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Abstract A series of novel fluorescent benzanthrone dyes
have been tested for their ability to identify and characterize
fibrillar aggregates of lysozyme prepared by protein denatur-
ation in concentrated ethanol solution (F.y,) or acidic buffer
(Fae). Quantitative parameters of the dye association with
native and fibrillar protein have been derived from the results
of fluorimetric titration. The binding characteristics proved to
be different for F.y,- and F,.-bound benzanthrones, highlight-
ing the dye sensitivity to the distinctions in fibril morphology.
By comparing the dye preference to fibrillar protein aggre-
gates, AM2, A8 and A6 were selected as the most prospective
amyloid tracers. Based on the analysis of red edge excitation
shifts and fluorescence lifetimes of the amyloid-bound dyes it
was assumed that surface grooves or dry “steric zipper” inter-
face are potential fibril binding sites for the novel
fluorophores.
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Introduction

It is becoming generally accepted that conformational disor-
ders, such as Alzheimer’s and Parkinson’s diseases, hereditary
amyloidosis, type Il diabetes, etc., are characterized by accu-
mulation of the insoluble highly ordered protein aggregates
(amyloid fibrils) in various human tissues [1]. These aggre-
gates are composed largely of misfolded proteins polymerized
into amyloid fibrils sharing a core cross-{3-sheet structure, in
which polypeptide chains are oriented in such a way that 3-
strands run perpendicularly to the long axis of the fibril, while
[3-sheets propagate in its direction. In view of the dramatic
role of protein pathological aggregates in the development of
severe diseases, accurate detection and characterization of
amyloid fibrils represent the focus of current research efforts
[1, 2]. A good deal of analytical tools, such as transmission
electron microscopy (TEM) [3], atomic force microscopy
(AFM) [4, 5], circular dichroism (CD) [1, 3], dynamic light
scattering (DLS) [6, 7] and spectroscopic methods [8] have
been successfully employed to gain insight into fibril mor-
phology and physicochemical properties. Of these, fluores-
cence spectroscopy seems to be one of the most informative
techniques due to its inherent sensitivity and versatility, good
spatial and temporal resolution [9]. A wide range of fluores-
cent probes, including classical amyloid marker Thioflavin T
(ThT) [10, 11], molecular rotor 4-dicyanovinyl-julolidine
(DCVJ) [12], 2-anilinonaphthalene-6-sulfonate (ANS) and
its derivatives [12, 13], Nile Red [14], Coumarin 6 [15],
fluorinated styryl benzazoles [16], curcumin-derivatized
probe CRANAD-2 [17], etc., have been developed to identify
and characterize protein fibrillar aggregates. Although being
prized for high specificity to different types of protein assem-
blies, these reporter molecules suffer from several drawbacks,
particularly, rather high affinity for native proteins [14] or
amorphous protein aggregates [15, 18], sensitivity to amino
acid sequence [14], pH and ionic strength of bulk solution [14,
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19], and ability to perturb fibril structure [6]. These pitfalls
strongly suggest the necessity of designing the novel amyloid
markers. Our previous studies revealed one prospective class
of fluorescent probes—benzanthrone dyes (BD), highly sen-
sitive to the oligomeric and fibrillar aggregates of lysozyme
(HEWL) [20]. Moreover, these dyes possess several remark-
able characteristics: 1) low fluorescence intensity in buffer; ii)
high Stokes shifts and extinction coefficients; iii) high sensi-
tivity to environmental polarity [21]. Specifically, cumulative
data from the binding and red edge excitation shift experi-
ments allowed us to define fluorescence parameters reflecting
the dye preference to either pre-fibrillar or fibrillar protein
aggregates. Inspired by such unrivalled potential of BD in
differentiating between the oligomeric and fibrillar protein
assemblies, here we extend the investigation of BD amyloid
sensitivity and address the question of whether BD are capable
of distinguishing between morphologically different amyloid
fibrils. More specifically, our goal was several-fold: (i) to
evaluate the sensitivity of novel BD to fibrillar lysozyme,
prepared either in concentrated ethanol solution or by acidic
denaturation; (ii) to compare amyloid specificity of BD with
that of ThT; iii) to characterize the properties of fibril-dye
binding sites through red edge excitation shift (REES) analy-
sis and fluorescence lifetime measurements.

Materials and Methods
Chemicals

Chicken egg white lysozyme (HEWL) was purchased from
Sigma (St. Louis, MO, USA). Benzanthrone dyes (Fig. 1)
were synthesized at the Faculty of Natural Sciences and
Mathematics of Daugavpils University, as described previous-
ly [21]. Stock solutions of benzanthrones were prepared by
dissolving the dyes in ethanol or dimethylsulfoxide.

Preparation of Lysozyme Fibrils

Amyloid fibrils of the first type (Fey,) were prepared by
dissolving lysozyme (3 mg/ml) in deionized water with sub-
sequent slow addition of ethanol to a final concentration 80 %.
Next, the samples were subjected to a constant agitation at
ambient temperature during 30 days [22]. Amyloid fibrils of
the second type (F,.) were obtained by incubation of lyso-
zyme solution (10 mg/ml) in 10 mM glycine buffer (pH 2.2) at
60 °C during 6 days [23]. The amyloid nature of fibrillar
aggregates was confirmed by TEM. Native lysozyme solution
(3 mg/ml) in 5 mM sodium phosphate buffer was used as a
control. A separate series of experiments were conducted to
determine fluorescence lifetimes of the dyes in the presence of
lysozyme fibrils prepared in acidic buffer.
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Transmission Electron Microscopy

For electron microscopy assay, a 10 pl drop of the protein
solution was applied to a carbon-coated grid and blotted after
1 min. A 10 ul drop of 2 % (w/v) uranyl acetate solution was
placed on the grid, blotted after 30 s, and then washed 3 times by
deionized water and air dried. The resulting grids were viewed at
Jeol JSM-840 or Tecnai 12 BioTWIN electron microscope.

Steady-State Fluorescence Measurements

Steady-state fluorescence spectra of lysozyme in its native and
fibrillar states were recorded with LS-55 (Perkin-Elmer Ltd.,
UK) or Varian Cary Eclipse (Varian Instruments, Walnut Creek,
CA) spectrofluorimeters equipped with a magnetically stirred,
thermostated cuvette holder. Fluorescence measurements were
performed at 20 °C using 10 mm path-length quartz cuvettes.
The excitation and emission slit widths were set at 10 nm.
Excitation wavelengths and emission maxima of the examined
dyes are given in Table 1. Quantum yields of fibril-bound dyes
were calculated using the standard dye Rhodamine 101 (Q=
0.91 in acidified ethanol [24]), and allowing for the refractive
indexes of amyloid fibrils (n~1.5 [25]) and ethanol (n~1.36).

Binding Model

Quantitative characteristics of the dye-lysozyme binding were
determined in terms of the Langmuir adsorption model by
analyzing protein-induced changes in the probe fluorescence
intensity at the wavelengths, corresponding to emission max-
ima for each dye, as described previously [20]. Briefly, ap-
proximation of the experimental dependencies A/ (fluores-
cence intensity increase) on Cp (total protein concentration)
by Eq. 1 allowed us to determine the dye-protein binding
parameters—association constant (K ), binding stoichiometry
(n) and molar fluorescence («v), characterizing the difference
between molar fluorescence of the bound and free dye:

Al =0.5a|Zg +nCp + l/Ka—\/(Zo +nCp + 1/K,)*~4nCpZy| (1)

where Z is the total probe concentration.
Time-Resolved Fluorescence Measurements

Time-resolved fluorescence intensity decays of benzanthrone
dyes in dimethylformamide (DMF) and in the presence of F,
were measured using a Photon Technology International spec-
trofluorometer equipped by GL-302 Dye Laser (Canada). This
machine uses GL-3300 Nitrogen Laser that delivers a crisp
pulse at 337 nm. The solution of LC 4230 (POPOP) laser dye
(Kodak, USA) in a mixture of toluene with ethanol was used
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Fig. 1 Structural formulas of
aminobenzanthrone dyes
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to excite benzanthrone dyes at 421 nm [26]. Instrument re-
sponse functions were measured at the excitation wavelength
using the colloidal silica (Ludox) as a scatterer. To optimize
signal-to-noise ratio, 3,500 photon counts were collected in
the peak channel. To get smooth curves the final decay profile
of each dye was obtained as the average of 6 repeats. The
resulted data were fitted by mono- (for the dyes in DMF) or
biexponential (for the probes in the presence of F,.) functions
using Felix-GX software [9]:

=" asexp(~t/7) (2)
=1

Table 1 Excitation (\,,) and emission ()\F et /\fm) maxima of
benzanthrone dyes and ThT in the presence of lysozyme fibrils prepared

in concentrated ethanol solution ()\H7 /\:;,;”’) or by acidic denaturation
Fue
()\9,‘(7 AElﬂ )

Dye Aex, NM /\:;;m am /\5;1 ’
A4 490 630 645
A6 450 586 604
A8 440 583 580
AMI1 450 593 586
AM2 450 575 582
AM3 450 575 586
AM4 470 580 603
AMI2 469 578 576
AMIS 475 571 571
AMI18 465 565 571
1AH 523 594 621
IBH 524 602 626
ISH 531 605 628
ThT 420 480 488

NCC ) O
N(CH;),
SOl CePN

O‘

H
IBH O C
o‘ '

where 7; and «; are decay times and pre-exponential coefficients,
n is the number of fluorescence lifetime components, i=1 or 2
for monoexponential or biexponential decays, respectively.

The goodness of each fit was characterized by the value of
reduced chi-square, weighted residuals and autocorrelation
function of the weighted residuals [27]. A fit was considered
good when y ? fell within the range of 0.8 to 1.2, and the plots
of weighted residuals and autocorrelation function were ran-
domly distributed around zero [9].

The fractional contributions ( f;) of each lifetime compo-
nent to the steady-state intensity of the dyes in the presence of
F,. were calculated as follows [9]:

(3)

The average fluorescence lifetime (<7>) of the dyes in the
presence of F,. was calculated using the following Eq. 4:

<T> =fim+/m

(4)

Results and Discussion
Binding Studies

To evaluate amyloid specificity of benzanthrones, at the first
step of the study the dyes were titrated with Fq,, F,. or native
lysozyme. Figure 2 represents typical fluorescence spectra
recorded upon BD titration with lysozyme fibrils.
Fluorescence intensity of all dyes was found to increase with
the protein concentration, suggesting that fluorophore is trans-
ferred into less polar environment [27, 28]. To derive the
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Fig. 2 Emission spectra of AM15 recorded upon the dye fluorimetric 3 40
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quantitative parameters of dye-protein complexation, the ex-
perimental dependencies of Al (Cp) (Fig. 3) were approxi-
mated by Eq. 1. As seen in Tables 2 and 3, three dyes, viz. A6,
A8 and IBH possess similar fluorescence quantum yields (Q)
when bound to F.y and F,. fibrils, while for the other
benzanthrones this parameter turned out to be substantially
higher in F.y, samples. Especially pronounced differences in
the quantum yields of F.4,- and F,.-bound dyes were found for
AM1 (by a factor of ca. 10) and AM2 (by a factor of ca. 19).
Remaining five dyes (A8, AM12, AM15, TIAH, ISH) display
the opposite behavior—their quantum yields are lower in Feg,
fibrils compared to F,.. Likewise, association constants and
binding stoichiometries appeared to be different for Fq- and
F,-bound BD (Tables 2 and 3). In an attempt to rationalize
these findings, we hypothesized that benzanthrones are sensi-
tive to the differences in amyloid morphology. As seen in
Fig. 4, lysozyme fibrils prepared by two different techniques
involving organic solvent or low pH conditions, possess typ-
ical amyloid appearance, being rod-like, unbranched and de-
void of amorphous material. However, F.y, and F,. fibrils
seem to differ in their molecular architecture, as judged from
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Fig. 3 The isotherms of benzanthrone binding to F.4, (a) and F, fibrils
(b). A8, AMI1, AM2, AM12 and AM15 concentrations, UM, were: 1.6,
0.1, 0.1, 16.3, 8.7, respectively (a), and 1.3, 3.4, 20.2, 2.1, 0.8, respec-
tively (b)

the differences in their length (0.9 and 0.9-1.5 pum) and
diameter (25+2 and 7+0.6 nm, respectively).

It is widely accepted that amyloid morphology is deter-
mined by the conditions of fibril growth [29, 30]. Specifically,
distinctions between partially unfolded protein states formed
under varying environmental conditions may be responsible
for various fibril morphologies [31]. In the case of lysozyme,
amyloid growth was assumed to be a two-stage cooperative
process where denaturation of «-helix structures of the native
protein precedes (3-sheet formation [23]. The morphology of
HEWL fibrils proved to be dependent on pH [29, 32], tem-
perature [2, 33], ionic strength [2, 29], the presence of organic
solvents [34, 35], agitation [22, 29], etc. In particular, in 80 %
ethanol, at neutral pH and constant agitation, HEWL adopts a
flexible, easily entangled “broken rod” conformation that
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Table 2 Binding characteristics of benzanthrone dyes associated with lysozyme fibrils prepared in concentrated ethanol solution (F,)

* Dye K, uM! n I/, I 0 ¢ REES, nm
A4 2.9+0.7 0.2+0.04 5.2 3.7 0.07+0.015

A6 2746 0.23+0.05 24 b - 0.43+0.11

A8 1.7+0.15 0.22+0.04 1.9 b 0.52+0.12 14

AM1 2404 0.22+0.04 5.7 b 0.73+0.14 21

AM2 5+1 0.35+0.07 384 5.0 0.77+0.17 35

AM3 70+8 0.56+0.12 9.7 7.2 0.38+0.09 2

AM4 2.6+0.2 0.24+0.06 3.7 3.1 0.56+0.12 19.5

AM12 0.23+0.05 3.7+0.72 6.8 39 0.12+0.03 0

AMIS5 0.44+0.09 1.9+0.41 7.4 32 0.07+0.01 0

AMI8 1.9+0.4 0.78+0.16 5.8 33 0.52+0.13 0

IAH 0.1£0.02 3+40.61 10.9 7 0.06+0.01 10

IBH 0.5+0.11 0.8+0.15 13.6 7.6 0.14+0.04 11.5

ISH 0.4+0.08 0.7+0.14 7.9 5.9 0.13+£0.04 13

ThT 0.04+0.01 7.6+2.1 2.8 12 0.03+0.01 4

 Parameters given for A4, A6, A8, AMI1, AM2, AM3 and AM4 have been reported in our previous work [20], but the Q values of these dyes were
corrected to the refractive indexes of amyloid fibrils and ethanol, and the Q value of Rhodamine 101 was assumed to be 0.91

°The dyes A6, A8 and AMI showed no changes in their fluorescence intensities upon addition of monomeric lysozyme, therefore /1,,,, was not

calculated for these dyes

“REES was measured with increasing wavelength from 430 nm to 450 nm for all dyes

4 REES was not measured for Thioflavin T

slows down protein diffusion and serves as the positive effec-
tor of intermolecular (3-sheet formation [36]. This conforma-
tion is characterized by the expanded o-helical content, dis-
turbed hydration shell and tertiary structure dictated by protein
interactions with the organic solvent [36, 37]. Specifically,
lower dielectric constant of the protein environment gives rise
to decrease in protein hydration, which, in turn, reduces inter-
and intramolecular hydrophobic interactions and induces sol-
vent exposure of hydrophobic patches. This was demonstrat-
ed, for instance, for LYS (11-36) peptide in trifluoroethanol

[38]. Likewise, ethanol enhances intra- and intermolecular H-
bonds compared to their strength in aqueous environment
[39]. In the presence of ethanol solvent ability to compete
with peptide carbonyl acceptor significantly decreases [38].
Importantly, it was demonstrated that ethanol alone produces
only insignificant partial unfolding of HEWL, and agitation
enhances monomer probability to encounter a hydrophobic
surface leading to protein destabilization [22, 29].

In turn, low pH (~ 2) and the midpoint temperature for
HEWL unfolding (57 °C) [40] were found to be the most

Table 3 Binding characteristics

of benzanthrone dyes associated Dye Koy uM™! n 111y Iy o ° REES, nm
with lysozyme fibrils prepared by
acidic denaturation (Fyc) Ad 0.0620.01 1£02 12 12 0.02+0.004 8
A6 1.240.02 0.22+0.04 15 a_ 0.31+0.07 16
A8 0.82£0.18 0.04+0.01 1.1 a_ 0.65+0.14 2
AMI 2.1+0.4 0.13£0.03 35 2 0.08+0.016 10
The dyes A6, A8 and AMI1 AM2 0.06+0.02 0.8+0.16 17 0.14 0.04+0.01 2
showed no changes in their fluo- ), 0.29+0.06 0.43+0.09 2 06 0.10+£0.022 30
rescence intensities upon addition M 2920 A3E0. 7 ) A10£0.
of monomeric lysozyme, there- AM4 0.1+£0.02 1.7+0.3 2.5 1.9 0.27+0.06 17
fore I/1,,, was not calculated for AMI2 0.7+0.14 0.21+0.05 1.8 42 0.20+0.05 18
these dyes o AMIS 023£0.05 0.08:0.02 18 27 042£0.09 17
REES was measured with in- ,yp1q 4.6£0.9 0.54+0.12 6.5 0.5 0.26%0.06 17
creasing wavelength from
500 nm to 570 nm for Ad, IAH,  1AH 23405 0.21+0.04 6.1 43 0.11+0.023 14
IBH, ISH, and from 470 nm to  IBH 0.15+0.03 0.7£0.015 23 14 0.11+0.022 15
540 nm for the rest of the dyes ISH 0.08+0.02 3.9+0.08 6.4 35 0.30+0.06 12
“REES was not measured for  TpT 0.03+0.005 2+0.3 14 0.7 0.01+0.002 -

Thioflavin T
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Fig. 4 TEM images of lysozyme
fibrils prepared in concentrated
ethanol solution — F.q, (a) or by
acidic denaturation — F,. (b).
Scale bars represent 200 and

100 nm, respectively

favorable for amyloid formation [39, 40]. Partially unfolded
protein state formed under these conditions is characterized by
substantial loss of tertiary and partial loss of secondary struc-
ture [31, 39]. The changes in lysozyme conformation are
controlled by several factors. First, the neutrality of glutamic
and aspartic acid residues at pH 2 leads to increase of the
protein positive charge and enhances intermolecular charge
repulsion [41, 42]. Furthermore, both pH 2 [23, 39] and
elevated temperature [43] cause partial exposure of protein
hydrophobic patches to the solvent and weaken intramolecu-
lar hydrogen bonding [44, 45]. Next, acidic pH [46] and high
temperature [47] presumably induce a decrease of lysozyme
hydration. Finally, lysozyme incubation under these condi-
tions may lead to more profound changes in the protein
secondary structure compared to those induced by its agitation
in the presence of ethanol at neutral pH [22, 29]. Interestingly,
very stable HEWL molecule adopts native conformation even
at pH ~ 0.6 [48], but only combination of low pH and high
temperature promotes protein fibrillogenesis. This indicates
that enhanced a fragmentation was observed upon its
prolonged incubation at acidic pH and elevated temperature
[23, 32], raising the possibility for protein fragments to be
included into fibril structure.

Schematic representation of the above two HEWL partially
unfolded states is given in Fig. 5. Altogether, lysozyme,
partially unfolded the presence of 80 % ethanol at pH 7.4, is
characterized by the enhanced solvent exposure of hydropho-
bic patches [38], reduced hydration [35] and increased inter-
and intramolecular H-bonding [39]. In turn, at pH 2 and 60 °C
lysozyme possesses partially solvent-exposed hydrophobic
areas [23, 43] along with higher net positive charge [42].
Furthermore, similar to other proteins, lysozyme subjected to
low pH and elevated temperature, is likely to have reduced
intramolecular H-bonding [44, 45] and hydration [46, 47]. In
general, the Fy-forming monomers are presumably less
destabilized compared to the F,.-forming monomers, thereby
accounting for the lower rate of fibril growth in the presence of
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80 % EtOH at neutral pH [22, 49]. Notably, hydrophobic
interactions and electrostatic repulsion between side chains
seem to play more important role in F, fibrillogenesis, com-
pared to F.y. The above structural peculiarities of lysozyme
partially unfolded states may account for morphological dif-
ferences of Fy, and F . fibrils. These differences may include:
1) distinct protofilament number; ii) particular protofilament
arrangement; iii) distinct “steric zipper” structures [50]. For
instance, Zurdo and coworkers have established pH depen-
dency of protofilament number and packing in fibrillar SH3-
domain, that was interpreted in terms of the variations in
electrostatic interactions between protein molecules [41].
Verel and coauthors observed different stacking of the two
[3-sheets in a “steric zipper” of fibrils formed from the model
peptide ccP3-p at acidic and neutral pH [51]. Petkova et al.
found that the -sheets of A (11-25) at acidic pH are
composed of shorter 3-strands than at neutral pH [52].
Finally, greater diameter of F, compared to F,. can result
from the higher thickness and number of protofilaments as-
sembled into fibril structure [2, 4]. The latter is presumably
caused by the agitation-enhanced association of
protofilaments [53] and electrostatic stabilization of the final

Native lysozyme

025%
Hydrophobic corc @ @ Water molecule
Hydrophilic surface '. .. © EtOH molecule
() @
pHT4ﬁ/9 o0
25°C g {pH2
eth ) 80% EtOH ac L60°C
agitation
0C0, 2%
OO ® ) @
) 9 @ ]
© © e o0

®JeC

Fig.5 Schematic representation of the partially unfolded lysozyme states
under two different conditions resulting in the formation of F.y, or Fy.
fibrils



J Fluoresc (2014) 24:493-504

499

complex [54]. Interestingly, stronger lateral association of
protofilaments may lead to a decrease in fibril elongation
[55, 56]. This may be the reason for the observed slightly
lower length of Fy, compared to F,..

Benzanthrone Amyloid Specificity Ranking

At the next step of the study the recovered binding parameters,
K,, n and o were used to calculate two additional quantities
characterizing the dye fibril specificity: i) //1, —relative fluo-
rescence intensity increase upon the dye (1 uM) binding to
fibrillar lysozyme (2 uM); ii) //1,,—binding preference of
the dye (1 uM) to fibrillar aggregates (2 uM) (Tables 2 and 3).
This allowed us to range benzanthrones according to their
specificity either to Fey, or F,. (Table 4). It appeared that
among F.g-bound dyes AM2 showed the highest 1/, (ca.
38) and Q (ca. 0.77) coupled with high 1/1,,,, (ca. 5). At the
same time, AM2 displayed the greatest sensitivity to fibril
morphology, as judged from the drastic difference between Q
values in Fey, (ca. 0.77) and F. (ca. 0.04) systems. The dyes
A6 and A8 appeared to be suitable for highly sensitive detec-
tion of amyloid fibrils of both Fy, and F, types. It should also
be noted that all other benzanthrones with quantum yields
differing in F.y4- and F,.-bound states can also be used for
conformational typing of amyloid structures. Importantly, all
novel dyes displayed much higher sensitivity to lysozyme
fibrils than classical amyloid marker ThT, as judged from
the comparison of 1/1y, I/1,,,;, Q and K, values.

Characterization of Fibril Binding Sites for Benzanthrone
Dyes

Next, to explain the differences in BD association with Fq,
and F,. and their higher amyloid sensitivity compared to ThT,
it was of interest to define putative dye-fibril binding sites.
Several lines of evidence indicate that classical amyloid dyes
ThT and Congo Red (CR) predominantly occupy the channels
between the side chains, being the common motif in cross-f3
structure and running parallel to fibril axis [57, 58]. These sites
proved to account for characteristic ThT fluorescence and CR
birefringence, in contrast to alternative sites, viz. hydrophobic
cavities [59], dry “steric zipper” interface [60], 3-sheet surface
[60] and (3-sheet edges [61]. Thus, it cannot be excluded that
considerable increase in benzanthrone quantum yield results
from the dye association with fibril grooves. This assumption
is further confirmed by close dimensions of BD and classical
amyloid reporters. Specifically, BD are ~1.1-2 nm in length,

~0.7-1 nm in width and ~0.3—0.8 nm in thickness, while
analogous dimensions of ThT are 1.5, 0.6 and 0.4 nm, respec-
tively [62]. Therefore, we can suppose that BD, similar to ThT
and CR, associate with the channels formed by side chain
rows consisting of 4-5 amino acid residues and running in the
direction of (3-sheet propagation [57, 62].

In our recent work red edge excitation shift (REES) ap-
proach was used to define BD binding sites in Fy, fibrils [20].
REES is a red shift in the dye emission maxima induced by the
shift in excitation wavelength toward the red edge of the
absorption band. REES arises from the slowed rates of solvent
relaxation around the excited state fluorophore which reflects
the motional restrictions imposed on the solvent molecule in
the immediate vicinity of the dye [9, 63]. In the case of
protein-bound dyes the presence of REES indicates the re-
stricted mobility of both the protein polar groups and the
protein-bound water molecules on nanosecond scale (i.e. dur-
ing the excited state lifetime) [64]. In the present study we
measured REES for F.4-bound AM12, AM15, AM18, TIAH,
IBH and ISH and made an attempt to localize their binding
sites. REES value for each dye was calculated as the differ-
ence between emission maxima of the probe excited at 450
and 430 nm (Table 2). We also extended our investigation to
the F,.-bound fluorophores by measuring their REES values
as the difference between emission maxima of the probe
excited at: 1) 500 and 570 nm (for A4, IAH, IBH and ISH);
ii) 470 and 540 nm (for the rest of 13 dyes) (Table 3). These
wavelength ranges are wider (70 nm) compared to the above
ones (20 nm) and seem to give more precise results. Since the
REES of Foy,- and F,.-bound probes were taken within differ-
ent wavelength ranges, comparison of the REES values for the
dyes bound to different types of lysozyme fibrils appeared to
be problematic, but we compared the REES values of the
different dyes associated either with F.g- or F,.. The repre-
sentative spectra of BD with the excitation wavelength depen-
dent emission maxima are given in Fig. 6. The existence of red
shifts in BD emission maxima, following red shift in excita-
tion wavelength, indicates the presence of restricted solvent in
close vicinity of the dye [9, 65]. Taking into consideration that
the wet “steric zipper” interface is characterized by the pres-
ence of high amount of polar residues lined with water mol-
ecules [66] with every polar residue being hydrated, it can be
supposed that BD associate presumably with the surface
grooves of amyloid fibrils. The observed differences in
REES values may occur from distinct photophysical changes
upon excitation induced by distinct structures of 3-
aminosubstituents of the benzanthrone moiety.

Table 4 Dye rows showing the decrease of benzanthrone sensitivity to lysozyme fibrils prepared under different conditions

Fan AM2  AMI A8 A6 IBH
F.. A8 A6 ISH AMI8  IAH

AM3
AM1

AM4
AMIS

AM18 IAH ISH
AMI12 AM4 IBH

AMIS
AM3

AMI12 A4 ThT
AM2 A4 ThT
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Fig. 6 Fluorescence spectra of A6 bound to F, at increasing excitation
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maximum (b). A6 and F,. concentrations were 0.65 and 30 puM,
respectively

Notably, we failed to detect REES for AM12, AM15
and AM18 in the presence of Fy. These dyes seem to
reside at the dry “steric zipper” interface [57, 67],
similar to other benzanthrone amino derivatives AM2
and AM3 [20]. The dry “steric zipper” interface is
characterized by a large number of hydrophobic amino
acids and the absence of water molecules, leading to
disappearance of the dye-water dipole-dipole interac-
tions, compared to wet “steric zipper” interface [68].
This may lead to REES weakening or even its elimination.
Interestingly, high REES values were observed for the remain-
ing BD belonging predominantly to the family of
benzanthrone amidino derivatives (except of AM1 and
AM4). Presumably, association of the dyes with the dry “steric
zipper” interface is hampered because of strong complemen-
tarity between stacking [3-sheets, resulting in highly limited
space for fluorophore insertion (Table 2) [57]. Of value in this
regard may be also the dye hydrophobicity.

@ Springer

In turn, all BD showed high REES values in the presence of
F.c (Table 3) close to the values for the rest of F,.-incorporated
fluorophores. Therefore, these probes are likely to occupy the
wet “steric zipper” interface of amyloid fibrils. This may arise
from the tighter packing of [3-sheets in a “steric zipper” of F,,
hampering the dye penetration into the dry “steric zipper”
interface as was observed for the F.,-bound dyes. In the case
of AM2 and AM3 the transition of the dye-protein binding site
from the dry to wet “steric zipper” interface may explain high
sensitivity of these fluorophores to fibril morphology, leading
to large differences in the quantum yields of F.g,- and F,-
bound probes.

To better understand the REES data, at the next step of the
study we performed time-resolved fluorescence measure-
ments. The fluorescence lifetimes of the dyes were determined
in the presence of F, (dye-protein ratio was varied from 1:4 to
1:25 for the different dyes). For the sake of comparison, we
also measured time-resolved fluorescence intensity decays of
BD in DMF. The representative time-resolved fluorescence
intensity decays of BD in DMF and in the presence of F, are
given in Fig. 7. The BD decays in DMF were fitted to mono-
exponential decay (Eq. 2), by analogy with the other members
of the benzanthrone family, i.e. metoxybenzanthrone (MBA)
[69]. Furthermore, the logarithmic intensity vs time plots
turned out to be linear, confirming that BD fluorescence in
DMF do show the mono-exponential decay [9]. Interestingly,
the calculated lifetime values for BD in DMF were close to the
MBA fluorescence lifetime (ca. 12 ns) [67].

Next, we fitted the fluorescence lifetime decay of BD in the
presence of F,. by biexponential function. It was supposed
that the longer lifetime component (7;) corresponds to the
lifetime of the amyloid-bound dye (lower environmental po-
larity compared to buffer solution), while the shorter compo-
nent accounts for the free dye in buffer (polar environment), as
was observed e.g. for amyloid markers Nile Red and ANS
[70, 71]. Indeed, we found that 7, values in the presence of F,.
were close to those in DMF (Table 5). From these data we
concluded that environmental polarity of the amyloid-bound
dye is lower compared to buffer solution and close to that of
DMF (epmp=37). On the other side, fluorescence lifetime
may also increase with the solvent viscosity, as has been
demonstrated e.g. for Thioflavin T [72]. The shorter lifetime
component 7, presumably corresponds to fluorescence life-
time of the dye molecules in a buffer solution (Table 5).

The fact that all BD demonstrated REES in the presence of
F,c 1s suggestive of the “rigidity” of their environment, ham-
pering the separation of polarity and viscosity effects on the
value of longer lifetime component 7;. Furthermore, 7, its
fractional contribution f7 (calculated from Eq. 3) to the steady-
state intensity, and the average lifetime <7> (calculated from
Eq. 4) were proportional to the REES values of these probes
(except of A4, AM1, AM2, AM3) (Table 3). These data can
be interpreted as follows: although all dyes presumably
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Fig. 7 Time-resolved fluorescence intensity decay of AMI12 in
dimethylformamide (a), and of F,.-bound AM12 (b). Decay profiles
(dashed lines) were fitted to mono- (a) and bi-exponential (b) functions
(solid lines). Dye was excited at 421 nm and emission was monitored at
585 nm. Lamp profile (dotted lines) was measured at the excitation
wavelength using Ludox as the scatterer. AM12 concentration was
0.4 uM. The insets show the weighted residuals and the autocorrelation
function of the weighted residuals

occupy one type of binding sites — fibril grooves, local solvent
relaxation times may vary depending on the mobility of the
amino acid residues of the protein binding site for each dye.
Therefore, increase of 71 (as well as f, and <7> as a conse-
quence) proportionally to the REES may indicate the increase
of'the local rigidity of the environment of BD (Tables 3 and 5).
Fibril-associating properties of A4, AM1, AM2 and AM3
seem to be different compared to the other dyes, as judged
from their low quantum yields in the presence of F,. and the
absence of correlation between the fluorescence lifetimes and
REES.

By and large, time-resolved fluorescence measurements of
BD in DMF and in the presence of F,. showed that these dyes

are associated with one type of the fibril binding sites charac-
terized by lower polarity compared to buffer solution. These
results corroborate the notion that high REES values acquired
from the steady-state measurements, reflect rather high vis-
cosity of the above binding site represented by the fibril
grooves. Furthermore, the proportionality of the fluorescence
lifetimes of BD to the REES values indicate that the novel
dyes similar to ThT, have the sensitivity of the lifetimes to the
solvent viscosity [72]. Although we did not perform the
lifetime measurements of the dyes incorporated into Fey, it
can be supposed that they also have one fluorescence lifetime
component corresponding to the lifetime of dye molecules
incorporated into the fibril grooves (because they show high
REES values as well). Finally, the assumption that the dyes
AM2, AM3, AM12, AM15 and AM18 can be embedded into
fibril dry “steric zipper” can be also tested by the fluorescence
lifetime measurements of the F.g,-incorporated dyes.

Comparison of Amyloid Specificity of Benzanthrone Dyes
and Thioflavin T

Assuming that fibril grooves are the common binding sites for
BD and ThT, we tried to determine the differences in the
interactions of the dyes with amyloid fibrils, leading to their
distinct amyloid sensitivity (Tables 2 and 3). In this regard, it
is important to analyse what kinds of interactions may occur
between small organic molecules and fibrillar aggregates.
Classical amyloid markers ThT and CR specifically associate
with the surface aromatic grooves, presenting large hydropho-
bic areas to interact with small ligands and thus allowing their
insertion into fibril structure [57, 73]. Additionally, van der
Waals contacts seem to occur between the dyes and backbone
of the groove-forming residues [73, 74]. Furthermore, steric
and aromatic interactions [49, 75] may play essential role in
determining the binding preference of the dyes. Finally, elec-
trostatic interactions are important for ThT and CR association
with amyloid fibrils. For example, ThT does not bind to
positively charged poly-L-lysine [76] and has low binding
capability to HET-s prion (218-289) fibrils at acidic pH com-
pared to neutral pH [77]. It was demonstrated that salt bridges
between two sulfonic groups of CR and positively charged
amino acid residues are required for the dye association with
poly-L-lysine, HET-s prion (218-289), A3 (1-42) fibrillar
aggregates, etc. [58, 61, 78].

The above data allowed us to make the assumption, why
the majority of F.4, and F,.-bound BD have 1-2 order of
magnitude higher association constants and quantum yields
compared to ThT (Tables 2 and 3). These differences can arise
predominantly from higher hydrophobicity of BD originating
from the absence of charged groups and the presence of
aromatic benzanthrone moiety. In view of this, BD similar to
the neutral ThT derivative, Pittsburgh compound B, may
show deeper insertion into fibril grooves compared to ThT,
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Table 5 Fluorescence lifetimes

of benzanthrone dyes excited at Dye DMF Fac
421 nm in dimethylformamide R b 2 - - P - - 0
(DMF) and in the presence of ly- T, NS X Ty, 18 T2, 18 1 J2 “7).ns X
sozyme fibrils prepared by acidic
denaturation (Fac) A4 82+04 1.02 6.7+0.42 1.6+0.16 041 0.59 3.7 0.97
A6 9.840.05 1.04 7.8+0.21 134025 0.75 0.25 6.1 1.02
o A8 5.8+0.01 1.01 8.3+0.24 1.3+0.11 0.51 0.48 49 0.98
#Fluorescence lifetime of AM12
in DMF AM1 3.9+0.2 1.16 7.5+0.03 1.59+0.002 0.61 0.39 52 1.11
®The reduced chi-square valies ~ AM2 8.2+0.04 1.08 7.140.16 0.73+0.06 0.31 0.69 2.7 1.01
characterizing the goodness of AM3 8.6+0.05 1.02 5.6+0.64 0.55+0.08 0.45 0.55 2.8 1.05
the fits of the experimental decay ~ AM4 8.5+0.05 0.87 8.1+0.37 2.00+0.2 0.55 0.45 53 1.02
profiles - AMI2 870005 094  68+025  155:024 069 031 52 0.83
Fluorescence lifetime compo-  ,\\r1s  g310,03 089  67+008  0.72+0.09 059 041 424 101
nents of AMI12 in the presence
of Fye AMI8 7.5+0.04 1.09 6.840.19 2.09+0.14 0.45 0.55 423 1.08
d Fractional contributions of the  1AH 6.8+0.15 0.98 6.0£0.35 132403 0.43 0.57 333 0.88
each decay time to the steady-  IBH 8.3+0.08 0.95 6.240.16 0.46+0.17 0.54 0.46 3.6 0.95
state intensity of the dyes in the  1spy 7.5+0.01 1.30 594035 1.1420.11 0.32 0.67 2.7 1.05

presence of F,.

leading to the enhancement of dye-protein aromatic, steric and
hydrophobic interactions [74]. Furthermore, high hydropho-
bicity of BD creates prerequisites for their association with the
hydrophobic dry “steric zipper” interface, as was supposed for
AM2, AM3, AM12, AM15 and AM18 (Table 2).

Distinct Morphologies of Lysozyme Amyloid Fibrils Probed
by Benzanthrones

Finally, based on the foresaid structural differences between
F.n and F,., as well as on the assumption that BD tend to
localize in the surface grooves or at the dry “steric zipper”
interface of amyloid fibrils, we made an attempt to explain
distinct spectral properties of the F.y- and F,.-incorporated
dyes (Tables 1, 2 and 3). First, we analyzed ThT sensitivity to
amyloid morphology and then drew an analogy with BD.
Obviously, the reduced binding stoichiometry and the lower
quantum yield of F,.-incorporated ThT compared to the cor-
responding parameters of F.g,-bound dye result from the dif-
ference in the arrangement of (3-strands in 3-sheets formed at
acidic and neutral pH [51, 52]. Specifically, F,. protofilaments
formed at acidic pH are presumably composed of shorter (3-
strands than those of Fy, formed at neutral pH, similar to the
protofilaments of fibrillar A3 (11-25) [52]. This can reduce
the total number of grooves in amyloid fibrils and can lead to
the decrease of ThT binding stoichiometry. Furthermore, Feg,
and F, are presumably made of 3-sheets with distinct hydro-
phobic clustering, similarly to amyloid fibrils of the model
peptide cc3-p formed at neutral or low pH [51]. More specif-
ically, Verel and coworkers have found two kinds of grooves
in the (3-sheet of model peptide cc3-p at neutral pH: i) the
grooves formed solely from the uncharged amino acid resi-
dues, undergoing a hydrophobic clustering; ii) the channels
lined with the charged residues, where the charge
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compensation between positively and negatively charged res-
idues takes place [51]. In turn, at acidic pH the protonation of
Glu side chains may disturb hydrophobic clustering of amino
acid residues [51]. This effect, being extrapolated to HEWL
fibrils formed at acidic pH could result in a larger number of
the grooves containing positively charged Arg residues, there-
by hampering ThT insertion.

By analogy with ThT, lower association constants of about
a half of F,.-bound BD compared to F.g,, can be explained by
their unfavorable interactions with the increased number of
the charged fibril grooves. In this respect, BD resemble the
neutral ThT derivative, Pittsburgh compound B, which does
not favor binding to the charged fibril grooves, as well [74]. In
turn, lower F,. binding stoichiometries of the majority of the
probes seem to be related to the lower number of the surface
grooves in F,. core structure. Furthermore, it cannot be ex-
cluded that F,. protofilaments are packed more tightly than
Fqn protofilaments. This may result in the smaller size of fibril
grooves hampering deep BD penetration into fibril interior.
Accordingly, increased microenvironmental polarity may in-
duce red shift of the emission maxima of the majority of F .-
incorporated BD and ThT (Table 1). As a consequence, quan-
tum yield of eight F,.-incorporated BD appears to be lower
than that of F.y-bound dyes. However, the observed ambigu-
ous changes of BD quantum yield in the presence of F,.
indicate that not only fibril morphology, but also subtle chem-
ical structure of these fluorophores may play essential role in
the dye complexation with fibrillar protein.

Conclusions

In conclusion, the present study has been undertaken to eval-
uate the potential of the novel benzanthrone dyes to
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selectively detect lysozyme fibrillar aggregates with different
morphologies. Based on the comprehensive analysis of spec-
tral characteristics of a series of benzanthrones bound to
amyloid fibrils obtained by ethanol and acid denaturation,
we recommend AM?2 as the best candidate for identifying
the differences in fibril architecture, while structurally-
insensitive amyloid tracers A8 and A6 can be employed as
alternative to ThT. A detailed comparative analysis of BD and
ThT interactions with amyloid fibrils may prove of impor-
tance in the design of effective anti-amyloid drugs.
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