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ABSTRACT: The distribution of cations around nucleic acids is DNA RNA oSt T
essential for a broad variety of processes ranging from DNA : =
condensation and RNA folding to the detection of biomolecules in
biosensors. Predicting the exact distribution of ions remains
challenging since the distribution and, hence, a broad variety of
nucleic acid properties depend on the salt concentration, the

valency of the ions, and the ion type. Despite the importance, a ) \ o6 il A

general theory to quantify ion-specific effects for highly charged 02k SoipP i |o2p Lo
biomolecules is still lacking. Moreover, recent experiments reveal e <7
that despite their similar building blocks, DNA and RNA duplexes lon concentration (K*) L

can react dlffer'ently to thg same jonic condlt‘lons. The aim of our 00 T 10 | 20 @ 30 >40[M] A
current work is to provide a comprehensive set of molecular b
dynamics simulations using more than 180 us of simulation time.

For the mono- and divalent cations Li*, Na*, K*, Cs*, Ca®*, Sr**, and Ba*, the simulations allow us to reveal the ion-specific
distributions and binding patterns for DNA and RNA duplexes. The microscopic insights from the simulations display the origin of
ion-specificity and shed light on the question of why DNA and RNA show opposing behavior in the same ionic conditions. Finally,
the detailed binding patterns from the simulations reveal why RNA can capture more cations than DNA.

Bl INTRODUCTION In addition to biological systems, the ion atmosphere is
important in DNA-based technologies. For instance, bio-
sensors that use an electric field to detect specific DNA
sequences respond to, but also perturb, the ion atmos-
phere.'”'* Molecular insights into the distribution of ions
around nucleic acids are therefore invaluable in understanding
the role of cations in biological systems or optimizing the
design of biosensors.

The distribution of cations and hence the electrostatic
potential depends on the concentration of ions in solution, the
valency of the ions, the type of ion, and the class of nucleic
acid. While the former two can to some extent be captured by
16 jon-specific effects are more difficult to
resolve. For nucleic acid systems, ion-specific effects are
ubiquitous, and an increasing number of experimental results
show that the stability, folding times, or reactivity depends not

The distribution of cations around nucleic acids is essential for
their structure and function. In electrolyte solutions, the highly
charged backbone attracts an atmosphere of ions, which is
responsible for electrostatic screening. In addition, a smaller
fraction of cations binds specifically to ion binding sites."”” The
most important ion binding sites are formed by the negatively
charged phosphate oxygens and the nitrogens or oxygens on
the nucleobases.”™

The interdependence of cation-nucleic acid interactions,
structure, and function is reflected in a wide variety of nucleic
acid properties that depend on the electrostatic environment.
One striking example is the salt dependence of DNA twist:
DNA twist increases with increasing salt concentration and
depends on the type of metal cation in solution. In particular,
Ca’" ions are the most efficient cations among alkali and
alkaline earth cations to induce twist.°™® Moreover, in

mean-field theories,’

biological systems, the ion atmosphere is essential to facilitate Received: June 28, 2022
the folding of nucleic acids into functional three-dimensional Revised:  September 29, 2022
structures.” In these complex structures, the site-specific ions Published: October 19, 2022

are typically coordinated by several nucleic acid atoms and play
an important role in stabilization™”'® and facilitate chemical
reactions, for instance in ribozymes.'""?

© 2022 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.jpcb.2c04488
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only on the concentration and valency of the ions but also on
the ion type.'’~*° However, to date, a general theory that
quantifies ion-specific effects is still missing due to the complex
interactions involved in ion binding and ion exchange.”'

Moreover, the distributions of ions around DNA and RNA
duplexes, which comprise the two most abundant structural
motifs of nucleic acids, are not identical as might be expected
from the similar compositions. As a consequence, DNA and
RNA can show opposing behavior in the same ionic
environment. For instance, and in contrast to DNA, RNA
resists condensation,”” is stiffer in the presence of highly
charged ions,”>** and modifies its structure notably with ion
type and concentration.”>*® One particularly striking result of
recent ion-counting (IC) experiments, reflecting the different
ion distributions around DNA and RNA, is that a simple RNA
duplex consisting of only 24 base-pairs attracts more Na*
cations and expels fewer anions than the corresponding DNA
duplex.”’

A powerful tool to gain insights into the distribution of ions
is all-atom molecular dynamics simulations in explicit water.”®
These simulations allow us to characterize the interactions of
cations and nucleic acids while including the subtle effects of
ion hydration and water structure.”” However, simulating the
distribution of ions remains challenging for two reasons. First,
the simulations rely on accurate force fields for the nucleic
acids, water, and ions. In particular, the force fields for the
metal cations must be optimized to reproduce experimental
solution properties’””" and ion binding affinities**® in order
to resolve the subtle differences between different cations. The
second challenge for simulations is that for cation binding, the
transition from a water-mediated outer-sphere to a direct
inner-sphere coordination is on the micro- to millisecond time
scale for metal cations with high charge density such as
Mg**"."*77%? Therefore, simulating an equilibrated distribution
for highly charged ions is out of reach for conventional
simulation techniques, and enhanced sampling schemes need
to be applied.”**** Here, the quantitative comparison of
experiments, simulations, and theoretical modeling is essential
to drive the continuous improvement of atomistic models and
theoretical methods.**"™** In turn, simulations can contribute
significantly to a deeper understanding of the interactions
between cations and nucleic acids and reveal the selectivity of
cation binding sites,'”** the sequence dependence of ion
binding affinities,*® the influence of the handedness,”” or ion
competition,**~**

Since the work by Bai et al.*' demonstrating the existence of
ion-specific effects in the ionic atmosphere around DNA,
multiple experimental®**™*7***? and computation-
al P IAOA0 offorts aimed at understanding cation-nucleic
acid interactions. For instance, IC experiments were used to
test the accuracy of MD simulations.””~** However, most of
the MD studies were restricted to short length and time scales,
which limited their predictability on the binding patterns and
nucleic acid structures. The cations arrange according to the
nucleic acid structure, ' and simultaneously, the structure of
the nucleic acid changes with the ionic environment.****
Recently, it has been reported that several helical turns are
required to quantify structural changes of the nucleic acids®>**
and that hundreds of ns were required to obtain converged K*
distributions.*® Moreover, cations with high charge density and
slow exchange kinetics will exacerbate this convergence
limitation further.'” Resolving ion-specific nucleic acid
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interactions thus requires multi-us simulations on multiple
turn helices.

The aim of this work is to resolve the origin of ion-specific
and nucleic-acid-specific distributions of cations around DNA
and RNA duplexes. We complement the existing efforts from
the literature > ~*"****=%° by providing a comprehensive and
extensive set of MD simulations using more than 180 us of
simulation time. We provide detailed insights into the ion-
specific distribution and binding patterns for a large group of
mono- and divalent metal cations (Li*, Na*, K*, Cs*, Ca**, Sr**,
and Ba®*). Finally, the molecular insights allow us to resolve
the question of why and for which type of cations RNA can
capture more cations than DNA.

B METHODS

Atomistic Simulations. We performed unrestrained
simulations of a 33-base-pair (bp) DNA or RNA duplex in
B-helix and A-helix forms, respectively. For DNA, we analyzed
the MD simulations reported in our earlier work,® performed
with a similar methodology as the one use here for RNA and
described below. For RNA, we performed additional
simulations using the corresponding RNA sequence 3'-
GAGAU-GCUAA-CCCUG-AUCGC-UGAUU-CCUUG-
GAC-5/, in its canonical A-helix form. The structure of RNA
was generated using the nucleic acid builder software.”’

Briefly, the RNA duplexes were simulated with LiCl, NaCl,
KCl, CsCl, CaCl,, SrCl,, and BaCl, at concentrations of 100,
250, 500, and 1000 mM for monovalent cations and 25, 50,
and 100 mM for divalent cations. The duplex was placed in an
orthorhombic dodecahedron box assuring a minimal distance
of 2 nm to the edge and filled with TIP3P water molecules.”® A
typical simulation system is shown in Figure S1. After the pre-
equilibration, production runs were performed with a time step
of 2 fs in the NPT ensemble using the isotropic Parrinello
Rahman barostat®” with a coupling constant of 5.0 ps and the
velocity rescaling thermostat with a stochastic term.”’ The
simulations for mono- and divalent cations were 3 us and S us
long, respectively. The RNA was described with the Amber
force field parmbscO + ZorzX 7 Our previous simulations”
described DNA with the Amber force field parmbsc1.”*

For both cases, DNA and RNA, the metal cations were
described using the force field developed by Mamatkulov and
Schwierz’® and its subsequent extension for Ca®* interacting
with nucleic acids.>

We selected a large variety of alkali and alkaline earth
cations, which are frequently used for in wvitro assays in
biotechnology and allow us to resolve ion-specific effects. The
choice of ion force field was motivated by the fact that the
optimized parameters yield accurate ion-pairing properties as
judged by comparison to experimental activity coefficients and
accurate exchan§e kinetics as judged by experimental water
exchange rates.”” In particular, the parameters were shown to
resolve the fine differences between distinct metal cati-
ons.”'”*’ Note that Mg?* was excluded from the present
study. For Mg”", the transition from the water-mediated outer-
sphere to the inner-sphere coordination is on the micro- to
millisecond time scale.*®*® It is, therefore, tremendously
challenging to obtain an equilibrated distribution for Mg**
with the available computational resources.

For the analysis, the first 200 ns was discarded for
equilibration, and the last three bases at each end were not
considered. Further details on the simulation protocol can be
found in the Supporting Information and in ref 8.

https://doi.org/10.1021/acs.jpcb.2c04488
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Poisson—Boltzmann Modeling. We complemented our
simulations with Poisson—Boltzmann (PB) theory. In
particular, we used an extended PB equation,’>°® which
includes the ion-nucleic acid interaction potentials (PMFs)
derived from MD simulations.'” This approach has been
successfully applied in our previous work to predict the results
from ion-counting experiments and the competition between
ions in the ionic atmosphere around DNA.'” Here, the
duplexes were modeled as cylinders with radius Rpys = 1.3 or
Rpna = 1.0 nm, corresponding to the A-helix and B-helix
forms. We used a constant surface charge density of opya=
—0.83 ¢/nm” or opy,= —0.89 e/nm* The PB equation was
solved numerically, as described in ref 17, yielding the
concentration profiles ¢,(r) as a function of the distance r.
We solved the PB equation for different ions at different bulk
salt concentrations and obtained the corresponding ion excess
as described below.

lon Distributions and Excess. We also calculated the ion
concentration profiles from the MD trajectories using
untwisted curvilinear helicoidal coordinates. The coordinate
system, implemented in the module canion of the software
Curves+,*" has the same symmetry as the nucleic acid
duplexes. With this method, one can obtain a detailed
characterization of the local interactions, smeared out when
conventional Cartesian averages are used.”’ We provide two
complementary representations: one-dimensional concentra-
tion profiles ¢,(r) and two-dimensional untwisted distributions
projected on the x—y plane. See details in the Supporting
Information.

From the ion concentrations c,(r), we obtained the excess/
depletion of ions I'; assuming an infinite cylinder:

) - car

L= 27hN,
Vs

(1)

where N, is Avogadro’s number, V}is a conversion factor for
consistent units, ¢;,, is the bulk ion concentration obtained at
large r, and h is end-to-end length of the helix. Note that we
chose a large enough simulation box (Figure S1) such that
(ci(r) — i) goes to zero for large distances (Figures S2 and
S3).

The systems fulfill the electroneutrality condition

T =
,Z AT @)

where g; is the charge of the ion species i, and gy, = 64 is the
absolute value of the total charge of the nucleic acid.

As in the experimental IC data, we calculate the fraction I'}*
of attracted cations and excluded anions per negative charge on
the phosphate groups of the nucleic acid molecules

©)

lon Binding Patterns. We identified the ion binding sites
and the emerging binding patterns. To that end, we followed
individual time series of the distances (d,,;) between each of
the N,, cations in the simulation box and all oxygen and
nitrogens atoms j of the DNA or RNA. Note that one cation
can be coordinated by several nucleic acid atoms simulta-
neously. From the distances, we determined the set of nucleic
acid atoms x = {j, k, ...} that are within a cutoff distance from
the cations m.

qNA
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The values for the cutoff d' are shown in Table S1 and are
based on our previous work.'” Hereby, the cutoff was chosen
such that only inner-sphere binding (i.e., a direct contact
between the ion and the atoms of the nucleic acid) was taken
into account. Outer-sphere interactions are not included in our
current analysis. Our choice is motivated by the fact that they
are only transient and exchange fast with the surrounding
solvent.'” In addition, the binding affinity of inner-sphere
binding is significantly higher compared to outer-sphere
bindin7g such that inner-sphere binding dominates in most
cases'?® (see also Figures S4 and S5). However, note that
outer-sphere interaction can play an important role, for
example, in stabilizing tertiary contacts in RNA as revealed
by X-ray structures.”” Finally, the probability p, of a binding
pattern was calculated and corresponds to the probability of an
ion to be coordinated by nucleic acid atoms x = {j, k, ...}. p,
was obtained from the frequency of pattern x and normalized
by the total number of cations N,, and number of simulation
frames.

B RESULTS AND DISCUSSION

This work aims to gain insights into ion-specific cation-DNA
and cation-RNA interactions by resolving the ion distributions
and ion binding patterns. The molecular insights gained from
the simulations reveal why RNA—despite having the same
charge—can capture more monovalent cations than DNA.
RNA Captures More Na* than DNA. Recent ion-
counting experiments show that an RNA duplex attracts
more cations and expels fewer anions compared to a DNA
duplex.”’Figure 1 compares the results from these experiments,

0.9 : : :
100mM EE DNA
Na* [ RNA
0.8
o7l . | L |
* +
—
0.6

M T

Ext-PB.

=1

MD

ool |
0.00
IC Exp.

Figure 1. Comparison of simulations and experiments. Fraction of
attracted Na* ions I'* for DNA (open filled) and RNA (open bars) in
100 mM NaCl from ion-counting experiments,27 MD simulations,
and extended PB theory. Errors in the simulations were obtained from
block averaging. The dotted horizontal line is the result from standard
PB theory.

namely the fraction of attracted cations I'f, with the results
from PB theory and MD simulations. The results show that PB
theory does not capture the differences between DNA and
RNA. This result illustrates that the structural differences
between DNA and RNA helices, which are not included in our
approach for Poisson—Boltzmann theory, have to be included
to predict the experimentally observed differences.

On the other hand, the MD simulations are particularly well
suited and correctly reproduce the ion-counting experiments
(Figure 1). Given the remarkable agreement at 100 mM, the
simulations are ideal for providing further microscopic insights
into the question of why the RNA duplex attracts more cations
than the DNA duplex.

Figure 2A shows the fraction of attracted cations I'y,+ and

depleted anions 'y~ from the simulations as a function of the

https://doi.org/10.1021/acs.jpcb.2c04488
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https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c04488/suppl_file/jp2c04488_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c04488/suppl_file/jp2c04488_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c04488/suppl_file/jp2c04488_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c04488/suppl_file/jp2c04488_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c04488/suppl_file/jp2c04488_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c04488/suppl_file/jp2c04488_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c04488/suppl_file/jp2c04488_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04488?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04488?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04488?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04488?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c04488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(A) (%)
1.
081 @ - DNA EEE DNA
o) ®d rL"-RNA| 0.9 Z—1 RNA
«+ 0.71 ¢ b @ * +
L ° 0.8 E5 I (i
e ‘
0.6 ®
| SEX1 A1l r
0.2 X A 0.0 "N 4N
A
_o3l & A N -0.1 ‘
x| 4 4
“ o4l AT DNA al-02 g g L
* A
A [*-RNA 03
T 10° Li* Na* K*
Ca+ [M]

Figure 2. Ion excess of DNA and RNA. (A) Fraction of attracted and
repelled ions I'* as a function of NaCl concentration for DNA (filled
symbols) and RNA (open symbols) obtained from MD simulations.
(B) I'* obtained at 100 mM monovalent salt concentration for LiCl,
NaCl, KCl, and CsCl with DNA (filled hatched bars) or RNA (open

hatched bars). Error bars were obtained from block averaging.

NaCl salt concentration. As expected, the excess of cations
decreases as the bulk concentration increases. In agreement
with the ion-counting measurements,”” the RNA captures
more Na* cations and depletes fewer Cl~ anions than DNA
over the full concentration range (AI'y,+ ~ 0.06).

Figure 2B gives insights into ion-specific effects: For K* and
Cs", the fraction of attracted cations and depleted anions is
similar to Na* (Figure 2B). In all three cases, RNA captures
more cations than DNA (Alg+ > AT+ & ATg+ = 0.06).
Overall, these results agree with the ion competition
measurements, which do not reveal a large difference between
those ions*"*’ and coincide with the most recent measure-
ments for Na* and Cs*.”” By contrast, Li* plays a distinct role.
The excess of Li* in our simulations is about 20% higher
compared to the other monovalent ions, in qualitative
agreement with experiments with DNA where I} + is ~10%
higher than T3 +.** Furthermore, the differences between DNA
and RNA diminish. The distinct role of Li* has also been
observed in ion-counting experiments,‘”’49 nanopore trans-
location experiments,68 or DNA twist.®

Continuous validation of the force fields for metal cations is
essential to improve the agreement between simulations and
experiments. Unfortunately, experimental data sets in partic-
ular for divalent ions are often scarce.*"*””° Moreover, ion
competition measurements, as in the work by Bai et al,*'
provide a different condition that cannot be directly compared
to our MD simulations.'” In addition, low ion concentrations
are challenging in the simulations, since they require large
systems sizes and long simulation times to obtain equilibrated
distributions. Therefore, the comparison of the divalent ions
will require additional experimental data to establish a
feedback loop for validation.

lon-Specific and Nucleic-Acid-Specific Distribution of
Cations. Figures 3 and 4 show the distributions of the mono-
and divalent ions around DNA and RNA.

In general, the ionic atmosphere consists of site-specific and
diffusive ions. The latter leads to a monotonic decay/increase
of the cation/anion concentration toward the bulk (Fi%ures 3C
and 4C) as predicted by classical mean-field theories,">'® and
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it is similar at all studied concentrations (Figures S2 and S3).
In the vicinity of the nucleic acids, the specific interactions
between the cations and the nucleic acids lead to unique
patterns. These binding patterns clearly depend on the ion
type and are different for DNA and RNA (Figures 3B—D and
4B-D).

For example, the distributions of cations around DNA have
a local density maximum at the position of the phosphate
oxygens of the backbone, indicating preferential interactions of
the cations and the phosphate oxygens (Figures 3B,C, 4B,C,
S4, and SS). The intensity of the peak and therefore the
accumulation of the cations is higher for ions with high charge
density (Li* or Ca®*) compared to ions with low charge density
(K* or Cs*).

By contrast, the innermost peak (at r < 10 A in Figures 3B
and 4B), which corresponds to the interaction with the
nucleobases at the minor and major grooves, shows the
opposite trend: Here the density increases with decreasing ion
charge density (Li* < Na* < K* < Cs*and Ca** < Sr** < Ba*").
These trends are identical for all concentrations (Figures S1
and S2) and reflect the binding affinity of the ions to the
backbone and nucleobase binding sites:'” Tons with high
charge density (such as Li* or Ca*") have a higher binding
affinity to the phosphate oxygens, while cations with low
charge density (such as Cs*) have a higher binding affinity
toward the N7 and O6 of the nucleobases (see also S4 and S5).

Despite the identical charge and sequence of DNA and
RNA, the cation distribution and binding patterns are
remarkably different (Figures 3 and 4). The differences are
caused by the different topologies: DNA forms a B-helix, while
RNA forms an A-helix. For DNA, the cations are localized in
the major groove, in the minor groove, and at the backbone,
since the preferential ion binding sites (in particular phosphate
oxygen, O6, and N7 atoms) are segregated due to the B-form
(Figures 3A and 4A).

For RNA, in addition to the nucleobase binding sites (N7
and O6 atoms) that are located in the major groove, the
phosphate oxygens of the backbone point toward the interior
of the major groove (Figures 3E and 4E). The close proximity
of the partially charged atoms creates a high electrostatic
potential that attracts and traps the cations inside of the major
groove. This observation is in agreement with the so-called
electrostatic focusing found in previous work.”"

In summary, the different nucleic acid topologies give rise to
unique cation distributions around DNA and RNA. For DNA,
the preferential ion binding sites are segregated, and the ions
are distributed in the major groove, the minor groove, and
around the backbone according to their binding affinities at the
individual sites. For RNA, the ion binding sites are in close
proximity, leading to a high local electrostatic potential and an
accumulation of the cations in the major groove.

lon Binding Patterns of DNA and RNA. Figure 5 shows
the ion binding patterns for DNA and RNA. The binding
patterns are defined by the atoms of the nucleic acids that are
in direct contact with the cations (inner-sphere coordination).
Hereby, the cations can be coordinated transiently by up to
five nucleic acid atoms. The most frequently occurring atom
types are the phosphate oxygens (O1P and O2P) and, for the
nucleobases, the N7 and O6 atoms on guanine, O4 on thymine
and uracil, and O2 on cytosine. The oxygen atoms O3’, O4/,
and OS5’ of the sugar also appear but less frequently. Note that
these atom types are identical to the most important ion

https://doi.org/10.1021/acs.jpcb.2c04488
J. Phys. Chem. B 2022, 126, 8646—8654
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Figure 3. Ion distribution and excess of monovalent cations around DNA and RNA. (AE) Simulation snapshots. Backbone atoms are indicated in
yellow and blue for DNA and RNA, respectively. The most frequent ion binding sites are highlighted: red (O1P, O2P, and O6 atoms) and blue
(N7 atoms). (B,D) Top view of the untwisted helicoidal ion concentration obtained with the software canion.*** In this representation, the upper-
left and lower-right corners correspond to the minor and major grooves as indicated by the superimposed molecular schemes of cytosine-guanine
(bottom). In these schemes, the most frequent ion binding sites are labeled. The dotted concentric circles indicate the distance to the center of the
helix (radius in A). (C) Ion concentration profiles c, as a function of the distance r and cation excess I',(r) obtained from eq 1 for DNA (solid line)
and RNA (dashed line). Concentration profiles for DNA are filled for clarity.

binding sites on RNA that were previously identified
experimentally.”*

The binding patterns (Figure SB—H) are ion-specific and
diverse. Still, a few repeating patterns explain almost all binding
events. For instance, out of the 26 binding patterns for K* at
DNA, the first 6—8 binding patterns account for about 70% of
binding events as shown by the cumulative distribution
function (Figure SA).

Comparing the binding patterns of DNA and RNA reveals
similarities and differences (Figures SB—H and $6). In both
cases, the cations preferentially interact with the phosphate
oxygens (O1P and O2P) of the backbone. In addition, cations
with low charge density interact with the N7, O6, and O4
atoms as expected from the ion distributions. Interestingly, it is
not evident that the lack of the 2'-OH group on DNA, which is
one of the crucial differences from RNA, plays a direct role in
the different ion binding patterns (Figures SB—H and S6).
However, the 2’-OH group leads to different structures of the
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sugar moiety and to the A- and B-helix structures of RNA and
DNA. It therefore modifies the nucleic acid structures and
hence indirectly the ion binding patterns.

The most striking difference is that the cations are
coordinated mainly by a single nucleic acid atom for DNA,
while for RNA, coordination by multiple atoms occurs often.
For example, the cations can form intramolecular zippers
resulting in a simultaneous coordination by two phosphate
oxygens. This bridging results in the closing of the major
groove and is predominantly observed for cations with high
charge density such as Li*, Sr**, and Ca®" (see also snapshots in
Figure 4E). In addition, cations with low charge density Na*,
K", and Cs" can be simultaneously coordinated by a phosphate
oxygen and nucleobase atoms, in particular O6 or N7. The
binding affinity of such multicoordinated configurations is
considerably higher compared to the situation where only one
coordinating atom is involved. The formation of multi-
coordinated configurations therefore explains why an RNA
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duplex captures more (low charge density) cations compared
to DNA. However, for cations with high charge density, direct
inner-sphere interactions with the nucleobase atoms are
unfavorable'”** (see also $4 and S5). Instead, those cations
interact strongly with the O1P or O2P and saturate the ionic
atmosphere, and the differences in the numbers of captured
cations for DNA and RNA diminishes.

The ion-specific distributions and ion binding patterns
around DNA and RNA help to understand a broad range of
experiments in which nucleic acids respond differently to
changes in the ionic environment. One example is DNA
condensation in the presence of highly charged cations.”” The
effective attraction emerges from the cation-mediated inter-
helix bridging of phosphate groups.”””* By contrast, RNA
resists condensation.”” Our results show that for RNA the
cations are located within the major groove (Figure 3D) and
form an intramolecular zipper-like closing of the major groove
(Figure 3E). The resulting inward location of the cations
hinders intermolecular cation-bridging such that RNA resists
condensation. Another example is the opposing effects of
multivalent ions on the flexibility of DNA and RNA.”>** Here,
we note that for high-affinity ions, our results show the
intramolecular zipper-like closing of the major groove. This
effect is similar to the effect recently reported by Fu et al.** for
multivalent ions. In their case, this leads to the stiffening of the
helix and the observed loss in elasticity.
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Bl CONCLUSIONS

Predicting the exact distribution of ions around DNA and
RNA remains challenging, since the distribution depends on
the salt concentration, the valency of the ions, the ion type, and
the type of nucleic acid. The aim of our current work is to
provide molecular insights into the ion-specific distributions of
seven different metal cations around DNA and RNA duplexes.
Our results show that molecular dynamics simulations are a
powerful tool to gain insights. Moreover, using optimized force
fields for the cations’””” allows us to resolve the subtle
differences between the ions and to yield close agreement with
the results from ion-counting experiments.”” The simulations
reveal that the ion distributions and binding patterns for DNA
and RNA are remarkably different. For DNA, the ion binding
sites are segregated, and the ions are distributed in the major
groove, the minor groove, and around the backbone according
to the binding affinities at the individual sites composed of
phosphate oxygens or N7, O6, and O4 atoms on the
nucleobases. For RNA, the ion binding sites are in close
proximity, leading to a high local electrostatic potential and an
accumulation of the cations in the major groove. These distinct
distributions result in strikingly different and ion-specific
binding patterns. For DNA, the cations are typically
coordinated by one nucleic acid atom. For RNA, the ions
are coordinated by multiple nucleic acid atoms leading to a
zipper-like closing of the major groove for cations with high
charge density such as Li*, Ca®*, and Sr** or an accumulation
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Figure 5. Ion binding patterns for DNA and RNA. (A) Probability p®™* and cumulative distribution function of a given binding pattern for DNA in
100 mM KCL The binding patterns on the x-axis indicate the nucleic acid atoms that form an inner-sphere contact with the cation. (i—vi)
Simulation snapshots of K*-DNA interactions. Panel (vi) shows an example of outer-sphere binding. Note that outer-sphere binding is not included
in our analysis. Backbone atoms are indicated in yellow, and the most frequent ion binding sites are highlighted: red (O1P, O2P, and O6 atoms)
and blue (N7 atoms). K* (green) and its first hydration shell are shown. (B—H) Probability p of a given binding pattern for DNA (solid bars) and
RNA (open bars). Only the highest eight binding probabilities for RNA are shown and compared to DNA. The binding patterns marked with a
blue box indicate intramolecular binding (i.e., bridging between the two strands of the same DNA or RNA molecule).

of cations such as Na®, K%, and Cs" inside the major groove.
This formation of high affinity multicoordinated configurations
inside the major groove, which is not possible for DNA,
explains the differences in the number of captured ions for the
two types of nucleic acids.

In summary, MD simulations allow us to reveal the
microscopic origin of ion-specificity and shed light on the
question of why DNA and RNA show opposing behavior in
the same electrostatic environment. However, to generalize
these findings and to predict ion-specific distributions around
arbitrarily charged biomolecules, more work and reliable
experimental data are required. In this respect, the data
provided here may serve as a valuable starting point to assess
and validate theoretical models. Finally, our results show that
ion-specific effects change the electrostatics around nucleic
acids. The resulting differences could be used for the design of
of ion-specific trapping devices.
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