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Summary

The formation of amyloid fibers and their deposition
in the body is a characteristic of a number of devasta-
ting human diseases. Here, we propose a structural
model, based on X-ray diffraction data, for the basic
structure of an amyloid fibril formed by using the vari-
ants of the B1 domain of IgG binding protein G of
Streptococcus. The model for the fibril incorporates
four B sheets in a bundle with a diameter of 45 A. Its
cross-section, or layer, consists of four strands, one
strand from each sheet. Layers stack on top of each
other to form the fibril, which has an overall helical
twist with a periodicity of about 154 A. Each strand
interacts in a parallel fashion with the strands in the
layers above and below it, in an infinite B sheet. Some
geometric features of this model and the logic behind
it may be applicable for constructing other related
cross-f3 amyloid fibrils.

Introduction

Amyloid fiber formation and deposition are associated
with many human diseases, Alzheimer’s, type Il diabe-
tes, and Creutzfeldt-Jakob being well-known exam-
ples. The proteins that form fibers in disease-associ-
ated states or that can be induced to form fibers in vitro
have very different sequences and three-dimensional
structures. Nevertheless, the fibers that are formed
share many common features. Each fiber is composed
of a single type of protein; the fibers are straight, un-
branched, and of a similar width; and they bind certain
dyes such as Thioflavin T and Congo red with a charac-
teristic enhancement of fluorescence and birefringence
(Puchtler et al., 1961; Naiki et al., 1989; Serpell, 2000;
Dobson, 2003).

Fiber diffraction studies on a number of different am-
yloid fibers, from both ex vivo and in vitro sources, re-
veal additional common features: strong reflections at
about 4.7-4.8 A and 10-11 A that have been interpreted
in terms of a cross-f structure (Sunde et al., 1997; Ser-
pell, 2000). Various models for fibers have been pro-
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posed on the basis of fiber diffraction, solid-state NMR,
and electron microscopy studies (Jimenez et al., 1999,
2002; Serpell, 2000; Serpell and Smith, 2000; Petkova
et al., 2002; Diaz-Avalos et al., 2003; Sikorski et al.,
2003). The identity of actual toxic species is not known;
for example, there are suggestions that small, soluble
oligomers may be of importance for amyloid diseases
(Bucciantini et al., 2002). Nevertheless, a more detailed
model for the amyloid fiber is essential for a more com-
plete understanding of the nature of this state and for
any rational attempt to either prevent or reverse fiber
formation.

Several groups have reported the advantages of
studying fiber formation in vitro with proteins that are
not necessarily associated with disease in vivo (Jime-
nez et al., 1999; Guijarro et al., 1998; Chiti et al., 1999;
Gross et al., 1999; Ramirez-Alvarado et al., 2000, 2003;
Bucciantini et al., 2002; Ramirez-Alvarado and Regan,
2002). These studies allow the common thermo-
dynamic and kinetic features of fiber formation to be
elucidated in systems that can be more readily charac-
terized.

We have used variants of the B1 domain of IgG bind-
ing protein G from Streptococcus (Bjérck and Kronvall,
1984; Akerstrom et al., 1985) as an accessible model
system to study amyloid fiber formation (Ramirez-Alva-
rado et al., 2000, 2003; Ramirez-Alvarado and Regan,
2002). The structure of the native fold of the B1 domain
is known at high resolution (Figure 1A) (Gronenborn et
al., 1991; Gallagher et al., 1994; Kuszewski et al., 1999),
and the kinetics of folding and the thermodynamics of
stabilization have been studied extensively (Alexander
et al., 1992a, 1992b; Smith et al., 1994; Smith and Re-
gan, 1995; Merkel and Regan, 1998; Merkel et al., 1999).
The protein can be purified from Escherichia coli in
large quantities, and virtually any sequence variant de-
sired can be readily created. We have defined condi-
tions in which mutants of the B1 domain reproducibly
and predictably form fibers (Figure 1) (Ramirez-Alva-
rado et al., 2000, 2003; Ramirez-Alvarado and Regan,
2002). Fiber formation shows typical lag-phase kinet-
ics, which can be overcome by seeding with small
amounts of preformed fibers. The B1 fibers show all of
the structural and physical properties of typical dis-
ease-associated fibers.

Here, we present the results of X-ray diffraction
studies on a partially aligned variant of B1 fibers, and
of fibers in a polycrystalline state, which allow us to
construct a structural model for the cross-§3 structure
of an amyloid fibril. Some of the geometric relationships
within this model and the logic for deriving it may be
applicable for constructing other related cross-p amy-
loid fibrils.

Results and Discussion

Formation and X-Ray Diffraction

of B1 Amyloid Fibrils

The formation of B1 fibrils was monitored with electron
microscopic imaging by following an established pro-
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cedure (Ramirez-Alvarado et al., 2000, 2003; Ramirez-
Alvarado and Regan, 2002). The fibril formation was
highly reproducible from one preparation to another,
with some variations in the length of formed fibrils and
the degree of their clustering (Figures 1B and 1C). The
samples contained no natively folded B1 monomers,
which were depleted upon fibril formation, and any re-
sidual unpolymerized protein was removed by repeti-
tive centrifugation and extensive washing of the fibers.
Other than NaCl, the samples contained no additional
chemicals that might interfere with X-ray diffraction ex-
periments when dried. The prepared fibers were resus-
pended in 0, 50, and 100 mM NaCl/distilled water, a
range of NaCl concentrations previously known to in-
duce the fiber alignment (Oda et al., 1998; Yamashita et
al., 1998).

Partially dried samples of preformed fibrils of a num-
ber of B1 variants, including the B1(AY) variant (Merkel
and Regan, 1998; Ramirez-Alvarado et al., 2000, 2003;
Ramirez-Alvarado and Regan, 2002), were prepared.
X-ray diffraction analysis showed one strong reflection
at 4.8 A and one weak reflection at 10.1 A in all variants
(Figure 2). The resolution of observed reflections was
determined upon calibration by using the powder dif-
fraction of NaCl as a reference. The intensity of the ob-
served reflections, relative to background scattering by
solvent, increased substantially as the packing density
of the fibrils increased upon drying.

Fiber alignment was carried out in order to assign the
two observed reflections to geometric locations with
respect to the fiber axis, and thus to determine the un-
derlying structural elements. We used horizontal cen-
trifugation at 2000 x g at 4°C for extended periods
(days to weeks) and a stretching frame to align the pre-
formed B1(AY) fibers. The sufficient alignment allowed
us to make an assignment of the 4.8 A spacing to the
meridional direction, i.e., parallel to the fiber axis, and
the 10.1 A spacing to the equatorial direction, i.e., per-
pendicular to the fiber axis (Figures 2C-2E). Our obser-
vation is consistent with results from fiber diffraction
studies reported for several other amyloid fibers (Sunde
et al., 1997; Serpell et al., 2000; Balbirnie et al., 2001;
Diaz-Avalos et al., 2003; Sikorski et al., 2003). A com-
mon feature of all of these amyloid fibers is a cross-f
structure in which the sheet normal (a vector perpen-
dicular to the sheet) and the strand direction are per-
pendicular to the fiber axis. In this model, the 4.8 A
reflection corresponds to the strand-strand spacing,
and the 10.1 A reflection corresponds to the sheet-
sheet spacing (Sunde et al., 1997; Serpell, 2000). The
existence of the 10.1 A reflection suggests that there
are two or more sheets in fibrils, excluding the possi-
bility of single-sheeted amyloid models such as those

Figure 1. The AY Mutant of the IgG Binding B1 Domain of Strepto-
coccal Protein G

(A) A ribbon diagram of the B1 domain (Gronenborn et al., 1991).
The o helix diagonally crosses the four-stranded B sheet.

(B and C) TEM images of the AY mutant fibers. Fibers were applied
to formvar-coated copper grids and negatively stained with 1%
PTA. Scale bars, 1000 A.
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Figure 2. X-Ray Fiber Diffraction of the AY Mutant Fibrils

(A) The fibrils were resuspended in water and air dried. There are at least four defined reflections whose resolution is indicated. The resolution
of the potential fifth reflection could not be independently determined.

(B) A zoom-out of (A).

(C-E) Partial fiber alignment. (C) Partial alignment along the capillary direction resulted in indexing of meridional (m) and equatorial (e)
reflections. The NaCl (200) reflection is also indicated. (D) A second sample with meridional and equatorial reflections indicated. Two NaCl

reflections, (200) and (220), are also shown. (E) An enlargement of (D) shows an equatorial reflection.
The exposure time for (A) was 3 hr, and the exposure time for (C) and (D) was 90 min.

in a B helix structure (Govaerts et al., 2004) or in a na-
tively folded single-sheeted protein (Koide et al., 2000).

Two additional reflections, one at 20.2 A and the
other at 40.4 A, were observed in many of the B1(AY)
fiber samples (Figure 2A). Because of weak intensity,
these two reflections could not be directly assigned.
They are indirectly assigned to equatorial reflections
because of a simple arithmetic relationship to the 10.1
A equatorial reflection. The observation of the 20.2 A
reflection suggests that there exist at least three sheets
in amyloid fibrils. Although the 40.4 A reflection is also
an equatorial reflection, it does not correspond to five
sheets in the amyloid fibrils. This is a very sharp Bragg
reflection, corresponding to lattice spacing in the poly-
crystalline state (see below).

Formation and X-Ray Diffraction of Polycrystalline
B1(AY) Amyloid Fibrils

Packing and alignment of preformed fibers is analo-
gous to the crystallization process of globular proteins,
except that preformed fibers are not freely diffusible
and do not undergo large thermal motions in solution.
Unlike globular proteins, preformed fibers are sensitive
to macroscopic forces such as mechanical force (cen-
trifugation and stretching techniques) and electromag-
netic force, which are known to promote the alignment
of proteinaceous fibers (Guijarro et al., 1998; Malinchik
et al.,, 1998; Oda et al., 1998; Yamashita et al., 1998;
Sikorski et al., 2003). Controlled dehydration, i.e., dry-
ing the samples, is another important factor in fiber
alignment. Dehydration of the B1(AY) fibers greatly im-
proved the diffraction quality of our samples (Figures
2B and 2D).

Six samples of preformed B1(AY) fibrils in capillary
tubes were set for alignment. The alignment was moni-
tored by X-ray diffraction, which was performed after
each extended period (in days and weeks) of centrifu-

gation at 4°C and dehydration at room temperature.
This procedure was repeated 4-8 times in a period of 6
months. No changes in diffraction patterns were ob-
served when dehydration was complete after 3-5 months.
Similar results were obtained when a stretching frame
method was used. Of six samples, one had gradually
improved the diffraction quality to at least 1.6 A resolu-
tion, but without any signs of global alignment.

We have observed reflections from 154 to 1.6 A reso-
lution from one B1(AY) amyloid fiber sample in the crys-
talline state or in the powder form of amyloid fiber crys-
tals (Figure 3). In order to exclude all reflections from
NaCl and other obscure reflections derived from the de-
tector/beam stop geometric setup, calibration images
derived from using the powder of NaCl were taken im-
mediately after (Figure 3B) and before (data not shown)
an experimental image (Figure 3A). Each NaCl single
crystal has three reflections, (200) at 2.821 A, (220)
1.994 A, and (222) 1.628 A, observable in the resolution
range. Many NaCl single crystals were sparsely present
in various locations of the sample. In order to make
sure that amyloid fibers were a homogenous species,
X-ray diffraction was carried out in five different loca-
tions of the sample within the capillary. An image from
a location with the fewest NaCl reflections was used for
detailed analysis (Figure 3A). This image still has three
NaCl reflections behind the inset of Figure 3A, which
affected the accuracy of resolution determination for
reflections nearby even after they were masked out for
analysis. All reflections from amyloid fibers have the
same half-peak width as the calibration NaCl powder
sample, and this finding is expected based on the fact
that the X-ray beam size determines the half-peak
width.

This sample also had typical broad reflections at 4.8 A
and 10.1 A resolutions at the early stage of alignment.
These two reflections were absent in the final polycrys-
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Figure 3. X-Ray Powder Diffraction of the
Polycrystalline State of the AY Fibril

(A) Fibrils were resuspended in 50 mM NaCl
and air dried. Resolutions of the reflections
were calibrated by using the NaCl (200) re-
flection. Note that reflections at 76.8 A (77 A)
and a lower resolution (estimated to be
153.6 A) are from the polycrystalline state of
the fibrils. Three individual reflections at
2.821 A, 1.994 A (behind the inset), and 1.628
A are (200), (220), and (222) reflections, re-
spectively, from one single NaCl crystal pre-
sent in the fiber sample.

(B) Powder diffraction of NaCl in a calibra-
tion experiment.

talline state, implying that a transition from an un-
packed to a well-packed lattice-defined polycrystalline
state of amyloid fibers was completed.

Indexing and Unit Cell Dimensions
of Polycrystalline B1(AY) Fibrils
Indexing of the fibril diffraction pattern was carried out
in a two-dimensional lattice and resulted in a square
lattice with a = b = 39.83 A for all reflections (Figure 4),
with the exception of the two lowest-resolution reflec-
tions. With this lattice, the maximal discrepancy in reso-
lutions between the observed and predicted reflections
was 0.017 A, and the mean discrepancy was 0.011 A
for all 17 strong reflections (Figure 4) plus an additional
12 weak reflections (not shown). Reflections with large
resolution discrepancies were near NaCl reflections.
The two observed lowest-resolution reflections, one
at 76.8 A resolution and the other at about 153.6 A,
were assigned to be the third orthogonal cell edge di-
mension. The precise resolution of the lowest-resolu-
tion reflection was determined with an error of about

a=b=39.828A (hkO zone)
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Figure 4. Indexing of Radially Integrated Reflections

Only the (hkO) zone is indexed. The vertical axis is measured in
relative intensity, and the horizontal axis is measured in degrees.
Less well-matched reflections at high two theta angles are likely
due to the contribution of zones with / = 1 or higher values.

5 A due to the fact that it was too close to the beam
stop and was back calculated from 32 x 4.8 A (see be-
low). With this indexing, the primitive unit cell dimen-
sionsarea=b =39.83A, c=153.6 A, 0. = p =y =90°
This unit cell should contain one crystallographic unit
of fibrils.

Two geometric factors of the fibers in the polycrystal-
line state may explain why only a small fraction of re-
flections are observable for the large unit cell. Here, un-
like with powder diffraction of NaCl crystals, we have a
severe overlapping problem among reflections. For a
reflection in a given resolution, its intensity is distrib-
uted in the detector area that is proportional to the
square of the resolution, and the number of the nearby
reflections that contribute to background is propor-
tional to the cube of the resolution. This feature makes
the disproportionally large number of reflections unob-
servable. In fact, with the assistance of one of us (J.W.),
Martin and Zilm (2003) have observed that the number
of observable reflections from thousands and ten of
thousands in single crystals of five proteins was rapidly
reduced to only a dozen after they were converted to
microcrystals and finally to nanocrystals.

However, the geometric basis for missing strong re-
flections at low resolutions is different. Between 9.96 A
and 76.8 A, there was a very weak reflection at about
40 A, observed only after integration. This reflection
corresponds to the first order of the reflection of the
square lattice. Two reasons may explain why it is so.
First, the long unit cell dimension may be highly disor-
dered with the diffraction limit of about 77 A resolution.
Second, which is a more likely possibility, a very large
rising angle in the helical structure may have resulted
in a large blind diffraction cone (Cochran et al., 1952;
Wilkins et al., 1953; Taylor and Lipson, 1965). This cone
along the fiber axis (or the / direction) started with / = 0
and had an angle of 60°. This included virtually all non-
zero | index reflections with small indexes of h and k
(see Experimental Procedures for computational verifi-
cation and estimation of the core angle).

Unit Cell Content and the Concept of the Basic
Amyloid Fiber-Forming Unit

The first-order reflection along the long axis has been
determined to 153.6 A upon retrospective calculation
from 32 x 4.8 A. It is important to note, however, that
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Figure 5. The Slab Concept of a Basic Amy-
loid Fiber-Forming Unit

(A) The unit cell can be sliced into 32 equal
slabs, and the slabs are continuously twisted
around the fiber axis. The twisting of slabs
neither changes the volume of the unit cell
nor affects the packing of unit cells in the
lattice.

(B) The twisting of slabs causes a corner-to-
corner displacement of two adjacent slabs.
Thus, the projected end-to-end displace-
ment (d,) of their strands onto the slab, as
formulated, is a function of the distance (r)
to the twisting axis, the twisting angle (o),
and the length (/) of the strands. One way to
prevent the end-to-end distance from
increasing is through their strand-to-strand
backbone hydrogen bonds after the strands
are properly tilted (see text).

(C and D). Two possible arrangements of

d.
d, = 2 sin(0/2) [r+(I/2)'"*

four B strands within each slab and their re-
lationship with the protein sequence: a (C)
mixed parallel/antiparallel mode and an (D)
all-alternating antiparallel mode with a
pseudo dyad at the center. (C) The crystallo-
graphic data of a = b = 39.83 A suggest four
independent B3 sheets within each slab. Each
subunit contributes four segments, labeled
as A, B, C, and D on the protein sequence in
(D), for the formation of four § strands in the
amyloid fibers, which may not be the same

as B1, B2, B3, and B4 in their native structure (Figure 1A). The one-to-one relationship between the four strands on the protein sequence and
the four strands within each slab remains unknown. Atomic structures of four strands (all having the same TFYVT sequence) in (C) is only for
demonstration of the strand-strand distance within each slab (which is actually the sheet-sheet distance within the fibers), the pattern of the
backbone hydrogen bonds (which are formed between slabs and vertical to the plane), and the location of their side chains (which is within

each slab and horizontal to the plane).

the conclusions drawn in this study are independent of
whether it is actually 31, 33, or 32 times 4.8 A.

The unit cell can accommodate 32, 16, or 8 B1 do-
main monomers with corresponding solvent contents
of 0.0%, 50.0%, and 75.0%, assuming that the protein
density in these amyloid fibers is the same as (or higher
than) that typically observed in crystals of native pro-
teins. Because the high-resolution powder diffraction
data were obtained from a dried fiber sample, it is ex-
tremely unlikely that there was a large solvent content
in the unit cell. Therefore, a model of 32 monomers in
1 unit cell, with a 0% solvent content, is by far the most
reasonable choice.

When the entire unit cell is sliced into 32 equal slabs
along the long unit cell edge, each monomer occupies
one slab within its side dimension of 40 x 40 A and a
height of 4.8 A (Figure 5A). The slab is the basic amyloid
fiber-forming unit and a minimal noncrystallographic
unit, from which the entire unit cell content can be gen-
erated by using 32-fold helical noncrystallographic
symmetry (NCS).

Number of B Sheets in the Amyloid Fiber Model
When the slab is added onto a growing chain of amy-
loid fibers one at a time, backbone hydrogen bonds are
formed between the newly added slab and the existing
fiber while hydrophobic residues are buried within the
fiber (Figure 5). Therefore, the number of strands in the
slab is equivalent to the number of sheets in the amy-
loid fiber.

Our X-ray data described above show that there exist
at least three sheets. The three-sheeted fiber, i.e., the
three-stranded slab of about 30 A in width, would re-
quire us to propose 10 A of some type of ordered struc-
ture at its sides in order to generate the well-defined
lattice dimension of 40 A. Conversely, there is not suffi-
cient space in the unit cell for a five-stranded layer.
Therefore, our data support that there are four sheets
in the fiber and four strands in each slab.

Arrangement of Parallel § Strands

within Each Sheet

Each strand in each slab forms one continuous sheet,
in which the backbone hydrogen bonds are formed be-
tween layers that are stacked along the long axis of the
fiber. The orientation of equivalent strands between two
adjacent slabs is largely identical (with a slight twisting
as described below), i.e., f sheets are made of all-par-
allel B strands. Consistent with our parallel in-register
architecture of the 3 sheet model, other similar models
have been proposed, including ones for AB;_4o deter-
mined by solid-state NMR and o-synuclein with EPR
labeling (Petkova et al., 2002; Der-Sarkissian et al.,
2003).

The X-ray data we present favor one monomer per
slab (monomeric slab), over both two (dimeric) and four
(tetrameric) monomers per slab. The three models of
slabs differ in volume and height (4.8, 9.6, and 19.2 A,
for monomeric, dimeric, and tetrameric models, re-
spectively), the number of helical symmetry (32-, 16-,
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and 8-fold, respectively), and the successive rotation
(360°/32, 360°/16, and 360°/8, respectively) between
two adjacent slabs. The observation of the single 4.8 A
equatorial reflection in the X-ray diffraction data sug-
gests that only the monomeric slab model is possible.
The absence of 9.6 A and 19.2 A reflections, corre-
sponding to the primitive repeats for the dimeric and
tetrameric slab models, excludes both of them. The
monomeric slab model is the most consistent with the
observed large blind cone in the diffraction data (see
Experimental Procedures) and requires the least
amount of reorientation of strands between two suc-
cessive slabs for maintaining backbone hydrogen
bonds (Figure 5A). Because only in the dimeric and tet-
rameric models is an antiparallel arrangement of f
strands in sheets possible, the X-ray diffraction data
we present have then excluded such an arrangement
in our amyloid fibers. Nevertheless, in the literature,
antiparallel arrangement models have been proposed
for other amyloid fibers (Gordon et al., 2004; Petkova
et al., 2004; Makin et al., 2005).

In the twisted fibers, as described below, one can
picture each sheet as wrapping tangentially around a
cylindrical surface (Figure 6). The curvatures of two
outer sheets, with a distance of about 20 A to the
central fiber axis, and the two inner sheets, with a dis-
tance of about 10 A, are different.

The sheet curvature of all-parallel strands depends
on a given amino acid sequence of strands. Consider,
for example, a B sheet made of 5-residue [ strands, of
sequence AANAA. The interstrand distance of about
4.7-4.8 A for the backbone H bonds is also ideal for the
asparagine-asparagine side chain-side chain H bonds,
and little twisting of the sheet is observed. Compare
this situation with a § sheet that is still made of 5-resi-
due B strands but has strands of sequence AAFAA. For
this sequence, much more significant twisting of the 8
sheet is required to accommodate the phenylalanine-
phenylalanine side chain-side chain stacking interac-
tion, which is about 3.7-3.9 A. The extent of B sheet
twisting is clearly a function of accumulative interac-
tions of all 5 residues on the strands. Therefore, any 3
sheet of all-parallel strands made of any given peptides
has its own preferred twisting and curvature.

Arrangements between 3 Sheets

The four 3 sheets in our slab have a defined polarity;
one edge corresponds to the C termini, and the other
corresponds to the N termini. The arrangement of four
sheets is defined by the arrangement of four strands
within each monomeric slab. Two possible arrange-
ments of the four strands are shown in Figures 5C and
5D: a mixed parallel/antiparallel mode and an all-
alternating antiparallel mode. These are the only two
possible modes. In these modes, connections between
strands are made of very short loops that are located
on the same side of sheet edges. The all-parallel ar-
rangement of four strands within our slab requires much
longer loops and is not possible, because in the current
model, only about half of the residues of each monomer
are available for making the connection loops. However,
the precise sequence from this protein contributing four
strands and the one-to-one relationship between the

Side-1

Side-2

Figure 6. Two Twisted Four-Sheeted Models with and without Tilt-
ing of Strands

(A) Two orthogonal views of one unit cell.

(B) Surface properties of the p sheets. An inner  sheet (upper
model) requires side chain interactions within the sheet and with
other sheets at both sides with a small curvature. An outer  sheet
(lower model) requires side chain interactions at only one side
(side-1) with a large curvature. Side-2 is exposed to the solvent.
(C). A similar model as (A), but the B strands in the outer sheets
tilt about 35° in order to maximize all backbone hydrogen bond
interactions within the  sheets.

four strands in the sequence and the four strands in
one slab (Figure 5) are beyond the scope of this study
and will be addressed elsewhere.

Four strands in each monomeric slab belong to one
single polypeptide and are subject to a connectivity
constraint (Figure 5). In the natively folded 3 sheets of
all-parallel strands, connecting loops may run cross-
over at the sides of 3 sheets. In the amyloid fibers, one
B sheet stacks against another, and the sheet extends
infinitely, forming impassable walls. Crossover topology
is no longer permissive when the number of amino
acids in connecting loops is limited. This connectivity
constraint does not exist for small peptides used for
studying amyloid fiber formation.

Helical Twisting of Amyloid Fibers and 8 Sheets
A key observation in our X-ray diffraction data is a long
repeat edge of 153.6 A, corresponding to 32 slabs of
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fibers. Because of this observation, successive slabs
must rotate about 360°/32 and are arranged in 32-fold
helical noncrystallographic symmetry (Figure 5), and
the amyloid fibers and their sheets are then twisted.
Without this twisting, the repeat unit along this axis
would be reduced to ¢ = 4.8 A. This is the direct obser-
vation corresponding to a specific twisting value, which
we include as an important constraint in our model.

Sheets within amyloid fibers have different curva-
tures in twisted structures, depending on their distance
to the fiber axis (Figures 5B and 6). Four sheets in our
model can be divided into two inner and two outer
sheets (Figure 6B). Both sides of the inner sheets, likely
with a high content of hydrophobic residues, are capa-
ble of interactions with other  sheets, while only one
side of the outer sheets is required to be so. As dis-
cussed above, } sheets formed by any set of se-
quences have an intrinsic curvature and have their own
sidedness of hydrophobic residues. Only when the in-
trinsic curvature of predicted sheets matches the geo-
metric requirement of two inner and two outer sheets
(Figure 6) does the B1 domain form amyloid fibers. This
may be a general requirement for other amyloid fiber-
forming proteins based on cross-f structure.

Backbone hydrogen bonds within the outer sheets
force their strands to tilt against the equatorial axis by
about 35° (Figure 6C). When slabs twist in stacking, the
strand-strand distances between the two adjacent
slabs increase at the ends of strands (Figure 5B), while
they remain constant at the middle. Because of back-
bone hydrogen bonds, the strand-strand distances
must remain approximately constant at about 4.8 A
throughout the strands. A tilting of strands within each
slab is necessary. For a given twist of slabs, the dis-
tance effects on the outer sheets are much larger than
on the inner sheets. In general, tilting of strands in the
outer sheets is sufficient. On the basis of modeling, the
tilting is approximately 35°. With this tilting, the strand-
strand distances in the outer sheets are slightly longer
than those in the inner sheets. Such tilting would cause
the meridional 4.8 A reflection to extend as an arc from
the meridional axis by about the same amount. Indeed,
one sees such an arc even in the nearly perfectly
aligned samples of AB11-25 (Serpell, 2000; Sikorski et
al., 2003).

Helical twisting of amyloid fibers has been seen in the
electron microscopy for both disease and non-disease-
associated proteins (Blake and Serpell, 1996; Sunde et
al., 1997). The X-ray data we present provide additional
evidence for, and quantification of, fiber superhelical
twisting.

All cross-f amyloid fibers seem to have a common
core structure, regardless of the sequence of proteins
involved (Sunde et al., 1997). The previous model for
the core of transthyretin amyloid fibrils has a diameter
of about 50 A and a fiber repeat of 116 A, corresponding
to 24 slabs. Our fibers fit the unit cell of 40 A x 40 A x
154 A, corresponding to 32 slabs. Our fiber should have
a diameter of 45 A in solution after conversion from the
square slab to a cylinder model. Blake et al.’s model
(Sunde et al., 1997) simply twists more and is thicker
than ours, while the volumes of the two models are
within 8% of each other. Below, we provide the struc-
tural and geometric basis for why the two amyloid fi-

bers have the same volume as the fiber unit, the same
number of sheets (four), and a similar strand length.

Geometry of Twisted B Sheets: Length of 8

Strands and Number of Sheets

There is no limit on the length of strands and the num-
ber of stacked sheets when sheets are flat and do not
undergo twisting. However, sheets of naturally occur-
ring parallel § strands have intrinsic twisting around the
direction of § strands (Richardson, 1981). This is due to
the maximization of side chain interactions. Here, we
proposed a tilting of strands around two other direc-
tions for maintaining backbone interactions. Because
of backbone hydrogen bonds in the successively
stacked slabs that twist around the fiber axis, strands
in the outer sheets further tilt around the equatorial axis
by 35°, as described above. This tilting makes the spiral
passage of outer sheets longer than that of inner
sheets, which wrap tangentially around cylinders. The
passage length of the outer sheets and the tilting an-
gles of their strands set the geometric limits on the
number of sheets and the length of strands in the
twisted structure, respectively.

The strand length is about 5 residues in our structure.
Clearly, 3 residues is a minimal number to be consid-
ered to be a part of a sheet. Maximal length, which is
set by the width of the slab, will not exceed 11 residues
(Figure 5). Due to 11.25° twisting of slabs, the lateral
displacement at the amino- and carboxyl-terminal ends
of 5-residue strands of the outer sheets is about 3.5 A.
Computer modeling and energy minimization shows
that a strand tilt of about 35° around an equatorial axis
could continue to maintain backbone hydrogen bonds
at both ends between two adjacent slabs. A similar ge-
ometry of backbone hydrogen bonds would be much
more difficult to maintain at the ends of strands longer
than 5 residues, because further tilting of strands, with a
substantial increase of the passage length of the
sheets, may not occur.

The maximal number of sheets in our structure is
four. This has been set by the X-ray diffraction data.
Additionally, it is also set by geometry. When an addi-
tional sheet is added onto either side of our structure,
the sheet cannot maintain backbone hydrogen bonds,
because a strand tilting of more than 35° or a further
increase of the passage length of the sheet is not pos-
sible. This limit on the number of sheets may be appli-
cable to all twisted cross-§ amyloid fibers.

Although detailed atomic structure of the amyloid fi-
ber-forming slab and thus the amyloid fiber is beyond
the scope of this study, the slab should contain about
half the number of residues in the core 3 strand struc-
ture for the formation of four sheets (Figure 5), and the
remaining half of the residues are in the unstructured
connecting loops (not shown).

Our Model in the Context of Other

Structural Studies on Fibers

Here, we provide a structural model for the twisted
cross- structure of an amyloid fiber on the basis of
X-ray diffraction data. The existence of multiple sheets
appears to be a common feature among all cross-f8
structures of amyloid fibers with characteristic reflec-



Structure
1286

tions at 4.7-4.8 A and 10-11 A (Sunde et al., 1997; Mal-
inchik et al., 1998; Serpell, 2000; Serpell et al., 2000;
Dobson, 2003). A single-sheeted 3 helix model was re-
cently proposed to be a general model for the amyloid
fibers (Govaerts et al., 2004). However, this model has
only one sheet and should not give rise to an observ-
able reflection for the sheet-sheet stacking, which was
reported to be at 8.82 A resolution (Nguyen et al., 1995).
This model is not applicable to any amyloid fibers that
have multiple sheets, as shown in diffraction data typi-
cally at about 10-11 A resolution (Sunde et al., 1997;
Serpell, 2000).

Eisenberg and colleagues have proposed another
cross-f structure, but one without any helical twisting
(Balbirnie et al., 2001; Diaz-Avalos et al., 2003). Their
model was based on high-resolution diffraction studies
for fibers formed by a 7 amino acid peptide (GNNQ
QNY) derived from the yeast prion protein Sup35. This
peptide lacks any hydrophobic residues, and its amy-
loid model is not subject to the connectivity constraint.
If we had not collected all X-ray diffraction data, espe-
cially the two lowest-resolution reflections near the
beam stop, we would have also been led to adopt an
amyloid model without any twisting. We used a very
small beam stop that was required to avoid obliterating
this part of the diffraction pattern.

Experimental Procedures

Amyloid Fiber Preparation and Alignment

The “AY” mutant of the IgG binding B1 domain of streptococcal
protein G (Figure 1A), or B1(AY), was used in this study and has
been extensively described and characterized previously (Merkel
and Regan, 1998; Ramirez-Alvarado et al., 2000, 2003; Ramirez-
Alvarado and Regan, 2002). Briefly, the protein samples were pre-
pared and stored in 50 mM sodium acetate (pH 5.2). Amyloid fibers
were formed during agitation and incubation near the melting tem-
perature (Tm = 334 K) for about 36 hr. Fibers were pelleted by cen-
trifugation, and the supernatant was discarded. The fibers were
extensively washed with distilled water, recentrifuged, and resus-
pended in either distilled water or 50 mM or 100 mM NaCl. The
fibers were pipetted into solvent-filled 0.7 mm quartz capillaries.
The capillaries were centrifuged for 24 hr, 72 hr, 1 week, or longer
in a swinging bucket rotor at 4°C at 2000 x g. Excess buffer was
removed, and the samples were then let to dry at room temper-
ature. Alternatively, a drop of fiber solution was placed between
two capillary ends and allowed to dry (stretching frame).

Six capillary samples were allowed to dry slowly, by evaporation
over a 6 month period. All samples showed a typical diffraction
pattern of fibers, but one sample showed a powder diffraction pat-
tern to atomic resolution. This sample was originally prepared by
resuspension in 50 mM NaCl (which also resulted in some powders
of NaCl crystals). This sample had reflections to the edge of the de-
tector.

Electron Microscopic Imaging

Samples were prepared by applying a drop of fiber solution to a
formvar-coated copper grid. The grids were stained with 1% (w/v)
phosphotungstic acid (PTA) solution (pH 7) and air dried. The sam-
ples were examined with a Zeiss JEM transmission electron micro-
scope at 80 kV excitation voltage.

X-Ray Diffraction, Radial Integration, and Indexing

Routine X-ray diffraction experiments were carried out for the pre-
pared samples before and after centrifugation and drying, using
both Raxis-IV and Mar imaging systems with a home radiation
source operated at 50 kV and 100 mA at the Center for Structural
Biology at Yale University. Still diffraction images were taken with
typical exposure times of 20, 60, 90, and 120 min with the sample-
to-detector distances of 110, 125, and 150 mm. In order to observe

very low-resolution reflections, we designed a very small beam
stop and placed it as far away as possible from the sample (90
mm). The alignment of the beam stop was carried out by using
fluorescent inorganic salt crystals molded in small balls as well as
by using the powder form of NaCl crystals. When the beam stop
was placed at 90 mm, the closest sample-to-detector distance was
about 110 mm, which limited the highest resolution detected at the
edge of the detector to 1.6 A resolution. Additional X-ray diffraction
for one sample was carried out at Argonne National Laboratory.

Radial integration of the diffraction pattern was carried out with
the program FIT2D (Hammersley, 1998), after the detector geome-
try and radiation source properties were calibrated by using the
(200) reflection of the standard NaCl powder diffraction. NaCl crys-
tals belong to the isomeric hexoctahedral space group Fm-3m
(space group number = 225) with the cell dimensions ofa=b =c =
5.6402 A. At the detector distance of 110 mm, there were three
NaCl reflections observed: (200) at the resolution of 2.821 A, (220)
at 1.994 A, and (222) at 1.628 A. Individual reflections of residual
NaCl crystals were masked out before radial integration of diffrac-
tion pattern.

Indexing was carried out in a brute-force search routine upon
matching the resolutions of the observed 17 strong reflections to
calculated ones. The search was preformed in two dimensions, be-
cause the third dimension (c axis) along the fiber axis has a very
long dimension, ¢ = 153.6 A, and diffracts weakly to only a few
orders of reflections. The search under the condition ofa=b =10
to 45 A with the increment of 0.01 A and fixed o = p = y = 90°
resulted in one solution with the acceptable discrepancy of 0.02 A
in resolution between each calculated and observed reflection.
This solution (a = b = 39.83 /7\) also matched resolutions of an addi-
tional 12 weak reflections. Another solution was found: a =
20.60 A, b = 21.34 A, y = 103.5°, in the search under the condition
that a, b (from 3 to 30 A), and v (from 90 to 135°) varied independent
with the increment 0.01 A and 0.5°, respectively. We discarded the
second solution, because it could only accommodate one-third of
one subunit per layer.

Fourier Transformation of Amyloid Models and Graphics
Fourier transformation of our two models as described in Figure 6
was carried out without radial averaging by using the program FFT
of CCP4 (CCP4, 1994) in order to validate the basic features of
diffraction patterns. In both models (uniform B = 20 Az), we ob-
served a large blind diffraction cone (Cochran et al., 1952; Wilkins
et al., 1953; Taylor and Lipson, 1965) of about 60°. This cone starts
with / = 0 and intersects with another inverted blind cone starting
with / = 32. This is precisely the expected cone angle, o. = cos™"(2D/c),
where a helical repeat unit ¢ = 153.6 A and a diameter of helix D =
2(A/m)"2 = 45 A, where A is the area of the slab. In this calculation,
perfect 32-fold helical NCS was used, and all reflections within the
blind cone, including reflections (001) and (002), had zero intensity.
Considering possible imperfect NCS, these reflections would have
small but non-zero measurable intensities.

Graphics programs Ribbons (Carson, 1991) and Midas (Ferrin et
al., 1988) were used for making Figures 1A, 5, and 6.
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