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Abstract

The unsymmetrical cyanine dyes BOXTO-PRO and BOXTO-MEE were derived from the DNA groove binder BOXTO, by adding a positively
charged or a non-ionic hydrophilic tail to BOXTO, respectively. The main objective was to obtain more efficient DNA probes, for instance in
electrophoresis and microscopy, by slowing down the dissociation of BOXTO from DNA. The interactions with mixed sequence DNA was
studied with fluorescence and absorbance spectroscopy, stopped-flow dissociation and gel electrophoresis. Both the derivatives are groove bound
as BOXTO, and have similar fluorescence properties when bound to mixed sequence DNA in free solution. BOXTO-PRO exhibits a slower
dissociation than BOXTO from DNA, whereas the dissociation rate for BOXTO-MEE is faster and, unexpectedly independent of the ionic
strength. During gel electrophoresis both BOXTO-PRO and BOXTO-MEE exhibit a faster dissociation rate than BOXTO. Still, BOXTO-PRO
seems to be a good alternative as DNA probe, especially for applications in free solution where the dissociation is slower than for the

corresponding intercalator TOPRO-1.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Asymmetric cyanine dyes are useful spectroscopic probes
for DNA in microscopy [1-3], electrophoresis [4] and PCR [5]
because of a strongly enhanced fluorescence quantum yield
when bound to DNA compared to free dye. Temperature and
viscosity studies [6] indicate that the fluorescence enhancement
is due to quenching of an intramolecular rotation. This
mechanism is of a different nature compared to other
fluorescence-based DNA probes, such as ethidium bromide
[7] and ruthenium complexes [8], where DNA-binding instead
leads to protection from solvent quenching.
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Most of the presently used cyanine dyes bind to DNA by
intercalation between the base pairs [9—11]. Recently, there
have been several efforts to develop groove binding cyanine
dyes [12—16] because this mode of binding perturbs the DNA
helix less than intercalation does [17,18]. Recent studies of
several derivatives of the intercalating dyes BO and TO
[13,14,19] have shown that the TO-derivate BOXTO is a
promising candidate as a DNA probe, as it exhibits a strong
preference for groove binding and has a 50-fold increase in
fluorescence quantum yield upon binding to random sequence
DNA [14].

Fluorescence microscopy and gel electrophoresis often relies
on non-equilibrium staining conditions in order to reduce the
background fluorescence from free dye. With the aim to slow
down the dissociation from DNA [20], the divalent BOXTO-
PRO (Fig. 1) was derived by addition of a positively charged 3-
propyl trimethyl ammonium chloride tail to BOXTO. This
approach was inspired by how intercalating ethidium bromide
was modified to obtain propidium iodide which has higher
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Fig. 1. The structures of BOXTO-PRO (4-[(3-methyl-6-(benzoxazole-2-yl)-
2,3-dihydro-(benzo-1,3-thiazole)-2-methylidene)]-1-(3-trimethylammonium-
propyl)-quinolinium dichloride) and BOXTO-MEE (4-[(3-methyl-6-(benzox-
azole-2-yl)-2,3-dihydro-(benzo-1,3-thiazole)-2-methylidene)]- 1 -methoxyethox-
yethyl quinolinium chloride), obtained from BOXTO (4-[6-(benzoxazol-2-yl-
(3-methyl-)-2,3-dihydro-(benzo-1,3-thiazole)-2-methylidene)]- 1 -methyl-quino-
linium chloride).

affinity and slower dissociation than the monovalent ethidium
[21]. Here we investigate if the added charge has a
corresponding retarding effect on the dissociation of groove-
binders.

Furthermore, in our experience, BOXTO has a tendency to
aggregate and to bind to surfaces. With the goal to reduce such
effects, we also studied the derivative BOXTO-MEE (Fig. 1)
that contains a polar (but non-ionic) methoxyethoxyethyl tail.
The monovalent charge of BOXTO-MEE means that we can
investigate how a hydrophilic modification affects the interac-
tion with DNA, without altering the electrostatic interactions
between BOXTO and DNA.

We here present studies of how the modifications that give
BOXTO-PRO and BOXTO-MEE affect the interaction with
mixed sequence DNA, regarding the binding mode and the
fluorescence properties of the DNA bound dyes. We also
characterize how the dissociation from DNA is altered, both in
free solution and inside agarose gels where the dyes are used for
DNA-detection during electrophoresis.

2. Experimental
2.1. Materials

BOXTO-PRO and BOXTO-MEE were prepared by reacting
equimolar amounts of quinolinium salt and benzothiazolium
salt in methylene chloride in the presence of triethylamine as
previously described [14]. The two quinolium salts were
prepared by reacting two mole-equivalents quinoline with one
mole-equivalent 3-bromopropyl trimethylamine or triethylegly-
col tosylate, respectively, at 130 °C for 3 h. After cooling, the
precipitate was washed with acetone to give the salt (see
Supplementary material). A more detail description of the
synthesis will be presented elsewhere (Karlsson, H.J., manu-
script in preparation). BOXTO was synthesized as described
previously [14]. The dyes were stored as stock solutions in
DMSO at —20 °C. The concentration of the dyes in the working
solutions was determined by a parallel and identical dilution of
the DMSO stock solution in buffer and methanol, using an
extinction coefficient of 70000 M~ ' c¢cm™' in methanol at

510 nm as determined by weighing (See Supporting material).
This approach was used since the extinction coefficient in
aqueous solution was uncertain due to dimerisation of free dye,
which was avoided in methanol. YO was synthesized as
previously described [22], whereas TOPRO-1, BOPRO-I,
YOPRO-1, and YOYO-1 were purchased from Molecular
Probes. The concentrations were determined in phosphate
buffer by using the following extinction coefficients: YO
(66000 cm™ ' M~ ! at 482 nm), YOPRO-1 (66000 cm ' M at
482 nm), TOPRO-1 (63000 cm™ ' M~ ! at 506 nm), BOPRO-1
(63000 cm™ ' M~ " at 451 nm), and YOYO-1 (96100 cm™ ' M ™!
at 457 nm) [6,20]. Double stranded calf thymus DNA (ctDNA)
with an average size of 6000 base pairs, and monodisperse
DNA from bacteriophage TS5 (122 kilo base pairs) were
purchased from Sigma-Aldrich. The DNA concentration was
determined by using an extinction coefficient of 6600 M~
cm™ ' per base at 260 nm. Agarose and sodium dodecyl sulphate
(SDS) were purchased as powders from Sigma-Aldrich and
VWR International, respectively.

2.2. Spectroscopic measurements

All spectroscopic measurements of dye—DNA complexes
were performed at room temperature (22 °C) in 5 mM sodium
phosphate buffer (pH 7.0) by adding an increasing amount of
ctDNA to a sample with a fixed dye concentration. If nothing
else is stated, spectral band widths were 2.0 nm for absorption,
2.5 nm for emission and excitation, 1.0 nm for linear dichroism
(LD), and 4.0 nm for circular dichroism (CD).

The absorbance spectra were measured using a Cary 4000
Bio-UV—Vis spectrophotometer (Varian) and the fluorescence
excitation and emission spectra were measured using a Varian
Cary Eclipse spectrofluorimeter. The fluorescence enhance-
ments for the dyes when bound to DNA were calculated as the
ratio between the integrated areas of the emission spectra in
presence and absence of DNA, respectively. The relative
fluorescence quantum yields of the bound dyes were calculated
from the areas of the integrated emission spectra. In both cases
the integrated emission was corrected for the absorbance at the
excitation wavelength.

Linear dichroism (LD) is the difference in absorption of light
polarized perpendicular and parallel to a macroscopic orienta-
tion axis. Linear dichroism measurements were performed on a
Jasco-720 spectropolarimeter where flow orientation of the
DNA complexes was achieved by using a flow Couette cell with
an outer rotating cylinder. Calf thymus DNA is long enough to
be oriented with its long axis preferentially in the flow direction
of the Couette cell. Since the DNA bases mainly absorb light
polarized perpendicularly to this axis, the result is a negative LD
signal with its maximum value at 260 nm. Ligands that bind to
DNA will also exhibit a nonisotropic orientation and conse-
quently give rise to positive or negative LD signals depending
on the binding geometry to DNA and on the orientation of the
transition moments within the dyes. A reduced LD (LD")
spectrum is obtained by dividing the LD spectrum with the
corresponding isotropic absorbance spectrum, from which the
angle (o) between the transition moment of the ligand and the
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DNA helix axis can be calculated [23] (see Supporting
material).

Circular dichroism spectra of the DNA dye complexes were
measured on a Jasco-810 spectropolarimeter. Magnetic CD
(MCD) spectra of free dye in methanol were measured by
equipping the Jasco-720 spectropolarimeter with a permanent
magnet, as described previously [24].

2.3. Dye dissociation in free solution

The dissociation of the dyes from ctDNA in free solution was
monitored by capturing the dissociated dye molecules in SDS
micelles, using a computer controlled stopped-flow module
SFM-3 coupled to a power supply MPS-52 (Bio Logic). The
DNA dye samples (100 pul) were rapidly mixed with an equal
volume of an aqueous solution of SDS. After mixing, the
concentration of dye and DNA base pairs was 2.5 pM and
50 uM, respectively. The dissociation of the dyes from DNA
was measured by following the decline in fluorescence intensity
(delay time 3.9 ms). A Xenon—Mercury arc lamp coupled to a
monochromator was used to excite the DNA dye complex at its
absorbance maximum and the emission decay was measured by
using a long pass filter with a 540 nm cutoff. The dissociation
kinetics were evaluated at various concentrations of NaCl in the
range of 6-205 mM at a constant concentration of SDS
(52 mM), as well as with varied concentrations of SDS (8—
50 mM) at a constant concentration of salt (106 mM). The
dissociation rate constants were determined by fitting the
emission data to a bi-exponential decay:

I(t) = Ip + Are™ + dye ™", (1)

2.4. Dissociation during gel electrophoresis

The rate of dye dissociation from monodisperse double
stranded bacteriophage TS DNA during constant field (7.5 V/
cm) gel electrophoresis was measured in agarose gels (1 wt.%)
by running the samples in submarine electrophoresis cells in
TBE buffer (50 mM Tris, 50 mM sodiumborate, 1.25 mM
EDTA, pH=8.2). Each sample (24 pul) contained DNA at a
concentration of 19 uM base pairs and the dye at a ratio of 0.1
(dye/base pair). The dissociation of the dyes from DNA was
monitored by following the decrease in fluorescence intensity of
the DNA bands, through scanning of the gels in a Fluorlmager
gel scanner 595 (Molecular Dynamics) 10 times during the
electrophoresis (240 min). The zone-integrated emission
intensities were obtained with the image evaluation program
Image Quant 5.0 and the dissociation half-times were evaluated
from the decay of the zone intensities.

3. Results

For the sake of comparison with previous studies [14,20], the
new results on BOXTO-PRO and BOXTO-MEE are comple-
mented with earlier results on BOXTO throughout the Results
and Discussion sections.

3.1. Absorbance measurements

The absorbance spectra of the three dyes in buffer solution
and bound to ctDNA are presented in Fig. 2. The free dyes
(solid lines) exhibit a broad absorption band with a peak at
460—475 nm, and a red-shifted shoulder. As discussed below,
the peak at the blue side of the spectra indicates that free
BOXTO-PRO and BOXTO-MEE (and BOXTO) form dimers
(or higher aggregates) in aqueous solution. The shoulder
becomes more pronounced in the order BOXTO-PRO,
BOXTO-MEE and BOXTO. In methanol, by contrast, all the
dyes exhibit a reversed spectral shape, with the major peak at
the red side of the absorption band (Supporting material),
indicating that aggregation is absent in this solvent.

As DNA was added to the aqueous dye solutions, the
absorbance spectrum changed with time during about 1 h at
room temperature, presumably due to an initial binding of dye
dimers that subsequently rearrange on the DNA helix (Results
not shown). All the results presented in this study were obtained
from samples that had reached binding equilibrium, as
monitored by absorbance.

When the dyes bind to ctDNA (Fig. 2, dashed lines) the
absorbance spectra change significantly compared to for free
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Fig. 2. Absorbance spectra of BOXTO-PRO (top panel), BOXTO-MEE
(middle), and BOXTO (bottom) free in buffer solution (solid lines) and bound
to ctDNA (dashed lines). [DNA base pair]=53 uM, [dye]=1.5 pM.
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dyes. There is an overall increase in peak absorbance in the
visible region and a red shift in all three cases. The absorbance
spectra of the three dyes bound to DNA are very similar.

3.2. LD and CD measurements

Fig. 3 shows the LD spectra of BOXTO-PRO (top),
BOXTO-MEE (middle) and BOXTO (bottom panel) bound to
ctDNA. All dyes have a positive LD in the visible region,
providing a strong indication for non-intercalative binding. The
LD amplitude for BOXTO-MEE (main Fig. 3) is seen to be
considerably smaller compared to BOXTO-PRO and BOXTO.
The LD in the DNA absorption band at 260 nm is negative, as
expected from the perpendicular orientation of the bases to the
helix axis in the B-form DNA. The LD spectra in the visible
region for BOXTO-PRO and BOXTO-MEE are of similar
shape as the isotropic absorbance (see insets in Fig. 3), but
there are marked red shifts of about 12 and 14 nm respectively,
which both are larger than for BOXTO (5 nm). The varying
degree of spectral shifts between LD and absorbance for the
three dyes indicates the presence of two bound species, as
discussed below.
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Fig. 3. LD spectra of BOXTO-PRO (top panel), BOXTO-MEE (middle) and
BOXTO (bottom) bound to ctDNA. Note that the LD signals (A.U.=absorbance
units) are multiplied by a factor of 10 above 400 nm. The insets show
normalized LD (solid lines), and isotropic absorbance spectra (dashed lines) for
the dyes bound to DNA. [dye]=8 uM and [DNA base pair]=134 pM.
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Fig. 4. CD spectra of BOXTO-PRO (solid line), BOXTO-MEE (dashed line)
and BOXTO (dotted line) bound to ctDNA. [dye]=10 pM, and [DNA base pair]
=150 uM.

Fig. 4 shows the CD spectra of the three dyes when
bound to ctDNA. The bisignate CD spectrum around
260 nm is characteristic for B-form DNA. Both BOXTO-
PRO and BOXTO-MEE exhibit a positive induced CD in
the visible region, in agreement with the observation for
BOXTO. The intensities of the CD peaks are almost equal
for BOXTO-PRO and BOXTO, but only half that value for
BOXTO-MEE. The strength of the DNA-induced CD of the
dyes can be quantified by the ratio CD/4;s,=Ac¢/e at the
wavelength of maximum CD. We obtain Ae/e=7.8x10"*
for BOXTO-PRO and 4.4x10 % for BOXTO-MEE, com-
pared to 7.3x10™ % for BOXTO (see Supporting material).

The shapes of the CD spectra are similar to the absorbance
spectra of the DNA dye complexes, but as was the case with
LD, the CD maxima are shifted. The major CD peak is red
shifted by 5 and 9 nm for BOXTO-PRO and BOXTO-MEE
respectively, a shift that is smaller than in LD. However for
BOXTO the CD peak is red shifted more than the LD peak
(9 nm compared to 5 nm). Notably, neither BOXTO-PRO nor
BOXTO-MEE exhibit any detectable CD peak around 370 nm,
in contrast to BOXTO.

The chromophore of the dyes was investigated by
measuring the MCD spectrum of BOXTO-MEE in methanol.
In the visible region the MCD spectrum has a similar shape
as the absorption spectrum (results not shown). Importantly it
does not exhibit the bisignate shape expected if the
absorption band corresponds to two electronic transitions
with different directions [24]. The different tail structures of
the three dyes are not expected to affect their electronic
properties, as supported by the very similar absorption
spectra in methanol (Supporting material). The absorbance,
LD and CD spectra will therefore be interpreted based on the
assumption that a single electronic transition is responsible
for the absorption band of the BOXTO chromophore in the
visible region.

3.3. Fluorescence measurements

Excitation spectra of BOXTO-PRO, BOXTO-MEE, and
BOXTO bound to ctDNA are presented in Fig. 5, where they
are compared to the corresponding absorbance spectra. The
absorbance and the excitation spectra are very similar for all
three dyes, suggesting that all forms of bound dye molecules are
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Fig. 5. Normalized absorbance (solid lines) and excitation spectra (dotted lines)
of BOXTO-PRO (top panel), BOXTO-MEE (middle), and BOXTO (bottom)
bound to ctDNA. The emission intensity was measured at 590 nm for all dyes.
[dye]=1.5 uM, and [DNA bp]=53 pM.

similarly emissive, despite that LD and CD indicate that there
are two binding modes.

BOXTO-PRO and BOXTO-MEE, as well as BOXTO,
display a substantial increase in fluorescence intensity upon
binding to ctDNA. The fluorescence intensity compared to free
dye (see Materials section) is enhanced by a factor of 77 for
BOXTO-PRO and 48 for BOXTO-MEE, whereas for BOXTO
it is enhanced 165 times. The lower fluorescence enhancement
with BOXTO-PRO and BOXTO-MEE is mainly an effect of the
stronger fluorescence in the non-bound state of these dyes. The
quantum yields for the bound forms are 0.80 for BOXTO-PRO
and 0.83 for BOXTO-MEE relative to that of bound BOXTO.

3.4. Dissociation in free solution

In accordance with earlier results on BOXTO [20], the
dissociation of BOXTO-PRO and BOXTO-MEE from ctDNA
was satisfactorily described by a bi-exponential decay (Eq. (1)).
The fits and determined rate constants are given in Supporting
material. Fig. 6 shows the two rate constants for BOXTO-PRO
and BOXTO-MEE plotted versus the ionic strength as varied by
addition of NaCl (6-205 mM). For BOXTO-PRO both the
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Fig. 6. The effect of NaCl concentration on the two rate constants for the
dissociation (open triangles=4;, solid squares=k,) of BOXTO-PRO (top panel)
and BOXTO-MEE (bottom) from ctDNA at a constant concentration of SDS
(52 mM). [dye]=2.5 pM, [DNA bp]=50 pM.

dissociation rate constants increase with increasing salt
concentration. In the logarithmic plots in Fig. 6 (motivated by
counterion shielding theory, see below) the slopes are —0.40
and —0.46 for the fast and the slow rate constants respectively.
By contrast, for BOXTO-MEE the dissociation rates are
essentially independent of salt concentration. (The fast and
slow rate constants in fact exhibit small positive slopes of +0.15
and +0.06, respectively). In terms of absolute rates, BOXTO-
PRO dissociates 5—10 times slower than BOXTO-MEE,
depending on salt concentration. The salt dependencies of the
rate constants, including BOXTO, are summarized in Table 1.

Fig. 7 shows the relative decay amplitude 4,/(4;+A4,) for
the fast component of the dissociation plotted versus the
negative logarithm of the salt concentration. The contributions
from the fast and slow components are almost equal at high
ionic strength for both BOXTO-PRO and BOXTO-MEE, and
the importance of the fast component decreases weakly with
decreasing salt concentration. For BOXTO the fast process is of

Table 1
The slopes for the plots of log [k; (s~ )] versus —log [NaCl] in Figs. 6 and 8

Predicted

Experimental *

BOXTO-PRO BOXTO-MEE BOXTO" Groove binding ©
ky —-0.40 +0.15 —0.32
ke —0.46 +0.06 —0.26
kapp -0.51 —-0.01 —0.42
—0.76 (+1)
-1.52 (+2)

 k is the fast and k; is the slow rate constant for the dissociation from ctDNA,
kapp=the average rate constant according to Eq. (2).

® From [20].

¢ From [30]; number in parenthesis represents the charge of dye.
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Fig. 7. The relative amplitude of the fast rate constant of the dissociation of
BOXTO-PRO (open squares), BOXTO-MEE (solid triangles) and BOXTO
(half-filled diamonds) from ctDNA [20] from ctDNA. Lines are guide to the eye
only.

less importance, but its weight increases weakly with decreasing
salt concentration.

A useful parameter when applications of these dyes are
considered is the average dissociation rate constant:

Ay A,
kany, = k
A+ Ay 1—~_1‘11—|-Az

ko (2)

Fig. 8 presents the calculated k,p, plotted versus the ionic
strength for BOXTO-PRO, BOXTO-MEE and BOXTO. The
divalent intercalator TOPRO-1 that most closely resembles
BOXTO-PRO is also included [20]. The average rate constant
summarizes the behavior reported above: BOXTO-PRO
dissociates somewhat slower than BOXTO, and BOXTO-
MEE is seen to dissociate much faster than both BOXTO-PRO
and BOXTO, but slight slower than TO-PRO. The slope of &y,
versus the ionic strength decreases in the order TOPRO-I,
BOXTO-PRO, BOXTO and BOXTO-MEE (Table 2).

3.4.1. SDS effect on the kinetics

A previous study [25] showed that in the case of tetravalent
DNA binding dyes such as YOYO, the apparent rates of
dissociation measured by SDS sequestering are affected by the
surfactant concentration. However, that study also showed that

2.0 T T T

N
1.5{ —d A \6: 1

-0.01

1.0 1

0.5+ -0.51 .

T

0.6 0.8 1.0 1.2
-log ([Na*]/ M)

log (Kapp / 8

Fig. 8. The logarithm of the average rate constant (k,p,) versus the negative
logarithm of [NaCl] for the dissociation of BOXTO-PRO (open squares),
BOXTO-MEE (solid triangles), BOXTO (half filled diamonds) [20], and
TOPRO-1 (half filled circles) [20], from ctDNA. [dye]=2.5 pM, [DNA
bp]=50 puM, and [SDS]=52 mM.

Table 2
Dissociation half-times during migration in gel electrophoresis (in minutes) and
in free solution (in seconds) at [Na']=56 mM

Dye i (ge)® (£S.E.) (min)  #,5 (sol)® (s)  Ratio 107°°¢
BOXTO-PRO 669 (£5) 0.22 0.18
BOXTO-MEE 449 (x4) 0.022 1.20
BOXTO 132° (£1) 0.19° 0.41
YO 219 (+4) n.d. n.d.
YOPRO-1 158° (£91) n.d. n.d.
YOYO-1 317 min® (£47) n.d. n.d.
TOPRO-1 249° (+£6) 0.038 5.34

* The average dissociation half-time #,/, (gel) from phage T5 DNA during gel
electrophoresis (N=4, standard errors=+S.E.).

® The effective half-times ¢, (sol)=In 2/kapp
in free solution at [Na']=56 mM.

¢ The ratio between the half-times [z, (gel)/t1» (sol)].

4 The half-times determined from plots of In[//Iy] vs. time.

¢ The half-times determined from linear plots of / vs. time.

 Previously calculated to 0.17 [20]. New corrected analysis of the data gave
0.19.

¢ From [20].

for the dissociation from ctDNA

for ethidium bromide, with only one positive charge and a much
faster dissociation from ctDNA, no effect of surfactant
concentration was observed, in agreement with earlier studies
[21]. Therefore the rate of dissociation for divalent BOXTO-
PRO and monovalent BOXTO-MEE at different surfactant
concentrations was investigated by varying the SDS concen-
tration at a constant background concentration of NaCl
(106 mM). As was the case with the dissociations at varied
NaCl concentration, the decays were satisfactorily fitted by two
exponentials. Fig. 9 shows the logarithm of the average rate
constant (kupp) (Eq. (2)) versus the negative logarithm of the
SDS concentration.

The very weak slope (—0.02) observed for BOXTO-PRO can
arguably be ascribed to the increase in sodium ion concentration
when SDS is added, considering that the slope is as large as
—0.51 when sodium ions are added as NaCl (Fig. 8). The weak
effect of surfactant concentration indicates that the dissociation
is too fast to be catalyzed by SDS, as was the case with ethidium
bromide. We conclude that the rate constants measured by SDS
sequestering (Fig. 6) are representative for the inherent rates in
free solution. With BOXTO-MEE the slope with SDS (=0.1) is

1.4 . . . .
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o
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12 14 16 18 20 22
-log ([surfactant] / M)

Fig. 9. The logarithm of average rate constant k., (Eq. (2)) versus the negative
logarithm of the [SDS] for the dissociation of BOXTO-PRO (open squares) and
BOXTO-MEE (solid triangles) from ctDNA at fixed concentration of NaCl
(106 mM). [dye]=2.5 uM, [DNA bp]=50 pM.
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in fact stronger than with NaCl (—0.01), but it should be noted
that the latter slope is unexpectedly small. Notably, SDS
catalysis does not seem likely since BOXTO-MEE dissociates
considerably faster than BOXTO-PRO (Fig. 8).

3.5. Electrophoretic dissociation

One possible application of the new dyes is as DNA probes
in gel electrophoresis. Therefore the dissociation rates of
BOXTO-MEE and BOXTO-PRO during migration in gel
electrophoresis were compared with BOXTO and the inter-
calator TOPRO-1. In addition, the intercalators monovalent
YO, divalent YOPRO-1 and tetravalent YOYO-1 were added to
the study, with all samples evaluated in the same gel. The
dissociation half-times were calculated from the decay in
fluorescence intensity of the sample zones with time (see
Supporting material), and are summarized in Table 2 together
with the average dissociation half-times in free solution.

All dyes dissociate much faster in free solution than during
migration in gel electrophoresis. BOXTO-PRO, BOXTO-MEE
and YO exhibit an exponential decay of the fluorescence
intensity during electrophoresis, whereas the more slowly
dissociating dyes exhibit an essentially linear decrease in
fluorescence intensity with time (Supporting material).

4. Discussion
4.1. Aqueous solubility of the free dyes

One goal with this study was to modify BOXTO in order to
decrease its tendency to form aggregates in aqueous solution, by
adding either a positively charged tail (BOXTO-PRO) or a
hydrophilic (but nonionic) tail (BOXTO-MEE). The absorbance
spectra in methanol indicate that all three dyes exist as
monomers in that solvent (see Supporting material). By
contrast, the absorbance spectra of all three dyes free in
aqueous solution (Fig. 2) exhibit a reversed spectral shape
compared to that measured in methanol. A similarly reversed
spectral shape was observed for the homodimer YOYO in
aqueous solution, when compared to the corresponding
monomer YOPRO [6]. This observation was interpreted as an
enforced stacking of the YO chromophores when they are
linked together in the dimer, as supported by the fact that
YOYO and YOPRO have very similar spectra in methanol.
These observations indicate that both BOXTO-PRO and
BOXTO-MEE form dimers (or higher aggregates) in water in
spite of the added tail groups.

It is thus clear that the modifications in BOXTO-PRO and
BOXTO-MEE did not fully eliminate the tendency to form
aggregates. However, the shoulder on the red side of the
absorbance spectra (Fig. 2, solid) is enhanced with BOXTO-
MEE and even more so with BOXTO-PRO, which suggests that
the tail had some effect in increasing the solubility especially if
it is charged. This fact may explain our qualitative observation
that BOXTO-PRO has the advantage of exhibiting a lower
tendency than BOXTO to adsorb to the walls of cuvettes and
test tubes.

4.2. DNA binding mode

4.2.1. All three dyes bind primarily as monomers

The absorbance spectra of BOXTO-PRO, BOXTO-MEE
and BOXTO bound to DNA (Fig. 2) are very similar, indicating
that they all bind to DNA in a similar fashion. In fact, the
appearance of the absorbance spectra for the bound dyes are of
similar shape to the spectra for the dyes free in methanol
(Supporting material), suggesting that they bind primarily as
monomers.

The monomeric binding of BOXTO-PRO and BOXTO-
MEE to DNA is supported by the CD spectra in Fig. 4, since
there is no indication of the bisignate exciton CD that is
characteristic for interactions between closely bound dyes like
for the TO derivate BETO [14] and the known groove binder
DAPI [26]. However, the CD band at 370 nm (Fig. 4, dotted)
suggests that exciton interactions do occur between BOXTO
molecules. Our previous study [14] showed that the intensity of
this CD peak increases as the mixing ratio dye/basepair is
increased (at constant dye concentration), as is expected if it is
caused by BOXTO molecules binding in close proximity to
each other. Furthermore, an analysis of the CD shifts (see
below) suggests that for BOXTO the expected negative CD
component of the exciton couplet is hidden under the induced
CD of the individual monomers.

The interactions between closely bound BOXTO molecules
(that cause the exciton CD) is most likely accidental, since the
absorption spectrum of bound BOXTO (Fig. 2, dashed lines)
does not exhibit any stronger tendency than BOXTO-PRO or
BOXTO-MEE to have the reversed spectral shape typical of
dimerised or aggregated dyes (Fig. 2, solid lines). That
BOXTO-PRO and BOXTO-MEE have no observable tendency
to form such CD-detected dye pairs (at similar binding ratios)
suggests that the added tails interfere so that bound dye
molecules do not come as close to each other as with BOXTO.

4.2.2. Two bound modes for all three dyes

BOXTO-PRO and BOXTO-MEE both exhibit a positive LD
in the visible region when bound to ctDNA (Fig. 3), and this
similarity to BOXTO indicates that they all bind in the grooves
of DNA. However, the substantial shift of the LD peak
compared to the isotropic absorbance peak for BOXTO-PRO
(Fig. 3 top, inset) is not consistent with one bound form of the
dye, since in the latter case the LD spectrum should have the
same shape as the absorption spectrum. The same conclusion
can be made from the CD spectrum (Fig. 4), although in this
case the shift compared to the absorbance is smaller. Notably,
the presence of free dye cannot explain the difference in shape
between LD and CD, since both techniques only monitor bound
dye. We therefore propose that BOXTO-PRO binds to DNA in
two different ways. One form is groove bound with a large red
shift of the absorption spectrum, a strong induced CD, and a
positive LD. The second binding mode has a smaller red shift in
absorbance, a weaker CD, and an orientation with respect to
DNA that results in a less positive LD. This hypothesis is
strongly supported by the observation that the CD spectrum can
be reconstructed by using the observed isotropic absorbance
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and LD spectra (under the condition that their shapes are
constant but that their magnitude can vary) for the bound dyes,
as required if all three types of spectra are linear combinations
of the spectral contributions from each of the two bound forms
(Fig. 10). Furthermore, LD spectra at different binding ratios
show consistent changes in shape (Supporting material), as
expected if there are two bound forms of the dye.

With BOXTO-MEE we observe similar shifts in CD and LD
as with BOXTO-PRO, and the same resolution analysis of the
three spectra supports that BOXTO-MEE binds in two different
manners similar to the ones observed with BOXTO-PRO. These
results on the BOXTO-derivatives lead us to perform a more
detailed analysis of the LD and CD data for the BOXTO-parent
(Figs. 3 and 4) as well, albeit the LD shift is much less
accentuated for this dye. The analysis shows that also the
binding of BOXTO is best described by two bound forms
similar to BOXTO-PRO and BOXTO-MEE, only that for
BOXTO the second (less shifted mode) now exhibits a slightly
more positive LD.

4.2.3. The geometry of the first binding mode

The first binding mode (with the largest red shift) most likely
corresponds to binding in one of the grooves. A value of o=41°
for the angle between the transition moment in BOXTO-PRO
and the helix axis of DNA was calculated from LD" at the red
edge of the absorption band (where this binding mode
dominates the spectrum, see Supporting material). This angle
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Fig. 10. Normalized absorbance (open squares), LD (dashed lines), and CD
(solid lines) spectra of BOXTO-PRO (left top panel), BOXTO-MEE (left
middle), and BOXTO (left down) bound to ctDNA. The corresponding right
panel shows the best fit of the linear combinations of the LD and absorbance
spectra (grey circles) to the CD spectra (solid lines).

supports groove binding, since it is close to the value 44—49° for
the known minor groove-binder DAPI [26,27]. It is likely that
the transition moment of the BOXTO chromophore is directed
essentially along the long axis of the molecule. The a-values
obtained for BOXTO-MEE (2=39°) and for BOXTO («=29°)
are similar albeit smaller than for BOXTO-PRO (i.e. more
parallel to the helix axis). Notably, if these dyes bind in the
minor groove, the calculated angles suggest that they would
have to distort the DNA helix, which is in disagreement with
that there are no detectable DNA perturbations when BOXTO
binds to supercoiled circular DNA, as monitored by an
unwinding assay [28]. One possibility is therefore that the
dyes bind in the wider major groove, which allows a larger
range of binding angles.

The positive sign of the induced CD (Fig. 4) further supports
that the first binding mode of all three dyes is groove binding
[29], and the CD intensities (Ae/e in Table S1 in Supporting
material) are of the magnitudes expected for groove binders.

4.2.4. The geometry of the second binding mode

The exact geometry of the second binding mode (with the
smaller spectral shift) cannot be ascertained from the spectral
resolution analysis. The lower LD amplitude on the blue side
of the absorption band suggests that the angle between the
long axis of the dye and the helix axis is larger (i.e. less
parallel to the helix axis) than for ordinary groove binders.
Intercalation is very unlikely, however, because neither
BOXTO-PRO [28], nor BOXTO [13] unwind negatively
supercoiled circular DNA. That the LD" of the second binding
mode is close to zero suggests that the DNA-bound dye in
this binding mode has a comparatively low degree of
structural order, such as random binding on the surface of
the DNA.

BOXTO exhibits a significant deviation between observed
and reconstructed CD around 490 nm, in contrast to the good
agreement observed with BOXTO-PRO and BOXTO-MEE
(Fig. 10, right panels). (In fact, the left panels show this effect
directly in the experimental spectra, because the CD for
BOXTO deviates from the CD spectrum of the other dyes by
lacking the shoulder on the blue side of the band). The fact that
the reconstructed CD overestimates the amplitude suggests that
the experimental spectrum has a counteracting negative
contribution. We tentatively ascribe this component as the
negative part of an exciton couplet for BOXTO where the
positive component is observed around 370 nm (Fig. 4).

4.3. Affinity for DNA

The slightly slower dissociation of BOXTO-PRO than
BOXTO (Fig. 8) suggests that the affinity for DNA is somewhat
higher for BOXTO-PRO. BOXTO-MEE exhibits a consider-
ably faster dissociation than the other two dyes, but it is difficult
to estimate a relative affinity from this result, since the
association rates are not necessarily comparable. The unex-
pectedly low sensitivity to ionic strength in the dissociation rate
for BOXTO-MEE indicates that it dissociates by another route
than BOXTO and BOXTO-PRO.
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The fluorescence intensities when bound to DNA are quite
similar for the three dyes (after correction for absorbance the
ratios are 0.80 for BOXTO-PRO and 0.83 BOXTO-MEE when
compared to BOXTO). This observation indicates that under our
conditions (regarding mixing ratio and ionic strength) the
relative amount of bound dye is essentially the same for all three
dyes. The strong overlap between the absorption and excitation
spectra (Fig. 5) also supports that almost all molecules are bound
in all three cases, since the presence of (low-emitting) free dye
would result in a deviation between these two types of spectra.

4.4. Dissociation in free solution

The approximate linear dependencies between the dissoci-
ation rate and the ionic strength that both BOXTO-PRO and
BOXTO exhibit in the log—log plot (Fig. 8) is in agreement with
theoretical predictions by Wilson and co-workers [21,30].
However, the magnitude of the slope for BOXTO-PRO (—0.51)
is well below the predicted value of —1.52 for a groove bound
divalent ligand (Table 1), an observation which reinforces our
earlier result that the slope for BOXTO (—0.42) is considerably
lower than the predicted value of —0.76 for a monovalent
groove binder. These deviations are particularly interesting
because the theory has been successful in predicting the effect
of ionic strength on the dissociation of groove bound DAPI in
poly(dA—dT),, and of several mono- and divalent intercalators
[21,30], including the intercalator TOPRO-1 (slope —0.79) that
is structurally closely related to BOXTO-PRO [20].

It is particularly interesting that BOXTO-MEE has a slope as
low as —0.01, which is even smaller than the slope for BOXTO
(—0.42) even though the two dyes have the same charge. The
insensitivity to ionic strength observed for BOXTO-MEE
suggests that there is a second (counteracting) effect of the
added NaCl. The methoxyethoxyethyl group that constitutes the
tail of BOXTO-MEE is known to have an affinity for cations,
such as sodium [31-33]. One possibility is that an increase in
NaCl concentration favours a fraction of the dye molecules to
acquire an extra positive charge by chelating a sodium ion,
which could partly offset the screening effect of the added salt.
However, BOXTO-MEE is far from optimal for imaging
applications because the rate of dissociation is considerably
faster than for BOXTO (albeit still slower than for the related
divalent intercalator TOPRO-1) [20].

Interestingly, the observation of two bound forms may be
related to the fact that the dissociation of all three dyes is
biexponential. The fast dissociation and weak slope in Fig. 8 for
BOXTO-MEE indicates that BOXTO-MEE dissociates by
another mechanism than BOXTO and BOXTO-PRO.

4.5. Electrophoretic dissociation

The dissociation during electrophoretic migration of DNA
dye complexes in gels was studied to investigate if the slower
dissociation of BOXTO-PRO compared to BOXTO in free
solution (Fig. 8) manifests itself in this application. We find that
BOXTO-MEE dissociates faster than both BOXTO-PRO and
BOXTO in electrophoresis, seemingly consistent with the faster

dissociation in free solution. However, BOXTO-PRO dissoci-
ates faster in the gel than both BOXTO and the corresponding
intercalator TOPRO-1, while in free solution BOXTO-PRO
exhibits the slowest dissociation of these three dyes.

It is reasonable that the decrease in fluorescence in the gel
does not correspond to a single event of dye dissociation from
DNA, given that the half-times in the gels are 5 orders of
magnitude larger than in free solution (Table 2). Apparent
stabilization of protein DNA complexes in gels has been
ascribed to a cage effect [34], by which the gel matrix slows
down the diffusion of the dissociated ligand and enhances its
probability of re-association to the target. However, the dye
molecules we study here are small compared to proteins, and so
small compared to the average pore radius of the agarose gel
(250 nm) that the gel matrix can be expected to have negligible
effect on their diffusion [35]. We are presently investigating
theoretically whether the apparent life-time of the complex
instead is governed by the rate by which the dyes leave the DNA
zone by electrophoretic migration in the direction opposite to
the DNA molecules. If it is assumed that the dyes undergo many
dissociation and association events during the process of
leaving the zone (Akerman, Larsson, in preparation) the
fluorescence is predicted to decrease with a half-time ¢/, (see
Supporting material):

L
h)a :2—\1(1 +K[S]) (3)
where L, is the length of the sample zone, vg is the
electrophoretic velocity of the non-bound dye (in the gel), K
is the equilibrium binding constant for the dye to DNA and [S]
is the effective concentration of free binding sites on the DNA
molecules in the zone. Notably, in this model it is the ratio of
association and dissociation rate constants (as combined in K),
rather than the dissociation rate by itself that controls the
effective half-time in the gel. The free velocity of non-bound
dye is vg=Eg/f, where E is the field strength, ¢ the charge and '
the friction coefficient of the dye. The increasing half-times in
the gel for the “homologue” series YO, YOPRO and YOYO
(Table 2), is in qualitative agreement with Eq. (3) because the
affinity for DNA increases in this order, whereas the ratio g/f’is
expected to be comparable for all the three dyes. This
interpretation is also consistent with previous electrophoresis
studies of TO and TOTO [36] and ethidium bromide and its
corresponding dimer [37]. Quantitative comparison between
BOXTO, BOXTO-PRO, BOXTO-MEE and TOPRO-1 there-
fore has to wait for the affinity constants to be determined.
Another fact that has to be taken into account is interaction with
the gel matrix, due to the limited water solubility of the
BOXTO-type of dyes. Occasional binding to the gel would
increase the apparent friction coefficient. This may explain why
the more hydrophilic BOXTO-PRO has a shorter effective half-
time in the gel than BOXTO.

5. Conclusions

The primary conclusion from this work is that when
BOXTO is extended with a charged or non-ionic polar tail,
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the groove binding mode to DNA of BOXTO is retained, and
the fluorescence properties are preserved. Notably, a second
and less oriented bound form of the dyes becomes more
prominent when the tails are present, but since this form also
is non-intercalating, BOXTO-PRO may be a useful DNA
probe in fluorescence applications where helix perturbation is
a disadvantage. One example is when cyanine dyes are used
as spectroscopic probes on the DNA organisation inside
bacteriophages (Eriksson et al., submitted), where extension
of the already strongly packed DNA may affect dye binding.
The low sensitivity of BOXTO-MEE-dissociation to ionic
strength may also be useful in biological systems, such as
gellan gels. The commonly required divalent cations tend to
increase dye-dissociation so that even bisintercalators such as
YOYO cannot be used in microscopy [38]. However, for
microscopy applications the overall rate of dissociation of
BOXTO-MEE has to be reduced, perhaps by a dimer-
strategy. In general the BOXTO chromophore is an
interesting spectral probe for studies of DNA binding, since
its emission properties are robust and insensitive to binding
geometry, whereas the absorption properties including LD
and CD are.
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