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ARTICLE INFO ABSTRACT
Keywords: Here, we studied the interaction between the food colorant tartrazine (TZ) and double stranded DNA (dsDNA),
Tartrazine using spectroscopic, electrochemical, and computational methods such as QM/MM combined with TD-DFT.
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DNA interaction
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Despite the UV-vis spectroscopy is widely used to study the interaction between molecules, for the case of TZ
there are discrepancies in the analyses presented in the literature available, presenting both hyperchromic and
hypochromic effects and consequently different rationalizations for their results. Herein we propose the com-
bination of UV-vis experiments with the design of high-level computational models capable of reproducing the
experimental behavior to finally define the proper binding mode at the molecular scale together with the
rationalization of the experimental optical response due to the complex formation. To complement the UV-vis
experiments, we propose the use of electrochemical measurements, to support the results obtained through
UV-vis spectroscopy, as it has been successfully used for the determination of interaction modes between small
molecules and biomolecules in any condition. Our UV-vis spectroscopy experiments showed only a hypochromic
effect of the absorption spectra of TZ after interaction with DNA, indicative of TZ being deeply buried in the DNA
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structure. The effect of ionic strength in the experimental procedures led to the dissociation of TZ, thus indicating
that the interaction mode was groove binding. On the other hand, the electrochemical studies showed an irre-
versible reduction peak of TZ, which after the interaction with DNA exhibited a positive shift in potential that can
be attributed to groove binding. The binding constant for TZ-DNA was calculated as 4.45x10% M~! (UV-vis) and
5.75x10* M~ (electrochemistry), in line with other groove binder azo dyes. Finally, through the QM/MM
calculations we found that the minor-groove binding mode interacting in zones rich in adenine and thymine was
the model best suited to reproduce the experimental UV-vis response.

1. Introduction

Tartrazine (TZ) is a yellow synthetic azo dye used for coloring food,
drugs, and cosmetic products. As an azo dye, its degradation/meta-
bolism produces aromatic amines in the body, which are considered
highly toxic. These molecules can damage urinary organs, the kidney,
the stomach, and the liver [1,2]. For example, the food azo dye Sudan I
has both genotoxic and carcinogenic effects, and international panels
such as the European Food Safety Authority (EFSA) assume that other
azo dyes with similar structures are potentially genotoxic and possibly
carcinogenic [3]. Therefore, a series of studies on azo dye interactions
with biomolecules such as human hemoglobin [1], albumins [4], lyso-
zyme [5], and deoxyribonucleic acid (DNA) [6-9] have been reported.

Among these biomolecules, the interaction with DNA is one of the
most important aspects in several areas of research because it helps to
understand the mechanism of action or toxicity of different molecules. It
is well known that DNA can be found unwrapped under several condi-
tions of normal DNA reading and replication. The interaction of small
molecules and DNA has been also demonstrated under physiological
conditions, not only for dyes, but for a series of molecules, including
drugs, which support their mechanism of action via interaction with
DNA by different binding mechanisms [10,11]. The interaction between
molecules and DNA has been categorized into three types: (i) electro-
static (between positively charged molecules and the negative DNA
phosphate groups), (ii) groove binding, and (iii) intercalation (associ-
ated with planar aromatic molecules) [11-13]. These types of in-
teractions can change the DNA conformation, interrupt protein-DNA
interactions and potentially lead to the breakage of DNA strands. All of
these events can have substantial effects on gene expression [10,12].

The commonly used techniques for studying the interaction between
small molecules and DNA are UV-visible spectroscopy, fluorescence
spectroscopy, circular dichroism spectroscopy, viscosity measurement
studies, isothermal titration calorimetry, Fourier transform infrared
spectroscopy, and voltammetry measurements [12]. In this respect,
voltammetric techniques can work as an excellent complement to other
techniques based on the optical response of the complex, especially
when the results show weak absorption or fluorescence spectra and/or
overlapping of electronic transitions with DNA. UV-visible spectroscopy
is one of the most used techniques because of its simplicity. The inter-
action between small molecules and DNA leads to changes in the
UV-visible spectra of both molecules. In this context, to be able to
correlate the band intensity (hyper- or hypochromic effect) and/or any
shift in the position of the peak in the spectra (batho- or hypsochromic
shift) to a specific interaction mode is an important target of research, as
it provides the insights to predict the interaction mode of chemically
similar molecules depending on their optical response. According to
Rehman et al. [14], when small molecules intercalate into DNA, the
UV-visible spectrum of the molecule shows a bathochromic shift as well
as a hypochromic effect. In the case of groove binding interactions, a
smaller or no bathochromic shift is observed. On the other hand, in the
case of electrostatic interactions, Horakova et al. [15] indicated that a
hyperchromic effect is detected. If the band observed for the interaction
comes from DNA absorption, the hyperchromism could be associated
with partial uncoiling of the double helix, which exposes more bases of
the DNA to the solution, explaining the increase in the DNA absorption
band [16]. Therefore, the hyper- or hypochromic effect must be

analyzed and assigned carefully, as there are several variables involved
in the observed spectral changes after complexation with DNA.

For food colorants, a few studies have confirmed the interaction of
DNA with TZ [6,9,17], sunset yellow (SY) [7,16], carmoisine (CR)
[18,19] and Allura Red (AR) [20] by UV-visible absorption spectros-
copy. These four colorants have two aromatic moieties connected by an
azo group; therefore, a similar interaction mode between them and DNA
was expected. For SY, Asaadi et al. [7] added DNA to different con-
centrations of SY observing a hypochromic effect on the main band of
the colorant, from which calculated an intrinsic binding constant (K) of
2.1 x 103 M. Also, based on other experiments, they stated that the
interaction of SY with DNA is a combination of intercalation and elec-
trostatic modes due to the planar structure and positive charges of the
colorant. Nevertheless, the problem with that binding mode proposal is
that SY is in fact not planar; therefore, the intercalation mode should not
be favored. In addition, the pK,, of the colorantis 10.5 [21], which means
that below pH 8.0, the molecule is actually in an anionic state, having a
repulsive effect toward electrostatic interactions. On the other hand,
Kashanian et al. [16] observed a hyperchromic effect for the same
experiment and attributed the changes in the spectra to an external
contact of the colorant with DNA, with a K of 7.0 x 104 M~!. The au-
thors concluded that the interaction mode of SY is groove binding by
comparison of the K value with those of other groove binder agents
reported. For CR, two reports showed opposite effects in the UV-vis
spectra when different amounts of DNA were added to a fixed concen-
tration of CR. Arvin et al. [19] observed a hyperchromism tendency with
aK of 6.2 x 10* M. The interaction of CR with DNA was explained by
the formation of hydrogen bonds between the amino and hydroxyl
groups of the colorant with the DNA bases. On the other hand, Basu et al.
[18] observed a hypochromic effect upon the addition of increasing
amounts of DNA, indicating that the spectral changes can be attributed
to a strong interaction between the ligand and the DNA base pair. The K
value obtained was 2.9 x 10* M}, and the groove binding mode was
proposed using other techniques instead of spectral analysis. In the case
of the red colorant AR, a hypochromism effect was observed after the
addition of increasing amounts of DNA with a K of 7.5 x 105 ML, The
groove binding mode was deduced by comparison of the K value with
those of other well-established groove binders [20]. Finally, for the case
of TZ, the UV-vis spectra found in the literature also presented incon-
clusive and opposite results. Kashanian et al. [17] studied the interac-
tion of TZ with DNA at a neutral pH of 7.4, and their results showed a
hyperchromic effect in the UV absorption band of TZ. According to the
authors, the binding of TZ damages the DNA structure and interacts with
a K value of 3.75 x 10* M. Using other techniques, the authors indi-
cated that the interaction mode is groove binding. On the other side,
Basu et al. [6], after conducting the same experiment, observed a hy-
pochromic change after the complexation of TZ with DNA. In this case,
the K value obtained for TZ was 3.53 x 10* M~!, and the interaction
mode through groove binding was also suggested by the results obtained
with other techniques. For azo colorants, different authors proposed the
same binding mode with similar values of the binding constant, but they
observed opposite changes in the UV spectra. Considering that the main
goal from the use of spectroscopic techniques in this context is to be able
to correlate changes in the spectrum with a specific binding mode, the
discrepancy between the binding mode and the optical response be-
comes relevant to be solved. This would provide a predictive character
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to the method allowing to search similar modifications in the patterns of
the UV-vis spectrum after the binding of other chemically similar small
molecules to DNA.

Because of this, the combination of electrochemical methods, UV-vis
spectroscopy and computational models will provide sound evidence to
solve the discrepancy in the correlation between the binding mode be-
tween TZ and ds-DNA with the UV-vis response. In recent decades, the
use of electrochemical techniques have also demonstrated to provide
detailed insights regarding DNA-drug interactions shown by previous
studies [22,23], which could be an excellent complement to the
UV-visible methods due to their accessibility and low cost. The rationale
behind the use of this technique comes from the fact that the peak po-
tential and peak current of the compound change in the presence of DNA
if the compound interacts with it and vice versa. Furthermore, the
changes in the peak current of the molecule by the addition of increasing
DNA concentration can be used for the determination of binding con-
stants, while the shift in potential can be used to determine the mode of
interaction [12]. For this purpose, some authors have reported that if the
peak potential (Ep) of the molecule shifts to more negative values when
it interacts with DNA, the interaction mode is dominated by electrostatic
interactions. In contrast, when E, shifts to more positive values, the
interaction mode is intercalation or groove binding [22,24]. To
corroborate this, authors such as Catalan et al. [22] studied the effect of
the ionic strength (IS) of the medium. At low IS values, the electrostatic
interaction mode between a molecule and DNA is predominant; mean-
while, at high IS values, the charges of the DNA and the molecule are
shielded, which reduces noncovalent interactions mediated by electro-
static interactions [14,25].

Herein, to solve the presented discrepancy, we show the combination
of UV-vis spectroscopy, electrochemical methods, and computational
models including TDDFT calculations as a robust strategy to provide the
necessary evidence to solve the discrepancy in the correlation between
the binding mode between TZ and ds-DNA with the UV-vis response.
The use of molecular models of the TZ-DNA complex and the calculation
of the UV-vis spectra of several possible binding modes by using TDDFT
allowed us to determine which interaction complex reproduces the
experimental UV-vis, results supported by the electrochemical response
and the binding mode predicted by this method. Additionally, to the best
of our knowledge, there are no reports on electrochemical studies
regarding the interaction between TZ and DNA or those complemented
by computational models. Finally, the experimental results will be
compared and used to determine the binding constant.

2. Materials and methods
2.1. Materials

Tartrazine (TZ, CAS 1934-21-0) and calf-thymus double stranded
DNA (DNA, Cat. Number D4522) were obtained from Sigma-Aldrich.
NaCl was purchased from Merck. Stock solutions of DNA (1000 mg/L)
were prepared with Tris-EDTA buffer solution (20 mM Tris-HCl, 1 mM
EDTA, pH = 8.0). The DNA concentration was determined spectropho-
tometrically using literature values for the molar absorption coefficient
(€260 = 6600 L mol ! cm_l) [22]. Additionally, the UV absorbance ratio
(260,280 nm) was measured to verify that the DNA was sufficiently free
of proteins. A stock solution of TZ (0.5 mM) was prepared in 0.1 M
phosphate buffer solution (PBS, pH 7.4). Ultrapure water from a Milli-Q
system was used to prepare all the solutions. All chemicals were used as
received.

2.2. Instruments

Voltammetric studies were conducted on a CHI 650E potentiostat
(CH Instruments Inc., USA). A three-electrode cell was used with a glassy
carbon electrode (GCE), 3.0 M Ag/AgCl, and a Pt wire as the working,
reference, and auxiliary electrodes, respectively. A magnetic stirrer
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provided convective transport when necessary. Before each measure-
ment, the GCE was polished with 0.3 pm and 0.05 pm alumina and then
washed with abundant deionized water. All experiments were per-
formed at room temperature and in triplicate.

Electrochemical measurements were carried out in 0.1 M PBS at pH
7.4. Cyclic voltammograms (CVs) and differential pulse voltammograms
(DPVs) were performed over the potential range of —1.2 and —0.2 V, and
the reduction peak of TZ was recorded. The DPV operating conditions
were a potential increment of 0.004 V, pulse amplitude of 0.05 V, and
pulse period of 0.2 s. Consecutive DNA concentrations in the range from
0.125 mM to 0.50 mM were added to the TZ solution. Before each
electrochemical measurement, the solution was purged with nitrogen
for at least 15 min.

UV-vis spectra for TZ-DNA interactions were obtained using a
UV-visible spectrophotometer (Hitachi U2910; VISION 3.2 software).
The solutions were scanned by using a 1 cm quartz cuvette. UV-visible
measurements were conducted in 0.1 M PBS at pH 7.4. A constant
concentration of 0.05 mM TZ was mixed with different concentrations of
DNA from 0.025 to 0.40 mM. All the samples were incubated for 15 min
at room temperature. The UV-vis spectra of TZ with and without DNA
were recorded over the range from 200 to 550 nm.

2.3. Calf-thymus ds-DNA modelling

To generate a model of calf-thymus ds-DNA, we used the crystal
structure deposited in the Protein Data Bank (PDB) with the entry 1BNA
[26], which is a 12-mer sequence that has 33.3 % guanine residues and
consequently 66 % G-C base pair composition. VMD (v1.9.1) [27] was
used to protonate and solvate the ds-DNA structure in a rectangular box
of TIP3P water molecules, followed by the addition of ions in the form of
NacCl to reach a concentration of 0.02 mol/L to ensure charge neutrality
of the system. The molecular dynamics (MD) simulations were per-
formed using periodic boundary conditions as implemented in NAMD
code version 2.9 [28], and the chosen parameters for the system were
those obtained from the nucleic acid CHARMMS36 force field [29]. The
simulations were run using a 2 fs time step, and the Langevin piston
Nosé-Hoover method was used to keep the temperature and pressure at
300 K and 1 atm, respectively. The bonds involving hydrogen atoms
were restrained by using the SHAKE algorithm as implemented in
NAMD. The simulation protocol involved an initial minimization carried
out by 10,000 steps of the conjugate gradient keeping the DNA structure
fixed and allowing the water molecules to accommodate around base
pairs. Then, 20,000 steps of the conjugate gradient were carried out
without restrictions, followed by 1 ns of equilibration. Finally, 20 ns of
production simulation was performed.

2.4. DNA-TZ complex modelling

To define a set of complexes able to represent the most likely inter-
action conformations between TZ and the ds-DNA, a thorough spatial
exploration of binding modes was carried out by using a docking
approach. For this purpose, 10 different conformations of the ds-DNA
were selected from the MD simulations by taking the last snapshot
every 2 ns along the 20 ns of production simulation to capture the ds-
DNA in different conformations. Then, a docking procedure dividing
the ds-DNA into three zones of exploration using three grids with a
spacing of 0.25 A was defined, where the lower region corresponded to
the first cytosine from chain A and the upper region was the opposite end
of the ds-DNA structure.

The docking calculations were performed by using AutoDock4 soft-
ware [30] using the Lamarckian genetic algorithm as a search method as
implemented in the program. Each docking run was carried out by
setting it to 100 runs using a maximum number of evaluations set to
25,000,000 and a maximum number of generations up to 27000. This
led to 30 docking calculations, from which we selected the lowest energy
solution, with a total of 30 ds-DNA-TZ complexes. Each complex was
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Fig. 1. (a) Cyclic voltammogram of 0.5 mM TZ. (b) Cyclic voltammograms of 0.5 mM TZ with different scan rates: 0.02, 0.04, 0.06, 0.08, 0.10, 0.20, 0.30, 0.40 and
0.50 V s~ L. (¢) Differential pulse voltammograms of 0.5 mM TZ in the absence and presence of DNA; [DNA]/[TZ] = 3. (d) Effect of DNA concentration on the DPV of
0.5 mM TZ; [DNA]/[TZ] = 0, 0.25, 0.5, 0.75 and 1.0. Interaction time: 15 min. Supporting electrolyte: 0.1 M PBS (pH 7.4). Working electrode: glassy car-

bon electrode.

prepared for an MD simulation of 4 ns to evaluate the stability of the
complexes in their binding conformations. Therefore, the use of the term
stability throughout the study will point toward the ability to stay in the
respective binding mode during the 4 ns simulation, without dissocia-
tion of TZ from the binding site. After the complex simulations, the
systems that showed a stable binding mode during the simulation were
selected. To obtain a representative structure of the complex from the
MD simulation, we used the clustering approach implemented in VMD,
which allows us to classify the visited conformations in clusters ac-
cording to their RMSD and thus to define the most visited conformation.
For this purpose and considering the flexibility of the ds-DNA structure,
an RMSD of 2 A was used as the cutoff. After defining the most populated
cluster, the conformation with the lowest interaction energy was
selected from the cluster, for which the NAMD Energy plugin imple-
mented in VMD software was used to evaluate the noncovalent inter-
action energies considering only the ds-DNA and the TZ molecule
without involving solving effects to obtain an estimate of the most
suitable complex from the cluster. Finally, the resulting structures were
set up for the QM/MM calculations.

2.5. QM/MM calculations

To obtain an accurate representation of the system under study, it is
important to model the system through a full representation of the
molecular complex. In addition, to provide an accurate representation of
the optical response (UV-vis spectrum), a quantum chemical approach
becomes mandatory. In this regard, the QM/MM approach offers an
excellent balance between model size, computer time and accuracy. This

approach allows us to divide the system between a quantum mechanical
region (QM region) and a molecular mechanics region (MM), thus
including only the most important part of the system into the QM region
and the rest in the MM region to incorporate the environmental effects of
the surroundings. The full QM/MM system was defined as the complete
ds-DNA-TZA complex plus every water molecule at 15 A from TZ.
Meanwhile, the QM region was defined as every nucleotide base and
water molecule at 3 A from the TZA molecule. The active region,
meaning the part of the QM/MM system that is allowed to move during
the minimizations, was defined as TZ and every nucleic acid plus water
molecules at 8 A from the colorant. The rest of the QM/MM system was
kept fixed to maintain the integrity of the model. All geometry optimi-
zations were performed at the DFT level of theory by using the BP86
density functional [31,32]. The choice of the functional relies on its
proven accuracy at reproducing both redox potential and UV-vis
experimental results for azo compounds, as some of us previously re-
ported [21]. For the basis set, the all-electron def2-SVP was used [33].
All DFT calculations include the DFT-D3 method (with the Becke-
Johnson damping function) [34]. The QM/MM calculations were per-
formed using the ChemShell suite [35] coupled with Turbomole v7.3
[36] to perform the electronic structure calculations involving the QM
region. In contrast, the calculations of the MM region were performed
with the pL-POLY program as implemented in the Chemshell suite. To
calculate an estimate of the interaction strength between TZ and the ds-
DNA system, we calculated an approximated interaction energy by using
the semiempirical method implemented in xTB software [37], according
to the following expression: AEint = Ecomplex — (Easpna + Erz). To
calculate each energy, we used a full atomistic approach considering the
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complete ds-DNA-TZ complexes obtained from the QM/MM calculations
removing the water molecules, both treated at the semiempirical level.
The energy of the ds-DNA system was calculated as the average energy
from the 10 structures used for the docking procedure obtained from the
20 ns of MD, and the TZ energy was obtained from a geometry optimi-
zation of the free molecule at the same level of theory. The present
approach allowed us to provide a relative scale within the set to rank the
complexes according to their interaction strength.

The excitation energies for the UV-visible spectra calculations were
obtained by the time-dependent perturbation theory approach (TD-DFT)
[38,39] based on the random-phase approximation (RPA). Each calcu-
lation involved the estimation of 100 singlet excitation states. For each
selected singlet excitation, we considered for the analysis those molec-
ular orbital transitions with contributions larger than 20 %. For the
calculations, we used as a starting point the wavefunction calculated for
the QM region and included the partial charges representing the MM
part of the system to model the nonlocal environment effects. All UV-vis
spectra results were processed using the program SpecDis developed by
Bruhn et al. [40], obtaining the fine structure UV-vis spectra and the
Gaussian curve of full-width at half-maximum (FWHM) of 0.5 eV.

3. Results and discussion
3.1. Electrochemical studies

3.1.1. Electro-reduction of tartrazine

First, we characterized the electrochemical reduction of TZ at pH 7.4.
The cyclic voltammetric profile of TZ is shown in Fig. 1a, where a single
reduction peak was observed close to —0.750 V. The mechanism of the
reduction of TZ is associated with the azo bond as follows:

Ri—N=N-Ry+2H"+2¢ >R, —NH—NH - R, (D]

R, —NH —NH — Ry +2H" +2¢” >R, — NH, + R, — NH, (2)

The first step corresponds to the reduction of the azo colorant to
obtain the hydrazine derivative via the 2H* /2e~ process. Then, a second
step involves the reduction of the hydrazine group, generating two ar-
omatic amines. According to Gooding et al. [41], the reduction mech-
anism varies between azo compounds. In some cases, the dye shows the
4H" /4e~ mechanism, mainly at low pH; meanwhile, others show a 2H*/
2e~ mechanism, namely, step (1), normally at high pH. This has been
attributed to the fact that when the pH media is higher than 7.0, step (1)
is slower, and some colorants end their reduction process in the hy-
drazine form. Since in our case the interaction studies were conducted at
pH 7.4, it was necessary to evaluate the number of electrons to identify
the mechanism involved, as it is close to the pH limit between both
mechanisms. A scan rate study between 0.02 and 0.50 V s~! was carried
out (Fig. 1b). The current obtained was linear with the square root of the
scan rate (1'/?) (Fig. S1a), which is consistent with a diffusion-controlled
mechanism. This was confirmed by plotting In i versus In v, whose plot
gives a slope of 0.50 (not shown). The reduction peak potential of TZ
shifted to more negative potential values as the scan rate increased. For
an irreversible system, the slope of the plot between E, versus In v per-
mits us to obtain the number of electrons involved in the redox process
[21]. For TZ, the linear relationship is expressed by E, =

—0.850 —0.023Inv, with a slope of 23 mV (Fig. S1b), which corresponds
to n = 2. Thus, the reduction of TZ involves a 2H" /2e~ mechanism,
indicating that TZ reduction at pH 7.4 did not form aromatic amines.

3.1.2. Tartrazine interaction with DNA in solution

The interaction studies of TZ with DNA were conducted in 0.1 M PBS
at pH 7.4 by differential pulse voltammetry (DPV) at a glassy carbon
electrode. The DPV technique is recommended for this study because the
peak resolution is better than that of CV. The voltammetric profiles of TZ
at 0.5 mM in the absence and presence of DNA are shown in Fig. 1c. DNA
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does not show any reduction peak in the potential range used. In the
absence of DNA, the reduction of TZ occurs at —0.710 V, which posi-
tively shifted to —-0.650 V when DNA is added to the solution. The pos-
itive peak potential shift of + 60 mV could be associated with the
interaction mode, since positive potential shifting is indicative of the
intercalation or groove binding mode, ruling out electrostatic in-
teractions [22,42]. This result may be expected due to the electrostatic
repulsion between the negatively charged phosphate group from DNA
and the sulfonate group from TZ. From this point of view, the problem is
reduced to identifying if the interaction mode is through groove binding
or intercalation.

Once it was established that TZ interacts with DNA, we evaluated the
optimal interaction time of the process to continue with the character-
ization. In this case, the voltammetric signal of TZ after the interaction
with DNA was followed at different interaction times for one hour
(Fig. S2a). The initial current value of TZ in the absence of DNA (t = 0)
quickly decays after 2 min of interaction with DNA, indicating a fast
interaction between both molecules, with a minimum value obtained
between 10 and 15 min. At higher interaction times, the reduction signal
of TZ slightly increases, but the initial current value is never reached.
Therefore, for the following experiments, the optimal experimental
interaction time was set to 15 min since the decay in current is the
highest with a low RSD value (3 %). Additionally, this time coincides
with the time used to purge the solution with nitrogen. Therefore, this
interaction time also allows the solution to be completely degassed,
avoiding the presence of oxygen to prevent the interference of the ox-
ygen reduction reaction.

To confirm the binding of TZ to DNA, voltammetric changes were
obtained after adding increasing amounts of DNA to a fixed concentra-
tion of TZ using 15 min of interaction time (Fig. 1d). The DP voltam-
mograms of TZ showed a positive shift in potential and an increase in the
peak current value. In some cases, it is possible to observe two over-
lapping peaks; this could be related to the reduction of TZ molecules that
are interacting with DNA and the reduction of free TZ molecules. The
peak potential shift suggests an interaction mode via intercalation be-
tween base pairs of DNA or via groove binding [22,43].

To identify which of these modes is predominant, the experiment
reported in Fig. 1d was repeated but in the presence of 90 mM NaCl to
increase the ionic strength of the medium (Fig. S3a). The resulting
voltammograms showed an improvement in the peak definition and
higher current values than those obtained without NaCl, indicating that
the interaction of TZ with DNA depends on the ionic strength. Addi-
tionally, a positive potential shift was observed in the presence and
absence of NaCl. The addition of strong electrolytes such as NaCl will
affect the interaction between DNA and molecules that have a groove
binding mode instead of intercalation; the presence of Na™ partly shields
the negative charges of the DNA, reducing the electrostatic effects that
affect the external interaction between molecules and DNA [44]. If TZ
was intercalated in the DNA, the IS would not have an effect on the
electrochemical response of TZ; therefore, the results suggest an inter-
action mode via groove binding.

Assuming that small molecules produce a single complex with DNA,
their interaction can be described as:

molecule + DNA=molecule — DNA 3)

Under the assumption of reversible, diffusion-controlled electron
transfer and the complex of TZ-DNA being a 1:1 association complex, the
titration of TZ with different concentrations of DNA can be described by
the current titration equation [7,45]:

1 1
log <—[DNA]> = logK + log (1—0 — 1) “4)

where K is the binding constant, I is the maximum current observed in
the presence of DNA, I is the current observed in the absence of DNA,
and [DNA] is the molar concentration of DNA. From the slope of a plot of
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Fig. 2. (a) UV-visible spectra of 0.05 mM TZ and 0.15 mM DNA. (b) Changes in the UV-visible spectra of TZ upon addition of increasing concentration of DNA; r; =
DNA/TZ = 0.5, 1, 2, 3, 4, 6 and 8. Interaction time: 5 min. (c) Effect of ionic strength r; = DNA/TZ = 0.5, 1, 2, 3, 4, 6 and 8; the measurements were made without
NaCl and with 90 mM NacCl. (d) Determination of the association constant of TZ-DNA. All experiments were performed in 0.1 M PBS (pH 7.4).

1/[DNA] versus log(lo%l), it is possible to determine the binding constant.

According to this, the calculated value of K was 5.75x10*M~!, obtained
from the correlation plot shown in Fig. S3b.

3.2. Interaction of TZ and DNA by spectroscopic studies

In Fig. 2a, it is observed that TZ exhibited two well-defined ab-
sorption peaks at 258 and 426 nm, in contrast with DNA that presented
only one at 258 nm. The interaction between TZ and DNA was evaluated
following the changes in the TZ absorption band at 426 nm since it
provided an easy way to monitor the changes in the absorption spectra
upon increasing concentrations of DNA [46]. The experiments were
performed after adding increasing amounts of DNA to a fixed concen-
tration of TZ.

First, we evaluated the dilution of TZ upon water addition (not
shown), and the results showed a slight decrease in absorbance (<1%),
therefore, the hypochromic effect observed due the dilution of TZ is very
low. After the interaction of TZ with different DNA concentrations, the
absorption band of TZ at 426 nm decreases, producing a hypochromic
change of approximately 23 % (Fig. 2b), similar to what has been
observed for other azo colorants with DNA [47]. Other authors stated
that this result indicates that TZ interacts with DNA by an intimate
overlap of the n electrons of the aromatic groups of TZ and the DNA base
pair [6,9,17], but this is true only for an intercalation mode. Addition-
ally, for the intercalation mode, new bands and/or batho- or hyp-
sochromic shifts are expected with increasing amounts of DNA [48]. In
this case, no new bands or displacements in the maximum absorbance
were observed; therefore, an intercalation mode was dismissed, as we
will also demonstrate through our computational models. Moreover, the
hypochromism effect could be associated with an external interaction,
such as groove binding.

Similar to the electrochemical results, to verify that the interaction
mode is groove binding, the effect of the IS was studied (Fig. 2c). The
presence of NaCl induced an increase in absorbance when compared to
the effect of DNA in the absence of NaCl. This result is in agreement with

the electrochemical experiments and confirms an interaction mediated
by groove binding since TZ interacts externally with the grooves of DNA
and consequently is more exposed to ionic force charges. According to
these results, the changes in current and absorbance suggest that the
increase in the IS induces the dissociation of TZ from the DNA groove
binding site, augmenting the availability of TZ in its free form.

The binding constant (K) was determined from the spectral titration
data using the Wolfe-Shimer equation [49]:

(DNA)
(ea — &)

_ (DNA) 1
7(67)—6})4_1((6‘;)—6}) ®

where (DNA) is the concentration of DNA, ¢, is the apparent absorption
coefficient (Ayys/(M)), & is the extinction coefficient of the free molecule
and ¢, is the extinction coefficient of the molecule when fully bound to
DNA. In a plot of (DNA)/(e, —¢f) versus (DNA), the constant (K) is given
by the ratio of the slope to the intercept [16,17,19,20]. The K value
obtained was 4.45x10*M™1, close to the value obtained by the electro-
chemical method.

3.3. Modelling of the DNA-TZ complex

To provide a molecular basis for the binding mode of TZ on DNA, a
molecular modeling study was carried out to identify the most likely
mode of interaction by identifying the complex capable of reproducing
the experimental observations. From the 30 docking conformations, 10
conformations proved to be stable during the 4 ns of MD simulation,
from which one was eliminated because two complexes were identical in
their binding mode and intermolecular interactions with DNA. From the
9 selected complexes shown in Fig. 3a, one corresponded to the n-n
interaction conformation at the higher end of the DNA (confl), five
corresponded to minor groove binding (conf2 to conf6), one corre-
sponded to n-t/hydrogen bond interactions in the middle region of the
DNA (conf7), one corresponded to major groove binding (conf8), and
one corresponded to intercalation in the middle region (conf9). In terms
of the groove binding complexes, as the extension of the minor groove
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Fig. 3. (a) Optimized geometries of the
nine conformations representing the com-
plete series of possible binding modes of TZ
with the ds-DNA structure. The orange
arrow indicates the location of the TZ
molecule. In the upper region, there are
minor groove binding modes along the
whole extension of the ds-DNA structure,
whereas in the lower region, there are four
distinct possible binding modes, including
the interaction with the end of the ds-DNA
structure (confl), major groove binding
(conf8) and intercalation (conf9) (green:
DNA structure; TZ: silver-carbon, red-oxy-
gen and blue-nitrogen). (b) Molecular
structure of tartrazine (A and C = sulfona-
tophenyl rings; B = pyrazolone ring). (c)
Scheme representing the ds-DNA sequence
used in this study, together with the loca-
tion of TZ for the different binding modes
modeled here.

Minor
groove

(intercalation)

(b) (c)

{2 Groove binder

<1 n-n and H-bond
D Intercalant

Table 1

Interaction energies of the TZ-DNA complexes. AE, is defined as the interaction
energy difference between confl used as the baseline and the corresponding
energy of each complex.

Complex Eine (kcal/mol) AE,¢ (kcal/mol)
Confl -75.6 0

Conf2 —181.9 —106.3

Conf3 —269.1 —193.5

Conf4 —281.2 —205.6

Conf5 -199.7 -124.1

Conf6 —196.6 -121.0

Conf7 —-104.8 —29.2

Conf8 —248.9 -173.3

Conf9 —190.2 -114.6

binding sites in the 12-mer sequence was larger, it was possible to find
several binding modes along the whole extension of the DNA structure.
Meanwhile, for the major groove, only one stable conformation was
obtained at the unique major groove site present in the structure used
here.

To rationalize the preference toward certain binding modes ac-
cording to their intermolecular interactions, we calculated an estimate
of the interaction energies as described in the methodology section and
listed in Table 1. According to this, we discussed their relative magni-
tudes with respect to the specific interaction formed between TZ
(Fig. 3b) and the DNA of each complex. This will shed light on the
interaction pattern that dominates the complex formation.

:(“H-

Ceand—(Cas)
Eaa)—CEIEED) confd)
Coar)—(cis)
(T i 2: 0

Confl is characterized by a n-n interaction between the pyrazolone
from TZ and the guanine (G) from chain A of the DNA (G12-A, Fig. 3c).
However, it is possible for this interaction to transition between the
other aromatic rings from TZ and the DNA base pair. As TZ only inter-
acted through one side and no hydrogen bonds were formed, this was
the lowest interaction energy obtained, with a value of —75.6 kcal/mol.
This will be the reference value defined as zero to facilitate the analysis
of the rest of the complexes, where more negative values mean more
stability than confl in the magnitude. For conf2, a minor groove
binding complex, it was possible to find the formation of a hydrogen
bond between the pyrazolone —OH group and the deoxyribose from
cytosine (C) (C11-A). A second hydrogen bond between the carboxylate
from pyrazolone and the amino-purine moiety from G4-B was found,
and a third hydrogen bond was formed between the azo moiety and the
amino-purine from G10-A. The rest are dispersion interactions driven by
the sulfonatophenyl rings and the deoxyribose from G10-A and C3-B
from the DNA backbone. These interactions led to an increase of
—106.3 kcal/mol compared to that of confl. Within the complexes
interacting through a minor groove, conf3 seems to be deeply buried
into the cleft, with both ends from the TZ molecule denoted by the
sulfonate groups anchored through hydrogen bonds with the -OH group
from the deoxyribose of thymine (T) from chain A (T7-A) at one end and
the other by interacting with the amino-purine from G4-B. A hydrogen
bond between the —OH group from pyrazolone and the carbonyl group
from the methyl-pyrimidine ring of T8-A is formed; therefore, conf3 has
a total of 3 hydrogen bonds as part of the interaction network. As ex-
pected, it showed a large increase of —193.5 kcal/mol in the interaction
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Fig. 4. Simulated UV-visible spectra of TZ and TZ-DNA complexes with the different interaction modes studied here. (a) Models representing the minor groove
binding modes. (b) Models representing distinct binding modes, such as interaction with the end of the ds-DNA structure (confl), major groove binding (conf8) and

intercalation (conf9).

energy compared to that of confl. The next complex in the minor groove
series is conf4, which forms a hydrogen bond between one sulfonate
group and the -OH from the deoxyribose from T8-B and a hydrogen
bond between one nitrogen group of the azo moiety and the -OH from
the deoxyribose from T7-A. The sulfonatophenyl rings seem to be
interacting through dispersion forces with the DNA backbone. The
interaction energy increase from confl was very close to that obtained
for conf3, with a value of —205.6 kcal/mol. Regarding conf5, its
interaction is mainly dominated by dispersive interactions with no
hydrogen bonds involved, where the TZ interacts through one of its sides
toward the minor groove, probably because in this conformation, it is
best fitted into the binding site. This is reflected by the decrease in the
relative interaction energy with respect to those of conf3 and conf4,
with a value of —124.1 kcal/mol over that of confl. Similar to conf5,
conf6 seems to be mainly dominated by dispersion forces between TZ
and the DNA backbone, where the only hydrogen bond is formed be-
tween the ~OH group from pyrazolone and the hydroxyl from deoxyri-
bose from G10-B. Consequently, conf5 and conf6 showed close
magnitudes in their interaction energies. The conf7 complex is charac-
terized by the TZ only half interacting with the DNA, leaving the second
sulfonatophenyl ring toward the solvent. This may represent an inter-
mediate conformation state before full incorporation into the minor
groove. The sulfonate group inside the minor groove interacts with the
—OH group from deoxyribose from T7-B. A n-n interaction between the
sulfonatophenyl ring and the adenine ring from A5-A is formed, together
with a hydrogen bond between the pyrazolone carboxylate group and
the —-OH group from the deoxyribose from A5-A. Interestingly, this
complex showed only slightly higher interaction energies than that of
confl, with an increase of only —29.2 kcal/mol. These results suggest
that the binding process may be initiated by the formation of a n-n
interaction between the sulfonatophenyl ring and the ring from the
nucleotide base, which is later replaced by the formation of a more
intricate hydrogen bond network, as evidenced for conf3. The model
representing the major groove binding, namely, conf8, is characterized
by the formation of several hydrogen bonds, among which there is an
interaction between the sulfonate with both the pyrimidine ring from

T7-B and the aminopurine ring from A6-B. Additionally, a hydrogen
bond exists between the pyrazolone —~OH group and the phosphate from
A5-B. The rest of the interactions are of a dispersive nature mainly with
the backbone of chain B. The magnitude of the interaction energy is only
slightly lower than that obtained for conf3 and conf4, revealing that
this complex would be able to contribute to the experimental observa-
tions. Finally, conf9 corresponds to an intercalation binding mode. Due
to the reduced size of the DNA structure, the only stable intercalation
complex was obtained in the middle region of the sequence, as it was
able to provide enough space without excessively distorting the DNA
structure. This interaction mode is characterized by the z- stacking
conformation of one sulfonatophenyl ring between the pyrimidine rings
of T7-A and T7-B. No hydrogen bonds were formed in this binding mode,
which showed a lower interaction energy when compared to those of
conf3 and conf4, ruling out its contribution to the experimental results.
In general, the binding of TZ to the DNA structure is dominated by the
formation of hydrogen bonds between the sulfonate groups from TZ and
the deoxyriboses from DNA, and an important involvement of the pyr-
azolone ring in this hydrogen bonding network was also found. Most of
the interaction takes place with the —OH groups from the deoxyriboses,
and a minor involvement from the base pair was found. A preference
toward zones rich in adenine and thymine was observed, as pinpointed
in Fig. 3c. Finally, according to the interaction strengths, there is a clear
preference toward interacting with the middle region of the DNA
structure, involving both the minor groove binding mode (conf3 and
conf4) and the major groove binding mode (conf8).

3.4. UV-visible spectra calculation of the DNA-TZ complexes

To define the most likely binding modes of TZ to the DNA sequence
used here, we calculated the UV-vis spectrum of each complex to
determine which binding conformation better represents and contrib-
utes to the experimental optical response. According to the experimental
data, the main absorption band associated with the TZ molecule and
used to follow its behavior during TZ binding to DNA appeared at 426
nm. As listed in Table S1, for the TZ molecule in implicit water solvent,



S. Arsenault-Escobar et al.

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 292 (2023) 122400

61.5%

1! R

TZ

LUMO+1

430.0 nm

=0.1902

Conf9

Fig. 5. Molecular orbital representation for the electronic transitions of TZ and TZ-DNA complexes (conf3 and conf9) necessary to characterize the main absorption
band experimentally observed from UV-vis experiments used to rationalize the TZ-DNA binding mode.

the main absorption band was located at 424 nm. This result is in close
agreement with the experimental data, reinforcing the suitability of the
methodology and providing the baseline for the analysis of the changes
in the calculated optical response after binding to the DNA. The simu-
lated spectra are depicted in Fig. 4 and are contrasted with the spectrum
of TZ in implicit solvent.

For the complexes representing a minor groove binding mode (conf2
to conf6, Fig. 4a), only conf2 showed a blueshift close to 20 nm, without
the experimentally observed hypochromic effect. The blueshift may be

related to the direct interaction of the azo moiety with G10-A, which can
change the energy of the molecular orbitals involving this moiety. The
rest of the TZ complexes interacting through the minor groove binding
mode (conf3 to conf6) are close to the experimental behavior in terms
of the hypochromic effect. Among these, conf3 is the best model
reproducing the exact behavior observed from the experiment, where
only a reduction of the main band at 426 nm is observed. This model
corresponds to a minor groove binding mode in the middle region of the
DNA structure, in line with the experimental findings exposed above
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regarding the preferred binding mode. Interestingly, confl, which is
characterized by n-interactions at the upper end of the ds-DNA structure,
also showed a similar absorption band compared to some minor groove
binding modes. According to this, it would be expected that the exper-
imental observable is a consequence of a contribution to a minor extent
from confl and conf4 and a major contribution from conf3. On the
other hand, conf5 and conf6, which are in the lower region, suffer from
a blueshift ranging between 12 and 16 nm, which does not contribute to
the experimental spectrum. Meanwhile, conf7, which represents a
possible transition but a stable conformation prior to adopting a full
minor groove binding mode, showed a similar behavior to conf3 with a
slight redshift in the main absorption band, as shown in Fig. 4b. Ac-
cording to the theoretical results, the major groove binding mode rep-
resented by conf8 showed a large decrease in the main absorption band
with a redshift to 443.4 nm accompanied by the emergence of a second
and shorter band at a higher energy located at 403.8 nm. This indicates
that this binding mode is less likely to contribute to the experimental
behavior when compared to the minor groove binding mode. One of the
main questions to be addressed here was to define the dominant binding
mode of TZ with DNA, and for this, we have conf9, with which we were
capable of modeling the expected spectrum in the case of an intercala-
tion binding mode. As a result, it was found that the main absorption
band was redshifted to 391.7 nm, with the appearance of a second
shorter band at 448.0 nm at lower energy. Our results suggest that the
lack of experimental evidence showing a contribution from this optical
response behavior points toward the lack of an intercalation mode of
binding by TZ.

From the analysis of the nature of the electronic transitions involved
in the main UV-vis band followed for the binding process, it is possible
to provide insights into the chemical role of the intermolecular in-
teractions between TZ and DNA and the changes in the optical response.
The molecular orbital representations for the TZ molecule, conf3 and
conf9 are depicted in Fig. 5, and those for the rest of the complexes are
in the Supporting Information (Figure S4).

The main electronic transition from the TZ molecule showed a n - n*
character in one case involving the pyrazolone ring with the sulfona-
tophenyl ring (C) and in another case involving the azo moiety. In this
sense, the main orbital feature observed among the minor groove
complexes that were close to the experimental response (conf3 and
conf4) is that all have an electronic transition from n-sulfonatophenyl
ring (A) + m-azo + n-pyrazolone to n*-sulfonatophenyl ring (A) + n*-azo
+ n*-pyrazolone. For confl, in which its spectrum was also similar to
the experimental spectrum, the arrival orbital also involved a n*-azo
contribution, although the rest of the contributions were of n-bonding
character.

The electronic transition between the free TZ and the molecule in the
complex with DNA seems to be similar in nature, where the main
common feature is the involvement of the azo moiety, which does not
strongly interact with the DNA base pairs. Despite the mixed nature of
some of the electronic transitions of several complexes, a common
pattern is always associated with the n-azo to n*-azo character of the
main band observed in the UV-vis spectrum. For the intercalation
binding mode, the involvement of the n-character transition with a lack
of azo moiety contribution denotes the effect that the n-stacking in-
teractions would have on these types of compounds, with the conse-
quent increase in the energy difference between the occupied molecular
orbitals with n-bonding character and the LUMO/LUMO -+ 1 molecular
orbital, probably because of the stabilization and decrease in energy of
the HOMO and its closer occupied orbitals. Finally, the low interaction
strength between TZ and DNA for confl explains the lack of change in
the electronic transition mechanism, which was indeed observed for the
fully intercalated complex represented by conf9.

4. Conclusion

A detailed electrochemical, UV-vis spectroscopy and computational
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multiscale modeling exploration of TZ and ds-DNA binding was pre-
sented, and the results revealed an interaction mechanism through a
minor groove binding mode. DPV experiments showed that after the
addition of DNA, the TZ peak current showed a positive shift in potential
and an increase in the peak current value. On the other hand, UV-vis
spectroscopy spectra of the TZ-DNA interaction showed a hypochromic
effect without a shift in the bands or the appearance of any new band.
The ionic strength studies showed that the increase in the concentration
of NaCl increased both the current and the absorption band in both the
electrochemical and UV-vis experiments, suggesting the dissociation of
the TZ-DNA complex and pointing out that TZ interacts with the surface
of the double-stranded DNA structure without intercalation. This was
also supported by the lack of displacement of the absorption band ex-
pected for the intercalation mode due to the n-stacking interactions, also
evidenced from the computational models. The QM/MM calculations
allowed us to specify the preference toward minor groove binding sites
in the double-stranded DNA structure by exposing that these models
were the only ones capable of accurately reproducing the experimental
UV-vis spectrum. In addition, we found that TZ presented some degree
of sequence selectivity, where TZ showed some preference toward the
region rich in adenine and thymine. Our results provide the grounds to
define that the minor groove binding mode of TZ with DNA correlates
with a hypochromic effect, thus solving the discrepancy between the
binding of TZ to double stranded DNA and the expected optical response
due to complex formation. Finally, the binding constant between TZ and
DNA was experimentally calculated as 5.75x10*M~! (DPV) and
4.45x10*M~! (UV-vis), showing the usefulness of the electrochemical
method that offers a fast and simple response in this type of study.
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