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Introduction

Aim. To synthesize and characterize a series of N-alkylaryl benzothiazole styrylcyanine dyes as
potential fluorescent probes for nucleic acids (NA) detection. Methods. Synthesis, absorption and
fluorescence spectroscopy, gel electrophoresis. Results. The modification of N-alkyl styrylcyanine
by variation of aromatic moieties insignificantly affected its inherent fluorescent properties. Weakly
fluorescent in an unbound state, the dyes noticeably increased their emission upon binding to
dsDNA/RNA (up to 83-fold for the derivative with N-alkylbenzylamine group (Sbt1) complexed
with dsDNA: with a binding constant (Kb) of 5.0 x 10* M1, detection limit of dsDNA in solution
of 6.2 x 107 Mbp (0.4 pg)). When bound to dsDNA, styrylcyanines have moderate quantum
yields (up to ~22 %). The variation of structure of the terminal aromatic group allowed to dis-
criminate between dsDNA and RNA: the fluorescence of the Sbt2 dye with the N-alkylphenantroline
group increased 14 and 55-fold, respectively. A higher discernibility of post-electrophoretic stain-
ing at low DNA concentrations (3.6 ng/lane) by the Sbt3 dye with the N-alkyldipyridyl group was
observed compared to the commonly used ethidium bromide. Conclusions. Due to the sensitiv-
ity of novel styrylcyanines to NA in solution and in gel electrophoresis, they could be proposed
as photostable, low-toxic and inexpensive fluorescent probes for laboratory use.
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state upon NA binding. The requirements to
the probes include the strong affinity of their

Fluorescent probes for the nucleic acids (NA)
detection are widely required for different
biomedical purposes from wide spread routine
gel electrophoresis to cell organelles visualiza-
tion [1]. Mainly such fluorescent dyes converse
from weakly emissive to strongly emissive

binding to a target biomolecule, sharp en-
hancement of the fluorescence intensity of the
probe upon such binding, high molar extinc-
tion coefficient, low detection limit, photosta-
bility (for long-term monitoring of cellular
processes in vitro and in vivo).

© 2018 M. Kuperman et al.; Published by the Institute of Molecular Biology and Genetics, NAS of Ukraine on behalf of Bio-
polymers and Cell. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
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N-alkylaryl styrylcyanine dyes as fluorescent probes for nucleic acids detection

For today the most widespread laboratory
dye for DNA visualization in routine tech-
niques (like gel electrophoresis) i1s low-cost
dye ethidium bromide (EtBr). However, it has
an inherent fluorescence in the unbound state
that decreases the signal-to-background ratio
and thus decreases the ability to detect very
small amounts of nucleic acids [2].
Additionally, due to its high toxic and muta-
genic effect [3—4], there is a search for new
safer fluorescent NA-probes. In Real-Time
PCR and other modern techniques for the
highly sensitive detection of single stranded
(ss) or double stranded (ds) nucleic acids (flu-
orescent immunoassays, comparative genom-
ic hybridization and gene chips), the probes
based on the cyanine dyes from SYBR family
(SYBR Green, Gold) [5—-6] are usually applied;
however, their disadvantage for routine use is
the high commercial price [7].

Styrylcyanines were earlier reported as DNA-
sensitive dyes, they demonstrated considerable
fluorescence intensity enhancement upon bind-
ing to DNA as well as high fluorescence quan-
tum yield in DNA presence [8-10]. Low toxic-
ity for the dyes belonging to styrylcyanines was
shown [11]. Hence, due to these features as well
as photostability, low phototoxicity (tissue dam-
age upon the irradiation), inexpensive synthesis,
styrylcyanine dyes are of interest regarding the
development of fluorescent probes for NA on
their base. It was shown that the binding affin-
ity to DNA could be modified by variation of
the structure of N-alkyl tail group of styrylcya-
nine and such modification allows retaining
spectral properties of the dye chromophore (ab-
sorption, emission wavelength) [12—13].

Here, a series of the benzothiazole based
styrylcyanines functionalized by aromatic moi-

eties at N-alkyl tail group was synthesized and
characterized as potential probes for NA detec-
tion. The long alkyl linkage (n-butyl) was
chosen to eliminate the effects of terminal side
groups on electronic transitions of chromo-
phore. Here we studied UV-VIS absorption
and fluorescent spectra of these dyes both in
the absence and in the presence of NA (both
dsDNA and RNA), and analyzed the effect of
the terminal aryl group in the N-alkylaryl sub-
stituent. The efficiency of dyes as post-elec-
trophoretic stains for DNA visualization was
studied in comparison with ethidium bro-
mide (EtBr).

Materials and Methods

General. dsDNA (salmon testes) and yeast
total RNA were purchased from Sigma-Aldrich
Co. Solvents were of analytical grade. 'H
NMR spectra were recorded on Bruker ARX
400 spectrometers; chemical shifts (d) were
given in ppm relative to SiMe,. 50mM Tris-
HCI buffer (pH 7.9) was used in all assays
described.

Synthesis of the dyes. General scheme of
the dyes synthesis and their structures are pre-
sented at Scheme 1. At the first stage of the
synthesis, dye SI-1 with iodo-alkyl substituent
was obtained by condensation of the quater-
nary salt 2-methylbenzothiazole with p-di-
methylaminobenzaldehyde in acetic anhy-
dride [14]. Monomeric benzothiazole styryl
dyes (Sbt) with positively charged tail groups
were synthesized by alkylation of correspond-
ing N-benzyldimethylamine or excess azahet-
erocycle by SI-1 in conditions mentioned
in [14] as described below. The double excess
of the heterocycle was taken to prevent the
dimer formation. Referent dye with N-methyl
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Scheme 1. Synthesis of the dyes from heterocycle SI-1.

substituent (Ref) was synthesized as described
previously [15]. The structures of the dyes and
initial compound were confirmed by 'H NMR
spectra and LC-MS and element analysis.

Method of synthesis of the dyes
(Sbtl — Sbt4) from SI-1 and their
characterization

To the solution of SI-1 (59.5 mg, 0.1 mmol)
in dimethylformamide (0.5 ml), N-benzyl-
dimethylamine (0.1 mmol) or heterocycle (0.2
mmol) was added. The obtained mixture was
heated during 8 hours on boiling water bath.
Then the reaction mixture was cooled, and
ethanol was added. A precipitate was filtered
off, washed with ethanol and dried.

(SI-1)

Yield: 92 %. M. p. (dec.): 225-227 °C.
1H-NMR (DMSO-d6): 8(ppm)= 1.94 (4H, m),
3.12 (6H, s), 4.84 (2H, t, J=6.8 Hz), 6.85 (2H,
d), 7.58 (1H, d, J=14.7 Hz), 7.68 (1H, dd,
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I (CHy)4

J=7.8 Hz), 7.79 (1H, dd, J=7.8 Hz), 7.93 (2H,
d, J=8.3), 8.08 (1H, d, J=15.2 Hz), 8.15 (1H,
d, J=8.5 Hz), 8.30 (1H, d, J=7.8 Hz). LC-MS
(M+): m/z (%) = 463.0 (100 %) [M — I]+.
3-(4-Benzyl-dimethylpropyl-ammonium-2-
[2-(4-Dimethylamino-phenyl)-vinyl]-
benzothiazol-3-ium diiodide (Sbtl)

Yield: 67 %. M. p. (dec.): 226228 °C.
1H-NMR (DMSO-d6): d(ppm)= 1.82 (2H, m),
2.04 (2H, m), 2.97 (6H, s), 3.12 (6H, s), 4.53
(2H, s), 4.83 (2H, t, J=6.8 Hz), 6.84 (2H, d,
J=9.0 Hz), 7.49-7.62 (6H, m), 7.69 (1H, dd,
J=7.5Hz), 7.79 (1H, dd, J=7.5 Hz), 7.94 (2H,
d, J=9.0 Hz), 8.09 (1H, d, J=15.3 Hz), 8.17
(IH, d, J=8.8 Hz), 8.31 (1H, d, J=8.2 Hz).
Anal. caled. for C30H37N3SI12: C, 49.67; H,
5.14 ; N, 5.79. Found: C, 49.55; H, 5.08; N,
5.85.

2-[2-(4-Dimethylamino-phenyl)-
vinyl]-3-(4-[1,10]phenanthrolin-1-ium-butyl)-
benzothiazol-3-ium diiodide (Sbt2)
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Yield: 78 %. M. p. (dec.): 236238 °C.
1H-NMR (DMSO-d6): d(ppm)=2.08 (2H, m),
2.28 (2H, m), 3.14 (6H, s), 4.90 (2H, t, J=6.5
Hz), 5.92 (2H, t, J=6.5 Hz), 6.80 (2H, d, J=8.5
Hz), 7.53 (1H, d, J=15.0 Hz), 7.69-7.87 (4H,
m), 7.99-8.13 (3H, m), 8.30 (1H, d, J=8.0 Hz),
8.41-8.51 (3H, m), 8.81 (1H, d, J=7.7 Hz), 9.11
(1H, dd, J=5.5 Hz), 9.38 (1H, d, J=8.3 Hz),
9.58 (1H, d, J=5.5 Hz). Anal. calcd. for
C34H33N3SI2: C, 53.07; H, 4.32; N, 5.46.
Found: C, 53.14; H, 4.28; N, 5.53.

3-(4-[2,2’]Bipyridinyl-1-itum-butyl)-2-[2-
(4-Dimethylamino-phenyl)-vinyl]-
benzothiazol-3-ium diiodide (Sbt3)

Yield: 95 %. M. p. (dec.): 182-184 °C.
1H-NMR (DMSO-d6): 8(ppm)= 1.93 (4H, m),
3.10 (6H, s), 4.82 (2H, t, J=8.0 Hz), 6.83 (2H,
d, J=9.0 Hz), 7.44 (2H, m), 7.57 (1H, d, J=15.0
Hz), 7.67 (1H, dd, J=7.7 Hz), 7.77 (1H, dd,
J=7.8 Hz), 7.93 (4H, m), 8.07 (1H, d, J=15.0
Hz), 8.14 (1H, d, J=8.5 Hz), 8.29 (1H, d, J=7.9
Hz), 8.37 (2H, m), 8.67 (2H, m). Anal. calcd.
for C31H32N4SI2: C, 49.88; H, 4.32; N, 7.51.
Found: C, 49.92; H, 4.27; N, 7.58.

2-[2-(4-Dimethylamino-phenyl)-vinyl]-3-
(4-4,4’-dimethyl-[2,2’]bipyridinyl-1-ium-
butyl)-benzothiazol-3-ium diiodide (Sbt4)

Yield: 95 %. M. p. (dec.): 242244 °C.
1H-NMR (DMSO-d6): 6(ppm)=1.93 (4H, m),
2.41 (6H, s), 3.11 (6H, s), 4.83 (2H, t, J=5.7
Hz), 6.84 (2H, d, J=8.2 Hz), 7.29 (2H, m), 7.57
(1H, d, J=15.3 Hz), 7.67 (1H, dd, J=8.0 Hz),
7.78 (1H, dd, J=7.2 Hz), 7.92 (2H, m), 8.07 (1H,
d, J=15.7 Hz), 8.14 (1H, d, J=8.5 Hz), 8.24 (2H,
m), 8.29 (1H, d, J=7.5 Hz), 8.52 (2H, m). Anal.
calcd. for C33H36N4S12: C, 51.17; H,4.68; N,
7.23. Found: C, 51.23; H, 4.61; N, 7.15.

Spectroscopic measurements. Absorption
spectra were recorded on GENESYS™ 20

Visible Spectrophotometer (Thermo Fisher
Scientific, USA). Fluorescence excitation and
emission spectra were collected on a Cary
Eclipse fluorescence spectrophotometer
(Varian, Australia). Fluorescence spectra were
measured at excitation and emission slit widths
equal to 5 nm. Spectra were acquired using
standard quartz cuvettes (1 x 1 cm) at room
temperature (20 °C). All measurements were
made at the respective excitation maxima of
each dye. Each experiment was performed
three times. The quantum yield values (¢) for
several dyes in the presence of DNA were
determined using Rhodamine 6G solution in
ethanol as the reference (¢ = 0.95) [16].

Preparation of the solutions. Dye stock
solutions were prepared by dissolving the dyes
at 2 mM concentration in DMSO. Stock solu-
tions of dsSDNA and RNA were prepared by
dissolving the NA in Tris-HCI buffer (50 mM,
pH 7.9) at the concentration of 6.15 mM b.p.
for dsDNA and 24.6 mM b. for RNA. Working
solutions of free dyes were prepared by dilu-
tion of the dye stock solutions with Tris-HCI
buffer (pH 7.9) to the concentration of 2 pM.
The working solutions of dye/NA mixtures
were prepared by mixing a dye aliquot (1 pL)
and an aliquot of DNA or RNA stock solutions
(10 uL) in Tris-HCI buffer (final concentration
of dsDNA was 61.5 uM b.p. and RNA — 246
uM b.). The absorption spectra were recorded
either in ethanol or in Tris-HCI buffer at the
dye concentrations of 10 pM.

Determination of the binding constant (K,)
for the association of dsDNA with dye Sbtl.
To estimate the stability of the associate of
selected dye Sbtl with dsSDNA, we conducted
fluorescent titration of Sbtl with increasing
dsDNA concentrations (0.2-171 uM). Each
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experiment was performed three times. The
titration curve is provided for the average val-
ues along with the standard deviations (SD)
(Figure 4). For the calculation of binding con-
stant, we used the points corresponding to the
excess of DNA. Thus we assumed that only
negligible amount of dye molecules would
bind to dsDNA close to each other and affect
each other’s binding. Based on this assump-
tion, the binding of dye to DNA could be de-
scribed by the following equilibrium:

dye + dsDNA < dye-dsDNA (D)
the constant of this equilibrium (binding con-
stant, K;)) can be expressed with the equation
(law of mass action [17]) below:

Cpa
Crpna X Crq

= K (2)

where Ciy, Cgy and Cipna are concentrations
of a bound dye, a free dye and free dsSDNA
binding sites, respectively. For the DNA con-
centrations starting from 20 uM, that is sig-
nificantly higher than that of the cyanine dye
(2 uM), the concentration of free dsSDNA base
pairs is roughly equal to the total dsSDNA con-
centration Cpya; Ciona = Cpna- Concentration
of the free dye in equilibrium is Cyy = Cy— Cpq
(where Cj is the total dye concentration). The
measured fluorescence intensity (/) of the dye
in the presence of dsDNA at the DNA concen-
tration of Cpya can be expressed with the fol-
lowing equation I = [, XCy,/C4 + I xC/Cy,
where [ is the fluorescence of the dye (2 uM)
in the absence of dsDNA and /,,,, is the fluo-
rescence of the dye (2 uM) in presence of the
indefinitely large dsDNA concentration
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(Figures 4). Equation (2) can be transformed
into (3):

I_1 AbeXCDNA
B 0"1 + KbXCDNA

where A= 1, — I,.

K, and A4 values can be calculated as ap-
proximation parameters by fitting the experi-
mentally obtained data 7 — [, versus Cpnu by
using equation (3). Fitting was performed and
the values of K and A with their standard de-
viations were estimated by using Origin 8.0
program.

3)

Gel electrophoresis

The electrophoresis of GeneRuler DNA 50bp
DNA Ladder (Fermentas # SM0371) was per-
formed in 2.5 % agarose gel in 40 mM TAE
buffer, pH 8.4, according to [18]. The gel post-
staining was performed in dye solution in 50
mM Tris-HCI buffer, pH 7.9, for 30 min at
room temperature in the dark. An ethidium
bromide stock solution (C = 25 mM) was di-
luted in 2000 times. The concentration of
other dyes was 5 uM. DNA concentrations and
sizing are presented in Table 1. Stained agarose
gel was examined under UV transillumination
(A max = 312 nm, ECX-F20.M, Vilber
Lourmat). Images of gels were obtained using
the digital camera.

Results and Discussion

Absorption characteristics of the dyes

UV-Vis spectra of the studied dyes Sbtl —
Sbht4 were acquired in a free state (in either
ethanol or aqueous buffer solution) and in a
mixture with DNA (aqueous buffer solution).
The data are provided in Table 2 and Figures 1-2.
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Table 1. DNA fragment size and quantities in gel

Band No Fragment lfzngth, Quantity per band, ng
base pairs Left lane Right lane

1 1031 73.3 14.66
2 900 63.9 12.78
3 800 56.9 11.38
4 700 50.0 10
5 600 42.7 8.54
6 500 71.0 14.2
7 400 28.4 5.68
8 300 213 4.26
9 250 17.8 3.56
10 200 28.5 5.7
11 150 10.7 2.14
12 100 213 4.26
13 50 14.2 2.84

The absorption maxima of the styrylcya-
nines in ethanol are located in the range of
517-534 nm, the molar extinction values
were moderate in the range (3.7
9.8)x10* M-lcm-!. The most long-wavelength
maximum (534 nm) and highest extinction
coefficient (9.8x104 M-! cm™!) were observed
for Sbt3 dye with N-alkyldipyridyl group.
In the aqueous buffer solution, the absorp-
tion bands of the dyes had spectral shape

e Sht1 in Tris-HCI
e Sbt1 in EtOH

061 ——— Sbt1+DNA

Absorbance

450
A, nm

600 750

Fig. 1. The absorption spectra of the styrylcyanine dye
Sbtl in a free state (Cyy = 10 uM) in different solvents
(ethanol or 50 mM Tris-HCI buffer, pH 7.9) and in the
presence of dsDNA (Cyye = 2 UM, Cpna = 61.5 uM) in
Tris-HCI buffer.

similar to those of ethanol solutions, close
(for Sbt2) or lower (up to 1.6 times for Sbt3)
extinction values, and were slightly blue-
shifted (up to 19 nm for Sbt3, except for
Sbt2 where the red shift is observed; Table 2)
(Figure 1). The hypsochromic shifts evi-
dence to the negative solvatochromism [19]
of the dye molecules due to an increase of
the solvent polarity from ethanol to aqueous
buffer solution.

Table 2. The characteristics of the dyes® UV-Vis absorption spectra.

Free dye* )
Name In buffer solution In EtOH With DNA™
Anax, M g, 10* M-Tem! Anax, M €, 10* M-lem! Anax, M
Sbt1 524 3.8 534 6.3 551
Sbt2 533 42 526 4.4 508
Sbt3 515 6.0 534 9.8 530
Sbt4 515 5.2 517 6.4 526
Ref 512 2.6 515 3.7 526

*Caye = 10 uM; ** Cyye = 2 uM; Cpna = 61.5 UM b.p; Ay — absorption peak maximum; € — molar extinction coefficient.
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—— Sht2
—— Sbt2+DNA 6,210
Q ———Sbt2+DNA 1,210

\| — Sbt2+DNA 1,9*10*

0,12+

Absorbance
F
[—]
=

500 600 700
A, nm

400

Fig. 2. Absorption spectra of the Sbt2 dye in a free state
and in the presence of dSDNA in different concentrations
(Cyye = 2 uM) in 50 mM Tris-HCI buffer, pH 7.9.

Upon NA addition, the spectral bands of the
dyes mostly shifted to the long-wavelength
range (up to 27 nm for Sbt1) and the extinction
coefficients slightly decreased (Figure 1,
Table 2). The long-wavelength shift of the
absorption maxima could be due to the change
in the dye molecule nearest environment when
bound to DNA [20].

Thus, the introduction of the aromatic moi-
ety in N-alkyl substituent of styrylcyanines
leads to some changes in their absorption prop-
erties in both buffer and ethanol solutions,
these changes are mostly pronounced for dyes
Sbtl and Sbt2. The referent dye absorption
maximum was blue-shifted and slightly less
intensive comparing to the maxima of
N-alkylaryl substituted dyes (Table 2).

In the special case of Sbt2 dye bearing
N-alkylphenantroline group, the short-wave-
length shift of the absorption maximum to A =
508 nm and the changes of the peak shape
(Figure 2, Table 2) were shown to take place
upon DNA addition. This short-wavelength
shift could point to the aggregation of the dye
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in DNA presence [21]. The shoulder of Sbt2
absorption band at 545 nm, which rises with
the DNA concentration, could correspond to
the absorption of monomer dye.

Study of the dependence of dye Sbt2 ab-
sorption spectrum on the DNA concentration
(Fig. 2) evidences that this dye could form the
aggregates on DNA, whereas other dyes bind
to DNA as monomers. This could be explained
as follows. Typically, planar aromatic mole-
cules interact with dSDNA by intercalation into
the base pair stack [22—26]. Thus it could be
suggested that planar phenanthrolinium frag-
ment (intercalator) strongly intercalates be-
tween base pairs, in which case styrylcyanine
moieties of the dyes are mostly placed in DNA
groove. Due to the “high density” of styryl-
cyanine moieties on DNA, they could associ-
ate with each other.

Characterization of the dyes' fluorescent

properties in free state and in complexes
with NA

The characteristics of fluorescence spectra of
free styrylcyanine dyes and in the presence of
dsDNA or RNA are provided in Table 3. The
impact of the aromatic moiety on the dyes
properties was estimated comparing with the
referent N-methyl substituted styrylcyanine
(Ref). For free dyes, the aromatic moiety in
the N-alkyl tail group results in the slight
bathochromic shift (up to 6 nm) of the excita-
tion and emission maxima (situated at 533535
nm and 596-597 nm respectively). The typical
for styrylcyanines comparably large [12]
Stokes shift values (61-64 nm) and low [27]
intrinsic fluorescence intensities (up to 20 a.u.)
were observed for these dyes. In comparison
to the intrinsic signal of Ref (27 a.u.), the



N-alkylaryl styrylcyanine dyes as fluorescent probes for nucleic acids detection

N-alkylaryl derivatives decrease their emission
with the rise of the aromatic rings number
(from 20 a.u. for Sbt1 with N-alkylbenzylamine
group to 6 a.u. for Sbt2 with N-alkylphe-
nantroline group). It is suggested that this
signal intensity decrease could be caused by
nonplanar distortion of the excited chromo-
phore framework by more bulk substituents.

The presence of the NA resulted in the
strong increase of the fluorescent emission (up
to 83 times for Sbtl dye) and shifts of the
maxima of all studied dyes that pointed to the
dyes interaction with the NA (Figure 3, Table
3). The more pronounced red-shifts of excita-
tion maxima (up to 38 nm) comparing to emis-
sion one (up to 13 nm) led to the Stokes shifts
decrease after NA addition (Table 3).

The quantum yields of the dyes in their
complexes with dsDNA were estimated as
moderate (2.8-21.8 %, Table 3) that was less
than for the referent dye-dsDNA complex
(24.7 %).

It was shown that the chemical kind of
N-substituent could determine the ability of
the dyes to discriminate the NA types by the

. a
= 16004 i —b
£ Falt T
‘Z 12004 I\ et |
g I
=
-5 8004 / ,‘ \
£ ;N
2 400+ \

S / |
=] ~
= 0 —m— ——
= 450 600 750

A, NM

Fig. 3. Excitation and emission spectra of Sbt1 in Tris-HCI
buffer (50 mM, pH 7.9) both in the absence and presence
of dsDNA: Cyye =2 UM, Cpya = 61.5 pM; acquisition tem-
perature was 20 °C; a) excitation spectrum of Sbtl multi-
plied by 5 times: A.,,=596 nm; b) emission spectrum of
Sbtl multiplied by 5 times, A.,,=535 nm; c) excitation
spectrum of Sbt1/dsDNA mixture, A.,=604 nm; d) emis-
sion spectrum of Sbt1/dsDNA, A.,=557 nm.

intensity of fluorescent signal. While for the
referent dye and dyes with one or two aro-
matic rings (Ref, Sbtl, Sbt3, Sbt4), fluores-
cence intensity values did not differ strongly
in the presence of dsDNA and RNA at the

Table 3. Fluorescence intensity of the dyes in free form in buffer solution and in the presence of DNA or

RNA in the same buffer at room temperature.

Free* In the DNA presence In the RNA presence
A ex A em I A ex A em 1 IPNA/T, Q, % A ex A em I IRNA/T,
Sbt1 535 596 20 557 605 1655 83 19.7 571 609 1400 70
Sbt2 533 596 6 560 603 86 14 2.8 569 607 331 55
Sbt3 532 596 15 561 604 744 50 21.8 570 607 580 39
Sbt4 535 597 11 561 604 569 52 16.0 568 607 567 52
Ref 529 593 27 558 604 1098 41 24.7 568 607 1739 64

* Caye = 2 uM; Cpnp = 61.5 uM b.p.; Craa = 246 UM b.; Aoy Agy — eXcitation, emission maxima wavelengths, nm; I — emission
intensity, arbitrary units (a.u.); the standard deviations of the I were within 15 % range from the average values that are provided
in the Table; QPNA — quantum yield of the dye in the presence of dsDNA; IPNARNA/[ — emission intensity increase in the pre-

sence of DNA/RNA.
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studied concentrations, for Sbt2 dye with pla-
nar positively charged phenanthrolinium resi-
due, the fluorescent response to RNA was
pronouncedly higher than to dsDNA (increase
by 55 and 14 times, respectively, Table 3). This
decreased response of Sbt2 to dsDNA is most
possibly connected with the self-association
of this dye when bound to dsDNA (observed
in the corresponding absorption spectra, Fig. 2)
resulting in the formation of non-fluorescent
dye aggregates.

Determination of NA detection sensitiv-
ity and binding constant

For the most NA-sensitive dye from the studied
series Sbtl, the NA-detection sensitivity was
determined by the titration of this dye solution
with increasing amounts of dsDNA (Figure 4).
The fluorescent intensity of dye increases pro-
nouncedly with arising concentration of dsDNA
(Figure 4A). The limit of dsDNA detection in
our assay was 6.2x107 M b.p. (0.4 ng), i.c.
dsDNA concentration at which the fluorescence
of the dye (2 uM) in the DNA presence exceeds
that of free dye by 3xSD. The SD is a standard
deviation of the blank signal, where the blank
signal is the fluorescence of the dye solution
(2 uM) in the aqueous buffer in the absence of
dsDNA [28]. The binding constant (K;) for the
dye was estimated by using the approximation
of the fluorescent titrations with the equa-
tion (3) (Figure 4B).

The average K, obtained for Stb1 was
5.0x10* M-L. This value is typical for interca-
lating dyes: the usual range is 104-10° M-1. In
contrast, groove binders have higher binding
constants: typical values are in the range of
10°—10° M~! [29]. This is consistent with the
reference data [30—31] that point out the pref-
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Fig. 4. 4A. Titration of the Stb1 dye by dsDNA (Cyy, =
2 uM Cpna = 0.2-171 puM) in Tris-HCI buffer (50 mM,
pH 7.9) at room temperature (20 °C). 4B. Plot of 7 — I,
dependence on Cpy, ratio and its approximation by the
Eq. 3 (black line) for Sbtl (Cyye = 2 uM, Cpya = 19.5—
171 uM). I-1, — the difference between the measured
fluorescence intensity (/) of the dye in the presence of
dsDNA at the concentration of Cpy, and fluorescence of
free dye at 2 uM concentration (7).

erable intercalation binding mode in the case
of planar aromatic molecules, whereas binding
within dsDNA groove is typical for the elon-
gated crescent shape molecules containing
functional groups, which are able to participate
in H-bonding [31]. The average K, for Ref dye
was about three times lower (1.6x10* M) than
that for Stb1, that points to the changing of
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dye affinity due to the incorporation of termi-
nal aromatic fragment.

Post-electrophoretic staining of DNA

The dyes with the highest quantum yields
Sbtl (with N-alkyldimethylbenzyl group)
and Sbht3 (with N-alkyldipyridyl group) were
explored for their efficiency as stains for
post-electrophoretic visualization of DNA.
The commonly used DNA dye EtBr was
taken for the reference. The dyes applicabil-
ity for post gel electrophoresis DNA staining,
i.e. visualizing of DNA fragments in the
range of 50-1031 b.p. in agarose gel under
UV-transilluminator (312 nm) was shown.
The DNA ladder was taken in two concentra-
tion ranges (10.7-73.3 ng/lane and 2.14—
14.66 ng/lane). The images of stained gels
are presented in Figure 5, and the sizing of
DNA fragments and masses of the lanes are
presented in Table 1.

At high DNA concentrations, a brightness
of DNA staining was similar for all studied
dyes (Figure 5). At low DNA concentration
(3.6 ng/lane, right lane N°9, Figure 5) a high-
er DNA discernibility by the dye Sbt3 in com-
parison with EtBr was observed. The dyes do
not demonstrate bleaching upon repeating UV-
irradiation during ~30 min that points out their
sufficient photostability for using in the gel
electrophoresis post staining experiments.

Conclusions

A series of the benzothiazole styrylcyanines
with different N-arylalkyl substituents was
firstly synthesized and characterized as potential
fluorescent probes for nucleic acids detection.

Weakly fluorescent in unbound state, the
studied styrylcyanines noticeably increase their

emission intensity upon the binding to dsSDNA/
RNA (up to 83 times for the derivative with
N-alkylbenzylamine group Sbtl complexed
with dsDNA) and shift excitation/emission
bands (up to 38 nm). The binding constant for
the Sbt1-dsDNA complex formation (Kj) has
moderate value (5.0x10* M), which is typical
for intercalating molecules; the in-solution
detection limit of dsDNA by Sbtl is about
6.2x107 M b.p. (0.4 pg). The dyes in complex
with dsDNA have moderate quantum yields
(up to 21.8 %).

The ability of styrylcyanines to visualize
DNA in gel electrophoresis tracks under UV-

Sbt3

Bos12 Sbt1 EtBr

Fig. 5. Photos of agarose DNA gel post-stained by Ethid-
ium bromide (EtBr) and the styrylcyanine dyes; fluores-
cence excited by UV light (312 nm). DNA fragment size
and quantities, corresponding to separate bands, are pre-
sented in Table 1. For each lane, upper band is marked as
band N° 1 in Table 1.
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illumination was shown. It was observed a
higher discernibility of staining at low DNA
concentrations (3.6 ng/lane) by the Sbt3 dye
with N-alkyldipyridyl group comparing to
commonly used EtBr. Good photostability of
the studied dyes upon UV-irradiation was es-
tablished.

The kind of N-alkylaryl substituent could
provide to the dye molecule the ability to dis-
criminate between NA types (dAsSDNA/RNA)
by sharp difference in the fluorescent response
intensity. Such selectivity was observed for the
case of Sbt2 dye with N-alkylphenantroline
group, emission increase was 55 and 14 times
in RNA and dsDNA presence, respectively.

Thus, the variation of N-alkykaryl terminal
substituents in styrylcyanine molecule is sug-
gested as affordable chemical approach for the
directed design of fluorescent dyes with re-
quired properties.
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N-ankinapuia 6eH30Tia30/1 CTUPHJILiaHIHOBI
OapBHUKM /151 (PJIyOpeCcHeHTHOI JeTeKuil
HYKJIETHOBHX KHCJIOT

M. B. Kynepman, €. B. CHiripsoBa,
J1. B. Kpuoporenko, M. 0. Jlocunbkuid,
B. b. KoBansceka, C. M. SIpmoriok

Merta. CuHTE3yBaTH 1 OXapaKTePHU3yBaTH Y SIKOCTI (hiryo-
pecLieHTHHX 30HiB Ha HykeiHoBi kucioru (HK) cepiro
HOBUX N-aiKimapwl (QpyHKIIIOHATI30BaHUX OEH3Tia30I1
CcTHpWIIiaHiHOBUX OapBHUKIB. MeTomu. Cuntes, iryo-
pecCIieHTHA 1 abcopOIIiliHa CIIEKTPOCKOITisl, METO] IeJlb-€-
nexrpodopesy. Pesyabrarn. Pi3Hi TepMiHaigbHI apribHI
rpymu B N-askia mo3uitii 6apBHUKA HE3HAYHO BIUIMBAIOTH
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Ha Horo (uryopecIieHTHI BIIacTUBOCTI. bapBHUKH, 110
MAaIOTh CTa0Ky (hITFOOPECIICHITIIO Y BUTbHOMY CTaHi, 3Ha4-
HO TIIBUIIYIOTH eMiciro rpu 3B’ s3yBanHi 3 m1/IHK / PHK
(mmo 83 pa3 mpu 3B’ s3yBanHi Sbtl 3 N-ankindeH3nmaMiHHOO
rpymnoro 3 JIHK, #ioro koncranTa 3B’ s3yBanHs (Kb) —
5.0x10* M1, mexa BusHaueHus mi1/IHK B pozunni —
6.2x107 M m.0. (0.4 pg)). Y xommiekci 3 JIHK kBanTOBi
BUXONIM CTHPWIIaHIHIB € cepeadimMu (mo ~22 %).
CrpyKTypa TEpMiHAJIBHOI apOMaTHYHOI TIpynu B
N-3amMicHHKY MO)Ke BU3HA4aTH 3/1aTHICTh OApBHUKA Bifpi3-
mata Ui/IHK Big PHK, manpukman y Sbt2 3 N-ankin-
(heHaHTPOIIIHOBOKO TPYIIOKO eMicist 3pocTtae B 14 1 55 pazu
BimnoBigHo. [TokazaHo, 110 MOCT-eneKTPOhOpPETHIHE 3a-
Gaprirennst Hm3bK0i KoHIEeHTparii JJHK (3.6 ar/miuis) 3a
JIonoMororo 0apeauKa Sbt3 3 N-ankUiaimipiImIbHOO
IPYIIOI0 Jla€ OUIBII YiTKY Bi3yanizalifo y MOpPIBHSHHI 3
IIUPOKO BHKOPHUCTOBYBAaHMM OpPOMHUCTHUM ETH/IIEM.
BucHOBKH. 3aB/ISKM Yy TJIMBOCTI HOBUX CTHUPWIILIIaHIHIB
10 HK B po3unHi 1 ipu resib-enekTpodopesi, BOHH MOXYTh
OyTH 3alPOIIOHOBAHI B SKOCTI (POTOCTAOUTEHUX HU3BKO-
TOKCHYHHX HEIOPOTHX (MIyOPECLEHTHUX 30HIIB JIISI PYy-
THHHHX JJAOOPAaTOPHUX EKCIICPHMEHTIB.

Knw4oBi cuoBa: cTupuiiianiHoBi OapBHUKH, 1ETEK-
15l HyKJIETHOBUX KUCIIOT, (MIyOPECLEHTHI 30HIH.

N-ankujiapuj 0eH30THA30IbHbIE
CTHPWINMAHUHOBBIE KPACUTEJH JJIsT
¢yopecueHTHOI JeTeKIMU HYKJIEHMHOBBIX KHCJIO0T

M. B. Kynepman, E. B. CHurupésa,
. B. Kpusoporenxko, M. 0. Jlocuuxuii,
B. b. KoBansckas, C. H. SIpmomtok

Heab. CHHTE3UPOBATH U OXapaKTEPH30BaTh B KAaUCCTBE
(hi1yOpECIIEHTHBIX 30H/I0B JUIsl OPE/ICICHHs HYKICHHO-
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BbIX kucioT (HK) cepuro N-ankumapuin QyHKIIHOHAIN-
3MPOBAHBIX OCH3THA30JT CTHPHIIIIMAHIUHOBBIX KPacUTETICH.
Metonbl. CunTe3, QiyopeciicHTHas U aOCOpOITMOHHAs
CITEKTPOCKOITHSA, METOJI Tellb-3ieKTpodopesa. Pe3ynnb-
TaTbl. Pa3nmudHbpie TepMUHAIBHBIC apIUIBHBIC TPYIIIHI B
N-aJIKHJII ONOKEHUH KPACUTEIISI HE3HAUYUTEIILHO BIIHSIOT
Ha ero (uryopecueHTHbIe cBoiicTBa. Crabo ¢uyopecuu-
pytorye B CBOOOTHOM COCTOSTHUH, KPACUTEIN 3HAYUTEITb-
HO MOBBIIIAIOT AMUCCHIO TP cBsi3biBanuu ¢ Mi/IHK/PHK
(mo 83 paz ipu cBsi3biBarny Sbt1 ¢ N-ankunOeH3mIaMUHHON
rpymmoi ¢ JIHK, ero xoncranrta cBsssBanus (Kb) —
5.0x10* ML, mpenen onpenenenus qui/IHK B pactBope —
6.2x10"7 M m.o. (0.4 pg)). B kommnekce ¢ JIHK kBauTO-
BBIC BBIXO/BI CTUPMIIIHAHUHOB cpemHue (110 ~22 %).
Bapuanus apomarnyeckoro N-TepMHHAIBHOTO 3aMECTH-
TEJIl MOXKET MPUAATHh KPACUTEITIO CIIOCOOHOCTH PAa3Iyarh
onpenenennbie Tunbl HK; Tak, mis Sbt2, comeprkarero
N-ankuii(heHaHTPOIMHOBYIO TPYIITY, HAOIIOAAETCS yBe-
mmaeHne (GrryopecteHTHINY B 14 1 55 pa3 coOTBETCTBEH-
Ho. [TokazaHo, 9TO MOCT-3MEKTPO(HOPETHIECKOE OKPAIIIH-
Banue HuU3kux koHieHrtpauii JJHK (3.6 ur/nunus) c
nomotplo Kpacutens Sbt3 ¢ N-ankuiaunupuInibHOU
TPYTIIOi aeT Gosee YeTKYI0 BU3YAIN3alnio TI0 CpaBHE-
HUIO C IIMPOKO MCIOJIB3YEMbIM OpPOMHCTBIM ITHIUEM.
BsiBonbl. biaronapst 9yBCTBUTETFHOCTH HOBBIX CTHPHII-
nuaanHOB K HK B pactBope u mipu resb-aiekrpodopese,
OHU MOTYT OBITH PEIOKEHBI B KadecTBe (POTOCTAOMITb-
HBIX HU3KOTOKCHYIHBIX HETOPOTHX (DITyopecieHTHRIX 30H-
JIOB JUISI pyTHHHBIX J1a00paTOPHBIX IKCIIEPHIMEHTOB.

KamwueBblie caoBa: CTUPWJILIMAHUHOBBIC KPACUTECIIH,
JACTEKIUS HYKJIEUMHOBBIX KHCJIOT, (t)HyOpeCL[eHTHLIe 30H/BI.
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