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Amyloid fibrils are assemblies of misfolded proteins
and are associated with pathological conditions such
as Alzheimer’s disease and the spongiform encephalo-
pathies. In the amyloid diseases, a diverse group of
normally soluble proteins self-assemble to form in-
soluble fibrils. X-ray fibre diffraction studies have
shown that the protofilament cores of fibrils formed
from the various proteins all contain a crossp-scaffold,
with B-strands perpendicular and B-sheets parallel
to the fibre axis. We have determined the three-
dimensional structure of an amyloid fibril, formed
by the SH3 domain of phosphatidylinositol-3-kinase,
using cryo-electron microscopy and image processing
at 25 A resolution. The structure is a double helix of
two protofilament pairs wound around a hollow core,
with a helical crossover repeat of ~600 A and an axial
subunit repeat of ~27 A. The native SH3 domain is too
compact to fit into the fibril density, and must unfold
to adopt a longer, thinner shape in the amyloid form.
The 20x40-A protofilaments can only accommodate
one pair of flat B-sheets stacked against each other,
with very little inter-strand twist. We propose a model
for the polypeptide packing as a basis for understand-
ing the structure of amyloid fibrils in general.
Keywords amyloid fibrils/cryo-electron microscopy/
protein misfolding/SH3 domain/single particle analysis

Introduction

There are at least 16 types of human disease associate
with the deposition of protein fibrils resulting in tissue
damage and degeneration (Pepys, 1996). Amyloid fibrils

structure, with B-strands perpendicular an@-sheets
parallel to the fibre axis (Sund al., 1997). The common
core structure of amyloid fibrils has been demonstrated
by X-ray fibre diffraction of a wide range of fibril types,
based on the presence of a 4.7-A inter-strand spacing
along the fibre axis and a 9-10-A inter-sheet spacing
perpendicular to the axis (Sunééal.,, 1997). In the case

of transthyretin, the native fold is mainf+sheet, and the
unfolding of a small part of the structure may be sufficient
to allow its assembly into amyloid (Kelly, 1998). In
contrast, the structurally defined part of the cellular prion
protein PrPis mainlya-helical, and is expected to undergo
substantial refolding on conversion to the scrapie (amyloid)
form (Riek et al., 1996).

Structural studies have been hindered by the disorder
and inhomogeneity of amyloid fibril preparations. Nega-
tive-stain electron microscopy (EM) studies show long
fibrils with diameters of 60-120 A (Cohest al., 1982),
and sometimes long helical pitch repeats of several hundred
Angstroms. X-ray fibre diffraction consistently reveals
meridional spacings of 4.7 and 2.4 A corresponding to
the B-strand repeat, as well as more variable equatorial
reflections at larger spacings, possibly related to the
B-sheet separation and protofilament packing in the fibril
assembly. On the basis of fibre diffraction, Blake and
Serpell (1996) have proposed a model for the protofilament
core of transthyretin amyloid with a 15° twist between
adjacen3-strands. So far there has been little information
between the very low resolution image features from
microscopy and the high resolution meridional diffraction,
and an overall 3D picture of fibril structure has been
lacking. Therefore, it has not been possible to determine
the arrangement of protein subunits and protofilaments in
the fibrils.

It has recently been shown that other proteins, in
addition to the 16 known to be disease associated, can
aggregate into amyloid fibrils. Among these is the SH3
domain of the p8& subunit of bovine phosphatidyl-
inositol-3-kinase (Guijarraet al., 1998; Chitiet al., 1999).
The native fold of this 84-residue domain contains five
[-strands arranged in [&xsandwich (Bookeet al., 1993).

At low pH it partially unfolds and slowly assembles into
amyloid fibrils (Guijarroet al., 1998). Here we present
3D maps of amyloid fibrils assembled from this SH3
domain, which show four protofilaments wound around a
hollow core. The maps suggest that the SH3 topology is
&Itered to generate pairs of flat, untwist@eéheets, and
we propose a model for polypeptide packing in the fibrils.

are formed by polymerization of abnormal states of Results

normally soluble proteins or peptides (Kelly, 1998). These

precursor proteins have no general sequence or three-Variable fibril morphology
dimensional (3D) structural homology in their native, We have found that the SH3 amyloid fibrils exhibit a

soluble forms, but they all assemble into a crdfibre
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variety of forms that evolve over periods of months,
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to the fibre axis), but the meridional pattern fades out at
~150 A due to the variations in the helical pitch. This
could be due to angular disorder (variation in angle
between successive repeat units along the helix) or stretch
(variation in axial spacing between units).

Single particle analysis and classification

To retrieve the structural information lost due to helical
disorder, we divided the digitized images of fibrils into
individual crossover repeats and treated them as single
particles (Boettchest al,, 1996). Eight hundred and ninety
cut-out repeats were iteratively aligned and classified by
multivariate statistical analysis. This approach enabled us
to align the repeats that were naturally straight and sort
them into classes according to their length.

The class averages of a 580- and a 610-A repeat are
shown in Figure 2a and e, along with reprojections of 3D
maps (see below) calculated from these two repeats
(Figure 2b and f), and their diffraction patterns (Figure 2d
and h). A subunit repeat is visible in the class average
(Figure 2a, expanded view) and sometimes in the raw
T T 14 images (not shown). We determined a subunit periodicity
- of 27 = 3 A from line projections of the class averages

- ; : (Figure 2c and Q).

3D reconstruction
160 3D maps of the fibrils were calculated from the two best
f e class averages, corresponding to 580- and 610-A repeats,

imposing helical symmetry on the selected repeat units to
range of marphalogies simir to those observed wih disoase-relaed  JCTrAte @ set of views for fitered back projection.
fibriglls (BauerIeJt aI.,g?L995; Goldsbunet al., 1997; Malinchiket al., Th_e two mdependent 3D_maps reveal the same feat.ures
1998). €) Cryo-EM image andff diffraction pattern of the form seen (Flgure 3)- The surface views and den5|ty cross-sections
in (d) with the obvious helical twist, which was used for 3D show two pairs of thin protofilaments winding around a
reconstruction. The layer line spacing is ~600 A, the repeat unit of the hollow core. Regions of weaker density form the extended

double helix. The various ribbons and smooth fibrils were formed after ; . ; et ot
several months incubation at pH 2.0 (@ and b) and pH 2.7 (c) The edges that give the fibrils their characteristic twisting

helical fibres formed at pH 2.0 are seen by negative stain in (d) and appearance. The protofilaments are ~.40 A apart and
cryo-EM in (e). The calculated diffraction pattern (f) was obtained by ~~20 A thick (Figure 3c and d). The native SH3 domain
straightening fibres with PHOELIX software (Carragfe¢ral., 1996), is a globular structure with a diameter of ~30 A (Figure 4a
but the axial resolution was limited by variations in the pitch. and b). It is impossible to fit the fibril density as an
assembly of native SH3 domains (yellow surfaces in
closely resembling the range of structures observed for Figure 4c). If the folded domains are lined up in the
other amyloids formedh vitro. The images in Figure 1a—d  protofilaments, these are too thick and the rest of the fibril
show a range of twisted and flat ribbons, and smooth and density is left empty. The domain must unfold to adopt a
twisted tubular fibres. For structural analysis, we selected more extended conformation in order to fit the fibril
a form with a pronounced helical twist, similar to fibrils density.
reported previously for & (1-40), amylin (islet-associated The ribbon-like protofilaments are shown in a 3D view
polypeptide) and calcitonin (Bauet al., 1995; Goldsbury  in Figure 5a. X-ray fibre diffraction of SH3 amyloid shows
et al, 1997; Malinchik et al, 1998). The diffraction the 4.7- and 9.4-A reflections (Guijarret al., 1998).
pattern in Figure 1f was calculated from the cryo-EM Although the published fibre-diffraction pattern of SH3
image in Figure le, after interpolation of the fibre to a amyloid is not well aligned, these reflections indicate the
straight axis. It contains a layer line repeat of ~600 A, presence of cros-structure as in all the other amyloid
the distance between helical crossovers in the double-fibrils investigated (Sundeet al, 1997). Moreover,
helical structure, i.e. the length of the fibril repeat. The Sunde has recently obtained a more aligned diffraction
precise length of this repeat varied from 545 to 660 A pattern of SH3 fibrils which shows the expected meridional
between different fibres and in different regions of indi- (4.7 A) and equatorial (9.4 A) orientations (unpublished
vidual fibres. The fibril repeat is one-half the helical data). The 20-A wide protofilaments can only fit two
repeat, since the structure is a double helix. The evidencef-sheets, which must be oriented differently from those
for this twofold symmetry is that all layer lines are even in the native fold to make all the strands perpendicular to
(zero phase difference between left and right layer lines the fibre axis in the crosg-structure. The twist between
in transforms of straightened, individual fibrils). [-strands is also highly restricted by the narrow dimension
The diffraction data show structural information to a and long pitch of the protofilaments, implying very flat
resolution of 22 A in the equatorial direction (perpendicular sheets with an inter-strand angte2°.
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Fig. 2. Class averages(ande), reprojections of 3D reconstructions &ndf), 1D projections ¢ andg) and diffraction patterns of the reprojections

(d andh) for the 580- and 610-A-long repeats, respectively. (In this figure only, the fibre axis is horizontal.) A region in (a) showing a ~30 A
periodicity is enlarged and marked with lines. The good agreement between the input class averages and the reprojections of the 3D maps (compare
a with b and e with f), and also between the diffraction pattern of a single fibril (Figure 1f) and of the reprojected maps (g and h), supports the
validity of the reconstruction procedure. The line projection comparisons (c and g) show that the 3D maps fit the input images (black line) better
when the 27 A subunit repeat is used in the reconstruction procedure (red) than if the fibre is treated as a continuous helix (blue).

A model for the B-sheet arrangement in the fibrils structure determined in this work. All three of the sug-
In the native fold of the SH3 domain (Figure 4), the gested strand arrangements are consistent with the
two- and three-stranded sheets have their strands at righbbserved dimensions of the protofilaments and a five-
angles, but fibre-diffraction studies show that the strands stranded axial repeat as described above. We do not have
must all be 90+ 5° to the axis of amyloid fibrils (Blake = any additional evidence from this study which would
and Serpell, 1996). The axial subunit repeat in the allow us to discriminate between them or rule out other
fibrils is ~27 A, a distance consistent with a five-stranded organizations of the polypeptide chains within the fibrils.
unit in the crosg-structure. This suggests a number  On the basis of the cryo-EM map and the cr@ss-

of simple ways to model the SHB-strands into the  structure implied by fibre diffraction, it is possible to
protofilament structure, assuming that after assembly into construct a model of a rearranged SH3 structure which
the fibril the strands are in regions of the polypeptide can be fitted into the EM density of the whole fibril. This
chain similar to those in the native structure. For example, is shown in Figure 5 alongside a doubly contoured view
each molecule could be incorporated into a single sheetof the fibril-density map showing the outer surface as
or each molecule could contribute two- or three-stranded green wire mesh and the higher density protofilaments as
sheets to both members of a pair of sheets within a blue rendered surfaces. In the model, each protofilament
protofilament or to sheets in adjacent protofilaments. contains a pair of flaB-sheets. The short and long loops
These models all generate dimers with two five-stranded connecting the strands are of the right size range to provide
B-sheets and the last two are similar to a domain-swappingthe contacts between adjacent protofilaments and to give
mechanism (Schluneggeat al, 1997). The fibrils are  rise to the diffuse density in the protruding edges of the
sometimes seen to split into two thin sub-fibrils. This structure. The visible subunit repeat comes mainly from
suggests that individual polypeptide chains could contri- these edge regions. The surface contour level (meaa)
bute3-strands to each member of a pair of protofilaments. encloses a volume consistent with the proposed molecular
Non-covalent interactions would then provide the bonds packing.

assembling the adjacent sub-fibrils into the double-helical Any combination of parallel and anti-parallel arrange-
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Fig. 3. Three-dimensional reconstructions and contoured density
sections of the 610 Ag(andc) and the 580 A formif andd). The

fibrils are shown as rendered surfaces in (a) and (b) (surface is 3
above the mean density), and as contoured density cross-sections in (c)
and (d). The two independent reconstructions are very similar and both
show four protofilaments winding around a hollow core, with

protruding edge regions. The 27-A subunit repeat is most pronounced
on the edge structures. The subunit repeat was clearly observable in
axial 1D projections of the class averages after square root amplitude
filtering (Figure 2c and g). The repeat was determined as ~27 A in
both cases, and the exact value used was chosen to give an integral
number of subunits in the 580- and 610-A repeats (21 and 22 subunits
respectively). (a) and (b) were produced using AVS (Advanced
Visualization System).

Fig. 4. SH3 domain structure and fit to the fibril density (a and b). Orthogonal views of the SH3 domain structure (@oalket993), showing the

native B-sandwich fold. The view ink) was generated by rotating)(towards the viewer by 90B-strands in the two orthogonal sheets are

coloured magenta and green, and loops are ge@yTi{e native domain density (yellow), rendered to enclose the molecular volume, was aligned as
well as possible into the fibril map (green wire mesh). The native SH3 fold is too rounded to fit the fibril density. In order to fit the map it must
unfold to adopt a longer, thinner shape. (a) and (b) were produced using Bobscript (Esnouf, 1997) and Raster3d (Kraulis, 1991; Merritt and Murphy,
1994; Esnouf, 1997); (c) was produced using AVS.

818



Cryo EM structure of an amyloid fibril

Fig. 5. Modelling the polypeptide fold in the fibril densitya) Overview of the fibril structure, showing the outer surface as green wire mesh and the
protofilaments as solid blue surfaces, contoured at a higher density levab@e the mean density). The ribbon-like protofilaments form the

skeleton of the fibril structure. A model for the molecular packing is shown in (b—d), with the EM map as a transparent renderedb§ugidee. (

view of a single protofilamentc] cross-section of the fibril andl) slightly tilted side view of the fibril 3-sheets derived from the
phosphatidylinositol-3kinase SH3 structure have been fitted into the map, after openingrshadwich fold and reorienting and straightening the

strands. The remaining regions of polypeptide sequence are shown as disconnected dots, to indicate the number of residues present but not the
conformation. TheB-sheets contain a mixture of parallel and anti-parallel strands. This particular arrangement is arbitrary, and was chosen because it
required the least rearrangement of the nafix@&heet structure. Th@-sheets fit well into the protofilament density, and the loops provide the right
amount of mass to generate the rest of the density. The fitting was performed in O (Jones and Kjeldgaard, 1992), and this figure was produced with
Bobscript and rendered in Raster 3d (Kraulis, 1991; Merritt and Murphy, 1994; Esnouf, 1997).

ments could equally be accommodated in the structure.interactions between the protofilaments. Negative-stain
The main constraints provided by the observed density EM, atomic-force microscopy and fibre diffraction of
are that no more than two sheets can fit into each AB (1-40) fibrils are consistent with a similar overall
protofilament, and that strands &f10 residues in length  morphology, with two sub-fibrils and between three and
are connected by relatively long loops in the edge regions. five protofilaments (Harpegt al., 1997; Malinchiket al.,
1998). EM sectioning and fibre-diffraction studies ef
vivo transthyretin fibrils suggest that these consist of four
protofilaments 50-60 A in diameter (Serpetlal., 1995).
The structure of the SH3 amyloid fibril determined here The transthyretin protofilament core has been modelled,
is consistent with that originally proposed for all amyloids based on X-ray fibre-diffraction data, as fofirsheets

by Cooper (1974) and elaborated by Glenner (1980). Key with a 15° twist between adjacent strands (Blake and
features of the SH3 fibril indicate how different proteins, Serpell, 1996). The two-sheet protofilament model pre-
irrespective of chain length and the native conformation, sented here could, however, be extended to a larger number
could be accommodated within a basic amyloid structure. of sheets for the thicker protofilaments. At present there
The fibril is composed of a number of protofilaments, is no evidence to discriminate between twisted and flat
four in the case of SH3, which are effectively continuous B-sheets in the larger protofilament type, but our maps
B-sheets. The edges of the protofilaments can accom-are not consistent with a twisted-sheet configuration for
modate loops and regions of polypeptide chain which are the SH3 protofilaments since they are only 20 A thick and
less tightly packed. These peripheral regions may mediatehave a very small overall twist. Although flat, untwisted

Discussion
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B-sheets are unusual in the protein structure databasewith the same length. Eight hundred and ninety cut-out repeat units were

[Breeli ; aligned and then classified by multivariate statistical analysis, using the
there are examples, such as part of lix of alkaline average of repeats from the straightest fibre as a starting template. Good

protease (Baumamzt al, 1993)_’ th,e pectatg Iyaseg (YOder quality classes had low inter-image variance and gave class averages
et al, 1993) and the p22 tailspike protein (Steinbacher that were clearly straight and showed polarity, with a high signal-to-
et al, 1994)_ noise ratio. This procedure was iterated several times and resulted in
Pitch variation appears to be a common feature of {800 Err s €t ng e e e longer repeat 77
a.myIOI(.j fibrils and has hindered Structura_l anaIyS|s. The Together, they represent ~19% of the whole data set. The length
diffraction patterns calculated from the images do not of the repeat unit in the chosen class averages was determined by
distinguish between twist and stretch disorder as the causecross-correlation of the crossover regions with the whole image. The
of the variation. However, slight variations in twist between distances between crossovers were found to ge ~580 and ~610 A.
strands in theB-sheet structure could easily account for  An approximate axial subunit repeat of 27 3 A was determined
h itch variation. Stretch disorder would implv variable from the qne-dlmens_,lonal (1D) projections of these averages afte_r square-
the p_l . g F_)y root-amplitude filtering. The values were chosen to give an integral
spacing between strands, which seems unlikely on the number of subunits per pitch repeat. For the two class averages used,
basis of the high-resolution fibre diffraction and the this gives the selection rulesd n + 42mor | = n + 44m, respectively,
implied hydrogen-bonding network. wheren andm are integers and is even. Note that both the helical and
The cryo-EM map presented here provides important subun_lt repeats are not prems_ely determined, so that other, similar
- . . selection rules are equally possible.
constraints on how the SH3 polypeptide chain is assembled
into amyloid fibrils. Polymerization into fibrils requires at  3p reconstruction
least partial unfolding of native proteins (Boo#t al., Our procedure uses ideas from several earlier approaches to helical
1997; Kelly, 1998) and is not restricted to proteins whose disorder correction based on cross-correlation and back projection (e.g.
native fold containg-sheets. Indeed, formation of fibrils ~ Bluémkeet al, 1988; Sosa and Milligan, 1996). Because of the helical
f fi tat f teins is f H iated with symmetry, a single view of the repeat unit contains a set of views of
rom na 'V_e states o Pro eins Is frequently assoma_e WITtN e subunit in different orientations, suitable for 3D reconstruction. In
a conversion from helical to sheet structure (Horwich and this case the structure is a double helix, so the fibril repeat unit covers
Weissman, 1997; Sunde and Blake, 1997). Even in the 180° of rotation. Three-dimensional maps were calculated from the two
case of the SH3 domain studied here, where the native 25, L2o8 FIEE0RS, Y PRCl IR repeat The overal featires of
: - inuou iX -A subuni . Vi u
fold .IS largely _B_Strucwre’ the str_ucture of the fIbI’I|S_ protofilament packing and density cross-section were unaffected by
requires that th|5_mU5t be_SUbStan“a”y rearrgng_ed_ relativejmposition of a subunit repeat, but the line projections (Figure 2c and g)
to that of the native protein. Although amyloid fibrils are and diffraction patterns (Figure 2d and h) of the reprojected images gave
associated with disease vivo, it is evident that closely a better match to the input data when the 27 A repeat was imposed. The
similar fibrils can be formedn vitro. even by a protein diffraction pattern of the reprojected helix gave excellent agreement
d . h SH3 f hi h, di tate | with the original from the straightened fibre, and showed strong intensity
: Om,am suc _as or w ',C no disease s a,e. IS0 22 A resolution in the equatorial (radial) direction (Figure 1f).
implicated. This suggests that this type of self-association Resolution tests by Fourier shell correlation and phase residual between
is a general property of polypeptide chains, albeit one that cross-sections of the two maps (Figure 3c and d) show agreement to
natural proteins do not readily exhibit under normal 25 A, but there is reliable information to 22 A in the equatorial direction
physiological conditions (Sunde and Blake, 1997: Chiti Loerreezi:nthsag.rt;li'trrlgribsolute hand is not determined by the method used
et al, 1999). The structure reported here provides a '
first glimpse of this alternative to the familiar globular
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