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Abstract Misfolding and aggregation of proteins is a common thread linking a number of important human health
problems. The misfolded and aggregated proteins are inducers of cellular stress and activators of immunity in
neurodegenerative diseases. They might posses clear cytotoxic properties, being responsible for the dysfunction and loss
of cells in the affected organs.Despite the crucial importance of proteinmisfolding and abnormal interactions, very little is
currently known about the molecular mechanism underlying these processes. Factors that lead to protein misfolding and
aggregation in vitro are poorly understood, not to mention the complexities involved in the formation of protein
nanoparticles with different morphologies (e.g., the nanopores) in vivo. A better understanding of the molecular
mechanisms ofmisfolding and aggregationmight facilitate development of the rational approaches to prevent pathologies
mediated by protein misfolding. The conventional tools currently available to researchers can only provide an averaged
picture of a living system, whereas much of the subtle or short-lived information is lost. We believe that the existing and
emerging nanotools might help solving these problems by opening the entirely novel pathways for the development of
early diagnostic and therapeutic approaches. This article summarizes recent advances of thenanoscience indetection and
characterization of misfolded protein conformations. Based on these findings, we outline our view on the nanoscience
development towards identification intracellular nanomachines and/ormulticomponent complexes critically involved in
protein misfolding. J. Cell. Biochem. 99: 53–70, 2006. � 2006 Wiley-Liss, Inc.
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PROTEIN MISFOLDING AND DISEASES

Misfolding and aggregation of proteins is a
common thread linking a number of important
human health problems associatedwith protein
deposition diseases, including neurodegene-
rative disorders such as Parkinson’s disease,

Down’s syndrome, Alzheimer’s and Hunting-
ton’s diseases, systemic and localized amyloi-
doses and transmissible encephalopathies
[Dobson, 2004b]. The first and perhaps most
important elements in most neurodegenerative
processes are misfolded and aggregated pro-
teins. These are inducers of cellular stress and
activators of immunity in neurodegenerative
diseases,which affect neuronal dysfunction and
loss. All together, the accumulation of abnormal
protein aggregates exert toxicity by disrupting
intracellular transport, overwhelming protein
degradation pathways, and/or disturbing vital
cell functions. In addition, the formation of
inclusion bodies is known to represent a major
problem in the recombinant production of
therapeutic proteins [Fink, 1998]. Formulation
of these therapeutic proteins into delivery
systems and their in vivo delivery are often
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complicated by protein association [Demidov,
2004]. Finally, since protein refolding is fre-
quently accompanied by transient association of
partially folded intermediates, the propensity
to aggregate is considered a general character-
istic of the majority of partially folded proteins
[Ptitsyn et al., 1995; Ptitsyn, 1995a,b; Segel
et al., 1999; Dobson, 2004b]. Thus, protein
folding abnormalities and subsequent events
underlie a multitude of pathologies and diffi-
culties with protein therapeutic applications.
Current demographic trends indicate that need
for age-related and other degenerative dis-
orders and macromolecule therapeutics will be
at the forefront of futuremedical developments.
The field of medicine therefore can be dra-
matically advanced by establishing a funda-
mental understanding of key factors leading
to the misfolding and self-aggregation of pro-
teins involved in the various protein folding
pathologies.

Schematically, the transformations of the
protein from normal folded state to misfolded
and aggregated forms are shown in Figure 1.
Protein misfolding leads to the formation of

the aggregates of different morphologies—
protofilaments (A), annular aggregates (B),
and fibrils (C). Thesemorphologies are typically
analyzed by electronmicroscopy (EM) or atomic
force microscopy (AFM). The AFM images
obtained in our lab are shown in the figure.
Despite the crucial importance of protein mis-
folding and abnormal interactions, very little is
currently known about the molecular mechan-
ism underlying these processes. Factors that
lead to protein misfolding and aggregation
in vitro are poorly understood, not to mention
the complexities involved in the formation of
protein nanoparticles with different morpho-
logies, for example, spherical oligomers and
nanopores. For example, images A–C in
Figure 1 show that different misfolded states
leads to different aggregates, but currently this
is purely hypothetical view with very little sup-
port. Although it is well known that the same
protein under pathological conditions can lead
to the formation of fibrillar, pore-like, spherical,
or amorphous aggregates with diverse biologi-
cal consequences [Uversky, 2003], the condi-
tions leading to misfolding and the formation of

Fig. 1. Scheme of proteinmisfolding and aggregation. In the scheme, normally folded protein can undergo
conformational transitions into various misfolded states that may aggregate in different morphologies.
AFM images of Ab peptide aggregated into protofilaments, toroids (rings), and fibrils are shown in plates
(A), (B), and (C), respectively. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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such abnormal complexes are unclear, let alone
their prevention. The mechanisms underlying
aggregation in vivo in biological systems are
even less clearly understood due to the experi-
mental difficulties in monitoring aggregates
in their natural environment. Without deep
understanding of the protein misfolding and
aggregation phenomena, there is no hope for
the elaboration of appropriate early diagnostic
tools and the development of efficient therapeu-
tics capable of preventing the development of
protein deposition diseases.

Structure of Self-Assembled Nano-Aggregates

The fibrillogenesis can be studied using a
wide arsenal of modern biophysical approaches
developed for analysis of protein structure,
conformational transitions and folding (review-
ed in [Makin and Serpell, 2005; Stromer and
Serpell, 2005]). Such relatively low resolution
techniques as transmission EM and AFM are
excellent tools for distinguishing various mor-
phologies of self-assembled aggregates; these
studies allowed to arrangeaggregates in several
families, protofilaments (subfibrils), oligomers,
and fibrils [Inouye and Kirschner, 2005; Jeya-
shekar et al., 2005; Makin and Serpell, 2005;
Stromer andSerpell, 2005] (see also Fig. 1A–C).
These structural studies were instrumental
in understanding the toxic effects of different
morphologies. It has been also noted that the
formation of amyloid-like fibrils does not repre-
sent the only pathological hallmark of ‘‘confor-
mational’’ or protein deposition diseases [Kelly,
1998; Bellotti et al., 1999; Dobson, 1999 #5,
2004b; Rochet and Lansbury, 2000; Uversky
and Fink, 2004]. In several neurodegenerative
disorders (as well as in numerous in vitro
experiments), the protein depositions are com-
posed of the amorphous aggregates, cloud-like
inclusions without defined structure (e.g.,
[Jeyashekar et al., 2005]). Similarly, soluble

oligomers represent another alternative final
product of the aggregation process. The choice
between three aggregation pathways, fibrilla-
tion, amorphous aggregate formation, or oligo-
merization, is not well defined. However, the
aggregationpathwaysdepend on theaminoacid
sequence (could be modified by mutations) and
by the protein environment. Irrespective of the
chosen pathway, a first stage of the aggregation
process is assumed to be the transition into
misfolding states (the structural transforma-
tion of soluble proteins into the ‘‘sticky’’ aggre-
gation-prone precursor or intermediate(s)).
Furthermore, intermediate might contain dif-
ferent amount of ordered structure even for the
same protein undergoing different aggregation
processes. Schematically, thismodel is shown in
Figure 2. It has been also pointed out that the
variations in the amount of the ordered struc-
ture in the amyloidogenic precursor might be
responsible for the formation of fibrils with
distinct morphologies [Smith et al., 2003]. Note
that there are several investigations favoring
the idea that the deposited proteinacous inclu-
sions (such as senile plaques in AD brains or
Lewy bodies, or Lewy neurites in PD brains) are
not toxic, but the formation of some protofibril-
lar structures is responsible for the toxicity
[Selkoe, 1997;Mucke et al., 2000; Lashuel et al.,
2002a,b; Urbanc et al., 2002].

High resolution direct structural techniques
such as X-ray crystallography and NMR are
capable of providing structural details of stable
conformations of proteins at the angstrom level
resolution. However, this level resolution for
amyloids has been achieved only very recently
due to the enormous experimental problems
associated with studies of protein aggregates.
Initial, the cross beta sheet organization within
fibrils was resolved by the X-ray diffraction
studies from b-amyloid fibrils [Serpell, 2000].
The fibril appears to be composed of several

Fig. 2. Folded protein (A) adopts an unfolded state (B) that is the transient state for the misfolded
conformation (C).
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protofilaments. Each of these protofilaments
is composed of b-sheet structure in which
hydrogen bonding occurs along the length of
the fibril and the b-strands run perpendicular to
the fibril axis. M. F. Perutz proposed the water-
filled nanotubesmodel of amyloid fibril inwhich
polypeptide chains fold to b-strands which form
a cylindrical sheet of 3 nm diameter that is
folded to formahollow cylinder filledwithwater
[Perutz et al., 2002a]. Proposed first for the
fibrils formed by poly Glu polymer (a model
system for Huntington’s protein) [Perutz
et al., 2002b], the model can be used also to
explain the peculiarities of the fibril structure of
amyloid b (Ab) peptide, a-synuclein, and prion
proteins.

A structural model for amyloid fibrils formed
by the 40-residue Ab peptide was proposed
based on the results of the solid state NMR
spectroscopy [Balbach et al., 2002; Petkova
et al., 2002, 2004]. These studies showed that
the first 10 residues of Ab (1–40) within the
fibril are not structured; however, the rest of the
protein except for the 25–29 region adopts
antiparallel b-sheet conformation. Residues
25–29 contain a bend of the peptide backbone
that brings the two b-sheets in contact through
side chain-side chain interactions. Similar ap-
proach has recently been applied for the ana-
lysis of structure of amyloid fibrils formed by
residues 10–39 of the yeast prion protein Ure2p
(Ure2p(10)(–)(39)) [Chan et al., 2005]. It has
been shown that Ure2p(10)(–)(39) fibrils con-
tain in-register parallel b-sheets. Furthermore,
the hydrogen bonding between side chain
amide groups of Gln18 residues was in favor of
‘‘polar zippers’’ proposed by M. F. Perutz for
stabilization of amyloid fibrils formed by pep-
tides with glutamine- and asparagine-rich
sequences, such as Ure2p(10)(–)(39) [Perutz
et al., 2002a,b].

Recently, a series of studies were published
where X-ray crystallography was successfully
applied to decipher the structural details of
amyloid fibrils at the angstrom level of resolu-
tion. The electron and X-ray diffraction data
from filaments of Ure2p demonstrated the 4.7 Å
reflection that is typical for the cross-beta
structure and highly indicative of amyloid
[Baxa et al., 2005]. A structural model of the
murine PrP small b-sheet was obtained by the
analysis of the 19-mer comprising the two b-
strands 127–133 and 159–164 linked by a four-
residue sequence with high turn propensity

[Croixmarie et al., 2005]. According to EM,
this 19-residue peptide spontaneously forms
very long single fibrils. The X-ray diffraction
revealed an average arrangement of the hairpin
peptides into a structure that can be approxi-
mated by an empty-core cylinder. The hairpins
are oriented perpendicular to the cylinder axis
with a 130 Å helix pitch. Furthermore, the
structure consists of two b-sheet ribbons wound
around a cylinder and assembled into a single
fibril with a hairpin orientation perpendicular
to the fibril axis. Molecular dynamics simula-
tions revealed the zipper-like network of polar
interactions between the edges of the two
ribbons, including the partially buried water
molecules [Croixmarie et al., 2005]. High reso-
lution X-ray-crystallographic data were used to
determine the atomic structure of the cross-beta
spine from microcrystals formed by a seven-
residue peptide segment [Nelson et al., 2005].
The spine is 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, holding the sheets. Within each
sheet, every segment is bound to its two
neighboring segments through stacks of both
backbone and side-chain hydrogen bonds [Nel-
son et al., 2005].

The combination of the available structural
information on Ab(1–42) fibrils with detailed
amidehydrogen-exchangemeasurements, pair-
wise mutagenesis, thioflavin T (ThioT) binding,
and high-resolution cryoelectron microscopy
was recently used to determine a 3D structure
of Ab(1–42) fibrils [Luhrs et al., 2005]. Accord-
ing to the model, residues 1–17 are disordered,
residues 18–42 form a b-strand-turn-b-strand
motif that contains two intermolecular, paral-
lel, in-register b-sheets that are formed by
residues 18–26 (b1) and 31–42 (b2). In addition,
at least two molecules of Ab (1–42) are involved
in the repeating structure of a protofilament.
Moreover, intermolecular side-chain contacts
are formed between the odd-numbered residues
of strand b1 of the two adjacent peptides. This
interaction pattern leads to partially unpair-
ed beta-strands at the fibrillar ends, which
explains the sequence selectivity, the coopera-
tivity, and the apparent unidirectionality of Ab
fibril growth providing a structural basis for
constructing the fibrils inhibitors. Amyloid
fibrils have been formed in vitro from several
disease-associated and disease-unrelated pro-
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teins and peptides (reviewed in [Uversky and
Fink, 2004]).

PROTEIN MISFOLDING AND AGGERAGTION.
UNANSWERED QUESTIONS

There is growing number of evidence sup-
porting the conclusion that the ability to form
fibrils is a generic property of the polypeptide
chain; that is, many proteins, perhaps all, are
potentially able to form amyloid fibrils under
appropriate conditions [Dobson, 1999, 2004b].
This means that amyloidogenic polypeptides
are unrelated in terms of sequence or struc-
ture. The experiments with probing of aggre-
gated forms of proteins with antibodies showed
that there is a class of structure-specific
antibodies that recognize protein aggregates
(e.g., fibrils), but do not bind to a monomeric
form of the same protein (monomers) [O’Nual-
lain and Wetzel, 2002]. Importantly, among
those structure-specific antibodies are those
that distinguish between different aggregated
morophologies of the same protein [Kayed
et al., 2003; Glabe, 2004]. These findings sug-
gest that aggregated forms of protein have
different epitopes; in other words, their struc-
tural characteristics are different. Impor-
tantly, it was also established that some
antibodies were able to recognize aggregates
formed by different proteins. The striking
conclusion based on these experiments was
that the same structural morphologies formed
but different proteins are recognized by the
same structure-specific antibody. These stu-
dies lead to the intriguing conclusion that
aggregated protein might have common struc-
tural motifs even if they are not structurally
close prior to fibrillation, being rich in b-sheet,
a-helix, b-helix, or contain both a-helices and b-
sheets, be globular proteins with rigid 3D-
structure or belong to the realm of natively
unfolded (or intrinsically unstructured) pro-
teins [Uversky and Fink, 2004]. Despite these
differences, amyloid fibrils have similar struc-
tural features. In fact, based on the results of
extensive structural studies on several amy-
loidogenic proteins, a general hypothesis of
fibrillogenesis has been formulated: structural
transformation of a polypeptide chain into a
partially folded conformation represents an
important prerequisite for protein fibrillation
[Uversky and Fink, 2004]. Schematically, this
pathway is shown in Figure 2.

In protein misfolding diseases, potentially
pathogenic misfolded and aggregated forms of a
protein can form in different ways:

(i) The protein may have an intrinsic
propensity to assume a pathologic con-
formation, which becomes evident with
aging or at persistently high concentra-
tions;

(ii) The replacement of a single amino acid
in the protein, as occurs in hereditary
amyloidosis, can increase propensity of
protein to misfold and, thus, represents
another obvious mechanism of amyloi-
dogeneity;

(iii) Often, proteolytic digestion of the pro-
tein precursor might produce an amy-
loidogenic fragment;

(iv) Interactions (or impaired interactions)
with some endogenous factors (e.g.,
chaperones, intracellular or extracellu-
lar matrixes, other proteins) can change
conformation of a pathogenic protein
and increase its propensity to misfold
and aggregate;

(v) Exposure to internal or external toxins
can induce conformational changes in a
given protein and facilitate its misfold-
ing and aggregation;

(vi) Malfunction of the antioxidant defense
system can lead to the increased produc-
tion of free radicals, which might induce
oxidative modification of a pathogenic
protein, or its binding partners;

(vii) Impaired post-translational modifica-
tions (phosphorylation, advanced glyca-
tion, deamidation, racemization, etc.)
might change protein conformation, faci-
litate its misfolding and promote aggre-
gation;

(viii) Impaired functioning of proteasome or
other proteolytic systems might result
in the dramatic increase in the local
concentration of the pathogenic protein.

These mechanisms can act independently or
in association with one another. In addition
to the intrinsic amyloidogenic potential of the
pathogenic protein, other factors may act
synergistically in amyloid deposition.

What Information Is Lacking for a Quantitative
Description of the System?

Despite the crucial importance of protein
misfolding and abnormal interactions, very
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little is currently known about the molecular
and intra-cellular mechanisms underlying
these processes. Furthermore, factors that lead
to protein misfolding and aggregation in vitro
are poorly understood, including the complex-
ities involved in the formation of protein nano-
particles with differentmorphologies. Although
it is well known that incubation of a protein
under non-physiological conditions can lead to
the formation of fibrillar, pore-like, spherical, or
amorphous nano-ensembles with diverse biolo-
gical consequences, the physiological insults
leading to misfolding and the formation of such
abnormal complexes are unclear. The mechan-
isms underlying aggregation in biological sys-
tems are even less well understood due to the
difficulties in monitoring aggregates in vivo.
Clearly, a full understanding of the molecular
mechanisms of misfolding and aggregation is
essential for the development of rational
approaches to prevent protein misfolding that
lead to self-assembly in nano-ensembles. Thus,
one needs to elaborate novel approaches to
determine the molecular basis of protein mis-
folding and aggregation, and from this funda-
mental knowledge, to formulate a predictive
molecular model that incorporates the cellular
nanomachinery and physiological processes
involved in protein deposition disorders. In this
way, we can establish crucial enabling insights
to catalyze the development of new therapeutic
advances and novel nanotechnologies for diag-
nosis.

Misfolded conformations of proteins differ
from folded and other aberrant protein confor-
mations by their increased propensity to inter-
act with each other leading to the formation of
nano-aggregates. The structure of individual
protein molecules within well ordered aggre-
gates can be partially elucidated by traditional
structural techniques, including X-ray crystal-
lography, NMR, circular dichroism, fluores-
cence, and IR spectroscopies (reviewed in
[Dobson, 2004a, 2005]). However, none of these
techniques is capable of sensing the misfolded
conformation of the protein prior to aggrega-
tion. Apparently, the conformation of misfolded
protein preceding the aggregation is different
fromwhat one can see inaggregates, but towhat
extent this differencemight cause the disease is
not clear. The vast majority of current experi-
mental approaches to analyze protein misfold-
ing and aggregation are based on traditional,
ensemble techniques that describe the confor-

mational behavior of the entire system and thus
do not allow investigators to distinguish bet-
ween conformational changes in individual
protein molecules prior aggregation and
changes induced by protein–protein interac-
tion. This leaves open the question on the effect
of different factors on folding/misfolding of
an individual protein molecule. Conventional
structural tools do not allow for the measure-
ment of protein interaction forces or the kinetics
of interconversion among different protein
conformations in a single protein molecule.
The ability to measure these parameters is
critical to achieve a quantitative understanding
of protein misfolding and aggregation at the
nanoscale level. Thus, new experimental tools
and approaches are crucial for understanding
the protein misfolding phenomenon.

What Tools Are in Place and What Additional
Ones Will Be Required to Develop?

Structural methods such as X-ray crystal-
lography, NMR, electron microscopy, and AFM
have provided useful data regarding the sec-
ondary structure of proteins in nano-assemblies
and the morphologies of self-assembled aggre-
gates. However, we still lack a mechanistic
understanding of the processes leading to the
misfolding and of the interactions between
misfolded conformations leading to protein
self-assembly innano-aggregates. This includes
the capability to identify the conformation(s) of
a misfolded protein prior to the onset of forma-
tion of nano-ensembles. Indeed, there may be
several non-canonical protein conformations
that exist transiently and that transform from
one into the other. To address these questions,
we need to utilize new ‘‘thinking’’ and new
techniques capable of probing transient con-
formations of single protein molecules.

The tools currently available to researchers
and clinicians essentially provide a population-
based picture of a living-dynamical system.
Because most studies have involved these
ensemble techniques, which average over an
enormous number of molecules or freeze the
complex system in time, we lack insight into
the manifold opportunities for conformational
change available to an individual molecule in
the complex environment of a cell or tissue. It is
evident that the mechanisms of life and disease
involve dynamic molecular-scale interactions—
most of which occurs under some level of
physical stress. An apparently simple process,
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as examined by existing techniques, may actu-
ally havemany steps and a variety of important
intermediate states—each with their own
unique dynamics and response to stress. These
intermediate states are likely to be onlymargin-
ally stable making their transient existence
difficult to measure. However, they can be very
important to control several pathways. Thus, it
is vitally important to establish ultrasensitive
methods capable of probing protein conforma-
tions andweak intermolecular interactions over
a wide range of time scales.
It has been already mentioned that there is

rapidly growing evidence that the pathogenesis
of protein misfolding diseases is not a result of
protein deposition in a form of visible aggre-
gates, which, in fact, represent a final stage of
the multi-step molecular association cascade.
Rather, the earlier steps in the series of
conformational changes and protein–protein
interactions are directly tied to pathogenesis.
There is now increased understanding of the
pathways involved in protein association, and
some recent clues have emerged as to the
molecular mechanisms of cellular toxicity [Ross
and Poirier, 2004]. Targeting these early events
of development of protein misfolding diseases
will lead to the development of novel approaches
toward rational diagnostics and therapeutics of
these disorders.

NANOSCIENCE APPROACHES FOR
THE PROTEIN MISFOLDING

As we noted above, the major problem with
probingmisfolded protein conformations is that
they are transient states, and the vast majority
of traditional structural techniques are not
amenable to these systems. Important advances
over the last few years have demonstrated that
single molecule biophysics techniques can
visualize or probe intermediates, follow mole-
cular scale events in real time, and measure a
wide range of intermolecular interactions. We
think that exploitingnewandestablished single
molecule methods, in conjunction with comple-
mentary ensemble techniques and a set of
theoretical approaches enabling quantitative
analysis of experimental data with testable
predictions for conformational properties and
the potential for aggregation ofmisfolded states
of the protein represents a novel approach
(nanotool) for analysis of transient conforma-
tions of proteins. This nanotool will provide the

scientific resources needed to develop innova-
tive nanomedicine approaches for understand-
ing, diagnosis, prevention, and cure of protein
misfolding diseases. The section below outlines
very recent advances in the nanoscience appli-
cations to probe the proteinmisfolding phenom-
enon [Karsai et al., 2005; Kellermayer et al.,
2005; Kransnoslobodtsev et al., 2005; McAllis-
ter et al., 2005]. We believe that further studies
utilizing this approach and other nanoimaging
tools will lead to understanding the misfolding
phenomenon at the nanoscale level and thus
open prospects for the development of entirely
new prospects for curing the disease at the very
early stages.

Molecular Mechanisms of Protein Misfolding

The approach proposed in our recent article
[McAllister et al., 2005] is based on the hypoth-
esis that misfolded conformations of proteins
differ from folded and other aberrant protein
conformations by their increased propensity to
interact with each other leading to the forma-
tion of nano-aggregates. To test this hypothesis
and to measure the interprotein interactions,
we used the AFM force spectroscopy approach,
in which proteins were anchored to the sub-
strate surface and the AFM tip (Fig. 3A). When
the tip approaches to the surface, the tethered
proteins can interact forming a complex
(Fig. 3B). The forces holding the complex are
measured by pulling the complex apart
(Fig. 3C). The force is low if the complex is weak
(normal state of the protein; Fig. 3D; the force
curve is shown as insert d on this scheme), but
the forces increase if the protein adopt a mis-
folded conformation as illustrated by scheme E
in Figure 3 and insert e in this scheme. Various
protein conformations can be induced by chan-
ging the environmental conditions (e.g., sol-
vent), and the conditions facilitating the protein
aggregationwere primary conditions for detect-
ing misfolded conformations of the protein. In
the AFM force spectroscopy experiments, the
interprotein interaction is measured by per-
forming a series of such approach-retraction
cycles at various locations at the substrate. This
approach is capable of probing of the interpro-
tein interactionsat the singlemolecule level and
enables one intimate detection and quantitative
characterization of conformational states with-
out interference from neighboring molecules.
Using the force spectroscopy approach, wewere
able to monitor directly the strength of the
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interprotein interaction depending on the pro-
tein conformation. We tested this idea using
three different proteins, a-synuclein, amyloid b
peptide, and lysozyme [McAllister et al., 2005]
using pHas a factor stimulating conformational
changes in proteins. The proteins were cova-
lently linked to amino-functionalized mica and
Si3N4 AFM probes via glutaraldehyde cross-
linking. The results of the force spectroscopy
assay for monitoring interprotein interactions
for lysozyme are shown in Figure 4. This figure
summarizing the force spectroscopy results
obtained at different pH values shows that
intermolecular interactions for lysozyme incre-
ase at pH below 4, but the interaction drops at
more acidic pH. To test the assumption that the
maximum in the intermolecular forces corre-
sponds to the formation of misfolded protein
states, we performed experiments on growing
the fibrils. The protein solution (10 mg/ml) was
incubated at 578C in glycine buffer (0.15 M) at
pH 2.0, pH 2.7, and pH 3.7. The image of
the sample prepared at pH 2.0 is shown in
Figure 5A. Fibrils are seen easily, although the
sample prepared at these conditions is char-
acterized by the appearance of short fibrils and
small globular aggregates. The sample pre-

pared at pH 2.7 has predominately fibrillar
morphology (Fig. 5B) with fibrils as long as
several microns. The incubation at pH 3.7 did
not lead to the formation of fibrils or large
aggregates (Fig. 5C). This observation is con-
sistent with the force spectroscopy data (Fig. 4)
showing that at pH 3.7, the interprotein inter-
action is quite low. Similar results were retriev-
ed for other proteins and the data obtained show

Fig. 3. Scheme explaining the nanoprobing approach for the detection and analysis of misfolded states of
the protein. Proteins anchored to the substrate surface and theAFM tip (A) are brought into the contact (B) and
then pulled apart (C). The forces holding the complex depend on the protein conformation. They are low for
normally folded proteins (the force curve ‘‘d’’). Large rupture force (e) corresponds to a misfolded sate of the
protein (D). [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

Fig. 4. The dependence of the rupture forces on pH for
lysozyme. See article [McAllister et al., 2005] for details.
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that the interaction between all the proteins
increases sharply with a decrease in pH. AFM
imaging showed that at pH values correspond-
ing to maximum interprotein, interaction, the
rate of protein aggregation increases dramati-
cally. These studies illustrate the power of
nanomechanical tools for unraveling molecular
mechanisms of protein misfolding and fibrils
formation.
Although the proposed approach allowed us

to study various proteins using the same
immobilization strategy, glutaraldehyde reac-
tion takes place at all amine-containing moi-
eties (e.g., lysine and arginine) in addition to the
protein N-termini. To avoid this ambiguity in
the protein tethering that can complicate the
single molecule analysis of rupture events, we
used an alternative approach, in which Ab
peptide was bound to the surface at N-terminal
only [Kransnoslobodtsev et al., 2005]. We took
advantage of the fact that Ab peptide does not
contain cysteins and incorporated this amino
acid to the N-terminus of the peptide allowing
for the use of thiol-specific chemistry for the
protein immobilization. We selected N-termi-
nus because N-terminal part of the peptide is
not critically involved in various conformational
transitions of this peptide including the forma-
tion of b-sheet conformations within amyloid
fibrils (e.g., [Tycko, 2003]). We synthesized
maleimide-PEG-silatrane to functionalize mica
(MAS mica) and the AFM tip surfaces with
maleimide capable of binding SH-terminated
peptide.
The data obtained for pH 3.7 are shown in

Figure 6. An intensive peak at the beginning of
the force curve corresponding to the short-range
adhesion forces between the tip and mica
surfaces typically observed at acidic pH values
is accompanied by a rupture event (indicated
with an arrowhead) with the step size �20 pN
that is substantially larger the noise level. The
histogram for the data obtained from the

analysis of series of such events is shown as
insert (i) in Figure 6. The mean value for this
distribution is 17� 3 pN. Note that control
experiments with Ab-peptide at the mica sur-
face or the tip only did not show these types of
interactions.Given afinite size of theMAS-PEG
linkers and similar size of the peptide (10–15
nm total), it is reasonable to attribute the
second, small peak to the rupture of a single
Ab–Ab pair. Additional evidence supporting
this interpretation comes from the analysis of
this particular part of the force–distance curve.
First, the profile of this curve is typical for
stretching of various polymers and this section
can be fitted by the worm like chain (WLC) or
exponential stretching models [Gutsmann
et al., 2004]. Second, the entire stretching range
is ca. 15 nm. The extension measured from the
series of force curves was 13.8� 1.7 nm was
close to the expected value for a full extension of

Fig. 5. AFM images of fibrils formed by lysozyme grown at pH 2.0 (A), pH 2.7 (B) and pH 3.7 (C). [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Fig. 6. The data for pulling Ab 1–40 peptides N-terminated
with cysteine and immobilized on the maleimide–silatrane
functionalizedmica surfaces and theAFM tips. The force curve is
approximated by the WLC (thin black curve). The insert shows
the histogram generated from a series of the force curves. See
article [Kransnoslobodtsev et al., 2005] for specifics. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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12 amino acids of the N-terminus of Ab peptide
that are not involved in the peptide folding
[Tycko, 2003] and 5 PEG moieties of the MAS
linker. Additional proofs for these estimates
were obtained from the experiments with
stretching of the surface-immobilized Ab pep-
tide via MAS chemistry with the tip terminated
with glutaraldehyde. During the tip–surface
contact, covalent bonds between the residues
with free amino groups of the peptide (the
closest to the N-terminal is Lys-16) and the tip
immobilized glutaraldehyde can be formed
allowing the stretching the Ab peptidemolecule
between the anchors. The stretching experi-
ments showed the elastic-type profile of the
force curve with the stretch value 7.8–8.5 nm;
this value is very close to the half of the
stretching effect observed for stretching Ab–
Ab pairs. Similar data were obtained for pulling
experiments for pH 2.0 and the mean value for
the rupture forces was 22� 4 pN (data not
shown) that is very close to the value obtainedat
pH 3.7. Overall, the data on the pH-dependent
interaction obtained are consistent with our
earlier data [McAllister et al., 2005] suggesting
the Ab-peptide misfolding at acidic pH, but
here, we were able to measure the interactions
between individual Ab–Ab pairs.

We anticipate that further exploration of this
approach combining experimental AFM force
spectroscopy studies with a thorough theoreti-
cal analysis of protein–protein interactions will
be instrumental in identifying common pat-
terns for the protein misfolding pathways. The
use of ultrasensitive biomembrane and optical
trap force probes will provide important
insights into structural metastability and tran-
sition kinetics under small forces and on long
time scales, thereby significantly extending the
dynamic range of AFM force spectroscopy
approach.

However, the conformations of the proteins
before they were brought into the contact and
after the complex formation may be different;
therefore alternative experimental approaches
have to be employed for structural analysis of
the proteins conformations before they are
brought into the contact. The dynamic force
spectroscopy (DFS) approach in which the
protein mechanical properties are probed by
applying pulling forces at selected sites within
the protein is one of the promising single
molecule techniques. Importantly, recent stu-
dies [Dietz and Rief, 2004, 2006] showed that

the DFS approach enable the characterization
of the protein structure at the sub-nanometer
scale level.

The force spectroscopy data, translated into
prominent barriers in the energy landscape
governing the stability of protein conformation
and the strength of pair-wise interactions, will
provide the essential experimental foundation
formolecularmodeling and theoretical analysis
of misfolded conformations and for elucidating
the underlying mechanisms in protein misfold-
ing. The computer modeling approaches will
allow one to predict structural instabilities at
atomic level, important interaction sites, and
the refolding patterns in protein dynamics
giving rise to misfolding pathways. Altogether,
experimental and theoretical studies will pro-
vide the nano-tools capable of predicting the
formation of misfolded states of the protein.
Ultimately, this model should be extended to
establish a holistic algorithm for predicting
protein self-assembly into mesoscopic aggre-
gates.

What is the time scale for the protein
misfolding? How homogeneous are misfolded
states for individual proteins? What are the
dynamics ofmisfolded proteinmolecules at each
misfolded state? These fundamental questions
can be explored through the use of single
molecule fluorescence microscopy utilizing the
Förster (fluorescence) resonance energy trans-
fer (FRET) phenomenon. It has become increas-
ingly clear that state-of-the-art single molecule
FRET offers a powerful new approach to under-
standingproteindynamic structure (e.g., [Schu-
ler et al., 2002; Harms et al., 2003; Allen et al.,
2004; Kapanidis et al., 2004; Xie et al., 2004;
Haas, 2005; Jager et al., 2005; Kuzmenkina
et al., 2005]). It enables evaluation of molecules
as they explore time and space. This technique
allows observation of the dynamic behavior of
individual protein molecules at various folding
states, to explore heterogeneity between mole-
cules, and determine mechanisms of their
interactions. These studieswill be instrumental
in extending the measurements to the intracel-
lular environment where individual molecules
will be viewed as theymove inside the cell, carry
out specific functions, or behave as components
of larger systems.

In summary, the recent nanoimaging works
illustrate that single molecule biophysics tech-
niques are capable of probing transiently exist-
ing intermolecular interactions. We believe
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that this approach based on the combination of
new and established single molecule methods
with complementary ensemble techniques will
provide the scientific resources needed to
develop innovative nanoimaging tools for
understanding the protein misfolding phenom-
enon and thus pave the way for building the
nanoscale model for the early stage of the
development of protein misfolding diseases.

Protein Self-Assembly in Nanostructures

It is widely accepted that assembly of mis-
folded proteins into aggregates is a key step in
further development of the diseases (e.g.,
[Golde, 2005; Jeyashekar et al., 2005]). Althou-
gh among all aggregate morphologies, fibrils
attracted the major interests in various physi-
cochemical and structural studies, the growing
data indicate that pre-amyloid oligomers,
rather than fibrils, are the pathogenic species
(e.g., [Glabe, 2005; Veerhuis et al., 2005] and
references therein). One of the hypotheses is
that such oligomers within membranes can
form hollow structures, pores, functioning as
aberrant channels, allowing small ions to
stream through, thus killing the cells [Hartley
et al., 1999]. Such channels were formed within
phospholipids bilayers by such amyloidogenic
proteins asAb40 andAb42 [Rhee et al., 1998], a-
synuclein, IAPP, polyglutamine as well as the
prion protein (PrP 106–126). In all cases, only
the spherical amyloid oligomers induced mem-
brane currents that increased proportionally to
the amyloid peptide concentration; neither
monomeric nor fibrillar forms increased the
current [Kayed et al., 2004]. In addition, mem-
brane currents were shut down by addition of
anti-oligomer antibodies. These pore-like struc-
tures within membranes were imaged directly.
a-Synuclein protofibrils have been shown to
form pore-like assemblies on the surface of
brain-derived vesicles [Rochet et al., 2004].
Donut-shaped protrusions were observed by
AFM on lipid bilayers after reconstitution of
Ab42 in DOPC [Lin et al., 2001]. Recent studies
with theuse of direct imagingwithAFM, optical
spectroscopy, and electrophysiological techni-
ques showed that variety of amyloid-related
molecules (Ab40, a-synuclein, ABri, ADan,
serum amyloid A, and amylin) in reconstituted
membranes form morphologically compatible
ion-channel-like structures and behave as sin-
gle channels. Protofibrils with toroidal shape

were shown to be formed spontaneously during
the incubation of several monomeric proteins
[Lashuel et al., 2002a,b, 2003].The sizes of these
toroidal aggregates vary in a broad range as it is
seen in the AFM images shown in Figure 1B.

Interesting molecular modeling computer
simulations in attempt to test the hypothesis
on the formation of the pore structure formed by
b-amyloid peptides were performed by S. Sher-
man and L. Kinarsky (in preparation). Model-
ing was based on the assumption that the ion
channels can be formed by multimeric Ab
protein containing four to eight Ab monomers
[Durell et al., 1994]. The best scorewas obtained
for a model that consisted of 10 antiparallel b-
strands formed by five consecutive Ab 7–40
peptides with an added GG linker between the
Ab subunits (Fig. 7). In this model, Ab40 forms
b-hairpin-like structures bent near positions
24–26, which is consistent with the NMR
[Tycko, 2003, 2004; D’Ursi et al., 2004] and

Fig. 7. Ribbon-tube representation of the three-dimensional
structural model of the b-barrel transmembrane protein consist-
ing of 10 antiparallel b-strands formed by the 5 adjacent Ab
peptides. [Color figure canbeviewed in theonline issue,which is
available at www.interscience.wiley.com.]
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molecular dynamics simulation data [Ma and
Nussinov, 2002]. From this model, the inner
diameter of the 10-stranded b-barrel was esti-
mated to be 11–13 Å, whereas its outer dia-
meter was 22–25 Å. Multimeric channel-like
structures of Ab consisting of four and sixmono-
mers incorporated into planar lipid bilayers
were detected with AFM [Bhatia et al., 2000;
Lin et al., 2001], although the resolutionwasnot
sufficient to retrieve structural parameters.

Although the channel hypothesis is very
attractive, some experimental data do not
support this interesting model. For example,
article of Kayed et al., [2004] reported the
results that soluble oligomers from several
types of amyloid-related proteins specifically
increased lipid bilayer conductance regardless
of the sequence, but this effect was observed
without any evidence of discrete channel or pore
formation or ion selectivity. The neutron scat-
tering data indicated that thinning of the
membranes rather than the formation of the
pores is likely responsible for observed conduc-
tivity effect of the oligomers. Different labora-
tories use different criteria for the
characterization of initial protein samples and
the procedures for their aggregations, prepara-
tion of the complexes with membranes, so
partially the controversy in the data can be
explained by this factor. Further studies with
the use of imaging methods such as high-
resolution nanoimaging approaches applied
for studies of membrane proteins [Engel and
Müller, 2000; Fotiadis et al., 2002, 2003,
2004a,b] will help understanding the mechan-
isms of the interaction of amyloidogenic pro-
teins with membranes and thus resolve the
controversies. In addition to imaging, AFMwas
very instrumental as a nanoprobing tool for
unraveling structure–function relationship for
membrane channels. In fact, single-molecule
force-spectroscopy was employed to unfold and
refold single sodium-proton antiporters (NhaA)
of Escherichia coli from membrane patches
[Kedrov et al., 2004]. Dynamic force spectro-
scopy analyses revealed different unfolding
patterns for the C-terminal or the N-terminal
ends of the protein. Interestingly, after unfold-
ing of 10 of the 12 helices, the extracted
polypeptide was allowed to refold back into the
membrane. Recent AFM studies of porous
structures formed by misfolded proteins [Quist
et al., 2005] are very encouraging and provide a
ground for optimism for unraveling the role of

this nanoporous structures in development of
the diseases.

Inaddition to oligomeric formsof the amyloid-
related proteins, the interest to larger aggre-
gates, nanofibrils in particular, remains high.
First, the plaque deposits consist of the fibrils
primarily; therefore, the structural analysis of
these aggregates is needed for understanding
their formation. Second, amyloid fibrils are
natural nanomaterials with a number interest-
ing physicochemical properties attractive for
using them as biomaterials for a number of
practical purposes. The fibrils are quite resis-
tant to protease treatment, an attractive prop-
erty for biomaterials. The recent findings that
fibrils are not toxic for cells ease a potential
biohazard concern with such applications. Such
nanoimaging techniques as electronmicroscopy
and AFM are the most useful instrumental
techniques for understanding the structural
organization of the Ab fibrils (reviewed in
[Makin and Serpell, 2005; Stromer and Serpell,
2005]), although our knowledge about the
structure of fibrils formed by other proteins is
less clear. What are the mechanical properties
of amyloid fibrils? How strong is the interaction
between protofibrils within the fibrils? These
are very important questions that need to be
addressed before using the nanofibrils as poten-
tial biomaterials. Electronmicroscopy andAFM
images of the nanofibrils formed by themajority
of different proteins showed that they are quite
straight filaments of the several nanometers
wide as shown in Figure 1C (see also [Makin
and Serpell, 2005; Stromer and Serpell,
2005]). According to the polymer statistics, the
flexibility of linear polymer is characterized
by the persistence length P: the larger the
persistence length, the stiffer the polymer
[Flory, 1953]. For example, persistence length
of the DNA double helix (diameter is 2 nm)
is ca. 45 nm [Lu et al., 2001]. The RecA-DNA
fibrils is 15 times stiffer—persistence length is
�700 nm [Stasiak, 1992]. The amyloid fibrils
have a comparable width, but they are so
straight that their persistence length is
approaching to infinity suggesting that these
polymeric fibrils are very stiff. Surprisingly, the
AFMimages of the carbonnanofibrils revealeda
similar curvature tempting us to hypothesize
that stiffness of these two nanofibrils is compar-
able. The stiffness of carbon nanotubes was
probed in the single molecule bending experi-
ments in which the fibril was bent by the

64 Lyubchenko et al.



AFM tip [Salvetat et al., 1999]. Similar experi-
ments can be applied to the amyloid fibrils
and the hypothesis of their rigidity can be tested
directly.
Recently AFM was applied to measure the

interaction between the protofibrils within the
fibril [Karsai et al., 2005; Kellermayer et al.,
2005]. In these experiments, the AFM tip was
pressed against the fibril selected at the pre-
viously imaged area to create a strong interac-
tion between the tip and the protofibril. The tip
was pulled away from the fibril and in doing so
tomeasure the forces stabilizing the structure of
the fibril or/and the unzipping the protofibril
within the fibril. Schematically, this idea is
shown as inset in Figure 8. Experiments
performed with fibrils formed by Ab peptides
1–40 and 25–35 showed that this nanopulling
approach is capable of probing the mechanics of
amyloid fibrils. Different sets of force spectro-
scopy data obtained for these peptides can be
explained bydifferentunzippingmechanisms of
b-sheets for both peptides. Acetylation of Lys 28
in Ab 25–35 led to a dramatic decrease of the
rupture forces, although both peptides form
morphologically undistinguishable fibrils [Kar-
sai et al., 2005]. Computer simulations based on
a simple two-state model suggest that the
decreased unzipping forces can be explained
by a destabilized zippered state of the fibril. We
have performed similar pulling experiments
with fibrils formed by a-synuclein protein. The
results are shown in Figure 8 in which pulling
experiments at six selected points were per-
formed; they are numbered in Figure 8A and
probing points are indicated with red crosses
and arrows. If the tip is attached to filament of
the fibril, we will be able to pull a filament from
the fibril [Karsai et al., 2005; Kellermayer et al.,
2005]. Image B (in color) shows the results of
such pulling experiments. Unambiguously
identified gaps on fibrils are indicated in image
Bwithwhite arrows and numbered according to
the previous image (A). The filaments were
removed from the fibril at four from six total
points. The force measurements (Fig. 8C)
revealed a characteristic extension-rupture
pattern that is the indication of unzipping of
fibrils (extension part of the force curve)
followed by the rupture event [Karsai et al.,
2005;Kellermayer et al., 2005]. If the tip peels of
the filament from the fibrils, the damages to the
fibrils are observed (points 2, 4, 5, and 6;
Fig. 8B). However, the rupture of the tip–fibril

contact may not lead to the damage; therefore,
we did not observe damages to the fibril at
Points 1 and 3. Force curves do not allow
distinguishing between these two options, but
the conclusion can be made based on the
analysis of the images taken before and after
pulling. The experiments were performed with
the fibrils cross-linked to the functionalized
APS-mica surface via glutaraldehyde [McAllis-
ter et al., 2005]. In contrast to the results of
Kellermayer et al. [2005], we did not observe
extended plateaus on the force curves. Such
force curves were detected in the case when the
fibrils were immobilized on the functionalized
APS-surface via Van der Waals and electro-
static interactions without cross-linking
(Fig. 8D). Based on these findings, we suggest
that the extendedplateaus are due to the sliding
of the fibrils along the surface rather than
peeling off the protofibril or their unzipping.
The nature of the tip–sample contacts formed
during pressing the tip against the surface is
still unclear and can depend on the sample type
and the tip material. Similar pulling experi-
ments with DNA molecules typically required
applying forces in the range of several nN to
provide a strong contact between the tip and
the DNA molecule immobilized on the surface
[Clausen-Schaumann et al., 2000]. We were
able to apply much smaller force (ca. 100 pN) to
attach the filament to the tip. The approaches
utilizing the formation of very specific contacts
between the tip and thefibril and thusproviding
the data for further quantitative analysis need
to be developed. The use of tips functionalized
with chemically reactive is one of promising
ways. Note, in this regard, positive results on
the use of maleimide terminated AFM probes
for covalent bonding of proteins at their cysteine
moieties [Kransnoslobodtsev et al., 2005].

Prospects for Applications of the Nanoimaging for
Understanding Molecular Interactions

Involved in Protein Misfolding

The structure–function paradigm states that
the specific functionality of a given protein is
predetermined by the unique spatial position-
ing of amino acid side chains and prosthetic
groups in a defined 3-D structure. However,
many proteins under physiological conditions
adopt dynamic ensembles of interconverting
conformations rather than a defined 3-D struc-
ture [Wright and Dyson, 1999; Uversky et al.,
2000; Dunker et al., 2001; Tompa, 2002;
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Uversky, 2002a,b; Dyson and Wright, 2005;
Fink, 2005]. These flexible or intrinsically
disordered proteins/regions are involved in a
multitude of vital functions such as recognition
and interactionwith different binding partners,
protein modification, and cellular transport

[Dunker et al., 2001, 2002a,b, 2005; Iakoucheva
et al., 2002; Tompa, 2002; Uversky, 2002a,b;
Dyson and Wright, 2005; Oldfield et al., 2005b;
Uversky et al., 2005]. They are more common in
eukarytotes than in prokaryotes [Dunker et al.,
2000; Ward et al., 2004; Oldfield et al., 2005a].

Fig. 8. AFMpulling experiments of a-synuclein fibrils (see insert (i)). Pulling points (1–6) are indicatedwith
red arrows in image (A) obtainedbeforepulling. Image (B)was takenafter pulling.Damaged sectionsof fibrils
in image (B) are indicated with white arrows and numbered according to image (A). C: Force curves for
pulling the fibrils cross-linked to the APS-mica surface (trigger – 100 pN, dwell time, 2 s). The tip spring
constant k¼ 67.31 pN/nm. D: Force curves for pulling of the non-covalently bound fibrils (trigger 500 pN,
dwell time2 s). The tip spring constant k¼51.69 pN/nm. Pullingwas done in PBSbuffer. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Eukaryotes seem to have opted to use disor-
dered proteins/regions to create flexibility in
function. The price for the plasticity is occa-
sional toxic misfolding event which appears to
be handled quite well until past reproductive
age when there is no longer any effective selec-
tive pressure. In fact, a large number of proteins
associated with misfolding diseases (e.g., a-
synuclein, t protein, prion protein, etc.) are
intrinsically disordered or have significant dis-
ordered segments [Uversky and Fink, 2004].
Regions of intrinsic disorder become structured
upon binding with a partner.
Thus two groups of proteins involved in con-

formational diseases should be distinguished,
those that approach misfolding from a natively
folded structure, which is destabilized by muta-
tion as in the classical amyloidoses (TTR,
calcitonin, IgG light chain, serum amyloid A,
lysozyme, cystatinC, etc.),myocilin,CFTRor by
proteolysis (Ab) and those approachingmisfold-
ing from an intrinsically disordered structure
(a-synuclein, t protein, prion protein, polyQ
proteins). Obviously, the misfolding pathways
of the two groups would be different. Further-
more, the cell’s ability to recognizeanddealwith
the unfolded/initial misfolded state should
differ between the two groups. Those proteins
that are built with a classical native hydro-
phobic stabilization are recognized early by the
eukaryotic protein fidelity machinery while the
highly polar disordered proteins/regions lack
the critical clustering of hydrophobic residues
and may only be picked up at a later, less
reversible stage in aggregation.
We hypothesize that a disordered state of the

proteins is a precursor for a misfolded con-
formation [Uversky and Fink, 2004]. A ratio-
nale for this hypothesis stems from the fact that
misfolding of the protein requires a dramatic re-
arrangement of the protein structure that can
readily occur in a disordered state. Intramole-
cular interaction of specific protein regions will
facilitate the next step in the formation of a
misfolded conformation. Understanding the
basis for the misfolding and inappropriate
recognition will facilitate the rational design of
approaches aimed at inhibiting and controlling
the misrecognition events as well as modeling
and manipulating the recognition process
within cells. We anticipate that the experimen-
tal approaches for analyzing of disordered
protein conformations will be adapted from the
set of nanotools described above.

The interaction of monomeric or oligomeric
forms of misfolded proteins with chaperones
and co-chaperones has the potential to perturb
the balance between refolding, degradation,
and cellular signaling controlled by these com-
plexes. Aggregated protein species are notor-
iously resistant to soluble proteases and may
inhibit or sequester chaperone systems. It has
been shown that Alzheimer’s b-peptide inter-
acts with human hsp70 and the co-chaperone
BAG-1 and postulated that such interactions
may be exacerbated by oligomeric and/or fibril-
lar forms of Ab. Alteration of the relative
populations of fibrillar and spherical oligomeric
huntingtin exon I containing the expanded
polyglutamine stretch by hsp70–hsp40 chaper-
ones has been also demonstrated [Muchowski
and Wacker, 2005]. The use of single molecule
imaging and probing techniques such as force
microscopy, single molecule FRET, and two-
color correlation spectroscopy, and tools such as
conformation-specific antibodies as well as
techniques for introducing protein complexes
into cellswill help better understanding the role
of chaperone interaction with the misfolded
proteins. By continuously following fibrils or
oligomers and their interactions with chaper-
ones at the singlemolecule level, one can learn if
the pathway to (potentially toxic) oligomers
goes through monomers or whether soluble oli-
gomers can form directly from fibrils.

Various studies have shown that protein
misfolding is promoted by oxidative damage
(e.g., [Dawson andDawson, 2003; Recchia et al.,
2004]). The questions which are not answered
as yet are: How different antioxidant proteins
affect the conformation and structural dyna-
mics of pathogenic proteins? Whether anti-
oxidant proteins prevent the misfolding of
previously oxidized and non-oxidized amyloido-
genic proteins incubated in the presence of
reactive oxygen species? We believe that these
questions can be answered by the application of
the nanotools described above.
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