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Quantum-chemical calculations of the Thioflavin T (ThT) molecule in the growrah8 first excited singlet

S, states were carried out. It has been established that ThT in the ground state has a noticeable nonplanar
conformation: the torsion angke between the benzthiazole and the dimethylaminobenzene rings has been
found to be~37°. The energy barriers of the intramolecular rotation appearing &t0 and 90 are quite

low: semiempirical AM1 and PM3 methods predict values00 cnt and ab initio methods-1000-2000

cm L. The INDO/S calculations of vertical transitions to thg®® excited state have revealed that energy
Es/@ is minimal for the twisted conformation witp = 90° and that the intramolecular charge-transfer
takes place upon the ThT fragments’ rotation frgm= 0 to 9C. Ab initio CIS/RHF calculations were
performed to find optimal geometries in the excitedstte for a series of conformers having fixgdalues.

The CIS calculations have predicted a minimum of thestate energy ap ~21°; however, the energy
values are 1.5 times overestimated in comparison to experimental data. Excited state energy dependence on
the torsion angle, obtained by the INDO/S method, reveals tkaf™°) is minimal atp = ~80—100°, and

a plateau is clearly observed for torsion angles ranging from 20%oc@&®the basis of the calculation results,

the following scheme of photophysical processes in the excitela® of the ThT is suggested. According

to the model, a twisted internal charge-transfer (TICT) process takes place for the ThT molecule in the excited
singlet state, resulting in a transition from the fluorescent locally excited (LE) state to the nonfluorescent
TICT state, accompanied by torsion anglgrowth from 37 to 90. The TICT process effectively competes

with radiative transition from the LE state and is responsible for significant quenching of the ThT fluorescence
in low-viscosity solvents. For viscous solvents or when the ThT molecule is located in a rather rigid
microenvironment, for example, when it is bound to amyloid fibrils, internal rotation in the dye molecule is
blocked due to steric hindrance, which results in suppression of the-OECT quenching process and in a

high quantum yield of fluorescence.

Introduction changes in fluorescence quantum yield (QY) upon ThT binding

to amyloid fibrils is still unclear. Several explanations of ThT

P i fluorescence properties were proposed. The formation of ThT
2

commonly known as amyloid fibrils? and deposition and dimerg112 or micelles® was suggested to be responsible for

accumulation of such aggregates in organism tissues lead to . . . . ) .
number of serious diseases, such as neurodegenerative Alzh(‘;f_luorescence intensity alteration. A weak point of this hypothesis

imer's and Parkinson's diseases. cataractst®tThioflavin is a low probability of dimerization or aggregation due to the

T (ThT) (Figure 1) forms a highly fluorescent complex with nonzero positive_ charge of the dye. Furthermore,_ it has been
amyloid fibrils and is widely used for their detectiént® It was already emphasizéfithat some erroneous conceptions related

reported that the intensity of ThT emission selectively increased teoxﬂ:a?i;Zztzfgg;rgiltiggospzmjes rvggéigeuift%hﬁrﬁ’iggr choice of
by several orders in the presence of amyloid fibtilmportantly, P P P X

ThT does not interact with folded or partially folded monomeric f On the othgr har:jd, dit W?‘SI repor_ted t_hat thﬁ QE of Thl—l
proteins, soluble oligomers, or amorphous aggregates, or uorescence depended mainly on viscosity rather than on the

interaction of ThT with these species is not accompanied by pplarity or pro.ti(': properties of §olven%$715 and the growth .Of
noticeable changes in its fluorescerice. viscosity or ngldlty of the microenvironment resulted_ln a
However, in spite of the wide applications of this probe for isr:?rrg;céllgt:az;Z(r:\frzseefrg:;zrb;?(gssz?gsstf%? :Egtfﬁjgﬁg’é%ﬂfged
detection purposes, the underlying mechanism of the dramancand that ThT behaves as a molecular réfge.17
*To whom correspondence should be addressed. TéB75-152- The most prominent feature of the compounds referred to as
743414, Fax:+375-152-731910. E-mail: stepuro@grsu.by. molecular rotor$-22 is the significant fluorescence increase
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Figure 1. Chemical structure (A) and spatial model (B) of ThT cation.
S, C, and N atoms are shown in yellow, cyan, and blue, respectively.
Benzthiazole ring (1), benzene ring (I1), and dimethylamino group (IIl)
are boxed.

upon introduction into high-viscosity media due to the decreased
torsional relaxation in the molecule. Internal rotation of mo-
lecular groups or fragments is associated with intramolecular
charge-transfer process®g? leading to transitions from the
fluorescent locally excited (LE) state to the nonfluorescent
twisted internal charge-transfer (TICT) state.

Detailed information about the structure and molecular

Stsiapura et al.

approximation for a variety of organic and inorganic molec#é%

In particular, such a conclusion was made for dimethylami-
nobenzonitrile!! a molecule that underwent intramolecular
charge transfer accompanied by twisfifilp the excited state.

Excited state properties (energies, oscillator strengths of
electronic transitions) for ThT conformers were obtained using
semiempirical method INDO/®, taking into account the
configuration interaction of five occupied and five unoccupied
molecular orbitals. Charge redistribution among molecular
fragments upon transition of the molecule to the excited state
was calculated using transition density matrix formalf$rif.

All calculations (with the exception of INDO/S) were
performed using the PC Gamess*&nd Wingamess (version
R2, December 12, 2003) versions of the Gamess-US quantum-
chemistry packag®. The energies of the excited states, charge-
transfer probabilities, and oscillator strengths of the electronic
transitions were calculated using a set of programs developed
by one of us (V.A.K). Conformer geometries and the molecular
orbitals were visualized using the Molekehnd ArgusLaf®
programs.

Results and Discussion

The structure of ThT is represented in Figure 1. The molecule
can be divided into three fragments of chemical significance:
the benzthiazole ring (fragment 1), the benzene ring (fragment
II), and the dimethylamino group (fragment Ill). These three
groups are rather rigid, and one can expect that both structure
and photophysical behavior of ThT should be determined mainly
by their spatial orientations. Taking into account these assump-
tions, we selected two torsion angles(N5—C6—C12-C13)
andy (C14—C15-N18—-C19), to detect and analyze probable
conformations of ThT in the ground state. These torsion angles
@ andy define spatial orientations of fragment Il relative to
fragment | and of fragment IIl relative to fragment I,

properties of ThT in the ground and excited states is needed torespectively (Figure 1).

obtain insight on photophysical processes in the molecule. The

present work was initiated to provide this information and
establish the mechanism of the unique sensitivity of the dye
emission to amyloid fibril presence.

Computational Methods

Semiempirical AM% and PM34and ab initio methods (basis
sets 3-21& and 6-31GF) were used to calculate the geometry
and energy of the ThT catio &= +1) in the ground &state.

A more accurate description of the conformers corresponding
to the minima and the saddle points on the potential energy
surface was achieved by the additional geometry optimization
using an extended 6-31G(d?p)basis set, which includes d
orbitals for C, N, and S atoms and p orbitals for H atoms.
Electron correlation effects were taken into account using the
Mgller—Plesset second-order perturbation theory method (MP2)
as described earli@?.

The ThT geometry in the excited singlet state W8as
calculated using a configuration interaction with the singles
(CIS) method® using 3-21G and 6-31G basis sets. A relatively
large molecular size of ThT imposed significant computational
difficulties when more accurate multiconfigurational (MCSEF)
or coupled-clustét methods were applied. Therefore, we limited
our investigations of excited state geometries to the CIS/RHF
level only. A comparison of excited state energies calculated
by this ab initio method with experimental data showed that
the CIS method gave overestimated valte$> Nevertheless,
geometries obtained at the CIS level as well as molecular

Other parameters of molecular geometry (excemnd )
are denoted as a set of the parametersHereinafter, we
designate parameters, optimal for the grougdidte, asy =
wo and for the first excited singlet state as= w.

At a first stage, optimization of ThT geometry at fixed
andy angles, ranging from 0 to 38Qvith a step of 30, was
carried out using semiempirical methods AM1 and PM3 to
detect conformations with minimal energy. Parametgergere
allowed to vary during the conformation search. These calcula-
tions gave the dependence of the ground state energy
Eso@,,w0) on thep andy angles (Figure 2). One can see
eight minima on the energy surface, which correspond to stable
conformations with almost identical energiesgat= 37, 145,

217, or 328 andy = 0 or 180.

Thus, the computations show that benzthiazole and benzene
fragments are not coplanar in the ground state and that the angle
between their planes is equal go= ~37° (small nonplanar
distortion of the rings can be neglected). Minima of the
Eso@,y,wo) function atp = 37, 145, 217, or 325(Figure 2B)
appear to be due to steric interactions of the benzthiazole methyl
group with hydrogen atoms of benzene (fragment Il). Substitu-
tion of the methyl group at the N5 atom with hydrogen is
expected to result in a planar conformation of the molecule with
a commonr electronic system. Semiempirical AM1 calculations
confirm the assumption maedor this case, the energy of the
ground g state achieves its minimal value for planar conforma-
tions with ¢ = Oor 180.

Figure 2C shows that the dimethylamino group and the

properties are quite reasonable and correct, at least as a firsbenzene ring of the ThT molecule are coplanar in the ground



Thioflavin T Torsional Relaxation in the Excited State J. Phys. Chem. A, Vol. 111, No. 22, 2004831

B

2100

Figure 2. Dependence of ThT ground state energyoandy angle values. (A) Energy surfa&d¢,y,wo) Vs ¢ andy. (B) Energy dependence
on ¢ angle ¢ was allowed to vary). (C) Energy dependenceyoangle ¢ was allowed to vary). Calculations with AM1 method.

TABLE 1: Ground State Energy and Dipole Moments for Selected ThT Conformers
calculation method ~ gmir? (deg) E(g = 0) — E(gmn) (cm™)  E(¢ = 90) — E(gmr) (cm™) (¢ =0) (D) u(¢mir) (D) u(g = 90) (D)

AM1 37.0 660 670 1.8 1.4 2.2
PM3 32.2 410 720 2.9 2.2 4.1
RHF/3-21G 37.0 1220 1560 3.8 3.1 3.1
RHF/6-31G 37.4 1250 1520 3.5 2.9 3.
RHF/6-31G(d,p) 415 1550 1080 3.1 2.4 2.8
MP2/RHF/6-31G 436 1500 1180 3.6 2.8 3.1
MP2/RHF/6-31G(d,p) 45.6 2080 1450 2.7 2.0 2.6

aTorsion angle for the stable conformation in thestate.

state withy = 0 or 180, which is caused by the conjugation become slightly larger. Nevertheless, we can conclude that even
effects. It must be noted that upon dimethylamino group rotation, calculations with the 3-21G basis set reproduce the features of
its planarity is distorted, leading to non-symmetrical shapes of the ground state energy profile rather well.
barriers in the energy profile versysangle. It is noteworthy that stable conformers possess smaller dipole
Because of the symmetry of a potential energy profile along moments than conformers near saddle points on potential energy
the torsion angleg andy, we may limit our further calculations  profiles (Table 1, Supporting Information). Therefore, one may
only to the 0-18C interval. We have established that the energy expect that the barriers’ heights for mutual rotation of fragments
barrier (Figure 2B and Table 1) between the neighboring minima | and Il will be even lower for ThT in polar solvents.
on the potential energy surfaBg((p,y,wo) associated with the Although the barriers on thEsy(g,wo) profile atgp = 90°
change in the torsion angle and correspondent to mutual (or 27C) andg = 0° (or 18C) have similar magnitudes, the
rotation of the fragments | and Il along the €612 bond is nature of their appearance is different. The energy barrier at
relatively low, AE = ~700 cnT! (AM1 method). The value of = 0° (or 180) (planar conformation of ThT) results due to steric
the potential barrier corresponding to rotation of the dimethy- interactions of the methyl group of the benzthiazole ring with
lamino group relative to the benzene ring is roughly 4 times the hydrogen atoms of the benzene fragment, whereas the barrier
higher AE = ~2800 cn1? (Figure 2C). atp = 90° (or 270) (twisted conformation of ThT) is caused
Qualitatively similar results were obtained using semiem- by the weakening of interactions betweesystems of fragment
pirical PM3 and ab initio methods with basis sets 3-21G and | and fragments Il and Ill. It is noteworthy that positive charge
6-31G (Figure 3A and Table 1). In the latter case, the potential is localized mainly on the benzthiazole ring (fragment 1), in
barrier of the fragments | and Il rotation along the-€&12 particular, for a twisted conformation witp = 90° (or 270).
bond is higher AE = ~1200-1300 cnt! at anglesp = 0 or As follows from ab initio RHF/3-21G calculations (Figure 3D),
180° andAE = ~1500 cnT! atp = 90 or 270). However, for twisting of ThT along the C6C12 bond results in the growth
an extended basis set 6-31G(d,p) or when correlation effectsof total charge of the benzthiazole frof0.6e (p = 0°) to +0.7e
are taken into account using the MP2 method (Table 1), the (p = 37°) and+0.8 (¢ = 90°).
barrier energies noticeably decrease for conformers with Taking into account a rather low contribution of the dim-
~90° (or 27C) and increase for conformers wigh= ~0° (or ethylamino group in the frontier molecular orbitals of ThT
180C°). Moreover, values of the angte for stable conformers  (Figure 4), we further considered only the effect of the torsion
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Figure 3. Properties of the grounch@nd first excited state;8°)for conformers with differenp angles. Conformer geometries and other ground

state properties were calculated by ab initio methods using basis sets 3-21G and 6-31G. Properties of the first excited state were obtained using

INDO/S method. (A) Energy of the ground, State. (B) Energy of the first excited statg®%) (C) Oscillator strength for the first electronic
transition $ — S,@s) calculated with INDO/S method. (D) Total charge of benzthiazole fragment in the groumddSirst excited g2°s) states.
Conformers geometries were optimized using 3-21G basis set. Charge-tradgfes between fragments upon transition to the excited state was
calculated using INDO/S, and the benzthiazole charge,®@*State was computed &S;@s) = Z(Sy) + AZinpo.

angle ¢ (i.e., effect of fragment | and fragment Il mutual

(more precisely ong and w;) is needed to predict real

rotation) on the position of energy levels and other properties conformational changes in the excited state. It is reasonable that
of the molecule. Therefore, it is reasonable to include the this dependence may be determinedtgs— Esi(¢,w1), where

variable torsion angley into the set of parametets.

Esi(¢,w1) has to be obtained according to the previously

The INDO/S method was used to determine the energy of mentioned procedure utilized to calculate thestate properties.

electron transition to the FranelCondon $@bs)state, the first

However, even now, one can note that the character of the

excited singlet state, which resulted immediately after photon excited § state properties’ dependence on anglewill be
absorption. In these calculations, geometries of the conformerssignificantly different from the character correspondent to the

in the ground stateg®btained by ab initio methods with basis
sets 3-21G and 6-31G were used. The energy of the Franck
Condon stat&s@s{¢p,we) of ThT was determined as a sum of
the energy in the ground stateso(@,wo), obtained by ab initio
methods, and the energy difference betwegarl S@s)|evels,
AEnpo(p,wo), calculated by the INDO/S method. Figure 3B
represents the dependence of Bg@sp,wo) level position
on the torsion anglep. One can see that the energy of the
Franck-Condon state has a minimal value for the twisted
conformation of ThT withp = 90°. Application of wider basis
set (6-31G) resulted in only a slight shift in energy of th&S)

ground 9 state. Indeed, shapes of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) for the ThT conformers depend significantly
on the anglep, and their localization on fragments-lll is
changed greatly (Figure 4). One can expect this result since
conjugation between the electronic systems of the fragments

I and Il atp = 0° (saddle point) or nearly = ~37° (potential
energy minimum) completely disappears wheris equal to
90°. This indicates that energy surfaces of thg¢Svo) and
Si(p,w1) states must have essentially different features and that
electronic transitions to the excited state will be accompanied

level, and qualitative characteristics of the curve remained by significant charge transfer among ThT fragments (Figure 3D).

invariable. The data obtained allow us to suggest that after

transition of ThT to the excited;8state, the torsion angte
will rise from 37 to 90, and the molecule will tend to adopt a

As it was mentioned earlier, for the molecule in the ground
S state, a positive charge is localized mainly on the benzthiazole
cycle (fragment 1), and its value increases fr@m= +0.6e to

new conformation with twisted benzthiazole and benzene rings. +0.8 upon anglep growth from 0 to 90 (i.e., upon the ThT
However, it should be mentioned that the dependence ofithe S rings twisting). Transition to the excited(®9) state results in

state energy (but not of the(&s)state) on nuclear coordinates

redistribution of electron density and the transfer of negative
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Figure 4. HOMO and LUMO of ThT conformers with different angles

¢ between rings. Orbital shapes were calculated using INDO/S method

for conformers with geometries optimized by RHF/3-21G. Negative
and positive values of wavefunctions are depicted in red and blue.

charge to fragment | (Figure 3D). It is noteworthy that the
magnitude of the transferred charge increases with aagle

growth from 0 to 90 and that the overall benzthiazole (fragment
I) charge in the FranckCondon $@s) state decreases from

Z = +0.4% (planar conformation) te-0.1e (twisted conforma-
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in contrast to results for the non-relaxed staf&Yg,wo), where
energy was minimal at 90However, it must be noted that the
error of energy overestimation by the CIS method was higher
than the variation ofEsi(g,w;1) values on theg angle
(Table 2).

Therefore, the INDO/S method was used again to determine
energies of conformers with geometries optimized in the excited
state. Initially, the ab initio method was utilized to obtain the
energy Esfp,w1) of the ground state. Then, for a given
geometry, the energy differenéeEnpo(p,w1) between $and
S; levels was calculated by the INDO/S method. Obtained
dependenceE51(f'“°’)(¢,wl) = Es((¢7,a)1) + AE|NDO(§0,C()1)
(Figure 5) has a minimum ap = ~80—100C in accordance
with the energy of the $°s{p,w) level but not atp = ~21°
as predicted by the CIS method. At the same time, the
Es uo(¢,w1) curve has a plateau for angjevalues ranging
from 20 to 50 (Figure 5), and taking into account the data of
ab initio CIS calculations, we cannot exclude the possibility of
a shallow minimum existence in this region.

Obtained dependences of oscillator strength for the electronic
transition SN (¢,w1) — So(¢,w1) and of the benzthiazole
charge on the torsion angte (Figure 6) are similar to those
for the Franck-Condon $@°s{¢,w) state (Figure 3). One can
see that a significant change of molecular properties occurs upon
ThT fragments twisting with a deflection point ¢f = ~60°.

It is noteworthy that the oscillator strength of the electron
transition changes its magnitude frdrnr ~0.8—1.0 (@ ranges
from O to 50) to f = ~0 (¢ ranges from 70 to 9). Thus,
twisting of the molecule leads to alteration of the lowest excited
state nature, and two different types of electronic states can be
distinguished. Taking into account charge redistribution char-

tion). This indicates that intramolecular charge transfer occurs acter between ThT fragments, which takes place in the excited

in the excited singlet state;&s) of ThT upon rotation of the
torsion anglep from 37 to 90 and that this process is favorable
in energy (Figure 3B,D).

Importantly, the common domain of localization of the
HOMO and LUMO is negligible for the twisted conformation
of ThT with torsion anglep = 90 or 270 (Figure 4 and
Table 2). As a result, the oscillator strength for an electronic
transition between theoSand the $abs) states (Figure 3C) is
close to zero for the twisted conformation (i.e., this state is
nonfluorescent since optical transition is forbidden).

To obtain the energy surfadesi(¢,w1), geometries of the
ThT conformers with fixedp values in the first excited- state
were optimized using the CIS/RHF/3-21G method (Supporting
Information). As it was already mentioned, the CIS method

state (Figures 3D and 6B) as compared to the ground state, it is
suitable to denote these states as the LE state (~0—50°

andf = ~0.8—1.0) and the TICT statey(= ~70—90° andf =
~0).
Thus, taking into account the features &so(@,wo),

Es1@s{¢,wo), and Es o) (¢,w;) dependences, the following
model of photophysical processes in the ThT molecule may be
suggested (Figure 5). A rather low700—-1500 cnT! depend-

ing on the calculation method) barrier of fragments | and Il
mutual rotation separates several nonplanar conformers of
similar energy with torsion angles = ~37, 145, 217, or 325
These conformers can be effectively excited to thié*Slevel

by a photon, and the oscillator strength for the corresponding
So— S@s)transition is high (Figure 3C). Further relaxation of

significantly overestimates the energies of the excited states;the Franck-Condon state §0%)results in geometry alteration
however, predicted geometries are quite reasonable. In the casef the molecule in the excited state (i.e., changes of torsion angle

of ThT, the calculated energies of thg(@,w,) state were also

considerably higher than expected. The minimum on the

potential energyEsi(¢,w1) profile was observed g = ~21°

@ and the set of geometrical parameteis
Consider photoexcitation of the conformer with= ~37°.
One can distinguish two relaxational processes in the excited

TABLE 2: Molecular Properties for Selected ThT Conformers in Ground and Excited Singlet States

method @p=0° @ =37 @ =90°
Eso(@,0) — Eso(@ = 37°,w0) (cm ™) RHF/3-21G 1250 0 1560
w(So(p,w0)) (D) RHF/3-21G 3.8 3.1 3.1
Esi(@,wo0) — Esd@,wo) (cm™1) CIS/RHF/3-21G 35120 36140 38940
Es{@{¢,0) — Esd(@,w0) (CmL) INDO/S 25360 25060 21270
u(Si(@.w0)) (D) CIS/RHF/3-21G 5.4 7.0 14.4
oscillator strengthi(So(¢,wo) — S1@°X@,w0)) INDO/S 1.16 1.01 0.00
Esi(g,w1) — Eso(g,w1) (cm™Y) CIS/RHF/3-21G 30790 32710 27910
Es{™o0(@,m1) — Eso(qp,w1) (Cm™Y) INDO/S 21670 23010 13210
w(Si(p.01)) (D) CIS/RHF/3-21G 4.4 5.9 13.7
Esd@.w1) — Esd@ = 37°,w0) (cm ™) RHF/3-21G 3800 1730 7620
oscillator strengtti(So(¢,w1) — Si™)(p,w1)) INDO/S 0.88 1.00 0.00 (fop = 80°)
#(So(,1)) (D) RHF/3-21G 4.9 4.0 2.8
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were optimized using 3-21G basis set. Arrows denote absorption (1), fluorescence from LE state (2), torsional relaxation process from LE to TICT
state (3), and nonradiative transition from TICT state to the ground state (4). (Right) Scheme of excitation energy deactivation in ThT molecule.
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Figure 6. (A) Oscillator strength for the first electronic transitiof™®) — S calculated with INDO/S method. (B) Total charge of benzthiazole
fragment in the excited 8'*)(¢p,w;) and ground §¢,w1) states. Conformer geometries in the excited state were optimized using CIS/RHF/3-21G
method. Charge-transfexZnpo between fragments upon transition to the excited state was calculated using INDO/S. Benzthiazole charge in
S,fluon state was computed &S,;"o0) = Z(S) + AZinpo.

state. First, a fast transformation corresponding to chamges = 3.8 D. This mechanism of photophysical transformations will

— w; at constanty = ~37°. Second, a rather slow transforma- be typical for ThT in viscous solvents where twisting of the

tion of the torsion angle along two routes: (1) change= molecular fragments is hindered.

~37° — ¢ = ~21° leading to the production of a relaxed LE For the case of non-viscous solvents, a transition from the

state and (2) change = ~37° — ¢ = ~90° resulting in TICT initial (¢ = ~37°) to the twisted conformationg( = ~90°)

state formation (presented values of the angles are approximate)will take place in the excited state, resulting in a practically

This separation of relaxational processes is reasonable sincenonfluorescent TICT state with oscillator strend(B; — So)

twisting of the molecule fragments will require much more time = 0. This process effectively competes with radiative transition

than changes of bond lengths or linear angles between atomsfrom the LE state and is responsible for significant quenching
Let us assume that only a fast relaxational process takes placef ThT fluorescence in low-viscosity solvents.

(i.e., changewo, — w1 at constanty = ~37°. Experimentally When the ThT molecule is located in a rather rigid microen-
observed fluorescence from the LE state corresponds to thevironment, for example, when it is bound to amyloid fibrils,
transition SO (¢ = ~20—40°,w1) — So(p = ~20—40°,wy), twisting of the dye is blocked due to steric hindrance, which

and according to the calculations (Figure 5), the Stokes shift results in elimination of the quenching process and a rise of
will be determined mainly by the difference of the ground state fluorescence intensity. Therefore, only dyes incorporated into
energy levelEsdp,w1) — Esolp,wo). The estimated value of  amyloid fibrils possess a significant QY of emission, and
the Stokes shift~2000 cnt! agrees rather well with the fluorescence of nonbound ThT is negligible.

experimental one-3200-4000 cnt?! (Supporting Information). The absence of additional experimental information does not
Better quantitative agreement probably could be achieved if permit us to make any reliable conclusions about further
calculations were performed taking into account the solvation nonradiative deactivation of the TICT state. Nevertheless, it can
effects. The value of the dipole moment change upon photo- be noted that the energy differengg(°)(¢ = 90°,w1) — Eso
excitation Au = 4.6 + 0.7 D (see Supporting Information) (¢ = 90°,w,) is rather small{10 000 cnT?) and possibly even
obtained using the LippertMataga equatiol (radius of lower if the influence of polar solvents will be taken into
Onsager cavity for ThT was assumed tode 3 A) agrees consideration. Significant dipole moment of the™®")(¢p =

well with the calculate@(Si(¢p = 37°,w1)) — u(So(ep = 37°,w0)) 90°,w,) state (Table 2) may result in additional stabilization of
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the energy level in polar solvents giving the situation when the  (12) Raj, C. R.; Ramaraj, RPhotochem. Photobiok001, 74, 752~
i i i luon) () — — 759.

Icomlcal mterses:rtrl]onlotftlg (¢ 900'6;)1) antd S(QD_d 90",@3' ti (13) Khurana, R.; Coleman, C.; lonescu-Zanetti, C.; Carter, S. A,

evels occurs. 1he latter may promote quité rapid nonradiative y ishna, v.: Grover, R. K.; Roy, R.; Singh, 8. Struct. Biol.2005 151,

deactivation of the excited TICT state. This indicates that further 229-23s.

guantum-chemical calculations that take into account the (14) Voropay, E. S.; Samtsov, M. P.; Kaplevsky, K. N.; Maskevich, A.

; ; ; A.; Stepuro, V. |.; Povarova, O. |.; Kuznetsova, I. M.; Tutoverov, K. K.;
influence of the polar environment on the ThT properties are Fink. A. L.. Uversky, V. N.J. Appi. Spectros003 70, 868-874.

of great interest. (15) Friedhoff, P.; Schneider, A.; Mandelkow, E. M.; Mandelkow, E.
Biochemistry1998 37, 10223-10230.
Conclusion (16) Maskevich, A. A.; Stsiapura, V. I.; Kuzmitsky, V. A.; Kuznetsova,

. . . I. M.; Povarova, O. I.; Uversky, V. N.; Turoverov, K. K. Proteome Res.
On the basis of the quantum-chemical calculation results, the 2007 6, 1392-1401.

scheme of the photophysical processes in the exciteste®e (17) Lindgren, M.; Sorgjerd, K.; Hammarstrom, Biophys. J.2005
of the ThT molecule is suggested. The data obtained confirm 88 4200-4212.

(18) Loutfy, R. O.; Arnold, B. AJ. Phys. Chenl982 86, 4205-4211.
that ThT behaves as a molecular rotor and that fluorescent (19) Loutfy, R. O.Pure Appl. Chem1986 58, 1239-1248.

Pmperties of the dye m0|eCU|_e can be SUCCESSTUHY e>_<p|ained (20) Valeur, B.Molecular Fluorescence: Principles and Applications
in the framework of the following model. According to it, the =~ Wiley-VCH Verlag GmbH: New York, 2001.
TICT process takes place for the ThT molecule in the excited (F?r}))/sAl(I:ehr:e’n?'(?H;elr?’nengrl]s)g)no’SA.?Cé;()gg—r fman, A.; Rostron, S. A; Yu,
smglet state, and the angle betwee'n bgnzthlazolg'and benzen (22) Haidekker, M. A.; Brady, TP Lichlyter, D.; Theodorakis, E. A.
rings changes from 37 to 90resulting in a transmor_] from Bioorg. Chem2005 33, 415-425.
fluorescent LE state to nonfluorescent TICT state. This process (23) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
effectively competes with the radiative transition from the LE A"E-Z%hgt"- 50:13’8? 1PJO7' 5902‘?9((;?]- 1989 10, 221264
;i . S . ewart, J. J. Rl. Comput. Che , —264.
state and is .respons'lble for significant quenching of ThT (25) Binkley, J. S.: Pople, J. A.: Hehre, W.11.Am. Chem. S0d98Q
fluorescence in low-viscosity solvents. On the contrary, for 107 939-947.
viscous solvents or when ThT is located in a rather rigid  (26) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56,
microenvironment, for example, when it is bound to amyloid 2257-2261. . _
fibrils, internal rotation in the dye molecule is blocked due to §27) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl973 28, 213~
steric hindrance, wh_ich results in a high QY o_f fluorescence (és) Frisch, M. J.; Head-Gordon, M.; Pople, J. Ghem. Phys. Lett.
due to the suppression of the E TICT quenching process.  199Q 166, 275-280.
(29) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, M. J.
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