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Abstract
The interaction of photosensitizer methylene blue (MB) with single stranded

oligonucleotides of composition AAA-AAA-AAA (Ag), CCC-CCC-CCC (Cy), GGG-

GGG-GGG (Gy), and TTT-TTT-TTT (To) has been studied using UV-VIS and
fluorescence spectroscopies. The quenching effect of single stranded Go over MB is
favored over the other sequences. The analysis of the fluorescence data by Benesi-
Hildebrand plot shows that MB forms 1:1 complex with Go. Results from spectroscopic
experiments, Stern-Volmer and van’t Hoff plots are consistent with a principal
contribution of the static quenching on the overall quenching mechanism and with the
electrostatic binding mode of MB-single stranded Go system. A quantum chemical
modelling at DFT//B3LYP/6-31G(d,p) level confirms the experimental results. Asides
from providing an insight into the underlying mechanism of the interaction between
methylene blue and DNA, these results can be exploited for the design of novel DNA

sensors using photoactive labels.
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Introduction

The study of the interaction of various dye molecules with DNA has been of great
interest for a long time due to their importance in the understanding of drug-DNA
interactions and the consequent design of new and efficient drugs targeted to DNA [1,2]
such as photodynamic therapy (PDT) [3,4] a combined light-plus-drug treatment for
malignant tumours.

There are three main models for the binding of a dye to DNA[3,5-9]; intercalative
binding, groove (or surface) binding and electrostatic binding. Intercalative binding
takes place when a planar, heteroaromatic moiety slides between the DNA base pairs
and binds perpendicular to the helix axis. In this type of binding, stacking interactions
between the nucleobases and the aromatic ligands play a significant role. Groove
binding generally involves direct hydrogen-bonding or van der Waals interactions with
the nucleic acid bases in the deep major groove of the DNA helix. In the third type of
binding mode, electrostatic interactions between cationic species and the negatively
charged DNA phosphate backbone usually occurs along the outside of the helix. From
these characteristics, it is apparent that intercalative and groove bindings are related
with the grooves in the DNA double helix while the electrostatic binding can take place
out of the groove or on the surface of the DNA molecule. However, experimental
discrimination of these binding types is difficult [3,10].

Methylene blue (MB) (Scheme 1) is one of the most studied dyes in its interaction with
DNA. MB is a photosensitizer that has been extensively used as an optical probe in
biophysical systems [11-15] due to its high extinction coefficient that allows it to be
used in low concentrations and as such is a good model compound for theoretical
studies of the binding types of dyes to DNA [16,17]. In addition, MB is a

photosensitizer used to generate singlet oxygen ('0O2) when exposed to both oxygen and



light [18-20]. The interaction of MB with visible light results in oxidative DNA
damage, producing predominantly 7,8 dihydro-8-oxoguanine (8-oxo-G) [21-23] and

other single base modifications.

Scheme 1.

Different studies have shown that intercalative binding is the dominant mode in MB-
dsDNA interaction [7,10,24,25] while minor or major groove and electrostatic bindings
can also be observed [16,26]. On the other hand, MB mainly interacts with ssDNA by
an electrostatic binding mechanism [26].

MB has also been used as a label for the determination of DNA by electrochemical
[24,25, 27] and spectroscopic methods [28,29]. Hu used synchronous fluorescence for
the determination of DNA in submicromolar concentrations based on the quenching of
MB fluorescence [28]. In another report a nanohybrid consisting of non-luminescent
water-soluble CdTe-thioglycolic acid-MB nanocrystals was designed as a label-free
signaling platform for DNA based on the reversible restoration of CdTe luminescence
in the presence of the target DNA [30]. The system operates better with ds-DNA than
with ss-DNA due to the stronger intercalative interaction of MB with ds-DNA, with a
detection limit of 42 nM of a 15-mer target sequence. Similar competitive effects on the
fluorescence of MB-DNA systems have been used in the study of the interaction of
DNA with antibiotics such as daunorubicin [31] and tetracycline [32]. The interaction
of DNA with the supramolecular complexes of MB with various neutral and anionic
cyclodextrins (CD) has also been recently studied using fluorescence spectroscopy.

Stern-Volmer behavior at high [MB]/[DNA] ratios indicated that the quenching of MB



fluorescence by DNA is inhibited by anionic CDs whereas neutral CDs have little
influence, supporting an electrostatic mechanism for the MB-DNA interaction [33].

In this work we use UV-VIS and fluorescence spectroscopies to study the interaction of
MB with single stranded DNA sequences having the general sequence NNN-NNN-
NNN (N9), where N = G (guanine), A (adenine), T (thymine) and C (cytosine). The
Stern-Volmer and thermodynamic parameters of the MB-N9 interactions were
measured and the effect of salt concentration and pH studied. The results support the
existence of a predominantly electrostatic contribution to the overall interaction, where
quenching of MB fluorescence is favoured towards the guanine base. The canonical
DNA configuration has been used to interpret the results, which is the predominant in
Tris-HCI buffer [34] while the ability of guanine-rich sequences to fold into more
complex structures called G-quadruplexes [35-39] is also considered to explain the
effect of ionic strength in the MB-DNA interaction. Stacking of guanine tetrads into a
continuous quadruplex creates cavities within the helix that match the size and geometry

for K chelation and, in smaller scale, for Na* [40-43].

2 Experimental Section

2.1 Reagents

Methylene blue (MB) was provided by Fluka and purified as described by Bergmann
and O’Conski [44]. Fresh stock solutions were prepared before each experiment. The
purity of the solution was checked by measuring the A665/A610 ratio, which was
always greater than 2.1 indicating the absence of any demethylated methylene blue [44].

The single stranded DNA sequences: AAA-AAA-AAA (A9), CCC-CCC-CCC (C9),

GGG-GGG-GGG (G9), and TTT-TTT-TTT (T9) were synthesized by Biomers

(Stuttgart, Germany). The samples were reconstituted using Milli-Q water (18.2



MQ-cm). Triss'HCl was purchased from Sigma Aldrich. All solutions were freshly

prepared with Milli-Q water.

2.2 Instrumentation

UV-Vis spectra were recorded at different temperatures in a temperature controlled
Cary 100 Bio spectrophotometer (Varian) in 1 cm quartz cells.

The fluorescence experiments were performed at different temperatures in a Cary
Eclipse spectrofluorimeter equipped with a Peltier temperature control and regulator.
The excitation wavelength was set at 665 nm, which corresponds to the MB-monomer
absorption maximum in aqueous solution. The spectra were recorded in the wavelength
interval of 670-800 nm with excitation and emission slits of 10 nm and a scan rate of
240 nm/min. All measurements were carried out in triplicate and the average value of
the fluorescence changes was used in the calculations. The total volume was corrected

for the dilution effect due to the aliquot additions.

2.3 General protocol for spectrophotometric study of interaction of single stranded
DNA sequences A9, Co, G9, and Ty with MB.

A 220 pL aliquot of a freshly prepared 10 uM MB solution in 10 mM Tris-HCI buffer
(pH 7.4) + 10 mM NaCl was placed in a quartz cell and titrated with successive 1.2 pL
aliquots of 100 uM solution of each DNA sequence, corresponding to 1:0.5; 1:1, 1:1.5
and 1:2 MB:DNA molar ratios. The cell was stirred and the UV-Vis spectrum was

recorded after 2 minutes.

2.4 General protocol for fluorescence study of interaction of single stranded DNA

sequences: A9, Co, G9, and Ty with MB.



A 220 pL aliquot of a freshly prepared 5 uM MB solution in 10 mM Tris-HCI buffer
(pH 7.4) + 10 mM NaCl was placed in a quartz cell and titrated with a 1.2 pL aliquot of
100 uM solution of each DNA sequence, corresponding to the addition of 1/9 uM DNA
(i.e. equivalent to the addition of one nucleotide per MB molecule). The cell was stirred
and the UV-Vis spectrum was recorded after 2 minutes. Addition of the 1.2 pL aliquots
was repeated 9 times up to a 1:1 MB:DNA molar ratio (corresponding to 9 nucleotides

per MB molecule).

2.5 Data treatment
The results were analyzed according both the Stern—Volmer and the modified Stern-
Volmer equations. The thermodynamic parameters for the binding between MB and Gy

were calculated from the van’t Hoff equation.

2.6 Structural modeling.

The geometries of the molecular fragments of single strand DNA were obtained at the
density functional theory (DFT) level using the B3LYP functional and 6-31G(d,p) basis
set [45,46] using Gaussian 03 [47] package. To limit the size of each fragment whilst
maintaining representativeness, fragments were modeled with three nucleotides with a
phosphate group added to the 5’ end. A methyl group was also added to the phosphate

groups of 5” and 3’ in order to maintain the phosphodiester structure.

3 Results and Discussion
3.1 UV-VIS absorption experiments
Figure 1a shows the absorption spectra of MB in the 500-800 nm region alone and in

the presence of Gg. MB exists in the form of monomer and H-type dimer in aqueous



solution corresponding to two absorption bands with maxima at 665 and 600 nm
respectively  [14]. These bands are clearly visible in Figure la, indicating the
predominant existence of the monomeric form under our experimental conditions (10
mM MB in Tris buffer pH 7.4 + 10 mM NacCl).

According to the literature [3], a hypochromic effect have been observed in the
interaction of intercalative dyes with double-stranded DNA accompanied by a
displacement of the absorption peak to higher wavelengths. These effects have been
suggested to be due to the interaction between the electronic states of the dye and the
DNA bases. In our case, the hypochromic effect observed upon addition of Go is
associated with a very small bathochromic shift of the absorption maximum (AAmax = 2
nm), in contrast to what is observed with double stranded DNA, indicating an
interaction different to intercalative binding [3]. In similar experiments where the Ao,
Co, and Ty single stranded DNA sequences were used, significantly lower effects on the
intensities of the bands were observed (Figure 1b), signifying that the interaction of MB
with guanine is favored, agreeing with previous reports for other MB-DNA systems

[21-23].

Figure 1.

3.2 Fluorescence experiments.

Figure 2 shows the variations in the fluorescence spectra of MB upon addition of
increasing concentrations of Go to a MB solution at room temperature. The excitation
wavelength was set at 665 nm (monomer absorption band). As can be seen, the
emission of MB is significantly quenched (~60%) upon addition of the same

concentration of Go, indicating a strong interaction of MB with the quencher i.e. DNA.



Figure 2.

Information on the stoichiometry of the complex was obtained from fluorescence data

using the modified Benesi-Hildebrend equation [48] :

1/Fo-F = 1/ Fo-F1 + 1/(Fo-F1) Kg[ Go] Eq. 1

where Fo is the intensity of free MB, F; the intensity of complex MB-G o, F the intensity
of the mixture and Kg is the ground state association constant for the 1:1 complex
formation. The linear B-H plot obtained, (Figure 2 inset), indicates that complex has a
1:1 stoichiometry and the value of K (1.5 x 10° M) reveals a strong MB-Gy
association.

In contrast, the quenching effects in the case of Ay, Co and Ty are lower than 8%,
demonstrating selective quenching of MB by guanine-rich DNA sequences and
agreeing well with the results observed using UV-VIS spectroscopy.

The steady-state fluorescence data obtained was analyzed using the Stern-Volmer
equation [49] :

Fo/F = 1+ Ksv[Q] Eq. 2

where Fo and F are the fluorescence intensities in the absence and in the presence of
quencher, respectively, Ksv is the Stern-Volmer quenching constant and [Q] is the
quencher concentration. The Stern-Volmer plots for the quenching of MB with the
studied DNA sequences are shown in Figure 3a. The quenching profiles obtained follow

a linear dependence on quencher concentration, indicating a fundamental contribution



of either collisional or static type quenching [48,49]. The higher Ksv value for the MB-
Go system indicates a stronger interaction of MB. The Stern-Volmer quenching constant
Ksv values decrease as the temperature increases (Figure 3b), indicating that static
quenching has a fundamental influence on the overall quenching mechanism, due to the
increase in temperature that reduces the stability of the complex, resulting in lower
static quenching constants.

In this situation, the quenching data were analyzed according to the modified Stern-

Volmer equation [49-51] :

Fo/AF = 1/f,Ka [Q] + 1/fa Eq.3

where AF is the difference in fluorescence in the absence and in the presence of the
quencher, f, being the fraction of the total fluorophore accessible to the quencher and K,
is the quenching constant. The dependence of Fo/AF on the reciprocal value of the
quencher concentration [Q]! is linear with a slope of 1/f.K,, with the f, value is fixed on
the ordinate. The modified Stern-Volmer plot obtained for the interaction of MB with
Gy at 298 K is shown in Figure 3¢, from which K= 3.6 x 10° M and f, = 0.96 were
calculated. The K, values for different temperatures are detailed in Table 1, a trend of
decreasing Ksy with increasing temperature is observed, in agreement with the K,
temperature dependence. As expected the f, is close to 1, as the fluorophore in solution
is always accessible to the quencher in this temperature range.

The thermodynamic parameters for the binding between MB and Gog were calculated

from the van’t Hoff equation (Eq. 4) [52] :

In K. =- AH/RT + AS/R Eq. 4

10



where AH is the enthalpy change (which is considered constant in the temperature range
studied), AS is the entropy change, K. has a similar physical meaning as the effective

quenching constant K, at the corresponding temperature and R is the ideal gas constant.

Figure 3

The linear dependence obtained for the van’t Hoff plot (Figure 4) using the data

included in Table 1 shows that the assumption of near constant AH is correct.

Figure 4.

The enthalpy change (AH) is calculated from the slope of the van’t Hoff relationship

and the free energy change (AG) is then estimated from:

AG=AH-T AS Eq. 5

The values of AH and AS obtained and the AG values calculated for each temperature

are also shown in Table 1. The negative values of AG support the spontaneous character

of the binding interaction. In agreement with the Roos and Subramanian model [53]

enthalpy change and the positive entropy of the MB-Gyo interaction indicate that the

electrostatic effect plays a major role in the binding process.

3.3 Ionic strength dependence

11



In order to further clarify the binding mode, the fluorescence responses of MB in the
presence of Gy was studied in 10 mM Tris'HCl pH 7.4 at different concentrations of
LiCl, NaCl, KCI, MgCl, and NBu4CI.

Table 2 correlates the hydrated ionic radii (r4a) of the studied cations [54] with the
variation of F/Fo at 1:1 MB:Go molar ratio at increasing ionic strengths. As can be seen,
the quenching effect of Go on the fluorescence of MB decreased as the concentrations of
monopositive ion salts increased. This result supports the hypothesis of an electrostatic
binding, as at high ionic strength the negative charge of Go is partially neutralized by
the monopositive cations, thus blocking the electrostatic interaction with the positive
centers of MB.

At low concentrations of Li* (hydrated ionic radius r4s = 382 pm) or Na* (rpe = 358
pm) there is a strong quenching effect, which can be interpreted as the result of the
competition between the hydrated monocations with H3O" (rne = 280 pm) in their
interactions with Go, which favours H3O™ at this low salt concentration. Concomitantly,
the large volume of the hydrated cation blocks the adjacent sites to those that each
cation occupies in its binding to the DNA molecule.

The charge effect is more significant when the quenching process was studied in the
presence of Mg*" (riye = 428 pm). In this case, although the hydrated ionic radius is
bigger, this divalent cation provoked only a 10% quenching at Mg?" concentrations as
low as 10 mM. As expected, the MB-Go interaction is almost independent of NBus"
concentration, due to the weak binding character of bulky tetraalkylammonium ions and
confirming the markedly electrostatic character of the MB-Gy interaction.

The obtained values of F/Fy for K* can be interpreted in terms of the formation of a G-

quadruplex structure, which is favoured even in the presence of low concentrations of

12



this ion. This effect is also expected to contribute to the quenching behaviour in the

presence of high Na" concentrations [40-43].

3.4 Effect of pH on the fluorescence changes

The dependence of the fluorescence changes with pH also supports the electrostatic
nature of the MB-Gy interaction (Figure 5). In all cases the increment in Go
concentration causes a decrease of F/Fy ratio, with a less marked effect at acidic pH (in
10 mM citrate buffer pH 3). At pH 7.4, the DNA phosphate backbone is almost
completely ionized (assuming a pK, value for the phosphodiester group of 2, the degree
of protonation is lower than 0.001%) [55], which allows the electrostatic interaction of
the polyanionic sequence with MB' diminishing the fluorescence sensitivity. In
contrast, at pH 3 the degree of protonation increases up to 10% and consequently the

quenching effect is lower.

Figure 5.

3.5 DFT calculations on the interaction of MB with single stranded DNA

The experimental results were also interpreted in terms of a prevalence of the
electrostatic interaction between the MB and the single-stranded DNA fragments.
Theoretical methods such as the density functional theory offer the possibility to
understand the structural features of molecular architectures. Figure 6 shows the
optimized geometries corresponding to molecular fragments having three identical
nucleotides (GGG, CCC, AAA and TTT) calculated, taking into consideration that at
pH 7.4 the DNA phosphate backbone is fully ionized. The arrows indicate the region of

more negative electronic density and it can be seen that the internal phosphate groups in

13



GGG are located in a more accessible position, with the steric effects facilitating the
electrostatic interaction between the MB™* with this fragment. This effect is less evident

in the other three structures, which is in agreement with our experimental results.

Figure 6.

4. Conclusions

In the work reported here, fluorescence techniques have been exploited to demonstrate
that the interaction of MB with single stranded DNA occurs essentially with the 2’-
deoxyguanine 5’-phosphate nucleotide, as evidenced by the higher quenching effect of
Go. According to the Stern-Volmer plots, static quenching is the principal mechanism
for the observed MB fluorescence quenching mechanism in the presence of single-
stranded DNA. Furthermore, the thermodynamic parameters obtained with the van’t
Hoff equation and the effect of ionic strength indicates a highly electrostatic
contribution to the binding process. In the case of the interaction of MB with DNA in
the presence of K, the formation of secondary structures (G-quadruplex) cannot be
ruled out. Finally, quantum chemical modeling at DFT//B3LYP/6-31G(d,p) level
confirms the experimental results. These results not only provide a clear insight into the
interaction between methylene blue and DNA but can also be exploited for the design of

novel DNA sensors based on photoactive labels.
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Figure captions

Scheme 1. Molecular structure of methylene blue.

Figure 1. (a) Absorption spectra of MB and MB-Gy at 298 K (¢(DNA) = 10 uM, buffer:
10 mM Tris-HCI pH 7.4. + 10 mM NacCl) (b) Dependence of A/Ao (at 665 nm) with the

studied oligonucleotides (A9, Co, Go and To) at different molar ratios.

Figure 2. Fluorescence spectra of MB recorded in the absence and in the presence of
increasing concentrations of Go at 298 K (Aexe= 665 nm). Inset: Modified Benesi-

Hildebrand plot.

Figure 3. a) Stern-Volmer plot of the MB fluorescence in the presence of the studied
sequences at 298 K: Go (A), Ag (@), Co (m), To (V). b) Stern-Volmer behavior of MB-
Go system at different temperatures. ¢) Modified Stern-Volmer plot of MB-Gy system at

298 K.

Figure 4. van't Hoff plot for MB-Go system.

Figure 5. Effect of pH on F/Fy (at 686 nm) for MB-Go system at different molar ratios.

Figure 6. Structural models obtained at DFT level using the B3LYP functional and 6-

31G (d,p) basis set for the single stranded DNA fragments.

23



Table 1. The effective quenching constant (K,), the fraction of accessible fluorophore

(fa) and thermodynamic parameters of MB-Go system calculated at different

temperatures.

T/K Ka/105M! fa AH/kJ.mol! AS/J.mol''. K | AG/kJ.mol!
288 4.0 0.98 -30.8

293 3.8 0.96 -31.3

298 3.6 0.93 -31.7

-5.70 87.2

303 3.5 0.92 -32.1

308 3.4 0.88 -32.6

313 3.3 0.87 -32.9
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Table 2. Variation of F/Fo (at 686 nm) at 1:1 MB:Gy molar ratio with increasing ionic

strengths.
F/Fo (%)

Ion Ihyd (pm)?

10 mM 100 mM 1M
H;O" 280 - - -
K" 331 60 75 86
Na® 358 42 66 85
Li" 382 44 75 90
Mg?* 428 85 87 95
[N(Bu)]s" - 40 45 47

 from reference [54].
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Figure 4
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