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Understanding the structural heterogeneity inherent
in the process of amyloid fibril formation is an impor-
tant goal of protein aggregation studies. Structural
heterogeneity in amyloid fibrils formed by a protein
manifests itself in fibrils varying in internal structure
and external appearance, and may originate from
molecular level variations in the internal structure of
the cross-f motif. Amyloid fibril formation commences
from partially structured conformations of a protein,
and in many cases, proceeds via pre-fibrillar aggre-
gates (spherical oligomers and/or protofibrils). It now
appears that structural heterogeneity is prevalent in
the partially structured conformations as well as in
the pre-fibrillar aggregates of proteins. Amyloid fibril
formation may therefore potentially commence from
many precursor states, and amyloid fibril polymor-
phism might be the consequence of the utilization of
distinct nucleation and elongation mechanisms. This
review examines the current understanding of the
structural heterogeneity seen in amyloid fibril forma-
tion reactions, and describes how an understanding of
the initial and intermediate stages of amyloid fibril
formation reactions can provide an insight into the
structural heterogeneity seen in mature fibrils.

Keywords: Alternative pathways, amyloid fibrils, amy-
loid protofibrils, spherical oligomers, structural heteroge-
neity.

THE process of protein aggregation is a widely observed
phenomenon in biology. A well-studied example is the
aggregation of cytoskeletal proteins into filaments, which
are vital for many cellular processes' . But protein
aggregation 1s also seen in disruptive contexts, where it
affects the folding or normal functioning of proteins. /n
vitro studies of the refolding or unfolding of proteins at
high concentrations are often hindered by the transient
accumulation of protein aggregates’’. Protein aggrega-
tion is often a complication during the purification of
recombinant proteins®, and avoiding aggregation can be a
challenge during the industrial production of therapeutic
proteins. While many such protein aggregates are disor-
dered, protein aggregates can also be highly ordered’.
One example of ordered protein aggregates possessing a
remarkably high internal order is the amyloid fibril.
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Understanding the principles of amyloid fibril forma-
tion is an important problem in modern biology. Many
human diseases, including Alzheimer’s disease, Parkin-
son’s disease, Huntington’s disease as well as the prion
diseases, are associated with the formation of amyloid
fibrils'®. In amyloidoses, amyloid fibrils accumulate in
the brain, or in one or more other tissues''. Amyloid
fibrils are, however, not always harmful. It is now in-
creasingly being seen that living organisms, ranging from
prokaryotes to humans, exploit amyloid fibrils formed by
their endogenous proteins for carrying out normal physio-
logical functions'™'?. From the biotechnology perspective,
amyloid fibrils also appear promising as macromolecular
assembly based nanomaterials"> >,

The term “amyloid” was first used by Rudolf Virchow
to describe a structured mass in human tissues, which was
considered to be a cellulose-containing substance on the
basis of its ability to be stained by iodine'®'”. Later, direct
chemical analysis showed that the main component of
amyloids is protein'®'®. Now, amyloid fibrils refer to
elongated protein aggregates characterized by their long
and relatively straight morphologies, cross-f diffraction
patterns, specific dye binding properties and rigid core
structures. They show a characteristic X-ray diffraction
pattern®®*' with 4.7-4.8 A meridional reflections and
10 A equatorial reflections. They bind to and alter the
spectroscopic  characteristics of congo-red™® and
thioflavin dyes***. Hydrogen exchange experiments cou-
pled with mass spectrometry (HX-MS)* and with NMR
(HX-NMR)*® have suggested that amyloid fibrils pos-
sess extensively hydrogen-bonded fFsheet core structures,
which confer to them remarkable stability and resistance
to protease cleavag629’30.

Amyloid fibril formation involves a structural re-
arrangement of the native state into a f-sheet rich fibrillar
conformation®. fBsheets seem to provide a scaffold that
is favourable for protein assembly: the edge strands of
[-sheet structures are unstable, and the sheet can grow by
interacting with any other fstrands it encounters™. Natu-
ral frsheet proteins are seen to utilize a number of
mechanisms to avoid the edge-to-edge aggregation of
their Asheets” !, It now appears that all proteins can
potentially assemble into amyloid fibrils''~>,

Amyloid fibril formation is an extremely complex re-
action. A protein can assemble into multiple structurally
distinct fibrils’®*’. Structural heterogeneity also appears
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Figure 1.
panel) and perpendicular (right panel) to the fibril axis. This structural model is based on solid-state NMR data combined with
constraints from electron microscopy data. Each Aff molecule contributes two f-strands in the parallel f-sheets. Reprinted with
permission from Petkova et al.*. b, Steric zipper, the cross-f motif in the fibrils of GNNQQNY. Each arrow represents the back-
bone of the fstrand. The side chains from the two f-strands intercalate to form a dry interface between them. Reprinted with per-
mission from Nelson et al*’. ¢, Bhelix structure of polyglutamine (PolyQ) fibrils*®. A stick model of two stacked subunits of Q,;
is shown. Reprinted from Singer and Dewji’'.

to be prevalent in the assembly intermediates formed at
initial times of the reaction’ . This review critically
examines current knowledge and understanding of the
mechanisms of amyloid fibril formation, the structural
heterogeneity inherent in the process, as well as the role
of structural heterogeneity in determining how fibrils form.
The current molecular level understanding of the struc-
tural heterogeneity in amyloid fibrils is also discussed.

Structure of amyloid fibrils

Amyloid fibrils are ~10 nm in their diameters, and are
composed typically of 2-6 protofilaments. Amyloid
fibrils of all proteins possess the same structural motif,
the cross-f motif, wherein the f-strands are oriented per-
pendicular to, and the fsheets parallel to the fibril
axis™ " In cross-f motifs, the separation between
hydrogen-bonded f-strands is ~0.48 nm, and that bet-
ween [Fsheet layers is ~ 1.0-1.3 nm (ref. 41).
Understanding the molecular details of amyloid fibril
structures has been a challenge owing to the large size,
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Structural models of amyloid fibrils. @, Ribbon diagram of an amyloid-f;_4, protofilament, as viewed parallel (left

the low solubility and the noncrystalline nature of fibrils.
Recently, however, the use of solid-state NMR* has
contributed to the considerable progress being made in
the understanding of amyloid fibril structure. An elegant
example is the structural model of the amyloid-f;_40 pro-
tofilament (Figure 1 a), which has been proposed on the
basis of constraints from solid-state NMR studies, com-
bined with measurements of fibril dimensions and of
the mass-per-length (MPL) from electron microscopy
images™*. In this model, the first 10 residues of amy-
loid-f3_40 molecule are in a disordered conformation.
Residues 12-24 and 30-40 form the core region of the
fibrils, and exist in a f-strand conformation. The two £
strands of each amyloid-f;_4 molecule are connected via
a bend region containing residues 25-29, and are parts of
two distinct in-register, parallel [F-sheets interacting
through their side chains in the same protofilament. This
suggests that a single cross-f unit consists of a double-
layered f-sheet structure. A single amyloid-f_4 proto-
filament appears to comprise two cross-£ motifs, i.e. four
[-sheets with an intersheet distance of ~1 nm. This struc-
tural model of amyloid-f; 40 amyloid fibrils is consistent
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with studies by other methods, such as X-ray fibre dif-
fraction, electron paramagnetic resonance, hydrogen-
exchange and proteolysis®. Solid-state NMR and electron
microscopy experiments have suggested that the fibrils
formed by amyloid-f 4 have similar supramolecular
structures™.

Our understanding of amyloid fibril structure has im-
proved greatly by recent X-ray structure determinations
of microcrystals of the amyloid-forming segments of 10
different amyloidogenic proteins'”*®. As suggested ear-
lier®*, these studies indicate that the cross-f motifs in
amyloid fibrils formed by these amyloidogenic segments
consist of a pair of fFsheets. Three levels of organization
are apparent. The first level of organization represents a
f-sheet formed by the alignment of the peptide frag-
ments. In the second level of organization, two such (-
sheets self-complement to form a pair of sheet structures,
in which the side chains protruding from the two sheets
intercalate to form a dry ‘steric zipper’ (Figure 15). In
the third level of organization, interactions between the
pairs of sheet structures lead to the formation of amyloid
fibrils.

In the case of polyglutamine fibrils, it has been pro-
posed that f-helices, structures significantly different
from the classical amyloid fibrils, are generated by the
involvement of additional hydrogen bonds between the
side chains®'. These structures could be cylindrical
F-sheets of 3.1 nm diameter with 20 residues per helical
turn. In this cylinder, the neighbouring turns are linked by
hydrogen bonds between backbone amides as well as by
those between side-chain amides, and the side chains
point alternatively in and out of the cylinder (Figure 1 ¢).

In contrast to our knowledge of mature amyloid fibrils,
very little is known about the internal structures of amy-
loid protofibrils. These are curly and elongated nano-
structures, which sometimes appear to circularize into
annular protofibrils (see below), and which are seen to
form at initial times of fibril formation by many proteins.
Several studies utilizing fluorescence spectroscopy’>,
Fourier-transform infrared (FTIR) spectroscopy’ or HX-
MS>* have all suggested an increase in internal order
from soluble oligomers to protofibrils to fibrils. The
thioflavin T binding ability as well as the f-sheet content
of protofibrils is seen to be less than those of mature
fibrils™. In the case of the amyloid-f protein™, HX-MS
has suggested that protofibrils possess fFsheet elements
that extend to adjacent residues in mature fibrils. The in-
ternal organization of the f-sheets in protofibrils remains
to be investigated by higher resolution structural probes.

Mechanisms of protein polymerization

The mechanism of polymerization of cytoskeletal pro-
teins and sickle cell haemoglobin has been studied in
great detail, and has been described in terms of two basic
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models®®’, namely, nucleation-dependent polymeriza-

tion and isodesmic (linear) polymerization. Since the data
on protein aggregation reactions leading to protofibril and
fibril formation are often evaluated in terms of these
models, we first describe them briefly.

Nucleation-dependent polymerization

In a nucleation-dependent polymerization (NDP) reac-
tion, the initial steps are slower than the later ones. A
complete mathematical description of the kinetics of an
NDP reaction requires forward and reverse rate constants
for each step®™®'. A simplifying strategy for analysis con-
siders the initial steps to be close to equilibrium, and thus
reduces the kinetic problem to an equilibrium one. From
a thermodynamic viewpoint, an NDP reaction (Figure
2 a—e) can be described as follows. The initial steps (nu-
cleation) consist of a number of unfavourable equilibria
(Figure 2a), that makes the initiation (nucleation) of
polymerization difficult, and the system can be viewed as
climbing an energy barrier which must be crossed for the
polymerization to proceed (Figure 2 b). The peak of the
free energy curve corresponds to a species (4, in Figure
2 @) which marks a turning point in the polymerization
reaction, after which downstream steps (elongation)
become thermodynamically favourable. This high energy
and thus very scarce species is the nucleus, and it consti-
tutes a bottle neck in the polymerization reaction.

The slope of the free energy barrier (Figure 2 b) at any
value of aggregate size is determined by the product of
the concentration and the ratio of the association to disso-
ciation rate constants®. In the nucleation phase (Figure
2 a and b), the dissociation rate constants are greater than
the association rate constants. Once the nucleus 1s formed,
the slope of the energy curve (Figure 25b) reverses its
direction, and for all the subsequent steps, the association
rate constants become greater than the dissociation rate
constants. Thus, in terms of the reaction kinetics, the
nucleus represents the smallest protein aggregate for
which the rate constant of association is greater than that
of dissociation.

Characteristics of an NDP reaction

An NDP reaction has the following characteristics® .
(1) The kinetics of polymer formation shows a lag phase.
The lag time represents the weak initiation phase of the
kinetics, and appears to be describable by a #* function
(Figure 2 ¢ and inset). The lag time in the kinetics of an
NDP reaction arises because the dissociation rate con-
stant is greater than the association rate constant in the
initial part of the reaction (nucleation phase). The dura-
tion of the lag phase is proportional to the steepness of
the energy curve in the initial part (Figure 25), and
depends on protein concentration. The dependence of the
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Protein aggregation reactions. &, Schematic of an NDP reaction showing nucleation and elongation phases. b, Free

energy barrier in an NDP reaction. Panels c—e show the three characteristic kinetic features of an NDP reaction, namely, the pre-
sence of a lag phase (¢); A critical concentration C* (d); Removal of the lag phase by seeding (e). f; Schematic of an isodesmic po-

lymerization reaction.

lag time on protein concentration is controlled by the
values of the association and dissociation rate constants
as well as by the size of the nucleus (i.e. the number of
monomers in the nucleus)®. (2) There is a critical con-
centration for the formation of polymer. The lag phase of
an NDP reaction shows a strong dependence on protein
concentration; the lag time increases with a decrease in
protein concentration. This implies that at a sufficiently
low monomer concentration, which would vary from pro-
tein to protein, no polymer will form. This characteristic
monomer concentration is referred to as the critical con-
centration. At equilibrium, a finite amount of the mono-
mer would exist in equilibrium with the polymer®’. The
critical concentration is usually determined from a plot of
the rate of polymer formation (or amount of polymer)
versus protein concentration (Figure 2d). (3) The lag
phase is abolished if a small amount of pre-formed nuclei
(seed) is provided at the beginning of the reaction (Figure
2 e). This phenomenon is referred to as seeding.

Nucleation-dependent polymerization with
secondary pathways

The theory of the NDP reaction successfully describes the
kinetics of polymerization of many proteins. But in a few
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cases, the kinetics of the increase in the amount of poly-
merized material is much more abrupt than that predicted
by a #* dependence, and is better described as an expo-
nential time dependence. To explain this exponential time
dependence of polymerization kinetics, the theory of
NDP reaction was extended to include secondary mecha-
nisms of polymer formation®™®, such as fragmenta-
tion®*®*, branching and heterogeneous nucleation®.

Isodesmic (linear) polymerization

In an isodesmic (linear) polymerization reaction®® (Figure
2f), there is no separate nucleation and elongation
phase®®’. Rather, polymerization can commence from
any of the monomeric subunits. Each association step
involves an identical bond, 1.e. the rate constants are
independent of the size of the polymer. Thus, an isodes-
mic polymerization reaction can be considered to be simi-
lar to the elongation phase of the NDP model. In the
kinetics of an isodesmic polymerization reaction, no lag
phase is seen, and the rate is fastest at the start of the
reaction where the concentration of monomers is the
highest; thereafter the rate decreases as the reaction pro-
ceeds towards equilibrium. There exists no critical con-
centration barrier.
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Protein folding and amyloid formation. Amyloid fibril formation commences from partially (un)folded conformers,

which can form by partial unfolding of globular proteins, partial folding of natively unfolded proteins, or by conformational
change in folding intermediates. These partially (un)folded amyloidogenic conformations self-assemble into amyloid fibrils. Dur-
ing the amyloid fibril formation reactions of many proteins, the conversion of partially (un)folded conformations into fibrils occurs
through pre-fibrillar aggregates (spherical oligomers and/or protofibrils). The scale bars in the atomic force microscopy images of
spherical oligomers, protofibrils and mature fibrils represent, respectively 200, 400 and 550 nm.

Establishing polymerization mechanisms by
kinetic analysis

A polymerization reaction is considered to be nucleation-
dependent if it shows all the three characteristic features
of the NDP mechanism (see above). The features of the
NDP reaction are prominent at lower protein concentra-
tions. At very high protein concentrations, nucleation
may, however, become relatively favourable, and the lag
phase and the dependence on protein concentration of the
kinetics may disappear®™.

Generally, an isodesmic polymerization reaction does
not display any of the three characteristic features of an
NDP reaction. But it is not always straightforward to dis-
tinguish between the two polymerization mechanisms,
because the distinction between them is subtle, and rests
solely on the nucleus size and the rate constants for dis-
sociation and association. Under some circumstances, an
isodesmic polymerization mechanism can readily mimic
the features of the NDP mechanism. For a polymerization
reaction to be considered as an NDP reaction, it needs to
show all three characteristic features (see above), because
an isodesmic polymerization reaction can show at least
two of the three features®”. Finally, it is important to rea-
lize that the NDP and isodesmic mechanisms represent
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two extreme cases of polymerization, and a given poly-

merization reaction may involve both the mechanisms at
.67

the same time”'.

Mechanism of amyloid fibril formation

Onset of amyloid fibril formation

The process of amyloid fibril formation seems to commence
from partially structured conformers of proteins® !
(Figure 3). The partial (un)folding of proteins seems to
facilitate specific intermolecular interactions, such as
hydrophobic and electrostatic interactions, which are re-
quired to drive the polymerization of protein molecules
into amyloid fibrils. But direct structural information on
monomeric partially unfolded conformers competent to
form amyloid fibrils, is available in only a few cases,
because it is not easy to trap such partially unfolded con-
formers. Amyloid fibril formation by tetrameric
transthyretin commences only after its dissociation into
monomers -, and the propensity to fibrillate is related
inversely to the stability of the tetramer’>"*. An HX-NMR
study of monomeric transthyretin under amyloidogenic
conditions suggested that the formation of the aggrega-
tion-competent intermediate is associated with the desta-
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bilization of one of the fsheets comprising the native
fold”. Equilibrium unfolding measurements by NMR on
a monomeric amyloidogenic conformation of f-micro-
globulin have suggested that the N-terminal region of the
protein is predominantly unstructured, and that five of the
seven fFstrands comprising the native structure are
retained in this species’®.

For most other proteins, there is only indirect evidence
for the participation of partially unfolded conformations
in amyloid formation. It has been shown for many pro-
teins that the propensity to fibrillate is determined by, and
is related inversely to, the stability of the protein® ™.
Consequently, factors destabilizing the native fold of a
protein tend to increase the propensity of the protein to
fibrillate. Conversely, factors that stabilize the native fold
of a protein are seen to reduce the fibril formation pro-
pensity of the protein®'. Importantly, in the case of amy-
loid fibril formation by f+lactoglobulin, the aggregation
propensity has been seen to be the highest at the urea
concentration corresponding to the mid-point of unfold-
ing transition of the protein®.

Partial unfolding of proteins can be induced by muta-
tions, by changes in environmental conditions or by
chemical modifications. It is instructive to note that
although the conformational transition of the native struc-
ture into a partially structured form seems to be a neces-
sary step, amyloid fibril formation from a globular
protein can occur under native conditions®™. Amyloid
fibril formation under native conditions would initiate
from a locally unfolded segment of a globular protein,
which becomes accessible, for example, during confor-
mational breathing motions of the protein.

In the case of natively unfolded proteins (such as
a-synuclein, amyloid-f protein, tau, etc.), the formation
of partially structured conformers can occur by partial
folding, and fibril formation is promoted by factors that
induce partial folding”*"®. For example, in the case
o~synuclein, either a decrease in pH or an increase in
temperature appears to induce partial folding, and to
enhance the propensity of the protein to fibrillate®.

Nucleation and growth (elongation) mechanisms

For some proteins, amyloid fibril formation appears to
occur via the NDP mechanism, wherein the reaction
appears to commence from oligomeric nuclei, which grow
by the sequential addition of monomeric intermediates.
The formation of amyloid fibrils by these proteins®**°
involves an initial lag phase in the kinetics, which is
eliminated upon seeding. But critical concentrations have
been determined only in a few cases. It is important to
note that in most fibril formation reactions showing fea-
tures of the NDP mechanism, the kinetics show only
weak dependences on protein concentration””"*®, This
has led to the conclusion that the nucleus size is small. In
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the case of amyloid fibril formation by polyQ peptides, a
very weak dependence of the lag time on protein concen-
tration suggested a monomeric nucleus. Thus, an unfa-
vourable conformational change in the monomeric
protein seems to constitute the rate-determining nuclea-
tion event™!”. For some proteins, secondary nucleation
events, such as nucleation on the surface of pre-existing
fibrils and on exogenous impurities, have also been pro-
posed'” % In the case of fibril formation by the amy-
loid-f protein at low pH'®*'°, it has been proposed that
above a certain critical concentration, the peptide first
forms micelles which give rise to fibril nuclei. Below the
critical concentration, fibril formation is thought to
nucleate predominantly on exogenous impurities.

It is increasingly being realized that for many proteins,
models of NDP are not adequate for extracting informa-
tion on the size of the nucleus from the protein concentra-
tion-dependence of the kinetics of amyloid fibril
formation®™. This is so because in many cases of amyloid
fibril formation, a large population of pre-nuclear oligo-
mers is formed and/or mechanical agitation is used to
induce the reaction, both of which can diminish the
protein concentration-dependence of the kinetics, and
can therefore lead to an underestimation of the nucleus
size. Thus, a reliable determination of the nucleus size
requires refinements in the strategy for the analysis of the
protein concentration-dependence of the aggregation
kinetics™.

In the case of amyloid fibril formation by many pro-
teins, spherical oligomers and/or protofibrils are seen to
form rapidly, and, in many cases, mature fibrils appear
upon extended incubation®®*>**1%11°  This aggregation
mechanism has been referred to as “assembly via oligo-
meric intermediates™®'?!° In this mechanism, it appears
that the formation of the pre-fibrillar aggregates is not
limited by an unfavourable nucleation event!'-!1*11>117,
and can be considered as isodesmic polymerization'!”.

It is not easy to carry out kinetic measurements to
show that pre-fibrillar aggregates such as protofibrils
transform directly into long straight mature fibrils,
because of the inherent heterogeneity in the process and
because of the insoluble nature of mature fibrils. It is
difficult to rule out the possibility that pre-fibrillar aggre-
gates represent off-pathway species formed as indepen-
dent entities. Indeed, protofibrils and fibrils form under
different aggregation conditions for some pro-
teins”**!'>118 For some proteins, the aggregation reaction
seems to cease at the level of oligomers and protofibrils,
and not to proceed to typical mature fibrils”*>!! 4116117
Mature fibrils may form upon a change in the aggregation
conditions'"".

Nevertheless, it appears that the pre-fibrillar aggregates
lie on the direct pathway of fibril formation for some pro-
teins. In the case of the NM segment of Sup35, kinetic
measurements suggest that oligomers formed initially
during the reaction assemble directly into fibrils'”’. In the
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case of the amyloid-g protein too, there is evidence sup-
porting an on-pathway role for the pre-fibrillar aggre-
gates”™ "'’ It has been suggested that the protofibrils of
the amyloid-f protein grow into mature fibrils by mono-
mer addition as well as by lateral association'*’. The
former mechanism appears to predominate at low salt
concentrations, and the latter mechanism at high salt
concentrations. Some structural data also point to the
on-pathway role of pre-fibrillar aggregates formed by
the amyloid-f protein; the fsheet elements comprising
the mature fibrils appear to be present in the pre-fibrillar
aggregates'®. In such cases, amyloid fibril formation
might nucleate by conformational changes in the oli-
gomeric and/or protofibrillar intermediates'®'*, and
mature amyloid fibrils might form by association of the
oligomeric intermediates, by addition of the oligomeric
intermediates on to protofibrils, or by end-to-end and
lateral association of protofibrils.

Acquisition of [-sheet structure

It is important to determine when f-sheet conformational
conversion occurs during amyloid fibril formation. In
amyloid fibril formation reactions displaying the charac-
teristic features of the NDP mechanism, and in most
examples of assembly via oligomeric intermediates, the
growth of aggregates and the acquisition of fsheet struc-
ture seem to be coupled' I Tt gppears that the
associating units (monomers or oligomers) first add on to
the ends of the growing aggregates, and then undergo the
[f-sheet conformational change. Recently, it has been seen
for two proteins that amyloid fibril formation involves
conformationally converted oligomeric intermediates, i.e.
the fsheet conformational change occurs in the oligo-
meric intermediates before they add on to the ends of the
growing aggregates. In the case of amyloid fibril forma-
tion by the amyloid-/ protein''®, the monomeric protein
molecules undergo a large conformational change to form
spherical oligomeric intermediates, early during fibril
formation. A structural comparison, using solid-state
NMR, with the mature fibrils suggested that the forma-
tion of this f-sheet rich oligomeric intermediate largely
defines the conformational change associated with fibril
formation, and that the oligomeric intermediates undergo
supramolecular reassembly to form amyloid protofibrils
and fibrils. In the case of amyloid protofibril formation
by wild type barstar’* as well as by many of its single
cysteine-containing mutant variants™, the fsheet con-
formational change occurs after or concurrently with the
growth (elongation) of spherical oligomeric intermediates
into protofibrils. But for two of the single cysteine-
containing mutant variants of barstar (Cys62 and Cys89),
the f-sheet conformational change is seen to occur in the
spherical oligomeric intermediates before they assemble
to form protofibrils™.
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Structural heterogeneity in amyloid fibril
formation reactions

It seems that multiple distinct fibrillar morphologies can
be adopted by any individual protein, and that the forma-
tion of fibrils by many proteins is preceded by the accu-
mulation of a range of aggregated pre-fibrillar states
(Figure 4). Understanding the structural as well as the
kinetic basis of the conformational polymorphism seen in
amyloid fibril structures is a major goal of protein aggre-
gation studies. Such an understanding is necessary for
gaining an insight into the phenomenon of prion
strains'**, wherein the same prion protein adopts a range
of infectious conformations differing in their specificity
and transmission barrier' >,

In this section, we first describe the structural hetero-
geneity seen in the structures of mature fibrils. We then
discuss how an understanding of the initial and inter-
mediate stages of amyloid fibril formation reactions can
provide an insight into structural heterogeneity in mature
fibrils.

Structural heterogeneity in mature amyloid fibrils

A protein may assemble into amyloid fibrils of multiple
distinct morphologies in response to a change in amino
acid sequence'”, upon a change in aggregation condi-
tions”* 1213131 g well as under the same growth condi-
tion''*1**13 Multiple morphological variants, as seen by
atomic force microscopy and electron microscopy'>?,
have been seen to differ in the number of protofilaments
that comprise the mature fibrils as well as in the helicity

of their intertwining''>"*"**. In the assembly pathway of

Figure 4. Morphologies of protein aggregates formed by the amyloid-
i protein after incubation for different times at pH 7.4, 4°C. Spheri-
cal oligomers and elongated protofibrils are seen to populate before the
formation of mature amyloid fibrils. Spherical oligomers of a range of

sizes are seen. Reprinted with permission from Chimon et al.'"?.
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the amyloid-f; 49 protein, spherical oligomers are formed
at the initial times of the reaction, and subsequently
polymorphic amyloid fibrils are formed upon prolonged
incubation under the same conditions. Electron micro-
scopy analysis has shown that the fibril polymorphs differ
in their mass per length (MPL) values as well as in their
axial cross-over spacing'**''?. Two predominant morpho-
logies have been identified. Amyloid fibrils in the MPL1
group have a MPL value of 18+ 3 kDa/nm, and are
multi-stranded cables with an axial cross-over spacing of
~25nm. On the other hand, amyloid fibrils belonging to
the MPL2 group have a MPL value of 27 * 3 kDa/nm,
and contain twisted ribbons with an axial cross-over spac-
ing of ~80—130 nm, as well as multi-stranded cable mor-
phologies. The amyloid-/3_4 protein is also seen to show
fibril polymorphism with similar MPL values™. The mor-
phologies of amyloid fibrils formed by amyloid-f; 44 and
by amyloid-f 4, are seen to be extremely sensitive to
changes in aggregation conditions'®"",

The f»-microglobulin protein, including its deamidated
variant, N17D, has been seen to form mature amyloid
fibrils of three different morphologies'>*!*?, which differ
in the number of protofilaments comprising them, as well
as in the helicity of their intertwining. Type I and type II
fibrils are multi-stranded cables with two and four proto-
filaments respectively, intertwined in a left-handed heli-
cal manner. Type I1I fibrils are twisted ribbons with four
protofilaments arranged in a left-handed helical manner.

Under the same aggregation condition, calcitonin
assembles into twisted ribbons, tubes and multi-stranded
cables'®. Amylin'*°, transthyretin'’, crsynuclein'®, the
prion proteins'*'**!* and many other proteins have been
seen to form amyloid fibrils of different types, as seen in
atomic force microscopy and electron microscopy images.

The available data indicate that mature amyloid fibrils
consist of multiple protofilaments, and are multi-stranded
cables or twisted ribbons®. In such a case, amyloid fibril
polymorphism can be explained by a simple model,
wherein the same protofilaments assemble in diverse pat-
terns to give rise to morphologically distinct amyloid
fibrils of the same protein. The morphological poly-
morphs of amyloid fibrils have been seen, however, to
differ in their underlying molecular structures. In the case
of amyloid-f, a comparison of the two-dimensional solid-
state >C NMR spectra of two morphological polymorphs,
formed under two different aggregation conditions, sug-
gested that they differ in their underlying molecular
structures’™' . Interestingly, in the assembly reaction of
o~synuclein, mature fibrils were seen to differ in their
underlying internal structures, even though they were
hardly distinguishable by their external morphologies'*.

Thus, it appears that the structural heterogeneity in
amyloid fibrils might originate from variations in the
internal structure of the cross-f7 motif. These variations
might be in the nature and registry of the f-sheets, in
the number of residues in the f-strands, as well as in the
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spacing between the B-sheets'***'* In addition, the
presence and absence of disulphide bonds can affect
the morphology of amyloid fibrils, perhaps by affecting
the structure of the cross-B motif'*. The X-ray structures
of microcrystals of a number of amyloid-forming seg-
ments of amyloidogenic proteins™ have shed further light
on how the cross-f motif can show variations. The varia-
tions in the fundamental steric zipper structure of the
cross-f motif may be in the orientation of the f-strands
(parallel or antiparallel) within the sheets, in the orienta-
tion of the f-sheets (parallel or antiparallel) with respect
to one another, or in the packing of the sheets (face-to-
face or face-to-back).

Thus, differences in the nature of the amino acid side
chains can lead to cross-f structures of distinct atomic
architectures, and can explain atomic level variations in
the structures of amyloid fibrils formed by different pro-
teins and peptides, as well as those induced by protein
mutations. It is interesting to note that several proteins
possess more than one amyloidogenic segment, and that
different segments of a protein can form amyloid fibrils
of significantly different structures™. In such a scenario,
polymorphism in the amyloid fibrils formed by a protein
may originate in many ways. Amyloid fibril polymorphs
of a protein may be formed by different segments or dif-
ferent combinations of the amyloidogenic segments of the
protein. It is also possible that different amyloidogenic
segments or different combinations of the segments of the
protein are preferentially utilized for fibril formation
under different aggregation conditions. This may explain
the formation of structurally distinct amyloid fibrils by a
protein under different environmental conditions. Alter-
natively, the formation of polymorphic fibrils under
different aggregation conditions may arise purely from
the effects of the different solvent conditions on the inter-
molecular interactions in the steric zipper formed by the
same amyloidogenic segment of the protein.

Structural heterogeneity in partially (un)folded
conformers

An important question is whether the partially structured
conformers from which aggregation commences, repre-
sent multiple distinct sub-populations of conformations
co-existing with one another. If there are multiple
partially structured conformations, the aggregation reac-
tion can potentially commence from many of them'*®. In
order to understand the kinetic origin of the structural
heterogeneity in amyloid fibrils, it is, therefore, important
to identify structural heterogeneity in the partially struc-
tured conformations.

Partially structured conformations are populated by
partial unfolding in the case of globular proteins. The use
of high resolution probes, such as time-resolved fluore-
scence resonance energy transfer, or HX-MS and HX-
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NMR, to monitor protein unfolding reactions is now
increasingly making it evident that the unfolding reaction
proceeds through many different partially unfolded con-
formations'***. The partially unfolded conformations of
proteins are heterogeneous, and different sub-populations
may accumulate under different unfolding conditions.

Conversely, partially structured conformers can accu-
mulate by partial folding in the case of natively unfolded
proteins. It has been generally assumed that natively un-
folded proteins exist in a denatured (random coil) state. It
now appears that they exist not in random coil states, but
in collapsed forms®. It seems reasonable to define two
possible states of natively unfolded proteins: disordered-
denatured and disordered-collapsed. Probably, only the
disordered-collapsed states are capable of forming amy-
loids®’. Polyglutamine'’, amyloid-£>!, orsynuclein'*
and the NM segment of the yeast prion protein Sup35'
have all been shown to exist as ensembles of collapsed
structures.

Structural heterogeneity in pre-fibrillar aggregates
(spherical oligomers and protofibrils)

The initial phase of fibril formations by many proteins is
characterized by the accumulation of spherical oligomers
and protofibrils (Figure 4). Electron microscopy
and atomic force microscopy experiments show that
the earliest pre-fibrillar aggregates are spherical oli-
gomers™S2SAOTIB LI whid subsequently seem
to coalesce to form beaded, elongated worm-like amyloid
protofibrils. The elongated protofibrils may sometimes
circularize to form annular, ring-like protofibrils™>**".
Recently, the annular protofibrils of the amyloid-£ pro-
tein were shown to differ structurally from spherical oli-
gomers; they display an epitope that is absent in spherical
oligomers and in fibrils of the protein'’. Understanding
the structural heterogeneity in these pre-fibrillar oli-
gomers and protofibrils is crucial not only to gain an
insight into the structural heterogeneity seen in the
mature amyloid fibrils, but also because pre-fibrillar oli-
gomers and protofibrils appear to represent the toxic spe-
cies in amyloid-related diseases'' %1%,

It now appears that heterogeneity exists within the
individual sub-populations of pre-fibrillar aggregates.
The pre-fibrillar oligomers are seen to be heterogeneous
in size, and seem to consist of a continuum of oligomeric
states”™ 1?1611 The pre-fibrillar oligomers appear to
show heterogeneity also in their secondary structure con-
tent®~*'%% In the case of protofibril formation by barstar
at high temperatures™®, mutational analysis has revealed
that the spherical oligomers formed initially in the reac-
tion consist of two sub-populations, one rich in orhelix
and another rich in fsheet. Wild type barstar and many
of its single cysteine-containing variants populate pre-
dominantly the spherical oligomers rich in orhelix,
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whereas the spherical oligomers formed in the case of
two of the mutant forms (Cys62 and Cys89) are predomi-
nantly f-sheet structures. Furthermore, the spherical oli-
gomers formed during the trifluoroethanol (TFE)-induced
aggregation of wild type barstar™ appear to have a higher
ohelical content than that of the spherical oligomers
formed by the protein at high temperatures.

Annular protofibrils too appear to show structural het-
erogeneity. The spherical oligomers of wild type
o~synuclein form annular protofibrils of two different
morphologies differing in their heights, as seen by atomic
force microscopy, as well as in their diameters'®'. Under
the same aggregation conditions, the spherical oligomers
of the AS3T mutant variant of the protein form annular
protofibrils having a diameter that is much smaller than
that of the protofibrils formed by the wild type protein.
Furthermore, the annular protofibrils formed by the wild
type protein and by a 1:1 mixture of the wild type and
the AS3T mutant variant differ significantly in their
heights on mica (1.3 nm for one of the polymorphs of the
wild type protein, and 2.7 nm for the 1:1 mixture of
the wild type protein and the A53T mutant form)'®’.

Very little is known about structural heterogeneity in
elongated protofibrils; nearly all information in this
regard comes from studies on barstar aggregation®.
The elongated protofibrils formed at high temperatures by
the Cys62 and Cys89 mutant forms of barstar have
thioflavin T binding abilities similar to those of the proto-
fibrils formed by the wild type and many other mutant
forms of the protein. Far-UV CD suggests, however, that
the protofibrils formed by Cys62 and Cys89 have a lower
[-sheet content. Atomic force microscopy experiments
show that these polymorphs of heat-induced amyloid pro-
tofibrils of barstar differ in their heights on mica surfaces.
The protofibrils formed by Cys62 and Cys89 have larger
diameters, as determined from their heights in atomic
force microscopy images, than those formed by the wild
type and other mutant forms of the protein under the
same conditions™.

Heterogeneity in the amyloid protofibrils of barstar
becomes more evident upon a change in aggregation con-
ditions. The amyloid protofibrils of wild type barstar
formed in the presence of TFE (TFE-induced protofibrils)
differ from those formed at high temperatures (heat-
induced protofibrils) in their external dimensions, in their
internal structures, as well as in their stabilities® (Figure
5). The mean thickness of the TFE-induced protofibrils,
as determined from the Z-heights in atomic force micros-
copy images, is about half the thickness of the heat-
induced protofibrils (Figure 5a and b). The thickness of
the TFE-induced protofibrils (1.14 + 0.24 nm) suggests
that they consist of a f-sheet monolayer. In contrast, the
thickness of the heat-induced protofibrils (2.56
0.32 nm) suggests that they are composed of a pair
(bilayer) of f-sheets. This result from the atomic force
microscopy experiments is supported by stability meas-
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urements and by dynamic light scattering experiments™.
The presence of amyloid-like f-sheet structures in the
TFE-induced and in the heat-induced protofibrils is evi-
dent from the presence of a peak in the 1615-1643 cm™
region'®'% in their FTIR spectra (Figure 5¢ and d). In-
terestingly, the position of this peak for the TFE-induced
protofibrils (1616 cm™) differs significantly from that
seen for the heat-induced protofibrils (1621 cm™), which
suggests that the f-sheets in the two differently generated
protofibrils differ in their internal structures. Further-
more, the presence of a peak at 1650 cm™ in the case of
heat-induced protofibrils suggests that they are not pure
[F-sheet structures but that they also possess other struc-
tures'®>'®" (helices and/or random coils). In contrast, the
TFE-induced protofibrils do not show a peak at 1650 cm™,
suggesting that they contain relatively more fFsheet
structures, and less of other structures, if any. The far-UV
CD spectra of the TFE-induced and heat-induced protofi-
brils are consistent with the structural differences pointed
out by the FTIR spectra.

Multiple pathways of amyloid fibril formation:
Kinetic origin of amyloid polymorphism

Many lines of evidence suggest that protein mutations
and changes in environmental conditions affect the kinet-
ics of protein aggregation by affecting the stability of the
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Figure S. Structural characterization of TFE-induced and heat-
induced protofibrils of barstar. a, Atomic force microscopy image of
TFE-induced protofibrils. b, Atomic force microscopy image of heat-
induced protofibrils. ¢, FTIR spectrum of TFE-induced protofibrils. d,
FTIR spectrum of heat-induced protofibrils. Reprinted from Kumar and
Udgaonkar®.
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native structure, as well as by changing the physico-
chemical properties (such as hydrophobicity, f-sheet pro-
pensity and charge) of the protein. The process of protein
aggregation involves self-assembly through intermolecu-
lar interactions, and leads to an increase in f-sheet struc-
ture. This makes protein aggregation kinetics sensitive to
changes in the above-mentioned physicochemical proper-
ties'® % It is now becoming evident that the mechanism
of protein aggregation reactions involves multiple assem-
bly pathways. Protein mutations and changes in environ-
mental conditions may affect the aggregation reaction by
changing the aggregation pathway>>>>2+10% 2129170 1 g
instructive to consider a few examples where the existence
of multiple independent pathways has been proposed
to underlie the structural heterogeneity in protein aggre-
gates.

[r-microglobulin

fr-microglobulin forms protein aggregates of distinct
morphologies under varying aggregation conditions™.
Worm-like fibrils are formed at pH 3.5, in the presence of
200 mM NaCl. These fibrils resemble the protofibrils
formed by many other proteins®>**''*!"" in having flexi-
ble curly morphologies. But unlike protofibrils which are
typically <600 nm in length, worm-like fibrils can be
much longer. Rod-like fibrils form at the same pH but at
lower NaCl concentration (<50 mM), and they seem to
represent intermediates in the formation of the worm-like
fibrils. It appears that the worm-like fibrils are dead-end
products, and cannot be converted into mature amyloid
fibrils. At pH <3 and at low salt concentration®>*>!",
[r-microglobulin forms long straight fibrils.

HX-NMR studies have suggested that conformational
heterogeneity exists in the worm-like and in the long
straight fibrils; the environment of some residues appears
to vary from molecule to molecule®™*. The Bsheet core
region in the worm-like and in the long straight fibrils
appears to be formed by the central region of the protein
molecule. But the f-sheet core spans a narrower region in
the worm-like fibrils than in the long straight fibrils*".

The kinetics of the formation of rod- and worm-like
fibrils is monophasic without a lag phase'’!. A mass spec-
trometry study indicates that the formation of these fibrils
involves a range of oligomeric states™, suggesting that
the reaction occurs in a progressive, non-cooperative
manner. [t appears that the formation of rod- and worm-
like fibrils follows the isodesmic mechanism, and is not
limited by an unfavourable nucleation event®*>!"",

In contrast to the kinetics of the formation of rod-like
and worm-like fibrils, the kinetics of the formation of
long straight fibrils is sigmoidal with an initial lag phase.
The duration of the lag phase reduces upon seeding'’.
Mass spectrometry studies indicate that the reaction does
not involve stable higher order oligomeric or protofibril-
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lar intermediates™. It therefore appears that the formation
of long straight fibrils occurs via a nucleation-dependent
reaction. The critical concentration has, however, not
been determined.

Mouse prion protein

In the case of the recombinant mouse prion protein
(moPrP), an corhelix rich monomer (o-monomer) of the
protein exists in equilibrium with oligomers rich in -
structures  (frich oligomers)''>'. The equilibrium
appears to be shifted towards the o~monomer at neutral
pH, and towards the Brich oligomers at acidic pH'"".

The available data indicate the existence of two path-
ways for the formation of amyloid fibrils by the moPrP.
One pathway (at pH 7) commences from the o~monomer,
and culminates in long straight fibrils in a reaction that
appears to be nucleation dependent'”. The kinetics of
formation of these fibrils is sigmoidal with an initial lag
phase, which is reduced upon seeding”’. The kinetics is,
however, only weakly dependent on protein concentra-
tion”. On the other pathway (at pH 2) the reaction starts
from the Arich oligomers, and leads to the formation of
worm-like fibrils'”®. The kinetics of worm-like fibril
formation is monophasic without a lag phase'". In this
respect, the aggregation reaction of moPrP at low pH
appears remarkably similar to that of f-microglobulin. In
both cases, a monomer leads to the formation of long
straight fibrils in an apparently nucleation-dependent
manner, whereas an oligomer leads to the formation of
worm-like fibrils in a reaction that does not seem to be
limited by an unfavourable nucleation event.

Worm-like fibrils are seen to form only at low pH
because the frich oligomer, from which they arise, is
stable at low pH. At higher pH values, the stability of the
f-rich oligomer reduces, presumably because of the
deprotonation of a few critical residue side-chains. At pH 7,
the concentration of the f-rich oligomer, which is compe-
tent to form worm-like fibrils, 1s so small that the forma-
tion of worm-like fibrils cannot be observed. Moreover,
the rate of formation of worm-like fibrils will be
extremely slow because the concentration of the F-rich
oligomer is very low'"”. If the worm-like fibrils are indeed
the toxic species, as are the smaller protofibrils formed
by other proteins''***71% then the late-onset of prion
diseases could be explained by an extremely slow aggre-
gation reaction whose rate is limited by the extremely
low concentration of Arich oligomer formed at the nor-
mal pH prevalent in cells.

Barstar

The small protein barstar forms soluble oligomers (the A
form) at low pH. The A form is seen to be a symmetrical
aggregate formed by 16 monomeric subunits of the

CURRENT SCIENCE, VOL. 98, NO. 5, 10 MARCH 2010

protein' 7. NMR experiments have shown that the core
of the A form consists of the C-terminal segments of the
self-assembled monomeric units, and that the N-terminal
segments are in random coil conformations'”’. In a pro-
cess that is accelerated at higher temperatures, the A form
converts into amyloid protofibrils, and upon extended
incubation, into mature fibrils®>*1%!1  The transition
from protofibrils to mature fibrils is slow, and is acceler-
ated in the absence of salt''’.

Time-resolved fluorescence studies suggest that the
cores of the aggregates in the A form and in the protofi-
brils formed at high temperature are similar, indicating
that the A form acts as the direct precursor’>. Dynamic
light scattering and atomic force microscopy experiments
suggest that early during the aggregation process, the A
form completely converts into spherical higher oligo-
meric intermediates (HOIs), which then assemble further
into protofibrils in a progressive manner>>''*. The spheri-
cal HOIs represent the predominant aggregates visible in
atomic force microscopy images at early times of aggre-
gation. The beaded appearance of protofibrils seen at the
completion of the reaction suggests that they have assem-
bled directly from the HOIs. Furthermore, the rate of the
transformation of the A form into protofibrils depends on
the probe used to monitor the reaction.

Cysteine-scanning mutagenesis studies identify two
classes of mutant proteins, which use structurally distinct
pathways to form amyloid protofibrils®. The majority of
mutant proteins follow Pathway I (Figure 6 @), where the
A form first converts into HOIs which then grow in size
to form the elongated protofibrils. Like for many other
proteins, including wild type barstar (see above), fsheet
conformational change on this pathway occurs along
with, or after elongation of the oligomers. Interestingly, on
Pathway II (Figure 6 b), conformational change precedes
elongation of the oligomers. The A form first transforms
into HOIs. The HOIs undergo fsheet conformational
conversion to form conformationally converted HOIs
(CC-HOIs), which then assemble to form elongated pro-
tofibrils. On both the pathways, the mean hydrodynamic
radius-monitored kinetics are significantly faster that the
kinetics monitored by scattering intensity, suggesting that
elongated protofibrils associate laterally to form the mature
amyloid protofibrils'’®. The amyloid protofibrils formed
on these alternative pathways differ in their structures.

A comparison of amyloid protofibril formation by wild
type barstar under two different growth conditions, one in
the presence of TFE and the other at high temperature,
reveals that the pathway of TFE-induced protofibril
formation is distinct from that of heat-induced protofibril
formation® (Figure 6a and ¢). The kinetics of heat-
induced protofibril formation is monophasic, no lag
phase is seen. The kinetics shows a weak dependence
on protein concentration, and there is no apparent critical
concentration. It appears therefore that the heat-induced
formation of protofibrils follows the isodesmic (linear)
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Figure 6. Multi-pathway mechanism for amyloid protofibril formation by barstar. Pathways I and II operate in
the case of heat-induced protofibril formation, while TFE-induced protofibril formation occurs via Pathway III. a,
Pathway I: The A form is first converted into higher order oligomeric intermediates (HOIs) which then grow in
size to form the elongated protofibrils. The conformational conversion leading to the formation of thioflavin
T-binding sites and increase in f-sheet content seems to occur within these elongated protofibrils. The inset
brings out the possibility that conformational conversion may occur concurrently with growth (elongation). b,
Pathway II (assembly via conformationally converted oligomers): the A form is first converted into HOIs which
undergo conformational conversion to form conformationally converted HOIs (CC-HOIs), which then assemble to
form the elongated protofibrils. On both the pathways, the elongated protofibrils then seem to associate laterally
to form the mature amyloid protofibrils. ¢, Pathway III: TFE-induced protofibril formation commences from the
A, form. No lateral association of elongated protofibrils appears to occur on this pathway. The amyloid protofi-

brils formed on these alternative pathways differ in their structures. Adapted from Kumar and Udgaonkar

mechanism. In contrast, TFE-induced protofibril forma-
tion appears to be cooperative, with a distinct lag phase
followed by an elongation phase. TFE-induced formation
of protofibrils displays two of the three defining features
of the NDP mechanism: the kinetics show a lag phase and
the lag phase is reduced upon seeding. But the kinetics is
only weakly dependent on protein concentration, and
seeding has only a weak effect on the kinetics. The TFE-
induced reaction does not show the third defining feature
of the NDP mechanism; a critical concentration, below
which no aggregation occurs, is not observed. Hence,
TFE-induced protofibril formation cannot be described as
an NDP reaction. As discussed above, the lag phase in the
TFE-induced protofibril formation can also be described
by the isodesmic mechanism. Thus, it is possible that
TFE-induced protofibril formation involves both the NDP
and isodesmic mechanisms (see above).

Unlike the heat-induced reaction, where the A form acts
as the direct precursor>''! (see above), the TFE-induced
formation of amyloid protofibrils seems to commence
from a structurally distinct A, form, which accumulates
immediately after the addition of TFE to the A form. The
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TFE-induced formation of amyloid protofibrils involves
therefore a pathway that is different from that of heat-
induced protofibril formation. Furthermore, unlike the
heat-induced pathway, the TFE-induced pathway does
not appear to involve a lateral association step. Not sur-
prisingly, the protofibrils formed on the TFE-induced and
heat-induced pathways are structurally distinct.

The data for barstar show that the spherical oligomers
(HOIs) as well as the elongated protofibrils of barstar show
structural polymorphism. The use of multiple structural
probes to monitor the kinetics has suggested that the
formation of distinct protofibril conformations occurs via
alternative pathways. Single mutations and changes in the
growth conditions can switch the aggregation reaction
between alternative pathways, and can thereby lead to the
formation of amyloid protofibrils of different structures.

Amyloid-f protein

The amyloid-f protein transiently forms oligomers of
varying sizes, as well as protofibrils. Upon prolonged
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incubation, polymorphic amyloid fibrils form! 1121797181

Protofibrils are typically of ~6 nm height in atomic force
microscopy images, up to ~600 nm in length, and have a
MPL of 19f2kDa/mm (ref. 112). Two predominant
populations of amyloid fibril polymorphs have been iden-
tified''%. The MPL value of one of the polymorphs is seen
to be 18 + 3 kDa/nm. The morphology of these fibrils dif-
fers from that of the protofibrils, but their MPL value is
identical to that of the protofibrils. This suggests, but
does not prove that these fibrils form by a conformational
change and subsequent elongation of protofibrils. The
other fibril polymorph has an MPL of 27 £ 3 kDa/nm.
The MPL of these fibrils is ~1.5-fold higher than that of
the protofibrils, which suggests that they do not arise
either from conformational change in protofibrils or from
lateral association of protofibrils. Instead, it appears that
these fibrils form by an independent mechanism. The
growth rate of these fibrils is seen to be ~15-fold faster
than that of protofibrils. The difference between the values
of the MPLs of the two polymorphs suggests that the fibrils
of the amyloid-f protein are built from bona fide elemen-
tary protofilaments of an MPL of ~9 kDa/nm. No fibrillar
morphology corresponding to an MPL of 9 kDa/nm is,
however, seen to populate during the reaction. It can be
argued that the proposed concurrent multiple assembly
pathways involve the same sequence of events to form
the common bona fide elementary protofilaments, and
differ only in the last step wherein the protofilaments
assemble in distinct ways leading to the formation of
fibrils of distinct morphologies. But it has been shown in
an independent study’”' that distinct amyloid-£ fibril mor-
phologies differ in their underlying molecular structures.
These data for amyloid-f suggest that polymorphism in
the mature fibrils originates from the utilization of alter-
native aggregation pathways, probably arising from
heterogeneity in the pre-fibrillar aggregates' %%

The kinetics of mature fibril formation by the amyloid-
L protein displays an initial lag phase, which is shortened
upon seeding'**!?. It appears therefore that the formation
of mature fibrils by the amyloid-f protein involves
nucleation-dependent polymerization. Nucleation-depen-
dent aggregation is expected to be cooperative and to
proceed without any accumulation of stable pre-fibrillar
oligomers”™ . But the formation of mature fibrils by
amyloid-f is seen to be preceded by the accumulation of
spherical oligomers and protofibrils'' ', Thus, it
appears that the fibril formation mechanism by amyloid-#
is much more complex than that expected from either the
isodesmic or the nucleation-dependent mechanism.

Polyglutamine (polyQ)-containing proteins and
peptides

Simple polyQ peptides have been seen to form amyloid
fibrils in a nucleation-dependent mechanism, and no oligo-
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meric and protofibrillar intermediate species have been
seen to accumulate during the reaction®'**'®. The addi-
tion of a proline-rich sequence™” to the C-terminus of the
polyQ peptide decreases the rate of aggregation and the
stability of the fibrils, but the fundamental mechanism of
fibril formation appears to remain the same. The addition
of oligo-proline sequences to the N-terminus of the pep-
tide has no effect on the aggregation reaction. Recently, it
was shown that the addition of HTT™' (a 17 amino acid
sequence from the huntingtin exon 1 fragment) to polyQ
peptides leads to a complex alternative fibril formation
mechanism'"’. In contrast to the fibril formation reaction
by simple polyQ, where the earliest observable aggre-
gates are fibrillar, fibril formation by HTT" -containing
polyQ appears to occur via oligomeric and protofibrillar
intermediates, and the reaction does not seem to be limited
by an unfavourable nucleation event.

Conclusion

The energy landscape describing the process of protein
aggregation is complex. There seems to be many energy
minima, each representing a distinct amyloid fibril or
protofibril conformation. Considerable progress has been
made towards understanding the structural basis of amy-
loid fibril polymorphism, and an important goal of pro-
tein aggregation studies is to understand the kinetic basis
of amyloid fibril polymorphism. The existence of struc-
tural heterogeneity in the partially structured precursor
conformations and in pre-fibrillar aggregates suggests
that the formation of fibrils may nucleate from a number
of distinet precursor states, and many distinct elongation
(growth) mechanisms might exist. Alternative pathways
of amyloid fibril formation arising from heterogeneity in
the nucleation and elongation mechanisms might lead to
the formation of structurally distinct fibrils. One way by
which this can occur is if distinct amyloidogenic seg-
ments of the protein are utilized on different pathways of
amyloid fibril formation. Alternatively, different confor-
mational sub-populations of the same amyloidogenic
segment may be utilized on alternative pathways of fibril
formation. /n vitro experiments are now providing
insights into the kinetic origin of amyloid fibril polymor-
phism. Amyloid fibril polymorphism can be understood
in terms of the heterogeneity seen in partially structured
aggregation-competent conformers as well as that seen in
the pre-fibrillar aggregates. Such an understanding not
only uncovers possible pathways of amyloid formation,
but also suggests ways of modulating the pathways, and
thus might provide insight into possible therapies for
amyloid-related cell toxicity.
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