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ABSTRACT: The nonspecific atmosphere around nucleic acids,
often termed the ion atmosphere, encompasses a collection of weak
ion−nucleic acid interactions. Although nonspecific, the ion
atmosphere has been shown to influence nucleic acid folding and
structural stability. Studies investigating the composition of the ion
atmosphere have shown competitive occupancy of the atmosphere
between metal ions in the same solution. Many studies have
investigated single ion effects on nucleic acid secondary structure
stability; however, no comprehensive studies have investigated how
the competitive occupancy of mixed ions in the ion atmosphere
influences nucleic acid secondary structure stability. Here, six
oligonucleotides were optically melted in buffers containing molar
quantities, or mixtures, of either XCl (X = Li, K, Rb, or Cs) or
NaCl. A correction factor was developed to better predict RNA duplex stability in solutions containing mixed XCl/NaCl. For
solutions containing a 1:1 mixture of XCl/NaCl, one alkali metal chloride contributed more to duplex stability than the other.
Overall, there was a 54% improvement in predictive capabilities with the correction factor compared with the standard 1.0 M NaCl
nearest-neighbor models. This correction factor can be used in models to better predict RNA secondary structure in solutions
containing mixed XCl/NaCl.

■ INTRODUCTION
The RNA world hypothesis positions RNA toward the
beginning of biological macromolecule development, predating
DNA and protein. The presence of rRNA across many
biological domains is one of many examples supporting this
hypothesis, leading some to think of RNA as a “relic” of the
past.1 This hypothesis expands on the possible environmental
conditions and potential functions that RNA could have
evolved in and developed.2−5 Some of these conditions may
have included a variety of metal ions,6,7 extreme pH,7,8 or
extreme temperature.5

Many RNA functions that fall outside the central dogma of
molecular biology require the presence of metal ions. The ions
allow for higher-order folding,9,10 assist in stabilizing transition
states,11,12 or increase the stability of secondary and tertiary
structures.13−15 Many of the aforementioned phenomena are
due to the chemical composition of RNA, which possesses a
negative charge at physiological pH. The phosphate groups
along the backbone of RNA correspond to one negative charge
per group. Therefore, each polynucleotide accumulates a high
charge density with each addition of the nucleotide monomer.

The atmosphere surrounding nucleic acids can influence
nucleic acid stability and function. Many small molecules and
ions occupy this atmosphere and influence the stability of the

nucleic acids. Extensive studies have been conducted to
investigate the effect that environmental conditions have on
nucleic acid stability. Crowding agents have shown to be either
stabilizing or destabilizing to nucleic acids, depending on the
molecular weight of the crowding agent, functional groups
present, and overall percentage of crowding agent in
solution.16−18 These crowding agents have even been shown
to have an impact on the efficiency of transcription and
translation.19 Different monovalent,20−23 divalent,22,24,25 and
some trivalent26,27 ions in solution have either stabilized or
destabilized nucleic acid structures. These conditions can shift
the free energy (ΔG°37) and melting temperatures (Tm) of
nucleic acids by several kcal/mol and °C, respectively. There
are several predictive algorithms and correction factors that
have been developed to better predict the secondary structure
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conformation of nucleic acids in solutions containing various
metal ions.21−23,25

Some nucleic acid secondary structures have specific metal-
binding sites, as seen with G-quadruplexes (Figure 1, left). G-

quadruplexes typically contain monovalent cations (usually K+

or Na+) that are chelated in the center of the planar G-quartets,
allowing for the formation and stability of the G-quadruplex
structure.28 On the contrary, the general, nonspecific
atmosphere around nucleic acids (often termed the “ion
atmosphere”) encompasses a collection of weak ion−nucleic
acid interactions (Figure 1, right).29−31 These weak
interactions can collectively neutralize the high charge density
of polynucleotides without direct interaction by minimizing
the electrostatic repulsion of each phosphate group.32 This
phenomenon is referred to as screening and often includes
interactions between the first hydration layer of a solvated
metal ion and the phosphate backbone of a polynucleo-
tide.32−35 The dynamic nature of the ion atmosphere makes
studying its composition and its interaction with nucleic acids
difficult. Exhaustive and comprehensive methods from the
Herschlag lab were developed to identify and quantify the
number of ions occupying the ion atmosphere through a
method known as ion counting.36,37 Several other ion counting
methods exist, each offering its unique advantages and
disadvantages.38 These methods have been used to uncover
differences in ion atmosphere occupancy between nucleic acid
types and have provided effective benchmarking data to
improve computational methods.36,39−41

Computational modeling of direct metal ion interactions
with nucleobases has shown ion affinity for specific
heteroatoms usually not involved in traditional Watson−
Crick−Franklin (WCF) pairing.42,43 Other computational
studies have considered divalent metal ion−backbone
interactions for DNA and peptide nucleic acids.44 Duplexed
nucleic acids of eight base pairs or more in the presence of
alkali metals have shown competitive occupancy for the ion
atmosphere in silico.45−47 With recent advancements in
computational studies, a combined implicit and explicit ion
placement method has been developed to better mimic the
true electrostatic nature of nucleic acids and how they
influence the composition of the ion atmosphere.48 Addition-
ally, computational methods have accurately predicted the
composition of the ion atmosphere using molecular dynamic

simulations and Poisson−Boltzmann calculations.49 The
composition of the ion atmosphere around nucleic acids is
therefore well characterized by benchtop and in silico analysis.

Most ion counting methods investigate the composition of
the ion atmosphere without investigating how the composition
influences stability. Studies that have investigated ion effects on
nucleic acid stability tend to focus on single ion effects with no
mixing of metal ions in the same solution.13,20,21,23,50−53 When
studies do investigate mixed ion effects on stability, the studies
usually focus on mixed monovalent and divalent ion
solutions.22,54,55 Currently, no comprehensive secondary
structure stability analysis of nucleic acids exists with mixed
monovalent cationic (alkali metal chloride) solutions; however,
native nucleic acids are often found in environments
containing more than one monovalent cation.

Na+ and K+ make up the majority of intracellular
monovalent cations.56 Sodium plays a role in balancing water
in the body,57 transmitting nerve impulses,58,59 muscle
contraction and relaxation,59 and preventing organ failure.59,60

Potassium maintains osmotic pressure,61−63 is used to treat
diseases and disorders,64,65 and helps move nutrients into the
cell and waste out of the cell.66 The sodium−potassium pump
controls the cellular concentrations of the two ions and is a
well-characterized system that is tightly regulated. Lithium is
used in some antipsychotic and hypertension medications,67,68

and sodium−lithium exchange and sodium−proton exchange
are mediated by the same transport system.69 Rubidium helps
in the stimulation of metabolism,70,71 treats severe heart
diseases,72,73 and is found in muscles.74,75 Some DNA
extraction kits and DNA cloning methods utilize RbCl as a
means for enhancing efficacy.76−78 Cesium shares chemical
properties of potassium and can replace potassium in biological
systems.79,80 Although Rb+ and Cs+ are less biologically
relevant, studying the effects of all five monovalent ions on
RNA secondary structure stability can assist in understanding
the basic trends across the alkali metal ions.

The lack of stability data in this area led to the work here,
which aimed to provide preliminary stability data for nucleic
acids in solutions containing more than one monovalent cation
at different ratios. We compared mixed alkali metal chloride
solutions (LiCl, KCl, RbCl, and CsCl) systematically to
standard buffer conditions (NaCl) commonly used in
traditional optical melting experiments.81−83 Our findings
suggest alkali metal identity is important in stabilizing the
nucleic acid secondary structure when in mixed solutions.
Some ions appear to have a greater influence on RNA
secondary structure stability than others when in the same
solution, consistent with the idea of competitive occupancy for
ions in the ion atmosphere around nucleic acids.41,47

■ MATERIALS AND METHODS
Oligonucleotide Selection and Synthesis. Six oligonu-

cleotide duplexes of different lengths and compositions were
used in this study, three for RNA and three for DNA. For
RNA, the duplexes included the self-complementary oligonu-
cleotides 5′-GUAAUAUUAC-3′ and 5′-GAACGUUC-3′,
along with the nonself-complementary oligonucleotide 5′-
GCUGGC-3′/3′-CGACCG-5′ (referred to as 5′-GCUGGC-
3′, herein). The corresponding DNA duplexes contained T in
place of U. RNAstructure84−86 software was used to ensure that
duplex formation was the most likely secondary structure in a
1.0 M NaCl solution. The second most stable secondary
structure predicted was >2.0 kcal/mol less stable than the

Figure 1. Types of ion−nucleic acid interactions. Chelated ions in a
G-quadruplex (left) and the general, nonspecific ion atmosphere
surrounding an RNA duplex (right). Blue spheres represent Na+ ions,
and green spheres represent K+ ions.
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desired duplex for each oligonucleotide. Each duplex contained
a terminal GC pair to reduce the amount of fraying during
optical melting experiments,87 ensuring a two-state transition.
Each synthetic oligonucleotide was purchased from Integrated
DNA Technologies, Inc. (Coralville, IA).
Oligonucleotide Purification and Concentration. The

purification of oligonucleotides was described in detail
previously.88 In short, the lyophilized oligonucleotides were
resuspended in a buffered solution and loaded onto a Sep-Pak
C18 Classic Cartridge (Waters) to desalt. After desalting, each
sample was loaded onto a thin-layer chromatography (TLC)
plate with a fluorescent indicator to separate the desired
product from the failure sequences. An additional Sep-Pak
cartridge was used following TLC. The absorbance at both 260
and 280 nm for each of the samples was determined in a 1.0
cm cuvette at 80 °C. The concentrations of the single strands
were approximated using ε260 for the 5′-GUAAUAUUAC-3′,
5′-GTAATATTAC-3′ , 5′-GAACGUUC-3′ , and 5′-
GAACGTTC-3′ duplexes and ε280 for the 5′-GCUGGC-3′
and 5′-GCTGGC-3′ duplexes from RNAcalc89,90 software and
the Beer−Lambert law.
Buffer Solutions. A total of 17 buffers were made for the

analysis of mixed alkali metal effects on nucleic acid duplex
stability. Five buffers contained 1.0 M of either LiCl, NaCl,
KCl, RbCl, or CsCl with 20.0 mM sodium cacodylate as the
buffering agent and 0.5 mM Na2EDTA. The remaining 12
buffers contained either 750 mM XCl/250 mM NaCl, 500 mM
XCl/500 mM NaCl, or 250 mM XCl/750 mM NaCl (where X
corresponds to either Li, K, Rb, or Cs), 20.0 mM sodium
cacodylate, and 0.5 mM Na2EDTA, keeping total the salt
concentration at ∼1.0 M. The ratios for each alkali metal
chloride mixed with NaCl are referred to as 1:0, 3:1, 1:1, 1:3,
and 0:1 herein, where 1:0 refers to 1.0 M XCl/0.0 M NaCl and
decreasing amounts of XCl with increasing amounts of NaCl
continue as the ratio approaches 0:1.

The buffer for optical melting experiments that is often
considered the “standard” melt buffer contains 1.0 M NaCl,
10.0−20.0 mM sodium cacodylate, and 0.5 mM Na2
EDTA.81,91 Duplexes suspended in 1.0 M NaCl, 20.0 mM
sodium cacodylate, and 0.5 mM Na2 EDTA were used as
reference samples. Each salt mixture was suspended in water
and adjusted to a pH of 7.0 with either NH4OH or HCl. All
metal chlorides used were ≥99.0% pure.
Optical Melting Studies. A melting scheme of serial

dilutions was used to ensure that each duplex was melted at
least nine times in each buffer at different concentrations,
achieving a ∼50-fold dilution range. Each DNA duplex was
melted in one of the five 1.0 M buffers containing a single alkali
metal chloride. Each RNA duplex was melted in each of the 17
buffers. Equal mole amounts of each nonself-complementary
strand were combined and concentrated to an appropriate
volume. All optical melting studies were performed on a
Beckman-Coulter DU800 spectrophotometer. The temper-
ature was varied by using an automated high-performance
temperature controller. Absorbances for each sample were
recorded at both 260 and 280 nm with a ramp rate of 1.0 °C/
min and a data acquisition interval of 0.5 °C. The temperature
ranged from 10 to 90 °C. Absorbance versus temperature
curves were plotted and used to determine thermodynamic
parameters.
Thermodynamic Parameter Calculations. For the 5′-

GUAAUAUUAC-3′, 5′-GTAATATTAC-3′, 5′-GAACGUUC-
3′, and 5′-GAACGTTC-3′ duplexes, the absorbance at 260 nm

versus temperature melt curves were used to determine
thermodynamic parameters. For the 5′-GCUGGC-3′ and 5′-
GCTGGC-3′ duplexes, the absorbance at 280 nm versus
temperature melt curves were used to determine thermody-
namic parameters. The raw data from the melt curves was
analyzed using MeltWin92 software and fit to an assumed two-
state model. The melting temperature (Tm, in kelvin) and
oligonucleotide concentrations (CT, in molar) were used to

construct a Tm
−1 versus ( )ln C

a
T plot93 with eq 194

=
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where a is 1 for self-complementary sequences and 4 for
nonself-complementary sequences, and R is the gas constant
1.987 cal K−1 mol−1. The enthalpy (ΔH°) and entropy (ΔS°)
of the system were determined by the slope and intercept of
the plot. The Gibb’s free energy at 37 °C (ΔG°37) was
calculated using eq 2

° = ° °G H K S(310.15 )37 (2)

Only the parameters derived from the Tm
−1 versus ( )ln C

a
T

plot were used in comparisons between standard buffer and/or
predicted values using the standard 1.0 M NaCl nearest-
neighbor (NN) model for predicting RNA duplex stabil-
ity.81,91,95 Errors reported for the averages of fittings and van’t
Hoff plots are average relative sample standard deviations
calculated by MeltWin.92

Thermodynamic Parameter Comparisons. All thermo-
dynamic parameters for duplexes in 1.0 M XCl and mixed
solutions were compared to parameters derived from duplexes
in a standard melt buffer. The ΔΔG°37 values for duplexes in
XCl-containing buffers compared to standard melt buffer were
calculated using eq 3

° = ° °G G G37 37,1.0 M NaCl 37,XCl (3)

where ΔG°37,1.0 M NaCl is equal to the free energy of duplex
formation in the standard 1.0 M NaCl melt buffer and
ΔG°37,XCl is the free energy in each of the mixed alkali metal
chloride solutions (ratios of 1:0, 3:1, 1:1, and 1:3).

The average deviation in ΔG°37 (ΔΔG°37,ave) from standard
melt buffer for duplexes in alkali metal solutions containing
XCl was calculated for each duplex using eq 4

° =
° °

G
G G( )

437,ave
37,1.0 M NaCl 37,XCl

(4)

The ΔΔG°37,competition for each duplex in each XCl buffer was
calculated using eq 5

° = | ° ° |G G G37,competition 37,1:1 37,pure (5)

where ΔG°37,1:1 represents the free energy of duplex formation
for duplexes in 1:1 solutions of XCl/NaCl, and ΔG°37,pure
represents the free energy in a 1.0 M solution of NaCl or XCl.
Errors associated with ΔΔG°37, ΔΔH°, and ΔΔS° were
propagated from average relative sample standard deviations
using standard error propagation calculations. Similar equa-
tions were used for ΔH° and ΔS° comparisons (eqs S1−S6).
Derivation of Proposed Correction Factor for

Duplexes in Mixed Alkali Metal Chloride Solutions. A
variety of correction factors to the standard 1.0 M NaCl NN
model95 were tested. The following were used as variables:
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ionic radius of alkali metal (Ri), concentration of alkali metal
chloride and sodium chloride ([XCl] and [NaCl], respec-
tively), and fraction of GC pairs in the duplex ( f GC). Linear
regression was used to derive the correction factors, assuming
independent linear relationships between each of the
parameters and stability of duplexes. Data from all 16 buffers
(excluding the 0:1 buffer) for each of the duplexes were used in
the fitting procedure. The coefficients derived from the linear
regression were validated with a leave-one-out analysis, similar
to what was conducted previously (see the Supporting
Materials and Methods).96

■ RESULTS
DNA and RNA with Alkali Metals. Both DNA and RNA

contain negatively charged phosphate groups at physiological
pH, causing both molecules to have high charge densities.
Although similar in structure, duplexed RNA has been shown
to have a higher electrostatic potential when compared to
duplexed DNA.41,97 This higher electrostatic potential is a
proposed reason for stronger interactions with ions in the ion
atmosphere.41,98,99 Optical melting experiments of three RNA
duplexes and their three DNA equivalents revealed that RNA is
also more stable than DNA in electrolytic conditions (Figure
2). The raw thermodynamic parameters for nucleic acid
duplexes in each of the molar alkali metal solutions are
provided in the Supporting Information (Tables S1 and S2).
Example melt curves for duplexes in each of the 1.0 M buffers
can be found in the Supporting Information (Figure S1). All
melt curves exhibited a single sigmoidal transition, which is
suggestive of two-state melting.
DNA and RNA in Pure Alkali Metal Chloride

Solutions. Each RNA duplex had a more negative ΔG°37
compared to that of its equivalent DNA duplex in each of the
pure 1.0 M buffers (Figure 2, left). This finding is consistent
with previous findings that reported that RNA duplexes are
more thermodynamically stable than their DNA counter-
parts.100−104 One exception was seen with the 5′-
GUAAUAUUAC-3′ and 5′-GTAATATTAC-3′ duplexes in
1.0 M CsCl, where the 5′-GTAATATTAC-3′ duplex had a
more negative ΔG°37 (Figure 2, left). The difference in stability
between the RNA and its DNA equivalent also varied the least
for the 5′-GUAAUAUUAC-3′ and 5′-GTAATATTAC-3′

duplexes, with the ΔG°37 in 1.0 M RbCl being within 0.12
kcal/mol between the two nucleic acid types (Figure 2, left).
The 5′-GAACGTTC-3′ and 5′-GAACGUUC-3′ duplexes had
the largest difference in ΔG°37 between RNA and DNA in 1.0
M LiCl, and the smallest difference in ΔG°37 in the 1.0 M CsCl
buffer, 2.21 and 1.31 kcal/mol, respectively (Figure 2, left).
The 5′-GCUGGC-3′ and 5′-GCTGGC-3′ duplexes varied the
most in ΔG°37 between the RNA and DNA nucleic acid types
in pure 1.0 M buffers (Figure 2, left). The largest difference in
ΔG°37 in this study, 3.34 kcal/mol, was between the 5′-
GCUGGC-3′ and 5′-GCTGGC-3′ duplexes in the 1.0 M LiCl
solution (Figure 2, left).

When comparing the stability of nucleic acids in 1.0 M XCl
versus 1.0 M NaCl, the 5′-GTAATATTAC-3′ duplex was
always less stable in 1.0 M NaCl, a feature unique to this
duplex, indicated by all positive values in Figure 2 (right).
Consistent with previous studies,14,15 all RNA and DNA
oligonucleotides were more stable in 1.0 M LiCl than in 1.0 M
NaCl (Figure 2, right). The 5′-GUAAUAUUAC-3′, 5′-
GAACGUUC-3′, 5′-GAACGTTC-3′, 5′-GCUGGC-3′, and
5′-GCTGGC-3′ duplexes were all less stable in 1.0 M KCl,
RbCl, and CsCl than in 1.0 M NaCl (Figure 2, right). The
largest difference in stability between 1.0 M XCl and 1.0 M
NaCl was seen for the 5′-GUAAUAUUAC-3′ duplex in 1.0 M
CsCl, which was 1.20 kcal/mol less stable than that in 1.0 M
NaCl (Figure 2, right). The smallest differences between 1.0 M
XCl and 1.0 M NaCl were for the 5′-GAACGTTC-3′ duplex
in 1.0 M RbCl (0.06 kcal/mol less stable than that in 1.0 M
NaCl) and in 1.0 M CsCl (0.04 kcal/mol more stable than that
in 1.0 M NaCl) (Figure 2, right). The difference between 1.0
M XCl and 1.0 M NaCl was greater for RNA compared to
DNA regardless of sequence or length. The stability of the 5′-
GUAAUAUUAC-3′ duplex in different alkali metal solutions
exhibited a clear trend of decreasing stability with increasing
ionic radius. The 5′-GAACGUUC-3′ duplex had a similar
trend with KCl and RbCl being close in value (−0.49 and
−0.50 kcal/mol, respectively) (Figure 2, right). All other
duplexes displayed no notable trends.
RNA in Mixed Alkali Metal Chloride Solutions. The

raw thermodynamic data for each RNA duplex in mixed
solutions can be found in the Supporting Information (Table
S2). RNA duplexes in solutions containing LiCl were more

Figure 2. Free energy change (ΔG°37) for duplex formation in various alkali metal chloride buffers. The ΔG°37 (left) and the ΔΔG°37 (calculated
using eq 3) for 1.0 M XCl (X = Li, K, Rb, or Cs) compared to 1.0 M NaCl (right) for the 5′-GUAAUAUUAC-3′ (0.20 f GC), 5′-GTAATATTAC-3′
(0.20 f GC), 5′-GAACGUUC-3′ (0.50 f GC), 5′-GAACGTTC-3′ (0.50 f GC), 5′-GCUGGC-3′ (0.83 f GC), and 5′-GCTGGC-3′ (0.83 f GC) duplexes
are depicted. Each oligonucleotide forms a duplex in solution with its complement. The DNA duplexes are depicted by the darker shade of each
color and contain Ts. The RNA duplexes are depicted by the lighter shade of each color and contain Us. Positive ΔΔG°37 values indicate a
stabilizing effect from XCl compared to NaCl, and negative ΔΔG°37 values indicate a destabilizing effect.
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stable than RNA duplexes in all of the other mixtures (Figure
3). In general, as the concentration of NaCl in the buffers
increased, the ΔG°37 of the duplexes in mixed buffered
solutions converged toward the ΔG°37 of the duplexes in 1.0 M
NaCl. An exception to this trend was for the 5′-GCUGGC-3′
duplex in 1:1 and 1:3 solutions. The ΔG°37 in the 1:1 solution
for the 5′-GCUGGC-3′ duplex containing CsCl/NaCl was
more negative than that in the 1:3 solution (Figure 3, right).
The 5′-GCUGGC-3′ duplex was also more stable in all of the
1:3 mixtures than in 1.0 M NaCl.

When considering similar plots with ΔH° and ΔS°, there
were no observable trends (Figures S2−S5). The cause for no
notable trend may be due to the entropy−enthalpy
compensation phenomenon. However, due to the large errors
associated with ΔH° and ΔS°, this not a definitive explanation
and would require additional rigorous testing to vali-
date.105−107

The theoretical dielectric constants for each alkali metal
chloride solution were calculated according to eqs S7 and S8
and can be found in Tables S3 and S4. Each of the mixed

solutions had calculated dielectric constants within 1.0 unit of
each other (Table S4). The LiCl- and CsCl-containing samples
had the same calculated constants (Tables S3 and S4). This
suggests that dielectric constants of the solution may not play a
role in the stability of duplexes.
Comparing ΔΔG°37 of RNA in Mixed Alkali Metal

Chloride Solutions. The ΔΔG°37,ave for each alkali metal
solution compared to standard buffer conditions of 1.0 M
NaCl was calculated using eq 4. The 5′-GUAAUAUUAC-3′
duplex had a similar average difference in ΔG°37 in the KCl
and RbCl solutions compared to the 1.0 M NaCl standard
buffer conditions, −0.50 and −0.49 kcal/mol, respectively
(Table 1). For the 5′-GUAAUAUUAC-3′ duplex in the LiCl
solutions, the ΔG°37 deviated the least from 1.0 M NaCl with a
ΔΔG°37,ave of 0.40 kcal/mol, stabilizing compared to 1.0 M
NaCl (Table 1). The same duplex in the CsCl solutions had
the largest deviation from 1.0 M NaCl with a ΔΔG°37,ave of
−0.65 kcal/mol, destabilizing in comparison to 1.0 M NaCl
(Table 1). The 5′-GCUGGC-3′ duplex in the KCl, RbCl, and
CsCl solutions was least affected by a change in buffer,

Figure 3. Free energy change (ΔG°37) for RNA duplex formation in various mixed alkali metal chloride solutions. The three RNA duplexes, 5′-
GUAAUAUUAC-3′ (0.20 f GC, left), 5′-GAACGUUC-3′ (0.50 f GC, middle), and 5′-GCUGGC-3′ (0.83 f GC, right), were optically melted in each
of the 17 alkali metal chloride buffers. All XCl (X = Li, K, Rb, or Cs) were mixed with NaCl at specific ratios that are outlined in the Materials and
Methods section. Note that the range on the y-axis is different for each panel.

Table 1. Differences in ΔG°37 for RNA Duplexes in Alkali Metal Solutions Compared with Standard Buffer Conditions

ΔΔG°37 (kcal/mol) for alkali metal solutions (X)a

sequence (5′−3′)b f GC
c ratio (XCl/NaCl)d Li K Rb Cs

GUAAUAUU-
AC

0.20 1:0 0.68 ± 0.04 −0.81 ± 0.01 −0.94 ± 0.01 −1.20 ± 0.02
3:1 0.45 ± 0.04 −0.60 ± 0.02 −0.60 ± 0.01 −0.78 ± 0.02
1:1 0.32 ± 0.04 −0.37 ± 0.04 −0.29 ± 0.03 −0.46 ± 0.03
1:3 0.16 ± 0.02 −0.21 ± 0.04 −0.14 ± 0.04 −0.15 ± 0.02
ΔΔG°37,ave

e 0.40 ± 0.02 −0.50 ± 0.02 −0.49 ± 0.02 −0.65 ± 0.02

GAACGUUC 0.50 1:0 0.94 ± 0.11 −0.49 ± 0.08 −0.50 ± 0.07 −0.74 ± 0.07
3:1 0.77 ± 0.06 −0.39 ± 0.11 −0.39 ± 0.07 −0.46 ± 0.06
1:1 0.45 ± 0.09 −0.17 ± 0.09 −0.30 ± 0.06 −0.35 ± 0.06
1:3 0.18 ± 0.17 −0.05 ± 0.08 −0.24 ± 0.09 −0.12 ± 0.06
ΔΔG°37,ave

e 0.59 ± 0.06 −0.28 ± 0.05 −0.36 ± 0.04 −0.42 ± 0.03

GCUGGC 0.83 1:0 0.74 ± 0.10 −0.34 ± 0.12 −0.31 ± 0.07 −0.25 ± 0.10
3:1 0.51 ± 0.09 −0.19 ± 0.10 −0.10 ± 0.15 −0.04 ± 0.16
1:1 0.47 ± 0.14 −0.18 ± 0.08 −0.05 ± 0.08 0.36 ± 0.13
1:3 0.38 ± 0.10 0.11 ± 0.08 0.17 ± 0.07 0.00 ± 0.08
ΔΔG°37,ave

e 0.53 ± 0.08 −0.15 ± 0.08 −0.07 ± 0.08 0.02 ± 0.09
Overall ΔΔG°37,ave 0.50 −0.31 −0.31 −0.35

aValues were calculated using eq 3. bOligonucleotides form duplexes in solution with their complement. cThe fraction of GC pairs in the duplex.
dConcentrations associated with the ratios can be found in the Materials and Methods section. eValues were calculated using eq 4, and propagated
standard deviations were derived from experimental uncertainty.
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exhibiting ΔΔG°37,ave values of −0.15, −0.07, and 0.02 kcal/
mol, respectively (Table 1). The 5′-GCUGGC-3′ and 5′-
GAACGUUC-3′ duplexes were most affected by the presence
of LiCl in solution, exhibiting a ΔΔG°37,ave of 0.59 and 0.53
kcal/mol, respectively, stabilizing compared to 1.0 M NaCl
(Table 1). The Li-containing solutions were always stabilizing
compared to NaCl. The K-, Rb-, and Cs-containing solutions
were mostly destabilizing compared to NaCl. The overall
ΔΔG°37,ave deviation from 1.0 M NaCl standard buffer for Li+,
K+, Rb+, and Cs+ solutions from most stabilizing to most
destabilizing is Li+ > Cs+ > K+ ≈ Rb+, with the Li+ solutions
being stabilizing and the other solutions being destabilizing
compared to Na+.

ΔΔG°37,competition for Alkali Metals. ΔΔG°37,competition is a
metric for determining how much a single metal ion influences
the stability of a nucleic acid when mixed in solutions
containing other metal ions. The lower the value for
ΔΔG°37,competition, the closer the measured ΔG°37 was to the
ΔG°37 of the nucleic acid in a pure solution of monovalent
cations. As an example, if the calculated ΔΔG°37,competition of a
nucleic acid in a mixed LiCl/NaCl solution was 0.16 for Li+
and 0.45 for Na+, Li+ could be said to have more of an
influence on the stability of the nucleic acid when in a 1:1
mixed solution with Na+. This is because the ΔG°37 of the
nucleic acid in 1:0 LiCl was closer to the ΔG°37 of the nucleic
acid in 1:1 LiCl/NaCl compared to the ΔG°37 of the nucleic
acid in 0:1 NaCl. Therefore, a lower ΔΔG°37,competition value
would correspond to a cation that has a greater influence on
the stability of the nucleic acid sample in mixed solutions. For
the 5′-GUAAUAUUAC-3′, 5′-GAACGUUC-3′, and 5′-
GCUGGC-3′ RNA duplexes, the ΔΔG°37,competition values for
Li+ and K+ were about the same as Na+ in each solution, within
propagated experimental uncertainty (Figure 4). These
findings suggested that when Li+ and Na+ or K+ and Na+ are
in solution with one another, the stability of the nucleic acid in
solution is equally influenced by either ion. The
ΔΔG°37,competition for the 5′-GUAAUAUUAC-3′ and 5′-
GCUGGC-3′ duplexes in solutions containing Rb+ and Na+

or Cs+ and Na+ suggested that Na+ had a greater influence on

the overall stability of nucleic acids in those solutions (Figure
4). The 5′-GAACGUUC-3′ duplex showed no such trends.
Predicting RNA Duplex Stability in Mixed Alkali

Metal Chloride Solutions. Correction factors to the
standard 1.0 M NaCl RNA NN parameters that account for
varying concentrations of individual metal cations (Na+ only
and Mg2+ only) have previously been reported.23,96 No
correction factors exist for predicting the stability of RNA
duplexes in solutions containing a mixture of monovalent ions.
The data reported here was used to derive such a correction
factor. The following correction factor to be used for RNA
duplexes in mixed alkali metal chloride solutions with NaCl is

° = ° + [ ]

[ ]

G G R

f

(2) (1) 0.777 0.411 XCl

0.513 0.782 NaCl
37 37 i

GC (6)

where ΔG°37(2) is the predicted ΔG°37 in kcal/mol for a
mixed alkali metal chloride solution, ΔG°37(1) is the predicted
ΔG°37 in kcal/mol using the standard 1.0 M NaCl NN
parameters,95 Ri is the ionic radius in Å108 of the alkali metal
mixed with NaCl in solution (values for ionic radii used can be
found in Table S5), [XCl] is the concentration of the alkali
metal chloride in M, and f GC is the fraction of GC pairs in the
duplex. A leave-one-out analysis validated the chosen
coefficients in eq 6 (Figure S6 and Table S6).

Equation 6 was used to predict the ΔG°37 of duplex
formation for all 48 oligonucleotide samples in alkali metal
chloride buffers other than 1.0 M NaCl. Plotting experimental
ΔG°37 versus predicted ΔG°37 resulted in an R2 value of 0.953
and a line-of-best-fit with a slope of 1.001 and a y-intercept of
0.008 (Figure 5). The experimental ΔG°37 versus predicted
ΔG°37 values using the standard NN parameters95 with no
correction factor (Figure S7) and the percent improvement for
the predicted ΔG°37 of various categories (Table S7) can be
found in the Supporting Information.

■ DISCUSSION
Nucleic Acids in Solutions with Alkali Metals. The

electrostatic repulsion of the phosphate backbone is neutral-
ized by ions in the ion atmosphere, allowing for the folding of

Figure 4. ΔΔG°37,competition (calculated using eq 5) for RNA duplexes in 1:1 XCl/NaCl solutions (X = Li, K, Rb, or Cs) compared to pure alkali
metal chloride solutions. ΔΔG°37,competition for the 5′-GUAAUAUUAC-3′ (0.20 f GC, left), 5′-GAACGUUC-3′ (0.50 f GC, middle), and 5′-
GCUGGC-3′ (0.83 f GC, right) duplexes is on the y-axis. Each pair of bars represents an oligonucleotide in mixed solutions of XCl with NaCl. The
blue bars represent the comparison between the 1:1 XCl/NaCl solution and the 1:0 XCl solution, with the X corresponding to the alkali metal
depicted on the x-axis. The orange bars represent the comparison between the same 1:1 XCl/NaCl solutions and the 0:1 NaCl solution. For each
pair of bars, the alkali metal chloride with a ΔΔG°37,competition value closer to zero had more influence on RNA duplex stability when in mixed
solutions with the other alkali metal chloride.
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nucleic acids. Lithium chloride has been shown to stabilize
duplexed regions of nucleic acids15 while destabilizing more
intricate secondary structures such as G-quadruplexes.109 The
findings here were consistent with previous studies, with LiCl
stabilizing duplexed nucleic acids. The Li+ ion has the highest
charge density of the ions studied here. Some studies postulate
that increased charge density of ions leads to increased stability
of dsRNA.110 The Li+ ion has also been shown to increase the
stability of a glycine residue in silico due to an increase in water
density around the carboxylate group of the residue and the
presence of the first hydration shell of the Li+ ion, a feature
unique to this ion compared to other alkali metal ions.111 In
this study, the ion with the highest charge density was the most
stabilizing, and the ion with the lowest charge density was
often the most destabilizing to nucleic acid duplexes.

Previous studies also suggested that the identity of alkali
metal ions in solution with a nucleic acid sample did not affect
secondary structure stability for alkali metal ions Na+, K+, Rb+,
and Cs+.15 Additional studies investigating the composition of
the ion atmosphere have shown slight preferential occupancy
of specific ions in the atmosphere, depending on the nucleic
acid type.36,41 The data reported here show that there is not
only a measurable difference in stability for nucleic acid
duplexes in various alkali metal chloride-containing solutions,
but the difference in stability could be dependent on the
fraction of GC ( f GC) pairs in the duplexes. The reason for the
inclusion of the f GC variable in eq 6 is discussed below.

ΔG°37 also varied between nucleic acid types of the same
sequence in various alkali metal chloride solutions (Figure 2).
It is well-known that standard A-form RNA has a slightly larger
charge density than standard B-form DNA along the minor
groove.41,97,112 This difference in charge density is one possible
explanation for the increased association of ions with RNA
duplexes compared to DNA duplexes.41 ΔG°37 values for RNA
duplexes were substantially more affected by ion identity
compared to the DNA duplexes (Figure 2, right). One reason
for this could be due to the slight preferential association of
ions to RNA over DNA. The additional ions could stabilize the
RNA duplexes more than the DNA duplexes. Although the
ΔG°37 values for the 5′-GUAAUAUUAC-3′ and 5′-GTAA-
TATTAC-3′ duplexes were similar for alkali metals K, Rb, and

Cs (Figure 2, left), comparing ΔG°37 to the 1.0 M NaCl
standard buffer solution resulted in notable differences for the
RNA-oligonucleotide (>0.50 kcal/mol) while the DNA-
oligonucleotide stayed within 0.50 kcal/mol (Figure 2, right).

Due to the similarities between the dielectric constants for
the mixed alkali metal chloride solutions (Table S4), the
dielectric constant of solutions likely does not play a role in the
stabilization of duplexes. An additional variable to consider is
the ionic radius of the metal ions. With the dynamic nature of
the hydration shell surrounding a dissociated monovalent
ion,35 the radii for consideration are often difficult to
determine. Many researchers have used different values for
ionic radii in their comparisons and calculations. Some have
used the fully dehydrated ionic radii,14 while others have used
variations of coordinated ions108 with varying degrees of
hydration.15,36,39,40,98,110,113,114 Many studies have suggested
that ionic radii are necessary to consider when comparing
nucleic acid stability or competitive ion binding in different
solutions46,110,115 while others suggest no such comparison is
necessary.13,40,116 In this work, the ionic radius for each of the
alkali metals had a linear relationship with the destabilization
of RNA duplexes (Figure S8) and was, therefore, used as a
variable in the correction factor.

Another variable that is frequently considered when
developing correction factors to the standard 1.0 M NaCl
nearest-neighbor model is f GC. Studies reporting correction
factors for the effects of [Na+] on RNA23 and DNA duplex
stability,21,117 correction factors for the effects of [Mg2+] on
RNA96 and DNA duplex stability,22 and nearest-neighbor
parameters for RNA duplexes in crowding conditions16 all used
f GC as a variable. As a result, f GC was tested as a parameter
here, and its inclusion resulted in an improved prediction
accuracy.
Competitive Occupancy of the Ion Atmosphere and

ΔG°37. Monovalent cations have been found to preferentially
occupy the ion atmosphere when in mixed solutions.36,45,46

The measured ΔG°37 values of nucleic acids in mixed ionic
solutions suggested that preferential occupancy affects the
stability of duplexed nucleic acids. The Na+ ion appeared to
influence secondary structure stability for the 5′-
GUAAUAUUAC-3′ and the 5′-GCUGGC-3′ duplexes more
than the Rb+ or Cs+ ions when in a 1:1 mixed solution (Figure
4). The calculated ΔΔG°37,competition was lower for Na+

compared to Rb+ and Cs+ for those duplexes. A metal ion
with a lower ΔΔG°37,competition corresponds to a metal ion that
has a greater influence on secondary structure stability when in
a solution with another metal ion. The most stabilizing alkali
metal ion, Li+, appeared to influence stability to the same
extent as Na+ when in a 1:1 mixed solution. These findings
were surprising considering Li+ has been shown to have a
higher affinity for the ion atmosphere compared to Na+.36,45

Both K+ and Na+ were shown to have relatively the same
affinity for the ion atmosphere. These findings were contra-
dictory to recent studies that suggested K+ aggregates around
the phosphate backbone more so than Na+.110 One may
assume that increased aggregation would lead to increased
stability; however, that association may not be the case here.
Improved Predictive Capabilities. Because no studies

exist that account for differences in the RNA duplex stability
from mixed monovalent cations in solution, a correction factor
is needed to account for the presence of more than one alkali
metal chloride in a solution. This was the focus of the work
presented here that led to the development of eq 6. An

Figure 5. Experimental ΔG°37 versus predicted ΔG°37 using eq 6. The
dashed line represents the ideal predictive model that exactly predicts
the experimental results. The linear equation and R2 value are for the
plotted data. An optimal slope and y-intercept would be 1.000 and
0.000, respectively, with an R2 of 1.000 to signify the accurate
predictive capabilities of eq 6.
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example calculation for using eq 6 is shown below for the 5′-
GUAAUAUUAC-3′ duplex. The predicted ΔG°37 using the
standard NN model in 1.0 M NaCl is −7.90 kcal/mol and will
be used to predict the stability of the 5′-GUAAUAUUAC-3′
duplex in the 3:1 RbCl/NaCl solution:

°

= ° +

[ ] [ ]

G

G R

f

(3:1 RbCl/NaCl)

(1.0 M NaCl) 0.777 ( ) 0.411

( RbCl ) 0.513 ( ) 0.782 ( NaCl )

37

37 i,RbCl

GC (7)

°

= +

G (3:1 RbCl/NaCl)

7.90 kcal/mol 0.777 (1.64 Å) 0.411 (0.750 M)

0.513 (0.20) 0.782 (0.250 M)

37

(8)

° =G (3:1 RbCl/NaCl) 7.23 kcal/mol37 (9)

The experimental ΔG°37 reported for the 5′ -
GUAAUAUUAC-3′ duplex in 3:1 RbCl/NaCl was −7.17
kcal/mol. The difference between experimental and predicted
ΔG°37 using eq 6 is 0.06 kcal/mol. When the 1.0 M NaCl
standard NN model is used, the difference between
experimental and predicted ΔG°37 is 0.67 kcal/mol. This is a
91% improvement in predictive capabilities for the 5′-
GUAAUAUUAC-3′ duplex in 3:1 RbCl/NaCl. Other
comparisons can be found in the Supporting Information
(Table S7).
Implementation with Existing Studies. Most experi-

ments concerned with counting the ions in the ion atmosphere
have not considered their impact on the stability of nucleic
acids in mixed ion solutions.36,39−41 Many of those studies
have shown conflicting results regarding the preferential
occupancy of the ion atmosphere.13,40,46,110,115,116 Regardless,
these studies have provided benchmarks for electrostatic
association calculations of metal ions around nucleic acids.
The study presented here has shown measurable differences in
ΔG°37 for nucleic acids that are dependent on the fraction of
GC pairs in an RNA duplex, the identity of alkali metal ions in
the solution, and the concentration at which those metal
chlorides are mixed. Additionally, the identity of a monovalent
metal ion associated with a nucleic acid sample directly
impacts its stability in solution. This was seen in mixed ion
solutions, where some ions may preferentially occupy the area
around the nucleic acid sample. Comparing this to other
studies, the findings of an atomistic molecular dynamics
simulation study with intrinsically disordered proteins and
metal ions suggest that the stability of the protein depends on
intrapeptide and peptide−water hydrogen bonds coupled with
the heterogeneity of hydration water around the peptide in the
presence of various ions.118 It is likely that similar interactions
are involved with nucleic acids in ion solutions, but more
experiments are needed to confirm. A myriad of variables need
to be considered when performing benchtop or computational
studies involving nucleic acids and metal ions. Some of these
variables include ion size, dielectric constants, electrostatics of
nucleic acids, and the length of nucleic acids. Thorough
consideration of each variable should result in improved
predictive capabilities for nucleic acid stability in solutions
containing more than one monovalent ion. The correction
factor presented here could assist in these calculations.
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