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Squaraines represent a class of organic dyes operating in red and near-infrared regions. Due to their unique optical characteristics,
such as high extinction coefficients, reduced background fluorescence and light scattering, photostability, these fluorophores attract
ever-growing attention as prospective bioimaging agents. The present contribution overviews the spectral properties and some
biological applications of the novel squaraine dye SQ-1. This probe was found to possess very high lipid-associating ability
manifesting itself in a sharp increase of its emission. Binding of SQ-1 to the lipid bilayers containing zwitterionic and anionic lipids
was found to be controlled mainly by hydrophobic interactions. Analysis of SQ-1 spectral behavior in the model membrane systems
containing heme proteins revealed the dye sensitivity to the reactive oxygen species. This effect was supposed to originate from the
reaction between lipid radicals and SQ-1 occuring at the squaric moiety or in its vicinity. Resonance energy transfer studies highlight
the applicability of SQ-1 to structural characterization of amyloid fibrils.
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CkBapavHBl TPEACTABIAIOT cOOOW KiacC OpPraHMYEeCKWX Kpacurenei, ()yHKIMOHAIFHO AKTHBHBIX B KpacHOH H OmmkHEi
nHppakpacHoi obmacTsax. braromaps X yHHKaIbHBIM ONTHYECKHM XapaKTEPHCTHKaM, B JaCTHOCTH, BBHICOKOMY KO3(DGHIHECHTY
SKCTHHINH, HH3KOMY ()OHOBOMY CHUTHAly, BBICOKOH ()OTOCTAOMIBHOCTH, 3TH (Iyopodopsl IpPUBIEKAIOT BHUMAaHUE Kak
MIepCTICKTUBHBIE areHTHl ISl BU3yalu3aluu Onomoinekys. B maHHON paboTe oXapaKTepH3OBaHBI CIIEKTpajbHBIE CBOMCTBA M
HEKOTOpBIE acHEeKTHl OMOJIOTMYECKOro MPUMEHEHHs HOBOTO CKBapanHOBOro 3oHzaa SQ-1. BelsBieHo, 4TO NaHHBIA 30HI oOnamaer
BBICOKOM JIMIH-CBSI3BIBAIOIICH CIIOCOOHOCTBIO, YTO BBIPAYKACTCSl B 3HAYMTENLHOM YBEIMYEHHH MHTEHCHBHOCTH ()IyOpECLECHIHN.
OG6HapyskeHo, 4To accoumauus SQ-1 ¢ JUMUAHBIMEA OUCIOSMHM, COCTOSIIMMU U3 IBUTTEPUOHHBIX M aHMOHHBIX JHIHIOB,
KOHTPOJIHUpYeTCcss TUAPO(GOOHBIMU B3aMMOJCHCTBHAMH. AHANM3 CIEKTPaIbHOro moBeneHUss SQ-1 B MOAENBHBIX MEMOPaHHBIX
CHCTEMaxX, COJICPKAaI[MX TeMOBbIe OEIKH, MOKa3aj, YTO 30HJ YyBCTBHTENECH K PEaKTHBHBIM (opMaM Kuciopona. B ocHoe 3toro
sddexTa TeKUT, NPEIIONOKNATENEHO, B3aNMOACHCTBAE PaJUKaIOB JHIHIOB C 30HAOM, YTO COIPOBOXKIAETCS AecTabmIm3armeit
CKBapaWHOBOTO MOCTHKa. ccienoBanne HHIYKTHBHO-PE30HAHCHOTO NIEPEHOCa SHEPTHH BBIIBIIIO MPUHIUITHATIGHYIO BO3MOXKHOCTh
npumeHeHus SQ-1 Ui CTpyKTypHON XapaKTepH3aIliy aMIJIONTHEIX (GUOpHIITL.

KJIIOUEBBIE CJIOBA: ckBapanHOBBIH 30HI, MeMOpaHbI, KO3()(GHIUEHT paclpeleieHus, IEepPeKHCHOe OKHCICHHE JIMITHJIOB,
amMuIIoniHbIe GHUOPUILIBI
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CkBapalHU IIPeCTaBISIIOTH COOOI0 KJIac OpraHiyHUX OapBHHKIB, (YHKIIOHAILHO aKTUBHUX Y YEpBOHIH Ta OrkHIN iH(DpauepBoOHii
obuacTsx. 3aBASKY 1X YHIKQIbHUM ONTHYHUM XapaKTepUCTHKAM, 30KpeMa, BUCOKOMY KOe(illi€HTy eKCTHHKIIT, HU3bKOMY (POHOBOMY
CHUTHAILy, BUCOKiH (oTocTabinbHOCTI, i payopodopu mpuBepTaroTh yBary sik MepCHeKTHUBHI areHTH U1l Bi3yasizawil Giomonexkyn. Y
JaHid poOOTI OXapaKTEepPHU30BaHI CIIEKTPANbHI BIACTHUBOCTI Ta €Ki aCHEKTH Ol0JOTIYHOTO BHKOPHCTAHHS HOBOTO CKBapaiHOBOTO
30Hay SQ-1. BusBneHo, mo naHWii 30HI Ma€ BHCOKY JIMiA-acOLIIOIOYY 3[aTHICTH, IO BUPAXAEThCA y 3HAYHOMY 3pPOCTaHHI
iHTeHCcHBHOCTI (uryopecteHii. [Tokazano, mo acomiamis SQ-1 i3 mimigauMu OilrapaMu, 010 MIiCTATH LBITTEPIOHHI Ta aHIOHHI JIITIAH,
KOHTPOJIOETHCS TiApohOoOHNMH B3aEMOMISIMU. AHali3 CIIEKTpaibHOI moBemiHkd SQ-1 y MomenbHHX MeMOpaHHUX CHCTeMax, IO
MICTHJI TeMOBI OLJIKH, IOKa3aB, IO 30H] UyTIMBUH IO peakTHBHUX (HOpPM KHCHIO. B OCHOBI I1bOro eexry JexuTsb, 370TaaHO,
B3a€EMOJIisS pAJUKAIIB JIMIAIB 13 30HIOM, IO CYIPOBOMKYEThCSA JecTalimi3aliero CKBapaiHOBOTO MOCTHKA. JlocmimKeHHs
IHIYKTHBHO-PE30HAHCHOTO IEPEHOCY EHEeprii BUSBWIO MOXJIMBICTh BHKOpHCTaHHS SQ-1 s CTpyKTypHOI XapakTepu3arii
amizoinHux ¢Gidpu.
KJIOUYOBI CJIOBA: ckBapainoBuii GapBHHK, MeMOpaHH, KOe(iLlieHT pO3MOJiny, MepeKiCHe OKUCICHHs JIiMiiB, amiaoixHi
¢bi6prHI
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The past decades have seen a renaissance of fluorescence-based approaches and methodologies reflected in the
expansion of fluorescence application not only in biophysics and biochemistry, but also in medical diagnostics and
treatment, flow cytometry, biotechnology, genetics, etc. [1-4]. The widespread use of fluorescence spectroscopy as a
powerful analytical tool is determined by its high sensitivity, resolution, selectivity, noninvasiveness, relative simplicity
and rapidity of implementation. A good deal of fluorescent reporter molecules with different spectral characteristics and
designed for various purposes are available up to date [5-8]. Among a broad selection of existing fluorophores, one of
the leading places belongs to the bright family of squaraine probes [9-11]. Squaraines represent the 1,3-disubstituted
derivatives of squaric acid with a general donor-m-acceptor-n-donor configuration distinguished by a planar rigid
geometry containing electron-withdrawing central moiety and two electron-donating groups [12]. Such a structure
ensures the advantageous optical and physicochemical properties of squaraine fluorophores, including sharp and intense
absorption in the red visible region (>600 nm), reduced background signal, high extinction coefficients and quantum
yield, photo- and chemical stability, to name only a few. Due to their attractive absorption and fluorescence
characteristics, squaraine probes have proved their versatility in a wide range of applications. Specifically, these
compounds were used as prospective semi- and photoconducting materials in optical recording media, organic solar
cells, xenography, nonlinear optics [13,14]. Furthermore, squaraines were employed as colorimetric sensors for
detection of metal ions, such as Ca*", Mg®", Pd*", Hg*", Ag’, where these mesoionic dyes serve as m-donor ligands
[15,16]. In addition, squaraine dyes are thought to represent the second generation of photosensitizers for photodynamic
therapy [17]. Accordingly, clinical investigations showed that squaraines are nontoxic in dark but exhibit high
photodynamic potential against tumor cells when exposed to light. Finally, squaraines turned out to be extremely
promising in biomedical imaging since they absorb and emit in so-called optical window where the majority of
biomolecules are spectroscopically inactive. Squaraines were recruited as covalent and noncovalent proteins markers
[18], reporter molecules for tracing the membrane-related processes [19,20], or fluorescent probes for two- and
multiphoton fluorescence bioimaging in ex vivo and in vitro studies [21]. The present work is intended to expand the
application of squaraine dyes as biomolecule sensors. Specifically, in this contribution, which represents the
quintessence of our previous studies [22-24], we highlight some interesting features of the novel squaraine fluorophore
SQ-1, concerning its 1) lipid-associating behavior; ii) potential in biosensing area, particularly, in free radical detection;
iii) informativeness in structural characterization of amyloid fibrils.

MATERIALS AND METHODS
Materials

Squaraine dye SQ-1 and its structural 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 [22]. Egg yolk
phosphatidylcholine (PC), phosphatidylglycerol (PG) and beef heart cardiolipin (CL) were purchased from Avanti Polar
Lipids (Alabaster, AL). Chicken egg white lysozyme was from Sigma (St. Louis, MO, USA). Horse heart cytochrome ¢
(ferric form) was from Fluka (Buchs, Switzerland). Horse blood methemoglobin, thiourea (TM) and butylated
hydroxytoluene (BHT) were purchased from Reanal (Hungary). Iron sulfate (FeSO,4) and ascorbate were from Sigma
Aldrich (Germany). All other chemicals were of analytical grade and used without further purification.

Preparation of lipid vesicles
Unilamellar lipid vesicles composed of neat PC and its mixtures with CL or PG were prepared by the extrusion
method [25]. Appropriate amounts of lipid stock solutions were mixed in ethanol, evaporated to dryness under a gentle
nitrogen stream, and then left under reduced pressure for 1.5 h to remove any residual solvent. The obtained thin lipid
films were hydrated with 1.2 ml of 5 mM NaP, buffer (pH 7.4) at room temperature. Thereafter lipid suspensions were
extruded through a 100 nm pore size polycarbonate filter (Nucleopore, Pleasanton, CA). The phospholipid
concentration was determined according to the procedure of Bartlett [26].

Preparation of lysozyme fibrils
The reaction of lysozyme fibrillization was initiated using the approach developed by Holley and coworkers [27].
Protein solutions (3mg/ml) were prepared by dissolving lysozyme in deionized 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 amyloid nature of fibrillar
aggregates was confirmed in Thioflavin T assay.

Fluorescence measurements
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 20°C using 10 mm path-length quartz cuvettes.
The quantum yield of SQ-1 (O, ,) was estimated using Cy5 as a standard ( Qs =0.28 [28]) according to the

relationship:
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where 4,5 and A, , stand for the absorbances of Cy5 and SQ-1, respectively, at the excitation wavelength; S, s and

Sso-

, are the integrated areas of fluorescence spectra of Cy5 and SQ-1, respectively.

Quantum chemical calculations
Quantum chemical calculations were made using Win-Gamess software with the 6-31G(d,p) basis set, in the
framework of density functional theory (DFT) and B3LYP functional. For optimization of SQ-1 ground state geometry
semiempirical AM1 method with added polarization (1) and diffuse (1) functions on heavy atoms, and a polarization
function on hydrogen atoms was used. All calculations were performed in gas phase.

RESULTS AND DISCUSSION
Optical properties of SQ-1 and quantum chemical calculations
SQ-1 is characterized by symmetric zwitterionic structure with central squarate bridge and two butyl tails
connected to the heterocyclic chromophore moieties. Electronic symmetry of this dye results in intense and sharp
absorption spectrum with a dominant maximum at 662 nm and a shoulder around 614 nm (Fig. 1, A). SQ-1 was found
to be nearly non-fluorescent in aqueous media but exhibit intense emission in ethanolic solutions, centered at 683 nm
(Fig. 1, B). Notably, the Stokes shift of SQ-1 is relatively small (ca. 21 nm).
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Fig. 1. SQ-1 absorption (A) and fluorescence (B) spectra
Shown in the inset is the chemical structure of SQ-1

To get further insights into the physicochemical properties of SQ-1 we performed the quantum-chemical
calculations, which yielded the following molecular descriptors: a) descriptors of molecular geometry — C4, CV
(cosmo area (solvent-accessible area) and cosmo volume (molecular volume), respectively), L, W, H (the length,
width and height of the molecule, respectively), ¢ (dihedral angle of the molecule, or the angle of the rotation of
central squarate moiety around the side groups of SQ-1), b) descriptors of electronic structure — » QO(N), > 0(C)
(the sum of the charges on C and N atoms, respectively), £, £,u0 (the energies of the highest occupied and the
lowest unoccupied molecular orbitals, respectively), g, , u, (the dipole moments of the ground and excited states,
respectively), ¢q,, g, (total charge on the donor group (side groups of SQ-1) in the ground and excited states,
respectively), E,, E, (the energies of the ground and excited states), AE, (the energy of vertical transition from the

ground state to the lowest non-relaxed excited state, S, — S/ ), f (the oscillator strength), c) descriptors of
intermolecular interactions — log P (octanol/water partition coefficient), P (polarization of the molecule at electric
field strength of 0 eV). The results of quantum-chemical calculations are given in Table 1.
The most interesting findings can be summarized as follows:
o the difference between E,,,,, and E,,,, (the so-called HOMO/LUMO gap) is ca. 5.1 eV suggesting the high
stability of SQ-1;
e the ground and excited state dipole moments have similar values. This finding correlates with the
experimentally observed small Stokes shift and may underlie the insensitivity of SQ-1 spectral behavior to the
effects of red-edge excitation shift;
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e SQ-1 is characterized by small values of dihedral angle (ca. 12°) and height (2.9 A) implying a high degree of
planarity of the molecule;
e logP for SQ-1 is ~ 6, pointing to a high lipophilicity of the dye. Thus, it might be expected that SQ-1 would

display a strong affinity for lipid membranes. Indeed, as will be shown in the next section, our experimental
results corroborate these theoretical predictions.

Table 1.
Quantum chemical characteristics of SQ-1

CA,Az CV5A3 EHOMO’eV ELUMoneV 10gP ZQ(N) ZQ(C) L,A W,A H,A

605 780 -7.0 -1.9 6.08 -0.38 -5.38 17.0 9.4 2.9
P,A3 u,,D u,,D E,, Hartree| f AE,, cm’! E ,Hartree | ¢, deg. q, q,
87 2.09 2.09 -1885.751 | 1.201 17011 -1885.674 12 0.45 -0.12

SQ-1 binding to lipid membranes

The development of highly specific fluorescent probes for tracing the membrane-related processes still represents
one of the major challenges in the membrane studies. One of the obstacles limiting the applicability of the available
fluorophores lies in the overlap between the spectra of reporter molecules with those of the membrane components,
especially proteins. Another problem stems from the requirement of high probe concentration in order to achieve the
desirable response. However, being employed in a high concentration, the organic dye may affect the physicochemical
properties of the lipid bilayer. In this regard, squaraine dyes seem to be extremely promising since: i) their spectral
responses are not distorted by the background signals (i.e. light scattering, autoabsorption and autofluorescence); and
ii) they have an excellent performance at low concentrations. Several successful membrane-specific squaraine
fluorophores with attractive optical properties have been designed previously. Specifically, K1350, the novel squaraine
derivative has been synthesized and identified as a probe sensitive to the changes in membrane polarity [19]. Next, three
new amphiphilic squaraine dyes have been demonstrated to be suitable for fluorescence imaging of plasma
membranes [29].

In the present study, we made an attempt to broaden the molecular library of existing membrane probes,
representatives of squaraines, by evaluation the lipid-associating potential of SQ-1. To this end, the dye fluorescence
spectra were recorded in liposome suspensions at varying lipid concentrations. As shown in Fig. 2, the SQ-1
partitioning into lipid bilayer is followed by a substantial enhancement of the dye fluorescence.

Importantly, the membrane-bound SQ-1 is featured
25- Lipid concentration, mM by one-component fluorescence spectra indicating that

the probe is in a monomeric form. According to our
;‘2 204 estimates, the quantum yield of SQ-1 reaches the value
o2 ~0.6 upon its association with the model lipid
é membranes. The rise in fluorophore emission is generally
2 15y interpreted by the probe transfer to the medium with
§ lower polarity and hindered rotation of the fluorophore.
5 101 According to a classical definition, fluorescence quantum
% yield ¢ is given by:
2 5 k,
= s )
0 where k, and k, are the rates of radiative and non-

670 680 690 700 710 720 . . .
radiative relaxation processes, respectively [1].
Wavelength, nm It is assumed that %, is independent of the probe

environment, while the non-radiative decay processes are
affected by the environmental conditions and the probe
interactions with its surroundings. Therefore, the increase
in fluorescence quantum yield can be attributed to the
decrease in k, . The non-radiative deactivation is connected with the fluorophore rotational mobility, which, in turn,

Fig. 2. Emission spectra of SQ-1 upon its binding to PC/CL
(5 mol%) lipid vesicles. Probe concentration was 1.4 uM.

strongly depends on the nature of the probe surroundings [30]. The restrictions imposed by a lipid environment hinder
the internal motion of SQ-1, decreasing the non-radiative decay rates and giving rise to the increase in the fluorescence
quantum yield. Analysis of the chemical structure of SQ-1 allowed us to assume that zwitterionic in nature
chromophore of this dye resides at the polar/nonpolar interface while butyl tails penetrate the hydrophobic bilayer
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region, being oriented parallel to the lipid acyl chains. In such a manner, the probe is immobilized within the membrane,
which results in the inhibition of its rotation and the burst of fluorescence. Notably, modification of the
physicochemical properties of lipid bilayers by inclusion of 2.5, 5 or 10 mol% of anionic lipid cardiolipin (CL) into
phosphatidylcholine (PC) membranes led to insignificant change in SQ-1 fluorescence intensity (increase up to 10% at
the highest employed lipid-to-dye molar ratio) suggesting that electrostatic interactions are not predominant in the dye-
lipid binding.

To quantify SQ-1 association with liposomes, the dye partition coefficients ( K,, ) have been determined for the
different lipid systems. To this end, the experimental dependencies of SQ-1 fluorescence increase on lipid concentration
were analyzed within the framework of partition model described in detail in [22]. As seen from Table 2, the recovered
partition coefficients are rather high, pointing to a good affinity of SQ-1 for the lipid membranes.

Table 2.
Parameters of SQ-1 partitioning into lipid phase
System Partition coefficient Molar fluorescence, M™" Y
PC 20304325 3.3x10’+510 0.23
CL2.5 939497 7.5x107+643 0.57
CL5 1079+147 6.4x10'+327 1.21
CL10 1468+205 3.7x107+462 0.74

Interestingly, the K,, value estimated for PC membranes exceeds those derived for CL-containing bilayers,

corroborating the idea that SQ-1 partitioning into lipid bilayer is driven by hydrophobic rather than electrostatic
interactions. The obtained results suggest that SQ-1 represents a prospective near-infrared probe for tracing the
processes occurring in biological membranes. The key advantages of this fluorophore include the exceptional brightness
in lipid media, the high partition coefficients, the absence of J- or H-aggregation in a lipid phase. It should be noted at
this point that recent studies of Zhang et al. opened up a new horizon in the studies of squaraine-lipid interactions [31].
Specifically, it was shown that squaraine-functionalized liposomes can serve as stable biocompatible nanoprobes for
photoacoustic tomography and tumor imaging. The confinement of squaraines to the lipid vesicles increases the
performance of these dyes and provides their target-specific delivery. In view of these findings and the results presented
here, one may assume that liposomal forms of SQ-1 may be also used for in vitro visualization of tumors.

SQ-1 as a sensor for lipid peroxidation reactions

At the next stage of exploring the possibilities of using SQ-1 for tracing the processes occurring in biological
media, we evaluated the potential of this probe as a sensor for lipid peroxidation (LPO). Lipid peroxidation is a
degenerative process that affects the unsaturated membrane lipids under the conditions of oxidative stress. This process
involves a chain of free radical reactions initiating the cascade of events that substantially compromise the stability of
biological membranes, eventually resulting in the loss of cell functioning and cell death. A lot of markers have been
developed to detect the lipid free radicals, the majority of which are based on fluorescein, thodamine or phosphine
derivatives [32-34]. However, there is still a need for new tracers with improved characteristics. In the present work we
described the novel fluorimetric assay designed for identification of reactive oxygen species (ROS). Lipid free radicals
were generated in the model protein-lipid systems containing heme-proteins — methemoglobin (metHb) and cytochrome
¢ (cyt ¢), and lipid vesicles composed of zwitterionic lipid phosphatidylcholine (PC) and its mixtures with 5, 10 or 20
mol% of cardiolipin (CL). These proteins are well-known activators of lipid peroxidation through either the iron-
triggered decomposition of lipid hydroperoxides, or Fenton-like reaction, implying the formation of hydroxyl radicals
[35,36].

As shown in Fig. 3, association of metHb and cyt ¢ with the lipid vesicles was followed by a dramatic decrease of
SQ-1 fluorescence. Furthermore, the magnitude of this effect increased with i) the molar fraction of CL, and ii) the time
of protein-lipid interactions. Interestingly, in the absence of liposomes fluorescence intensity of SQ-1 was found to
increase at increasing concentration of proteins. To prove that the observed changes of SQ-1 fluorescence in the lipid
environment are produced by the dye interactions with the protein-induced ROS, analogous kinetic measurements were
conducted with the well-known free radical scavengers, butylated hydroxytoluene (BHT) and thiourea (TU). As
expected, these antioxidants suppressed the effect of metHb and cyt ¢ on SQ-1 fluorescence (Fig. 3). These findings
corroborate the idea that SQ-1 decolorization is provoked by the products of lipid peroxidation. Additional evidence for
this idea comes from the observation that activation of LPO by metal-catalyzed oxidation system FeSO, + ascorbate
(FA) also resulted in the time-dependent decrease in SQ-1 fluorescence intensity.

It is noteworthy in the present context that while interpreting the results described here, one should account for the
ability of transition metals to quench the fluorescence of near-infrared dyes [37]. This effect originates from the
formation of charge-transfer complex between the metal ion and the dye, which acts as a m-donor ligand. The formation
of such a complex perturbs the chromophoric system of the probe, giving rise to the decrease in its fluorescence. To test
this possibility, we evaluated the sensitivity of SQ-1 to lipid free radicals, generated by UV irradiation. It appeared that
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squaraine dye was virtually non-fluorescent in UV-irradiated liposomes while the irradiation of SQ-1 ethanolic solution
was followed by insignificant decrease in the probe emission. These observations suggest that reduction of SQ-1
fluorescence in irradiated membranes stems from the fluorophore interactions with UV-produced ROS. Hence, the
revealed bleaching of SQ-1 in the protein-lipid systems cannot be attributed to direct quenching of the dye fluorescence
by iron ions, and originates from SQ-1 interactions with LPO products.
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Fig.3. Time-dependent decrease in SQ-1 fluorescence
(A) upon the binding of methemoglobin, (B) cytochrome ¢ to PC/CL (10 mol%) liposomes. The concentrations were: lipid —
0.08 mM, SQ-1 —0.1 pM, methemoglobin — 0.5 uM, cytochrome ¢ — 0.6 pM

A question arises what molecular events underlie the decolorization of SQ-1? A vast majority of studies indicate
that ROS may exert: i) direct influence on SQ-1 spectral properties via destruction of the probe structure; ii) indirect
effect through the alterations in physicochemical properties of dye microenvironment brought about by the free radical-
induced perturbations of the membrane structure; or iii) combination of both above cases. Considerable evidence
suggests that direct attack of free radicals on the fluorescing compounds is accompanied by a pronounced decrease in
fluorescence intensity. Several examples include the quenching of dypiridamole fluorescence by peroxyl radicals [38],
suppression of 1,3-diphenylisobenzofuran emission by superoxide anion radical [39], degradation of Alexa dye
fluorescence by oxygen radicals [40], to name only a few. Giuvarch et al. classified the interactions of ROS species
with fluorescent dyes into four main types: i) hydrogen atom abstraction; ii) electrophilic addition on a double bond;
iii) oxidation of a double bond; and iv) electron transfer. Based on the results presented here, it seems impossible to
identify unequivocally what type of interactions prevails in our systems. In an attempt to discover the structural features
of SQ-1 which account for its sensitivity to free radicals, in a separate series of experiments we analyzed the potential of
polymethine dye V2, structural analog of SQ-1 without the central squarate bridge, in detecting the lipid free radicals. It
appeared that generation of ROS in liposomes by FA system resulted in 70%-decrease in SQ-1 fluorescence and only
30%-drop in V2 emission (data not shown). This finding suggests that the interactions between LPO products and SQ-1
occurs at the cyclobutene ring or in its vicinity. Apparently, free radical attack on the dye breaks down the C—C or C=C
bonds adjoining to the central four-membered ring of SQ-1.

Along with this, increasing evidence indicates that lipid peroxidation can provoke profound changes in the
structure and dynamics of lipid bilayer including [41-43]: i) increase in bilayer hydration and dielectric constant of a
membrane core; ii) decrease in the density of acyl chain packing; iii) interdigitation of lipid tails; iv) rise in membrane
viscosity due to cross-linking of free radicals. It cannot be excluded that these processes also contribute to the ROS-
induced quenching of SQ-1 fluorescence. To summarize, the results presented in this section, strongly suggest that SQ-1
represents a prospective fluorescent reagent for detection of the reactive oxygen species, and can be used as a
component of free radical sensing platforms.

SQ-1 as a probe for detection and structural characterization of amyloid fibrils

Excellent performance of SQ-1 in the lipid membrane studies allowed us to pose a question of whether this dye is
suitable for protein characterization? A good deal of existing data show successful utilization of squaraines as covalent
and noncovalent labels. To exemplify, the interaction of these dyes with bovine and human serum albumins was
reported to be followed by: a) increase in fluorescence intensity; b) color change from orange to deep purple; and c) red
shift in absorption spectra [44-46]. Based on these results, it was concluded that squaraines may serve as dual-mode
recognition sensors for serum albumins. Red-shifted absorption, enhanced fluorescence and increased lifetime were also
observed upon squaraine complexation with ovalbumin, and the conclusion has been drawn about the applicability of
the fluorophores as contrast agents for in vitro and in vivo protein imaging [47]. In the current contribution, we assessed
the sensitivity of SQ-1 to a special class of proteinaceous assemblies, amyloid fibrils. These structures represent highly
ordered protein fibrillar aggregates composed of misfolded proteins and sharing a core cross-f-sheet structure [48].
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Accumulation of amyloid fibrils in different tissues is currently regarded as a hallmark of a wide range of debilitating
disorders, including Alzheimer’s, Parkinson’s diseases, type II diabetes, etc [49]. In view of this, timely detection of
fibrillar aggregates is of paramount importance for prevention and inhibition of amyloid growth. A common strategy for
the identification of amyloid fibrils is based on the use of specific fluorescent dye Thioflavin T [50]. However, this
probe suffers from several drawbacks, associated with its sensitivity to the changes in environmental conditions (pH,
ionic strength), the presence of exogenous compounds and the morphology of amyloid fibrils. These considerations
highlight the necessity of the development of novel fluorescent markers for pathogenic protein aggregates. In this
section, we evaluated the ability of SQ-1 to identify the amyloid structures. Specifically, our goal was two-fold: i) to
estimate the parameters of the dye binding to fibrillar protein; and ii) to test the applicability of SQ-1 to structural
characterization of amyloid fibrils. As a model protein we utilized hen egg white lysozyme which is highly prone to
fibrillization in vitro under denaturing conditions.

As seen in Fig. 4, the binding of SQ-1 to
lysozyme fibrils is followed by the increase in
the dye fluorescence intensity with the spectrum

Concentration of fibrillar Lz, pM maximum around 677 nm, being suggestive of
SQ-1 transfer to nonpolar environment. For
quantitative  analysis of the dye-protein
association, the results of direct and inverse
fluorimetric titrations were interpreted within
the framework of Langmuir adsorption model
[24]. Global fitting of the obtained data yielded
the association constant and the number of
binding sites, which were found to be 4.4+1.1
uM™? and 0.25+0.08, respectively. Notably,
Thioflavin T binding constant (ca. 0.04+0.01
uM™, [24]) is two orders of magnitude lower

12

—_
[}
1 N

oo
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Fluorescence intensity, a.u.

660 670 680 690 700 710 720 than that of SQ-1, implying the higher affinity

of squaraine dye to the fibrillar lysozyme in

Wavelength, nm comparison with the classical amyloid marker.

Fig.4. Fluorescence spectra of SQ-1 upon its association with lysozyme  An increasing number of reports supports the
amyloid fibrils notion that amyloid specificity of the dyes is

determined by peculiar fluorophore location within the fibril structure [50,51]. It has been proposed that amyloid-
specific dyes, such as Thioflavin T, associate with fibrillar aggregates via insertion into the grooves formed between
every other row of side chains, with the dye long axis being parallel to the fibril axis. This results in a significant
restriction of the dye mobility, and, as a consequence, enhancement of its fluorescence by the orders of magnitude. The
average width of such binding channel is about 6.5-6.9 A [52]. This means that to be accommodated within the groove
with the long axis parallel to fibril axis, the “thickness” of the dye molecule should not exceed the above values. As
shown in Table 1, the “thickness” of SQ-1, defined as the height therein, is 2.9 A, which fits the size of the amyloid
groove. However, the dimensions of the probe are evaluated neglecting the length of its butyl tails. These hydrophobic
chains are likely to hamper the incorporation of the dye molecule into the amyloid channel. Thus, we assumed that the
most probable disposition of SQ-1 on the amyloid fibrils involves surface binding of the dye with its tails anchored in
the fibril groove.

At the next step of the study the Forster resonance energy transfer (FRET) technique was employed to assess the
possibilities of using SQ-1 in structural characterization of amyloid fibrils. Squaraine probes SQ-1 and V2, and
aminobenzanthrone dye ABM were recruited as the components of the two donor-acceptor pairs — ABM-SQ-1 and
SQ-1-V2. In both cases the addition of acceptor brought about the progressive decrease in donor fluorescence and
appearance of the band of acceptor emission. The results of FRET experiments were treated in terms of the stretched
exponential model [53]:

0

o) =jexp[—i—CAVdF(l—d/6)lzjdﬂ, 3)

0
5 d
where A=t/7,, r, is the donor fluorescence lifetime in the absence of acceptor; V, = z2R‘ /F(EJrlj is the

volume of d-dimensional sphere of radius R, d is the dimensionality of fluorophore distribution (fractal dimension);
C,=C,/CV,, C

> Cp 18 the total protein concentration; V. is the volume of lysozyme molecule in a fibrillar state, C,

is the molar concentration of bound acceptor which was calculated from the results of binding studies.
Fig. 5, A represents the set of model parameters {VPF,d } which provides the best approximation of experimental

data assuming that the donors and acceptors are freely rotating (x> = 0.67 ). If this assumption is true, the {VPF,d }
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curves obtained for the two employed donor-acceptor pairs, would have a point of intersection, (7,,,d" ), defining the
volume per lysozyme monomer and fractal dimension of the protein fibrils.
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Fig.5. Dependencies of monomer molecular volume on fractal dimension of lysozyme amyloid fibrils calculated from Eq. (4)
(A) at fixed, (B) varied values of orientation factor

However, as shown in Fig. 5, B the V,,.(d) dependencies do not intersect, suggesting that the assumption about
isotropic value of orientation factor is invalid since the rotation of donors and acceptors is restricted in a fibrillar

environment. To overcome the problem of unknown orientation factor, in the following analysis x° was varied within
the possible limits which embrace all relative orientations of the donor and acceptor dipoles, from perpendicular

(x> =0) to parallel (x> =4). The overlap between the regions which are limited by V,-(d) values, obtained for the

two donor-acceptor pairs, yields the most probable {VPF ,d } sets. It turned out that the volume of lysozyme monomer in

a fibrillar state lies in a range 12-22 nm’, while fractal dimension of fibrillar protein varies from 2.2 to 2.9. Overall, the
results outlined in this section, suggest that SQ-1 may be recommended as effective reporter molecule for spectroscopic
detection and structural characterization of amyloid fibrils.

CONCLUDING REMARKS

Overall, the present contribution was intended to demonstrate the versatility of the novel squaraine probe SQ-1 as
a prospective agent for a wide variety of bioapplications. This dye exhibits negligible fluorescence in aqueous solutions
but shows considerable increase in emission upon conjugation with lipid bilayers, making it an ideal candidate for
monitoring the processes occurring in biological membranes. Furthermore, fluorescence kinetic studies revealed the
extremely high sensitivity of SQ-1 to the reactive oxygen species, opening the new horizons of squaraines’ utilization in
free radical sensing. Finally, SQ-1 showed excellent performance in the identification and structural characterization of
the protein fibrillar aggregates suggesting its potential application in the design of fluorescence-based assays for early
detection of amyloid fibrils and analysis of their microstructure. There is no doubt that potential uses of SQ-1 are not
exhausted by the discussed possibilities and new proofs of squaraine versatility will appear soon. The most exciting
future directions of SQ-1 use in biomedical research seem to involve: i) evaluating the potential of this probe in
photodynamic therapy; ii) designing the reactive form of SQ-1 suitable for covalent protein labeling; iii) synthesis of
SQ-1 derivatives with unique selectivity for different types of lipid free radicals.
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