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Abstract

Amyloid B protein (AB), the principal component of the extracellular plaques found in the brains
of Alzheimer’s disease patients, forms fibrils well suited to structural study by X-ray fiber
diffraction. Fiber diffraction patterns from the 40-residue form AB(1-40) confirm a number of
features of a three-fold symmetric Ap model from solid state NMR, but suggest that the fibrils
have a hollow core, not present in the original SSNMR models. Diffraction patterns calculated
from a revised hollow three-fold model with a more regular p-sheet structure are in much better
agreement with the observed diffraction data than patterns calculated from the original sSSNMR
model. Refinement of a hollow-core model against sSNMR data led to a revised sSNMR model,
similar to the fiber diffraction model.
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Introduction

Amyloid B protein (AB) is a 38—43 amino acid peptide, the principal component of the
extracellular plaques found in the brains of Alzheimer’s disease patients.! It is derived from
the p-amyloid precursor protein by proteolysis, and variations in the exact sites of
proteolysis account for the slight variations in the length of the peptide. The most abundant
form is the 40-residue peptide AB(1-40),2 but other forms, differing mostly in the C-
terminal site of proteolysis, are found, particularly AB(1-42). Amyloids are aggregates of
misfolded proteins associated with over 20 human diseases including Alzheimer’s and
Parkinson’s;3 the aggregates consist of long, unbranched fibrils 40-100 A in diameter, often
made up of twisted subfilaments that give the fibrils a rope-like appearance. X-ray fiber
diffraction patterns from amyloids are dominated by a sharp reflection at a spacing close to
4.75 A on the meridian (the axis parallel to the fibril axis), an indication of p-strands
running perpendicular to the fibril axis, called cross-p structure.*° In many cases there is
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also a more diffuse intensity maximum at 8-10 A on the equator (the axis at right-angles to
the meridian). Many amyloids, perhaps most or all amyloids associated with disease,® have
the unique ability to propagate their own structure, recruiting other molecules of the same
protein to the misfolded form as first described for infectious prions.”

AP structure has been studied by a variety of methods including cryo-electron microscopy
(cryo-EM),89 fiber diffraction,19-13 solid state NMR (ssNMR),14-19 and molecular
dynamics simulations.29-22 AB fibrils are known to be highly polymorphic, with subtle
variations in fibril growth conditions leading to significant differences in molecular
structure.?3 The most detailed models have come from ssNMR, and consist of cross-g
subfilaments (cross-p units'®) made up of AB(1-40) molecules in which each AB molecule
has two p-strands, in different p-sheets. The two strands form a U-shape, and are hydrogen-
bonded to equivalent parallel strands in adjacent Ap molecules. The number and orientation
of U-shaped cross-p subfilaments varies, depending upon the conditions under which the
fibrils are formed,14.15.24

We have obtained fiber diffraction data from Ap (1-40) fibrils, and considered some of the
proposed AR models in the light of those data. We particularly considered the three-fold
symmetric model of Paravastu et a/,1° since some of our diffraction data were obtained
from fibrils formed under identical conditions to those used in the sSNMR experiments from
which that model was derived. Fiber diffraction is complementary to ssSNMR because it is
sensitive to large-scale structural features, while providing information at higher resolution
than has so far been available from cryo-EM for Ap. While we confirmed many of the
general features of the original three-fold symmetric model, we found some discrepancies
between the observed diffraction data and data predicted by that model. We have
constructed new models more consistent with the fiber diffraction data, and shown that these
models can also account for the sSNMR data.

Results and Discussion

Overview

We obtained fiber diffraction data from fibrils prepared at pH 2 and pH 7.4. The pH 7.4
fibrils were prepared under conditions identical to those used for ssNMR experiments,® but
the pH 2 fibrils yielded much better diffraction data. The diffraction patterns and electron
microscopy suggested that the fibrils from both preparations had the same general structure,
so we analyzed the data from the pH 2 fibrils, comparing them to data calculated from
variations of the sSNMR model. The diffraction data also suggested that the fibrils had the
general form of a hollow cylinder, so we constructed models based on the three-fold
symmetric sSSNMR model, but with a hollow core. These reconstructions led to a model (the
fiber diffraction model) that fit the diffraction data well. In a separate modeling experiment,
we further refined the original three-fold symmetric model against the sSNMR data, with
small changes in the restraints that allowed the model to have a hollow core. The resulting
refined model accounts for the sSSNMR data and fits the fiber diffraction data much better
than did the original sSNMR model, although not as well as the fiber diffraction model.

Diffraction from AP fibers

Diffraction patterns from A fibers (Fig. 1a and b) all show typical amyloid cross-p
diffraction, with an intense meridional reflection at 4.7 A. Patterns from fibrils grown at pH
7.4 under quiescent conditions identical to those in the ssSNMR measurements of Paravastu
et al*> were highly disoriented, although meridional and equatorial diffraction could still be
distinguished (Fig. 1a). Despite the difference in orientation, sector plots (Materials and
Methods) show that the pattern of intensities on the equator is very similar at neutral and
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low pH (Fig. 1 c and d). Diffraction on the equator is continuous, with no evidence for
crystallinity even at low angles. The strongest equatorial features are intensities at about 40
A and 10 A resolution (44 and 9.8 A at low pH; ~43 and ~10 A at neutral pH). Under both
conditions, there are weaker intensities at ~15 A and ~22 A, although because of
disorientation the 22 A intensity is too weak to be confidently identified in the neutral-pH
patterns. Only the low-pH patterns were sufficiently ordered for quantitative analysis, but
the similarities in the diffraction patterns, together with the similar appearances of the fibrils
in electron microscopy images (Fig. S1), imply that the low-pH structure is similar to the
neutral-pH structure. We therefore concluded that it was appropriate to use the three-fold-
symmetric fibril model derived by Paravastu et a/1° as the starting point for comparisons
with our diffraction data.

AB models: comparison of experimental and calculated diffraction patterns

The low-pH A diffraction pattern (Fig. 1b) was sufficiently well-oriented to allow the
accurate determination of equatorial diffracted intensities by angular deconvolution.25:26
Intensities calculated from a variety of models were compared to these measured intensities.

A diffraction pattern calculated from the published ssNMR model for three-fold symmetric
A fibrils!® reproduced the observed strong equatorial intensity close to = 0.02 A1 (50
A), but beyond that resolution, neither the peak positions nor the relative intensities fit the
observed data (Fig. 2a). In particular, the model did not predict the strong equatorial
intensity at £=10.1 A~1 (10 A) and the intensity at = 0.037 A~1 was much greater than
observed. The model also predicted very strong diffraction at = 0.053 A~1, where the
observed data actually fell to a minimum. Overall, the calculated intensities were much
stronger at medium resolution (R between 0.03 and 0.10 A~1) than the observed intensities.

The diffraction calculated from the published sSNMR model qualitatively resembled
diffraction from a solid cylinder, which is a reasonable approximation to the model at very
low resolution. The observed diffraction intensities, however, are more typical of diffraction
from a hollow cylinder (Fig. 3), falling off very rapidly at low angles (around R = 0.04 A-1
in Fig. 1d) and then recovering to a considerable extent (around R = 0.1 A1 in Fig. 1d).
While intensities calculated from homogeneous cylinders are of limited significance, since
diffraction is influenced by molecular structures even at low resolution, these observations
did suggest to us that the exploration of hollow models might improve the fit between the
calculated and observed data. We therefore calculated the diffraction pattern that would be
produced by the ssSNMR model with the cross-p units simply moved to higher radius,
approximating a hollow cylinder. This model predicted a diffraction pattern (Fig. S2a) that
qualitatively resembled the experimental data more closely than the pattern from the
unmodified ssNMR model, but still greatly underestimated the diffraction near £=0.1 A1,
and included diminished but still distinct intensity at £=0.05 to 0.06 A1,

A model similar to the expanded ssSNMR model, retaining a number of key molecular
interactions but with B sheets much closer to the canonical structure (Materials and
Methods), predicted a diffraction pattern with a greatly improved fit to the observed pattern
at resolutions below about 8 A (Fig. 2b) (higher resolution agreement is at present beyond
the scope of this work). The more regular B sheets spaced close to 10 A apart give rise to
strong diffraction at 10 A (R=0.1 A1), as observed, and other parts of the equatorial
diffraction are also in much better qualitative agreement with the observed data.

Other possible models

Alternative models for A based on cryo-EM data, in which the fibrils are made up of two
rather than three cross-B subfilaments, have been published.®27 AB structures are known to
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depend on solution and fibrillization conditions2# as well as the exact peptide sequence, so
these models are not necessarily appropriate for our fibrils, but they were nevertheless
considered. Coordinates for one model2’ were not available, but this model would not be
expected to predict the observed diffraction data, since it includes a solid fibril core and the
diffraction data imply a hollow core, as discussed above. Similarly, the separation of the
subfilaments in a cryo-EM model® of AB(1-42) is inconsistent with the peak positions in our
diffraction data.

A model derived by ssNMR from fibrils formed under agitating conditions contains two
rather than three subfilaments.14 Diffraction data calculated from this model were in very
poor agreement with the observed diffraction data (Fig. S2b). The diffraction data thus
readily distinguish among structural models that are qualitatively different from one another.
We emphasize that the two- and three-subfilament models apply to distinct Ap(1-40)
structures, so our diffraction data do not contradict the two-subfilament model of Petkova et
3[14

Hollow models and ssNMR data

The collapsed core of the published ssNMR model was largely a consequence of restraints
on the distances between Met35 side chains in different cross-p units. These restraints were
imposed during model development in order to explain the strength of magnetic dipole-
dipole couplings among 13C-labeled Met35 methyl carbons, which was found
experimentally to be somewhat greater than expected if only couplings within each cross-
unit were considered.® An alternative explanation for the experimental data is that Met35
methyl carbons are randomly displaced along the fibril axis. The inverse-cube dependence
of dipole-dipole couplings then leads to an enhancement of the average coupling strength,
without requiring short distances between cross-g units.

Revised ssSNMR models (PDB ID: 2L M P and 2L M Q) were calculated with the program
Xplor-NIH (Materials and Methods), using the experimental restraints from Paravastu et
al15 and additional conformational restraints from backbone 13C-13C and 1°N-1°N dipolar
recoupling measurements.28 Restraints on distances between Met35 methyl carbons in
different cross-p units, which had the effect of collapsing the central pore in the earlier
modeling calculations by Paravastu et a/.,1> were not included in the Xplor-NIH
calculations. These models are similar to the fiber diffraction model in Fig. 2b, in that the
center of the fibril is hollow and the B sheets are more regular in structure (Fig. 2c).
Diffraction predicted by one of the lowest-energy refined models (chains C, I, and O from
PDB ID: 2LMP) is in much better agreement with the observed diffraction data (Fig. 2c)
than the diffraction predicted by the original ssSNMR model. Although the agreement does
not appear to be as good as the agreement from the fiber diffraction model (Fig. 2b), it is
good enough to support the hollow fibril core and more regular p sheet structure.

Precise quantitative agreement is not necessarily expected between the experimental fiber
diffraction data and data calculated from ssNMR-based models, since the low-pH fibrils
used to obtain an oriented diffraction pattern need not be completely identical structurally to
the neutral-pH fibrils used in sSNMR measurements. Nevertheless, the results in Fig. 2c
show that the principal features of the three-fold symmetric ssNMR-based model are
consistent with the diffraction data, once the restraint on Met35-Met35 distances is removed
as described above. Related conclusions regarding Met35-Met35 interactions were reached
in recent molecular dynamics studies of three-fold symmetric Ap fibrils.22
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The revised models

Fiber diffraction confirms the cross-p amyloid structure of AB, as well as the three-fold
symmetric structure of AP under the conditions used; no other structural model achieved
even the qualitative agreement between calculated and observed diffraction seen in Figs. 2b
and 2c. Electron micrographs and the strong equatorial intensity at £=0.022 A1 are
consistent with a structure approximating a cylinder of diameter ~80 A, and to this extent
the general features of the earlier ssSNMR model for fibrils formed under quiescent
conditions?® are confirmed. However, the weaker equatorial intensities at higher resolution
suggested that unlike the earlier model, the cylinder is hollow, and this suggestion is
supported by both diffraction pattern predictions (Fig. 2b) and the revised sSNMR analysis
(Fig. 2c). Molecular dynamics simulations?2 also favor a hollow rather than a solid core; the
increased accessible surface area of a hollow model could bind small molecules, with
important consequences for therapeutic and diagnostic applications. The hollow core may
perhaps be surprising at first, given the hydrophobicity of the side chains lining the inner
surface, but the molecular dynamics simulations show that the cavity is energetically stable
and hydrated.

Other fiber diffraction studies of AB

Earlier workers!®-13 obtained diffraction patterns from dried fibers or disks of AB(1-40) and
AB(1-42). Modeling studies were limited, however, perhaps because the diffraction patterns
were not as well-ordered as those described here. The published patterns are similar to those
we have presented in that all include cross-p meridional intensity and equatorial intensity
close to 10 A, but other intensity maxima vary in position and relative strength, as might be
expected given the diversity of conditions under which the fibers were made.

Fiber diffraction and ssNMR

Our analysis demonstrates the valuable complementarity between fiber diffraction and
ssSNMR for structural studies of filamentous assemblies. Fiber diffraction can only in
exceptionally favorable cases?%:30 image molecular details, but can often provide accurate
overall shapes and dimensions; in contrast, sSSNMR provides large numbers of accurate
restraints on short interatomic distances, but the combination of many such distances and
angles can lead to much less well-determined large-scale distances and dimensions.
Combining the two methods overcomes these problems. To obtain the maximum benefit
from this complementarity, it will be necessary to refine models against fiber diffraction and
ssNMR data simultaneously; such refinements are being developed,31-32 and although they
cannot yet handle data from fibrous systems as disoriented as amyloids, they should
eventually be able to resolve any remaining disagreements between fiber diffraction models
and the revised sSNMR models.

Materials and Methods

Sample preparation

For the low-pH studies, synthetic Ap(1-40) (Bio-Synthesis Inc., Lewisville, TX) was
dissolved without further purification in Milli-Q (Millipore Corp., Bedford, MA) water to a
concentration of 13 mg/ml and stored at 4 °C. In contrast to the neutral-pH studies, no
seeding step was used. The pH of the peptide solution after resuspension in water was ~2.0.
Mature fibrils developed in about three months as observed by negative stain electron
microscopy (EM).

For the neutral-pH studies, fibrils of synthetic Ap(1-40) were prepared under quiescent
conditions as described by Paravastu er a/1°> The fibrils used for diffraction experiments
were made identically to the fibrils used for ssSNMR experiments, using multiple generations
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of seeding.1> Once mature fibrils had formed, the solution was centrifuged at 344,000 g and
the resulting pellet was resuspended in 10 mM Tris-HCI pH 7.4 to a concentration of 5 mg/
ml.

Under both sets of conditions, EM revealed twisted fibrils with diameters from 80-100 A
(Fig. S1), comparable to earlier observations of quiescent Ap.15

Electron microscopy

AB(1-40) at a concentration of 1 mg/ml was applied to carbon-coated 400 square mesh
copper grids (Electron Microscopy Sciences, Hatfield, PA). The grids were rinsed with
buffer, negatively stained with 0.05% uranyl formate and 1% uranyl acetate, blotted, and
allowed to dry. Electron micrographs were collected on a Philips CM12 transmission
electron microscope operating at 80 kV in the Vanderbilt University Cell Imaging Shared
Resource.

Fiber diffraction

Fibers of Ap were prepared by suspending a 5 ul drop of fibril solution between two glass
rods with beeswax tips approximately 1.5 mm apart. The fibers were allowed to dry over a
period of hours to days in a closed chamber.33 Hydration was found to be important in
maintaining the orientation and order of the fibers; saturated potassium sulfate was used to
maintain relative humidity at 98%.

Fiber diffraction data were collected at the BioCAT and BioCARS beamlines of the
Advanced Photon Source synchrotron, Argonne National Laboratory, and at beamline 4-2 at
the Stanford Synchrotron Radiation Laboratory. Fibers were dusted with calcite and
specimen-to-detector distances were determined from the 012 calcite diffraction ring at
3.8547 A resolution and the 104 ring at 3.0355 A 34

Patterns were obtained from numerous fibers, prepared under various conditions of pH, salt
concentration, and humidity, seeded® and unseeded. The patterns were all qualitatively very
similar, as described above (Results) for the best-oriented fibers from each pH class.

Fiber diffraction analysis

Diffraction patterns were analyzed using the program WCENS3® to determine experimental
parameters and positions of reflections. Equatorial intensities for the low-pH data were
determined by the method of angular deconvolution.2526 Deconvoluted intensities fit the
observed intensities well for the low-pH data, but the disorientation in the neutral-pH data
was too great to allow this approach. However, qualitative representations of intensities
could be obtained even from poorly oriented patterns (provided that there was some
orientation) using the sector plot feature of WCEN. This feature plots integrated intensity at
a given radius within a sector centered on the equator of the diffraction pattern. The angular
width of the sector was 10° for the better-oriented low-pH patterns, 20° for the poorly
oriented neutral-pH patterns. Sector plots (Fig. 1) present intensities integrated azimuthally,
that is, along the arcs that arise from sample disorientation, as a function of reciprocal space
radius R. In contrast, the intensities shown in other plots (Figs. 2 and 3) are not integrated
along the arcs, and are thus more easily compared to the observed intensities in the
diffraction patterns. This difference should be considered when comparing such plots;
effectively, the sector plots are corrected for sample disorientation, but the other plots are
notJ. The difference approximates6 to a weighting of all the plots except the sector plots by
R
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Diffraction simulations were carried out using the program DISORDER from the FiberNet
website (www.fiberdiffraction.org). DISORDER performs Fourier-Bessel transforms to
calculate diffraction from helical structures3” and simulates orientational disorder.38 For
these simulations, a repeating unit of three Ap molecules related by rotational symmetry was
used. All three molecules were at the same axial position; varying their relative axial
positions does not affect the equatorial intensities. An arbitrary symmetry of 200 repeating
units in one turn of a helix, with each unit axially displaced from the previous unit by 4.7 A,
was used; after disorientation, the simulated diffraction pattern is not sensitive to the number
of repeating units provided that it is large. An isotropic temperature factor of 40 was used in
all simulations. Displays of fiber diffraction patterns used the programs WCEN (Fig. 1) and
FIT2D (www.esrf.eu/computing/scientific/FIT2D/) (Fig. 2). Background subtraction from
experimental data for comparison with data calculated by DISORDER used the program
FibreFix,3° using the circularly-symmetric background option.

Intensities of equatorial diffraction from solid and hollow cylinders were calculated from the
equation0

roJ1(2nRr,)  r;J1(2nRr;)

CR=—7% R

where the intensity at reciprocal space radius Ris G(R), r,and r;are the outer and inner
radii respectively of a hollow cylinder, and . is a first-order Bessel function.

Construction of models to fit the fiber diffraction data

Molecular models were constructed using UCSF CHIMERA .41 The model shown in Fig. 2b
was developed by adjusting the three-subfilament model of Paravastu et a/.,1% increasing the
distance apart of the subfilaments to obtain a hollow cylindrical model, and regularizing the
structure of the B-sheets. Adjustments were constrained by retaining the D23-K28 salt
bridge and the 131-V39 contacts between adjacent p-strands.

Refinement of models against ssNMR data

Refinement of models against the ssSNMR data used the program Xplor-NIH,%2 using the
experimental restraints from Paravastu et a/1° and additional conformational restraints from
backbone 13C-13C and 1°N-1°N dipolar recoupling measurements.28

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

AP

amyloid { protein

cryo-EM cryo-electron microscopy

ssNMR solid state nuclear magnetic resonance

EM
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Fig. 1. Diffraction patternsand equatorial diffracted intensity from A fibers

(a) Diffraction pattern from fibrils made at pH 7.4, using fibrils from ssNMR measurements
as seeds. (b) Diffraction pattern from fibrils made without buffer, at pH ~2. (c) Equatorial
intensity (from a sector plot (Materials and Methods), integrated azimuthally) from (a) as a
function of reciprocal space radius. (d) Equatorial intensity from (b). Arrows: meridional
intensity at 4.7 A. Arrowheads: equatorial intensity at ~10 A.
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Fig. 2. Comparison of diffraction predicted from AP modelswith observed data
(a) ssSNMR model published by Paravastu et a/.1° (b) Model adjusted to better fit fiber
diffraction data. (c) Revised sSNMR model, PDB file 2LMP. Within each part, the top
image is the cross-section of the three-subfilament AB models (bar = 10 A), the middle
image compares predicted with observed fiber diffraction data, and the bottom image
represents intensity on a line through the equator of the corresponding diffraction pattern.
Observed equatorial intensities were extracted by angular deconvolution; calculated
intensities were from the corresponding models (Materials and Methods). Observed (blue)
and calculated (green) intensities are scaled to match the peak intensities at £=0.02 A1 (50

A). Arrows in (a) indicate the strong equatorial intensity at #=0.1 A=1 (10 A).
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Fig. 3. Diffraction from solid and hollow cylinders

(a) Cross-section of a hollow cylinder, outer diameter 7, inner diameter r;. (b) Calculated
diffracted intensity from a solid cylinder, 7, = 40 A (dashed line), and from a hollow
cylinder, r,= 40 A, r= 20 A (solid line), as a function of reciprocal space radius R. This
figure illustrates the nature of diffraction from solid and hollow cylinders, although it does
not represent actual experimental data.
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