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ABSTRACT: Intracytoplasmic neuronal deposits containing amyloid fibrils of the 140-amino acid presynaptic
protein R-synuclein (AS) are the hallmark of Parkinson’s (PD) disease and related neurodegenerative
disorders. Three point mutations (A53T, A30P, and E46K) are linked to early onset PD. Compared to the
wild-type (WT) protein, the mutants aggregate faster in vitro, but their fibrillar products are quite similar.
Using the extrinsic multiple-emission probe 40-(diethylamino)-3-hydroxyflavone (FE), we demonstrate unique
and distinct spectroscopic signatures for the amyloid fibrils formed by the WT and mutant AS, presumably
indicative of subtle differences in supramolecular structure. The two well-separated emission bands of the FE
probe originate from a proton transfer reaction in the excited state. The ratiometric response constitutes a
sensitive, tunable reporter ofmicroenvironmental properties such as polarity and hydrogen bonding. The very
distinctive fluorescence spectra of the FE probe bound to the four AS variants reflect different tautomeric
equilibria in the excited state and the existence of at least two different binding sites in the fibrils for the dye.
Deconvolution of the two-dimensional excitation-emission spectra leads to estimations of different local
dielectric constants and extents of hydration characteristic of the proteins. The sensitivity of such a simple
external probe to conformational alterations induced by point mutations is unprecedented and provides new
insight into key phenomena related to amyloid fibrils: plasticity, polymorphism, propagation of structural
features, and structure-function relationships underlying toxicity.

Amyloidosis is pathognomonic of proteinmisfolding disorders
characterized by the presence of intracellular or extracellular
proteinaceous deposits. Mature amyloid fibrils have an
unbranched rodlike morphology with a diameter of 7-13 nm
and are usually formed from interwound protofilaments. The
core structure is a stack of β-sheets in which the strands are
perpendicular to the longitudinal axis of the fibril. This canonical
cross-β structure is adopted by numerous proteins and peptides
upon induction of aggregation in vitro (1, 2). However, the fibrils
originating from a given polypeptide can also demonstrate
polymorphism. Ultrastructural variations, such as in the dia-
meter, twist, pitch, and number of protofilaments, arise from
fibril growth under altered conditions (3-5). In addition, molec-
ular polymorphism, i.e., heterogeneity in three-dimensional (3D)
conformation and orientation of the polypeptide chain, has been
reported for some proteins (2-7). Of particular interest is the
adaptability of the β-sheet network in amyloid fibrils to point
mutations (6). Self-propagating polymorphs have important
implications for species barriers, such as in prion biology and
neurotoxicity. The same consideration applies to the elusive

prefibrillar intermediates presumed to act as the primary toxic
agents in disease (2). It follows that the elucidation of amyloid
supramolecular assembly is an essential prerequisite for devising
therapeutic agents and strategies.

The loss of dopaminergic neurons in the substantia nigra of the
brainstem and the accumulation of intracellular inclusions (Lewy
bodies) are the cardinal pathological features of Parkinson’s
disease (PD)1 (8) and related disorders (9). Themajor component
of these neuronal and glial cytoplasmatic inclusions is R-synu-
clein (AS), a presynaptic 140-amino acid protein whose normal
function remains unclear (9, 10). The native form of AS in
solution is considered to be intrinsically disordered (10), although
long-range domain interactions are presumed to stabilize an
aggregation autoinhibited state (11). The perturbation of such
tertiary interactions by single-point mutations may thus promote
self-association and neurotoxicity (12). In fact, the three missense
point mutations in the AS gene (A53T, A30P, and E46K) leading
to early onset PD (9, 10) share an increased tendency to fibrillize
and/or form prefibrillar species in vitro (10).

The AS sequence comprises three functional domains: (i) the
N-terminus (residues 1-60) with an amphipathic character
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typical of lipid binding domains, (ii) the hydrophobic aggrega-
tion-prone central NAC region (residues 61-95), and (iii) the
highly acidic and proline-rich C-terminus (residues 96-140),
which interacts with cationic ligands (9, 10).

The monomers constituting wild-type (WT) AS fibrils are
arranged in a parallel, in-register structure with a β-sheet-rich
core region spanning residues 38-95 from which the two termini
are excluded (13-15). By solid-state NMR, the N-terminus
exhibits static disorder as of residue 22, whereas the C-terminus
(residues 107-140) is unstructured and dynamic (15). Two
apparent polymorphs of WT fibrils have been identified, varying
in the extent and distribution of the β-structured core and distinct
fibril morphologies (15). Two bundling states of WT AS fibrils
differing in their protofilament interactionswere also observed by
cryoelectron microscopy (16), while changes in reaction condi-
tions lead to morphologically distinguishable AS aggregates with
differential binding capacity for amphiphilic fluorescent
probes (17).

Fibrillar WT AS is distinguishable from familial mutants by
EM (18) and AFM (19). According to immunochemical and
protease digestion analysis, A30P fibrils have a conformation
distinct from that of the WT that self-propagates in cross-seeded
fibrillization (20). Solid-state NMR has also revealed significant
differences between the WT and A30P mutant (21), as well as an
extension of the β-sheet domain(s) of the A53Tmutant to at least
residues 38 and 100 (22). High-resolution structural data are
unavailable.

A major aim of our investigations is to devise extrinsic and
intrinsic fluorescence probes able to identify intermediates with
distinct structural features during the early as well as the late
phases of aggregation of AS. We recently reported two classes of
compounds, N-arylaminonaphthalene sulfonates (23) and pyr-
ene (24), that detect prefibrillar intermediates. In this study, we
explored structural differences in amyloid fibrils formed by WT
AS and the genetic mutants, employing 40-(diethylamino)-3-
hydroxyflavone (FE) as a sensitive multiple-emission fluore-
scent sensor of intermolecular interactions. As with other chro-
mones exposed to aprotic media (25), FE undergoes a reversible

excited-state intramolecular proton transfer [ESIPT (Figure 1A)]
reaction, resulting in the formation of a tautomeric form (T*) emitting
at longer wavelengths than the initial excited state (N*) (26). The
species comprising the photophysical cycle differ in charge
distribution, such that the fluorometric ratiometric response is
highly sensitive to the polarity of the environment (26). Increased
polarity greatly enhances the relative contribution of theN* band,
which also experiences a bathochromic shift (Figure 1B) due to the
stronger dipole moment of the N* state. In the framework of the
continuous dielectric model that can be applied in the absence of
intermolecular H-bonds (e.g., without water as the solvent), the
dual-emission response of the FE dye spans a polarity range
defined by a dielectric constant (ε) of ∼2-47 (26).

An additional feature of this unique class of environmental
probes is a third emissive species (H-N*) arising in protic media
due to the formation of intermolecular H-bonds with solvent
molecules (Figure 1A). The excitation spectrum of the H-N*
form is red-shifted relative to the non-H-bonded species, and its
emission band is located between those of N* and T*. It also
undergoes ESIPT, albeit on a slower time scale, leading to a
gradual transition to the T* form (27). This reaction does not
generally contribute to the steady-state emission (27). Thus, the
observed fluorescence spectra reflect the ground-state equilibri-
um between the N and H-N forms responsible for the initial
distribution of excited-state species. Deconvolution of the resul-
tant fluorescence spectrum into the three individual components
(Figure 1C) provides the spectral locations and contributions of
the emission bands, interpretable in terms of the local polarity
and H-bonding experienced by the probe (28).

We compared the spectroscopic response of FE bound to
amyloid fibrils formed from WT AS and the disease-related
mutants. The dye exhibited distinctive multiple-emission profiles
reflecting significant differences in the excited-state population
and the existence of at least two binding sites. From the
deconvolved spectra, we estimated apparent dielectric constants
of the binding sites and evaluated the comparative hydration of
the four fibrillar protein species. The results are discussed in terms
of other available structural and spectroscopic data.

FIGURE 1: Spectroscopic attributes of the FE fluorescent probe. (A) Photophysical cycle. (B) Representative emission spectra of the FE dye in
solvents with increasing polarities or degrees od H-bonding. (C) Spectral deconvolution into three bands corresponding to the emissive species
shown in panel A. The experimental and fit fluorescence profiles are colored black and magenta, respectively.
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MATERIALS AND METHODS

Fluorescent Dye.The FEprobewas kindly provided byA. S.
Klymchenko (Louis Pasteur University, Strasbourg, France).
The dyewas synthesized, purified, and characterized according to
the methods of ref 25. Stock solutions were in ethanol, and
working solutions were prepared by dilution into 25 mM Tris-
HCl buffer (pH 7.2) and 100 mM NaCl immediately before use.
Fibril Preparation. AS variants were expressed in Escher-

ichia coli and purified as described in ref 17.MonomericAS stock
solutions were prepared in 25 mM Tris-HCl (pH 7.2) and
100 mM NaCl and centrifuged at 100000g before use to remove
aggregates. Protein concentrations were determined by absor-
bance using an ε275 of 5600 M-1 cm-1 (29).

Fibril suspensions were obtained by incubating ∼300 μM AS
solutions in 25 mMTris-HCl buffer (pH 6.2) and 100 mMNaCl,
at 70 �C with constant shaking at 800 rpm in an Eppendorf
Thermomixer comfort. Fibrils were purified by three consecutive
cycles of centrifugation at 14000 rpm during 30 min in an
Eppendorf MiniSpin plus centrifuge and resuspension in
25 mM Tris-HCl (pH 7.2) and 100 mM NaCl. Protein concen-
trations in monomeric units were determined by the absorbance
of aliquots incubated in 6 M Gdm-HCl at 25 �C for 24 h.
Atomic Force Microscopy. Images were acquired on a

Digital Instruments (Veeco) Multimode scanning probe micro-
scope IIIa using a J-Scanner in air at a scan rate of 1 Hz with
512 lines per image. Imaging was performed in tapping mode
with a silicon (nominal spring constant of 40 N/m) cantilever. An
aliquot of the aggregated sample was diluted withwater and spin-
coated on a freshly cleaved mica surface.
Steady-State Fluorescence Measurements. Excitation

and emission spectra were recorded with a Cary Eclipse spectro-
fluorimeter (Varian). Spectral slits were set at 5 nm. Additional
built-in filters were used in both monochromatic channels
(excitation at 335-620 nm, emission at 430-1100 nm) to reduce
scatter. Spectra were recorded at 25 �Cusing a 3mm path cuvette
and corrected for wavelength-dependent excitation intensity and
detection efficiency. Experiments were performed in quadrupli-
cate at final concentrations of 10 μM protein and 1 μM probe.
Global Two-Dimensional Deconvolution. Emission spec-

tra were deconvolved into three bands (N*, H-N*, and T*) using
a global deconvolution over 11 excitation wavelengths in the
wavenumber domain. Individual bands were approximated by a
log-normal function accounting for four parameters: asymmetry,
full width at half-maximum (FWHM), position, and height (30).
All parameters, except the height, were held constant over all
excitation wavelengths, and the N*:T* intensity ratio was con-
strained to a single value. The total number of parameterswas 32.

Spectral deconvolution was performed using iterative non-
linear least-squares fitting implemented using the Levenberg-
Marquardt technique provided by the MATLAB programming
language. The parameters were initialized randomly in a suitable
range and allowed to vary according the following constraints:
0.5e asymmetrye 1, 500e fwhme 3500, and position of theN*
band between 20000 and 20800 cm-1. Deconvolution procedures
and solvent calibrations are described in a separate communica-
tion (W. Caarls et al., manuscript submitted for publication).

RESULTS AND DISCUSSION

AS Fibrils Exhibit Distinctive Multiple-Emission Fluore-
scenceSignatures uponBinding of the ESIPTProbeFE.The
fibrillization ofWTandmutant ASwas induced by incubation of

protein solutions at 70 �C with continuous shaking. The high
temperature accelerates the aggregation, thereby facilitating the
experimental procedures (23). Unbranched, polymorphic
(straight as well as twisted) fibrils with heights of 6.3-8.3 nm
(distinctive for each protein) were observed byAFM (Figure 2A).
These materials were used in all experiments, with consistent
results for independent fibrillar preparations of each protein.

Upon interaction of the neutral, amphipathic FE dye with
purified fibrils, two emission bands were observed, differing
between the AS variants (Figure 2B). The fluorescence of FE
in aqueous medium with or without the monomeric proteins was
negligible, such that the signals were exclusively from the fibril-
bound dye. The WT and E46K AS spectra were characterized
by an intense N* band at ∼510 nm and a minor T* band at
∼560 nm. In contrast, the A53T mutant exhibited a prominent
T* band at 567 nm, indicative of a nonpolar environment, while
in the case of the A30Pmutant, the short-emission band was red-
shifted (∼10 nm) compared to that of WT AS, reflecting a more
polar and/or more hydrated microenvironment.

The features of the emission spectra indicated that FE
molecules were screened from the solvent and located in a binding
site(s) of low polarity with an apparent ε in the range of
2-47 (26). We conclude that the ESIPT probe senses differences
in the localmicroenvironments in theWTandmutant forms ofAS
arising from distinctive supramolecular amyloid organizations.
Ground-State Heterogeneity of FE Bound to AS Fibrils.

The breadth of the short-emission band in Figure 2B, and the
small separation of the two peaks (∼50 nm), usually 80-120 nm
in reference systems (26), indicated a possible heterogeneity in the
ground state. Accordingly, additional emission spectra were
recorded for a number of excitation wavelengths. Figure 3A
depicts the correlated excitation-emission spectra in 3D and the
projected contour plots. Two discrete regions were apparent,
differing significantly in relative height according to the identity
of the AS protein.

Orthogonal sections through the correlated excitation-emis-
sion landscape (Figure 3B) indicated the presence of an addi-
tional emissive species. Red-edge excitation displaced the first

FIGURE 2: Morphology of AS fibrils and fluorescence signatures
upon FE binding. (A) AFM images of AS fibrillized at 70 �C. Images
are 3 μm� 3 μm. The measured heights (nanometers) were 7.7( 1.1
(WT), 7.3 ( 0.6 (A53T), 8.3. ( 0.9 (A30P), and 6.3 ( 0.6 (E46K)
(n=11). (B) Emission spectra ofFEdye bound toWT(black),A53T
(blue), A30P (green), and E46K (magenta) fibrils. λexc = 420 nm.
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emission band to ∼518 nm, and the T* band decreased in
intensity. The latter effect was not attributable to reduction of
solvent relaxation due to hindered motion (31). Instead, the
findings suggested the existence of at least two bound species: (i) a

non-H-bonded form with a dual emission (N* and T*) and (ii) a
hydrated form selectively excited at the red edge and with a single
emission band at ∼518 nm (H-N*). A similar behavior has been
reported for similar flavone derivatives bound to lipid vesicles (28).

FIGURE 3: Ground-state heterogeneity and resolved component spectra of the FE dye bound to AS fibrils. (A) 3D representation and contour
plots of correlated excitation-emission spectra. (B) Orthogonal sections through the 3D fluorescence landscape. The excitation spectra at λem
values of 510 (orange) and 590 nm (green) and emission spectra at λexc values of 420 (blue) and 450 nm (red). (C) Deconvolved emission spectra.
The experimental (black) and fit (purple) fluorescence profiles along with the individual components corresponding to the N* (blue), H-N*
(green), and T* (red) forms. λexc = 420 nm. (D) Virtual excitation spectra obtained from the deconvolution for the N* or T* form (red squares)
and the H-N* form (green circles). (E) Ratios of the integrated areas of the N* and T* bands (violet bars, left) and of the H-N* and N* bands
(orange bars, right).
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The dependence of the excitation spectra on the emission
wavelength provided further evidence for the postulated hetero-
geneity (Figure 3B). In the case of all four types of fibrils,
the excitation spectra recorded at the red edge of the emission
(∼550 nm, the start of the T* band) were blue-shifted compared
to those recorded for lower emission wavelengths. We interpret
this shift as a preferential photoselection of (i) a nonhydrated
ground-state form of the dye in a low-polarity, hydrophobic site,
in coexistence with (ii) a hydrated form in a protic location
allowing intermolecular H-bonding. On the basis of the findings
of the previous investigation of fibrillar complexes with
N-arylaminonaphthalene sulfonates (23), we tentatively assume
that the two postulated sites are distinct, i.e., do not physically
overlap. This issue is discussed further below.
Global Deconvolution Reveals Binding Site Polymorph-

ism. The contributions of the three putative emissive species were
determined by global deconvolution of the emission spectra
(Figure 3A) into individual bands, approximated by log-normal
functions as in the case of complexes with lipid membranes
(28, 32). We optimized the analyses by avoiding arbitrary,
uncertain fixed parameters while constraining the asymmetry
and FWHMof the three bands and the position of theN* band to
physically plausible ranges. All parameters, with the exception of
the intensities, were held constant for all excitation wavelengths.
TheN*/T* ratio was also considered to be invariant, inasmuch as
the two bands presumably originate from the same ground state
(Figure 1). The constraints were validated in control experiments
in ethyl acetate, a solvent in which only the N* and T* bands
arise (26). Representative experimental and fit emission spectra
along with the deconvolved individual components are given in
Figure 3C. The deconvolution procedure provided consistent
results between replicates of all AS samples.

From the deconvolved spectra, virtual excitation spectra were
constructed by plotting the peak emission intensities of the three
bands for all excitation wavelengths (Figure 3D). Due to the
constant N*/T* ratio, their excitation spectra were identical in
shape, and only one curve is shown. The four replicates were
rescaled and fit with a log-normal function to estimate peak
positions. Although the two excitation bands overlapped
strongly (Figure 3D), the H-N* band was red-shifted (424-431 nm)
relative to the nonhydrated form (413-417 nm). The H-N
form was preferentially excited toward the red edge (Figure 3D),
giving rise to the observed changes in the emission spectra
(Figure 3B).

We computed the areas under the individual emission bands
and also employed their relative values as ratiometric quantities.
The rationale was that area calculations compensate for fluctua-
tions in correlated intensity-width estimations and are thus less
subject to fitting errors than the peak intensities, thereby supply-
ing more reliable estimations. The ratios of the band areas of N*
and T* and of H-N* and N* are shown in Figure 3E. The first
quantity is a sensitive indicator of binding site(s) polarity, and the
second can be interpreted as a hydration factor (28).

The N*/T* intensity ratio is strongly correlated with the
polarity of the medium (33), showing a linear dependence on
the solvent polarity function described within a continuous
dielectricmodel (34). It has served to estimate dielectric constants
in lipid vesicles (28, 32) and hydrophobic pockets in BSA (35).
The N*/T* area ratios of Figure 3E indicate that the surrounding
polarities of the dye bound to the four AS variants increased as
follows: A53T < A30P < WT < E46K. On the basis of a
calibration obtained with neat solvents (Figure 4), we estimated

apparent ε values for the non-H-bonded binding site for FE dye
on AS fibrils: WT AS, ε ∼ 11, a value ranging between that of
tetrahydrofuran and acetone; A53Tmutant, ε∼ 3, a much lower
value close to that of thiophene; A30P mutant, ε ∼ 7, a value
between that of ethyl acetate and that of tetrahydrofuran; and
E46K mutant, ε ∼ 19, corresponding to a more polar environ-
ment similar to acetone (Figure 4).

The familial mutants also exhibited different relative contribu-
tions from the H-bonded form of the dye in the second binding
site (Figure 3E). Compared to theWTprotein, this formwas∼40
and 90% more prevalent in the A53T and A30P mutants,
respectively (Figure 3E). Thus, the red shift in the first emission
band of the A30P fibrils (Figure 2B) can be attributed to the
increase in the contribution of the hydrated form (Figure 3E)
rather than altered polarity (Figure 4). In contrast, the H-bonded
form contribution was ∼31% lower in the case of the E46K
variant (Figure 3E).

The spectral deconvolution provided insight into structural
features of the fibrils not apparent by simple inspection of the
experimental spectra. The uncharged FE dye is amphipathic
because of its polar CO and OH groups and the nonpolar moiety
of the substituted chromone ring (Figure 1). Thus, the normalN*
form coexists with a fraction of the H-N* form arising from
interactions with OH or NH side groups of the protein or, more
likely, with water of hydration. A quantitative determination of
the fractional distribution of the probe between the two locations
was not feasible because the respective quantum yields are
unknown. Calibrations obtained in neat solvents are not applic-
able since nonemissive deactivation rates may be different in the
protein environment.

The interpretations described above favor a distribution of the
amphipathic probe between binding sites exhibiting a discrete
number of H-bonding interactions rather than preferential bind-
ing to distinct fibrillar polymorphs. The notion of two binding
microenvironments with different polarities was proposed in our
previous study of N-arylaminonaphthalene sulfonate bound to
WTAS fibrils (23). The time-resolved fluorescencemeasurements
were compatible with a buried binding site excluded from water
and an additional locus near the protein-solvent interface, where
the dye experiences a more polar environment but restricted

FIGURE 4: Solvent polarity scale for FE dye and estimation of
polarity in fibrils. Logarithm of the N*:T* area ratio vs the polarity
function f(ε) for aprotic solvents (~). From 1 to 13: hexane, toluene,
carbondisulfide, thiophene, di-n-butyl ether, anisole, bromobenzene,
ethyl acetate, tetrahydrofuran, acetone, DMF, acetonitrile, and
DMSO, respectively. The line is the best fit according to the correla-
tion equation log(N*/T*) = -2.5 þ 5.7f(ε) (r = 0.96). The corre-
sponding values for WT (9), A53T (b), A30P (2), and E46K (1)
fibrils are shown.
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motion (23). The existence of water-excluded cavities was also
inferred in the study of pyrene-labeled AS variants, including the
familial mutants (24), and from dissociation of AS fibrils exposed
to high pressure (36). Void spaces arising from loose packing
have been implicated as a factor contributing to the polymorph-
ism of amyloid fibrils (37).
Structural Interpretations. We have shown above that FE

exhibits distinctive emission signatures upon binding to amyloid
fibrils formed ofWTAS and the disease-related mutant proteins.
Deconvolution of the emission spectra indicates that these
differences arise from partitioning of the dye between at least
two locations differing in polarity and in the propensity for
intermolecular H-bonding.

It is noteworthy that the spectral changes and the resolved
band components do not fully correlate with the nature of the
particularmutated amino acid. TheAla toThr substitution in the
A53T mutant should lead to an increase in local polarity but a
reduced hydrophobicity (38). Water molecules would be
excluded, but it seems unlikely that such a small change would
induce the prominent T* band indicative of a nonpolar environ-
ment (Figures 2B and 3). In view of the OH group of Thr, it may
be involved in the relative increase in the contribution of the
hydrated FE form (Figure 3E).

The A30P substitution should also reduce the surrounding
hydrophobicity (38), an effect consistent with the estimated lower
dielectric constant. However, in the WT fibrils, and presumably
in the mutant forms as well, the region of residue 30 is disordered
and excluded from the cross-β core (15), such that the Pro
substitution would be solvent-exposed. Nonetheless, the consid-
erable increase of the H-N* form (Figure 3E) cannot be
attributed to a direct interaction of the probe with this residue
since Pro lacks a proton on the amide group.

The mutation from an acidic to a basic residue in the E46K
variant would lead to a change in net charge without modifica-
tion of hydrophobicity. However, the increased polarity sur-
rounding the non-H-bonded FE probe and the smaller
contribution of the hydrated form (Figure 3E) are not likely
due to specific electrostatic interactions with the positive charged
lysine in view of the low polarity, the absence of net charge, and
the small ground-state dipole moment of the FE molecule.

We have previously demonstrated by solid-state NMR that
WT and A53TAS differ in fibrillar structure. The disease-related
mutant exhibits an extended β-sheet core region spanning
residues 38-100 (22). Thus, changes in secondary structure can
be expected at sites well apart from themutation site. On the basis
of this result and the properties of the substituted amino acids
discussed above, it appears likely that the FE probe “acts at a
distance”, i.e., sensing conformational perturbation(s) at binding
sites remote from the locus of mutation.

Because of the lack of high-resolution structural models forAS
fibrils, the molecular mechanism by which FE distinguishes
between fibrils formed from molecules differing only by a single
amino acid substitution is a matter of speculation. However,
some correlations can be made on the basis of other reported
structural and spectroscopic data.

AS fibrils are arranged in a parallel, in-register structure with a
cross-β core spanning residues 38-95 (13-15). According to
preliminary solid-state NMR data, the cross-β structure may
consist of stacked three- to five-stranded β-sheet dimers with a
water-shielded core region extending from at least residue 65 to
residue 89 (H. Heise, A. Kumar, and M. Baldus, personal com-
munication). In the schematic representation of the three-stranded

model (Figure 5A), successive incoming dimers are incorporated in
the directionof fibril growth. Every layer of the parallelβ-sheets can
form channels formed by adjacent in-register side chains
(Figure 5B). Such channels have been proposed as binding sites
for thioflavin T, the probe most commonly used for detection of
amyloid fibrils (39). Very recently, an alternative mechanism for
thioflavin T binding to cross-strand ladders of Tyr residues in an
antiparallel polypeptide was proposed (40). Since FE has dimen-
sions similar to those of thioflavin T [tip-to-tail length of ∼15 Å
(Figure 5C)], we propose that it inserts into the β-sheet channels
with the longest axis oriented parallel to that of the fibril
(Figure 5B). A similar binding mechanism has been suggested for
a series of organic dyes commonly used as polarity-sensitive
probes (23) and cyanine derivatives (41).

The physical confinement conferred by the side chains along
with partial shielding from bulk solvent molecules could lead to
the observed spectroscopic properties. In the context of the
proposed binding model, one site would be of low polarity and
most probably embedded in the fibrils where the dye is protected
from water molecules and surrounded by low-polarity residues.
The other site would be closer to the protein-solvent interface
where H-bonds with structural water molecules would form. We
note that fibrillar conformations have been proposed for other
proteins, e.g. β2-microglobulin, differing in packing densities
reflecting the presence of internal cavities and areas accessible
to water (42). Invoking the concept of a hydrophobic-to-hydro-
philic gradient extending from the core to the exposed surface of a
typical globular protein (43), we propose that the different
locations of the probe in a plane perpendicular to the fibril axis
give rise to the different apparent dielectric constants, estimated
from the N*:T* ratios, as well as the variable contribution from
the hydrated H-N* form.

Although our fluorescence sensing approach cannot compete
with crystallographic and NMR data in terms of atomic-scale
resolution, it offers the advantage of very fine energy resolution
of intermolecular interactions. The distinctive spectroscopic
characteristics of the FE dye reveal differences in the amyloid
organization of fibrils formed byWT AS and the disease-related
variants. Further studies will contribute to a better understanding

FIGURE 5: Proposed binding of FE dye to AS fibrils. (A) Parallel,
in-register alignment of multiple β-strands in AS fibrils assuming
an antiparallel orientation of three-stranded β-sheet monomers.
(B) Schematic illustration of a β-sheet and tentative location of dye
molecules (double headed arrow) in the binding channels based on
ref 39. Every strand corresponds to a different AS molecule. The
backbone atoms and the side chain for one residue are indicated.
(C) Stereochemical view and molecular dimensions of the FE dye
obtained using ChemDraw and Chem3D: gray for H, red for O, blue
forN, and light blue for C. The long axis of the double-headed arrow
represents the longest axis of the FE molecule.
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of the plasticity of amyloid assemblies as they adapt to point
mutations and their relationship to pathological conditions. We
anticipate that both extrinsic and covalently attached dual (or in
the present case triple)-emission probes will serve as useful tools
not only for characterizing binding cavities in end-state fibrils but
also for studying polymorphism and transmission of structural
features in transient precursors arising in the overall aggregation
pathway. In fact, in parallel experiments, certain covalent ESIPT
conjugates of AS have demonstrated spectroscopic signatures
(intensity, spectra) that appear to be specific for intermediate
species, i.e., distinctive from those of the monomeric and termi-
nal fibrillar forms ofAS (D.Yuschenko et al., unpublished data).
One can conclude that the ESIPT probes will render more
systematic the selection of prospective inhibitors or reversers of
aggregation.
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SUPPORTING INFORMATION AVAILABLE

Results of global deconvolution of FE bound to WT (Figure
S1), A53T (Figure S2), A30P (Figure S3) and E46K (Figure S4)
AS fibrils. The asymmetry, FWHM, position and intensity of the
individual FE emission bands for four fibrillar samples replicates
and representative deconvolved emission spectra are shown. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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