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Abstract. We perform time-correlated single-photon counting measurements with 30-ps resolution of the fluorescence emit-
ted by the donor fluorophores of donor–acceptor pairs covalently labeling DNA synthetic oligonucleotides by using a non-
commercial single-photon avalanche diode. The measurements allow us to precisely assess the fluorescence resonant energy
transfer efficiency of the pairs in solutions containing the oligonucleotides and DNA–ligands, for different ratios of the DNA
base-pair to ligand concentrations. A quantitative evaluation of the deformations of DNA double strands following the ligand
binding is obtained, as the transfer efficiency is a steep function of the donor-to-acceptor distance. The results lead to an easy
and cheap method to discriminate between the binding modes of minor groove and base intercalating ligands.
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1. Introduction

The classic approach used to fight cancer, based on killing cancerous cells by employing radiations or
chemotherapy, invariably kills the healthy cells too, often producing severe collateral effects. In the last
thirty years researchers have been seeking for novel approaches to the design of anticancer drugs capable
of acting on the cancerous cells in a selective way. A better understanding of how some small organic
molecules (ligands) bind to DNA is required to further such selective approaches. In fact, the details
of the binding are important to understand many biological processes that involve specific interactions
of DNA structures with the substrate. For example, ligands might influence gene expression [1–4], and
many of them show a variety of biological effects including antibiotic, antitrypanosomal and antiviral
activity [1,5–7].

Many DNA ligands bind to DNA by base intercalation that is they interpose between adjacent Base
Pairs (BP), inducing the unwinding of the double helices. Base Intercalators (BI) have been studied since
the 1960s [8–10], and the main characteristics of this binding mode are well assessed. In particular, BIs
typically display a binding length of 2 BP per ligand and thus no relevant sequence specificity. The un-
winding of the helices induced by BIs causes an enhanced exposure of the bases to the solvent: thus,
mutagenesis is dramatically increased [11–13]. For this reason, intercalators are dangerous carcinogens,
even if their cytotoxicity has been widely exploited to devise antiviral drugs and in chemotherapy (see,
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for instance, the use of antracyclines as anti-cancers [14]). However, due to the lack of sequence speci-
ficity, the chemotherapy of cancer based on such drugs is not tumor specific and particular care has
to be used in establishing the correct dosage, finding a delicate equilibrium between maximization of
anti-tumour effectiveness and minimization of both short- and long-term undesired toxic effects [15].
More recently, other ligands displaying a different binding mode, Minor Groove Binders (MGBs), have
been recognized. Minor groove binding is a more complex binding mode than intercalation as MGBs
covering a large range of binding lengths (from 3 to up to 10 BP per ligand) are known. The binding of
an MGB to native DNA has no appreciable effect on the helices conformation. On the contrary, a stabi-
lizing effect of MGBs on the helices with respect to the environmental action has been observed [16].
Most important, the great majority of MGBs display a very strong sequence specificity of the binding
parameters. As a common feature of natural MGBs, the binding results to be much stronger in portions
of the helices displaying sequences of at least 3–4 consecutive AT bases [17–21]. As a consequence,
MGBs have demonstrated to be effective in inhibiting the sequence selective binding of various tran-
scriptional factors to DNA. This may also result in either over-expression or repression of downstream
genes [22–25]. Thus, ligands belonging to this second class offer the possibility of inducing targeted
mutations to specific genes or genomic regions and appear promising for the development of tumor-cell
selective drugs. Indeed, in vivo studies conducted on the MGB Pentamidine have revealed no mutagenic
effect in nuclear DNA, and only very weak effects on mitochondrial DNA of yeast [1,26]. This result
suggests that minor groove binding does not induce indiscriminate mutagenesis on nucleic acids.

Measuring the binding affinity of a ligand for DNA is nowadays fairly simple. Moreover, the avail-
ability of synthetic DNA of any desired sequence allows a straightforward comparison of the binding
parameters of a ligand as a function of the base composition of the targeted DNA. On the contrary,
determining the binding mode of a ligand is rather complicated. In spite of the profound differences
occurring from BIs to MGBs as to the interaction with DNA and the therapeutic effects, the knowledge
of the chemical structure of a ligand is not sufficient to forecast its way of binding. Even if most BIs
are planar aromatic compounds, while the principal MGBs are unfused aromatic compounds, this rule
is not always respected. Some ligands, such as 4′-6-diamidine-2-phenyl indole (DAPI) [27], can even
bind to DNA in both ways, depending on the base sequence of the target. The only direct way of observ-
ing the specificities of the binding of a ligand is to perform X-ray diffraction experiments on crystals
of the DNA–ligand complex [28–30]. Unfortunately, crystals of dimensions suitable for applications
to diffraction methods are difficult to obtain. Moreover, the required technology is very expensive and
the experimental results are often very difficult to interpret [31]. Even if molecular modeling can give
some clue on determining the main features of a binding process, the results of simulations are affected
by various approximations used during the docking process. Moreover, at present it is only possible to
simulate the binding of ligands with very short DNA fragments (4–6 BP) [32]. As a consequence, the
aim of the studies dealing with the computational approach is momentarily confined to test the ability
of different modeling procedures to reproduce experimental data, while results which are not supported
by experimental measurement of matching parameters are still not completely reliable. Thus, in their re-
search of possible DNA targeting drugs, drug designers can only gain information on the binding mode
of new natural and synthetic ligands by means of indirect, complicated and very expensive methods of
investigation, such as viscosimetric titrations on native bacterial supercoiled circular DNA, footprinting
inhibition or nuclear magnetic resonance [27,33].

In the present work, we show how an accurate detection of the deformations experienced by fragments
of DNA suitably stained with fluorescent probes as a consequence of the binding of a ligand allows us to
gain significant information regarding the ligand binding mode. We considered the DNA ligands DAPI,
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quinacrine dihydrochloride (QUIN) and Hoechst 33258 (HOEC), whose binding mode has already been
ascertained. We performed spectrophotometric titrations of the BI QUIN [34,35] and the MGB HOEC
[36,37] with calf thymus (CT) DNA and spectrofluorimetric titrations of DAPI, which binds in the mi-
nor groove of AT-rich sequences but intercalates to GC-rich sequences [27,33,36,37], with the synthetic
poly-nucleotides poly-d(AT) and poly-d(GC), to determine the specificities of their binding, and com-
pared our results with those found in the literature. We then measured the fluorescence decay of a Donor
fluorophore (D) attached to the 5′-end of double-stranded oligo-desoxyribonucleotides (Oligos), both
in the presence and in the absence of a fluorescence Acceptor (A) at varying concentrations of each
of the selected ligands. The measuring apparatus was a non-commercial time-correlated single-photon
counting (TCSPC) system endowed with ∼30 ps resolution (full-width at half maximum duration of the
pulse response) [38]. The variation in the fluorescence decay time of D due to A is proportional to the
Fluorescence Resonance Energy Transfer (FRET) efficiency, thus to the D–A distance, so that the value
of the decay time is itself a significant parameter to account for deformations of the helices following the
binding. The ability to determine decay times with high precision and to directly reveal even decays as
short as 30 ps, with no need of applying deconvolution techniques, besides allowing us to neatly assess
the FRET efficiency between D and A, permitted to clearly distinguish the fraction of denatured helices
in all the samples. As ligands that bind in the same way induce similar deformation and denaturation
effects on the Oligos with which they interact, that are very different between MGBs and BIs, the results
presented here encourage us to propose a protocol for easy and cheap discrimination between minor
groove and intercalation binding modes.

2. Materials and methods

2.1. Chromophores

The free chromophores DAPI, QUIN and HOEC were supplied by Sigma-Aldrich, and were guar-
anteed to be at least 97% pure compounds. Stocks of about 1 mM concentration of the chromophores
in bidistilled water were prepared. The fluorophores were further diluted in Phosphate Buffer Saline
(PBS) at pH 7.58 and 100 mM ionic strength; 700 µM EDTA was added to PBS to prevent formation of
dimers. The concentration values of the stocks in PBS were evaluated by absorption measurements with
a spectrophotometer (Lambda 2 Perkin Elmer), by using the following values for the molar extinction
coefficients: εQUIN (424 nm) = 9750 M−1 cm−1 [35], εDAPI (260 nm) = 30,000 M−1 cm−1 (specified by
supplier), εHOEC (346 nm) = 46,000 M−1 cm−1 [39].

2.2. Polynucleotides

CT DNA, poly-d(AT) and poly-d(GC) were supplied by Sigma-Aldrich. Calf thymus DNA was in
the form of sodium salt and was guaranteed to contain less than 5% protein impurities. The desiccated
polynucleotides were diluted in PBS to ≈1 mM concentration and allowed to dissolve by keeping them
overnight in the dark at the temperature of 4◦C, gently stirring from time to time, before use. The
concentration of the stock solutions was determined by absorption measurements using the value εDNA

(260 nm) = 6600 M−1 cm−1 for the molar extinction coefficient.
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2.3. Spectrophotometric and spectrofluorometric titrations

Quinacrine dihydrochloride: 30 ml of a 16.34 µM concentrated QUIN solution in PBS were prepared
by dilution of the ≈1 mM concentrated stock in water. The ≈1 mM concentrated CT DNA solution was
added with an appropriate amount of the same stock to get a final ligand concentration of 16.34 µM. At
this QUIN-to-BP concentration ratio virtually all the ligand is bound to DNA. Two subsequent and inde-
pendent measurements of the absorption spectrum of these solutions in the wavelength range from 300
to 650 nm were acquired. The ≈1 mM concentrated CT DNA, 16.34 µM concentrated QUIN solution
was then progressively diluted with increasing amounts of the DNA-free, 16.34 µM concentrated QUIN
solution, so as to obtain solutions of constant QUIN concentration and decreasing DNA concentration.
Two absorption spectra were acquired for each of these solutions in the wavelength range from 300
to 650 nm. The mean absorbance value at the absorption peak of the ≈1 mM concentrated CT DNA,
16.34 µM concentrated QUIN solution, with an error given by the standard deviation, was chosen as the
indicator of the fraction of bound ligand.

Hoechst 33258: the same procedure was followed to titrate CT DNA with HOEC, by working at
7.34 µM ligand concentration and acquiring the absorption spectra in the range from 300 to 650 nm.

4′-6-diamidine-2-phenyl indole: we prepared solutions similar to those prepared in the preceding
cases, but instead of measuring the absorption, we decided to take advantage of the reported extraordi-
nary fluorescence quantum yield enhancement displayed by DAPI when bound to DNA. Thus, for each
solution, we acquired two fluorescence emission spectra in the wavelength range from 370 to 700 nm,
by exciting the samples at 345 nm, with a spectrofluorometer (Fluorescence Master System PTI), and
we chose the mean fluorescence value at the emission peak of the solution most concentrated in polynu-
cleotide, with an error given by the standard deviation, as the indicator of the fraction of bound ligand.
We worked at 6 µM DAPI concentration for the titration of poly-d(GC) and at 0.6 µM DAPI concentra-
tion for the titration of poly-d(AT), as the fluorescence enhancement consequent to the binding of DAPI
to AT sequences is much more relevant.

2.4. Binding equilibrium data analysis

Binding isotherms were obtained from each titration by plotting the value of the relevant binding
indicator, I (either absorbance or fluorescence intensity), versus the DNA concentration, P , expressed
in BP concentration. The experimental binding isotherms were fitted to the independent site binding
model equation [40]:

I = I0 + ΔI(nP ) = I0 +
1
2

ΔI

{
D + NP +

1
KAss

−
[(

D + NP +
1

KAss

)2

− 4NPD

]1/2}
, (1)

where D is the total ligand concentration (kept fixed to the experimental value during the fitting proce-
dure), N is the number of binding sites per BP, KAss is the thermodynamic association constant, I0 is
the value taken by the binding indicator in the absence of DNA and is the difference between the value
of the indicator at completely bound ligand and I0.

The values obtained for I0 and were used to calculate the values of the degree of saturation, n, of the
binding sites (which is the number of bound ligand molecules per BP) from the equation

n =
(I − I0)D

PΔI
. (2)



L. Nardo et al. / Discrimination of the binding mode of DNA ligands by single-photon timing 15

Once n is known, the concentration of free ligand in solution, C, can be expressed as:

C = D − nP , (3)

and the Scatchard plots (n/C versus n) can be obtained.
The Scatchard plots for HOEC and DAPI bound to poly-d(GC), which were linear, showing non-

cooperative binding, could be fitted to the Scatchard equation [41]:

n

C
= −KAssn + NKAss, (4)

which is far more sensitive than Eq. (1) in assessing the N and KAss values.
In the case of QUIN, the Scatchard plot was concave upwards, indicating negatively cooperative bind-

ing. We thus derived the binding parameters from the McGhee and Von Hippel model, which only applies
to ligands having binding length L = 2. In this condition, which is valid for the great majority of BIs,
including QUIN, the following equation is satisfied [35]:

n

C − nP
= KAss

[
(2ω − 1)(1 − 2n) + n − R

2(ω − 1)

][
1 − 3n + R

2(1 − 2n)

]
, (5)

where R = [(1 − 3n)2 + 4ωn(1 − 2n)]1/2 and ω is a cooperativity parameter which equals 1 for no
cooperative effect, is less than 1 for anti-cooperative binding and greater than 1 for positive cooperativity.

In the case of DAPI bound to poly-d(AT), the Scatchard plot was concave downwards, indicating
positively cooperative binding. As for most MGBs, for DAPI we have L �= 2, and the more general,
although empiric, Hill model [42] must be applied. The model allows to find KAss and the so called
Hill constant, αHill, which measures the degree of cooperativity and can take values between 1 (no
cooperative effects) and L (in case of perfect positive cooperativity, that is when the binding of a single
ligand molecule induces immediate binding of other ligand molecules to the complete saturation of all
the binding sites). The fitting equation is:

ln(C) = − 1
αHill

ln
(

N

n

)
− ln KAss. (6)

Linearity of the plot of ln(C) versus ln(N/n) is forecast by Eq. (6). The N value has to be inferred
from the analysis of the Scatchard plot. Anyway, if the guess on the N value overestimates the real
value, the Hill plot will be concave upwards, while if it underestimates the real value the Hill plot will
be concave downwards.

In all the cases, the fitting procedures were implemented with a commercial software featuring
Levenberg–Marquardt algorithm (Origin 7.0 by OriginLab). It should be noted that, upon deriving a
Scatchard plot from a titration dataset, the data-points corresponding to negligible amounts of either
bound or free ligand are usually rejected as the error on the n/C value is expected to increase very
steeply if either n or C gets close to zero. However, we included and fitted data well beyond the nor-
mally used range, which corresponds to 0.2D � C � 0.8D.
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2.5. Oligos

Labeled Oligos purified by double HPLC procedure were purchased from Sigma-Genosys. We used
the single labeled Oligos:

D-5′(AT)3′: TAMRA-TAAATATAATATTTATTAAATATAA,
D-5′(GC)3′: TAMRA-GCGCCCCCCCCCCGCCCCCCCCCCG,

and the dual labeled Oligos:

D-5′(AT)3′-A: TAMRA-TAAATATAATATTTATTAAATATAA-BHQ2,
D-5′(GC)3′-A: TAMRA-GCGCCCCCCCCCCGCCCCCCCCCCG-BHQ2,

where the D-Chromophore bound at the 5′ end was 5-carboxytetramethylrhodamine (TAMRA), and the
A bound at the 3′ end was the Sigma-Aldrich patented, non-emitting quencher Black Hole Quencher 2
(BHQ2), which is a polyaromathic azo compound that is capable of efficient quenching of many of the
most widely used chromophores and shows no detectable fluorescence.

The reported sequences were designed to show no tendency to formation of primer dimers and very
weak tendency to formation of secondary structures. Unlabeled Oligos of complementary sequences,
purified by DST and double RP1 procedures, were also purchased from Sigma-Genosys. The desiccated
Oligos were dissolved in PBS at 100 µM concentration and stored at −20◦C until use. Double stranded
Oligos were obtained by mixing equal concentrations (50 µM) of labeled single stranded sequences and
complementary fragments, heating up to 98◦C and leaving the samples cool very slowly to room tem-
perature. This procedure assured denaturation of secondary structures of the single strands, and allowed
us to obtain a hybridized fraction of the samples always greater than 0.9. The annealed stocks were also
kept frozen at −20◦C until use.

2.6. Single photon timing setup

The timing setup is fully described elsewhere [38]. However, at variance with [38], in the present work
the TAMRA fluorescence was excited by the second harmonic (532 nm, TEM00 beam) of a SESAM
mode locked Nd:VAN laser delivering pulses at 113 MHz repetition rate (GE-100-1064-VAN Time
Bandwidth Products, Zurich-CH). As in [38], the beam exciting the sample was focused on it by a lens
of 150 mm focal length. The sample was held in a 1 cm thick, 1 cm wide, 4 cm high quartz cuvette,
mounted on a 3D micro-movable support. Fluorescence at 90 deg to the excitation beam was collected
from a wide acceptance angle by means of a reversed 40× microscope objective, which was 3D micro-
movable and tiltable to center the focal spot onto the 50 µm diameter sensitive area of the detector, which
was a single photon avalanche diode (SPAD) endowed with quantum efficiency at the fluorescence peak
wavelength (577 nm) and <100 Hz dark counts (PDM50 Micro Photon Devices, Bolzano, Italy). The
SPAD was mounted on a third 3D micro-positioning system. The electric signals were treated as in [38].
The typical response to the excitation pulse had <35 ps full-width at half-maximum duration.

2.7. Preparation of the samples for fluorescence decay measurements

The solutions for lifetime determination were prepared by dilution of the stocks to TAMRA concen-
tration values below 0.35 µM, so as to get an absorbance value of less than 0.05 at the fluorescence
peak wavelength, in order to prevent concentration-quenching. The concentrations of the different com-
pounds were inferred by weighting with a balance with 100 µg sensitivity. To avoid photodegradation
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of the samples and possible effects on the fluorescence decays due to dilution of D’s, titrations were
performed by preparing distinct solutions with the same Oligo concentration value and varying ligand
concentration values.

2.8. Fluorescence decay data acquisition and processing

All decay patterns were collected in strict single photon regime (detected photon rate <100 kHz to
have a ratio P (>1)/P (1) < 0.01, where P (1) is the probability of detecting one fluorescence photon
per laser pulse and P (>1) is the probability of detecting more than one photon) by suitably attenuating
the excitation beam with neutral density filters. Collection of excitation stray light by the microscope
objective was prevented by putting a long-wavelength pass filter with cut at 600 nm between cuvette and
objective. Sample, microscope objective and SPAD were kept in a black box even if measurements were
taken in the dark, to avoid detection of light diffused from the laser beam.

The decay patterns as measured by the TCSPC system were fitted either with single or double expo-
nential decay functions above a constant background, i.e. f (t) = B+

∑2
i=1 Ai exp(−t/τi) by minimizing

the chi-squared value through a Levenberg–Marquardt algorithm, using Origin 7.0. The amplitudes, Ai,
were calculated at the peak channel of the experimental curves. Three decay patterns were acquired for
each sample. As the final values of τi and Ai of each decay component we assumed the means of the
values obtained by the three fits, with the statistical errors given by the standard deviations.

In this work we make use of the <35 ps temporal resolution to correctly evaluate both the Ai of a fast
decay component without need of deconvolving the pulse response and the small differences between
relatively long τi values observed upon changing the ligand-to-BP ratio. The former feature allows us
to evaluate the amount of denaturation, the latter to detect tiny DNA deformations. In Fig. 1 we show
decay patterns that are critical as they are well fitted by single-exponential functions with very similar
and relatively long τi values. The figure also shows the corresponding fitting curves f (t) and the plots of
the residuals.

3. Results

We first present our binding studies on the selected ligands. The binding isotherm obtained for
the spectrophotometric titration of CT DNA with QUIN is displayed in Fig. 1(a), in which the
absorbance at 434.4 nm is plotted versus P . In the figure inset the absorption spectra of the
16.34 µM concentrated free QUIN solution (grey line) and of the ≈1 mM DNA, 16.34 µM QUIN
concentrated solution (black line) are reported: the bound ligand displays substantial hypochromic-
ity (the molar extinction coefficient value at the absorption peak is lower than for the free lig-
and) and a 10 nm red shift. The corresponding Scatchard plot was concave upwards (data not
shown), and the N value derived by fitting the binding isotherm to Eq. (1) (solid line in Fig. 2(a))
was N = (0.20 ± 0.02) � 1/L = 0.5, revealing the anti-cooperative nature of the bind-
ing. The McGhee and Von Hippel model has been used to derive the binding parameters. The
relevant plot is reported in Fig. 2(b). The data are well fitted by Eq. (5), with KAss,QUIN =
((2 ± 1) × 105) M−1 and ω = 0.14 ± 0.03, in good agreement with Wilson and cowork-
ers [35].

The binding isotherm obtained for the spectrophotometric titration of CT DNA with HOEC is dis-
played in Fig. 3(a), in which the absorbance at 352.8 nm is plotted versus P . In the figure inset the
absorption spectra of the 7.34 µM concentrated free HOEC solution (grey line) and of the ≈1 mM DNA,
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Fig. 1. Fluorescence decay patterns of TAMRA-(AT)-BHQ2 titrated with DAPI at DAPI-to-BP ratios of 1.9 in (a) and
16.23 in (b), corresponding best fitting curves and residuals. The fitting parameters to the single exponential decay
f (t) = B+A1 exp(−t/τ1) are: in (a) B = (752.87 ± 5.84) counts, A1 = (9900.35 ± 10.07) counts, τ1 = (2048.93 ± 5.19) ps;
in (b) B = (938.19 ± 5.48) counts, A1 = (10163.47 ± 10.63) counts, τ1 = (1965.67 ± 4.77) ps. In (c) the two decays
normalized to A1 after subtraction of background B are plotted on a logarithmic scale.

Fig. 2. Binding isotherm obtained from the spectrophotometric titration of CT DNA with QUIN: (a) absorbance at 434.4 nm
versus DNA concentration. In the inset the absorption spectra of bound (black) and free (grey) QUIN, as a function of the
wavelength, λ. (b) Scatchard plot (circles), fitted to the McGhee and Von Hippel equation (solid line).
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Fig. 3. Binding isotherm obtained from the spectrophotometric titration of CT DNA with HOEC: (a) absorbance at 352.8 nm
versus DNA concentration. In the inset the absorption spectra of bound (black) and free (grey) HOEC. (b) Scatchard plot
(circles) fitted to the non-cooperative Scatchard model (solid line).

7.34 µM HOEC concentrated solution (black line) are reported: the bound ligand displays substantial
hyperchromicity (the molar extinction coefficient value at the absorption peak is higher than for the free
ligand) and a 12 nm red shift. The corresponding Scatchard plot is linear (see Fig. 3(b)), indicating non-
cooperative binding. The data are well fitted by Eq. (4), with KAss,HOEC = ((1.3 ± 0.3) × 105) M−1 and
N = 0.19 ± 0.05, corresponding to L = 5.3 ± 1.4.

The binding isotherm obtained for the spectrofluorometric titration of poly-d(AT) with DAPI is dis-
played in Fig. 4(a), in which the fluorescence intensity at 456 nm is plotted versus P . In the figure inset
the fluorescence spectra of the 0.6 µM concentrated free DAPI solution (grey line) and of the ≈1 mM
DNA, 0.6 µM DAPI concentrated solution (black line) are reported: the bound ligand is ≈80 times more
fluorescent than the free ligand, and the emission peak is 4 nm blue-shifted. The corresponding Scatchard
plot, reported in Fig. 4(b), is concave downwards, revealing the cooperative nature of the binding. The fit
of the experimental titration data to Eq. (1) (solid line in Fig. 4(a)) gave N = 0.16 ± 0.01. Interpolation
of the Scatchard plot data with a parabola (grey solid line in the inset in Fig. 4(b)) gave the guess value
N ∼= 0.13, while linear interpolation (black solid line in the inset in Fig. 4(b)) of the five data points on
the descent of the Scatchard plot (indicated by arrows in the same figure) gave the guess value N ∼= 0.18.
The McGhee and Von Hippel model could thus not be used to derive the binding parameters. Hill plots
were derived at varying the N value in the interval 0.13 � N � 0.18; the best linearity was obtained for
N = 0.16, corresponding to L ∼= 6: the relevant plot is reported in Fig. 4(b). The data are well fitted by
Eq. (6), with KAss,DAPI−AT = ((4.9 ± 0.4) × 106) M−1 and αHill = 2.4 ± 0.2. Significant cooperativity of
the binding and KAss,DAPI−AT ≈ 107 M−1, with L ∼= 4, were reported by Wilson and coworkers [27,33],
and substantially agree with our findings.

The binding isotherm obtained for the spectrofluorometric titration of poly-d(GC) with DAPI is dis-
played in Fig. 5(a), in which the fluorescence intensity at 478 nm is plotted versus P . In the figure inset
the emission spectra of the 6 µM concentrated free DAPI solution (black line) and of the ≈1 mM DNA,
6 µM DAPI concentrated solution (grey line) are reported. To allow direct comparison with the corre-
sponding spectra obtained in the poly-d(AT) titration, the present data have been normalized to account
for the difference in ligand concentration. The bound ligand is ≈20 times more fluorescent than the
free ligand, and the emission peak is 18 nm red-shifted. The corresponding Scatchard plot is linear (see
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Fig. 4. Binding isotherm obtained from the spectrophotometric titration of poly-d(AT) with DAPI: (a) fluorescence at 456 nm
versus DNA concentration. In the inset the fluorescent emission spectra of bound (black) and free (grey) DAPI. (b) Hill plot (cir-
cles) fitted to the Hill equation (solid line). In the inset: the Scatchard plot (dots) is concave downwards, indicating cooperative
binding. The N value is in the range 0.13–0.18, as can be inferred by linear (black line) and parabolic (grey line) extrapolation
of the intercept with the x-axis.

Fig. 5(b)), and the N value derived by fitting the binding isotherm to Eq. (1) (solid line in Fig. 5(a)) was
N = 0.52 ± 0.03, as expected for a BI, indicating non-cooperative binding. The Scatchard plot is well
fitted by Eq. (4), with KAss,DAPI−GC = ((6.4 ± 0.4) × 105) M−1 and N = 0.53 ± 0.04, corresponding to
L ∼= 2. These parameters are in good agreement with those reported by Wilson et al. [27].

We now present the time resolved fluorescence data we acquired on the TAMRA-labeled Oligos. We
initially measured fluorescence decay patterns of the TAMRA bound to both the single-stranded and the
annealed dual-labeled Oligos, and to the annealed single-labeled Oligos. The measured time constants τi
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Fig. 5. Binding isotherm obtained from the spectrofluorometric titration of poly-d(GC) with DAPI: (a) fluorescence at 478 nm
versus DNA concentration. In the inset the fluorescent emission spectra of bound (black) and free (grey) DAPI. (b) Scatchard
plot (circles) fitted to the non-cooperative Scatchard model (solid line).

Table 1

Time constants, τi (ps), and relative amplitudes, fi, where i = L, S (see text), as derived from
the fits of the fluorescence decay patterns of TAMRA bound to the dual-labeled Oligos either
annealed or single-stranded and to single-labeled annealed Oligos

Oligos τL (ps) fL τS (ps) fS

TAMRA-(AT)
Annealed 3046 ± 14 1 – –

TAMRA-(AT)-BHQ2
Annealed 2163 ± 5 1 42 ± 5 ≈0
Single stranded ≈2500 ≈0 42 ± 5 1

TAMRA-(GC)
Annealed 2657 ± 15 1 – –

TAMRA-(GC)-BHQ2
Annealed 1754 ± 3 1 31 ± 4 ≈0
Single stranded ≈2100 ≈0 31 ± 4 1

Note: fL,S ≈ 0 stands for fL,S < 0.05.

are collected in Table 1, where i = 1 ≡ L stands for long and i = 2 ≡ S for short decay time, along
with their relative amplitudes:

fi =
Ai∑2

j=1 Aj

. (7)

Notably, TAMRA attached to single-labeled Oligos of both sequences has single exponential decays,
while TAMRA attached to both single-stranded and annealed dual-labeled Oligos has double exponen-
tial decay. As the long decay time is dominant for the annealed samples, we can attribute τL to the
fluorescence of the fraction of D labeling the annealed strands. Interestingly, the τL values measured for
these samples are significantly lower than those measured for the corresponding single-labeled Oligos.
This evidence indicates that the TAMRA fluorescence is efficiently quenched by BHQ2 when the Oligos
assume the double-helical structure. Similarly, as the short decay time is dominant in the decay of the
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single-stranded samples, we attribute to the fluorescence of the fraction of D’s labeling the single strands.
The observation that τS � τL can be explained if the much shorter persistence length (bases) of the Oli-
gos in the single-stranded structure is taken into account. The flexibility of the chain allows the collapse
of the single-stranded Oligos into random coil, in which the hydrophobic bases are shielded from the
solvent while the hydrophilic sugar–phosphate backbone is exposed. The 5′ and 3′ ends of the Oligos
are near in these compact structures, thus very efficient quenching of TAMRA fluorescence by BHQ2
occurs. In the very rigid annealed Oligos, whose persistence length is �50 base pairs (BP), the D and
the A are spaced by the whole Oligo length, and quenching, although still occurring, is slower. Traces
of long-lived components in the single-stranded samples may be due to the presence of Oligos labeled
with inactive quencher, which have already been detected in similar samples by single molecule fluores-
cence techniques [44–46]. In fact, τL is longer for these samples than for the corresponding dual-labeled
annealed samples, and very similar to that measured for the single-labeled ones. The observation of a
residual short-lived coiled fraction even in double-helical samples may be due to incomplete annealing.

We then performed titrations of TAMRA-(AT)-BHQ2 dual labeled annealed Oligos with HOEC,
an MGB and DAPI, that binds in the minor groove of AT-rich sequences but intercalates to GC se-
quences, whose minor groove is shallower and less profound [27]. The value of the short-decay time,
when this component had detectable amplitude, did not significantly change both following titration
with DAPI and HOEC. The short-lived fraction also kept constant at varying the ligand concentration,
showing no denaturation as a consequence of binding. In Fig. 6(a) (full dots) the long-decay time for
DAPI titration is reported, as a function of the ratio of the concentration of ligand molecules to the con-
centration of DNA–BP, in the following simply referred to as ligand-to-BP ratio. The data show that a
fast increase in lifetime sets in at minimal DAPI-to-BP ratio, followed by a decrease down to an almost
constant value, which is lower than that measured in the absence of DAPI, at DAPI-to-BP ratios exceed-
ing ∼0.35. The corresponding long lifetime data for titration with HOEC (full dots in Fig. 6(b)) show a
similar behavior at high ligand-to-BP ratios (lifetimes are somewhat shorter than those measured in the
absence of HOEC), but the increase of at low ligand-to-BP ratios is lacking.

We also measured the fluorescence decays of TAMRA labeling the BHQ2-free AT sequence at DAPI
and HOEC concentrations similar to those used in the titrations. We observed no changes in the fluores-
cence decay with changing the ligand-to-BP ratio. The obtained values are plotted as empty circles in
Fig. 6(a) and (b), respectively. We can thus conclude that exclusively the quenching action of BHQ2 is
responsible for the lifetime changes observed for titration of the dual-labeled Oligos. Indeed, any direct

Fig. 6. Full dots: long-decay time for titrations of TAMRA-(AT)-BHQ2 with (a) DAPI, and (b) HOEC as a function of lig-
and-to-BP ratio. Empty circles: same data for titrations of BHQ2-free TAMRA-(AT).
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TAMRA-ligand interaction leading to dynamic quenching of the TAMRA fluorescence would be evi-
denced also in the absence of BHQ2. Significant spectral shifts of the TAMRA emission band, which
would result in changes in the BHQ2 FRET efficiency, would also correspond to variations. Thus they
can be ruled out.

A very different behavior is exhibited by TAMRA-(GC)-BHQ2 intercalated with DAPI. Once again,
the presence of DAPI in solution does not affect the TAMRA fluorescence decay in BHQ-free TAMRA-
labeled GC sequences (see empty circles in Fig. 7(a)). The long decay-time of TAMRA-(GC)-BHQ2
(full dots in the figure) very rapidly increases for DAPI-to-BP ratios of up to about 6:1. Then it keeps
approximately constant. Similar features are displayed for TAMRA-(AT)-BHQ2 titrated with the BI
QUIN, as shown in Fig. 7(b).

As another common feature, the short lifetime fraction fS grows as a function of the ligand-to-BP
ratio in both the titration of TAMRA-(GC)-BHQ2 with DAPI (triangles in Fig. 8) and of TAMRA-(AT)-
BHQ2 with QUIN (squares in Fig. 8). The sigmoidal trend of fS is the signal of a strong tendency to
denaturation of the double-helical structure as an effect of binding.

Fig. 7. Full dots: long-decay time for titrations of (a) TAMRA-(GC)-BHQ2 with DAPI, and (b) TAMRA-(AT)-BHQ2 with
QUIN as a function of the ligand-to-BP ratio. Empty circles: same data for titrations of BHQ2-free TAMRA-(GC) and
TAMRA-(AT).

Fig. 8. Fraction of Oligos in the single helical coiled state as a function of the ligand-to-BP ratio for intercalation of DAPI to
TAMRA-(GC)-BHQ2 (triangles) and of QUIN to TAMRA-(AT)-BHQ2 (squares).
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4. Discussion

Our data definitely show the capability of our TCSPC system of monitoring structural and confor-
mational changes induced in double stranded Oligos by the binding of a number of ligands. A very
neat qualitative distinction between the conformational changes induced by minor groove binding and
those induced by intercalation is evidenced. First of all, the binding of both MGBs does not produce
any changes in either τS or fS . The τS value also remains constant upon titration with the BIs, but fS

increases by adding such ligands with a sigmoidal trend. We interpret this evidence as denaturation of
the double-helical structure due to BIs but not to MGBs binding. The second difference is that, by adding
large amounts of ligand, τL asymptotically decreases for both the MGBs and increases for both BIs. The
increase in τL accompanying the intercalation of a ligand (see Fig. 7) is to be expected. It is due to the
unwinding of the double strands, which brings TAMRA to a greater distance from BHQ2 with respect
to the relaxed unperturbed double-helical structure. Denaturation (see Fig. 8) can also be explained as
a consequence of unwinding, as exposure of the bases to the solvent has the effect of cutting hydrogen
bonds.

On the contrary, we did not expect a shortening of the TAMRA decay time in the case of minor
groove binding (see Fig. 6). It might be caused by bending of the annealed Oligos caused by steric
interaction ingenerated by the insertion of the MGBs in the minor groove. Indeed, it is well known that,
in a perfect B-stranded DNA double helix, the minor groove makes a complete turn around the axis of
the helix every 10 BPs. Our Oligos are made of 25 BPs. If we consider them to be in a perfect B-strand
conformation, as the MGBs can be hosted only in the minor (and not in the major) groove, and the
minor groove does not turn around the helical axis of an Oligo an integer number of times, but only
makes 2.5 turns, there results to be a side of the helix on which less MGB molecules are bound, and the
opposite side bearing an excess of MGB molecules. Steric interactions are likely to happen by which the
minor groove is enlarged to host the ligand molecule. In excess of MGB (saturated binding sites) such
widening is equally distributed along the whole minor groove. As the minor groove runs preferentially
on one side of the helix, this widening causes bending on the side of the helix where the minor groove
has not completed its third turn. As a consequence of bending, TAMRA is brought nearer to BHQ2, and
quenching is enhanced. The titration data (see Figs 3 and 4 for HOEC and DAPI, respectively) allow us
to explain the saturation of the lifetime decrease at low ligand-to-BP ratios, observed for both ligands.
It is due to the saturation of all the available binding sites, that are very few, as a large number of BP
are engaged in the binding of a single ligand (L ∼= 5 for HOEC and L ∼= 6 for DAPI , corresponding to
only ≈5 binding sites per Oligo for HOEC, ≈4 for DAPI). Such saturation occurs at very low ligand-
to-BP ratios as the binding affinity is very strong (see the determined KAss values) and, in case of
DAPI, the binding is strongly cooperative (see Fig. 4(b) inset). The increase in lifetime of the long-
lived component of TAMRA obtained at low DAPI-to-BP ratios (Fig. 6(a)) is possibly the signature of a
peculiar and not previously observed conformational change, resulting in a considerable increase in the
length of the double-stranded fragments. A similar behavior has been reported for other MGBs, such as
Netropsin and Distamycin, binding to Calf Thymus and Chicken Erythrocyte DNA [47]. In both cases,
similarly to what we observed for DAPI, the helices recover their original length by increasing the MGB
concentration. Moreover, an allosteric model has been proposed to account for the cooperativity of the
binding of DAPI to poly d(A-T) [27], depicting a conformational transition, involving the widening of
minor grooves following the binding of the first DAPI molecules.

Another interesting outcome of our data is a direct confirmation of the assertion that intercalation
is a substantially non-specific binding mode both with respect to the structural and chemical peculiar-
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ities of the BI and with respect to the base sequence of the titrated DNA. To show this, we need to
calculate, for the titrations of TAMRA-(GC)-BHQ2 with DAPI and TAMRA-(AT)-BHQ2 with QUIN,
the degree of saturation n of the binding sites at each ligand-to-BP ratio. This is possible by using
Eq. (3) to eliminate the unknown variable C in Eqs (4) and (5), provided that reliable values are avail-
able for the binding parameters of DAPI to GC sequences and of QUIN to AT sequences. Such values
were derived by means of the titrations of poly-d(GC) and CT DNA, respectively, presented in the
first part of this work. Equations (4) and (5) can thus be solved to calculate the n value corresponding
to each D. Our experimental technique allows us to determine the FRET efficiency, E, of BHQ2 on
TAMRA since:

E = 1 − τD+A

τD
, (8)

where τD+A and τD are the excited-state lifetimes of TAMRA in the presence and in the absence of
BHQ2, respectively. As E depends on the D–A distance, R, through the relation [48]:

E =
R6

0

R6
0 + R6

, (9)

where R0 is the Förster radius, that is the D–A distance at which E = 1/2, equating Eqs (8) and (9)
yields:

R

R0
=

(
τD

τD+A
− 1

)−1/6

(10)

and makes it possible to determine R in units of R0. Note that, if the fluorescence decay times
are precisely measured, the method can detect very tiny variations in the D–A distance. Note
also that, as R0 depends on the relative orientation of the TAMRA and BHQ2 transition di-
pole moments [48], in principle R0 can vary during titration if, for example, addition of the lig-
and induces changes in the solvent viscosity. Similarly, changes in the medium refractive index
are reflected in changes to the R0 value. Anyway, at such low concentrations as those used in
this work, ligands can hardly significantly affect the buffer properties. Assuming that R0 does
not vary significantly upon addition of either DAPI or QUIN, and neglecting the contribution
of the short tethers, we can thus take R/R0 as a measure of the DNA unwinding induced by
the BIs.

If we plot the R/R0 values calculated from the experimental decay time data versus n for DAPI
bound to GC sequences (full dots in Fig. 9) and QUIN bound to AT sequences (empty circles in Fig. 9),
we obtain an amazingly similar unwinding effect for both ligands. This result definitely supports the
fact that we are measuring ligand-induced changes in the length of the Oligos rather than changes in
the D–A distance or in the D spectral properties due to ligand interactions with either D or A. On the
contrary, the minor groove binding of HOEC and DAPI to AT sequences cause different conforma-
tional changes, as it is apparent by comparison of the full dotted patterns of Fig. 6(a) and (b). This is
probably because the different chemical structures of different MGBs, together with the possibility of
having a quite variable number of ligand molecules hosted in each minor groove, have a relevant and
quite unpredictable effect on the peculiarities of the steric interactions leading to deformation of the
groove.
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Fig. 9. Donor–acceptor distance (in units of R0) as a function of the degree of saturation of the binding sites, n, for intercalation
of DAPI to TAMRA-(GC)-BHQ2 (full dots) and of QUIN to TAMRA-(AT)-BHQ2 (empty circles).

5. Conclusions

We have developed a protocol allowing an easy discrimination between DNA–ligands binding in the
minor groove and DNA–ligands binding by base intercalation, which we consider to be a helpful tool in
selecting potential DNA-targeting drugs. The protocol is based on the capability of obtaining a quanti-
tative indication of the deformations experienced by double-stranded synthetic Oligos as a consequence
of the binding of a ligand. This is achieved by means of TCSPC measurements, with 30-ps time reso-
lution, of the fluorescence emitted by the D fluorophore of a D–A pair covalently labeling the Oligos.
The binding of BIs induces (i) the unwinding of the double-helices with consequent increase of the D–A
distance and of the D fluorescence lifetime and (ii) the denaturation of the double-helical structure with
consequent appearance of a short-living transient in the D fluorescence decay. These features are not
observed for MGBs, for which the fast decay component does not appear, indicating no denaturation,
and the D fluorescence lifetime tends to shorten at increasing ligand-to-BP ratio.

Our analysis has also allowed detecting a peculiar allosteric transition in the binding of the ligand
DAPI to the minor groove of Oligos with AT sequences. Finally, our procedure can be used to study
the binding of a ligand to different base sequences so as to assess the binding sequence specificity, as
demonstrated in the case of DAPI.

We finally point out that we actually revealed ligand-induced changes in the length/conformation of
the Oligos rather than changes in D–A distances or D spectral properties due to ligand interactions with
the donor and the acceptor. If these interactions were relevant the coincidence of the two graphs in Fig. 9
would not be found.
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