Article

Photonics of Some Monomethine Cyanine Dyes in
Solutions and in Complexes with Biomolecules

Pavel G. Pronkin and Alexander S. Tatikolov *

N.M. Emanuel Institute of Biochemical Physics, Russian Academy of Sciences, 4 Kosygin Str.,
119334 Moscow, Russia; pronkinp@gmail.com
* Correspondence: tatikolov@mail.ru; Tel.: +7-(495)-939-71-71

1. Spectral-Fluorescent Titration

In experiments on spectral-fluorescence titration, MCD 1-4 were dosed from their concentrated stock
solutions in EtOH. Microvolumes (~0.5-5 puL) were dosed into the measuring cell (dilution 1:500 — 1:1000).
In experiments with biomacromolecules, microvolumes of concentrated stock solutions of dsDNA,
ssDNA and HSA were injected directly into the cells. Spectral-fluorescent characteristics of MCD in
complexes with biomacromolecules were studied by titration of dye solutions (cdaye ~ 1 — 2 x 10-¢ mol L-?)
with increasing concentrations of biopolymers. Measurements of the intrinsic fluorescence of HSA in the
presence of MCD were carried out at a constant concentration of HSA (cusa ~ 2.0 x 10~ mol L) by
titration with increasing concentrations of dyes. After stirring, the absorption and fluorescence spectra of
the dyes were recorded several times. Upon registration, the fluorescence and fluorescence excitation
spectra were corrected for the spectral characteristic of the excitation channel and for the absorption of
the solution.

2. Fluorescence Quantum Yields

Determination of the fluorescence quantum yields of MCD 1-4 was performed using the standard
relationship:
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where Ts. and T are the transmission coefficients at the excitation wavelength of the standard and dye
solutions, Fst. and F are the integrals of the emission bands, and #s. and n are the refractive indices of the
standard and dye solutions. Under the condition of equivalent absorbances of the sample and the
standard, we may take T = Ti. The experimental error in determining ®n was +10% [S1, S2].

3. Method of Spectral Moments

S, = [V p(v)dv (52)
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where S1 and M are the initial and central spectral moments, [ is the order of the moment (I = 1, 2, etc.);
o(v) =e(v)/v is the distribution of the absorption intensity in the spectra; e(v) is the absorption of the
sample, v is the wavenumber (cm-1), vi= 51/So is the first moment of the normalized photon distribution,
M-1=107/v1 is the average position of the band in the wavelength scale [S3].

The width of the spectral curves (o; [S3]) of the dyes was determined from the value of moment Ma:
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The asymmetry of the spectral curves and their shape [S3] are characterized by the non-dimensional -
coefficients:

Y=g (S5)
M
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4. Forster Resonance Energy Transfer

The parameters of Forster resonance energy transfer (FRET) between albumin donor chromophores
(tyrosine and tryptophan amino acid residues of HSA) and acceptor (MCD 1-4 molecules) were
determined from the spectral-fluorescent data using the standard approach [S2]. The spectral overlap
integral (J, M1 cm'nm?) was calculated as

J) = [ eaps. DA*Fp(D)dA, (S7)

where ¢(A) is the molar absorption coefficient of the acceptor, L mol”' cm-; F(A) is the normalized
fluorescence spectrum of the donor; and A is the wavelength, nm.
The critical radius of energy transfer (Ro) was determined from
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where K2 is the orientation factor, which depends on mutual orientation of the transition moments of the
donor and the acceptor; @ is the fluorescence quantum yield for the donor in the absence of the acceptor;
n is the refractive index of the medium; and A is the wavelength, nm. In the calculations of Ro by Equation
S5, the value of the orientation factor k2 = 2/3 was used [S2], which corresponded to the random
orientation of donor and acceptor molecules.

5. Determination of Binding Constants of the Dyes with DNA

To estimate the effective complexation constants (Ketr) of MCD 1-4 with biomacromolecules (BM)
from fluorescence data constants, we used the Benesi—Hildebrand (Ketsu [S4]), Hill (Ketrin [S5,56]), and
Scatchard (Kisc and Kzsc) [S7, S8] formalizations.

If we consider the complexation of MCD1 - 4 with nucleic acids as a simple equilibrium of free (M) and
bound dye monomers (Mv—BM)

Koy
Mrs+ BMy 2 M-BM, (59)

then, to estimate the effective equilibrium constant (Ket) of the complexation reaction of the dyes with
DNA from the fluorescence data, we may use the equation of Benesi-Hildebrand (Equation S10; KessH,
L mol) applied to fluorescence techniques [S4]):
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rae [BMo] = cosm/n is the concentration of biomacromolecules (dAsDNA, ssDNA, HSA) per one binding site,
F is the fluorescence intensity of dyes in the presence of biomacromolecules, Fmax is the fluorescence
intensity at [BMo] — oo, the ratio Kesmsu[BMo]/(1 + Ketsa[ BMo]) is the portion of dye molecules bound to the
biopolymer. In coordinates 1/F vs. 1/[BMo] dependence (S10) is a straight line with a slope of 1/(Fmax
KeffpH).

The Hill equation in the generally accepted form is as follows [S5,56]:
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where F, Fo are the fluorescence intensities of the dyes in the presence and in the absence of
biomacromolecules (dsDNA, ssDNA, HSA), respectively; Fmax can be obtained from Equation (510), BM:
is the concentration of unbound biomacromolecules (under the considered conditions, we may assume
BM: = cosm in base pairs); Ku is the Hill constant (Ku = 1/Kepu); and nain is the Hill coefficient
characterizing the binding cooperativity.

From Equation (S9), it is also possible to obtain a dependence similar to the Scatchard equation [S7,S8]:
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where codgye and cosm are the total concentrations of the dye and biomacromolecules, respectively, ny is the
stoichiometric coefficient (for dSDNA it represents the number of DNA base pairs per one binding site of
the MCD molecule).

The ratio Mi-BM/(coaye — M-BM) can be obtained from the fluorescence spectra:

Mb-BM/(COdye — Mb-BM) = (F_FO)/(FIHHX_F), (813)

Detection Limits

The limits of detection (LOD, pmol L, pg mL-!) and quantitative estimates (LOQ pmol L, pg mL-) of
biomacromolecules using MCD 1-4 as fluorescent probes were determined from the MCD fluorescence
intensities using the following relationships:

LOD = 3.30/k, (S14)

LOQ =100/k = 3.3LOD, (515)

where o is the standard deviation (determined in the region of the smallest analyte concentrations
detected), k is the slope of the linear range of the calibration curve (obtained from the initial points of the
dependence of the dye fluorescence intensity on the albumin concentration) [S9].

Table S1. Solvatochromic properties of MCD 3 and 4 in some organic solvents: wavenumbers of the first moments of
the normalized photon distribution and position of the band (vi, um; M- = 107/v1, nm), spectral curve width (o, cm-
1) of the absorption bands together with some properties of the media: dielectric constant (er), refractive index (n),
polarizability (P*), Dimroth—-Reichardt's Et(30).

MCD 3 MCD 4
Solvent &r n P* E1(30) vy, M-, o, Vi, M-, o,

pum? nm 103cm? um? nm 103 cm™?!

Acetonitrile 3620 13441 02119 456 24261 412 1214 19738 507 1.108
Acetone 2070 13586 02199 422 24032 416 1173 1983 504 1.26
Ethanol 2430 1.3614 02215 51.9 24108 415 1127 19909 502 1.266
Ethyl acetate 602 13724 02275 381 23962 417 1286 19716 507 1271
l4-Dioxane 222 14224 02464 36 23845 419 1.086 19606 510 1.300
Chloroform 481 14459 02586 39.1 23827 420 1182 19562 511 1.183
DMSO 49.0 14793 02666 451 23941 418 1.175 19613 510 1.257
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Figure S1. Absorption spectra of MCD 2 (cmcp2 ~ 1.2 x 10-6 mol L) in PBS buffer in the presence of dsDNA: 0 (1), 9.9 x
108 (2), 1.3 x 100 (3), 1.15 x 10 (4), 5.5 x 10-° (5) and 1.41 x 10 mol L' (6) dsDNA.
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Figure S2. Normalized fluorescence (1-5; Aex = 460 nm) and fluorescence excitation (1°, 2’; Areg = 530 nm) spectra of

MCD 2 (emcp2 ~ 1.2 x 10° mol L) in PBS buffer in the presence of dsDNA: 0 (1, 17), 9.9 x 10-% (2), 1.3 x 10 (3), 1.15 x
105 (4, 2’), and 1.41 x 10* mol L-! (5) dsDNA.
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Figure S3. Absorption spectra of MCD 1 (cmcp1 = 2.25 x 10-° mol L) in PBS buffer in the presence of ssDNA: 0 (1), 7.4
x 108 (2), 1.14 x 10 (3), 4.82 x 106 (4), 2.69 x 10~ (5) and 8.42 x 10-5 mol L' (6) ssDNA.
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Figure S4. Plots of the MCD 1 absorbance (1) and position of the absorption spectral maximum (Aabs™, nm; 2) vs.
ssDNA concentration.
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Figure S5. Absorption spectra of MCD 1 (cmcor ~ 3.0 x 106 mol L-') in PBS buffer in the presence of HSA: 0 (1), 2.5
x 107 (2), 4.05 x 106 (3), 9.7 x 10-5 (4) mol L HSA.
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Figure S6. Absorption spectra of MCD 2 (cmcp2 ~ 2.4 x 10 mol L) in PBS buffer in the presence of HSA: 0 (1), 2.6
x 107 (2), 1.00 x 10-¢ (3), 2.26 x 105 (4), 5.67 x 10~ (5), 9.46 x 10-° (6) mol L' HSA.
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Figure S7. Absorption spectra of MCD 3 (cmcps ~ 1.0 x 10 mol L) in PBS buffer in the presence of HSA: 0 (1), 1.93 x
107 (2), 1.03 x 106 (3), 5.01 x 10 (4), 1.01 x 10 (5), 5.0 x 10 (6) mol L HSA.
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Figure S8. Normalized fluorescence (1—4; Aex = 460 nm) and fluorescence excitation spectra (1'-4’; Areg = 530 nm) of

MCD 2 (emcp2 ~ 2.4 x 10-° mol L) in PBS buffer in the presence of HSA: 0 (1, 1), 2.6 x 107 (2, 2"), 1.00 x 10 (3, 3"), 5.67
x 1075 (4, 4") mol L' HSA.



Figure S9. Results of molecular docking of MCD 3 with dsDNA (in the minor groove of dsDNA; 1BNA). Molecular
graphics was performed with UCSF Chimera [S10].

Figure S10. Results of molecular docking of MCD 3 with dsDNA in the half-intercalation mode (198D). Molecular
graphics was performed with UCSF Chimera [S10].



Figure S11. Results of molecular docking of MCD 4 with dsDNA (in the minor groove of dsDNA; 1BNA). Molecular
graphics was performed with UCSF Chimera [S10].

Figure S12. Results of molecular docking of MCD 4 with dsDNA in the half-intercalation mode (198D). Molecular
graphics was performed with UCSF Chimera [S10].



Figure S13. Results of molecular docking of MCD 3 with HSA (4K2C) Sidlow’s site I (left, blue) and site II (right,
gray). Molecular graphics was performed with UCSF Chimera [S10].
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Figure S14. Results of molecular docking of MCD 4 with HSA (4K2C) Sidlow’s site I (left, blue) and site II (right,
gray). Molecular graphics was performed with UCSF Chimera [S10].

10



3 y
S /
z L 6.0E+13
iz
[0}
z ; P
3 e
= g
15 L 4.0E+13 =
3 3
= <
5 =
o <t
g =
E <
z 20E+13 &
N . +

g w
=
L
N
£ 1
3
< . | . l-uJ_LnLLlrllLllLlll_ll“IJJIIJII]JLnLunuu_Lu . 0.0E+00

290 340 390 440 490 540 590

Wavelength (nm)

Figure S15. Overlapping of the fluorescence spectrum of HSA as a FRET donor (1, at Aex =295 nm) and the absorption
spectrum of MCD 4 as a FRET acceptor (2) in the UV region. The overlap integral of the donor and acceptor spectra is
shown by the shaded area (3, right axis).
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Figure S16. Plots of MCD 1 (1), 2 (2), 3 (3) and 4 (4) fluorescence intensity vs. dsSDNA concentration (at low dsDNA
concentrations).
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Figure S17. Plots of MCD 1 (1), 2 (2), 3 (3) and 4 (4) fluorescence intensity vs. ssDNA concentration (at low ssDNA

concentrations).
4 -
rd
-
. o 2 “l..
= e
3 ///

S 34 Z
2 Z HSA
P _//’
= Z ® MCDI (/)
2 i O MCD2(2)
‘v 24 07 | B MCD3()
2 . ui MCD 4 (4)
2 0.z [ o
) 7 first points linear fits
§ C 0.2 ' --- MCD 1 (1"
= 1 4 g ] --—- MCD2(2)

7 . --- MCD 3 (3)

--- MCD4 (4

Crsp 10" mol L™

Figure S18. Plots of MCD 1 (1), 2 (2), 3 (3) and 4 (4) fluorescence intensity vs. HSA concentration (at low HSA

concentrations).
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Figure 519. Dependences of the triplet state decay rate constants (k, 10° s') of MCD 2 (1, Areg = 600 nm) and 3 (2, Areg
=650 nm), on the concentration of dissolved oxygen in the presence of dSDNA (casona = 1.0 x 104 mol L),
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