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Abstract

Hydrated ionic liquids (ILs) have been identified as solvent media able to enhance the structural
stability of deoxyribonucleic acid (DNA). In this work, we investigate the molecular interaction
between imidazolium-based ILs and DNA during its thermal unfolding pathway, by exploiting
synchrotron-based UV Resonance Raman scattering (UVRR) experiments. This technique gives
a selective focus on the thermal responses of specific nucleobases in the structure of DNA
providing the experimental sensitivity to both cooperative and local structural changes occurring
along the complex unfolding process of DNA. UVRR measurements probe two distinct
temperature-dependent phenomena occurring in the DNA double-helix, i.e. a non-cooperative
pre-melting mainly involving adenine bases and a cooperative melting transition primarily
localized on guanine tracts. The analysis of Raman spectra reveals that both the cation and anion
of the ionic liquids strongly interact with the structure of DNA, thus affecting the melting
process but not perturbing the pre-melting transition that precedes the complete separation of the
strands of DNA. Overall these results suggest that the dominant interaction occurs between the
imidazolium cation and the bases of guanine and thymine in the structure of DNA, in agreement
with previous results of molecular dynamics simulations.
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Introduction

From several years, ionic liquids (ILs) continue to attract a great deal of attention thanks to their
fascinating properties of vanishing vapour pressure, good thermal and chemical stability, tunable
polarity and solubility, high ion density and ionic conductivity [1,2]. Several applications of ILs
have been explored in various fields, including organic synthesis [3], electrochemical devices
[4], photochemical cells [5, 6] and catalysis [7]. The numerous possible combinations of cations
and anions have made ILs attractive alternatives for replacing the traditional organic solvents and
aqueous media in many types of reactions [8,9]. Since the first report on the use of ILs to
increase the activity of enzyme [10], ILs have attracted a particular interest as new and highly
efficient solvents or co-solvents to be used in the life science. Several chemical-physical
investigations on the interaction between ILs and saccharides, membranes, peptides/proteins and
nucleic acid have demonstrated that ILs offer unique opportunities as alternatives solvents for
improving stability and activity of bio-molecules [11-14].

Nucleic acids such as DNA and RNA are anionic polyelectrolytes that are usually considered
stable in aqueous solution, although various conditions of temperature, pH, ionic strength and
solvent properties can disrupt their typical helix structure, leading to denaturation. A first
experimental observation of unusual long-term structural and chemical stability of DNA stored at
room temperature in hydrated choline-based ILs was provided by Vijayaraghavan et al. [15]. A
number of other publications have reported on the effect of various classes of ILs and deep
eutectic solvents (DES) on the solvation properties, stability and packing of DNA [16-19] using
both experimental and theoretical techniques. Several studies suggest that ionic liquids with
cations based on imidazolium are good co-solvents able to improve the long-term and thermal
stability of DNA [20-24]. The molecular mechanism of the interaction between this class of ILs
and DNA has been extensively investigated by different authors [20-24] but there is not a fully
agreement on the driving forces that dominate the binding mechanism. Molecular dynamics
simulations and spectroscopic experiments unraveled that DNA maintains the native B-
conformation in hydrated ILs [20,25] mainly thanks to the electrostatic interactions of the
imidazolium cations of IL with the negatively charged backbone of DNA. In addition, the groove
binding mechanism of cations through hydrophobic and polar forces seems to contribute
significantly to DNA stability [20]. Experimental measurements on DNA dissolved in 1-butyl-3-
methylimidazolium chloride [BMIM]CI indicate that hydrophobic interactions between the
hydrocarbon chains of imidazolium-based cations and the bases of DNA are the dominant
driving force in the binding mechanism [21]. This view has been confirmed also by ultrafast
molecular rotor experiments [24]. Other investigations on DNA stability in the presence of
[BMIM]CI suggest that the electrostatic attraction between the charge groups of cations and the
DNA phosphate moieties is the dominant force responsible of the stabilizing the DNA
[22,26,27]. Conversely, a more recent study [23] hypothesizes that DNA interacts with
imidazolium-based ILs through an intercalation binding mode of the cation and this interaction
becomes stronger as the alkyl chain length increased. Although molecular dynamics simulations
infer that the cation species play the lead role in the interaction mechanism between DNA and
ILs [20], the effect of different kind of anions on the stability of DNS has not been widely
explored. However, evidence has been reported that for some imidazolium-based ILs the anions
tend to establish a greater number of hydrogen bonds with the nucleobases of DNA than the
cations [17].

In the present work, we focus on the effect exerted by imidazolium-based ILs on the pathway of
DNA melting, using synchrotron-based UV Resonance Raman scattering (UVRR) [28].
Detecting the nature of the melting transition in double-strand DNA requires experimental
sensitivity to both cooperative and local structural changes, since DNA thermally unravels
passing through intermediate denatured states. Promoted by the increment of the temperature, the



hydrogen bond breaks and the DNA strands separate base by base leading to a complex melting
pathway.

Respect to the off-resonance Raman technique, UVRR spectroscopy offers the unique structural
specificity associated with the molecular vibrational frequencies together with the high
sensitivity and selectivity provided by the resonance enhancement [29-31]. Additionally, the
tunability of UV synchrotron radiation source permits a fine matching between the excitation
wavelength and the electronic transitions of the nucleobases. This ensures to selectively isolate in
the UVRR spectra of DNA the contributions arising from individual bases [28]. Synchrotron-
based UVRR technique is a powerful tool for efficiently probing in DNA the structural changes
associated with base pairing and stacking interactions and the alteration in the hydrogen-bond at
the ring sites [28-32]. The effectiveness of this experimental approach is validated in the present
work where Raman markers sensitive to the following factors are proposed: i) base stacking and
i1) hydrogen bonds interactions selectively involving guanine, adenine and thymine. This allows
to distinguish the effects exerted by ILs on the DNA melting process and on the structural
perturbations that precede the onset of strand separation, i.e. pre-melting transitions. Insights on
the binding mechanism between ILs and DNA along the thermal denaturation pathway are
obtained by the analysis of precise spectral signals recognized in the UVRR profiles.
Complementary experiments of UV absorption, circular dichroism and micro differential
scanning calorimetry support the results of UVRR experiments.

Materials and methods

Sample preparation

DNA sodium salt from salmon testes (SDNA) (CAS number 438545 -062080 base-pairs,
MW= 1.3 10° Da, % G-C content: 41.2%) was purchased by Sigma

further purification. The absence of proteins as contamination was checked by measuring the
absorbance ratio of a DNA solution at 260 and 280 nm that was found to be 1.9. Lyophilized
powder of SDNA was dissolved in phosphate-buffered saline 10 mM PBS at pH=7.4 and gently
stirring for 24 h to achieve a limpid solution.

Deoxynucleotide (dNTP) set composed by: 2’-deoxyadenosine 5'- triphosphate sodium salt
solution (dATP), 2'-deoxycytidine 5'- triphosphate disodium salt (dCTP), 2'-Deoxyguanosine 5'-
triphosphate trisodium salt solution (dGTP) and thymidine 5’- triphosphate sodium salt solution
(dTTP) at 100 mM was purchased by Sigma-Aldrich. For UVRR measurements, each dNTP was
diluted in PBS at pH 7.4 in order to reach the final concentration of 5 mM.

Figure 1 reports the chemical structures of ILs that we have considered in the present study.
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Figure 1: Chemical structures of the ILs considered in the present study: [BMIM] as methyl sulfate or
triflate, and [MIM] triflate.

All the ionic liquids 1-butyl-3-methylimidazolium triflate [BMIM]TfO, 1-butyl-3-
methylimidazolium methyl sulfate [BMIM]MeSO, and 1-methylimidazolium triflate [MIM]TfO
were purchased by loLiTec with a purity of 99%. Before the measurements, all the ILs were
dried inside a desiccator under vacuum with phosphorus pentoxide for 48h in order to remove
any water contamination.

For UVRR experiments, solutions at concentration of SDNA equal to 0.2 uM in BPB at pH=7.4
were prepared. For the preparation of DNA/IL samples, each ionic liquid was added to the
solution of sSDNA to reach the final concentration of 62 mM of IL in PBS, corresponding to a
stoichiometric ratio of SDNA/IL of 0.003 1073, All the solutions were freshly prepared for UVRR
measurements and they appeared limpid before the running of experiments and after the thermal
heating.

The solutions of SDNA with and without IL used for UV absorbance, circular dichroism and
calorimetry experiments were diluted 8 times in PBS with respect to the samples prepared for
UVRR measurements.

UVRR experiments

UVRR spectra were collected using the synchrotron (SR)-based UVRR set-up available at the
BL10.2-IUVS beamline of Elettra Sincrotrone Trieste (Italy) [28,32]. The exciting wavelengths
was set at 250 and 266 nm for the experiments reported here. All UVRR spectra were recorded
in back-scattered geometry by using a single pass of a Czerny-Turner spectrometer (Trivista 557,
Princeton Instruments, 750 mm of focal length) equipped with holographic grating at 1800g/mm.
The spectral resolution was set at 1.7 and 1.9 cm™/pixel for the spectra collected with 266 and
250 nm of excitation wavelength, respectively. The calibration of the spectrometer was
standardized using cyclohexane (spectroscopic grade, Sigma Aldrich). The radiation power on
the samples was kept maximum of 200 uW. Any possible photo-damage effect due to a
prolonged exposure of the sample to UV radiation was avoided by continuously spinning the
sample cell during the measurements. The UVRR spectra were collected for each sample in the



temperature range between 291-375 K with AT=3 and AT=4 K for the measurements with 266
and 250 nm of excitation wavelength, respectively.

Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were recorded using Jasco J-710 polarimeter equipped with a
thermal bath for controlling the temperature of the samples during the measurements. All the
solutions were measured from 305 to 368 K in a temperature-controlled quartz cell of 10mm
path-length. Each CD spectrum was averaged over 10 scans recorded in the range from 220 to
320 nm, at a scanning speed of 100 nm/min and 1nm of bandwidth. Measurements were
performed under a constant nitrogen flow, which was used to purge the ozone generated by the
light source of the instrument.

UV/Vis Spectroscopy

UV Absorption measurements were recorded with a PerkinElmer, model Lambda 25 UV/Vis
spectrometer at double beam equipped with a Peltier thermostattable for controlling the
temperature of the samples. All the solutions were measured from 305 to 370 K in a rectangular
quartz cell of 10mm path-length. The spectra were recorded in the range from 190 to 600 nm at a
scanning speed of 120 nm/min and 1 nm of bandwidth.

MicroDifferential Scanning Calorimetric (mDSC) experiments

Thermograms of SDNA solution alone or in presence of IL were recorded using a microDSC IlI
(Setaram, France). 0.750 g of the sample and an equal amount of PBS as reference were filled in
Hallostey calorimetric cells. Samples were equilibrated for 20 min at the starting temperature of
293 K before performing a heating ramp in the temperature range 293-373 K at a rate of 0.5 K
/min. The temperature (T, K) and the calorimetric enthalpy (AH, kJ/mol) were calculated from
the peak and the area of the transition, respectively using the tangent method

Results

UV Resonance Raman conditions and assignments of main Raman bands of DNA

Figure 2(a)-(b) show the experimental UVRR spectra collected on equimolar solutions of the
pure deoxynucleotides dTNP using 250 and 266 nm as excitation wavelengths, respectively.
Attention is focused on the wavenumber region between 1150 and 1750 cm™ where the main
signals associated to DNA nucleobases are found. The comparison between the Raman spectra
of the pure dTNP with that of SDNA (Fig. 2(c)-(d)) is useful to identify the contribution of each
individual nitrogenous bases in the complex spectrum of DNA obtained with the corresponding
excitation wavelength. The intensity of the spectra of the pure dTNP in Fig. 2 have been rescaled
accordingly to their relative abundance in the sequence of SDNA (41.2 % G-C and 58.8 % A-T
pairs). A relative good resemblance is found between the UVRR spectra of SDNA (Fig. 2(a) and
(d)) and the profiles obtained as the sum of the scaled spectra of single dNTP (Fig. 2(e)-(f)) both
for the excitation wavelengths at 250 and 266 nm. The slight differences observed between
experimental and reconstructed spectra can be probably attributed to the different conformation
assumed by sugar-phosphate skeleton in DNA strand with respect to pure dNTP and to the
stacking interactions among bases in the duplex helix structure [33].
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Figure 2: UVRR spectra of deoxynucleotides dNTP and of SDNA collected using excitation wavelengths
at 250 nm (a)-(c) and 266 nm (b)-(d), respectively; the intensity of each spectrum of dNTP has been
rescaled on the basis of its percentage content in the sequence of SDNA. (e)-(f): profiles obtained as sum
of the individual spectra of dNTP. Insets at the tops: UV absorbance spectra of dGTP and dATP (left and

right panel, respectively).

Excitation wavelengths in the UV range yields to Raman bands of the highest intensity,
especially for the vibrational signals arising from the nucleic acid bases [34]. Sugar and
phosphate group vibrations are practically negligible from UVRR spectra of sSDNA collected
with 250 and 266 nm as excitation wavelengths, as well as any other interfering signal
attributable to the solvent.

The UV-Vis absorption spectra of the deoxynucleotides dGTP and dATP are reported in the
insets of Fig. 2. The spectrum of both dGTP and dATP is characterized by a broad absorption
profile in the region between 230 and 280 nm, which is generated by two m — * electronic
transitions allowed for both guanine (dG) and adenine (dA) residues. The absorption band
centered at ~255 nm is assigned to the electronic transition mostly localized on the N7=C8
double bond of the imidazole ring. The lowest-energy absorption band at ~275 nm is associated
with the transition involving the triene fragment C2=N3-C4=C5-N7=C8 [30].

Fig. 2(a)-(c) shows that the excitation wavelength at 250 nm well overlaps with the energy of the
electronic transition localized on the double bond N7 = C8 of the imidazole ring, thus satisfying
a better resonance condition for dG residue than dA [30]. Likewise, with 266-nm as excitation
wavelength, resonance Raman bands assigned to the adenine dA residue mostly contribute to the
spectrum of SDNA (Fig. 2(d)).



In the wavenumber range 1200-1800 cm™ various bands of SDNA assigned to purine and
pyrimidine vibrations are responsive to the changes occurring in the ring electronic structure.
These signals exhibit a strong sensitivity to base unstacking and to alterations in the hydrogen-
bonding at ring sites. Table S1 in the Sl section reports the detailed assignment of the normal
modes composition for the main spectral features observed in the UVRR profiles of SDNA
obtained with 250 and 266 nm as excitation wavelengths.

The Raman band at 1339 cm™ in the spectrum of SDNA obtained with 266 nm as excitation
wavelength is mainly assignable to the vibration mode labelled as dA-I arising from the coupled
stretching vibrations of N7=C8 and C5- N7 bonds of adenine [30,35,36]. This mode is a good
marker of the adenine nucleoside conformation [37] and of the hydrogen-bonding state at the
acceptor site N7 of adenine [38,39]. Such a vibrational mode can be well isolated in the spectrum
of DNA using 266 nm as excitation wavelength. In the 250 nm-excited spectrum of SDNA (Fig.
2(c)) the dA signal at ~1339 cm™ is strongly overlapped with the vibration arising from the
N7=C8 and C8-N9 ring stretching plus C8-H in-plane bending of dG [30,34]. The 266 nm
excited spectrum of SDNA shows another signal at —~ 1424 cm™ associated with the adenine
residue, labelled as dA-11. This band is attributed to a combination of stretching mode of C4-N9
and bending of C8-H bonds. The changes in the frequency position of the mode dA-I1 reflect the
modification of hydrogen-bonds at the C6-NH; site of adenine [31, 36].

The prominent Raman band at — 1485 cm™ is associated to vibrational modes that involve the
N7=C8 and C8-N9 ring stretching coupled with C8-H in-plane deformation of purine group
[30,34,40,41]. The peak at — 1582 cm™ is assigned to N3-C4, C4-C5, and C5-N7 stretching
motions [34,39,42] of the same purine moiety. Both these modes show marked Raman intensity
hypochromism effects upon the formation of stacked or ordered nucleic base structures [41-43]
and for this reason they are sensitive structural markers for DNA. In the 266 nm-excited spectra
of SDNA (Fig. 2(d)) the signals at —~ 1485 cm™ and 1582 cm™ contain comparable contributions
arising from dA and dG residues. Conversely, at the excitation wavelength of 250 nm, there is an
appreciable enhancement of the modes labelled as dG-1 and dG-II, associated to the vibrations
localized on the purine ring of dG residue (Fig. 2(c)). This is consistent with the proximity of the
excitation energy to the 255-nm transition of dG that largely involves the N7=C8 double bond of
the imidazole ring [44]. In the spectrum of Fig. 2(c), the large bump centered at —~ 1650 cm™ is
the result of the superposition of vibrational modes localized on thymine (dT) and cytosine (dC)
residues. Consistently with the electonic transition observed for dT at ~265 nm, the contribution
of dT to the mode at 1650 cm™ is slightly enhanced in the 266 nm-excited spectra of SDNA (Fig.
2(d)) with respect to the profiles collected at 250 nm of excitation wavelenght. The Raman band
labelled as dT is probably related to a coupled stretching of C4=0 and C5=C6 bonds of the dT
residue [45,46]. Despite the relative complexity of this stretching vibration, the large localization
of the mode on the C4=0 group makes the signal at ~ 1650 cm™ considerably sensitive to any
perturbations occurring at that site of thymine residue [47].

Temperature-dependence of UVRR spectra of DNA in presence of ILs

Figure 3(a)-(d) show the temperature-evolution of UV Raman spectra, collected using 250 and
266 nm as excitation wavelengths, for SDNA in PBS and in hydrated [BMIM]TfO, as an
example. The comparison with the profiles of the hydrated ionic liquid (dashed lines in Fig. 3(a)-
(d)) allows to clearly separate the Raman signals arising from sDNA from those associated to
vibrations of the IL.
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Figure 3: Temperature-dependent UVRR spectra of SDNA in PBS and in hydrated [BMIM]TfO obtained
with excitation wavelengths at 250 nm (a)-(c) and 266 nm (b)-(d), respectively. The dashed lines
represent the spectra of hydrated [BMIM]TfO.

Fig. 3(a)-(b) show that, as the temperature is increased from 291 to 375 K, the intensity of the
signals dG-1, dG-I11, dA-1 and dT of SDNA increases substantially with a concomitant shift in the
frequency position of these bands. The intensity recovery of the modes dG-1, dG-1l and dA
during thermal denaturation is largely attributed to the removal of the attenuation effect of the
stacked bases on their nearest neighbors as the DNA melts, i.e. the so-called Raman
hyperchromic effect [34,37,40,41,43,47,48]. The enhancement of the UV absorbance of DNA
upon thermal denaturation — which in turn leads to the enhancement of the resonance of aromatic
ring of nucleotides — has been related to two effects: i) the disruption of vertical base-base
stacking interactions and ii) the perturbation of hydrogen bonds (HB) between complementary
bases in the double strand of DNA [40,49,50]. The different temperature-dependent behavior
observed for the intensity of the modes dG-1 and dA-1 in the spectra of Fig. 3 suggests dissimilar
staking arrangements involving the residues of guanine and adenine at different stages of the
melting pathway. In addition, the frequency shifts of the bands dG-1, dA-1 and dT upon thermal
unfolding of DNA possibly reflect the perturbation of hydrogen bonding states of the base
residues of guanine, adenine and thymine [35-38,40,41]. The detailed analysis of the multi-
wavelength excited UVRR spectra of DNA allows to extract quantitative information on the
intermediate and melted state of DNA with a special focus on the structural changes localized on
guanine, adenine and thymine tracts of DNA sequence.

Discussion



Effect of ILs on cooperative melting transformation localized on dG tracts

Figure 4(a)-(d) report the relative intensities as a function of temperature of the Raman band dG-
| at ~1485 cm™ for sSDNA pristine and in the presence of the ionic liquids [BMIM]TfO,
[MIM]TfO and [BMIM]MeSO,. All the plots have been normalized to (0,1) for a better
comparison. The Raman profiles of Figure 4 reflect the structural changes primarily localized in
the DNA tracts of guanine bases as a function of increasing temperature.
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Figure 4: Temperature-dependent relative UVRR intensities of dG-l at ~1485 cm™ for sDNA (a) and
SDNA in the presence of [BMIM]TfO (b), [MIM]TfO (c) and [BMIM]MeSO;, (d). Continuous lines are
fitting of the experimental data by using egn. (1), see details in the text. The melting temperatures T,
reported in the panels for the different systems have been estimated as described in the text.

The intensity of dG-I for SDNA (Fig. 4(a)) increases gradually between 290 and 355 K and then
it exhibits a sharp increase at the correspondence to the value of ~360 K that defines the melting
transition temperature Ty, characteristic of SDNA. The trend observed in Fig. 4(a) is typical of a
two-state transition and it suggests the presence of a cooperative structural transformation
involving the guanine-pairs during the melting process. The sudden recovery of the Raman
hyperchromicity occurring at T, ~ 360 K reflects the unstacking of guanine bases occurring
during the strand separation and the full denaturation of the double-stranded structure of DNA
[37, 42, 43, 47]. No significant changes in the intensity of the dG-I band of SDNA are detected
for temperatures above the T, The data indicate that no further observable structural
modifications in the secondary structure of SDNA occur once strand separation is complete, in
agreement with the results obtained also on single-stranded polynucleotides sequences [37]. A



similar temperature behavior is found also for the intensity of the band dG-I1 at —~ 1582 cm™ that
exhibits the same sharp increment at the melting temperature (see Figure S1 in the Sl section).
This supports the conclusion that in the 250 nm-excited UVRR spectra of DNA the two modes
dG-I and dG-I1I can be used as markers for the cooperative base-stacking interactions of guanine
bases during the melting transition of DNA.

Quite interestingly, the plots in Fig. 4 evidence a different effect operated by the ILs on the
thermal unfolding pathway of DNA. For the case of [BMIM]TfO and [MIM]TfO (Fig. 4(b)-(c)),
the similar temperature-dependence of the intensity of dG-I band in the presence and absence of
the ILs suggests that the relative reduction in the extent of base stacking interactions along the all
stages of the melting transition is comparable. In the presence of [BMIM]MeSO,, the melting
profile of DNA shows a notable decrement in the melting temperature, as evident by looking to
the Fig. 4(c). This is consistent with the predicted interaction between the cations of IL and the
backbone and grooves of DNA, as suggested by molecular dynamics simulations and
experimental measurements [20-27].

As stated before, the temperature profiles reported in Fig. 4 can be reasonably approximated with
a two-state transition law, as proposed by L. Movileanu et al. [51] for the determination of the
bases contribution to the thermodynamics of melting transitions in DNA. The Raman intensities
1(T) of the band dG-I reported in Fig. 4 have been fitted by using the eqn (1):

. e R TmT)
I(T) — Ip + mp T+(INA+HmN T)-e R Tm T (1)

1+e R (Tm 7)

In egqn (1), Iy and I, represent the intensities of the native and denaturated state of DNA,
respectively, R is the gas constant, 4H,;, and T,, are the enthalpy variation and the melting
temperature associated to the process. The parameters mp and my describe the linear
temperature-dependence of the band intensity in the pre and post-melting regions, respectively.
Fig. 4 shows that the temperature-dependence of the dG-I band is fairly satisfactorily reproduced
by egn (1). The data fitting allows one to quantitatively determine the melting temperature T,,
associated with the unstacking of guanine bases with good precision. The results are summarized
in Table 1.

Table 1: Melting temperature T, of SDNA with and without ILs. T, values are obtained by fitting of the
experimental data of Fig 4 with egn (1).

T (K)
SDNA 3613+ 1.1
sDNA/[BMIM]TfO 360.9 £ 0.7
sDNA/[MIM]TfO 360.4 1.2
sDNA/[BMIM]MeSO, 352.9+ 1.6

It is noteworthy that the value of T,=361.3 £ 1.1 K obtained for SDNA is in good agreement
with the temperature of melting point predicted by UV absorption and DSC measurements (see
next sections). This further confirms that the Raman intensity of dG-1 band is mainly sensitive to
the final step of the unfolding process of DNA. As stated above, the values in Table 1 indicate a
remarkable decrement of T, observed for the case of DNA in the presence of [BMIM]MeSO..
This could be sketched assuming that the imidazolium cation tends to interact mainly with the
DNA backbone when the negative charges of phosphate groups are localized [20,22], and the
anion MeSO, tends to establish H-bond interactions with the acceptor/donor sites of guanine



bases present on the major and minor grooves of DNA [17]. Overall, these interactions
established between [BMIM]MeSO, and the structure of DNA affect the thermal unfolding
process resulting in the observed decrement of the T, of the system. The data of Table 1 show
that the effect of TfO™ anion on Ty, is negligible compared to that of MeSO,’, keeping constant
the BMIM cation. This is probably due to the stronger hydrogen bond acceptor (HBA) character
of MeSQO," with respect to TfO". A rationale of this can be found in the opposite electronic effect
of the two substituents (CF3 and OCHg; functional groups) at the same SOj3™ polar head in TfO
and MeSO,, respectively (see Figure 1). The CF3 group has a strong — | effect (inductive
electron withdrawing effect) whereas OCHyj is a strong resonance electron donor (+M effect). As
shown, the HBA strength is enhanced by the presence of electron donating groups. [S. J. Pike, J.
J. Hutchinson, C. A Hunter, H-bond acceptor parameters for anions, J. Am. Chem. Soc. 193
(2017) 6700-6706 https://doi.org/10.1021/jacs.17b02008 ]

Pre-melting structural changes on dA-dT base pairs

The analysis of the UVRR spectra collected using 266 nm as excitation wavelength provides a
special focus on the adenine response during the thermal unfolding path of sSDNA. Figure 5
shows the temperature-dependence of the relative intensity of the mode dA-I at —~1339 cm™ for
SDNA in absence and presence of ILs.
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Figure 5: Temperature-dependent relative UVRR intensities of dA-I at ~1339 cm™ for sDNA (a) and
SDNA in the presence of [BMIM]TfO (b), [MIM]TfO (c) and [BMIM]MeSO, (d). Continuous lines are
fitting of the experimental data by using egn. (1), see details in the text. The colored area highlights the
temperature range where the pre-melting process is detected.
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The intensity of band dA-1 for sDNA clearly exhibits a non-monotonic dependence upon
temperature. We can distinguish three different temperature regimes, i.e. a premelting and
melting region in which the resonance Raman intensity of dA-l displays a remarkable
temperature dependence and a post-melting regime for T=360 K where no significant changes
are observed in the Raman intensity. Compared to the behavior shown for dG-I band in Fig. 4,
data of Fig. 5 suggest that dA-1 mode is a marker of localized (hon-cooperative) structural
changes occurring on adenine residues at different stages of the thermal unfolding pathway of
DNA. The pronounced peak in the Raman intensity of the dA-I band observed at approximately
300-303 K can be attributed to a specific pre-melting transition of the SDNA primarily localized
on the dA-dT base pairs. Similar pre-melting phenomenon have been previously observed at
temperature around 303-308 K for Poly(dA-dT) - poly(dA-dT) double-helical B DNA
containing AT and TA base pairs [37,46,47] and in the genomic Calf thymus DNA [52]. These
structural modifications have been explained by invoking the formation, at low temperature, of a
third hydrogen bond cross-strand between consecutive dA - dT pairs that could stabilize the extra
amount of propeller twist between the A-T base planes. The finding of a pre-melting transition in
the plots of Fig. 5 suggests the occurrence of thermally activated structural changes in which the
interbase A-T hydrogen bonding and the conformations of the duplex phosphodiester backbone
of DNA are perturbed but neither significant unstacking nor dissociation of the double helix
occur. The marked sensitivity of dA-1 to non-cooperative structural changes can be explained
with that fact that the vibration associated to this band is mainly localized on C5-N7=C8 bond of
adenine where N7 atom is able to form HB with the solvent molecules [36,38,40,53]. At variance
with  DNA melting, pre-melting transitions reflect temperature-dependent conformational
changes of small regions of the DNA molecule that are more effectively detected by A-T than C-
G base-pairs [54]. This is also consistent with theoretical calculations [55] that find an average
value for HB lifetime on N7 site of dA shorter with respect to the HB involving N7 of dG
residue.

Quite interestingly, the plots in Fig. 5 point out that all the ILs considered in this study do not
induce any significant effect on the pre-melting transition of SDNA. Since these structural
changes involve primarily the base of adenine, our experimental finding is fully consistent with
the simulation results [20] that indicate the dominant interaction of imidazolium cations with
guanine and thymine on the strands of DNA.

In Fig. 5, the recovery of Raman hyperchromicity of dA-I band observed at about 340-350 K
reflects the progressive unstacking of dA bases flanking the dissociation of the DNA strands
occurring near the melting temperature. Above ~360K the intensity of dA-I band does not show
appreciable variations. This is consistent with the breaking of inter-base Watson—Crick hydrogen
bonds after the melting and dissociation of the SDNA strands. No further significant structural
changes involving adenine bases occur at higher temperatures (post-melting region).

The two-step model of eqn. (1) can be reasonably used also for fitting the temperature-
dependence of Raman intensity of dA-1 between 310 and 375 K in Fig. 5, in order to determine
the specific contribution of dA to the unfolding process of DNA [51]. Table 2 reports the values
obtained for T, and AH,i, for DNA in absence and presence of ILs.

Table 2: Thermodynamic parameters estimated for the structural changes involving dA tracts for sSDNA in
presence and absence of ILs.

Tm (K) AHyip (kJ/m0|)
SsDNA 3459+ 1.3 200.13 £ 41.45
sDNA/[BMIM]TfO 3494+ 1.2 183.38 + 29.31
sDNA/[MIM]TTO 3448+ 1.6 183.8 + 46.89
sDNA/[BMIM]MeSQO, 3473+1.1 126.44 + 10.86




The transition temperature of 345-350 K obtained for all the DNA systems reflects the presence
of a thermal intermediate state, occurring before the melting transition, that primarily involves
dA-dT tracts in the DNA sequence. We can argue that this structural modification involves the
progressive rupture of HB on the dA-dT base pairs occurring at lower T than the melting
temperature associated to the complete separation of the double strand of DNA. It is interesting
to note that the enthalpy variation associated to this intermediate structural change is slightly
lower for DNA in the case of presence of [BMIM]MeSOs,.

Hydrogen-bonds rearrangements at dG, dA and dT sites

Figure 6(a)-(b) display the temperature-dependence of the wavenumber position of the bands
dG-I and dA-1 for sDNA in presence and absence of ILs. The frequency of the oscillators
associated to dG-1 —~ 1482 cm™ and dA-1-~ 1339 cm™ is sensitive to the different hydrogen
bonding states on the proton-acceptor N7 site of guanine and adenine residues, respectively [36-
38,40,41,56].
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Figure 6: Temperature-dependent wavenumber position of the modes dG-I (a) and dA-I (b) for SDNA in
absence and presence of [BMIM]TfO, [MIM]TfO and [BMIM]MeSO.,.

Fig. 6(a) point outs a red-shift upon the increment of temperature of the dG-I mode that has been
attributed to the formation of stronger hydrogen bonding of solvent with the guanine N7 site,
occurring in the denatured structure of DNA [40,57]. We note that the presence of
[BMIM]MeSO, and [BMIM]TfO induces a slight blue-shift in the position of band dG-I with
respect to the case of pristine DNA. This effect has been likewise ascribed to i) the formation of
H-bond interaction on N7 atom of guanine with CH groups of [BMIM] and ii) the reduction of
H-bond interaction between water molecules and N7 site due to the presence of cations of IL
[57,58]. The overall effect is consistent with the partial “dehydration” of DNA by ILs, predicted
also by theoretical simulations [20, 22], that tend to hamper the diffusion of water molecules
across the nucleobases in DNA. Fig. 6(a) points out also a peculiar behaviour for T=350 K for
dG-I band in the presence of [MIM]TfO. This could be a marker of the trading base-base



hydrogen bonds for the base-water hydrogen bonds starting close to the thermal denaturation and
strongly affected by the presence of this type of ionic liquid.

The red-shift of the mode dA-I displayed in Fig. 6(b) for sSDNA reflects the progressive
weakening of H-bonding at the acceptor sites N7 of adenine upon the increment of temperature
[37,38]. This could be due to the replacement of inter-adenine hydrogen bonds with weaker
adenine-water hydrogen bonds favored by the progressive exposition to the solvent of the
residues of SDNA during the melting. Another possible explanation is that the reduction of the
frequency of dA-I band could be related to the conformational change of dA residues from C2’-
endo to C3’-endo that accompanies the pre-melting and melting transition of the
polyribonucleotide [35,37,59]. No significant modifications of the dA-I frequency induced by the
presence of ILs are detected. This is consistent with a larger interaction of imidazolium cations
with guanine with respect to adenine in the DNA structure, as discussed above.

Figures 7(a)-(b) report the frequency variations of the dG-1l and dT bands as a function of
temperature. Differently from the trend observed for dG-I1 and dA-I mode, the plots in Fig. 7
show a characteristic sigmodal shape with a general blue-shift with increasing temperature.
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Figure 7: Temperature-dependent wavenumber position for the bands dG-I1 (a) and dT (b) for SDNA in
absence and presence of [BMIM]TfO, [MIM]TfO and [BMIM]MeSO,. Continuous lines are fitting of the
experimental data by using egn. (1), see details in the text.

The dG-I1I band is attributed to stretching vibrational motions localized on the purine ring of
guanine. Figure 7(a) shows that a rapid blue-shift in the frequency position of this mode is
observed around the melting temperature T,~360 K. Fitting of the experimental data with the
equation (1) gives indication of T, decrease of about 5 K in the case of SDNA in the presence of
[BMIM]MeSQ,, consistently with the behavior observed for the intensity of dG-I band. The
upshifts detected for dG-I1 band as a function of temperature are close related to hyperchromic
effect previously discussed in the case of dG-I band (Fig. 4). This in turn reflects the unstacking
effect between guanine bases generated by the increase of the temperature. Indeed, the



reinforcement of the double bonds of the guanine ring is due to the major localization of the
electrons within the purine structure in the single strand compared to the double strand.

Fig. 7(b) shows the temperature-dependence of the wavenumber position for dT band. This
vibration accounts for any perturbations occurring at C4=0 site of dT residue [30,38,47]. It is a
marker of the decrease of H-bond strength at this site during the thermal unfolding pathway of
SDNA. The trend in Fig. 7(b) confirms that the increase of thermal motion induces a general
reduction of base stacking interactions and H-bonding strength of the dA and dT residues in
SsDNA. It has the characteristic profile exhibited by dT band with a sharp upshift at about 345-
350 K, as suggested by the values of T, obtained by fitting of data with eqn (1). This could
suggest a cooperative mechanism of the rearrangement of H-bonding interactions at the C4=0
site of thymine activated at temperature above 345-350 K. This is consistent with the formation
of a three-centered H-bond in AT tracts, as already proposed by other authors [47]. We also note
that the addition of ILs tends to slightly shift to lower frequency wavenumber the position of dT
with respect to pristine SDNA, especially at low temperature. This supports the idea of a
perturbation induced by ILs on the hydration shell of C4=0 group of thymine with the formation
of HB bonds with slightly higher strength, in agreement with the theoretical findings of A.
Chandran et al. [20].

UV absorption measurements

In order to complement the UVRR data, UV absorption measurements on solution of SDNA in
absence and presence of [BMIM]MeSQ,, as an example, have been performed. Figure 8 shows
the temperature evolution of the maximum of the intensity of absorption curve at -~ 260 nm for
sDNA with and without the addition of IL.
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Figure 8: Temperature-dependent absorption at 260 nm for sDNA in absence and presence of
[BMIM]MeSO,. Inset: comparison between the UV absorption spectra of sDNA and
sDNA/[BMIM]MeSO, at 305 K; the dashed line represents the UV absorption of [BMIM]MeSO, in
water.

Since the absorption profile of pure [BMIM]MeSOy, is practically negligible up to ~ 240 nm, the
data reported in Fig. 8 take account only of the contribution arising from DNA. As first remark, a



sharp transition in the absorption intensity can be detected in correspondence of about 360 K for
both the set of data, in the presence and absence of IL. This rapid increase of the UV absorption
is a marker of the occurring of DNA melting and the melting temperature deduced by UV
absorption technique for SDNA (359 + 1 K) is in agreement with that found by the analysis of
UVRR spectra discussed above. The plots in Fig. 8 give also evidence that the UV absorption
does not detect any base unstacking process until the melting temperature at about 360 K.

CD spectra

By using CD technique, we can probe the temperature-dependent changes of geometry for DNA
pure and in the presence of IL through the analysis of spectral modifications of CD spectra [60].
The CD measurements have been carried out on sDNA in absence and presence of
[BMIM]MeSQO, as example. Figure 9(a) shows a comparison between the CD spectra of SDNA
in absence and presence of IL collected at 305 K.
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Figure 9: (a) Comparison between CD spectra of sSDNA in absence and presence of [BMIM]MeSQO,
measured at 305K. Inset: temperature-dependent CD spectra of pristine SDNA. Temperature-dependence
of ellipticity at 274 nm (b) and 245 nm (c) for sSDNA and sDNA/[BMIM]MeSO.,.

Since [BMIM]MeSQO, is an achiral compound, it does not exhibit any interfering CD band in the
spectra of SDNA in hydrated IL. As shown Fig. 9(a), the CD signal of sDNA exhibits the
classical features of double-stranded B-form DNA consisting of a positive band B around 274 nm
and a negative peak o at 245 nm with a crossover at the absorption maximum. The positive
feature is due to n—r base stacking while the negative band corresponds to the polynucleotide
helicity. The comparison between the two curves in Fig. 9(a) evidences that the CD spectra of
sDNA in presence and in absence of IL have a similar shape, thus suggesting that the native B-
conformation of DNA is preserved also after the addition of [BMIM]MeSO,. This finding is in
agreement with what already concluded by the analysis of UVRR data (see discussion above).
By looking to the curves in Fig. 9(a), it clearly appears that the presence of [BMIM]MeSO,



induces a slight decrease in the positive band at about 274 nm of DNA. This is consistent with an
alteration in the base packing, probably due to the hydrophobic interaction between the
hydrocarbon chains of [BMIM]" and the bases of DNA [21]. It is also to noteworthy a significant
decrease in the molar ellipticity that change from -6.3 to -8.3 when sDNA is in hydrated IL with
respect to water. Such behavior reflects the distortion in the helical structure of B-DNA and
could be related to a transition from an extended double helix to a more compact form, known as
W structure, which is probably due to the electrostatic interaction between the cationic groups of
IL and the phosphate groups of DNA. The absence in the CD spectra of SDNA/[BMIM]MeSO,
of the typical signals associated to intercalation phenomena (magnitude of positive and negative
bands) gives indication that IL does not act as an intercalator in DNA structure [61], consistently
with the results of molecular dynamic simulations [20]. On the basis of the results reported in
Fig. 9(a), we can speculate that [BMIM]MeSO, interacts with SDNA bases through groove and
hydrophobic interactions, as found for the cases of [BMIM]CI [20] and [BMIM]Br [22].

The temperature-dependent CD spectra of SDNA are reported in the inset of Fig. 9(a). Starting
from the temperature of about 360 K, the CD spectra clearly exhibit the characteristic shape
associated to denatured DNA [62]. A decreasing in magnitudes of both the positive and negative
bands is found in the CD spectra of pure DNA as the temperature increases. This is consistent
with the occurrence of unstacking on the bases that leads to a general weakening of the
interaction between neighboring bases and a decrease in helicity of DNA. This finding further
confirms the interpretation of UVRR data discussed above.

The dependence on temperature of the B intensity for DNA in presence and absence of IL is
illustrated in Fig. 9(b). In the region of low temperature (305-350K), the ellipticity tends to
increase upon T and this behavior suggests that B—C conformational changes of DNA take
place in the premelting region [62]. For temperature values above about 350 K, we observe an
opposite temperature-dependent trend in the ellipticity, probably due to the beginning of
denaturation process. Likewise, Fig. 9(c) shows the temperature evolution of a band. As
mentioned above, modifications occurring in ellipticity in such wavelength region can be
associated to changes in helicity, which are characteristic for the right-handed B form of DNA.
The sigmoidal shape displayed in Fig. 9(c) strictly resembles that obtained for the UV-Vis
absorbance (see Figure 8).

mDSC results

As for UV absorption and CD measurements, mDSC analysis was performed on sDNA in
absence and presence of [BMIM]MeSQO,, as a representative system. This analysis was carried
out to validate the thermodynamic parameters, i.e. melting temperature and enthalpy, obtained
from UVRR experiments and discussed above. Calorimetry, is a standard technique to collect
information about thermal transitions of a material and it has been routinely employed for the
calculation of the temperature-induced melting of nucleic acids [63,64]. Figure 10 shows the
thermograms obtained from sDNA and sDNA/[BMIM]MeSO, in the proximity of the melting
transition. Melting transition can be detected as an endothermic event, from which the transition
temperature can be obtained from the peak value or the onset. The calculated peak and onset
values for SDNA alone were 360.8 = 0.1 K and 356.5 + 0.1 K, respectively and are comparable
with the melting temperature obtained from UVRR spectra (see Table 1). The thermograms in
Fig. 10 point out that the adding of [BMIM]MeSO, induces a slightly decrease in the melting
transition of DNA, as evidenced by the calculated peak and onset values (358.5+0.4 K and 353.5



+0.4 K, respectively) and in agreement with UVRR findings (see data reported in Table 1). As
regards the AH enthalpy associated to the calorimetric transition, the calculated values indicate a
slight increment of the AH associated to the melting process of DNA in the presence of
[BMIM]MeSO, (412.4+71.2 and 450.9+82.9 kJ/mol for SDNA and sDNA/[BMIM]MeSQO;,,
respectively).
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Figure 10: Thermograms of sDNA in absence and presence of [BMIM]MeSQ, in the vicinity of the
melting transition.

Summary and conclusions

The molecular interactions and the effect of imidazolium-based ILs on the thermal unfolding
process of DNA are here discussed on the basis of the results provided by synchrotron-based
UVRR experiments. Our experimental approach benefits to afford a selective focus on the
guanine and adenine responses respect to those of other components of the DNA structure,
whose Raman signal may be strongly enhanced in intensity trough an accurate and fine choice of
the excitation wavelength. The UVRR spectra of DNA collected using 250 and 266 nm as
excitation wavelengths selectively probe two distinct temperature-dependent phenomena
involving the structural rearrangement of the DNA double-helix: i) non-cooperative pre-melting
transitions occurring throughout the range 300-350 K which essentially affect dA tracts,
involving neither dissociation of the strands of DNA nor significant base unstacking; ii) a
cooperative melting transition, observed in the range 360-370 K, that is characterized by
unstacking interactions between the guanine bases and strand separation. The analysis of the
UVRR spectra of DNA in absence and presence of ILs reveals that both cations and anions of IL
strongly interact with the structure of DNA, thus affecting the melting process. This may be due
to establishment of H-bond interactions between cation/anion of ILs and the acceptor/donor sites
of guanine bases present on the major and minor grooves of DNA, in accordance with theoretical
simulations and previous experimental results [17,20,22]. Despite the formation of a strong
interaction between ILs and the structure of DNA, the pre-melting conformations that precede
the double-strand separation are not perturbed by the presence of ILs. This experimental finding



supports the conclusion of the theoretical work of Chandran et al. [20] that suggest a dominant
interaction of imidazolium cation with guanine and thymine on the strands of DNA, with respect
to adenine.

The main results achieved by the analysis of UVRR spectra are validated by the information
provided by UV absorption, circular dichroism and calorimetry that corroborate the reliability of
our experimental approach. The overall results lead to a comprehensive view of the interactions
between imidazolium-based ILs and DNA that provide important basis for the application of ILs
in life science.
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