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Abstract

To the best of our knowledge this is the first report on the application of induced circularly
polarized luminescence (CPL) for sensing the binding of fluorescent dyes to double stranded
DNA. Using Thiazole Orange (TO) and 4’,6-diamidino-2-phenylindole (DAPI) as models, we
show utility and limitations of CPL in DNA binding studies. The results obtained indicate that
CPL can be used as a new chiroptical tool for this purpose, however, special attention while
recording CPL data must be used, in order to exclude measurement artefacts caused by linear
polarization components.
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Introduction

Interaction of small organic molecules like drugs, pollutants or stains with
biomacromolecules has been targeted for decades by means of chiroptical spectroscopy. In the
field of drug-carrier protein binding, Carlo Bertucci’s contribution to the progress in the use
and interpretation of induced circular dichroism (ICD) has been of prime importance.[1-4]
Following this inspiration, and moved by our recent interest in circularly polarized
luminescence (CPL), we decided to study the induction of CPL of fluorescent dyes upon their
binding to DNA.



Circularly polarized luminescence (CPL) is the differential emission of left- versus right
circularly polarized light in chiral non racemic molecules. It can be considered the emission
counterpart of electronic circular dichroism (ECD), which takes place in absorption,[5,6] and
the two techniques constitute a complementary set of chiroptical tools for probing excited and
ground state structures of chiral entities. Recently CPL spectroscopy has found many new
intriguing applications in different fields of pure and applied chemistry, such as chirality
sensing of biomolecules,[7,8] such as amino acids,[9,10] sugars[11] and proteinaceous
matrices,[12] chiroptical switching[13,14] or manufacturing new type of optoelectronic
devices.[15-17] Furthermore, CPL and induced CPL has been efficiently utilized also for
studying various bio-systems, including nicotinamide adenine dinucleotide,[18]
oligonucleotide,[19] proteins,[20,21] insulin amyloid fibrils,[22] RNA,[23] chlorophyll[24] or
chloroplasts.[25] This blossoming of CPL spectroscopy, followed and supported by the
progress in instrumentation[26,27] and calculations[22,28-30] opens up new pathways to
study chiral fluorescence systems and materials, but also lends itself to finding new
challenges.

We decided to apply for the first time this technique to the interactions between calf
thymus DNA (B-type double helix) and two different fluorescent dyes, i.e. Thiazole Orange
(TO) and 4’,6-diamidino-2-phenylindole (DAPI) (Fig. 1), which are commonly used to stain
DNA. TO is a well-known fluorescent stain of the cyanine family that intercalates between
DNA base-pairs,[31] whereas DAPI shows more complex behaviour but mainly yields
groove-bound DNA complexes[31-33] and is used as minor-groove binding probe.[34,35] By
using our protocol for recording CPL data,[12,30] we will show also some limitations of this
technique and discuss the main origin of the artefacts standing behind. In addition, induced
ECD (ICD) as a complementary spectroscopy to CPL will be also investigated for monitoring
DNA-dye binding process.
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Fig. 1 Structure of Thiazole Orange (TO) and 4’,6-diamidino-2-phenylindole (DAPI).

Materials and methods

Thiazole Orange (TO mono-cation, p-toluenesulfonate as counterion) was purchased from
AnaSpec Inc. (ultrapure grade), whereas DAPI (4’,6-diamidino-2-phenylindole-2HCI) was
purchased from Merck. Stock solutions of TO and DAPI were prepared by dissolving
appropriate amounts of the salts in DMSO (Sigma) to Cgye= 1 % 10 % M. This stock solution
was kept in the dark at 4 °C. Samples used for analysis were directly prepared in a cuvette
with such a dilution of the stock in the working buffer (0.1 M NaCl and 0.01 M sodium
cacodylate (NaCac) buffer, pH = 7.0) that the final content of DMSO is negligible. Calf
thymus DNA (DNA) was the highly polymerised lyophilised sodium salt form (Sigma). It
was sonicated to reduce the polynucleotide length (to ca. 500 base pairs) according to a
known procedure.[36] DNA/TO and DNA/DAPI systems were prepared according
respectively to Refs.[31,37]. The titrations were carried out at room temperature by adding
increasing amounts of DNA directly to the cell containing the dye solution. The additions
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were made by using a Hamilton syringe. For all solutions water was the ultra-pure grade from
a Sartorius apparatus (18.2 MQ cm at 25 °C).

Electronic circular dichroism (ECD)

The experimental ECD and UV-Vis spectra were recorded on a Jasco J-715 spectrometer
at room temperature in a quartz cell with a path length of 1 or 2 cm. All measurements were
carried out using a scanning speed of 100 nm min™, a step size of 0.2 nm, a bandwidth of 2
nm, a response time of 1 s, and an accumulation of 4 scans. The DNA/TO spectra were
background-corrected using spectrum of the buffer recorded under the same conditions, while,
because of some spectral overlap, DNA/DAPI spectra were background-corrected using the
spectrum of DNA alone in buffer at the concentrations recorded under the same conditions.

Circularly polarized luminescence (CPL)

All CPL and fluorescence (PL) measurements were recorded using our home-built CPL
spectrofluoropolarimeter described in Ref.[30]. TO/DNA samples were irradiated by a LED
source (Aexc =470 nm) using a 90° geometry, as described previously[30]. A linear polarizing
filter aligned with the optical axis of the detection apparatus was inserted between source and
sample, to prevent photoselection artefacts. Removing this filter, however does not lead to
major changes in the observed CPL signals.

DAPI samples were irradiated with a fluorescent UV lamp (Lexc = 365 nm) using different
90° geometries: lamp to the side or on top of the sample, various lamp orientations.

All the spectra were carried out using a scanning speed of 60 nm/min, an emission slit
width of ca. 10 nm, an integration time of 4 sec; each spectrum is the average of 4
accumulations.

Nuclear Magnetic Resonance (NMR)

NMR experiments were run on a Varian/Agilent INOVA 600 instrument operating at 14.1
T with a 5-mm triple resonance probe equipped with z-gradients. The experiments were run
by adding directly 1pL of tert-BuOH as internal standard for quantitation of the *H integrals
to samples consisting of 400 uL of DAPI dissolved in D0 (8.5 mM) or CD30D (6.4 mM). In
the spectra we used the integrals of non-overlapping DAPI signals, and the tert-buthyl
resonance of the alcohol, all of them normalized for the number of resonating protons.

Results and Discussion

DNA/TO system

TO (Fig. 1, left) is a well known DNA-marker since it is strongly fluorescent upon
complexation with DNA, and completely quenched in its free form in water.[38] These
properties make TO an useful probe for revealing DNA and possibly also for studying various
DNA conformations.[31,39-44] TO is achiral and for this reason its chiroptical spectra are
vanishing. On the other hand, TO has electronic transitions much shifted to the red compared
to DNA. These are ideal conditions to use the ICD to reveal the binding of dyes to DNA, as it
is well established in the literature.[45-49] In order to find the best conditions for DNA/TO
interaction, we first conducted ECD/absorption titration experiments, and then we recorded
CPL spectra for selected mixture to highlight specific solution equilibria.

Figure 2 immediately reveals TO binding to DNA in the form of ICD signals in
correspondence to the broad absorption band of TO around 500 nm: we must remember that
the ICD signal can be generated only by the DNA/TO complex, because TO is achiral (black
curve, DNA/TO=0:1), while DNA has no absorption in the visible. In the course of titration, a



sequence of a positive and a negative bands are found in the range 425-550 nm whose total
and also relative magnitudes strongly depend on the DNA/TO mole ratio.
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Fig. 2 ICD (left) and absorption (right) spectra of DNA/TO system (Cro = 1.0 x 10 M) in
0.1 M NaCl and 0.01 M NaCac buffer (pH = 7.0) measured in the 2 cm path length cell.

Examining the changes of ICD spectra (Fig. 2, left) upon increasing the concentration of
DNA, we can observe that there is no isodichroic point, owing to the fact that the relative
intensities of the two main ICD bands change differently upon DNA addition: the positive
band centred at ca.510 nm systematically decreases from +4 mdeg (blue curve,
DNA/TO=1:1) to almost disappear (+1 mdeg, red curve, DNA/TO=24:1) on increasing DNA,
while the negative band at ca. 475 nm initially increases (absolute value) upon addition of
DNA from -2 (DNA/TO=1:1) to -4 mdeg (DNA/TO=4:1) and then decreases to —2 mdeg
(DNA/TO=24:1). Moreover, the positions of both positive and negative bands shift to the red
by ca. 10 nm upon addition of DNA.

Similarly, in the absorption spectrum (Fig. 2, right), we first notice the absence of
isosbestic point and the general change of spectral shape during the course of the titration.
The relative ratio of the two bands changes from an approximate 1:0.9 to a 1:0.6. At the same
time, like in the ECD spectra, one can observe that the position of the lowest energy band is
10 nm red-shifted with respect to the absorption spectrum of TO without DNA (black curve,
DNA/TO=0:1). These observations are in line with previous work[31] where the presence of
this dynamic equilibrium were reported by absorbance and fluorescence titrations.[50]

It was reported before, that at low DNA concentration TO may self-aggregate,[51] because
the positively charged dye tends to concentrate in proximity of the negatively charged
DNA.[31,48,52] As a first interpretation of the above chiroptical data, we can hypothesize
that the DNA-bound TO aggregates may be responsible of the bisignate aspect of the ECD
spectrum of Figure 2 during the first steps of the titration, which may be ascribed to
intermolecular exciton coupling of the main electronic transition of TO. Indeed, there is a
good match between the absorption Anax and the ECD crossover, which is a typical signature
of degenerate exciton coupling. Alternatively, it is also known that in free form TO has a
certain degree of internal twist, leading to non-planar chiral conformations of the individual
molecule, which was held responsible for the absence of fluorescence of the dye before DNA
binding.[51] Interaction with DNA may induce the preference of a definite sense of twist, and
this may constitute an alternative explanation of the observed ECD spectrum. At higher DNA
concentration, however, a deep dye intercalation occurs,[53] and the broad negative band at
about 490 nm may be allied to the coupling of the dye transitions with the neighbouring DNA
bases. The redshift observed both in ECD and in the absorption spectrum may be the effect of



the different environment polarity from water to intercalation into nucleotide dyads and to
planarization of the dye.[51]

Following these observations, we decided to collect the CPL data in the two limiting
situations: one at low and one at high DNA:TO mole ratios (Fig. 3) and check the utility and
sensitivity of CPL spectroscopy for sensing DNA with fluorescent dyes.
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Fig. 3 Induced CPL (left) and normalized PL (right) spectra of DNA/TO system (Cto = 1.0
x 10° M) in 0.1 M NaCl and 0.01 M NaCac buffer (pH 7.0) measured in the 1 cm path length
cell.

The CPL spectra (Fig. 3, left) retrace the photoluminescence (PL) spectra (Fig. 3, right),
showing a positive CPL band with a maximum in the range 530-540 nm. In contrast to ICD
and absorption spectra, there is no shift of the CPL band with respect to the fluorescence
band. The intensity of the CPL signal relative to total fluorescence (gum) remains essentially
constant in both situations (DNA/TO=1:1 and DNA/TO=24:1), with a gium~5 x 10~ (the
small differences are not deemed significant). It should be observed that in the latter situation
TO appears much more emissive, which is well reflected in the improved signal-to-noise in
the CPL spectrum compared to the low DNA concentration.

Based on Fig.s 2 and 3 (or Fig. S1, for DNA/TO=1:1) one may see that there is a partial
overlap between absorption/PL and ECD/CPL spectra in the range 500-550 nm. Thus,
according to the protocol introduced by Abbate[54,55] observed CPL spectrum should be
corrected, since in this range emitted radiation may be re-absorbed (with a preference for left
or right circularly polarized light, according to the ECD spectrum). Indeed, corrected CPL
spectrum in the range 550-650 nm is identical with the experimental data, and the difference
occurs only in the range between 500-550 nm (Fig. S2).

We may model the situation putting forward that the external binding leaves the TO
molecules partly aggregated and exposed to water. In this situation, the TO molecules may
preserve a certain degree of internal twist as found by DFT computations for both isolated TO
molecules and dimers.[51] All these factors concur in quenching TO fluorescence and
consequently in this state the dye would not display any activity in CPL. Nonetheless, a small
mole fraction of TO becomes intercalated in DNA even at low mole ratio. This is responsible
for the weak but detectable total luminescence and for the positive CPL band. In ECD, it
would produce a broad negative signal, which is overwhelmed by the positive couplet due to
the external electrostatic binding. On increasing DNA concentration, the dye becomes mostly
intercalated into DNA as single molecules. This leads to strong TO fluorescence, which is
accompanied by a positive CPL band.

DFT calculations indicated a deep inclusion of TO into ds-DNA,[51] which is compatible
with the main and broad negative ECD band observed at high DNA/TO ratios, on assuming
that the main electronic transition of this dye is polarized along the major molecular axis.



DNA/DAPI system
To further develop our methodology, we decided to perform an analogous study by using
DAPI, which is another fluorescent dye commonly used to stain DNA. DAPI is also
intrinsically achiral, but in contrast to TO, it exhibits a strong fluorescence also in water.[48]
Furthermore, previous studies revealed that DAPI has complex binding features, which cannot
be simply classified, since intercalation, as well as minor and major groove binding modes are
possible.[37,56-60]
As before, we initially conducted a complete ECD/absorption titration (Fig. 4), to find the
best conditions for CPL measurements. We can make the following observations:
¢ inthe ICD spectrum there is a positive band centred at ca. 365 nm;
e although the ICD signal systematically increases on increasing DNA, the shape of ECD
band remains constant;
e the absorption spectrum reveals a small redshift of DAPI band upon DNA binding, with an
isosbestic point at about 370 nm.

All these features reveal that in the conditions used in this experiment, DAPI is present
only in two species: as the free molecule in solution, which is achiral, and as bound to DNA.
In this latter case, the sign of the ICD band is positive, which may suggest that DAPI pokes
out toward the exterior, as put forward previously,[37] in a very different way compared to
TO. Quantitative analysis of the ECD titration through Hildebrand-Benesi method as reported
in Ref. [37] leads to an estimate of Ae =31 M™ cm™ for DAPI fully bound to DNA, which
translates in an Kuhn anisotropy g-factor gass ~ 1.5-10°%, which is reasonable for an organic
dye embedded in the chiral environment provided by DNA.[49]
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Fig. 4 ECD (left) and UV (right) spectra of DNA/DAPI system (Cpapi = 3.3 x 10° M) in 0.1
M NaCl and 0.01 M NaCac buffer (pH = 7.0) measured in 1 cm path length cell.

In the next step of our chiroptical analysis we applied CPL spectroscopy. Since DAPI in
water solution is fluorescent by itself, we decided to collect a spectrum without addition of
DNA. As it can be seen in Fig. 5, the CPL spectrum in buffer (blue curve) exhibits a broad
negative band centred at 475 nm with a high dissymmetry factor gjyn =~ 1 x 1072
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Fig. 5 CPL spectra of DAPI system (Cpapi = 3.3 x 10 M) in acetone, ethanol and 0.1 M
NaCl and 0.01 M NaCac buffer (pH 7.0) measured in the 1 cm path length cell.

This is surely due to an artefact, because DAPI is achiral, and to ascertain its origin we
conducted additional measurements in different solvents, i.e. in ethanol and acetone. It turned
out that this effect is significantly reduced in ethanol (gum=~4 x 107%), while in acetone it is
totally absent. These observations demonstrated clearly that the solvent plays a prime role on
the onset of these artefacts.

The current configuration of our CPL instrument allows only for 90° excitation/detection
geometry, with a consequent danger of photoselecting the luminescent molecules. This
phenomenon is well known: if the excitation source is linearly polarized, the molecules whose
main transition dipole in absorption is aligned parallel to light polarization are effectively
excited, while those with their dipole orthogonal to UV radiation are not. If the subsequent
photon emission occurs before the molecules have reoriented, then the exiting light is also
linearly polarized (on top of possible circular polarization, which can only stem from
chirality). This linear polarization may interfere with the detection optics, originating the
artefact.[61]

It is clear that in these conditions our attempts to use CPL for monitoring the interaction of
DAPI with DNA would be too error prone and at the moment we decided not to pursue this
objective further. Nonetheless, we decided to better understand how such a small molecule as
DAPI would give rise to this CPL artefact, on account of its supposedly fast reorientational
rate, and consequently understand better the limitations of the presented methodology.

The *H NMR spectra of DAPI both in D,O and CD3OD reveal the expected resonances for
this molecule as sharp signals (Figure S3). Apparently, these spectra are compatible with a
fast tumbling molecule, with rotational correlation time t. well below 1 ns, as also confirmed
by measuring the diffusion coefficient, which indicates a hydrodynamic radius of a few A.
This is in apparent conflict with the photoselection process we put forward, because the
lifetime of electronic excited state of DAPI amounts to 1.24 ns.[62]

We ran another full set of quantitative "H NMR experiments by adding directly 1uL of
tert-BuOH as internal standard to NMR tubes with a known quantity of DAPI dissolved in
D,0 and CD3;OD. We found that the integrals of DAPI signals (appropriately scaled for the
number of protons) account only for a fraction of the total dye: 15% in water, 76% in
methanol. This means that the dye is in slow (NMR timescale) exchange between a fast
tumbling free state, responsible for the observed signals and a highly aggregated one, with
such a slow reorientation to provide extremely broad and easily saturated NMR signals, which
cannot be observed. This condition is met if the t. of the aggregates is at least 100 ns or
greater. For such that large aggregates, photoselection can be a serious problem. Indeed, from
our results in water solution the equilibrium between the free and aggregate form of DAPI is
shifted strongly towards the aggregate form, and to a much lesser extent in methanol.
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Conclusions

In the present study we have applied chiroptical methods for investigating the binding of
TO and DAPI with DNA. In both cases, the analysis of ECD spectra is in good agreement
with previous findings. Secondly, for the first time we have applied CPL spectroscopy for
studying the interactions between calf thymus DNA and TO as a model fluorescence dye.
Although this example is not covering the whole range of dyes used in DNA study, it
evidently indicates that CPL can be a useful complement to other measurements for advanced
analysis of DNA binding. We believe that our results give a new insight to development of
CPL spectroscopy towards sensing DNA and also other bio-compounds. This technique might
have some limitations due to photoselection, as it was shown using DAPI, a dye already
known to have a complex system of solution equilibria, which may interfere with the
measurements and therefore it requires a critical attitude in data collection and interpretation.
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