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ABSTRACT: Protein aggregation is associated with a wide range of diseases, and molecular probes that are able
to detect a diversity of misfolded protein assemblies are of great importance. The identification of prefibrillar
states preceding the formation of well-defined amyloid fibrils is of particular interest both because of their
likely role in the mechanism of fibril formation and because of the growing awareness that these species are
likely to play a critical role in the pathogenesis of protein deposition diseases. Herein, we explore the use of an
anionic oligothiophene derivative, p-FTAA, for detection of prefibrillar protein aggregates during in vitro
fibrillation of three different amyloidogenic proteins (insulin, lysozyme, and prion protein). p-FTAA
generally detected prefibrillar protein aggregates that could not be detected by thioflavine T fluorescence
and in addition showed high fluorescence when bound to mature fibrils. Second, the kinetics of protein
aggregation or the formation of amyloid fibrils of insulin was not extensively influenced by the presence of
various concentrations of p-FTAA. These results establish the use of p-FTAA as an additional tool for

studying the process of protein aggregation.

A broad range of diseases are associated with the conversion of
a specific peptide or protein from its soluble functional state into
highly ordered fibrillar aggregates. These pathological entities are
generally described as amyloid fibrils or plaques when they
accumulate extracellularly, whereas the term intracellular inclu-
sion bodies has been suggested as being more appropriate when
morphologically similar fibrils are form inside the cell (7). Ultra-
structurally, the fibrils have a diameter of 7—10 nm, and structu-
ral studies of amyloids with high-resolution methods have typi-
cally revealed a cross-f-pleated sheet conformation. At least 25
different proteins have been reported to form disease-associated
amyloids in vivo (), and there is evidence that many if not all
polypeptides can be induced to form amyloid in vitro (2).

The investigation of protein aggregation diseases and amyloid
fibrils has been greatly facilitated by the development of small
hydrophobic dyes that specifically bind amyloid fibrils. Green
birefringence from Congo red in cross-polarized light is normally
used for the visualization of amyloid plaques in tissue sections,
whereas the fluorescence from thioflavins, thioflavin T (ThT)" or
thioflavin S (ThS), is the preferable choice for monitoring
amyloid formation events in the test tube. However, the utiliza-
tion of the optical properties from these dyes is restricted to
detecting the presence of highly regular distinct amyloid fibrils.
This is a limitation of these dyes, as the full elucidation of the
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aggregation process of a protein requires the identification of all
the conformational states and oligomeric structures adopted by
the polypeptide chain during the process. It is evident that
significant morphological variation can exist between different
fibrils formed from the same peptide or protein and that such
variation in morphology is most likely linked to heterogeneity in
molecular structure, i.e., in the structural positioning of the
polypeptide chains within the fibrils (3—9). Furthermore, the
identification and characterization of prefibrillar states preceding
the formation of well-defined fibrils are of particular interest both
because of their likely role in the mechanism of fibril formation
and because of the growing awareness that these species are likely
to play a critical role in the pathogenesis of protein deposition
diseases (/0—17). However, prefibrillar states are small and meta-
stable, making them difficult to identify in biological samples,
and their structural features are difficult to determine. The only
useful probes for their identification are the recently developed
oligomer-specific antibodies (/8—20). Hence, the development of
agents for detecting prefibrillar states during the aggregation
process of proteins is of great importance.

We have previously described the use of luminescent conjugated
polythiophenes (LCPs) as optical probes for selective staining of
protein aggregates (2/—27). More recently, novel chemically
defined pentameric thiophene derivatives, denoted luminescent
conjugated oligothiophenes (LCOs), that could be utilized for real-
time imaging of protein aggregates in vivo were developed (25).
When the dyes bind to protein aggregates, the conformational
freedom of the flexible thiophene backbone of these dyes is
restricted and the emission properties of the probes are affected
in a conformation-dependent manner. Hence, an optical finger-
print for distinct protein conformations can be obtained. This
phenomenon has recently been used to distinguish prion strains
and for discrimination of heterogeneous Af plaques (24, 25, 27). A
pentameric thiophene derivative, 4',3"-bis(carboxymethyl)[2,2';
5',2/".5" 21" 5" 2" quinquethiophene-5,5"""-dicarboxylic acid
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(p-FTAA), has also been utilized for the detection of thioflavin T
negative (ThT ") prefibrillar species during in vitro fibrillation of
recombinant AB1—40 (28), indicating that LCOs might be super-
ior to conventional amyloid ligands in identifying prefibrillar
states during the fibrillation process. Herein we explore the use
of p-FTAA for detection of prefibrillar protein aggregates during
in vitro fibrillation of bovine insulin, hen egg lysozyme, and recom-
binant human prion protein. The kinetics of fibrillation were
followed by p-FTAA fluorescence, ThT fluorescence, and trans-
mission electron microscopy (TEM). p-FTAA generally bound to
ThT™ prefibrillar protein aggregates that preceded the formation
of mature amyloid fibrils.

METHODS

p-FTAA Synthesis and Preparation of Proteins. The
synthesis of the sodium salt of p-FTAA was reported else-
where (28). One milligram of p-FTAA was dissolved in 1 mL
of deionized water, and this solution was further diluted with
deionized water to achieve a stock solution of 15 uM p-FTAA.
Bovine insulin and hen egg white lysozyme were obtained in pure
form from Sigma, and the purity was assessed via SDS—PAGE.
The absorbance at 280 nm was employed for concentration
determinations using an &gy of 5840 M~ cm™" and an &g of
37750 M~ cm ™! for insulin and lysozyme, respectively. Insulin
was dissolved in 2 M acetic acid (HAc) and 500 mM NaCl and
stored (5 mg/mL) at 4 °C, where the solutions were stable for
several weeks. Lyophilized lysozyme from hen egg white was
dissolved in deionized water and dialyzed versus three changes of
25mM HClat4 °C. Filtered (0.45 um) stock solutions were made
to 500 uM and stored at 4 °C. His-tagged human prion protein
(HuPrP) was purified from Escherichia coli using Ni-NTA tech-
nology followed by size exclusion chromatography with PBS
[50 mM phosphate, 100 mM NaCl, and 50 mM KCI (pH 7.3)] as
the running buffer (2).

Amyloid Fibril Formation of Hen Egg White Lysozyme.
Lysozyme amyloid-like fibrils were made through incubation of
the protein (0.5 mg/mL) in 25 mM HCl at 65 °C for 3 days (30).
Aliquots (50 uL) were withdrawn at different time points and
mixed with 2 uL of the p-FTAA stock solution (15 uM) or 2 uL of
a ThT stock solution (15 4M) and diluted to a final concentration
of 100 uL with 25 mM HCIL The samples were prepared in
microtiter plates and incubated for 10 min at room temperature.
The emission spectra were recorded with a Tecan Saphire 2 plate
reader. All of the spectra were recorded with excitation at 450 nm
(p-FTAA) or 440 nm (ThT).

Amyloid Fibril Formation of Bovine Insulin. Amyloid
fibrils of bovine insulin were prepared according to a previously
reported protocol (37). In brief, a stock solution containing 5 mg/
mL bovine insulin in 2 M acetic acid and 500 mM NaCl was
placed in a water bath kept at 50 °C to induce formation of
amyloid-like insulin fibrils. Aliquots (100 L) were withdrawn at
different time points and mixed with 2 uL of the p-FTAA stock
solution (15 uM) or 2 uLL of a ThT stock solution (15 uM). The
fibrillation was also performed having 300 nM p-FTAA or ThT
present during the fibrillation event. The samples were prepared
in microtiter plates and incubated for 10 min at room tempera-
ture. The emission spectra were recorded as described above.

Amyloid Fibril Formation of Recombinant Human PrP-
(90—231). We induced fibril formation of HuPrP under native
conditions by aliquoting 800 uL of a 6 uM protein solution
(50 mM phosphate, 100 mM NaCl, and 40 mM KCI) in 2 mL
sealable tubes and applying 350 rpm orbital shaking at 37 °C (34).

Biochemistry, Vol. 49, No. 32, 2010 6839

We sampled HuPrP by withdrawing samples at different time
points, transferring aliquots to microtiter plates, and keeping
them at 4 °C which prevented further fibrillation. Assay solutions
containing either p-FTAA or ThT were added prior to measure-
ment. PrP fibrils were also generated from the denatured protein.
For this purpose, the protein was denatured in 6 M GdnHCI
overnight and then diluted to reach a final protein concentration
of 6 uM and denaturant concentrations of | M GdnHCl and 3 M
urea in the PBS buffer previously mentioned. Samples were
aliquoted and agitated according to the native protocol (32). PrP
oligomers were generated by unfolding the protein in 10 M urea
overnight followed by dilution to 5 M urea, 20 mM NaAc (pH
3.7), and 200 mM NaCl and incubation at room temperature
overnight (33).

Transmission Electron Microscopy Experiments. Ali-
quots collected at different time points during fibril formation
were diluted 10-fold in 25 mM HCI, and 5 uL was applied to
carbon-coated grids (Carbon-B) (Pelco International, Redding,
CA) for 2 min. The grids were washed and negatively stained with
uranyl acetate (1%, w/v) in water and air-dried before being
examined with a Jeol 1230 transmission electron microscope
(TEM) at an accelerating voltage of 100 kV.

Exploring p-FTAA as an Anti-Amyloidogenic Agent. A
stock solution containing 5 mg/mL bovine insulin in 2 M acetic
acid and 500 mM NaCl was placed in a water bath kept at 50 °C
to induce formation of amyloid-like insulin fibrils. The fibrilla-
tion was performed with 0, 0.005, 0.050, 0.500, 5, 50, and 100 M
p-FTAA; 100 uL of each sample was withdrawn at specific time
points, and the optical density (OD) and p-FTAA emission were
recorded with Tecan Saphire 2 plate reader. The samples were
also analyzed by TEM as described above.

RESULTS

Fibrillation of Lysozyme. The time course of the nucleated
conformational conversion of a peptide or protein into its fibrillar
form, measured by conventional techniques, such as ThT fluore-
scence, typically includes a lag phase that is followed by a rapid
exponential growth phase and a plateau phase (2, 29). To
improve our understanding of the amyloid formation event, we
set out to search for small amyolid ligands that can be used as
probes for identification of prefibrillar aggregates that are present
during the initial lag phase. As previously reported LCPs have
been shown to give kinetic information regarding in vitro amyloid
formation similar to that of conventional dyes such as ThT (21, 22),
we decided to try the recently developed pentameric thiophene
derivative, p-FTAA (Figure 1A), which has previously been
shown to detect prefibrillar aggregates of the recombinant Af1—
40 peptide (28).

First we compared p-FTAA with ThT using a protocol
previously reported in a detailed study of the kinetics of lysozyme
fibrillation (30). The spectra from p-FTAA alone under acidic
conditions [10 mM HCI (pH 1.6)] or p-FTAA mixed with freshly
dialyzed unfolded lysozyme were similar with an emission maxi-
mum around 630 nm, indicating that p-FTAA forms z-stacked
aggregates under acidic conditions and that dye does not bind to
the unfolded lysozyme (Figure 1B). However, already after 2 h,
the emission spectrum of p-FTAA was altered and a new peak
with an emission maximum around 530 nm was observed, whereas
the magnitude of the peak at 630 nm decreased (Figure 1B). The
new peak most likely occurred due to an interaction between
p-FTAA and a prefibrillar state of lysozyme, leading to a disruption
of the m-stacked aggregates. The emission at 530 nm was
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FiGure 1: (A) Chemical structure of the sodium salt of p-FTAA. (B) p-FTAA fluorescence at early time points during fibrillation of lysozyme.
(C) ThT fluorescence at early time points during fibrillation of lysozyme. (D) p-FTAA fluorescence at later time points during fibrillation of
lysozyme. (E) ThT fluorescence at later time points during fibrillation of lysozyme. (F) Comparison between the kinetics of lysozyme fibrillation
using p-FTAA or ThT fluorescence. (G—I) TEM micrographs of aggregated lysozyme species from samples taken during the first plateau phase
observed with p-FTAA (G), the characteristic growth phase observed with ThT (H), and the final plateau phase (I).

decreased further and reached a saturation point after incubation
for 5 hand stayed steady up to 22 h, where an increase in emission
was observed again (Figure 1B). Interestingly, at a similar time
point, the emission from ThT was slightly enhanced, suggesting
that amyloid-like fibrils of lysozyme had occurred in the sample
(Figure 1C). Between 25 and 50 h, the intensity of the emission
from both of the dyes was increasing, and at longer incubation times,
the emission of ThT was stable; on the other hand, the emission
from p-FTAA was slightly decreasing because of the assembly of
a higher-order aggregated form of lysozyme (Figure 1D,E).
Hence, the characteristic kinetic behavior, an exponential growth
phase (between 25 and 50 h) and a plateau phase (50 h), of a
nucleated conformational conversion of lysozyme into amyloid-
like fibrils was observed upon examination of the emission from
both of the dyes. However, by plotting the ratio of the intensity of
the emitted light from p-FTAA at 530 and 630 nm, we observed
an additional growth phase and plateau phase prior to the normal
phases visualized by ThT emission (Figure 1F). The p-FTAA™
and ThT ™ species that were present during the earlier plateau
phase were further examined by transmission electron microscopy

(TEM), and as shown in Figure 1G, the predominant species
during this time frame consisted of small spherical clusters of
lysozyme. On the other hand, amyloid-like fibrils were observed
with TEM during the ThT" growth phase and the plateau phase
(Figure 1H,I). Notably, the appearance of the p-FTAA emission
spectrum was significantly altered during the second exponential
growth phase, and spectra with well-resolved substructure, emis-
sion maxima at 525 and 550 nm were observed (Figure 1D). Such
well-resolved spectral substructures have previously been ob-
served from p-FTAA bound to amyloid-like recombinant A1—
40 and Af1—42 fibrils and protein aggregates associated with
cerebral amyloidoses and are most likely induced by the rigid
fixation of the thiophene backbone upon binding within a defi-
ned fibril-binding pocket (28). Thus, the backbone of p-FTAA
seems to be constrained in a different fashion being bound to
ThT™ prefibrillar states or amyloid-like fibrils of Iysozyme, as the
spectral substructures were not observed at earlier time points.
Fibrillation of Bovine Insulin. Next we monitored the
fibrillation kinetics of insulin with p-FTAA fluorescence. Here
we chose a recently reported protocol, as insulin was shown to
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FIGURE 2: (A) ThT (left) and p-FTAA (right) fluorescence at different time points during fibrillation of insulin. (B) Comparison between the
kinetics of insulin fibrillation using p-FTAA or ThT fluorescence. (C) TEM pictures of aggregated insulin species at 40 min (left), 90 min (middle),
or 240 min (right) without (top row) or with (bottom row) p-FTAA during fibrillation.

assemble into amyloid fibrils through a hexameric oligomeric
unit under the conditions used (37). Similar to the observation for
lysozyme, the spectra of free p-FTAA or p-FTAA mixed with
native insulin under acidic conditions were similar and showed an
emission maximum at 630 nm (Figure 2A). However, already
after incubation for 40 min, the spectrum of p-FTAA was altered,
seen as an increased emission and a shift of the emission maxi-
mum toward shorter wavelengths (Figure 2A). At the same time
point, the fluorescence of ThT was not enhanced, showing that

there were no amyloid-like fibrils present in the solutions
(Figure 2A). This observation was also verified by TEM, which
showed only small aggregates of insulin at this time point
(Figure 2C). Hence, like the observations for lysozyme fibrilla-
tion, p-FTAA interacts with prefibrillar ThT ™ aggregates. How-
ever, the spectrum for p-FTAA bound to the prefibrillar aggre-
gates of insulin had a more well-defined vibrational substructure,
peaks at 525 and 550 nm, than the spectrum obtained from the
dye bound to prefibrillar lysozyme aggregates, and the intensity
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FiGURrE 3: Kinetics of insulin amyloid-like fibril formation having different concentrations of p-FTAA present during the fibrillation event. The
fibrillation was performed with samples with 750 #M insulin, and the samples were incubated at 50 °C in 2 M acetic acid and 0.5 M NaCl. The
formation of amyloid fibrils was monitored by the difference in optical density (OD) at 370 nm (A) or TEM (B and C). The difference in OD is
shown as the mean value of three independent samples for each p-FTAA concentration. The samples for TEM were taken after 240 min.

of the emission was also more pronounced. After 90 min, when
both ThT fluorescence (Figure 2A) and TEM (Figure 2C)
showed the presence of amyloid-like insulin fibrils in the solution,
the spectrum of p-FTAA was still showing the characteristic well-
defined vibrational substructure and the intensity of the emission
was increased compared to that after 40 min (Figure 2A). ThT
fluorescence showed that the exponential growth phase started
around 90 min and the plateau phase was reached at approxi-
mately 240 min (Figure 2B). A similar plot for p-FTAA fluores-
cence showed an earlier onset already after 40 min, and the maxi-
mum fluorescence signal was reached after 90 min (Figure 2B). At
later time points, the fluorescence decreased (Figure 2B) and the
emission spectrum was slightly red-shifted (Figure 2A), indicat-
ing that p-FTAA adopts a somewhat different conformation
bound to the insulin fibrils present at the different time points. A
red shift of the spectrum and a decrease in the intensity of the
emitted light are associated with stacking of the thiophene rings
(12), suggesting that collateral assembly of bundles of insulin
fibrils that are seen at 240 min (Figure 2C) will bring adjacent
oligothiophene molecules into close contact. Amyloid fibrillation
was also performed in the absence of any dye, and the results of the
TEM analysis were similar to those described above (Figure 2C).

Investigation of Whether p-FTAA Influences Insulin
Amyloid Fibril Formation Kinetics. As p-FTAA was found
to bind to prefibrillar aggregates for a diversity of amyloidogenic
proteins, it was important to investigate if p-FTAA influenced
the fibril formation reaction. Therefore, we decided to perform
experiments having different concentrations of p-FTAA present
during the fibrillation of bovine insulin. This protocol was chosen
as our model system, since the formation of insulin amyloid-like
fibrils can be verified by both TEM and optical density (OD)
measurements. As revealed by OD measurements, the kinetics of

insulin amyloid fibril formation were not considerably altered
even if 100 uM p-FTAA was present during the fibrillation event
(Figure 3A). Furthermore, mature bundles of amyloid-like fibrils
could also be verified by TEM in all of the samples analyzed
(Figure 3B,C), suggesting that the presence of relatively large
amounts p-FTAA, even though still substoichiometric, was
neither blocking nor accelerating the formation of insulin amyloid
fibrils under the conditions used (2 M acetic acid and 500 mM
NaCl). Thus, the kinetics of formation of mature amyloid fibrils
of insulin were not prevented or increased by the presence of
p-FTAA.

When analyzing the p-FTAA fluorescence, we observed a
similar kinetic behavior for all the concentrations used (Figure 4).
At time zero, before the formation of insulin aggregates, the
p-FTAA fluorescence was quenched and the emission maximum
was red-shifted toward longer wavelengths, indicative of 7 stack-
ing of adjacent thiophene chains, which is especially striking for
the higher concentrations of p-FTAA (Figure 4B,C). Similar to
what observed earlier, the intensity was increased after incuba-
tion for 40 min, and the emission maximum was shifted toward
shorter wavelengths. Notably, the well-resolved spectral signa-
ture was absent in the samples with a larger amount of p-FTAA
(Figure 4B.C).

Detection of ThT Negative PrP Aggregates. Finally, we
selected a protein system besides Ap1—40 (28) in which protein
aggregates of different types can be generated at a pH more
neutral than that used for lysozyme and insulin (above). We
herein evaluated p-FTAA for the detection of different confor-
mational isoforms of recombinant human prion protein 90—231
(PrP). For this purpose, we generated PrP oligomers and PrP
fibrils under denaturing conditions (32, 33), as well as PrP fibrils
under native conditions (34). No fluorescence response from
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FIGURE 5: p-FTAA (A) and ThT (B) fluorescence from different in vitro preparations of recombinant human PrP 90—231. Preparations of the
different PrP species are described in Methods and in refs (32—34).

p-FTAA was observed in the presence of native PrP, whereas not observed by ThT fluorescence. Notably, this preparation
p-FTAA exhibited an increased emission both for PrP fibrils and protocol for PrP oligomers has previously been shown of to be
for oligomeric PrP (Figure 5A). An increased ThT fluorescence the most potent activator of the innate immune complement
was only achieved for the two fibril preparations (Figure 5B) and system as compared to native PrP and fibrillar PrP (35), implying
not for the oligomers, in accordance with previous data (35). that p-FTAA recognizes a relevant biological active form of PrP

Hence, p-FTAA identified oligomeric PrP aggregates that were of these otherwise synthetically prepared oligomers.
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DISCUSSION

The identification of prefibrillar states preceding the formation
of well-defined amyloid fibrils is of enormous interest both
because of their likely role in the mechanism of fibril formation
and because of the growing awareness that such species are likely
to play a critical role in the pathogenesis of protein deposition
diseases, especially neurodegenerative cerebral amyloidoses such
as Alzheimer’s disease and prion diseases (/0—17). The finding
that specific antibodies can bind to prefibrillar states from diff-
erent sources, but not to their corresponding monomeric or
fibrillar states, suggests that these aggregated species have similar
common structural elements (/8). Despite the precise role played
by prefibrillar aggregates in the overall process of fibril forma-
tion, the identification of such species is crucial as these species
could be the primary toxic agents involved in neurodegenerative
disorders (13—15). Small amyloid ligands, such as thioflavins or
derivatives of Congo red, can reliably identify the presence of
amyloid fibrils but are limited in detecting prefibrillar aggregates.
Therefore, it would be desirable to expand the arsenal of amyloid
ligands available for the detection of prefibrillar aggregates, and
here we exploited the unique opto-physical properties of an
anionic pentameric thiophene derivative, p-FTAA, to identify
prefibrillar states preceding the formation of amyloid fibrils.

As we demonstrated, p-FTAA can be used as an optical tool
for identifying prefibrillar species of lysozyme, insulin, and PrP.
Besides its obvious practical usefulness for studying the fibrilla-
tion process of proteins, p-FTAA might be used as a scaffold for
the development of sensitive detectors for protein aggregates that
can be utilized for clinical diagnostics of protein misfolding and
aggregation disorders. In tissue sections, p-FTAA appears to
bind preferentially to protein aggregates with repetitive cross-{3-
sheet structures, whereas other molecules physiologically present
in the tissue are left unstained (28, 36). Furthermore, other thio-
phene-based LCPs have shown to identify both nonthioflavino-
philic and noncongophilic prion aggregates (25, 27). This could
mean that LCO or LCP fluorescence yields stronger signals than
thioflavin T and Congo red birefringence, resulting in higher
sensitivity and detection of deposits that would have gone
undetected with other conventional amyloid ligands. Alterna-
tively, the collection of aggregate topologies identified by the
LCOs and LCPs may include a subset of those that can be stained
with thioflavin T or Congo red as well as deposits not formally
qualifying as amyloid. Whether the LCOs better performance in
identifying proteins deposits is due to higher sensitivity or to
elementary differences in the biophysical nature of the detected
protein deposits, it seems to be a general mechanism for a variety
of proteins. A repetitive thiophene core motif seems to be a pre-
ferable structure for obtaining high-affinity amyloid ligands, and
except for LCPs and LCOs, other ligands with shorter thiophene
cores have been reported (37, 38). Hence, it would be of great
interest to explore LCOs with different lengths of the repetitive
thiophene core motif, and such experiments are ongoing in our
laboratories.

Exploring LCOs with distinct amounts of thiophene moieties
would also be essential for understanding the fundamental
spectral properties of these molecules that are achieved upon
interaction with protein aggregates. This understanding is highly
significant for taking full advantage of the conformation-depen-
dent optical information that can be achieved from the LCOs
when analyzing the spectral data obtained from the dyes bound
to protein aggregates. Both LCPs and LCOs have previously
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been proven to be useful for spectral distinction of heterogenic
populations of protein aggregates (24, 25, 28) and for spectral
assignment of distinct types of protein aggregates (36, 39). Here-
in, we also observed some indications that a certain spectroscopic
signature might be associated with a distinct prefibrillar species.
However, the spectral signature from p-FTAA bound to a distinct
aggregated species was also highly dependent on the concentra-
tion of dye used. It is important to emphasize that the spectral
signature from p-FTAA is only an indirect read-out of the
morphology or conformation of the aggregated proteinaceous
species that is targeted by the dye, and as shown previously (28),
the side chain functionalizations and the positioning of these
groups are also important in obtaining a spectral distinction
between distinct protein aggregates. Hence, creating a molecu-
larly diverse library of LCOs, having a certain amount of
repetitive thiophene units and proper side chain functionaliza-
tion, and screening this library for distinct amyloid molecular
targets are essential for gaining further insights regarding the
spectral signatures achieved from LCOs bound to distinct protein
aggregates.

We also explored if p-FTAA interfered with the protein aggre-
gation process. Notably, relatively high concentrations of p-FTAA
did not seem to influence the kinetics or formation of insulin
amyloid fibrils under the acidic conditions used herein. Appar-
ently, the driving force for amyloid formation of insulin under
these conditions is dictated by the strong affinity between insulin
molecules to form the cross-S-sheet structure. Our results should
be taken with caution; the acidic conditions used lead to protona-
tion of p-FTAA, resulting in strong affinity between p-FTAA
molecules as noted by the red-shifted fluorescence of the free dye
under these conditions. Hence, the probed concentrations up to a
stoichiometry of '/5 of that of insulin are likely less available for
binding to insulin than forming an assembly of stacked LCOs.
This in addition indicates that for p-FTAA a micellar inhibitory
effect like that previously described for in vitro amyloid suppres-
sors (40) cannot efficiently cap a growing insulin fibril under the
conditions used. These data do by all means rule out the possibi-
lity that p-FTAA might serve as a pharmacophore for developing
therapeutically active agents for protein aggregation diseases. In
particular, it is obvious that p-FTAA strikes at the pathological
hallmarks, i.e., protein deposits, of these diseases (28, 35). As
p-FTAA in addition targets prefibrillar species, minor alterations
of the molecular structures in a similar fashion to -sheet break-
ing peptides (41, 42) might efficiently prevent the amyloid fibril
formation or block the toxicity of the prefibrillar species.

In conclusion, we have shown that a pentameric thiophene
derivative, p-FTAA, can be utilized for the detection of prefi-
brillar nonthioflavinophilic protein aggregates during in vitro
fibrillation of a variety of amyloidogenic proteins. We foresee
that p-FTAA will be utilized as an additional tool for studying
the formation of protein aggregates and serve as a molecular
scaffold for expanding the toolbox of amyloid ligands.
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