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Molecular Mechanisms of Polypeptide Aggregation in Human Diseases
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Abstract: Protein aggregation is implicated in a plethora of neurodegenerative diseases. The proteins found to aggregate
in these diseases are unrelated in their native structures and amino acid sequences, but form similar insoluble fibrils with
characteristic cross-p sheet morphologies called amyloid in the aggregated state. While both the mechanism of aggrega-
tion and the structure of the aggregates are not fully understood at the molecular level, recent studies provide strong sup-
port for the idea that protein aggregation into highly stable, insoluble amyloid structures is a general property of the poly-
peptide chain. For proteins with a unique native state, it is known that aggregation occurs under conditions that promote
native-state destabilization in vitro and in vivo. Taken together, the results of several important recent investigations sug-
gest three broad molecular frameworks that may underlie the conversion of normally soluble peptides and proteins into in-
soluble amyloid fibrils: (1) edge-strand hydrogen bonding, (2) domain-swapping, and (3) self-association of amyloi-
dogenic fragments. We argue that these underlying scenarios are not mutually exclusive and may be protein-dependent —
i.e., a protein with a high content of hinge-regions may aggregate via a runaway domain-swap, whereas a protein with a
high content of amyloidogenic fragments may aggregate primarily by the self-association of these fragments. These dif-

ferent scenarios provide frameworks to understand the molecular mechanism of polypeptide aggregation.

INTRODUCTION

Protein aggregation-related toxicity is implicated in a
plethora of  neurodegenerative  diseases including
Alzheimer's, Parkinson's, prion, and motor neuron diseases
[1]. Although the symptoms in these diseases vary widely,
they are characterized by the presence of proteinaceous de-
posits, first identified in the 19th century, and often referred
to as amyloid [2,3]. The proteins found to form amyloid in
diseases are unrelated in their native structures and amino
acid sequences [4], but form morphologically similar, usu-
ally fibrillar, deposits in tissues where neurodegeneration is
most severe [5]. Mutants of disease-associated proteins asso-
ciated with familial versions of the diseases can be induced
to form fibrillar deposits in vitro [6,7]. Analysis of these de-
posits shows that the principal structural feature of fibrillar
aggregates is the presence of cross B-structures [8], as ob-
served in disease. It has also been found that many proteins
without any known connection to diseases, including pro-
teins such as myoglobin, can give rise to fibrillar structures
with all the characteristics of those found associated with the
clinical amyloidoses [9]. The presence of a common struc-
ture in aggregates of proteins with unrelated sequences sug-
gests that certain general properties of the polypeptide main
chain govern the aggregation and, possibly, the toxicity ob-
served in diseases [10].

While the existence of a conclusive causative link between
aggregation and cytotoxicity in disease remains unestab-
lished, several lines of evidence indicate that it is not the
insoluble fibrillar aggregates but soluble oligomers of pro-
teins that are responsible for cytotoxicity [11,12]. Be-
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cause there is increasing evidence that protein aggregation
may be the causative step in neurodegeneration, several re-
cent biophysical studies have aimed at understanding the
underlying molecular mechanisms of aggregation by un-
covering the mechanism of aggregation of purified proteins
in vitro or by studying the process of aggregation in silico.
Here, we review the major insights obtained from some of
these studies, and suggest a unified framework for under-
standing the underlying mechanisms of protein aggregation.
A better understanding of the underlying biophysical princi-
ples of aggregation may lead to therapeutic intervention
aimed at inhibiting aggregation and cytotoxicity. Indeed,
mechanism-based inhibitors of aggregation are being pur-
sued as leads for developing drugs [13,14] .

Aggregation-related diseases are usually age-related,
occurring in midlife or later, and it is not surprising that the
in vitro aggregation of disease-associated protein solutions
under physiological conditions is slow. It is an established
paradigm that a protein in solution or in the cell explores
various conformations — for a stable protein under physio-
logical conditions, most of these conformations are folded,
native conformations, but a small fraction of the conforma-
tions adopted by the protein may be less stable, partially
folded or misfolded. Under destabilizing conditions, the frac-
tion of protein chains in these non-native, misfolded confor-
mations will be higher, and misfolded chains may interact
with other chains to form soluble oligomers of various mor-
phologies, and eventually self-associate into an insoluble
amyloid (Fig. 1). Therefore, to understand the mechanism of
aggregation it is common to study aggregation by perturbing
the environmental conditions, lowering the pH, adding mild
denaturants such as trifluoroethanol, using heat treatment,
such that disease-like aggregates can be detected on experi-
mental time scales [15,16]. Exposure to the appropriate de-
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stabilizing conditions lowers the energy barriers for the
multi-step aggregation process (Fig. 1). Next, we review
some proposals for the underlying forces causing self-
association of protein chains as well as the structural evi-
dence for the formation of various species indicated in Fig.
1. While several proteins known to aggregate in diseases are
natively unfolded, i.e., do not have a unique native structure,
this review primarily deals with proteins that are known to
have a unique native structure. We expect that some of the
underlying mechanistic ideas will be useful for understand-
ing the aggregation of intrinsically disordered proteins as
well. Finally, we briefly review suggestions for how oli-
gomers may induce cytotoxicity.

STRUCTURAL BASIS OF AMYLOID-FORMATION

It is well known that large conformational transitions
occur during the aggregation of proteins from their native
states into amyloid fibrils, suggesting that partial unfolding
and/or misfolding [17-24] are necessary for aggregation. The
thermodynamic stability of a protein determines the propen-
sity of the protein to adopt native-like structures. Thus, the
formation of stable protein aggregates is linked to changes in
the thermodynamic stability of aggregating proteins, and
conditions which promote aggregation are expected to desta-
bilize the native-state. Such conditions include mutations in
the protein [25-28], changes in the local cell environment
that affect processing of the polypeptide chain during
localization/transport into organelles [29], post-translational
modifications [30], interactions with reactive metabolite spe-
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cies [31], and aberrant interactions with the proteolytic or
chaperone machinery [32].

Many of the proteins involved in aggregation in diseases,
and a significant fraction of soluble proteins in the cell are
intrinsically disordered [33]. In contrast with natively folded
proteins that aggregate, these proteins may have to gain
structure (i.e., “fold”) for aggregation to occur [34]. While it
is long established that destabilization or (at least partial)
unfolding/folding (for intrinsically disordered proteins) is
necessary for aggregation, the driving forces for formation of
a specific aggregate topology, the cross-p amyloid fibril, are
less well understood. We classify the proposed driving
forces for amyloid formation from partially unfolded or mis-
folded states of polypeptides into three overlapping catego-
ries:

Edge-Strand Interactions

Protein folding in vitro is potentially a highly inefficient
process, because of competing off-pathway reactions. How-
ever, in the non-diseased cell, a large fraction of proteins
folds to its native state, avoiding off-pathway processes that
might lead to aggregation. While the high fidelity of protein
folding in vivo is due to a variety of factors including chap-
erones and the protein degradation machinery, it has been
postulated that in the course of evolution, nature has selected
sequences that not only fold into stable native states but also
avoid non-native aggregation into amyloid fibrils. This is the
so-called principle of negative design [35], which offers
structural clues into protein aggregation. Upon a systematic
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Fig. (1). A free energy schematic profile for a generic mechanism for protein aggregation into amyloid fibrils. This representation is a projec-
tion of a very high-dimensional space onto a one dimensional plot, for illustration. The reaction coordinate for aggregation is also not easily

defined.
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analysis of the database of protein structures, it was postu-
lated that all B-sheet proteins can form edge-to-edge aggre-
gates unless they employ some ‘blocking’ strategies to pre-
vent aggregation. There are two such ‘blocking’ strategies:
(i) minimization of unsatisfied hydrogen bonds (H-bonds),
and (ii) inward-pointing charged residues that block aggrega-
tion [36].

In the folded states of naturally occurring proteins, the
number of unsatisfied H-bonds is minimized, and the pres-
ence of a large number of unsatisfied H-bonds promotes ag-
gregation. It was shown that for pathological monomeric
conformations of the prion proteins from mouse and Syrian
hamster the proportion of unsatisfied H-bonds (14%) is sig-
nificantly larger than the average number of unsatisfied H-
bonds in naturally occurring proteins (6%) [37]. Further-
more, the B-helix, which is a putative topology of amyloid
fibrils, does not contain unsatisfied H-bond do-
nors/acceptors. Thus, the formation of H-bonds may be the
driving force for protein aggregation. In this scenario, forma-
tion of protein aggregates is governed by a competition be-
tween specific amino acid interactions within proteins, and
non-specific hydrogen bond formation between the unpro-
tected edge-strands of different proteins [27,38]. Interactions
other than the hydrogen-bond — such as hydrophobic col-
lapse, electrostatics — are involved in the aggregation proc-
ess, too.

Another possibility for hydrogen-bond mediated assem-
bly is the so-called “dehydron” mechanism for protein as-
sembly [39]. Fernandez et al. have classified amide-carbonyl
hydrogen bonds that are water-accessible as dehydrons [40].
These dehydrons promote the removal of surrounding water
through protein-protein or protein-lipid association because
these interactions will lead to burial of hydrogen bonds [41].
Buried hydrogen bonds are much stronger than those ex-
posed to water [40]. Thus, dehydrons on different polypep-
tide chains may induce inter-polypeptide associations, and
thereby promote aggregation.

The template hypothesis of aggregation states that pre-
formed oligomers or aggregation nuclei provide edge-
strands, and these interaction centers cause the conversion of
a normally soluble protein into an aggregation-prone con-
formation [42]. The docking of the aggregation-prone con-
formation to the pre-formed nucleus results in growth of the
oligomer. Consistent with the template hypothesis, computa-
tional studies have shown that pre-formed or spontaneously-
formed templates with hydrogen-bond donors/acceptors can
cause the inter-conversion of a-helical peptides to p-strands
that propagate the aggregate [43,44]. Conversely, it is ex-
pected that disruption of edge-strand mediated interactions
will lead to the inhibition of assembly. In an elegant test of
this hypothesis, Wang and Hecht first designed peptides con-
taining amphiphilic B-strands (with alternating hydrophobic
and hydrophilic sidechains) which were found to spontane-
ously assemble into amyloid-like fibrils, and showed that
aggregation was inhibited if a charged residue was placed at
the non-polar face of a terminal amphiphilic B-strand [45].
The charged residue is expected to stabilize the monomeric
protein compared to the aggregate because of the large
desolvation penalty associated with charge burial during
aggregation. A similar observation of the inhibition of ag-
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gregation by presence of charged residues in contiguous hy-
drophobic patches was made by Otzen and Oliveberg in their
studies of the folding of the ribosomal protein S6 [46]. They
found that the presence of charged residues in the key re-
gions of the protein is required for the two-state folding of
the protein — in the absence of these charged “gatekeepers”
intermediate partially folded states of the protein are popu-
lated which leads to exposed edge-strands and aggregation.
These results also suggest that key residues required for
maintaining fold fidelity and preventing aggregation can be
identified by studying the folding mechanism of proteins and
uncovering Kkinetic aggregation-prone traps on the free en-
ergy landscape of the protein. Based on simplified models of
protein folding, we identified a set of charged residues on the
surface of the protein Cu, Zn superoxide dismutase (SOD1),
a subset of which were later shown by Oliveberg and co-
workers as being the “gatekeepers” required for avoiding
aggregation of SOD1 [47,48]. Thus, removal of charged
groups leads to aggregation mediated by exposed hydropho-
bic groups and hydrogen bond donors and acceptors.

Domain-Swapping

In this scenario, aggregates are formed from partially
unfolded protein chains by a mechanism called “runaway
domain swapping”. Three-dimensional domain swapping is
an event by which a monomer exchanges part of its chain
with other identical monomers to form an oligomer or poly-
mer in which each subunit has a similar structure to the
monomer, albeit the subunit is now made of more than one
chains. Domain swapping, initially proposed as a mechanism
of functional regulation, has also been proposed to lead to
misfolding and aggregation [49-51]. Although there is little
direct evidence for domain swapping as a mechanism for
aggregation and amyloid formation, several experimental
(Ref. [50] and references therein) and computational [52-54]
studies support the role of domain swapping in aggregation.
For example, a correlation between domain swapping pro-
pensity of the protein p13sucl was found to be correlated
with its rate of aggregation [55]. Eisenberg and coworkers
have designed both domain-swapped dimers and high-order
oligomers from the same three-helix bundle structural motif
but with different topologies [49,56,57]. Furthermore, do-
main-swapped forms of both the human prion protein and
the amyloidogenic human cystatin C [58,59] have been crys-
tallized.

Domain-swapping has been most clearly implicated in
the aggregation of polyglutamine (polyQ)-containing model
systems. The aggregation of polyQ-containing proteins is
implicated in at least nine neurodegenerative diseases [60],
and model systems in which polyQ stretches are inserted into
small, well-characterized, non-disease-associated proteins
have been used to understand the structural basis of aggrega-
tion [61-63]. It has been found that at small repeat lengths of
polyQ (<35-40 glutamines), the destabilization induced by
their insertion can be overcome by domain-swapped dimer
formation by the chimeric protein [61]. For longer repeat
lengths (>35-40 glutamines), the presence of polyQ stretches
can destabilize the protein sufficiently to form higher-order
oligomers and fibrils. A striking example of this phenome-
non was demonstrated in the model system ribonuclease A
by Eisenberg and co-workers. They had previously found
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that ribonuclease A chains form domain-swapped dimers and
trimers by exchanging identical structural elements on either
side of a hinge region [49,57]. Upon a Qg insertion in this
hinge loop of ribonuclease A, polyQ self-association induces
a “runaway” domain swap i.e. higher-order oligomerization
and amy/loid fibril formation [64].

Computational studies [52-54] using simplified native-
structure based Go-models [65,66] have shown that the
monomeric protein topology alone is sufficient for predicting
how a protein will form domain-swapped complexes, includ-
ing higher-order oligomers. In computational domain-
swapping studies of the SH3 domain [54,67], two types of
topologies have been detected: “closed” domain-swapped
dimers which are observed in X-ray crystal structures [68],
and more “open” oligomers which can be propagated to form
fibrils by a “runaway domain swap”. Structural features of
the computationally obtained fibrils agree with the X-ray
diffraction pattern of amyloid fibrils obtained in experiments
[69]. Ding et al. further analyzed several proteins known to
form domain-swapped structures and found that, in many
cases, domain swapping occurs at positions around which
the protein tends to unfold prior to complete unfolding. This,
in turn, enabled prediction of protein structural elements that
are responsible for domain swapping [70]. Thus, in the do-
main-swapping framework, the strong bias towards the na-
tive-state of the protein leads to “closed” domain swapped
dimers or trimers upon small destabilization. As the degree
of destabilization increases, lower-order oligomers can no
longer stabilize the protein chain in a native-like conforma-
tion. Instead, a “runaway” domain-swap occurs, resulting in
the formation of amyloid fibrils, in which elements of native
structure may still be retained.

Self-Association of Amyloidogenic Fragments

In this scenario, unfolding may result in the exposure of
amyloidogenic sequence fragments which, in turn, self-
associate to induce oligomerization. This scenario is sup-
ported by the findings that several small (>5 residues long)
sequence fragments of many aggregating proteins them-
selves form amyloid fibrils in vitro [71,72]. In some cases,
these amyloidogenic sequence fragments have been found in
the aggregated state to be arranged as parallel B-strands in a
sheet in which the amino acid sequence is in exact register
[73,74]. Thus, it has been argued that unfolding makes the
self-association of amyloidogenic “hotspots” possible, and
the self-association of amyloidogenic fragments nucleates
the aggregation of the entire chain [75,76].

Mutational analyses of fragment aggregation in vitro and
in silico suggest that hydrophobicity, net charge and B-sheet
propensity modulate fragment self-association propensity
[77-79]. Algorithms have been developed to predict the loca-
tion of amyloidogenic fragments based on polypeptide se-
quence alone [77,80,81], and it has been found that in well
folded globular protein sequences amyloidogenic fragments
are surrounded by residues that have a very low aggregation
propensity (“amyloid-breakers™) [77]. Analysis of protein
structures also suggests that natural selection has led to amy-
loidogenic sequence fragments being protected in the native
states of protein structures found in nature [35,82]. There-
fore, the ability of amyloidogenic sequences to induce ag-
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gregation is modulated by the global stability and the struc-
ture of proteins. Protein aggregation propensity is, then, the
interplay between the stability of the native structure, which
prevents protein aggregation, and the self-association of
amyloidogenic sequence fragments from different polypep-
tide chains into in-register structures, which promotes pro-
tein aggregation. Consequently, mutations associated with
familial forms of neurodegenerative diseases may promote
aggregation by either destabilizing the native state and/or
increasing the self association propensities of exposed se-
quence fragments under destabilizing conditions.

The relationship between aggregation and folding hot-
spots (nuclei) is also an important, but unsettled issue. Chiti
et al. found that the residues important for mediating aggre-
gation of AcP protein do not correspond with the folding
nucleus of the protein [83]. However, in the human prion it
is the folding nucleus whose modification triggers aggrega-
tion [84,85]. The folding and aggregation nuclei may or may
not overlap, and an overlap between the two may also impli-
cate domain swapping as a possible mechanism of aggrega-
tion: the success of the folding reaction requires that the nu-
cleus residues make key contacts, if these contacts happen to
be inter-chain, a domain-swapped structure may result which
may be on the aggregation pathway. The balance between
intra- and inter-chain interactions is dictated, apart from pro-
tein concentration, by the relative heights of the folding and
aggregation barriers. Mutations in the folding nucleus resi-
dues may increase the intra-chain interaction barrier com-
pared to the inter-chain one, which leads to aggregation in-
stead of folding.

It should be noted that the three frameworks for aggrega-
tion outlined above are not mutually exclusive — for exam-
ple, it is possible self-association-prone regions of the pro-
tein are in regions that also have a high propensity to do-
main-swap, i.e., in this case, domain swapping and self-
association of amyloidogenic fragments occurs simultane-
ously during the oligomerization process, and this may lead
to the formation of stabilizing hydrogen bonding networks in
the oligomers. This is the putative scenario our studies on the
aggregation of the protein Cu, Zn superoxide dismutase have
revealed (Fig. 2). It is also possible that the underlying driv-
ing forces are protein-dependent — i.e., a protein with a high
content of hinge-regions aggregates via a runaway domain-
swap, whereas a protein with a high content of amylo-
idogenic fragments aggregates primarily by the self-
association of these fragments. Using some of the insights
described above, Shea and co-workers are using model mis-
folded conformations to design aggregation inhibitors [86].

STRUCTURAL FEATURES OF OLIGOMERS AND
FIBRILS

Amyloid fibrils of different peptides share common
structural features: they bind to dyes such as Congo Red, and
Thioflavin T, and display a characteristic X-ray diffraction
pattern called the cross-p pattern [74]. Because of the large
size of amyloid fibrils, obtaining atomic level structures by
X-ray crystallography or NMR has been difficult. A notable
property common to amyloid protein deposits is that fibrils
of different origins show similar biophysical and ultrastruc-
tural characteristics. In all cases, amyloid fibrils are highly
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Fig. (2). Putative mechanism of Cu/Zn superoxide dismutase (SOD) aggregation involving both self-asssociation of amyloidogenic frag-
ments and domain-swapping-like mechanisms. (a) Native SOD dimer, contacts between key residues are highlighted in ornage and blue. (b)
A destabilized intermediate misfolded state of SOD identified by our studies in which key interactions are disrupted, (c) and (d) two views of
an alternative SOD dimer formed by the self-association of two destabilized SOD monomers. Residues highlighted in orange interact with
cyan residues in the other monomer (domain swapping-like) instead of forming intra-monomer contacts with the corresponding residues
show in blue. Also, residues highlighted in orange interact with the same region from the other monomer highlighted in pink (self-association

of amyloidogenic fragments). Figure adapted from Ref. [109].

ordered molecular assemblies with a diameter of 7-10 nm, as
reflected by a typical X-ray fiber diffraction pattern of 4.6—
4.8 A on the meridian [87]. Additionally, various spectro-
scopic methods have shown that all fibrillar amyloid asse-
mblies are predominantly in B-sheet conformation [88].

The fact that small peptides, as short as four residues in
length, can form fibrils has been used to obtain structural
information about amyloid-like topologies [89]. It was found
by Eisenberg and co-workers that a seven-residue sequence
from the yeat prion protein Sup35 (GNNQQNY) was able to
form micro-crystals [90]. An atomic structure of this micro-
crystalline material shows a double B-sheet, with each sheet
formed from parallel segments stacked in register. Side
chains protruding from the two sheets form a dry, tightly
self-complementing steric zipper, bonding the sheets [90].
Within each sheet, every segment is bound to its two neigh-
bouring segments through stacks of both backbone and side-
chain hydrogen bonds. Although it is unclear if the topology
found in micro-crystals is the same as that in the insoluble
fibrils, the structure provides insight into possible seeding
and propagation mechanisms for self-assembly and growth.
Other topologies based on solid-state NMR, molecular dy-
namics and electron microscopy have been proposed and

include B-helices, B-zippers, B-hairpins [91]. However, cur-
rent studies on insoluble fibrils have not been able to defini-
tively identify any one of these B-topologies as the building
block of the insoluble aggregate.

Structures of soluble oligomers formed on- or off-
pathway to fibril formation have been studied using atomic
force microscopy, small angle neutron scattering and elec-
tron microscopy, and a diversity of topologies have been
identified [92-94]. These topologies include protofibrillar
intermediates, including spherical protofibrils which anneal
to form chains and pore-like annular species (amyloid pores)
[95-98]. In vitro, all of the protofibrillar species seem to be
consumed by fibril formation at the end of the aggregation
reaction. An antibody raised against the spherical oligomers
of one peptide, the AB-peptide, cross-reacts with oligomers
of several other proteins, suggesting that the oligomers, like
the amyloid fibrils, may also share a common structural epi-
tope [99]. These studies suggest that the topologies adopted
in the soluble oligomers and fibrils are different from each
other, and different techniques measure the topology of dif-
ferent species on the reaction pathway.

The differences between the topology of the oligomers
and insoluble aggregates are not well-understood at high
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structural resolution. Based on H/D exchange, Wetzel and
co-workers suggested that the B-sheet elements comprising
the amyloid fibril are already present in protofibrils, but that
they are expanded (into adjacent residues) upon the forma-
tion of mature amyloid — thereby providing additional stabi-
lization [100]. It is also likely that soluble oligomers, al-
though structurally similar to mature fibrils on average, are
much more conformationally flexible and heterogeneous.

OLIGOMERS AND CYTOTOXICITY

The existence of a causative link between protein aggre-
gation and cytotoxicity in neurodegeneration remains con-
troversial. While aggregation is usually co-incident with cell
death, it is not clear if aggregation is the cause of cytotoxic-
ity or an effect, i.e., it may represent a protective response of
the cell which depletes the pool of the cytotoxic soluble pro-
tein. The literature on toxicity and its relationship to aggre-
gation is vast, and an exhaustive treatment of this literature
outside the scope of the current review, but we will mention
some proposals for toxicity. Evidence has accumulated that
soluble oligomeric species, rather than the insoluble fibrils,
may cause cytotoxicity. Toxicity may also arise by aberrant
interactions with and/or sequestration of key cellular compo-
nents, such as transcription factors and the proteosomal ma-
chinery [101]. Another mechanism of oligomer-induced cy-
totoxicity is the permeabilization of membranes [102], which
disrupts ion-homeostasis and results in cell death [103,104].
While membrane permeabilization is known to occur by the
spontaneous formation of oligomeric ion-channels in mix-
tures of disease-associated peptides and artificially reconsti-
tuted membrane bilayers in vitro [102,105], no evidence for
ion-channels has been found in in vivo studies. It has been
suggested that oligomers may form pores in membranes
which are similar to those formed by bacterial toxins
[106,107]. Thus, several scenarios linking aggregation and
cytotoxicity have been proposed, and cytotoxicity may well
be multi-factorial involving simultaneously more than one
mechanism of cell death. It is clear, however, that aggrega-
tion is an important event during neurodegeneration.

CONCLUSIONS

The underlying mechanism of polypeptide aggregation is
an intense area of investigation, with possible therapeutic
applications in human diseases. We review the observations
of several investigations and propose that there exist three
mutually overlapping scenarios for the mechanism of protein
aggregation: edge-strand mediated assembly, domain swap-
ping and self-association of amyloidogenic fragments. We
propose that a combination of these driving forces causes the
assembly of misfolded/unfolded proteins into soluble oli-
gomers. Some studies suggest that these soluble oligomers
are the toxic species in a set of neurodegenerative diseases.
These soluble oligomers then further self-associate into
large, insoluble fibrils in a nucleation-elongation mechanism.
Understanding the molecular mechanism of amyloid forma-
tion will be crucial in designing rational structure-based
therapies for human diseases involving protein aggregation.

REFERENCES
[1] Dobson, C. M. (2002) Nature, 418, 729-730.

[2]
(3]
[4]
[5]

[6]
(7

(8]
[9]
[10]
[11]

[12]
[13]

[14]
[15]

[16]

[17]
[18]

[19]
[20]
[21]

[22]

[23]
[24]

[25]

[26]

[27]
[28]
[29]
[30]

[31]
[32]

[33]
[34]

[35]

[36]
[37]
[38]
[39]
[40]

[41]

Khare and Dokholyan

Virchow, R. (1853) Comptes Rendus de | Academie des Sciences
Serie lii-Sciences de la Vie-Life Sciences, 37, 492.

Alzheimer, A., Stelzmann, R. A., Schnitzlein, H. N., Murtagh, F. R.
(1907) Clin. Anat., 8, 429-431.

Koo, E. H., Lansbury, P. T., Kelly, J. W. (1999) Proc. Natl. Acad.
Sci. USA, 96, 9989-9990.

Thompson, A. J., Barrow, C. J. (2002) Curr. Med. Chem., 9, 1751-
1762.

Dobson, C. M. (2006) Protein Pept. Lett., 13, 219-227.

Valentine, J. S., Hart, P. J. (2003) Proc. Natl. Acad. Sci. USA, 100,
3617-3622.

Eanes, E. D., Glenner, G. G. (1968) J. Histochem.Cytochem., 16,
673-677.

Dobson, C. M. (1999) Trends Biochem. Sci., 24, 329-332.

Dobson, C. M. (2004) Methods, 34, 4-14.

Haass, C., Selkoe, D. J. (2007) Nat. Rev. Mol. Cell Biol., 8, 101-
112.

Walsh, D. M., Selkoe, D. J. (2004) Protein Pept. Lett., 11, 213-228.
Green, N. S., Palaninathan, S. K., Sacchettini, J. C., Kelly, J. W.
(2003) J Am. Chem. Soc., 125, 13404-13414.

Adamski-Werner, S. L., Palaninathan, S. K., Sacchettini, J. C.,
Kelly, J. W. (2004) J. Med. Chem., 47, 355-374.

Khare, S. D., Caplow, M., Dokholyan, N. V. (2004) Proc. Natl.
Acad. Sci. USA, 101, 15094-15099.

DiDonato, M., Craig, L., Huff, M. E., Thayer, M. M., Cardoso, R.
M. F., Kassmann, C. J,, Lo, T. P., Bruns, C. K., Powers, E. T.,
Kelly, J. W., Getzoff, E. D., Tainer, J. A. (2003) J. Mol. Biol., 332,
601-615.

Fandrich, M., Dobson, C. M. (2001) Amyloid, 8, 26.

Guijarro, J. I., Sunde, M., Jones, J. A., Campbell, I. D., Dobson, C.
M. (1998) Proc. Natl. Acad. Sci. USA, 95, 4224-4228.

Baldwin, M. A., James, T. L., Cohen, F. E., Prusiner, S. B. (1998)
Biochem. Soc. Trans., 26, 481-486.

Baskakov, 1. V., Legname, G., Baldwin, M. A., Prusiner, S. B.,
Cohen, F. E. (2002) J. Biol. Chem., 277, 21140-21148.

Cohen, F. E., Prusiner, S. B. (1998) Ann. Rev. Biochem., 67, 793-
819.

Petkova, A. T, Ishii, Y., Balbach, J. J., Antzutkin, O. N., Leapman,
R. D., Delaglio, F., Tycko, R. (2002) Proc. Natl. Acad. Sci. USA,
99, 16742-16747.

Khare, S.D. and Dokholyan, N.V. (2006) Proc. Natl. Acad. Sci.
USA, 103, 3147-3152.

Lai, Z. H., Colon, W., Kelly, J. W. (1996) Biochemistry, 35, 6470-
6482.

Bullock, A. N., Henckel, J., DeDecker, B. S., Johnson, C. M., Nik-
olova, P. V., Proctor, M. R, Lane, D. P., Fersht, A. R. (1997) Proc.
Natl. Acad. Sci. USA, 94, 14338-14342.

Canet, D., Last, A. M., Tito, P., Sunde, M., Spencer, A., Archer, D.
B., Redfield, C., Robinson, C. V., Dobson, C. M. (2002) Nat.
Struct. Biol., 9, 308-315.

Chiti, F., Taddei, N., Bucciantini, M., White, P., Ramponi, G.,
Dobson, C. M. (2000) EMBO J., 19, 1441-1449.

Villegas, V., Zurdo, J., Filimonov, V. V., Aviles, F. X., Dobson, C.
M., Serrano, L. (2000) Protein Sci, 9, 1700-1708.
Chevalier-Larsen, E., Holzbaur, E. L. (2006) Biochim. Biophys.
Acta, 1762, 1094-1108.

Furukawa, Y., O'Halloran, T. V. (2006) Antioxid. Redox. Signal., 8,
847-867.

Valentine, J. S. (2002) Free Rad. Biol. Med., 33, 1314-1320.
Betancourt, M. R., Thirumalai, D. (1999) J. Mol. Biol., 287, 627-
644.

Uversky, V. N. (2002) Protein Sci, 11, 739-756.

Uversky, V. N., Li, J.,, Fink, A. L. (2001) J. Biol. Chem., 276,
10737-10744.

Lodish, H., Berk, A. Z. L. S., Matsudaira, P., Baltimore, D., Dar-
nell, J. E. (2000) Molecular Cell Biology; 4" ed., W. H. Freeman,
pp. 63-64.

Richardson, J. S., Richardson, D. C. (2002) Proc. Natl. Acad. Sci.
USA, 99, 2754-2759.

Otzen, D. E., Kristensen, O., Oliveberg, M. (2000) Proc. Natl.
Acad. Sci. USA, 97, 9907-9912.

Dima, R. I., Thirumalai, D. (2002) Biophys. J., 83, 1268-1280.
Chiti, F. (2000) Ital. J. Biochem., 49, 4.

Fernandez, A., Kardos, J., Scott, L. R., Goto, Y., Berry, R. S.
(2003) Proc. Natl. Acad. Sci. U. S. A, 100, 6446-6451.

Fernandez, A., Berry, R. S. (2002) Biophys. J., 83, 2475-2481.



Molecular Mechanisms of Polypeptide Aggregation in Human Diseases

[42]

[43]
[44]

[45]
[46]

[47]
(48]

[49]
[50]
[51]

[52]
[53]

[54]

[55]

[56]
[57]
[58]

[59]

[60]

[61]

[62]
[63]

[64]
[65]

[66]
[67]
[68]
[69]
[70]
[71]

[72]
[73]

[74]

[75]

Fernandez, A., Berry, R. S. (2003) Proc. Natl. Acad. Sci. USA, 100,
2391-2396.

Kelly, J. W. (2002) Nat. Struct. Biol., 9, 323-325.

Ding, F., Borreguero, J. M., Buldyrey, S. V., Stanley, H. E., Dok-
holyan, N. V. (2003) Proteins, 53, 220-228.

Ding, F., LaRocque, J. J., Dokholyan, N. V. (2005) J. Biol. Chem.,
280, 40235-40240.

Wang, W., Hecht, M. H. (2002) Proc. Natl. Acad. Sci. USA, 99,
2760-2765.

Otzen, D. E., Oliveberg, M. (2002) J. Mol. Biol., 317, 613-627.
Khare, S. D., Ding, F., Dokholyan, N. V. (2003) J. Mol. Biol., 334,
515-525.

Nordlund, A., Oliveberg, M. (2006) Proc. Natl. Acad. Sci. USA,
103, 10218-10223.

Liu, Y. S., Gotte, G., Libonati, M., Eisenberg, D. (2001) Nat.
Struct. Biol., 8, 211-214.

Rousseau, F., Schymkowitz, J. W. H., ltzhaki, L. S. (2003) Struc-
ture, 11, 243-251.

Liu, Y., Eisenberg, D. (2002) Protein Sci, 11, 1285-1299.

Ding, F., Dokholyan, N. V., Buldyrev, S. V., Stanley, H. E.,
Shakhnovich, E. I. (2002) J. Mol. Biol., 324, 851-857.

Yang, S. C., Cheung, M. S., Onuchic, J. N., Levine, H. (2004)
Biophys. J., 86, 267A-268A.

Yang, S. C., Cho, S. S., Levy, Y., Cheung, M. S., Levine, H.,
Wolynes, P. G., Onuchic, J. N. (2004) Proc. Natl. Acad. Sci. USA,
101, 13786-13791.

Rousseau, F., Schymkowitz, J. W. H., Wilkinson, H. R., Itzhaki, L.
S. (2001) Proc. Natl. Acad. Sci. USA, 98, 5596-5601.

Liu, Y. S, Hart, P. J., Schlunegger, M. P., Eisenberg, D. (1998)
Proc. Natl. Acad. Sci. USA, 95, 3437-3442.

Liu, Y. S., Gotte, G., Libonati, M., Eisenberg, D. (2002) Protein
Sci, 11, 371-380.

Janowski, R., Kozak, M., Jankowska, E., Grzonka, Z., Grubb, A.,
Abrahamson, M., Jaskolski, M. (2001) Nat. Struct. Biol., 8, 316-
320.

Knaus, K. J., Morillas, M., Swietnicki, W., Malone, M., Surewicz,
W. K., Yee, V. C. (2001) Nat. Struct. Biol., 8, 770-774.

Ross, C. A., Wood, J. D., Schilling, G., Peters, M. F., Nucifora, F.
C., Cooper, J. K., Sharp, A. H., Margolis, R. L., Borchelt, D. R.
(1999) Phil. Trans. R. Soc. Lond B. Biol. Sci., 354, 1005-1011.
Chen, Y. W., Stott, K., Perutz, M. F. (1999) Proc. Natl. Acad. Sci.
USA, 96, 1257-1261.

Masino, L., Kelly, G., Leonard, K., Trottier, Y., Pastore, A. (2002)
FEBS Lett., 513, 267-272.

Masino, L., Pastore, A. (2002) Biochem. Soc. Trans., 30, 548-551.
Sambashivan, S., Liu, Y. S., Sawaya, M. R., Gingery, M., Eisen-
berg, D. (2005) Nature, 437, 266-269.

Go, N., Abe, H. (1981) Biopolymers, 20, 991-1011.

Abe, H., Go, N. (1981) Biopolymers, 20, 1013-1031.

Ding, F., Dokholyan, N. V., Buldyrev, S. V., Stanley, H. E.,
Shakhnovich, E. 1. (2002) J. Mol. Biol., 324, 851-857.

Kishan, K. V. R., Scita, G., Wong, W. T., DiFiore, P. P., New-
comer, M. E. (1997) Nat. Struct. Biol., 4, 739-743.

Sunde, M., Serpell, L. C., Bartlam, M., Fraser, P. E., Pepys, M. B.,
Blake, C. C. F. (1997) J. Mol. Biol., 273, 729-739.

Ding, F., Prutzman, K. C., Campbell, S. L., Dokholyan, N. V.
(2006) Structure, 14, 5-14.

Gazit, E. (2002) Curr. Med. Chem., 9, 1725-1735.

Sawaya, M. R., Sambashivan, S., Nelson, R., lvanova, M. I., Siev-
ers, S. A., Apostol, M. I., Thompson, M. J., Balbirnie, M., Wiltzius,
J. J., McFarlane, H. T., Madsen, A. O., Riekel, C., Eisenberg, D.
(2007) Nature, 447, 453-457.

Tycko, R. (2001) Nucl. Mag. Res. Biol. Macromol., Pt B, 339, 390-
413.

Eisenberg, D., Nelson, R., Sawaya, M. R., Balbirnie, M., Sam-
bashivan, S., lvanova, M. I., Madsen, A. O., Riekel, C. (2006) Acc.
Chem. Res., 39, 568-575.

Received: February 19, 2007

Revised: July 16, 2007 Accepted: July 24, 2007

[76]

[77]

[78]
[79]
[80]
[81]
(82]

[83]
[84]

[85]
[86]

[87]

[88]
[89]
[90]
[91]
[92]
[93]

[94]

[95]
[96]
[97]
[98]
[99]
[100]
[101]
[102]

[103]

[104]
[105]
[106]

[107]
[108]

Current Protein and Peptide Science, 2007, Vol. 8, No. 6 579

Khare, S. D., Wilcox, K. C., Gong, P., Dokholyan, N. V. (2005)
Proteins, 61, 617-632.

Ventura, S., Zurdo, J., Narayanan, S., Parreno, M., Mangues, R.,
Reif, B., Chiti, F., Giannoni, E., Dobson, C. M., Aviles, F. X., Ser-
rano, L. (2004) Proc. Natl. Acad. Sci. USA, 101, 7258-7263.

de la Paz, M. L., Serrano, L. (2004) Proc. Natl. Acad. Sci. USA,
101, 87-92.

Fernandez-Escamilla, A. M., Rousseau, F., Schymkowitz, J., Ser-
rano, L. (2004) Nat. Biotech., 22, 1302-1306.

Chiti, F., Stefani, M., Taddei, N., Ramponi, G., Dobson, C. M.
(2003) Nature, 424, 805-808.

Pawar, A. P., Dubay, K. F., Zurdo, J., Chiti, F., Vendruscolo, M.,
Dobson, C. M. (2005) J. Mol. Biol., 350, 379-392.

Dubay, K. F., Pawar, A. P., Chiti, F., Zurdo, J., Dobson, C. M.,
Vendruscolo, M. (2004) J. Mol. Biol., 341, 1317-1326.

Dobson, C. M. (2003) Nature, 426, 884-890.

Chiti, F., Taddei, N., Baroni, F., Capanni, C., Stefani, M., Ram-
poni, G., Dobson, C. M. (2002) Nat. Struct. Biol., 9, 137-143.
Colacino, S., Tiana, G., Broglia, R. A., Colombo, G. (2006) Pro-
teins, 62, 698-707.

Colacino, S., Tiana, G., Colombo, G. (2006) BMC. Struct. Biol., 6,
17.

Teplow, D. B., Lazo, N. D., Bitan, G., Bernstein, S., Wyttenbach,
T., Bowers, M. T., Baumketner, A., Shea, J. E., Urbanc, B., Cruz,
L., Borreguero, J., Stanley, H. E. (2006) Acc. Chem Res., 39, 635-
645.

Nelson, R., Eisenberg, D. (2006) Adv. Protein Chem., 73, 235-282.
Dobson, C. M. (2004) Methods, 34, 4-14.

Reches, M., Porat, Y., Gazit, E. (2002) J. Biol. Chem., 277, 35475-
35480.

Nelson, R., Sawaya, M. R., Balbirnie, M., Madsen, A. O., Riekel,
C., Grothe, R., Eisenberg, D. (2005) Nature, 435, 773-778.

Nelson, R., Eisenberg, D. (2006) Curr. Opin. Struct. Biol., 16, 260-
265.

Goldsbury, C., Kistler, J., Aebi, U., Arvinte, T., Cooper, G. J.
(1999) J. Mol. Biol., 285, 33-39.

Goldsbury, C. S., Cooper, G. J., Goldie, K. N., Muller, S. A., Saafi,
E. L., Gruijters, W. T., Misur, M. P., Engel, A., Aebi, U., Kistler, J.
(1997) J. Struct. Biol., 119, 17-27.

Goldsbury, C., Frey, P., Olivieri, V., Aebi, U., Muller, S. A. (2005)
J. Mol. Biol., 352, 282-298.

Bitan, G., Lomakin, A., Teplow, D. B. (2001) J. Biol. Chem., 276,
35176-35184.

Lashuel, H. A., Hartley, D., Petre, B. M., Walz, T., Lansbury, P. T.
(2002) Nature, 418, 291.

Walsh, D. M., Selkoe, D. J. (2004) Protein Pept. Lett., 11, 213-228.
Yong, W., Lomakin, A., Kirkitadze, M. D., Teplow, D. B., Chen,
S. H., Benedek, G. B. (2002) Proc. Natl. Acad. Sci. USA, 99, 150-
154.

Kayed, R., Head, E., Thompson, J. L., Mcintire, T. M., Milton, S.
C., Cotman, C. W., Glabe, C. G. (2003) Science, 300, 486-489.
Kheterpal, 1., Chen, M., Cook, K. D., Wetzel, R. (2006) J. Mol.
Biol., 361, 785-795.

Chen, S., Berthelier, V., Yang, W., Wetzel, R. (2001) J. Mol. Biol.,
311, 173-182.

Kayed, R., Sokolov, Y., Edmonds, B., Mclntire, T. M., Milton, S.
C., Hall, J. E., Glabe, C. G. (2004) J. Biol. Chem., 279, 46363-
46366.

Kagan, B. L., Azimov, R., Azimova, R. (2004) J. Membr. Biol.,
202, 1-10.

Pollard, H. B., Arispe, N., Rojas, E. (1995) Cell Mol. Neurobiol.,
15, 513-526.

Anguiano, M., Nowak, R. J., Lansbury, P. T. (2002) Biochemistry,
41,11338-11343.

Volles, M. J., Lansbury, P. T. (2002) Biochemistry, 41, 4595-4602.
Khare, S.D., Dokholyan, N.V. (2006) Proc. Natl. Acad. Sci., 103,
3147-3152.



