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Abstract: Four novel monomethine cyanine dyes derived froncoadensation reaction

between N-quaternary 2-thiomethylbenzothiazolig drmethylquinolinuim choromophores

have been synthesized and characterized'HtyNMR, APT carbon NMR, ESI mass

spectrometry, IR, absorption and fluorescence spsmipy. The main synthetic approach for
the target cyanines involves variations on both ghbstituent on the aromatic ring of the
benzothiazolium derivative, as well as the sizethedf component yielding the additional
positive charge linked to the quinolinium moietyelinteraction between novel fluorophores
and dsDNA has been studied. The dyes were fourtthte negligible fluorescence in the
buffer solution, but exhibited a significant emdssiincrease upon binding to dsDNA. The
binding parameters of cyanine dyes have been detednioy fluorescence titration using the
McGhee & von Hippel site-excluded model. The reswbtained are consistent with an

intercalative binding mode between cyanines and DNA
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1. Introduction

The design of extrinsic fluorescent probes and Ifalier quantitative sensing, rapid
visualization and characterization of nucleic a¢ids been attracting considerable attention in
recent years and dictating by the very weak initirsnission of DNA and RNA. A wide
range of fluorophores, including Hoechst 33258 Elyrylcyanine dye DSMI [2], acridine
orange [3], DAPI (4’,6-diamidino-2-phenylindole) ][4ethidium bromide [5] have been
employed for DNA identification. However, the pretesd above dyes are generally highly
emissive in solution thereby creating a strong bemknd signal. Moreover, the applicability
of some commercially available dyes, like ethidibnomide, which is considered as being
mutagenic, is complicated by some environmentalceors [6,7]. Therefore, significant
research efforts are being directed at the devegp@ind investigating new fluorescent
compounds. To date the majority of fluorescent essgeommonly used for DNA recognition
belongs to the cyanine group. Due to their excel&aining properties, cyanine dyes are
generally used for sizing and purification of DNAagments [8, 9], fluorescent microscopy
applications [10], DNA damage detection [11], mamay-based expression analysis [12],
DNA sequencing [13,14], DNA intercalation bioanagat assays as well as for staining of
nucleic acids in electrophoresis [8,15-18]. Theliappility of this class of fluorophores is
based on the fact that these dyes display highigffior nucleic acids double strands and the
huge enhancement in emission upon binding to DNAe hature of sharp increase in
fluorescence is supposed to originate from the tdsmobility around the methine bridge
between the two heterocyclic moieties as a re$uheocyanine - DNA interaction [19].

Cyanine dyes are photosensitive compounds posged$gio quaternized, nitrogen-
containing, heterocyclic structures, which are éidkhrough a polymethine bridge [20]. This

dual structure of cyanine molecules gives the ingpdor three predominant non-covalent
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binding modes: i) intercalation between adjacesehaairs, ii) minor groove binding, and iii)
electrostatic interaction of highly positively cgad molecules with nucleotide phosphate
backbone.The direct mode of the cyanine-DNA bindsodpstantially vary with the minor
change of the heterocyclic moieties in cyanine directure, multiplicity of the methine
bridge, as well as with charge and bulkiness @ichaid substituents [21,22]. The presence of
methine bridge, possessing conformational flexipilallows the cyanine molecule to adjust
to the DNA groove. It has been shown, that the ntgj@f groove binders associate with
DNA helix through forming hydrogen bonds to the dasirs, stabilizing in such a manner
structure of the dye-DNA complex structure [23]sBles, cyanine dyes devoid of hydrogen
bond donors have been found bind to the minor graggo as dimers [24]. However, the
numerous studies indicate that monomethine cyadyes, being a planar aromatic ring
system predominantly belong to the group of intetocas [17, 25]. This type of binding
results from the incorporation of a dye planar aatonmoiety between the DNA base pairs,
followed by unwinding and lengthening of the DNAike

During the last decades we have investigated ndeeVatives of monomethine cyanine
dyes based mainly on thiazole orange and oxazdlewehromophores for non-covalent
labeling of DNA [17,21]. In a continuation of ourterest in DNA reporter molecules, herein
we directed our efforts towards the synthesis araduating the DNA-binding ability of four
novel monomethine cyanine dyes differing by théiucture and spectroscopic behaviour.
Our goals was twofold: i) to synthesize monometlup@nines varying the substituent on the
aromatic ring of the benzothiazolium derivativewad| as the size of the component yielding
the additional positive charge linked to the quimaim moiety; ii) using fluorescence
spectroscopy technique to assess the sensitivinoe¢l monomethine dyes to dsDNA. We
have shown that novel fluorophores associate dtyomgth dsDNA presumably by

intercalation binding mode



2. Materialsand methods
2.1.Materials

All starting materials and solvents required foe ttynthesis of the cyanine dyes were
purchased from Sigma-Aldrich, Organica Feinchemieb® Wolfen, Fluka, Alfa-Aesar, TCI
Europe, Deutero GmbH. Compounds 6a and 6b were eoonetly purchased from Organica
Feinchemie GmbH Wolfen, and used without any furihgrification. The solvents used for
the spectrophotometric and spectrofluorimetric ysed were purchased form Macron Fine
Chemicals TM. Salmon testes DNA was obtained fragm&-Aldrich. Tris-HCI and EDTA
were obtained from Sigma (St.Louis, MO, USA). Ather starting materials and solvents

were commercial products of analytical grade ancewsed without further purification.
2.2. Analysis methods and equipment

The title monomethinecyanine dyes were purifiedrdégrystalisation from methanol and
their chemical structures were evaluated'HyNMR and APT-NMR spectra recorded on a
Brucker Avance 1ll HD 500 MHz, Bruker Avance 300daBruker Avance 600 MHz in
DMSO-d¢s at 25°C. The chemical shifts were reported in ppmdigalues with respect to
tetramethylsilane (TMS), or the deuterated solyeedk as an internal reference. Coupling
constants J are expressed in Hz. IR spectra weoeder on Specord 85ER in nujol. ESI mass
spectra were obtained on TSQ Quantum Access Maspéatrometer — Triple Quadrupol in
methanol/water (80:20 % v/v). The melting pointgevdetermined on a Kofler bench and are
uncorrected. Absorption spectra were recorded ofeail Aurius CE 3021 UV-Vis
spectrophotometer at room temperature. Fluorescer@aasurements were performed in 10
mM Tris-HCI, 0.5 mM EDTA buffer, pH 7.4 at room t@erature using 10-mm path-length

quartz cuvettes in a Perkin Elmer LS45 fluorescespeztrometer.



2.3. Preparation of intermediates 3a, 3b

A large excess of 1,3-dibromopropa®€15.29 mL, 0.15 mol) was added dropwise to N-
methyl pyrrolidinela (3.12 mL, 0.03 mol) or N-methyl piperidirid (3.65 mL, 0.03 mol)
and the reaction vessel was stored in a dark d@@7] for 48 hours (Scheme 1). The
precipitated product8a, 3b were collected by filtration and stored in a deator. Their

structures were evaluated By-NMR and**C-NMR spectra.
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n:1a,3a=1/ 1b,3b=2

Scheme 1. Preparation of intermediates 3a and 3b.

2.4.Preparation of N-quaternary 4-methyl quinolimwaerivatives 5a, 5b

4-methylquinoline4 (1.45 mL, 11 mmol) was mixed with the correspogdmono N-
guaternary salBa or 3b, and the reaction mixture was heated to boilingtpi@r 15 minutes
with stirring in 2-methoxyethanol (10 ml) (Scheme 2he products were isolated as semi-
solids, and used without further purification ire thext step yielding the target monomethine

cyanine dyes.
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Scheme 2. Preparation of intermediates 5a and 5b.

2.5.Synthesis of the cyanine dyes

In a reaction vessel equipped with magnetic stieguimolar amounts of intermedidia
or 5b (3 mmol) and6a or 6b (3 mmol) respectively were dissolved in 10 ml methanol. N-
Ethyldiisopropylamine (0.52 mL, 3 mmol) was addedpivise, and the reaction mixture was
vigorously stirred at room temperature for 2 ho(B8sheme 3), followed by addition of

diethyl ether (20 ml) in order to precipitate thessd.
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R: 6a, AK1-2-17, AK1-2-18 = H / 6b, AK1-2-19, AK1-2-20 = CH;0

Scheme 3. Synthetic approach to asymmetric monomethine cyatyes.

The reactions were held in a well ventilated hodde to the evolution of methyl
mercaptan. Upon completion of the reaction, thedpco was dissolved in methanol and

transferred to a beaker containing 200ml of an agsiesolution of potassium iodide. The



precipitated dye was suction filtered and air driBlde corresponding yields and melting point

temperatures of the dyes are given in Table 1

Table 1. Chemical structures of the monomethine cyanine dyes

Dye R n Yield (%) M.p.C)
AK1-2-17 H 1 34 270-272
AK1-2-18 H 1 46 261-263
AK1-2-19 CHO 2 44 263-266
AK1-2-20 CHO 2 53 241-245

1-(3-bromopropyl)-1-methylpyrrolidin-1-ium bromid8a); (white solid), yield = 92 %, m.p.
= 173-175°C, lit. m.p. = 177-179C [28]; *H-NMR (DMSO-d;, 500 MHz)5/ppm: 2.06-2.12
(4H, m, 2 x CH), 2.28-2.34 (2H, m, Ch), 3.03 (3H, s, ChtN), 3.45-3.49 (4H, m, 2 x C}
3.53-3.59 (4H, m, 2 x Ch, 3.60 (2H, t, J 6.5, C#N); °C-NMR (DMSO-d;, 125 MHz)

d/ppm: 21.5; 26.9; 31.2; 48.1; 62.1; 64.1;

1-(3-bromopropyl)-1-methylpiperidin-1-ium bromidah(); (white solid), yield = 96 %, m.p.
= 196-199°C, lit. m.p. = 190-193C [28]; *H-NMR (DMSO-d;, 500 MHz)5/ppm: 1.52-1.57
(4H, m, 2 x CH), 1.77-1.80 (4H, m, 2 x Ci} 2.24-2.30 (2H, m, C#), 3.05 (3H, s, CHN),
3.36-3.39 (4H, m, 2 x CH), 3.46-3.49 (4H, m, 2 x Ci| 3.61 (2H, t, J 6.4, CHN); *C-NMR

(DMSO-d;, 125 MHz)s/ppm: 19.8; 21.0; 25.1; 31.2; 47.8; 60.6; 61.2;

4-methyl-1-(3-(1-methylpyrrolidin-1-ium-1-yl)propyuinolin-1-ium hexafluorphosphate
(5a); (pale brown solid), obtained as dibromide, &mion was exchanged in order to obtain
solid product. Yield = 73 %, m.p. = 219-226; 'H-NMR (DMSO-d;, 500 MHz) 8/ppm:
2.08-2.12 (6H, m, 3 X C§), 2.42-2.48 (2H, m, C}), 2.97-3.03 (8H, m, 2 x CH+ CHy), 5.03

(2H, t, J 7.4, Ck), 8.07-8.11 (2H, m, 2 x ArH), 8.28-8.31 (1H, m,Hr 8.57 (1H, d, J 8.3,



ArH), 8.63 (1H, d, J 8.9, ArH), 9.35 ( 1H, d, J 5AtH); **C-NMR (DMSO-d&, 125 MHz)
o/lppm: 20.2; 21.5; 21.6; 24.4; 26.8; 48.3; 54.32664.4; 119.6; 123.2; 127.7; 129.4; 130.2;

135.8; 137.3; 149.1; 159.8F-NMR (DMSO-d, 470 MHz)s/ppm: -69.4; -70.9;

4-methyl-1-(3-(1-methylpiperidin-1-ium-1-yl)propglinolin-1-ium hexafluorphosphate
(5b); (pale brown semi-solid) product was foundo® highly hygroscopic. It's structure is

evaluated on dyes AK1-2-18 and AK1-2-20.

(E)-3-(2-((1-(3-(1-methylpyrrolidin-1-ium-1-yl)prop)quinolin-4(1H)-ylidene)methyl)
benzo[d]thiazol-3-ium-3-yl)propane-1-sulfonate weli(AK1-2-17);(red crystals)yield = 14
%, M.p. = 270-272C; IR (nujol, Crﬁl): 570, 740, 760, 880, 1040, 1150, 1200, 1290, 1320
1380, 1460, 1500, 1600, 1626{ NMR (DMSO-g, 600 MHz)6/ppm: 2.09-2.19 (6H, m, 3 x
CH,), 2.31-2.37 (2H, m, C}), 2.72 (2H, t, J 6.1, CH 3.00 (3H, s, CEN), 3.47-3.54 (6H,
m, 3 x CH), 4.61 (2H, t, J 7.4, CHl, 4.83 (2H, t, J 7.6, CH), 7.18 (1H, s, CH), 7.36 (1H, d, J
7.2, ArH), 7.40-7.43 (1H, m, ArH), 7.62 (1H, ddd].2, 7.3, 8.4, ArH), 7.68 (1H, ddd, J 0.7,
7.1, 8.0, ArH), 7.89 (1H, d, J 8.4, ArH), 7.97 (1dtid, J 1.0, 7.2, 8.5, ArH), 8.01 (1H, dd, J
1.0, 8.0, ArH), 8.13 (1H, d, J 8.7, ArH), 8.58 (18, 7.2, ArH), 9.07 (1H, dd, J 1.0, 8.9,
ArH); APT-NMR (DMSO-d;, 75 MHz)d/ppm: 21.1; 23.2; 23.4; 44.9; 47.5; 47.7; 50.9859.
63.7; 88.4; 107.9; 113.0; 117.4; 122.8; 124.0; 32824.5; 126.7; 127.0; 128.2; 133.2; 136.8;
139.8; 144.0; 149.0; 159.6; ESI: m/z: Found [M+§43B GgH3sN3O3S+ requires [M+]

524.20; UV/VIS (methanolJimax = 507 nmg= 84 000 I.mot.cm™, 4 = 567 nm

(E)-3-(2-((1-(3-(1-methylpiperidin-1-ium-1-yl)propguinolin-4(1H)-ylidene)methyl)
benzo[d]thiazol-3-ium-3-yl)propane-1-sulfonate weli(AK1-2-18); (red crystalsyjeld = 46
%, M.p. = 261-263C; IR (nujol, cni'): 550, 740, 880, 1040, 1150, 1200, 1300, 13300138
1460, 1510, 1600H NMR (DMSO-d;, 600 MHz)8/ppm: 1.56 (2H, quint, J 5.7, GH 1.81

(4H, g, J 6.2, 2 x Ch), 2.12-2.18 (2H, m, CH), 2.27-2.33 (2H, m, C}), 2.71 (2H, t, J 6.1,



CHy), 3.00 (3H, s, CKiN), 3.33 (4H, g, J 5.9, 2 x GH 3.51-3.55 (2H, m, C}J, 4.62 (2H, t,
J7.4,CH), 4.83 (2H,t,J 7.6, Ch, 7.20 (1H, s, CH), 7.38 (1H, d, J 7.3, ArH),7(481, m,
ArH), 7.63 (1H, ddd, J 1.2, 7.4, ArH), 7.70 (1Hddd 0.8, 7.0, 8.1, ArH), 7.89 (1H, d, J 8.4,
ArH), 7.99 (1H, ddd, J 1.1, 7.0, 8.3, ArH), 8.0H(1dd, J 1.0, 7.9, ArH), 8.14 (1H, d, J 8.7,
ArH), 8.59 (1H, d, J 7.3, ArH), 9.10 (1H, dd, J 120, ArH); APT-NMR (DMSO-g, 75
MHz) é/ppm: 19.2; 20.5; 21.6; 23.2; 44.9; 47.5; 50.83688.4; 107.9; 113.0; 117.4; 122.8;
124.0; 124.3; 124.5; 126.7; 126.9; 128.2; 133.5.83139.8; 144.0; 148.9; 159.6; ESI: m/z:
Found [M+] 538.55 @H3sN303S,+ requires [M+] 538.22; UV/VIS (methanollnax = 507

nm, &= 78 000 |.mot.cm™, A = 568 nm:

(E)-3-(5-methoxy-2-((1-(3-(1-methylpyrrolidin-1-iwi-yl)propyl)quinolin-4(1H)
ylidene)methyl) benzo[d]thiazol-3-ium-3-yl)propafesulfonate iodide (AK1-2-19);(red
crystals), yield = 44 %, M.p. = 263-266; IR (nujol, cm): 550, 720, 760, 1030 , 1170 ,
1220, 1300, 1330, 1380, 1460, 1500, 1660NMR (DMSO-ds, 600 MHz)3/ppm: 2.09 (4H,
quint, J 3.6, 2 x Ch), 2.12-2.17 (2H, m, C§), 2.30-2.38 (2H, m, Ch), 2.70 (2H, t, J 6.0,
CH,), 2.99 (3H, s, CEtN), 3.44-3.53 (6H, m, 3 x CH 3.92 (3H, s, CHO), 4.61 (2H, t, J
7.3, CH), 4.85 (2H, t, J 7.9, Ch, 7.05 (1H, d, J 2.3, ArH), 7.07 (1H, dd, J 2.38,8rH),
7.20 (1H, s, CH), 7.34 ( 1H, d, J 7.2, ArH), 7.835i(d, J 2.3, ArH), 7.69-7.73 (1H, m, ArH),
7.93 (1H, d, J 8.7, ArH), 8.00 (1H, ddd, J 1.1, B, ArH), 8.14 (1H, d, J 8.7, ArH),, 8.53
(1H, d, J 7.4, ArH), 9.10 (1H, dd, J 1.1, 9.0, ArHPT-NMR (DMSO-g, 75 MHz)&/ppm:
21.1; 23.1; 23.4; 44.9; 47.5; 47.7; 50.8; 56.1,95%3.7; 88.5; 98.3; 107.7; 112.6; 115.3;
117.4; 123.4; 124.3; 126.7; 126.8; 133.1; 136.8;.34143.8; 148.4; 160.3; 160.6; ESI: m/z:
Found [M+] 554.49 gH36N30,S+ requires [M+] 554.21; UV/VIS (methanolimax = 517

nm, e= 77 000 Il.mot.cm?, A4 = 567 nm

(E)-3-(5-methoxy-2-((1-(3-(1-methylpiperidin-1-iudxyl)propyl)quinolin-4(1H)-
ylidene)methyl) benzo[d]thiazol-3-ium-3-yl)propafhesulfonate iodide (AK1-2-20); (red
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crystals);yield = 53 %, M.p. = 241-24%; IR (nujol, cm?): 550, 720, 760, 910, 1020, 1170,
1200, 1300, 1330, 1370, 1450, 1500, 1660NMR (DMSO-d;, 600 MHz)&/ppm: 1.52-1.59
(2H, m, CH), 1.81 (4H, q, 3 5.9, 2 x GH 2.12-2.17 (2H, m, C}), 2.26-2.32 (2H, m, C}),
2.70 (2H, t, J 6.0, C}), 3.00 (3H, s, CEIN), 3.32(4H, t, J 5.9, 2 x G 3.50-3.53 (2H, m,
CHy), 3.92 (3H, s, CKO), 4.61 (2H, t, J 7.3, G 4.85 (2H, t, J 8.1, Chi 7.06 (1H, dd, J
2.3, 8.8, ArH), 7.20 (1H, s, CH), 7.35 (1H, d, 3,7ArH), 7.54 (1H, d, J 2.2, ArH), 7.68-7.72
(1H, m, ArH), 7.92 (1H, d, J 8.8, ArH), 8.00 (1Hjdj J 0.9, 7.1, 8.2, ArH), 8.14 (1H, d, J 8.7,
ArH), 8.54 (1H, d, J 7.4, ArH), 9.09 (1H, dd, J9,08.9, ArH); APT-NMR (DMSO-¢ 75
MHZz) &/ppm: 19.2; 20.5; 21.6; 23.1; 44.9; 47.5; 50.7;15®0.3; 88.5; 98.3; 107.7; 112.6;
115.2; 117.3; 123.4; 124.3; 126.6; 126.8; 133.16.83141.3; 143.8; 148.4; 160.3; 160.6;
ESI: m/z: Found [M+] 568.40 4H3gN304,S+ requires [M+] 568.23; UV/VIS (methanol):

Amax= 517 nmg= 71 000 |.mof.cm*, Ay = 568 nm
2.6. Preparation of dye and DNA solutions

The dye stock solutions were prepared by dissoltiregdyes in DMSO to achieve final
concentrations of 1 mM. To determine the photoptalsicharacteristics of the novel
monomethine cyanine dyes these stock solutions dikreed with methanol up to pM, and
TE buffer up to 0.1uM. Salmon testes dsDNA solution was prepared imh0 Tris-HCI,
0.5 mM EDTA buffer, pH 7.4. The concentrations gégines and dsDNA were determined
spectrophotometrically using their molar absorpigg ancego= 6.4 x 16 M™*cm* for DNA.
The molar absorptivities of the dyes are givenatbl& 2.

To determine the fluorescence spectra of cyaniiNédscomplexes appropriate amounts

of the stock solution of DNA added to each dye niM Tris-HCI, 0.5 mM EDTA buffer,

pH 7.4. The final dye concentration was10'M .

10



Table 2. Spectral characteristics of cyanine dyes in diffesolutions.

Methanol (C = 1QuM)

Dye )\max 7be

TE buffer (C = 0.2uM)

lo

€ ;\.max ;\.max(n m) )\,ﬂ (n m) |/| 0
(a.u.) (a.u)
(nm) (hm) (mol*dm®cm®) (nm) +dsDNA +dsDNA
AK1-2-17 507 554 83.200 507 514 532 226 301.1B3
AK1-2-18 507 553 77.200 508 515 532 2.64 551.78
AK1-2-19 517 562 70.700 518 515 549 1.63 170.410
AK1-2-20 517 561 59.300 518 515 548 1.97 136.18 69

2.7. Analysis of dye-DNA binding parameters

Thermodynamic analysis of DNA-cyanine complexes wasle in terms of the McGhee

& von Hippel excluded site model allowing calcutati of the binding constant and

stoichiometry [29]:

1-(nB/ B

B _ nB
E—KP(l 5 ){

1-(n-1)(nB/ P)

r

(1)

where B and F are concentrations of bound and free dye, resmdgti P is DNA

concentration,K denominates association constant andepresents the site exclusion

parameter (i.e. number of DNA base pairs coveredrngydye molecule). The valueskofind

n were estimated using the nonlinear least-squtnegfiprocedure.

3. Resultsand discussion

3.1. Synthesis and structural analysis of cyaniyesd

Four novel monomethine cyanine dyes obtained aralensation reaction between N-

guaternary 2-thiomethyl

benzothiazolic,

and

lepidim choromophores have been

synthesized with medium vyields. The structures hif hovel analogues of the Thiazole

Orange (Table 1) were evaluated #{*NMR, APT carbon NMR spectroscopy, IR and ESI

11



mass spectrometry (see Materials and methods).tiBeagields and melting points are
summarized in Table 1.

As seen from Table 1, the cyanines under studyaaggnmetric monomethine dyes,
containing a benzothiazole fragment. The dyes at®mc in nature due to the substituent
yielding the additional positive charge linked e tquinolinium moiety. Presented in Table 2
are the basic photophysical characteristics ofetkeamined cyanines in methanol: absorption
maximum fmay; mMolar absorptivitiese] and emission maximumidy). Absorption and
fluorescence spectra of the dyes are typical faaZdie Orange derivatives [17,25] with
absorption maximum in methanol in a range from &0317 nm and emission maxima from
553 to 562 nm depending on dye structure. Adding methoxy group to the benzothiazole
moiety of AK1-2-19 and AK1-2-20, resulted in 10 rand 6 nm shift in absorption and

fluorescence maxima position, respectively.

3.2.  Absorption and fluorescent properties of free ¢gartdyes in buffer solution and

when bound to dsDNA

A common feature of cyanine dyes is their tendettcyaggregate in water solutions
[30,31]. Dimerization with substantial aggregatmfrcyanine dyes upon binding to DNA has
also been reported in previous studies [32,33].c&ithe aggregation of cyanines is
concentration-dependent process [34], in orderréwgnt the formation of highly organized
molecular assemblies of dyes, their concentratidasnot exceede 0.2 uM. In a buffer
solution the studied cyanines are characterizedngypeak absorption spectrum (monomeric
dye form) with the absorption maximum in the ramge07-518 nm depending on the dye
structure. The maxima of the fluorescence bandhfeifree and DNA-bound dyes, along with
the absolute and relative fluorescence intensdfethe free dye in TE buffeld) and dye-
DNA solutions [) are given in Table 2. The dyes were found to hamfy negligible

fluorescence in TE buffer in the absence of DNAY(E). It is believed that Thiazole Orange

12



derivatives undergo rapid deactivation from thgkahexcited state by rotating around double
bond joining benzothiazole and quinoline ring, all\e@stablished decay mechanism for
alkenes [35]. This energy wasting mechanism masiféself in a dramatic reduction of
fluorescence. The situation is changed when theisipdaced in the DNA solution with the
restricted motional freedom, that results in cyanienergy dissipation predominantly
throughout emissiomia fluorescence. As a consequence, in the presendsDiflA all dyes
under study show enhanced fluorescence (approXdynatam 69 to 197-fold increase in
fluorescence intensity) therby creating preregessitor their use as fluorescence dyes for
DNA detection and characterization. Comparison leé spectral properties of free and
dsDNA-bound dyes under the same experimental aonditrevealed that the most
pronounced fluorescence increase is observed fot-2KS8, pointing out to significantly
greater ability of this dye (in comparison with tbther examined dyes) to respond to the
DNA-induced changes in the dye microenvironmenterkstingly, the minor differences in
cyanine structure can substantially affect the ritaga of fluorescence enhancemdfity) in

the presence of dsDNA. As seen from Table 1, cyamipes under investigation possess
similar structure. The only difference was the pree of methoxy group in the benzothiazole
ring of AK-1-2-19 and AK1-2-20 and methylpyrrolidifAK1-2-17, AK1-2-19) or
methylpiperidin (AK1-2-18, AK1-2-20) group in theiigoline fragment. As seen from Table
2, the fluorescence enhancement for the dyes comgamethoxy group diminished to 1.24-
and 2.85-fold for AK1-2-19 and AK1-2-20 respectivel'he most probable explanation for
the observed fluorescence decrease in the presémneethoxy group lies in the fact, that —O-
CHs group elongates the dye molecule approximately3fdk. According to the Lerman’s
intercalation model [36], introduction of bulky siituent into the dye molecule negatively
affects on fluorescence intensity of the dye-DNAmptexes. The similar results were

obtained by Yarmoluk and coworkers who showed tbatky substitution in the

13



benzothiazole residue led to a significant decremsdluorescence enhancement [25].
Replacement of methylpiperidin group by methylpiidia one in the structure of dye AK1-
2-18 caused a 1.5-fold increase lithy ratio. However, in the case of AK1-2-20 the
introduction of methylpiperidinium group broughtoaib the opposite effect (1.5-fold decrease
in I/ly ratio in comparison with methylpyrrolidin-contangi dye AK1-2-19). The observed
differences may come from the presence of methoaymin AK1-2-19 and AK1-2-20, that
exerts influence on electron-donor ability of hetsrcle in the latter case displacing the
charge from the benzothiazole residue to the quimuwh moiety and affecting in such a
manner the fluorescent properties of these dyes.VHfidity of this assumption stems from

the fact that dyes AK1-2-19 and AK1-2-20 displag thost pronounced Stock’s shifts.
3.3. Cyanine binding to the dsDNA

In order to characterize the stability of cyanineAdcomplexes and to make an assumption
about the complexation mechanisms, the DNA bingiagameters of the examined novel
monomethine cyanine dyes were obtained by fluorescétration of the solutions of cyanine

dyes with salmon testes DNA (Fig.1).
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Fig. 1. Fluorescence spectra of AK1-2-17 (A), AK1-2-18(BK1-2-19(C) and AK1-2-20(D)
recorded at varying concentration of salmon ted$&NA. Dye concentration was 0.2 pM.

Fluorescence intensity was found to increase uperdye transfer from aqueous phase to
dsDNA, with emission maximum being shifted towald&er wavelengths. These findings
can be explained by the reduced polarity of the slygoundings and restricted fluorophore
mobility within the DNA binding sites. The experintal dependencies of the dye
fluorescence increase upon binding to DNA)(as a function of DNA concentration are

presented in Fig.2.
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Fig. 2. The isotherms of binding of cyanine dyes to dsDNA.

The observed binding isotherms were analyzed imdenf the McGhee & von Hippel

excluded site model (Eq.(1)). The results obtamedsummarized in Table 3.

Table 3. Parameters of cyanine-DNA binding calculated usitagshee & von Hippel model.

Dye K, x 10, M* n a, x 10, M
AK1-2-17 57+1.1 1.9+0.6 1.9+0.6
AK1-2-18 3.3+0.8 1.4+0.4 3.9+1.2
AK1-2-19 3.1+0.5 1.7+0.5 1.3+0.4
AK1-2-20 4.0+0.4 1.5+0.4 1.0+0.3

It appeared that the site exclusion parametersnaoldr fluorescence have the values
typical for DNA-dye complexation. The associatioonstants were found to have the

magnitude of 10M™, suggesting that the dyes under study form sizimeplexes with DNA.

16



The highest value of association constant was weddor dye AK1-2-17, whereas the molar
fluorescence was the largest in the case of dye-2H8. To explain the observed finding, it
should be noted that the binding constant refldatsstrength of binding, whereas the term
“molar fluorescence” in generally determined by therophore ability to respond to the
changes in its microenvironment.

The observed value of association constant, befnthe order of 10 M™ imply that
cyanine dyes under study can be placed to the mated molecules that interact with DNA
by intercalation binding mode. Detailed analysistloé available literature on DNA-dye
interactions indicates that association constaots ifitercalators that bind to DNA by
hydrophobic, Van der Waals and electrostatic fodesot exceed TM™ , whereas th&
value observed for DNA complexes of groove bindexspecially those stabilized by
hydrogen bonds (netropsin), may even be larger HB&M™ [37,38]. For example values
for ethidium bromide, acridine orange and thiazmange, well-known intercalating agents,
are equal to 1.5x201?, 2.69x16M™, and 16M™, respectively [38-40]. The dye Cyan 2 has
association constant even smaller, of the ordéMIborder [38]. The binding constants for
asymmetric thiazole orange derivatives reportell  fall in the range (0.667.58)x16 M™
suggesting the intercalation binding mode. Othenomaethine dyes (TOTO, YO, YOYO,
etc.), the planar aromatic moiety of which incogies between the DNA base pairs, have the
binding constants of the order®:a0’M™*[41].

The assumption about intercalating binding modeyahine dyes is confirmed also by the
fact, that the size of the examined dyes doesxu#ezl 1.5 nm, that is comparable with DNA
space available for intercalation between the bpaes (the diameter of dsDNA is
approximately equal to 2 nm). In addition, the gm@dinders are generally crescent-shaped
structures possessing conformational flexibilihgttis more usual for polymethines, while the

dyes under study belong to the monomethine cyagmoeip. Finally, according to the
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principle of the nearest neighbor exclusion, thedlyig of one intercalating molecule between
two base pairs hinders access of the next bindtegts another intercalator [11], so the

highest possible dye-base pair ratio for intercaais 1:2. For groove binding agents one dye
molecule occupies at least 3-5 base pairs which t®nsequence of more elongated and
ribbon like fluorophore structure. As shown in Tal#, the obtained estimates of site
exclusion parameters do not exceed 2, lendingddéianal support to the assumption on the

intercalation binding mode.

4. Conclusions

To summarize, four novel monomethine cyanine dyesved from a condensation
reaction between N-quaternary 2-thiomethyl benzattlic, and 4-methyl quinolinuim
choromophores have been synthesized and spectiositppcharacterized. The potential
application of these dyes as fluorescent probesdorcovalent labeling and characterization
of dsDNA has been evaluated using the fluorescepeetroscopy technique. The examined
dyes were found to have negligible fluorescencehi@ buffer solution, but exhibited a
significant emission increase upon their bindingl$®NA. The binding studies indicate that
monomethine cyanine dyes associate with salmoesd3NA presumably by intercalating
mode. The huge fluorescence enhancement upon format the dye-DNA complexes
allowed us to recommend these dyes for DNA deteciadies.
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