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A series of novel symmetrical and asymmetrical squarylium dyes with the different substituents in the
donor moieties have been tested for their ability to detect and characterize insulin and lysozyme amyloid
fibrils prepared in acidic buffer at elevated temperature. The dye-protein binding parameters were
estimated in terms of the one-site Langmuir adsorption model using the data of direct and reverse
fluorimetric titrations. By comparing the dye quantum yields, binding affinities, and extents of the
fluorescence enhancement in the protein-bound state, G6 and G7 were selected as the most prospective
amyloid tracers. Furthermore, these probes provided evidence for the lower polarity of the lysozyme
fibrillar grooves compared to insulin aggregates. The novel dyes G6 and G7 were recommended for
amyloid fibril detection and characterization in the near-infrared region.
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HOBI CKBAPATHOBI 30H/IU U151 JIETEKTYBAHHSI AMUIOITHUX ®IGPUJI IN VITRO
K.O. Byc", B.M. Tpycogra', I'.IL. T'op6enxo’, P. Cyyx?, II. Kinnynen”
]Xapkiecwcml nayionaneHuil ynigepcumem imeni B.H. Kapaszina na. Ceoboou, 4, Xapxie 61022, Yrpaina
VYuieepcumem Aanvmo, eyn. Omaxaapi, 3, Ecnoo FI-00076, Qinasnoisn

Cepiss HOBUX CHUMETPUYHUX Ta ACHMETPUYHUX CKBApaiHOBUX 30HIIB, IO Mald Pi3HI 3aMIiCHHKH Yy
JIOHOPHUX Tpymnax, Oyja MpoTecTOBaHA MIONO 3[aTHOCTI OApBHUKIB JETEKTYBAaTH Ta XapaKTepHU3yBaTH
aminoinai (iOpHIH IHCYIIHY Ta JIi30IMMY, OTPUMaHI 32 YMOB HH3bKoro pH Ta mizBHIeHOT TeMIeparypH.
[Mapamerpu 3B’s3yBaHHS 30HAIB 3 OUTKAMH OIIHIOBAIM Yy paMKaxX OIHOCaWTOBOi Mopeni JleHrmropa,
BUKOPHCTOBYIOYH J[aHI TPSIMOTO Ta 3BOPOTHHOTO (IIyOPUMETPUYHUX THUTPYBaHb. [IpM TOpiBHSHHI
KBaHTOBHMX BHXOJiB, CIIOPIHEHOCTI Ta CTYNEHs 3pOCTaHHs (IyopecleHIii 30HiB, 3B’ sI3aHUX 3 OLJIKOM,
HANOIIBII MEePCIEKTUBHUMHU 30HAaMHU BUSBWINCE G6 Ta G7. OKpiM IHOT0, 3a JTOMOMOTOK JaHUX 30HIIB
OTpUMaHi JI0Ka3H Ha KOPUCTh HMXKYOI MOJSIPHOCTI YKOJIOOKIB (hiOpHIT J1i30IUMY, TIOPIBHSIHO 3 1HCYJIIHOM.
Hogi 30u1m G6 Ta G7 Oynu peKOMEHI0BaHi sl AETEKTyBaHHS Ta JIOCHIPKEHHSI CTPYKTYPH aMiJIoiTHUX
¢bi0pun y OnKHIN iHPpadepBoHill 00nacTi.

KJIFOUYOBI CJIOBA: aminoinni ¢iOpunu iHCYIiHY/Ti301MMY, MOJENb 3B’ I3yBaHHs, KBAHTOBUI BUXI],
CKBapaiHOBi 30H/IH.

HOBBIE CKBAPAUHOBBIE 30H/bI 1J151 AETEKTUPOBAHUSI AMUJIOUJHBIX
OUBPUJLIL IN VITRO
K.O. Byc', B.M. Tpycosa', I'.I1. l'op6enxo’, P. Cyyn’, Il. Kunnynen’
]Xapbkoecmul nayuonanvhulil ynusepcumem umenu B.H. Kapazuna, nn. Ceo600vl, 4, Xapvrkos 61022, Yxpauna
2YHueepcumem Aanemo, yn. Omaxaapu, 3, Ocnoo FI-00076, Qunasnous

Cepust HOBBIX CHMMETPHYHBIX M aCUMMETPUYHBIX CKBAPAWHOBBIX 30HJIOB C Pa3HBIMH 3aMECTHTEIISIMH B
JIOHOPHBIX TpyMIax ObUla MPOTECTUPOBaHA OTHOCHTENILHO CIIOCOOHOCTH KpacuTeJeH NeTeKTHpPOBaTh U
XapaKTepru30BaTh AMUIOUAHbIE (PHOPUILIBI MHCYJIMHA M JIM30LUMA, MOITYYEHHBIE B YCIOBUSX HU3KOro pH
U TIOBBINIEHHOW TemriepaTypbl. [lapamerpbl CBsI3bIBaHHsI 30HIOB C O€JIKaM{ OIIEHMBAJIM B paMKax
OHOCAWTOBOH Mojenu JIeHrMiopa, MCHONB3ys NaHHBIE MPSIMOr0 U O0OpaTHOro (pIyopHUMETpHYECKOTo
TUTpOBaHus. [IpH CpaBHEHWHM KBAaHTOBBIX BBIXOIOB, CPOJICTBA M CTENEHU BO3pACTaHUs (IIyOpeCHEHINH
KpacuTellel, CBA3aHHBIX ¢ OCKOM, Hamboyee MEepCIeKTUBHBIMU 30HAaMHU okasamuch G6 u G7. Kpome
TOTO, C MOMOIIBIO 3THX 30H/OB OBLIM IONYYEHBI JI0KAa3aTeNbCTBA B MOJb3Y OoJiee HU3KOW MOJISIPHOCTH
JKEMOOKOB (pUOPMILT JIM30IMMA, IO CpaBHEHUIO ¢ HHCynuHoM. Homeie 30Hmel G6 u G7 Obuln
PEKOMEHIOBaHbI JUIsl JICTEKTHPOBAHUS U MCCIIEAOBAHUS CTPYKTYPhl aMUJIOWAHBIX (UOPUILT B ONMOKHEH
nHppaxpacHol 00IaCTH.

KJIIOUEBBIE CJIOBA: amwiongable (QUOpPWIIBI WHCYJIWHA/JIM30IIMMa, MOJEIb CBS3BIBAHUS,
KBaHTOBBIH BBIXOJl, CKBAPAHHOBBIE 30H/IBI.

© K.O. Vus, V.M. Trusova, G.P. Gorbenko, R. Sood, P. Kinnunen, 2014
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Protein misfolding coupled with the formation of insoluble aggregates, amyloid
fibrils, is is currently associated with a range of human diseases [1, 2]. One of the main
approaches to detection and characterization of amyloid fibrils is based on monitoring
the fluorescence changes of Thioflavin T (ThT) [3] and a range of novel markers [4].
Squarylium dyes, a subclass of cyanines, have been extensively used in sensor design
[5, 6], for biological labeling [7-9], in photoconductive devices [10, 11] and
photodynamic therapy (PDT) [12, 13]. In solution, this class of the organic
fluorophores exhibits sharp and intense visible absorption within the “phototherapeutic
window” (600—1000 nm), in which the depth of light penetration in tissues increases
[14]. Furthermore, the probes possess significant triplet quantum yields [13] and high
photostability owing to the presence of central squarate bridge [15]. The above
properties render the squarylium photosensitizers for PDT capable of converting
dissolved triplet oxygen to cytotoxic singlet oxygen, the process involved in the
destruction of tumor cells [16]. Likewise, these dyes have been employed for the
optical data storage due to their high (>10° M'cm™) extinction coefficients [17].
Importantly, squarylium compounds appeared to be effective reporters for examining
protein-lipid interactions, e.g. in lysozyme-lipid systems [15, 18], studying structural
transformations of protein molecules, for instance, native serum albumin [19] and
detection of beta-lactoglobulin molten globule state [20].

Due to the possibility of employing squarylium dyes for a wide range of
applications, there is a significant interest in the synthesis of compounds with the
increased resistance to the nucleophilic attack (e.g., in alcohol solvents) [21], high
solubility in aqueous solvents [22], decreased ability to the formation of J-aggregates
[11], and the increased affinity for the proteins and lipids [20, 23]. The present study
was aimed at testing the sensitivity of novel squarylium dyes to insulin and lysozyme
amyloid fibrils. Specifically, our goal was two-fold: 1) to assess the dye-protein
binding parameters and the spectral properties of the protein-bound fluorophores; i1) to
evaluate whether the examined dyes are suitable for uncovering the morphological
differences between the fibrillar aggregates.

MATERIALS AND METHODS

Insulin from bovine pancreas and hen egg white lysozyme were purchased from
Sigma (St. Louis, MO, USA). Thioflavin T was from Sigma (Steinheim, Germany).
Squarylium dyes (Fig. 1A), referred to here as G1, G2, G4, G5, G6 and G7 were
recently synthesized by Dr. Aleksey Vasilev at the Faculty of Chemistry of St.
Kliment Ohridski University of Sofia. Stock solutions of the fluorophores were
prepared by dissolving the dyes in dimethyl sulfoxide. The dye concentrations were
determined spectrophotometrically using the extinction coefficients at absorption
maxima 115450, 167300, 121900, 7500, 179000, 170000 and 23800 M'cm™ for GI,
G2, G4, G5, G6, G7 and ThT, respectively. G1, G2, G4 and G6, G7 were excited at
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610 and 590 nm, while G5 and ThT were excited at 490 and 420 nm, respectively. The
binding to the amyloid fibrils resulted in the increase of the fluorescence at ~650 nm
for most squarylium dyes (except G5), and at 545 (483) nm for G5 (ThT).
Insulin/lysozyme amyloid fibrils were prepared by incubation of the protein (10/20
mg/ml) at 65 °C and pH 1.6 for 14/20 days without agitation. The amyloid nature of
the fibrillar aggregates was confirmed by transmission electron microscopy (Fig. 1, B
and C).

Association constants ( K, ) and stoichiometry (n) of the dye-protein binding were

estimated from the fluorimetric titration of the amyloid fibrils by the dyes and
Thioflavin T (Fig. 2, Table 1) using the one-site Langmuir adsorption model.
Additional parameter — the coefficient relating the measured fluorescence changes to
the amount of bound probe (« ), which is proportional to the difference of the dye
quantum yields in a buffer solution and protein-associated state, was estimated from
the dye titration by fibrillar proteins (Fig. 2A) [24]. Next, in order to circumvent the
problem of a cross correlation between the parameters K, and n, the amyloid fibrils

were titrated by the dyes (Fig. 2A). The Gibbs free energy change (AG) was
determined as: AG=-R-T-In(K,) where R=831 J/mol'K, and T=293 K.

Furthermore, the Scatchard plots for the dye binding to amyloid fibrils were calculated
as:B=(I(I,)-1,)/ o, where I({,)and [, are the dye fluorescence intensities in buffer

solution and in the presence of amyloid fibrils (native protein), respectively; and
F=Z-B,where Z,B,F are the total dye concentration, concentration of the protein-
bound and free dye, respectively (Fig. 2B, inset figure). Finally, fluorescence response
of the probes in the presence of fibrillar aggregates, or relative intensity increase for
each dye (0.1 uM) bound to fibrillar protein (50 M), was defined as 7(7,)/I, (Table

2), where [, and I(/,)were calculated using the dye-protein binding parameters.
Quantum yields of protein-bound (Q,Q, correspond to fibrillar and native protein

states, respectively) G5 and Thioflavin T were estimated using the standard dye
Rhodamine 101 (Q=0.91 in acidified ethanol) and the refractive indexes reported for
fibrils and EtOH [24]. The Cy5 (Q=0.28) probe was used as a standard for calculation
of the quantum yield of the other squarylium dyes.

RESULTS AND DISCUSSION
The examined dyes possess low quantum yields in buffer, probably due to the high

non-radiative decay (that may arise from the loss of the planarity because of steric
restrictions) [25], although the main charge transfer (CT) process is primarily confined
to the central cyclobutene ring [26] and the presence of the central four-member ring
decreases the fluorophore internal rotation compared to that of cyanines [17, 27].
Indeed, all the novel probes had hydrocarbon and/or aromatic substituents in the donor
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moieties perpendicular to the central cyclobutene ring and thus reduce the conjugation
within the donor-acceptor-donor (D-A-D) system of the squaraines, as was proved by
quantum-chemical calculations and will be described below. Furthermore, the dyes
showed very low affinity for the native lysozyme and insulin (data not presented), in
agreement with the results of the previous studies [27, 28]. Additionally, SO5™ groups
of G5 and G7 could suppress dye-protein interactions [6].
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Fig. 1. Structural formulas of squarylium dyes (A). TEM images of insulin (B) and lysozyme
(C) fibrils prepared by acidic denaturation at 65 °C. Scale bars are 100 nm.

Interestingly, the blue shifts of the dye absorption maxima could occur in the
presence of electron withdrawing atoms (e.g., bromine), so that the absorption maxima
of G6, G7 were observed at 590 nm, while for the other dyes these maxima were at
610 nm [26]. Emission maxima of the novel fluorophores (except G5) shifted up to 22
nm to the long-wavelength region upon binding to amyloid fibrils, the shifts being
about 3—-14 nm greater for lysozyme compared to insulin (Table 2, A1) [19,20].
Emission maximum of G5 showed ca. 40 nm shift to the shorter wavelength in the
presence of lysozyme aggregates [28]. Perhaps, red shifts of the dye emission is due to
the hydrophobic interactions, as was shown for the near-infrared cyanine IR806 [29],
and the increase in the D-A-D CT character (or planarity) upon the dye incorporation
into fibril structure [26], while the specific D-A-D character (e.g., the protonation of
the SO;  group [30]) could lead to appearance of the additional absorption and
emission maxima of G5 at ~490 and 545 nm, respectively [26]. In turn, the observed
fluorescence intensity of the second population of G5 molecules at ~650 nm (when
excited at 610 nm) remains invariant upon the dye-protein association. Thus, lysozyme
binding sites for the squarylium dyes were found to be more hydrophobic as was also
observed in our previous studies for ThT derivatives, although negatively charged G5
and G7 could bind to the positively charged lysozyme aggregates by the electrostatic
interactions.
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Fig. 2. The isotherms of G6 and G7 binding to fibrillar lysozyme and insulin. G6 and G7
concentrations in the presence of lysozyme (insulin) fibrils were 0.043 (0.017) and 0.063
(0.008) uM, respectively (A). Lysozyme and insulin concentrations were 4.8 and 4.1 uM,
respectively (B). The inset figure shows the Scatchard plots for the dye binding to amyloid

fibrils (B).

As seen in Table 1, the dye-protein binding parameters obtained via titration of the
dyes by the fibrils are cross-correlated, because there exist the pairs with high affinity
and low stoichiometry or low affinity and high stoichiometry, while the stoichiometry
values should be approximately similar for the dyes of one class. The titration of the
protein by the dye resulted in the close values of K, and » . In the presence of amyloid

fibrils the highest values of n, K, and AG were found for the dyes G6 and G7 (Table

2). Presumably, hydrophobic interactions play a crucial role in the dye-protein binding,
while the electrostatic repulsion could lead to the decreased dye-insulin binding
parameters (the insulin grooves should be quite thick compared to lysozyme ones
(Figure 1, B and C), thus, there is no steric hindrance for the dye-insulin binding).
Furthermore, carboxyl groups of the protein could form a strong halogen bond with
bromine of G6 and G7 [17]. The Scatchard plots for G6 and G7 in the presence of
lysozyme fibrils (Fig. 2B, inset figure) are not linear, and the fit with the two-site
absorption model yielded the characteristics of the sites with high and low affinity
(data not presented).

In turn, long hydrocarbon tails in the donor moieties of G1 and G2 induce the
decrease of their association with the fibrils due to the steric hindrance (if the planarity
of the dye decreases because of the presence of the bulky substituents, it will
complicate their incorporation into the fibril grooves [25]), although these tails
increase the affinity for native protein [20]. Indeed, the dihedral angles between the
long hydrocarbon substituents in the thiazole (naphtalene) part of the donor moieties
and the central cyclobutene ring were about 90 degrees, as was obtained from the
ground state geometry optimization with 6-31(d,p) basis using density functional
theory (data not presented). Thus, due to the high widths of G1 and G2, they hardly
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penetrate into the amyloid fibril grooves. Notably, besides hydrophobic interaction,
which seem to be the main determinant of the dye-fibril binding, we suppose that the
formation of H-bonds between the carbonyl group of cyclobutene ring and sulfur atom
in benzothiazole cycle of the dye with amino group and carboxyl group of the peptide
backbone could occur, as well [20]. Furthermore, zwitterionic and negatively charged
dyes can interact with the proteins electrostatically, as follows from their higher
affinities for lysozyme fibrils compared to Thioflavin T (Table 1, K,) [31].

Table 1.
Binding parameters of novel squarylium dyes associated with amyloid fibrils
Dye Insulin Lysozyme
Dye titration by the Direct and Dye titration by the Direct and
protein reverse protein reverse titrations
titrations
K, ’ n o, K, , n K, , n o, K, , n
uM™! MM uM! uM™! nve uM™!
Gl 12 0.014 | 2693 11 0.006 | 22 | 0.005 457 2.5 0.015
G2 | 129 | 0.002 | 1330 0.7 10.030 | 156 | 0.002 | 1692 2.5 0.009
G4 | 389 | 0.001 1289 0.5 |0.040 | 0.12 | 0.52 918 3.5 0.013
G5 | 0.003 44 1526 0.2 | 0.007 | 0.006 | 19 1020 0.4 0.093
G6 2.2 0.03 7708 23 0.010 | 101 | 0.003 | 3700 57 0.027
G7 0.6 0.03 10000 24 1 0.010 | 0.27 | 0.27 3707 33 0.028
ThT | 0.2 0.16 7295 1.1 ]0.020 | 16 0.01 3700 0.8 0.049
Table 2.
Spectral properties of novel squarylium dyes associated with amyloid fibrils.
Dye Insulin Lysozyme
AG’ Q Qn 1/10 I/[nat Az, AG’ Q Qn 1/10 I/[nat Az,
kJ/ nm | KkJ/ nm
mol mol
Gl -39 |1 0.13 | n/d 6 n/d 18 -36 | 0.15 | 0.23 6 33 | 22
G2 -33 | 0.08 | n/d 13 n/d 19 | -36 | 0.19 | 0.05 4 2.7 | 22
G4 -32 1 0.09 | n/d 17 n/d 16 | -37 | 0.10 | 0.19 7 5 22
G5 -30 | 0.76 | nd | 7.5 | n/d 3 -31 | 0.21 | 0.54 | 45 25 | -40
G6 -41 0.55 | n/d 38 n/d 12 | 43 | 045 ] 043 | 21 9 19
G7 -41 0.28 | n/d 92 n/d 0 -42 | 038 | 0.67 | 37 16 14
ThT | -34 | 0.85 | 0.07 | 209 17 -6 -33 1 0.83 | 0.09 | 136 | 49 -5

Furthermore, G5, G6 and G7 showed the highest quantum yield (Q), fluorescence

enhancement ( /1, ) and preference to the fibrils (/1

nat

) (compared to native protein)

(Table 2). The increase of the dye quantum yield in the presence of fibrils is likely to
reflect the decreased polarity and high rigidity of the fluorophore environment [22].
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These results are in accordance with the previous studies of the sensitivity of
squarylium dye to the molten globule state of amyloidogenic protein beta-
lactoglobulin [20]. Surprisingly, the quantum yield of the dyes turned out to be lower
in the presence of lysozyme fibrils compared to the native protein (Q,), although their

sensitivity to lysozyme monomers is negligible due to the very low affinity and
stoichiometry, and the native protein detection limit is one order higher than that of the
fibrils. Therefore, at low protein concentrations (up to 150 uM) the dye fluorescence
increases only in the presence of fibrils. Interestingly, G5 was the most sensitive to the
amyloid morphology due to the highest differences in the quantum yields and spectral
shifts of the insulin- and lysozyme-bound fluorophores. High value of Q in the

presence of insulin could be explained by the dye-protein hydrophobic interactions,
while the blue emission shift ca. 40 nm in the presence of lysozyme is probably due to
the specific dye-protein interactions (Tables 1 and 2). Furthermore, G6 and G7 were
found to be more stable than the other dyes (probably due to the lower subjection to
the nucleophilic attack) and possess higher affinity for amyloid fibrils and extinction
coefficients compared to G5 and other squarylium dyes. Interestingly, G4 could have
low protein sensitivity as compared to that of G5, G6 and G7, probably due to the
electrostatic interactions of the carbonyl group with the fibrils [6] and/or lower D-A-D
CT character that increases the energy barrier for the formation of the planar dye
structure upon fibril incorporation [26].

In conclusion, novel squarylium probes G6 and G7 can be recommended for the
amyloid fibril detection and characterization in the near-infrared region, as judged
from their high sensitivity to lysozyme and insulin fibrils, photostability and large
extinction coefficients [17]. Furthermore, the potential of their application in the
amyloid detection and photodynamic therapy could be tested in vivo, as well, because
the squaraines appeared to be nontoxic to biological systems [13]. This work was
supported by CIMO Fellowship (KV).
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