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ABSTRACT

The predicted capability of lonic Liquids (ILs) in stabilizing the native structure of nucleic acids is relevant
in biotechnology, especially for DNA storage and handling. In the present work, we implement a joint
combination of advanced spectroscopic techniques such as synchrotron radiation-UV Resonance
Raman spectroscopy (SR-UVRR) and molecular dynamics (MD) simulations for deepening insight into
the sequence and structural specificity of the binding interactions between imidazolium-based ILs and
both the phosphate groups and nucleobases in the minor and major grooves of double-stranded DNA.
A 30-base pair double-stranded DNA structure has been chosen as a model of natural DNA. The experi-
mental and simulation results give evidence of the predominance of a groove binding mechanism
between ILs cations and DNA, with preferential interactions among guanine residues and the shorter
alkyl-chain length on imidazolium cations. Raman experiments allowed us to detect both cooperative
transition and reversible pre-melting structural transformations that involve specific tracts in the struc-
ture of DNA and are turned on at lower temperatures for guanine residues than for adenine ones. The
more marked effect on the pre-melting states of adenine operated by the imidazolium-based ILs with
chloride as anion suggests a selective strong interaction of this anion with the DNA’s adenine-rich tracts.
MD simulation results reveal the influence of ILs on the structural properties of DNA and provide more
details about the solvation, interaction, stability and flexibility of DNA in the hydrated ILs. According
to MD analyses, simultaneous electrostatic and hydrophobic interactions drive the shorter alkyl-chain
length of imidazolium cations to have greater interplays with the DNA major groove.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Abbreviations: ILs, lonic Liquids; SR-UVRR, Synchrotron radiation-UV Resonance
Raman spectroscopy; MD, Molecular dynamics; DNA, Deoxyribonucleic acid; UVRR,
UV Resonance Raman; dsDNA, double-stranded DNA; [MIM]C], 1-
methylimidazolium chloride; [EMIM]CI, 1-ethyl-3-methylimidazolium chloride;
[BMIM]CI,  1-butyl-3-methylimidazolium chloride; [BMIM]|Br, 1-butyl-3-
methylimidazolium bromide; GAFF, General Amber Force Field; NVT, (constant
number volume temperature); NPT, (constant number pressure temperature);
LINCS, linear constraint solver; VMD, Visual Molecular Dynamics; RDF, Radial
distribution function; RMSD, Root mean square deviation.
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Thanks to the well-known programmability of the Watson-
Crick pairing interactions, Deoxyribonucleic acid (DNA) is gaining
a crucial role as the building block for developing innovative
devices in nanotechnology and biomedical technology [1-4]. For
instance, the sequence-based recognition mechanism of DNA has
been employed in DNA micro-arrays of gene expression analyses
[5] and in chips for gene sequencing by hybridization [6,7]. Nanos-
cale self-assembly methods have been used for constructing 2D
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and 3D ordered structures of DNA [8] and design hybrid materials
such as metallic nanoparticles [9]. However, the lack of suitable
media in which nucleic acids can preserve their structures for a
long time and under various conditions represents the obstacle
for further applications of DNA in nanotechnology. Although DNA
is considered reasonably stable in aqueous solutions, the degrada-
tion of its structure has been observed for extended storage periods
at room temperature [10]. DNA is vulnerable to hydrolytic and
oxidative damage in water [11,12]. Besides, non-physiological
temperature, extreme pH and ionic strength or repeated freeze-
thaw cycles can destroy the DNA helix structure and cause denat-
uration. Using aqueous DNA samples makes some technological
processes in nanotechnology difficult since small volumes of water
vaporize immediately under open-air conditions or at high tem-
peratures [13]. For these reasons, finding appropriate media that
ensure the long-lasting stability of DNA and help to overcome
the limitations of aqueous buffers remains a challenging task.

Tonic liquids (ILs) are a class of organic salts almost liquid at
room temperature that offer unique opportunities as alternative
solvents or co-solvents in various physical and chemical conditions
[14]. In the last two decades, ILs have gained increasing popularity
in biotechnology for a broad range of applications. Both experi-
mental and simulation works have addressed the potential benefits
exerted by the neat or aqueous solutions of ILs in the stabilization
and functioning of proteins and DNA [15-19]. Compared to more
common co-solutes or co-solvents, the large number of anion/ca-
tion combinations of ILs offers the possibility to design tailor-
made compounds for specific purposes. Moreover, certain remark-
able features of ILs, such as their vanishing vapor pressure, provide
an attractive alternative to water in a large variety of applications
[20]. Unlike the multiple studies reported on the effects of ILs on
the structure and function of proteins, much less is known about
the properties of DNA dissolved in pure or aqueous solution of
ILs [13,19,21-23]. The pioneering study of MacFarlane [24] pro-
vided the first experimental observations that DNA preserves its
structure in various ILs during long-term storage at room temper-
ature. A joint molecular dynamics simulation and spectroscopic
study [25] suggest that site-specific interactions of IL cations and
anions with DNA favor the long-term structural stability of nucleic
acids in aqueous solutions of ILs. Other studies reveal that several
types of ILs contribute to enhance DNA stability without modifying
its structure [26-33]. ILs can be employed for controlling the prop-
erties of the nucleic acids, like increasing the sensitivity of electro-
chemical DNA sensors [34] and developing more efficient protocols
for DNA extraction and purification [35]. Finally, an increasing
number of studies regarding applications of ILs for the delivery of
nucleic acids into the eukaryotic cells have emerged in more recent
years [23].

The potential use of ILs as new-generation solvents and/or co-
solvents for DNA deserves a further understanding of the molecu-
lar origin of the observed enhanced stability of nucleic acids in
ionic liquids. In this context, it is important to account that even
small differences in ionic composition of ILs can drastically change
the effect on DNA properties. Several studies point out that ILs with
imidazolium-based cations are efficient co-solvents of water in
improving the structural stability of DNA [25,27,28,31-33,36]. This
effect arises from specific interactions of the cation and anion with
the minor and major grooves of nucleic acids. However, there is no
complete agreement on the driving forces that dominate this inter-
action mechanism between imidazolium-based ILs and DNA. For
some authors [25,27,28,31,33], the dominant factors that lead to
an increasing stabilization and preservation of DNA structure in
ILs aqueous solutions are associated with i) the DNA groove bind-
ing with IL cations through hydrophobic and polar forces and ii)
the partial dehydration of DNA operated by ILs. An alternative view
proposes the semi-intercalation binding mode of the imidazolium
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cation with DNA, revealing also that this interaction becomes
stronger as the alkyl chain length on the imidazolium ring
increases [32]. Another interpretation suggests that the most
important contribution to the stability of DNA structure has to be
ascribed to the ability of anions in imidazolium-based ILs to estab-
lish a greater number of hydrogen bonds with the nucleobases of
DNA than the cations [26]. Overall, the investigations mentioned
above evidence the need to rationalize the interaction properties
of ILs components, i.e. cations and anions, with nucleic acids to
predict the efficacies of aqueous solutions of ILs for DNA solvation
and stabilization.

In the present work, we implement a joint combination of
advanced spectroscopic techniques such as synchrotron
radiation-UV Resonance Raman spectroscopy (SR-UVRR) and
molecular dynamics (MD) simulations for investigating structure-
specific interactions between imidazolium-based ILs and a 30-
base pair double-stranded DNA structure. Preliminary experimen-
tal studies performed on large nucleic acid molecules dissolved in
ILs/water solutions [37-40] addressed the type and the strength of
network interactions established between ILs and DNA molecules,
suggesting a possible mechanism of cation- and anion- mediated
structural stabilization of nucleic acids. Further, the thermal stabil-
ity of DNA has been found to increase as a function of the concen-
tration of 1-butyl-3-methylimidazolium chloride [BMIM]CI [38].
The present study aims to clarify the sequence and structural
specificity of the interactions (electrostatic, hydrophobic, hydrogen
bonds) between the ILs and phosphate groups and nucleobases in
the DNA minor and major grooves, besides addressing the forma-
tion of modified nucleic acid structures in hydrated ILs. Multi-
wavelength UV Resonance Raman (UVRR) spectroscopy enables
the measurement of experimental quantities directly related to
pair hydrogen bond strength and base stacking forces in nucleic
acid strands [37-39,41,42]. The fine tuning of the excitation wave-
length achievable by synchrotron radiation (SR) source provides
the UVRR technique selectivity for local and global DNA conforma-
tional changes. This allows monitoring local events such as base
conformational changes or to probe intermediate structural states
involving dangling ends of DNA sequence that are more exposed to
the interaction with cations and anions of ILs [37-39]. In this study,
molecular dynamics simulations carried out on the same double-
stranded DNA structure support and further develop the experi-
mental outcomes from SR-UVRR spectroscopy. DNA structure
along the simulation trajectories is analyzed here in the presence
of ILs and compared with its crystal B-form to investigate the
structure and the groove dimensions of DNA. Finally, we have stud-
ied the binding pattern of ILs to DNA.

2. Materials and methods
2.1. Chemicals and sample preparation

Both fully complementary oligonucleotides (sequence of strand
1 [ss1]: AAC CCA GAT GTC CTA CAG GAT AGC TCG CAG; 53 % of GC
pairs, without 5-phosphate termination, 9184.94 Da) were synthe-
sized by the company VBC Genomics (Vienna, Austria). The double-
stranded DNA (dsDNA) was prepared to 100 uM duplex concentra-
tion in Tris buffer 10 mM at pH 7.4, heated for 5 min at 90 °C and
slowly cooled down to room temperature. The formation of the
double-stranded structure has been checked through circular
dichroism (CD) measurements using a spectropolarimeter JASCO
J-810. The CD spectrum recorded on a 10 uM sample of dsDNA is
shown in Fig. S1(a). The characteristic CD profile of double-
stranded DNA comprising a positive and a negative band at about
270 and 245 nm, respectively, is clearly distinguishable. In addition
to spectrophotometric methods, native gel electrophoresis was
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used to confirm the formation of duplex DNA as shown in Fig. S1
(b). The electrophoretic mobility of dSDNA was in accordance with
molecular marker (M). Both DNA single strands (ssDNA) migrated
faster compared to ds version depending on their MW. In this way,
dsDNA duplex formation had been checked for each sample used in
this study. There is also clear evidence that ds and ss-DNA samples
did not undergone aggregation or fragmentation under experimen-
tal conditions used. The ionic liquids 1-methylimidazolium chlo-
ride [MIM]CI, 1-ethyl-3-methylimidazolium chloride [EMIM]CI,
1-butyl-3-methylimidazolium chloride [BMIM]|CI and 1-butyl-3-
methylimidazolium bromide [BMIM|Br (see Fig. S2(a) for chemical
structures of IL) were acquired from IoLiTec with a purity of 99%.
For the main purpose of this work, the procedure of water removal
was not critical. However, in order to know the starting water con-
tent of ILs before the dilution, all the ILs have been dried inside a
desiccator under vacuum with phosphorus pentoxide for 48 h at
room temperature. After the treatment, the water content of all
the ILs was ca. 100 ppm (Karl Fischer), which we assumed to be
a reasonable level in view of further dilutions. For preparing
dsDNA/ILs samples, each IL has been added to the solution of
dsDNA at 100 uM and diluted with Tris buffer solution 10 mM at
pH 7.4 to reach the final concentration of 54 mM of IL and
10 uM of dsDNA, corresponding to about 177 molecules of IL for
each base-pair of DNA. This concentration of ILs has been chosen
on the basis of previous Raman investigations carried out on large
DNA molecules [38] that evidenced a stabilization effect exerted by
methylimidazolium-based IL on DNA starting from about 80 mole-
cules of IL for each base pair. Moreover, at the specified buffer con-
centration of 10 mM, the contribution of the added ILs to the
overall ionic strength makes acceptable the approximation of con-
sidering all the measurements of DNA in pure Tris buffer and in
Tris/ILs solutions carried out under the comparable conditions of
ionic strength. All the solutions were freshly prepared for UVRR
measurements and they appeared limpid before the running of
experiments and after the thermal heating.

2.2. UVRR measurements and analysis of spectra

UVRR spectra were collected by exploiting the synchrotron-
based UVRR set-up available at the BL10.2-IUVS beamline of Elettra
Sincrotrone Trieste (Italy) [43]. All DNA and DNA/IL solutions were
measured in the temperature range between 291 and 375 K using
250 and 266 nm as exciting wavelengths. The 250 nm wavelength
was set by regulating the undulator gap and using a Czerny-Turner
monochromator (Acton SP2750, Princeton Instruments, Acton, MA,
USA) equipped with a holographic grating with 1800 groves/mm
for monochromatizing the incoming synchrotron radiation. The
excitation wavelength at 266 nm was provided by a CryLas FQSS
266-Q2, Diode Pumped Passively Q196 Switched Solid State Laser.
Raman signal was collected in back-scattered geometry, analyzed
by using a single pass of a Czerny-Turner spectrometer (Trivista
557, Princeton Instruments, 750 mm of focal length) equipped
with holographic grating at 1800 g/mm and detected using a
CCD camera. The calibration of the spectrometer was standardized
using cyclohexane (spectroscopic grade, Sigma Aldrich). The final
radiation power on the samples was kept at about 40 and
200 pW for excitation with 250 and 266 nm, respectively. Any pos-
sible photo-damage effect due to a prolonged exposure of the sam-
ple to UV radiation was avoided by continuously spinning the
sample cell during the measurements. The comparison between
the individual spectra acquired repeatedly for each sample showed
no gradual changes to the spectra with respect to accumulation
number, ensuring that any sample photodegradation due to UV
radiation was observed.

For each set of temperature-dependent measurements, the
UVRR spectra of the DNA samples have been collected at every
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temperature without moving the cell and by maintaining the same
focus of the excitation radiation on the sample. In these conditions,
we can assume that the scattering volume is practically the same
for each measurement. Therefore, the temperature-dependent
UVRR spectra obtained for each DNA sample do not need further
normalization. The difference spectra have been computed by sub-
tracting the UVRR spectrum measured at the lowest temperature
(291 K) from each spectrum recorded at the selected higher tem-
peratures. For each Raman spectrum, after subtraction of a flat
baseline, the central wavenumber position of the peaks of interest
has been estimated by fitting the spectra with a suitable number of
Gaussian functions. We have assessed the intensity of the bands of
interest through an integration algorithm applied to the wavenum-
ber region of interest. Standard error bars in the plots have been
estimated through the suitable routines of Origin Pro 2021
software.

2.3. UV-VIS measurements

UV/VIS absorption spectra were collected with a Perkin Elmer
LAMBDA™ 25 UV/VIS spectrometer operating in double-beam
mode and equipped with plug-n-play single cell Peltier with stirrer
for the temperature control. UV/VIS spectra were recorded on the
samples of dsDNA (1 pM in Tris buffer) and dsDNA 1 pM with addi-
tion of ILs at the final concentration of 5.3 mM in Tris buffer in the
temperature range between 293 and 373 K with AT =5 K. All solu-
tions were freshly prepared in a rectangular quartz cell of 10 mm
path-length. The UV spectra were recorded in the range from 200
to 700 nm at a scanning speed of 480 nm/min and 1 nm of
bandwidth.

2.4. Molecular dynamics simulations

For performing the MD simulations and quantifying the interac-
tion of DNA with the ILs ((MIM]Cl, [EMIM]CI, [BMIM]CI, [BMIM|Br)
in the aqueous solutions, the General Amber Force Field (GAFF)
[44] was used for DNA and the imidazolium-based ILs. It is worthy
to mention that the general accuracy of GAFF in the case of ILs sol-
vents was tested and GAFF has been widely used in IL simulations
for years. For example, Sprenger and his coworkers [45] examined
the accuracy of the generic AMBER force field for the case of ionic
liquids. In their study, thermodynamic and transport parameters of
a collection of 19 room-temperature ionic liquids were calculated
using molecular dynamics and compared to the experiment.
According to the results, GAFF can reproduce these properties with
good accuracy when compared to experiment and with similar
accuracy when compared to other published force fields. In
another study, Picalek et al [46] did the molecular dynamics inves-
tigation of the interfacial structure of aqueous solutions of 1-butyl-
3-methylimidazolium tetrafluoroborate. Both nonpolarizable and
polarizable force fields for aqueous solutions of ILs were used to
explain the anomalous dependence of the surface tension on con-
centration. The general GAFF parameter set was used to provide a
good description of the surface properties of the pure IL. In addi-
tion, Jiang et al. [47] did MD simulations using both electronically
nonpolarizable and polarizable models to analyze 1-hydroxyethyl-
4-amino-1,2,4-triazolium nitrate (HEATN). The GAFF was used for
the nonpolarizable model. Their findings revealed a link between
molecular structure, dynamics, and other physical properties for
this class of IL, which matched the experimental results. In this
work, a total number of 67 molecules of cations and 67 molecules
of anions were added randomly to reach the desired IL concentra-
tions (54 mM) in a cubic box with dimension 12.7 x 12.7 x
12.7 nm, where the box later solvated by water molecules. Pack-
mol package was used for random distribution of the salts in the
simulation boxes [48,49].
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Since the salts and water molecules were added to the simula-
tion box at random, certain undesirable interactions might arise in
the systems, necessitating minimization. In this study, the steepest
descent minimization approach was utilized to eliminate all unfa-
vorable interactions. After minimization, all systems were equili-
brated by performing 100 ps NVT (canonical ensemble)
restrained simulations followed by 100 ps NPT (isothermal-iso-
baric ensemble). Equilibration proceeded with the production runs
where the linear constraint solver (LINCS) algorithm [50] was
employed for all bonds involving hydrogen atoms and short range
non-bonded interactions were cut off by 1.2 nm. Long-range elec-
trostatic interactions were treated by the particle mesh Ewald
method [51] procedure. For the production of initial velocities,
Maxwell-Boltzmann distribution was used for all simulations. V-
rescale coupling algorithm was used [52] with the coupling con-
stant of 0.1 ps to ensure constant temperature and pressure during
the simulations. MD production runs were performed in NPT
ensemble for 100 ns at 300 K where 2 fs time step was used. Data
for further analysis were stored in every 5 ps for all simulations.
Gromacs 2018 program package was used for performing MD sim-
ulations [53-57]. Also, for visualizations and preparation of snap-
shots [58], Visual Molecular Dynamics (VMD) was used. After the
simulation, some strategies including radial distribution function
(RDF) and root mean square deviation (RMSD) [59] were done to
extract relevant information about the system. In details, the RDF
is used to describe the distribution of solvent molecules around
one specific molecule or atom. Also, the RMSD is computed to
show the deviations of the backbone atoms of dsDNA from its ini-
tial structure and represents how structures and parts of structures
alter over time as compared to the starting point.

3. Results and discussion

Non-resonance Raman spectra of nucleic acids are limited by
the strong overlap of the different bases’ ring modes so that the
individual bands cannot be clearly resolved. The selective excita-
tion of Raman spectra at different UV-wavelengths offers the
advantage to distinguish most the bands of interest for the individ-
ual bases in nucleic acids, thanks to the enhancement patterns
observed at the different excitations [60,61]. As shown in previous
works [37,39], a comparison of the 266 and 250 nm-excited spec-
tra of DNA can conveniently isolate the adenine dA and guanine dG
contributions, respectively.

3.1. Local and cooperative structural transitions of guanine residues in
hydrated ILs

The enhancement factors [37,60] show that the ring vibrations
of guanine are the dominant contributions in the UVRR spectra
recorded with 250 nm as excitation wavelength. Fig. 1(a)-(b) dis-
plays the temperature behavior of UVRR spectra, collected using
250 nm as excitation wavelength, for dsDNA in Tris buffer with
the absence and presence of [EMIM]CI, as an example. The panels
visualize the evolution of the difference spectra obtained by sub-
tracting the spectrum measured at the lowest temperature from
the Raman profiles measured at the indicated temperatures (inter-
mediate traces in Fig. 1(a)-(b)). UVRR spectra of dsDNA in Tris buf-
fer and in [EMIM]CI/Tris at 291 and 375 K are reported at the
bottom and the top of Fig. 1. At the excitation wavelength of
250 nm, Raman spectra of DNA are dominated by the vibrational
signals arising from guanine dG bases [37,38,41,60,61], such as
the prominent modes dGI ~ 1483 cm™! and dGIl ~ 1582 cm™!
labeled in Fig. 1(a). Both these signals are sensitive structural
markers of base stacking interactions and hydrogen bonds (H-
bonds) involving the guanine residues [62-64]. This is mainly
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due to the strong in-plane character of these vibrational modes
that are attributed to the N7 = C8 and C8-N9 ring stretching cou-
pled with C8-H in-plane deformation of the dG purine group (dGI
mode) [60,62,65,66] and to the N3-C4, C4=C5 and C5-N7 stretching
motions of the same purine moiety (dGIl mode) [63,65,67] (for the
numbering of atoms of nucleobases see Fig. S2(b)). The Raman sig-
nals arising from purine residues of DNA include the broad band at
~ 1332 cm™! (Fig. 1(a)) that results from the overlap between base
ring vibrations assigned to adenine dA and guanine dG residues
[62,66].

The UVRR spectra reported in Fig. 1(b) illustrate that the main
Raman bands assigned to dsDNA are also detectable in the sample
of DNA dissolved in an aqueous solution of IL, with a minor spectral
contribution from the Raman signals of the ionic liquid.

In the wavenumber region 1200-1800 cm™, many perturbations
are observed in the 250 nm-excited UVRR spectra of dsDNA in Tris
and in [EMIM]|Cl/Tris as the temperature is raised, in terms of
change in intensity and frequency of the main Raman bands
(Fig. 1). This is well evidenced by the temperature trend observed
for the Raman difference spectra, which reveals a remarkable
increase in the intensity of the Raman bands at ~ 1332, 1483
and 1582 cm™!' as a function of temperature. The intensity recov-
ery of the mode dGI ~ 1483 cm~' (Raman hyperchromic effect)
is mainly associated with i) the H-bonds breaking and base
unstacking and to ii) local structural changes, such as reversible
rupture or weakening of H-bonds as well as bases tilting that
specifically involve the guanine residues in the structure of DNA
[37,64-66,68-71]. The thermal pathway for the dGI Raman band
of dsDNA is reported in Fig. 2 and records i) a reversible increase
in intensity at low temperature (i.e. the peak observed at ~
299 K) and ii) a sharp transition detected at higher temperature
(about 330 K, inflection point of the curves).

The latter sudden increase of the resonance Raman band dGI
finds correspondence in the marked hyperchromicity detected in
the UV absorbance melting curve of dsDNA at the temperature of
~ 327 K (Fig. S3). Since the increase of optical density of DNA is
connected with the disturbance of stacking interactions between
bases, the marked increment of dGI band intensity may reflect
the cooperative structural perturbation of guanine bases associ-
ated with the helix to coil transition (melting) of dSDNA promoted
by the increment of temperature [37-39,41,63,64,69,70]. The dG
structural transition probably entails a progressive partial disrup-
tion of guanine stacking supported by the increment of tempera-
ture. The disappearance of Raman hyperchromicity of the dGI
band of dsDNA at high temperatures (Fig. 2) indicates that no fur-
ther changes in the DNA secondary structure involving guanine
residues are detected in this temperature region [69]. The semi-
quantitative analysis of melting profiles reported in Fig. 2 allows
the determination of quantitative descriptors of the thermal stabil-
ity of dsDNA in absence and presence of ILs. In the temperature
region above 310-320 K, the trend observed for the Raman band
dGI exhibits a sudden jump that resembles a cooperative transi-
tion. A simple sigmoidal function I(T) can satisfactorily fit such a
two-state melting profile, as suggested in previous Raman investi-
gations on DNA [42,72], given by:

7A+Bexp<%( 1 —%))

TGeoop

)

Tchop

I(T) (1)

where A and B define the lower and upper limit of ordinate (Raman
spectral band intensity), R is the gas constant and AH; and Tg,,,, are
the enthalpy variation and the transition temperature associated
with the structural process involving dG bases. The mid-transition
temperature Tg,, corresponds to the temperature at which the
fraction of single-stranded molecules in the sample of DNA is equal
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Fig. 1. 250 nm-excited Raman spectra of dsDNA (10 uM) in Tris buffer (a) and dsDNA in [EMIM]CI/Tris (b) collected at 291 K (bottom trace) and 375 K (top trace);
intermediate traces are the difference spectra computed by subtracting the spectrum measured at the lowest temperature from the spectrum at the indicated temperatures.

The spectrum of [EMIM]CI/Tris solution is also reported (dashed line in panel b).

to that of double-stranded species. It is usually obtained by analyz-
ing oligonucleotide melting curves generated by different spectro-
scopic methods through well-described equations [73,74]. The
fitting of Raman data of Fig. 2 with Eq. (1) constitutes a convenient
method for estimating, with a relative good precision, the values of
the cooperative dG transition temperature Tg,, for dsDNA in
absence and presence of various imidazolium-based ILs (see values
reported in Table 1). Figs. S4 and S5 in SI show that the values
obtained for T¢,,, by using the fitting procedure mentioned above
are equivalent to those estimated through the Raman data analysis
method proposed in the ref. [73,74].

The thermal paths of Fig. 2 and the T, data of Table 1 reveal
the different effects of ionic liquids on the thermally activated
structural changes localized on guanine bases of dsDNA, as evi-
denced by the higher T¢,,, transition temperature for dsDNA with
[EMIM]CI and [MIM]CI. The formation of a preferential interaction
between the cations of imidazolium-based ILs and the guanine
residues on DNA grooves probably affecting the double helix ther-

mal structure stability can explain this finding [25,27,28,31,33].
This is also consistent with the significant number of H-bonds that
were found to exist between the oxygen and nitrogen of guanine
and oxygen of thymine as acceptors and the activated C-H bonds
of the imidazolium ring as donors [25]. Conversely, the similar
temperature dependence of the dGI band observed for dsDNA in
buffer and in [BMIM]CI/Tris and [BMIM|Br/Tris suggests a compa-
rable reduction in the extent of base stacking interactions along all
the stages of the melting transition for these ILs.

It has to be remarked that the UV Raman intensity of the dGI
band detects cooperative structural changes that are specifically
localized on guanine-pairs during the dsDNA melting [37,38,41].
This is evident by considering the T, values and the melting
transition temperatures T,, calculated by UV absorbance experi-
ments and reported in Table 1. Only a slight increment of the melt-
ing temperature (about 1.5 K) is observed for dsDNA dissolved in
[EMIM]CI/Tris solution in comparison with Tris buffer, while the
corresponding variation of T, is about 4 K for the same system



F. Fadaei, M. Tortora, A. Gessini et al.

Journal of Molecular Liquids 347 (2022) 118350

@ dsDNA 10 uM

5 f

oo
()

[0 dsDNA in [BMIM]Br/Tris 10 uM

@ dsDNA 10 uM
© dsDNA in [BMIM]CV/Tris 10 uM

0o

@ dsDNA 10 uM

4

Raman intensity of dGI (arb. units)

<] dsDNA in [EMIM]CV/Tris 10 uM

@ dsDNA 10 uM
[> dsDNA in [MIM]CV/Tris 10 uM

(d)

300 320 340 36

300 320 340 36

Temperature (K)

Fig. 2. Melting profile for Raman band dGI of dsDNA in Tris buffer in absence and presence of ionic liquids: (a) [BMIM]Br, (b) [BMIM]CI, (c) [EMIM]CI and (d) [MIM]CI. All plots
have been normalized to the minimum and the maximum values for a better comparison. Dashed lines are fitting of the experimental data by using Eq. (1), see details in the

text.

(see Table 1). This supports the interpretation of the guanine tran-
sition temperature detected by UVRR as a process involving coop-
erative conformational changes specifically localized on dG base
tracts of DNA, differently from the average melting process probed
by UV absorption of DNA.

The T, increment observed in the presence of cations with
shorter alkyl-chain length on the imidazolium ring, i.e. [EMIM]CI
and [MIM]CI, can be explained on the basis of recent experimental
and simulation results indicating increasing charge delocalization
in the imidazolium cation with the increasing length of the alkyl
chain [75-77]. We can argue that such charge delocalization on
the imidazolium ring may cause the weakening of electrostatic
interaction between dsDNA backbones and -[BMIM]* compared

Table 1

Cooperative transition temperature Tg,,, associated to partial disruption of guanine
stacking estimated for dsDNA in Tris buffer in absence and presence of ILs. The Tg,,,,
values have been obtained by fitting the experimental UVRR data of Fig. 2 with Eq. (1).
The melting temperatures T,, calculated by UV absorbance experiments (data shown
in Fig. S3) are reported for dsDNA in Tris and in [BMIM]Cl/Tris and [EMIM]CI/Tris in
the right column of the Table.

Tt (K) Tm (K)
dsDNA in Tris 329+1 326.7 £ 0.5
dsDNA in [BMIM|Br/Tris 3301
dsDNA in [BMIM]CI/Tris 329+1 327.0+0.5
dsDNA in [EMIM]CI/Tris 333+1 3283+05
dsDNA in [MIM]Cl/Tris 335+ 1
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to -[EMIM]" or -[MIM]" leading to different stabilization effects on
the structure of DNA. The increment of Tg,,,, found for short alkyl
chain imidazolium cations confirms the previous outcomes on
large DNA molecules hydrated in imidazolium-based ILs [39] and
is opposite to the results reported by Liu et al. [32] that suggest
stronger intercalating interactions with DNA while increasing the
length of the alkyl side chain in imidazolium cations. Our findings
seem to support the conclusion of a predominant groove binding
mechanism between IL cations and DNA [21,25,27,28,31,33]
instead of semi-intercalation [32].

Besides the cooperative transition discussed above, the temper-
ature profile for Raman band dGI of dsDNA shows a temperature-
dependent increase of the intensity at about 299 K (Fig. 2) that
clearly departs from the idealized two-state transition behavior
detected by Tg,,,. This trend has been linked to the typical signa-
ture of non-cooperative structural changes occurring prior to the
melting of DNA, i.e. pre-melting transformations already observed
in oligonucleotides and large DNA molecules [37,64,67,69,70,72].
The substantial independence from the temperature of the UV
absorbance of dsDNA in the pre-melting region (Fig. S3) confirms
the localized nature of the dG residues conformational changes
detected by UVRR. The pre-melting observed for dsDNA at about
299 K is probably correlated to structural changes such as
enhanced base mobility and reversible rupture or weakening of
inter-base H-bonds that perturb but do not destroy the guanine
stacking interactions [64,78]. We can argue that the pre-melting
transition detected by UVRR is associated with a conformational
adjustment of the phosphate backbone of dsDNA induced by a par-
tial disruption in the layer of hydration shell around double helix
that affects both the backbone helical geometry and the inter-
base interactions [72]. Interestingly, the plots in Fig. 2 point out
that [EMIM]CI and [MIM]CI notably reduce the pre-melting tem-
perature of dsDNA. This can be clarified by looking at the first-
order derivatives of the dGI intensity temperature profiles for
dsDNA in the absence and presence of ILs reported in Fig. S5. The
maxima found in the temperature derivatives of Fig. S5 resemble
the inflection points of the two-step trend of the dGI band
observed for T2 310 K (i.e. T, values reported in Table 1), while
the points at which the derivatives change sign mark the pre-
melting temperature characteristic of each analyzed system. We
can note that for dsDNA dissolved in [EMIM]Cl/Tris and [MIM]CI/
Tris solution, the pre-melting temperature of the dG bases reduces
from 299 to 295 and 293 K, respectively. This finding further sup-
ports the hypothesis of a stronger interaction between the imida-
zolium cations with shorter alkyl-chain length -[EMIM]* and -
[MIM]" and the guanine residues in the structure of dsDNA, as con-
firmed by MD simulations results (see in the following).

Fig. 3 displays the temperature-dependence of the wavenumber
position for the Raman bands at ~ 1483, 1582 and 1332 cm™! for
dsDNA in Tris buffer in presence and absence of ILs.

The red-shift of the dGI mode (Fig. 3(a)) with increasing T
reflects the formation of stronger H-bonds on the N7 site of dG
[37,38,66]. This effect can be ascribed to the progressive substitu-
tion of base-base H-bonds with base-water H-bonds, promoted by
the increment of thermal motion that might lower the frequency of
the dGI mode. Remarkably, [MIM]|CI induces a significant further
red-shift of the dGI band compared to the buffer solution, over
all the explored T range (Fig. 3(a)). This finding is consistent with
the “dehydration” effect operated by the ionic liquid [MIM]CI on
the structure of the duplex [25,27], whose cation experiences
stronger interactions with the H-bonding sites of guanine than
with water. Other Raman bands with predominant imidazole ring
character are diagnostic of nucleotide conformations in DNA, such
as the prominent signal at 1332 cm ™! observed in the spectrum of
dsDNA [66,60]. This band downshifts with the increasing temper-
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Fig. 3. Temperature evolution of central wavenumber position of the Raman bands
at ~ 1483 cm™ (dGI) (a), ~ 1332 cm™ (dA,dG) (b) and 1582 cm™ (dGlI) (c) for
dsDNA in Tris buffer in absence and presence of ILs. The plots have been derived
from UVRR spectra collected using 250 nm as excitation wavelength.

ature for dsDNA, as shown in Fig. 3(b). We observe a stronger per-
turbation exerted by [EMIM]|CI than other ILs on the thermal
pathway of the signal at 1332 cm™!, which appears overall blue-
shifted. This latter effect can be ascribed to the sensitivity of the
Raman band at ~ 1332 cm™! to the local changes involving both
dG and dA residues [60,62]. Similarly, the upshift revealed for
the frequency position of the Raman band dGII of dsDNA as a func-
tion of temperature (Fig. 3(c)) is closely related to the partial dis-
ruption of guanine stacking occurring during the cooperative
transition detected for dsDNA at about 330 K [37]. The strengthen-
ing of the double bonds of the guanine ring reflects the transition
from the double- to the single-stranded structure of DNA during
the melting, occurring both in the absence and presence of ILs
(see Fig. 3(c)).

3.2. Intermediate conformational states of dA-dT residues in hydrated
ILs

The analysis of the UVRR spectra collected using 266 nm as
excitation wavelength provides specific information on the ther-
mally induced conformational changes of adenine dA and thymine
dT residues in dsDNA. Indeed, with 266-nm as excitation wave-
length, the ring vibrational bands assigned to the adenine dA resi-
due mostly contribute to the spectrum of DNA [37,60]. The C = O
stretching band of thymine dT, which is usually strongly over-
lapped with the same band of cytosine dC, exhibits an intensity
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Fig. 4. 266 nm-excited Raman spectra of dsDNA (10 uM) in Tris buffer (a) and dsDNA in [EMIM]CI/Tris (b) collected at 291 K (bottom trace) and 375 K (top trace);
intermediate traces are the difference spectra computed by subtracting the spectrum measured at the lowest temperature from the spectrum at the indicated temperatures.
The spectrum of [EMIM]CI/Tris solution is also reported for comparison (dashed line in panel b).

of about three times greater than dC at 266 nm. Fig. 4 displays the
temperature evolution of 266 nm-excited UVRR spectra for dsDNA
in Tris buffer in absence and presence of [EMIM]CI, as an example.

The Raman difference spectra reported in Fig. 4 evidence
remarkable temperature induced changes in intensity and fre-
quency for dsDNA Raman bands at ~ 1335, 1482 and 1644 cm™ .
The signal at — 1335 cm™' (dAl) is attributed to the coupled
stretching vibrations of N7 = C8 and C5- N7 bonds of adenine dA
[60,79,80]. This mode is sensitive to dA nucleobase conformation
[69] and to modifications of H-bonds at the N7 acceptor site of ade-
nine [67,81]. At the excitation wavelength of 266 nm, the signal at
« 1482 cm™! contains comparable contributions arising from dA
and dG residues [37]. The signal labeled as dT ~ 1644 cm™! is
attributed to coupled stretching of C4 = O and C5 = C6 bonds of
the thymine dT residue and reflects any perturbations occurring
at the C = O site of dT base [70,82,83] (see Fig. S2(b) for the num-
bering of atoms). The comparison between UVRR spectra of dsSDNA
in the absence and presence of ILs (Fig. 4(a)-(b)) suggests that the
DNA duplex follows a different thermal pathway when in hydrated

ILs. This can be well rationalized by looking at the temperature
dependence of the dAI band intensity. Fig. 5 shows the evolution
of the Raman hyperchromism for the signal dAl «~ 1335 cm™! that,
similarly to the dGI band intensity, reflects the partial unstacking
of dA bases during the melting of DNA.

As a first remark, the intensity of the dAl band of dsDNA exhi-
bits a temperature dependence that slightly departs from the ideal
two-state behavior representative of the cooperative transition
detected for the dGI band in the same temperature range (see
Fig. 2). The trend reported in Fig. 5 for the dAI band suggests that
even rather minor temperature variations may give rise to local
conformational changes in the structure of dsDNA that primarily
involve adenine bases [37,64,70,72]. More quantitative informa-
tion on the structural modifications and on the thermodynamic
parameters experienced by dA residues in the absence and pres-
ence of ILs can be traced back by the first-order derivative of the
temperature profiles of dAI intensity (Fig. S6). The derivative
curves evidence, for all systems analyzed, a reversible pre-
melting transformation for temperature below 315 K and a more
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Fig. 5. Melting profile for Raman band dAI of dsDNA in Tris buffer in absence and
presence of ionic liquids: (a) [BMIM]Br, (b) [BMIM]CI, (c) [EMIM]CI and (d) [MIM]CL
All the plots have been normalized to the minimum and the maximum values for a
better comparison. Full lines are fitting of the experimental data by using Eq. (2),
see details in the text.

cooperative transition occurring at a higher temperature (T, ).
The monotonic temperature dependence of the dAI band above
315 K suggests the occurrence of a simple two-stage structural
process involving adenine-pairs along the dsDNA thermal path-
way, differently from the multiple intermediate stacking arrange-
ments detected for dA in large molecules of DNA [39]. This
cooperative transition probably involves a partial disruption of
the adenine stacking interactions that precedes the separation of
DNA strands during the melting. The values of Ty, for dsDNA in
Tris buffer in the absence and presence of ILs can be estimated
by the fitting of the experimental trends reported in Fig. 5 with a
similar two-state law [37,38]:

ﬂ.(#,l)
C+mc-T+(D+mp-T)-e " \hoop !
A“_A( 1 4)
1+e " \Taoop T

where C and D represent the lower and upper limit of the ordinate
(Raman spectral dA band intensity), R is the gas constant, AH, and
T4, are the enthalpy variation and the temperature associated
with the cooperative transition of adenine-pairs. The parameters
m. and mp have been introduced in Eq. (2) to account for the linear

Iiar(T) =

(2)
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temperature dependence of the band intensity in the pre- and post-
melting regions, respectively. The values of Ty, for dsDNA in Tris
and in ILs/Tris solutions are reported in Table 2 and point out a gen-
eral decrement of the dA cooperative transition temperature
exerted by all the ILs considered in this study.

Fig. 6 summarizes the values estimated for the pre-melting and
the cooperative transitions temperatures associated to guanine
(Tg) and adenine (T,) residues of dsDNA in absence and presence
of ILs.

We observe a notable difference in the thermally induced
behavior of guanine and adenine residues in dsDNA involved in
cooperative structural transformations occurring at a slightly
higher temperature for dG compared to dA. More interestingly,
the effect on the transition temperature is the opposite for the
two residues, i.e. an increment of Tg, observed especially for ILs
with a shorter alkyl-chain length of imidazolium cations, and a
general decrement of T4, common to all the ILs.

The experimental results indicate that both dG and dA bases in
the structure of dsDNA are involved in pre-melting conformational
transformations occurring at specific temperatures below 315 K.
Consistently with similar pre-melting phenomena observed in
poly(dA-dT) - poly(dA-dT) double-helical B DNA [69,70,83], the
reversible increment of the dAI intensity at 310 K may be related
to the stabilization of extra amount of propeller twist between
the A-T base planes through the formation of a third hydrogen
bond cross-strand between consecutive dA - dT pairs [70]. Interest-
ingly, Fig. 6 points out that all considered ILs induce a pronounced
reduction of the characteristic temperature associated with the
pre-melting transformation of dA bases in dsDNA, with a more
marked effect for ILs with chloride as the anion. This finding can
be rationalized by considering the predicted binding capability of
ions with the minor groove of DNA that determines DNA deforma-
tions, such as bending of dA-dT pairs [84,85]. The effect driven by
the imidazolium-based ILs with Cl~ as anion suggests a selective
strong interaction of this anion with the adenine bases on the
structure of dsDNA. The analysis of the temperature behavior of
the 1482 cm™! band intensity (dA, dG) reported in the Supplemen-
tary Information section (Fig. S7) confirms the stronger influence
operated by ILs with CI" as the anion in comparison with Br" on
the pre-melting of dA residues.

In the wavenumber region 1300-1500 cm™!, the Raman bands
of dsDNA shift to lower frequency upon the increment of the tem-
perature, both in the absence and presence of ILs. This is clearly
visible in Fig. 7(a) and (b) for the signals at ~ 1335 cm™ (dAl)
and at ~ 1482 cm™! (dA, dG), mainly described by vibrations arising
from purine residues.

The frequency of the oscillators associated with these Raman
signals is sensitive to the different hydrogen bonding states on
the proton-acceptor N7 site, mostly of adenine residues
[62,66,69,80,81]. The progressive weakening of H-bonds at the
acceptor sites N7 of adenine with increasing temperature may
explain the concerted red-shifts observed for the Raman signals
in Fig. 7(a) and (b) [69,81]. This is due to the replacement of

Table 2

Cooperative transition temperature T,,,, associated to partial disruption of adenine
stacking interactions estimated for dsDNA in Tris buffer in absence and presence of
ILs. The Ty, values have been obtained by fitting of the experimental data of Fig. 5
with Eq. (2).

Theoe (K)
dsDNA in Tris 3331
dsDNA in [BMIM]Br/Tris 3241
dsDNA in [BMIM]CI/Tris 324 +1
dsDNA in [EMIM]CI/Tris 3301
dsDNA in [MIM]CI/Tris 318+ 1
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Fig. 6. The pre-melting and cooperative transitions temperatures localized on
guanine (Tg, cyan symbols) and adenine (T, magenta symbols) nucleobases of
dsDNA as a function of the different type of solvents, i.e. Tris buffer or ILs/Tris
solutions.

inter-adenine hydrogen bonds with weaker adenine-water hydro-
gen bonds, promoted by the progressive exposition to the solvent
of the DNA strands dA residues during the melting. Fig. 7(a) and
(b) point out no significant modifications in the frequency of the
Raman bands attributed to dA induced by ILs. This issue could be
consistent with the assumption that the binding between ILs
anions and the minor groove of DNA chiefly induces base tilting
rather than the rupture of hydrogen bonds on adenine residues
in dA-dT pairs. Fig. 7(c) displays the temperature dependence of
the wavenumber position for the dT band whose strength of oscil-
lation accounts for any perturbations occurring at the C4 = O site of
thymine residue [60,70,81]. The marked upshift of this mode
observed before the melting at ~ 335 K can be correlated with a
decrease in H-bonding strength on the C = O site of thymine during
the cooperative transition detected at this temperature for dA resi-
dues [37,70]. The relatively large blue-shift (about 7 cm™!)
observed for the dT band as a function of temperature is consistent
with the existence in the duplex structure of dsDNA of a cross-
strand three-centered H-bonds between dA and dT bases [70].
Since the pre-melting transition is primarily attributed to changes
of propeller twisting and to the strength of the cross-strand three-
centered H-bonds, the data reported in Fig. 7(c) seem to suggest a
negligible perturbation operated by ILs on the extent of these
three-centered H-bonding.

3.3. Structure of dsDNA in hydrated ILs

By MD simulations, we analyzed the structure of the dsDNA
along the simulation trajectories (100 ns) to check if the DNA could
maintain its native B-conformation in the hydrated ILs considered
in this study ([MIM]CI, [EMIM]CI, [BMIM]CI and [BMIM]Br). The
structural stability of the dsDNA was investigated by comparing
the root mean square deviation (RMSD) values of DNA solvated
in pure water and in the hydrated ILs solutions relative to the ini-
tial position in the crystal B-form structure (Fig. 8).
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Fig. 8. Root-mean-square deviation (RMSD, nm) of dsDNA solvated in the four
hydrated ILs (54 mM) and in pure water.

Over the 100 ns, the average RMSD values in hydrated [MIM]CI,
[EMIM]CI, [BMIM]CI, [BMIM]Br and pure water are 0.582 nm,
0.596 nm, 0.598 nm, 0.598 nm and 0.721 nm, respectively. We
found all the average RMSD values calculated for DNA in each
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hydrated IL to be lower than the value observed in the pure water
solution. Reducing the alkyl-chain length on the imidazolium
cation from 1-butyl-3-methylimidazolium to 1-
methylimidazolium seems to slightly decrease the average RMSD
value of the DNA. This indicates that the alkyl chain lengths of
the cations have a small influence on the stability of the DNA at
room temperature, consistently with the experimental evidence.
Fig. 9 shows the distribution of 1-methylimidazolium cations
on the surface of dsDNA. This picture illustrates that populations
of cations are located near DNA phosphate groups due to the
charge attraction and are also associated with the major and minor
grooves of DNA. According to this figure, we assume the cations
disrupted the hydration shells, entered the minor and major
grooves and remained bound to the grooves without disturbing
the helical structure of dsDNA. We may infer that the hydrogen
bond between the cation and grooves helps stabilize the DNA.

3.4. Role of hydration shells

The stability of DNA mainly depends on the water content or on
the properties of hydration shells around DNA. In fact, the hydra-
tion shells play a vital role in stabilizing or destabilizing DNA
and its conformational dynamics [27]. Fig. 10 displays the distribu-
tion of 1-methylimidazolium cations and water molecules in the
solvation layers of dsDNA, defined as a shell of 0.35 nm.

According to this figure, 1-methylimidazolium cations pene-
trate the hydration layer of the DNA and take part in the solvation
mechanism. As shown in Fig. 10, the cations interact with the var-
ious regions of DNA, thereby the cations are trapped in the DNA.
Consequently, water molecules are not able to diffuse inside the
helical structure easily [25] and, the disturbing of DNA conforma-
tion by water diffusion is reduced. Such partial dehydration of the
DNA by cations could also prevent hydrolytic reactions such as
depurination and deamination, as previously suggested by other
authors [25,27]. Moreover, the number of water molecules in
DNA solvation shell as a function of the simulation time have been
calculated to gain more information about the scale of water dis-
placement by the alkyl imidazolium cations. Fig. 11 shows the
number of water molecules around the major groove in the aque-
ous solution of [MIM]CI, [EMIM]CI, [BMIM]|CI and [BMIM|Br.

According to this plot, the number of water molecules which
are present within 3.5 A around the major groove of DNA is lowest
in hydrated [MIM]CI solution. In other words, more water mole-
cules were stripped off by 1-methylimidazolium cations from

Fig. 9. Representative distribution of 1-methylimidazolium cations that shows
their association with the DNA phosphate groups, major and minor grooves in the
aqueous solution of [MIM]CI (54 mM). Color coding: gray, DNA; red, 1-methylim-
idazolium cations.
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Fig. 10. Representative distribution of the populations of 1-methylimidazolium
cations and water molecules within 0.35 nm of DNA surface in the aqueous solution
of [MIM]CI (54 mM). Color coding: gray, DNA; cyan, water and red, 1-methylim-
idazolium cation.
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Fig. 11. The number of water molecules which are present within 3.5 A around the
dsDNA major groove in the presence of different hydrated ILs (concentration of
54 mM of IL in water) throughout the simulation trajectory.

DNA surface. This finding further supports the experimental UVRR
data that suggest a stronger interaction of guanine residues in the
structure of dsDNA with imidazolium cations with shorter alkyl-
chain length.

3.5. Binding characteristics of ILs-dsDNA

In this study, various radial distribution function (RDFs) of ILs
around DNA (major groove) were explored and compared to find
the binding pattern of ILs to DNA. Fig. 12 shows the RDF of center
of mass (COM) of the imidazolium ring around the major groove of
DNA in different hydrated imidazolium ILs solutions. According to
this figure, the distribution of cations in the major groove is the
highest in the aqueous solution of [MIM]|Cl, meaning the penetra-
tion of [MIM] cations into the DNA major groove. As previously
mentioned, the interaction of the cationic head groups with the
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Fig. 12. The RDF of COM of the imidazolium ring around major groove of the DNA
in different hydrated imidazolium ILs solutions (54 mM). The N7 site for the major
groove was considered for calculating the RDFs.

DNA (the major groove) increases with decreasing alkyl chain
length of the ILs. Then, we may assume that the interaction of
shorter alkyl-chain length on the imidazolium ring ([MIM]") with
the major groove and the partial dehydration of DNA are the key
factors that stabilize DNA in hydrated ILs, consistently with the
experimental UVRR results.

Moreover, Fig. 12 shows that, switching from chloride to bro-
mide ion in [BMIM] ionic liquids, the interaction of [BMIM] cation
with major groove of dsDNA is slightly more pronounced. It is wor-
thy to mention that, as DNA is a polyanion polymer, the anions are
not well-distributed on the surface of DNA. The distribution of
anions around the DNA was not reported in this study. However,
the DNA was simulated in two hydrated [BMIM]-based ILs
([BMIM]CI and [BMIM]Br) to investigate the effects of the anion
on the DNA stability. According to Fig. 11, the average number of
water molecules present within 3.5 A around the major groove of
DNA in [BMIM]Br and [BMIM]CI water solutions are approximately
the same and no meaningful difference was observed. This issue
can be explained considering that the concentration of water in
the solution is more than 50 mol/L and the changes of its concen-
tration around dsDNA due to different ions is negligible. The con-
centration of ions such as counter-ions is low according to
counter-ion condensation theory introduced by Manning which
discusses the importance of charge distribution of polynucleotides
in electrolyte solutions [86] where a fraction of counter-ions is
associated with the DNA. In this viewpoint, also Young and
coworkers [87] from MD simulations, showed that a Na* ion was
in the minor groove more than half of the trajectory. In addition,
MD simulations of Ponomarev et al. [88] in dilute aqueous solu-
tions with Na* counter-ions showed that the effect of ion conver-
gence on the conformational and helicoidal parameters of DNA
and the effect of ions on the width of the minor groove of the
DNA are important. According to what was mentioned above,
counter-ions have a significant effect on DNA structure axis curva-
ture and ligand interaction [88]. Due to the fact that neutralization
[88] of DNA in solutions can affect the structure of DNA during the
MD simulations, therefore, DNA molecule was balanced by the
addition of 58Na* counter-ions to the systems for neutralization
while the addition of positively charged imidazolium ions could
compensate the negative charge DNA.
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4. Summary and conclusions

The ability of ionic liquids in stabilizing and preserving the
conformation of nucleic acids is important in the field of biology,
medical diagnostics and biotechnology, especially for DNA stor-
age and handling. Several studies predicted that aqueous solu-
tions of ILs with cations based on imidazolium enable to
improve the structural stability of DNA but the dominant inter-
actions between this class of ILs and nucleic acids have still to
be fully understood. In this regard, many experimental tech-
niques of analysis of DNA suffer from the missing of sequence
specificity and are less sensitive to transitions which do not
involve changes of the number of closed base pairs. SR-UVRR
technique is able to differentiate contributions of single nucle-
obases interactions to the structural transformation of DNA
duplexes during thermal pathway. In this work, we have imple-
mented SR-UVRR experiments and molecular dynamics simula-
tions for testing the nature of the conformational transitions
along the melting pathway of a synthetic 30-base pair duplex
affected by the presence of imidazolium-based ILs. Our experi-
mental and simulation findings consistently suggest the predom-
inance of a groove binding mechanism between the imidazolium
cations and dsDNA, with a preferential interaction established
between guanine residues and the imidazolium cations with
shorter alkyl-chain length. This seems to be a common behavior
observed for both short and large DNA molecules hydrated in
imidazolium-based ILs. UVRR data evidence that even rather
small temperature variations may give rise to reversible pre-
melting structural transitions that involve both dG and dA resi-
dues in the structure of dsDNA. These conformational changes,
not detected by UV absorption melting curves, are associated
with reversible rupture or weakening of H-bonds in the
double-stranded structure as well as bases tilting that are acti-
vated at lower temperature for guanine residues compared to
adenine ones. The binding of CI” anions with the minor groove
of DNA especially induces the base tilting rather than the rup-
ture of hydrogen bonds on adenine residues in dA-dT pairs.
According to the MD simulation results, electrostatic interactions
drive the stronger attraction between the cations in the aqueous
solution of [MIM]CI and the DNA major groove. We can
speculate that such partial dehydration of the DNA by cations
prevents hydrolytic reactions and increases the conformational
stability of the DNA in comparison with other hydrated ILs.
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