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A novel benzanthrone derivative AM18 was investigated with respect to its photophysical properties
when bound to native, oligomeric and fibrillar hen egg white lysozyme. As shown by fluorimetric
titration AM18 is more sensitive to pathogenic protein aggregates than Thioflavin T, however has no
ability to differentiate between mature and immature lysozyme fibrils. The recovered affinity and
fluorescence response of the novel probe to amyloid protein appeared to be similar to those of recently
developed amyloid lysozyme-sensitive dyes like e. g. Nile Red and cyanine dye 7515. Despite the high
increase of the probe emission in the presence of amyloid lysozyme compared to its fluorescence in
buffer, the minimal amount that could be detected by 1 uM AM18 was 10 times lower for amyloid-native
protein solutions due to high affinity of the dye for lysozyme monomers. In general, because of high
quantum yields and “signal-to-noise” ratios in the presence of pathogenic protein aggregates AM18
appeared to be an effective tool for amyloid detection and characterization in vitro, being however unable
to detect pathogenic protein aggregates in vivo like e.g. recently reported p-FTAA because of the
sensitivity to lipids. Compared to previously reported AM3 a novel dye showed 2-fold lower “signal-to-
noise” ratio in the presence of fibrillar lysozyme, and 2 fold lower blue shift of emission maximum. This
tendency was explained in terms of decreased charge transfer from the donor to acceptor groupes of
AM18 compared to AM3. Finally, as concluded from the comparison of AM18 and previously studied
benzanthrone derivatives, the 5 nm — red edge excitation shift of AM18 is indicative of its possible
binding to fibril “deep cavities”, containing no water. High anisotropy values of amyloid-bound dye led
us to conclusion that the enhanced fluorescence of the probe is associated with the decrease of the
rotational motion of the amino-substitute about the benzanthrone unit. This is a sign of AM18 behaviour
as a molecular rotor.
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Hocmimkeno ¢otodizmuni BmactBocti AMI8, HOBOi moximHOT OEH3aHTPOHY, NPH 3B’SI3yBaHHI 3
HaTUBHHUM, OJIFOMEPHUM Ta (QiOpWISPHUM S€YHUM JH30LMMOM. 3a JIONOMOIOI0 (IyOpUMETPUYHOTO
TUTPYBaHHS MOKa3aHoO, 110 AM18 OuibII YyTnuBHIA 10 MaTOreHHUX OLIKOBHX arperartis, HiX TiodmaBux
T, nmpoTe He MOXXe PO3PI3HATH 3puii Ta He3pimi ¢ibpwim mizonuMy. BomHowac, oTpuMaHi BeTHYMHU
CIOpIZHEHOCTI Ta (IIyOpecLeHTHOI BiAIOBii HOBOrO 30HAY Ha NMPUCYTHICTH amuloigHOro Olry Oynm
OJTHOTO MOPSAJKY aHAJOTIYHUMH ITapaMeTpaMy HEIIOJABHO PO3pOOIEHNX MapKepiB JI30IHMMY, TAKUX SIK,
Hanpukiany Hinecekuit YepBonuid Ta 1ianiHOBUI OapBHUK 7515. He3Bakarounm Ha 4yTTEBE 3pOCTaHHSA
(hiryopecueHIii 30HAy B MPUCYTHOCTI aMiIOIMHOTO Ji30IMMY BiTHOCHO Oydepy, MiHIMaIbHA KUJIBKICTH
MATOTEHHUX arperariB, Ky MOXKHO JETeKTyBaTH 3a gomomororo 1| MmkM AMI1S, BusBunacs y 10 pasis
HUOKYOIO IS PO3YMHY AaMUIOIAHOTO 1 HAaTMBHOTO OIiNKy dYepe3 BHCOKY CIOPiAHEHICTh 30HIY [0
MOHOMEpiB Ji3onuMy. B 1ijloMy, BHAcCHiOK BHUCOKWX 3HAY€Hb KBAHTOBOTO BHUXONy Ta BiJHOIICHb
«CHTHAJT — IIyM» y TPHCYTHOCTI TATOTCeHHHMX OUTKOBUX arperatoB, AMI18 BusBuBcS e()EeKTHBHUM
IHCTPYMEHTOM [UIsl ICTCKTYBAaHHS Ta XapaKTEPUCTHKH aMiloimiB in Vitro, mpoTe HE3TaTHUM BHUSIBIATH
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NaToreHHi OiNKOBI arperaTd in Vivo, sik Hanpukian P-FTAA, depes 4yTauBiCTh 10 JimiaiB. Y MOpiBHAHHI
3 JOCHIJDKEHMM paHile 30HI0M AM3 HOBHI 30HA NMOKa3aB y 2 pa3a MEHIII 3HAYCHHS BiJHOLICHHS
«CUTHaJl — IIyM» Ta OJIAKUTHOTO 3CYyBY MakcuMyMmy ¢uryopecueHuii y mpucyTHOCTI (iOpuispHOro
nizonuMy. lle MoXKHa MOSICHUTH MEHIIOI0 e(PeKTHBHICTIO IEPEHOCY 3apsity BiJl JOHOPHOI JI0 aKIENTOPHOT
rpymu 30HRYy AMI8, mopiBEsHO 3 AM3. Ha ocHOBI mopiBHsHHS OapBHEKa AMI8 i3 panimie
JIOCTIKEHOIO Cepielo OSH3aHTPOHOBHX 30H/IB 3pOOMIIM BHCHOBOK MPO TE, IO 5 HM 3CYB MaKCUMyMy
(yopecueHIii 30HIY, IO 3YMOBICHHH €(PEKTOM «UEpPBOHOTO 3CYBY», CBIUHTH IIPO MOKIIHABE
3B’s3yBaHHI AMI18 y «rmmbokmx kaHaBKax» (iOpwi, me HemMae MONEKyNn BOAHM. BuMcoki 3HaueHHA
aHI30TpOIil 3B’A3aHOTO 3 aMiJOiAaMH 30HAA MO3BOJSAIOTH 3POOWTH BHCHOBOK IPO TE, IO 3POCTaHHA
IHTEHCUBHOCTI (ITyopecIeHIii OapBHUKA ITOB’S3aHO 31 3SMEHIICHHAM 00epTaIbHOTO PYXy aMiHO3aMiCHUKA
HaBKOJIO OEH3aHTPOHOBOTO SIJpa, IO 103BOJISIE BiqHecTH AM18 110 Kitacy MOJIEKYJISIPHHUX POTOPIB.
KJIIOYOBI CJIOBA: awminoigHuii Mapkep, CHOpiIHEHICTb, 30HA, (IyopecueHmis, Ji30uuMm,
crenudiyHICTb.
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HUccnenoBansl poTodnzndeckue cBoiictea AM18, HOBOro MPOU3BOAHOTO OCH3aHTPOHA TIPU CBS3BIBAHHUH
C HaTHBHBIM, OJINTOMEPHBIM M (pUOPHIUIAPHBIM SIMIHBIM JTH300UMOM. C MOMOIIBI0 (DITyOpPUMETPHIECKOTO
TUTPOBaHUs MOKa3aHo, yTo AM18 Oosiee 4yBCTBUTEIBHBIH K MAaTOTCHHBIM OEJIKOBBIM arperaram, 4em
Tuodnasun T, ogHaKO HE MOXKET pa3UyaTh 3pelible U He3penbie GUOpHILIBL Tu301MMa. B To e Bpems,
MOJyYeHHBbIE BEJIMYMHBI CPOACTBA M (DIIyOPECHEHTHOIO OTBETa HOBOTO 30HJA Ha NPHCYTCTBHE
aMIJIOUTHOTO OeKa OKa3aJHCh OJHOTO MOpPAIKAa CO 3HAYCHUSMH HEJaBHO pa3pabOTaHHBIX MapKepoB
nm3onuMa kak Hampumep, Hunmbckuit KpacHeli u numaHuHOBBIA Kpacutens 7515. HecmoTps Ha
CYIIECTBEHHOEe BO3pacTaHue (IIyOpecleHIIMM 30HJa B NPUCYTCTBUM aMWJIOMJHOTO JIM30I[MMa
OTHOCHTEJIFHO Oydepa, MHHHMAaIbHOE KOJMYECTBO IIATOI€HHBIX arperatoB, KOTOPOE MOXKHO
JeTeKTUpoBaTh ¢ nomomblo 1 MKkM 30HOa, okasanocs B 10 pa3 Huke A pacTBOpa aMHIOHAA C
HAaTUBHBIM OEJIKOM BCIIE/JICTBHE BBICOKOTO CPOJICTBA 30HJAa K MOHOMEpaM JM30IuMa. B memom, us-3a
BBICOKOTO KBAaHTOBOTO BBIXO/1a M OTHOIIECHMS «CHUTHAJ — IIYM» B IPUCYTCTBHUM NATOTEHHBIX OEIKOBBIX
arperatoB, AM18 oxa3zancs >(QQEeKTUBHEIM HHCTPYMEHTOM JUISl JI€TEKTUPOBAHHUS W XapaKTEPHCTHKU
aMUJIOUJIOB N Vitr0, 0JIHAaKO HECIIOCOOHBIM K OOHApPYKEHHIO MATOTeHHBIX OSIKOBBIX arperatos in Vivo,
kak Hanpumep P-FTAA, u3-3a 4yBCTBUTEIHHOCTH K JUIUAaM. [0 cpaBHEHHUIO C UCCIICIOBAaHHBIM PaHee
30HA0M AM3 HOBBII 30HA MMOKa3adl B 2 pa3a MCHBIINE 3HAYCHHWS OTHOIICHMS «CHUTHAT — IIyM» H
roiay0oro caBWra MakCHMyMa B MPHCYTCTBUH (UOPMIUIAPHOTO JIM30IMMa. DTO OBUIO OOBSICHEHO
MeHbIIeH 3¢ (EeKTHBOHCTHIO BENMYMHBI NepeHoca 3apsAia OT JOHOPHOH K aKIEeNTOPHOH Tpymme 30HnAa
AM18 mo cpaBrenmio ¢ AM3. Haxkonern, u3 cpaBHeHHs Kpacurens AMI18 u paHee M3y4eHHOU cepHH
OEH3aHTPOHOBBIX 30HJOB CAETAaH BBIBOA O TOM, YTO 5 HM CIBHI MaKCUMyMa (hIyOpECUEHIINH 30H[A,
00yciIoBNIeHHBIN 3()(HEKTOM «KpPacHOTO Kpas», CBHIETEIHCTBYET O BO3MOXHOM CBsI3bIBaHMM AMI18 B
«riryOOKNX KaHaBKax» (GpuOpHMILI, T1e HeT MOJIEKYJ BOJIb. BhICOKME 3HAUEHHST aHU30TPOIIMHU CBA3aHHOTO C
aMMJIOMJIaMH1 30H/A MO3BOJISIOT CAEIaTh BHIBOJ O TOM, YTO YBEIHMYEHHE MHTEHCHUBHOCTH (DIyopecleHIn
KpacHuTeNs CBS3aHO C YMEHBUIEHHEM BpAIIAaTENbHOIO JBUXKEHUS aMHHO3aMECTUTENS BOKPYT
OEH3aHTPOHOBOTO S/pa, YTO MO3BOJISIET OTHECTH AM18 K Kilaccy MOJIEKYJISIPHBIX POTOPOB.
K/IIOYEBBIE CJIOBA: amMunonmHslii Mapkep, CpOJICTBO, 30HA, (IyOpECHEHIs, JN30IHM,
CHeUPUIHOCTD.

During the past decades fluorescent molecules that specifically target highly ordered
fibrillar protein aggregates (amyloids) have found vast application in amyloid research area.
The use of fluorescence spectroscopy for studying fibril structure and kinetics of amyloid
formation may essentially help in developing new strategies for inhibition of protein
aggregation. For instance, using the classical amyloid marker Thioflavin T, Nielsen and
coworkers showed that the lag phase of the insulin fibrillization becomes longer with the
decrease of the initial concentration of oligomeric seeds, added to the protein solution [1].
Mishra et al. employed the Nile Red fluorescent dye as the reporter molecule to demonstrate
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that the lag phase of lysozyme fibrillization decreases with increasing the protein
concentration [2]. Additionally, the typical sigmoidal dependencies of the fluorescence of
amyloid specific probe on the time of protein incubation may be regarded as unambiguous
proof of protein fibrillization with a certain nucleation time [3-5]. Despite considerable
progress in this field, the development of novel fluorescent probes that display higher
sensitivity to pathogenic protein aggregates compared to traditionally used fluorophores may
provide new tools for uncovering the mechanisms of amyloid formation and toxicity. In
addition to in vitro detection of pathogenic protein aggregates which is of great importance
for medical diagnostics, extensive research efforts are focused on designing the amyloid
imaging agents. Particularly, Makwana et al. used Coumarin 6 at nanomolar concentrations to
give the characteristic of the bovine carbonic anhydrase fibrils [5] while Volkova and
coworkers developed the cyanine dye T-284 showing the 80 times fluorescence intensity
increase upon the addition of fibrillar a-synuclein [6]. However, despite the great number of
the novel dyes, the ideal amyloid sensitive probe is to be found.

In this work, we explored the ability of the benzanthrone derivative AM18 to act as
noncovalent marker for aggregated forms of hen egg white lysozyme (HEWL), whose mutant
human analogue is associated with hereditary systemic amyloidosis. Remarkable spectral
characterisitics of AM18, such as low fluorescence in buffer and high affinity for lipids
allowed us to recommend this dye as an effective amyloid imaging agent. An expanded
knowledge on amyloid formation of HEWL has been obtained with the help of Thioflavin T
(ThT), Nile Red, Michler’s Hydrol Blue (MHB), 1-anilinonaphtalene-8-sulfonate (ANS),
cyanine probe 7515 (Fig. 1). We used the above probes (especially ThT) as reference to
evaluate the sensitivity of the novel fluorophore to amyloid HEWL.

MATERIALS AND METHODS

Chicken egg white lysozyme (HEWL) was purchased from Sigma (St. Louis, MO, USA).
The fluorescent probe AM18 (Fig. 1) was synthesized at the Faculty of Natural Sciences and
Mathematics of Daugavpils University, Latvia. Protein solution (3 mg/ml) was prepared as
described previously [7]. The 8-day-old oligomers were withdrawn from the cuvette to study
AM18 specificity to these aggregates. The formation of HEWL fibrils was observed over a
time course of 30 days. The amyloid nature of fibrillar aggregates was confirmed in ThT
assay. Native lysozyme solutions (3 mg/ml) in sodium phosphate buffer (pH 7.4) were also
used for the fluorimetric titration. Steady-state fluorescence spectra were recorded with LS-55
spectrofluorimeter equipped with a magnetically stirred, thermostated cuvette holder (Perkin—
Elmer Ltd., Beaconsfield, UK). Fluorescence measurements were performed at room
temperature using 10 mm path-length quartz cuvettes. Emission spectra of AM18 were
recorded in buffer and in the presence of native, fibrillar and prefibrillar lysozyme setting
excitation wavelength at 470 nm. The emission maxima of the dye fluorescence in the
presence of HEWL were around 565 nm. Fluorescence anisotropy measurements were
conducted as described previously, setting the excitation and emission wavelengths at 470 and
565 nm [7]. All spectra were corrected for dilution effect. Quantitative characteristics of the
fluorophores binding to lysozyme were calculated in terms of Langmuir adsorption model by
analyzing the protein-induced changes in the probe fluorescence intensity (Al) at the
wavelengths, corresponding to the dye emission maximum (~565 and ~478 nm for AM18 and
ThT, respectively). Approximation of the experimental dependencies Al(C,) (C, and Z, are

protein and dye concentrations, respectively) by the equation (1), allowed us to determine the
dye-protein binding parameters (K, — association constant, n — binding stoichiometry, a—

molar fluorescence).
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- o.5a[z0 +nCp +1/ K, —+[(Zo +1C, +1/K,)? —4ncpzo] (1)

The quantum yield calculations were performed using the equation [8]:
A
Q- Q10N @
(1-10"")S,
where Qs is the quantum yield of a standard dye (Rhodamine 101) (equals 1 at the excitation
of 450-465 nm), S, and S, are the integrated areas of the fluorescence spectra of dye and
standard, respectively, A, and A are absorbances at the dye and standard excitation

wavelengths, respectively. Absorption measurements were performed with SF-46
spectrophotometer in 2 mm quartz cuvettes.

RESULTS AND DISCUSSION

AM18 is a small hydrophobic molecule, which shares similar structure with ABM,
previously developed by Kirilova and coworkers for studying conformational changes of
blood plasma albumin [9,10]. Each of these two dyes consists of benzanthrone unit as
electron spacer and carbonyl group as electron acceptor, differing only by the electron donor
moieties. Such conjugated system determines the dye sensitivity to the environmental
polarity, i.e. their low fluorescence in agueous solutions and enhanced emission in nonpolar
media.
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Fig.1. AM18 and the extrinsic fluorescent dyes: Fig. 2. AM18 fluorescence emission spectra in
Thioflavin T, Nile Red, Michler’s Hydrol Blue presence of native HEWL. The dye
(MHB), 1l-anilinonaphtalene-8-sulfonate (ANS) concentration was 4.5 pM.
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As seen in Fig. 2, addition of the monomeric HEWL to AM18 solution in buffer leads to
the fluorescence increase indicating the dye binding to native protein. The same tendency is
observed for AM18 associated with oligomeric (Fig. 3) and fibrillar HEWL (Fig. 4), but with
higher fluorescence increases. In general, amyloid-sensitive fluorophores, e.g. cyanine dye
7515 or ANS (Fig. 1) interact poorly with protein monomers, showing no or very weak
fluorescence changes [3,11]. As illustrated in Fig. 5, the emission intensity of fibril-bound dye
at the wavelength of 565 nm, corresponding to fluorescence maximum, turned out to be ~1.3
and ~12 times higher than that of oligomer-bound and free probe, respectively. Altogether,
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higher fluorescence response was observed for amyloid-bound AM18 compared to the probe
bound to monomeric lysozyme.
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Fig. 4. AM18 emission spectra in presence of

fibrillar HEWL. The dye concentration was 4.5
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Fig. 3. AM18 emission spectra in presence of
oligomeric HEWL. The dye concentration was
4.5 uM.
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The dye isotherms (Fig. 6) derived from the probe titration with HEWL were
approximated by the Eq. (1), thus yielding the dye-protein binding parameters (Table 1). The
same was done for ThT binding curves (Table 2). Analysis of the dye affinities (K, ) revealed
an order lower association constants of ThT compared to AM18, in contrast to the similarity
of the affinities of AM18 and fibril-specific Nile Red [12]. It should be pointed out that
despite different pH of the Nile Red (pH = 1.6) and AM18 (pH = 7.4) assays with amyloid
HEWL, used for their K, determination, the comparison of the K, values is possible because

of a slight pH-dependence of Nile Red fluorescence [12].
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Fig. 5. AM18 emission spectra in buffer and in
presence of native, oligomeric and fibrillar HEWL.
The dye concentration was 4.5 uM. Protein

Protein concentration, uM
Fig. 6. Binding curves of AM18 to native,
oligomeric and fibrillar HEWL. The dye
concentration was 4.5 pM.

concentration was 5.8 puM for oligomeric and
fibrillar HEWL, and 3.9 uM — for native HEWL.

By comparing the values of molar fluorescence (a), proportional to the dye quantum yield,
we concluded that AM18 displayed higher quantum yield in the presence of fibrillar HEWL,
than ThT. Additionally, fibril-bound AM18 showed ~ 3 times lower binding stoichiometry
(n) than classical amyloid marker. This indicates that despite close molecular dimensions of
neutral dye AM18 (1.6 x0.7 nm) and positive by charged ThT (1.5x0.6 nm) the dye charge
plays an important role in the determining of the protein binding affinity. Regarding to the
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different values of AM18 binding parameters in the presence of native, oligomeric and
fibrillar HEWL, the dye affinity for monomeric protein appeared to be ~ 3 times higher than
that for amyloid HEWL. Hence, despite the probable existence of specific dye-monomeric
protein interaction (because of high K_), accompanied by a slight fluorescence enhancement,
AM18 displayed higher sensitivity to oligomeric and fibrillar HEWL due to ~3 — 5 higher
molar fluorescence values (Table 1).

Table 1. Parameters of the AM18 complexation with 3 forms of HEWL

HEWL Ka, uM™  a, uM™* n, Q /10 1/(10+Inat) Emission Anisotropy
type mol/mol shift, nm

native 0.6+0.1 18+5 2.5+1 0.069 3.2 - 0 *
oligomeric 0.22+0.05 130+35 0.9+0.3 0.187 5.4 1.4 0 0.262+0.003
fibrillar 0.2+0.03  96+22 2.4+0.4 0.207 5.5 1.9 -2nm  0.286+0.003

The recovered binding parameters seem to be very useful for comparison of the amyloid
specificities of fluorescent dyes through calculating the fluorescence intensity and amount of
amyloid-bound probe (B, changing from 0 to 1) at different dye and protein concentrations

(Eq. (1))

Table 2. Parameters of the ThT complexation with lysozyme

Protein Ka,pM™'  a, pM™ n, Q I/10  1/(10+Inat) Emission
type mol/mol shift, nm
native 0.03+0.01 7.1+1.8 10.3+3.4  0.009 1.3 - 0
fibrillar 0.04+0.01 22+5 7.6+£2.1 0.03 2.8 0.87 0

Using the B values, that correspond to AM18 (ThT) and HEWL concentrations at the last
titration point, we corrected the quantum yield values (Q), putting into Eq. (2) A, -B instead

of A, i.e. the absorbance of amyloid-bound dye in solution instead of that for total probe

concentration. As seen from Tables 1 and 2, for fibril- and native-bound AM18 Q values
turned out to be ~ 7 times higher than corresponding parameters for ThT with Q of fibril-
bound dye being ~ 3 times higher than that of native-bound one. However, despite similar
quantum vyields of these two probes, bound to native protein, the Q value of fibril-bound
AM18 was 10 times higher than that of free dye, but the Q increase of ThT equaled 4. Thus,
AM18 showed higher absolute and relative Q values in the presence of fibrillar HEWL, than
ThT. On the other hand, the Q values of fibril- and oligomeric-bound AM18 were similar,
indicating that the novel dye is capable of detecting both types of pathogenic protein
aggregates. Furthermore, the 3-fold Q increase of the amyloid-bound probe, compared to
native-bound one, gave us the confidence to easy amyloid detection, not limited by the
presence of monomeric protein. However AM18 cannot distinguish between oligomeric and
fibrillar HEWL neither by Q values like e.g. ANS, showing much higher fluorescence
intensity in the presence of bovine carbonic anhydrase |1 molten globule than that in presence
of fibrillar HEWL; nor by emission maxima changes like e.g. MHB, whose excitation and
emission maxima in the presence of fibrillar HEWL are shifted to shorter wavelengths
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compared to those in the presence of insulin ones [12,13]. This is because of very small blue
shift (~ 2 nm) observed for fibril-bound dye (Table 1), compared to oligomeric-bound one,
that along with close Q values complicates the independent detection of two types of
pathogenic HEWL aggregates.

To characterize the dye specificity to amyloid fibrils one should know the minimal
protein concentration, which probe is able to detect. For this reason the fluorescence
intensities of 1 uM fibril-bound AM18 and ThT were calculated (at 565 and 478 nm,
respectively, corresponding to the dyes’ fluorescence maxima), setting the concentration of
HEWL at 0, 0.5, 1.5 and 15 uM. Next, the “signal-to-noise” ratios, i.e. the ratios of fibril-
bound dye fluorescence (1 ) to that of free dye (1,), were determined. It should be mentioned

here that the fluorescence intensity of 1 uM of free AM18 at 565 nm could be easy calculated
as a ratio of the fluorescence intensity of 4.5 uM dye (that was obtained experimentally) to
4.5, because of the proportionality between the dye concentration and its fluorescence. As
shown in Fig. 7, if the lower detection limit (first detection limit) is considered to be the
protein concentration, in the presence of which fluorescence intensity of the dye increased two
times as compared to free dye, it appears to be ~ 0.5 and ~ 1.5 uM for AM18 and ThT,
respectively, i.e. the lowest HEWL amount, that could be detected by AM18 is ~ 3 times
higher than that detected by ThT.
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Fig. 7. The bar graph of Thioflavin T and AM18 Fig. 8. The bar graph of Thioflavin T and AM18
signal-to-noise ratios at the emission wavelength signal-to-noise ratios at the emission wavelength

565 nm. | and 10 are the fluorescences of fibril- 565 nm. | and Inat are the fluorescence
bound dye and free dye in buffer, respectively. intensities of fibril- and oligomer-bound dye,
The concentration of each dye was 1 uM. respectively. 10 corresponds to the fluorescence

of the free dye in buffer. The concentration of
each dye was 1 uM.

Moreover, the detection limit corresponding to the protein concentration, in presence of which
fluorescence intensity of the dye increased four times (for higher data reliability) as compared
to free dye (second detection limit), only the 1.5 and 15 uM HEWL amounts could be
detected by AM18 and ThT, respectively. In the last case the novel amino-benzanthrone
displays an order higher sensitivity to fibrillar HEWL. In addition to the above parameters
other “signal-to-noise” ratios are represented in Fig. 8, where “signal” is the fluorescence
intensity of fibril-bound AM18 (I ) and ThT, and the “noise” was taken as the sum of the free
dye signal (1,) and the fluorescence of the native-bound probe. Obviously, significant
decrease of the second “‘signal-to-noise” ratio is observed compared to the first one. This is

because of AM18 and ThT specificity to monomeric HEWL, which affects the relative Q
values. According to the above estimations, the minimal fibrillar HEWL concentration which
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could be detected by AM18 and ThT is 5 and over 15 uM, respectively. Similar estimations of
the detection limits were done by Volkova and Qin, who showed that fluorescence intensity
of the cyanine dye 7519 (5 uM) increased two times in the presence of fibrillar insulin (1.5
ug/ml) and the fluorescence intensity of the ThT dimer diThT-PEG2 (5 uM) enhanced two
times in the presence of the same amount of amyloid beta peptide [11,14]. We attribute the
obtained results to higher sensitivity of AM18 to fibrillar HEWL compared with ThT. It

should be pointed out that 1/1, and I/(l,+1,,) estimaties (these values represented in the

Tables 1 and 2 correspond to 1 and 2 uM dye and protein concentration, respectively) along
with Q values seem to be the most effective parameters, characterizing the dye sensitivity to
amyloid protein. Whereas the first value represents the dye fluorescence response to the
addition of pathogenic protein aggregates, the second one shows whether/ how much amyloid
detection is limited by the presence of the monomeric protein in the sample, and the third
parameter indicates the absolute value of the dye fluorescence increase in the presence of
amyloid protein. Additionally, Q value is important in the cases, when very low fluorescence
of free dye along with low fluorescence in the presence of amyloid aggregates (which could
lead to mistakes in comparing the relative Q values of the dyes) give high relative
fluorescence responses. At the same time low Q is indicative of the weak probe sensitivity to
amyloid protein. Simultaneously, the above binding parameters (K,,a,n) serve as the tools

for revealing more useful quantities as well as for characterizing the amyloid binding sites for
the novel dye. As seen from the Tables 1 and 2, I /1, and 1/(1,+1 ) of fibril-bound AM18

appeared to be ~ 2 times higher than corresponding values of ThT, and similar to those of
oligomer-bound AM18, confirming again the inability of the aminobenzanthrone dye to
distinguish between mature and immature fibrils.

Importantly, knowledge, gained from the study of AM18 and HEWL interactions may be
useful for in vitro amyloid detection and characterization by the novel 3-amino substituted
benzanthrone dye. However, in contrast to e.g. tiophene derivative p-FTAA, which was
shown to cross the mouse blood-brain barrier and stain the amyloid beta protein deposits,
AM18 cannot detect amyloid plaques in vivo because of its high sensitivity to lipids (similar
to other amyloid markers like ThT) [15]. In spite of this drawback novel fluorophore proved
proven to be more sensitive to amyloid HEWL than ThT and therefore it can serve as
practical research tool for studying protein aggregation diseases.

As AM18 turned out to be a potential amyloid detecto, characterization of its protein
binding sites seems to be essential for amyloid HEWL investigations with this benzanthrone
derivative. Because of the different n and charge values it is unlikely that AM18 binds to the
same fibril sites, as ThT, i.e. inserts into the same “binding channels” running along the fibril
axis [16]. One way to characterize the polarity of the protein binding sites is to determine the
dye emission maxima in solvents with different polarities and to compare the emission
maximum position of the amyloid-bound probe with the calibration curve. For instance, this
was done by Mishra and coworkers, who proved the fibrillar HEWL binding sites for Nile
Red to have the dielectric constant ~ 10 [12]. In our study we used simplified approach, just
comparing the emission maxima of the free and amyloid-bound AM18. However, despite
high Q and “signal-to-noise” ratios, the dye displayed low sensitivity to the environmental
polarity showing 2 nm blue shift in the presence of fibrillar HEWL and no response to the
addition of oligomeric protein (Table 1). This is opposite to the behavior of another amino-
derivative of benzanthrone — AM3, showed 8 nm blue shift or decrease of the micro-
environmental polarity in the presence of fibrillar HEWL [7]. Lower AM18 sensitivity to the
polarity changes which is also displayeded in 2 times lower 1/1, value compared to AM3

could be explained by the decreased charge transfer from the donor to acceptor groupes. The
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latter is probably related to lower electron donating power of the benzanthrone amino-
substituent in 3C-position, corresponding to AM18 dye, compared to that of AM3 [17]. By
comparing the red edge excitation shift values (REES) of AM18 and previously investigated
series of amino-benzanthrone dyes we concluded that AM18 can be be localized on fibril “dry
interface”, or in deep cavities, containing no water, thus resulting in low REES ~ 5 nm [7].
Finally, high anisotropy values of amyloid-bound AM18, which were also used for the
characterization of protein aggregation, allowed us the possibility to draw a conclusion that
the enhanced fluorescence of the probe is associated with the decrease of the rotational
motion of the amino-substitute about the benzanthrone unit [18]. This is indicative of AM18
behavior as a molecular rotor. Besides, the anisotropy of amyloid-bound dye (Table 1),
appeared to be 9 % higher in the presence of fibrillar protein compared to oligomeric one,
ppointing to higher rotational restrictions of fibril-bound dye [18]. Interestingly, the
anisotropy of AM18 in 30-day-old HEWL solution in 80% of EtOH, which was incubated
without agitation and was used as a control, reached 0.265, the value similar to that of the dye
bound to 8-day-old oligomers (0.263). Moreover, the Q values of the probe in the presence of
oligomer and control sample were very close (the difference was 20%). This fact reflects the
existence of fibril growth under denaturing conditions without agitation, but this process is
slowed down because of the decreased probability of collisions between protein molecules

[7].

CONCLUSIONS

To conclude, novel fluorescent dye AM18 proved to be a good alternative to ThT for in
vitro amyloid detection, displaying sensitivity to mature as well as immature fibrils and higher
“signal-to-noise ratio” compared to classical marker ThT. Interestingly, despite different
structure of AM18 and the reference amyloid markers, their affinities and fluorescence
responses to amyloid HEWL appeared to be of the same order (except ThT), which is
indicative of a small morphology difference between amyloid fibrils prepared at acidic (for
the reference dyes) and neutral (for AM18) pH. At the same time, examination of the pH
dependence of the fluorescence of amyloid-bound AM18 and its sensitivity to pathogenic
aggregates of different proteins may help to answer the question about the versatility of the
dye application. Finally, such attractive properties of amyloid markers as an ability to
distinguish fibrils and oligomers as well as very low fluorescence in buffer, are expected to be
found among the benzanthrones with other amino-substitutes than that of AM18 in our on-
going experiments.
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