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The applicability of the novel cyanine dye AK 3-1 to the detection and characterization of pathogenic protein aggregates, amyloid
fibrils, was tested using the absorption spectroscopy technique. In an organic solvent dimethyl sulfoxide (DMSQ), absorption spectra
of AK3-1 exhibits vibrational structure with the relative intensity of 0-0 sub-band being higher than that for the 0-1 sub-band. In an
aqueous phase the dye absorption band undergoes hypsochromic shift relative to DMSO due to H-aggregation of the dye. The
interaction of AK3-1 with the native and fibrillar insulin was followed by the decrease of monomer band and the enhancement of H-
dimer band. To evaluate the relative contributions of the monomeric and aggregated forms, the absorption spectra of the protein-
bound dye were deconvoluted using the asymmetric log-normal (LN) function. The analysis of the set of fitting parameters provides
evidence for the protein-induced AK3-1 self-association into the head-to-head dimers, with the magnitude of this effect being much
more pronounced for fibrillar protein form. The molecular docking studies showed that the AK3-1 monomer tends to associate with
the specific arrangement of side chains in the f-sheet formed by L17 leucine residues (of the insulin B-chain), located on the dry
steric zipper interface of the fibril, while the dye dimers form stable complexes with the amyloid groove formed by the residues Q15
and E17 of the A-chain, and located on the wet interface of the fibril. The latter binding site is more easily accessible and is
additionally stabilized by the electrostatic interactions between the positively charged dye and the E17 residue. This binding mode
seems to be prevailing over that for the AK3-1 monomers. Based on the results obtained, AK3-1 may be recommended as a
prospective amyloid marker complementary to the classical amyloid reporters Thioflavin T and Congo Red.
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3a 10moMOror0 MeTony abcopOIiifHOT CIIEKTPOCKOMii MpOBecHA OLiHKa MOKIIMBOCTI BUKOPHCTAaHHS HOBOTO I[iaHiHOBOTO OapBHHKA
AK3-1 nyst nerexTyBaHHS Ta XapaKTepH3allil TaTOreHHUX OLIKOBHX arperariB, aminoigaux ¢iopmi. Crnexrpu nornuHanast AK3-1 B
OpTaHiYHOMY PO3UMHHHKY JuMeTmicynbpokcuai (IMCO) xapakTepu3yroThcs HassBHICTIO BIOPOHHOI CTPYKTYpH, IPHIOMY BiJTHOCHA
iHTeHCUBHICTb cyOcmyru 0-0 Buine, HiX iHTEHCHBHICTH cyOcmyru 0-1. YV BoaHiil ¢asi BinOyBaBcsi TiIICOXPOMHHH 3CYB CHEKTpY
nornuHanHs AK3-1 BigHocHo [IMCO, obymoBnennii H-arperauiero 6apeaunka. [Ipu B3aemonii AK3-1 3 HatuBHUM Ta QiOpHISIpHUM
iHCYJIIHOM CIIOCTEpIrajgoch 3MEHIICHHS IHTEHCHBHOCTI MOHOMEPHOI CIIEKTPajbHOI CMYIHW Ta 3pOCTaHHs iHTEHCHBHOCTI cmyru H-
quMmepiB. J[is OIHKY BIZHOCHHX BHECKIB IMOHOMEpHOI Ta arperoBanoi ¢popm GapBHHKa , Oyiia mpoBeeHa ACKOHBOJIOLIS CIEKTPIB
MOTJIMHAaHHA 3B’s3aHOro 3 OinkoM AK3-1 3 BukopucTaHHSAM acuMeTpudHOi Jor-HopMmanbHoi (LN) ¢ynkmii. Anamiz HabGopy
mapaMeTpiB, OTPIMaHHX B MPOIIECi MiITOHKH, BKa3ye Ha camoacomiarito AK3-1 B quMepu THITy «roJioBa IO TONOBH» BUKINKAHY
OLTKOM, IPHYOMY BEJIMYHHA HOTO e(eKTy Oyia 3HAYHO OUTBII BHpakeHa B MPUCYTHOCTI (iOpmispHOro Oinka. 3 BUKOPHCTAHHSIM
METOJIy MOJIEKYJISIPHOTO JOKIHTY IOKa3aHo, o MoHOMepH AK3-1 3B’s3y10ThCs 31 crienn¢ivHO po3MIlIeHIMH OOKOBUMH JIAHITIOTAMH
B-yucra, mo chopmoBani 3anmuikamy Jeiinuay L17 (B manirora iHCymiHy) Ta 3HaXOISITHCS Ha ITOBHICTIO HEIOCTYITHIH AJIS BOJH
MOBEpXHI — CTepUuHil OimckaBLi. B Tol ke wac, numepn OapBHHMKA (OPMYIOTH CTa0iIbHI KOMILIEKCH 3 KoioOKkaMu ¢iOpui, 1o
yTBOpEHI aMiHOKHUCIOTHUMH 3aiuiukamu Q15 ta E17 nanmora A Ta po3ramoBaHi Ha JOCTYNHIH Ul po3dMHHMKA moBepxHi. CaiT
3B’si3yBanHsa Q15 E17 e Ginbur gocTynHUM [Uisi OapBHHKA, a TAKOXK J0JATKOBO CTaOTI3y€eThCs €IEKTPOCTATHIHOIO B3aEMOIIEI0 MiXK
MO3UTHBHO 3apsi/PKeHUM OapBHHKOM Ta 3amumkoM E17. OcranHiil MexaHi3M B3aeMOJil ySBIAETbCA MEPEBAXKHHUM IOPIBHAHO 3
MEXaHI3MOM 3B’s3yBaHHA MOHOMepiB 3 QiOpmmamu. OTpuMaHi pe3ynbTaTH AO3BOJSIOTH pekomeHayBatd AK3-1 B skocti
MEPCIEKTUBHOIO aMIIOITHOTO MapKepa, Hopsi 3 KIaCHYHUMH pernopTepcbkiuMu Mojiekynamu Tiodnasinom T Ta KoHro uepBoHHM.
KJIIOYOBI CJIOBA: TpuMeTHHOBI IiaHIHOBI OapBHUKH, aMinoinHuit Mapkep, H-arperaTw, incynin
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C momompio MeTona abcopOIMOHHOM CIEKTPOCKONMH TPOBEJCHA OIEHKA BO3MOXHOCTH HCIIOJIB30BAHUS HOBOTO IIMAHUHOBOTO
kpacurenst AK3-1 1yt meTekTHpoBaHUS M XapaKTepU3alliH NATOTCHHBIX OEJIKOBBIX arperatoB, aMmIOWAHBIX (GuoOpmmt. CrexTps
nornomennss AK3-1 B opranmueckoMm pactBoputene auMmeTtwicynbpokcuae (JIMCO) xapakTepusyloTcsi HaJMdHeM BHOPOHHOM
CTPYKTYpBI, IPHYEM OTHOCHTENIbHASI MHTEHCUBHOCTH cyOmoinocs! 0-0 BbIlIe, 4eM MHTEHCHMBHOCTB cyOmosockl 0-1. B BoxHoit dase
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110JI0Ca TOTJIOLIEHUSI KPACHUTeJNIs MpeTepreBaeT TMICOXPOMHBIM caBur no otHomenuio Kk JIMCO, obycnosiennsiii H-arperamueit
kpacutens. [Ipu B3aumoneiictBun AK3-1 ¢ HaTUBHBIM M (UOPHIUIAPHBIM HMHCYJHMHOM HAOIIONANOCh YMEHBIICHHE MOHOMEPHOM
CHEKTPaJIbHOM MOJOCH M POCT mojockl H-mumMepoB. s OIleHKH OTHOCHTENBHBIX BKJIAJI0B MOHOMEPHOW W arperupoBaHHON (opm
KpacuTens, ObUIa TPOBEACHA [CKOHBOJIOIMS CIIEKTPOB IOTJIOMIEHUSI CBsi3aHHOTO ¢ OemkoM AK3-1 ¢ wmcmonbp3oBaHHEM
acuMMeTpu4HOit tor-HopMmansHO# (LN) ¢pyHKmuu. AHanu3 Habopa mapaMeTpoB, HOTYYEHHBIX B MpoIiecce MOATOHKH, YKa3hIBaeT Ha
BEI3BaHHYIO OelKoM camoacconmanuio AK3-1 B 1uMeps! THIIA «T0JI0Ba K TOJI0OBEY, IPHYEM BeIHIHHA 9TOro dddekTa Obu1a ropasmo
Oosiee BhIpaykeHA B IPHCYTCTBUH GUOPHILILIPHOH opMbl Genka. C NCIIOIb30BaHIEM METO/a MOJICKYIISIPHOTO JOKHHTA II0Ka3aHo, 9TO
MoHoMepbl AK3-1 cBsi3bIBalOTCS CO crieuduuecky pa3MeIeHHBIMA OOKOBBIMH LICIISIMH [3-JIHCTa, CHOPMUPOBAHHBIMH JICHIITHOBBEIMHU
ocrarkamu L17 (npuHagnexamumu nenu B), KoTopble HaXOAATCS B CTEPUYECKOH MOJHHM (IIOBEPXHOCTH (HOPHILIBI HOJHOCTBHIO
HEJOCTYIHOH U1t BoAbl). B To ke Bpems, numepsl Kpacutens (GpOpMHUPYIOT CTaOMIIbHBIE KOMIUIEKCHI C jKeloOkamu (uOpuii,
c(hOpMHUPOBAaHHBIMU aMHMHOKHMCIOTHBIMU ocTatkamu Q15 u E17 memm A, KOTOphIe PAcIoJIOKEHbI Ha AOCTYIHOW PAaCTBOPHUTEIIO
noBepxHocTH. Cait ces3piBanus Q15 E17 sBnsercs Oosnee DOCTYHMHBIM Ui KpPacHTENs W IOMOJHUTEIBHO CTAaOWIH3HUPYETCS
JJIEKTPOCTATHYECKUMHU B3aWMOJCUCTBHAMH MEKIY TOJOKHUTEIFHO 3apshKeHHBIM KpacuTedeM u octatkom E17. Tlocnemumit
MEXaHU3M B3aUMOJCHCTBUS IIPEACTABISACTCS INPEANOYTHTSIBHEIM II0 CPAaBHEHHIO C MEXaHU3MOM CBSI3BIBAHHMS MOHOMEPOB C
¢ubpmutamu. IlomydeHHBIE pe3ynbTaTH MO3BOISIIOT pekoMmeHnoBaTh AK3-1 B kadecTBe IMEpPCHEKTHBHOIO aMIJIOUIHOTO Mapkepa,
JIOTIOJTHUTEIBHOTO K KIIACCHYECKHUM pernoprepckuM MostekyiaaMm Tuodiaasuny T n Konro kpacHomy.

KJ/IFOYEBBIE CJIOBA: TpuMeTHHOBbIE IIAHUHOBBIE KPAaCUTEJIU, aMIJIOUAHBIN Mapkep, H-arperaTsl, HHCYJIUH

Protein misfolding followed by the deposition of the specific highly ordered protein assemblies, amyloid fibrils, in
various tissues and organs are involved in the molecular etiology of a wide variety of severe diseases, including
neurodegenerative disorders, systemic amyloidosis, familial amyloid polyneuropathy, type 2 diabetes, etc [1].
Accumulating evidence lends support to the hypothesis that structural transformation of a polypeptide chain into
partially folded conformation is a critical prerequisite for fibril formation. In vitro, fibrillization-favoring conditions are
created by lowering pH, elevating temperature, adding organic solvents or denaturants, etc., while in vivo, abnormal
partial unfolding or folding may arise from mutations, oxidative or heat stress or destabilization of the protein structure
upon its adsorption at interfaces such as cellular membranes [2,3]. Importantly, the morphology and physicochemical
properties of amyloid fibrils are not encoded in the polypeptide sequence since the fibrillar states of different proteins
are characterized by a similar cross- core structure with some variations in a final architecture of the mature fibrils [3-
5]. Due to their unique physicochemical properties, biocompatibility and biodegradability, the fibrillar protein self-
assemblies are regarded as attractive candidates for creating the nanostructured materials for different areas of
medicine, science and technology [6-8]. Among a variety of powerful physical tools currently used for identification
and characterization of amyloid fibrils an important place belongs to fluorescence and absorption spectroscopy
techniques involving the amyloid-specific chromo- and fluorophores [9-12]. The classical amyloid markers possessing
high affinity for the B-pleated structure are Thioflavin T and Congo Red [13-17]. Likewise, a marked specificity for
amyloid fibrils was observed for other classes of dyes including naphthalenes, oligothiophenes, curcumin derivatives,
cyanines, etc. [19-20]. Among these, cyanine dyes attract special attention due to their unique photophysical properties,
such as: 1) high extinction coefficients; ii) long-wavelength absorption and emission bands; iii) high fluorescence
quantum yield, iv) noticeable absorbance and/or fluorescence changes upon association with f-sheet structure [21-23].

A series of mono-, tri-, penta-, and heptamethinecyanine dyes were reported to display a strong fluorescence
increase upon binding to fibrillar beta-lactoglobulin [24], a-synuclein [25-27], insulin [28], lysozyme [22, 29], AB-
fibrils [30]. Remarkably, the trimethine cyanine dyes have been used for real-time, non-radioactive Ap imaging in vivo
[31]. Nevertheless, some of these compounds have the drawbacks among which are small Stokes shifts [32], poor water
solubility [33], low photostability in aqueous solutions arising from the flexibility of polymethine chain [34-35], and
high tendency to aggregate complicating the quantitative analysis of spectral data [36]. In view of this, there is a strong
need for the synthesis, testing and versatile characterization of the novel cyanines dyes. The aim of the present study
was two-fold: 1) to characterize the ability of the newly synthesized near-infrared cyanine trimethine dye, AK3-1, to
selectively recognize the amyloids fibrils, and ii) to perform comparative analysis of the spectral behavior of AK3-1
bound to native and fibrillar insulin.

EXPERIMENTAL SECTION
Materials
Bovine insulin was from Sigma (Sigma, St. Louis, MO, USA). The trimethine cyanine dye AK3-1 (inset in Fig.
1A) was synthesized in the University of Sofia, Bulgaria, as described previously [40]. The stock solution of AK3-1
was prepared by dissolving the dye in DMSO, then diluted by 5 mM sodium phosphate buffer (pH 7.4) and used for
spectroscopic measurements. The concentration of AK3-1 was determined spectrophotometrically, using the extinction

coefficient g, =1.36x10° M'em'.

Preparation of amyloid fibrils
Insulin, used here as a model protein, is a small hormone regulating the glucose homeostasis and lipid metabolism,
that is capable of forming fibrils under denaturing conditions such as elevated temperatures, low pH, the presence of
organic solvents, agitation, etc. [38,39]. Insulin amyloid fibrils were obtained in vitro by the protein incubation in
glycine buffer (pH 2) at 37 °C under continuous shaking for 6 days. Protein concentration in the stock solution was
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10 mg/ml. The working solutions of the native and fibrillar insulin were prepared in 5 mM sodium phosphate buffer
(pH 7.4). Hereafter, the native and fibrillar protein forms are referred to as InsN and InsF, respectively.

Absorption measurements
The absorption spectra of AK3-1 were recorded with the spectrophotometer Shimadzu UV-2600 (Japan) at 25 °C
using 10-mm path-length quartz cuvettes. Deconvolution of AK3-1 absorption spectra was performed with Origin 9.0
(OriginLab Corporation, Northampton, USA) using the log-normal asymmetric function (LN) [41]:

In2 21 a-v
A:Amax exXp| ——» In )
In™(p) a-ve

where A is the absorbance, AmaX is the maximum of absorbance, v is the wavenumber, v is the position of the

peak, p is the asymmetry of the function defined as:

e ™ Vimin
e @
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where v .~ and Vipgy denote the wavenumber values at half-absorbance. The parameter a designates the limiting
wavenumber:
(Vmax V)P
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p -1

Molecular docking study

The molecular docking was performed to identify the possible sites for the AK3-1 binding to insulin molecule and
to elucidate the nature of the interactions between the dye and either native or fibrillar protein. The coordinates for the
native protein were taken from the bovine insulin hexameric form, PDB ID: 2ZP6, while the coordinates for amyloid
fibrils were generated from http://people.mbi.ucla.edu/sawaya/jmol/fibrilmodels/ [42]. The model of fibrillar protein
was built based on the crystal structure of the segment LVEALYL (human insulin B chain, the residues 11-17). The
aggregated insulin was represented by the two protofilaments each containing 8 strands. The structure of AK3-1 was
built and optimized in Avogadro. The top 10 most energetically favorable dye-protein structures were obtained using
the PatchDock algorithm that is suitable for the protein-ligand and protein-protein complexes, and then refined by the
FireDock, as described previously [29]. The docked complexes were viewed by the Visual Molecular Dynamics (VMD)
software (version 1.9.3).

RESULTS AND DISCUSSION

As can be seen from Fig. 1A, AK3-1 is a cationic unsymmetric trimethine cyanine dye, the positive charge of
which is associated with the left-hand nitrogen atom. In an organic solvent, DMSO, AK3-1 is characterized by a broad
absorption spectrum within the range 450-700 nm, with the maximum at 637 nm and a second sub-peak at 569 nm.
Increasing the solvent polarity upon the dye transfer from DMSO to the buffer solution resulted in a ~15 nm shift of the
absorption maximum position coupled with a spectrum broadening (Fig. 1A). Accordingly, in the aqueous phase the
dye absorption spectrum was featured by two-peak structure with absorption maximum at 622 nm, a sub-band at 556
nm and the small shoulder around 510 nm.

Numerical studies indicate that the absorption spectra of cyanine dyes possess a vibronic structure with the relative
intensities of 0-0 and 0-1 sub-bands being dependent on the dye structure [43, 44]. The main absorption band of AK3-1
centered at ~ 622 nm in the buffer solution (637 nm in DMSO) corresponds to the 0-0 transition, whereas a second sub-
band can be assigned to 0-1 transition. However, the AK3-1 aggregation seems to occur in the aqueous medium and the
blue-shifted shoulder around 510 nm can be assigned, most probably, to the H-dimer of the dye. The hypsochromically
shifted bands of H-aggregates are generally explained in the terms of the exciton coupling theory proposed by Kasha.
Briefly, for a face-to-face stacked H-dimer the two exciton states appeared due to the coupling of the transition
moments of the two consistent dye molecules, with the transition to the higher energy state, the phenomenon
manifesting itself in the blue shift of the absorption spectra [47].

Shown in Fig. 1B and Fig. 1C are the absorption spectra of AK3-1 measured at increasing concentrations of the
native and fibrillar insulin, respectively. The addition of the native insulin to the dye in buffer solution resulted in a
marked decrease in the absorbance of monomer band and vibrational sub-band coupled with the broadening of the
absorption spectra and the increase of a shoulder at 510 nm. In the presence of fibrillar insulin the following effects
were observed: i) a hypochromism in the monomer absorbance augmenting with the InsF concentration; ii) the
appearance of a second well-defined peak at 510 nm. Although clear isosbestic points are not observed in the absorption
spectra of AK3-1 in the presence of insulin, the apparent isosbestic points can be distinguished around 545 nm and 650
nm for InsN and at 452 nm and 650 nm for InsF. For the both protein forms, the shoulder and peak at 510 nm can be
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distinguished around 545 nm and 650 nm for InsN and at 452 nm and 650 nm for InsF. For the both protein forms, the
shoulder and peak at 510 nm can be interpreted in terms of the insulin-induced AK3-1 self-association into the head-to-
head dimers, with the magnitude of this effect being much more pronounced for the fibrillar protein aggregates.
Remarkably, the tendency to organize into card-pack assemblies on the fibrillar matrix of B-amyloid peptide was
previously observed for the cationic piacyanol dye [30]. The ability of rhodamine 6G to aggregate on the amyloid fibril
template was found by Hanczyc et al. [48], who demonstrated that the structural differences between the lysozyme and
insulin amyloid fibrils promote the formation of the J-type and H-type molecular arrangements of the dye, respectively.
The enhanced aggregation of the cyanine dye 7514 in the presence of fibrillar insulin was reported also by Volkova et
al. [28] who ascribed the band shifted to the long-wavelength region relative to the monomer band to the formation of
the J-aggregates on the insulin fibrils.
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To analyze the spectral behavior of AK3-1 in more detail, we performed the decomposition of the dye absorption
spectra using the log-normal asymmetric function (Eq. 1). Presented in Fig. 2 are the results of the deconvolution of
AK3-1 spectra in the buffer solution and in the presence of the native and fibrillar insulin.

The choice of LN function was dictated mainly by a highly asymmetric nature of the AK3-1 absorption spectra.
As was demonstrated in the recent study of Laurdan fluorescence spectra, in the case of asymmetry in the spectral
shape, the decomposition procedure is more accurate when using the log-normal function [41]. The results of the AK3-1
spectra deconvolution with the asymmetric log-normal function are shown in Fig. 2 and Tables 1, 2. It appeared that the
dye absorption spectra can be represented as a sum of two separate bands, with a short-wavelength and long-wavelength
spectral components corresponding to the dimeric and monomeric dye species, respectively.

Spectral characteristics of AK3-1 absorption in the aqueous and protein phase (band I) feble]
System A V., cm’! Vi som? V. cm! | FWHM,em! | P, cm’ R’
Buffer 59413.2 16007.5 15502.6 17150 1647.4 0.442 0.98
InsN 31973 16007.5 15502 17150 1648 0.442 0.97
InsF 23342.8 16007 15502 17150 1648 0.442 0.98

The addition of the native and fibrillar insulin to AK3-1 in buffer was accompanied by the decrease in the
amplitude of band I coupled with a concomitant increase of the band II. This effect was most pronounced in the case of
fibrillar insulin showing ~ 2.5-fold decrease in the intensity of band I relative to the buffer solution, while for the native
insulin ~ 1.9-fold reduction of the band I was observed. Taken into account that the band I and II correspond to the
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absorption of monomeric and dimeric dye forms, respectively, the decrease of the amplitude of band I along with the

increase of Ao values for band II demonstrates one important feature: the native and fibrillar insulin may serve as a

matrix for AK3-1 dimerization.
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Table 2
Spectral characteristics of AK3-1 absorption in the aqueous and protein phase (band II)

. . ] ] ] 1 2
Medium A V., cm’! V. cm! Vo' | FWHM, em! | 0, cm R
Buffer 9457.6 18685.9 17223.2 20298.4 3075.2 0.907 0.98
InsN 10853.9 18685.9 17223 20111.2 2888.2 1.026 0.97
InsF 14142.2 19200 16669.2 20481.9 3812.7 1.974 0.98

While comparing the full width at half-maximum (FWHM), it can be seen that the association of AK3-1 with InsN
and InsF is followed by the FWHM change only for the band II, with the signs of this effect being opposite for the
native and fibrillar protein forms. Specifically, the insulin fibrils produced a significant increase in FWHM, whereas in
the presence of the native insulin this parameter displayed a slight decrease. Moreover, the dye transfer from the

aqueous to protein phase did not affect the position of the peaks I and I, with the exception of V. for the band II in the

insulin fibrils where a small short-wavelength shift was observed. Since the V. value is generally related to the

environmental polarity [41], we cannot rule out the possibility that AK3-1 associated with InsF experiences a
microenvironment with decreased polarity. However, when considered together with the growth of FWHM value, the

increase in V. is most likely to originate from the higher aggregation ability of AK3-1 in the presence of fibrillar

insulin. It can be assumed that not only dimers but also higher-order dye aggregates are formed on the fibril matrix. The
validity of this assumption is corroborated by the finding that the asymmetry parameter is significantly greater for the
band II in the case of fibrillar insulin.

The self-assembly of dye molecules, especially cyanines, into supramolecular aggregates has been widely
investigated indicating that the aggregation pathways and the types of forming aggregates depend on a variety of
factors, such as dye structure, temperature, the environmental polarity, the presence of salt, etc. [49]. The nucleic acids,
proteins, polymers, lipid assemblies and surfactants have been examined in the context of designing and controlling the
aggregation pattern of various dyes [49,50]. The physical background of dye aggregation lies in the dipole-dipole
coupling between the transition dipole moments of neighboring molecules which leads to the Frenkel exciton
appearance. The inclusion of the exciton-vibrational coupling in the model describing the absorption and emission

spectra of the linear H- and J-aggregates with the nearest-neighbor-only coupling (Jo) as a function of coupling
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strength was performed by Spano [51]. Assuming a monomer spectrum with a vibronic fine-structure being governed

by the Franck-Condon progression with the 0-n intensity scaling as S " exp(=S)/n! (S is the Huang-Rhys factor), he

associated the spectral differences of aggregation patterns with the aggregates in the weak and strong coupling regimes.
The absorption spectrum of the former is characterized by three peak structure, while in the strong excitonic coupling
regime, the oscillator strength is mainly concentrated in a single band. Taking into account the complex nature of the
dye-protein interactions and the fact that the dye-protein complexes and the dye aggregates are stabilized by the same
types of intermolecular forces (van der Waals, H-bonding, electrostatic and hydrophobic interactions), it is difficult to
answer whether the aggregates of the protein-bound AK3-1 exist in the weak or strong coupling regimes. However,
allowing for the very weak emission of AK3-1 in the protein phase (data not shown) we are prone to consider the strong
coupling regime as being more probable.

To explain the aggregation behavior of cationic AK3-1 in the protein phase, it should be noted that initially, in the
aqueous phase only a small portion of dimers are present because of very low dye concentration limiting the formation
of the dye-dye contacts. The dye transfer from the polar buffer solution to the protein phase stimulates the formation of
AK3-1 aggregates. The fact that the highest aggregation potential of AK3-1 was observed in the presence of InsF,
suggests that the fibrillar protein has either more binding sites for cyanine aggregates than InsN, or a more favorable
environment for the dye self-assembly. Presumably, the hydrophobic, electrostatic, and van der Waals interactions
between the dye and the native or fibrillar protein promote the formation of the dye H-aggregates. The presence of the
negatively charged insulin cavities favors the electrostatic interactions with the positively charged AK3-1. However,
taking into account that InsF has more exposed hydrophobic residues compared to InsN, the contribution of
hydrophobic interactions to the formation of the complexes “H-dimer-protein” is likely to be predominant. Furthermore,
typical fibril binding sites for the small organic molecules are represented by the long surface grooves running parallel
to the fibril axis, which may induce the end-by-end stacking of the fibril-bound AK3-1 molecules, followed by the dye
dimerization [52]. Therefore, to identify AK31-insulin binding sites, as well as the nature of the interactions involved in
the dye—protein complexation in the native protein and amyloid fibrils, a series of simple molecular docking studies
were performed.

Fig. 3. AK3-1 monomer (A) and dimer (B) complexes with fibrillar insulin and the most energetically favorable AK3-1 monomer (C)
and dimer (D) complexes with the native insulin, obtained using the molecular docking. Ligand and protein are represented via
VDW/ Bonds and New Cartoon/ Lines/ Bonds methods, respectively. The residues Q15 and E17 of the A-chain are colored in
yellow.
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As seen in Fig. 3A, the AK3-1 monomer tends to associate with the cross-strand ladder (a specific arrangement of
side chains in the B-sheet) formed by B17 leucine residues (of the insulin B-chain), located on the dry steric zipper
interface of the fibril. These results are in accordance with those reported for Thioflavin T, which possesses a high
affinity for the leucine and tyrosine ladders of the model peptides [53,54]. In turn, the dye dimers form stable
complexes with the amyloid groove formed by the residues Q15 and E17 of the A-chain, and located on the wet
interface of the fibril. The latter binding site is more easily accessible and is additionally stabilized by the electrostatic
interactions between the positively charged dye and E17 residue. Furthermore, it is AK3-1 dimer that has sufficient
surface area to form the van der Waals and hydrophobic contacts with both Q15 and E17 residues, and thus, to fit the
groove width. Interestingly, the cyanine amyloid inhibitor N44 was found to bind to the tau prefibrillar aggregates in the
dimeric form [55]. However, the dye dimers also proved to associate with the coil structure of insulin (data not shown),
suggesting that additional factors, viz. end-by-end stacking of the fibril-bound dimers, are needed to make the groove
binding mechanism predominant.

Fig. 3C shows that AK3-1 monomer presumably associates with the insulin B-chain residues 17-22 (3-10-helix
includes the residues B20-B22), as well as with the B-chain residues 1-4, via the hydrophobic and van der Waals
interactions. In turn, AK3-1 dimer was also associated with the A-chain of the protein. However, the environment of the
AK3-1 dimer bound to the native insulin is more polar and has lower surface area to form the dye-protein van der Waals
contacts, compared to the Q15 _E17 groove. Therefore, the AK3-1 binding to the native insulin may be less specific
than to the amyloid fibrils. Indeed, similar to the typical amyloid markers, AK3-1 showed a higher fluorescence
response to the fibrils compared to the native insulin (data not shown). Thus, AK3-1 seems to be entrapped into the
amyloid assemblies followed by the dye dimerization, so that the dye dimers bind to the Q15 _E17 groove with greater
affinity than that for the native insulin, underlying the spectral effects observed for the absorption of the H-dimeric
band.

CONCLUSIONS

e  The analysis of the absorption spectra of the novel cyanine dye AK3-1 in the presence of native and fibrillar
insulin points to the protein-induced AK3-1 self-association into the head-to-head dimers, with the magnitude of
this effect being much more pronounced for the fibrillar protein aggregates. The aggregates of AK3-1 emerging on
the protein matrix are presumably in a strong coupling regime.

e The molecular docking studies showed that the AK3-1 dimers are bound to the groove formed by the Q15 E17
residues of the insulin A-chain via hydrophobic, van der Waals and electrostatic interactions. This binding mode
seems to be prevailing, while the binding site is more accessible and stable than that for the AK3-1 monomers, i.e.
the cross-strand ladder formed by L17 residues of the B-chain.

e  The revealed spectral behavior of the cyanine dye in the presence of monomeric and fibrillar forms of insulin,
points to the possibility of using AK3-1 for the identification and structural characterization of amyloid fibrils.
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