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Abstract

DNA molecules are known as the genetic information carriers. Recently, they are being explored
as a new generation of biocatalysts or chiral scaffolds for metal catalysts. There is also a growing
interest of finding alternative solvents for DNA preservation and stabilization, including two
unique types of solvents: ionic liquids (ILs) and deep eutectic solvents (DES). Therefore, it is
important to understand how DNA molecules interact with these novel ionic solvent systems (i.e.
ILs and DES). It is well known that inorganic di- and monovalent ions preferentially bind with
major and minor grooves of DNA structures. However, in the case of ILs and DES, organic cation
may intrude into the DNA minor grooves; more importantly, electrostatic attraction between
organic cations and the DNA phosphate backbone becomes a predominant interaction,
accompanying by hydrophobic and polar interactions between ILs and DNA major and minor
grooves. In addition, anions may form hydrogen-bonds with cytosine, adenine and guanine bases.
Despites these strong interactions, DNA molecules maintain double helical structure in most ionic
solvent systems, especially in aqueous IL solutions. Furthermore, the exciting advances of G-
quadruplexe DNA structures in ILs and DES are discussed.
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Introduction

Deoxyribonucleic acid (DNA) is a macromolecule that consists of repeating units called
nucleotides and carries genetic information for the growth and functioning of living
organisms and many viruses. In the laboratories, some DNA molecules have been found to
have catalytic capability through a systematic evolution of ligands by exponential
enrichment (SELEX) process.l: 2 These DNAs are known as the DNAzymes (or
deoxyribozymes or DNA enzymes). They are commonly used as catalysts to cleave or ligate
two RNA substrates, and also as photolyase (to photocleave thymine cyclobutane dimers), or
peroxidase (for DNA detection), etc.? 3 Recently, the double-stranded DNA from herring
sperm was found capable of catalyzing the dithioacetalization of different aldehydes in
water.4 Also, G-quadruplex DNA have been demonstrated as promising catalysts for
enantioselective Diels—Alder> and Friedel-Crafts8 reactions.
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In addition, due to its unique chiral structure, DNA is being evaluated as a chiral scaffold for
metal complexes resulting in ‘DNA-based hybrid catalysts’. These new hybrid catalysts are
becoming very promising for asymmetric synthesis, %11 and have exhibited high activities
and enantioselectivities in a number of reactions including Michael addition,12 Diels-Alder
reaction,13-15 Friedel-Crafts alkylation, 6 intramolecular cyclopropanation,” electrophilic
fluorination of B-keto esters,1® and asymmetric hydration,14 etc. Many of these asymmetric
reactions are very valuable to the preparation of natural products and the synthesis of chiral
intermediates for pharmaceuticals and agrochemicals. The Roelfes group!® indicated that the
addition of organic solvents (10-33%, v/v) including acetonitrile, THF and alcohols usually
has no negative impact on the ee values of DNA-based asymmetric catalytic Diels—Alder,
Michael addition and Friedel-Crafts alkylation reactions, and could even accelerate the
Michael addition and Friedel-Crafts alkylation reaction. However, most of these reactions
were carried out in aqueous buffers which do not typically dissolve the organic substrates;
this leads to long reaction times and low catalytic efficiencies. Therefore, there is a great
need to introduce non-aqueous solvents in these DNA-based asymmetric reactions.

To better utilize DNA in non-aqueous solvents, it is of great interest to understand the impact
of different solvent media on the DNA structural changes and binding properties. The
canonical DNA structure is a B-form duplex comprising Watson—Crick base pairs. DNA
loses its double-helical structure in 99% dimethyl sulfoxide, formamide, or methanol,
whereas the structure is retained in glycerol and to some extent in ethylene glycol (although
the thermal stability in these two solvents is much lower than that in aqueous buffer).20 The
DNA melting transition temperature in aqueous ethylene glycol was found to vary linearly
with the solvent fraction of ethylene glycol.?! Recently, ionic liquids (ILs) and deep eutectic
solvents (DES) have been actively investigated as non-conventional replacements to volatile
organic solvents in biocatalysis.

lonic liquids (ILs) consist of ions and remain liquid at temperatures lower than 100 °C. As a
new generation of non-aqueous solvents, ILs have many favorable properties such as near-
zero vapor pressure, a wide liquid range, low flammability, high ionic conductivity, high
thermal conductivity, high dissolution capability towards many substrates, high thermal and
chemical stability, and a wide electrochemical potential window.22 More importantly, the
physical properties of ILs can be finely tuned through the judicious selection of cations and
anions. All these adjustable properties are very important to biomolecule stabilization and
activation; therefore, many enzymatic reactions have been reported in different types of ILs.
23-25 Alternatively, a new type of solvents, so called ‘deep eutectic solvents’ (DES), can be
produced by mixing a solid organic salt (such as choline chloride, Scheme 1) and a suitable
amount of complexing agent (such as urea or glycerol) to form a liquid with lowest possible
freezing point ( 75). A representative example can be illustrated by mixing choline chloride
(m.p. =302 °C, Scheme 1) and urea (m.p. = 133 °C) at a 1:2 molar ratio yielding a room-
temperature liquid (77= 12 °C).26 The reason of forming the deep eutectic system is that the
complexing agent (typically a H-bond donor) interacts with the anion and increases its
effective size, which consecutively reduces the anion interaction with the cation and thus
decreases the freezing point ( 7¢) of the mixture. Although DES typically contain a
substantial portion of molecular component, they share many attractive solvent properties
with regular ILs. In addition, many DES systems have other advantages such as low-cost,
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high biodegradability and low toxicity. For these reasons, these new solvents have recently
been actively studied in a number of applications such as solvents for electrodeposition and
electropolishing of metals, catalyst or solvents for chemical and enzymatic reactions, and
solvents for extractions.26-29 Several studies have reported high enzyme activity and
stability in DES, including Candlida antarcticalipase B (CALB), Candida antarcticalipase A
(CALA), and epoxide hydrolase in DES,30 potato epoxide hydrolase StEH1 in solutions of
eutectic mixtures,3! and a.-chymotrypsin in aqueous mixtures of triethylammonium acetate
and urea.32 Recently, our group developed new DES (such as choline chloride/glycerol at
1:2 molar ratio and choline acetate/glycerol at 1:1.5) that are also biocompatible with
immobilized CALB,33: 34 and cross-linked proteases (subtilisin and a.-chymotrypsin)
immobilized on chitosan.3°

Our recent finding3® suggested that different ILs and DES have significant impact on the
enantioselectivity and catalytic efficiency of DNA-based asymmetric Michael addition.
Although current studies on the DNA-based catalysis in ILs and DES are very limited, it is
very valuable to visualize how DNA molecules interact with neat ILs and DES or their
aqueous solutions. This would enable us to demystify the compatibility of ionic solvents
with DNA, and to rationally design ILs and DES for DNA-based applications. This concise
review intends to provide a quick overview of the DNA stability in ionic environments, i.e.
solutions of inorganic salts, ILs and DES, and to stimulate the further research on DNA-
based applications in ionic media.

DNA-Inorganic lon Interactions

Previous studies have focused on the understanding of the interactions of DNA molecules
with mono- and divalent inorganic ions. Experimental results from X-ray crystallography,
NMR spectroscopy and capillary electrophoresis, as well as theoretical studies from
molecular dynamic simulations, have led to some basic understandings of how di- and
monovalent metal cations preferentially interact with the major and minor grooves of DNA
duplexes (see Fig 1):37-39 (1) Preferential cation binding with major and minor grooves
depends on both the DNA sequence (electrostatic property of grooves and the specific
position of electronegative groups in grooves) and the type of cations (di- and monovalent);
(2) AT-rich sequences drive the binding of cations in the minor groove, whilst GC-rich
sequences promote the preferential binding of cations in the major groove; (3) Divalent
Mg?2* and Ca2* bind at GpN steps in the major grooves of A- and B-DNA, and bind to G-
tracts or at the G/A tract interface in the B-DNA minor groove; (4) Monovalent cations (e.g.
Nat, K*, Cs*, Rb*, and TI%) bind to G-tracts in the major groove of B-DNA or bind at GpT
steps in A-DNA, and bind to thymines from opposite strands at the central ApT step of A
tracts in the B-DNA minor groove. In particular, Hud et al.? confirmed that ammonium
cations bind with DNA in the minor groove of A-tract sequences based on the high
resolution NMR spectroscopy experiments. The sequence-specific binding of monovalent
cations with A-tracks suggests an elucidation for the origin of sequence-directed bending.
Based on molecular dynamics (MD) simulations, Hamelberg et al.*! suggested that cations
(such as Na*) could cause the minor groove in the AT sequence of DNA to become narrow,
primarily due to sequence-dependent Na*—phosphates and base—water interactions.
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In addition, multivalent cations (such as spermidine3* and cobalt(l11) hexaammine3*) can
provoke the condensation of high molecular weight DNA (at least several hundred base
pairs) to form a compact and highly ordered toroidal or rodlike structure.*? The DNA
condensation can be attributed to various intermolecular interactions, which can be further
credited to the contributions of ions and water. Furthermore, the DNA condensing ions may
cause subtle changes of local structures of the double helix. Small multivalent cations can
induce DNA bending since these cations binds at the entrance to the B-DNA major groove
electrostatically repelling Na* cations from the adjacent phosphate strands.*3 The phosphate
groups strongly interact with the groove-bound cation, resulting in groove collapse and
subsequent DNA bending toward the cation. The bending is expected to be greater in GC-
rich than in AT-rich DNA. The cation is at least divalent with high charge density (such as
Mg?2*, putrescineZ*, spermidine3*, spermine®*, and cobalt(l11) hexaammine3*). It is
important to realize that a cationic ligand with high binding specificity does not induce
considerable DNA bending, unless its binding site is located in the DNA major groove.
Based on the DNA melting temperatures in metal solutions and other studies, Eichhorn and
Shin#* suggested an increasing order of apparent relative affinity of metal ions toward
phosphate and base sites on DNA as Mg(Il) < Co(Il), Ni(I1) < Mn(ll) < Zn(Il) < Cd(Il) <
Cu(l) < Ag(l) < Hg(l1). Kasyanenko et al.#> suggested that trivalent ions in solutions of
[Co(NH3)g]Cl3, [Co(NO5)g]Nas or FeCls bind to DNA molecules causing DNA shrinkage,
which is concluded from the results of decreasing DNA intrinsic viscosity and increasing
optical anisotropy with the salt concentration. Through examining 1 A resolution X-ray
crystal structures of Mg2* and Ca2"* salts of the B-DNA decamers CCAACGTTGG and
CCAGCGCTGG, Chiu and Dickerson?® suggested that DNA bending by base-roll
compression towards the major groove is induced by sequence-specific and strand-specific
binding of Mg2* and Ca2* to the major groove, while a minimum impact on the helical
structure is caused by the sequence-specific binding of Mg2* and Ca2* in the minor groove.

DNA Stability in Neat ILs

Several studies have evaluated the DNA stability in neat ILs. Zhang et al.4’ found that
poly[3-butyl-1-vinylimidazolium L-proline salt] could condense plasmid DNA to form stable
complexes against the enzymatic degradation by deoxyribonuclease I, as suggested by the
agarose gel electrophoresis. The DNA could be released from the complexes by competitive
exchange with sodium polyacrylate without losing its structures. Therefore, this poly(IL) has
a potential application as DNA vectors. By laser light scattering, Chen“ studied the
solubility and chain conformation of DNA (from salmon testes) in [AMIM]CI and [BMIM]
[HCOOQO]; they suggested that the DNA chain is in random conformation in [AMIM]CI and
DNA is denatured and condensed in [BMIM][HCOQ].

The Hud group?® indicated that the oligonucleotide d(CG)g exhibits secondary-structure
formation in [HMIM][BF,], however, the 32 bp DNA duplex seems partially denatured in
this IL. Cardoso and Micaelo®° examined the molecular solvation of double-stranded DNA
(dsDNA\) and single-stranded DNA (ssDNA) in neat room-temperature ILs based on
imidazolium, oxazolium, pyrrolidinium, pyrimidinium, quaternary ammonium and
cholinium cations, carrying BF,~ and PFg™ anions. They suggested that cations tend to move
close to the DNA main chain due to strong electrostatic interactions with the phosphate
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groups as well as hydrogen-bonding and edge-to-face NH---7t interactions with the DNA
bases, while anions mainly form hydrogen-bonds with cytosine, adenine and guanine bases.
In addition, sSDNA bases are preferentially solvated by the anions via hydrogen bonding
with the fluorine atoms. Their modeling and molecular dynamics simulation studies indicate
that the DNA structure is highly stable in these ILs, retaining the native B-form dsDNA
crystallographic structure. In term of stabilizing DNA secondary structures, the best ILs are
based on cholinium and pyridinium cations and PFg™ anions; the BF4~ anions tend to form
more hydrogen bonds with the dsDNA bases than the PFg~ anions. On the other hand,
ssDNA bases are more accessible by the solvent, especially the BF,~ anions. Furthermore,
the radial distributions (RDF) of the cations suggest that the cation “head” charge group is
preferentially located at 0.5 nm from the DNA phosphate groups while the anions are
completely excluded from this region. The Prasad group®! dissolved up to 3.5 wt% DNA
(from salmon testes) in two bio-based ILs, namely choline indole-3-acetate and choline
indole-3-butyrate. DNA maintains B-form structures and a long-term stability (up to 6
months) in the first IL but is denatured by the second one.

DNA Stability in Hydrated or Aqueous ILs

More studies focus on the interactions of DNA with aqueous ILs. First of all, hydration itself
has an impact on the DNA structure. Poater et al.52 theoretically computed a series of 51
Watson-Crick and mismatched DNA base pairs using dispersion-corrected DFT, and
indicated that the DNA solvation in water could lead to a weakening and lengthening of
hydrogen bonds between the DNA bases. The existing of ILs in water complicates the DNA
interactions and stability. The Wang group®? found that [BMIM][PF¢] was effective for
extraction of salmon testes DNA from aqueous solutions. Their 31P NMR and FT-IR results
suggest that [BMIM]™ cations displace Na* ions and interact with P-O bonds of phosphate
groups in the DNA strands. The same group®? further observed that in [BMIM][PF¢], the
resonance light scattering (RSL) signals of ethidium bromide decreased with the addition of
double-stranded DNA (dsDNA), which is the opposite trend of that in aqueous solutions.
They explained that the cations intercalate into the DNA helix structure and interact with the
P—O bonds of DNA phosphate groups, which results in a decrease of the base-pair interstice
and the transformation of DNA conformations, as well as a reduction in the intercalation
between ethidium bromide and DNA. On the contrary, the Liu group®® reported that
hydrophobic ILs ([BMIM][PFg] and [HMIM][PFg]) are not effective for extracting DNA
from aqueous solutions, but are efficient for extraction DNA staining dyes.

Xie et al.%8 confirmed the electrostatic interaction between calf thymus DNA and [BMIM]
[BF.] using cyclic voltammograms of Co(bpy)s3*/2* (bpy = 2,2’ -bipyripyl) at a DNA-
modified gold electrode in phosphate buffer solution containing [BMIM][BF4]. They
calculated the binding constant as 4.26 x 104 M~1 for [BMIM][BF,] bound to DNA, and the
Gibbs energy of surface binding —26.4 kJ mol~1 at 298 K. They also noticed that the
dissociation rate constant of Co(bpy)33*/2* from the electrode surface in the presence of
1.5% [BMIM][BF,] is over 40% greater than that without the IL, suggesting a competitive
interaction between [BMIM][BF,4] and DNA.
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The Guo group®’ studied the binding characteristics and molecular mechanism of
interactions between DNA and [BMIMI]CI in aqueous solutions. They observed a decreased
critical aggregation concentration of [BMIM]CI in the presence of DNA, and a continuous
fluorescence quenching of the intercalated probe ethidium bromide with the addition of
[bmim]CI, which implies the interaction between the IL and DNA. Dynamic light scattering
(DLS) results suggest that a low concentration of [BMIM]CI could induce a coil-to-globule
transition of DNA, which was confirmed by the cryo-TEM images of DNA-IL complexes.
During the binding process, DNA retains the B-form helix; however, the base packing and
helical structure of DNA are altered to a certain degree. Based on the experimental data and
quantum chemical calculations, this group proposed a DNA-IL interaction mechanism:
when [BMIM]CI concentration is lower than 0.06 M, the cationic headgroups are within
several angstroms from DNA phosphates, and the hydrophobic chains are organized parallel
to the DNA surface; when [BMIM]CI concentration is greater than 0.06 M, the cationic
headgroups are located near DNA phosphates while the hydrocarbon chains are
perpendicularly attached to the DNA surface. This group further emphasized that although
the electrostatic interaction is critical to the binding of [omim]CI to DNA, the hydrophobic
interaction between the hydrocarbon chains of [bmim]Cl and the bases of DNA also plays a
crucial role.

Singh et al.%® probed the DNA-IL interaction by studying the binding between calf thymus
DNA and Thioflavin-T via UV-Vis emission and femtosecond fluorescence spectra. The
addition of higher concentrations of ILs ([EMIM][BF4], [BMIM][BF,] and [HMIM][BF4])
and more hydrophobic ILs (e.g. [HMIM][BF,]) reduces the emission intensity, which
suggests a weaker binding between DNA and Thioflavin-T but a stronger binding between
DNA and ILs. These results further confirm the electrostatic interaction is essential to the
DNA-IL interaction; however, the hydrophobic interaction between the cation’s alkyl chain
and DNA is also important. He et al.%9 studied the interaction between [C1,MIM]Br and
DNA in dilute brine by various techniques including isothermal titration calorimetry,
micropolarity, dynamic light scattering, UV-Vis transmittance, atomic force microscopy
(AFM), circular dichroism and molecular dynamics simulation. They noticed the strong
electrostatic attraction between DNA phosphate groups and IL headgroups, and the
hydrophobic interactions between the [C1,MIM]Br alkyl chains. They also observed the size
transition and conformational change of DNA in the presence of [C1,MIM]Br.

The MacFarlane group® observed the long-term (up to 6 months) stability of salmon testes
DNA in [choline][lactate], [choline][H2PO4] (containing 20-50 wt% water) and choline
nitrate (containing 20% water), as confirmed by the circular dichroism and fluorescence
spectra as well as the gel electrophoresis. In addition, DNA is thermally stable (up to

100 °C) in [choline][H,PO4] (with 50 wt% water) as confirmed by fluorescence
spectroscopy and differential scanning calorimetry. It was explained that the mild hydrogen-
bonding and low-water environment of these IL systems minimize the hydrolytic reactions
depolymerizing the DNA molecules. Following these encouraging results, Chandran et al.®1
carried out molecular dynamics simulations and spectroscopic experiments (CD, UV-Vis and
fluorescence) to understand the mechanism of high DNA stability in hydrated ILs. They
confirmed the model DNA (Dickerson—Drew dodecamer) maintained the B-conformation in
hydrated (up to 80 wt%) ILs ([BMIM]CI, [BMIM][NO3], [BMIM][lactate], [choline][NO3]
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and [choline][lactate]); however, [BMIM]CI and [BMIM][NO3] bind to DNA more strongly
than [BMIM][lactate]. In the presence of 80 wt% IL, 55—-75% of the water molecules could
be stripped from the solvation shell of DNA; [BMIM]* cations seem to disrupt the spine of
hydration by intruding into the DNA minor groove and; [BMIM]* cations bind to DNA
minor grooves more effectively than [choline]* cations (Fig 2). They also suggested that the
electrostatic interactions between ILs and DNA backbone, as well as hydrophobic and polar
interactions between ILs and DNA major and minor grooves lead to the DNA dehydration
and high stability. Furthermore, Tateishi-Karimata and Sugimoto®2 evaluated the melting
temperatures of the formation of DNA duplexes consisting of different A-T and G-C base
pairs, and suggested that A-T base pairs are more stable than G-C base pairs in the hydrated
[choline][H2PO4] (4 M or 80 wt%). The molecular dynamic calculations reveal that choline
cations bind strongly in the major groove of A-T regions but weakly to the G—C rich
regions; however, choline cations bind preferentially to G—C rich single-stranded DNA vs to
A or T rich strands; the binding of choline cation to guanines destabilizes G-C rich DNA
duplexes.

Wang et al.53 examined the binding of calf thymus DNA to [C,MIM]Br (7= 4, 6, 8, 10, and
12) in aqueous solutons using pyrene as the fluorescence probe, and reported that the
binding Gibbs energy decreases linearly with the increase of alkyl chain length of cations
and the binding constants increase with the alkyl chain length. They further suggested that
the main contributor to the DNA-IL interaction is the electrostatic attraction although the
hydrophobic interaction increases with the alkyl chain length.

DNA Stability in Deep Eutectic Solvents (DES)

Since DES share many common properties with ILs, a number of groups also evaluated the
DNA stability in DES. The Hud group*® investigated the secondary structures of DNA and
RNA in a neat DES known as choline chloride/urea (1:2) using circular dichroism (CD)
spectroscopy. They suggested that: (1) the 32 bp mixed-sequence DNA exhibits an A-form
duplex in the neat DES but B-form helix in aqueous salt solutions (such as 3.7 m NaCl); (2)
the oligonucleotide [d(CG)g], shows a left-handed Z-form helix in the neat DES and
aqueous solutions of choline chloride (3.7 m) and NaCl (3.7 m); (3) the oligonucleotide
[d(AT)16]2 has a similar B-form helix in the neat DES as in aqueous solutions; (4) the
sequence [d(A4T4)4], adopts an altered B-form helical structure (B* form). However, the
melting transition midpoints (7)) of these DNAs in the DES are lower than those in
aqueous solutions, suggesting a lower duplex stability in dehydrating and high ionic strength
conditions. In addition, DNA can maintain certain triplex and G-quadruplex structures in the
DES although these structures are different from those in aqueous solutions. The Prasad
group®4 has demonstrated that two DES (choline chloride/ethylene glycol at 1:2 and choline
chloride/glycerol at 1:2) could dissolve up to 5.5 wt% and 2.5 wt% DNA from salmon
testes. They observed that DNA maintains B-form helical structures in DES and the
regenerated DNA shows a high thermal and pH stability. They also proposed a likely DNA
solvation mechanism as the interaction of choline cations with DNA phosphate.
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G-quadruplex DNA in ionic solvents

Summary

G-quadruplexe DNA has unique four-stranded helices, and is folded from guanine-rich DNA
sequences by the stacking of planar quartets composed of four guanines that interact by
Hoogsteen hydrogen bonding.85: %6 G-quadruplex structures are highly polymorphic; for
example, human telomeric sequences can adopt at least five different intramolecular G-
quadruplexes.8” Therefore, G-quadruplex DNA molecules have shown potential applications
in catalysts, biosensors, and DNA-based architectures. G-quadruplex DNA structures are
usually maintained in aqueous solutions and thus most related applications are explored in
aqueous phases. Fujita and Ohno®8 found that dG5(T»AG3)3 DNA maintains the G-
quadruplex structure in aqueous [choline][H,PO4] regardless of its concentration, but not in
most other salt solutions. They suggested that the G-quadruplex structure is maintained in
kosmotropic salt solutions since the DNA hydration state is strongly influenced by the ion
kosmotropicity. Lannan et al. found that human telomere sequence (HTS) DNA exhibits a
G-quadruplex with the parallel-stranded fold in choline chloride/urea (1:2). This is in
agreement with the observation that a reduced water activity leads to the parallel fold whilst
a high water activity prefers alternative folds. More fascinatingly, after HTS DNA is
thermally denatured and then quickly cooled to room temperature, the refolding of DNA
back to the parallel structure in the DES requires several months (vs < 2 min in an aqueous
solution) (Fig 3).

Zhao et al.”® examined the structures of ten G-quadruplexes in neat DES (choline chloride/
urea, 1:2 molar ratio) via UV melting, CD and fluorescence spectroscopy, and observed
various intramolecular, intermolecular, and higher-order G-quadruplex structures in DES,
particularly the parallel structure (Fig 4). G-quadruplexes in neat DES become more stable
than in aqueous media; some G-quadruplex DNA molecules are even thermally stable at
over 110 °C.

It is important to realize that the ion interaction with DNA is not the determining factor of
DNA structure, but contribute to the heterogeneity of DNA structure. The major interaction
between ionic solvents and DNA is the electrostatic attraction of organic cations and DNA
phosphate backbone, followed by the hydrophobic and polar interactions between ILs and
DNA major and minor grooves. Anions seem to play a less intense role on the DNA stability
by interacting with the bases through hydrogen bonds. The existence of G-quadruplexe DNA
structures in ILs and DES could have a profound impact on the future advances of the DNA-
based catalysis and other applications.
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Fig. 1.
Space-filling models of X-ray crystal structures with cations bound in the minor and major

grooves illustrating the correlation between DNA groove width and cation coordination
sites. DNA base atoms are white and backbone atoms are light gray; cations and water
oxygen atoms are dark gray (Reprinted from Ref,38 Copyright © 2001, with permission
from Elsevier).
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[BMIM]* with PO,

Fig. 2.
Typical spatial distribution map of [BMIM]* cations illustrating their association with the

DNA backbone, major groove, and minor groove (color scheme: cyan, DNA; red, DNA
phosphates; white, IL cations; blue, ring nitrogens of the [BMIM]* cations) (Reprinted with
permission from Ref,61 Copyright © 2012 American Chemical Society).
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Fig. 3.

DNA refolding in viscous choline chloride/urea (1:2) (Reprinted with permission from Ref,
69 Copyright © 2012 American Chemical Society).
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H20 DES : More stable

4

Heating Heating

Fig. 4.
Human telomeric DNA, Tel,,, adopting a more stable parallel G-quadruplex structure in

water-free DES (containing K*) (Reprinted with permission from Ref,”? Copyright © 2013
American Chemical Society).
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Scheme 1.
Structure of choline chloride.
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