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Polymethine dyes represent a well-established class of organic 
compounds and are used in biology, medicine and drug discovery 
as fluorescent light-up probes as well as labels for cells, micelles 
and organelles.1–3 In this context, styryl dyes have found an 
application as fluorescent probes for DNA, RNA, b-amyloid peptides, 
chymotrypsin, heparin and other bioanalytes.4–9 The design and 
synthesis of new fluorescent dyes as probes for DNA still 
represent an urgent task in biological and medical areas.

A pivotal point in the characterization of a dye–DNA complex 
is the determination of its stoichiometry and mode of binding, such 
interactions being known to have different mechanisms, namely 
intercalation, groove binding or external stacking.10 It was 
demonstrated, that cationic styryl dyes were capable of forming 
helical aggregates assembled along the DNA molecule.11–13 This 
notion is important to understand the structure–property relationship 
and to design promising structural types of fluorescent probes 
for DNA, starting from styryl dyes.

In this work, we present the synthesis of 4-styrylpyridinium 
dyes with methoxy group in benzene moiety and N-methyl- or 
N-(3-pyridiniopropyl) substituent in pyridine ring, along with 
the investigation of their optical and DNA binding properties. 
The styrylpyridinium dye scaffold was chosen because of its 
potential light-up effect upon the interaction with calf thymus 

DNA, which consisted in the increase in intensity of the dye 
fluorescence signal in the DNA complex.14,15

Styryl dye 1a was prepared according to known procedure,16 dye 
1b was obtained as shown in Scheme 1. The Knoevenagel conden
sation of 4-methoxybenzaldehyde with 4-methylpyridine17 
resulted in compound 2. In the next step, this product reacted with 
N-(3-bromopropyl)pyridiniun bromide affording dye 1b in 23% 
yield. The new compound 1b was identified and characterized by 
NMR spectroscopy, mass spectrometry and elemental analysis 
(see Online Supplementary materials).†

The absorption spectra of dyes 1a and 1b demonstrate intensive 
bands at 373 and 382 nm, respectively, which originate from an 
intramolecular charge transfer from the electron donating 
methoxyphenyl group to the positively charged pyridinium rings 
[Figure 1, Figure S1(a) and Table 1].‡ The interaction of dyes 1a,b 
with calf thymus DNA was investigated using optical spectroscopy 
in aqueous BPE buffer at pH  7. The addition of increasing 
amounts of DNA resulted in a decrease in the absorption intensity 
of dyes along with moderate red shifts, namely 21 nm for 1a and 
22 nm for 1b, up to the saturation of binding was reached [see 
Figure  1, Figure  S1(a) and Table  1]. For both compounds, 
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Scheme  1  Structure of dye 1a16 and synthesis of dye 1b.

†	 (E)-4-(4'-methoxystyryl)-1-(3''-pyridiniopropyl)pyridinium dibromide 1b. 
A mixture of compounds 2 (0.08 g, 0.4 mmol) and 3 (0.11 g, 0.4 mmol) in 
MeCN (4 ml) was stirred at 80 °C for 14 h. Then the solvent was evaporated 
and the residue was purified by column chromatography on neutral Al2O3 
using CH2Cl2–MeOH as an eluent to afford product 1b as a yellow oil. 
Yield 23%. 1H NMR (400 MHz, DMSO-d6) d: 2.64 (m, 2 H, 2''-H), 3.83 
(s, 3 H, OMe), 4.63 (t, 2 H, 1''-H, J 7.0 Hz), 4.75 (t, 2 H, 3''-H, J 7.0 Hz), 
7.07 (d, 2 H, 3'-H, J 8.5 Hz), 7.41 (d, 1H, a-styryl-H, J 16.4 Hz), 7.73 (d, 2 H, 
2'-H, J 8.5 Hz), 8.04 (d, 1H, b-styryl-H, J 16.0 Hz), 8.21 (t, 2 H, 3'''-H, 
J 7.0 Hz), 8.22 (d, 2 H, 3-H, J 6.6 Hz), 8.65 (t, 1H, 4'''-H, J 7.4 Hz), 8.96 
(d, 2 H, 2-H, J 6.2 Hz), 9.17 (d, 2 H, 2'''-H, J 5.8 Hz). 13C NMR (125 MHz, 
DMSO-d6) d: 31.8, 55.5, 56.3, 57.6, 114.74, 120.83, 123.41, 128.2, 130.09, 
141.20, 141.23, 144.06, 145.01, 145.8, 153.61, 161.36. MS (ESI in H2O), 
m/z: 166.1 [M − 2Br]2+ (calc. for C22H24N2O2

+, m/z: 166.09). Found (%): 
C, 54.02; H, 4.52; N, 5.53. Calc. for C22H24Br2N2O (%): C, 53.68; H, 4.91; 
N, 5.69.
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isosbestic points were observed until almost the end of titration, 
i.e. predominantly single binding mode was revealed.

The analysis of fluorimetric titration data [Figure  1 and 
Figure S1(b)] following the neighbor exclusion model developed 
by McGhee and von Hippel18–20 allowed us to determine the 
binding-site sizes n, i.e. the number of DNA base pairs per one 
bound molecule of a dye (Table 1), as well as the binding constants 
Kb, which proved to be equal to 2.4 × 103 mol–1 dm3 for compound 
1a, 2.5 × 104  mol–1  dm3 for compound 1b (Table  1) and were 
close to the one obtained for styryl dye of similar structure.15

The association of the dyes with calf thymus DNA is accom
panied by an increase in fluorescence intensity. A moderate 
enhancement by 2.1  times is observed for compound 1a, and 
further elevation of DNA concentration leads to a decrease in the 
fluorescence intensity by 1.3 times related to its maximum. The 
fluorimetric response for compound 1b consists in an intensity 
increase by 2.3 times with elevation of DNA concentration and 
no further intensity reduction up to the end of titration. The maximum 
of fluorescence emission slightly moves up to 3 nm towards red 
region for dye 1b and does not change for dye 1a upon the addition 

of DNA. The numbers of DNA base pairs occupied by one bound 
dye molecule are equal to 3.74 and 7.46 for compounds 1a and 
1b, respectively. 

The estimated number of DNA base pairs occupied by one 
bound dye molecule is consistent with a molecular model of the 
minor groove binding for dye 1b and with an intercalation mode for 
dye 1a, which is in agreement with the values of stability constants. 
Thus, the larger stability constant for complex 1b–DNA corresponds 
to the groove binding mode where multiple noncovalent interactions 
are realized.

It is known that the intercalation mode of binding is typically 
independent on the DNA sequence context, though some GC 
specificity has been observed, while the groove binding mode is 
specific to adenine–thymine (AT)-rich sequences.22,23 Therefore, 
we tested the interaction of dye 1b with poly(dG–dC)2 and 
poly(dA–dT)2 (see Online Supplementary Materials), the results 
obtained are presented in Table 1. Equilibrium constants are the 
same for A–T and G–C base pairs, which indicates an absence of 
selectivity. Nevertheless, the interaction of dye 1b with poly(dG–
dC)2 results in a decrease in fluorescence intensity, contrary to 
the interaction with poly(dA–dT)2, where a considerable increase 
is detected. This last effect can be assigned to stronger interaction 
of compound 1b with AT sequences and confirms the groove 
binding mode for its interaction with DNA.

The additional support for dye–DNA mode of interaction was 
found using circular dichroism (CD) tests. Complementary CD 
investigation demonstrated the development of a positive induced 
CD (ICD) signal for compounds 1a,b in their range of absorption 
[Figures 2(a),(b)].

The CD titration spectra of calf thymus DNA by compound 
1a as well as by compound 1b with constant DNA concentration 
of 1 × 10–4 m, varying ligand-to-DNA ratios from 0.1 to 0.6, are 
shown in Figure 2. Due to achirality of the dye molecules, i.e. 
identity with their mirror images, they do not give themselves any 
signals in CD spectra, but when DNA is added, an induced circular 
dichroism signal appears.23 The spectrum of dye 1a demonstrates 
a CD signal with low intensity at ~381 nm [Figure 2(a)]. We propose, 
that the observed spectral changes originate from the interaction 
of compound 1a through intercalation between DNA base pairs. 
The same mode of binding has been observed for 3-bromo
propoxy substituted 4-styrylpyridinium dye.15

For compound 1b, the addition of DNA led to the formation 
of a gradually increasing positive signal in the dye absorption region 
at 388 nm. The preference for the minor groove binding by compound 
1b is confirmed by its larger ICD signal compared with dye 1a. In 
contrast to the intercalation site between base pairs, the minor 
groove of DNA provides more chirality to the environment, thus 
affording a larger ICD signal.

In summary, we have demonstrated, that the change of substituent 
at N-atom of pyridine in 4-styrylpyridinium dyes from N-methyl 
to N-(3-pyridiniopropyl) results in a switch of the binding mode for 
dye–DNA interactions from intercalation to minor groove binding. 
This may originate from interaction of the positively charged 

‡	 UV-VIS spectra were measured using a Cary 300 two-channel spectro
photometer (Varian, USA). Fluorescence spectra were measured at 20 ± 1 °C 
on a Cary Eclipse spectrophotometer (Agilent, USA). Coumarin 6 dye in 
ethanol (quantum yield of fluorescence jfl = 78.0%) and quinine in 1.0 N 
sulfuric acid (jfl = 54.6%) were used as references for the quantum yield 
measurements.
	 CD spectra were obtained using a J-500C spectropolarimeter (JASCO, 
Japan). The solutions investigated were placed in an 1-cm rectangular 
cuvette and recording was carried out at 50 nm min–1 with conventional 
sensitivity for different wavelength ranges.

Table  1  Absorption and fluorescence data for free and DNA bound dyes.a

Dye
labs /nm lfl /nm

Imax/I0
dye
free

dye
bound

j

j

dye
freej dye

boundj

Kb /
mol–1 dm3 n (bp)

free bound free bound

calf thymus DNA
1a 373 395 501 501 2.1 1.20/2.33 2.4 × 103 b 3.74
1b 382 404 511 506 2.3 3.36/6.49 2.5 × 104 b 7.46

poly(dG–dC)2

1b 382 396 515 512 4.7/10 (0.47) 3.36/1.0 4.10c –

poly(dA–dT)2

1b 382 393 515 514 46.2/9.5 (4.9) 3.36/14.4 4.10c –

a labs and lfl are absorption and fluorescence emission maxima, respectively; 
Imax/I0 is the change in fluorescence intensity; 

dye
free

dye
bound

j

j

dye
freej dye

boundj and 

dye
free

dye
bound

j

j

dye
freej dye

boundj  are 
fluorescence quantum yields for the free and bound dyes, respectively; Kb is 
stability constant and n is the size of binding site, both in aqueous BPE buffer. 
b Calculated using McGhee and von Hippel model.18 c Calculated using 
SPECFIT program.21
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Figure  1  Shift of spectra upon titration procedure for dye 1a: (a) absorption 
spectra for 7 × 10–5 m dye with (1) 0 and (2) 3.5 × 10–3 m calf thymus DNA; 
(b) fluorescence emission spectra at lex = 394 nm for 2.3 × 10–5 m dye with 
(1) 0, (2) 1.76 × 10–3 and (3) 2.81 × 10–3 m calf thymus DNA, all in aqueous 
BPE buffer.
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Figure  2  CD spectra of 1 × 10–4 m calf thymus DNA mixtures with dye 
ligands (a) 1a and (b) 1b in aqueous buffer at different ligand-to-DNA ratios (r). 
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3-(pyridiniopropyl) substituent and the 4-styrylpyridinium moiety 
in dye 1b with suitable groups in DNA, whereas dye 1a has only 
one pyridinium moiety for coordination with DNA. The results 
obtained can help in prediction of the binding mode as well as in 
a rational design of fluorescent ligands corresponding to the definite 
types of their interactions with DNA.

This work was supported by the Russian Foundation for Basic 
Research (grant no. 19-03-00535 for synthetic work), the Russian 
Science Foundation (project no. 19-73-20187 for support of dye–
DNA interaction research). The use of equipment from the Center 
of Collective Facilities of the A.  N.  Nesmeyanov Institute of 
Organoelement Compounds, Russian Academy of Sciences, is 
gratefully acknowledged. 

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2020.03.029.

References
1	 R. P. Haugland, Handbook of Fluorescent Probes and Research Products, 

9th edn., Molecular Probes, Eugene, OR, 2002.
2	 B. Olshausen, Shining Bright: Fluorescent Tools for Drug Discovery, 

Development and Delivery, Cuvillier, Göttingen, 2018.
3	 N. Tyutyulkov, J. Fabian, A. Melhorn, F. Dietz and A. Tadjer, Polymethine 

Dyes: Structures and Properties, St. Kliment Ohridski University Press, 
Sofia, 1991.

4	 G. I. Likhtenshtein, Stilbenes: Applications in Chemistry, Life Sciences 
and Materials Science, Wiley-VCH, 2010. 

5	 R. Tropcheva, N. Lesev, S. Danova, S. Stoitsova and S. Kaloyanova, 
J. Photochem. Photobiol., B, 2015, 143, 120.

6	 C. Carlsson, M. Jonsson and B. Åkerman, Nucleic Acids Res., 1995, 23, 
2413.

7	 S. Gurrieri, K. S. Wells, I. D. Johnson and C. Bustamante, Anal. Biochem., 
1997, 249, 44.

  8	 B. Dumat, G. Bordeau, A. I. Aranda, F. Mahuteau-Betzer, Y. El Harfouch, 
G. Metgé, F. Charra, C. Fiorini-Debuisschert and M.-P. Teulade-Fichou, 
Org. Biomol. Chem., 2012, 10, 6054.

  9	 S. Feng, Y. K. Kim, S. Yang and Y.-T. Chang, Chem. Commun., 2010, 
46, 436.

10	 Nucleic Acids in Chemistry and Biology, 3rd edn., eds. G. M. Blackburn, 
M. J. Gait, D. Loakes and D. M. Williams, RSC Publishing, Cambridge, 
2006.

11	 R. A. Garoff, E. A. Litzinger, R. E. Connor, I. Fishman and B. A. Armitage, 
Langmuir, 2002, 18, 6330.

12	 T. Yu. Ogul’chansky, M. Yu. Losytskyy, V. B. Kovalska, V. M. Yashchuk 
and S. M. Yarmoluk, Spectrochim. Acta, Part A, 2001, 57, 1525.

13	 A. Y.  Lebedeva, O. A. Fedorova, V. B. Tsvetkov, V. Y. Grinberg, N. V. 
Grinberg, T. V. Burova, A. S. Dubovik, K. K. Babievsky and Y. V. Fedorov, 
Dyes Pigm., 2018, 157, 80.

14	 D. V. Berdnikova, O. A. Fedorova, E. V. Tulyakova, H. Li, S. Kölsch and 
H. Ihmels, Photochem. Photobiol., 2015, 91, 723.

15	 D. V. Berdnikova, N. I. Sosnin, O. A. Fedorova and H. Ihmels, Org. 
Biomol. Chem., 2018, 16, 545.

16	 A. S. Brown, L.-M. Bernal, T. L. Micotto, E. L. Smith and J. N. Wilson, 
Org. Biomol. Chem., 2011, 9, 2142.

17	 S. Brasselet, F. Cherioux, P. Audebert and J. Zyss, Chem. Mater., 1999, 
11, 1915.

18	 J. D. McGhee and P. H. von Hippel, J. Mol. Biol., 1974, 86, 469.
19	 N. Akbay, M. Yu. Losytskyy, V. B. Kovalska, A. O. Balanda and S. M. 

Yarmoluk, J. Fluoresc., 2008, 18, 139. 
20	 H. Ihmels, K. Faulhaber, G. Viola and C. Schmuck, in Highlights in 

Bioorganic Chemistry: Methods and Applications, eds. C. Schmuck and 
H. Wennemers, Wiley-VCH, Weinheim, 2004, pp. 172–190.

21	 H. Gampp, M. Maeder, C. J. Meyer and A. D. Zuberbühler, Talanta, 
1985, 32, 257.

22	 S. M. Yarmoluk, S. S. Lukashov, M. Yu. Losytskyy, B. Akerman and O. S. 
Kornyushyna, Spectrochim. Acta, Part A, 2002, 58, 3223.

23	 H. J. Karlsson, M. Eriksson, E. Perzon, B. Åkerman, P. Lincoln and 
G. Westman, Nucleic Acids Res., 2003, 31, 6227.

Received: 6th November 2019; Com. 19/6049


