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Abstract: One can foresee a very near future where ionic liquids will be used in applications such as
biomolecular chemistry or medicine. The molecular details of their interaction with biological matter,
however, are difficult to investigate due to the vast number of combinations of both the biological systems
and the variety of possible liquids. Here, we provide a computational study aimed at understanding the
interaction of a special class of biocompatible ionic liquids (choline-aminoate) with two model biological
systems: an oligopeptide and an oligonucleotide. We employed molecular dynamics with a polarizable
force field. Our results are in line with previous experimental and computational evidence on analogous
systems and show how these biocompatible ionic liquids, in their pure form, act as gentle solvents for
protein structures while simultaneously destabilizing DNA structure.
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1. Introduction

The interaction of ionic liquids (ILs) with biological matter [1], especially natural
polymers, has attracted attention in recent years due to the possibility of exploiting the
peculiar solvation properties of these substances in medicine applications [2-4]. Despite
the toxicity of several variants of ILs, refs. [5-8] the possibility of tailoring their molecular
constituents to specific purposes has spawned a variety of specialized classes of ILs that
are biocompatible and suited for their use in living organisms [9].

Among the various attempts, the most promising category of biocompatible ILs is
likely to be found among the so-called protic ILs [10], which are essentially the result of an
acid-base reaction (albeit sometimes only formally) where the proton transfer generates the
charge separated species—a protonated base and a deprotonated acid. More specifically,
it is possible to obtain a vast class of biocompatible ILs by coupling the cholinium cation
with various forms of organic acids and amino acids [11-13]. ILs based on cholinium and a
deprotonated amino acid ([Ch][AA] ILs) are biocompatible [14-19] and easy to synthesize
from inexpensive ingredients [20].

Despite a notable experimental effort in providing data about the compatibility of ILs
with biological matter, biopolymers, and biomolecules in general, refs. [21-29] the funda-
mental (i.e., molecular) mechanisms by which the IL interacts with biomolecules is not yet
entirely understood (see for example [30] and references therein). This is due to an intrin-
sic difficulty in measuring the relevant molecular observable in complex systems [31-33]
where disentangling the interactions of biomolecules (which are inherently complex chemi-
cal systems) and solvent ILs is often unpractical. Furthermore, molecular simulations of
biomolecules in ILs are time-consuming, system specific, and often suffer from technical
difficulties due to the availability of suitable and reliable force fields [30,34,35]. Despite
these problems, several attempts have already been made focusing on imidazolium-based
ILs [36-40]. A significantly smaller number of studies are found for cholinium- and/or
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aminoacid-based ILs. These are mainly focused on the stability of model proteins and
ribonucleotidic systems in IL/water mixtures. Sundaram et al. [41] studied the stability of
insulin in cholinium glycinate [Ch][Gly], alaninate [Ch][Ala], and prolinate [Ch][Pro] at dif-
ferent concentrations in water. They noticed that water was displaced from the first protein
solvation shell and that the solvation of the macromolecule was dominated by the anion
with prolinate essentially preserving the crystal structure from the denaturising action of
water. Chevrot et al. [42] also showed that amino acid anions solvated small protein struc-
tures displacing water from the inner shell. Bisht et al. [43] argued that an amino acid anion
such as glycinate was more disruptive toward bromelain structure than bromine using
experiments and docking models. Other recent studies focused on the stability of nucleic
acids structures in water/IL solutions [29,44,45]. Most of the data pertains to traditional
ILs, refs. [46—48] long DNA double strands (ds), and IL/water mixtures [28,49,50].

Following the suggestions in [35], we present here an analysis of the solvation of two
very small model biomolecules in three different neat [Ch][AA] ILs using a polarizable
force field. It has been shown in [51,52] that in concentrated electrolytes such as ILs, the
traditional, charge-fixed MD models, although still widely used, overestimate friction
and solvation strengths. To remedy this intrinsic deficiency, many simulations of ILs are
carried out using a scaled-charge approach where the scaling parameter is optimized for a
specific system and realigns the computed dynamic properties with real observables [52,53].
It is our opinion that instead of using an adjustable parameter, it would be desirable to
employ a true polarizable force field to model the balance of the long-range interactions
(i.e., dispersion and electrostatic). In addition, it is becoming clearer that the introduction of
explicit polarization in force fields for biomolecules may improve the quality of the results
owing to a more realistic treatment of the electrostatic interactions [54-56].

We have recently developed a fully polarizable force field for [Ch][AA] ionic liquids
including nine different amino acid anions representative of the different families, from
the simple [Gly], to aromatic [Phe], acid [Asp], and basic ones [Lys] [57]. The force field
was validated to reproduce the short-range coordination properties of anions and cations
in the pure liquid phase of the ILs. The force field is based on a multipolar expansion of the
electrostatic energy that includes first order induced dipoles. It is built out of the AMOEBA
model [58].

In this work we combine our newly developed polarizable force field together with
the well-established polarizable counterparts for bio-matter AMOEBA-nuc and -pro [59-61]
to analyze the behaviour of model biomolecules immersed in neat [Ch][AA] ILs. We
will present structural data with the aim of elucidating the molecular features of the
biomolecule-ILs interaction and, provide a minimal basis for an accurate nanoscopic
interpretation of the many and variegated results obtained in the laboratories.

As test case studies, we have chosen two simple biological systems: an oligopeptide
and a ds-oligonucleotide. Since the calculations are computationally demanding, we
decided to limit the size of the system and use the 12-residue peptide (KTWNPATGKWTE,
PDB id #2EVQ), which has a 3-hairpin shape and appears a good candidate to check how
well the folded structure is preserved in the IL. For DNA, we chose the 1L]JX structure,
such as the hexanucleotide 5'-TGCGCA-3'. It is the shortest DNA sequence that already
exhibits the double helix conformation. The structures of both biomolecules are reported in
Figure 1.
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Figure 1. (a) Small polypeptide 2EVQ and (b) 1LJX DNA model.

2. Results and Discussion
2.1. 12-Residue Oligopetide

We begin our analysis of the results with the oligopeptide model. Figure 2 reports the
RMSD(t) function with respect to the initial NMR experimental structure along the first 5 ns
of simulation time. The time span reported in Figure 2 is representative of the equilibrated
systems. Due to our methodological setup in the equilibration phase (see Section 3), the

initial displacement from the reference structure is very fast (within few ps) and essentially
appears as a vertical line at t = 0.
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Figure 2. RMSD with respect to initial experimental structure as a function of time for 2EVQ
oligopeptide in different solvents.

For all four of the systems ([Ch][Gly], [Ch][Ser], [Ch][Lys], and water), most of the
conformational changes of the protein takes place in the very first few ps of dynamical
evolution, after which the deviation from the initial structure stabilizes and reaches a
plateau. We notice that the structure in water shows the largest conformational change and
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the most significant fluctuations. This is due partially to the force field which is different
from the one used to optimize the NMR-deposited structure but, foremost, to the high
mobility of the two terminal residues Glu and Lys (see also the analogous results obtained
using polarizable models in [62]).

Remarkably, the action of the three ILs is gentler than water, and the protein structure
presents a minor extent of structural modifications with the RMSD remaining confined
below 2 A.

A more precise idea of the structure variations can be had using the data in Figure S1
where we report the R factor [63] in the four solvents. The quantity R is the sum of the ratios
of the distance between two corresponding residues on opposite 3-strands and its value in
the reference structure. If the hairpin maintains its folded state, these ratios are almost one
and R is essentially equal to the number of distances chosen. In Figure S1 we report the
R factor as obtained from four distances starting with the two terminals residues (r1) and
proceeding upward toward the turn (r2, r3, and r4). The four residues of the turn are not
considered. In all three ILs, the R factor is practically four, hence providing evidence that
the system largely maintains its folded state with very limited conformational evolution
with respect to the native state. These findings appear to be in agreement with previous
findings on other IL containing aminoate anions [42]. The data pertaining to water show
a significant deviation of R from four towards larger values. A closer inspection of the
individual distance ratios, however, makes it apparent that most of the deviation from the
reference structure (and to the RMSD of Figure 2) is due to the two terminal residues whose
positions fluctuate greatly in water.

Data in Figure 3 pertain to the [Ch][Gly] IL and have been obtained by counting the
average number of molecular ions in direct proximity of a given residue (x-axis). The
solvation of the protein in this IL is driven mainly by the glycinate amino acid anion that is
found to lie in proximity of all residues, albeit with a preference for the Lys-1 terminal and
the adjacent Thr-2 of the 3-strand. The cholinium cation has instead an uneven distribution
in the immediate vicinity of the protein structure with a preference for the two 3-strands
and the two aliphatic residues in the turn (Ala and Gly). The cation seems to remain far
from the strongly hydrophilic Asn and from the Pro and Thr of the turn.

2.5

2
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1
| A _1ks ]
Lys Thr Trp Asn Pro Ala Thr Gly Lys Trp Thr Glu

W Choline mGlycine

Figure 3. [Ch][Gly] liquid with oligopeptide: average number of solvating molecular ions per residue.
Solvating ion is counted if its c.0.m lies within 6 A from residue.

A more comprehensive view of the relative positions of the two IL ions and every
residue of the protein is shown in Figure S2 where we report the radial distribution functions
between the centres of mass of the molecular ions and the 12 residues of the hairpin. For
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all residues, with the exception of Gly-8, the amino acid anion is the closest solvating
molecular ion.

The stability of the folded structure in the [Ch][Gly] structure is achieved because of
the peculiar solvation at the N- and C-terminal residues at the end of the two strands. At
the difference with water, the IL is unable to break the Lys—Glu H-bond where the Lys
ammino group is protonated and binds to the Glu carboxylate.

A representative structure extracted from the simulation is shown in Figure 4. We show
(with sticks) the two ends of the protein (Lys and Glu) and two nearby IL molecular ions
(spheres). The interaction between the protein and the IL is not able to completely disrupt
the H-bond and the proximity of the two terminal residues is helped by the glycinate anion
that puts itself in a bridge position. The cholinium remains H-bonded to the glycinate,
however it has a mere spectator role.

R

Figure 4. Zoom of terminal residues of oligopeptide in [Ch][Gly]. Proton-acceptor distances are
indicated to highlight H-bonds between protein and liquid.

The solvation of the hairpin structure in the [Ch][Lys] IL is illustrated in Figure 5. The
data are presented in the same fashion as Figure 3 and show a similar pattern where the
lysinate surrounds the protein structure with the cholinium being less interacting. However,
no simple pattern about the preferences of either the cholinium and the aminoate anion
seem to emerge clearly from the comparison of the [Ch][Gly] and [Ch][Lys] solvation,
apart from the mentioned preference of the anion to stick closer to the peptide. In general,
it seems that with lysinate, cholinium is more abundant in the first solvation shell and
solvates all residues with the exception of Lys-9.

The folded structure is stabilized by an H-bond between the terminal Lys and Glu.
Lysinate appears to form an additional H-bond with the Lys residue, but its interaction
is not sufficient to produce any structural disruption in the protein terminals. A typical
arrangement in the terminal region of the protein is shown in Figure 6 in the same fashion
as Figure 4. A more thorough view of the individual solvation shells of the 12 residues can
be had from the data of Figure S3, where we report the radial distribution functions of the
cations/anions with the residues.

Solvation by the [Ch][Ser] does not show significant differences with respect to the
previous two ILs, and it is still dominated by the anion while the cation seems to interact
less with each residue. The situation is illustrated by Figure 7 in a similar fashion as before.
The serinate carboxylate binds the terminal Lys through H-bond, while the cholinium often
remains in the immediate proximity of the Trp residues. Again, the serinate establishes a
close contact with most of the residues, especially the terminal ones (Lys-1 and Thr-2), while
cholinium is found in proximity to Trp-3 and Thr-7 and Thr-11 bound by hydrophobic
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interactions. A typical arrangement is reported in Figure 8. Overall, the OH group in the
serinate does not appear to play a particular role.
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Figure 5. [Ch][Lys] liquid with oligopeptide: average number of solvating molecular ions per residue.
Solvating ion is counted if its c.0.m lies within 7 A from residue.

Figure 6. Zoom of terminal residues of oligopeptide in [Ch][Lys]. Proton-acceptor distances are
indicated to highlight the intra-protein H-bonds and an occurrence with lysinate ion of IL.
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Figure 7. [Ch][Ser] liquid with oligopeptide: average number of solvating molecular ions per residue.
Solvating ion is counted if its c.0.m lies within 7 A from residue.
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Figure 8. Zoom of terminal and middle residues of oligopeptide in [Ch][Ser]. Terminal Lys coordi-
nated by serinate can be seen on the left, while two Trp of the strand are on the right in interaction
with cholinium.

2.2. Six Base Pairs DNA Double Strand

Our chosen model is a six-base-pair oligonucleotide in B conformation. It is well-
known [64] that such short oligonucleotides are less stable than longer ones, and that they
are stabilized in water solution by high ionic strength where buffer ions neutralize the
phosphate groups (in our water simulation we used Mg?* ions). However, the system is
intrinsically prone to melting and denaturation processes.

In this context, this is an advantage because it makes possible the observation of
dynamic processes without the need for extremely long simulation times that would have
been prohibitive with polarizable force fields.

The ds-oligonucleotide behaviour in the water and the three ILs is illustrated in
Figure 9. There, we report the RMSD(t) as a function of time along the initial five nanosec-
onds of simulation common to all simulations. Again, in this case, the reported time section
is representative of the equilibrated system. As for the peptide, the structural change with
respect to the initial (crystallographic) geometry takes place in the very first few ps of
simulation as soon as the constraints on the biomolecule are removed. Then, it reaches
a plateau. Contrary to what we have seen for the oligopeptide, water in this case is the
solvent that mostly preserves the crystal structure, while the ILs have a pronounced effect
on it depending on the anion identity. Lysinate behaves similarly to water in preserving the
overall structural features of the DNA complex. Serinate significantly alters the structure,
and glycinate has a dramatic effect with an almost complete disruption of the double helix.

RMSD of DNA
8 .
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Figure 9. RMSD with respect to initial crystallographic structure as a function of time for DNA model
in different solvents.
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A more pictorial idea of the situation at the end of simulation can be had by looking at
Figure S5 where we plotted the final structure of the DNA model after the dynamics. It is
clear that the IL has a strong effect on the structure of the DNA complex and that it can
promote a fast and efficient denaturation. Whether this is a universal behaviour of these
kind of ILs is a conclusion that remains foreign to us due to the limited timeframe of our
simulations. We certainly see that [Ch][AA] ILs with certain aminoate anions (glycinate
and serinate) exert a partial or global disruptive effect on the H-bonded base parings in a
relative short time.

Among the three ILs, the only one that does not lead to appreciable disruption of the
base pairings in the DNA structure within the chosen time frame is [Ch][Lys] (grey line
in Figure 9). Also, as already noted with the polypeptide, the structural fluctuations are
suppressed with respect to water, probably due to the much higher viscosity of the IL. For
[Ch][Lys], the N-N distances of the four G-C and two T-A H-bonded pairs remained very
similar to the values attained in water, and all of the six base pairs lasted essentially intact
for fourteen nanoseconds.

Contrarily to what we have seen for the hairpin protein, the most abundant molecular
ion in the first solvation shell of the DNA model is cholinium, an effect obviously induced
by the negatively charged phosphate groups. This agrees with previous simulations and
experimental results for these kind of liquids that have been found in the case of IL /water
mixtures [65-67].

A quantitative assessment of the composition of the solvent layer around the DNA
structure is reported in Figure 10 for [Ch][Lys] and in Figure S6 for all ILs. The histograms
correspond to the average count of cations (blue) and anions (orange) within 7 A of the
c.o.m. of specified base (nitrogenous base only, excluding phosphate and ribose).

35
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Figure 10. Composition of solvent layer surroundings of DNA model in [Ch][Lys]. Histogram
reports average number of cations (blue) and anions (orange) within 7 A of c.om. of base (excluding
phosphate and ribose).

We can clearly see that for [Ch][Lys] (and for [Ch][Ser], but to a lesser extent) the
cation dominates at short distances from the base. Only the most exposed terminal bases
interact with the anions. This is due to two effects: (1) the cation is attracted in proximity of
the bases by the negatively charged phosphate groups and (2) the size of the anion has a
relevant effect and the bulky chains of lysinate provides an unfavourable steric effect.

A more detailed measure of the interaction between the components of the liquid
and the phosphate groups is shown in Figure S7 (top panels) where we report few radial
distributions functions between the PO, group and selected atoms of the molecular ions.
For lysinate (top panels, Figure S7), the cation binds to the phosphate via favourable
electrostatic (with a peak around 5 A in the PO4-N distance) assisted by the formation of
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an H-bond between the negatively charged PO oxygen and the OH group (with a peak
at 4 A in the PO4-OH distance). For lysinate, the interaction between PO, and the anion
is negligible, with only residual interactions at distances around 3 A when mediated by
H-bonds with the amino group.

The structural features of the IL surrounding the DNA strands are similar when we use
serinate instead of lysinate, although the former does not preserve the DNA structure. As
for Lys and Ser, the cholinium is the nearest molecular ion in the solvation shell (Figure S6,
top-left panel). However, an increased proximity of the serinate anion near the two ends of
the DNA sequence can be clearly noticed and is likely due to the smaller size of Ser with
respect to Lys. The data in Figure S7 (middle panels) further confirm that the interaction
between the phosphate groups and the cholinium is similar (if not slightly stronger) for
the serinate-based IL when compared to [Ch][Lys]. At the same time in [Ch][Ser] the
interaction between phosphate and the amino group of the aminoate is more pronounced
than in lysinate with a clear peak due to H-bond with PO4-N distances of the order of
3 A (Figure S7, left-middle panel). We also notice a significant contribution due to the OH
group of serinate with PO,-OH distances around 4 A.

As an example of the cholinium interaction with phosphate groups, we report in
Figure 11 the final snapshot of the DNA model in [Ch][Ser]. The two terminal phosphate
groups are displayed as yellow van der Waals spheres, while the surrounding cations are
shown in blue.

Figure 11. Final snapshot of DNA model in [Ch][Ser] where one AT base pair broke. Two involved
phosphate groups are shown as yellow van der Waals spheres, and coordinating cholinium cations
are blue.

As shown by the data in Figure 9 (and by the structure of Figure 11), the structural
deviation with respect to the crystal structure, in [Ch][Ser], is significant and around 4 A.
The simulations for [Ch][Ser] lasted for about 10 ns. During this time, we saw that while
five out of six base pairs survived, one of the two terminal AT pairs was significantly
perturbed by the IL and was effectively broken apart (see Figure S5). According to our
simulations, the driving force beyond the base pair disruption in [Ch][Ser] is the weakening
of the H-bond contact between adenine and thymine and a progressive solvation by both
the cation and the anion of the free nitrogenous base. The initial event leading to the
H-bond breaking seems to be linked to the interaction of the serinate with the exposed
bases at one of the two ends of the duplex that weakens the H-bond, perturbs the stacking,
and leads to a destabilization of the secondary structure. When the bridge between the two
bases is broken, both cations and anions partake to the solvation of adenine and thymine
with the cation having a slight prevalence at short distance. Both molecular ions use their
—OH group as the main anchor to the aromatic structures, but the resulting H-bonds are
very weak with large acceptor donor distances (>3 A). We show an example of the final
situation in Figure 12, where the two free nitrogenous bases have been highlighted using
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van der Waals spheres and the surrounding molecular ions are color-coded: blue for cations,
red for anions.

Figure 12. Final snapshot of DNA model in [Ch][Ser]. Two nitrogenous bases whose H-bond has been
broken are displayed with van der Waals spheres, IL molecular ions are displayed in blue (cations)
and red (anions). H atoms have been suppressed.

Solvation by anions is much more prominent in the glycinate compound (Figure S6),
but the anion proximity to the bases, in this case, is post-denaturation, i.e., an inevitable
result of the almost complete breaking of the DNA structure. This disruption of the DNA
sequence is very fast and takes place within the first six nanoseconds of simulation. At
that point, the nitrogenous bases are exposed to the IL. The solvation of the broken DNA is
due to both cations (near phosphate and to a lesser extent ribose) and anions which are
prevalent near the exposed bases. A snapshot of broken DNA sequence along with few
selected solvating molecular ions is in Figure 13 (anions in red, cations in blue). It is very
likely that the affinity of the glycinate for the nitrogenous bases and its small size play an
important role in determining the fate of small DNA oligonucleotide.

Figure 13. Final snapshot of DNA model in [Ch][Gly]. Two exposed nitrogenous bases are displayed
with van der Waals spheres, IL molecular ions are displayed in blue (cations) and red (anions).
Phosphate groups are rendered as yellow spheres. H atoms have been suppressed.

3. Methods and Computational Details

The details of the AMOEBA polarizable force field for the ILs have been presented
in [57] together with its validation by comparison with ab initio data. The parameters for
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the biomolecules have been taken from the most recent AMOEBA-pro and -nuc parametriza-
tions [59,61].

Validation of the force field has already been presented in great detail [57]. The
compatibility of our parameters in combination with AMOEBA-pro and -nuc is presented
in detail (Section S4). For the 2EQV oligopeptide, the reference structure is the NMR
structure [68] in water, while for the ds-DNA model (d(TGCGCA)), we used the X-ray
crystallographic structure [69].

In both cases, we created three cubic boxes containing the macromolecule and five-
hundred ionic couples of [Ch][Ser], [Ch][Lys], [Ch][Gly]. In addition, and for reference
purposes, a fourth box with the biomolecule and nine-thousand water molecules was also
created. For the latter, C1~ (for the protein) and Mg2+ (for the DNA) have been used to
neutralize the cell, while for the ILs a slight excess of cations or anions was inserted for the
same purpose.

The cells were created by placing the solvent molecules around the macromolecule at low
density. The solvent was then equilibrated under NPT conditions (P = 1 bar, T = 300 K) with
the biomolecule structure kept frozen. When the system reached equilibrium, the constraints
on the peptide are removed, and the final simulations NVT (T = 300 K) are produced.

The time propagation has been conducted using the respa algorithm with a timestep
of 0.5-1 fs (depending on the system). The trajectory was saved every 0.1 ps and the overall
length of the NVT simulations ranges from a minimum of 5 ns to a maximum of 15 ns
depending on the system (see Section S5 for individual details). Some simulation times
are longer depending on the nature of the physical process taking place during dynamics.
For example, a significant alteration to the structures may imply a shorter simulation or
a longer one depending on whether the changes occurred rapidly or not. Temperature
control was achieved using the Bussi-Parrinello thermostat with a constant of 0.1 ps, while
pressure control using Berendsen barostat with a constant of 2 ps. Both van der Waals and
electrostatic cutoffs were set to 10 A. Particle mesh Ewald was used to compute electrostatic
energy at long range. All dynamics have been performed using the Tinker-HP software [70].

As several authors pointed out [71], stability of protein or other biomolecules in ILs
could require the sampling of timescales long-enough to account for the high viscosity of
the surrounding IL. Our simulations might be too short (5-14 ns) to expose slow dynamical
process leading to denaturation, but they nevertheless provide useful insights into the
short timescale dynamics and into the structural properties of the ILs surrounding the
biomolecule. Moreover, as we shall see, for certain systems analysed here, only a few
ns were sufficient to observe important dynamical processes. Overall, the entire set of
simulations presented here employed nearly six million core-hours on a cluster based on
AMD Zen 2 EPYC processors with an average concurrent use of 128 cores.

4. Conclusions

In this work we have reported the results obtained by simulating model biomolecules
immersed in neat bio compatible [Ch][AA] ILs. Different from many other previous
simulations of biomolecules in ILs, our approach is based on a fully polarizable force
field, hence we expect an accurate prediction of the resulting structure. Due to the nature
of the force field and the constrains on the number of atoms (solvation of biomolecule
requires many solvent molecules), computational overhead is inevitable, and we were able
to sample only short time scales between 10-15 ns. Nevertheless, we were also able to
grasp some important dynamical phenomena taking place in those limited times.

The first model is a small 12-residue hairpin protein. The solvating ILs (three different
anions) preserved the folded state of the protein more effectively and with less structural
fluctuations with respect to water. Interaction of the ILs with the backbone was similar for
the three ILs and was characterized by a prevalence of aminoate anions in the first layer of
solvation. The aminoate provided various H-bond motifs with the terminal residues but
was nevertheless unable to induce any breaking in the secondary structure. These findings
agree with data from existing literature and previous models.
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The second model is the shortest double helix DNA duplex. In this case, the effect
of the surrounding IL was more diverse, strongly dependent on the anion, and more
pronounced than in the protein case. The simulations reported here tell that the glycinate
has a strong destabilizing effect on the DNA duplex and effectively breaks the base H-bond
pairing quite efficiently on a timescale of a few ns. A larger anion such as serinate, due also
to their polar side chain group, acted more slowly. Nevertheless, the simulation indicated
a propensity toward a partial breaking of the base pairs. Lysinate, owing to its bulky
side chains, did not appreciably compromise the DNA structure in the time span of our
simulations. Solvation of the DNA duplex was dominated at short range by cholinium
cations that bind the phosphate moieties. Lysinate anions, with its bulky chains, was the
least effective in solvating the DNA and the latter remained essentially intact and with
structural features similar to those in water throughout the 14 ns simulation. We note that
in the neat [Ch][Lys] liquid (used in our simulations), the amino group is not protonated.
Serinate, due to the presence of a polar side chain (-OH), was more involved in solvating the
most exposed nitrogenous bases whose pairing was partially broken during the simulation
in 10 ns. The weakening of the stacking and of the intra-base H-bond induced the breaking
of one of the AT pair, and was followed by an increasing anionic solvation of the resulting
bare nitrogenous bases. Although no other subsequent base pair disruptions have been
recorded in our simulation, this AT breaking seemed to point to an initial stage of a general
instability of short DNA oligomers in [Ch][AA] ILs. This would also be in accord with
the evidence gathered by using the IL based on the glycinate anion whereby a complete
separation of the two strands of DNA was recorded in just less than five nanoseconds of
simulation. In particular, the small glycinate anion owing to its small size resulted to be
very effective in disrupting the secondary structure of the DNA model.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules29071524 /s1, Section S1: R-factor for hairpin oligopeptide;
Section S2: details of oligopeptide-IL interactions; Section S3: Solvation of DNA oligonucleotide;
Section S4: Validation of the force field. Section S5: Simulation details.

Author Contributions: E.B.: conceptualization; methodology; writing—original draft. S.R.: data
production; methodology; visualization; writing—review and Editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon reasonable request.

Acknowledgments: We acknowledge the computational resources obtained through the EuroHPC
project n. EHPC-BEN-2023B04-010. We also acknowledge CINECA under the ISCRA initiative, for
the availability of additional computing resources. We thank Anita Scipioni for proofreading our
paper and providing useful suggestions.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Kumari, P; Pillai, V.V.S.; Benedetto, A. Mechanisms of Action of Ionic Liquids on Living Cells: The State of the Art. Biophys. Rev.
2020, 12, 1187-1215. [CrossRef] [PubMed]
2. Ali, I; Hozaifa, M,; Ali, S.; Malik, A.; Locatelli, M. Advances in Ionic Liquids as Future Anti-Cancer Drugs. J. Mol. Liq. 2023, 388,

122823. [CrossRef]

3. Balk, A.; Holzgrabe, U.; Meinel, L. ‘Pro et Contra’ Ionic Liquid Drugs—Challenges and Opportunities for Pharmaceutical
Translation. Eur. J. Pharm. Biopharm. 2015, 94, 291-304. [CrossRef]

4. Pillai, V.V.S.; Kumari, P; Kolagatla, S.; Garcia Sakai, V.; Rudi¢, S.; Rodriguez, B.J.; Rubini, M.; Tych, K.M.; Benedetto, A. Controlling
Amyloid Fibril Properties Via Ionic Liquids: The Representative Case of Ethylammonium Nitrate and Tetramethylguanidinium
Acetate on the Amyloidogenesis of Lysozyme. . Phys. Chem. Lett. 2022, 13, 7058-7064. [CrossRef]

5. Cho, C.-W,; Pham, T.PT; Zhao, Y,; Stolte, S.; Yun, Y.-S. Review of the Toxic Effects of Ionic Liquids. Sci. Total Environ. 2021, 786, 147309.

[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/molecules29071524/s1
https://www.mdpi.com/article/10.3390/molecules29071524/s1
https://doi.org/10.1007/s12551-020-00754-w
https://www.ncbi.nlm.nih.gov/pubmed/32936423
https://doi.org/10.1016/j.molliq.2023.122823
https://doi.org/10.1016/j.ejpb.2015.05.027
https://doi.org/10.1021/acs.jpclett.2c01505
https://doi.org/10.1016/j.scitotenv.2021.147309
https://www.ncbi.nlm.nih.gov/pubmed/33975102

Molecules 2024, 29, 1524 13 of 15

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

Thuy Pham, T.P,; Cho, C.-W.; Yun, Y.-S. Environmental Fate and Toxicity of Ionic Liquids: A Review. Water Res. 2010, 44, 352-372.
[CrossRef] [PubMed]

Sanches, M.V,; Freitas, R.; Oliva, M.; Cuccaro, A.; Monni, G.; Mezzetta, A.; Guazzelli, L.; Pretti, C. Toxicity of Ionic Liquids in
Marine and Freshwater Microorganisms and Invertebrates: State of the Art. Environ. Sci. Pollut. Res. 2023, 30, 39288-39318.
[CrossRef]

Himani; Pratap Singh Raman, A.; Babu Singh, M.; Jain, P.; Chaudhary, P.; Bahadur, I.; Lal, K.; Kumar, V.; Singh, P. An Update on
Synthesis, Properties, Applications and Toxicity of the ILs. J. Mol. Lig. 2022, 364, 119989. [CrossRef]

Kuroda, K. A Simple Overview of Toxicity of Ionic Liquids and Designs of Biocompatible Ionic Liquids. New J. Chem. 2022, 46,
20047-20052. [CrossRef]

Greaves, T.L.; Drummond, C.J. Protic Ionic Liquids: Properties and Applications. Chem. Rev. 2008, 108, 206-237. [CrossRef]
[PubMed]

Le Donne, A.; Bodo, E. Cholinium Amino Acid-Based Ionic Liquids. Biophys. Rev. 2021, 13, 147-160. [CrossRef] [PubMed]

del Olmo, L.; Lage-Estebanez, I.; Lopez, R.; Garcia de la Vega, ] M. Understanding the Structure and Properties of Cholinium
Amino Acid Based Ionic Liquids. J. Phys. Chem. B 2016, 120, 10327-10335. [CrossRef] [PubMed]

Dhattarwal, H.S.; Kashyap, H.K. Unique and Generic Structural Features of Cholinium Amino Acid-Based Biocompatible Ionic
Liquids. Phys. Chem. Chem. Phys. 2021, 23, 10662-10669. [CrossRef] [PubMed]

Hou, X.-D.; Liu, Q.-P; Smith, T.J.; Li, N.; Zong, M.-H. Evaluation of Toxicity and Biodegradability of Cholinium Amino Acids
Ionic Liquids. PLoS ONE 2013, 8, €59145. [CrossRef] [PubMed]

Kumari, P.; Kashyap, H.K. Sensitivity and Resilience of Phosphatidylcholine and Phosphatidylethanolamine Lipid Membranes
against Cholinium Glycinate Biocompatible Ionic Liquid. J. Phys. Chem. B 2019, 123, 4550-4561. [CrossRef] [PubMed]

Pedro, A.Q.; Pereira, P.; Quental, M.].; Carvalho, A.P,; Santos, S.M.; Queiroz, J.A.; Sousa, F.; Freire, M.G. Cholinium-Based Good’s
Buffers Ionic Liquids as Remarkable Stabilizers and Recyclable Preservation Media for Recombinant Small RNAs. ACS Sustain.
Chem. Eng. 2018, 6, 16645-16656. [CrossRef] [PubMed]

Morandeira, L.; Alvarez, M.S.; Markiewicz, M.; Stolte, S.; Rodriguez, A.; Sanroman, M.A.; Deive, E]J. Testing True Choline Ionic
Liquid Biocompatibility from a Biotechnological Standpoint. ACS Sustain. Chem. Eng. 2017, 5, 8302-8309. [CrossRef]

Sindhu, A.; Kumar, S.; Venkatesu, P. Contemporary Advancement of Cholinium-Based Ionic Liquids for Protein Stability and
Long-Term Storage: Past, Present, and Future Outlook. ACS Sustain. Chem. Eng. 2022, 10, 4323-4344. [CrossRef]

Yazdani, A.; Sivapragasam, M.; Leveque, ].M.; Moniruzzaman, M. Microbial Biocompatibility and Biodegradability of Choline-
Amino Acid Based Ionic Liquids. J. Microb. Biochem. Technol. 2016, 8, 415-421. [CrossRef]

De Santis, S.; Masci, G.; Casciotta, F.; Caminiti, R.; Scarpellini, E.; Campetella, M.; Gontrani, L. Cholinium-Amino Acid Based Ionic
Liquids: A New Method of Synthesis and Physico-Chemical Characterization. Phys. Chem. Chem. Phys. 2015, 17, 20687-20698.
[CrossRef] [PubMed]

Mahapatra, A.; Chowdhury, U.D,; Barik, S.; Parida, S.; Bhargava, B.L.; Sarkar, M. Deciphering the Role of Anions of Ionic Liquids
in Modulating the Structure and Stability of Ct -DNA in Aqueous Solutions. Langmuir 2023, 39, 17318-17332. [CrossRef] [PubMed]
Mahapatra, A.; Barik, S.; Satish, L.; Chakraborty, M.; Sarkar, M. Assessing the Suitability of a Dicationic Ionic Liquid as a
Stabilizing Material for the Storage of DNA in Aqueous Medium. Langmuir 2022, 38, 14857-14868. [CrossRef] [PubMed]
Kumar, A.; Bisht, M.; Venkatesu, P. Biocompatibility of Ionic Liquids towards Protein Stability: A Comprehensive Overview on
the Current Understanding and Their Implications. Int. J. Biol. Macromol. 2017, 96, 611-651. [CrossRef] [PubMed]

Kumar, A.; Bhakuni, K.; Venkatesu, P. Strategic Planning of Proteins in Ionic Liquids: Future Solvents for the Enhanced Stability
of Proteins against Multiple Stresses. Phys. Chem. Chem. Phys. 2019, 21, 23269-23282. [CrossRef] [PubMed]

Zhao, H. Protein Stabilization and Enzyme Activation in Ionic Liquids: Specific Ion Effects. J. Chem. Technol. Biotechnol. 2016, 91,
25-50. [CrossRef] [PubMed]

Schroder, C. Proteins in Ionic Liquids: Current Status of Experiments and Simulations. Top. Curr. Chem. 2017, 375, 25. [CrossRef]
[PubMed]

Shukla, S.K.; Mikkola, J.-P. Use of Ionic Liquids in Protein and DNA Chemistry. Front. Chem. 2020, 8, 598662. [CrossRef] [PubMed]
Vijayaraghavan, R.; Izgorodin, A.; Ganesh, V.; Surianarayanan, M.; MacFarlane, D.R. Long-Term Structural and Chemical Stability
of DNA in Hydrated Ionic Liquids. Angew. Chem. Int. Ed. 2010, 49, 1631-1633. [CrossRef] [PubMed]

Mukesh, C.; Mondal, D.; Sharma, M.; Prasad, K. Rapid Dissolution of DNA in a Novel Bio-Based Ionic Liquid with Long-Term
Structural and Chemical Stability: Successful Recycling of the Ionic Liquid for Reuse in the Process. Chem. Commun. 2013, 49, 6849.
[CrossRef]

Kalhor, S.; Fattahi, A. Design of Ionic Liquids Containing Glucose and Choline as Drug Carriers, Finding the Link between QM
and MD Studies. Sci. Rep. 2022, 12, 21941. [CrossRef] [PubMed]

Cheng, K.; Wu, Q.; Jiang, L.; Liu, M.; Li, C. Protein Stability Analysis in Ionic Liquids by 19F NMR. Anal. Bioanal. Chem. 2019, 411,
4929-4935. [CrossRef] [PubMed]

Ferreira, M.L.; Vieira, N.S.M.; Aradjo, ]. M.M.; Pereiro, A.B. Unveiling the Influence of Non-Toxic Fluorinated Ionic Liquids
Aqueous Solutions in the Encapsulation and Stability of Lysozyme. Sustain. Chem. 2021, 2, 149-166. [CrossRef]

Rakowska, PW.; Kloskowski, A. Impact of the Alkyl Side Chains of Cations and Anions on the Activity and Renaturation
of Lysozyme: A Systematic Study Performed Using Six Amino-Acid-Based Ionic Liquids. ChemistrySelect 2021, 6, 3089-3095.
[CrossRef]


https://doi.org/10.1016/j.watres.2009.09.030
https://www.ncbi.nlm.nih.gov/pubmed/19854462
https://doi.org/10.1007/s11356-023-25562-z
https://doi.org/10.1016/j.molliq.2022.119989
https://doi.org/10.1039/D2NJ02634A
https://doi.org/10.1021/cr068040u
https://www.ncbi.nlm.nih.gov/pubmed/18095716
https://doi.org/10.1007/s12551-021-00782-0
https://www.ncbi.nlm.nih.gov/pubmed/33747249
https://doi.org/10.1021/acs.jpcb.6b06969
https://www.ncbi.nlm.nih.gov/pubmed/27618305
https://doi.org/10.1039/D1CP00937K
https://www.ncbi.nlm.nih.gov/pubmed/33908525
https://doi.org/10.1371/journal.pone.0059145
https://www.ncbi.nlm.nih.gov/pubmed/23554985
https://doi.org/10.1021/acs.jpcb.9b02800
https://www.ncbi.nlm.nih.gov/pubmed/31059265
https://doi.org/10.1021/acssuschemeng.8b03900
https://www.ncbi.nlm.nih.gov/pubmed/30949418
https://doi.org/10.1021/acssuschemeng.7b02017
https://doi.org/10.1021/acssuschemeng.1c08595
https://doi.org/10.4172/1948-5948.1000318
https://doi.org/10.1039/C5CP01612F
https://www.ncbi.nlm.nih.gov/pubmed/26206450
https://doi.org/10.1021/acs.langmuir.3c02459
https://www.ncbi.nlm.nih.gov/pubmed/37995326
https://doi.org/10.1021/acs.langmuir.2c02530
https://www.ncbi.nlm.nih.gov/pubmed/36394977
https://doi.org/10.1016/j.ijbiomac.2016.12.005
https://www.ncbi.nlm.nih.gov/pubmed/27939271
https://doi.org/10.1039/C9CP04772G
https://www.ncbi.nlm.nih.gov/pubmed/31621726
https://doi.org/10.1002/jctb.4837
https://www.ncbi.nlm.nih.gov/pubmed/26949281
https://doi.org/10.1007/s41061-017-0110-2
https://www.ncbi.nlm.nih.gov/pubmed/28176271
https://doi.org/10.3389/fchem.2020.598662
https://www.ncbi.nlm.nih.gov/pubmed/33425856
https://doi.org/10.1002/anie.200906610
https://www.ncbi.nlm.nih.gov/pubmed/20108297
https://doi.org/10.1039/c3cc42829j
https://doi.org/10.1038/s41598-022-25963-z
https://www.ncbi.nlm.nih.gov/pubmed/36535965
https://doi.org/10.1007/s00216-019-01804-3
https://www.ncbi.nlm.nih.gov/pubmed/31020366
https://doi.org/10.3390/suschem2010010
https://doi.org/10.1002/slct.202004357

Molecules 2024, 29, 1524 14 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Smiatek, J. Aqueous Ionic Liquids and Their Effects on Protein Structures: An Overview on Recent Theoretical and Experimental
Results. J. Phys. Condens. Matter 2017, 29, 233001. [CrossRef] [PubMed]

Zeindlhofer, V.; Schroder, C. Computational Solvation Analysis of Biomolecules in Aqueous Ionic Liquid Mixtures: From Large
Flexible Proteins to Small Rigid Drugs. Biophys. Rev. 2018, 10, 825-840. [CrossRef] [PubMed]

Lesch, V.; Heuer, A,; Tatsis, V.A.; Holm, C.; Smiatek, J. Peptides in the Presence of Aqueous Ionic Liquids: Tunable Co-Solutes as
Denaturants or Protectants? Phys. Chem. Chem. Phys. 2015, 17, 26049-26053. [CrossRef] [PubMed]

Haberler, M.; Steinhauser, O. On the Influence of Hydrated Ionic Liquids on the Dynamical Structure of Model Proteins: A
Computational Study. Phys. Chem. Chem. Phys. 2011, 13, 17994. [CrossRef] [PubMed]

Haberler, M.; Schroder, C.; Steinhauser, O. Solvation Studies of a Zinc Finger Protein in Hydrated Ionic Liquids. Phys. Chem.
Chem. Phys. 2011, 13, 6955. [CrossRef]

Kldhn, M.; Lim, G.S.; Wu, P. How Ion Properties Determine the Stability of a Lipase Enzyme in Ionic Liquids: A Molecular
Dynamics Study. Phys. Chem. Chem. Phys. 2011, 13, 18647. [CrossRef] [PubMed]

Diddens, D.; Lesch, V.; Heuer, A.; Smiatek, ]. Aqueous Ionic Liquids and Their Influence on Peptide Conformations: Denaturation
and Dehydration Mechanisms. Phys. Chem. Chem. Phys. 2017, 19, 20430-20440. [CrossRef]

Sundaram, V.; Ramanan, R.N.; Selvaraj, M.; Vijayaraghavan, R.; MacFarlane, D.R.; Ooi, C.W. Structural Stability of Insulin Aspart
in Aqueous Cholinium Aminoate Ionic Liquids Based on Molecular Dynamics Simulation Studies. J. Mol. Liq. 2021, 322, 114501.
[CrossRef]

Chevrot, G.; Fileti, E.E.; Chaban, V.V. Enhanced Stability of the Model Mini-protein in Amino Acid Ionic Liquids and Their
Aqueous Solutions. J. Comput. Chem. 2015, 36, 2044-2051. [CrossRef]

Bisht, M.; Jha, I.; Venkatesu, P. Does Choline-Based Amino Acid Ionic Liquid Behave as a Biocompatible Solvent for Stem
Bromelain Structure? Process Biochem. 2018, 74, 77-85. [CrossRef]

Tateishi-Karimata, H.; Sugimoto, N. Structure, Stability and Behaviour of Nucleic Acids in Ionic Liquids. Nucleic Acids Res. 2014,
42,8831-8844. [CrossRef]

Zhao, H. DNA Stability in Ionic Liquids and Deep Eutectic Solvents: DNA Stability in Ionic Liquids and Deep Eutectic Solvents.
J. Chem. Technol. Biotechnol. 2015, 90, 19-25. [CrossRef] [PubMed]

Cardoso, L.; Micaelo, N.M. DNA Molecular Solvation in Neat Ionic Liquids. ChemPhysChem 2011, 12, 275-277. [CrossRef]
[PubMed]

Fadaei, F,; Tortora, M.; Gessini, A.; Masciovecchio, C.; Catalini, S.; Vigna, J.; Mancini, I.; Mele, A.; Vacek, J.; Reha, D.; et al. Structural
Specificity of Groove Binding Mechanism between Imidazolium-Based Ionic Liquids and DNA Revealed by Synchrotron-UV
Resonance Raman Spectroscopy and Molecular Dynamics Simulations. J. Mol. Lig. 2022, 347, 118350. [CrossRef]

Jumbri, K.; Abdul Rahman, M.B.; Abdulmalek, E.; Ahmad, H.; Micaelo, N.M. An Insight into Structure and Stability of DNA in
Ionic Liquids from Molecular Dynamics Simulation and Experimental Studies. Phys. Chem. Chem. Phys. 2014, 16, 14036-14046.
[CrossRef] [PubMed]

Athira, KK.; Gardas, R.L. Interactions of Ammonium Based Ionic Liquids with DNA in Aqueous Medium through Volumetric,
Acoustic and Viscometric Properties. J. Mol. Lig. 2023, 389, 122858. [CrossRef]

Chandran, A.; Ghoshdastidar, D.; Senapati, S. Groove Binding Mechanism of Ionic Liquids: A Key Factor in Long-Term Stability
of DNA in Hydrated Ionic Liquids? J. Am. Chem. Soc. 2012, 134, 20330-20339. [CrossRef]

Bedrov, D.; Piquemal, ].-P.; Borodin, O.; MacKerell, A.D.; Roux, B.; Schréder, C. Molecular Dynamics Simulations of Ionic Liquids
and Electrolytes Using Polarizable Force Fields. Chem. Rev. 2019, 119, 7940-7995. [CrossRef] [PubMed]

Schroder, C. Comparing Reduced Partial Charge Models with Polarizable Simulations of Ionic Liquids. Phys. Chem. Chem. Phys.
2012, 14, 3089. [CrossRef] [PubMed]

Klajmon, M.; Cervinka, C. Does Explicit Polarizability Improve Simulations of Phase Behavior of Ionic Liquids? ]. Chem. Theory
Comput. 2021, 17, 6225-6239. [CrossRef] [PubMed]

Jing, Z.; Liu, C.; Cheng, S.Y.; Qi, R.; Walker, B.D.; Piquemal, J.-P.; Ren, P. Polarizable Force Fields for Biomolecular Simulations:
Recent Advances and Applications. Annu. Rev. Biophys. 2019, 48, 371-394. [CrossRef]

Baker, C.M. Polarizable Force Fields for Molecular Dynamics Simulations of Biomolecules. WIREs Comput. Mol. Sci. 2015, 5,
241-254. [CrossRef]

Nerenberg, P.S.; Head-Gordon, T. New Developments in Force Fields for Biomolecular Simulations. Curr. Opin. Struct. Biol. 2018,
49, 129-138. [CrossRef]

Russo, S.; Bodo, E. A Polarisable Force Field for Bio-Compatible Ionic Liquids Based on Amino Acids Anions. Mol. Simul. 2022,
48, 1650-1659. [CrossRef]

Ponder, ] W.; Wu, C.; Ren, P; Pande, V.S.; Chodera, ].D.; Schnieders, M.].; Haque, I.; Mobley, D.L.; Lambrecht, D.S.; DiStasio, R.A;
et al. Current Status of the AMOEBA Polarizable Force Field. J. Phys. Chem. B 2010, 114, 2549-2564. [CrossRef]

Shi, Y.; Xia, Z.; Zhang, J.; Best, R.; Wu, C.; Ponder, ].W.; Ren, P. Polarizable Atomic Multipole-Based AMOEBA Force Field for
Proteins. J. Chem. Theory Comput. 2013, 9, 4046—4063. [CrossRef]

Jing, Z.; Qi, R.; Liu, C.; Ren, P. Study of Interactions between Metal Ions and Protein Model Compounds by Energy Decomposition
Analyses and the AMOEBA Force Field. J. Chem. Phys. 2017, 147, 161733. [CrossRef]

Zhang, C; Lu, C,; Jing, Z.; Wu, C.; Piquemal, J.-P; Ponder, ].W.; Ren, P. AMOEBA Polarizable Atomic Multipole Force Field for
Nucleic Acids. J. Chem. Theory Comput. 2018, 14, 2084-2108. [CrossRef] [PubMed]


https://doi.org/10.1088/1361-648X/aa6c9d
https://www.ncbi.nlm.nih.gov/pubmed/28398214
https://doi.org/10.1007/s12551-018-0416-5
https://www.ncbi.nlm.nih.gov/pubmed/29687270
https://doi.org/10.1039/C5CP03838C
https://www.ncbi.nlm.nih.gov/pubmed/26377364
https://doi.org/10.1039/c1cp22266j
https://www.ncbi.nlm.nih.gov/pubmed/21912793
https://doi.org/10.1039/c0cp02487b
https://doi.org/10.1039/c1cp22056j
https://www.ncbi.nlm.nih.gov/pubmed/21947063
https://doi.org/10.1039/C7CP02897K
https://doi.org/10.1016/j.molliq.2020.114501
https://doi.org/10.1002/jcc.24042
https://doi.org/10.1016/j.procbio.2018.07.005
https://doi.org/10.1093/nar/gku499
https://doi.org/10.1002/jctb.4511
https://www.ncbi.nlm.nih.gov/pubmed/31929671
https://doi.org/10.1002/cphc.201000645
https://www.ncbi.nlm.nih.gov/pubmed/21275018
https://doi.org/10.1016/j.molliq.2021.118350
https://doi.org/10.1039/C4CP01159G
https://www.ncbi.nlm.nih.gov/pubmed/24901033
https://doi.org/10.1016/j.molliq.2023.122858
https://doi.org/10.1021/ja304519d
https://doi.org/10.1021/acs.chemrev.8b00763
https://www.ncbi.nlm.nih.gov/pubmed/31141351
https://doi.org/10.1039/c2cp23329k
https://www.ncbi.nlm.nih.gov/pubmed/22287020
https://doi.org/10.1021/acs.jctc.1c00518
https://www.ncbi.nlm.nih.gov/pubmed/34520200
https://doi.org/10.1146/annurev-biophys-070317-033349
https://doi.org/10.1002/wcms.1215
https://doi.org/10.1016/j.sbi.2018.02.002
https://doi.org/10.1080/08927022.2022.2113810
https://doi.org/10.1021/jp910674d
https://doi.org/10.1021/ct4003702
https://doi.org/10.1063/1.4985921
https://doi.org/10.1021/acs.jctc.7b01169
https://www.ncbi.nlm.nih.gov/pubmed/29438622

Molecules 2024, 29, 1524 15 of 15

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

Zhang, Z.; Sun, T.; Li, L.; Zhang, D. Effects of PHB and SFC Charge Models on the Side Chain-Side Chain Interactions in the
Simulation of 3-Hairpins. Chem. Phys. Lett. 2019, 736, 136801. [CrossRef]

Yang, S.; Onuchic, ].N.; Garcia, A.E.; Levine, H. Folding Time Predictions from All-Atom Replica Exchange Simulations. J. Mol.
Biol. 2007, 372, 756-763. [CrossRef] [PubMed]

Principles of Nucleic Acid Structure; Elsevier: Amsterdam, The Netherlands, 2008; ISBN 978-0-12-369507-9.

Sharma, M.; Mondal, D.; Singh, N.; Trivedi, N.; Bhatt, J.; Prasad, K. High Concentration DNA Solubility in Bio-Ionic Liquids with
Long-Lasting Chemical and Structural Stability at Room Temperature. RSC Adv. 2015, 5, 40546—40551. [CrossRef]

Sahoo, D.K;; Jena, S.; Dutta, J.; Chakrabarty, S.; Biswal, H.S. Critical Assessment of the Interaction between DNA and Choline
Amino Acid Ionic Liquids: Evidences of Multimodal Binding and Stability Enhancement. ACS Cent. Sci. 2018, 4, 1642-1651.
[CrossRef] [PubMed]

Tulsiyan, K.D.; Jena, S.; Gonzalez-Viegas, M.; Kar, R K.; Biswal, H.S. Structural Dynamics of RNA in the Presence of Choline
Amino Acid Based Ionic Liquid: A Spectroscopic and Computational Outlook. ACS Cent. Sci. 2021, 7, 1688-1697. [CrossRef]
[PubMed]

Andersen, N.H.; Olsen, K.A.; Fesinmeyer, RM.; Tan, X.; Hudson, EM.; Eidenschink, L.A.; Farazi, S.R. Minimization and
Optimization of Designed (3-Hairpin Folds. . Am. Chem. Soc. 2006, 128, 6101-6110. [CrossRef] [PubMed]

Thiyagarajan, S.; Satheesh Kumar, P.; Rajan, S.S.; Gautham, N. Structure of d(TGCGCA)2 at 293 K: Comparison of the Effects of
Sequence and Temperature. Acta Crystallogr. D Biol. Crystallogr. 2002, 58, 1381-1384. [CrossRef] [PubMed]

Jolly, L.-H.; Duran, A.; Lagardere, L.; Ponder, ].W.; Ren, P.; Piquemal, J.-P. Raising the Performance of the Tinker-HP Molecular
Modeling Package [Article v1.0]. Living J. Comput. Mol. Sci. 2019, 1, 10419. [CrossRef]

Tung, H.-J.; Pfaendtner, ]. Kinetics and Mechanism of Ionic-Liquid Induced Protein Unfolding: Application to the Model Protein
HP35. Mol. Syst. Des. Eng. 2016, 1, 382-390. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cplett.2019.136801
https://doi.org/10.1016/j.jmb.2007.07.010
https://www.ncbi.nlm.nih.gov/pubmed/17681536
https://doi.org/10.1039/C5RA03512K
https://doi.org/10.1021/acscentsci.8b00601
https://www.ncbi.nlm.nih.gov/pubmed/30648148
https://doi.org/10.1021/acscentsci.1c00768
https://www.ncbi.nlm.nih.gov/pubmed/34729412
https://doi.org/10.1021/ja054971w
https://www.ncbi.nlm.nih.gov/pubmed/16669679
https://doi.org/10.1107/S090744490200896X
https://www.ncbi.nlm.nih.gov/pubmed/12136163
https://doi.org/10.33011/livecoms.1.2.10409
https://doi.org/10.1039/C6ME00047A

	Introduction 
	Results and Discussion 
	12-Residue Oligopetide 
	Six Base Pairs DNA Double Strand 

	Methods and Computational Details 
	Conclusions 
	References

