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Abstract. Amyloidoses are diseases, including some similar fibrils are generated from different proteins indi-
currently prominent such as Alzheimer’s disease, bovine cates that fibril formation is accompanied by structural
spongiform encephalophaty (BSE) and Type II dia- conversion. The transmissible spongiform encephalo-
betes, in which soluble proteins are deposited in a pathies, such as BSE and kuru, involve an infectious

agent identified with the prion protein. The propertiesspecific, highly stable, fibrillar form. The amyloid fibrils
are made up of protofilaments whose molecular struc- of the agent are more consistent with prion amyloid
ture is composed of pairs of �-sheets in a helical form than the protein itself, suggesting infectivity in these

diseases is equivalent to the ‘seeding’ of amyloid fibrilsthat allows them to be continuously hydrogen-bonded
at a new site.along the length of the fibril. The observation that
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human forms Creutzfeldt-Jakob disease (CJD) and
kuru, Type II or non-insulin-dependent diabetes and a
number of polyneuropathies and other diseases. Fifteen
different proteins are known to form amyloid in vivo,
either as a result of genetic mutation, incorrect process-
ing or abnormal accumulation of wild-type proteins.
Each amyloidogenic protein is associated with a specific
amyloidosis.
In spite of the involvement of quite distinct proteins,
there is a body of evidence that indicates that the
different amyloid fibrils that are composed of these
proteins have the same basic molecular form. All amy-
loid fibrils seem to exhibit the following molecular
properties, which are now considered to be diagnostic
for amyloid:
1) Appearance in the electron microscope. Amyloid
fibrils examined under the electron microscope show
uniform fibrils about 100 Å in diameter. The fibrils
are straight and unbranched, and show a smooth
surface lacking any very obvious surface features
(fig. 1).

Introduction

Amyloidosis is a disorder of protein metabolism, ac-
quired or inherited, in which normally soluble proteins
are deposited in a particular fibrillar form in the extra-
cellular space of organs and tissues. Amyloid deposits
usually persist and accumulate, leading progressively to
death through organ failure. Organ transplant may
ameliorate some amyloidotic conditions, but for most
there is at present no effective treatment. Amongst the
known amyloid diseases are some of the most currently
prominent of our time. They include Alzheimer’s dis-
ease, now the fourth most common cause of death in
the Western world, the transmissible spongiform en-
cephalopathies, including bovine spongiform en-
cephalopathy (BSE or ‘mad cow disease’) and its
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Figure 1. Electron micrograph of transthyretin Val30Met fibrils.
Electron micrograph of Val30Met transthyretin amyloid fibrils
from the vitreous humour. The fibrils were negatively stained with
uranyl acetate. The scale bar represents 200 nm.

ent precursor proteins. They are also observed in fibril-
lar material that results from the in vitro denaturation
of certain proteins and also from the polymerization of
many oligopeptides. The production of apparently simi-
lar protein fibrils from a variety of different proteins in
disease, and from spontaneous processes in the labora-
tory, involving polypeptide chains of quite different
lengths and native structures and amino acid sequences
is an intriguing phenomenon. On the basis of these
observations, amyloidosis can be seen to represent a
specific and unusual process in protein science, with
much remaining to be discovered. At the same time,
understanding the process of amyloid formation may
indicate targets for the development of drugs to treat
the amyloid diseases, which are now so urgently re-
quired.

The structural hierarchy: fibrils, protofilaments and
sub-protofilaments

Following the pioneering electron microscope studies of
amyloid by Cohen and Calkins [1], which demonstrated
its essential fibrillar nature, the numerous subsequent
studies carried out in different laboratories have tended
largely to confirm the conclusions of the earliest investi-
gators. The principal characteristics of the amyloid
fibril observable by electron microscopy were compre-
hensively described by Shirahama and Cohen [2].
Working with ex vivo fibrils isolated from patients with
secondary amyloidosis (composed of fragments of the
SAA protein or the immunoglobulin light chain), they
described the fibrils as being 75–80 Å in diameter, and
being composed of five (or less likely six) protofila-
ments, each about 25–35 Å wide, arranged parallel to
one another, longitudinal or slightly oblique to the long
axis of the fibril. In turn, the protofilaments appear to
be composed of two or three subunit strands 10–15 Å
wide (termed sub-protofilaments), helically arranged
with a 35–50 Å repeat. In a review of the electron
microscopy of amyloid over the next 15 years, Cohen
and his colleagues [3] were able to show that this model
had been largely confirmed.
Although not contradicting the early ultrastructural
model of amyloid, more recent studies have extended
the model and the concept of the amyloid fibril in a
useful way. The earlier studies had tended to view
amyloid as if it were a single, specific type of material
with a single set of structural characteristics. Different
appearances of fibrils in the electron microscope fields
were ascribed to different angles of viewing or different
depths or degrees of staining. Although these aspects
are clearly important, it is evident now that while differ-
ent amyloids belong to the same class of substance, with
a similar or identical core structure, there are some
significant, albeit possibly superficial, differences be-
tween amyloids composed of different proteins.

2) Tinctorial properties. All amyloid fibrils can be
stained with the diazo dye Congo Red, and exhibit an
apple-green birefringence which is the most widely used
diagnostic test for amyloid. It is likely that the Congo
Red molecule is bound and ordered in a specific way by
the amyloid fibrils, but the interaction remains to be
characterized.
3) X-ray diffraction pattern. Amyloid fibrils give rise to
characteristic X-ray fibre diffraction patterns dominated
by relatively sharp and intense 4.7-Å meridional and
weaker and more diffuse 10-Å equatorial reflections
(fig. 2). This pattern is indicative of a particular type of
�-sheet structure, known as the cross-� structure, in
which �-sheets are arranged parallel to the axis of the
fibres with their constituent �-strands perpendicular to
the fibre axis. This is different from the bulk of the
insect �-silks in which the strands of the �-sheets are
parallel to the fibre axis.
These same characteristics seem to occur in amyloid
fibrils from different amyloid diseases and from differ-
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Figure 2. X-ray fibre diffraction pattern from synthetic amyloid
fibrils. The fibril sample is composed of a ten-residue peptide with
the sequence of the A-strand of transthyretin, which forms amy-
loid fibrils spontaneously when dissolved in water. The fibrils were
aligned in a magnetic field to improve alignment. The diffraction
pattern shows the dominant reflections at 4.7–4.8 Å on the
meridian (M) and approximately 10 Å on the equator (E).

Figure 3. Cross-section of Val30Met transthyretin amyloid fibrils.
(a) Averaged image of a Val30Met transthyretin fibril (as in fig. 1)
from the vitreous humour obtained by summation of the individ-
ual densities after translational and rotational alignment by cross-
correlation. (b) Averaged image as in (a), but represented as a
density contour plot [8].

The most thorough electron microscope analysis made
so far is that reported for the ex vivo amyloid fibrils
composed of Val30Met transthyretin (TTR), associated
with the most common type of familial amyloidotic
polyneuropathy (FAP). These fibrils were extracted
from the vitreous humour of the eye. These fibrils have
been subjected to modern image reconstruction tech-
niques in both longitudinal and transverse sections.
This study demonstrates clearly the lack of any regular
pronounced surface features repeating along the fibril,
but shows that in transverse sections the observed 120-
Å-diameter fibrils are composed of four 60-Å-diameter
protofilaments in a square-section array (fig. 3). The
protofilaments appear to run more or less parallel to the
axis of the fibril, suggesting unexpectedly that there is
little or no helical character at this level of the structure.
Other electron microscope studies, although less rigor-
ous than that on the Val30Met FAP fibrils, show fibrils
composed of different numbers of differently sized pro-
tofilaments as listed in table 1.
From these and earlier electron microscope studies, it is
now clear that amyloid fibrils derived from different
polypeptide precursors may be composed of different
numbers and/or arrangements of protofilaments [2, 7,
8]. There are also indications that the diameters of the
protofilaments are somewhat variable. These two types

of variation can combine to produce variability in the
transverse dimensions of amyloid fibrils. Not enough is
known at present to be sure of the real significance of
these differences in the substructure of different amyloid
fibrils. Although the variations may reflect fundamental
differences in the molecular properties, it is also possi-
ble to accommodate this degree of variability within a
common molecular structure for amyloid (see section
entitled ‘A common core structure for amyloid fibrils’),
in which case these differences may be superficial. One
experimental demonstration that different fibril sub-
structure may reflect slight or superficial changes at the
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Table 1. Substructure of amyloid fibrils.

Amyloid protein Fibril dimensions Substructure Reference

Serum amyloid A 75–80 Å diameter five 25–35 Å protofilaments in [2]
or Ig light chain pentagonal array

Transthyretin 130 Å diameter four 50–60 Å protofilaments in square [8]
(FAP) section array

Ab peptide 90 Å diameter five or six 25–30 Å protofilaments in [4]
pentagonal or hexagonal array

Calcitonin 50–60 Å diameter ? [5]
Prion 60–200 Å ribbons flat assembly of ? protofilaments [6]

molecular level is the marked variation in morphology
observed with synthetic Alzheimer’s amyloid at differ-
ent pH values [7].

The development of the cross-� model for amyloid
structure

The �-(helix) and �-(sheet) structures of polypeptide
chains were initially differentiated by their characteristic
X-ray fibre diffraction patterns [9]. The particular con-
formations that gave rise to these patterns were derived
much later from model-building studies that sought to
exploit the ability of the peptide group to form multiple
interpeptide hydrogen bonds. In the �-structure as de-
scribed by Pauling and Corey [10], the polypeptide
chain is in an extended conformation with alternate
peptide groups rotated by 180° (as shown in fig. 4). In
this conformation, each CO and NH group in any one
�-strand can make hydrogen bonds between the NH or
CO groups, respectively, on adjacent �-strands lying
parallel or antiparallel to it. Since these neighbouring
strands can in turn make hydrogen bonds to further
similarly organized �-strands, the �-structure has an
inherent propensity to form structures in which an
indefinite number of �-strands may be hydrogen-
bonded together into very stable, extended, sheet-like
assemblies.
The standard length of hydrogen bonds between CO
and NH groups of 2.9 Å of adjacent �-strands fixes the
separation of adjacent �-strands in the �-sheet rather
precisely at about 4.7 Å. Therefore, when the �-strands
are perpendicular to the fibre axis, as occurs in the
cross-� structure, the regular 4.7-Å separation of suc-
cessive �-strands along the axis of the fibril will give rise
to an intense 4.7-Å reflection that dominates the merid-
ional X-ray diffraction pattern. The presence of two or
more �-sheets arranged parallel to the fibre axis, and
therefore parallel to one another, will give rise to a
strong equatorial reflection with a spacing equivalent to
the separation of the �-sheets. This separation will
depend on the nature of the amino acid residues that
pack together in the intersheet space. In globular

proteins these residues form part of the hydrophobic
core, further increasing the thermodynamic stability of
the �-sheet structures. In these proteins the separation
of the �-sheets is about 10 Å, which provides a space
capable of accommodating the large hydrophobic
residues. However, in some fibrous �-silks, the �-
strands contain high concentrations of small residues,
such as serine and alanine, which reduce the intersheet
separation to as little as 5 Å.
The first complete X-ray diffraction analysis of a
fibrous protein with a cross-� structure was of the
egg-stalk of the lacewing Chrysopa, by Geddes et al.
[11]. The model of this insect silk proposed to explain
the X-ray diffraction pattern was composed of extended
polypeptide chains containing short bend regions which
allowed the chains to fold back and forth to form a
�-sheet ribbon about 25 Å wide and of indefinite
length, whose individual �-strands were perpendicular
to the long axis of the egg-stalk. These ribbons are
stacked face to face with a separation of about 15 Å. It
should be noted that in the Chrysopa model many
ribbons were assumed to be present in the stack, thus
forming a micellar structure consistent with the macro-
scopic egg-stalk, whereas a fibre as seen in amyloid
would be expected to contain a specific small number of
�-ribbons.
A further significant feature of the Chrysopa model is
that the ribbons are represented as flat �-sheets, as
described by Pauling and Corey [10], even though the
first X-ray crystallographic studies on globular proteins
reported concurrently with the Geddes model were re-
vealing �-sheets with characteristic twists. For example,
the crystal structure of an enzyme, lysozyme [12],
showed that residues 42–62 form a three-stranded
sheet-like structure that has many of the characteristics
of the Pauling and Corey model. The only significant
difference was that while the Pauling and Corey model
assumed that adjacent �-strands would be exactly par-
allel (or antiparallel) to one another, giving rise to a
‘flat’ �-sheet, the adjacent �-strands in lysozyme were
found to be arranged with an angle of about 15° be-
tween them, producing a twisted �-sheet. While it was
possible that this was a distortion resulting from the
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Figure 4. Schematic of �-sheet structure. Representation of hydrogen-bonding patterns in �-sheet structure, showing antiparallel (a)
and parallel (b) arrangements of hydrogen bonding.

small size of the lysozyme �-sheet, in the slightly later
structure of the enzyme carboxypeptidase [13] with an
8-stranded sheet, confirmed the same degree and direc-
tion of twist as in lysozyme. Subsequent X-ray studies
on a range of globular proteins showed that �-sheet
structures were common and that in nearly every case
they were twisted and not flat.
The observation that �-sheets, whether parallel, anti-
parallel or mixed, in a variety of globular proteins, were
twisted by roughly the same extent and in the same
sense suggested a specific cause. The explanation was
given by Chothia [14], who showed that in the flat
�-sheet the CO and NH groups of the peptide groups
around each C� were too close to the atoms of the
associated side-chain, and that the close contacts would
be relieved by a rotation of the peptides by about 15° in
the direction observed experimentally. This analysis
demonstrated that for all residues, except glycine which
lacks a side-chain, the twisted �-sheet is a lower energy
state than the flat sheet and would be expected to occur
in polypeptides with normal amino acid compositions.
If the �-sheet in the Chrysopa silk is in fact a flat sheet,
one possible explanation could be the presence of a
particular sequence of glycine residues that may relieve
the potential strain around �-carbon atoms. Although
special patterns of glycine residues may occur in
polypeptides designed to form biological fibres, it is
unlikely to be a factor in disease-state amyloids, which
are formed from proteins with sequences characteristic
of normal globular folds. Because the twist occurs
about an axis parallel to the fibre axis of a cross-�
structure, any degree of twist will have a major effect on

the description and properties of amyloid fibrils whose
cross-� structures may be composed of large numbers
of sequential �-strands.

X-ray diffraction studies of amyloid fibrils

Fibrous protein samples, like amyloid, are usually ex-
posed to the X-ray beam with the long axis of the fibrils
more or less perpendicular to the direction of the beam.
The X-ray reflections are then distinguished by their
direction with reference to the fibre axis and their dis-
tance from the centre of the pattern: meridional reflec-
tions are defined as those lying parallel to the fibre axis;
and equatorial reflections are those positioned at right
angles to the fibre axis (fig. 2). If the long axes of the
individual fibrils within a bundle of fibrils, or the bun-
dles themselves, deviate from the mean fibre axis, the
corresponding reflections will be drawn out into arcs
whose angular dispersion is related to the relative dis-
persion within the fibrillar bundles. Although it is ad-
vantageous to obtain diffraction data from well-aligned
samples, all that is required in the first instance is for
the meridional and equatorial reflections to be distin-
guishable from one another, which is possible in most
amyloid samples.
The interpretation of X-ray fibre diffraction patterns
must be informed by the idea that fibres are strictly
crystalline only in the direction of the fibre axis. In
directions perpendicular to the fibre axis the fibres may
at best be packed in a pseudo-crystalline array, usually
in an approximation of hexagonal close packing in
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which neighbouring fibres are rotationally at random
orientations to one another about their long axes. The
effect that this has on the diffraction pattern is to give
rise to the possibility of normal Bragg reflections along
the meridian of the pattern, i.e. parallel to the fibre axis;
but in the equatorial direction, i.e. perpendicular to the
fibre axis, the reflections will be of the non-Bragg type.
Burge [15, 16] has shown that for the pseudo-hexago-
nally close-packed fibres, the spacing of the equatorial
reflections can be described by zero-order Bessel func-
tions, dependent only on the average centre-to-centre
spacing of the fibrils. The intensities of these reflections
will then be related to the molecular transform of the
radial electron-density distribution of an individual
fibril. It is unfortunate that amyloid fibrils, although
highly structured individually, do not pack together
with any regularity, and as a result only a relatively
basic structural interpretation can be applied to the
currently available diffraction patterns. For a more
detailed interpretation to be made, fibre samples of
greater internal order will need to be produced. One
technique that has proved useful for synthetic amyloid
fibrils is to allow the fibrils to grow in intense magnetic
fields (�2 Tesla), which appears to enhance their align-
ment and hence improve their diffraction patterns. It is,
however, unlikely to be able to improve the alignment
of preformed, ex vivo fibrils.
The earliest reported fibre diffraction investigations, of
serum amyloid A and light-chain amyloid, reported an
intense meridional reflection at 4.68 Å and an equato-
rial reflection at 9.8 Å [17–19]. This pattern is charac-
teristic of the cross-� structure described above, in that
the structural repeat of 4.68 Å along the fibre axis
corresponds to the spacing of adjacent �-strands, and
the 9.8-Å spacing perpendicular to the fibre axis corre-
sponds to the face-to-face separation of the �-sheets.
This latter, of course, can only occur if the amyloid
fibrils, or protofilaments, are composed of two or more
�-sheets.
The reflections at approximately 4.7 Å on the meridian
and 10 Å on the equator have been seen subsequently in
all amyloid fibre diffraction patterns and submit to the
same interpretation, with some slight variation allowed
to reflect the structural characteristics of different amy-
loids. For example, calcitonin fibrils grown in vitro [5],
and insulin fibrils produced by heating and cooling the
protein under acidic conditions, both give fibre diffrac-
tion images exhibiting strong, sharp meridional reflec-
tions at 4.76 Å and more diffuse equatorial reflections
at approximately 10 Å [20]. Purified amyloid cores
isolated from senile plaques associated with Alzheimer’s
disease show reflections at 4.76 Å and approximately
10.6 Å [21], and prion rods exhibit a prominent inter-
strand spacing at 4.72 Å and an equatorial spacing of
8.82 Å [6].

A significant advance in the X-ray analysis of amyloid
has been achieved recently by the use of the intense
X-ray beams produced by synchrotron radiation
sources ([22, 23] M. Sunde, unpublished observations)
whose beam flux may be up to 100 times higher than
those of laboratory X-ray sources. The use of the
Daresbury Synchrotron Radiation Source (SRS) in
England and the European Synchrotron Facility
(ESRF) at Grenoble, France, to collect data from a
variety of ex vivo and synthetic amyloid fibrils has
produced diffraction patterns containing families of sev-
eral reflections in the meridional and equatorial direc-
tions, in place of the single reflections seen with
laboratory X-ray sources (fig. 5). The most thoroughly
studied amyloid fibrils to date have been those extracted
from the vitreous humour from Swedish patients with
FAP, composed of the Val30Met variant of trans-
thyretin. In X-ray patterns from these fibrils taken on
the Daresbury SRS, at least seven unique meridional
reflections can be observed out to 2 Å resolution, and
nine equatorial reflections out to about 3.5 Å resolu-
tion. This enhanced data set has provided the input for
the most detailed analysis so far of the molecular struc-
ture of amyloid fibrils.
The reflections observed in the extended meridional
pattern of Val30Met transthyretin amyloid [23], dis-
closed by the use of synchrotron radiation, are listed in
table 2. If these reflections are indexed as Bragg reflec-
tions, most fit a minimum repeat distance of 28.9 Å.
However, it is apparent that the expected ‘4.7-Å’ reflec-
tion is in fact a close doublet of reflections at 4.83 Å
and 4.615 Å, and this and an accurately measurable
high-angle reflection at 2.02 Å do not fit this repeat
distance. This suggests that 28.9 Å is probably a
pseudo-repeat, and the true repeat is four times as long,
namely 115.5 Å. All observable meridionals index as
orders of this single repeat spacing of 115.5 Å to within
a few parts in a thousand (table 2).
The nature of this meridional repeat can be determined
by noting from table 2 that the intense 4.83 Å reflection,
and its second order at 2.41 Å, which characterize the
scattering from the �-strands in the cross-� structure,
index as the 24th and 48th orders of the 115.5-Å repeat.
This shows that while this new X-ray pattern is fully
consistent with a cross-� type of structure (that is with
�-strands arranged perpendicular to the fibre axis and
hydrogen-bonded into sheets of indefinite length which
run parallel to the fibre axis), the �-strands in the
Val30Met transthyretin fibrils are grouped into previ-
ously unsuspected sets of 24, repeating regularly along
the fibril axis. The 24-stranded repeating unit does not
seem to have any obvious connection with the
transthyretin molecule, which contains much smaller
�-structures, and it appears to represent a structural
repeating unit of a novel kind.
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Figure 5. Collection of eight fibre diffraction patterns from vari-
ous amyloids. X-ray fibre diffraction patterns from eight different
ex vivo and synthetic amyloid fibril samples. The meridional axis
(direction parallel to the fibril axis) is the vertical axis in this
display. Amyloid fibril samples as follows: (a) Gly47Val
transthyretin, (b) Val30Met transthyretin, (c) apolipoprotein A-1,
(d) immunoglobulin light chain, (e) peptide with the sequence of
the A-strand of human transthyretin, (f) peptide with the se-
quence of residues 20–29 of the islet-associated polypeptide, (g)
serum amyloid A, (h) Asp67His lysozyme.

Table 2. Indices of the meridional reflections.

d (obs) Å Index Calculated repeat (Å)

4.83 24 115.9
4.625 25 115.6
3.860 30 115.8
3.215 36 115.7
2.880 40 115.2
2.409 48 115.6
2.022 57 115.3

handed) requires the 24-stranded repeating unit to be
composed of four equivalent six-stranded units, each
related to the next by a translation of 28.9 Å (115.5
Å/4) and a rotation of 90°(360°/4). A typical six-
stranded �-sheet observed in globular proteins (for ex-
ample strands AGHH�G�A� or BEFF�E�B� of trans-
thyretin [24]), would have a dimension perpendicular to
the �-strands in the plane of the �-sheet of about 28.8
Å (6×ca. 4.8 Å), and a twist of the sixth strand relative
to the first of approximately 90°. The screw axis would
therefore generate, from a typically twisted six-stranded
�-sheet arranged with its �-strands perpendicular to the
axis, a continuously twisted 24-stranded �-sheet in
which the 24th strand is twisted by 360° relative to the
0th, around an axis parallel to the filament axis. (An
identical result is obtained if the screw axis is threefold
and operates on an eight-stranded �-sheet). This corre-
sponds to a helical arrangement of �-strands in which
24 �-strands form one turn of a helix with a pitch of
115.5 Å, whose axis is parallel to the axis of the protofi-
lament. One turn of this ‘�-sheet helix’, shown in figure
6, is therefore identified with the 115.5-Å repeating unit.
The extension of the X-ray pattern to at least 2.0 Å
along the meridian indicates that there is a high degree
of crystalline order along the fibril axis which can be
most easily understood if the helical hydrogen-bonded
structure extends indefinitely along the fibre axis.
The classic cross-� X-ray pattern of amyloid has a
single 10-Å maximum on the equator, and this reflec-
tion has been interpreted as representing the spacing of
�-sheets perpendicular to the fibril axis. The equatorial
reflections observed from the X-ray patterns of
Val30Met transthyretin fibrils contain a number of dif-
fraction maxima (table 3). The spacings of the equato-
rial reflections can be interpreted in terms of ‘non-Bragg
maxima’ arising from short-range lateral order within
the amyloid fibrils [15] composed of protofilaments with
a centre-to-centre spacing of 65 Å observed in electron
micrographs [8]. The intensities of the equatorial reflec-
tions can be interpreted as arising from the overall
molecular structure of the protofilaments as projected
down their long axis.

The probable nature of the 24-stranded repeating unit
in the transthyretin fibril is suggested by the fact that
the indices of the observed meridional reflections tend
to be multiples of four (hence the 28.9-Å pseudo-
repeat), which is a condition indicative of the presence
of a (pseudo) fourfold screw axis parallel to the axis of
the protofilament. Less convincingly, the indices may be
multiples of three, which would indicate a threefold
screw axis. A fourfold screw axis (either left- or right-
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Table 3. Spacings of the equatorial reflections.

d (obs) Å Relative intensity

64 vs
34 s
20.2 vw
12.6 m
10.1 m

7.56 vw
6.05 w
5.32 m
3.94 s

s: strong; vs: very strong; m: medium; w: weak; vw: very weak.

Figure 6. Model of the amyloid fibril structure core. Molecular
model of the common core protofilament structure of amyloid
fibrils. A number of �-sheets (four illustrated here) make up the
protofilament structure. These sheets run parallel to the axis of the
protofilament, with their component �-strands perpendicular to
the fibril axis. With normal twisting of the �-strands, the �-sheets
twist around a common helical axis which coincides with the axis
of the protofilament, giving a helical repeat of 115.5 Å containing
24 �-strands. The direction of arrows in this figure is not intended
to represent chain directionality. The fibre diffraction data indi-
cate that the �-sheets in amyloid probably contain a mixture of
parallel and antiparallel hydrogen-bonded �-strands, but the rela-
tive proportions cannot be determined. Image produced with the
program Molscript [73].

The diameter (65 Å) of the protofilament in the model
of transthyretin amyloid [23] is very similar to the
dimension of the cross-section of the TTR molecule in
the direction perpendicular to its �-strands (50 Å×70
Å) [24]. This suggests that they are formed from the
same number of �-sheets, namely four (fig. 6). Intensity
distributions, calculated with the assumption that the
scattering occurs predominantly from the �-sheets
(which are represented by two thin co-axial cylinders of
radius 6.5 Å and 16.5 Å), produce peaks at 10 Å and at
5 Å. These results are in reasonable agreement with the
major features of the observed intensity distribution.
This helical structure composed of a continuous �-sheet
has not been reported before. It is however evident that
the limited �-sheets that occur in many globular
proteins form partial helical structures which are in fact
short segments of complete helical turns that seem to
occur in amyloid. The reason for the partial nature of
the ‘�-sheet helices’ in globular proteins is that these
molecules are not large enough to contain a 24-stranded
�-sheet which is needed to develop a complete turn of
the helix described for the amyloid fibril. Examination
of the illustrations of globular proteins produced by
Richardson [25], will show that in many proteins of the
�/� type, the strands of the internal �-sheet are related
to one another by a rotation of approximately 15°
about an axis that is perpendicular to the �-strands and
in the plane of the sheet. Because the number of �-
stands in these molecules is normally in the range of
6–9, the sheets describe no more than 1/4 to 1/3 of a
helical turn, but extension of the number of �-strands
would allow the development of complete helical struc-
tures of essentially the type described for amyloid. The
only significant difference between the complete �-sheet
helix described for amyloid [23], and the partial �-sheet
helices found in many globular proteins, is that the helix
axis is moved from the plane of the �-sheets in globular
examples to a position between face-to-face pairs of
�-sheets in amyloid, a distance of about 5 Å. This small
distortion may parallel the case of �-helical coiled coils,
where in order to allow two �-helices to form a super-
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coil, the normally straight helices curve around a com-
mon helical axis lying between them, causing a small
local distortion to the helical structures which is more
than compensated by the favourable energy of interac-
tion in the coiled coil.
The most interesting consequences of the �-sheet helix
structure proposed for amyloid is first that it reconciles
the fibril structure with the twisted �-sheet. This is
particularly important because the analysis carried out
by Chothia [14] shows that for proteins of normal
amino acid sequence the twisted �-sheet is of lower
energy than the flat sheet. Therefore the twisted sheet
would be expected for amyloid fibrils, which are known
to form spontaneously from many oligopeptides and
denatured proteins, and where high stability of the
fibrils, once formed, is a major factor of their disease-
forming properties. A second major consequence is that
the �-sheet helix allows a continuous pattern of �-type
hydrogen bonds to link the peptides along the complete
length of the fibril, which may be many thousands of
angstrom units. This structure would be expected to
result in straight, well-defined fibrils, with a high degree
of stability, as is observed (fig. 1).

A common core structure for amyloid fibrils

The detailed model of the core structure of the
Val30Met transthyretin amyloid fibril presented above
was determined from an interpretation of the features
of the high-resolution X-ray diffraction pattern. Know-
ing the significance of each feature of the diffraction
pattern enables the structures of amyloid fibrils from
different sources to be compared through their X-ray
diffraction patterns. Recently, the intense X-ray beams
from synchrotron radiation sources have been used to
investigate the molecular structure of a variety of amy-
loid samples (M. Sunde, unpublished observations), in-
cluding ex vivo fibrils from patients with immuno-
globulin light chain, serum amyloid A, apolipoprotein
A-1, transthyretin (two different variants), and
lysozyme amyloidoses and synthetic amyloid fibrils
formed from amyloidogenic fragments of transthyretin
and the islet-associated polypeptide. The high-resolu-
tion diffraction images collected from the various amy-
loid fibrils are illustrated in figure 5.
All of these fibril samples give cross-� X-ray diffraction
patterns with the major features which have been re-
ported for other amyloids, as described above, but the
use of synchrotron radiation extends the observable
diffraction on the meridian to below 2 Å in some
samples and allows detailed analysis of the meridional
diffraction patterns and indexing of these reflections.
This work reveals that in spite of the large differences in
the size and structures of the polypeptide precursors of
the fibrils, the similarities in the diffraction patterns are

very marked. This indicates that different amyloid
fibrils actually share a common molecular skeleton on
the fibril axis, with the same atomic spacings.
In all of the diffraction images from different amyloids,
the meridional diffraction pattern is dominated by an
intense reflection at approximately 4.7 Å which derives
from the mean separation of the hydrogen-bonded �-
strands which are arranged perpendicular to the fibre
axis in the cross-� structure. In addition to this intense
reflection, the synchrotron radiation also reveals a series
of weaker, higher-angle reflections, including a second
order of the ca. 4.7-Å spacing. In some of the amyloid
samples (fig. 5, a to d), the intense ‘4.7-Å’ reflection can
be seen to be a close doublet, with components at 4.82
Å and 4.63 Å. In patterns where this doublet cannot be
resolved, its presence can be inferred from the observa-
tion that the calculated first order of the second har-
monic of the ‘4.7-Å’ spacing, found at 2.39–2.41 Å,
maps to the extreme inner edge of the intense ‘4.7-Å’
reflection, leaving space for a 4.6-Å component within
the overall intensity envelope. The weaker, higher-angle
reflections occur at closely similar spacings in the differ-
ent samples. For example, reflections at 2.39–2.41 Å
(the second order of the intense 4.82 Å) and reflections
with spacings of 3.2 Å, 2.8–2.9 Å, 2.22–2.27 Å and
2.00–2.02 Å occur frequently. Since these latter reflec-
tions are very weak, even in relatively well-oriented
patterns, their absence from certain images may simply
indicate that they are too weak to be observed above
the noise level in those patterns.
The observed meridional spacings from all of these
different samples can be fitted to the same repeat dis-
tance, 115.5 Å, which is that which has been observed in
the diffraction from Val30Met transthyretin (table 2).
This similarity in the diffraction over the medium- and
high-angle regions of the meridional X-ray pattern can
only occur if the fibrils have well-defined and closely
similar molecular structures, at least insofar as their
ordered core components are concerned. The implica-
tion of this is that all amyloid fibrils have as their core
structure the continuous �-sheet helix (fig. 5) that has
been described in detail for the transthyretin amyloid
fibril [23].
A model of the amyloid protofilament, containing heli-
cally twisted �-sheets, gives reasonable agreement with
the major features of the fibre diffraction patterns ex-
hibited by all amyloid fibrils so far examined. Within
this framework there are many possibilities for fibrils to
be composed of different numbers or arrangements of
protofilaments and for those protofilaments to vary in
diameter as a result of the need to incorporate different-
sized loops linking the �-strands. It is also possible that
some amyloids may be composed of only one pair of �-
sheets rather than the two pairs of sheets thought to
compose the transthyretin amyloid protofilament. In
spite of the possibility of these considerable variations,
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the common core structure indicated by the synchro-
tron diffraction patterns is evidence that amyloid fibrils
do have a well-defined generic molecular structure that
accounts for their characteristic disease-forming proper-
ties.

X-ray studies of amyloidogenic proteins

Proteins that are responsible for amyloid disease are
quite varied, as is the form in which they are incorpo-
rated into fibrils. In some proteins such as insulin,
�2-microglobulin and transthyretin (in senile systemic
amyloidosis) the complete wild-type polypeptide chains
appear to be involved. More often it is found that it is
severely truncated polypeptide chains of normal
proteins, such as in the A� protein of Alzheimer’s
disease, apolipoprotein AI and gelsolin, that form the
amyloid. In others, the amyloid fibrils are found to be
associated with specific amino acid variants of normal
proteins. A particularly striking example of this con-
cerns the plasma protein transthyretin, where more than
50 different amyloidogenic variants have been reported
as giving rise to amyloidoses. In this protein, therefore,
variation of at least 40% of the residue positions in the
polypeptide chain results in amyloid formation. An-
other example involves the much-studied enzyme
lysozyme, where two specific single amino acid variants
have been associated with lethal, familial amyloidoses.
As the structure and behaviour of the two latter
proteins have been well characterized, they have been
used to study the molecular processes involved in fibril
formation and growth.

Transthyretin variants which form amyloid
The plasma protein transthyretin (TTR), formerly
known as prealbumin, forms the amyloid in senile sys-
temic amyloid (SSA), where the wild-type protein is
deposited in fibrils, and in FAP, where variant
transthyretin chains are involved. More than 50 differ-
ent FAP variants of TTR have now been listed by
Saraiva [26]. FAP is an autosomal dominant disease
affecting kindreds predominantly in Portugal, Sweden,
Japan and the USA. The clinical features of the disease
include peripheral neuropathy, cardiac dysfunction and
in some cases vitreous opacities. A transthyretin variant
which causes amyloid deposition in the brain with the
symptoms of dementia, but not neuropathy, has also
been described recently [27]. Approaches to understand-
ing how the amino acid variants of TTR might predis-
pose the protein to form amyloid fibrils have included
the X-ray analysis of crystals of specific amyloidogenic
variants of TTR, and statistical analyses of potential
amyloidogenic characteristics in all 50 known FAP vari-
ants of TTR. Although these studies are far from con-

clusive, some indications of the molecular basis of
amyloid formation are starting to appear.
The crystal structures of several different FAP
transthyretin variants have been solved [28–31] and
compared with the crystal structure of the wild-type
protein (fig. 7). The crystal structures of Val30Met
transthyretin [28–30] show that the overall structure of
the tetramer is maintained. One study of this variant
[29] has indicated that the effect of the substitution of
the bulkier residue methionine for valine at an internal
site is to produce changes in the hydrophobic core of
the protein which are transmitted through the core to
displace parts of sequentially distant regions of �-
strands A and D. The changes result in a substantial
modification of the interaction between residues 10 and
52 and apparently place Cys10 in a more exposed

Figure 7. Ribbon diagram of the transthyretin tetramer. View of
the transthyretin tetramer, along the axis of the ligand-binding
channel. The 55-kDa homotetramer is the biologically active form
of the protein, with the monomers associating in such a way as to
generate a stack of four 8-stranded �-sheets with a large central
channel through the protein which is the site for thyroid hormone
binding. Image produced with the program Molscript [73].
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position, where it is possible that it may participate in a
disulphide bond with another transthyretin molecule.
The presence of disulphide bonds between transthyretin
molecules has been detected in amyloid fibrils [32] but
has been shown not to be necessary for amyloid fibril
formation [33]. A second study [29] has detected
changes of approximately 1 Å in the relative positions
of the four �-sheets in the TTR, which may suggest a
destabilization of the TTR tetramer. An equivalent
analysis of the Val122Ile variant of TTR [34] indicates a
lengthening of the hydrogen bonds in some intersubunit
hydrogen bonds, which may also be consistent with the
destabilization of the tetrameric structure of TTR.
Although no correlation of amyloidogenicity with a
variety of ‘bulk’ properties, such as size, charge, hy-
drophilicity, and internal or external location, of the
residue substitutions in the 50 FAP variants listed by
Saraiva [26] could be made, a significant correlation
seems to exist with the location of the variants along the
polypeptide chain [35, 36]. Standard frequency analysis
of the residue positions of the amyloidogenic mutations
shows a significant mutational ‘hot spot’ in the region
of residues 45–55. In the three-dimensional structure of
TTR [24] this segment of the polypeptide chain occurs
on the outside of the molecule which includes the �-
strands C and D and the intervening C-D loop. The two
�-strands correspond to the edges of the two large
�-sheet pairs that form the structural framework of the
TTR molecule. The amyloidogenic variants in this re-
gion are such as to potentially disturb or disrupt the
molecular structure of these ‘edge’ �-strands. Mapping
all of these mutations onto the three-dimensional struc-
ture of transthyretin shows that some of the mutations
that are situated at a distance from the C-D region on
the polypeptide chain may have indirect effects via
side-chain clashes with C-D strand residues [35, 36]. For
example, as described above, the effect of the methion-
ine for valine substitution at position 30, the most
common FAP variant, is observed to be transferred
through the protein core to residues 56–58 which form
�-strand D [29]. Recombinant transthyretin proteins
with triple substitutions at residues 56–58, or with a
triple deletion at this site, have been shown to be
spontaneously amyloidogenic [36]. Serpell et al. [35] and
Kelly and Lansbury [37] have proposed that the three
residues of the short D-strand are susceptible to disrup-
tion of their higher-order structure and in solution can
allow the D-strand to be displaced to expose the longer
A-strand to possible hydrogen-bond interaction with
the A-strand of another transthyretin molecule, in a
manner which would lead to aggregation and fibril
formation. In this model the A-strand would be the
‘amyloidogenic determinant’, whose exposure in the
substituted D-strand variants would represent the trig-
gering process of amyloid formation. Such a model
would also be fully consistent with the location of the
hot spot in the region.

There also appears to be a correlation between
transthyretin tetramer stability and amyloidogenicity,
and between the affinity for thyroxine and amy-
loidogenicity, and this may be exploited to inhibit TTR
fibril formation [38]. As the thyroxine-binding sites are
only generated in the TTR tetramer, thyroxine-binding
affinity may be a sensitive index of the stability of
quaternary structure. A comparison of the thyroxine-
binding affinities of 10 different human trans-
thyretin variants [39] has shown that binding affinities
for thyroxine vary in the following manner (strong-
est binding to weakest) Ala109Thrhet � wild type =
Thr60Alahet = Val122Ilehet � Leu58Hishet Ser77Tyrhet

Ile84Serhet Val122Ilehom Val30Methet�Val30Methom.
This series reflects the relative aggression of the muta-
tions. The crystal structures of various transthyretin
variants support the hypothesis that reduced thyroxine
affinity, as a consequence of structural changes, is cor-
related with reduced tetramer stability and increased
amyloidogenicity. The changes in the inner sheet of
the Val30Met variant [29], which cause a decrease in
the width of the thyroxine-binding channel of 0.3 Å,
may be the reason for the reduced thyroxine affinity
displayed by this variant. The non-amyloidogenic
Ala109Thr transthyretin variant [30], which displays an
affinity for thyroxine that is three times higher than that
shown by the wild-type protein, displays a wider en-
trance to the thyroxine-binding channel. Saraiva and
co-workers have solved the crystal structures of
Thr119Met, Leu55Pro and Val122Ile transthyretins
[31]. The Met119 substitution is one which appears to
have protective or ‘non-amyloidogenic’ properties. The
substitution of Met for Thr at position 119 has an effect
on the binding affinity for thyroxine, which is increased
1.5- to 2-fold over that of the wild-type protein. In the
Leu55Pro protein, the position of the D-strand of the
molecule is altered, in accordance with the ‘hot-spot’
hypothesis of Serpell et al. [35, 36] and the proposal of
Kelly and Lansbury [37], which suggested that the con-
formation of this region of the monomer is important in
fibril formation. It is also interesting that this variant
has virtually no affinity for thyroxine, suggesting that
the stability of the tetramer may be so reduced in
solution as to render it incapable of stable thyroxine
binding.
These data seem to suggest that for amyloid formation
involving TTR to occur, two separate requirements
must be fulfilled: the disruption of the D-strand and the
destabilization of the tetramer. It seems possible to
account for these two factors in a single model of
amyloidogenesis in TTR. In this model the A-strand
would be the ‘amyloidogenic determinant’, whose expo-
sure on substitution of the D-strand would represent
the triggering process of amyloid formation. On the
basis that the changes in tertiary structure implied by
the disruption of the D-strand may be transmitted to
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the tetramer interfaces, it is not unreasonable to expect
the amyloidogenic variants to destabilize the tertiary
structure of TTR to some extent. In this case the TTR
monomer with its amyloidogenic determinant exposed
would form the building block for the FAP amyloid
fibril. It has been shown independently [23] that the
TTR tetramer cannot be a building block for FAP
amyloid. Such a model would also be consistent with
the location of the hot spot in the region from the
analysis of all FAP variants [36], the structural changes
in individual variants mapped in the crystallographic
studies [28–34], and the chemical and biophysical stud-
ies [37, 38, 40]. It should be noted that there is no
reason to believe that this model is appropriate to
amyloidogenesis in any protein system other than TTR;
a quite different mechanism is proposed for lysozyme
(see below).

Lysozyme variants which form amyloid
The identification of Ile56Thr and Asp67His variant
human lysozymes as the fibril proteins in amyloid de-
posits was the first report of a lysozyme-associated
disease [41]. The two variant lysozymes identified in
amyloid deposits have single amino acid mutations,
either threonine for isoleucine at position 56 or histidine
for aspartate at position 67, and both substitutions
occur at highly conserved positions in the sequence.
Human lysozyme has been extensively studied; the
monomeric wild-type protein folds cooperatively with a
two-state mechanism, into two domains, with the active
site formed in the cleft between the mainly helical
�-domain and the �-domain which is made up of a
triple-stranded �-sheet and a long loop [42–45].
High-resolution X-ray studies [46] show that the crys-
talline forms of the Ile56Thr and Asp67His molecules
have wild type-like folds; however, there are large dif-
ferences in the chain conformation in the �-domain of
the Asp67His variant compared with wild-type and
Ile56Thr lysozyme (fig. 8). Aspartate67 plays a central
role in the network of hydrogen bonds that stabilizes
the �-domain of wild-type human lysozyme, and substi-
tution of this residue by histidine results in a concerted
movement of the �-sheet and the long loop within the
�-domain away from each other, distortion of the ac-
tive site and an overall displacement of some backbone
atoms from wild-type positions by 11 Å.
The key to both amyloidogenic mutations in human
lysozyme apparently lies in the effect they produce at
the interface between the �- and �-domains, where
residue 56 acts as an anchor of the �-domain onto the
�-domain. In the Asp67His variant, the changes in the
orientation of the �-domain and long loop are trans-
mitted to residue 56, resulting in an altered side-chain
orientation and an increased �-factor, in Ile56 relative
to the wild-type enzyme (8.8�12.0). A similar, in-

Figure 8. Comparison of wild-type and amyloidogenic variant
lysozyme structures. Overlay of ribbon diagrams representing the
structures of wild-type human lysozyme (grey) and the soluble
form of Asp67His lysozyme (black). The large changes in the
�-domain of the Asp67His protein are clearly seen. Disulphide
bridges are shown with dotted lines. The Ile56Thr variant human
lysozyme has a native structure almost indistinguishable from that
of wild-type human lysozyme. Image produced with the program
Molscript [73].

creased B-factor (12.3) is found for Thr56 in the other
variant, where this hydrophilic side-chain is in an unfa-
vourable environment. The base of the �-domain ap-
pears to be more mobile in the variants than in the
wild-type protein, and domain adhesion may be weak-
ened. Docking of the �-domain onto the �-domain is
required for lysozyme to achieve its rigid, native fold
[45], so the two mutations act on a region which is
crucial for stability of the native, folded protein.
Both variants are less thermostable than the wild-type
protein, with midpoints of denaturation approximately
12 °C lower than that of the wild-type protein at pH 5.0
[46]. More significantly, however, the unfolding transi-
tion of the two amyloidogenic variants, while reversible
under conditions in which fibril formation does not
occur, is non-cooperative. This results in a partially
folded state being significantly populated near the mid-
point of unfolding. In contrast to the wild-type protein,
which displays a core of amide hydrogens in the �-
domain which are protected against hydrogen exchange,
the two amyloidogenic variants do not show protection
of any amides, behaviour that indicates that the alter-
ations in the domain interface of the Ile56Thr and
Asp67His variants reduce the stability and cooperativity
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Figure 9. Proposed mechanism for lysozyme amyloidosis. A par-
tially-folded, molten globule-like form of the protein (II), distinct
from the native (I) and denatured (III) states of the protein,
self-associates through the �-domain (IV) to initiate fibril forma-
tion. This provides the template for further deposition of protein
and for the development of the stable, mainly �-sheet, core
structure of the fibril (V). The dotted chain in II and IV indicates
unfolding of the chain from its native conformation. The dotted
segments in V represent the possibility that not all of the polypep-
tide sequence is involved in the cross-� structure; the nature of
this residual structure is not known.

The nature of the polypeptide component of the fibrils is
used to define the type of amyloidosis, and it affects the
pathology of the disease state, yet all amyloid fibrils,
regardless of the character of the precursor or the site of
deposition in the body, appear to have a related ultrastruc-
ture and a closely similar molecular core structure.
The closely similar cross-� fibre diffraction patterns
exhibited by amyloid fibrils indicate that this underlying
ordered structure is primarily �-sheet, with the con-
stituent �-strands lying at right angles to the fibre axis.
Many of the amyloid precursors have major helical
components in their active globular forms. The native
structures of proteins such as insulin [47], whose wild-
type sequence is amyloidogenic, and cystatin [48] and
gelsolin [49], which have cleavage products which form
fibrils, display extensive elements of helical structure.
The NMR structure of the prion protein domain [50]
has shown that it is predominantly helical, and the
structure of apolipoprotein A-1 is predicted to be
mainly helical [51]. Even those proteins such as the
immunoglobulin light chain [52], transthyretin [24] and
�2-microglobulin [53], which have mainly �-sheet native
folds, could not aggregate without a structural transi-
tion to produce a cross-� fibril that would generate the
characteristic diffraction pattern [23]. As discussed ear-
lier, the crystal structures of several amyloidogenic
transthyretin variants [28, 29, 31] and of the two
lysozyme variants [46] have been solved, and all show
molecular structures similar to those of the wild-type
proteins, indicating that these protein sequences do
encode stable tertiary folds. The implication of this is
that the amyloid precursor proteins must undergo a
significant structural conversion when they are de-
posited in the amyloid fibril. Evidence from lysozyme
amyloid suggests that the amyloidogenic potential of a
polypeptide is related to its conformational plasticity
[46].
Studies of various fragments of the A� peptide have
shown that the secondary structure of the peptide is
dependent on the solution conditions [54–57] and that
the peptide undergoes conformational changes depend-
ing on the environment. Kirshenbaum and Daggett [58]
have used molecular dynamic simulations to test the
possibility of helix-to-coil and helix-to-sheet transitions
in the 1–28 fragment of the A� peptide, and they find
that pH is an important factor in initiating the transi-
tion. Barrow and co-workers [59] have induced an �-
helix to �-sheet transition in 1–39 and 1–42 A� pep-
tides, and Terzi et al. [60] have demonstrated a random
coil-to-� sheet transition in fragment 25–35.
Similar structural transitions are observed within the
prion protein. Fourier Transform Infra-Red data show
that the prion protein has 40% helix in the cellular form
[61]. This is in agreement with secondary structure
predictions [62] and the NMR structure of the prion
domain [50], yet the infectious form of the protein has

of the native fold such that both the amplitude and
frequency of the native state fluctuations are increased,
even at 37 °C, to an extent that allows access to the
interior of the protein. The transient population of the
amyloidogenic proteins in a molten globule-like state
which lacks global cooperativity could facilitate the
structural conversion from the globular form observed
in the crystals to the fibrillar form present in amyloid
deposits (fig. 9).

Biological implications of the structural studies

The origins of the different amyloidoses appear quite
diverse, with some arising from a genetic mutation,
others apparently from polypeptide misprocessing or
from an unusual accumulation of full-length wild-type
protein. From the short peptide cleavage products of
larger proteins, e.g. the Alzheimer’s A� peptide and the
islet-associated polypeptide which forms amyloid in
Type II diabetes, to full-length proteins such as the
prion protein, lysozyme and transthyretin, the proteins
and peptides known to form amyloid fibrils cover a
range of structure and function.
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43% �-sheet and only 30% helix, and three of the four
peptides corresponding to the helical segments adopt a
�-sheet conformation in solution [63]. The �-sheet con-
tent of the prion protein appears to be related to its
‘infectivity’ [64]. Cohen and co-workers have suggested
a model whereby a partially folded monomer of the
prion protein is an intermediate between the cellular
form and the scrapie form [65], and there is evidence
that prion amyloid is an aggregate of a molten globule-
like intermediate [66]. The scrapie form may be able to
act as a template for the conversion of the intermediate
into the insoluble form [65].
Kelly and co-workers have also shown that trans-
thyretin undergoes a pH-mediated tetramer-to-mono-
mer transition in the pH range where amyloid forma-
tion occurs and that this involves a conformational
change [38, 40, 67, 68]. Even in this predominantly �-
sheet protein some structural transition must take place
to form a rearranged tetramer or monomeric intermedi-
ate that is the building block of the amyloid fibril
[23].
Taking into account the range of proteins and peptides
that can form amyloid, the process of amyloidogenesis
must involve large-scale structural conversion. This is
most clearly demonstrated by the involvement of pre-
dominantly �-helical proteins, such as lysozyme, in
amyloid fibril formation. It also underlies the mecha-
nism of ‘infection’ in the prion diseases, where the
scrapie form of the prion protein appears to convert the
mainly �-helical cellular form into �-structure. Amy-
loidogenic counterparts of normal globular proteins
often exhibit soluble molecular structures so similar to
the wild types that it must be considered that it is events
in abnormal folding or processing pathways that lead to
amyloid formation and the deposition of this particu-
larly stable cross-� fibrillar structure.

The transmissible spongiform encephalopathies

The most remarkable of the diseases associated with
amyloid are the spongiform encephalopathies which are
transmissible, both within a single species and also in
certain circumstances across species barriers [69, 70].
Diseases of this type are exemplified by bovine spongi-
form encephalopathy (BSE), which appears to have
been transmitted to cattle by feeding them the remains
of sheep suffering the long-known equivalent ovine dis-
ease, scrapie. Thereafter BSE spread widely through the
dairy herds in the United Kingdom, apparently by both
horizontal (sheep-to-cow or cow-to-cow) and vertical
(cow-to-calf) transmission. By entering the human food
chain BSE is thought to be the most likely source of a
new variant of Creutzfeldt-Jakob disease (CJD), a natu-
ral low-level sporadic brain disease in humans. Trans-
mission of BSE to a number of species has been

achieved experimentally by direct injection of the BSE
agent into the brain, and CJD is itself thought to be
transmissible within humans as exemplified by the simi-
lar disease, known as kuru, in certain tribes in New
Guinea which practise the cannibalism of the (infected)
brains of their ancestors. What marks out the trans-
missible spongiform encephalopathies is the likelihood
that the transmissible agent is not an organism but a
protein molecule [69]. The best evidence we have on the
nature of the BSE agent is the identification of an
unusual form of a protein known as a prion, which is a
normal brain protein though of unknown function. The
major difference between the cellular, soluble form of
wild-type prion (PrPC) and the so-called scrapie form
(PrPSc) is that the PrPSc has a significantly greater
proportion of �-sheet in its molecular structure [63] and
that it forms amyloid [69, 70].
The concept that an infective agent in a lethal disease
can in certain circumstances be a protein molecule is
sufficiently radical that it requires positive identification
of the protein molecule and the molecular processes
involved in infectivity before it can be totally accepted
[68]. The evidence suggesting that the scrapie/BSE agent
is not an organism derives first from the inability to
demonstrate an organism with the appropriate infectiv-
ity after a long and intensive search (more than 30 years
in the case of scrapie). The evidence that the agent may
be a protein molecule derives from the experimental
observation that the infectivity survives treatment (such
as irradiation and treatment with nucleases) that nor-
mally destroys DNA, and to the identification of an
altered state of the prion protein in diseased tissue.
Although the involvement of the prion, or indeed any
other protein, as the transmissible agent explains the
absence of a DNA-dependent agent, it brings to the
fore some implications about the properties and be-
haviour of the protein agent which are difficult for
many to accept.
One difficulty is with the exceptional stability of the
agent evidenced by a temperature of 200 °C required for
the effective destruction of BSE infectivity in a cow’s
carcass. This is much higher than the denaturation
temperature for normal proteins, and would seem to
presuppose some unusual structural features in a mod-
erately sized protein molecule such as the prion. The
NMR structure of a fragment of the prion protein,
determined by Riek and co-workers [50] does not
demonstrate a molecular structure suggesting such ex-
ceptional stability.
A second difficulty is with the idea that a scrapie form
of the prion molecule (PrPSc) is capable itself of directly
converting many molecules of the normal cellular form
of the prion to the PrPSc form in a kind of catalytic
conversion [71, 72]. Although the PrPSc appears to
have a greater degree of �-structure in its molecular
structure than the normal, cellular form of the prion
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protein, the proposal that PrPC monomers can be per-
manently converted to the PrPSc form through the
mediation of a PrPC:PrPSc dimer, which then breaks
down into PrPSc monomers thereby starting a chain
reaction [65], is difficult to sustain. Even accepting the
possibility that the proposed structural conversion
could take place in a protein dimer, it is not easy to
understand why the PrPC form is not re-established
when the dimer breaks up, which would thereby inhibit
any chain reaction.
It may, however, be possible to define the nature of the
BSE agent which, while keeping its proteinaceous char-
acter, seems to avoid the difficulties outlined above.
One characteristic of the PrPSc molecule is its ability to
form amyloid fibrils. Although there is no clear evi-
dence that PrP amyloid is itself the causative agent of
BSE, the properties of the PrP amyloid make it a
plausible potential candidate for the infective agent.
The high-resolution X-ray diffraction analysis of the
molecular structure of FAP amyloid [23] using synchro-
tron radiation, described above, shows that the amyloid
fibrils are composed of continuous �-sheet structures,
probably in a helical form, that potentially run the full
length of the fibril. Further synchrotron analysis of a
range of ex vivo amyloids from different diseases and
precursor proteins show the same diffraction pattern as
is seen in FAP, suggesting a common structure for all
amyloid fibrils independent of the nature of the protein
precursor (M. Sunde, unpublished observations). This is
consistent with the information available from the rela-
tively low resolution X-ray data on BSE amyloid so far
observed.
If the PrPSc amyloid were the infective agent in BSE,
either as complete fibrils or small fibril fragments, the
great stability of the agent and also its ability to convert
normal prion molecules to the scrapie form are easier to
understand. With regard to stability, the extensive inter-
and intramolecular hydrogen bonding in the continuous
�-sheet structures would lead to great stability of the
amyloid fibril, and would almost certainly give a much
enhanced thermal stability as compared with the prion
monomer. The conversion of �-structures to a �-form
and their subsequent stable incorporation in a �-rich
amyloid fibril has been demonstrated for lysozyme and
the A� peptide, and suggests that a prion amyloid fibril
could act as an effective agent to convert prion
monomers into the �-rich PrPSc form by incorporating
them into the growing fibril. Given the great stability of
amyloid fibrils it does not seem implausible for fibrils or
fragments of fibrils to survive the passage from one
animal to another, or indeed from one species to an-
other, there to continue to act as an agent for the
conversion of normal prions to the scrapie form and
hence pass the disease to the new host. If we consider
the addition of monomers to a growing fibril as a
one-dimensional crystallization process, then the trans-

mission of the BSE/scrapie disease is akin to the im-
plantation of a crystal ‘seed’ in the new animal.
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