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Molecular Dynamics Simulations of Alkaline Earth Metal lons
Binding to DNA Reveal lon Size and Hydration Effects

Makenzie Provorse Long,*2 Serra Alland, @ Madison E. Martin,? and Christine M. Isborn®

The identity of metal ions surrounding DNA is key to its biological function and material applications. In this work, we
compare atomistic molecular dynamics simulations of double strand DNA (dsDNA) with four alkaline earth metal ions (Mg?*,
Ca%, Sr?*, and Ba*) to elucidate the physical interactions that govern DNA-ion binding. Simulations accurately model the
ion-phosphate distance of Mg?* and reproduce ion counting experiments for Ca?*, Sr?*, and Ba?*. Our analysis shows that
alkaline earth metal ions prefer to bind at the phosphate backbone compared to the major groove and negligible binding
occurs in the minor groove. Larger alkaline earth metal ions with variable first solvation shells (Ca?*, Sr**, and Ba?*) show
both direct and indirect binding, where indirect binding increases with ion size. Mg?* does not fit this trend because the
strength of its first solvation shell predicts indirect binding only. lons bound to the phosphate backbone form fewer contacts
per ion compared to the major groove. Within the major groove, metal ions preferentially bind to guanine-cystosine base
pairs and form simultaneous contacts with the N7 and 06 atoms of guanine. Overall, we find that the interplay among ion
size, DNA-ion interaction, and the size and flexibility of the first solvation shell are key to predicting how alkaline earth metal

ions interact with DNA.

Introduction

Metal ions play an important role in the structure and function
of nucleic acids, including DNA replication and efficient DNA
packing.® In addition to its biological importance, the
structural, electronic, and optical properties of DNA make it a
robust and versatile material in nanoscale devices.*1! DNA-
based nanotechnology includes electric and optoelectric
devices,'?716 drug delivery and therapeutics,*’~1° sensing,10:20-28
and imaging.?®30 These applications often rely on divalent metal
ions to stabilize the structure of DNA, induce aggregation or
adsorption, bind substrates, quench or enhance spectroscopic
signals, or alter the electric or optoelectric properties of DNA.
The identity of the metal ion affects the structural, electronic,
optical, and chemical properties of DNA;1216,19.20.22.27 however,
an atomistic understanding of how DNA-ion interactions vary
for different metal ions is lacking. A thorough understanding of
the physical characteristics that govern the interactions
between DNA and metal ions, such as binding site preference
and binding motif, will provide insight that can be manipulated
for future nanotechnological applications.

The alkaline earth metal ions Mg?*, Ca?*, Sr?*, and Ba?* offer
a unique opportunity to investigate the effects of ion size and
hydration behavior of divalent metal ions on DNA-ion binding,
without being complicated by open-shell electronic structure.
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These ions have a closed-shell electronic structure and
predictable changes in hydration behavior. The experimental
first solvation shell coordination number of Mg?* is typically
6.03132 3nd the coordination numbers of CaZ*, Sr2*, and Ba2* are
8.0, 8.0-9.0, and 9.0-9.5, respectively.31:33-38 The experimental
residence time of water molecules within the first solvation
shell of Mg?* is 107 s5,3940 whereas Ca%*, Sr?*, and Ba?* have
shorter residence times of 1078 to 10710 s.41 Thus, the size and
flexibility of the first solvation shell of alkaline earth metal ions
increases as the ionic radius increases. However, as the ionic
radius increases, the DNA-ion electrostatic interaction is
expected to decrease due to Coulomb’s law. These electronic
and hydration effects likely determine how alkaline earth metal
ions bind to DNA.

Experimental and theoretical studies show that alkaline
earth metal ions tend to localize near the negatively charged
phosphate backbone of double-strand DNA (dsDNA), forming
an ion atmosphere or sheath.*>*7 Buffer equilibration and
atomic emission spectroscopy studies show that the relative
affinity of alkaline earth metal ions for the dsDNA ion
atmosphere is Ca?* = Mg2* > Sr2* = BrZ*, which inversely
correlates with the size of the solvated ion.*¢ This trend is
independent of the DNA sequence and length, which suggests
that alkaline earth metal ions do not bind to specific atomic
sites.*® Other experimental studies suggest that alkaline earth
metals Mg?* and CaZ* bind to guanine within the major groove
of dsDNA,*>*8 but they have a larger preference for the
phosphate backbone compared to transition metal ions.*’ In
general, alkaline earth metal ions preferentially bind to the
phosphate backbone of dsDNA and this preference correlates
with solvated ion size.
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In addition to binding site preference, another aspect of
characterizing DNA-ion interactions is distinguishing between
direct and indirect binding motifs. Indirect binding occurs when
the first solvation shell of a metal ion remains intact and one or
more hydrogen bonds are formed between the water
molecules of the first solvation shell and DNA. Direct binding
occurs when a direct interaction between the metal ion and
DNA is formed. Experimental studies provide conflicting results:
some studies indicate that alkaline earth metal ions Mg?* and
Ca?* prefer indirect binding,*—>2 but others show evidence of
direct binding?*34851.5354 and simultaneous direct and indirect
binding.>1>455 Due to their size, Ca?* and Ba%* can form more
than one direct contact to DNA.>* A quantitative analysis of the
probability of binding motifs will provide additional insight into
the physical interactions that govern DNA-ion interactions.

Atomistic molecular dynamics simulations provide
statistically relevant information about DNA-ion interactions.
Alkaline earth metal ions are expected to bind to dsDNA
through electrostatic and van der Waals interactions due to
their closed-shell electronic structure; therefore, classical force
fields can accurately model DNA-ion interactions of alkaline
earth metal ions. In fact, there are many studies that use
molecular dynamics simulations to model the interactions of
Mg?* ions with DNA,>%%0 due to its biological relevance and
readily available force field parameters.5-%3 In agreement with
experimental evidence, Mg?* displaces monovalent cations near
dsDNA and primarily binds to the phosphate backbone and the
major groove through indirect binding.>6=>° Within the major
groove, Mg?* preferentially binds to guanine-cytosine (GC) base
pairs rather than adenine-thymine (AT) base pairs. This
sequence-specific binding of Mg?* is attributed to electronic
rather than steric effects and is mediated by the first solvation
shell of Mg?*.>6 However, the Mg?*-phosphate interaction is
overestimated by many force fields, which can be addressed by
reparameterization or alternative force field models.61.6465

Other computational approaches use more complex
molecular dynamics simulations®*73 or small-molecule
guantum mechanical calculations?*>7483.75-82 to model DNA-ion
interactions. These approaches, however, are limited to the
metals for which the methods have been developed or are
restricted to geometries optimized at 0 K, which may not be
statistically relevant at physiological and experimental
temperatures. Atomistic molecular dynamics simulations using
validated classical force fields have the ability to provide a
detailed molecular view of statistically relevant structures of
dsDNA solvated by different alkaline earth metal ions.

In this work, atomistic molecular dynamics simulations are
used to sample structures of a 23-mer DNA duplex in aqueous
solution with Mg?*, Ca?*, Sr?*, or Ba?* ions (Fig. 1). The alkaline
earth metal ions are treated on equal footing using force field
parameters®* optimized by Merz and co-workers to reproduce
experimental hydration free energies, ion-water distances, and
coordination numbers. These parameters are validated by
comparing simulation results to experimental DNA-ion binding
data, including experimental ion-phosphate distances and ion
counting experiments. For the first time, the preferred bindings
sites and binding motifs of these alkaline earth metal ions with
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dsDNA are quantified and compared. This work reveals that the
size and flexibility of the first solvation shell of metal ions are
important factors to determine DNA-ion binding trends.
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Fig. 1 (a) Nucleotide sequence and molecular structure of the 23-mer DNA duplex.
Double headed arrows signify the major and minor grooves. Molecular structure of the
(b) phosphate group and the (c) guanine (G) — cysteine (C) and (d) adenine (A) — thymine
(T) base pairs. Labels show the electronegative atoms on the phosphate backbone and
major and minor grooves. (d) Initial configuration of dsDNA, ions, and water oxygen
atoms in the simulation box.

Computational Details
Molecular Simulations

Atomistic molecular dynamics simulations were performed
using the GROMACS program version 5.0.7.85 A 23-mer DNA
duplex (Fig. 1a) with a nucleotide sequence of 5’-
GGCGGCGGCGCGGCGTTTTTTGG-3’ was solvated in a 150 A x
150 A x 150 A cubic box of water molecules with 20 divalent
metal ions (Mg?*, Ca?*, Sr?*, or Ba%*), 24 Na* ions, and 20 Cl-ions
(Fig. 1e). This DNA duplex was chosen because previous
molecular dynamics simulations of this sequence demonstrated
that the GC track preferentially bound Mg?* ions compared to
the AT track,>® which offers an interesting comparison for other
alkaline earth metal ions studied here. The concentration of
divalent ions in each simulation was ~10 mM and the total salt
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concentration was ~20 mM. The bulk concentration of divalent
ions at large distances from the DNA duplex was ~5 mM. This
bulk concentration was calculated using a procedure similar to
Yoo and Aksimentiev,®” which is described in detail in the
electronic supporting information (ESI). The explicit water
molecules were described by the TIP3P water model.8¢ DNA was
modeled by the AMBER99SB force field with ParmBSCO nucleic
acid torsions.87.88 Although refined DNA force fields, such as
BSCOq,15%° and BSC1,°° improve the structural model of the DNA
helix, especially in preventing fraying at the ends of the helix,®!
these force fields were not available at the beginning of this
project. For consistency, we used BSCO for all simulations
presented here, which provides a reasonable model of the DNA
helix.?® The Na* and CI- ions were modeled by the Lennard-
Jones parameters optimized by Aquist.62 The alkaline earth
metal ions were modeled by the Lennard-Jones parameters
optimized by Merz and co-workers to reproduce the relative
experimental hydration free energies, coordination numbers,
and distances between the ion and oxygen atom of water
molecules in the first solvation shell of each ion for a set of 24
divalent metal ions, called the ‘compromise’ set of parameters
(Table S1).8¢  Although other classical force field
approaches®457273 gre available for most metal ions studied
here, a direct comparison of the performance of these
approaches is not the focus of this work.

All energy minimization, equilibration, and production
simulations were run using a van der Waals cutoff of 10 A (to
match that used in the optimization of the divalent metal ion
Lennard-Jones parameter simulations) and particle mesh Ewald
summation®? with a cutoff of 10 A and a grid spacing of 1.2 A.
The non-bonded list was updated every 10 steps with a cutoff
of 10 A. All equilibration and production simulations used the
velocity rescaling thermostat®® and Parrinello-Rahman
barostat® to simulate an NPT ensemble at 1 bar and 300 K. A
time integration step of 2 fs was used with all water hydrogen
bonds constrained by the SETTLE algorithm.®> Each simulation
was equilibrated for 10 ps with all DNA bonds constrained by
the P-LINCS algorithm?®® followed by 100 ps of equilibration with
only the DNA hydrogen bonds constrained. A 500 ns (Mg?*, Sr?*,
and BaZ*) or 800 ns (Ca?*) production simulation was then run
using the P-LINCS algorithm®® to constrain the DNA hydrogen
bonds.

Equilibration and production simulations were started from
the same set of atomic coordinates to avoid dependence on the
initial placement of ions. These initial coordinates were
generated from a series of energy minimization steps. The DNA
duplex was minimized in vacuum using 5000 steepest descent
energy minimization steps. The genbox tool of GROMACS was
then used to surround the minimized DNA structure with more
than 117,200 pre-equilibrated TIP3P water molecules, followed
by another 5000 steepest descent energy minimization steps.
The genion GROMACS tool was then used to replace water
molecules with 20 Mg?*, 24 Na* ions, and 20 CI~ ions, leaving a
total of 117,185 water molecules. Of the 20 Mg?* ions added, 19
were placed at least 15 A from the nearest DNA atom and 1 was
placed ~8 A from the nearest DNA atom. This structure was
minimized using 5000 steepest descent energy minimization

This journal is © The Royal Society of Chemistry 20xx
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steps, where the divalent ions were modeled using the Lennard-
Jones parameters of Mg?* optimized by Li et al.8* This minimized
structure, which resulted in fully hydrated Mg?* ions, was used
as the initial coordinates for equilibration and production
simulations for each alkaline earth metal ion (Mg?*, Ca%*, Sr?*, or
Ba?*).

The convergence of each production simulation was
evaluated by the fluctuation in the average number of divalent
ions bound to DNA computed using 50 ns intervals (Fig. S1). The
Ca?* simulation has a large increase in the number of divalent
ions bound to DNA within the first 100 ns. To verify this is not
an artifact of initial positions of the divalent ions, a second Ca?*
simulation was run using different initial coordinates, where the
divalent ions were placed at least 10 A from any DNA atom. This
second simulation predicts a similar number of bound ions as
the original Ca?* simulation (Fig. S1). For all DNA-ion
simulations, the average number of divalent ions bound to DNA
between 100 ns and 200 ns fluctuates by less than 1 ion relative
to the average value computed for the last 450 ns (Mg?*, Sr?*,
and Ba?*) or 750 ns (Ca?*) of each production simulation (Table
S2). Therefore, further analysis was performed on the 100 ns to
200 ns section of each production simulation.

The experimental residence time of water molecules within
the first solvation shell Mg?* is larger (~1 ps)34° than the length
of the production simulations; therefore the simulations
presented here do not sample water exchange for Mg?* ions.
However, the water residence time for Ca?*, Sr?*, and Ba?* is
relatively short (~¥10 ns)*' and simulations presented in this
work accurately model water exchange for these ions. lon
pairing is not observed within the first 500 ns of the Mg?* and
Ca?* production simulations (Fig. S2). Although 500 ns is less
than the Mg?* water residence times, it is sufficiently longer
than the Ca?* water residence times; thus, these simulations are
converged with respect to ion pairing.

Analysis

The spatial distribution of ions surrounding DNA was analyzed
using radial distribution functions (RDFs) and occupancy of DNA
binding sites. Because terminal base pairs may separate during
simulation, two terminal base pairs on either end of the DNA
duplex were omitted from analysis. RDFs and coordination
numbers (computed from the integration of an RDF) were
calculated using the rdf tool of GROMACS. The relative height
of an RDF indicates the probability of an atom at that radial
distance. However, the non-spherical shape of DNA distorts the
normalization procedure and overestimates peak heights at
small radial distances.?” Therefore, occupancy is used for
quantitative analysis rather than integration of RDFs.
Occupancy is defined as the ratio of the number of ions bound
to dsDNA relative to the total number of ions present in the
simulation. Occupancy is averaged over the number of frames
analyzed. Here, occupancy values were calculated from 20
frames spaced 5 ns apart and standard deviations were
calculated from these time averages. To test the convergence
of these results with respect to sampling, occupancy values
were calculated for Sr?* and Ba?* using 100 frames selected 1 ns
apart, which gave similar results (Table S3).
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A bound ion is typically defined using a distance cutoff,
where ions within a given distance from DNA are considered
bound. Previous molecular dynamics simulation studies of Mg?*
ions with a DNA duplex use a distance cutoff of 5 or 6 A.56:57
Here the cutoff distance is defined as the minimum distance
that includes the water oxygen atoms within first and second
solvation shells of the metal ion. This approach includes ions
both directly and indirectly bound to DNA. The number of
bound ions defined by a distance cutoff was calculated using the
mindist tool of GROMACS. The group option was used to define
multiple contacts between anion and several DNA atoms as one
bound ion. We also applied an alternative approach for
calculating the number of bound ions using a distance cutoff
equal to the first solvation shell to define direct binding and a
distance cutoff equal to the second solvation shell and a
secondary requirement that an oxygen atom of the water
molecules within the first solvation shell are within 2.5 A of the
DNA atom to define indirect binding. By verifying that a water
molecule within the first solvation shell of the ion is within
hydrogen bonding distance of the DNA atom, this approach
accurately identifies Ca?*, Sr?*, and Ba2* ions indirectly bound to
DNA atoms due to the variable first solvation shells of these
ions.

The DNA-ion residence time was calculated as the length of
time a single ion is continuously bound to DNA using snapshots
saved every 10 ps from 100 ns to 200 ns of each production
simulation. Each instance of an ion binding and unbinding is
called a binding event. The total number of binding events for
each divalent metal ion is binned according to the length of the
binding event (i.e., the residence time). The distribution of
residence times for each divalent metal ion is reported as a
percentage of the total number of binding events for that ion.

Additional Simulations

The simulations presented in this work do not predict direct
binding between Mg?* and dsDNA. Additional simulations were
performed to investigate direct binding of Mg?* ions at the
phosphate backbone and major groove of dsDNA. In general,
Mg?* ions remain directly bound to the phosphate backbone
once a direct contact has formed. Within the major groove,
multiple direct binding events are not observed for Mg?* (i.e.,
once a direct contact is lost, the ion does not reform a direct
contact). Additional information about these direct binding
simulations are provided in the ESI.

Simulations of transition metal ions (Ni>* and Co?*) binding
to dsDNA were performed using the same simulation protocols
as the alkaline earth metal ion simulations. These ions behave
similarly as Mg?* due to their tightly held first solvation shell
with hexa-coordinated water molecules. However, the classical
force field® used here significantly underestimates the ion-
phosphate distance for these transition metal ions. Therefore,
the transition metal ion simulations are not reliable. The force
field used does not account for charge transfer or covalent
bonds, which may be important for accurately modeling
transition metal ion interactions with dsDNA, but it accurately
models metal ion hydration. Additional results from these
transition metal ions simulations are provided in the ESI.

4| J. Name., 2012, 00, 1-3

Results and Discussion
Validation of Alkaline Earth Metal lon Force Field

The force field parameters used in this study to model alkaline
earth metal ions were optimized to reproduce experimental
hydration data.®* It is unclear how transferable these ion
parameters are for modeling DNA-ion interactions. To verify
these parameters accurately model DNA-ion interactions, we
first compare simulation reported
experimental and computational results.

results to previously

Simulations herein reproduce the size-dependent trends of
Ca?*, SrZ*, and Ba?* ions reported by ion counting experiments
(Table S4).4598 Despite the fact that our simulations use slightly
different background ion concentrations (e.g., 10 mM versus 20
mM Na*), they reproduce the experimental nhumber of excess
divalent ions within experimental and simulation error. All
divalent metal ions studied here displace monovalent cations
(Na*) near dsDNA (Fig. S3), in agreement with experimental
studies?¢:9%:100 gnd previous simulations of Mg?* with dsDNA.>%:57
In addition, the incorrect ion pair formation of ClI~ ions and Ca%*
ions bound to dsDNA predicted by previous simulations’? is not
observed in the current work (Fig. S2). However, the number of
excess Mg?* ions bound to dsDNA is underestimated relative to
an ion counting experiment,*® which may be due to a lack of
direct binding predicted by the current force field.

Another experimental observable used to validate force
fields for DNA-ion simulations is the ion-phosphate distance.
The Mg?* parameters developed by Li et al.8* used herein
improve or reproduce Mg?*-phosphate distances reported by
previous simulations®! and are physically reasonable relative to
a known experimental valuel®! (Table S5). These results are in
contrast to previous simulations in which ion-phosphate and
ion-carboxylate interactions are overestimated.51,6465,72,102-105

In summary, the alkaline earth metal ion force field
parameters used here capture valid ion-DNA interactions as
shown by comparison with ion counting experiments and ion-
phosphate distances. In addition, unphysical ion pair formation
is not observed and all divalent ions displace monovalent ions
near DNA. Together, these results demonstrate the force field
developed by Li et al.8* is appropriate for modeling DNA-ion
interactions of alkaline earth metal ions.

Alkaline Earth Metal lon Solvation

The structure of the first solvation shell of a metal ion influences
its ability to bind directly versus indirectly to DNA. RDFs provide
statistically-averaged information about the size and number of
water molecules in the solvation shell of each ion. The RDFs
between each alkaline earth metal ion and water oxygen atoms
in the presence of dsDNA are shown in Fig. 2. The first peak of
the MgZ* RDF is relatively tall and narrow, indicating that this
ion has a well-defined first solvation shell. Water oxygen atoms
in the first solvation shell are located 1.8-2.3 A from the ions,
consistent with experimental ion-oxygen distances of 2.0-2.2
A .31 The second peak of the Mg?2* RDF illustrates that the water
oxygen atoms within the second solvation shell are located 3.5-
5.0 A from the ion. The first peaks of the Ca2*, Sr2*, and Ba2* RDFs
are shorter and wider than that of Mg?*, indicating the first

This journal is © The Royal Society of Chemistry 20xx
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solvation shells of Ca2*, Sr2*, and Ba2* are more varied in the
number of water molecules within the shell and the ion-water
oxygen distances. The water oxygen atoms within the first
solvation shells of Ca?*, Sr2*, and Ba2* are located 2.3-3.4 A from
the ions. The most probable ion-water oxygen distance
increases as the ionic radius increases: 2.5 A, 2.7 A, and 2.9 A
for Ca?*, Sr?*, and Ba?", respectively, consistent with
experiment.3 A similar trend is observed for the second
solvation shells of Ca?*, Sr?*, and Ba2* with water oxygen atoms
located 3.9-6.2 A from the ions. In the following discussion, the
radial distances of the first and second solvation shells for each
ion are used to identify direct and indirect binding to DNA,
respectively.
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Fig. 2 (a) RDF and (b) integrated RDF between each alkaline earth metal ion and water
oxygen atoms. Insets show Mg?* (blue), Ca?* (green), and Ba?* (orange) solvated by 6, 8,
and 9 water molecules, respectively. lons are shown with unscaled van der Waals radii.

The value of an integrated RDF at an inflection point gives
the coordination number of the central atom. Based on its
integrated RDF (Fig. 2b), Mg?* has a coordination number of 6.0.
Therefore, Mg?* maintains 6 water molecules in its first
solvation shell throughout the simulation and is expected to
interact with dsDNA through indirect binding only, in
agreement with experiment*3—32 and previous molecular
dynamics simulations.>658-60 Although not predicted by the
simulation methods used here, direct binding between Mg?*
and DNA has been reported experimentally.*3485154 Alternative
force field parameterization or different atomistic models may
be necessary to simulate this binding motif.

The integrated RDFs (Fig. 2b) show that Ca?*, Sr?*, and Ba%*
have coordination numbers of 7.3, 8.6, and 9.3, respectively.
The first solvation shells of Ca?*, Sr?*, and Ba?* are flexible (i.e.,

This journal is © The Royal Society of Chemistry 20xx
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non-integer values) and increase with ionic radius, in agreement
with experiment.333-38 Due to the flexibility of the first
solvation shells of these ions, the simulation methods used here
predict both direct and indirect binding of Ca?*, Sr?*, and Ba** to
dsDNA.

DNA Binding Sites

Metal ions may bind to three areas of dsDNA: the phosphate
backbone, the major groove, and the minor groove (Fig. 1). Both
steric and electronic effects play a role in determining where
solvated metal ions bind to dsDNA. To identify preferred DNA
binding sites, we analyze RDFs of each metal ion within each
DNA binding site.

Phosphate Backbone. The RDFs between each alkaline
earth metal ion and the oxygen atoms of the phosphate
backbone (Fig. 1b) are shown in Fig. 3. Note that due to the
asymmetrical shape of dsDNA, the normalization procedure
overestimates RDF peak heights near DNA (i.e., small radial
distances); however, the location of RDF peaks accurately
reflects the location of ions relative to dsDNA, which we focus
on here. The first peaks of the Ca?*, Sr**, and Ba%* RDFs are
located with the first solvation shells of these ions, indicating
direct as well as indirect binding. In contrast, the first peak of
the Mg?* RDF is located within the second solvation shell of
Mg?*. Therefore, Mg?* indirectly binds to the phosphate
backbone, whereas Ca?*, Sr?*, and BaZ* may directly or indirectly
bind to the phosphate backbone.

2500
Mg ——
Ca
2000 Sr
Ba
5 1500
o
1000
500

0 1 2 3 4 5 6 7
Radial Distance (A)

Fig. 3 The RDF between each alkaline earth metal ion and the oxygen atoms of the
phosphate backbone of dsDNA. Insets show Ca?* (green) directly bound to a phosphate
group and Mg?* (blue) and Ba%* (orange) indirectly bound to one or two phosphate
groups, respectively. lons are shown with unscaled van der Waals radii.

Additional analysis (Fig. S4) suggests that the majority of
metal ions indirectly bound to the phosphate backbone of
dsDNA form one or two hydrogen bonds to the same phosphate
group and a small portion form three or more hydrogen bonds
to phosphate groups next to one another along the same DNA
strand, called neighboring residues. Negligible binding occurs
between phosphate groups on opposite DNA strands,
regardless of ionic radius or the size and flexibility of the first
solvation shell of the ion (Fig. S4). For metal ions that directly
bind to the phosphate backbone (Ca?*, Sr?*, and Ba?*), the

J. Name., 2013, 00, 1-3 | 5



Physical.Chemistry Chemical Physics

majority of bound ions form one direct contact only or one
direct contact and one or two indirect contacts on the same or
neighboring phosphate residues as the direct contact (Fig. S5).
In general, alkaline earth metal ions bound to the phosphate
backbone of dsDNA form one or two contacts to the same or
neighboring phosphate groups, regardless of the binding motif
(i.e., direct or indirect) and binding across DNA strands is rarely
observed.
Minor Groove. The RDFs between each divalent metal ion

and the electronegative atoms of the minor groove (N3 of
adenine, 02 of thymine, N3 of guanine, and 02 of cytosine) are
shown in Fig. S6. The peaks are relatively small, which suggest
negligible binding to the minor groove, in agreement with
experiment and previous molecular dynamics simulations.>6>°
There are no peaks within the first solvation shell of any
divalent ion; therefore, if a divalent ion is present in the minor
groove, it is indirectly bound. Previous work indicates that
steric effects are responsible for negligible binding of MgZ* in
the minor groove of dsDNA,>® which is likely the case for the
other alkaline earth metal ions studied here.

Major Groove. The RDF peaks for the N7 and 06 atoms of
guanine are significantly larger than those of adenine N7 and
thymine 04 (Fig. S7), making the guanine N7 and O6 atoms the
preferred binding sites of alkaline earth metal ions within the
major groove of dsDNA. Additional analysis suggests that
binding to adenine N7 or thymine O4 is likely due to strong
interactions with N7 and 06 atoms of neighboring guanine
residues or nearby phosphate oxygen atoms (Fig. S7).
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Fig. 4 The RDFs between each alkaline earth metal ion and the (a) N7 and (b) O6 atoms
of guanine in the major groove of dsDNA. Insets show Mg?* (blue) and Ba%* (orange)
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indirectly bound to neighboring guanine residues with simultaneous hydrogen bonds to
the N7 and 06 atoms. lons are shown with unscaled van der Waals radii.

The RDFs between each alkaline earth metal ion and the N7
and O6 atoms of guanine within the major groove of dsDNA are
shown in Fig. 4. Ba?* and Sr?* may be directly or indirectly bound
to the major groove at the N7 and 06 atoms of guanine,
whereas Ca?* predominately binds through indirect contacts.
Mg?* ions are indirectly bound only. Additional analysis reveals
that the majority of metal ions bound to the major groove of
dsDNA form three or more hydrogen bonds to neighboring
residues along the same DNA strand or neighboring residues
and their respective base pairs on the opposite DNA strand (Fig.
S8). In general, the N7 and O6 atoms of guanine are the
preferred binding sites within the major groove of dsDNA and
alkaline earth metal ions bound to these sites form more
contacts per ion compared to ions bound to the phosphate
backbone.

Quantitative Analysis of DNA-lon Binding

To quantify the probability of each alkaline earth metal ion
binding to a specific DNA binding site, the occupancy is
computed for each ion. Occupancy is the ratio of the average
number of bound ions compared to the total number of ions in
the simulation. An ion is considered bound when dsDNA is
within a radial distance that defines the first or second solvation
shell of the ion (Fig. 2a). Occupancy is a time-averaged quantity
that reflects the average distribution of alkaline earth metal
ions bound to dsDNA throughout the length of each simulation.
mCa
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Fig. 5 Occupancy of DNA binding sites by alkaline earth metal ions.

The occupancy of each DNA binding site and the total
occupancy are shown in Fig. 5. Occupancy values with time-
average standard deviations are provided in Table S6. The total
occupancy is the sum of the occupancy of all five DNA binding
sites (phosphate backbone, major groove, minor groove, and
simultaneous binding to the phosphate backbone and the major
or minor groove). Total occupancy of DNA ranges from 0.50 to
0.79 and decreases in the following order: Ca?* > Sr?* > Ba?* >
Mg?*. The total occupancy of DNA by Ca?*, Sr?*, and Ba?* agrees
with the experimental preference of these ions for the DNA ion
atmosphere (Mg?* ~ Ca?* > Sr?* > Ba?*), but the total occupancy
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of DNA by Mg?*is smaller than that of Ca?*, which disagrees with
the experimental preference.*® This discrepancy may be due to
the lack of direct binding between Mg?* and DNA and/or an
overestimation of the Ca?*-phosphate oxygen interaction. Mg?*
has a tightly held first solvation shell and does not directly bind
to DNA in these simulations. In contrast, Ca?* has a strong
interaction with phosphate oxygen atoms and a large portion of
Ca?* ions form direct contacts with the phosphate backbone of
DNA. As a result, the occupancy of DNA predicted by these
simulations is underestimated for Mg?* and overestimated for
Ca%*,

For the alkaline earth metal ions studied, the phosphate
backbone constitutes the majority of the total occupancy with
values from 0.34 to 0.71 (Fig. 5). The major groove is the second
largest contributor with values from 0.10 to 0.15. Occupancy of
the minor groove is relatively small (< 0.01) as well as
simultaneous occupancy of the phosphate backbone and either
the major or the minor groove ( =< 0.05). Overall, alkaline earth
metal ions preferentially bind to the phosphate backbone and
the major groove of dsDNA, where the phosphate backbone is
preferred over the major groove.

Because total occupancy varies for each ion, the percentage
of bound ions within a specific DNA binding site is used to
compare the extent of preferential binding among ions. The
percentage of bound Mg?* ions that occupy the phosphate
backbone is 67%, which is about twice that of the major groove
(30%). For the larger alkaline earth metal ions, the percentage
of bound ions that occupy the phosphate backbone decreases
as the ionic radius increases: 89%, 75%, and 66% for CaZ*, Sr2*,
and Ba?*, respectively. The percentage of bound ions that
occupy the major groove is relatively small for Sr?* (16%) and
BaZ* (17%) and negligible for Ca%* (3%). Therefore, the alkaline
earth metal ions Ca?*, Sr?*, and Ba?* have a stronger preference
for the phosphate backbone over the major groove compared
to Mg?*.

Sequence-Dependent Binding in Major Groove

lon counting experiments with dsDNA report sequence-
independent results,*® whereas experimental studies on single-
strand DNA indicate that divalent metal ions preferentially bind
to cytosine (C) and guanine (G) compared to adenine (A) and
thymine (T) nucleotides.1% These seemingly disparate results
can be explained by sequence-dependent ion binding within the
major groove of dsDNA, but sequence-independent binding at
the phosphate backbone. The simulations presented in this
work reproduce these experimental observations. The GC track
within the major groove preferentially binds more divalent ions
than the AT track, but occupancy of the phosphate backbone is
independent of the nucleotide sequence (Fig. S9). These results
agree with previous simulations of Mg?* with the same DNA
duplex sequence.®® Interestingly, this sequence-dependent
binding within the major groove of dsDNA is observed for all
alkaline earth metal ions studied, regardless of ion size, binding
motif (direct versus indirect binding), or total occupancy of
DNA.

Major Groove Binding at Guanine N7 and 06 Atoms

This journal is © The Royal Society of Chemistry 20xx
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It is generally accepted that the preferred binding site of
divalent metal ions in the major groove is the N7 atom of
guanine,*3454851107 byt some studies suggest that metal ions
may also bind to the 06 atom of guanine.*>>1.525455 The RDFs of
the alkaline earth metal ions studied here demonstrate binding
at both the N7 and 06 sites of guanine (Fig. 4). The heights of
the first peaks of the Ba?* and Mg?* RDFs are larger for the 06
atom than that of the N7 atom. In addition, the most probable
distance between each ion and the O6 atom of guanine is 0.1-
0.3 A smaller than that of the N7 atom. These observations
suggest that alkaline earth metal ions within the major groove
of dsDNA are more likely to bind to the O6 atom rather than the
N7 atom of guanine.

To make a quantitative comparison, the occupancy of each
electronegative atom within the major groove of dsDNA is
shown in Fig. 6. For the alkaline earth metal ions studied, the
occupancy of the 06 atom of guanine is slightly larger than that
of the N7 atom. Additional analysis based on classifying each
bound ion by its shortest contact shows that the majority of
divalent metal ions bound within the major groove of dsDNA
are simultaneously bound to both the N7 and O6 atoms of
guanine with a shorter contact to the 06 atom (Fig. S10). The
majority of these contacts are indirect contacts, but similar
trends are observed for simultaneous direct and indirect
binding of Sr?* and Ba?*. Therefore, the alkaline earth metal ions
studied likely form simultaneous interactions with both the N7
and 06 atoms of guanine within the major groove of dsDNA,
with a small preference for the O6 atom over the N7 atom.

EmMg ®NCa BESr Ba
0.20
> 0.15
&
= 0.10
Q
&)
O 0.05 I I
000 —m= H_ : -
AN7 TO4 GN7 GO6

Fig. 6 Occupancy of the N7 atom of adenine (AN7), 04 atom of thymine (TO4), N7 atom
of guanine (GN7), and 06 atom of guanine (GO6) within the major groove of dsDNA by
alkaline earth metal ions.

Overall Comparison of Alkaline Earth Metal lons

The RDFs for alkaline earth metal ions (Figs. 2 — 4) reveal that
Mg?* has a tightly held first solvation shell that only allows
indirect binding to dsDNA, whereas Ca?*, Sr?*, and Ba%* have
variable first solvation shells that allow direct and indirect
binding. Although RDFs indicate the binding motif present, they
do not distinguish among direct binding only, indirect binding
only or simultaneous direct and indirect binding. The occupancy
of the phosphate backbone and the major groove of dsDNA
classified by these types of binding are shown in Fig. 7. The ions
with variable first solvation shells (Ca?*, Sr?*, and Ba?*) exhibit
opposing trends at the phosphate backbone and major groove
of dsDNA.
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At the phosphate backbone (Fig. 7a), Ca?*, Sr?*, and Ba?* ions
exhibit all three types of binding, where the number of metal
ions that form at least one direct contact with the phosphate
backbone decreases with increasing ionic radius: Ca?* > Sr?* >
Ba?*. Within the major groove (Fig. 7b), the majority of bound
Ca?*, Sr?*, and Ba?* ions form only indirect contacts, but the
small portion that form at least one direct contact increases
with increasing ionic radius: Ca?* < Sr?* < Ba?'. Therefore,
smaller alkaline earth metal ions with a variable first solvation
shell prefer to form direct contacts with the phosphate
backbone and indirect contacts within the major groove,
whereas larger alkaline earth metal ions prefer to form indirect
contacts with both the phosphate backbone and the major
groove.
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Fig. 7 Occupancy of the (a) phosphate backbone and (b) major groove of dsDNA by
alkaline earth metal ions. Bound ions are classified by the type of contact(s): indirect
contact(s) only (Indirect Only), simultaneous direct and indirect contacts (Direct +
Indirect), or direct contact(s) only (Direct Only).

From a physical perspective, these size-dependent trends
may be explained in terms of the strength of the DNA-ion
interaction, ion size, and flexibility of the first solvation shell.
Due to its smaller ionic radius, the Coulombic attraction
between Ca?* and the oxygen atoms of the phosphate backbone
is stronger than the Sr?* and Ba?* ions. This stronger attraction
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leads to a more favorable interaction between Ca?* ions and the
phosphate backbone compared to the larger alkaline earth
metal ions. Despite it having a more ordered first solvation shell
(Fig. 2), Ca?* is more likely to lose one of its first solvation shell
water molecules (Fig. S11) and form a direct contact with the
phosphate backbone (Fig. 7). This observation suggests that the
energetic stabilization gained by forming a direct contact
between Ca?* and phosphate oxygen atom(s) is larger than the
energetic penalty of removing a first solvation shell water.

Due to the combined effects of the strong ion-phosphate
interaction, ion size, and flexibility of its first solvation shell, Ca?*
is more likely to bind to the phosphate backbone and remain
there throughout the simulation. Specifically, once a direct
contact is formed, Ca?* ions remain directly bound to the
phosphate backbone for at least 1 ns, but each ion can bind and
unbind for up to 4 binding events. This behavior is evident by
fewer binding events (Fig. S12) and long-lived (> 1 ns)
residence times (Fig. S13) compared to the other alkaline earth
metal ions. Because Ca?* ions strongly bind to the phosphate
backbone and remain there for relatively long periods of time,
few Ca?* ions are available to travel into and bind to the major
groove of dsDNA, resulting in the low occupancy of Ca?* at this
binding site (Fig. 7).

As the ionic radius increases, the Coulombic attraction
between the alkaline earth metal ions and the phosphate
backbone of DNA decreases, resulting in a lower occupancy of
the phosphate backbone for Sr?* and Ba?* relative to Ca?* (Fig.
7). Sr** and BaZ* ions are more likely to retain their first solvation
shells (Fig. S11) and form indirect rather than direct contacts
with the phosphate backbone (Fig. 7). This result suggests that
the energetic penalty of removing a water molecule from the
first solvation shell of Sr?* or Ba?* outweighs the energetic
stabilization gained by forming a direct contact with the
phosphate backbone. As a result, these ions freely bind and
unbind to the phosphate backbone throughout the simulation,
evident by a larger number of binding events (Fig. $12) and
shorter ( < 500 ps) residence times (Fig. S13) compared to Ca%*
ions. Because Sr?* and Ba?* ions do not bind to the phosphate
backbone as strongly as Ca?*, these ions are free to travel into
and bind to the major groove of dsDNA, increasing their
occupancy of the major groove compared to Ca?* (Fig. 7).

Mg?* does not follow the size-dependent trends observed
for Ca?*, Sr?*, and Ba?*. Because Mg?* has the smallest ionic
radius of the alkaline earth metal ions, it is expected to have the
largest Coulombic attraction to the DNA phosphate backbone
and, therefore, have the largest occupancy at this binding site.
However, it has a tightly held first solvation shell (Fig. 2) that
preferentially forms indirect rather than direct contacts with
DNA (Fig. 7). Because Mg?* only forms indirect contacts with
DNA, its occupancy of the phosphate backbone is
underestimated relative to the larger alkaline earth metal ions.
Despite having the lowest occupancy of the phosphate
backbone, Mg?* ions are more likely to have intermediate
residence times (500 ps — 1 ns) compared to Ca?*, Sr?*, and BaZ*
(Fig. S13). Within the major groove, Mg?* follows the trend of
increasing indirect binding with decreasing ionic radius, but the
occupancy of the major groove by Mg?* is larger than the other

This journal is © The Royal Society of Chemistry 20xx
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alkaline earth metal ions. This result may be due to long
residence times (> 1 ns) within the major groove for Mg2*
compared to Ca?*, Sr?*, and Ba?* (Fig. S13). In general, Mg?* does
not exhibit the same size-dependent trends observed for the
larger alkaline earth metal ions due to its tightly held first
solvation shell. An alternative computational approach is
necessary to further investigate direct binding of Mg?* to
dsDNA, which is observed by experiment.43:4851,54

Comparison of these DNA-ion binding trends provides
insight to the competition of alkaline earth metal ions for the
DNA ion atmosphere. If present in the same solution, Ca?* is
expected to displace the other alkaline earth metal ions near
DNA due to its strong preference for forming long-lived direct
contacts with the phosphate backbone. Similarly, Sr?* and Ba?*
are expected to displace Mg?* at the phosphate backbone due
to their potential to form direct contacts with DNA, whereas
Mg?* only forms indirect contacts. However, the residence times
of Mg?* ions are intermediate in length relative to Sr?* and Ba?*,
so Mg?* ions may occupy the phosphate backbone for longer
periods of time and prevent Sr?* and Ba?* from binding to DNA.
Within the major groove, Mg?* is expected to displace the larger
alkaline earth metal ions due to its larger occupancy and longer
residence times at this DNA binding site.

Conclusions

This work provides for the first time a direct comparison of DNA-
ion binding for a series of alkaline earth metal ions (Mg?*, CaZ*,
Sr2*, and Ba?*) using atomistic molecular dynamics simulations.
The metal ions were modeled by a force field parameterized to
reproduce experimental ion hydration data. This force field is
validated for modeling DNA-ion interactions by reproducing
experimental ion counting data and ion-phosphate distances.
The spatial distribution of the alkaline earth metal ions
surrounding a DNA duplex was analyzed using RDFs and
occupancy values. Radial distances were used to identify direct
and indirect binding and occupancy values provided
quantitative comparisons for the number and type of contacts
(i.e., direct and indirect) formed between the alkaline earth
metal ions and dsDNA. Both RDFs and occupancy values
demonstrate that Mg?* ions bind to dsDNA through indirect
binding due to its tightly held first solvation shell. In contrast,
Ca?*, Sr2*, and Ba?* ions can lose one or more water molecules
in their first solvation shell and bind to dsDNA through direct or
indirect binding.

The total occupancy of dsDNA decreases in the following
order: Ca?* > Sr?* > Ba?* > Mg?*. The phosphate backbone is
preferred over the major groove and negligible binding occurs
in the minor groove. Ca?*, Sr?*, and Ba?* have a stronger
preference for the phosphate backbone than Mg?*. DNA-ion
binding is independent of the DNA sequence at the phosphate
backbone, whereas GC base pairs are preferred within the
major groove. Most alkaline earth metal ions bound in the
major groove form indirect contacts (i.e., hydrogen bonds) with
both the N7 and O6 atoms of guanine simultaneously and have
a slight preference for the O6 over the N7 atom. Although there
are fewer ions that bind to the major groove compared to the

This journal is © The Royal Society of Chemistry 20xx
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phosphate backbone, each ion in the major groove typically
forms more contacts than the ions bound to the phosphate
backbone. These results may provide insight into ion-mediated
binding of dsDNA to functionalized surfaces or other nanoscale
structures.

The alkaline earth metal ions with flexible first solvation
shells (Ca?*, Sr**, and Ba?*) exhibit size-dependent trends in
DNA-ion binding. CaZ* has a strong ion-phosphate interaction
that results in long-lived contacts at the phosphate backbone
and negligible binding within the major groove. As the ionic
radius increases, Sr>* and Ba?* have weaker ion-phosphate
interactions and are more likely to form indirect contacts with
the phosphate backbone; therefore, these ions can travel into
and bind to the major groove. As the smallest alkaline earth
metal ion, Mg?* is expected to have the strongest ion-phosphate
interaction and thus the largest phosphate backbone
occupancy. However, due to its tightly held first solvation shell,
the Mg?*-phosphate interaction is shielded relative to the larger
alkaline earth metal ions. As a result, Mg?* has intermediate
residence times at the phosphate backbone and is free to travel
into and bind to the major groove more than the larger alkaline
earth metal ions. Overall, alkaline earth metal ions with flexible
first solvation shells exhibit size-dependent trends, whereas
Mg?* with its tightly held first solvation shell does not.

This work provides a qualitative and quantitative analysis of
alkaline earth metal ions binding to dsDNA that accurately
reproduces experimental trends. Both the strength of site-
specific DNA-ion interactions and metal ion hydration play an
important role in determining the preferred DNA binding sites
and binding motif (direct or indirect) of alkaline earth metal
ions.
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Classical molecular dynamics simulations reveal size-dependent trends of alkaline earth metal
ions binding to DNA are due to ion size and hydration behavior.
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