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Abstract Organic solvents and apolar media are used in the

studies of nucleic acids to modify the conformation and func-

tion of nucleic acids, to improve solubility of hydrophobic

ligands, to construct molecular scaffolds for organic synthesis,

and to study molecular crowding effects. Understanding how

organic solvents affect nucleic acid interactions and identify-

ing the factors that dominate solvent effects are important for

the creation of oligonucleotide-based technologies. This re-

view describes the structural and catalytic properties of

DNA and RNA oligonucleotides in organic solutions and in

aqueous solutions with organic cosolvents. There are several

possible mechanisms underlying the effects of organic sol-

vents on nucleic acid interactions. The reported results empha-

size the significance of the osmotic pressure effect and the

dielectric constant effect in addition to specific interactions

with nucleic acid strands. This review will serve as a guide

for the selection of solvent systems based on the purpose of

the nucleic acid-based experiments.
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Introduction

Synthetic DNA and RNA oligonucleotides, now available in

high purity at relatively low cost, are used in many medical

and technological applications. Oligonucleotides that are de-

signed for specific recognition of target sequences by comple-

mentary base pairing are employed for the regulation and

analysis of cellular gene expression in basic science experi-

ments and for gene regulation and diagnostics in clinical ap-

plications (Schubert and Kurreck 2004; Pan and Clawson

2006; Ni et al. 2011). Due to the specificity of base pairing

interactions, nucleic acids are also used for the preparation of

defined assemblies of DNA and RNA strands in nanotechnol-

ogy applications (Smith et al. 2013). Thermodynamic stability

of nucleic acid structures has been investigated in aqueous

solutions containing salts, and the quantitative studies have

enabled prediction of thermodynamic stabilities of hybridiza-

tion and of the folded conformations of DNA and RNA.

Nucleotides have binding sites for water and cations,

and the stabilities of these interactions depend on the so-

lution composition such as the water content and the con-

centration and species of salt. DNA and RNA strands are

highly hydrated in water solution: the groove of a DNA

duplex has an ordered water molecule network (Westhof

1988; Marky and Kupke 2000), and the double-helical

conformation is changed in response to the relative hu-

midity (Saenger 1983). Moreover, the negative charge of

nucleotide phosphates must be screened by bound cations

(Record et al. 1998; Draper et al. 2005). Cation binding is

essential for the base-pair formation and the folding and

catalytic activity of deoxyribozymes (DNAzymes) and

ribozymes. These nucleic acid-based enzymes have been

shown to inhibit gene expression in vivo (Yen et al. 2004;

Citti and Rainaldi 2005; Li et al. 2008; Liu et al. 2012),

have been used to study RNA folding in cells (Mahen
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et al. 2010), and can serve as probes in biosensors

(Sekella et al. 2002; Liu et al. 2009).

In medical and technological applications and under certain

conditions in cells, oligonucleotides are required to function in

non-aqueous media. The intracellular environment contains

high concentrations of macromolecules, small metabolites,

and osmolyte compounds. These components directly and in-

directly affect nucleic acid interactions in cells: macromole-

cules sterically exclude other molecules and increase the so-

lution viscosity, and organic components solvated by water

reduce the amount of free water and change the dielectric

permittivity (Asami et al. 1976; Srere 1981; Parsegian and

Rau 1984; Garlid 2000; Luby-Phelps 2000; Tanizaki et al.

2008; Cuervo et al. 2014). The environments near and within

the cell membrane, inside amphiphilic drug delivery polymer

vesicles, and proximal to the surface of biosensors are the

conditions in which there are short-range ordering or

disordering of water molecules with unusual solvent proper-

ties. In addition, organic solvents are used in many experi-

ments involving nucleic acids such as precipitation with eth-

anol, 2-propanol, and high-molecular-weight polyethylene

glycol (PEG); conformational denaturation with formamide

and dimethylsulfoxide (DMSO); solubilization of nucleic

acid-interacting hydrophobic compounds with N ,

N-dimethylformamide (DMF), DMSO, and methanol (Dong

et al. 2002; Lee et al. 2013); and characterization of the effects

of molecular crowding environment (Nakano et al. 2014a).

When an organic compound is used instead of water as a

solvent for nucleic acids, many factors are altered. Because

organic solvents have distinct properties of the hydrogen

bonding, polarity, and hydrophobicity, the solvation of nucleic

acids depends on the solvent used. It is notable that, when

organic solvents are macroscopically dissolved in water, the

solutions are not always microscopically homogeneous. In

these mixed solutions, water–water interactions are disrupted,

and cosolvent–cosolvent interactions and water–cosolvent in-

teractions are formed. Thus, the solvent properties such as

water content and dielectric constant are different from those

of water solutions (Fig. 1b). In particular, many organic solu-

tions have a low dielectric constant, which is also characteris-

tic of regions of the intracellular environment of viral particles,

the surfaces and interiors of certain proteins, and the surfaces

of nucleic acids (Fig. 1a). While quantitative research on the

thermodynamic stabilities of DNA and RNA structures has

been widely performed using polar and hydrophilic solutions

of water, there are increasing numbers of reports on the ther-

modynamic and kinetic characteristics of nucleic acids under

conditions created by the use of organic solvents. The follow-

ing sections describe the applications of organic solutions for

oligonucleotide-based technologies and the studies of thermo-

dynamic stability and catalytic activity of oligonucleotides in

organic solutions with little or nowater (at most a few percent)

and in aqueous solutions with organic cosolvents (from a few

to several tens of percent by volume or weight per unit volume

of solution, represented by vol% or wt%, respectively). When

the definition of the percentage amount of cosolvents was not

clearly stated in literature reports, the amount is referred to as

percent (%) in this review.

Organic solutions with a small amount of water

Organic solutions are poor solvents for DNA and RNA.

Addition of organic solvent to solutions of polynucleotides re-

sults in the formation of compact conformations and precipita-

tion. For example, methanol, ethanol, 1-propanol, 2-propanol,

t-butanol, acetone, and ethylene glycol at 40–70 wt% induce

the phase transition of plasmids and phage DNAs from an

elongated coil to a compact globular conformation. The dielec-

tric constant of these solutions is suggested to be the key factor

in determining the conformational behavior of the polynucleo-

tides (Arscott et al. 1995; Mel’niov et al. 1999). Short oligonu-

cleotides are relatively soluble in organic solutions in compar-

isonwith polynucleotides. Single-strandedDNAs are soluble in

97 %methanol and in acetone: A 45-mer DNA is more soluble

than a 108-mer DNA, although the solubility is strongly depen-

dent on the species and concentration of the salt used (Stanlis

and McIntosh 2003). A short DNA oligonucleotide (21-mer) is

soluble in nearly anhydrous solutions of glycerol, ethylene gly-

col, formamide, methanol, and DMSO in the presence of a

small amount of water (e.g., 99 % organic solvent and 1 %

water) (Bonner and Klibanov 2000). In these same solutions,

the structure of the 21-base-pair duplex is unstable, and no

duplex structure is formed in formamide, methanol, or

DMSO. On the other hand, it has also been reported that a

21-base-pair DNA duplex is not denatured in 95 vol% DMF

(Ke et al. 2010). Molecular dynamics simulations and atomic

force microscopy have shown that a 12-base-pair DNA duplex

dissociates into single strands in diethylbenzene, 1-propanol,

and octane, and the DNA strands separate at the interface of

the low-polarity medium and water (Cui et al. 2007). Thus,

water is not unique as a medium for solubilization of nucleic

acids, although the base-pairing interactions tend to be

disrupted in non-aqueous solutions. Mixtures of organic sol-

vents and water could be better solvating agents than either of

the individual solvents because the water and organic mole-

cules can orient to minimize conformational stress around a

nucleotide chain (Hammouda and Worcester 2006). A study

using molecular dynamics simulations showed that a small

number of highly stable water molecules and neutralization of

phosphate charges are crucial requirements for the transfer of a

7-base-pair DNA duplex from water to an apolar medium such

as carbon tetrachloride (Arcella et al. 2014). Solvation of nu-

cleotides in organic solutions in the presence of a small amount

of water is a complex phenomenon that depends on the nature
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of the environment to which the nucleic acids are initially ex-

posed (Ababneh et al. 2003).

Nucleic acids are made more compatible with organic so-

lutions by conjugation with hydrophobic groups such as long

alkyl chains, lipids, and amphiphilic polymers or by the intro-

duction of non-natural nucleotides modifiedwith hydrophobic

groups. A hydrophobic 6-mer DNA with dodecyl

phosphotriester linkages self-assembles into a G-quadruplex

in chloroform when metal ions are extracted from water solu-

tion (Shibata et al. 2013). It is remarkable that the

G-quadruplex DNAzyme formed by the association of

6-mer DNA strands modified at the 5′-end with PEG catalyzes

the oxidative reaction of 3-aminophthalic hydrazine in meth-

anol; the active DNAzyme was prepared by mixing the DNA

and the substrate in water containing K+ followed by lyophi-

lization and redissolvation in methanol (Abe et al. 2012).

Organic solvent-soluble oligonucleotides can also be prepared

by using quaternary ammonium surfactants as counterions;

the complex of DNA and didodecyldimethylammonium is

soluble in organic solutions such as DMF and tetrahydrofuran,

and this method has been used for coupling of a DNA strand

with highly hydrophobic compounds (Liu et al. 2014). These

studies indicate that oligonucleotides are soluble and that their

base-paired structures are maintained in various organic solu-

tions when there are metal ions carried over from water solu-

tion or when amphiphilic cations are added to screen the

charges of the nucleotide phosphates.

Organic solvents have been ut i l ized to dr ive

DNA-mediated organic reactions that produce compounds

having desired optical, electrical, or magnetic properties

(Gartner and Liu 2001). In the DNA-guided organic synthesis,

the association of complementary DNA strands in the pres-

ence of organic solvents promotes the coupling reaction be-

tween the hydrophobic molecules covalently linked to the 5′-

or 3′-ends of oligonucleotides. Hydrophobic reactants linked

through association of DNA oligonucleotides (10- to 30-mers)

prehybridized in water containing the cationic surfactant

cethyltrimethylammonium results in amine acylation in the

solutions of 95 % or higher amounts of DMF, dichlorometh-

ane, tetrahydrofuran, and acetonitrile (Rozenman and Liu

2006; Rozenman et al. 2007). More structurally complex

double-crossover molecules based on DNA self-assembly

are promising molecular scaffolds for DNA-based template

synthesis of hydrophobic compounds at the water–chloroform

interface (Lin et al. 2008). In this study, amphiphilic DNA

double-crossover molecules were constructed using

hydrophobically modified thymidines with benzylation at

the 2′ position or with replacement of one of the phosphate

oxygens by a methyl group. Organic cosolvents are also ef-

fective for DNA-based asymmetric catalyses: For example, a

Henry react ion was shown to be media ted by a

double-stranded DNA in the presence of methanol, ether, tol-

uene, and DMSO at about 14 vol% (Fan et al. 2008). Further,

a Diels-Alder reaction, a Michael addition, and a

Friedel-Crafts reaction were mediated by a copper complex

bound to the chiral DNA duplex in the presence of DMF,

tetrahydrofuran, methanol, DMSO, 1,4-dioxane at 10–33 vol

% (Megens and Roelfes 2010). When oligonucleotides are

used as molecular scaffolds for organic synthesis, optimiza-

tion of the solvent system is important because organic sol-

vents generally destabilize nucleic acid base pairing.

Aqueous solutions containing organic cosolvents

Nucleic acids are soluble in aqueous solutions mixed with

water-soluble organic cosolvents. Studies using circular di-

chroism (CD) and electron paramagnetic resonance (EPR)

spectroscopy have shown that the addition of various

cosolvents at 20 wt% or higher does not substantially change

the overall conformation of short duplexes or hairpins (2–

16-mers) but does alter the conformations of single-stranded

DNA and RNA (Nakano et al. 2008, 2014b). Nuclear mag-

netic resonance (NMR) analyses indicate that a relatively low

concentration of cosolvent, such as 1,4-dioxane at 10 vol% or

DMSO at 5 vol%, disrupts weak noncanonical interactions in

the group II intron ribozyme (Furler et al. 2009) and in the

transactivation response element RNA from human immuno-

deficiency virus type 1 (HIV-1) (Lee et al. 2013). Thus, or-

ganic cosolvents in amounts of up to a few tens of percent by
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Fig. 1 a Relative dielectric constants εr of organic solutions and those of cells, DNAs, and proteins (Asami et al. 1976; Lamm and Pack 1997; Young et

al. 1998; Pitera et al. 2001; Cuervo et al. 2014). b Solvent properties of water, organic solvents, and mixed aqueous solutions with organic cosolvents
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volume or weight do not significantly affect base pairing but

do disrupt weak interactions of flexible residues.

There are many reports on the stability of oligonucleotide

structures in mixed solutions. In most cases, the thermal sta-

bility of base pairing decreases in the presence of cosolvents

(discussed further below). This destabilization effect under

reduced water content is proposed to be relevant to the func-

tion of DNA unwinding enzymes such as helicases (Cui et al.

2007). Moreover, the ability of organic cosolvents to decrease

the thermodynamic stability of base pairs has the practical

benefit of regulating oligonucleotide structure formation in

various applications: For example, the efficiencies of poly-

merase chain reaction (PCR) and DNA sequencing are im-

proved by the addition of 10 % DMSO, which inhibits

reassociation of template DNA strands (Winship 1989;

Jensen et al. 2010). Detection of target sequences using mo-

lecular beacons is also improved by addition of cosolvents

(methanol, ethanol, isopropanol, acetonitrile, formamide,

DMF, DMSO, ethylene glycol, and glycerol), showing a

70-fold rate enhancement in 56 vol% ethanol compared with

the rate in the absence of cosolvents, as a result of decreasing

the activation energy for the hybridization (Dave and Liu

2010). Likewise, the rate of strand replacement in a

30-base-pair DNA duplex is enhanced by the addition of

cosolvents such as isopropanol, ethanol, and DMSO; e.g., a

15-fold enhancement was observed in 20 vol% isopropanol

(Zhang et al. 2015). It is worth noting that, in contrast to the

case of oligonucleotide duplexes, the stability of 9- and

10-mer duplexes of peptide nucleic acids (PNAs) having a

non-ionic backbone are not disrupted by the addition of

DMF or dioxane up to 70 % (Sen and Nielsen 2006, 2007)

or of methanol, ethylene glycol, or low-molecular-weight

PEGs at 20 wt% (Nakano et al. 2012b). These observations

suggest an important role of the nucleotide backbone in the

destabilization of oligonucleotide duplexes.

There are several possible explanations for the effects of

cosolvents on the stability of nucleic acid structures. When the

molarity of cosolvent is high (e.g., about 2 M for the 20 wt%

solution of a compound with the molecular weight of 100),

binding interactions with nucleotides might be significant.

The single-stranded conformation may have greater capability

to interact with cosolvents than the base-paired duplex in

which bases are stacked within the helix. Particularly, form-

amide, DMSO, and diethylsuloxide (e.g., at 40 vol%) desta-

bilize DNA base pairing because of the formation of multiple

hydrogen bonds and hydrophobic interactions with the nucle-

otide bases (Escara and Hutton 1980; Blake and Delcourt

1996; Markarian et al. 2006). On the other hand, the enhance-

ment of the renaturation rate of base pairs formed by E. coli

and bacteriophage λ DNAs in the solutions with DMSO and

formamide has been attributed to the effect of the dielectric

constant (Escara and Hutton 1980). To clarify how the solvent

properties affect the stability of nucleic acid structures, it is

preferable to employ cosolvents that have no strong specific

interactions with nucleotides. In addition, although experi-

ments using varied concentrations of a single species of

cosolvent have been used to correlate particular solvent prop-

erties with base-pair stability or hybridization kinetics, such

experiments can be misleading when multiple solvent proper-

ties are simultaneously changed. Systematic comparisons of

the effects of different types of cosolvents such as ethylene

glycol derivatives, small primary alcohols, and aprotic sol-

vents are useful as certain cosolvents have similar dielectric

constant but different water activities and vice versa (Fig. 2).

Many studies have emphasized the importance of the osmotic

pressure effect arising from the reduced water activity and of

the dielectric constant effect on nucleic acids. Several exam-

ples are given in the following sections.

Effects of reduced water activity

The stabilities of DNA and RNA duplexes with 6 or 7 base

pairs in a 1 M NaCl solution are decreased in the presence not

only of formamide, DMSO, and DMF, but also of methanol,

ethanol, ethylene glycol, 1-propanol, 2-propanol, and dioxane

in the amount of 10 mol% (Albergo and Turner 1981; Hickey

and Turner 1985). The magnitudes of the destabilization de-

pend on the cosolvent used, and there is not a good correlation

between duplex stability and viscosity, dipole moment, surface

tension, or the solubility of adenine. A study using solutions of

cosolvents such as ethylene glycol, methanol, 1,

2-dimethoxyethane, and low-molecular-weight PEGs also

demonstrated that thermodynamic stabilities of DNA duplexes

and hairpins (8- to 18-mer) decreased as the amount of

cosolvents was increased up to 40–50 wt% and the effect of

cosolvents on the stabilities reduced as the amount of NaCl

concentration was increased up to 1 M (Nakano et al. 2004,

2012b). Organic compounds dissolved in water act as

osmolytes, interacting with water molecules and decreasing

the activity of water to less than 1 (Parsegian et al. 2000;

Blandamer et al. 2005). For example, ethylene glycol deriva-

tives, small primary alcohols, and aprotic compounds in the

amount of 20 wt% create solutions with water activities of

0.87–0.95 (Fig. 2b). The reduction in the water activity affects

the equilibrium of reactions that are accompanied by the asso-

ciation or dissociation of water molecules, which holds true for

many nucleic acid reactions. Consistent with this interpretation,

there is a correlation between the water activity and the stability

of DNA duplexes or hairpins (8- to 20-mer), suggesting that the

osmotic pressure dominates the effect on the base-pair stability

under the experimental salt condition of 1 M NaCl (Nakano et

al. 2004, 2008, 2012b; Karimata et al. 2007). The degree of

destabilization in the presence of amide compounds such as

formamide, DMF, and acetamide is greater than expected strict-

ly from an effect of osmotic pressure (Nakano et al. 2014b);

14 Biophys Rev (2016) 8:11–23



these cosolvents have specific interactions with nucleotides. It

has been argued that PEG directly interacts with DNA strands

due to its hydrophobic nature (Knowles et al. 2011; Buscaglia

et al. 2013b); however, this effect of PEG is likely not signifi-

cant at high salt concentrations, because the degree of duplex

destabilization in PEG-containing solutions at 1 M NaCl was

found to be similar to those observed in the solutions with 1,

2-dimethoxyethane and 1-propanol, which have water activity

similar to that of the PEG solution (Nakano et al. 2004, 2012b).

Accordingly, the choice of solvent system is important for in-

vestigating the effect of solvent properties because all organic

compounds have the potential to interact with nucleic acids.

The stabilities of the left-handed Z-form, branched junction

motifs, and triple- and quadruple-helical structures of DNA

oligonucleotides are increased in many mixed solutions

(Spink and Chaires 1999; Miyoshi et al. 2006; Nakano et al.

2008; Muhuri et al. 2009). The increase in stabilities of these

non-canonical structures is due to the release of water during

the structure formation, which is favored under the reduced

water activity. The addition of methanol at 8 and 16 vol% also

increases the stability of tertiary structure formed by a 58-mer

fragment of E. coli rRNA (Shiman and Draper 2000). The

GAAA tetra loop-receptor moti f is s tabi l ized by

low-molecular-weight PEG up to around 15 wt% (Downey

et al. 2007), and the structures of yeast tRNAs are stabilized

by 20 wt% methanol and low-molecular-weight PEG

(Strulson et al. 2014). In addition, the folding of the 71-mer

adenine-specific riboswitch and the affinity for the ligand an-

alog 2-aminopurine are enhanced by the addition of

low-molecular-weight PEG up to 30 wt% (Kumar et al.

2012). Increases in osmotic pressure enhance cooperativity

of tertiary folding because of the destabilizing effect on

base-paired intermediates (Shiman and Draper 2000;

Nakano et al. 2014b; Strulson et al. 2014). These studies high-

light the importance of the osmotic pressure on tertiary folding

and function of RNA. It is remarkable that the effects of

cosolvents on the tRNA and the adenine-specific riboswitch

are pronounced at Mg2+ concentrations of 0.5 mM and lower,

but the magnitude of the effect is smaller at higher Mg2+

concentrations (Kumar et al. 2012; Strulson et al. 2014).

Thus, the effect appears to become less significant at high

ionic strengths.

Effects of reduced dielectric constant

The dielectric constant determines the efficiency of cation

binding that screens the electronegative potential of nucleotide

phosphates. A low dielectric constant medium enhances the

electrostatic attraction between the phosphate group and cat-

ions, overcoming the electrostatic repulsion between the back-

bone phosphate groups. The interaction energy for cation

binding can be estimated using the simple electrostatic inter-

action model based on the Coulomb interaction that is inverse-

ly proportional to the dielectric constant. For example, 20wt%

solutions of primary alcohols, ethylene glycol derivatives, and

aprotic compounds have relative dielectric constants εr of be-

tween 62 and 72, whereas the value of pure water is about 80

at 25 °C (Fig. 2b). The reduction in the εr from 80 to 60 results

in about a 1.3-fold stronger electrostatic interaction, suggest-

ing the increased efficiency of cation binding to nucleotide

phosphates in low dielectric constant solutions.
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There are several studies of the effect of dielectric constant

on the melting temperature (Tm) of DNA duplexes. A study

using mixed solutions with ethylene glycol and 1,4-dioxane at

varied concentrations suggested a dominant effect of the di-

electric constant on the stability of DNA base pairing when a

relatively low amount of cosolvent (not less than about 0.69

partial volume fraction of water) is used (de Xammar Oro and

Grigera 1995). This study showed that the Tm values of calf

thymus DNA scales with the dielectric constant in the range

above 58. Another study suggested that the interaction be-

tween DNA and Na+ during base-pair formation is enhanced

in the presence of glycerol, which is demonstrated by the

increase in Tm of calf thymus DNA as glycerol is added up

to 40 vol% at low ionic strength of Na+; but this effect is not

apparent at high Na+ concentrations (Sorokin et al. 1997). In

contrast, in experiments using mixed solutions of glycerol,

ethylene glycol, and acetamide, the water activity of solutions

rather than the dielectric constant is supposed to impact the

base-pair stability of E coli DNA (Spink and Chaires 1999).

Systematic investigations using an 11-base-pair RNA du-

plex showed that duplex stability in 1 M NaCl does not corre-

late with the dielectric constant, water activity, or viscosity of

aqueous solutions with 5–20 wt% cosolvents such as methanol,

e t h y l e n e g l y c o l , 1 , 2 - d im e t h o x y e t h a n e , a n d

low-molecular-weight PEGs (Nakano et al. 2014b). It is prob-

able that base-pair stability is determined by multiple factors,

including specific interactions with cosolvents, and conse-

quently the investigations using different kinds of cosolvents

would have provided no clear correlation between a single

solvent property parameter and duplex stability. This study

showed linear dependences of the free energy change (∆G) or

the equilibrium constant (K) of the duplex formation on NaCl

concentration of mixed solutions, analyzed by SK (= ∂(–∆G)/

∂ln [NaCl] = RT ∂ln K/∂ln [NaCl], where R is the gas constant

and T is the absolute temperature). Interestingly, there is a cor-

relation between the dependence on NaCl concentration and

the dielectric constant of solutions. In addition to the above

study, there are several reports of the NaCl concentration de-

pendence of the thermodynamic stability of duplex and hairpin

structures of DNA and RNA oligonucleotides in 5–50 wt%

solutions of cosolvents such as those shown in Fig. 2a. Based

on these reports, effects of the dielectric constant of mixed

solutions, either εr or εr
−1, on the NaCl concentration depen-

dence were analyzed using the ratio to the dependence in water,

SK
c/SK

w (the superscripts c and w represent the parameter for

the mixed solution with cosolvents and water solution, respec-

tively), as indicated in Fig. 3. The calculation of the ratio can-

cels the terms arising from the differences in the length and

sequence of oligonucleotides examined. Although values of

the dielectric constant used are those of bulk solvent, a good

correlation was obtained regardless of the nucleotide sequence

used in the studies. In addition, the analysis of Tm of E. coli

DNA in the range of 10–50 vol% DMSO has revealed a

relationship between ∂Tm/∂log [Na+] and the reciprocal of the

dielectric constant (Escara and Hutton 1980). The reported ra-

tios of the dependence of Tm in low dielectric constant media to

the dependence in water are in good agreement with the degree

of the reductions given in Fig. 3. It is probable that the strength

of electrostatic interactions mainly determines the degree of salt

concentration dependence.

The dependence of the structural stability on salt concen-

tration (the SK value) is related to the degree of cation binding

increased during the structure formation (Record et al. 1998;

Bloomfield et al. 2000). Thus, the data in Fig. 3 indicate

smaller increases in the number of bound Na+ during structure

formation in lower dielectric constant solutions compared to

those with higher dielectric constants: For example, 60–70 %

fewer Na+ ions are bound in medium with εr of 60 than in

water solution. It may appear contradictory that the cation

binding is enhanced in low dielectric constant media. It should

be noted that a low dielectric constant enhances the efficiency

of cation binding both to less condensed and more condensed

nucleic acid structures, and the data in Fig. 3 provide the

differences between the numbers of thermodynamically asso-

ciated cations before and after the structure formation.

Consistent with the experimental results, a computer simula-

tion demonstrated that low dielectric constant medium leads to

stronger charge neutralization of a DNA helix (12-mer) rela-

tive to that in high dielectric constant conditions and conse-

quently enhances the electrostatic helix–helix attraction with a

smaller increase in the number of bound cations (Tan and

Chen 2006).

The polyelectrolyte theory applied to nucleic acids explains

that the charge spacing distance of a nucleotide chain b deter-

mines, or is determined by, the thermodynamic binding pa-

rameter Ψ (Record et al. 1998; Bloomfield et al. 2000). The Ψ

value represents the degree of binding interaction of a single

phosphate group with counterions in the condensation layer

and with those in the surrounding ion atmosphere mediated by

weak nonspecific interactions in a rapid equilibrium between

association and dissociation. When nucleic acid strands are

assumed to be ideal polyelectrolytes having uniformly distrib-

uted charges along a cylinder axis, the value of Ψ is calculated

by the equation, Ψ=1 – 1/(2ξ), where ξ is the charge density

parameter representing the degree of monovalent cation con-

densation (ξ= e2/4πε0εrkBTb, where e is the magnitude of the

elementary charge, ε0 is the vacuum permittivity, kB is the

Boltzmann constant, and T is the absolute temperature). The

value of Ψ depends on the charge spacing distance along the

helix (Fig. 4a) and on the dielectric constant (Fig. 4b). For a

typical B-form helical conformation of a DNA duplex in water

(εr=80), the bds (the subscript ds represents the parameter for

a duplex strand) is 0.17 nm (Record et al. 1998; Bloomfield et

al. 2000) and the Ψ for monovalent cation binding is 0.88.

Assuming that the duplex conformation is unchanged in the

medium of εr=60 (hence, the bds remains 0.17 nm), the Ψ is
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0.91. Thus, this calculation shows a greater degree of cat-

ion binding to the duplex in the lower dielectric constant

medium. In the case of a single-stranded DNA in the

medium with εr of 80, the bss (the subscript ss represents

the parameter for a single strand) is 0.43 nm and the Ψ is

0.69, although the values depend to some extent on the

nucleotide sequence (Record et al. 1998; Bloomfield et al.

2000). If the helical conformation is unchanged in medi-

um with εr of 60 (the bss remains 0.43 nm), the Ψ is 0.77.

Based on these Ψ values, the reaction cycle for the tran-

sition from a single strand to a duplex in water solution

and in a mixed solution having a low dielectric constant

shown in Fig. 4c is considered. The dielectric constant

affects cation binding to both the single strand and the

duplex, and the degree of cation binding, which increases

upon duplex formation (∆Ψ=Ψds – Ψss), decreases linearly

as the dielectric constant decreases (Fig. 4d). Thus, the ∆Ψ
c in mixed solutions is smaller than ∆Ψ w in water. For

example, the ∆Ψ c value in medium with εr of 60 is 0.14

(=0.91–0.77), which is 75 % of the ∆Ψ w value of 0.19

(=0.88–0.69). In the case of RNA strands, the bds for a

typical RNA duplex (A-form conformation) is 0.13 nm

(Record et al. 1998; Bloomfield et al. 2000), and the Ψ

for monovalent cation binding is 0.91 in medium with εr
of 80 and 0.93 in the medium with εr of 60. If the calcu-

lation is performed with the bss values used above, the ∆Ψ
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c for the RNA duplex formation in the medium with εr of

60 is 0.16 (=0.93–0.77), which is about 73 % of the ∆Ψ w

value of 0.22 (=0.91–0.69) in water.

However, experimentally, the conformations of single

strands but not duplexes were found to be changed in mixed

solutions relative to the conformations in water (Nakano et al.

2008, 2014b). Furthermore, a study by EPR spectroscopy re-

ports shortening of the helical length of a single-stranded

DNA from 0.48 nm in water to 0.33 nm in 50 wt% PEG with

the average molecular weight of 200, but no alteration in the

length of a DNA duplex (Nakano et al. 2008). This phenom-

enon is consistent with a report of the collapse of long linear

polyelectrolyte chains of poly(2-vinylpyridine) quaternized

with ethyl bromide in poor solvents consisting of 1-propanol

and 2-pentanone (Loh et al. 2008). As demonstrated in

Fig. 4b, d, only a slight change in b affects the values of Ψ

and ∆Ψ. Assuming that bss is changed to 0.39 nm (about 10 %

shortening of the distance), the Ψ in the medium with εr of 60

is calculated to be 0.79. Consequently, the ∆Ψ c value when εr
is 60 is 0.12 (= 0.91 – 0.79) for DNA and 0.14 (= 0.93 – 0.79)

for RNA, 63 % and 64 % of their ∆Ψ w values, respectively.

The reductions are consistent with the data given in Fig. 3. The

theoretical curves, using a linear approximation of bss as a

function of εr, fitted to the data in Fig. 3 are shown in

Fig. 4f. The curve fits the data better than the use of a constant

value for bss. The deviation of the data for a low dielectric

constant (εr<60) from the fit might be due to a less significant

electrostatic effect under high cosolvent concentrations (de

Xammar Oro and Grigera 1995) or to the inappropriate use

of the first-order approximation. In addition, the analysis

using the reaction cycle shown in Fig. 4c suggests that the

degree of ion binding increased by the transfer of a single

strand from water to a mixed solution (∆Ψss) is greater than

the case of the transfer of a duplex (∆Ψds). It is possible that the

flexibility of a single strand allows shortening of the helical

length. This scenario implies the role of intrinsically disor-

dered residues to enhance the efficiency of cation binding to

nucleic acids in low dielectric constant media.

The dielectric constant also affects the equilibrium between

a un imolecu la r ha i rp in and a d imer dup l ex o f

self-complementary DNA and RNA oligonucleotides

(Nakano et al. 2012a). The equilibrium is shifted toward the

dimer duplex by the addition of ethylene glycol derivatives

and primary alcohols at 20 wt%, caused by enhanced binding

of Na+ andMg2+ to the loop nucleotides of a hairpin structure.

There was an increase by a factor of 3 in the affinity of Na+

binding and by a factor of 6 in the affinity of Mg2+ binding in

the medium of 20 wt% 1,2-dimethoxyethane (εr=62) relative

to water. In the case of formation of the G-quadruplexes driv-

en by monovalent ion binding to guanine bases, the structural

s tabi l i ty is increased in the mixed solut ions of

low-molecular-weight PEG, ethanol, and acetonitrile relative

to that in water; and the stabilization is thought to result from

changes in the osmotic pressure or from specific interactions

of cosolvents (Miyoshi et al. 2006; Vorlíčková et al. 2006,

2007; Buscaglia et al. 2013a). In contrast to the reports, the

dielectric constant effect is suggested to underlie effects on the

stability of the G-quadruplex formed by the thrombin binding

aptamer (15-mer) in the mixed solutions of methanol, ethanol,

and propanol up to 40 vol% (εr=~50), as there is a linear

relationship between Tm values and the reciprocal of the di-

electric constant of the solutions (Smirnov and Shafer 2007).

Another study using various 20 wt% solutions of cosolvents

showed that G-quadruplexes (formed by 15- and 21-mers) are

stabilized more in a lower dielectric constant solution due to a

greater than 10-fold increase in the affinity of Na+ binding in

the medium of εr close to 60 relative to that in water (our

unpublished results). The reduced dielectric constant of

10 vol% 1,4-dioxane (εr=~70) also causes the 1.5-fold in-

crease in the affinity of specific Mg2+ binding to the catalytic

core domain of the group II intron ribozyme relative to water

solution (Furler et al. 2009). These studies support the hypoth-

esis that effects of the dielectric constant are dominant in low

concentrations of cations, and other factors such as water ac-

tivity and specific interactions with nucleotides could domi-

nate in saturating concentrations of cations. It has been argued

that increasing ionic strength attenuates local accumulation of

organic compounds at the surface of DNA (Nordstrom et al.

2006) and that low ionic strength induces hydrophobic inter-

actions within single-stranded DNA (Markarian and

Schlenoff 2010). Therefore, it is important to consider the

effect of cosolvents on nucleic acids in terms of the salt

conditions.

Solvent effects on the catalytic activities

of DNAzymes and ribozymes

The use of organic solvents can expand the function of

DNAzymes and ribozymes by increasing the solubility of hy-

drophobic substrates. A relatively low amount of cosolvents (e.

g., DMSO at less than 10 vol%) have been used during in vitro

selection of catalytic DNA and RNA and in Diels-Alder reac-

tions (Seelig and Jäschke 1999; Chandra and Silverman 2008)

and aldol reactions (Fusz et al. 2005) catalyzed by these mol-

ecules. The RNA ligation reaction catalyzed by DNA

aptazymes in the presence of herbicides (alachlor and atrazine)

proceeds more rapidly and in higher yields upon the addition

of 10 % methanol, ethanol, DMSO, acetone, or DMF. The

cosolvents might facilitate product release, stabilize certain

structures, prevent the formation of inactive conformations,

and/or improve the association between the DNA and sub-

strates (Behera et al. 2013). Because the catalytically active

structures of the DNAzymes and ribozymes are maintained

by weak interactions compared with base-paired
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secondary structures, solvent conditions that significantly dis-

rupt RNA interactions are not suitable for use.

Formation of the structures of natural ribozymes that cata-

lyze site-specific phosphodiester bond cleavage of RNA is

accompanied by water release and metal ion binding

(Rangan and Woodson 2003; Bevilacqua et al. 2004;

Doudna and Lorsch 2005; Lilley 2005; Toor et al. 2008).

The effects of osmotic pressure effect on the catalytic activities

of a lead-dependent ribozyme and a hairpin ribozyme have

been reported. The lead-dependent ribozyme, called the

leadzyme, is comprised of a short stem-loop structure

(Fig. 5a) and cleaves RNA in the presence of Pb2+. This ribo-

zymewas initially generated by in vitro selection from random

sequence libraries (Pan and Uhlenbeck 1992), and the same

sequence motifs are found in yeast phenylalanine-specific

tRNA and in human mRNAs (Barciszewska et al. 2005). The

addition of low-molecular-weight PEG (2.5–7.5 vol%) en-

hances the catalytic activity of an 11-mer leadzyme in the

presence of 25 mM Pb2+ by about a factor of 2

(Giel-Pietraszuk and Barciszewski 2012). This enhancement

is attributed to a reduction in water activity that facilitates the

release of water during catalysis. Hairpin ribozymes are found

in the satellite RNA of plant viruses such as tobacco ringspot

virus (Buzayan et al. 1986; Hampel and Tritz 1989). These

ribozymes are comprised of a substrate-binding domain loop

and a catalytic loop domain (Fig. 5a), and cleave RNA in the

presence of divalent metal ions. As the amount of

low-molecular-weight PEG is increased to 10 %, the cleavage

rate of an 85-mer hairpin ribozyme in the presence of

1 mM Mg2+ increases by several fold; PEG likely facilitates

tertiary folding, which is accompanied by the release of water

molecules, while there is no evidence for the dielectric constant

effect in this system (Herve et al. 2006).

The hammerhead ribozymes are found in RNA satellites of

plant viruses and in genomes including those of humans

(Bourdeau et al. 1999; Martick et al. 2008; de la Pena and

Garcia-Robles 2010; Hammann et al. 2012). These ribozymes

are comprised of three stems (Fig. 5a), and cleave RNA in the

presence of divalent metal ions (Forster and Symons 1987;

Uhlenbeck 1987; Haseloff and Gerlach 1988; Martick and

Scott 2006; Lee et al. 2008). Cosolvents such as acetonitrile,

methanol, DMF, DMSO, ethylene glycol, and glycerol have

minimal effects on the rate and yield of the intermolecular

cleavage of a 17-mer substrate by a 38-mer ribozyme in

10 mM Mg2+; but at concentrations higher than 60 vol%,

these cosolvents completely inhibit the cleavage reaction

(Feig et al. 1998; Mikulecky and Feig 2002). A study using

a similar ribozymemotif (intermolecular cleavage of a 15-mer

substrate by a 43-mer ribozyme) showed that 20 wt% solu-

tions of ethylene glycol derivatives, small primary alcohols,

and aprotic compounds enhance the RNA cleavage rate by

several fold in the presence of 10 mM Mg2+ and by greater

than 10 fold at lower Mg2+ concentrations (Nakano et al.

2009, 2015a). Because the tertiary structure of the ribozyme

used in the study is not very stable, the efficiency of Mg2+

binding is important for the formation of the catalytically ac-

tive structure and the cleavage rate. The MgCl2 concentration

required for rapid catalysis, in which the binding of Mg2+ is

mediated by specific interactions, is changed in the mixed

solutions. The concentration of MgCl2 necessary decreases

as the dielectric constant of solutions is decreased; e.g., the

concentration decreases greater than by a factor of 10 in 20 wt

% 1,2-dimethoxyethane (εr = 62) than in the absence of

cosolvents (Nakano et al. 2015a).

In the reaction catalyzed by the hammerhead ribozyme,

divalent metal ions can be replaced by monovalent cations if

concentrations are sufficiently high (Murray et al. 1998).

Catalysis in the presence of Na+ and no divalent cation is

mediated by highly cooperative and nonspecific weak inter-

actions with diffusive cations that contribute to folding into

the catalytic active form. The NaCl concentration dependence

of the cleavage rate constant k (Sk= ∂ln k/∂ln [NaCl], in a

linear dependence) is changed in the presence of cosolvents

(Nakano et al. 2014b). The dependence decreases with the

dielectric constant of the solution (Fig. 5b), and about 40 %

less Na+ is required in 20 wt% 1,2-dimethoxyethane (εr=62)

than in the absence of cosolvents. Assuming that the substrate

cleavage rate is determined by the amount of the catalytic

active structure formed, the degree of Na+ binding upon for-

mation of the active structure (∆Ψ, which is proportional to Sk)

is decreased in low dielectric constant solutions (Sk
c/Sk

w<1

and hence ∆Ψ c/∆Ψ w<1). Thus, the analysis using the reaction

cycle in Fig. 5c suggests greater Na+ binding to less con-

densed inactive forms (∆Ψif) than to the catalytic active form

(∆Ψaf), analogous to the case of a duplex formation. About a

40 % decrease in Na+ binding in the medium with εr of about

60 is greater than the decreases observed for duplex formation

(60–70 %) given in Fig. 3, possibly because of greater

Na+-induced collapse upon formation of the active structure

of the ribozyme than occurs during duplex formation.

Water-soluble organic polymers are used as macromolecu-

lar crowding agents to mimic the crowded environment in

cells (Minton 1998). Addition of high-molecular-weight

PEG or dextran in the amount of 5–25 wt% enhances the

RNA cleavage activity of group I ribozyme (195-mer RNA),

human delta virus (HDV)-like ribozyme (76-mer RNA), and

hairpin ribozyme (intermolecular cleavage of a 48-mer sub-

strate by a 35-mer ribozyme) by several fold in a low concen-

tration ofMg2+, around 1 mM (Kilburn et al. 2010; Strulson et

al. 2013; Desai et al. 2014; Paudel and Rueda 2014). The rate

enhancements result from increased compactness of the RNA

structures through the excluded volume effect of the polymer

additives. In the case of a hammerhead ribozyme motif

(43-mer ribozyme and 15-mer substrate), the addition of

high-molecular-weight PEG increases the cleavage rate at un-

saturated concentrations but not at saturated concentrations of
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Mg2+ (Nakano et al. 2009). This study showed that the Mg2+

concentration required for fast catalysis is decreased in the

presence of PEG with an average molecular weight of 8000,

as is also the case for smaller cosolvents (Nakano et al.

2015a). Because polymer crowding substantially modifies

the water activity and the dielectric constant (Nakano et al.

2004, 2012a), the effects of polymer additives may, at least

partly, arise from changes in these solvent properties.

Consistent with this possibility, values of ∆Ψ for the hybridi-

zation of 15, 25, 33, and 35 base pairs of DNA decrease

linearly with the concentration of PEG with an average mo-

lecular weight of 3000 (0–30 wt%) (Markarian and Schlenoff

2010). It has also been reported that PEG with an average

molecular weight of 8000 at 20 wt% shortens the length of a

single-stranded oligonucleotide but not the length of a duplex

(Nakano et al. 2008). In addition, the magnitude of the effect

of polymer additives is sensitive to the ionic strength because

the cation concentration affects the size of unfolded RNAs

(Denesyuk and Thirumalai 2013). These results indicate that

polymer solutions have effects on cation binding to nucleic

acids in addition to their excluded volume effect.

Concluding remarks

This review described the importance of the use of organic

solvents in nucleic acid research. Use of organic solvents or

cosolvents has applications in oligonucleotide-based technolo-

gies, such as PCR, construction of self-assembled DNA nano-

structures, and DNA-guided organic synthesis, through the

modulation of the stability and kinetics of hybridization.

Cosolvents alter water activity and dielectric constant and thus

impact base paring and tertiary structure formations. Finally,

the presence of organic solvents influences the activities of

nucleic acid catalysts. Although organic solvents affect nucleic

acid interactions by a combination of mechanisms, only a few

factors appear to dominate the cosolvent effect at extremes of

salt concentrations. Considerations of these dominant factors

are helpful during selection of the solvent system. For example,

based on the solvent properties provided in Fig. 2, it is plausible

that solvents that reduce the dielectric constant, like 1,

2-dimethoxyethane, are beneficial to promote nucleic acid fold-

ing at low ionic strengths, whereas solvents that reduce the

water activity, such as methanol, are beneficial to disrupt base

pairing at high ionic strengths. More comprehensive studies

will provide valuable information that will guide optimization

of solvent systems for nucleic acid experiments.

Experimental systems using organic solvents facilitate the

study of how the molecular environment affects the interac-

tions of nucleic acids. The intracellular medium consists of a

large number of organic molecules in a confined space

(Luby-Phelps 2000), and the water activity and the dielectric

constant are reduced relative to water. The free Mg2+ concen-

tration in mammalian cells is relatively low, 0.25–1 mM

(Grubbs 2002). The experiment systems using organic sol-

vents that mimic low water activity, low dielectric constant,

and low Mg2+ concentration of the intracellular environment

suggest that characteristics of nucleic acid hybridization, ter-

tiary folding, and expression of the catalytic activity of

ribozymes in cells differ significantly from those in aqueous

buffer (Nakano et al. 2015b). Further studies using organic

solvents will advance our understanding of structures and

functions of DNA and RNA molecules under non-aqueous

conditions including intracellular environments.
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Fig. 5 a The ribozyme structures described in the text and their cleavage

sites (red arrows). b Plots of the NaCl concentration dependence of the

cleavage rate constant of a hammerhead ribozyme relative to the

dependence in the absence of cosolvents (Sk
c/Sk

w) against the dielectric

constant (εr or εr
−1) of mixed solutions in the amount of 10 or 20 wt%

cosolvents (Nakano et al. 2014b). The curve fits are drawn based on the

calculation performed in Fig. 4f. c The reaction cycle for the formation of

the catalytically active form of ribozymes in water solution and a mixed

solution with a low dielectric constant cosolvent
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