on a sample containing
into diethyl ether (pH~ 3.0). At pH 7.4 (Figure 2B), the 52 TigeOf peptide; Figure 2B is the result of 16 scans on 50 mg of
carbonyl resonance appeared at 170.9 ppm. This shift wag cPiae:
consistent with that expected for valine restrained in a 3A). Extended ag-strands, this distance increases t0-3.3
p-conformation, 0 171.5 @0). When the peptide was 3.5 A. The ether-precipitated and fibrillized samples gave
precipitated from 100% TFA with diethyl ether (pH 3.0, significantly different dephasing rates (Figure 3B). When
Figure 2A), a resonance was observed at 175.2 ppm. Thissimulated using a relaxation parameter Rf = 58 s1,
chemical shift is consistent with valine existing in@helix distances of 3.6: 0.1 and 3.5+ 0.1 A, respectively, were
conformation, 174.9 ppm4(). determined. The fibrilized preparation therefore demonstrated

Carbonyt-carbonyl distances were measured directly ag-strand secondary structure, consistent with the determined
using dipolar recoupling NMR methods. Molecular modeling chemical shifts of the carbonyls and the previous interstrand
performed on the basis of X-ray diffraction data on peptide measurements within this region oBAo-ss (17, 18. In the
structures available in the Brookhaven Protein Data Bank context of the ether precipitate fhas been found to adopt
predicts that carbonyls in adjacent residues in canonical a-helical conformations in membrane-mimicking solvents
a-helices have separations in the range of34 A (Figure (41), and, indeed, an-helical conformation is believed to
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Ficure 3: (A) Predicted, i + 1 carbonyt-carbonyl distances for
a-helical (3.0 A) angs-strand (3.4 A) conformations. (B) [£C]-
Valig[1-13C]-Phage-Ap10-35 Was prepared either as a diethyl ether
precipitate from TFA or as fibrils formed at pH 5.6. Data shown
are for 50 mg samplet SD (h = 5) and analyzed by DRAWS.
Two-spin simulations were calculated under the DRAWS Hamil-
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for this core domain of Buo-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 parglisheet
in-register would be~5 A, a distance well within the range
of measurement by the DRAWS technique. To determine
whether the parallel, aligneg@-structure is propagated,
additional peptides were synthesized, each containing a single
amino acid labeled with3C 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 Putate Turn at Residues 2530.

1%YEVHHQKLVFFAEDV GSNKGAII GL**M

A turn sequence, predicted by the algorithm of Chou and
Fasman43) across residues 280, has been proposed for
Ap (7, 14-16, 44 and investigated by Pikelf). A peptide
containing two labeled residues at the start of the potential
turn domain, [1¥C]-Glys-[1-13C]-SebeApB10-35, Was syn-
thesized. Samples were prepared at pH3.0; 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
carbonyt-carbonyl distance was 3.0 A (Figure 3C), most
consistent with am-helical conformation. At both pH 5.6
and pH 7.4, however, the relaxation data were best simulated
with the longer distance o¥3.4 A. While this distance is
consistent with g-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 [13C]-Gly,s- and [143C]-Sebs
AP o35 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 Gly= 5.7 + 0.2 A
and Sefs = 5.6 + 0.2 A. Taken together with the parallel
JB-conformation established for the core region of the peptide,
both the inter- and intrastrand distances established witjs Gly
and Sejs are only consistent with a parall@-structure
extending through this region as well. Glycine residues are
the most conformationally flexible of the natural amino acids,

tonian, and the curves obtained for 3.0 and 3.4 A distances areand peptides containing [f€]-Gly,e and [143C]-Glyss were

shown. (C) DRAWS experiment on [EC]-Gly,s-[1-1°C]-Seke-
Ap10-35 obtained under the same conditions.

be the native conformation this region of tifleamyloid
precursor protein (APP) from which/Ais 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 arhelical conformation.
Extension of the Parallgd-Strand, Determined by Further
13C Labeling and Solid-State NMR our previous experi-
ments, 113C-labels at positions 1518 (boldface, underlined)

1% EVHHQKLV FFAEDVGSNKGAIIGL**M

prepared to determine if this anticipated flexibility might
contribute to the measured interstrand differences. Indeed,
both measured distances with the glgnd Glys carbonyl-
labeled peptides were larger, 5450.2 and 5.8+ 0.2 A,
respectively (Figure 4).

Evaluation of the N- and the C-Terminus:v&uation of
Additional Internal Hydrophobic Residues.

1% EVHHQKLVFFAEDVGSNKGAIIGL **M

Both [1-3C]-Vali,- and [1+3C]-LewssAfS0-35 Were pre-
pared to evaluate dipolar contacts at the extreme N- and
C-terminal ends, respectively. The interstrand distance
between the Ley carbonyls was found to be 48 0.2 A

were used to determine a parallel, directly aligned structure (Figure 5). Such a close contact was surprising given that
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FiIGURE 4: Examination of interpeptide distances at &l5ebs, Gly.o, and Glyss. Peptides containing C-labeled amino acids at positions

25, 36, 29, and 33 in the#\0-35 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 experime8i3)(obtained for 50 mg samples’256 scans). The data for Gly
(squares, A), Seg (circles, B), Glyg (triangles, C), and Gl (triangles, D) fit best for distances at 5%.2), 5.6 ¢0.2), 5.5 ¢0.2), and

5.7 #0.2) A, respectively. Error bars are displayed only when they exceed the symbol size.
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FIGURE 5: Examination of interpeptide distances at MaPheo, Val,s, and Ley,. Peptides containing C-labeled amino acids at positions

12, 20, 24, and 34 in the/fw0-35) Sequence were synthesized, prepared at pH 7.4, lyophilized, and examined under the DRAWS conditions.
For Pheo, Val,4, and Ley,, data represent the mean of 5 experimestSID) obtained for 50 mg samples256 scans). Phg(circles, B),

Valy, (triangles, C), and Ley (diamonds, D) give measured distances of %0.@), 5.1 ¢0.2), and 4.940.2) A, respectively. For Vaj,

the data represent the mean of two 50 mg sample prepara#@®,f = 10), and the interstrand distance is 570(3) A. Error bars are
displayed only when they exceed the symbol size.

Lews, is positioned on the C-terminal side of Glya residue there is some variation along the sequence, these measure-
shown above to have an interstrand distance of 5.8 A. At ments made across the length gf4-3s) were consistent

the N-terminus, fibrils prepared from [£€]-Vali-AB10-35) only with each residue in the fibril existing as an in-register
gave a 5.7+ 0.3 A interstrand distance (Figure 5). Such parallels-sheet equally positioned between two like strands
longer distances are unlikely to be a functiorpebranching of the same orientation and conformation.

in the side chains as fibrils prepared from fG]-Valig-

ABuo-35 gave a distance of 5.1 A, and [€]-Valys- DISCUSSION
ABuo-35), located on the N-terminal side of Gly also In this paper we demonstrate that the parafiesheet
showed a 5.1+ 0.2 A distance. [1¥C]-PheqsAB1o-35), structure, with like residues in-register, is observed not only

located at the C-terminal side of the central hydrophobic for the central core region of fo-35 but also through the
region, also gave a 52 0.2 A distance. Therefore, while  entire length of the peptide. Specific cross-linking reactions
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carried out on the forming fibrils of A.0-35) identified areas ~ correspondence to the carborgharbonyl distances predicted
of close contact between adjacent peptide molecules, andor parallel-sheets, argues convincingly for the homogene-
thus allowed for the synthetic incorporation of specific ity of the propagating array in theRo-ss) fibril.

isotopic labels for the measurement of interatomic distances  The interstrand distances for ValGlyzs, Sess, and Glyse,

within the core region7). On the C-terminal side of the  o\ever, are longer than those observed across the other
core region, at Phg Val,, and Ley,, interpeptide distances  gsjgues. Explanations for these longer distance determina-

of 5.2, 5.1, and 4.940.2) A, respectively, were observed, tions and the apparent dampened oscillations in thesSly
distances compatible only with the extension of the parallel Seks double-labeled samples, have several possible origins

f-strand across the entire length of this peptide. The slightly j¢|,ding averaging effects resulting from greater disorder
longer distance of 5.7 A between Valesidues close to the s region of the peptide, and overdamping as a result of

L\I-iﬁrmlnqs SLthge_sts cc:gtmugcmn r?f the ptar\]raﬂeitrufctur_e DQ relaxation processes and/or additional weak internuclear
0 the amino terminus, though pernaps with Some Iraying, a; oo -tions. We have argued thﬁfQ can be generally
common finding near the termini of peptides. In addition, a

turn structure is predicted within thesequence by the neglected in these studies and that the relaxation processes

Chou-Fasman algorithm as well as physical data on other are more akin td—l". thanT, under the DRAWS conditions
related peptides7( 1416, 43-45). Lee et al. 44) observed (18). The observation that data for the @Gy Seps double-

. . ' . - : labeled peptide were best modeled by incorporating a
a possible turn signature by NMR in dilute solutions of 00 — q 25 A di . f
ABo 35, though at a slightly different locus, amino acids Parameter off;= = 10 ms and a 0.25 A dispersion o

21-25. The distances observed in the studies reported abow{jiSt"’mces into the calculations, together with the slightly
for Valps, Glyss, Sebs, and Gly, are all incompatible with onger interstrand distances measured for the single-labeled

any known canonical turn, and indeed are consistent with reSidues in this region, argues that there is either a greater
only a paralle3-sheet in-register. By measuring interstrand mobility ar_1d/or a_greater_statlc heterogeneity assoua_ted with
distances down the length of the peptide, skipping no more these residues in the f|ber. In thgt regard, the .dlstances
than three residues, sufficient information was obtained to meéasured for all three glycine residues ifi#-ss) give a
establish that the entire fxo 35 peptide exists as an in- Ionge_r_carbonyk_carbonyl d|s_tance_ consistent with the greater
register paralle-sheet within the fibril. fI§X|b|I|ty associated ywth this res]due. However, the greater
Because of the 17 dependence of the dipolar coupling, qhstances are not unique to g'yc'_”e' asl‘g'ahovv_s a 5.7 A
the closest contact between two labeled sites dominates thd"terstrand d_|pqlar contact_,_and th_|3 heterogeneity IS probat_)ly
distance measurement. Therefore, intrastrand measurement% Ch?TaCte_”S“C of specific regions of the pe_pt|de: This
can be made with precision even in the presence of weaker _e>§|b|llty/d|sorder dogs appear to be veryllocallzed. in the
interstrand interactions. However, a particularly powerful fIoril @s Lews, one residue from the C-terminus and just on
feature of these experiments has been the ability to distin-t1e C-terminal side of Gly, appears both motionally

guish between single and multiple long-distance interactions restricted and positionallly fixed With an intgrstrand distgnce
(17, 18. Molecular modeling within existing-structures of 4.9 A. A further analysis of how side chain structure might

places bounds for the carbonyl to carbonyl distances of cor)tribute to this flexibility and/or fibril _hetero_ge_neity wiI_I
between 4.8 and 5.0 A, depending on the pleat of the sheetd€ important for a complete understanding of fibril dynamics
(17). Since the measured distances are derived from anand morphology.

average distance across all the peptides in the sheet, peptides There are several consequences of this extended array of
that have no dipolar contact will relax slower and contribute in-register, parallelg-strands in the fo-ss) fibrils. This

to an overall lengthening of the experimentally measured structure results in the amplification of the inherent am-
distance. The accuracy of these measurements, and theiphiphilic character of the peptide across the entire repeated

A.
"DAEFRHDSG'""YEVHHQKLVFFAEDVGSNKSAIIGLYMVGGVVI“ZA

YYEVHHQKLVFFAEDVGSNKSAIIGL*M

Glnjs Leu;;  Phey, Sersg Glyy Leu,,

Ay Ay g e -t *f - ~ e

' S.Tl 5.1 I 5.12

5.7 4.9 l 5.1

| N N

"N,‘"‘).' ~ o -~ o y ) ,\f‘~.,,~'. ~ 'y -~ - . -t o~ - - -4
Val, Lys;, Valy Gly,s Glyy

FIGURe 6: Structural unit for 41035 determined by NMR experiments. (A) Amino acid sequence of full-lengthaAd AB(10-35) (B)

p-Strand model of the peptide backbone of two adjacefiiAss) 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 (A). At each of these positions, an interstrand
contact distance of5 A was found using the DRAWS technique, for samples prepared at pH 7.4.
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stack of the3-sheet. The understanding of the consequences 8. Gorevic, P. D., Castano, E. M., Sarma, R., and Frangione, B.

of this arrangement was exploited in the construction of the

PEG block copolymer as a strategy to generatefifrils
whose formation was completely reversibd®); 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 extendegheets
found in crystal structures off-helices 47—49). This

arrangement also places the planar histidine residues in

alignment (Figure 6). Several studies suggest that Jons
may increase the rate offifibrillogenesis, though such ions
are not necessary for fibrillogenesi36( 50-58). The in-
register paralleB-sheet structure would place hisind Hig,4

of adjacenis-strands in close proximity, possibly allowing
them to bind ZA" or other divalent metal ions. Such metal
binding might, in turn, stabilize the in-register parallel
pB-strand conformation, and facilitate the formation gf A
fibrils.

To facilitate the preparation of homogeneous fibrils, the

truncated peptide model,Fyo-35, was used as a model for
the full-length AB1-40) and AB1-42) in these studies. An
antiparallel structure has been proposed for residuei34
on the basis of solid-state NMR studies of a doubig-
labeled nonapeptide59), and this proposal has been
incorporated into a recent structural model of A60).

Energetic models of amyloids have supported both parallel

and antiparalleB-strand organization$(), 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 paralfgksheet 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

9.

10.

11.

12.

13.
14.
15.
16.

17.

18.

19.

20.
21.
22.

23.
4

(1987)Biochem. Biophys. Res. Commun. 1834—862.
Halverson, K., Fraser, P. E., Kirschner, D. A., and Lansbury,
P. T., Jr. (1990Biochemistry 292639-2644.

Fraser, P. E., Duffy, L. K., O’'Malley, M. B., Nguyen, J.,
Inouye, H., and Kirschner, D. A. (1991) Neurosci. Res. 28
474—-485.

Fraser, P. E., Nguyen, J. T., Surewicz, W. K., and Kirschner,
D. A. (1991)Biophys. J. 601190-1201.

Fraser, P. E., Nguyen, J. T., Inouye, H., Surewicz, W. K.,
Selkoe, D. J., Podlisny, M. B., and Kirschner, D. A. (1992)
Biochemistry 3110716-10723.

Hilbich, C., Kisters-Woike, B., Reed, J., Masters, C. L., and
Beyreuther, K. (1991). Mol. Biol. 218 149-163.

Barrow, C. J., and Zagorski, M. G. (199gience 253179
182.

Barrow, C. J., Yasuda, A., Kenny, P. T., and Zagorski, M. G.
(1992)J. Mol. Biol. 225 1075-1093.

Burdick, D., Soreghan, B., Kwon, M., Kosmoski, J., Knauer,
M., Henschen, A., Yates, J., Cotman, C., and Glabe, C. (1992)
J. Biol. Chem 267, 546-554.

Benzinger, T. L. S., Gregory, D. M., Burkoth, T. S., Miller-
Auer, H., Lynn, D. G., Botto, R. E., and Meredith, S. C. (1998)
Proc. Natl. Acad. Sci. U.S.A. 10340713412.

Gregory, D. M., Benzinger, T. L. S., Burkoth, T. S., Miller-
Auer, H., Lynn, D. G., Meredith, S. C., and Botto, R. E. (1998)
Solid State Nucl. Magn. Reson.,11319-166.

Eaton, W. A., and Hofrichter, J. (19985v. Protein Chem.
40, 63—279.

Zinkernagel, R. M. (1997Biol. Chem. 378725-729.
Schroder, J. M. (1993rain Pathol. 3 177-190.

Ohtsuki, I., and Nagano, K. (1982dv. Biophys. 15 93—
130.

Horne, R. W. (1978). Microsc. 113 241-256.

24. Heine, H., and Schaeg, G. (19®jchows Arch. A: Pathol.

25.
26.

Anat. Histol. 376 89—94.

Knight, D. P., and Hunt, S. (1978@)ssue Cell 8183-193.
Magdoff-Fairchild, B., and Chiu, C. C. (197®roc. Natl.
Acad. Sci. U.S.A. 7823-226.

27. Ellis, M. J., Knapp, S., Koeck, P. J., Fakoor-Biniaz, Z.,

these cases, the approach taken in these studies should nowes.

allow for the full characterization of the structure of the full-

length peptide. Such studies will continue to expand our 2
understanding of the structure and dynamics of the fibril
arrays formed by the amyloidogenic peptides and proteins.
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