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Abstract: As our understanding of the molecular structures of amyloid fibrils has matured over the
past 15 years, it has become clear that, while amyloid fibrils do have well-defined molecular struc-
tures, their molecular structures are not uniquely determined by the amino acid sequences of their
constituent peptides and proteins. Self-propagating molecular-level polymorphism is a common
phenomenon. This article reviews current information about amyloid fibril structures, variations in
molecular structures that underlie amyloid polymorphism, and physical considerations that explain
the development and persistence of amyloid polymorphism. Much of this information has been
obtained through solid state nuclear magnetic resonance measurements. The biological signifi-
cance of amyloid polymorphism is also discussed briefly. Although this article focuses primarily on
studies of fibrils formed by amyloid-p peptides, the same principles apply to many amyloid-forming
peptides and proteins.
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Introduction sidechain interactions (see Fig. 1), often in an inter-

Amyloid fibrils are filamentous self-assembled  digitating manner.>® Evidence for cross-p structures
aggregates of peptides and proteins that contain  in amyloid fibrils came originally from X-ray fiber
cross-B structures. A cross-p structure! is a ribbon- diffraction* and is supported by electron diffraction,®
like B-sheet, extending over the length of the fibril, electron microscopy,’ and solid-state nuclear mag-
in which B-strands run approximately perpendicular  netic resonance’ (SSNMR).

to the fibril growth direction and are linked by Amyloid fibril formation is of fundamental inter-
inter-strand backbone hydrogen bonds that run  est from the standpoint of biophysical chemistry. As
approximately parallel to the growth direction. Typi- emphasized in work by the Cambridge group,® '’
cally, amyloid fibrils contain two or more cross-§ the propensity or ability to form amyloid fibrils is a

layers, stacked on one another with sidechain- ~ common, nearly generic, property of polypeptide
chains that had not been appreciated until the end

of the 20th century. Amyloid fibrils now appear to be
a “default state” for polypeptides (unless the chains
are too highly charged, contain too many prolines or

glycines, or have other features that are not fully
*Correspondence to: Robert Tycko, Laboratory of Chemical nderstood). That i mvloid fibrils ar tructural
Physics, National Institute of Diabetes and Digestive and Kidney understood). at1s, amyloid hbrus are a structura

Diseases, National Institutes of Health, Bethesda, MD 20892- state that polypeptides adopt (at sufficiently high
0520. E-mail: robertty@mail.nih.gov concentrations) if they do not have "something
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Figure 1. Cartoon representations of cross-f structural
motifs. (a,b) Parallel and antiparallel cross-g motifs, as would
occur in amyloid fibrils formed by short peptides with a single
B-strand segment. The fibrils might contain multiple copies of
the same motif, stacked against one another in a direction
perpendicular to the growth direction and to the B-strand
direction. (c,d) Double-layered parallel and antiparallel cross-
B motifs, as would occur in amyloid fibrils formed by longer
peptides with two B-strand segments. Again, the fibrils might
contain multiple copies of the same motif.

better to do," such as fold into the globular structure
of an enzyme, participate in a biologically functional
supramolecular complex, and so forth. Several exam-
ples of biologically functional amyloid structures
have also been demonstrated or suggested.!*2°

Amyloid formation is also of great current inter-
est in medical research, as amyloid fibrils form in
the affected tissue of numerous amyloid diseases,?!
including type 2 diabetes and neurodegenerative
diseases such as Alzheimer’s disease (AD), Parkin-
son’s disease (PD), and transmissible spongiform
encephalopathies (TSEs). It is generally believed
that amyloid fibrils play important roles in these
diseases, either directly through their inherent cyto-
toxicity or indirectly through the cytotoxicity of self-
assembled structural states that precede fibril for-
mation as kinetic or thermodynamic intermediates.
In AD, amyloid fibrils are the targets of imaging
agents that hold promise for disease diagnosis and
monitoring progression in living
patients.?272%

Much of the work on amyloid structure in my
own laboratory has focused on the amyloid-B (AR)
peptides that are associated with AD.26*2 We have
also studied fibrils formed by yeast prion pro-
teins,**™° fibrils formed by the mammalian prion
protein PrP associated with TSEs,®® and fibrils
formed by the amylin peptide associated with type 2
diabetes.?® Although the discussion below concen-
trates on AP fibrils, many of the same concepts
apply to amyloid fibrils in general, as shown by our
own work and that of others.11*2-80

One of the intriguing aspects of amyloid forma-
tion is that amyloid fibrils are polymorphic at the
molecular structural level. Molecular structures of

of disease
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fibrils formed by a given polypeptide can vary,
depending on the precise details of growth condi-
tions. Often, multiple distinct structures coexist
under a single set of conditions. When we began our
studies of AR fibrils in 1998, it was not clear that
fibrils with distinct morphologies®®82 (i.e., appear-
ances) in transmission electron microscope (TEM)
images (see Fig. 2) contained distinct molecular
structures. The possibility existed that different
fibril morphologies might simply be different ways of
bundling the same underlying fibril structure, which
could be called the "protofilament,” with itself.5?
However, various experimental results, described
below, eventually led us to conclude that (in most
cases) molecular structures within amyloid fibrils
are not determined uniquely by amino acid sequen-
ces. Fibrils with distinct appearances in TEM
images contain distinct molecular structures, even
at the protofilament level.

The following sections describe the experimental
evidence for molecular-level structural polymor-
phism in A fibrils, the specific molecular structural
features that distinguish one polymorph from
another, our current understanding of the physical
basis for the development and persistence of
molecular-level structural polymorphism, and cur-
rent evidence that fibril polymorphism may have
consequences in AD and other amyloid diseases.

Evidence for Self-Propagating Molecular
Polymorphism in Amyloid Fibrils
Experimental evidence for variable molecular struc-
tures in amyloid fibrils formed by the same polypep-
tide comes from a variety of measurements. First,
TEM images, such as those in Figure 2 show a vari-
ety of morphologies. It is significant that the mor-
phology of a single fibril does not change along the
length of the fibril. Thus, morphological features
such as fibril width and twist period (indicated by
apparent width modulation along the growth direc-
tion in negatively stained TEM images) are self-
propagating. Moreover, when a morphologically
homogeneous batch of "parent" fibrils is used as the
source of "seeds" for the growth of subsequent
batches of "daughter" fibrils, the morphology passes
from parent to daughter and from daughter to sub-
sequent generations.>? Here, the word "seeds" means
short fibril fragments, typically with lengths of order
20-50 nm and typically prepared by sonication of
long fibrils. Daughter fibrils are grown by adding
monomeric (or at least solubilized) polypeptide mole-
cules to a dilute solution of seeds, typically with a
10- to 50-fold excess of monomeric molecules to mol-
ecules in the seeds. Seeds then grow into long fibrils
by addition of monomers to their ends.

In addition to morphological differences, fibrils
formed by a given polypeptide can differ in their

mass-per-length (MPL) values, which can be
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Figure 2. TEM images of negatively-stained AB40 fibrils, grown in vitro from synthetic AB40 peptides under conditions that pro-
duce clear polymorphism. Arrows indicate "striated ribbon" fibrils (red), "slowly twisting" fibrils (blue), and "rapidly twisting"

fibrils (yellow).

measured by various types of dark-field electron
microscopy of unstained samples.28818485  Poly-
morphs of 40-residue AR (AB40) fibrils studied in my
laboratory exhibit MPL values of roughly 18 kDa/nm
and 27 kDa/nm.?%8* AB40 fibrils with the same MPL
values were also identified in earlier work by Golds-
bury et al.8%° These values have structural signifi-
cance: given the 4.3 kDa molecular weight of AB40
and the 0.47-0.48 nm interstrand spacing along the
fibril growth direction in a cross-B structure, a single
cross-f structural unit would have MPL ~9 kDa/nm.
The observed MPL values for AB40 fibrils therefore
indicate molecular structures comprised of either two
or three cross-f subunits. MPL values propagate
from parent to daughter fibrils in seeded growth
experiments.

15N- and '3C-NMR chemical shifts in SSNMR
spectra of different AB40 fibril polymorphs also dif-
fer significantly,323437-3842 reflecting differences in
backbone conformations, sidechain conformations,
and supramolecular structure. Morphologically het-
erogeneous samples, prepared from peptides that
contain '°N,'®C-labeled residues, exhibit multiple
sets of chemical shifts for the labeled residues, as
revealed by two-dimensional (2D) SSNMR spectra.*’
Only when morphologically homogeneous samples
are prepared do the 2D spectra show a single set of
sharp crosspeak signals that reflect a single set of
chemical shifts (see Fig. 3). Chemical shifts of mor-
phologically homogeneous fibrils are also passed
from parents to daughters in seeded growth
experiments.

Indeed, the observation of relatively sharp cross-
peaks in multidimensional SSNMR spectra of amy-
loid fibrils constitutes the most definitive
experimental evidence that individual amyloid fibrils
contain well-defined molecular structures, rather
than containing disordered arrangements of polypep-
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tide chains into cross- motifs. The observation of
single sets of sharp SSNMR signals from AB40 fibril
samples with MPL values of 18 kDa/nm and 27 kDa/
nm indicates that these structures have approximate
two-fold and three-fold rotational symmetry about
the fibril growth axis, respectively.34:3742

Additional evidence for molecular-level polymor-
phism in AB40 fibrils is provided by measurements
of thermodynamic and kinetic properties of distinct
polymorphs, which reveal significant differences in
quasi-equilibrium solubilities?>®® and in rates of
fibril extension and shrinkage.*®> Mechanical proper-
ties of different polymorphs, such as their suscepti-
bility to fragmentation when subjected to shear
forces,*® can also vary. Different polymorphs can
also exhibit significant differences in dye binding or
fluorescence,*®%78®  differences in  hydrogen-
deuterium exchange rates,®® and differences in X-
ray fiber diffraction patterns.®?

Underlying Molecular Structural Variations
In what ways to do molecular structures of distinct
amyloid fibril polymorphs differ from one another?
The most detailed answers come from our studies of
AB40 fibrils, in which we have developed full molec-
ular structural models from large sets of SSNMR
data, supplemented by information from electron
microscopy.>374142 Structural variations similar to
those identified in AB40 fibrils are likely to occur in
other amyloid fibrils, especially in fibrils formed by
peptides of similar molecular weight such as amy-
lin.®! Experimental data on structural variations in
fibrils formed by a-synuclein,?®6L7577:79.90 4, 6091
Sup35NM, %8929 and PrP% % are also available,
although full experimentally-based structural mod-
els have not yet been reported in these cases.

Figure 4 shows representations of structural
models for three AB40 fibril polymorphs, as well as

Amyloid Polymorphism
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Figure 3. Aliphatic regions of 2D '3C-'3C SSNMR spectra of AB40 fibrils, prepared with uniform "N and '*C labeling of F19,
V24, G25, A30, 131, L34, and M35. (a) Spectrum of fibrils grown in vitro under conditions that produce fibrils with a predominant
"striated ribbon" morphology. Chemical shift assignment paths, connecting the crosspeak signals of each labeled residue
(except G25), are shown in solid, dashed, and dotted lines. (b) Spectrum of fibrils grown from seeds extracted from brain tissue
of AD Patient 1. (c) Spectrum of fibrils grown from seeds extracted from brain tissue of AD Patient 2. (d) Superposition of 2D
spectra from Panels a to ¢, revealing *C NMR chemical shift differences that reflect differences in molecular structure. Aster-
isks indicate signals from S26, which was isotopically labeled in fibrils derived from Patient 2 but not in the other two fibril

samples.

a model for a D23N-ABR40 "protofibril" (see below).
Models in Figure 4(a,b) correspond to polymorphs that
were prepared in vitro, as described by Petkova
et al.®%%% and by Paravastu et al.>” In both models,
residues 1-8 are considered to be structurally disor-
dered and are not shown. Residues 1022 and 3040
form B-strands that are separated by a bend or loop in
residues 23-29. The two B-strand segments participate
in separate in-register parallel B-sheets. Thus, in both
models, each AB40 molecule adopts a U-shaped,
strand-bend-strand conformation, and participates in
a double-layered, parallel cross-g structural subunit.
The double-layered cross-B subunit is apparently sta-
bilized by hydrophobic interactions among sidechains
of the two B-strands (e.g., F19-L34 contacts).

While the models in Figure 4(a,b) share similar
cross-B subunit structures, the contacts among subu-
nits are obviously different, producing structures
with either approximate two-fold or approximate
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three-fold rotational symmetry about the fibril
growth axis. In addition, the conformations of the
bend segments differ in the two models. Specifically,
in Figure 4(a), sidechains of D23 and K28 form salt
bridges that span the bend segment. These salt
bridges, whose presence in the two-fold symmetric
fibrils is indicated by quantitative measurements of
15N-13C dipole-dipole couplings between K28 and
D23 sidechains,®® are not present in the three-fold
symmetric fibrils represented by Figure 4(b).2”

The model in Figure 4(c) corresponds to AR40
fibrils that were grown by seeding with an extract
from brain tissue of a particular AD patients (see
below), as described by Lu et al.*? This model resem-
bles the model for three-fold symmetric fibrils grown
in vitro (i.e., without brain extract) in Figure 4(b),
except that residues 1-8 are not disordered, residues
30-40 do not form a single B-strand, and D23-K28
salt bridges are present.
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Figure 4. Structural models for AB40 fibrils, based on data from SSNMR and electron microscopy, with corresponding Protein
Data Bank (PDB) codes. Models are shown in cross-section, with the fibril growth direction perpendicular to the page. In each
case, four repeats within the cross- motifs are shown. Sidechains of K16, 131, or 132, and D1 or V40 are indicated to facilitate
interpretation of the structures and identification of N- and C-termini. (a) Model with approximate two-fold symmetry, consisting
of two cross-f subunits as in Figure 1(c). Carbon atoms in the two cross-B subunits are colored either green or magenta. Resi-
dues 9-40 are shown. This model represents one protofilament within a "striated ribbon" fibril,>>° as in Figure 2. (b) Model
with approximate three-fold symmetry, consisting of three cross-B subunits as in Figure 1(c), colored green, magenta, or cyan.
Residues 9-40 are shown. This model represents a "slowly twisting" fibril,” as in Figure 2. (c) Model with approximate three-
fold symmetry, representing fibrils grown from seeds extracted from brain tissue of AD Patient 1,2 as in Figure 3(b). In this
case, SSNMR spectra indicate that the entire AB40 sequence is structurally ordered, and residues 1-40 are shown. The struc-
tural model was subjected to a 100 ps molecular dynamics simulation in water at 37°C to relax the perfect symmetry of the
PDB coordinates. (d) Model for protofibrils formed by D23N-AB40,*' comprised of one cross-B unit as in Figure 1(d). Carbon
atoms of successive peptide chains are colored green or orange to clarify the antiparallel nature of B-sheets within the cross-

unit. Residues 15-40 are shown.

The model in Figure 4(d) corresponds to protofi-
brils formed by the disease-associated Asp23-Asn
mutant of AB40 (D23N-AB40). Here, the term "proto-
fibril" refers to relatively short and curvy (i.e., worm-
like) fibrils that are thermodynamically metastable
with respect to conversion to longer, straighter,
"mature" fibrils. Like mature fibrils, protofibrils con-
tain cross-B structures. Under experimental condi-
tions described by Qiang et al.,***' protofibrils
represent a major portion of the self-assembled mate-
rial that develops in de novo preparations of D23N-
ABA40 fibrils. The protofibrils appear to nucleate effi-
ciently, but extend more slowly than mature fibrils.
By taking advantage of the differences in extension
rates, Qiang et al. were able to prepare homogeneous
D23N-AB40 protofibrils, allowing detailed structural
studies by SSNMR and electron microscopy.*!

The D23N-AB40 protofibril model in Figure 4(d)
differs significantly from the AB40 fibril models in
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Figure 4(a—c). MPL measurements indicate that
D23N-AB40 fibrils contain a single cross-f unit.
Solid state NMR spectra suggest that only residues
15-36 are structurally ordered. Although these resi-
dues adopt a strand-bend-strand conformation, the
two B-strands participate in two separate antiparal-
lel B-sheet layers, with well-defined registries of
interstrand hydrogen bonds within the two antipar-
allel B-sheets that are dictated unambiguously by
the SSNMR data.*! Interestingly, the two B-sheets of
an antiparallel cross-B unit within D23N-ABR40
fibrils interact through contacts among the same
sets of hydrophobic sidechains (e.g., F19 and L34) as
the two B-sheets of parallel cross-g units within
AB40 fibrils. The similarity of the hydrophobic inter-
actions within the cross-f units may account for the
comparable stabilities of protofibrils and fibrils.
D23N-AB40 also forms mature fibrils, which con-
tain in-register parallel B-sheets®>*! and presumably

Amyloid Polymorphism
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(d

Figure 5. Schematic representation of a possible pathway for amyloid fibril formation by AB40 and similar peptides. Starting
with conformationally disordered monomers in solution (a), oligomers of various sizes form transiently (b). Occasionally, oligom-
ers adopt "critical nucleus" structures (c,c’) that can grow into fibrils (d,d’) with morphologies and molecular structures that are
determined by the nucleation event. Once a small number of fibrils form, subsequent fibril growth can be dominated by frag-
mentation or secondary nucleation. Amyloid polymorphism can arise when multiple distinct nucleation events coexist. The iden-
tities of the predominant polymorphs can vary with growth conditions, due to polymorph-specific dependences of the rates of
nucleation, extension, fragmentation, and secondary nucleation on growth conditions.

have molecular structures similar to those in Figure
4(a—c). Thus, one can think of the antiparallel cross-$3
structure in Figure 4(d) as being another amyloid
fibril polymorph, rather than being a completely sep-
arate type of self-assembled entity. It is not yet
known whether wild-type AB40 protofibrils (or proto-
fibrils formed by other disease-associated mutants of
AB40) contain antiparallel structures similar to the
model in Figure 4(d). Bertini et al. have reported an
additional SSNMR-based structural model for a two-
fold symmetric AB40 fibril polymorph,” differing
from the model in Figure 4(a) primarily in the precise
packing of sidechains in the interfaces among parallel
B-sheet layers.

To summarize, structural studies of AB40 fibrils
with distinct appearances in TEM images indicate
that amyloid polymorphism can involve differences
in the extent of structurally ordered segments, the
conformations of non-B-strand segments, the con-
tacts and interactions between B-sheets, the number
of cross-B subunits, the overall symmetry, and (if
protofibrils are considered to be fibril polymorphs
with lower thermodynamic stability) B-sheet organi-
zation. Additional structural variations may exist in
polymorphs of fibrils formed by other polypeptides.

Tycko

Physical Principles Behind the Development and
Persistence of Amyloid Fibril Polymorphism

De novo amyloid fibril growth by peptides such as
AB is generally considered to be a nucleated poly-
merization process.’”1%2 Many aspects of this pro-
cess remain uncertain, but a possible scenario is
shown in Figure 5. Loosely speaking, starting from
a solution of peptide monomers, oligomers of vari-
ous sizes and with various internal structures
form and dissociate in a random, dynamic manner.
When oligomers of a critical size appear, they can
adopt a structure that is capable of growing into a
fibril by subsequent binding of additional mono-
mers. The self-assembly of peptide molecules into
such a "critical nucleus" structure can be called a
nucleation event. The molecular structures of
fibrils are presumably determined by the molecu-
lar structures of the critical nuclei. Molecular-level
polymorphism of amyloid fibrils then implies that
multiple distinct nucleation events and -critical
nuclei are possible for polypeptides with a given
amino acid sequence. Under specific growth condi-
tions (e.g., pH, ionic strength, temperature, poly-
peptide concentration), certain nucleation events
may occur with greater frequency than others,
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Figure 6. Methods for investigating polymorph-specific kinetics and thermodynamics of amyloid fibril formation. (a) Visualiza-
tion of fibril extension by AFM. Starting with short AB40 fibril fragments (i.e., seeds) in a solution of AB40, aliquots were taken
for AFM imaging at the indicated times. Here, the seeds had the two-fold symmetric structure in Figure 4(a), soluble AB40 con-
centration was 50 uM, and the solution temperature was 24°C. (b) Time-dependence of average fibril length, determined from
AFM images, in extension experiments at the indicated concentrations of soluble AB40 (left) and in shrinkage experiments, in
which long fibrils were placed in a solution devoid of soluble AB40 (right). (c) Direct demonstration by "°N SSNMR that AB40
fibrils with the two-fold symmetric structure in Figure 4(a) are thermodynamically more stable than AB40 fibrils with the three-
fold symmetric structure in Figure 4(b). An approximate 1 : 1 mixture of the two structures was prepared on Day 0, with BN
labels at 132. By Day 35, most of the >N SSNMR signal from three-fold symmetric fibrils had disappeared.

leading to a dependence of the predominant fibril
structure on growth conditions.

Once nucleation events have occurred, subse-
quent fibril growth can be affected by other proc-
esses that are also sensitive to growth conditions.
One of these is fragmentation, induced by shear
forces (vortexing, stirring, pipetting, etc.), by deliber-
ate sonication, or perhaps by biological processes in
human tissue. Assuming that fibrils grow at their
ends, the rate of increase of fibril mass by extension
of existing fibrils is proportional to the number of
fibril ends, which doubles in each fragmentation
event. When two or more polymorphs coexist in the
early stages of fibril growth, due to coexistence of
two or more types of nucleation events, the poly-
morph that fragments at the greatest rate will tend
to predominate at later stages.

In fact, differences in susceptibility to fragmenta-
tion by shear forces account, at least in part, for our
experimental observation that AR40 fibrils with two-
fold symmetry [Fig. 4(a)] predominate when fibrils
are grown in vitro with agitation of the AB40 solu-
tion, while fibrils with three-fold symmetry [Fig. 4(b)]
predominate when fibrils are grown without agita-
tion, all other conditions being equal.? Atomic force
microscope (AFM) images show that long AB40 fibrils
with two-fold symmetry fragment more rapidly than
long AB40 fibrils with three-fold symmetry when the
fibril-containing solutions are deliberately stirred.?

A recent study of AB42 fibril growth kinetics by
Cohen et al. indicates that, in the absence of shear
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forces, these kinetics can be influenced strongly by a
secondary nucleation process in which new fibrils
nucleate on the sides of existing fibrils, leading to a
rate of increase of fibril mass that is proportional to
the existing mass, rather than being proportional to
the number of fibril ends.®® Such a secondary nucle-
ation process may be especially important when
shear forces are too low to cause fragmentation.

The considerations outlined above explain how
polymorphism arises. But why does polymorphism
persist? Fibril samples with distinct MPL values,
distinct SSNMR spectra, and distinct appearances in
TEM images can be prepared and studied for many
months or even years. Why do the fibrils in these
samples not gradually convert to a single structure
that is most thermodynamically stable?

Our recent study of polymorph-specific AB40 fibril
growth Kkinetics and thermodynamics helps explain
the persistence of polymorphism.*® In this study, AFM
images were used to quantify the time-dependences of
fibril length distributions in the presence or absence of
excess soluble AB40, that is, in conditions under which
short fibril fragments extend or long fibrils shrink [see
Fig. 6(a,b)]. Fibrils were grown either from two-fold
symmetric or three-fold symmetric seeds, allowing the
properties of the two polymorphs to be measured sepa-
rately. Fibril extension rates were found to be propor-
tional to soluble peptide concentration [S], that is,
equal to kJ[S] with k. being the extension rate con-
stant. Values of k, were 8.7+ 0.1 X 10~ nm/puM-s and
6.1+02 X 102 nm/uM-s for two-fold and three-fold
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fibrils, respectively. The ratio of shrinkage rate kg (in
units of nm/s) to k. defines a quasi-equilibrium solubil-
ity [Slye = ks/ke for each polymorph. For both AB40
fibril polymorphs, values of [Sl, were found to be
about 0.5 uM at 24°C in 10 mM phosphate buffer at
pH 7.4, but the best-fit value of [S],. for two-fold sym-
metric fibrils was smaller by ~0.05 pM. Values of [S]ge
derived from AFM measurements were in good agree-
ment with direct measurements of soluble peptide con-
centrations by ultraviolet absorption. The small
difference in quasi-equilibrium solubilities implies a
chemical potential difference for AB40 in the two poly-
morphs of 0.8 kcal/mol or less.

The low quasi-equilibrium solubilities of the two
polymorphs, the small difference in solubilities, and
the small shrinkage rates (ks values of 3.4 *+0.4 X
1073 nm/s and 2.7+0.2 X 10" 2 nm/s for two-fold
and three-fold symmetric fibrils, respectively*®)
explain the persistence of polymorphism. Once
fibrils have formed, even if they are not the most
stable polymorphs, the remaining concentration of
soluble peptide is too low for spontaneous nuclea-
tion of new fibrils to occur at an appreciable rate. If
the fibrils are structurally heterogeneous, com-
prised of a mixture of more stable and less stable
polymorphs, the mass of the less stable fibrils will
decrease with time, while the mass of the more sta-
ble fibrils will increase. However, less stable fibrils
do not convert to more stable fibrils by internal
structural rearrangements, because such rear-
rangements would require multiple conformational
changes within a densely packed fibril core, break-
age of multiple hydrogen bonds, and so forth.
Interconversion of polymorphs can only occur by
shrinkage (i.e., dissolution) of less stable poly-
morphs and extension of more stable polymorphs.
The rate of interconversion is then limited by the
number of fibril ends (where shrinkage and exten-
sion occur) and by the differences in kinetic param-
eters. Specifically, when fibril structures A and B
are present in a 1 : 1 ratio, the steady-state rate
of transfer of monomers from less stable fibrils
(A) to more stable fibrils (B) can be expressed as
MaMB (keBksa —keaksp)/(Mpkes+makea), where ns and
ng are the numbers of monomers per nm in struc-
tures A and B. This expression, together with the
experimentally determined kinetic parameters,
implies a time scale on the order of 10 days for the
less stable fibrils to disappear if their lengths are
initially 100 nm. Longer fibrils or smaller differen-
ces in [S],e lead to longer time scales.

As shown by SSNMR spectra in Figure 6(c), evo-
lution from a mixture of two-fold symmetric and
three-fold symmetric AR40 fibrils toward a pure
sample of the more stable two-fold symmetric fibrils
can be observed experimentally over a 35-day
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period, provided that the mixture has been sonicated
in order to make all fibrils less than 100 nm in
length initially.*> When the fibrils have lengths
greater than 1 pm and when the two polymorphs
are not initially present in comparable numbers,
structural interconversion is not observed.

Biological Implications of Amyloid
Polymorphism

Although not the main focus of this article, it should
be mentioned that amyloid polymorphism can have
biological implications, some of which are well
established, while others are current subjects of
research.

In TSEs, self-propagating variations in disease
characteristics such as incubation period and pat-
terns of aggregated PrP deposition are called
"strains" or "variants". Measurements of proteolysis
patterns and resistance to denaturation indicate
that PrP aggregates (at least some of which are
amyloid fibrils) in brain tissue infected with differ-
ent TSE prion strains have somewhat different
molecular structures.!®1%  Structural variations
within distinct TSE prion strains can also account
for the strain-dependence of barriers to prion trans-
mission between animal species.!

Studies of yeast prion proteins show that yeast
prions also have variants.’?” In the well-studied case
of [PSI+] prions, which are amyloid fibrils formed
by Sup35p or its N-terminal portion, distinct var-
iants produce ‘"strong" and "weak" phenotypes
attributable to variations in the stability of the
fibrils, from  molecular  structural
variations.

Several lines of evidence suggest that phenom-
ena analogous to prion strains may exist in dis-
eases such as AD and PD, i.e., that molecular
structural variations within AR fibrils, tau fibrils,
or a-synuclein fibrils may be correlated with (per-
haps cause) variations in the severity, clinical
symptoms, progression rate, neuropathology, or
other characteristics of AD or PD. One can imagine
that such effects might arise from variations in the
inherent cytotoxicity of different fibril polymorphs
(perhaps due to variations in the identities and con-
formations of surface-exposed amino acid side-
chains), variations in their ability to bind metal
ions that play roles in oxidative damage™ or to
induce inflammation,'®® variations in their self-
propagation efficiency within tissue (perhaps due to
variations in susceptibility to fragmentation by bio-
logical processes), or variations in other chemical,
mechanical, or biological properties.

In the case of AR, Petkova et al. have shown
that different AB40 fibril polymorphs can have
somewhat different levels of toxicity in neuronal cell
cultures.®? Experiments on the induction of Ap pla-
que formation in transgenic mice by injection of

arising
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exogenous AR aggregates have shown that different
sources of AB aggregates produce different distribu-
tions and quantities of plaques.’'®2 Qur recent
study of AB40 fibrils produced by seeded growth
from amyloid extracted from human brain tissue
showed that two different AD patients (Patients 1
and 2 in Fig. 3) can develop different predominant
fibril polymorphs in their brains.*? Interestingly, the
two patients in this study had significantly different
clinical histories. This study also showed that the
fibril structures in a given patient can be surpris-
ingly homogeneous throughout the cerebral cortex,
despite the inherently polymorphic nature of ABR40
aggregation. Further experiments are certainly
required before between molecular
structural variations in AR fibrils and variations in
characteristics of AD can be considered statistically
significant. If such correlations prove to be signifi-
cant, then it may become important to develop diag-

correlations

nostic imaging agents that interact preferentially
with specific fibril structures, as well as drugs that
inhibit formation of specific fibril structures.
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