
Implicit Solvent with Explicit Ions Generalized Born Model in
Molecular Dynamics: Application to DNA
Egor S. Kolesnikov,∥ Yeyue Xiong,∥ and Alexey V. Onufriev*

Cite This: J. Chem. Theory Comput. 2024, 20, 8724−8739 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The ion atmosphere surrounding highly charged biomolecules, such as nucleic
acids, is crucial for their dynamics, structure, and interactions. Here, we develop an approach
for the explicit treatment of ions within an implicit solvent framework suitable for atomistic
simulations of biomolecules. The proposed implicit solvent/explicit ions model, GBION, is
based on a modified generalized Born (GB) model; it includes separate, modified GB terms for
solute−ion and ion−ion interactions. The model is implemented in the AMBER package
(version 24), and its performance is thoroughly investigated in atomistic molecular dynamics
(MD) simulations of double-stranded DNA on a microsecond time scale. The aggregate
characteristics of monovalent (Na+ and K+) and trivalent (Cobalt Hexammine, CoHex3+)
counterion distributions around double-stranded DNA predicted by the model are in
reasonable agreement with the experiment (where available), all-atom explicit water MD
simulations, and the expectation from the Manning condensation theory. The radial
distributions of monovalent cations around DNA are reasonably close to the ones obtained
using the explicit water model: expressed in units of energy, the maximum deviations of local ion concentrations from the explicit
solvent reference are within 1 kBT, comparable to the corresponding deviations expected between different established explicit water
models. The proposed GBION model is able to simulate DNA fragments in a large volume of solvent with explicit ions with little
additional computational overhead compared with the fully implicit GB treatment of ions. Ions simulated using the developed model
explore conformational space at least 2 orders of magnitude faster than in the explicit solvent. These advantages allowed us to
observe and explore an unexpected “stacking” mode of DNA condensation in the presence of trivalent counterions (CoHex3+) that
was revealed by recent experiments.

1. INTRODUCTION
Ions are essential for cellular function in plants, animals, and
humans. It is not surprising that even a slight imbalance of the
ionic environment may disrupt cellular operations, leading to
severe consequences for the organism. The key role of metal
ions in various biological processes, in particular their
interactions with nucleic acids, is well-documented.1−5 These
interactions are critical in determining the mechanical
properties of nucleic acids; for instance, Mg2+ is essential for
the structural stability of RNA molecules.6−8 Multivalent
counterions surrounding DNA and RNA molecules play
critical roles in important phenomena, such as counterion-
induced nucleic acid condensation,9,10 which is essential for
chromatin compaction,11,12 affecting gene expression. Under-
standing the mechanisms behind counterion-induced con-
densation is important for the development of mRNA
vaccines13,14 and gene therapies, where targeted delivery of
nucleic acid payloads is challenging.15−18 Ion−protein
interactions affect protein stability19,20 and regulate the activity
of transcription factors.21,22 Ions also modulate the structure of
ion-sensing proteins,23−25 which play roles in various
physiological processes, from inflammation and smooth muscle
contraction to short-term and long-term memory and immune
response. Specific and nonspecific explicit ion binding is

important for the structure of monoclonal antibodies.26 Thus,
the accurate treatment of ions is just as important as the
accurate treatment of water in biomolecular simulations.

Atomistic molecular dynamics (MD) simulations are one of
the most widely used theoretical tools in biomedical
research,27−30 which requires accurate and, at the same time,
computationally facile representations of the key elements of
aqueous solvation−ions and water. Among existing classical
models of aqueous solvation, the most accurate ones treat
individual solvent molecules and biologically relevant ions
explicitly, on par with the target biomolecule. However, this
level of detail often entails a significant computational cost,
making some simulations difficult or impractical. For instance,
close to microsecond simulation times are necessary to
properly average various parameters in nucleic acid systems
with multivalent ions.31,32 A system that contains multiple
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DNA molecules that can form unusual states of counterion-
induced condensation, Figure 1 (left), may require a very large
solvent box to model properly; a typical “parsimonious” setup
where the box is just big enough for the expected but wrong
state, Figure 1 (middle), will miss the right one in a typical
simulation. In general, an unanticipated conformational
transition leading to a significant increase of the size of the
“structural unit” would likely be missed in a parsimonious
solvent box designed to simulate the original, smaller system.

Apart from the general issue of computational expense and
the relatively slow speed of conformational sampling in the
explicit solvent,34 the traditional explicit solvent approach has
several other, less obvious, but highly significant limitations.
Simulating physiologically relevant (intracellular) conditions of
small concentrations of many multivalent ions,35,36 e.g., 1 mM
of free Mg2+ or 0.1 mM of Ca2+, in the bulk solvent around a
macromolecule is challenging to impossible in a reasonably
sized box of explicit water as the number of explicit water
molecules required to produce the necessary dilution of even a
few tens of unbound ions in the bulk becomes enormous.

The implicit solvation model, an efficient alternative to
explicit solvent methods, accelerates conformational sampling
in simulations of biomolecules.34 It represents the solvent as a
continuum, capturing water’s dielectric and nonpolar proper-
ties,37−47 and is grounded in solid physical principles.48

Currently, the generalized Born (GB) model,42,49−79 a variant
of implicit solvation, is the de facto “engine” of molecular
simulations in the implicit solvent,a where it enhances
computational and sampling efficiency in MD.86−118

The GB is a “trail blazer” method, which can justify the
additional approximations to reality made119 by this model
relative to the traditional explicit solvation. For example, it was
the GB model that enabled early simulations87−96 of “de novo”
protein folding, long before the advent of highly specialized
supercomputers made it possible in the explicit solvent.120

Atomistic folding simulations using the GB model are now
routine on GPUs,121 accessible to most computational
laboratories. The GB-based MD simulations are particularly
well suited for modeling of large-scale motions in biomole-
cules,97,98 including the nucleosome and its DNA;99 for the
latter, speed-ups of conformational sampling up to 2 orders of
magnitude can be expected.34 Recent GPU implementations122

have significantly boosted the GB model’s performance,

enabling faster simulations34,123 of large124 structures pre-
viously challenging for explicit solvents.

Yet, the canonical GB framework,53 foundational to various
GB flavors125 (models) available in major simulation packages,
has a notable limitation: it is designed to approximate the
effects of monovalent ions alone, representing them as a
diffuse, mean-field continuum (Debye screening), neglecting
ion correlation effects, as well as differences between ions such
as Na+ versus K+,126 or specific ion binding. Multivalent ions
remain out of reach. Electrostatic potential distributions
around biomolecules, obtained with explicit ions,31,127,128

often differ significantly from those produced using more
approximate ion models such as the GB, which treat ions as a
diffuse continuum. The fundamental limitations have their
consequences for practical simulations: for example, the
canonical GB model is not suitable for simulations of the
DNA condensation process, see Figure 1. Straightforward
attempts to use explicit ions directly within the canonical GB
lead to qualitatively wrong results, see Figure 2. Collectively,
these limitations make the canonical GB unsuitable for high-
accuracy simulations of many biologically relevant systems and

Figure 1. Highly approximate treatment of ions by mainstream implicit solvation models, such as the GB (right) or speed/size limitations of the
traditional explicit solvent (middle), can lead to qualitatively wrong outcomes of atomistic simulations compared to experiment (left). In this
example, an unusual stacking mode of DNA condensation is shown experimentally33 to occur for certain DNA sequences (left panel). The implicit
solvation methodology that treats the ion atmosphere at a mean-field level cannot describe counterion-induced attraction and condensation of
nucleic acids in principle (right panel). Only the well-known lateral DNA condensation mode is likely to be found by a standard explicit solvent
simulation (middle panel) due to the high computational costs associated with the significantly larger system size and simulation times needed to
reach the stacking condensation mode.

Figure 2. An MD simulation based on the canonical GB model
generates a qualitatively wrong distribution of multivalent ions around
DNA (a), in which explicit trivalent ions (CoHex3+, green) fail to
condense onto the double-stranded DNA. The expected counterion
condensation is reproduced by a fully explicit solvent (b). The
distributions are adapted from ref 128. The qualitative inadequacy of
CoHex3+ distribution seen in (a) stems from a fundamental limitation
of the canonical GB model when applied to disconnected, i.e., water-
separated, topologies,128 such as ions around a molecule.
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processes�all where detailed ion interactions are crucial. The
very approximate treatment of ions by the current GB model
was likely adequate for a number of problems at much shorter
time-scales of yesterday; we argue that it is no longer the case
today.

Recognizing this gap, here we introduce the Implicit Solvent
with EXplicit Ions approach and its practical implementation
GBION, which enhances the capabilities of atomistic
simulations by combining explicit ion treatment with the
benefits of implicit water solvation. This work lays out the
foundation of the new model; as a concrete example of its
potential application here, we focus on the important case of
DNA.

2. THEORY

2.1. Canonical GB Model: Brief Introduction. The
hydration free energy plays a pivotal role in determining the
interaction potential between solutes in environments
characterized by water. This energy, denoted as ΔGsolv, can
be decomposed into two main contributions: electrostatic,
ΔGel , and nonpolar, ΔGnon‑polar, contributions129

G G Gsolv el non polar= + (1)

which are typically estimated independently. A widely used,
computationally efficient approximation to calculating the
nonpolar term (ΔGnon‑polar) is based on the assumption that
ΔGnon‑polar is proportional to the solvent-accessible surface area
(SASA).

The GB model provides an approximate way, relative to the
exact solution of the Poisson equation, to calculate the
electrostatic part, ΔGel, of the solvation free energy of any
singly connected solute or tightly bound complex.119 The
canonical GB approximation is based on the equation
originally proposed by Still et al.53
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where �in and �out are the dielectric constants of the solute and
the solvent, respectively, dij is the distance between solute
atoms i and j, and qi and qj are the atomic charges. The main
parameters of the equation are the effective Born radii Ri, with
Ri−1 characterizing the average degree of solvent exposure of
atom i. Generally, Ri is larger than the atom’s intrinsic radius �i,
the two becoming equal for a single isolated ion or atom.
Multiple practical algorithms125 exist for calculating Ri from the
molecular geometry defined by a set of its {�i} and interatomic
distances; fast analytical flavors of the GB are most often used
in MD simulations.
2.2. Proposed GBION Model. The canonical GB

model125 exhibits remarkable accuracy when applied to single,
topologically connected molecular structures. This accuracy
arises from the fact that these structures are topologically
equivalent to a sphere, where the GB model becomes
essentially exact in the limit of the infinite solute
dielectric.130−132 Conversely, it is not surprising that the
model’s accuracy deteriorates for topologies distinctly different
from a sphere: “disconnected” topologies, such as solvent-
separated molecules. Understanding and simulating these
“disconnected” topologies are critical for elucidating various
biologically relevant processes, including ligand binding and
intricate interactions of DNA with the surrounding ions.

A general approach, suitable for Monte Carlo simulations of
disconnected solutes, was proposed earlier by Tolokh at al.128

However, that approach implies a discontinuous, and therefore
nondifferentiable, solvation energy function. Consequently,
forces cannot be calculated, and the approach cannot be

Figure 3. (a) Adaptation of the general implicit solvent/explicit ions framework for MD simulations. Each pair (a,b) of interacting atom types has
its own parameter set describing their interactions, eq 3. (b) Dependence of the total electrostatic energy on the distance dij between two charged
atoms for different values of �(a,b) and �in(a,b). Decreasing �(a,b) makes the interacting potential closer to Coulomb’s law with a stronger effect for
larger values of dij. The smaller the �(a,b), the closer Eij(dij) is to the pure Coulomb electrostatics (black dashed line). Increasing �in(a,b) from 1 to
�out makes Eij(dij) deviate further from the canonical GB and closer to Coulomb’s law for all dij. In all of our calculations, we use the default AMBER
value of �out = 78.5. An example functional dependence for one of the optimized parameter pairs [�in(a,b) = 36 and �(a,b) = 4] is also shown (green
solid line).
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implemented “as is” in MD simulations. A version with a
differentiable energy ΔGel

ij is presented here.
We begin here by identifying a new charge-pairwise ΔGel

ij

suitable for multiconnected geometries (disconnected solutes)
to replace the ΔGel

ij of the canonical GB, eq 2. The key
requirements are that the resulting functional form is
differentiable and “simple” enough to make adaption for MD
possible. In contrast to the canonical ΔGel

ij , the new function
depends on the topology of the interacting atoms (i.e., ion−
ion, ion−solute, or solute−solute), see Figure 3. The total
interaction electrostatic energy for two charges with the
proposed ΔGel

ij takes the form

E d
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where (a,b) denotes the type (topology) of the pair of
interacting atoms, e.g., a = ion and b = solute. This equation
captures the general nature of charge−charge interactions
mediated by the solute or solvent, introducing �(a,b) and
�in(a,b) coefficients for tuning the interaction energy. The
parameter �(a,b) controls how the function approximates the
interaction between solvent-separated charges (see Figure 3);
it was shown previously128 that, unlike the canonical GB
(�(a,b) = 4 in eq 3), pure Coulomb interaction works
reasonably well for solvent-separated charges, including ionsb.
In eq 3, the pure Coulomb regime is approximated by setting
�(a,b) ≪ 1; note that E d( )ij ij

qq

d
i j

out ij
when �(a,b) → 0.

Additional flexibility to fine-tune charge−charge interactions is
afforded by the coefficient �in(a,b), which scales the part of the
electrostatic energy (see Figure 3). Increasing �in(a,b) from 1
to �out makes Eij(dij) further from canonical GB and closer to
Coulomb’s law for all dij. The introduction of specific
coefficients �(a,b) and �in(a,b) for interactions between solute
atoms and ions (both anions and cations) enables the model to
fairly accurately mimic the localized effects of ions on solvation
energetics. For solute−solute interactions, �(a,b) = 4 and
�in(a,b) = 1, meaning that the canonical GB is used.
2.3. Setting the Salt Concentration within the Model.

Since there are no periodic boundary conditions in this implicit
GB solvent model, an explicit ion in such a system would not
be “imaged” back as it moves away from the solute.
Consequently, over extended simulations, ions would gradually
drift away from the solute; given an infinite volume and a finite
number of particles, entropy always prevails. To address this
issue, we have applied an NMR-type restraint between each
ion and a user-selected “anchor”, which can be either a single
atom near the center of the solute molecule or the center of
mass of a group of atoms, see Figure 4 and the movie in
Supporting Information. The restraint operates as follows:
once the ion exceeds a predefined distance (parameter r3 in
the AMBER DISANG file) from the anchor point, the ion
begins experiencing a harmonic restraining potential (switched
on by nmropt setting in AMBER and specified in the DISANG
file): the force constant is chosen to be large enough so that
possible excursions of the ion beyond the distance r3 should be
negligible compared to r3. This approach allows one to define
the volume of the simulation system as the volume of a sphere

of radius r3, see the example of the simulation system with the
restraining sphere in Figure 4.

To set the ion concentration in a simulation, we use the
SLTCAP133 method. It utilizes the equation below to calculate
the numbers of anions and cations that should be added to the
system

N V c ar
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where N+ is the number of cations to be added, N− is the
number of anions to be added, Q is the total charge of the
molecule (solute), Vw denotes the volume of the solvent in the
system in Å3, and c0 is the desired salt concentration in units of
particles per Å3; to convert from the common M/L, one
should multiply the M/L value by 6.02 × 10−4. The solvent
volume Vw is defined as the volume of the enclosing sphere
minus the volume of the solute. For instance, in the case of our
example restraining sphere (see Figure 4), the volume

V Vw
R4

3 solute

3

= × × , where Vsolute is the volume of

simulating DNA. Substituting 40 Å for R yields

V 8800 Å 2.59 10 Åw
4 40 Å

3
3 5 33 3

= = ×× × and

Figure 4. Setting the simulation volume and proper ion concentration
in GBION. A restraining force Frestr (red arrow) prevents the ions
(purple and green) from drifting beyond a user-specified distance (40
Å in this example) from the anchor point (center of the red sphere).
Shown is an example of the force restraining the ions to the center of
mass of all of the phosphorus atoms of the DNA fragment. The
snapshot is taken from a simulation using GBION, see the movie in
the Supporting Information.
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to note that differences between specific details of the
simulation protocol can influence the simulation outcomes
within that level of accuracy; these details include the types of
restraints used (e.g., with the entire DNA restrained as in this
work vs only the middle base pair kept fixed as in ref 137) and
the geometry of the simulation enclosure (e.g., a truncated
octahedron box for explicit water simulations in this study vs a
rectangular box in ref 137 vs a restraining sphere for GBION
simulations). With this caveat in mind, one can reasonably
conclude that GBION reproduces the aggregate characteristics
of the cation distribution around DNA at the same level of
accuracy that may be expected from the established explicit
water models.

Below is a more detailed comparison of the distributions of
sodium and potassium obtained using GBION with the ones
obtained using simulations with the explicit water model OPC,
see Figure 5. One can see that the ion distributions generated
by GBION reproduce the explicit water MD results with a
reasonable accuracy, comparable with the accuracy of the
explicit water simulations themselves.137 The uncertainty of
the explicit solvent models in reproducing the ion distributions
can be estimated by comparison with the corresponding
distributions obtained by using different established explicit
water models. Specifically, in ref 137, the SPC/E water model

was found to yield ion distributions that differ the most from
those obtained via other water models tested in that work. To
estimate the uncertainty of the ion distribution expected from
an explicit water model, we have compared the distribution of
Na+ ions obtained using different explicit water models (see
Figure S1). The uncertainty can be estimated as the ratio of the
ion concentrations at the distribution peaks. The concentration
of Na+ ions at the first peak in the SPC/E water model is about
1.6 times higher than that obtained in the OPC water. This
concentration difference translates into the difference of Na+-
DNA interaction potentials for these two explicit water models
of an order of 0.55 × kBT. Another representative metric of
uncertainty can be the ratio between the areas integrated under
the first peak of the ion distributions obtained by using
different water models. In our simulations, this ratio is 1.62,
consistent with the uncertainty estimate based on the peak
concentration ratio estimated above. The uncertainty puts in
perspective the accuracy of the proposed GBION model: the
largest difference between the GBION-derived ion distribution
and the one obtained using the OPC water model, Figure 5, is
still less than kBT in energy units, which is reasonable and
comparable to the difference between the ion distributions
obtained in SPC/E vs OPC explicit water models.

Figure 5. Radial distributions and ion density maps of Na+(a) and K+(b) obtained using the GBION model are compared with those obtained
using the explicit solvent [OPC water138 with J/C (Joung/Cheatham) ion parameters139]. Radial-angle distributions of Na+ and K+ are presented in
panels (c−f); the water model used to obtain each distribution is indicated above the panels. The distributions of sodium and potassium around
DNA obtained with the GBION model reproduce those obtained using the explicit solvent with reasonable accuracy, with even the most significant
difference corresponding to a variation in the ion-DNA affinity of less than kBT. The GBION and explicit solvent distributions in panel (a) differ the
most at a distance of ∼8 Å from the DNA helical axis, the same as those in panel (b).
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conditions. Throughout the simulations, the ions were
restrained to remain within 40 Å of the center of mass of
the phosphorus atoms of the DNA using a restraining force
(see an example of the restraining force in Figure 4 and a
movie in the Supporting Information). We assessed the DNA
stability using three key metrics: the average portion of stable
Watson−Crick (WC)-pairs, rmsd from the X-ray reference,
and the widths of the DNA grooves, all evaluated over the
entire microsecond-long trajectory, see Figure 6.

The average WC-value was 0.99 ± 0.03 for NaCl and 0.99 ±
0.04 for KCl, indicating that the WC pairs remained stable
throughout the simulation. The minor groove width in the
presence of NaCl and KCl was 12.4 ± 0.2 and 12.2 ± 0.2 Å,
respectively. The width of the major groove in the presence of
NaCl and KCl was 19.9 ± 0.3 and 19.6 ± 0.3 Å, respectively.
These widths are in agreement with those calculated from the
reference structure140 (12.2 for the minor groove and 19.1 Å
for the major groove), see Figure 6. The average rmsd from the
X-ray reference structure was 2.0 ± 0.5 Å for NaCl and 2.3 ±
0.5 Å for KCl, respectively, slightly higher than the results
obtained with the explicit water model (1.5 Å). The
consistency of the structural parameters of the simulated
DNA with the experimental references demonstrates the DNA
structure’s stability during simulations with the GBION model,
confirming the model’s applicability to simulating DNA
duplexes in the presence of monovalent ions.
3.3. Distribution of Trivalent CoHex Ions around

Double-Stranded DNA. To evaluate the suitability of the
proposed implicit solvent/explicit ions GB method for
simulating solutions with multivalent ions surrounding DNA,
where ion−ion correlations and other explicit solvent effects
may significantly affect the ion distributions,141 we applied the
GBION model to investigate the interactions between trivalent
CoHex3+ counterions and DNA duplexes. Accurately repro-
ducing the distributions of multivalent ions around nucleic
acids is crucial as subtle aspects of these distributions influence
the propensity of nucleic acids to aggregate.31,142

The CoHex3+ ion distribution around a DNA duplex, as
determined by GBION simulations, is compared with these
from all-atom MD simulations utilizing the explicit water
model, Figure 7.

The CoHex3+ distribution estimated based on the
simulations carried out using the GBION model, as one can
see in Figure 7, qualitatively reproduces the distribution of
trivalent ions obtained using the explicit water model. The
degree of DNA charge neutralization matches the one
observed in simulation of DNA with CoHex3+ using the
explicit water model143 (∼90%).

According to the previously developed multishell model of
counterion-induced condensation of nucleic acids,31,143

CoHex3+ ions bound within the “external” ion-binding shell
(12−16 Å from the helical axis) of the double helix facilitate
the condensation. The probability of condensation increases
with the number of ions attached to the external shell. The
DNA charge neutralization is also a prerequisite for
condensation. Our next step involves verifying whether DNA
condensation occurs in the presence of trivalent ions, further
assessing the effectiveness of GBION.
3.4. Counterion-Induced DNA Condensation. To

assess the applicability of the GBION model for simulating
the DNA condensation process, we employed the GBION
model to simulate the condensation of DNA induced by
CoHex3+ ions. The simulation began with the two DNA
duplexes positioned at a distance from each other, followed by
the removal of constraints to allow for the DNA attraction to
lead to the condensation. The initial conformation and the
observed condensed states are illustrated below.

During the simulations, we identified two distinct conforma-
tional states of condensed DNA: the expected lateral
condensation and a “stacking” condensed state, see Figure 8.

The latter has been observed and studied in highly
concentrated DNA solutions.33 It was also observed using
SAXS.144 The simulation time required to observe the
“stacking” condensed state in GBION is just ∼43 ns. For
this simulation, we have calculated the average Watson−Crick
(WC) value over both duplexes, finding it to be 0.99 ± 0.03,

Figure 7. Snapshots from simulations of DNA in solution with
CoHex3+ show the distribution of CoHex3+ ions (green) in simulation
with the GBION model (a) and previously reported explicit solvent
distribution31,143 (b), which agree with each other quantitatively. The
degree of DNA charge neutralization obtained in the simulation
carried out using the GBION model is equal to the one observed in
the simulation with the explicit water model; the corresponding values
are listed next to each structure.

Figure 8. DNA condensation induced by CoHex3+ ions. Starting from
two separated duplexes (a), a GBION MD simulation reaches the
expected “lateral” condensed state (b) on a nanosecond time scale.
Continuing the GBION run predicts an unexpected, novel “stacking”
condensed state (c), recently validated experimentally.33 This state
would likely not have been identified in a conventional explicit
solvation simulation, which would likely use the solvent box (black
dashed outline) just large enough to contain the anticipated lateral
configuration of the duplexes. A movie is available in Supporting
Information.
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simulations are listed below [K*(a,b) = parameter as
implemented to AMBER = value]:

1. KGB(s, c) = gi_coef_1_p = 0.01
2. KGB(s, a) = gi_coef_1_n = 0.01
3. KGB(c, c) = gi_coef_1_pp = 0.06
4. KGB(a, c) = gi_coef_1_pn = 0.06
5. KGB(a, a) = gi_coef_1_nn = 0.06
6. K�(s, c) = intdiel_ion_1_p = 1
7. K�(s, a) = intdiel_ion_1_n = 1
8. K�(c, c) = intdiel_ion_1_pp = 2
9. K�(a, c) = intdiel_ion_1_pn = 2

10. K�(a, a) = intdiel_ion_1_nn = 2
The equilibration step in the simulations of DNA with

CoHex3+ ions was 500 ps long. During the equilibration, every
atom of the DNA was restrained to its initial position with a 1
kcal/mol/Å2 harmonic restraining potential. The production
simulation was 10 ns long. During the production run, the
DNA atoms were also restrained with 0.01 kcal/mol/Å2 to
match the conditions of the explicit solvent simulation. The
integration time-step was 2 fs.
4.2.4.1. Simulation of Ion-Induced DNA Condensation.

To simulate counterion-induced aggregation of a pair of DNA
duplexes, we used the same structure as that for the single
DNA simulations. Two copies of the system simulated above
were initially located at a distance of 74 Å from each other.
The minimization and heating simulations were the same as
those above. The equilibration step was 50 ps long, and the
simulation time step for this equilibration step only was chosen
as 0.5 fs to avoid possible numerical instability. The integration
time-step was 2 fs in all of the following simulation steps.
Production simulation was 300 ns long. During the production
simulation, the DNA duplexes were not restrained. To limit the
simulation volume, we applied the restraining potential to the
ion if the distance from the 413rd atom of one of the duplexes
exceeded 160 Å (in other words, the ion-restraining sphere was
centered on one of the duplexes).
4.3. Trajectory Analysis and Calculation of Ion

Distributions. For analysis of ion distributions around
DNA, we have used Curves+ and Canion148 programs. Curves
+ translate coordinates into a convenient curvilinear helicoidal
system. Canion analyzes the curvilinear coordinates of ions and
generates 1D and 2D distributions and density maps of ions
around DNA. To calculate groove widths, rmsd of DNA, and
WC values, we used the program nastruct, included in the
AMBER package.
4.4. Calculating the Number of Ions Associated with

the DNA. As an experimental reference, here we utilized the
findings of Bai et al., who measured the number of ions
associated with DNA using the buffer exchange technique.135

Their experiments showed that the number of ions associated
with double-stranded DNA remains relatively constant across
bulk salt concentrations ranging from 0.1 to 0.2 M. To align
with our study, the experimental value for the number of DNA-
associated ions was scaled by a factor of 24/23, reflecting the
ratio of the total charge between our 25 base-pair DNA
fragment and the 24 base-pair fragment used in the
experiment. For a direct comparison with the experimental
results, we calculated the number of DNA-associated ions as
follows149

N c r c hr r( ( ) ( )) 2 d
r

0
= ×

(7)

where c(∞) represents the bulk salt concentration, determined
as the mean concentration between 28 and 30 Å from the
DNA helical axis in this work, and h indicates the length of the
DNA duplex, which is 85 Å in our case. The ion concentration
as a function of distance from the DNA helical axis, c(r), was
computed using the Curves+ and Canion programs.148

4.5. Generating Schematic Graphs of Electrostatic
Energy between Charged Atoms. To illustrate the
dependence of function Eij(dij) on its parameters �in(a,b) and
�(a,b), Figure 3b, for a generic pair of positive and negative
charges of value ±1, we have used the following generic
function
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For Coulomb’s law, we used the generic function
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d
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In eq 8, the Born self-terms were assumed constant (set to
zero for simplicity), and the effective Born radii were set to 1.
This, by no means general, approximation reflects the fact that
the effective Born radii for the pair of small ions change
relatively little over the relatively small range of dij of interest to
us here. Also, our focus is on the general behavior of Eij, eq 3,
which is not affected by the approximation. The specific
coefficients used as examples in that figure were chosen to
generate distinguishable graphs.
4.6. Software Used. We used the AMBER146 program

package for MD simulations. The GBION model used here is
available in AMBER 24, released in April of 2024. For
visualization of structures and trajectories, we used PyMol150

and CHIMERA.151 We used Curves+, Canion,148 and Python3
libraries NumPy152 and Matplotlib153 for ion distribution
analysis and graph visualization, respectively. We used
ChatGPT 4154 for style editing.

5. CONCLUSIONS
The ionic atmosphere around a biomolecule can have a
significant effect on its structure, dynamics, and function,
necessitating accurate yet efficient representation of ions in
simulation. Existing solvent models face various limitations
with respect to representing ions in atomistic simulations:
explicit solvent models can be computationally expensive,
while the “engine” of the more efficient implicit solvent MD
simulations, the GB model, provides only a crude, mean field
approximation for the ionic atmosphere.

In this study, we have made substantial modifications to the
framework of the canonical GB approximation to explicitly
take into account ions around the solute molecule. The key
insight is to consider distinct functional forms for the solute−
solute, solute−ion, and ion−ion interactions.

The resulting “Implicit Solvent with EXplicit Ions” frame-
work was implemented in AMBER (version 24, released on
04/30/2024, or later version) as a GBION model and
evaluated through extensive MD simulations of DNA duplexes
surrounded by either monovalent (Na+, K+, and Cl−) or
trivalent (cobalt hexammine, CoHex3+) ions. The computed
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ion distributions obtained from GBION simulations showed
reasonable agreement with those estimated by traditional all-
atom MD simulations in explicit water as well as in experiment,
where available. The largest deviation between GBION and the
explicit solvent distribution was about ∼ kBT (in energy units),
comparable to relevant differences between ion distributions
obtained using different established explicit water models.

The GBION model accurately captures key features of
CoHex3+ distribution around double-stranded DNA, including
the preferential ion binding to the “outer surface” of the B-
DNA backbone and the ∼90% degree of DNA charge
neutralization. In contrast to the canonical GB, the new
approach can simulate the process of DNA condensation
induced by multivalent counterions. Not only do these
simulations yield the well-known “lateral” DNA condensation
mode, but they also reveal an unexpected “stacking”
condensation of DNA duplexes, supported by recent
experimental evidence.33 The efficiency of GBION in
simulating large solvent volumes without severely compromis-
ing computation efficiency enables the observation of the
transition from the lateral to the “stacking” condensed mode,
which would have been highly challenging to simulate in the
traditional explicit solvent.

Below is a brief summary of the key advantages and
limitations of GBION.
5.1. Advantages vs Canonical GB. In contrast to the

canonical GB, the GBION model allows simulating ions
explicitly; this level of detail is desirable for many, if not most,
biologically relevant systems on time scales that are becoming
routine today. In particular, the canonical GB does not
distinguish between Na+ and K+, but GBION does. The model
can also handle multivalent ions naturally, which is completely
out of reach to the canonical GB.
5.2. Advantages vs Traditional Fully Explicit Solvent.

The GBION model inherits the key advantage of the canonical
GB model relative to the explicit solvent: the speed of
conformational sampling. Specifically, GBION simulations
sample conformational space 1−2 orders of magnitude faster
than the corresponding explicit solvent simulations.

Another notable advantage of the GBION model over the
traditional explicit solvation is that the GBION computational
cost is not very sensitive to the size of the simulation volume.
This unique feature of the approach allows one to simulate
physiologically relevant, very low salt concentrations of some
ions without the exorbitant computational expense that such
simulations would incur in the explicit solvent due to the need
for a very large solvent box.
5.3. Limitations. With the main focus of this work being

conceptual development of the new model, the set of
molecular systems used for the current parameterization and
testing is limited. Specifically, we optimized parameters for
Na+, K+, Cl−, and CoHex3+ to work with the DNA. The
current parameters of the model will likely work reasonably
well for other negatively charged solutes, but we have not
verified that yet. We have not yet tested the ability of GBION
to reproduce ion distributions around proteins; positively
charged solutes may be particularly challenging to the current
parameterization of Cl−. Therefore, we advise against using the
current set of GBION parameters for protein simulations,
especially those that carry a net positive charge. Also,
biologically relevant divalent ions such as Mg2+ or Ca2+ have
not yet been parameterized.
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■ ADDITIONAL NOTES
aProof-of-concept MD simulations based on the numerical PB
were reported,43,80−82 including an explicit ion model.83 It is
believed that the inherent algorithmic complexity of the
numerical PB approach, conceptual difficulties associated with
incorporating PB-based algorithms into MD,84 and significant
computational expense85 preclude its wider adoption in
atomistic MD.
bPhysically, the interaction Eij between solvent-separated
charges must be zero in the conductor limit of �out → ∞,
but this is not the case for the canonical GB. In contrast, the
pure Coulomb interaction has the correct limiting behavior.
cEvery dimension of the explicit solvent box needs to be at
least 180 Å, which translates into ∼2 × 105 water molecules or
∼7 × 105 atoms. According to recent AMBER benchmarks, the
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simulation speed of a system containing ∼4 × 105 atoms is
∼45 ns/day (NVIDIA RTX 3080, NPT ensemble, 2 fs step).
Extrapolating to ∼7 × 105 atoms yields ∼25 ns/day.
Consequently, a 4 �s-long simulation of the system containing
∼7 × 105 atoms should take at least ∼0.5 years.
dThe actual bulk salt concentration inferred from an analysis of
the ion distributions (Figure 5,) is ∼0.1 M, which is slightly less
than 0.145 M targeted by SLTCAP. However, since the
difference with the target is small and 0.1 M can still be
considered physiological, we did not apply further corrections.
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