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Abstract: The interaction of the fluorescent dye thiazole orange (TO) with nucleic acids is
characterized. It is found that TO binds with highest affinity to double-stranded (ds) DNA
[ log(K) É 5.5 at 100 mM salt] , about 5–10 times weaker to single-stranded polypurines,
and further 10–1000 times weaker to single-stranded polypyrimidines. TO binds as a monomer
to dsDNAs and poly(dA), both as a monomer and as a dimer to poly(dG) and mainly as a
dimer to poly(dC) and poly(dT). The fluorescence quantum yield of TO free in solution is
about 2r1004 , and it increases to about 0.1 when bound to dsDNA or to poly(dA), and to
about 0.4 when bound to poly(dG). Estimated quantum yields of TO bound to poly(dC) and
poly(dT) are about 0.06 and 0.01, respectively. The quantum yield of bound TO depends on
temperature and decreases about threefold between 5 and 507C. q 1998 John Wiley & Sons,
Inc. Biopoly 46: 39–51, 1998

Keywords: fluorescent dye; thiazole orange; nucleic acids; double-stranded DNA; single-
stranded polypurines; single-stranded polypyrimidines; monomer; dimer; asymmetric cyanines

INTRODUCTION (TO; Figure 1) and oxazole yellow (YO), the fluo-
rescence quantum yield has been reported to in-
crease 18,900 and 700 times, respectively, uponAsymmetric cyanines consist of two aromatic ring
binding to DNA.1 The binding is presumably inter-systems connected by a bond that is a part of the
calative as shown by linear dichroism2 and nmrconjugated system. Many of these dyes have negli-
measurements.3–5

gible fluorescence in solution, and obtain intense
TO is commonly used in reticulocyte analysis tofluorescence when bound to nucleic acids. The in-

stain residual RNA of blood cells, 6 to stain DNAcrease in fluorescence is believed to arise when the
in agarose gels7 and capillary electrophoresis, 8 androtation around the bond between the aromatic sys-
YO has recently been used as a reporter group intems is restricted, which closes a channel for nonra-

diative decay. For two of the dyes, thiazole orange probes for DNA diagnostics.9 Asymmetric cyanines
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40 Nygren, Svanvik, and Kubista

Fluorescence Measurements

Fluorescence spectra were measured on a SPEX Fluoro-
log t2 spectrofluorometer and were digitized with five
data points per nanometer. The total absorption of the
samples never exceeded 0.06, making the inner filter ef-
fect negligible.12 Quantum yields were determined rela-
tive to fluorescein in 0.1M NaOH assuming a quantum
yield of 0.93.13,14

FIGURE 1 Chemical structure of thiazole orange.
Ionic Strength Titrations

In the ionic strength titrations, the samples were prepared
from two stock solutions having the same concentrationsare also available in dimeric forms. The dimers
of TO, DNA, and buffer, and one also containing 2MTOTO and YOYO bind essentially irreversibly to
NaCl. Samples with ionic strengths between 0.01 andDNA and can be used to stain DNA before loading
0.5M were generated by adding increasing amounts of thein electrophoresis, and the dyes remain bound dur-
high-salt solution to the low-salt solution. In all samples,

ing the experiment.1 These highly luminescent dyes 10 mM Tris-EDTA (TE) buffer, pH Å 7.4, was used. The
can be detected with high sensitivity and are ex- DNA and TO concentrations in the different titrations were
pected to replace radioisotopes as labels for nucleic 14 mM base pairs calf thymus DNA and 0.50 mM TO, 14
acids in many future applications.10

mM base pairs poly(dA-dT) and 0.60 mM TO, 14 mM
The extensive use of asymmetric cyanines as base pairs poly(dG-dC) and 0.73 mM TO, 14 mM bases

poly(dA) and 0.46 mM TO, 200 mM bases poly(dT) andfluorescent markers motivates a detailed study of
1.8 mM TO, 190 mM bases poly(dC) and 1.8 mM TO, andtheir properties. Here we characterize the spectro-
finally, 50 mM poly(dG) and 3.5 mM TO. All spectrascopic properties of thiazole orange and its interac-
were measured in the wavelength interval 400–600 nm.tion with single- and double-stranded DNAs. In par-
Determinations of affinity constants were based on theticular, we study the effect of base sequence on the
assumption that TO binds to a binding site, which forbinding affinity and on the spectral properties of
double-stranded DNA (dsDNA) is one base pair and for

the dye. single-stranded DNA (ssDNA) one base. Although TO
binds predominantly as a dimer to the polypyrimidines,
the same equilibrium expression as for the polypurines
was used to simplify comparison. Statistical effects wereMATERIALS AND METHODS
neglected when calculating binding affinities since low
binding ratios were used (r õ 0.07).Chemicals

TO was synthesized as described11 and its purity was Temperature Dependence of thechecked spectroscopically. All polynucleotides were pur-
Fluorescence Quantum Yieldchased from Pharmacia. Their lengths varied from a few

hundred to a few thousand bases, except for poly(dG), The fluorescence quantum yield fF is defined as
which was a 25-mer. Concentrations of the single- and
double-stranded polymers are given in bases and base

fF Å
kF

kF / knr / k(T )
(1)pairs, respectively. In the pH titration, pH below 2 was

adjusted with HCl, between 2 and 4.5 with 100 mM
citrate buffer, and above 4.5 with 100 mM phosphate

where kF is the rate constant for fluorescence and knr andbuffer.
k(T ) are the rate constants for temperature-independent
and temperature-dependent nonradiative decay processes,
respectively. Assuming that there are no temperature-in-Absorption Measurement
dependent nonradiative decay processes, knr Å 0, and that

Absorption spectra were measured on a CARY 4 spec- k(T ) obeys the Arrhenius equation, k(T ) Å AeEA/RT , we
trometer using 1 nm bandwidth, and were digitized with obtain
five data points per nanometer. They are presented in
molar absorptivities assuming 63,000M01 cm01 at 500

lnS1 0 fF(T )
fF(T ) D Å lnS A

kF
D 0 EA

RT
(2)nm for the thiazole orange monomer. The extinction coef-

ficient was determined using carefully dried TO that had
been recrystallized. The cuvettes were treated with repel-
silane prior to measurements to avoid dye adsorption. where R is the universal gas constant and A and EA are
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TO and DNA 41

opposite shape, with maximum at shorter wave-
length (471 nm) and a pronounced shoulder at
longer wavelength (495 nm). The spectra are con-
sistent with those previously reported for cyanine
dyes.16 The determined concentrations of the TO
monomer and dimer (symbols) , and the concentra-
tions calculated from the dimerization constants
( lines) , are shown in the bottom right panel. Neither
the TO monomer nor dimer have significant lumi-
nescence in aqueous solution (Table I) .

Binding of TO to dsDNA

Calf Thymus DNA. Figure 4 (top left) shows ab-
FIGURE 2 Molar ratios of thiazole orange cation as a

sorption spectra of samples containing calf thymusfunction of pH.
DNA and TO at NaCl concentrations between 0 and
0.5M . With increasing ionic strength the absorption
maximum shifts from around 508 nm to shorter

the Arrhenius preexponential factor and activation energy wavelengths, and the shoulder around 480 nm be-
for the temperature-dependent nonradioactive decay pro-

comes less pronounced. Isosbestic points at 505 andcess. The activation energy EA can be determined from a
524 nm reveals that two components contribute toplot of the left-hand side vs. 1/T .
the spectra. One of the components is free TO
monomer which spectrum is independent of ionic
strength (results not shown). The other componentRESULTS
must be bound TO, which then has a spectrum also
independent of ionic strength. The spectral changesProtolytic Properties of TO
reflect the release of bound TO when the ionic

Absorption spectra were measured on samples con- strength is increased, which is due to a more effec-
taining TO in the pH interval 0–6. In the visible tive electrostatic shielding that reduces the affinity
region, the absorption spectrum does not change in of the cationic dye to the DNA. The component
shape, but its magnitude decreases with lower pH spectral profiles and the affinity constants were de-
and almost disappears at the lowest pH. In the uv termined as follows.
region, the absorption does not change at all (not Assuming linear spectroscopic response, every
shown). The areas of the absorption bands in the recorded spectrum a(l) is a linear combination of
visible region were integrated and plotted as a func- the spectral responses of free, vf (l) , and bound,
tion of pH (Figure 2). The data were fitted to a vb(l) , TO:
protolytic equilibrium expression, yielding pKa

Å 2.71 for the cation–dication equilibrium. a(l) Å cf vf (l) / cbvb(l) (3)

where cf and cb are the concentrations of free andDimerization of TO
bound TO, respectively. The concentrations are re-

Figure 3 (top, left) shows absorption spectra of TO lated by the equilibrium equation,
in aqueous solution recorded at different tempera-
tures. With increasing temperature, the intensity
shifts toward lower wavelengths. At 476 nm an K Å cb

cfcbs

(4)
isosbestic point is observed, revealing the presence
of two spectroscopic components. The data were

where cbs is the concentration of available bindingtreated by chemometric methods, as described pre-
sites, which is assumed to be the concentration ofviously,15 to determine the temperature dependence
unoccupied DNA base pairs. The logarithm of theof the dimerization constant ( top, right) , and the
affinity constant is assumed to be a linear functionspectral profiles of the TO monomer and dimer (bot-
of the logarithm of the ionic strength17 :tom, left) . The monomer spectrum has maximum

intensity at 500 nm and a small shoulder at shorter
wavelength (480 nm). The dimer spectrum has the log K Å a 0 b.log I (5)
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42 Nygren, Svanvik, and Kubista

FIGURE 3 (Top) Left: Absorption spectra of TO (36 mM) in aqueous solution recorded at
2.57C intervals between 15 and 707C. Right: Linear regression of ln(KD) with respect to 1/T .
(Bottom) Left: Absorption spectra of TO monomer ( ) and dimer (----) . Right: Determined
molar ratios of the TO monomer cx /(cx / 2cx2

) (s) and dimer 2cx2
/( cx / 2cx2

) (h) compared
to those predicted by the temperature dependence of the equilibrium constant ( lines) .

where b depends on the number of released counter- as rows in a matrix A . Matrix A is then decomposed
into an orthonormal basis set using, for example,ions upon binding of one ligand to the DNA mole-

cule and a is the logarithm of the affinity constant the NIPALS routine18,19 :
in 1M salt. The a and b are usually not known and
are here treated as adjustable parameters. A Å TP* / E É TP* Å ∑

r

iÅ1

tip *i (6)
The absorption spectra are digitized and arranged

Table I

Quantum Yield log(K) 1max Abs. Peak Ex. Peak Em. Peak
Type of Complex (at 257C) (at 100 mM) (M01 cm01) (nm) (nm) (nm)

Free TO 0.0002 — 63000 500.6 — —
TO–ctDNA 0.11 5.5 63000 508.4 508.2 525
TO–poly(dA-dT)2 0.07 5.5 67000 509.4 508.4 527
TO–poly(dG-dC)2 0.11 5.5 78000 510.6 510.2 527
TO–poly(dA) 0.09 4.8 61000 506.6 506 526.6
TO–poly(dG) 0.39 4.8 — — 515 531.4
TO–poly(dC) 0.06 3.4 43000 475.6 512.2 530.2
TO–poly(dT) 0.01 2.3 78000 476.0 512.2 531.4

5584/ 8K48$$5584 04-16-98 08:39:14 bpa W: Biopolymers



TO and DNA 43

FIGURE 4 (Top) Left: Absorption spectra of samples containing 0.727 mM TO and 14.5
mM calf thymus DNA (base pair) in 10 mM TE buffer at NaCl concentrations between 0 and
0.5M. The intensity at 470 nm increases with increasing ionic strength. Right: Linear regression
of log(K) with respect to 0log(I) for the r21 value that gave the smallest sum of square
residuals ( insert) . (Bottom) Left: Absorption spectra of free ( ) and bound (----) TO.
Right: Molar ratios of free (s) and bound (h) TO compared to those predicted by the ionic
strength dependence of the equilibrium constant ( lines) .

where R is an r 1 r rotation matrix, which for awhere ti are orthogonal target vectors, p *i are ortho-
two-component system has the elementsnormal projection vectors, E is the error matrix, and

r is the number of spectroscopically distinguishable
components, which is two in this case. Equation (3)

R Å Fr11 r12

r21 r22
G (10)can be written in matrix form as

A Å CV / E É CV Å ∑
r

iÅ1

civi (7)
Two constraints are used to determine three of the
elements in R . The first is the spectrum of free TO,
vf (l) , which is measured separately, and the second

where ci are vectors containing the component con- is the constant total concentration of the dye:
centrations at the different ionic strengths and vi (l)
are the component spectra. Equations (6) and (7)

cf ( I) / cb(I) Å ctot (11)are related by a rotation19,20 :

Matrix R can now be described by a single scalarC Å TR01 (8)
r21 , and four factors f11 , f12 , f21 , and f22 , that are
determined by the constraints15V Å RP * (9)
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log(K) is more or less a perfect linear function of
0log(I) , decreasing from log(K) É 6.5 at an ionic
strength of 0.01M to log(K) É 4.7 at 0.5M . The
slope is close to 1, which indicates that approxi-
mately one counterion is released for each TO that
binds to the DNA molecule.17 The absorption maxi-
mum of bound TO is redshifted by 8 nm and has
about the same absorptivity as free TO. The spec-
trum has also a more pronounced shoulder around
490 nm. Figure 5 (bottom) shows fluorescence
emission and fluorescence excitation spectra of TO
at conditions where essentially all TO is bound (100
mM base pairs, 10 mM TE buffer) . Pronounced
luminescence, with a quantum yield of 0.11 at room
temperature, is observed (Table I) . The shape of
the excitation spectrum is essentially identical in
shape to the absorption spectrum of bound TO. The
emission spectrum is a mirror image of the excita-
tion spectrum, having maximum at 525 nm. The
Stokes shift is 17 nm. Figure 6 shows the tempera-
ture dependence of the fluorescence quantum yield
of bound TO. The quantum yield decreases more

FIGURE 5 Top: Absorption spectra of free TO ( ) than threefold when the temperature is raised from
and TO quantitatively bound to calf thymus DNA 5 to 507C. No saturation in quantum yield is seen
(-----) , poly(dA-dT) (rrrrrr) , and poly(dG-dC) even when 07C is approached.
(-rr-rr-) . Bottom: Fluorescence emission and excita-
tion spectra of TO quantitatively bound to dsDNAs. Line

Poly(dA-dT). Absorption spectra were recordedcoding as above.
on samples containing poly(dA-dT) and TO at
NaCl concentrations between 0 and 0.5M . The TO
affinity was determined by chemometric analysis
and was almost identical to that of calf thymus DNA
(Figure 7). The spectrum of bound TO has the same
shape as that of TO bound to calf thymus DNA,R Å

f21 f22

r21 f22 / ( f21 0 r21)
f11

f12

(12)
but with a somewhat higher molar absorptivity (Fig-
ure 5, top). The fluorescence spectra are also similar

The r21 can be determined by requiring that matrix
R rotates the target vectors to give concentration
vectors that produce an equilibrium constant whose
logarithm is a linear function of log(I) [Eq. (5)] .
This is done by generating trial values of r21 , and
for each calculate a trial R matrix [Eq. (12)] , trial
concentrations [Eq. (8)] , and trial affinity constants
[Eq. (4)] at various ionic strengths. A linear regres-
sion of log(K) with respect to log(I) is then per-
formed, and the r21 trial value that produces the best
fit is considered correct. This value is finally used
to calculate the spectroscopic profiles of the bound
TO [Eq. (9)] .

The ionic strength dependence of the affinity
constant for TO bound to calf thymus DNA is FIGURE 6 Fluorescence quantum yield of TO quanti-
shown in Figure 4 (top right) , and the calculated tatively bound to calf thymus DNA (n) , poly(dA-dT)
absorption profiles and concentrations of free and (h) , and poly(dG-dC) (s) as a function of temperature.

The lines are there only to guide the eye.bound TO are shown in the bottom panels. The
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TO and DNA 45

trum and the fluorescence quantum yield (FÅ 0.09)
of the poly(dA) –TO complex are also similar to
those of the dsDNA–TO complexes.

Poly(dT). Absorption spectra were recorded on
samples containing poly(dT) and TO at NaCl con-
centrations between 0 and 0.15M . A higher polymer
concentration than before was used (200 mM) ow-
ing to the considerably lower affinity of the dye
(Figure 7). Not even at the lowest salt concentra-
tions was all TO bound. The spectrum of bound TO
(Figure 8), determined by the chemometric analy-
sis, is distinctly different from that observed with

FIGURE 7 The log(K) as a function of 0log(I) for poly(dA) and with the dsDNAs. It has maximum
TO bound to calf thymus DNA (,) , poly(dA-dT) (s) , intensity at 475 nm and a pronounced shoulder
poly(dG-dC) (n) , poly(dA) (h) , poly(dG) (/) , around 505 nm. It is distinctly different from the
poly(dC) (L) , and poly(dT) (∗) . spectrum of the TO monomer, but instead resembles

the spectrum of the TO dimer (Figure 3, bottom,

to those obtained with calf thymus DNA (Figure 5,
bottom), but the quantum yield is somewhat lower
(F Å 0.07). The temperature dependence of the
quantum yield is also similar to that of calf thymus
DNA (Figure 6).

Poly(dG-dC). Absorption spectra were recorded
on samples containing poly(dG-dC) and TO at
NaCl concentrations between 0 and 0.5M . The ionic
strength dependence of the affinity constant is more
or less identical to that observed with poly(dA-dT)
and calf thymus DNA. The spectrum of bound TO
has the same shape as TO bound to the other
dsDNAs, although the molar absorptivity is higher
(Figure 5, top). The quantum yield of bound TO
(F Å 0.11) is about the same as that of TO bound
to calf thymus DNA, and the temperature depen-
dence of the quantum yield is also similar (Fig-
ure 6).

Binding of TO to Single-Stranded
Nucleic Acid Polymers

Poly(dA). Absorption spectra were recorded on
samples containing poly(dA) and TO at NaCl con-
centrations between 0 and 0.3M . The TO affinity,
determined by chemometric analysis (Figure 7), is
considerably lower than for the double-stranded
polymers. Still, the binding geometry seems to be
the same, as judged from the similar spectral shapes
of TO bound to poly(dA) and to the dsDNAs (Fig- FIGURE 8 Absorption spectra ( ) and fluores-
ure 8, top). The excitation spectrum of bound TO cence excitation and emission spectra (rrrrrr) of TO
is independent of emission wavelength, and is very bound to single stranded polynucleotides. Fluorescence
similar in shape to the absorption spectrum, indicat- spectra of TO bound to poly(dG) are shown both for

monomeric (rrrrrr) and dimeric (-----) binding.ing a single mode of binding. The emission spec-

5584/ 8K48$$5584 04-16-98 08:39:14 bpa W: Biopolymers
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left) . The fluorescence excitation spectrum of However, the fluorescence of bound TO depends
both on emission and excitation wavelength, as wellbound TO (Figure 8) is very different from the

absorption spectrum. This implies that binding is as on binding ratio. This makes it possible to ana-
lyze fluorescence spectra by the Procrustes rotationheterogeneous and that only a subpopulation of the

bound molecules is luminescent. The emission spec- method.21,22

Two samples were prepared with the same TOtrum is independent of excitation wavelength and
the excitation spectrum is independent of emission concentration, but with different DNA concentra-

tions, to give binding ratios of 0.025 and 0.05 dyewavelength revealing that there is only one fluores-
cent species. Both the emission and the excitation per phosphate. No salt was added to ascertain quan-

titative binding. On both samples, fluorescence exci-spectra have the same shapes as those observed with
the other polymers, suggesting that the fluorescent tation spectra were measured at a number of emis-

sion wavelengths (Figure 10, left) . The shape ofTO molecules are bound in the same way as to
poly(dA) and to the dsDNAs. A separate sample the fluorescence excitation spectrum depended on

emission wavelength, and chemometric analysis re-was made with a large excess of poly(dT) resulting
in an extremely low binding ratio (r É 5r1004) . vealed the presence of two luminescent compo-

nents. Since free TO is nonluminescent, these mustFor this sample the TO absorption spectrum had
features both of the TO monomer and dimer. The be two bound species.

Spectra recorded on the first sample were ar-fluorescence quantum yield, when measured using
470 nm excitation, was 0.01. This is much lower ranged as rows in a matrix IA and spectra of the

second sample as rows in a matrix IB . This gavethan that observed for poly(dA) and dsDNA, sug-
gesting that TO has generally a much lower fluo- the equations
rescence with poly(dT) than with the other DNAs.
This is, however, not a ‘‘true’’ quantum yield since IA Å XCAM (13)
the sample contains two bound species.

IB Å XCBM (14)

Poly(dC). Absorption spectra were recorded on
where X and M are the normalized excitation andsamples containing poly(dC) and TO at NaCl con-
emission profiles of the bound TO species, and CAcentrations between 0 and 0.2M . Chemometric
and CB are diagonal matrices containing their con-analysis gave results similar to those obtained for
centrations in the two samples. By renormalizing Xpoly(dT). Also here the absorption spectrum of
and M , the equations can be writtenbound TO has a peak on the shorter wavelength side

of the shoulder (Figure 8). The affinity, however, is
considerably higher than for poly(dT) (Figure 7). IA Å XM (15)
The fluorescence excitation spectrum is again dis-

IB Å XDM (16)tinctly different from the absorption spectrum (Fig-
ure 8), resembling those seen with the dsDNAs

where D is a diagonal matrix containing the ratiosand with poly(dA). It is independent of emission
wavelength, and the emission spectrum is indepen- between the component concentrations, cB

i /cA
i . This

equation system was solved for X , M , and D usingdent of excitation wavelength, revealing a single
luminescent subpopulation. The absorption spec- the DATAN program.22 The calculated excitation

profiles (X ) are shown by lines in Figure 10 (bot-trum of a sample with a very low binding ratio (r
Å 4.5r1004) has features of both the TO monomer tom, left) and the emission intensities (M) with

symbols (bottom right) . One of the excitation pro-and dimer. The effective fluorescence quantum
yield of this sample was F Å 0.05 when using 470 files is essentially identical in shape to the absorp-

tion spectrum of TO bound to dsDNA, although itsnm excitation.
shoulder (490 nm) and maximum (515 nm) are at
somewhat longer wavelengths. The other excitationPoly(dG). Absorption spectra were recorded on

samples containing poly(dG) and TO at NaCl con- profile has a shoulder on the long wavelength side
of intensity maximum, similar to the absorptioncentrations between 0 and 0.5M (Figure 9). The

spectra vary drastically in shape and no tendency spectrum of the TO dimer. d1,1 / d2,2 Å [c1 ( r2 ) /
c1(r1)] / [c2(r2) /c2(r1)] Å [c2(r1) /c1(r1)] / [c2(r2) /to isosbestic behavior is seen. At least three species,

of which one is free TO, must be present. Since c1(r2)] , calculated from the elements of the D ma-
trix, reflects the relative concentrations of the twobinding is heterogeneous, the titration cannot be an-

alyzed by the chemometric method used above. species at the two binding ratios. The ratio was 0.19,
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FIGURE 9 Top left: Absorption spectra of samples containing 3.5 mM TO and 50 mM
poly(dG) (bases) in 10 mM TE buffer at NaCl concentrations between 0 and 0.5M. Bottom
left: Absorption spectra of free TO monomer ( and fluorescence excitation spectra of
bound TO monomer (rrrrrr) and dimer (----) normalized to the same area as the absorption
spectrum. Top right: Molar ratios of free TO (h) and bound TO monomer (s) and dimer
(n) as a function of ionic strength. Bottom right: log(K) of the monomeric (s) and dimeric
(n) binding as a function of 0log(I) .

which means that the concentration ratio of the two The recorded absorption spectra, a(l) (Figure 9,
top left) , can be decomposed into the normalizedbound species, c2 /c1 , is about five times larger at

the higher binding ratio. absorption spectrum of free TO, vf (l) , and the nor-
malized excitation spectra of the bound TO species,For a pure species, the fluorescence excitation

spectrum should have the same shape as the absorp- vb1(l) and vb2(l) (Figure 9, bottom left) .
tion spectrum.23 Hence, we can assume that the exci-
tation profiles determined for the bound TO species

a(l) Å kf vf (l) / kb1vb1(l) / kb2vb2(l) (17)
have the same shapes as their absorption spectra.
However, we do not know the spectral intensities,
i.e., the molar absorptivities of the bound species. where the regression parameters kf , kb1 , and kb2 are

the molar ratios of the three species. The concentra-A reasonable assumption is that the dipole strength
of the electronic transition, i.e., the area of the ab- tion of free TO increases with increasing ionic

strength as expected owing to the electrostaticsorption peak, is about the same for the bound and
free TO species. This is a rough estimate and holds shielding (Figure 9, top right) . The concentration

of the bound species with a monomeric spectralwithin 40% for the other polymers. With this as-
sumption, we can estimate the concentrations of the shape is essentially independent of ionic strength,

whereas the concentration of the species with a di-two bound TO species and free TO as a function
of ionic strength from the ionic strength titration. meric spectral shape decreases with increasing ionic
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strength. Poly(dG) is known to form higher order mined by analyzing fluorescence emission spectra
with the Procrustes rotation method (Figure 10,structures based on the guanine quartet in presence

of monovalent ions and it cannot be ruled out that right) . The same two samples were used, and emis-
sion spectra were recorded at a number of excitationformation of such structures influences the binding

of TO.24,25 Still, the spectra reveal the presence of wavelengths. The monomer emission is essentially
identical to that observed for TO bound to dsDNAs,the two bound TO species also in pure TE buffer

where guanine tetraplex based structures should not although it is somewhat redshifted. The emission
spectrum of the dimer has a maximum at 548 nm.form. In the analysis we use a model where TO is

assumed to bind first as a monomer and then as a The quantum yields of the monomer and dimer were
estimated to 0.39 and 0.40, respectively, by decom-dimer:
posing the measured emission spectra into the spec-
tra of the pure components. The ratio [c1(r2) /

TO / DNA }
K1

TODNA (18) c1(r1)] / [c2(r2) /c2(r1)] , calculated from the emis-
sion D matrix, was 0.20, which is in agreement with

TO / TODNA }
K2

TO2DNA (19) that determined from the excitation spectra (0.19).

where DNA denotes an empty binding site, TODNA
bound TO monomer and TO2DNA bound TO dimer. DISCUSSION
We further assume that K1 and K2 depend on ionic
strength as predicted by Eq. (5) . This means that we Spectral Properties of the TO Monomer
assume K1 and K2 are independent of any structural and Dimer
changes of the poly(dG) that may occur within the

Cyanine dyes have a large propensity to form di-ionic strength range. The microscopic affinity con-
mers and even higher order aggregates in aqueousstants for monomeric (K1) and dimeric (K2) binding
solution. Thiazole orange can be obtained in pureare given by
monomeric state in a very dilute solution at high
temperature, but it cannot be obtained in pure di-

K1 Å
cb1

cfcbs

Å kb1

kf ( c tot
bs 0 c tot

TO(kb1 / kb2))
(20) meric state owing to the formation of higher order

structures. The absorption spectrum of the TO
monomer (Figure 3, bottom left) has a maximumK2 Å

cb2

cfcb1

Å kb2

kf kb1c tot
TO

(21)
at 500 nm and a weak shoulder around 480 nm. It
absorbs also in the uv region, having a maximum

where c tot
bs is the total concentration of binding sites, around 300 nm. The spectrum of the TO dimer, as

cbs is the concentration of free binding sites, and determined by chemometric analysis, has a maxi-
mum at shorter wavelength (471 nm) and a pro-c tot

TO is the total concentration of TO monomers. The
ionic strength dependence of the microscopic affin- nounced shoulder at the long wavelength side of the

maximum (495 nm). This quite different spectrumity constants are shown in a log–log plot in Figure
9 (bottom, right) . K1 decreases linearly with in- is due to splitting of the monomeric excited states,

and has previously been observed for other cyaninecreasing ionic strength as expected for monovalent
cationic ligands,17 and it is of the same magnitude dye dimers.16 Two covalently joined TO dyes, i.e.,

TOTO, also exhibit this spectrum in solution.1 Inter-as the affinity constants observed with poly(dA)
(Figure 7). K2 is about 50 times larger and has estingly, when TOTO binds to DNA the two TO

units become separated by binding between second-similar ionic strength dependence, consistent with
a second monovalent ion being bound. neighbor base pairs3 and a spectrum that more re-

sembles that of the TO monomer is observed.Fluorescence emission profiles were also deter-

FIGURE 10 Fluorescence excitation (left) and emission (right) spectra of TO bound to
poly(dG) at binding ratios of 0.05 (top) and 0.025 (middle) dye per phosphate. Bottom:
Calculated spectra of TO bound as monomer ( ) and dimer (-----) . Excitation intensities
of TO bound as monomer (h ) and dimer (s ) determined from emission spectra recorded
at excitation wavelengths between 400 and 500 nm. Corresponding emission intensities
were determined from excitation spectra recorded at emission wavelengths between 535
and 700 nm.
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Clearly, the separation is sufficient to break most weak fluorescence from a subpopulation of bound
monomers is observed. Clearly, the dimer must beof the electronic interaction between the TO chro-

mophores. bound in a way that does not restrict rotation around
the internal bond in at least one of the units. We
speculate that one of them is not stacked with theTO Binds to DNA Both as a Monomer
DNA bases, perhaps being bound externally, with-and as a Dimer
out restricted internal rotation. Similar external
binding has been suggested previously for the re-Our characterization of the interaction of TO with

nucleic acids reveals a complex behavior. The inter- lated dye oxazole yellow to dsDNA at high binding
ratios.26 Poly(dG) behaves differently. Here theaction is very dependent on the state of the nucleic

acid, i.e., single or double stranded, and on the base bound dimer is fluorescent, suggesting that its inter-
nal rotation is restricted.sequence. The heterogeneity of the absorption and

fluorescence spectra of TO bound to the various
DNAs implicates that TO binds in several modes. The Fluorescence of TO Increases
One binding mode has an absorption spectrum simi- 50–2000-Fold Upon Binding
lar to that of the free TO monomer, characterized to Nucleic Acids
by a shoulder on the short wavelength side of maxi-
mum. This binding mode dominates with all exam- The fluorescence quantum yield of TO is between

0.07 and 0.11 when bound to the double-strandedined dsDNAs and with poly(dA). The second bind-
ing mode has an absorption spectrum similar to that polymers or to poly(dA) at room temperature. With

poly(dC) and poly(dT) it was difficult to determineof the free TO dimer, characterized by a shoulder
on the long wavelength side of intensity maximum. quantum yields accurately, because of low affinity

and heterogeneous interaction. Not even with condi-This binding mode dominates at most conditions
with poly(dC) and poly(dT). With poly(dG) both tions where there was a very large excess of polymer

did all TO bind as monomers. From absorptionbinding modes are observed. The mode with mono-
meric spectral shape dominates at low binding ratios spectra we could estimate that 70–80% of the light

was absorbed by the TO molecules that were boundand that with dimeric features dominates at high
ratios. Also with the polypyrimidines an absorption as monomers to poly(dC) and poly(dT). The effec-

tive quantum yields of TO under these conditionsspectrum with monomeric shape is observed at very
low binding ratios (r É 5r1004) . Based on the were 0.05 and 0.01 for poly(dC) and poly(dT),

respectively. This means that the quantum yields ofsimilarities of the spectra of the bound TO species
with those of free TO monomer and dimer, and on bound TO are about 0.06 and 0.013 for poly(dC)

and poly(dT), respectively. Hence, TO has some-their dependence on binding ratio, we propose that
the two binding modes indeed are bound TO mono- what lower fluorescence with poly(dC) and about

10 times lower fluorescence with poly(dT) thanmer and bound TO dimer.
For the polymers where monomer binding domi- with the other DNA polymers. However, we recall

that under most conditions the bound TO monomernates, high affinities are observed. The log(K) at
100 mM salt is 5.5 for the dsDNAs and 4.8 for the is the minor species in poly(dT) and poly(dC),

and bound nonfluorescent TO dimer dominates.single-stranded polypurines (Figure 7). For the two
polypyrimidines where dimer binding dominates, This results in a much lower effective fluorescence

with these polymers. The largest fluorescence is ob-log(K) is 3.4 and 2.3, respectively. We believe this
difference in affinity reflects the ability of TO to served for TO bound to poly(dG). Here the quan-

tum yield is about 0.40 for both the monomer andstack with the different DNA bases. Pyrimidines are
smaller than purines and offer a smaller surface area the dimer (Table I) .

The fluorescence quantum yield of TO bound tofor hydrophobic interactions, which may lead to
lower affinity. The bound TO monomer has intense nucleic acids depends on temperature (Figure 6).

For all dsDNAs, the quantum yield decreases 3–4-fluorescence. This is most likely due to the stacking
with the DNA bases, which locks the benzothiazole fold when the temperature is raised from 5 to 507C.

This is most likely due to increased thermal motionand the quinolinium rings in a plane, hindering rota-
tion around the interconnecting bond. This rotation of the DNA, which allows more internal rotation in

bound TO. Figure 11 shows a plot of ln[(10 f(T ))/is a channel for nonradiative relaxation from excited
state, and when restricted, TO fluoresces.6 Negligi- f(T )] vs 1/T . The slope is linear, and the activation

energy EA for the temperature-dependent nonradioac-ble fluorescence is seen for the bound TO dimer in
poly(dC) and poly(dT). With these polymers, only tive decay process can be estimated to about 30 kJ/
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