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ABSTRACT. Amyloid-$ (Ap) peptide deposition as fibrillar senile plaques is a key element in the pathology

of Alzheimer’s disease. Here we present a high-resolution structure offaamyloid fibril using
magnetically aligned preparations of a centrgl domain which forms representative amyloid fibrils.
Diffraction analysis of these samples revealed Bragg reflections on layer lines consistent with a preferred
orientation, as opposed to the typical symmetry associated with fibers. These crystalline properties permitted
a molecular replacement approach based up@hairpin motif resulting in a structure of the fibrillarA
peptide. This detailed molecular structure g8 A its fibrous state provides clues as to the mechanism

of amyloid assembly and identifies potential targets for controlling the aggregation process.

Alzheimer’s disease is characterized by the presence of Protofilament Amyloid fibre
extracellular and cerebrovascular senile plaques composec
of amyloid and by the intraneuronal deposition of neuro-
fibrillary tangles. Amyloid plaques are composed of the
Amyloid-j peptide (48),' a 39-42 residue fragment that is
processed from the larger integral membrane, amyloid
precursor protein (APPX]. A3 is known to play a central E;‘:{,?,?;"I
role in Alzheimer's disease development, since all known 484
forms of inherited AD are associated with changes i A
processing and productioB)( There are three genes known
to be associated with familial AD, APP, presenilin 1, and
presenilin 2, and in each of these, APP processing is altered,
resulting in an increase in the more amyloidogeni8 A

peptide, A842. Furthermore, A amyloid fibrils have been Intersheet O ﬂ Cross-sectional

Longitudinal
views

L Tl

~10A views

shown to be neurotoxic in a number of studies—5) = =
suggesting that they play a direct role in neurodegeneration. ~25-35 A

Amyloid fibrils in AD and other related disorders are o _ )
insoluble, ordered aggregates of normally soluble proteins. Ficure 1: Schematic diagram showing the different levels of

L A - structure, from the continuous, hydrogen-bongesheet within a
The fibrils are 76-100 A in diameter, and these in turn are protofilament to the organization of the protofilaments in the

thought to be composed of several protofilamer@s §) amyloid fibril.

(Figure 1). Each protofilament consists of an arrangement

of contiguougB-sheet polypeptide chains, which are aligned similar 8-sheet organization, but may show differences in

perpendicular to the long axis of the fiber. These should not their number and dimensions in individual amyloi@s48).

be confused with “protofibrils” previously describe@} (0), Structural studies of ex-vivo amyloid fibrils from Alz-

which constitute semifibrillar aggregates observed in early heimer’'s disease brain have provided insights into the

stages of the amyloid pathway. The protofilaments have organization of the fibril; however, high-resolution data has

been limited due to the extreme insolubility of the plaques.
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(NMR) cannot be used due to the polymer-like nature and that of a cylindrical symmetric fiber and a single crystal,
insolubility of the fibrils. The conformation and assembly which makes them amenable to more rigorous crystal-
of the AB peptide has been studied using a range of lographic analysis. Using the powerful single-crystal tech-
biophysical techniques including circular dichroism, Fourier nigue of molecular replacement, we have solved the structure
transform infrared spectroscopy, electron microscopy, and of an A3 peptide fiber, residues 125, which is considered
X-ray fiber diffraction. These studies have revealed a to be a core domain within the®amyloid fibril (8, 11, 18,
common theme in which the soluble full length or fragments 25). Here we describe an atomic resolution model of

of peptide have been converted from @helical structure
or random caoil structure to g-structure upon aggregation
(12, 13). The structure of the soluble peptide in organic
solvents has been described using 2D NMRH16), which
suggests random coil conformation except for twbelices
between residues 23 and 3135 (14). These studies are
important for understanding the preamyloid state @f ta

examine the process of amyloid formation, but do not provide

information about the aggregated, pathogenic form gf A
Fiber diffraction studies have shown that thé /& its
fibril form is a predominantlys-sheet conformation?( 8,
17—19) and exhibits the characteristic X-ray pattern first
described for crosg-silk (20). It is generally agreed that

theg-strands are arranged perpendicular to the fiber axis and

this is indicated by a very strong 4-4.8 A reflection on

Alzheimer’'s amyloid, and this represents significant advance
in the structural information. This new insight into the
structure of amyloid will allow the natural progression toward
the structure of amyloid fibrils formed from full-lengthgA

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Preparation of X-ray Diffraction

SamplesA peptide corresponding to residues-125 of the

ApB (NH2-EVHHQKLVFFAEDVG-COOH) was synthe-
sized, purified by reversed-phase HPLC, and lyophilized as
previously described2). The A3(11—-25) peptide was
dissolved in water at a concentration of 20 mg/mL and
magnetically aligned samples were prepared for X-ray
diffraction analysis using standard methodolo@$, (27).

the meridian of X-ray diffraction patterng,(8, 18, 21, 22). Modeling of A5(11—25) Peptide Modeling the A3(11—
Fiber diffraction images from magnetically aligned fragments 25) structure was performed using t'he computer grgphlcs
of the A3 peptide (8, 19) have been obtained, leading to a Program QUANTA _(Molecular Slmulatlons_) runona Silicon
model of B-sheet crystallites arranged in a pentagonal or Graphics workstation. An antiparall@-hairpin was con-
hexagonal array. This arrangement has also been suggestedfructed from a poly-alanine sequence, which was used as
for fibrils formed from a fragment of the prion protein (PrP) & template to insert the side chains corresponding to fhe A
(23). However, the packing arrangement of tHesheets ~ (11-25) sequence. Botlfi-hairpin models were energy
within the protofilament has yet to be resolved. minimized using CHARMM 28) (50 cycles of Steepest
Magnetic alignment of fibers has been used to align a D&scents) to ensure ideal stereochemistry.
number of proteins including silk, keratins, and muscle fibers, ~X-ray Fiber Diffraction Data Collection.Data were
and the orientation of these molecules has been attributedcollected using a wavelength of 0.9515 A [European
predominantly to the diamagnetic anisotropy of the planar Synchrotron Research Facility (ESRF) in Grenoble, France]
peptide bondZ4). In B-pleated sheets, the planar groups of 0on a MAR research image plate detector (300 mm diameter)
the peptide bonds are oriented parallel to the sheets, and th@s previously described??). The specimen was initially
axis of smallest diamagnetism is parallel to the pleats, mounted with the major fiber axis normal to the incident
whereas ir-helices, the planar bonds are oriented parallel X-ray beam with near zero tilt. This was achieved by rotating
to the helix axis 24). The magnetic field acts upon the the sample until the intensity of the reflections above and
existing protein structure and allows orientation of the below the equator were symmetrical. Additional fiber patterns
molecules relative to the magnetic field. Amyloid fibrils align were collected using a rotating anode (Qukwvavelength
parallel to the magnetic field due to tiflesheet structure. = 1.5418 A) equipped with a MAR research image plate
The magnetic force is unlikely to alter the structure of the (diameter 180 mm). Patterns were collected at rotations of
fibril, but allows arrangement of the fibrils relative to one 90°, parallel to the axis of the fiber and at right angles to
another. the initial direction. A low angle pattern was collected on
X-ray diffraction from transthyretin amyloid, which is photographic film, with a specimen to film distance of 289.4
deposited in familial amyloidotic polyneuropathy (FAP), has mm using a rotating anode CaKsource.
also revealed a crogkfiber diffraction patternZ1, 22). From Data Processing of Fiber PatternMeasurements of the
this high-resolution data, a protein backbone model of the reflection spacings in the patterns were made using IPDISP
structure of the protofilament subunit was construct. ( (29) from which several cell parameters were derived. Using
The model proposes that the amyloid protofilament is the CCP13 suite of programs (http://wservl.dl.ac.uk/SRS/
composed almost entirely ¢f-sheet structure, containing CCP13/) as described in documentation, the specimen to film
four p-sheets which twist around a central axis. Fiber distance, center, tilt, and rotation of the patterns were
diffraction of amyloid fibrils of immunoglobulin amyloid,  calculated using FIX. FTOREC was used to convert the
apolipoprotein A1 amyloid, lysozyme amyloid, and others pattern to reciprocal space coordinates and to quadrant
revealed that a similar model could be proposed for theseaverage the pattern. LSQINT was subsequently utilized to
amyloid fibrils, even though each contains unique constituent input various cells and space groups using profile parameters
proteins 22). (30) and to optimize the spread of the predicted reflections
In the current study, we show thatfAamyloid fibrils in reciprocal angstroms and degrees. These parameters were
assembled in the presence of a strong magnetic field form aused to predict reflections for a particular unit cell and space
semicrystalline arrangement which yields three-dimensional group, with the optimized spread widths, and the background
diffraction data. The properties of these samples fall betweenwas subtracted from the patterns using the Roving window
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method. Intensities were fitted using maximum entropy

algorithms, and the accuracy of the fit was measured by the
output R-factor and by comparison of the calculated and

observed diffraction pattern images. When optimized, the
final intensities were fitted and a list okl with correspond-

ing integrated intensity was generated.

Molecular Replacement Using a ModelgeHairpin as a
Starting ModelLSQINT (http://wservl.dl.ac.uk/SRS/CCP13/)
outputs Lorentz-corrected intensities from which structure
factor amplitudes were calculate2dj. All integrated reflec-
tions were used for molecular replacement. A rotation search
was performed using X-plor3Q) and parameters such as
vector length and resolution were altered in the rotation
function to arrive at a consistent solution. The solutions were
put in order of correlation using Patterson Correlation
Coefficient refinement. The optimum rotation solutions were
submitted to translation search, in order locate the model
coordinates in the unit cell. A translation factor, packing
function, andR-factor were recorded and new coordinates
inspected using the graphics program “@2); The viability
of the solution was assessed by examination of symmetry
related objects on a Silicon graphics workstation. Structure
factors were calculated from model coordinates using CCP4
programs, and diffraction diagrams were viewed and com-
pared to observed diffraction patterns using Hklview and
Ipdisp R9).

Refinement of the Model Solutiofihe proposed model
was improved by running 40 cycles of rigid-body refinement
in X-plor (31) to shift the peptide into a more structurally
favorable position. The new coordinates were examined on
a Silicon graphics work station using the graphics program
0O (32.

RESULTS

Selection of a Model Amyloid-Forming Peptidéhe
peptide corresponding to residues-Ib of A5 was carefully
chosen based upon its similar characteristics to full-length
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Ficure 2: Three wide angle diffraction patterns taken from the
magnetically aligned B(11—-25) fiber specimen. Images a and b
are taken at right angles to the fiber axis and &tt®0one another
and both show the sharp, strong, meridional reflection at 4.8 A.
Image c is taken down the axis of the fiber and shows a reflection
at 13.2 A spacing on the equator as well as very intensel108
reflections. Image d shows a slice of diffraction pattern a, showing
the four meridional reflections which index &l = 001, 002, 003,
and 004 highlighting thatkl = 001 and 003 are much less intense
than 002 and 004.

16—20), has been shown to behave as an inhibitor of amyloid
fibril formation, indicating the importance of these residues
in the assembly process8g).

X-ray Fiber Diffraction from Magnetically Aligned Amy-

Ap and because it is a key sequence that maintains theloid Fibrils. The crystalline nature of the oriented fibrils

structural integrity of the fiber. This peptide forms amyloid
fibrils in vitro which resemble those of full-length/#&1—
40) and A3(1—42) (8, 11) and ex-vivo amyloid 17). They
are known to be particularly well-ordered fibrils which have
been shown to give highly oriented diffraction patterb®)(

allowed us to sample data from three crystallographic zones
that resulted in three distinct wide angle patterns (Figure 2).
Sampling from the two directions perpendicular to the fiber

(Figure 2, panels a and b) exhibit the classic reflections of
a crosss pattern consisting of an extremely strong and sharp

Regions of this peptide have been suggested to be importané.8 A reflection on the meridian (corresponding to hydrogen

in conformation switching fromw- to - structure, particu-

bond spacing along the fiber axis) and more diffuse reflec-

larly histidine residues 13 and 14 and glutamate residues 11tions at 16-11 A on the equator (corresponding to the

and 22. It has been hypothesized that the electrostaticintersheet spacing). In addition, Bragg reflections on layer
character of these residues leads to salt-bridge formation andines were observed with a spacing of 9.6 A, which was
facilitates -sheet folding and fibrillogenesis8,(11, 33). interpreted as corresponding to the spacing of antiparallel
Single amino acid substitutions of various residues in this g-strands. Diffraction patterns (Figure 2, panels a and b)
region (residues, 16, 18, 19, 20) result in a decreasedtaken from the specimen at 9fbtation around the fiber axis
propensity for fibril formation, suggesting that these residues direction showed a variation in the radii of reflections and

are particularly important for amyloid fibril formatior8(
12, 26, 34). The Dutch-type mutation, Glu22GIn, is known
to increase fibril formation and stability of the peptid&r(

when tilted by 90 (i.e., the direction down the fiber axis)
defined arcs rather than the expected rings were observed
(Figure 2c). This pattern showed the strong 10.7 A reflections

35, 36). The peptide contains a hydrophobic cluster of (horizontal axis) and also a weaker, sharper reflection at 13.2
residues at 1721 which has been proposed to be involved A (Figure 2c). The presence of arcs suggests that, unlike a
in important side-chain interaction&l 27, 37). Recently, typical cylindrical fiber, the specimen is not circularly

it has been shown that the shortest peptide capable of formingsymmetric and has preferred orientation. This is consistent
fibrils is 14—23 (25), which represents the core of our with a semicrystalline order in both the hydrogen-bonding

structural model. The peptide sequence, KLVFF (residuesand intersheet directions. Additional data was collected by
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Ficure 3: Low-angle diffraction pattern taken from the magneti-
cally aligned A8(11—25) peptide specimen. A single reflection is  Ficure 5: Model of the 8-hairpin of AB(11—25) with labeled
observed on the equator at 44.2 A. amino acid side-chains. The fifteen residue peptide was modeled
as a type-Ig-hairpin, with seven residues in eaghstrand. The
figure was generated from the coordinates using Molsca}. (

T

unique axis was assigned towith the y angle near to
9.6A 90° (space groupP112, 1004; crystallographic tables,
volume 1) (Figure 4).
+ Modeling of the [(11-25) p-Hairpin. A model
corresponding to the sequence g8(A1—25) was devised,
“ 442 A 5 and constructed from an initial poly-alanine template
(Figure 5). The strands contained seven residues separated
-+ L.'>’ /,;{]"1 by a type IA-turn and measure about 22 A in length. The
distance between the strands in the hairpin was 4.8 A in the
center and the strands twist relative to one another as is
13.2A energetically favorable in A-sheet 40). The structure was
minimized using CHARMM 28) to ensure reasonable
stereochemistry. This structural model was used as a search
+ L'>"/ ""\/," model (Figure 5).

) . . _ Molecular Replacementorentz-corrected intensities out-
Eﬁfiéf‘a :S‘zf;n;t"g r:eplrg.szezt,lgg:tgcjz(sc}_\o?(txer;tsggor:ag|(::tegoz?r the put from the CCP13 programs (http://wserv1.dl.ac.uk/SRS/
y = 90.1°. The B-hairpin is represented by the solid black lines CCP13/) were converted to structure factors and the proposed
and the cell by the fine lines. B-hairpin (Figure 5) was used as a search model in molecular

replacement routine. The translation function produced a
) ) ) ) single viable model with minimum clashes and a peak of
low-angle fiber diffraction of the A(11-25) specimen, 5 3; apove the mean for the alanine only model andiBove
which revealed a single equatorial reflection on the equator {he mean for the-hairpin model with side chains. Both
at 44.2 A (Figure 3). This reflection is representative of the iy 5qels produced very similar solutions and following rigid
long-range order within the peptide fibril, such as the body refinement th&-factors reduced by 5%.
boundaries of the constituent protofilaments. A Model of a Magnetically Aligned Amyloid FibriThe
For convenience in processing, thexis was indexed to  final molecular replacement solution indicated that the
the meridian of the pattern, which corresponds to the long g-hairpin structure is positioned in the center of the cell such
fiber axis ). A weak reflection was observed on the that the symmetry related pair generates a molecule rotated
meridian at 9.6 A, which was assigned to thdirection of by 180° parallel toz and shifted up or down by a half-cell.
the unit cell. Cell axisa was taken to be 44.2 A based on  Structure factors were calculated from these coordinates and
the low-angle equatorial reflection (Figure 3). Sampling down simulated diffraction diagramsk0, hOl) revealed patterns
the fiber showed sharp 13 A arced reflections and this close to the observed diffraction patterns (data not shown).
direction was assigned as theaxis. On this basis, the unit A model was generated by imposif{12 symmetry on
cell parameters were deduced todbe 44.2,b = 13.2,c = the molecular replacement solution (Figure 6) and this
9.6 (illustrated schematically in Figure 4). revealed an arrangement@hairpins which form continuous
The mirror symmetry of all three zones from the specimen j-sheets. In this arrangement, tfestrand of one hairpin
(symmetry about meridionals and equatorials) suggests thatforms a pseudo-continuoysstrand with a strand of the next
the space group symmetry is orthorhombic or monoclinic (see Figure 6). Thg-strands are hydrogen bonded by both
with y near 90. The volume that would be taken up by a inter- and intrahairpin interactions and the spacing between
fifteen residue peptide folded into a hairpin 422300 A3 B-strands is 4.8 A. Thg-strands are arranged such that they
and the volume of the predicted cell is 560¢ £38). are exactly perpendicular to the fiber axis. The view down
Therefore, there is sufficient space for only two asymmetric the 3-sheets shows a spacing between them of around 10
units in the unit cell. TheéP2; symmetry restrictions state, 13 A and the packing arrangement shows that the sheets are
| = 2n, and the pattern exhibits a meridional lat= 1, staggered relative to one another. The result is striking since
suggesting that the lattice is pseudo-symmetrical. This would it generates continuoy$-sheet structure, composed of flat
explain why the 001 and 003 reflections are considerably S-sheets, withg-strands arranged antiparallel to one another
weaker than the much more intense 002 and 004 (Figure(Figure 6). The model is consistent with the observation of
2d). The pseudo spacegroup B2; would produce a 2/1  a cluster of hydrophobic residues7-21) which may be
helix (2 units/turn). Upon the basis of these findings the important in hydrophobic interactions between molecules.
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Ficure 6: Final model of thes-hairpin arrangement within the
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ApB11-25 has served as an ideal peptide for alignment
and collection of highly oriented diffraction patterns. The
absence of the hydrophobic C-terminal region may have
allowed the superior diffraction data to be obtained. Al-
though, it is possible that this peptide forms fibrils that differ
slightly from full-length fibrils, we feel that this is a
significant contribution to the understanding of amyloid
structure. It is probable that the core structure of the
protofilaments of amyloid fibrils are similar, while the
peripheral structure may differ. The model we present is
likely to be very close to a core structure of full-lengti$ A
amyloid fibrils.

The structure of amyloid protofilaments has been previ-
ously investigated using X-ray fiber diffraction and solid-
state NMR. Fiber diffraction from aligned /A peptide
fragments 18, 19) has shown the characteristic crgss-
reflections as well as some Bragg spacing along layer lines.
Interpretation of these patterns has led to a model in which
the fiber is a hollow cylinder or tube composed of five or
six “f-crystallites”. Each crystallite is made up of ap-
proximately fives-sheets separated by 10 A with the strands
containing an estimated six residuds)( With this inter-
pretation, the equatorial reflections were found to index to a
one-dimensional latticel®) which can be explained by a
cylindrical lattice. In our current study, sampling of magneti-
cally aligned A3(11—25) in three-dimensions has shown a
preferred orientation not previously noted, which indicates

the fiber axis wherg3-strands are hydrogen bonded to form an
elongateds-sheet. The bottom panel is the view down the fiber
axis, showing the3-sheets spacing. The inset shows the atomic

semicrystalline lattice. We suggest that rather than being
composed of discrete cylinders, we have a crystalline

coordinates of peptide (side chains not shown). The figure was arrangement off-sheets. Inouye et all8) propose a cell

generated from the coordinates using Molscripf) (

not unlike ours although containing only two residues of a
B-sheet. We suggest that the structure can be modeled by a

It is also consistent with the suggested electrostatic inter- larger cell which encompasses the enttdairpin. We
actions between His13 and 14 and Glu22 occurring betweengpserved a low angle reflection on the equator at 44.2 A,

fp-sheets §, 11, 33).
DISCUSSION

Analysis from X-ray data provides information about the
structure within a protofilament. A previous model of an
amyloid protofilament constructed using fiber diffraction data
describes a twisting of thg-strands 21). This would be
consistent with most globular proteins which usually display
a slight twist between adjaceptstrands 40). Our final
molecular model of amyloigF assemblies formed in a

which we interpret to be the cell length along the polypeptide
chain, and that this would contain two hairpins, each
measuring about 22 A length.

Benzinger and co-workergl{, 42) have recently solved
the structure of the A(10—35) fragment from solid state
NMR. They demonstrated that these selectivéGrlabeled
residues exhibited an intermolecular separation of ey
A which is consistent with a parallel arrangement of the

p-strands. One of the most likely explanations for these

seemingly contradictory results, is that these unique peptides

magnetic field does resemble the model proposed for themay differ in their fold. It is conceivable that theffL0—

TTR amyloid protofilament Z1). In both instances, the

35) peptides assembles into fibrils organized in a parallel

p-strands are aligned perpendicular to the fiber axis and thearrangement, while the//11—25) used in our investigation

intersheet and interstrand distances are 1® and 4.8 A,

has an antiparallel preference. This may result from differ-

respectively. However, the sheets do not twist in a helical ences in the amphipathic characteristics of the individual

manner but the crystalline arrangement of fhgheets results
in long-range ordering of thg-sheets both in the intersheet

direction and the hydrogen bonding direction. This has

peptides which, as noted by Soreghan and co-workis)s (
has a significant effect on fibrillogenesis.
Support for an antiparallel arrangement within othet A

enabled us to make use of the improved data and informationpeptides has been provided by Lansbury et \vho also

observed from this semicrystalline specimen. This phenom-

used solid-state NMR to examine the structure of gh A

enon may have resulted from the preparation of the polymer- (34—42) fragment which forms sheetlike fibeisl( 45) that

izing peptide in a strong magnetic field, which induces an
increased ordering of the-strands relative to one another.
However, this is unlikely as alignment of comparabjelA—

25 amyloid fibrils using a stretch frame (see r2fisand22)
produced similar diffraction patterns, although lacking the
preferred orientation (Serpell, unpublished results).

are very insoluble. They suggest that the data are inconsistent
with hairpins making up the structure, but suggest an
antiparallel arrangement gfstrands 44). In the case of this
short peptide, it is unlikely that a hairpin would be formed
from only eight residues, where as the 15 residue length of
ApB(11-25) is rather long for an extendegétstrand. Our
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diffraction studies and those of otherg (.8, 19, 27) have
shown a first-order reflection at 9.6 A which is thought to
arise from an antiparallel arrangement @ftrands (true
repeat every othgi-strand). As discussed, the symmetry of
our structure would result in an inherent reduction in intensity
(or absence) of the meridional reflection at 9.6 A (due to
the crystallographic absences described in the crystal-
lographic tables foP2; symmetry). Fiber diffraction from
several different ex-vivo amyloid fibrils does not show a
meridional reflection at 9.6 A%2). This may be due to the
fact that it is not possible to produce well-aligned specimens
of ex vivo amyloid and this leads to only the strongest
reflections being observed. The absence of this diagnostic
antiparallel reflection would be consistent with our observa-
tion that even for the magnetically aligned specimen, the
9.6 A reflection is relatively weak. However, the possibility
of a parallel arrangement gfstrands in some amyloid fibrils
cannot be ruled out (see raf).

The AB(11-25) peptide is known to be a critical domain
within A and has been shown to be a key sequence for
fibrillogenesis 88, 46). The fiber diffraction patterns obtained
from a semicrystalline amyloid specimen allowed interpreta-
tion that has led to an atomic model of Alzheimer’s disease
amyloid. This structure shows similarities to previously
described model2(, 22). In this paper, we have described
the first level of structure of the Alzheimer’'s amyloid fibrils,
the arrangement of the polypeptide chains within the
protofilaments. This is an important first step in constructing
a complete model of the full-length/Aamyloid fibril and
this new information will aid understanding the structural
mechanisms involved in fibrillogenesis as well as indicating
a means of intervention to inhibit amyloid fibril deposition.
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