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A series of asymmetric cyanine dyes based on methylenoxy benzothiazole terminal hetero-
cycle was synthesized. Absorption and fluorescent properties of these dyes and their comp-~
lexes with nucleic acids were investigated. The best results were obtained with 2-[(3-
methyl-2( 3H )-benzothiazolyliden }-methyl]-5,6-dioxymethylene-3-methylbenzothiaz
olium p-toluenesulfonate (Cyan 13). A possible model of binding monomethyne benz-
thiazole cyanine dyes with double-stranded nucleic acids is proposed.

Introduction. The use of fluorescent cyanine dyes for the nonradioactive
detection of nucleic acids increased dramatically in recent years because of their
exceptional spectral properties. The polymethyne cyanine dyes have high
extinction coefficients (> 70000 mol'cm'), moderate quantum yields (0.08—
0.4) and good photostability [1]. When the polymethyne chain is lengthened
by one vinylene unit, the absorption maximum is shifted to longer wavelength
by about 100 nm. This relationships allows to obtain dyes with fluorescence
emission in the near infrared (IR) region, thus facilitating a significant
improvement of the signal-to-noise ratio, permitting their potential use as
fluorescent probes for the analysis of DNA, lipids, peptides, and proteins [2].
Cyanines have relatively narrow emissions bandwidths, making them useful for
multicolour applications in the DNA labelling {3 ].

These cationic dyes have very high binding affinity to double-stranded (ds)
DNA, single-stranded (ss) DNA and RNA [4}. Their fluorescent intensity
magnify an orders when they bound to nucleic acids [§]. Since no separation
step is necessary with this property (homogeneous labelling), determination can
be carried out relatively easy in the presence of unbound dye. This principle
was used by Pitner et al. to design cyanine labelled oligonucleotide probes for
«in-solution» hybridization {6 ].

Unsymmetrical cyanine dyes, thiazole orange dimer TOTO (1,1'-(4,4,7.7-
tetramethyl-4,7-diazaundeca-methylene) -bis-4- [3-methyl-2,3-dihydro-(benzo-
1,3-thiazole)-2-methyl-idene }-quinolinium tetraiodide) and yellow orange
dimer YOYO (an analogue with a benzo-1,3-0xazole in the place of benzo-1,3-
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thiazole) are the most sensitive DNA stain dyes currently available. A linear
dependence of fluorescence intensity on DNA concentration over a range from
0.5 to 100 ng/ml allows sensitive quantitation of dsDNA in conventional
spectrofluorymeter [7]. Glazer et al. have used these dyes for the detection and
sizing of dsDNA in agarose gels [8], investigation of dsDNA binding proteins
{9]. Others have used dimeric cyanines for the examination of static and
dynamic properties of isolated DNA molecules [10] and for the investigation of
DNA migration in capillary solution electrophoresis [11].

Interaction of cyanine dyes with nucieic acids occurs by intercalation mode.
Jacobsen at al. have proposed model of binding of TOTO to dsDNA involving
the insertion of a conjugated ring system into the interior of the helix, nestled
between the adjacent base pairs of the DNA. It was shown that the binding of
TOTO 1o larger oligonucleotides is site selective with CTAG:CTAG as preferred
binding site [12}. Rye and Glazer proposed a partial intercalation model of
TOTO binding to DNA to explain stability and spectroscopic properties of
TOTO-ssDNA complexes [4].

This is the second report of our investigation specifying the preparations of
cyanine dyes and their interactions with nucleic acids. Recently we have showed
that monomethyne cyanine dyes with methylenoxy benzothiazole terminal
heterocycle for highly fluorescent complexes with nucleic acids {13 ]. This study
compares the NA-interaction of five new structurally like benzthiazole cyanines
dyes in order to understand possible mode of interaction of cyanine dyes with
dsNA.

Materials and Methods. Spectroscopic measurements. The absorption
spectra were obtained on «SPECORD UV-VIS» spectrophotometer (Germany).
Absorption of free dyes was measured immediately after dissolving of
dimethylsulfoxide (DMSO) dye stock solution in appropriate: 50 mM Tris-HCI,
pH 8 or DMSO. Fluorescence spectra were recorded with a serial fluorescence
spectrophotometer Hitachi Model 850 (Japan). All spectra were corrected by
means of multiplying fluorescence intensities that measured over an interval of
5 nm by suitable correction factor for given wavelengths. In corrected spectra
fluorescence intensity values were proportional to a numbers of photons per unit
of wavelength interval. Fluorescence measurements were carried out in thermo-
statable quartz cell (0.5 x 0.5 cm). Fluorescence was excited with a 150 W
Xe-lamp emission.

Preparation of DNA, RNA and dyes stock solutions. Stock solution of dyes
(2-10* M) were prepared by dissolving dyes in DMSO. All dyes were stable
under these conditions for several months, whereas in aqueous solutions some
dyes gradually lost fluorescence properties. Working solutions were prepared
immediately prior to use. For spectral studies total calf thymus DNA («Sigma»)
and yeast RNA («Sigma») were used. Nucleic acids stock solutions were
prepared in TE buffer (Tris-HCI, 50 mM, EDTA, 10 mM, pH 8.0) in
concentration 6.1 - 107 b. p. for DNA and 2.4 - 107 b. p. for RNA.

Absorbance and fluorescent emission spectra. For spectral measurements
the complexes of dyes with nucleic acids were obtained by mixing of dye stock
solution with DNA or RNA solution in Tris-HCI] (50 mM, pH 8.0) buffer. The
final concentration of DNA an RNA was 1.2 - 10* and 2.0 10 mM
respectively. Final dyes concentrations were 0.02 mM. Dye-nucleic acid
complexes were prepared with approximal ratio 1 dye per 10 b. p. of RNA and
per 6 b. p. of DNA. For optical measurement of free cyanines the same dyes
concentrations were used.

Preparation of cyanine dyes. The synthetic scheme for representative dyes
are shown in Fig. 1. Standard procedures were used for the synthesis of
unsymmetrical monomethyne cyanines [14]. The main reaction involved
formation of dyes from quaternized benzothiazole salt with methyl or
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Fig. 1. Synthetic scheme for representative methylenoxybenzothiazole cyanine dyes. R = —CHj;
‘CgHs; —C3H7; —C4Hyg

methylthiogroup of unsubstituted benzothiazolium salt. Cyan 15 was obtained
according to [15]. The purity of synthesized dyes were controlled by
UV-spectroscopy and elemental analysis.

Results. Dye structures and specroscopic properties of free dyes. Physical
data for five synthesized cyanine dyes and TO are presented in Table 1. The
fiuorescent properties of these dyes have not been previously studied. Dye TO
with well investigated spectral properties was included for the comparison {8].
The wavelengths of absorption maxima (*®1,,) of benzothiazole cyanines
slightly depend on solvent. Absorption maxima of the dyes showed the red shift
of 5—10 nm after going from aqueous buffer to less polar DMSO. The extinction
coefficients for all dyes are high (3.3—9.06) - 10° M'cm™".

The fluorescence of free dyes is very low. All of these dyes have Stokes
shift between 53 and 81 nm.

NA-interaction properties of dyes. The data on the absorbance and
fluorescence emission spectra of the NA-bound form of dyes are presented in
Table 2. All dyes had short Stokes shifts (26.0—84.0 nm). Fluorescence spectra
profile of DNA-bounded of symmetrical Cyan 43 is distinctive from the another
dye-NA complexes (Fig. 2). Absorption and emission spectra of dye-nucleic
acids complexes were measured at approximate ratio I dye per 6 base pairs for
DNA and | dye per 10 bases for RNA.

Titration of cyan 13 and TO with DNA and RNA. Fluorescence titration
of Cyan 13 and TO were carried out in 0.05 M Tris buffer (pH 8) with total
calf thymus DNA and yeast RNA at 490 nm (for Cyanl3) and at 534 nm (for
TO). Fixed concentration of nucleic acid was used for the titration of fixed
concentration of dye (Fig. 3). The dye concentration was 2-10° M. The DNA
and RNA concentration was changed from 2.9-10° to 4.1-10"* and from 1.1-10"
to 9.1-10 respectively. For the Cyan 13-DNA complexes fluorescence plateau
is reached at 4 base pairs per dye (A). Titration of RNA showed that the
fluorescence emission per bound Cyan 13 reaches a maximum at 15 base/dye
(B). Fluorescence intensity of Cyan 13 is 2—3 fold greater than that for TO.

Fluorescence in arbitrary units

435 4;;5 5_55 Fig. 2. Emission spectra of Cyan 45 complexes
Wavelength (nm) with DNA (/) and RNA (2)
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Table |
Chemical structures and spectroscopic properties of cyanines dyes

104 2o " hmax
€107 DMSO
| P
Dve Structure Mlcmt | [buff]* buff
(nm) (o)
3.30 440.0 485.0
[432.0) 0.40
Cyand$
6.30 440.0 515.¢
{420.0; 048
Cyanl3 438.0]
6.40 446.0 515.0
[420.4; 0.52
Cyan3 438]
1
9.06 446.0 515.0
(420.4; 0.58
Cyan22 438.0
O 8.31 446.0 515.0
< s § (420.4; 0.50
Cyan23 0 g 438.0]
N’ N
OTor | |
CiHq CH,
CH,0 554 1 449.0 | 517.0
S N [416.3; 0.77
(‘yﬂﬂl‘t CH1O N N 438.0]
OT e i !
CH, CH,
{1\ 6.74 444.0 515.0
(\0 0 [418.0; 0.77
Cyants m 4340
- N
7.70 $10.0 - 0.1
{481.0;
585.0)
TO
N
OTe |
CH,

*The ahsimx values for dyes in buffer are subject to some error because of the tendency to form dye
associates even at the low concentration; **Arbitrary uniis
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gzggriscapic properties of cyanine dyes complexes with nucleic acids
Dye DNA-Dyve Complex RNA-Dve Complex
abslmu. nm emlm“' om | AS, om RFITO‘ abslmu‘ om Emkmu. om | AS, nm RFITO.
Cyan 45 407.0 472.0 43.0 0.86 410.0 470.0 39.0 1.68
427.0 — — — 431.0 — — -
Cyan 3 429.0 496.0 52.0 1.73 444.0 494.0 50.0 1.73
444.0 — — — — — — —
Cyan 13 423.0 486.0 44.0 2.60 430.0 489.0 36.0 2.80
442.0 —_ — — 453.0 — e —
Cyan 22 423.0 485.0 43.0 1.86 431.0 489.0 36.0 1.85
442.0 — — - 453.0 — — -
Cyan 23 423.0 486.0 44.0 1.19 431.0 491.0 38.0 115
442.0 — — — 453.0 — — —
Cyan 14 397.0 481.0 84.0 0.86 403.0 487.0 41.0 1.34
— — — - 446.0 — — —
Cyan 15§ 400.0 487.0 50.0 1.19 424.0 485.0 41.0 1.83
416.0 — — — 444.0 — — —
458.0 — — — — — — —
TO 490.5 534.0 26.0 1.00 490.0 542.0 34.0 1.00

‘Relative fluorescence intensity (RFl o) is the
for the bound cyanine dye and the bound TO.

Fluorescence in arbitrary units

ratio of fluorescence intensities at the peak emission

21 730
7 B
- A4 Xﬂ,{”/ﬂ‘ﬂ
704 1104 5
e 90_
50 -
70+
2
304 507 Lo
i 30 Fig. 3. Fluores-
cence titration
10 1 10 of Cyan 13 (D)
- . . . . . . ., . and TO (2)
0 5 015 20 0 o 20 30 40 50 with DNA (4)

b.p./dye in dsDNA

base/dye in RNA

and RNA (B)

Discussion. In 1986, Lee et al. reported the use of some new dyes with
structures like thioflavin T as fluorescent probes in nucleic acids analysis. All
of these dyes had a thiazolium or oxazolium moiety which were bridged with
an aromatic amine nucleus (quinolinium, propidium or p-dimethylaminostyryD).
TO, YO and PRO (propidium iodide) were found to have excellent properties
for detection and quantitation of RNA and DNA. They have large molar
absorbtivities (70 000—100 000 M™' cm™), are virtually nonfluorescent in free
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form but show strong fluorescence when bound with RNA (1000—3000 fold
enhancement [6]) and DNA (1000—1500 fold enhancement [§)).

We have previously showed that methylenoxybenzothiazole is perspective
heterocycle for the development of new cyanine dyes for the nucleic acids
detection. Cyan 3 formed highly fluorescent complexes with RNA and DNA
with 600-fold fluorescent enhancement [13]. Here we present the series of new
monomethyne cyanine dyes with methylenoxybenzothiazole terminal
heterocycle like Cyan 3. Their fluorescence intensity is 1.2—3-fold greater than
that TO. Cyan 13 has the most promising characteristics for the nucleic acid
analysis. Besides it has sufficiently low fluorescence in free state (0.48).

The nature of interaction and the relative affinities of the cyanine dyes for
various nucleic acid targets arc unknown [4]). An understanding of the
molecular mechanism by which monomethyne cyanines interact with nucleic
acids is important, for several reasons. Such knowledge will be useful for
designing probes that are more sensitive to structural distinctions of nucleic
acids. Information concerning the mechanism of enhancement of fluorescence of
bound dyes is likely to be useful for development of homogeneous detection
methods of nucleic acids. With these thoughts in mind, we have focused our
attention on the investigation of monomethyne benzothiazole cyanines which are
structurally similar.

Jacobsen et al. used classical intercalation model of Lerman [16] to explain
possible mode of interaction of TOTO with oligonucleotide duplexes. Their
model demonstrated that TOTO bis-intercalates with the benzothiazole ring
above the cytosin ring and the quinolinium ring system on the top of an
adenosine base. Moreover it was emphasised that only proposed model of
complex was in agreement with NMR data [12]. The data presented here do
not suggest «classical» intercalation-full insertion of conjugated ring system into
the interior of the NA-helix (compare Cyan 15 and Cyan 13).

Recently Rye and Glazer reported that polycationic dyes, such as TOTO
and EtD (Ethidium bromide), capable of bis-intercalation, interact with dsDNA
and ssDNA with very similar high affinity. In order to explain the extensive
and stable association TOTO with homopolymers and ssDNA authors proposed
the model of partially intercalated both thiazole head groups between the bases
of a single DNA strand. This model was named a «partial intercalation-like»
complex [4].

However this model of intercalation badly agrees with hypothesis of
enhancement fluorescence intensity of dye upon binding with nucieic acids. It
is considered that the enhancement is the result of decreased rotational mobility
around the internuclear bridge between the two aromatic ring system of TO
chromophore [5, 16]. For dimeric dyes like TOTO the intercalation of thiazole
head could fed 1o the increased rigidity of dye system. But for monomeric dyes
of only of thiazole head groups can not stabilise relative orientation of two
heterocycles of TO.

We propose model of «half intercalation» monomethyne cyanine dye into
the double-stranded helix. Benzothiazole terminal heterocycle «classically»
intercalates, nestled between the adjacent base pairs just when second
heterocycle is spatially fixed by groove of nucleic acid.

It is possible that electronic asymmetry of cyanine serves only for correct
orientation of dye before intercalation. We consider that heterocycle with high
basicity hits in the more nucleophilic groove whereas heterocycle with low
basicity insert (i. e. intercalates) in more electrophilic interbase space.

All dyes presented here have less basic unsubstituted benzothiazole
heterocycle as compared with second substituted one of cyanine. Increase of
asymmetry of positive charge distribution results in increase of fluorescent
intensity of NA-dye complexes (Fig. 4). Introduction of nucleophilic groups
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Fig. 4. Influence of basicity of second terminal heterocycle on the fluorescence intensity of NA-dye
complexes. Basicity of heterocycle increases from Cyan 45 to Cyan 13
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Fig. 5. Infiuence of length of alkyl chain attached to the nitrogen atom of benzothiazole nuclei on the
fluorescence intensity of NA-dye complexes

(80;7, COO) in the intercalating benzthiazole heterocycle sharply decreases the
intensity thiazole head of fluorescence (see Cyan 1, Cyan 4, Cyan § [13)).

Fluorescent intensity of NA-dye complexes, presented in Figure 4 depends
upon structure of groove binding heterocycle. However Cyan 14 and Cyan 15
have similar fluorescence properties. Increase of length of N-alkyl substituent
decreases fluorescence intensity of NA-dye complex too (Fig. 5).

Apparently, structure changes of groove binding heterocycle do not sharply
influence on intensity of fluorescence.

As indicated in the above discussion, the studies presented here have led
to the development new monomethyne cyanine dyes for the high sensitivity
detection of nucleic acids.
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C. M. Spmoniox, B. 6. Kosanvcoka, T. B. Cmupnoea, M. 1. Llandypa, f0. I1. Koemyn, I'. X. Mayyxa

B3aemonia uiaHiHOBMX fapBHMKiB Ta HYKAETHOBMX KMCAOT. 2. CHUHTES TA CRIEKTPOCKONIUHI BAACTUBOCTI
METHAEHOKCHAHAJIONE Tia30I0BOTO OPAHIXKEBOTO

Pesiome

Cunme306aHo Cepito ACUMEMPUMHIX MOHOMEMUHOBUX YiaHIHOBUX DapaHuKi8 3 memunenokcubenmia-
30106um MEPMIHANBHUM cemepouukaom. Jocridxeno ix abcopbuyiidni ma grvopecyenmuni eracmuso-
CMi, CREXMPAnbri GAACMUBOCMI X KOMNAEKCIB 3 nyxneinosumu xucromanmu. Haidxpawyi pesyromamu
ofepxani 3 n-morynoacyavgonamom 2-{( 3~memun-2( 3H )-6enzomiazoninioen ) memun J-5,6-0uoxcu-
Mmemunen-3-memun-bensomiasoniro. JIpononyemoca cinomemuyuna modess 83acmodit MOHOMEMUHO-
Bux BEH3MIA30106UX 6APBHUKIG 3060CNIDAILHUMI HYKNETHOBUMU KUCAOMAMU.
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C. H. Spmonox, B. 5. Kosanscxas, T. B. Cuupnosa, H. IT. lilandypa, 10. IT. Koemyn, I'. X. Mayyxa

B3aMMONENCTBUE LMAHUHOBBIX KPACUTENEN M HYKJEMHOBLIX KUCAOT. 2. CuHTES MU
CNEXTPOCKOTMMUECKUE CBOMCTRA METWUIEHOKCHAHANOTOR TMA30J10BOTO OPaHXEBOro

Pestome

Cunme3uposama cepust ACUMMEMPULHbIX MOHOMEMUHOBLX LUAHUHOBHIX KPACUMENLH ¢ MEMUNEHOKCU-
GeH3MUABON0BHM MEPMUHAILHOIM CeMEPOuKAOM. Hccnedosarst ux abcopbyuormsie u ruoopecyenm-
HbIE CBOUCMEA, CNEXMPANbHROIE CEOUCTNBA UX KOMNNEKCOS C HYKACUHOBLIMY Kucromami. Haunywwue
PE3YALMAMbL NOAYHERBL ¢ N-MOAYIOACYAbPORAMOM 2-[( 3-memun-2( 3H )-bensomuaszonuruden ) me-
mun]-5,6-0uoxcumemunen-3-memunbensomuasorun. fpedracaemcs cunomemuveckan modens
83aUMOOeLCMGUS MOHOMEMUHOBbIX BEHIMUAON0ELIX KPACUMENELH C 08YCRUPANLHOIMU HYKNEUHOBLIMU
Kxucaomamu.
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