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Abstract

Turn-on fluorescent probes show enhanced emission upon DNA binding, advocating their
importance in imaging cellular DNA. We have probed the DNA binding mode of thiazole-
coumarin (TC) conjugate, a recently reported hemicyanine-based turn-on red fluorescent
probe, using a number of biophysical techniques and a series of short oligonucleotides. TC
exhibited increased fluorescence anisotropy and decreased absorbance (~50%) at low
[DNAJ/[TC] ratio. Although the observed hypochromicity and the saturating value of [DNA
base pair]:[TC] ratio is consistent with a previous study that suggested intercalation to be
the DNA binding mode of TC, a distinctly different and previously unreported binding mode
was observed at higher ratios of [DNA]:[TC]. With further addition of DNA, only oligonucleo-
tides containing A, T,, or (AT), stretches showed further change—decreased hypochromi-
city, red shifted absorption peaks and concomitant fluorescence enhancement, saturating
at about 1:1 [DNAJ: [TC]. 'H-NMR chemical shift perturbation patterns and H1’-H6/H8 NOE
cross-peaks of the 1:1 complex indicated minor groove binding by TC. ITC showed the 1:1
DNA binding event to be endothermic (AH’ ~ 2 kcal/mol) and entropy driven (AS° ~ 32 cal/
mol/K). Taken together, the experimental data suggest a dual DNA binding mode by TC. At
low [DNAY/[TC] ratio, the dominant mode is intercalation. This switches to minor groove
binding at higher [DNAJ/[TC], only for sequences containing AT, or (AT), stretches. Turn-
on fluorescence results only in the previously unreported minor groove bound state. Our
results allow a better understanding of DNA-ligand interaction for the newly reported turn-on
probe TC.

Introduction

DNA is a ubiquitous biological macromolecule whose specific detection under various condi-
tions forms the basis of probing molecular mechanisms behind various cellular processes [1].
A typical double helical DNA molecule can bind appropriate molecular partners at the major
or the minor groove. The binding partner can also intercalate between stacked base pairs. The
major groove is much wider than the minor groove and typically accommodates protein
domains. Small molecules, both natural and synthetic, display either minor groove binding or
intercalation [2].
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The most versatile way of mapping molecular architecture of a cell is through fluorescence-
detected imaging [3]. Typically, a small molecule is designed such that it binds specifically to a
particular type of cellular component or molecule and shows fluorescence only in the bound
state. They include minor groove binders, like Hoechst dyes or quinone cyanine dithiazole [4,
5], or intercalators, like ethidium bromide (EtBr) [6] or propidium iodide (PI) [7]. Some fluor-
ophores such as DAPI may behave as an intercalator or minor groove binder depending upon
the DNA sequence [8]. Despite the availability of a variety of molecular probes, most of the
commercially available fluorophores for DNA staining suffer from various disadvantages.
DAPI and Hoechst dyes require ultraviolet light for excitation that may cause photo-induced
DNA damage due to the production of free radicals leading to cell death [9]. The impermeable
character of EtBr and PI has restricted their use only to fixed and dead cells. Cyanine dyes have
also been used for staining of DNA gels and fluorescence based assays but these dyes do not
display a high degree of specificity and also result in enhanced fluorescence with RNA and sin-
gle stranded DNA (ssDNA) [10].

An ideal fluorescent probe should have certain attributes- excitation at longer wavelengths
to prevent auto fluorescence of the cellular components, ability to show turn-on fluorescence
in presence of dsDNA, high permeability to cellular membranes, low levels of toxicity to live
cells, high specificity to dSDNA over ssDNA or RNA and responsive at low concentrations.
The design of a recently reported hemicyanine-based fluorescent probe, thiazole-coumarin
conjugate (TC; Fig 1A), takes into account these criteria [11]. The turn-on red fluorescent TC
showed specificity towards AT-base pairs in dsDNA.

Although preliminary experiments, based on FRET assays with Hoechst 33258, and DFT
calculations suggested that TC binds DNA via intercalation, the DNA binding mode by TC
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Fig 1. A. Molecular structure of TC. B. Oligonucleotides used in this study. C. Variation of absorption spectra of TC as a function of added A3T; (left panel) and CG
(right panel). D. Changes in absorbance of TC (5 uM) as a function of increasing [DNA]/[TC]. E. Changes in absorption maxima of TC (5 uM) as a function of
increasing [DNA]/[TC]. F. CCA-derived average basis spectra derived from DNA-titrated (with A;T3, A,T, and (AT),) absorption spectra of TC (S2 Fig). G. Percent
population of the basis spectra (panel F) as a function of [DNA]/[TC]. Inset shows % population of the original species as a function of [base pair]/[TC]. H. CCA-
derived average basis spectra derived from DNA-titrated (with AT and t-(AT),) absorption spectra of TC (S2 Fig). I. Percent population of the basis spectra (panel H) as
a function of [DNA]/[TC]. Inset shows % population of the original species as a function of [base pair]/[TC].

https://doi.org/10.1371/journal.pone.0239145.9001
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was not probed directly. Here we have studied the DNA-binding mode of TC to a number of
systematically designed short oligonucleotides containing AT or GC stretches (Fig 1B) using a
number of complementary biophysical techniques. We show that TC, in addition to intercala-
tion, binds at the minor groove of AT-rich DNA-a binding mode responsible for the fluores-
cence enhancement.

Materials and methods
Materials

In total, six self-complementary oligonucleotides were used in this study: (1) A,T,: 5-(CG),A,
T5(CG),-3% (2) A3T5: 5-(CG)LA3T5(CG),-37; (3) (AT),: 5-(CG)L(AT)2(CG),-37; (4) t-(AT),:
5°-(AT)2(CG)»(AT),-3% (5) AT: 5°-(CG),AT(CG),-3’; (6) CG: 5-(CG)s—3". All oligonucleo-
tides (Fig 1B) were purchased from GCC Biotech in HPLC purified form and dissolved in
buffer A (10 mM sodium phosphate, 10 mM NaCl, pH 7.5). The oligonucleotides were
annealed by heating to 90 °C for 5 minutes followed by slow cooling overnight. TC was synthe-
sized and purified as described elsewhere [11]. The experimental procedures followed for the
synthesis of TC, and associated analytical data, are included in the Supplementary Materials
(S1 Text and S1 Fig).

Electronic spectroscopy

The UV-visible spectra of TC, with and without DNA, were recorded on a Shimadzu UV-1700
spectrophotometer in buffer A. Spectra obtained from titrations were deconvoluted using the
method of Convex Constrained Analysis (CCA) using the software CCA+ [12] where the spec-
trum of TC in absence of DNA was used as one of the basis spectra. Fluorescence spectra of
TC, with and without DNA, were recorded on a PTT QM-400 fluorimeter (A, = 530 nm) in
buffer A. Fluorescence anisotropy was measured using a L-format configuration. Unless other-
wise stated, all experiments were performed at 25°C with [TC] = 5 uM. Binding constants
were estimated using

F(L)=F,+ (F, —F)[K,+n+LC, — \/(Kd +n+LC,)’ — 4nC,L]/2nC, (1)

where F, Fy and (F,,—F,) are the observed, initial and final (under saturating conditions) fluo-
rescence, 7 is the number of binding sites, Cy and L are the receptor and ligand concentrations,
respectively.

Isothermal Titration Calorimetry (ITC)

ITC experiments were performed on a TA Affinity ITC instrument. Samples were extensively
degassed prior to the experiment, conducted in buffer A and at 25°C. Titrations were per-
formed by injecting incremental amounts of TC into A;3T3 (40 uM). The interval between two
subsequent injections and the injection volume were 200 seconds and 2 pl, respectively. The
observed heat rates were corrected by subtracting heat of dilution obtained by repeating the
experiment without A;T; (only buffer A). The thermograms were analysed using the in-built
NanoAnalyze software.

NMR spectroscopy

NMR spectra were acquired on Bruker Avance-III 700 MHz spectrometer in presence of 10%
D,O (for signal locking) and trimethyl-silyl propionate (internal standard). TC:DNA titrations
were performed by recording 1D 'H spectra upon incremental addition of either TC or DNA
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to the other species (300 uM in buffer A). Resonance assignments and proximity of protons
were determined from 2D TOCSY and NOESY (mixing time = 250 ms) experiments recorded
under similar conditions [13]. Unless otherwise stated, all experiments were performed at
25°C.

Molecular docking

Molecular docking was performed with Autodock 4.0 [14] using 2DAU (pdb ID) as the DNA
template. The 3D structure of TC was generated using Corina [15] and used for docking after
energy minimization.

Results
UV-Vis absorption spectroscopy

The absorption spectra of TC were recorded as a function of increasing amounts of added oli-
gonucleotides (S2 Fig). AT-rich (A;T3) and GC-rich (CG) DNA induced very different
changes in the absorption spectra of TC (Fig 1C). As shown in Fig 1D, in terms of DNA-
induced changes in the absorption spectra, the oligonucleotides could be classified into two
distinct groups (group A: A;T3, A,T, and (AT),; group B: t-(AT),, AT and CG).

For group A, the absorbance decreased initially before increasing again while group B
showed monotonic decrease. Addition of DNA also resulted in red shifts (Fig 1E): highest for
A;T; and A,T, (~ 20 nm), intermediary for (AT),, t-(AT), and AT (~ 10-15 nm) and no
detectable shift for CG. The titration-derived UV-vis spectra of TC were subjected to CCA, a
method that deconvolutes a set of spectra as a linear combination of two or more basis spectra.

As shown in S3 Fig, CCA yielded three basis spectra (initial, intermediate and final) for all
except CG (for which two basis spectra were obtained). The average basis spectra and their
growth or decay are shown in Fig 1F and 1G (group A) and Fig 1H and 1I (group B). Com-
pared to the initial basis spectra, the intermediate basis spectra showed reduced intensity (37%
reduced for group A and 50% reduced for group B) and red shift (5 nm for group A and 3 nm
for group B). Appearance of the intermediary species was completed by [DNA]/[TC] ~ 0.2
([base pair]/[TC] ~ 3; inset to Fig 1G and Fig 1I) after which the final species started to build
up with increasing DNA. Compared to the intermediary species, the final species for group A
showed large red shift (15 nm) and enhanced absorbance (40%). For group B the final basis
spectrum showed a small red shift (7 nm) with no change in absorbance.

Fluorescence spectroscopy

The fluorescence spectra of TC were recorded as a function of increasing amounts of added
oligonucleotides (Fig 2A and S4 Fig). As shown in Fig 2B, A3T; and A, T, showed the highest
fluorescence enhancement (~ 12-fold), enhancement by (AT), and t-(AT), were moderate (~
8-fold) while fluorescence enhancement by AT and CG was nominal. The members of group
A showed large blue shift (~ 20 nm), t-(AT), and AT from group B showed intermediary blue
shift (~ 5-10 nm) while the addition of CG did not produce any peak shift (Fig 2C). The blue
shifts were completed by [DNA]/[TC] ~ 0.2 while fluorescence enhancement saturated around
[DNA]/[TC] ~ 1.0, consistent with a 1:1 A;T5:TC binding stoichiometry obtained from fluo-
rescence intensity detected Job plot (Fig 2D).

The fluorescence anisotropy of TC, as a function of added DNA, was also measured (Fig
2E). The anisotropy of free TC (~ 0.18) increased initially upon addition of A;T; or A,T, (for
[DNA]/[TC] < 0.2) and then decreased before finally stabilizing at [DNA]/[TC] ~ 1.2. (AT),
also showed similar trend. However, anisotropy increase for members of group B was smaller
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Fig 2. A. Fluorescence spectra of TC as a function of added A;T;. B. Relative fluorescence enhancement (corrected for altered absorbance; see Fig 1D) of TC as a
function of added DNA. C. Fluorescence peak shifts of TC as a function of added DNA. D. Job plot obtained from fluorescence enhancement of TC at different [A3T5]/
[TC] ratios. E. Fluorescence anisotropy of TC as a function of added DNA. F. Overlay of fluorescence enhancement, absorption peak shift and relative absorbance of TC
as a function of [A3T;]/[TC]. G. Overlay of fluorescence peak shift, fluorescence enhancement and fluorescence anisotropy of TC as a function of [A;T;]/[TC]. H.

Expanded panel G (up to [A;T3]/[TC] = 0.2).

https://doi.org/10.1371/journal.pone.0239145.9002

and the increase was monotonic. Changes in fluorescence and absorbance were correlated for
A;3T; (Fig 2F): fluorescence enhancement coincided with absorption peak shift and the
increase in absorbance (observed for [DNA]/[TC] > 0.2). Changes in fluorescence (intensity
and peak shift) was also correlated with changes in anisotropy: the gradual decrease in anisot-
ropy ([DNA]/[TC] > 0.2) correlated with the increase in fluorescence intensity (Fig 2G) while
the sharp increase in anisotropy ([DNA]/[TC] < 0.2) correlated with the fluorescence blue
shift (Fig 2H).

NMR spectroscopy

The "H NMR spectrum of TC showed sharp and distinct peaks in solution (Fig 3A) that could
be assigned using TOCSY experiments. The sharp resonances underwent downfield shift and
broadening upon addition of DNA (Fig 3A and S5A Fig). By ~ [A3T3]/[TC] = 0.2, TC reso-
nances almost disappeared due to broadening. When the reverse titrations were performed
(TC added to A;T3) TC peaks did not reappear even at [TC]/[A3T3] = 4, although consider-
able shifts were observed for the DNA (A,T, and A;Tj3) protons.

Due to absence of resonance overlap with TC, the imino resonances of A;T; (Fig 3B) and
A,T, (S5B Fig) were monitored as a function of added TC (the imino resonances of CG were
also monitored as control; see S5C Fig). For A3T; (Fig 3C), T9 and G4 showed almost no
change. Unlike G2 and G12, by [A;T3]/[TC] = 1, changes in T8 and T10 resonances were
almost complete. That this change corresponded to TC:DNA binding was reflected in the
excellent fit of the fractional change in chemical shifts of T8 and T10 to Eq 1 (Fig 3D). Chemi-
cal shifts of the relatively overlap-free H8 resonance of A5, A6 and A7, bases complimentary to
T10, T9 and T8, respectively, showed similar trend (Fig 3E and 3F). Chemical shifts of A6
changed almost linearly while those of A5 and A7 showed a bimodal change (with a break at
[A;T;]/[TC] ~ 1).

PLOS ONE | https://doi.org/10.1371/journal.pone.0239145 September 17, 2020 5/11


https://doi.org/10.1371/journal.pone.0239145.g002
https://doi.org/10.1371/journal.pone.0239145

PLOS ONE

Dual DNA binding mode of a turn-on red fluorescent probe

A [AsT,J/[TC]
1.0

MMAM.MO'E)

A 0.08

Fraction change

MLMO 0 1 2 3 4110

ke L PEe 8% 8 [TCl/IA,T] [TCl/IA,T]
T T v/ T . D '
80 75 65 6.0 ppm 140 136 132  12.8 ppm
y H HY' — Ha'
0.4 — o —H6/8 — H2
—— H6/8 — imino 0.2 —— H2" — imino

1 AH2 I A-H2

I R
<< < 0 1 2 3 4 T T T T T T T T T T T 11 R TN N T R A O T A
L T ANMNMTWLONODNDO N M OO OO = s e
OCOO0OLICFF - =& & 500
8.08 8.04 ppm [TCI/[A;T,] b bk
PP [A;T,] nucleobases [A,T,] nucleobases

Fig3. A. 'H resonances of TC (300 uM) as a function of added A;T;. B. 'H imino resonances of A;T5 (300 uM) as a function of added TC. C. Chemical shift variation
of imino protons (panel B) as a function of [TC]/[A;T;]. D. Average fraction change (chemical shifts) of T8 and T10 imino protons (panel C) as a function of [TC]/
[A3T;]. The solid line represents the best fit with a binding model (Eq 1). E. "H resonances (H8) of adenine in A;T; (300 uM) as a function of added TC. F. Chemical
shift variation of H8 protons (panel E) as a function of [TC]/[A3T;]. G. Chemical shift perturbation between free and 1:1 A;3T5:TC complex. H. Chemical shift
perturbation between free and 1:1 A,T5:TC complex.

https://doi.org/10.1371/journal.pone.0239145.9003

The difference of DNA '"H chemical shifts, between TC-bound (1:1 complex) and TC-free
state, are shown in Fig 3G (A3T;) and Fig 3H (A,T,). In both cases the biggest change was
observed at the center, from A5 to C11 in A3T; and from A5 to C9 in A,T,. The chemical shift
perturbation patterns showed large downfield shifts for the adenine H2 protons and large
upfield shifts for the sugar H1’ and H4’ protons, which line the floor and walls of the minor
groove. The corresponding major groove protons, including aromatic H6/8 and H2’, experi-
enced much smaller shifts upon TC addition.

DNA binding thermodynamics

The thermodynamics of the binding was directly monitored calorimetrically (from ITC experi-
ments), by adding TC to A;T3, and the relevant thermodynamic parameters were directly
extracted by fitting the data to a single site binding model (Fig 4A). This yielded: AH® = 2.0
kcal/mol, AS® = 32.1 cal/mol/K, K4 = 2.9 uM and n = 0.94. The entropic nature of the binding
was also evident when the fluorescence enhancement of TC was monitored as a function of
A;T; at different temperatures. Subsequent data fitting at each temperature (to Eq 1) yielded

n < 1, indicating the binding to be complex (S6 Fig). Nevertheless, temperature dependence of
K4 (A5T; added to TC) indicated the binding event to be endothermic in nature (AH® = 5.6
kcal/mol and AS® = 19 cal/mol/K from a van’t Hoff analysis; S6 Fig).
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It is known that van’t Hoff analysis can be prone to errors [16]. Therefore, for our analysis
we will only focus on the qualitative conclusion from the van’t Hoff analysis—that the binding
is endothermic and entropically driven. On the other hand, the more trustworthy and robust
calorimetric values of AH® and AS® will be used for any quantitative analysis.

Discussion

Design of new molecules that exhibit turn-on fluorescence can add substantial power to DNA
visualizing techniques. However, to fully understand the mechanism of fluorescence enhance-
ment and the origin of sequence specificity, the DNA binding mode that triggers fluorescence
must be understood. Using complementary biophysical techniques and six short dsDNA, we
have probed the DNA binding modes of TC [11], a recently reported turn-on red fluorescent
probe.

Consistent with the earlier report, DNA sequences containing A, T), stretches (A,T, and
A;T;) showed maximum fluorescence, (AT), stretches ((AT), and t-(AT),) showed interme-
diary or low fluorescence enhancement while CG (with no A/T) showed almost no fluores-
cence enhancement. Job Plot suggested a 1:1 binding stoichiometry for A;T;. Yet, upon closer
examination, it was clear that the binding was more complex.

Although the fluorescence enhancement saturated at [DNA]/[TC] ~ 1 for AT-rich DNA,
the associated peak shifts saturated at much less [DNA]:[TC] ratio (~ 0.2). Like the peak shift,
anisotropy (Fig 2E) also showed saturation at [DNA]/[TC] ~ 0.2. The differential saturation of
complimentary fluorescence parameters clearly indicated two different modes of DNA:TC
interaction for AT-rich DNA, operating at two different [DNA]/[TC] ratios. The modes of
interaction at two [DNA]:[TC] ratios were also sequence-dependent, as evident from the
sequence-dependence of the extent of fluorescence enhancement, peak shift and anisotropy.
Binding heterogeneity was also reflected in the value of n (stoichiometry of DNA molecules
bound to TC) which was consistently < 1 when fluorescence enhancement was fitted to Eq 1
(S6 Fig; Fig 2B).

The presence of the dual DNA binding mode of TC, dependent on [DNA]/[TC] values, was
also apparent from the UV-vis absorption data. The low [DNA]/[TC]-regime interaction
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manifested itself in the abrupt appearance of hypochromicity. CCA showed that three slightly
different intermediary species were generated by three different DNA groups during this
mode: (i) A3Ts, A,T, and (AT), (ii) t-(AT), and AT (iii)) CG. While the UV-vis spectra of all
intermediate species showed reduced absorbance, the extent of the associated red shift was
sequence-dependent (no shift for CG). The absorbance signature for the other DNA interac-
tion mode, that turns on beyond [DNA]/[TC] ~ 0.2, was the loss of the initial hypochromicity
and further red shift. While this was true for A;T3, A,T, and (AT),, t-(AT), and AT showed a
different signature: the hypochromicity remained but absorption spectra showed a small red
shift. The absorption spectra of CG, on the other hand, showed no significant change beyond
[DNA]J/[TC] ~0.2.

To understand the nature of the binding mode at low [DNA]/[TC] we focus on the remark-
able hypochromicity (~ 50%) associated with this binding mode. Hypochromicity is known to
be characteristic of n-stacked molecules [17]. For our case this could indicate end stacking or
DNA intercalation. With 12-mer oligonucleotides used in our study, end stacking would
require ~ 6 base pairs per TC molecule. The average number of base pairs needed for intercala-
tion, on the other hand, is ~ 3 [18]. The DNA-binding event at low [DNA]/[TC] is complete
by [base pair]/[TC] ~ 3 for all six DNA (insets to Fig 1G and Fig 1I), strongly suggesting inter-
calation to be the DNA-binding mode at low [DNA]/[TC]. A simple end stacking model can
also be ruled out since it would have made t-(AT), stand out from the other five DNA that
contain GC base pairs at the termini, which was not observed. Further support for intercala-
tion comes from the earlier report [11] where FRET was observed between TC and Hoechst
33258 (a minor groove binder) when TC was added to Hoechst 33258-bound (AT),. Interca-
lation was also reported to be energetically favourable from DFT calculations.

We now look at the other binding event, dominating beyond [DNA]/[TC] ~ 0.2. As shown
by ITC, NMR and Job Plot, this event yielded a 1:1 TC:DNA complex for A3T3, A,T, and
(AT),. Since all sequential connectivities between the sugar H1’ and the aromatic H6/8 pro-
tons of the next nucleotide in TC-bound DNA (1:1) could be readily assigned for A,T, and
A;T; (Fig 4B and S7 Fig), intercalation can be ruled out as the second binding mode. On the
other hand, chemical shift perturbation patterns clearly pointed towards minor groove bind-
ing. For A,T, the H1” and H4’ protons of T8 were equatorial to TC while the H2 proton of A6
were axial to TC in a minor groove docked model of TC:A,T), (Fig 4C). The equatorial and
axial placements are in agreement with the observed upfield shifts of H1’/H4’ and downfield
shifts of H2 (in both A,T, and A3T;). The docked model lacks any specific DNA-TC interac-
tion like H-bonds which can enthalpically stabilize the bound state. This is compatible with
the endothermic and entropy driven nature of TC: A;T}; interaction, as observed from ITC
and van’t Hoff analysis. Interestingly, it is this 1:1 minor groove bound TC:DNA complex that
exhibited the functionally important enhanced fluorescence for A3T3, A,T, and (AT),. For t-
(AT), and AT, the 1:1 TC:DNA complex exhibited only medium fluorescence enhancement.
For CG, the second binding mode seemed to be absent.

The low [DNA]/[TC] regime binding event was also characterized by extreme broadening
of TC peaks in the 'H NMR spectrum. Just like the observed hypochromicity associated with
this event, the line broadening was observed for AT-rich A;T; (Fig 3A) / A,T, (S5A Fig) and
AT-devoid (CG) sequences (S5D Fig). The line broadening can be attributed to intermediate
exchange between free TC and DNA-TC complex. In fact, intermediate exchange has been
reported to be the reason behind extreme line broadening of ligand peaks for certain cyanine
dyes [19].

Taken together, the experimental data presented above suggest a model of DNA binding by
TC (Fig 4D) that depends on both DNA sequence and [TC]/[DNA] ratio. For sequences with
only CG stretches, mode of DNA interaction by TC is intercalation at all [TC]/[DNA] values.
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If the DNA sequence is AT-rich (either A, T, or (AT), stretches) the dominant DNA binding
mode at [TC]/[DNA] ~1 is minor groove binding. At [TC]/[DNA] >> 1, in addition to minor
groove binding, TC can also intercalate DNA. However, if the AT-stretch is at the termini (like
in t-(AT),) or if it is only two-nucleotide long (like in AT) a mixed binding mode (intercala-
tion and incomplete groove binding) ensues at [TC]/[DNA] ~ 1 while intercalation is the dom-
inant mode at [TC]/[DNA] >> 1.

The coumarin moiety, an integral part of TC, is known to intercalate DNA [20]. So it is not
surprising that TC was found to intercalate DNA. However, with the added thiazole group, the
longer TC molecule containing a positive charge is better suited for minor groove binding. AT
stretches provide the ideal minor groove pocket for this to be accomplished. As a result, TC
shows a dual DNA binding mode with AT-rich sequences but remains confined to intercalat-
ing DNA if the sequence is GC rich. Dual DNA binding modes have been shown for some
other well-known DNA binders [21, 22] and TC becomes a new addition. What is unique
about TC is that it shows fluorescence enhancement only when bound in the minor groove.
This probably happens due to conformational restriction over the length of the molecule,
when inserted in the minor groove. Intercalation would not facilitate this if only the coumarin
moiety lodges in the intercalation site.
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