
P1: KEF

Journal of Fluorescence [JOFL] pp1140-jofl-481429 February 9, 2004 21:12 Style file version 29 Aug, 2003

Journal of Fluorescence, Vol. 14, No. 2, March 2004 (©2004)

FRET Studies of the Interaction of Dimeric
Cyanine Dyes with DNA

Stephan Laib1 and Stefan Seeger1,2

Received September 9, 2003; revised November 24, 2003; accepted November 24, 2003

Fluorescence Resonance Energy Transfer (FRET) is a powerful tool to determine distances between
chromophores bound to macromolecules, since the efficiency of the energy transfer from an initially
excited donor to an acceptor strongly depends on the distance between the two dye molecules. The
structure of the noncovalent complex of double-strand DNA (dsDNA) with thiazol orange dimers
(TOTO) allows FRET analysis of two intercalated chromophores. By intercalation of two different
TOTO dyes we observe an energy transfer from TOTO-1 as donor and TOTO-3 as acceptor. In this
manner we are able to determine the mean distance between two proximate TOTO molecules bound
to dsDNA. Thus the maximum number of binding positions for this type of intercalation dyes in
the dsDNA can be obtained. Furthermore the dependency of the acceptor emission on the donor
concentration is analysed. The emission of TOTO-3 reaches a maximum when the acceptor-to-donor
ratio is 1:10.
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INTRODUCTION

After the development of the prominent homodimeric
thiazol orange dye TOTO in 1992 [1], many studies have
been published to explain the excellent characteristic of
the noncovalent binding properties of this dye to dsDNA
[2–6]. Due to the high affinity constant of the TOTO-
DNA complex [3] and the large increase in the fluores-
cence quantum yield of this dye upon intercalation to
dsDNA it can be applied for DNA-fragment sizing on a
single molecule level [7,8]. Accurate measurements of sin-
gle DNA fragment lengths require precise, stoichiometric
DNA staining with the intercalating dye molecules. There-
fore an accurate knowledge of the intercalation process is
of great importance.

In this study, we determined the distance between
two intercalated TOTO molecules by Fluorescence Res-
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onance Energy Transfer measurements. FRET is widely
used to determine proximities, distances, orientations and
dynamic properties of biomolecular structures and its the-
ory has been described in numerous reviews [9–11]. Gen-
erally, in this photophysical process, energy is transferred
non-radiative from an initially excited donor (D) to an ac-
ceptor (A) molecule by a dipole-dipole interaction. For
donor-acceptor distances in the order of 10 to 100Å,
Förster derived an expression for the rate constant of en-
ergy transferkT

kT = 1

τD

(
R0

r

)6

,

R0 =
(

8.79 · 1023 · κ2 ·8D · J(λ)

n4

) 1
6

[Å] . (1)

The donor lifetime in the absence of an acceptor is
represented byτD, r is the donor-acceptor distance andR0

is the Förster distance at its 50% FRET-efficiency [12,13].
The magnitude ofR0 is related to the dipole-dipole ori-
entation factorκ2, the refractive index n of the medium
between the chromophores, the spectral overlap integral
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J(λ) and8D, the quantum yield of the donor in the absence
of an acceptor [11]. Due to the usage of TOTO-1-iodide
as donor and TOTO-3-iodide as acceptor,8D is given as
0.34 andJ(λ) can be directly calculated from the spectra.
The consensus refractive index of DNA interior is known
as 1.75 [14], but because of solvation effects a effective
refractive index of 1.5 is used for light path in FRET [15].

A Significant uncertainty in the distance obtained by
the FRET technique often represents the dipole orienta-
tion factorκ2 [16]. For the structure of the TOTO-DNA
complex in solution, two dye molecules are located in a
FRET distance and the transition dipoles are not perpen-
dicular with respect to each other [2,6,17]. In accordance
with literature values, we used aκ2 = 1.25 to reflect the
parallel orientation of the chromophores expected from
the structure of the DNA double helix [15]. Hence, if the
absorption spectrum of the acceptor overlaps the donor
emission spectrum, the strong distance-dependence of the
transfer efficiency E can be used to calculate the mean
distance between two intercalated cyanine dyes:

E = R6
0

R6
0 + r 6

= 1− FDA

FD
. (2)

The transfer efficiency can be determined experimen-
tally from the donor emission in the absence (FD) and
presence of the acceptor (FDA), normalized to the same
donor concentration [18,19].

EXPERIMENTAL

The bisintercalation dyes TOTO-1-iodide and
TOTO-3-iodide (TOTO-1 resp. TOTO-3, Fig. 1) were
purchased from Molecular Probes, Inc. (Eugene, USA).
Bacteriophageλ-DNA, 48502 base pairs (bp) in length,
(Roche, Switzerland) was stored at−20◦C.

The stock DNA concentration was verified by ab-
sorption measurements at 260 nm with a Perkin Elmer
Lambda 900 spectrophotometer. The bp-to-dye ratio cal-

Fig. 1. Chemical structures of the dimeric thiazole orange dyes TOTO-1
and TOTO-3 used in this study. Both bisintercalators bind strongly to
nucleic acids and form highly fluorescent complexes.

culations were based on an average molecular mass of a
deoxynucleotide base pair of 649 g/mol. DNA and dye
samples were diluted in Tris/HCl buffer (10 mM Trizma
Hydrochloride, pH 7.4, Sigma, Switzerland). To prevent
the loss of TOTO-1 fluorescence by non-specific interac-
tions between positively charged dye molecules and neg-
atively charged phosphate backbone of DNA, 100 mM
NaCl was added to the solution during the distance de-
termination measurements [20–22]. Staining solutions of
DNA and TOTO-1 resp. TOTO-3 at various bp-to-dye ra-
tios were prepared in Tris/HCl buffer under reduced illu-
mination at room temperature. The mixtures were incu-
bated for 1 hr prior to any measurement. All fluorescence
measurements were performed on a Perkin Elmer LS 50B
spectrofluorometer.

RESULTS

Distance Determination Between Donor and Acceptor

The absorption and corrected fluorescence emission
spectra for TOTO-1 and TOTO-3 intercalated toλ-DNA
are shown in Fig. 2. Due to the solution structure of the
TOTO-DNA complex [6] and the partial overlapping of the
excitation spectrum of TOTO-3 and emission spectrum of
TOTO-1, FRET can be used to determine the mean dis-
tance between two intercalated TOTO chromophores. By
using the corrected emission spectrum with its area nor-
malized to unity andλ in centimeter units [11], a spectral
overlap integralJ (λ) of 1.6× 10−16 cm3· M−1 was cal-
culated. Accounting for n,κ2 and the quantum yield of
TOTO-1 in the absence of TOTO-3,R0 can be obtained

Fig. 2. Absorption (solid line) and corrected fluorescence emission spec-
tra (dashed line) of TOTO-1 (black) and TOTO-3 (grey) in the presence
of λ-DNA. The FRET spectral overlap integralJ(λ) is located between
absorption spectrum of the acceptor and fluorescence emission spectrum
of the donor.
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Fig. 3. Corrected fluorescence emission spectra of TOTO-1 (D, c=
0.2µM) bound to dsDNA (c= 1µMbp) in the absence (black line) and
presence (grey line) of TOTO-3 (A, c= 0.2µM) at an excitation wave-
length of 488 nm. The dashed line shows the emission of DNA-acceptor
complex without donor. The calculated energy transfer efficiency E is
38± 2%.

as 15.1± 3.3 Å. In order to determine the transfer ef-
ficiency and the mean distance between donor and ac-
ceptor, 1µMbp λ-DNA solution was stained separately
with 0.2µM TOTO-1 respectively 0.2µM TOTO-3 and
with a mixture of both dyes, each with a concentration of
0.2µM. Figure 3 shows the fluorescence emission spectra
at an excitation wavelength of 488 nm. Double interca-
lation with the mixed TOTO dyes results in a 38± 2%
decrease of the emission intensity at 533 nm compared
to TOTO-1 only stained DNA. At 660 nm an additional
emission peak of TOTO-3 appears (cp. Fig. 2). As the ref-
erence DNA solution stained only with 0.2µM acceptor
showed no fluorescence emission at 488 nm excitation it
is evident that an energy transfer between both interca-
lated cyanine dyes occurred. Varying the bp-to-dye ratios
between 5:1 and 1:5 leads to the same transfer efficiency.
Using R0 = 15.1± 3.3 Å and the measured transfer ef-
ficiency, a mean distance between donor and acceptor
of 16.4± 3.6 Å resp. 4.8± 0.9 bp can be determined.
This result corresponds to the neighbour exclusion princi-
ple that two binding positions adjacent to the intercalated
chromophore are blocked [23,24].

Dependency Between Transfer Efficiency
and Donor Concentration

In order to investigate the dependency of the en-
ergy transfer on the TOTO-1-to-TOTO-3 ratio, a fluo-
rometric titration of acceptor intercalated dsDNA with
donor was carried out. Therefore 0.4µM bp λ-DNA was

Fig. 4. Fluorometric titration ofλ-DNA with TOTO-1 (donor, D) and a
constant TOTO-3 (acceptor, A) concentration. (a) Corrected fluorescence
emission spectra at varied A:D ratios. The fluorescence emission of the
acceptor shows a maximum when the donor concentration is 10 times
higher than the acceptor concentration. (b) Fluorescence emission at
533 nm versus A:D ratio between 1:2.5 to 20:1. Circles represent the
fluorescence emission of TOTO-1 in the absence and triangles in the
presence of TOTO-3. The efficiency of the FRET transfer is constant at
38± 2% in the A:D range of 1:2.5 to 10:1.

stained with 0.2µM TOTO-3 and the donor concentra-
tion was increased step by step from 0.08 to 4µM, yield-
ing donor-to-acceptor ratios between 1:2.5 and 20:1. Si-
multaneously a reference solution without acceptor was
titrated with the same amount of TOTO-1. FRET can be
observed at all ratios and the transfer efficiency was, ex-
cept for A:D= 1:20, constantly 38± 2% (Fig. 4a). At
high TOTO-1 concentrations the fluorescence intensity at
533 nm decreases, because of quenching effects and the
efficiency cannot be calculated by Eq. (2) [22]. Though
the amount of transferred energy is nearly constant, the
fluorescence emission of the acceptor TOTO-3 at 660 nm
increases with the amount of TOTO-1 and reaches a maxi-
mum when the concentration of TOTO-1 is 10 times higher
than the acceptor concentration (Fig. 4b). These measure-
ments show that it is possible to enhance the fluorescence
emission of the acceptor by alteration of the amount of
donor.

DISCUSSION AND CONCLUSION

Distance Determination Between Donor and Acceptor

In the well known solution structure of the complex
between dsDNA and the bisintercalator TOTO the ben-
zothiazole and quinoline rings of TOTO are both clamped
by the nucleic acid base pairs and the cationic linker is
placed in the minor groove. The torsional twisting around
the benzothiazole/quinoline bridge is prevented in the
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complex, resulting in an increase of the fluorescence quan-
tum yield. Here we determined the mean distance between
two intercalated TOTO molecules with FRET measure-
ments. Therefore we selected a donor acceptor pair with
nearly the same solution structure: TOTO-1 and TOTO-3.
Quantitative studies of the interaction of planar aromatic
cations with dsDNA established two types of binding. Be-
sides intercalation there is a weak binding mode that is
characteristic of non-specific interactions of charged lig-
ands and the phosphate groups on the DNA backbone. It is
likely that externally bound dyes also perform radiation-
less energy transfer with the intercalated dyes. The exis-
tence of this complex depends on ionic strength and com-
pound concentration. Consequently a formation of this
non-intercalation complex is circumvented by working at
salt concentrations of 0.1 M and at compound concen-
trations below 100µM [21]. The resulting mean distance
between two bound dyes of 4.8± 0.9 bp is consistent with
the value of 4 bp/TOTO obtained in AFM and viscome-
try studies [2] and corresponds to the neighbour exclusion
principle [23,24].

Dependency Between Transfer Efficiency
and Donor Concentration

The titration studies (Fig. 4) show that the fluores-
cence intensity increases with higher staining concentra-
tion of dye. According to the mass action equation, the
portion of bound dye to available binding sites in DNA
depends on the affinity constant and on the concentration
of the educts. In respect thereof at low DNA concentra-
tions, higher staining dye-to-bp ratios are required to ob-
tain saturation of the DNA binding sites. In accordance
with the literature [22] we reached an almost completely
loaded DNA with a staining solution containing dyes and
base pairs in a ratio of about 10:1.

The fluorometric titration studies (Fig. 4) proved that
the fluorescence emission intensity of TOTO-3 depends on
the concentration of donor, although the transfer efficiency
is nearly constant within a wide range of A:D ratios. If the
amount of bound acceptor is less than that of donor, the
TOTO-3 fluorescence emission increases. It is likely that
the energy of more than one donor will be transferred to
one acceptor molecule. Except at high donor concentra-
tions the transfer efficiency can not be calculated, since
the fluorescence emission of the TOTO-1 without accep-
tor was lost by self quenching [22].

The results of this study show that FRET measure-
ments can be used to determine the mean distances be-
tween cyanine dyes intercalated in dsDNA. In this man-
ner one will get worthwhile information on the binding
between other intercalators, such as TO, TOTO or YOYO

and DNA. Basically the maximum number of intercalated
dyes per DNA fragment can be obtained. These results
are useful for DNA analysis, e.g. rapid DNA-sizing meth-
ods based on the measurement of the fluorescence in-
tensities of individual, dye intercalated DNA-fragments
[7,8]. Furthermore the study gives an analytical approach
to analyse energy migration within a DNA molecule.
The results of these approaches can be helpful for stud-
ies that investigate the influences of radiation on DNA
structure [25].
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