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Abstract Since it was implicated in a number of neurodegener-
ative conditions, such as Alzheimer disease, formation of b-sheet-
rich protein fibrils (amyloids) has been drawing a lot of attention.
One of elusive aspects of amyloidogenesis concerns the mecha-
nisms of specific binding of molecules such as Congo red, or Thi-
oflavin T by amyloid fibrils. A comprehensive understanding of
these docking interactions is needed, however, for the sake of fur-
thering biochemical studies and developing molecular, pharmaco-
logical strategies preventing proliferation of amyloids in vivo.
Through the application of circular dichroism, here we show that
upon binding to insulin fibrils, a twisted conformation is enforced
in molecules of Thioflavin T, manifested in a strong negative Cot-
ton effect around 450 nm, which is supported by density functional
theory–based calculations. This finding may lead to circular
dichroism of Thioflavin T becoming a new diagnostic technique
for protein fibrils, complementary to fluorescence spectroscopy.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Thioflavin T (ThT) is an optically-inactive fluorophore pos-

sessing high affinity toward amyloid fibrils [1,2]. A ThT mole-

cule consists of a pair of benzothiazole and benzaminic rings

freely rotating around a shared C–C bond. Should the free

rotation of ThT be hindered, e.g., by viscosity, the molecule

exhibits strong fluorescence at 482 nm, when excited at

450 nm [3]. This is particularly the case of ThT-amyloid com-

plexes, wherein the rotation is effectively blocked and quantum

yield of the fluorescence is at its highest [2,3]. While studies

employing ThT fluorescence have become routine, conforma-

tion and optical properties of the amyloid-trapped fluorophore

are unexplored. In this study, we used insulin fibrils as a model

amyloid scaffold and a target for ThT.
2. Experimental

The fibrils were prepared by vortexing (60 �C, 750 rpm) 1 mM bo-
vine insulin (from Sigma, USA) in 0.1 M NaCl, pH 1.8, in the presence
of varying concentrations of ThT. After 40 h, fluorescence, UV-
*Corresponding author. Fax: +48 22 632 42 18.
E-mail address: wdzwolak@unipress.waw.pl (W. Dzwolak).

0014-5793/$30.00 � 2005 Federation of European Biochemical Societies. Pu

doi:10.1016/j.febslet.2005.10.048
absorption and CD-measurements of mature aggregates followed.
The fluorescence spectra were collected at room temperature on
AMINCO Bowman Series 2 luminescence spectrometer (excitation at
450 nm, 3 repetitions, 10 mm cuvette), whereas circular dichroism
(CD) spectra were acquired with a Jasco 715 CD System equipped with
1 mm pathlength cuvettes.
For calculations of ECD spectra of the resulting structures, B3LYP

functional and 6-311++G\\ basis set were used (Gaussian 03 program
package [4]). The theory underlying ECD calculations has been
described elsewhere [5].
3. Results and discussion

The VIS-CD spectra in Fig. 1A reveal a previously unknown

feature of amyloid-bound ThT: a profoundly negative Cotton

effect centered around 450 nm, which coincides with UV

absorption maximum of the complex [3]. In the studied range

of ThT:fibrils (per monomers) molar ratios (1:200 to 1:1), the

extrinsic CD signal grows linearly with the ThT share. Even

in the most diluted ThT samples (1:100 and 1:200), a propor-

tional CD is detectable. The fluorescence intensity increases

proportionally at the low, but levers off at the higher dye�s con-
centration (Fig. 1B). This is paralleled by an initially single, then

split absorption band, as seen in the second derivative UV-

absorption spectra (inset in Fig. 1B). Fig. 2 quantifies ellipticity

and fluorescence intensity of ThT-insulin amyloid samples.

An induced optical activity in an otherwise achiral system,

such as ThT, may either result from enforcing a chiral confor-

mation in single molecules of the dye, or, from a chiral assem-

bly of achiral molecules. In the latter scenario, proximity and

proper orientation of interacting chromophores are crucial

for a measurable ECD signal to occur. The presented data

show that ‘‘dilution’’ of ThT and subsequent spatial separation

of the dye molecules has no significant effect on CD signal.

The linearly increasing (with ThT concentration) ‘‘ellipticity

[deg]’’ (Fig. 2) follows from the fact that ‘‘molar ellipticity

[deg cm2 dmol�1]’’ and therefore rotationary strength of the

amyloid-bound dye molecules is constant. This observation

may be only reconciled with a twisted, optically-active confor-

mation assumed by ThT molecules upon binding to the fibrils.

Interestingly, the wide linear range of the CD vs. [ThT], com-

pared to the fluorescence intensity plot (Fig. 2) and UV-absorp-

tion data (Fig. 1B, inset) implies a large number of docking

spots for the twisted ThT molecules. At the high concentration,

incoming ThT molecules, while still binding to fibrils are likely

to interact, which may quench fluorescence (Fig. 2) and affect

the UV absorption spectrum. Strong absorption of concen-

trated ThT may per se decrease fluorescence intensity.
blished by Elsevier B.V. All rights reserved.
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Fig. 1. Circular dichroism (A), fluorescence emission kexcit = 450 nm
(B), and second derivative UV-absorption spectra (B-inset) of insulin
fibrils doped with ThT at various ThT:amyloid molar ratios – 1:1 (a),
1:2 (b), 1:5 (c), 1:10 (d), 1:20 (e), 1:50 (f), 1:100 (g), 1:200 (h); at 25 �C,
in 0.1 M NaCl, pH 1.8. For CD and UV-absorption samples with
uniform 1 mM insulin in 1 mm cuvettes were used. For fluorescence
measurements, samples were diluted 11-times with 0.1 MNaCl, pH 1.8.
Control experiments with native insulin showed no CD signals of ThT.
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Fig. 2. Dependence of ellipticity (filled circles) and fluorescence
intensity at 482 nm (empty squares, kexcit = 450 nm) of 1 mM insulin
amyloid (per monomer) on ThT concentration.

Fig. 3. A twisted, optically-active conformer of Thioflavin T binds to
insulin amyloid giving rise to the strong negative Cotton effect.
According to the DFT data, the dihedral angle w between the planes of
the benzothiazole and benzaminic rings is +34.6� for an isolated
molecule.
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Seeking to determine the particular ‘‘twisted’’ conformation

binding to fibrils with the negative Cotton effect, geometry of

an isolated ThT cation has been optimized using density func-

tional theory (DFT) with B3LYP exchange-correlation func-

tional and the 6-311G\\ basis set. The structure resulting

from the DFT calculations has a dihedral angle w (see

Fig. 3) of 34.6�, and it is separated from its mirror image by

a barrier of 13.2 kJ/mol (the ‘‘ambient’’ flat conformation is

a transition state between the two minima). This low barrier

explains the lack of optical activity in free ThT. As the conver-

sion between the two enantiomeric minima is very rapid, the

system is, on the average, of Cs symmetry. If a chiral environ-

ment (such as right-handed amyloid fibrils) traps ThT mole-

cules, the conversion is hindered, and the sterically-favored

chiral conformer prevails. According to the theoretical calcula-

tions, the structures with positive dihedral angle w exhibit

strong negative circular dichroism for the HOMO–LUMO

transition. Therefore, we propose that the experimentally ob-

served negative extrinsic circular dichroism of the amyloid-

bound ThT may originate from the dye acquiring a twisted

conformation, like the one shown in Fig. 3.

According to Krebs et al. [6], flat ThT molecules bind amy-

loids in a parallel alignment to the fibril axis. Our study sug-

gests that the locking of the dye molecule in the matrix of

perpendicular b-strands and side-chain residues accommodates

a significantly twisted, rather than flat molecule. Extrinsic CD

of small molecules binding to proteins is not exceptional (e.g.

[7,8]). Showing this effect for ThT, a selective ligand for amy-

loid fibrils, is advantageous, because chiral bias, or more pre-

cisely: handness (fibrils� supramolecular twist) of fibrils can

be rationalized to play a key role in determining the sign of

the induced CD. In this context, interactions of Congo red

with amyloids should be also revisited [8,9]. The ubiquitous

left-handness of amyloids can be explained as a hierarchical

consequence of the left-handness of LL-amino acids in biological

proteins, from which fibrils are formed [10]. Because insulin fi-

brils are no exception in this regard, and alternative ‘‘right-

handed’’ protein enantiomers do not exist in nature, we used

a pair of fibrillogenic [11] sequenceless polypeptides – poly(LL-

lysine) and poly(DD-lysine) to show that binding to ThT actually

induces: a negative and a positive Cotton effect, respectively

(Supplementary Information).
4. Conclusion

Upon binding to Thioflavin T, insulin amyloid induces a

twisted conformation in the dye, likely to follow from the chiral
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bias of the fibrils, and therefore adding a complementary to

fluorescence spectroscopy diagnostic approach to protein

fibrils.
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Appendix A. Supplementary data

CD spectra of ThT with poly(LL/DD-lysine) fibrils, output of

the DFT calculations. Supplementary data associated with this

article can be found, in the online version, at doi:10.1016/

j.febslet.2005.10.048.
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