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a b s t r a c t

The applicability of the novel fluorescent probes, aminoderivative of benzanthrone ABM, squaraine dye
SQ-1 and polymethine dye V2 to identification and structural analysis of amyloid fibrils has been evalu-
ated using the lysozyme model system in which fibrillar aggregates have been formed in concentrated
ethanol solution. The association constant, binding stoichiometry and molar fluorescence of the bound
dye have been determined. ABM was found to surpass classical amyloid marker ThT in the sensitivity
to the presence of fibrillar aggregates. Resonance energy transfer measurements involving ABM–SQ-1
and SQ-1–V2 donor–acceptor pairs yielded the limits for fractal-like dimension of lysozyme fibrils.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to intrinsic propensity of polypeptide chain for self-associ-
ation, protein molecules are highly prone to forming different
types of aggregates, from amorphous structures to crystals and
amyloid fibrils [1]. The last type of protein aggregates, amyloid fi-
brils, currently is in a focus of the most extensive research efforts
because their formation has been correlated with a number of
so-called protein misfolding diseases, viz. neurological disorders,
type II diabetes, spongiform encephalopathies, systemic amyloido-
sis, etc. [2,3]. These are highly ordered aggregates with a core
cross-b-sheet structure, in which b-strands run perpendicularly
to the long axis of the fibril, while b-sheets propagate in its direc-
tion [4]. Mature fibrils have a diameter 4–13 nm and usually con-
tain from 2 to 6 laterally associated or twisted protofilaments, each
2–5 nm in diameter [5]. Experimental techniques currently used to
detect fibrillar aggregates, include electron microscopy, FTIR, fluo-
rescence and absorption spectroscopy [6,7]. One common criterion
for identification of amyloid fibrils both in vivo and in vitro is based
on the property of benzothiazole fluorescent dye thioflavin T (ThT)
to interact specifically with fibrillar structures [8,9], producing
markedly enhanced fluorescence and shift of emission maximum
from 440 to 480 nm [10]. However, despite being widespread,
ThT assay is not devoid of shortcomings associated, particularly,
with (i) dependence of ThT spectral characteristics on fibril mor-
phology [11], pH [12], ionic strength [13]; (ii) ThT ability to affect
fibrillization kinetics and stability of fibrillar intermediates [14];
(iii) sensitivity of ThT fluorescence to the presence of exogenous

compounds, for instance, polyphenols [15]. For this reason, a vari-
ety of new fluorophores is continuously testing for their amyloid
specificity. These include Thioflavin S [16], K114 [17], X-34 [18],
T-284 [19], PTAA [20], a series of cyanine dyes [21], luminescent
conjugated polymers [22].

The present study has been undertaken to evaluate the possibil-
ity of using the novel fluorescent dye ABM, aminoderivative of ben-
zanthrone, for identification of amyloid fibrils and uncovering their
structural peculiarities. Previously it has been demonstrated that
ABM possesses marked affinity for artificial lipid bilayers and cel-
lular (lymphocyte) membranes, the property which renders this
probe highly sensitive to the changes in immune status of a human
organism at different pathologies [23–25]. However, ABM poten-
tial in characterization of conformationally-altered, oligomeric
and fibrillar protein states has not yet been properly explored. In
an attempt to fill this gap, our goal was threefold: (i) to examine
ABM spectral behavior in the presence of native and fibrillar lyso-
zyme; (ii) to compare ABM amyloid specificity with that of Thiofla-
vin T; (iii) to assess what kind of information can be extracted from
analyzing resonance energy transfer between fluorescent dyes
associated with protein fibrils.

2. Materials and methods

2.1. Chemicals

Chicken egg white lysozyme was purchased from Sigma (St.
Louis, MO, USA). ABM (3-morpholino-7H-benzo[de]anthracene-
7-one) was synthesized at the Faculty of Natural Sciences and
Mathematics of Daugavpils University by a nucleophilic substitu-
tion of the bromine atom in 3-bromobenzanthrone, as described
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in more detail previously [26]. Squaraine dye SQ-1 and its struc-
tural analog, the polymethine dye V2, having the same end groups
as SQ-1, but lacking the central squaric moiety, were synthesized
at the Faculty of Chemistry, University of Sofia [27].

2.2. Preparation of lysozyme fibrils

The reaction of lysozyme fibrillization was initiated using the
approach developed by Holley and coworkers [28]. Protein solu-
tions (3 mg/ml) were prepared by dissolving lysozyme in deion-
ized water with subsequent slow addition of ethanol to a final
concentration 80%. Next, the samples were subjected to constant
agitation at ambient temperature. This resulted in the formation
of lysozyme fibrils over a time course of about 30 days. The amy-
loid nature of fibrillar aggregates was confirmed in ThT assay.

2.3. Fluorescence measurements

Steady-state fluorescence spectra were recorded with LS-55
spectrofluorometer equipped with a magnetically stirred, thermo-
stated cuvette holder (Perkin–Elmer Ltd., Beaconsfield, UK). Fluo-
rescence measurements were performed at 20 �C using 10 mm
path-length quartz cuvettes. Emission spectra were recorded in
buffer and in the presence of native or fibrillar lysozyme with exci-
tation wavelengths of 430 nm (ABM), 440 nm (ThT) or 640 nm (SQ-
1). Excitation and emission band passes were set at 10 nm.

Quantitative parameters of the dye–protein interactions (asso-
ciation constant (Ka), binding stoichiometry (n) and molar fluores-
cence of the bound dye (a) have been determined by describing the
lysozyme-induced changes of the dye fluorescence (DIðCPÞ) in
terms of the Langmuir adsorption model:

DI ¼ 0:5a Zo þ nCP þ 1=Ka �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðZo þ nCP þ 1=KaÞ2 � 4nCPZo

q� �
ð1Þ

where Zo, CP are the total concentrations of the dye and protein,
respectively. The dye concentrations were determined spectropho-
tometrically, using extinction coefficients e444 ¼ 2:1� 104 M�1

cm�1 (ABM), e662 ¼ 2:3� 105 M�1 cm�1 (SQ-1), e685 ¼ 2:5� 105

M�1 cm�1 (V2) and e412 ¼ 3:6� 104 M�1 cm�1 (ThT).
The critical distance of energy transfer was calculated as [29]:

Ro ¼ 979ðj2n�4
r Q DJÞ1=6;

J ¼
Z 1

0
FDðkÞeAðkÞk4dk

Z 1

0
FDðkÞdk

�
ð2Þ

where J is the overlap integral derived from numerical integration,
FD(k) is the donor fluorescence intensity, eA(k) is the acceptor molar
absorbance at the wavelength k, nr is the refractive index of the
medium (nr = 1.4), Q D is the donor quantum yield, j2 is an
orientation factor. Assuming random reorientation of the donor
emission and acceptor absorption transition moments during
the emission lifetime (j2 = 0.67) Ro value was estimated to be
3.5 nm for ABM–SQ-1 and 6.4 nm for SQ-1–V2 donor–acceptor
pairs.

3. Results and discussion

ABM is featured by several photophysical properties which
make this probe especially attractive for biomolecular studies.
These include: (i) large Stokes shift; (ii) high extinction coefficient;
(iii) very weak fluorescence in an aqueous phase; (iv) high sensitiv-
ity of fluorescence parameters to environmental polarity [30].
Intramolecular charge transfer from the amine substituent to car-
bonyl group leads to substantial increase of ABM dipole moment
after excitation. This, in turn, gives rise to reorientation of solvent
dipoles around the probe excited-state dipole (solvent relaxation)

and energy loss which manifests itself in a red shift of emission
maximum (kem). Specifically, kem value of ABM exhibits shift from
583 nm in non-polar solvent benzene to 650 nm in polar solvent
ethanol [30]. As illustrated in Fig. 1, addition of fibrillar lysozyme
to ABM in buffer resulted in considerable increase of fluorescence
intensity with kem around 580 nm being suggestive of the dye
transfer into non-polar environment. To interpret this effect quan-
titatively, the observed dependency of fluorescence increase at
580 nm (DI580ðPÞ) on protein concentration (Fig. 2A) was analyzed
in terms of the Langmuir adsorption model (Eq. (2)), thereby yield-
ing association constant and the number of binding sites. For the

Fig. 1. Emission spectra of ABM recorded at varying concentrations of fibrillar
lysozyme. ABM concentration was 0.5 lM.

Fig. 2. The isotherms of ABM (A) and Thioflavin T (B) binding to lysozyme fibrils.
Dye concentration was 0.5 lM (ABM) or 7.9 lM (ThT). Shown in insets are
structural formulas of ABM (A) and ThT (B).
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sake of comparison, analogous parameters were derived from
DI480ðPÞ plots for classical amyloid marker ThT (Fig. 2B). As seen
in Table 1, ABM affinity for fibrillar lysozyme turned out to be
two orders of magnitude higher than that of ThT. Moreover, ABM
molar fluorescence (the quantity proportional to the dye quantum
yield in a fibrillar environment) exceeds analogous parameter of
ThT by a factor of ca. 7.5. Additional advantage of ABM is associated
with the large Stokes shift (ca. 140 nm) which leads to insignificant
contribution of the scattered excitation light to emission spectra.
On the contrary, in ThT assay care should be taken for possible dis-
tortion of fluorescence spectra by the light scattering. Last, ABM
binding to native lysozyme appeared to be much weaker compared
to fibrillar protein. For instance, at protein concentration 8 lM
ABM fluorescence intensity increased by a factor of ca. 1.3 in the
presence of native lysozyme, while fibrillar protein brought about
49-fold fluorescence increase. Taken together, all above findings
strongly suggest that ABM displays more pronounced amyloid-
sensing abilities than ThT. The cavities, channels or grooves, abun-
dant in the structure of amyloid fibrils, can serve as potential bind-
ing sites for ABM. Molecular dimensions of ABM (long axis ca.
1.3 nm, short axis ca. 0.7 nm) are close to ThT size (long axis ca.
1.5 nm, short axis ca. 0.6 nm). It cannot be excluded that fibril loca-
tion of ABM is similar to that of ThT, which is assumed to reside in
a cavity with a diameter of 0.8–0.9 nm with the dye long axis being
parallel to the long axis of the fibril [8,9].

To gain deeper insight into the properties of ABM environment
in lysozyme fibrillar structures, we conducted a series of experi-
ments addressing a solvent relaxation phenomenon. In steady-
state fluorescence measurements this phenomenon manifests
itself in the red shift of emission maximum with increasing excita-
tion wavelength [31]. As illustrated in Fig. 3, emission maximum of
fibril-bound ABM exhibits gradual red shift as excitation wave-
length increases from 390 to 460 nm. Red-edge excitation shift
has been observed for a variety of solvent sensitive dyes in a polar
environment [29]. This effect is interpreted as arising from

incomplete relaxation of solvent dipoles in fluorophore surround-
ing during fluorescence lifetime. The occurence of REES in the sys-
tems under study suggest that in lysozyme fibrillar aggregates
ABM occupies polar sites where mobility of hydrated molecular
groups in the vicinity of the fluorophore is substantially restricted
compared to the bulk.

At the next step of the study we employed resonance energy
transfer technique to uncover the structural peculiarities of lyso-
zyme fibrils. ABM, squaraine dye SQ-1 and polymethine dye V2
serve as the components of two donor–acceptor pairs, ABM–SQ-1
and SQ-1–V2. The results of RET measurements have been ana-
lyzed in terms of the stretched exponential model [32]:

Qr ¼
Z 1

0
exp �k� CAVdCð1� d=6Þkd

6

� �
dk ð3Þ

where k ¼ t=sD, sD is the donor fluorescence lifetime in the absence
of acceptor; Vd ¼ pd

2Rd
o=C

d
2þ 1
� 	

is the volume of d-dimensional
sphere of radius Ro, d is the dimensionality of fluorophore distribu-
tion (fractal-like dimension); CA ¼ CB=CPVPF , CP is the total protein
concentration; VPF is the volume of lysozyme molecule in a fibrillar
state, CB is the molar concentration of bound acceptor which was
calculated from Eq. (1) using the binding parameters presented in
Table 1. First, we approximated the observed RET profiles (Fig. 4)
by Eq. (3) taking the Ro values valid for the isotropic and dynamic
averaging conditions, when donors and acceptors are rapidly tum-
bling and their transition dipoles can adopt all orientations in a time
short compared with the transfer time. Shown in Fig. 5A are the sets
of model parameters fVPF ;dg providing the best fit of the experi-
mental data for j2 ¼ 0:67. Evidently, if the above assumption about
random fluorophore orientation was valid, the VPFðdÞ dependencies

Table 1
Quantitative parameters of the dye binding to fibrillar lysozyme.

Dye Ka n a
(lM�1) (mol/mol) (lM�1)

ABM 1.2 ± 0.3 0.2 ± 0.06 165 ± 38
ThT 0.04 ± 0.01 7.6 ± 2.1 22 ± 5
SQ1 4.4 ± 1.1 0.25 ± 0.08 4.5 ± 1.4
V2 1.8 ± 0.5 0.6 ± 0.17 4.7 ± 1.3

Fig. 3. Fluorescence spectra of fibril-bound ABM recorded at varying excitation
wavelength. The inset shows the red shift of emission maximum with increasing
excitation wavelength. Concentration of fibrillar lysozyme was 2 lM, ABM
concentration was 4.8 lM.

Fig. 4. Relative quantum yield of ABM (A) and SQ-1 (B) as a function of acceptor
concentration. Concentration of fibrillar lysozyme was 10.2 lM (A) or 15.9 lM (B).
Shown in insets are structural formulas of SQ-1 (A) and V2 (B).
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recovered for the two donor–acceptor pairs would intersect each
other at a certain point (V�PF ;d

�) characterizing the volume per pro-
tein molecule and dimensionality of lysozyme fibrils. The absence
of such an intersection implies that in our case the isotropic value
of orientation factor (0.67) is inappropriate for Ro calculation. In
keeping with this idea, the observed high values of fluorescence
anisotropy (0.33 for ABM, 0.31 for SQ-1 and 0.18 for V2) indicate
that rotational mobility of donors and acceptors is substantially re-
stricted in a fibrillar environment. To circumvent the problem of
unknown orientation factor, in the subsequent analysis of RET data
j2 was allowed to vary within the widest possible limits corre-
sponding to perpendicular (j2 ¼ 0) and parallel donor and acceptor
dipoles (j2 ¼ 4) [29]. The overlap between the regions bounded by
the limiting VPFðdÞ curves obtained for ABM–SQ-1 and SQ-1–V2 do-
nor–acceptor pairs delineates an area of the most probable fVPF ;dg
sets (hatched area in Fig. 4B). This area can further be narrowed by
defining the range of meaningful VPF values. The partial specific vol-
ume (mo) of lysozyme in its native state is ca. 0.71 ml/g, the value
corresponding to molecular volume ca. 16.9 nm3 per protein mono-
mer [33]. Available data on volumetric properties of amyloid fibrils
suggest that the sign and magnitude of the volume change upon
fibrillization depend on the protein type and ambient conditions.
Specifically, b2-microglobulin [34], transthyretin and a-synuclein
[35] exhibited volume increase, while poly-D-lysine, insulin and
K3 peptide showed the opposite trend [34,36]. These differences
in volumetric behavior reflect a subtle balance between mo determi-
nants, including van der Waals and excluded volumes, cavity vol-
ume, hydration and thermal terms [34]. Remarkably, the
magnitude of volume changes on the protein transition from native

to fibrillar state falls in the range ±30%. For instance, in the case of
disulfide-deficient variant of hen lysozyme mo value was found to
increase from 0.68 to 0.72 ml/g upon monomer transformation into
protofibrils [37]. Based on these experimental facts we concluded
that meaningful limits for molecular volume of lysozyme in a fibril-
lar state are �12–22 nm3. Setting of these limits (dashed lines in
Fig. 5B) gave the lower (2.2) and upper (2.9) bounds for fractal-like
dimension d. It should be noted that VPFðdÞ plots obtained for
j2 < 0:1 were not considered here because they lie beyond the
range of reasonable VPF values. Importantly, the suggested proce-
dure of narrowing the range of model parameters can be more
effective while employing several donor–acceptor pairs differing
in the critical distance of energy transfer.

In this context it seems of significance to emphasize that RET
technique per se does not permit determination of real fractal
dimension, because energy transfer is measured on the length
scale not exceeding two Forster radii. For this reason, here we refer
to fractal-like dimension [38], whose values less than 3 are indica-
tive of the system heterogeneity, not true fractality.

Fractal dimension depends on the scaling between mass and
size of polypeptide chain, being a measure of protein compactness.
This parameter has been estimated for native (d �2.2–2.8 [39]),
denaturated (d �2.5–1.8 [40,41]) and aggregated (d �2.7 [42]) pro-
teins. Loosening of the protein structure under denaturing condi-
tions is followed by the reduction of fractal dimension, as was
demonstrated, particularly, for bovine serum albumin (d decreases
from 2.3 to 1.8 [41]) and lysozyme (d decreases from 2.8 to 2.5
[40]).

To summarize, the present study revealed an important new
feature of the fluorescent benzanthrone dye ABM, viz. its amyloid
specificity. Compared to classical amyloid marker ThT, this dye dis-
plays: (i) greater extent of fluorescence increase, (ii) higher affinity
for fibrillar structures, (iii) weaker binding to the native protein,
(iv) larger Stokes shift. Resonance energy transfer measurements
involving ABM, squaraine dye SQ-1 and polymethine dye V2 dem-
onstrated principal possibility of clarifying the structural peculiar-
ities of fibrillar aggregates through analyzing the RET data from
several donor–acceptor pairs.
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