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The applicability of the three-step Forster resonance energy transfer (FRET) to detection of insulin amyloid fibrils was evaluated, using
the chromophore system, containing Thioflavin T (ThT), 4-dimethylaminochalcone (DMC), and two squaraine dyes, referred to here
as SQ1 and SQ4. The mediator chromophore DMC was found to enhance the fluorescence intensity of the terminal acceptor, SQ1,
excited at 440 nm (at the absorption maximum of the principal donor, ThT), in fibrillar insulin compared to the system without DMC,
providing the evidence for the cascade energy transfer in the chain Th'T>DMC—SQ4—SQ1. Furthermore, the resulting Stokes shift
in the four-chromophore system was 240 nm, as compared to 45 nm for the fibril-bound ThT, suggesting that higher signal-to-noise
ratio is the advantage of amyloid fibril detection by multistep FRET. The maximum efficiencies of energy transfer in the insulin fibrils
estimated from the quenching of the donor fluorescence in the presence of acceptor for the donor-acceptor pairs ThT-DMC, DMC-
SQ4 and SQ4-SQ1 were 40%, 60% and 30% respectively, while negligible FRET occurred in the non-fibrillized protein. The most
pronounced differences between fibrillar and non-fibrillized insulin were observed in the 3D fluorescence spectra. Specifically, two
intensive spots centered at the emission wavelengths ~ 650 nm (SQ4) and ~ 685 nm (SQ1) were revealed at the excitation wavelength
~ 440 nm in the 3D patterns of insulin amyloid aggregates. In contrast, in the case of the non-fibrillized protein, the barely noticeable
spots centered at the same wavelengths, as well as higher fluorescence intensities at the excitation above 550 nm were observed,
suggesting the predominant impact of the direct excitation of SQ1 and SQ4 on their fluorescence responses. The inter-chromophore
distances calculated from the experimental values of the energy transfer efficiency assuming the isotropic rotation of the dyes, were
found to be 2.4, 4.5 and 4.3 nm for the ThT-DMC, DMC-SQ4 and SQ4-SQI1 pairs, respectively, revealing the different fibril binding
sites for the examined dyes. The quantum-chemical calculations and simple docking studies provided evidence for the SQ1, SQ4 and
ThT, DMC binding to the wet and dry interface of the insulin amyloid protofilament, respectively. The dye-protein complexes are
likely to be stabilized by the hydrophobic, van der Waals, aromatic and electrostatic interactions. In summary, the above technique
based on the multistep FRET can be employed for the identification and characterization of amyloid fibrils in vitro along with the
classical ThT assay, allowing the increase of the amyloid detection sensitivity and lowering the probability of the pseudo-positive
result. The applicability of the multistep FRET for amyloid visualization in vivo can be also tested by the involvement of the near-
infrared fluorescent dyes to the cascade.
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During the past decade a phenomenon of the Forster resonance energy transfer (FRET) has emerged as an extremely
useful tool for retrieving information about proximity relationships and structural dynamics of biological macromolecules
and their assemblies [1-3]. Due to a strong dependence of the energy transfer efficiency on the donor-acceptor distance,
FRET is particularly useful while determining the intra- and intermolecular distances on a nanometer scale [4,5]. Although
most FRET studies involve analysing a conventional one-step energy transfer, a multistep FRET (msFRET) has been
attracting much attention in recent years [6-10], inspired by the natural photosynthetic systems containing several light-
harvesting complexes that efficiently transfer the absorbed energy between a number of chromophores [11,12]. The
energy transfer within multiple chromophore systems usually follows a cascade route, moving from an initial donor
chromophore through the intermediate donors/acceptors onto a final acceptor chromophore [6-10,13]. The multistep
FRET offers several advantages over the one-step FRET: i) a higher efficiency of long-range transfer [14]; ii) a larger
Stokes shift [13,15]; iii) the possibility to monitor inter- and intramolecular interactions beyond the range 1-10 nm [16];
and iv) an extended excitation wavelength range for fluorescence lifetime measurements [14]. As a result, the cascade, or
multistep FRET appeared to be especially useful in developing molecular photonic wires and light harvesting systems [6-
8, 17]. Most of such artificial systems are devised through synthesizing the arrays of covalently linked chromophores
with a specific design to ensure large collection efficiencies, as well as fast and efficient energy migration. By analogy
with the natural antenna, the majority of these systems are based on the porphyrin pigments [13,15,18,19]. Another
application of msFRET involves the DNA photonic wires self-assembled around CdSe/ ZnS semiconductor quantum dots
acting as a nanoscaffold and a FRET donor to a series of DNA-intercalating dyes [17]. More importantly, the msFRET
systems are effectively used in biosensors for sensitive detection of multivalent complexation [20], protein labeling [15],
genotyping of single nucleotide polymorphism [21], DNA sequencing [16], estimating the stoichiometry of protein
complexes [22], determination of the tumor necrosis factor [23] and analysis of multiprotein interactions in living cells
[24], to name only a few.
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Remarkably, the multistep FRET have been successfully employed for the detection of a specific type of protein
aggregates — amyloid fibrils, whose formation is associated with the pathogenesis of neurodegenerative diseases, type 11
diabetes, systemic amyloidosis, etc. [25]. More specifically, it was demonstrated that amyloid-sensing potential of the
classical amyloid marker, Thioflavin T, can be reinforced by its implication as a primary donor in the two-step energy
transfer process [25], creating a background for application of amyloid nanostructures as a molecular framework for
controlled positioning of a multitude of chromophores communicating via the multi-step FRET in photonic devices. To
the best of our knowledge, so far, the potential of amyloid-scaffolded msFRET remains poorly investigated. In view of
this, the aim of the present study was to assess the insulin amyloid-sensing potential of the three-step Forster resonance
energy transfer using the four-chromophore system containing a benzothiazole dye Thioflavin T, 4-
dimethylaminochalcone and two squaraine dyes, SQ1 and SQ4.

THEORY

Forster resonance energy transfer is a long-range electrodynamic interaction of two chromophores: the excited donor
and the ground-state acceptor, as a result of which the energy of the excited donor is non-radiatively transferred to the

acceptor [26]:
D'+A—>D+4 (1)
The main prerequisites for FRET include 1) the overlap between emission spectrum of a donor and absorption
spectrum of an acceptor and ii) the donor-acceptor separation falling in the range 0-10 nm. Each donor-acceptor pair can
be characterized by the three parameters: £, the energy transfer rate; r, the distance between chromophores; and R, ,

k() = i(ﬁ] @

Tp

the Forster radius, related by the equation [27]:

where 7, is the donor fluorescence lifetime in the absence of acceptor. The energy transfer efficiency E, i.e. the
probability that the excited donor will transfer energy to the ground-state acceptor, can be written as:
k R

t
= = 3
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The Forster radius, i.e. the donor-acceptor distance at which the energy transfer efficiency equals 50%, is given by:
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where J is the overlap integral; F, (ﬂ) is the donor fluorescence intensity, &, (/1) is the acceptor molar absorbance at

the wavelength A, n_ is the refractive index of the medium; (), is the donor quantum yield; & ? is the orientation factor
defined as:

K = (e =3epsep)enise)) ®)

where % , a are the unit transition vectors of the donor and acceptor respectively; a is the unit vector drawn from
the donor to the acceptor [28]. The orientation factor may take a value from 0 to 4, but usually R, is calculated with

K =2/ 3 (when the orientations of the donor emission and acceptor absorption transition dipoles randomize during the

fluorescence lifetime). The uncertainty in & is the main limitation of the FRET technique resulting in the distance

estimation error up to 35%) [28-30]. This problem can be partly circumvented through narrowing the & limits by
measuring the anisotropy of donor and acceptor [28, 29, 31].

A B
k
a 12 0 Fig. 1. A four-chromophore system for energy transfer:
(A) three-step FRET (energy is transferred from
K,; chromophore 1 to 4 via 2 and 3), and (B) all possible
e K4 e pathways of the energy transfer.

In the present study, the FRET system consisting of four chromophores is considered. There are many scenarios for
this system and the two most important of them are illustrated in Fig.1. Let us designate the chromophores 1, 2, 3, and 4
as D1, D2, D3, and A3, respectively.
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In the case A (Fig. 1A), it is shown that the total three-step FRET efficiency (£) measured from the enhancement of
the A3 emission is the product of efficiencies for each of FRET steps [33]:

E=E,E.E, (6)

where E,, , E,, and E,, are energy transfer efficiencies from D1 to D2, from D2 to D3 and from D3 to A3, respectively.

In the case B (Fig. 1B), the concentration of chromophores in the excited state can be described by the following
differential equations:

. =—[ D |k, + ks + kg +7,0) @)
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The energy transfer efficiency measured through monitoring the increase in acceptor fluorescence is given by [33]:
pola (11)
z-A
I, :nij[A;‘](t) dt (12)
00

where 1, = [Dl*](t =0), 7, is the acceptor lifetime. Assuming that [Dl* J (t=0)=1, and
[D;](t =0)= [D;](t =0)= [A;](t =0)=0, from equations (10) and (12) one obtains:
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Using the formula for the energy transfer efficiency within one donor-acceptor pair (Eq. 11), the £ value in the three-
step FRET can be written as follows:

E = E]’Z E2,3 E34 + El’3 E34 + EIVZ E2’4 + E1’4 (14)

where E| is the energy transfer efficiency from the donor i to the acceptor j in the presence of the parallel energy transfer

from the donor i to other acceptors.

EXPERIMENTAL SECTION
Materials
Bovine insulin, dimethyl sulfoxide (DMSO), Tris, thioflavin T (ThT) and phosphotungstic acid hydrate for electron
microscopy were purchased from Sigma. 4-dimethylaminochalcone (DMC) was from Signe (Latvia). The squaraine dyes
SQ1 and SQ4 were synthesized in the University of Sofia, Bulgaria. All other reagents were used without further
purification.

Preparation of working solutions

The insulin stock solution (10 mg/ml) was prepared in 10 mM glycine buffer (pH 2.0). The reaction of the protein
fibrillization was conducted at 37 °C in the above buffer under constant agitation on the orbital shaker. The kinetics of
amyloid formation was monitored using the Thioflavin T assay [34]. Hereafter, the fibrillar protein and its non-fibrillized
counterpart (the insulin solution in glycine buffer that was not subjected to agitation) are denoted as InsF and InsN,
respectively.

The dyes stock solutions were prepared in DMSO (SQ1 and SQ4) and ethanol (DMC), while ThT was dissolved in
10 mM Tris buffer (pH 7.4). The fluorimetric measurements were carried out in 10 mM Tris-HCI buffer (pH 7.4).

For the transmission electron microscopy assay, a 10 ul drop of the protein solution was applied to a carbon-coated
grid and blotted after 1 min. A 10 pl drop of 1.5% (w/v) phosphotungstic acid solution was placed on the grid, blotted
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after 30 s, and then washed 3 times by deionized water and air dried. Then the grids were viewed with the EM-125 electron
microscope (Selmi, Ukraine).

Fig. 2. Transmission electron microscopy photograph of the Fig. 3. Chemical structures of the employed donor and acceptor
insulin amyloid fibrils. fluorophores.

Spectroscopic measurements

The absorption spectra of the examined dyes were recorded with the spectrophotometer Shimadzu UV-2600 (Japan)
at 25 °C. The dye concentrations were determined spectrophotometrically using the extinction coefficients
et =3.46-10°Mlem™!, 24 =2.3-10° Mlem!, £2)°° =4.21-10° M lem™ and ¢4 =3.6-10* M'em™ for DMC,
SQ1, SQ4 and ThT, respectively. Steady-state fluorescence spectra were recorded with RF6000 spectrofluorimeter
(Shimadzu, Japan). Fluorescence measurements were performed at 25 °C using 10 mm pathlength quartz cuvettes.
Fluorescence spectra were recorded within the range 460—820 nm with the excitation wavelength 440 nm. The excitation
and emission slit widths were set at 10 nm.

The efficiency of energy transfer was determined from the quenching of the donor fluorescence in the presence of
acceptor [29]:

Eo1-to (15)
D
where 1, I,),, are the donor fluorescence intensities in the absence and in presence of the acceptor, respectively. The

donor fluorescence intensities measured in the presence of acceptor were corrected for inner filter effect using the
following coefficients [29]:

AT+ A2
Jo =10 +4" (16)

where A7, A™ are the acceptor optical densities at the donor excitation and emission wavelengths, respectively. The

critical distance of energy transfer was calculated from eq. (4) using the Mathcad 15.0 software.

Molecular docking study
The molecular docking was carried out to ascertain the putative sites for the dye binding to insulin fibrils. The model
of fibrillar insulin was taken from http://people.mbi.ucla.edu/sawaya/jmol/fibrilmodels/ [35]. The structures of the dyes
were optimized using the semiempirical method PM6 (MOPAC2016 version18.012L) [36]. The top 10 conformations
obtained with the PatchDock algorithm were then refined by the FireDock software [37]. The docked complexes were
visualized by the Visual Molecular Dynamics (VMD) software.

Quantum-chemical calculations
Using the MOPAC2016 software, the geometry optimization of the dye conformations was performed, followed by
the calculation of the quantum-chemical characteristics, such as: the solvent-accessible area (CA ); molecular volume (

CV ); energy of the highest occupied ( £,,,,,, ) and lowest unoccupied ( £, ,,,, ) molecular orbitals; molecular length (L

), height ( /') and width (" ); ground state dipole moment ( 4 A ) and molecular weight (M. wt.). The LogP ,a compound

lipophilicity, was obtained using the ALOGPS 2.1 program (http://www.vcclab.org/lab/alogps/) [38]. All the calculated
parameters are presented in Table 3.

RESULTS AND DISCUSSION
The ensemble of four dyes including the classical amyloid marker ThT (donor D1), chalcone dye DMC (acceptor
Al for ThT and donor D2), squaraine dyes SQ4 (acceptor A2 for DMC and donor D3) and SQI1 (acceptor A3) were
selected to study the msFRET applicability to amyloid detection based on our previous results [25].
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At the first step of the study we addressed the question of how the fluorescence of the terminal acceptor (SQ1) is
sensitized by the other donors/acceptors of the energy transfer chain. To this end, the fluorescence spectra of the SQ1-
protein mixtures were measured with the excitation wavelength 440 nm (Fig. 4) that was chosen based on the spectral
characteristics of the primary donor, ThT. The fluorescence intensity of SQ1 in the emission maximum (680 nm) did not
exceed 1000 a.u. in the presence of fibrillar insulin (InsF). The addition of SQ4 (D3) into this system led to some decrease
in SQ1 (A3) fluorescence, as well as to the appearance of the SQ4 fluorescence band. This implies that the expected
enhancement of acceptor fluorescence does not occur at this stage, presumably because of relatively low fluorescence
signal from SQ4 under the employed experimental conditions. At the same time, no SQ1 and SQ4 fluorescence was
observed in the presence of the control protein (InsN). However, the subsequent addition of ThT resulted in the
pronounced fluorescence increase in InsF, indicating that the energy is transferred from ThT to the squaraines. There are
two possibilities by which such energy transfer may occur, the parallel pathway (ThT—SQ4 and ThT—SQ1) and the
sequential one (ThT—SQ4—SQ1). Moreover, when the FRET chain was complemented by DMC serving as a bridge
between ThT and SQ4, the squaraine fluorescence showed a further enhancement increasing with the elevation of DMC
concentration (Fig. 4A,B). It is interesting to note that squaraine peaks emerging in the presence of DMC were observed
also for InsN with SQ4 fluorescence signal being higher than that of SQ1, while in the absence of the mediator SQ1 and
SQ4 fluorescence was negligibly small. The excitation spectra measured at the emission wavelength 720 nm at the highest
DMC concentration also are indicative of the marked difference between the InsF and InsN (Fig. 4C). The squaraine
peaks are clearly resolved in these spectra at 637 nm for SQ4, and 676 nm for SQ1, in the presence of the fibrillar insulin,
while small hypsochromic shifts ca. 8 and 3 nm for SQ4 and SQI, respectively, along with significantly lower
fluorescence intensities were observed for the control non-fibrillized protein.
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for SQI1, and [ i648 /1 ;’gz for SQ4 at increasing DMC concentration (Fig. 5), where [ 1.683 and [ 1.648 are the fluorescence

To quantify the above effects, the enhancement in the fluorescence intensity was calculated as the ratio [ i683 /1

intensities at the i-th point of the sample titration with DMC; [ 5231 and [ ;’;i are the initial fluorescence intensities of the

squaraines. As seen in Fig.5, the addition of the donor D1 (ThT) resulted in the SQ1/SQ4 fluorescence enhancement by
6/12 times in the presence of fibrillar insulin and by 1.2/1.6 times in the presence the of the control protein, respectively.
The mediator (DMC) led to a further enhancement of the squaraine fluorescence for both fibrillar and the non-fibrillized
control protein with respect to that of the mediator-free systems.
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The ratio of the signal amplification in the presence of the fibrillar protein to that in the control showed somewhat

decrease with increasing the DMC concentration (Fig. 5C). However, at all mediator concentrations, the dye fluorescence
enhancement was more than 3 times stronger in the presence of fibrillar insulin with respect to the control protein for both

SQ1 and SQ4.
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At the next step of the study, the ThT-protein mixtures were consecutively titrated with DMC, SQ4 and SQ1.The
donor fluorescence gradually decreased with increasing acceptor concentration for each FRET step in the presence of
both fibrillar and control protein, except for the ThT-DMC pair in InsN, where the donor and acceptor fluorescence
increased simultaneously due to superposition of the DMC and ThT emission spectra (data not shown). The efficiencies
of energy transfer for the three donor-acceptor pairs were calculated from the quenching of the donor fluorescence. As
illustrated in Fig. 6, FRET efficiencies in the presence of fibrillar insulin increased with increasing acceptor concentrations
by the factors of 3, 2.4 and 7.5 for the pairs ThT-DMC, DMC-SQ4 and SQ4-SQ1, respectively. The largest values of
FRET efficiency were observed for the pair DMC-SQ4 (E> 60%). Remarkably, the energy transfer efficiencies in the
presence of fibrillar insulin were ~ 12 times greater and ~1.5 times lower than those for the control protein for the pairs
D2-A2 and D3-A3, respectively. A more pronounced FRET observed in the control protein for the pair SQ4-SQI as
compared to InsF did not have a critical influence on the resulting transfer efficiency, since at the first step of cascade
FRET the energy was not transferred in InsN and at the second step the efficiency was lower than that in InsF.

As seen from Egs. (3) and (4), the efficiency of energy transfer depends on the distance between donor and acceptor
and the Forster radius which, in turn, is determined by the overlap between the donor emission and acceptor absorption
spectra, the donor quantum yield and the acceptor extinction coefficient, the refractive index of the medium and the
orientation factor. The overlap integrals, the Forster radii and the donor-acceptor separations were calculated for the pairs
ThT-DMC, DMC-SQ4 and SQ4-SQ1 taking the isotopic value of the orientation factor (x> =2/3).

The relative quantum yield of the donors (Table 1) was calculated as:

QZQ_G*“”%WZ

17
T (1-10%)S 52 1n

where Q. is the quantum yield of the standard, 4, and A, are the optical densities at the donor excitation wavelength,

S, and S, are the areas under the fluorescence bands, 71, and 71, are the refractive indexes of the medium for the donor

and standard, respectively. Notably, the binding of ThT to fibrillar insulin resulted in the increase of the dye quantum
yield by more than two orders of magnitude (Table 1).

Table 1
Donor quantum yields in the presence of fibrillar insulin
Donor 0, Standard
ThT 0.02 ThT in buffer (Q=10"*) [39]
DMC 0.18 DMC in ethanol (Qs=0.2) [40]
SQ4 0.014 Nile Blue in water (Qs=0.01) [41]

The normalized emission and absorption spectra of the three donor-acceptor pairs are depicted in Fig. 7, while the
overlap integral value (J) evaluated by the numerical integration are presented in Table 2. The pair SQ1-SQ4 demonstrated
the greatest J value due to a small shift (~32 nm) between SQ4 fluorescence and SQ1 absorption maxima, and a high
extinction coefficient of SQI.

g £ =
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Fig. 7. Overlap of the normalized donor emission (slanting lines) and acceptor absorption (horizontal lines) spectra for the donor-
acceptor pairs ThT-DMC (lg;fr =483 nm, ﬂ,‘fg; =421nm), DMC-SQ4 (lg;fr =535nm, ﬂ;g; =641nm) and SQ4-SQ1
(A = 644 nm, A% =676 nm).
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The Forster radius, a characteristic of each donor-acceptor pair, was calculated from equation (4). The largest value
of the Forster radius (Table 2) was obtained for the pair DMC-SQ4 due to the greatest values of DMC relative quantum

yield (0.18) and SQ4 extinction coefficient (£2)*’ =4.21-10° M'em™). The donor-acceptor distance r was estimated

based on the classical expression for the distance dependence of FRET efficiency (Eq. 3) using the £ values at the
maximum acceptor concentrations.
Table 2
FRET parameters obtained under assumption of isotopic rotation of the fluorophores

System J, M 'em 'nm* R,,nm r, nm
ThT-DMC 3.73-10 2.3 2.4
DMC-SQ4 5.32-10% 5.0 4.5

SQ4-SQ1 1.52-1016 39 4.3

The distinctions between the fibrillar and control proteins appeared to be the most pronounced in the 3D fluorescence
spectra. As illustrated in Fig. 8A, in the system consisting of ThT, DMC and SQ4 bound to InsF, the strongest fluorescence
centered around ~ 650 nm corresponds to SQ4; the spot located above the excitation wavelength 550 nm is related to the
direct excitation of SQ4, while the bottom spot centered at Agx ~ 440 nm originates from the energy transfer
ThT—-DMC—SQ4. A residual ThT fluorescence is observed at Agx~ 440 nm and Agm ~ 580 nm. The addition of SQ1 into
the above ternary system resulted in the appearance of a new spot centered at Agm~ 685 nm and Agx ~ 440 nm, and in the
decrease of SQ4 signal (Fig. 8C), suggesting that the energy is transferred from ThT to SQ1 via SQ4. As seen in Figs. 8B
and 8D, the intensity of the analogous patterns is substantially lower in InsN compared to InsF. The barely noticeable
spots centered at the SQ4 (Fig. 8B) and SQ1 (Fig. 8D) emission maxima at Agx ~ 440 nm were observed, while the higher
emission intensities observed at Agx > 550 nm are related to the direct excitation of the fluorophores.
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Fig. 8. 3D fluorescence spectra recorded in the presence of DMC (0.53 uM) and SQ4 (0.16 uM) in the ThT— fibrillar (A) and control
(B) protein mixtures, followed by the addition of SQI (1.4 uM) to the fibrillar (C) and control (D) insulin. The emission and
excitation wavelengths were varied within the ranges 580-760 nm and 410-560 nm, respectively. The excitation and emission slit
widths were set at 10 nm. The protein and ThT concentrations were 4.9 and 1.2 uM, respectively.

In the last step of our investigation, the simple docking studies were performed to provide additional structural
characterization of the dye-fibril complexes. As seen in Fig. 9A, ThT, DMC and SQ4 tend to associate with the 4-5
residues of the L17 ladder of the insulin fibril protofilament located on the dry steric zipper interface, suggesting the
predominant role of hydrophobic and van der Waals dye-protein interactions. A similar binding motif was previously
proposed for ThT [42]. In turn, the bulky moieties of zwitterionic SQ1 seem to prevent its binding to the dry amyloid
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surface, and thus, SQI1, being the most hydrophobic among the examined dyes (possessing the highest LogP value,

Table 3) binds to the wet surface groove formed by the residues GLN15 and GLU17 of the insulin A-chain. In this case,
the hydrophobic, aromatic and electrostatic forces may stabilize the dye-protein complex. Interestingly, the distance
between fibril-bound SQ4 and SQ1 was about 3 nm, being close to the value ca. 3.9 nm obtained from the FRET efficiency
(Table 2).

However, precise identification of the fibril binding sites for the dyes seem to be complicated because the rigid
docking algorithms used here are based on the shape complementarity principles (PatchDock) and perform only the
protein side-chain optimization (FireDock). In turn, the ligand structure remains fixed during the docking process that
may lead to the appearance of the false protein binding sites if the optimized dye geometry used for calculations differs
from the real geometry. Thus, the discrepancies between ThT-DMC, and DMC-SQ4 distances obtained experimentally
(Table 2) and by the molecular docking (Fig. 9A) can be explained by the drawbacks of the docking technique. To

Table 3
Quantum-chemical characteristics of the dyes after geometry optimization (PM6, MOPAC)

Dye SQl1 SQ4 DMC ThT
c4, A? 611 438 304 318
cv, A3 767 519 320 350

Eono- €Y -6.9 -6.8 -8.3 -11.0
E, o€V -2.0 -1.9 -0.7 -4.4

L,A 21.1 18.5 14.4 14.3

w, A 10.7 6.4 5.7 5.7

H,A 8.1 4.5 34 3.7
i, ,D 3.2 5.8 5.7 2.7

g b
M. wt. g/M 608.82 424.54 251.33 188.61
LogP 9.81 1.59 3.84 —0.14

correlate the FRET and docking results, one should assume that SQ4 and SQ1 are bound to the wet insulin protofilament
surface (because of their similar structure), while DMC and ThT reside at the dry amyloid surface due to their small
volumes and molecular weights (Table 3). If SQ4 and SQ1 are associated with the two opposite sides of the fibril surface,
the intermolecular distance will be about 3 nm. In turn, if ThT and DMC are bound to the L17 ladders available on the
first and second B-sheet of the insulin protofilament, respectively, the distance between the two fluorophores will be about
2.5 nm (Table 2).

ThT, DMC, SQ4

A B

Fig. 9. Schematic representation of the energetically most favorable dye complexes with fibrillar insulin, obtained using
PatchDock/ FireDock servers and visualized by VMD software.

The drawing method was set as Bonds and NewCartoon for the dyes and the protein, respectively. ThT, DMC, SQ4 are bound to
the L17 ladder of the B chain, located at the dry steric zipper of the insulin fibril protofilament, while SQI1 is attached to the surface
groove formed by the residues GLN15 and GLU17 of the A chain (A). The distance between SQ1 and SQ4 is about 3 nm (B).



67
Three-Step Resonance Energy Transfer in Insulin Amyloid Fibrils EEJP. 4 (2019)

CONCLUSIONS

To summarize, we have successfully designed the dye ensemble suitable for the three-step sequential FRET in the
insulin amyloid fibrils. The following chromophores were recruited as the components of the fibril-scaffolded FRET
chain: i) a primary donor, Thioflavin T, transferring its energy to the mediator dye, DMC, upon excitation at 440 nm; ii)
a novel squaraine dye SQ4 accepting the energy from DMC; and iii) squaraine fluorophore SQ1 accepting the energy
from SQ4, followed by the emission enhancement at 680 nm. The above cascade showed notable increase in the SQ1
fluorescence compared to that devoid of DMC. Despite the parallel FRET between the dyes cannot be excluded, the
donor-acceptor distances estimated for each pair assuming the isotopic chromophore rotation appeared to be consistent
with the intergroove separations in the core of insulin fibrils. The recovered distances fall in the range 2.4 — 4.5 nm,
suggesting different fibril binding sites for the dyes. The fact that no cascade FRET was observed in the non-fibrillized
protein, highlights the importance of the dye association with the highly ordered amyloid structure for the energy transfer
to occur in the chain ThIT->DMC—SQ4—SQ1. These results may prove of importance in the development of the novel
sensitive fluorescence approaches to amyloid detection and characterization, particularly, in vivo, by introducing the near-
infrared fluorophores to the cascade.
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TPbOXETAITHUI PE3OHAHCHUI MTEPEHOC EHEPT'Ii B AMIJIOITHUX ®IBPAJIAX IHCYJIHY
VY. Tapa6apal!, M. Illyka', K. Byc!, O. Kurnsikiscoka!, B. Tpycosa!, I'. Top6enxo!, H. Taxxkes?, T. Jleaireoprics?
'Kagheopa meouunoi izuxu ma 6iomeduunux nanomexnonozit,
Xapxiecvruil Hayionanvruil yHisepcumem imeni B.H. Kapaszina
nn. Ceoboou 4, Xapkis, 61022, Vxpaina
2@axynemem ximii i papmayii, Cogpiticoxuii ynieepcumem, Cogpis, 1164, Boreapis

3a pornomororo cucteMu Xxpomodopis, 110 ckiaaganacs i3 rioduasiny T (ThT), 4-aumernnaminoxankony (IMX) i 1Box ckBapaiHOBHX
6apBHuKiB, SQI i SQ4, npoBeeHO OLIHKY MOXKINBOCTI BAKOPHCTAHHS TPHOXETATHOTO iHIYKTHBHO-PE30HAHCHOTO EPEHOCY eHepril
(IPTIE) mnst nerextyBaHHs aMinoiguux ¢iOpun iHcyniny. Bussneno, mo meniaropuuit 6apBuuk JIMX 306inmbliye iHTEHCHBHICTD
¢nyopecuentii kinnesoro akuenropa SQI, mo 30ymkyersest Ha 440 HM (y MakCHMyMi MOTJIMHAHHS OocHOBHOrO monopa, ThT), y
¢bibpuisipHOMY iHCYJIiHI, Y MOPiBHSHHI 3 duryopecieHniieto y BigcyTHocTi IMX, 1110 CBIAYHUTH PO HASBHICTH KACKAJHOTO MEPEHOCY
eneprii B3goBx nanmiora ThT—IMX—SQ4—SQ1. Oxpim 1poro, CTOKCOBHH 3CyB y CHCTEMi 3 4OTHpMa XpoMo(opamMu CKJIagaB
240 uM, y nopiBHsHHI 3 45 HM JuIs 3B’s13aHOTO 3 amioinHuME (ibpuiaamu Tiodainy T, 110 CBIAYNTH PO MepeBary AETEKTYBaHHSI
aminoigaux ¢ibpui 3a momomororo 6araroeranroro IPTIE 3aBnsku BUIIOMY CITiBBiTHOIICHHIO CUTHAI-ITYM. MakcHMaIIbHI 3HAYCHHS
e(eKTHBHOCTI TepeHocy cHeprii B ¢iOpmiax iHCYJiHY, BHU3HAUCHI Uil KOXKHOI KacKaJHOI Mapy NpPU BHUMIPIOBAHHI TaciHHS
(tyopecueHIii J0HOpa B MPUCYTHOCTI akientopa, ckinananu 40%, 60% i 30% ans noHopHo-akientopaux map ThT-JIMX, IMX-SQ4
i SQ4-SQ1, BigmosinHO, , ToAl K y BHHAAKy HediOpmiizoBaHoro Oilka mepeHoc eHeprii OyB HpakTUUHO BincyTHiH. HaiOinbin
BHUPAXCHI BIIMIHHOCTI Mixk (iOpuisipHuM Ta HeiOpuitizoBaHUM OinkoM croctepiranuck B 3D criekTpax ¢uryopeciieHiiii. 3okpema, y
GiOprsIpHUX arperaTax iHCYJiHY BUSBIICHO ABI IHTEHCHBHI 00JIacTi 3 IGHTPaMK Ha JIOBXKHUHAX XBWIb (uryopecieHii ~ 650 um (SQ4)
Ta ~ 685 HM (SQ1) npu 30y KeHHI Ha TOBXKHHI XBIITI ~ 440 nm. HaTomicTs, 1 HedibpritizoBaHoro Oiika, OyJii HasBHI JieIb TOMITHI
001acTi Ha TUX CaMUX JIOB)KHHAX XBHJIb, 4 TAKOXK, OiJIbII iIHTEHCHBHI 001aCTi MpH 30yKCHHI Ha JOBXKUHI XBWII MOHAA 550 HM, 110
CBITYUTB PO NEPEBAXHUH BILTUB IpsiMoro 30ymxkeHHs SQ1 Ta SQ4 Ha duryopecnieHTHY BiIIOBIIL 30HAIB. MiXKMOJIEKYIApHI BiACTAaH,
pO3paxoBaHi Ha OCHOBI €KCIIEPUMEHTAIBHUX 3HAUCHb €(EKTUBHOCTI IEPEHOCY CHEprii y NpHIyIIeHHi i30TpOIHOro obepTaHHS
xpomodopis, cranoBun 2.4, 4.5 1 3.2 am s map ThT-AMX, JIMX-SQ4 1 SQ4-SQ1, BiamosigHO, IO CBIAYHUTH PO Pi3HI cailTh
3B'3yBaHHS OapBHUKIB 3 QiOpumamMu. KBaHTOBO-XIMIUHI pO3paxyHKH 1 METOX MOJEKYJSIPHOTO JOKIHTY JO3BOJIMIIH IIPUITYCTUTH, IIIO
3B's3yBaHHA SQI, SQ4 i ThT, IMX BinOyBa€eTbCS 3 «BOJIOTOIO» 1 «CYXOIO» MOBEPXHSIMHU NPOTO(ITaAMEHTIB IHCYIIIHY, BiANOBIIHO.
Kommuiexcn 30HA-0110K, BOYeBUIb, CTaOLII3YIOTECS TiipodoOHIMH, BaH-/ep-BaarbcoBUMH, apOMaTHYHUMH Ta €IEKTPOCTATHIHIMU
B3a€MOJISIMU. TakuM YHHOM, 3aBJISIKH BUCOKIH UyTIMBOCTI Ta HIKYiH BIPOT1THOCTI IICEBIO-TIO3UTHBHOTO PE3YNbTATY, pO3poOieHnit
METOA MO>KHAa BHUKOPHCTOBYBATH Ul NETEKTYBaHHS Ta XapakTepu3amlii aMinoimHux (iOpui in vitro mapajelbHO 3 KIACHYHAM
TiograBiHOBUM MeToJO0M. IlepcriekKTHBHUM Takox € BUKopucTaHHS Oararoeramnoro IPIIE mns Bizyamizamii aminoimiB in vivo, 3a
YMOBH BKJTIOUEHHS JI0 Kackaay 30HAY, 10 Ma€ CMYT'H IOTJIMHAHHS 1 (IyopecueHii y OivkHil iHppadepBoHii 001acTi.

KJIFOYOBI CJIOBA: kackagHHil PEe30HAaHCHHH MEPEHOC CHEeprii, 4-TUMeTHIaMiHOXaJKOH, (iOpHISpHHUHA iHCYJIH, CKBapaiHOBI
30H1H, Tiodnasin T.

TPEXOTAIHBINA PE3OHAHCHBIW NEPEHOC SHEPTUHA B AMUJIOUIHBIX ®UBPUIIIIAX HHCYJIMHA
V. Tapa6apal, M. lllyka', K. Byc', O. Kurnsixosckasn', B. Tpycoral, I'. Fopoenxo’, H. T'axxes?, T. [leaureoprues?
'Kaghedpa meduyuncroii puzuru u 6uoMeOuyuHcKUX HaHomexHono2utl,
Xapvrosckuil nayuonavuuiil ynusepcumem umenu B.H. Kapasuna
nn. Ceoboowr 4, Xapwvros, 61022, Yxpauna
2@axynemem xumuu u gpapmayuu, Coguiickuti ynueepcumem, Cous, 1164, bonzapus

C nomouipto cuctemsl xpomodopos, copepxaieii Tnodaasun T (ThT), 4-mumermnamunoxankod (JMX) u 1Ba cKBapamHOBBIX
kpacutens, SQ1 u SQ4, mpoBeneHa OIEHKa BO3MOXHOCTH HCIIOJIB30BAaHHS TPEX3TAIHOTO MHAYKTHBHO-PE30HAHCHOTO IIEpeHoca
sueprun (UPIIE) mis nerextupoBaHusi aMuIoOUIHbIX (GuOpmin uHcyiarHa. OOHapyKeHO, 4TO MeAuaTopHbld kpacutens JIMX
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YBENTMYUBACT HHTCHCUBHOCTD ()IyOpecIeHIH KoHeuHoro akientopa SQ1, Bo30yxaaemoro npu 440 HM (B MaKCHMyM€ MTOTJIOIICHUS
0ocHOBHOTO foHOopa, ThT), B pubpriisipHoM HHCYIIHHE 1O CpaBHEHUIO ¢ (ryopecteniueii B orcyrcrBue JJMX, 4To CBUACTEIBCTBYET
0 HAJTMYHMHK KacKaJIHOTo nepeHoca suepruu Baoib uenu ThT—IMX—SQ4—SQ1. Kpome Toro, CTOKCOB CABUT B CHCTEME C YETHIPbMSI
xpomodopamu cocraBuin 240 HM, o cpaBHeHHIO ¢ 45 HM i THo(uaBuHa T, CBSI3aHHOTO C aMWJIOWAHBIMU (GUOPHIIIAMH, YTO
CBHUJIETENILCTBYET O NMPEHMYIIECTBE IETEKTUPOBAHNS aMUIOUAHBIX arperaTos npu nomouu MaorostanHoro MPIIE 6naronaps 6omnee
BBICOKOMY OTHOIICHHUIO CUTHAJI-IIyM. MakcUMabHble 3HaueHUs 3((OEKTHBHOCTU INepeHoca 3Hepruu B (uOpWLIaX HHCYJIHMHA,
ONpE/IeNICHHbIe Ul KaXKIO0i KacKaJHOW Hapbl NpU W3MEPEHHU TYIICHHs (uIyopecueHIMH AOHOpa B NPUCYTCTBHHM AaKLENTOpa,
coctaBmin 40%, 60% i 30% mns nonopuo-akuentopusix map ThT-IMX, IMX-SQ4 u SQ4-SQ1, cooTBETCTBEHHO, TOT A KaK B CIydae
HeuOpWIIM30BaHOTO Oelika MEepeHOC OJHEPrHH IPaKTUUECKH OTCYTCTBOBaj. Haubonee BBIpaKEHHBIE pa3IUUUs MEXIY
GuOpMUIIPHEIM 1 HeuOpUIM30BaHHEIM OenkoM HabOmonanmuck B 3D cnekrpax ¢uyopecueHuuu. B yacTHOCTH, B aMHIIOMIHBIX
arperaTax MHCYJIMHa OOHApy>KeHO JBE MHTECHCHUBHBIX OOJIACTH C IIGHTPaMH Ha JUIMHAX BOJH MuccHu ~ 650 HM (SQ4) u ~ 685 HM
(SQ1) mpu Bo30Y)/IcHUM Ha JTHHE BOJIHBI ~ 440 HM. B cBOYO Ouepesb, i HepUOPHUITU30BaHHOTO OENKa BBISIBICHBI €/1BA 3aMCTHBIC
00JIaCTH C LEHTPAaMM Ha TeX )K€ CaMbIX JJIMHAX BOJH, a TAK)XKe — 001acTh ¢ Gojiee BRICOKUMU HWHTCHCUBHOCTSMH IIPH BO30YXKIICHUH
BbIIe 550 HM, YTO CBHICTEIBCTBYET O MPEUMYIIICCTBCHHOM BIIMSTHUHU MPsMOro Bo30yxaeHus SQ1 u SQ4 Ha (ayopeclieHTHBIN OTBET
9THX KpacuTeneil. MeXMOJeKyIsIpHbIe pacCTOSHMS, PACCUMTAHHBIE HAa OCHOBE JKCIEPHMEHTAJBbHBIX 3HaueHHH 3(dexTHBHOCTH
nepeHoca sHepruu, cocraBmii 2.4, 4.5 u 3.2 am st map ThT-AIMX, IMX-SQ4 u SQ4-SQ1, cOOTBETCTBEHHO, YKa3bIBasi HA pa3INIHbIC
CaliTHl CBS3BIBAHUS KpacuTeneil ¢ ¢uOpmmiamu. KBaHTOBO-XMMHUYECKHE PAacdeThl M METOJ MOJICKYJISIPHOTO JOKHHTA ITO3BOJIVUIN
IIPEANONOXKUTH, 9TO cBsi3biBaHMe SQ1, SQ4 u ThT, JIMX IpouXoauT C «BIAKHOH» U «CYXO0i) ITOBEPXHOCTSIMU IPOTO(PHIAMEHTOB
HHCYJIMHA, COOTBETCTBEHHO. KOMIIIEKCH 30HA-0€JI0K, MO-BHANMOMY, CTAOMIM3HPYIOTCS,IHAPOGOOHBIMHU, BaH-Aep-BaanscoBbMy,
apOMaTHYECKUMH U 3JIEKTPOCTATHIECKUMH B3aUMOJEHCTBUSAMHU. TakuMm oOpa3om, Oraromapsi BHICOKOI YyBCTBUTENIBHOCTH U Ooiee
HU3KOH BEPOSTHOCTH ICEBAO-TIOJIOKHUTEIBHOTO Pe3ylbTaTa, pa3pabOTaHHBIH METOA MOXHO HCIIONBb30BaTh AN JETEKTHPOBAHHS U
XapaKTepH3aliy aMIIONAHBIX (GUOPUILT in Vitro mapauIenbHo ¢ KIACCHUSCKUM THO(IaBHHOBEIM MeTOAOM. [lepcrieKTHBHOM SIBIIsIETCS
TaKKe OLEHKA BO3MOXKHOCTH UCTIONB30BaHMsA MHOoTo3TanHOro VIPIIE mis Bu3yanusanuy aMuIoHI0B in Vivo, TIPH yCIOBHU BKITIOYEHHS
B KacKaj 30H7a, KOTOPBIH MMEET MOIOCH HOTJIONICHHS U UCITyCKaHUs B OMmkHeH nH(paKkpacHOil o0macTH.

KJIIFOYEBBIE CJIOBA: kackaiHblii pE30HAHCHBIH TEPEHOC SHEPTuH, 4-INMETHIAMHHOXAIKOH, (UOPWIUIAPHBIA HHCYJIHMH,
CKBapanHOBBIE 30HbI, THO(IaBUH T.





