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ABSTRACT

The interaction between DNA and a benzothiazole-
quinoline cyanine dye with a trimethine bridge
(TO-PRO-3) results in the formation of three non-
covalent complexes. Unbound TO-PRO-3 has an
absorption maximum (Anax) of 632 nm, while the
bound dyes (with calf thymus DNA) have electronic
transitions with Ay.x = 514 nm (complex I), 584 nm
(complex 1) and 642 nm (complex Ill). The blue
shifts in the electronic transitions and the bisignate
shape of the circular dichroism bands indicate that
TO-PRO-3 aggregates with DNA. Complex | has a
high dye:base pair stoichiometry, which does not
depend on base sequence or base modifications.
The bound dyes exhibit strong interdye coupling,
based on studies with a short oligonucleotide and
on enhanced resonance scattering. From thermal
dissociation studies, the complex is weakly associ-
ated with DNA. Studies with poly(dGdC), and
poly(didC), and competitive binding with distamycin
demonstrate that complex Il is bound in the minor
groove. This complex stabilizes the helix against
dissociation. For complex lll, the slightly red-shifted
electronic transition and the stoichiometry are most
consistent with intercalation. Using poly(dAdT),, the
complexes have the following dye mole fractions
(Xaye): Xaye = 0.65 (complex I), 0.425 (complex Il) and
0.34 (complex llI).

INTRODUCTION

Studies of the aggregation of small molecules with DNA have
at least two motivations. First, improved base sequence
recognition is accomplished by molecules that bind in the
minor groove (1,2). Especially in the narrow, deep minor
groove of AT-rich sequences, a large number of molecules are
known to bind as monomers (3). A common feature of these
ligands is their crescent shape, which complements the groove
curvature. Entropic factors associated with water and ion
binding with DNA are also significant in the formation of the
monomeric complexes (4-7). Stacked dimers of polyamide
and furamidine derivatives form in the wider minor groove of
mixed sequence or GC-rich sequences, and this cooperative
association expands base sequence recognition (1,5). For these

complexes, entropic factors such as water and ion exchange
are still important, but enthalpic factors (hydrogen and van der
Waals bonds) drive complex formation (5,7).

Besides these short-range interactions, long-range coopera-
tivity is also interesting. For example, the supramolecular
assemblies of helical chromophore aggregates serve as models
for light harvesting systems (8). DNA is an interesting
template for small molecule aggregation because its length
can be readily manipulated and it has regularly repeating
binding sites. One such assembly involves porphyrins and
DNA (9). Depending on the chromophore structure and the
ionic strength of the solution, porphyrins exhibit multiple
types of DNA binding, such as intercalation, outside binding
and outside binding with stacking (10,11). For the stacked
arrangement, strong electronic coupling is evident from the
spectral shifts in the visible absorption bands, from the large
circular dichroism (CD), and the enhancement of the reson-
ance scattering (9,12). Aggregates of 10*-10° porphyrins form
more readily in higher ionic strength buffers (=0.1 M NaCl),
indicating that these electrolyte ions are critical in the complex
structure (13,14).

In this paper, we discuss the cooperative association of
cyanine dyes with DNA. The structures of these chromophores
are characterized by two heteroaromatic rings that are linked
by an odd number of methine carbons (Fig. 1). The resulting
hydrophobic character favors oligomer formation in aqueous
solution, and aggregates with specific structures [J and H
aggregates (15)] form at high dye concentrations (mM) and
with polymer templates, on surfaces, and in monolayers
(16-18). Depending on their structure, the cyanine dyes
exhibit a variety of DNA binding motifs, including aggrega-
tion. For dyes with a single methine bridge, intercalation
between the base pairs is the predominant binding motif at low
dye:base pair concentrations (19-22). Cooperative binding is
favored at relatively higher dye concentrations, based on
exciton bands in the CD spectra and on shifts in the electronic
transitions in the visible absorption spectra (20,23-25).
Groove binding becomes more prevalent for the cyanine
dyes with more than one methine bridge. For example, as
demonstrated by linear and CD spectroscopies, cyanine dyes
with trimethine bridges bind in the DNA minor groove as
monomers and dimers (26). Thorough studies on cyanine dyes
with pentamethine bridges show these dyes bind exclusively
as dimers in the DNA minor groove (18). A significant
characteristic of these complexes is the blue shift of the
electronic transition, which occurs because of the close
association of the DNA-bound dyes. Cooperative interactions
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Figure 1. The structures of the cyanine dyes TO-PRO-1 (top) and
TO-PRO-3 (bottom).

are also evident from the exciton splitting in the CD spectra.
The dimensions of the minor groove favor dimerization, as
demonstrated through stoichiometry and molecular modeling
studies. In addition, the ionic strength and the temperature of
the buffer determine whether J or H aggregates are favored
(27), and the herterocycle structure influences the propensity
to aggregate (28). Finally, the tendency of cyanine dyes with
longer methine bridges to dimerize in the DNA minor groove
does not correlate with the hydrophobicity of the dye (28).
Thus, the structure of the DNA template limits which
molecules can dimerize in the minor groove. More compli-
cated modes of interaction can result for these dyes (29).

We describe work on the DNA interaction of a cyanine dye
composed of a quinoline and benzothiazole connected by three
methine carbons (TO-PRO-3 in Fig. 1). Previous spectro-
scopic studies at low temperature (4.2 K) suggest that
TO-PRO-3 is externally bound and intercalated with DNA
(30). In this work close to room temperature, we find three
TO-PRO-3/DNA complexes with distinct stoichiometries in
an aqueous buffer. Cooperative interactions are a significant
feature for two of these complexes based on the blue shifts in
the electronic transitions and exciton bands in the CD spectra.
The strength of the interaction between the bound dyes is
investigated with resonance scattering and through DNA
length dependence studies. The DNA binding sites for these
noncovalent complexes are investigated using variations in the
DNA bases and competing ligands. Dissociation of the bound
dyes at elevated temperatures shows that the coupling of the
dyes with themselves and with DNA depends on the complex
stoichiometry.

MATERIALS AND METHODS

Solutions of the cyanine dyes (Molecular Probes) in DMSO
were used as received. They were stored at —20°C and
protected from room lights during use. The concentrations of
these stock solutions were spectrophotometrically determined
using molar absorptivities of 141 600 M~ cm™! (at 635 nm in

methanol) for TO-PRO-3 and 68 500 M~! cm™! (at 506 nm in
aqueous buffer) for TO-PRO-1. The sterilized aqueous buffer
contained tris(hydroxymethyl)aminomethane (Tris) with a
concentration of 2 mM Tris/8 mM Tris-H* (pH 7.5) and 10%
methanol (based on volume), which reduced dye aggregation
and adsorption to the walls of the cuvette (fused silica, 1.0 cm
pathlength) (18). Higher concentrations of methanol (20%) do
not change the results of the experiments. To further reduce
dye adsorption, the cuvette walls were silane derivatized using
SigmaCote (Sigma). The following types of DNA (with their
molar absorptivities, €, in aqueous solution) were used in the
experiments: calf thymus (Type I, Sigma), € = 12 824 M|
cm™! (260 nm); poly(dAdT), (Amersham), € = 13 200 M~!
cm™! (262 nm); poly(dGdC), (Amersham), € = 16 800 M~
cm! (254 nm); poly(dIdC), (Amersham), € =13 800 M~! cm™!
(251 nm); Bacteriophage T4, € = 12 920 M~ cm™! (260 nm).
The molar absorptivities are expressed in terms of the
concentration of base pairs. T4 DNA was prepared from
plaques after T4 transfection of Escherichia coli K12, which
were grown on LB agar plates (31). The DNA was extracted
using the Qiagen Lambda Maxi Kit, followed by ethanol
precipitation and resuspension in 10 mM Tris/Tris-H* buffer.
The Ajgo/Aszgp ratio for the resulting DNA was 1.8. To
investigate the length dependence of the binding, the
two complementary 12 base pair oligonucleotides (5’
GGGCGGCGACCT-3") and (5-AGGTCGCCGCCC-3")
were annealed by heating to 90°C for 15 min and then slowly
cooling (>8 h) to room temperature. These oligonucleotides
were chosen to favor duplex formation relative to hairpin or
self-complementary structures. The transition temperature for
strand dissociation occurred at the expected 62°C in a 50 mM
NaCl buffer (32).

Visible absorption spectra were acquired using a Hewlett-
Packard 8452A diode array spectrometer. For DNA titrations,
the spectra were corrected for small (<10%) dilution due to the
addition of the concentrated DNA solution. CD spectra were
obtained from a Jasco J-710 spectropolarimeter at a scan rate
of 200 nm/min and an integration time of 1 s. Resonance
scattering experiments were conducted on a SPEX Fluorolog 2
fluorimeter with synchronous scanning of the excitation and
emission monochromators and with three spectra averaged.
For all measurements, the temperature of the cell holder was
controlled by a recirculating refrigerated bath. To reduce
water condensation, the cell chambers were purged with dry
nitrogen. Melting studies were conducted in 1 or 2°C steps,
and spectra were collected after no change in the absorbance.
For the continuous variation analysis, TO-PRO-3 was
removed from the solution and replaced with an equivalent
amount of base pairs to maintain a total concentration of the
two components of 10 uM (33). The absorbances were plotted
as a function of the mole fraction of dye to determine the
complex stoichiometry (34).

RESULTS AND DISCUSSION
Spectroscopic studies with calf thymus DNA

To provide insight into the structural basis of the interaction of
TO-PRO-3 with DNA, we first discuss the benzothiazole-
quinoline analog with a single methine bridge (TO-PRO-1 in
Fig. 1). For low dye:base pair concentrations, the prominent



DNA binding mode of TO-PRO-1 is intercalation as demon-
strated by the helix lengthening of 1 base pair spacing/bound
dye of closely related derivatives (22). In addition, the small
red shift (+8 nm) of the electronic transition is expected for
insertion of the dye into the nonpolar intercalation site (19,21).
At higher dye concentrations (=1 dye:2 base pairs), aggrega-
tion in the DNA binding sites occurs. CD studies of TO-PRO-
1 and the analogous benzooxzole dye show exciton bands that
are characteristic of interdye interactions (20,21). However,
splitting of the excited electronic state energy levels that is
expected for an aggregated complex is not observed in the
visible absorption spectrum. We examined DNA solutions
with high concentrations of TO-PRO-1 (up to 15 uM) at a low
temperature (7°C), but only the intercalated complex with the
red-shifted band at 514 nm is present.

However, significant changes occur in the electronic spectra
of the DNA complex with the quinoline-benzothiazole
cyanine dye with a trimethine bridge TO-PRO-3 (Fig. 1).
Three new electronic bands develop and disappear upon
addition of DNA, indicative of three distinct TO-PRO-3/DNA
binding modes that we label complex I, complex II and
complex III (Fig. 2). Relative to the unbound dye with an
absorption maximum (A, of 632 nm, two blue-shifted
bands with A, = 514 nm (complex I) and 584 nm (complex
II) and a red-shifted band with A, = 642 nm (complex III)
are observed during the DNA titration. Isosbestic points at 551
and 596 nm are consistent with equilibria between these
distinct complexes of TO-PRO-3 with DNA. The 642 nm
transition is assigned to the intercalated complex based on its
small red shift relative to the unbound dye (+10 nm) and on its
prominence at low (<1:2) dye:base pair concentrations
(Fig. 2C). This behavior is characteristic of many intercalating
dyes, such as ethidium and TO-PRO-1 (21,35). The main
focus of these studies is to investigate the complexes
associated with the blue-shifted transitions. For closely
associated chromophores, splitting of the excited state elec-
tronic energy levels can occur due to dipole interaction (36).
The shift in the wavelength of the electronic transition and the
transition probability depend on the number of interacting
chromophores, their intermolecular distance and their relative
orientation (16,37). For example, a end-to-end interaction
results in a red-shifted transition (J aggregate) (17). For a
parallel stacking arrangement (H aggregate), a blue-shifted
transition is favored, as observed for complex I and complex
II. The Ay« of complex I has a large blue shift relative to the
unbound dye, and changes of this magnitude have only been
observed in a few cases (38,39). The maximum absorbances of
both blue-shifted peaks is less than either the absorbance of the
unbound dye or of complex III, consistent with the
hypochromism expected for a face-to-face arrangement of
the chromophores (36). Complex I has a higher dye:base pair
stoichiometry than complex II, and a more quantitative
analysis of the stoichiometries is provided in a later section.
Finally, the absorbances of these peaks decrease with
increasing temperature, so the studies were conducted at the
lowest feasible temperature of 6-7°C. The absorbances of the
blue-shifted peaks are stable to thermal cycling from 6 to 50°C
back to 6°C.

For the 514, 584 and 642 nm bands in the visible absorption
spectra, corresponding transitions are also observed in the CD
spectra (Fig. 3). The induced CD confirms these bands
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Figure 2. Visible absorption spectra during the titration of a 5.1 puM
solution of TO-PRO-3 with calf thymus DNA at 7°C. Three new complexes
with Ap.c = 514 nm (complex I), 584 nm (complex II) and 642 nm
(complex III) form. The base pair concentrations are 0, 0.7, 1.5, 2.2, 2.9 and
3.6 uM in (A), 4.3, 5.7, 7.1 and 8.5 uM in (B), and 9.8, 13.6, 19.5, 29.9,
38.7 and 46.4 uM in (C). The arrows indicate how the absorption bands re-
spond to the increases in the DNA concentration.

correspond to DNA associated complexes, and the biphasic
shape of the peaks is most likely due to exciton coupling of
stacked TO-PRO-3 molecules. The negative CD band at lower
wavelength and the positive CD band at higher wavelength are
characteristic of chromophores that have a right-handed
orientation, as expected for dyes bound to B-form DNA
(20). Presuming exciton coupling is the dominant interaction,
the integrated positive and negative CD absorptions should
cancel (36), but this is precluded by the close spectral
proximity of the transitions. CD associated with the DNA
bands show no significant changes during titrations at higher
concentrations, which suggests the TO-PRO-3 complexes do
not significantly alter the DNA structure. In other words, the
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Figure 3. Circular dichroism spectra during the titration of a 5.1 pM
solution of TO-PRO-3 with calf thymus DNA at 7°C. The base pair
concentrations are 0 (dashed line), 0.5, 1.0, 1.5, 2.0, 2.5 and 3.4 uM in
(A), 3.9, 458, 6.0 and 7.1 uM in (B), and 8.3, 11.5, 16.7 and 25.8 uM in
(C). The vertical lines at 514 nm (A), 584 nm (B) and 642 nm (C) corres-
pond to the absorption maxima in Figure 2. The arrows indicate how the
CD for these electronic transitions responds to the increases in the DNA
concentration.

DNA acts as a template for TO-PRO-3 aggregation, as
observed for other cyanine dyes (18).

To investigate the extent of coupling between the
chromophores, resonance-enhanced scattering was used.
This method relies on the significant enhancement of the
scattering cross section for large arrays of chromophores that
are electronically coupled and has been used to characterize
and monitor porphoryin assembly on DNA (12). In this work,
resonance light scattering distinguishes the two complexes
associated with the blue-shifted absorptions (Supplementary
Material Fig. S1). For the 514 nm peak in the visible
absorption spectrum (Fig. 2A), a corresponding transition is

also observed in the resonance scattering spectrum, suggesting
the TO-PRO-3 molecules in complex I exhibit strong
cooperative interactions. With a further increase in the base
pair concentration, the intensity of this peak decreases. For
these higher base pair concentrations at which the 584 nm
peak is present in both the visible absorption and CD spectra,
enhanced resonance scattering is not observed. This result
suggests the cooperative interactions for the chromophores in
complex II have a shorter range than in complex I. While it is
possible to obtain approximate estimates of the extent of
aggregation through more extensive measurements (14), we
use studies with a short oligonucleotide to address this issue.

DNA structural variations

Using the structural variations in natural and synthetic forms
of DNA, we investigated the mode of binding for the
TO-PRO-3/DNA complexes. The discussion focuses on
complex I and complex II associated with the blue-shifted
peaks. The other prominent absorption at 642 nm peak is most
probably associated with an intercalated complex, as dis-
cussed earlier in the calf thymus studies. The DNA from
bacteriophage T4 was used to examine the role of major
groove binding (Fig. S2) (40—42). While it sterically hinders
association in the major groove, the uncharged glucose linked
to the 5-hydroxymethylcytosine does not significantly alter the
DNA structure. No significant differences are observed
between the titrations with calf thymus and T4 DNA. The
Amax for the transitions is the same in both forms of DNA, and
the maximum absorbances are comparable to those observed
for calf thymus DNA. In addition, isosbestic points occur as
with calf thymus DNA, suggesting no new complexes form
with T4 DNA. It is feasible that major groove binding in
AT-rich regions of T4 could be occurring, as the AT content of
calf thymus and T4 DNA are similar [34-35% (43) and 42%
(44), respectively]. However, we are unaware of previous
studies that would suggest such a base selective interaction.
Duplex polynucleotides that possess homogeneous binding
sites for TO-PRO-3 provide further information regarding the
mode of binding. The following blue-shifted transitions are
present for three polynucleotides: poly(dGdC),, one peak with
Amax = 512 nm (Fig. S3); poly(dIdC),, two peaks with A, =
514 and 584 nm (Fig. S4); poly(dAdT),, two peaks with A,y
=514 and 590 nm (Fig. S5). The most blue-shifted transition
shows little variation in the A, suggesting that the three
forms of DNA have a common binding site for TO-PRO-3 in
complex 1. The small variation in the A, of 590 nm for
poly(dAdT), and 584 nm for poly(dldC), suggests these
spectral features are associated with the same mode of
binding. Consistent with the behavior of other small molecule
ligands, the absence of this peak for poly(dGdC), is most
likely related to the amino group of guanine that projects into
the minor groove of this polynucleotide (18,45). Thus, because
the minor groove is not blocked for poly(dldC), and
poly(dAdT),, these results indicate that complex II is associ-
ated with minor groove binding (Fig. 4). Furthermore,
TO-PRO-3 aggregation is occurring in this binding site.
First, the electronic transitions for complex II are blue-shifted
relative to the unbound dye (Figs S4 and S5). In addition, the
CD bands at 590 nm for poly(dAdT), and at 584 nm for
poly(dIdC), have the same bisignate shape observed for calf
thymus DNA (Fig. 3B). An estimate of the extent of
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aggregation is provided in the subsequent Stoichiometry
section. Also to be discussed further is the transition at 674 nm
for poly(dAdT), and possibly for poly(dldC), (Figs S4 and
S5).

Besides structural variations in the nucleotide bases, the
effect of the length of the DNA was investigated. For longer
DNA strands, the enhancement of the resonance scattering
suggests that an array of cooperatively bound TO-PRO-3
chromophores is responsible for the 514 nm transition
(Fig. S1). Thus, the stability of complex I should depend on
the DNA length, which was investigated using a 12 base pair
oligonucleotide (Fig. S6). A significant difference from the
longer DNA is the absence of the 514 nm band, which
indicates that the cooperative interactions extend over a range
>12 base pairs. Complex II is still observed but with a lower
maximum absorbance and a shifted absorption maximum
(578 nm) when compared to calf thymus DNA. We attribute
these effects to the high GC content of this oligonucleotide.

Competing ligands

By using distamycin, which has a high affinity for the minor
groove for poly(dAdT),, we show a further distinction
between complex I and complex II (Fig. 5). Distamycin was
added to a poly(dAdT), solution with a 0.9 TO-PRO-3:base
pair stoichiometry, for which the binding sites of complex II
are saturated with TO-PRO-3. The resulting decrease in the
concentration of the TO-PRO-3/DNA complex with increas-
ing amounts of distamycin suggests complex II is associated
with minor groove binding. However, a corresponding
increase in the concentration of the unbound dye is not
observed, as the absorbance of the 632 nm peak also
decreases. One explanation is that TO-PRO-3 is not dis-
sociated from the DNA but adopts a new binding site. Given
the propensity of distamycin to form dimers in the minor
groove of AT-rich DNA (1), mixed dimers of TO-PRO-3 and
distamycin could form. In addition, the absorbance of the
514 nm peak increases at higher distamycin concentrations,
which suggests that complex I forms when TO-PRO-3 is
completely displaced from the minor groove (complex II) by
distamycin. With a further increase in the concentration of
distamycin, a red shift of the 514 nm peak occurs. For these
conditions, we propose that complex [ contains both
distamycin and TO-PRO-3. Due to the long-range interaction
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Figure 5. Titration of 4.9 uM TO-PRO-3 and 5.7 uM base pair
poly(dAdT), with minor groove binder distamycin at 7°C. The concentra-
tions of distamycin are 0, 0.08, 0.16, 0.24, 0.32 and 0.40 uM in (A) and 0.5,
0.6, 0.8, 1.0, 1.2, 1.5 and 1.7 uM in (B). The arrows indicate how the
absorption bands respond to the increases in the DNA concentration.

of the dipoles, it is expected that the extent of splitting of the
exciton states of TO-PRO-3 would decrease in such mixed
aggregates, thereby explaining the observed shift to longer
wavelengths.

Thermal stability

The resonance scattering spectra and the studies with the short
oligonucleotide suggest that cooperative interactions are
significant for complex I. To further examine inter- and
intramolecular interactions in this complex, the temperature
dependence of the dissociation of the bound dye from calf
thymus DNA was measured (Fig. 6). With increasing
temperatures, an isosbestic point at 552 nm is observed as
the absorbances of the 514 and 632 nm peaks decreased and
increased, respectively. Thus, the increase in the temperature
shifts the equilibrium between the bound and unbound forms
of the dye. From the derivative plot (Fig. 6B), the dissociation
temperature is 45°C. The transition is not a simple two-state
process as reflected by the non-Gaussian shape of the
derivative plot, and such behavior has been observed for
other cyanine dye/DNA complexes (27). The complexes have
a weak interaction with the DNA helix, as they dissociate well
before the calf thymus DNA melting transition of 70°C in the
same buffer. Weak affinity has also been demonstrated for
another high-density cyanine dye complex with DNA when
the force gradient in a flowing solution caused dissociation
(24). Besides the major transition at 45°C, an additional
inflection at 25°C is observed. We determined that the
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Figure 6. Thermal dissociation of complex I for a solution of 4.9 uM
TO-PRO-3 and 2.6 uM calf thymus DNA. The absorbances (A) and the
derivatives of the absorbance (B) at 514 nm are plotted as open circles.

magnitude of this deflection is larger when a sonicated DNA
sample (average length ~300 bp) is used, suggesting that a
population of shorter fragments in the DNA samples is
responsible. Further studies demonstrated that the transition
temperature for complex formation is lower than for complex
dissociation. Such hysteresis is expected when nucleation of a
critical aggregate size is necessary for complex formation
(46).

The thermal stability of complex II was examined using
poly(dAdT), because this polynucleotide has a homogeneous
array of favorable minor groove binding sites. Using a
stoichiometry that favors formation of this complex (0.9
TO-PRO-3:base pair), Figure 7A shows how the concentration
of the unbound dye changes with temperature. These results
indicate that limited dissociation of complex II occurs at lower
temperatures, while a more significant destabilization occurs
at higher temperatures. The continued increase in the
absorbance of the unbound dye at higher temperatures is
attributed to the dissociation of aggregates that are not bound
to DNA (23). Spectral changes for the bound dye are obscured
by the nearby electronic transition of the unbound dye, which
has a larger molar absorptivity. The relationship between the
stability of complex II and the integrity of the double helix is
illustrated in Figure 7B. In the absence of TO-PRO-3, the
transition temperature for strand dissociation in poly(dAdT),
is 48°C in the methanol/Tris buffer. With TO-PRO-3, the
transition occurs at the significantly higher temperature of
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Figure 7. (A) Thermal dissociation of complex II for a solution of 20 uM
TO-PRO-3 and 22 uM poly(dAdT),. The absorbance at 632 nm is plotted
as open circles. (B) Thermal dissociation of poly(dAdT), for solutions with
22 uM poly(dAdT), (left axis and open circles) and 22 uM poly(dAdT),/
20 uM TO-PRO-3 (right axis and open triangles). The absorbance was
measured at 262 nm.

86°C. The similarity between the transition temperatures for
the dissociation of the complex and of the helix indicates that
complex II significantly stabilizes duplex DNA against
dissociation. Minor groove binders contribute to helix through
hydrogen bond contacts with the bases (2,7). While hydrogen
bonding is not pertinent for TO-PRO-3, electrostatic forces
may be significant, given the low ionic strength of the buffer
and the +2 charge of the dye. In addition, hydrophobic factors
may contribute entropically to the helix stability, given the
propensity of the cyanine dyes to aggregate in aqueous
solution (16).

Stoichiometry

The spectral changes that accompany the addition of DNA to
TO-PRO-3 solutions demonstrate the formation of three
distinct complexes. While such titration experiments provide
qualitative information on the stoichiometries of the com-
plexes, a more rigorous analysis is achieved through the
continuous variation analysis (34). This model-independent
approach has been utilized to elucidate the multiple stoichio-
metries of DNA complexes (47,48). In this method, the total
amount of dye and base pairs is held constant, while the mole
fractions of the components are varied. At the wavelength
associated with a particular complex, the stoichiometry is
determined from the mole fraction of TO-PRO-3 (Xgye)
corresponding to the maximum absorbance. Continuous
variation analysis using poly(dAdT), provides the basis of
this discussion because it has homogeneous binding sites and
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and poly(dAdT), at 7°C. The absorbances at 514 nm (complex I), 590 nm
(complex II), 642 nm (complex III) and 674 nm are plotted as open circles.

it forms all the possible complexes (Figs S5 and S6). The
following empirical stoichiometries (expressed as the dye
mole fractions, Xqy.) are observed for TO-PRO-3 complexes
with poly(dAdT);: X4y = 0.65 (complex I, 514 nm), 0.425
(complex II, 590 nm) and ~0.34 (complex III, 642 nm) (Fig. 8).
For complex III, only an estimate of the stoichiometry is
possible from Figure 8 because the maximum occurs between
Xaye = 0.30 and 0.375. A more definitive experiment was
conducted using calf thymus DNA, for which a distinct
transition at X4y, = 0.35 is observed. Thus, a reasonable
estimate of the actual stoichiometry of this complex is 1 dye:2
base pairs, which suggests nearest neighbor exclusion of the
binding sites (36). Along with the small 10 nm red shift of the
electronic transition, this stoichiometry supports the assertion
that complex III is associated with TO-PRO-3 molecules
which are intercalated between the base pairs. For complex I,
calf thymus and poly(dIdC), exhibited transitions at X4y, = 0.6
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and 0.65, respectively. Thus, the stoichiometry of complex I
does not depend strongly on the base sequence of the DNA.
For poly(dAdT),, the empirical stoichiometry of 1.86 dyes/
base pair results in many possibilities for the actual
stoichiometries of the form (2n — 1) dyes/n base pairs, where
n is an integer. While the closest match with the experimental
data is 13 dyes/7 base pairs, the actual stoichiometry of this
complex cannot be deduced from these measurements. The
key point is that a high-density dye complex forms with the
DNA. With the +2 charge of the chromophore, the resulting
complex has a net +1.7 charge/base pair. High-density
aggregates have also been observed for other small molecule
ligands, but charge neutralization appears to define the upper
limit of binding (24,49,50), except for some porphyrins (51).
Linear dichroism spectroscopy could clarify the arrangement
of the bound chromophores by measuring how the transition
dipoles of the dyes are oriented relative to the DNA axis. For
complex II, the empirical stoichiometry is Xgy. = 0.425. This
result could be affected by the proximity of the electronic
transitions for complex II, complex III and unbound TO-PRO-
3. For higher dye concentrations, the contribution of the
unbound dye to the absorbance at 590 nm is significant.
However, in the region Xgy. < 0.5, spectral fitting demon-
strates that the peaks are sufficiently resolved so that complex
IT is the dominant contributor to the absorbance at 590 nm.
Based on the empirical stoichiometry, actual stoichiometries
of 2 dyes:3 base pairs (Xqy. = 0.4) and 3 dyes:4 base pairs (Xgye
= 0.43) are most reasonable based on the following structural
arguments. Through our spectroscopic studies with
poly(dGdC), and poly(dIdC), and through the competition
experiments with distamycin, we have demonstrated that this
band is associated with minor groove binding. The lengths of 3
and 4 base pair minor groove binding sites are ~13 and ~17 A,
respectively, based on a pitch of 35.4 A for a 10.4 base pair
turn and a helical diameter of 23.7 A with 7.5 A deep minor
groove (52). Assuming the propylamine side chain of TO-
PRO-3 is not bound in the minor groove, a 3 base pair binding
site is feasible for the aromatic moiety of TO-PRO-3 (length
~12 A). However, if the side chain does bind in the minor
groove, the 4 base pair binding site is more reasonable, given
the length of ~17 A for TO-PRO-3 with the propylamine side
chain. The question arises as to how the three dyes could be
arranged. Both the visible absorption and CD spectra suggest
that the dyes adopt a stacked arrangement. It seems unlikely
that the minor groove is wide enough to accommodate the
three dyes stacked on top of each other. Another possibility is
that a dimer forms in the minor groove with a third dye bound
in a side-to-side or partially sandwiched fashion, as suggested
for Hoechst 33258 complexes with DNA (48). Our results with
bacteriophage T4 DNA indicate that this higher order structure
does not involve major groove binding and thus is localized in
the minor groove. Given the significant stabilization of the
helix by the complex, this structure deserves further investi-
gation, and linear dichroism studies may provide a useful
insight into the structure. Consistent with our spectroscopic
studies of poly(dGdC), and poly(dIdC),, a continuous vari-
ation study with calf thymus DNA supports the assertion that
minor groove binding is not favored for GC-rich regions of the
DNA. For calf thymus DNA, the empirical stoichiometry of
associated with complex II is X4y, = 0.35. This stoichiometry
is less than that observed for poly(dAdT), because of the
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hindrance to binding in the minor groove by the guanine bases.
Finally, we note that the stoichiometry of the 674 nm
transition is X4y = 0.36, or 0.56 dye/base pair. The significant
red shift of this band relative to the unbound dye (+39 nm)
suggests formation of a J aggregate. However, we observed no
fluorescence associated for this species.

CONCLUSIONS

In this work, we have investigated the association of DNA and
the trimethine-bridged cyanine dye TO-PRO-3. Three distinct
complexes with different stoichiometries form. At high dye
concentrations, complex I forms with a stoichiometry of 1.86
dyes/base pair. Based on the evidence in this paper, dye
stacking on the exterior of the DNA strand is occurring,
presumably because of the favorable electrostatic interactions
between the dye and the DNA phosphate groups and because
of van der Waals interactions between these polarizable
chromophores. Evidence for dye stacking comes from the
118 nm blue shift and the hypochromism of the electronic
transition and the shape of the CD bands. Long-range
intermolecular interactions are significant, as exhibited by
the enhancement of resonance scattering for high molecular
weight DNA and by the lack of complex formation with a
short oligonucleotide. Based on the difference in the transition
temperatures, the dissociation of complex I and of the duplex
are not coupled, indicative of a weak interaction between the
dyes and the DNA. Complex formation is not hindered by
alterations in either the major or minor groove, suggesting a
common binding site, which we propose to be on the exterior
of the DNA strand. Complex II forms with a lower
stoichiometry of 0.74 dyes/base pair. For this binding mode,
the dyes also exhibit cooperative interactions, as evident from
the 48 nm blue shift of the electronic band and the shape of the
CD bands. The dyes associate in the minor groove of the DNA
strand, as demonstrated through the comparison of
poly(dGdC), with poly(dIdC), and poly(dAdT), and through
a competition experiment with distamycin. The complex
stabilizes the DNA helix against dissociation, and two possible
structures are distinguished by how the alkylammonium side
chain interacts with the minor groove. The dyes are
intercalated between the base pairs in complex III, based on
the small red shift of the electronic transition and the
stoichiometry of 1 dye:2 base pairs, as expected for nearest
neighbor binding.

Because of their favorable spectroscopic properties, cya-
nine dyes are useful for applications requiring sensitive DNA
detection. However, these studies demonstrate that TO-PRO-3
forms complexes with DNA that exhibit fluorescence quench-
ing when the concentration of dyes is high relative to the base
pair concentration, an important consideration for applications
that have unknown DNA concentrations (53,54). In addition,
these and other studies illustrate the importance of inter-
molecular interactions in the association of small molecules
with DNA. In particular, these results show that the minor
groove bound species imparts significant stability of the helix,
and a trimer stoichiometry is indicated from the continuous
variation analysis. We are conducting further studies of the
structure of this complex.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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