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Structure and Texture of Fibrous Crystals
Formed by Alzheimer’s A�(11–25) Peptide Fragment

structure capable of organizing the Congo red dye mole-
cules along the length of the fibrils. Indeed, historically,
amyloid was identified by staining with specific dyes
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2 Structural Medicine Unit fibrous entities, with lateral dimensions in the range of
Department of Haematology 7–10 nm. In addition, the fibrils can display fibrillation,
Cambridge Institute for Medical Research (axial) twisting, and ribbon-like characteristics. How-
Wellcome Trust/MRC Building ever, to date, the most crucial identifying feature of amy-
University of Cambridge loid is the nature of the X-ray (or electron) diffraction
Hills Road data. Amyloid fibrils display a distinctive X-ray diffrac-
Cambridge CB2 2XY tion fingerprint (Eanes and Glenner, 1968; Sunde et al.,
United Kingdom 1997) that emanates from the “cross-�” structure (Ru-

dall, 1946, 1950, 1952), one of the small number of ex-
plicit and repetitive protein conformations. The first de-
tailed structural model for the cross-� conformation in

Summary proteins was described by Geddes and coworkers in
1968 (Geddes et al., 1968). More recently, other versions

Amyloid fibril deposition is central to the pathology of have been described (Krejchi et al., 1997). In the cross-�
Alzheimer’s disease. X-ray diffraction from amyloid structure, the protein chains run orthogonal to the fibril
fibrils formed from full-length A�(1–40) and from a direction and are hydrogen bonded (interchain spacing
shorter fragment, A�(11–25), have revealed cross-� 0.47 nm) in an orchestrated manner to form a � sheet
diffraction fingerprints. Magnetic alignment of A�(11– (Geddes et al., 1968; Krejchi et al., 1997; Pauling and
25) amyloid fibrils gave a distinctive X-ray diffraction Corey, 1953), as illustrated in Figure 1. A crystallographic
texture, allowing interpretation of the diffraction data repeat of 0.70 nm is evident along the pleated � chain
and a model of the arrangement of the peptides within (i.e., with an axial advance per peptide unit of 0.35 nm
the amyloid fiber specimen to be constructed. An in- and arranged with a 2-fold helical repeat). The spacing
triguing feature of the structure of fibrillar A�(11–25) between the � sheets is variable and depends on the
is that the � sheets, of width 5.2 nm, stack by slipping size of side chain groups, from 0.37 nm for polyglycine
relative to each other by the length of two amino acid (Fraser and MacRae, 1973) to 1.40 nm for calcium salts
units (0.70 nm) to form � ribbons 4.42 nm in thickness. of polyglutamic acid (Keith et al., 1969). The peptide
A�(1–40) amyloid fibrils likely consist of once-folded chains may be arranged in an antiparallel (Figure 1A) or
hairpins, consistent with the size of the fibers obtained parallel (Figure 1B) fashion, or possibly a mixture (Ser-
using electron microscopy and X-ray diffraction. pell, 2000). The positions of the principal diffraction sig-

nals provide the key to unraveling the texture and basic
Introduction

crystallographic structure of the specimen.
Study of the structure of mature amyloid fibrils has

Amyloidoses are a group of degenerative diseases in
been problematic due to the insoluble and heteroge-

which normally soluble proteins undergo a conforma-
neous nature of the fibrils. Ex vivo preparations cantional change accompanied by aggregation and are de-
often be contaminated and the harsh extraction proce-posited as amyloid fibrils in the tissues. Many different
dure can damage the structure. Amyloid fibrils can beproteins have been identified that form amyloid in dis-
assembled in vitro, allowing the study of pure proteinease (Sunde and Blake, 1998); each is characterized by
amyloid fibrils. TEM studies reveal that amyloid fibrilsthe protein comprising the amyloid fibrils. In the case
from many different sources exhibit similar morphologi-of Alzheimer’s disease amyloid, two closely related poly-
cal features. X-ray diffraction has been used to examinepeptides consisting of 40 and 42 amino acids and known
the structure of Alzheimer’s amyloid formed from full-as A� comprise the fibrillar amyloid. These polypeptides
length and fragments of A� (Inouye et al., 1993; Inouyeare cleaved from a larger, transmembrane protein known
and Kirschner, 1997; Malinchik et al., 1998).as the amyloid precursor protein (APP; Selkoe, 1991).

In particular, A�(11–25) has been found to form or-Amyloid fibrils exhibit certain distinctive features. For
dered amyloid fibrils, exhibiting similar morphology toexample, Congo red staining reveals an apple green
those of full-length A� (Serpell and Smith, 2000; Serpellbirefringence color under crosspolarized light, sug-
et al., 2000). This peptide is located in a central regiongesting that amyloid fibrils are composed of a repeating
of A�, thought to be important in fibril formation (Serpell,
2000) and may represent the core structure of amyloid*Correspondence: e.atkins@bristol.ac.uk
fibrils (Serpell et al., 2000). High-resolution cryo-electron3 Present address: Department of Physics, Norwegian University of

Science and Technology, Trondheim, Norway. microscopy was used to examine the molecular struc-
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Figure 1. Views, Orthogonal to the Surface, of a Schematic Cross-� Hydrogen-Bonded Sheet

Chain segments and hydrogen bonds are represented by arrowed strips and dotted lines, respectively.
(A) Antiparallel � sheets; for a long protein chain, these antiparallel segments would be connected by reverse turns. The crystallographic
repeat is twice the characteristic 0.47 nm intrasheet, interchain spacing.
(B) For shorter chains, the chain segments can be in parallel.

ture of amyloid fibrils composed of A�(11–25) embedded Results
in ice (Serpell and Smith, 2000). Electron micrograph

Morphology of A�(1–40) and A�(11–25)images of selected single fibrils showed a regular set
Amyloid Fibrilsof transverse striations across the whole fibril at a spac-
A TEM image obtained from self-assembled A�(11–25)ing of 0.47 nm, directly revealing the cross-� structure.
peptide is shown in Figure 2A. Long (many �m), thinMagnetic field alignment was used to orient A�(11–25)
ribbon-like or fibrillar strands are seen with a strongamyloid fibrils (Serpell et al., 2000) for X-ray diffraction,
suggestion of twisting, but without any obvious long-and two discrete orientations of the fibers were found,
range periodicity. The ribbons are close to 5 nm in width.orthogonal and axial. This unusual feature revealed that
This value is commensurate with the calculated lengththe fibrous sample exhibited a preferred texture, be-
of 5.2 nm for A�(11–25) in the � conformation. Figurecause separate X-ray diffraction patterns obtained with
2B shows similar ribbon-like strands obtained from self-the incident beam directed in three mutually orthogonal
assembled A�(1–40) peptide molecules. If the moleculesdirections gave distinctly different patterns. The X-ray
were in the unfolded � conformation, the widths woulddiffraction pattern obtained with the incident beam par-
be expected to be 14 nm, that is, 270% wider than for theallel to the fiber axis revealed discrete arcs rather than
A�(11–25) peptide molecules. However, the maximumdiffraction rings, ruling out cylindrical fiber symmetry.
widths seen are only 7 nm. This would suggest thatA model of fibrils composed of once-folded peptide
the A�(1–40) molecules are once-folded hairpins in thishairpins, associating in paired duplexes, was suggested
preparation or that some regions of the peptide are notfor A�(11–25) crystals grown in an applied magnetic field
involved in the core structure of the fiber.(Serpell et al., 2000). However, closer examination of

these X-ray data, together with new information, has
cast doubts on some aspects of this particular model Comparison of X-Ray Patterns from Amyloid
and revealed that the peptide chains form extended, Fibers of A�(11–25) and A�(1–40)
unfolded � strands. The X-ray diffraction patterns from drawn fibers of A�(11–

Here, we reexamine the original X-ray diffraction pat- 25) and A�(1–40) amyloid are compared in Figures 2C and
terns obtained from A�(11–25) crystallized in an applied 2D. Both exhibit the basic cross-� diffraction fingerprint
2 Tesla magnetic field in greater detail, and have been with the 0.47 nm diffraction signal on the meridian, and
able to derive a new and detailed three-dimensional struc- many of the essential features are the same, suggesting
ture for this oligopeptide. The calculated diffraction pattern a similar molecular organization. The shorter A�(11–25)
is tested against the experimental data to ensure that there peptide fragment yields better quality and higher resolu-
is a convincing match. We also introduce some additional tion X-ray diffraction data and therefore offers the oppor-
fiber X-ray diffraction data and TEM images obtained from tunity to extract more detailed structural information than
A�(11–25) and compare these results to those obtained for the A�(1–40) amyloid fibrils.

The X-ray diffraction pattern of a fiber obtained fromfrom the longer A�(1–40) amyloid fragment.
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Figure 2. Electron Micrographs and Wide-Angle X-Ray Diffraction Patterns from Cross-� Ribbons of Self-Assembled A� Fragments

(A) Negatively stained electron micrograph of the A�(11–25) fragment; the measured width of �5 nm (see arrowed markers) is commensurate
with a nonfolded A�(11–25) peptide in the extended � conformation.
(B) The A�(1–40) fragment; the maximum estimated width is �7 nm.
(C) A�(11–25) and (D) A�(1–40). Wide-angle X-ray patterns; fiber axis (a*) vertical.

A�(11–25) is shown in Figure 2C. The pattern exhibits antiparallel � sheet structure (Geddes et al., 1968; Krej-
chi et al., 1997; Fraser and MacRae, 1973). The angularthe characteristic cross-� fingerprint: a meridional arc

at 0.47 nm (200) and a strong equatorial diffraction signal spread of the sharp 200 (0.47 nm) diffraction signal is
noticeably greater than the other diffraction signals; in-(020) at 1.06 nm. This latter value represents the in-

tersheet stacking periodicity, controlled by the amino deed, a proportion of 200 diffraction poles occurs at all
azimuths generating a diffraction ring. This suggestsacid side groups, and falls within the range 0.37 nm

(Fraser and MacRae, 1973) to 1.40 nm (Keith et al., 1969), that some cross-� entities are not (fully) responding to
the external orienting forces. A possible and plausibleas mentioned in the Introduction. The diffraction signals

can be indexed on a monoclinic unit cell with parameters explanation of this feature is as follows. The first stage
of the self-assembly and growth of the peptides is thea � 0.942 nm; b � 2.500 nm; c (chain axis) � 0.697 nm;

� � 122�; � � � � 90�. The details of the d-spacings formation of A�(11–25) cross-� ribbons. The strong,
characteristic diffraction fingerprint of an individual rib-and indexing, together with the reciprocal unit cell pa-

rameters, are given in Tables 1 and 2. There is noticeable bon is simply a sharp 0.47 nm diffraction signal repre-
senting the repetitive interchain distance between hy-first layer line (0.94 nm) diffraction consistent with an
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Table 1. Observed and Calculated d-Spacings and Indexing

Fiber Aligned in Magnetic Field

(a) (b) (c)
dobs (nm) dcal (nm) dobs (nm) dobs (nm) dobs (nm)

SP1 4.42 4.42 4.42
SP2 2.21 2.21 2.21
SP3 1.47 1.47 1.46

h k l

0 2 0 1.06 1.06 1.06 * 1.06
0 4 1̄ 0.57 0.60
0 4 0 0.53 0.53 0.53 0.52 0.53
0 2 1 0.43 0.43 0.43 0.42 0.43
0 6 1̄ 0.41 0.40 0.42
0 6 1̄ 0.41
0 6 0 0.35 0.35
0 2 2̄ 0.35 0.35
0 4 2̄ 0.35 0.35 0.36
0 6 2̄ 0.33 0.33 0.33
0 8 2̄ 0.29 0.30
0 2 2 0.25 0.25

1 0 0 0.95 0.94 0.95
1 1 0 0.87 0.86 0.86
1 2 0 0.70 0.70 0.70 0.69
1 0 1 0.51 0.50 0.52 0.50
1 2 0 0.44 0.46
1 4 0 0.46 0.48
1 4̄ 2 0.27 0.27

2 0 0 0.47 0.47 0.47 0.47 0.47
2 2 0 0.44 0.43 0.43 0.43
2 2 1̄ 0.39 0.39
2 0 1 0.37 0.37 0.37 0.37
2 2 1 0.32 0.32 0.32 0.31

3 2 0 0.30 0.31

4 0 0 0.24 0.24 0.24 0.24
4 2 0 0.23 0.23 0.23 0.23
4 2 1̄ 0.22 0.22 0.22
4 2 1̄ 0.22 0.22
4 0 1 0.22 0.22 0.22 0.22

(a), (b), and (c) correspond to X-ray patterns shown in Figures 3A, 3B, and 3C, respectively.
*The overlying tails of a number of different diffraction signals make identification and measurement difficult in the reciprocal space region
in this particular X-ray pattern.

drogen-bonded peptides. Thus, if the stress field(s) and shown in Figure 2D for comparison. Importantly, the
absence (or relative weakness) of the 0.94 nm layer linesurface tension forces that occur on sample preparation

(see Experimental Procedures) do not preferentially ori- in the A�(1–40) diffraction pattern does not necessarily
indicate a parallel arrangement of � sheets (see Figureent these more delicate individual cross-� ribbons, then

the 200 diffraction poles will distribute themselves in 1B). In a structure consisting of stacked � sheets (indi-
cated by appearance of 0k0 diffraction signals), the firstan attenuating manner from the orientation direction

(vertical axis in Figure 2C) at all azimuths. The X-ray (and successive odd order) layer line may be cancelled
out. Examples of this are discussed by Krejchi et al.diffraction pattern obtained from fibers of A�(1–40) is
(1997) and Geddes et al. (1968). Indeed, as discussed
above, the size of the A�(1–40) fibrils (�7 nm), as mea-

Table 2. Real and Reciprocal Monoclinic Unit Cell Parameters sured from TEM images (Figure 2B), is inconsistent with
extended � chains 40 amino acids long (�14 nm).a 0.942 nm a* 1.062 nm�1

b 2.500 nm b* 0.472 nm�1

c 0.697 nm c* 1.692 nm�1 A�(11–25) Sample Crystallized in a Magnetic Field
� 122o �* 58� The size (�1 mm) and shape of the sample composed
� 90o �* 90� of aligned A�(11–25) crystallites and prepared in a 2
� 90o �* 90�

Tesla magnetic field enabled X-ray diffraction patterns
We have chosen a to be the unique axis to maintain convention to be obtained with the incident beam directed along
with the classic cross-� structure although the usual convention is different directions relative to the direction of the mag-
to choose b or c to be the unique axis in monoclinic systems.

netic field. Figures 3A–3C show the X-ray diffraction
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Figure 3. Wide-Angle X-Ray Diffraction Patterns Obtained from the A�(11–25) Oligopeptide Self-Assembled and Aligned in a Magnetic Field

Alignment direction vertical. In (A) and (B), the incident X-ray beam is orthogonal to the alignment direction and along the two directions
indicated in (D), respectively. In (C), the incident X-ray beam is parallel to the alignment direction.

patterns obtained with the incident beam directed along terns in Figures 3A and 3B are particularly noticeable
on the equator (b*c*-reciprocal plane). This variationthe three mutually orthogonal axes relative to the cylin-

drically shaped sample, as illustrated in Figure 3D. The firmly suggests that the sample texture is different from
that usually observed in straightforward fiber X-ray dif-composite diffraction signals in all three diffraction pat-

terns (Figures 3A–3C) of this A�(11–25) aligned in a mag- fraction patterns. In the fiber texture, the crystallites are
aligned with one crystallographic axis parallel to thenetic field index on the same monoclinic unit cell as was

deduced from the fiber diffraction pattern (Figure 2C). alignment direction, and with random azimuthal disper-
sion (i.e., cylindrical symmetry) around the alignmentThus, we believe that the crystal structure of A�(11–25)

is the same in the sample that self-assembled and axis. In this case, the azimuthal dispersion around the
alignment axis is not random. The asymmetric nature ofaligned in the magnetic field and that in the drawn fiber;

what differs is the texture. A comparison of d-spacings the arced tails of the exceptionally strong 200 diffraction
signal, especially noticeable in Figure 3A, is similar toand indexing is given in Table 1.

The X-ray diffraction patterns shown in Figures 3A the feature we have already discussed in the fiber X-ray
diffraction pattern (Figure 2C). The meridional h00 dif-and 3B are obtained with the incident beam orthogonal

to the applied magnetic field direction and mutually or- fraction arcs are sharper (in the radius vector direction)
than the equatorial 0k0 diffraction signals, even allowingthogonal to each other (see Figure 3D). In both diffraction

patterns, the observed Bragg diffraction signals are dis- for line broadening and other geometric correction fac-
tors. Thus, it would appear that the A�(11–25) amyloidtributed on the layer lines at a spacing of 0.94 nm and

with strong meridional diffraction signals appearing at 15-mer has self-assembled and grown in the hydrogen-
bonding direction (a axis) to create a crystalline entity0.47 nm (200) and 0.236 nm (400); thus, the a* axis is

along the meridian. Consequently, the hydrogen bond that has longer-range order in this a-direction relative
to the directions perpendicular to the a axis. Worcesterdirection (a axis) is aligned with the magnetic field direc-

tion. The h00, for odd h, appears to be systematically (1978) has discussed the structural origins of diamag-
netic anisotropy in proteins and concluded that for �absent, consistent with the hydrogen-bonded � sheet

arrangement shown in Figure 1A. The presence of the structures, the alignment of the hydrogen-bonding di-
rection parallel to the direction of applied magnetic field0.94 nm layer line (100) suggests an antiparallel arrange-

ment of hydrogen-bonded peptide chains (Geddes et is expected.
Figure 3C is the X-ray diffraction pattern obtained withal., 1968; Krejchi et al., 1997). The variation in the relative

intensities of the diffraction signals observed in the pat- the incident beam parallel to the magnetic field axis. The
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Figure 4. Enlarged Version of Figure 3C,
Overlaid with the Calculated Positions of the
0kl Diffraction Signals Based on the Mono-
clinic Unit Cell Given in Table 2

The diffraction signals belong to twins (black
and white); only the white diffraction spots
are indexed to avoid confusion. The composi-
tion ab-plane is shown by a dotted line. The
angle b*^c* (turns out to be �*; see Tables
1 and 2) is measured to be 58�. 200a: this
noticeably sharp d200 diffraction signal does
not belong to the [100] crystallographic zone
but comes from cross-� ribbons that are not
aligned with their long a axis parallel to the
orientation axis (see text).

presence of discrete pairs of X-ray diffraction signals in black) and 3C; this diffraction signal is forbidden in
this [100] zone axis but occurs because not all cross-�confirms that the sample does not have cylindrical (fiber)

symmetry. If the sample had fiber texture it would have ribbons are aligned, as explained above.
Small-angle X-ray diffraction patterns obtained fromgiven a series of concentric diffraction rings. Thus, in

the magnetic field-aligned A�(11–25) crystal, a preferred A�(11–25) aligned in a magnetic field and from the drawn
fiber are shown in Figures 5A and 5B, respectively. Bothcrystalline texture exists (Alexander, 1969); indeed, the

data suggest two distinct azimuthal orientations ar- X-ray diffraction patterns exhibit an equatorial diffrac-
tion signal at a spacing of 4.42 nm. In the X-ray diffractionranged symmetrically on either side of the vertical axis,

a feature reminiscent of crystal twinning. A measure of pattern of a fiber taken at shorter specimen to film dis-
tance (Figure 6A), two progressively weaker equatorialthe frequency of composition planes within the sample

requires further investigation; there may only be a cen- diffraction peaks at 2.21 nm and 1.46 nm, respective
second and third orders of 4.42 nm, are observed (seetral composition plane.

This X-ray diffraction pattern (Figure 3C) represents Table 1). This feature is common when lamellae or rib-
bons stack; they generate a one-dimensional lattice. Inthe [100] zone axis, or 0kl reciprocal plane, and Figure

4 is an enlargement of this diffraction pattern with addi- this case, the periodicity would represent the stacking
periodicity of cross-� lamellae and be commensuratetional information overlaid to aid with the interpretation

of the diffraction data. The X-ray pattern displays the with the width of the cross-� ribbon. An estimate of the
quality of the lattice can be made from the number ofab-composition plane (001), and the b*, c* axes for each

of the two twinned lattices are shown, marked in black diffraction orders that occur; in this particular instance,
the lattice dies away after the third order. That such aand white, respectively. In order to reduce complexity,

we will concentrate on just one (white) of the two twin- one-dimensional (super) lattice occurs is not a surprise,
because we know a priori that the molecule is only 15related lattices. The strongest diffraction signal, with a

d-spacing of 1.06 nm and located at an angle of 58� (�*) peptides long and so we would expect a diffraction
signal(s) with spacing related to the length of the mole-from the horizontal axis, is the 020; the weaker fourth

and sixth orders are also present (see Table 1). The cule. The A�(11–25) molecule in the � conformation is
5.2 nm long, and to foreshorten this value to match the020 diffraction signal represents the intersheet stacking

periodicity. There is a medium-intense and relatively experimental value of 4.42 nm we would need to project
the molecules through an angle of cos�1(4.42 nm/5.2sharp signal with the spacing of 0.43 nm (061̄) and a

direction close to the b axis (inserted in Figure 4). This nm) � 31.8�. In terms of a shear angle, this would be
31.8� 	 90� � 121.8�. This value would appear to besame diffraction signal is also evident in Figure 3B,

where, of course, it falls on the equator, thus enabling directly related to the monoclinic unit cell angle � � 122�
obtained when indexing the wide-angle X-ray diffractionus to geometrically link all three diffraction patterns (Fig-

ures 3A–3C) into a composite. A weak but sharp 200 data (see Tables 1 and 2), and to the angle between b*
and c* measured to be 58� on the X-ray diffraction pat-diffraction signal also appears in Figures 4 (marked 200a
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Figure 5. Small-Angle X-Ray Diffraction Patterns from the A�(11–25) Fragment, Taken with the Incident Beam Perpendicular to the Alignment
Axis, Showing the 4.42 nm Equatorial X-Ray Diffraction Peak

Alignment and fiber axes are vertical.

Taken from the sample aligned in a 2 Tesla magnetic field (A) and from a fiber (B). The background level in the rectangular central region in
(B) has been reduced in order to make the 4.42 nm diffraction peak clearer to see. The 4.42 nm spacing can be calibrated from the wide-
angle diffraction signals that also appear; hence, we are confident of its value.

tern shown in Figure 4. In this diffraction pattern, the the pronounced crimping of the sheets, slippage can
only reasonably occur parallel to the c axis in approxi-actual angle measured is the �* angle, and for a mono-

clinic (a axis unique) unit cell, � � 180 � �* � 122�. mately integer multiples of the crimp repeat (structural
c-repeat) of 0.697 nm. Figure 7C shows a structure simi-
lar to Figure 7B but there is an additional progressiveStructure of A�(11–25)

The nonzero intensities of the diffraction signals on the slip of one whole crimp (structural c-repeat) of 0.697 nm
in the ac-plane parallel to the c axis. Thus, the angle offirst layer line (1kl at 0.942 nm) provide direct evidence

that the hydrogen-bonded sheets are composed of mol- shear is (90� 	 tan�1[0.697 nm/1.06 nm]) � 123.3�; this
value is close (within 1.2%) to the monoclinic unit cellecules that hydrogen bond together in an antiparallel

fashion. [We have no evidence that the peptide side � angle (122�; see Table 2) obtained from the wide-angle
X-ray data and the angle of 121.8� deduced from thechains in A�(11–25) crystals conspire to generate a pre-

cise, successively alternating spatial arrangement (with low-angle X-ray diffraction data. Thus, we believe the
long, self-assembled A�(11–25) cross-� ribbons to bea repeat of 0.942 nm) in the a-direction in an otherwise

parallel chain, hydrogen-bonded ribbon.] A model of the approximately 5 nm wide. Seen as individual ribbons in
Figure 2A, they stack with recuperative a axis interribbonA�(11–25) cross-� sheet arrangement is shown in Figure

7A; the width of a single cross-� ribbon is 5.2 nm. Figure shear (�a/4 � 0.235 nm) and progressive c axis interrib-
bon shear to generate nanotapes 4.42 nm in thickness7B shows a model where the cross-� ribbons stack

directly onto each other in a common type of cross-� as shown in Figure 8. These nanotapes also stack to
form a one-dimensional lattice with a stacking periodic-sheet stacking. The A�(11–25) cross-� ribbons are

stacked 1.06 nm apart and there is recuperative in- ity of 4.42 nm. The quality of this lattice is able to sustain
the fundamental and two orders. The calculated X-raytersheet slip (�a/4; Geddes et al., 1968; Krejchi et al.,

1997) in the ac-plane parallel to the a axis. Because of fiber diffraction (fiber axis is a ) is shown in Figure 6B.

Figure 6. Comparison of Experimental and
Calculated X-Ray Diffraction Data from
A�(11–25) Fibers

(A) Wide-angle X-ray diffraction of a fiber with
shorter specimen to film distance to that
shown in Figure 5B in order to also show the
4.42 nm equatorial peak (marked 1) close to
the beam stop, and with two progressively
weaker orders (marked 2 and 3, respectively).
These small-angle diffraction signals are re-
ferred to as SP1, SP2, and SP3 in Table 1.
(B) Calculated X-ray fiber diffraction pattern
from the proposed cross-� crystal structure of
A�(11–25) (Tables 1 and 2; Figures 7C and 8).
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Figure 7. The Model of the 15-Mer A�(11–25)

(A) Oblique view of an antiparallel, two-chain
pair of A�(11–25) molecules in the cross-�

structure. The distribution of side groups on
both surfaces can be seen. The 0.47 nm spac-
ing (a-direction) is controlled by hydrogen
bonding and the molecules are �5 nm in
length.
Stacking of A�(11–25) cross-� ribbons is 10.6
nm apart.
(B) Direct stacking that would generate an
orthorhombic unit cell.
(C) Stacking with a slip of 0.697 nm (one �

sheet crimp; one structural repeat in the
c-direction) parallel to the c axis. This stack-
ing arrangement gives rise to the monoclinic
unit cell shown in the shaded box (see Table
2). In both cases, there is a recuperative a
axis slip (�a/4) in the ac-plane.

In this case the stacking periodicity, and its second and equatorial diffraction signals in the calculated pattern
(Figure 9B) are not generated. Again, the overall matchthird orders appear, and the pattern can be compared

with the experimental X-ray diffraction pattern shown in of relative intensities is good.
Figure 6A. The overall match is good, suggesting that the
basic ingredients of the proposed structure are correct. Discussion and Conclusions

Figures 9A and 9B compare the experimental and
calculated wide-angle X-ray fiber diffraction patterns, The X-ray diffraction evidence supports a cross-� sheet

structure for both the A�(11–25) and A�(1–40) peptiderespectively. In this case, the calculation is based of
the monoclinic sublattice, and therefore the small-angle amyloid fibrils. The shorter peptide fragment A�(11–25)
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Figure 8. View of the Proposed Structure for A�(11–25) Crystals, Viewed Parallel to the a Axis (Hydrogen-Bonding Direction)

The wide-angle X-ray diffraction patterns (Figures 2C and 3) emanate from the structure in the monoclinic unit cell (sublattice) shown. The
small-angle superlattice diffraction signals (4.42 nm and two orders; Figures 5 and 6A) emanate from the one-dimensional (stacking periodicity;
SP) of the cross-� nanotapes that run into the plane of the figure (a axis). This lattice is not highly ordered because only three successively
attenuating orders of diffraction appear.

is in the central region of the physiologically important 5 nm. In the case of the A�(1–40) amyloid, the maximum
ribbon width (7 nm) seen using transmission electronlonger molecule, and therefore is likely to be involved

in the formation of the core structure within Alzheimer’s microscopy is about half that of the molecule in its fully
extended � conformation.amyloid fibrils (Serpell and Smith, 2000; Serpell et al.,

2000). Both these peptides self-assemble via hydrogen Both the wide-angle and small-angle X-ray diffraction
data from oriented samples of A�(11–25) favor a struc-bonding (a-direction) to form � ribbons. In the case of

the 15-mer A�(11–25) molecules, the ribbons are com- ture where the cross-� ribbons stack at a distance of
1.06 nm apart to form nanotapes. An intriguing featureposed of antiparallel � sheets in a cross-� arrangement

and with the ribbon width the same as the length of the of this stacking is that successive ribbons progressively
slip by one crimp (0.697 nm) in the c-direction, thusmolecule in the � conformation, that is, approximately
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Figure 9. Comparison of the Wide-Angle Ex-
perimental X-Ray Diffraction Pattern (Figure
2C) from A�(11–25) and the Calculated X-Ray
Diffraction Pattern

Experimental (A) and calculated (B) from the
proposed model (Figures 7C and 8).

foreshortening the nanotape thickness from 5 nm to 4.42 composed of tilted chains. Our data are consistent with
� strands running orthogonal to the fiber axis. Solid-nm. An explanation for this progressive slip is that if the

sheets attempt to stack with zero c axis slip, poorer state NMR studies have suggested a parallel, in-register
arrangement for the � chains within the A�(1–40) amyloidintersheet stacking is possible and consequently the

ribbons find a more comfortable stacking arrangement fibrils (Antzukin et al., 2000; Balbach et al., 2002). The
measurement of distances between labeled C13 aminoby slipping one c axis structural unit. We have not been

able to establish any obvious reason for this to occur acids distributed throughout the peptide suggests that
amino acids 12–39 are involved in the core, parallel ar-from examination of the amino acid side chain distribu-

tion between adjacent surfaces of A�(11–25) ribbons. ranged � structure (Antzukin et al., 2000) and suggests
that amino acids 1–9 are not involved in the orderedUnfortunately, calculations based on the spatial ar-

rangement of the side chains are frustrated by the many structure. This yields a length of 9.52 nm for the ex-
tended � strands. However, our analysis suggests thatpossible geometric conformations for the various side

chains involved. The progressive slip could also arise this is inconsistent with the size of the amyloid fibrils
as seen using TEM and we propose that the A�(1–40)from competition between surface free energy and inter-

nal free energy terms in the nanotapes. peptide folds into a hairpin within the amyloid fibrils.
Discussion by Balbach et al. (2002) acknowledges thePreviously, Kirschner and colleagues (Inouye et al.,

1993; Malinchik et al., 1998) have investigated the struc- size differences and suggests that a turn or bend may
occur within the � strand. Site-directed spin labelingture of synthetic Alzheimer’s amyloid fibrils using X-ray

diffraction and electron microscopy. A gallery of X-ray measurements on A�(1–40) (Torok et al., 2002) indicate
that there may be a turn or bend located between aminodiffraction patterns from amyloid fibrils aligned in a mag-

netic field and formed from many different A� peptide acids 23–29, and also support a parallel arrangement
for the A�(1–40) peptide within the fibrils. It is possiblefragments was presented. A number of these diffraction

patterns were analyzed (Inouye et al., 1993) and sug- that there could be a mixture of parallel and antiparallel
� structure arrangement within the fibrils (Serpell, 2000).gested to arise � crystallites with hexagonal packing

(for a review, see Serpell, 2000). However, our data indi- However, further investigation is necessary to establish
the exact nature of the � strand arrangement. A parallelcate the presence of a preferred texture within the speci-

men, which suggests that the fibers or crystallites are � sheet arrangement has also been suggested for
A�(10–35) amyloid fibrils (Benzinger et al., 1998, 2000).not cylindrically averaged. Analysis of A�(1–40) fibrils

using both cross-sectional electron microscopy and fi- In the case of our A�(11–25) amyloid fibrils, prepared
by both self-assembly and alignment in a magnetic fieldber X-ray diffraction yielded a model for the fibril con-

sisting of three to five protofilaments (Malinchik et al., and by drawing fibers, the cross-� nanotape crystals
formed by an antiparallel arrangement of extended �1998), each modeled as a double-walled cylinder. The

model does not clarify how the � strands are arranged strands.
Here, we present a structure for the arrangement ofwithin the cylinders, although it suggests that they are
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mm diameter) as previously described (Serpell et al., 2000). TheA�(11–25) molecules within a fibrillar crystal. We have
specimen was initially mounted with the major alignment axis normalshown that aligned nanotapes stack to form layered
to the incident beam and near zero tilt. This was achieved by rotatingcrystals with a layer periodicity of 4.42 nm and slippage
the sample until the intensities of the diffraction signals above and

between the stacked � ribbons provides tight packing below the equator were symmetrical. Additional patterns were col-
of the structure. lected using a rotating anode and wavelength 0.15418 nm (Cu K�),

equipped with a MAR research image plate (diameter 180 mm).
X-ray diffraction patterns were recorded at rotations of 90�, parallelBiological Implications
to the axis of the alignment axis and at right angles to the initialAlzheimer’s disease is characterized by the deposition
direction. A low-angle pattern was recorded on photographic film,

of amyloid fibrils, and the accumulation of amyloid is with a specimen to film distance of 289.4 mm using a rotating anode
thought to be central to the disease pathology. The fibrils Cu K� source.
are formed by ordered aggregation of the A� peptide.
Knowledge of the structure of the amyloid fibril is essen- Modeling

The software packages Cerius2 and InsightII (MSI) were used intial for understanding how deposition occurs in disease
structural modeling and diffraction simulations. Care was taken toand also the process by which normally soluble proteins
ensure that the models were stereochemically sound and that theundergo conformational change and form insoluble, or-
simulated diffraction patterns were in good agreement with the ex-

dered aggregates. The eventual aim is to be able to perimental data. In the computer-simulated X-ray diffraction pat-
rationally design therapeutic molecules to prevent ag- terns, the temperature factor and degree of arcing were chosen
gregation. Here, we have examined the structure of amy- to match the experimental X-ray diffraction pattern as closely as

possible.loid fibrils formed from both full-length and a central
fragment of A�. X-ray diffraction images were collected
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