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Abstract: An explicit ion, implicit water solvent model for molecular dynamics was developed and tested with
DNA and RNA simulations. The implicit water model uses the ﬁnite difference Poisson (FDP) model with the
smooth permittivity method implemented in the OpenEye ZAP libraries. Explicit counter-ions, co-ions, and nucleic
acid were treated with a Langevin dynamics molecular dynamics algorithm. Ion electrostatics is treated within the
FDP model when close to the solute, and by the Coulombic model when far from the solute. The two zone model
reduces computation time, but retains an accurate treatment of the ion atmosphere electrostatics near the solute. Ion
compositions can be set to reproduce speciﬁc ionic strengths. The entire ion/water treatment is interfaced with the
molecular dynamics package CHARMM. Using the CHARMM-ZAPI software combination, the implicit solvent
model was tested on A and B form duplex DNA, and tetraloop RNA, producing stable simulations with structures
remaining close to experiment. The model also reproduced the A to B duplex DNA transition. The effect of ionic
strength, and the structure of the counterion atmosphere around B form duplex DNA were also examined.
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Introduction
Implicit solvent treatments are widely used in molecular dynamics simulations, see Bashford and Case1 and Simonson2 for
reviews. The major advantage is the large speed up by removing
the explicit representation of some several thousand water
atoms. One class of methods uses the ﬁnite difference Poisson–
Boltzmann (FDPB) to represent the electrostatic contributions
from the water.3–11 Another class uses the generalized Born
(GB) model.12–21 The physical model underlying both the FDPB
and GB models is that of a set of partial atomic charges contained in a low dielectric cavity, surrounded by a high dielectric
representing the solvent. The GB method is more rapid to evaluate than the FDPB equations since it is represented by a closed
form, pairwise function. The key parameters of the GB method
are the effective Born radii for all the atoms. Most algorithms to
calculate these are parameterized against the FDPB method:
This is typically done so the GB electrostatic contribution to the
solvation energy reproduces as closely as possible that from the
FDPB method for a series of test molecules/conformations.13–19
In both GB and FDPB models the non-polar contribution to solvation is usually treated with a solvent accessible surface area
term. The majority of applications of both methods have been to
molecules with relatively small net charge, such as most pro-

teins, and to cases where ionic strength effects are not dominant.
In these cases, complete neglect of ions in the GB model and
the PB model (i.e. using just the Poisson equation) probably has
little effect on the accuracy of the simulations.
The situation is different in cases where the molecules are
highly charged, or one wants to study explicit ionic strength
effects. Extension of the FDPB treatment of solvation to include
ionic strength is straightforward since the model already includes
ion atmosphere effects in the Boltzmann term. For moderately
charged molecules at medium to high ionic strength, the linear
Poisson-Boltzmann (PB) equation is sufﬁcient, and the prescription for extracting the ionic contribution to forces quite straightforward, using the standard test charge method.3,7 There are several problems with this approach however. The PB model is a
mean ﬁeld potential description of the ions. It treats the ion
atmosphere as a smeared continuum of net ionic charge, that is
it does not account for discrete counter-ions and co-ions, nor the
effect of correlation between ion positions on the potentials. For
highly charged molecules, the nonlinear PB equation must be
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used, complicating the extraction of energies and forces. An
extra integration of quantities over the solvent volume is
required.7,22 This adds considerably to the computation, especially since the FDPB step must be repeated perhaps millions of
times each simulation. Moreover, the nonlinear PB model still
neglects discrete ion and ion correlation effects. The GB model
does not naturally include an ionic strength term. Such a term
can be added, using a Debye–Huckel type potential, and again
parameterizing against its FDPB counterpart.19,23–25 This ionic
strength extended GB method has been used successfully to
study nucleic acid dynamics.19 However, the Debye–Huckel
treatment of ions is a spherical approximation to the linear Poisson–Boltzmann treatment, which is itself just a smeared ion continuum approximation, as mentioned above. Thus neither the GB
nor the FDPB implicit solvent model have a way to treat ions as
a discrete charge, nonlinear response element of the solvent consistently within a molecular dynamics simulation.
To resolve these computational difﬁculties and model deﬁciencies in treating ionic strength effects for highly charged molecules, we introduce here a hybrid implicit solvent model. The
non-polar, electrostatic, and friction effects of the water are
treated implicitly with the accessible area model, the FDPB
model and Langevin dynamics respectively, as described previously.11 The ionic strength is set to zero in the FDPB model,
which reduces it to the ﬁnite-difference Poisson or FDP model.
Instead the ions are treated explicitly like the solute. Since the
ions are a relatively small fraction of the total number of water
and solute atoms, this adds little to the computational burden.
Yet by not treating them implicitly as part of the PB or GB
term, we completely avoid any errors because of a ‘‘continuum’’
or smeared treatment of ions. Discrete ion effects are present,
explicit counter-ions and co-ions exist, and ion correlations
effects are speciﬁcally included: Subject, of course, to a realistic explicit ion potential and a sufﬁciently long simulation. The
electrostatic effect of the water on the ions, and on the ion-solute interactions is included in exactly the same way as the
effect of water on the solute: Through the implicit solvent
FDP model. With this approach highly charged solutes that
would normally require a nonlinear continuum electrostatic
model are treated exactly the same as neutral and weakly
charged solutes, with no extra difﬁculties in force calculation.
The nonlinear response of the ions emerges from the behavior
of the discrete ions, and it does not require an extra time-intensive integration to derive ion-forces. The missing effect of
explicit water on the ion dynamics is straightforward to include
by treating the ions with a Langevin term chosen to reproduce
experimental ion friction coefﬁcient/diffusion coefﬁcients in
water.
The motivation of this work was two-fold. First, to extend
our previous CHARMM-integrated ﬁnite difference Poisson–
Boltzmann implicit solvent algorithm to highly charged nucleic
acids. Second, to include the effects of ionic strengths more realistically than with current implicit solvent models, yet more rapidly than with an explicit ion, explicit water simulation. This
includes being able to extract ion atmosphere distributions,
or ‘‘structure’’ from the simulations. We ﬁrst describe the
hybrid treatment, and then test it using simulations of DNA and
RNA.

Methods
Choice of Test Molecules and Generation of
Starting Structures

Our choice of nucleic acid systems was guided by the following
requirements. The systems had to be general, i.e. the tests should
convincingly demonstrate the applicability of the method to a
wide variety of nucleic acid systems. Next, the test systems
themselves should be of interest to the scientiﬁc community
which ensures that the results of the simulations are themselves
of interest and more importantly the results can be compared
with experimental and computational work to demonstrate the
method’s validity. Finally some systems were chosen to demonstrate results that can not easily be obtained with other methods
such as explicit water molecular dynamics (MD) simulations.
The structure and dynamics of a duplex dodecamer, has been
the subject of both experimental and computational studies. It
has therefore been a focus of our comparison of the stability of
simulations in an environment favoring the B form, and it was
simulated by both explicit and implicit water solvent methods.
The starting structures of CGCAAATTTGCG and CGCGAA
TTCGCG dodecamers were taken from pdb entries 1D6526 and
428D,27 respectively. The CCAACGTTGG duplex decamer has
also been a system of choice in MD studies. It was used to demonstrate the transition from A form to B form in B-favoring conditions and thus to test the validity of the force ﬁeld. The decamer was also used to evaluate methods of explicit and implicit
solvent (Born model) simulations.19 We thus also chose this system to simulate the A to B transition. Both explicit and implicit
simulations were done on the decamer, both to study the stability of the B form and the transition from A to B. For the conformational transition study, the starting conformations of both the
A and B form decamer were generated by NUCGEN.28 The B
form of CCAACGTTGG duplex decamer system was also studied here at several NaCl concentrations ranging from 10 mM to
500 mM, since ionic strength dependence is difﬁcult to study
with other MD protocols.
In addition to the direct comparisons between implicit and
explicit solvent simulations described above, we tested the
implicit solvent on some other interesting nucleic acids: A-tract
DNA, and G-tract DNA, and the A/T junction model
CGCAAATTTGCG (A3T3) duplex DNA, which have been the
subject of many experimental studies. These sequences are of
particular interest in the area of intrinsic DNA curvature in the
A-tract and G-tract cases, and for DNA bending at A/T junctions
in the A3T3 case. Canonical B-form starting structure decamers
for the A3T3, A-tract, and G-tract DNA were generated by
NUCGEN.
The RNA tetra-loop GCAA was recently used as a model
system in long explicit solvent simulations by Nilsson and coworkers.29 In addition to the intrinsic interest in tetraloop structures, this is one of the few RNA simulations available using the
CHARMM force ﬁeld. The tetraloops were also used as model
systems by Pande and coworkers for Born model implicit solvent simulations using the Amber force ﬁeld.30 We studied both
the GCAA tetraloop and the closely related GAAA tetraloop.
The starting structure of the GCAA and GAAA tetraloops were
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taken from the NMR structure, PDB code 1zih, model 131 and
the NMR structure, PDB code 1zif, model 1,31 respectively. For
the GCAA loop, the terminal bases in the stem (bases 1 and 12)
were omitted in order to compare more directly with the simulations of Sarzynska et al.29 who studied the 10-base form. For
the GAAA tetraloop the last base (U12), was substituted by Cytosine to extend the Watson-Crick base pairing to the end of the
stem and prevent 30 , 50 end unraveling. Both structures were
given short minimizations in vacuum to remove steric clashes
remaining from the NMR reﬁnement.
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Born initialization routine was used to assign atomic radii and
charges and the solvent dielectric constant, since these are common to the GB and FDPB methods. A call to the ZAP libraries
was then inserted in the nonbonded energy/force subroutine to
replace the call to the GB routine. After the call the FDPB and
surface area solvation forces were added to the total MD forces.
Two extra MD control parameters were used to specify the frequency of ZAP calculations and the hydrophobic surface free
energy term.
Treatment of Solvent Ions

Explicit Water Explicit Ion Molecular
Dynamics Simulations

The simulations used the following CHARMM MD parameters
and settings unless noted otherwise. Hydrogen atoms were added
with CHARMM and structures minimized for 200 steps using
the steepest descent method. TIP3P water was added to produce
the required solvent box size. Sodium ions were also added to
produce a net neutral system by replacing randomly chosen
waters with ions. The simulations used the CHARMM27 force
ﬁeld and simulation software; the leapfrog Verlet integration
scheme with a time step of 2 fs, orthogonal box periodic boundary conditions (PBC) with the minimum image convention and
starting dimensions for the simulation boxes of 70 Å 3 47 Å 3
47 Å. The SHAKE algorithm32 was used to ﬁx the length of all
bonds involving hydrogen atoms. A constant temperature of
298 K was maintained using the Hoover algorithm with thermal
piston mass of 500 kcal/ps. The extended algorithm was used to
keep the pressure at 1 Atm. The box length in the longest direction was coupled to the appropriate component of pressure tensor with a piston mass of 500 atomic mass units. The van der
Waals nonbonded force was cutoff at 13 Å using the force shift
algorithm. Electrostatic interactions were treated with the particle mesh Ewald (PME) method, with Kappa 5 0.5, order 5 6,
fft 5 75,48,48.33 Structures were heated for 50 ps, and equilibrated for 500 ps. A 2 fs time step was used since SHAKE was
used to constrain X-H bonds. Structures were saved every 0.1 ps
for analysis.
Implementation of the ZAP FDP Implicit Water,
Explicit Ion Solvent Model

CHARMM version 27b2 with source code was obtained from
Professor Martin Karplus.34,35 The ZAP C11 libraries for SGI
and LINUX were obtained from OpenEye Scientiﬁc Software,
Santa Fe (http://www.eyeseopen.com). To interface the ZAP
libraries with the CHARMM MD code an interface subroutine
(named zapchm) was written in Fortran77, based on the example
ﬁle written by J. Andrew Grant which is distributed with the
ZAP library. This routine passes the atomic coordinates, charges,
radii, and dielectric constants from the MD program to the ZAP
libraries, and creates the necessary ‘‘handles’’ in the ZAP library
to perform the FDPB and accessible area derivative calculations
and extract the forces. The routine then passes the forces back
to the calling MD program. A copy of this routine is available
from the authors upon request. To invoke this routine the MD
programs were modiﬁed as follows. The existing generalized

In contrast to our previous implementation of the FDPB implicit
solvent model,11 zero ionic strength was used in the ﬁnite difference PB equation (which reduces to the Poisson equation), and
ions were treated explicitly as follows. Starting coordinates for
the ions were generated by adding the required number of sodium and chloride ions to the input solute coordinate ﬁle using
random placement in the solvent volume. Except when speciﬁc
ionic strength salt solutions were simulated, sodium ions alone
were added to produce a net neutral system (The so-called neutral cell model), to correspond to previous simulation compositions. The number of sodium ions required for neutralization
were 22 for DNA dodecamers, 18 for decamers, 9 for the
GCAA tetraloop, and 11 for the GAAA tetraloop. Adding a neutralizing amount of Na1 ions alone approximates the screening
effects of solvent ions in a general way but it does not correspond to a particular ionic strength solvent. Rather it corren2
sponds to a packed array of the salt Na1
at a concentran DNA
tion of one molecule per simulation box volume. For simulating
the effect on B-form duplex DNA decamer of a speciﬁc ionic
strength I consisting of a 1-1 salt (in this case NaCl), the salt
ion compositions were obtained as follows. The nonlinear Poisson–Boltzmann (NLPB) equation was solved numerically in
spherical geometry, with the ionic strength I as an input parameter.36 The decamer was treated as a sphere of equivalent volume
(approximately radius 15 Å) with the same net charge of 218.
The total number of cations and anions contained in a solvent
volume equal to that of a box of dimensions rB 3 rB 3 rB,
which is used in the ZAP decamer simulations, (see below) was
then obtained from the NLPB electrostatic potential distribution.
This was done by integrating the appropriate cation and anion
Boltzmann factors over the box’s solvent volume. The resulting
number of Na1 and Cl2 ions were added by random placement
in the solvent volume at the appropriate point in the CHARMM
coordinate setup. Using the PB equation with idealized geometry
in this manner entails little error since it is used to set only the
net ion composition, not the ion distribution itself. It is known
that net ion compositions are very insensitive to details of shape
and charge placement providing one integrates out 20 Å or more
away from DNA.37
During minimization or dynamics, ion coordinates, charges,
and radii were passed to the ZAP electrostatics routines along
with the nucleic acid coordinates, charges and radii. ZAP then
computed the forces between ions, between solute atoms, and
between solute atoms and ions accounting for the low dielectric
interior of the solute/ions and the high dielectric water surrounding them. Since the ions are mobile, and the ion atmosphere is
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quite diffuse, especially at low ionic strength, large ion-solute
distances are commonly sampled during the simulations. To
include the more distant ions in the ZAP ﬁnite difference calculations, a large grid would be required. This would either
increase the FDP computation time (as the third power of size),
or require a coarse grid with consequent loss of accurate solute
shape description. Since more distant ions interact with almost
Coulombic potentials it is inefﬁcient to use a full FDP representation of them anyway. Electrostatic interactions were thus
treated with a two zone model. (1) An inner ﬁnite difference
zone, where the two dielectric Poisson model is used. This is a
cubic box of dimensions rz 3 rz 3 rz centered on the DNA, and
dimensioned so that it completely encloses the DNA, and provides a minimum distance of the solute surface to box edge (solvent border) of 10 Å. Previous experience with FDPB shows
that as long as the box edge is more than about 10 Å from the
nearest dielectric boundary, solutions are insensitive to the
boundary conditions used on the edge of the grid.36 (2) Ions outside the ﬁnite difference grid, that lie within the simulation box
of dimension rB 3 rB 3 rB interact with each other, and with
the inner ions and DNA with Coulombic potentials (the standard
primitive model38) calculated analytically using a dielectric of
80. Thus ion coordinates are only passed with the solute coordinates to the ZAP routine when they lie in the inner region.
Within the inner region all non-water atoms, which include the
nucleic acid atoms and the closer ions, interact according to the
two dielectric Poisson model. The outer Coulombic region
extends from rz to a distance rB in each dimension. The ion
electrostatic interaction is effectively truncated at this point
(although the dielectric screening of the implicit solvent has no
effective cutoff as analytical boundary conditions are used at the
edge of the FDP grid.) Preliminary studies varying the value of
rB showed that the effect of the ion truncation was small, as one
might expect since the potential from an ion 30 Å or more from
a DNA atom creates a potential much less than kT because of
the high dielectric water screening. Regarding the effect of the
missing outer ion atmosphere beyond rb on the forces on ions
near the boundary, this is also small as by this point the mean
concentrations of co- and counter-ions are close to equal (by electroneutrality), having little residual net electrostatic interaction.
The CHARMM27 parameter radius of 2.27 Å was used for
Cl2. Some uncertainty exists regarding the best Na1 radius for
MD simulations. Different versions of CHARMM parameter
ﬁles list two radii for sodium ions: 1.3 Å and 1.6 Å. In contrast,
the AMBER force ﬁeld uses a radius of 1.87 Å. We found that
the small CHARMM parameter radii tend to produce unphysical
close association between Na1 and Phosphates in simulations.
We used a radius of 1.8 Å, very close to that derived by Aqvist
from free energy perturbation simulations.39 Using these radii,
ZAP gives reasonably accurate estimates of experimental hydration free energies (Born self energies) of 296.4 kcal/mol for an
isolated sodium ion and 277.7 kcal/mol for an isolated chloride
ion. To ensure self consistency for ions moving between the
inner and outer regions, this self solvation energy term must be
added to the energy of each ion in the ‘‘Coulombic region.’’
This is necessary since the FDP model includes a Born self
energy term for each ion, whereas the Coulombic model treats
each ion as a point charge with no self energy.

A ﬁnal difference from both our previous FDPB implicit solvent model and standard explicit water simulations is that a reﬂective outer solvent boundary is applied to any ion’s x/y/z coordinate when it reaches a value rB from the solute center, i.e.
when ions reach this boundary, they bounce back. Some closed
boundary condition is required to keep the total ion composition
in the simulated region equal to that required for a given ionic
strength, as described above. Reﬂective boundary conditions
were judged to be preferable to periodic boundary conditions
commonly used in explicit solvent MD for two reasons. First,
the reﬂective boundary is more consistent with the no-cutoff, inﬁnite dilution conditions for the nucleic acid/water/than periodic
boundaries would be. Second, periodic boundary conditions produce large discontinuous changes in ion position when an ion
crosses a periodic boundary, producing undesirable ﬂuctuations
in the long range Coulombic forces.
Implementation of the speciﬁc ion treatment required modiﬁcations in the CHARMM energy routines The additional code
including temporary arrays required to implement the two boundary version of ZAP were also added to the CHARMM GB subroutine. The implicit water, explicit ion version of CHARMM-ZAP is
designated here as CHARMM-ZAPI.
The ion part of the implementation of ZAP in CHARMM
was checked for correctness by evaluating forces for several
conﬁgurations of point charges. Forces and energies for pairs of
monovalent point charge of both similar and opposite signs were
tested as a function of distance. The energy and forces were
evaluated from 0 to 30 Å. The continuity of forces at the boundary of the ‘‘ZAP’’ and ‘‘Coulombic’’ regions were also tested in
this way. For all the simulations in this study the ‘‘ZAP’’ region
extends to distance of rZ 5 30 Å from the molecule center. The
size of the outer boundary box was set to a value of rB 5 50 Å,
except for the 500 mM salt concentration, for which a value of
rB 5 40 Å was used. For all salt concentrations except 10 mM
rB is at least twice the Debye length of the ion atmosphere,
which minimizes the effect of boundary treatment and of the
small portion of the ion atmosphere omitted from the box.
Running MD with the ZAPI Implicit Water,
Explicit Ion Model

The general protocol follows that of a standard explicit water
Langevin MD simulation with the omission of explicit solvent
and periodic boundary conditions. The molecule is built,
assigned force ﬁeld parameters and minimized in the MD package to remove internal strain before switching on the implicit
water model. The ZAP implicit water was switched on for a
heating period of 50 ps, an equilibration period of 50 ps and
then sequential batches of 100 ps sampling simulations. Structures were saved every 0.1 ps for analysis. Simulations were performed at 298 K using the same MD parameters as for the
explicit water simulations where appropriate, except as follows.
There was no pressure control needed, and no periodic boundary
conditions. The reﬂective outer boundary condition prevented
ions from diffusing too far so maintaining the overall ion composition corresponding to the speciﬁed ionic strength. A constant
temperature of 298 K was maintained through the use of the
Langevin simulation, the temperature being controlled through
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the ﬂuctuation/dissipation effect. Since in the FDPB treatment
there is effectively no distance cut off on the solvent forces, the
electrostatic nonbonded interaction for the molecule was used
with no cut off and the extended electrostatics option, with a
constant molecular dielectric of 1. For the ZAP part of the simulation, the solvent dielectric was eo 5 80, the solvent ionic
strength was zero, and a surface free energy term of c 5 5 cal/Å2
was used. To be consistent with the MD force-ﬁeld treatment, the
ZAP interior dielectric was ei 5 1. Except for the sodium ion (see
above) the atomic radii and charges for ZAP were taken directly
from CHARMM, i.e. were identical to those used in the
CHARMM implementation of the GB solvent model.14 The ZAP
forces are applied at every time step but for computational
efﬁciency they are updated with a new FDP/area calculation once
every 10 MD steps since the protein/solvent boundary changes
shape rather little over a time of 10–20 fs. Previously, this update
frequency was shown to be adequate.11
The dynamical effect of aqueous solvent on the nucleic acid
atoms and ions was modeled by the Langevin equations of
motion. A friction coefﬁcient and a random force on each atom
mimics the collisional exchange of energy between water and
ions or nucleic acid. Completely buried atoms had a coefﬁcient
of 0, i.e. no Langevin term, while a fully exposed atom had the
CHARMM recommended coefﬁcient of 70 ps21. Partially
exposed nucleic acid atom friction coefﬁcients are proportional
to the fraction of its solvent exposed surface area. Hydrogen
was explicitly assigned a zero friction coefﬁcient and the
attached heavy atom was treated as extended atom for the calculating the solvent exposed surface area for the friction coefﬁcient. Surface accessibility of the atoms was calculated using the
program solvent accessible surface area program SURFCV.40
Ion friction coefﬁcients were scaled to the CHARMM ion radii
using the same factor, which gave 70 ps21 for Na, 105 ps21 for
Cl. To speed up equilibration of the ion atmosphere, we found it
beneﬁcial to ﬁx the nucleic acid coordinates for the ﬁrst part of
the equilibration period of 1 ns, and simultaneously reduce the
friction coefﬁcients of the ions by a factor of 3. This was followed by another 1 ns of equilibration with all atoms moving,
and full ion friction coefﬁcients. This was then followed by the
production run. Convergence of ion distribution functions was
monitored by analyzing their variance between block averages
of 1 ns trajectories. Production simulations of 10 ns length were
found to be sufﬁcient at the higher ion concentrations ([250 mM).
Lower ion concentrations, with a smaller number of ions, and larger
relative ﬂuctuations in ion concentrations, were run for 20 ns to
ensure convergence of ion distributions.
Analysis of DNA Trajectories

To analyze the stability of the DNA trajectories, the realism of
the simulation, and to compare explicit and implicit solvent simulations, the following analyses were performed: Time evolution
of the root mean square (rms) deviation of coordinates with
respect to the X-ray or starting structure, to determine general
stability. A least-squares ﬁtting to align the nucleic acid atoms
from the trajectory with those from the reference coordinate set
was followed by calculation of the rms deviation (rmsd) using
various subsets atoms as appropriate. For example using just
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atoms from a subset of base pairs. It is not uncommon for terminal bases in duplexes to undergo large ﬂuctuations and lose base
pair hydrogen bonding. Hence a subset of central base pairs are
often easier to compare between different simulations.
Averages and standard deviations of the full set of helicoidal
parameters as deﬁned by Lavery and Sklenar were calculated for
duplex DNA. The nucleic acid coordinates from the simulation
were processed through the CURVES program.41,42 CURVES
was used to obtain either time series of helical parameters, or
averages and standard deviations over a time window of the
simulation for the helix, each base or base pair (depending on
the kind of parameter). Standard deviations were used as a measure of ﬂuctuations seen in the simulations.
The averaged positional density of sodium ions with respect
to the DNA were calculated from trajectory snapshots taken at
0.1 ps intervals. The coordinates were ﬁrst aligned by superimposing the DNA structures. The simulation box was then divided
into a grid of 110 points in each direction. The counter-ion and
co-ion populations in each grid element were summed over the
trajectories and then time averaged. The densities were displayed
in manner similar to a crystallographic map of electron densities
using Pymol (www.pymol.org).
A to B Transitions

To quantify the A to B DNA transition, time evolution of rms
deviations from the canonical B-form structure were calculated
as described earlier. The rms deviations were calculated for four
simulations: Two implicit water simulations starting from canonical A or canonical B form, respectively, and two explicit water
simulations starting from canonical A form or canonical B form,
respectively. The simulations starting from the B forms were
used as controls to show how low an rms deviation from canonical B-form it is reasonable to expect at the end of a successful
A to B transition. In addition, the time evolution of the ﬁve helicoidal parameters that are most sensitive to A-form vs. B-form
differences were followed during these simulations. These ﬁve
were base x-displacement, base inclination, minor groove width,
overall length, and the sugar pucker. In particular, sugar pucker
pseudo-angle is considered the most sensitive measure of the A
to B transition The values of these parameters were averaged
over the central six base pairs and the averages were plotted as
a function of time.
Salt Solutions

The stabilities of the nucleic acid duplexes in the NaCl salt solutions from 10 to 500 mM were assessed by calculating the rms
deviation from the initial structure over the course of the simulation. Distributions of Na1 and Cl2 ions were analyzed by computing their radial distribution function relative to the average
helix axis of the DNA decamer over the simulation. First the
duplex DNA strand was aligned along Z axis for each snapshot,
then ion distances from Z axis were calculated, binned, averaged, and converted to concentrations. Ion radial distribution
functions were computed for the region of the central six base
pairs to avoid end effects. Radial ion distributions were compared with those from ﬁnite difference NLPB calculations using
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canonical B-DNA structure, calculated as described previously.43
Three dimensional maps of the average Na1 ion densities were
also computed for display. The distance at which the sodium
ions neutralized 76% of the DNA charge was calculated to get
the Manning radius.44
Analysis of RNA Tetraloop Simulations

Average base stacking interaction energies for the bases in the
loop were calculated over the 8 ns simulations using trajectory
samples at 0.1 ps intervals. The internal electrostatic energies
were calculated with a dielectric of 1.0 so as to compare with
explicit water simulation of Sarzynska et al.29 and excluded the
solvent contribution. The sugar pucker phase angle was calculated for each structure over the 8 ns simulation. Phase values in
the range 0–368 or 324–3608 indicate the C30 -endo or C20 exo
conformations respectively. Hydrogen bonding was monitor during the simulation using the following criteria: hydrogenacceptor distance \2.5 Å; and donor-hydrogen-acceptor angle
\138. The fraction of the time a hydrogen bond was formed by
a particular donor/acceptor pair (NH), was calculated by dividing
the number of occurrences of a hydrogen bond in all sampled
trajectory frames by the total number of frames. Only groups
that formed a hydrogen bond NH [0.1 of the time were included
in the analysis.

Results
Stability of Simulations

The MD simulations of the B-DNA dodecamer CGCGAATT
CGCG in both explicit and implicit solvent resulted in stable
multi-nanosecond trajectories. The root mean square (rms) deviations of the two simulations are shown in Figure 1. Post equilibration portions of the simulations between 1 and 7 ns are
shown. The rms deviations for all nucleic acid atoms for the
CHARMM ZAPI simulation (Fig. 1a) and explicit water simulation (Fig. 1c) ﬂuctuate around a value of 2 Å from the starting
structure. The rms deviation for the six central base pairs are
shown in Figure 1b for CHARMM ZAPI and Figure 1d for
explicit water. These ﬂuctuate around 0.9 Å for CHARMM
ZAPI and around 1.3 Å for explicit water simulations. The ﬂuctuations in both cases are quite similar, with the standard deviation being about 0.1 Å greater in the explicit water simulation.
The average structure was calculated from the last 5 ns section
of each 7 ns trajectory using snapshots at intervals of 0.1 ps.
Figure 2 shows side views each of these structures from the two
simulations. A canonical B DNA structure is also shown for
comparison. Both show close correspondence to the canonical
B-form DNA, with somewhat more tilt of the bases away from
the B-form in the explicit water simulations. Overall, the differences between the two simulation structures are smaller than
their difference from canonical B-DNA, since the rms deviations
between the explicit solvent and implicit solvent model average
structures is 1.35 Å for all bases and 0.8 Å for the central six
base pairs.
DNA helicoidal parameters are very sensitive indicators of
the structure of DNA duplexes. Figure 3 shows the simulation

Figure 1. Time histories of rms deviations of the atomic coordinates of CGCGAATTCGCG dodecamer. (a) All nucleic acid atoms
in implicit water. (b) Central six base pairs in implicit water. (c) All
nucleic acid atoms in explicit water. (d) Central six base pairs in
explicit water. Rms deviations were calculated after removing the
translational and rotational degrees of freedom of the DNA. The
starting PDB structure (428D) was used as the reference.

averaged values of these parameters for each base pair position
in the dodecamer. The error bars indicate the rms ﬂuctuation
during the simulations. We compared 24 of these parameters
between explicit and implicit solvent simulations to judge the
accuracy of our results. In many cases, such as y-displacement,
the average values and the ﬂuctuations are almost indistinguishable between the two models. In one or two other cases where
there is a noticeable difference in the average values (x-displacement shows this most prominently), the difference is small in
comparison to the size of ﬂuctuations. For example the difference in average value of x-displacement from the two simulations is about 0.5 Å which is small compared with the 1 Å rms
ﬂuctuation in x-displacement seen for all the residues. To further
quantify the similarity or difference between the simulations, we
assume that a well converged multi-nanosecond simulation provides a good sampling of the ensemble of structures adopted by
that molecule under those conditions. Then for each structural
parameter, its mean and standard deviation give a reasonable
description of the ensemble of structures adopted in that simulation (an exact description if the distribution is normal). For two
simulations, with their corresponding means and standard deviations, it is straightforward to calculate the overlap in structure
probability distributions of the two ensembles. This could vary
from 0 to 100% (complete overlap if means and standard deviations are equal). Table 1 gives the structural ensemble overlaps
for several of the helicoidal parameters, including those most
‘‘different’’ for explicit/implicit simulations (such as x-displacement and inclination). An overlap of 50% is a convenient similarity threshold (\50% and more than half of the two ensembles
do not overlap, [50% and the structures overlap more frequently than not). The least similar is x-displacement where the
overlap is still somewhat greater than half. For all the other
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Figure 2. The average structures of the CGCGAATTCGCG dodecamer. (a) Implicit water. (b)
Explicit water. (c) Canonical B -DNA used as starting structure. Five nanoseconds of the post-equilibration MD trajectories were used to compute the average. A brief minimization using 250 steps of
the steepest descent algorithm were done to restore unrealistic bond lengths caused by the coordinate
averaging procedure.

parameters the similarity is 75% or greater, reinforcing the qualitative picture from Figure 3 that the two simulations are very
similar in structural detail.
Three duplex DNA motifs that are of interest to structural
biologists are the A3T3 junction and the A-tract, G-tract sequences. We thus checked to ensure that CHARMM ZAPI was suitable for performing stable MD simulations of these motifs, as a
prerequisite for a more detailed analysis of putative bending or
kinking. All three systems gave stable simulations as can be
seen from the time series of rms deviations in Figures 4a–c,
although there is a slight upward trend in the rmsd for the Atract DNA over the last nanosecond. Whether this is due to
appearance of curvature requires further simulation and analysis
since relatively short pieces of DNA were used here, compared
to the lengths over which curvature occurs.
Behavior of Sodium Ions: Comparison of Explicit and
Implicit Solvent Models

Positively charged counterions were added to both the explicit
water and CHARMM ZAPI implicit water, explicit ion simulations for system neutrality. The Sodium ion density map for the
CHARMM ZAPI simulation is shown in Figure 5a and for the

explicit water MD simulation in Figure 5b. Maps were obtained
by averaging over the last 5 ns of the trajectory. As expected
from crystal structures, and simulation studies,27,37,45,46 the ions
are found most frequently in close proximity to the minor
groove of the duplex DNA in both simulations. The overall density distributions are quite similar in the two simulations, with
one predominant region of high density in the minor groove in
both cases. Smaller regions of density are found in the major
groove in both simulations, although the position within the
major groove is variable. The peak density appears somewhat
higher in the minor groove for the explicit water simulation, but
it should be noted that there is a rather small number of ions,
and the stochastic nature of the simulations produce signiﬁcant
ﬂuctuations in the peak density. Further analysis of the ion distributions shows that ions are somewhat more localized in the
explicit atom simulation, resulting in a more peaked distribution.
However, the total number of ions in the minor groove are very
similar in the two simulations: Between 2 and 3 total in the central six base pair region in both simulations. A small systematic
difference may also arise from the smaller solvent box required
in the explicit water simulations, (70 3 47 3 47 Å3) vs. 100 3
100 3 100 Å3 in ZAPI, resulting in a higher effective concentration of sodium.
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Figure 3. Comparison of averages of DNA helicoidal parameters of CGCGAATTCGCG. Average values of helical parameters of the dodecamer were calculated using 0.1 ps snapshots from the dynamics
trajectories. Implicit water (circles), explicit water (squares). The standard deviations are shown by
error bars, implicit water (thin lines), explicit water (thick lines).
A to B Transition

Figure 6a shows the time series of the rms deviation of explicit
and implicit solvent simulations starting from the canonical A-

form DNA duplex. The rms deviations were calculated from a
reference canonical B form. The CHARMM ZAPI simulation
shows a more rapid transition from A to B form than the explicit
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Figure 4. Time histories of rms deviations for DNA tract sequences. (a) A3T3, (b) G-Tract, (c) A-Tract. Simulation length of 5 ns
with implicit water with rms deviations calculated every 0.1 ps
using all nucleic acid atoms.

Figure 3. (continued )

water MD. The CHARMM ZAPI DNA falls to within 1.5 Å rms
deviation of B-DNA within 1.5 ns. The explicit water MD structure achieves the same rms deviation as the CHARMM ZAPI
structure after 3 ns. Some helicoidal parameters are much more
sensitive to the conformational state of DNA than the rms deviation, and the time series of these were also examined. The average inclination of the base pairs are shown in Figure 6b. In the
starting A conformation, the inclination has value of around 258.
As the simulation proceeds this value falls to around 58. However, the ﬂuctuation is rather large which obscures the overall
A-to-B trend. Once again the CHARMM ZAPI values are some-

what faster in approaching those for the canonical B form. The
length (Fig. 6c) increased from around 17 Å to around 22 Å
within a few hundred ps in both simulations. The CHARMM
ZAPI structure was about 2 Å longer than that from the explicit
water simulation. The x-displacement, minor groove width, and
sugar pucker angles (Figs. 6d–f) change relatively steadily from
the A conformer values to the B conformer values over 3 ns in
both simulations. The structures after the transition to the B
form, averaged over the last 0.5 ns of a 4 ns simulation, are

Table 1. Structural Ensemble Similarity for 428D Dodecamer

Simulations.
Explicit water

Implicit water, explicit ion

Curves parametera

Mean

Std. Dev.

Mean

X-displacement
Y-displacement
Inclination
Tilt
Roll
Pucker
Twist

21.03
0.02
4.00
0.10
0.54
153.00
36.00

0.40
0.30
6.00
6.20
6.30
22.00
6.00

21.48
0.07
8.00
20.04
1.14
140.00
35.00

a

Std. Dev. Overlap (%)b
0.50
0.35
6.70
6.80
6.90
40.00
5.50

57
94
77
99
97
77
93

Values averaged over the six inner base pairs of CGCGAATTCGCG
dodecamer.
b
Overlap of structure probability distributions assuming normal distributions for each structural parameter along with simulation means and
deviations.

Figure 5. Maps of sodium ion density around CGCGAATTCGCG.
(a) Implicit water model. (b) Explicit water model. Ion density maps
were calculated from 0.1 ps snapshots over 5 ns of the post equilibration trajectory. Red contours represent higher concentrations.
[Color ﬁgure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 6. Structural parameters for A to B transition of CCAACGTTGG decamer. Parameters were
calculated from the implicit water simulations (black) or explicit water simulations (blue). (a) Rms
deviations of all DNA atomic coordinates from canonical B-form. (b) Base inclination (c) End to distance of the DNA strand. (d) x-displacement. (e) Minor groove width. (f) Pucker angle. Structures at
intervals of 1 ps were used to calculate the parameters. Inclination, x-displacement, width and pucker
are values averaged over the six central base pairs for a given snapshot. [Color ﬁgure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

shown in Figure 7b, for CHARM ZAPI implicit water and in
Figure 7c for the explicit water. For comparison, the starting canonical A-form structure is shown in Figure 7a, and a structure
averaged over 0.5 ns from an equilibrated CHARMM-ZAPI simulation starting from the B-form is shown in Figure 7d. Comparing Figures 7b and d, the ﬁnal structure after transition from A
to B is very similar to that starting from B, with an all-atom rms
deviation of 1.34 Å. The explicit water structure shows a somewhat larger difference, particularly in the terminal base region
where there is some fraying. This accounts for the somewhat
larger deviation from canonical B-form DNA of the explicit
water model seen at the end of the A-to-B simulation (Fig. 6a).
RNA Hydrogen Bonding Structure and Energetics

Two tetraloop RNA structures with the sequences GCAA and
GAAA in the loop regions were simulated using the CHARMMZAPI solvent model. In both cases stable simulations over 8 ns
resulted, with all atom rms ﬂuctuations between 1.9 and 1.8 Å
for GCAA and GAA respectively, relative to the starting NMR
structures. Rms ﬂuctuations for the loop and stem regions were
analyzed separately (see Fig. 8). Interestingly, the loops had
smaller ﬂuctuations than the stems. The GCAA hairpin simulation had rms ﬂuctuations of 1.1 and 1.7 Å in the loop and stem,
respectively. The GAAA hairpin simulation had rms ﬂuctuations
of 0.9 Å and 1.3 Å in the loop and stem, respectively. The
larger ﬂuctuation in the stems results from the freer motion of

the chain termini, which involves larger excursions of the Hbonding between the terminal Watson-Crick (WC) base pair.
Average structures were calculated the last 2 ns of the simulation (see Fig. 9). These show that all the major features of the
tetraloop are retained, including the canonical WC H-bonding in
the stem, the stacking of the bases in the loop, the major nonWC H-bonds in bases in positions 4–7 in the loop (using the
10mer residue numbering scheme of Sarzynska et al.), and
the key base-phosphate H-bonds that anchor the loop across the
hairpin turn.
Persistent H-bonds were tracked and quantiﬁed during the
simulation. Bases in the stem made the standard WC H-bonds as
expected. The H-bonds in the loop are more speciﬁc to the tetraloop motif, and these are summarized in Table 2 for GCAA and
Table 3 for GAAA. Focusing on GCAA which can be compared
directly with the previous explicit water simulation,29 the ﬁrst
base in the loop, G4 made three direct hydrogen bonds.
(G4)N2. . .O1P(A7), (G4)N2. . .N7(A7), and (G4)O20 . . .O1P(C5).
These serve to ‘‘close’’ the loop. Base C5 makes two direct
hydrogen bonds: (C5)O20 . . .O40 (A6), and (C5)O20 . . .O2P(A6).
Finally, base A6, in addition to the bonding with C5, makes
two weak (low frequency of occurrence) hydrogen bonds with
A7: (A6)O20 . . .50 (A7), and (A6)O20 . . .O40 (A7). The key (G4)
N2. . .O1P(A7) H-bond, which is seen in all 10 models of
the NMR structure,31 persists throughout the implicit water simulation. This is in contrast to the previous explicit water simulation, in which a new H-bond, (G4)N1. . .O1P(A7) appears, with
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Figure 7. A to B transition of CCAACGTTGG decamer. (a) A-form conformation used to initialize
the simulations. (b) Average structure over the 3.5–4 ns period of the simulation using implicit water.
(c) Average structure over the 3.5–4 ns period of simulation with explicit water. (d) Average structure
over 1 ns starting from the B-form, using implicit water. [Color ﬁgure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 8. Time history of rms deviations of tetraloops from initial NMR structures during an 8 ns
ZAPI implicit water simulation. (a) The 10-mer 50 -GGCGCAAGCC-30 (b) The 12-mer
50 -GGGCGAAAGCCC-30 . Rms deviations were calculated every 0.1 ps for either the loop
region (bold trace) or stem region (light trace). All atoms were used to align structures before the
rmsd calculations.

concomitant weakening of the (G4)N2. . .O1P(A7) H-bond. For
this to happen, base G4 must ‘‘slide’’ in the loop, approximately
perpendicular to the trace of the phosphate backbone, which also
requires displacement of base C5 in the same direction. Such a
movement away from the NMR determined conformation is not
seen in our simulations. Aside from this H-bond, the major, high
occupancy H-bonds seen in the implicit water simulations here

are identical to those seen in the explicit water simulations.
Because we carried out implicit water MD simulation, those
water-mediated hydrogen bonds observed in the simulation of
Sarzynska et al. are obviously beyond the present analysis.
In the GAAA motif, a very similar pattern of H-bonding in
the loop region (Bases 5–8 in 12mer numbering) is seen (Table 3).
Since the second base in the GCAA loop (C5) does not make

Figure 9. Average structure of (a) 50 -GGCGCAAGCC-30 (b) 50 GGGCGAAAGCCC-30 from the 1–8 ns
period of simulation with implicit water. [Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Table 4. GCAA 10mer Base Stacking Energies (kcal/mol).

Table 2. H-Bonding within GCAA Tetraloop.

Donor

Acceptor

Average fraction

(G4) N2
(G4) N2
(G4) O20
(C5) O20
(C5) O20
(A6) O20
(A6) O20

O1P (A7)
N7 (A7)
O1P (C5)
O2P (A6)
O40 (A6)
O50 (A7)
O40 (A7)

0.88
0.48
0.87
0.83
0.61
0.13
0.26

any base speciﬁc H-bonds and it is the most exposed base, its
substitution by A in the GAAA loop does not directly affect the
H-bonding, i.e. by the change in position/identity of donors and
acceptors. G5 base made two strong hydrogen bonds with A8:
(G5) N2-H21. . .O2P(A8), and (G5) N2-H22. . .N7(A8), and two
weak bonds with A7 and A6: (G5)O20 -H20 . . .N7(A7), and
(G5)O20 -H20 . . .O1(A6) (Table 4). Base A6 has one strong
hydrogen bond with A7: (A6) N6-H61. . .N1(A7), and base A7
and base A8 have one direct hydrogen bond: (A7) O20 H20 . . .O50 (A8). Again, the loop H-bonds seen in the NMR
structures are all found with high occupancy (frequency of
occurrence) throughout the implicit water simulation.
Base interactions were analyzed by computing the
CHARMM intramolecular van der Waals (vdw) and electrostatic
energy interaction terms and their sum between different bases
for each trajectory snapshot and averaging over the trajectory.
These interaction energies are summarized in Table 4 for GCAA
and Table 5 for GAAA. GCAA and GAAA demonstrate almost
the same base interaction pattern. Within the loop region is characterized by a strong favorable interaction between the ﬁrst and
last bases in the loop, which includes the (G) N2. . .O2P (A) Hbond between the ﬁrst and last base which helps ‘‘close’’ the
loop. There are also strongly favorable interactions between the
second and third bases in the loop, and between third and fourth
(last) bases. This pattern of interactions where there is a good
interaction between the second, third and fourth positions, and
then between the ﬁrst and fourth positions, is characteristic of
the tetraloop motif, where bases in loop positions 2, 3, and 4
stack, and the base in position 1 sits in plane with and next to
position 4 (see Fig. 9). In the loop-stem interface region (bases

Stem

Interface

Average fraction

(G5)
(G5)
(G5)
(A6)
(A7)
(G5)
(G5)

O2P (A8)
N7 (A8)
N7 (A7)
N1 (A7)
O50 (A8)
O1P (A8)
O1P (A6)

0.92
0.74
0.10
0.59
0.82
0.01
0.08

Total

1–2
2–3
8–9
9–10
3–4
7–8
4–5
4–6
4–7
5–6
6–7

25.0
216.2
217.5
0.7
210.8
21.8
20.1
20.4
24.4
27.2
29.1

Vdw
26.4
25.7
26.0
23.0
24.0
23.4
20.2
22.0
20.5
23.1
26.6

(1.0)
(0.8)
(0.9)
(0.7)
(0.7)
(1.0)
(0.2)
(0.6)
(0.8)
(1.3)
(1.1)

Electrostatic

Total

4.8 (1.5) 21.7 (1.6)
27.4 (1.9) 213.1 (2.3)
27.7 (3.1) 213.6 (3.6)
3.3 (2.0)
0.3 (1.8)
24.7 (1.8) 28.7 (1.7)
0.0 (0.9) 23.4 (1.5)
20.1 (0.2) 20.3 (0.2)
0.4 (0.8) 21.7 (0.9)
21.9 (1.2) 22.4 (0.9)
20.1 (1.0) 23.2 (1.7)
0.1(0.9) 26.5 (1.5)

Standard deviation ﬁgures in brackets.

C4–G5 and A8–G9 in 12mer numbering), there are strong interactions that act to continue the pseudostacking of the helical
stem into the loop. Within the stem, there are strong stacking
interactions between the interface base pair (C4–G9) and the
next pair down (G3–C10), and signiﬁcantly weaker stacking
interactions in the remainder of the stem. Comparing our results
for GCAA with the explicit water simulation,29 the pattern of
strong and weak interactions are very similar.
Both the GCAA and GAAA tetraloops display strong preference for the C30 -endo conformation, consistent with the A-form
nucleic acid conformation favored by RNA. However, the all
the bases undergo some transitions between C30 -endo and C20 exdo sugar pucker during the simulation while retaining a preference for C30 -endo (Tables 6 and 7). For the GCAA tetraloop,
this is most pronounced in the loop region and the terminal end
of the stem, both regions being less constrained by WC induced
canonical duplex helix conformer. Again for GCAA the
Table 5. GAAA 12mer Base Stacking Energies (kcal/mol).

ZAPI simulation averagea

NMR structure

Table 3. H-Bonding within GAAA Tetraloop.

Acceptor

Base pair

a

Stem

Donor

ZAPI simulation averagea

NMR structure

Loop

Interface
N2
N2
O20
N6
O20
N1
O20

1125

Loop

Base pair

Total

1–2
2–3
3–4
9–10
10–11
11–12
4–5
8–9
5–6
5–7
5–8
6–7
7–8

24.3
24.2
215.0
215.5
20.6
21.0
211.5
25.6
20.3
20.5
25.4
27.7
27.1

a

Vdw
26.2
26.2
25.8
24.2
24.1
23.0
23.9
23.6
20.2
22.5
20.6
24.8
26.2

Standard deviation ﬁgures in brackets.
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(0.9)
(0.8)
(0.8)
(0.7)
(0.5)
(0.5)
(0.7)
(0.9)
(0.0)
(0.7)
(1.0)
(1.0)
(0.9)

Electrostatic
4.0
4.5
26.9
26.7
5.2
4.7
24.8
0.1
20.1
1.7
23.7
21.4
0.3

Total

(1.7) 22.2 (1.6)
(1.8) 21.6 (1.7)
(1.5) 212.7 (1.9)
(1.5) 210.9 (1.7)
(1.5)
1.1 (1.4)
(1.1)
1.7 (1.1)
(2.1) 28.7 (2.0)
(1.3) 23.4 (1.7)
(0.1) 20.3 (0.1)
(0.5) 20.8 (0.8)
(2.5) 24.3 (2.5)
(1.4) 26.2 (1.4)
(0.8) 26.0 (1.2)
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Table 6. GCAA 10mer Sugar Conformations.

NMR structure
Base
G1
G2
C3
G4
C5
A6
A7
G8
C9
C10

Phase angle (8)
2
9
2
357
358
6
359
7
2
7

Table 8. Comparison of Ion Distributions.

Cmax mM
(at radius, Å)b

Simulation average (%)

Sugar pucker

C3 endo

0

C3 -endo
C30 -endo
C30 -endo
C20 -exo
C20 -exo
C30 -endo
C20 -exo
C30 -endo
C30 -endo
C30 -endo

80
90
93
80
64
75
87
78
85
67

r0.76 (Å)c

C2 exo
19
10
5
20
36
25
10
22
15
20

observed results are consistent with the explicit water simulations.29

[NaCl]
(mM)
10
25
250
500

rmsd
(Å)a
1.1–3.6
1.3–3.3
1.6–3.7
1.1–3.8

CharmmZAPId
0.5
0.7
1.0
1.6

(7)
(8)
(13)
(13)

NLPB
0.35
0.97
1.3
1.56

(13)
(13)
(13)
(13)

CharmmZAPI

NLPB

[30
[30
18
19

29
27
17
15

a

Range of all atom root mean square deviations from canonical B-DNA
structure over last 3 ns of Charmm-ZAPI simulation.
b
Maximum in radially averaged Na1 concentration and distance from
helical axis at which it occurs.
c
Distance at which Manning fraction of 76% of phosphate charged is
neutralized by Na1.
d
Charmm-ZAPI: average values from 10 ns of simulation. NLPB: ﬁnite
difference solutions to nonlinear Poisson-Boltzmann equation.

Salt Solutions

Simulations at all NaCl concentrations from 10 to 500 mM gave
stable simulations, as judged by the rmsd which, although it
ﬂuctuated from about 1.5 to 3.5 Å over the last 3 ns of the simulation (Table 8), showed no long term upward trend. Basic parameters for the ion concentration proﬁles are given in Table 8.
One measure of the width of the ion atmosphere around DNA is
the radius rm within which the Manning fraction of the net DNA
charge is neutralized. For B-DNA this fraction is 76%.44 As the
ionic strength is increased from 10 to 500 mM rm decreases
from [30 to 19 Å, similar to that obtained in previous studies
of B-DNA, and to that obtained from the mean ﬁeld NLPB
model. A more detailed structural picture of the ion atmosphere
is provided by the sodium ion radial distribution function. Figure 10a shows the distribution of ions as function of distance
from the DNA helical axis for salt concentrations of 10, 25,
250, and 500 mM. The sodium ions in all cases have a high
density in the region 7–15 Å from the helix axis and approach
Table 7. GAAA 12mer Sugar Conformations.

NMR structure

Simulation average (%)

Base

Phase angle (8)

Sugar pucker

C3 endo

C2 exo

G1
G2
G3
C4
G5
A6
A7
A8
G9
C10
C11
C12

23
13
7
348
9
13
28
349
360
351
354
4

C30 -endo
C30 -endo
C30 -endo
C20 -exo
C30 -endo
C30 -endo
C30 -endo
C20 -exo
C20 -exo
C20 -exo
C20 -exo
C30 -endo

80
96
78
88
92
93
80
81
85
90
43
59

20
4
22
12
7
7
20
19
15
10
57
41

the bulk value by a radius of 20–30 Å, except for the 10 mM
case. Here and the ion concentrations are still 2–3 fold higher
than bulk at ZAP box cut off of 30 Å as expected since the
Debye length is 30 Å. Interestingly, the position of the maximum in
sodium ion density changes as the ionic strength is lowered. At
high ionic strength ([250 m) it occurs at 13 Å (Table 8), corresponding to a position midway between the phosphates in the minor
groove (Fig. 11b). As the ionic strength is lowered, a peak of density builds up at 7–8 Å, corresponding to accumulation of ions at
the base of the major groove (Fig. 11a) producing a bimodal distribution at intermediate to low salt concentrations. The chloride ion
proﬁle is low near DNA and monotonically approaches the bulk
value at larger radii. Virtually identical proﬁles for chloride are
seen for all salt concentrations, and are only shown for 500 mM in
Figure 10d. The sodium ion distributions at 10, 25, and 500 mM
for explicit ion CHARMM-ZAPI and mean ﬁeld continuum ion
atmosphere NLPB models are compared in Figures 10b–d. At
high salt the ion distributions are virtually identical in the two
models, within experimental uncertainty. This implies that any ion
discreteness and ion correlation effects are small at the higher concentrations: In effect they are averaged out because of the high
density of ions everywhere, so that the distribution looks like that
of the continuum model. At lower salt concentrations, however,
the explicit ion model shows increasing accumulation of sodium
ions in the major groove, unlike the ion continuum model which
has essentially the same shape proﬁle at all concentrations. This
indicates that discrete ion effects become signiﬁcant at lower ion
concentrations. This is expected on physical grounds, when ion
separations frequently exceed the bjerrum length (7 Å at 298 K
and a water dielectric of 80).
Computational Requirements

Table 9 presents relative timings for the CHARMM-ZAPI
implementation of the implicit water model versus the standard
CHARMM-TIP3P explicit water treatment. Both models treat
ions explicitly. Making timing comparisons is somewhat inexact
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Figure 10. Ion radial distribution functions. Radial distance measured from the average helix axis. Sodium ion distributions for ionic strengths of 10, 25, 250, and 500 mM, averaged over 10 ns of implicit
water, explicit ion simulations: (a). Comparison of sodium ion distribution from implicit water, explicit
ion simulations (|-o-|), and from the ﬁnite difference nonlinear Poisson–Boltzmann mean ﬁeld, ioncontinuum model (Bold line): (b) 10 mM, (c) 25 mM), (d) 500 mM. For 500 mM, the chloride ion
distributions are also shown in the lower two traces. Error bars for explicit ion simulations were
computed from the standard deviation in densities over 1 ns block averages.

since it depends on what amount of solvent is considered sufﬁcient to provide a stable, realistic simulation. This may not be
known precisely in advance, and it will depend on the molecule
being simulated and the ionic strength. The box of solvent
should be large enough to provide at least two Debye lengths
around each side of the molecule, if computationally feasible. At
high ionic strengths, where the Debye length is short, this is easily accomplished, but the requirement for having a sufﬁcient
layer of water supersedes this, so we compared conditions that
all use a 25 Å solvent layer at minimum. For the highest ionic
strength condition of 500 mM, the same box size of half-width
25 Å could be used in both methods, providing about six Debye
lengths. This required about 3900 explicit water molecules. The
ZAPI implicit water model produced more than a ﬁvefold speed
up. At lower ionic strengths of 25 mM and 10 mM, the box size
in the ZAPI simulations was increased to a half-width of 50 Å.
Even this does not quite provide the two Debye length border at

10 mM, but comparison with analytical solutions shows that the
ion distribution at long range is quite accurate. Using this size
solvent box with explicit water is prohibitively expensive, so we
compared with somewhat smaller box half-widths of 27.5 Å and
30 Å for 25 and 10 mM, respectively. This still signiﬁcantly
increases the number of waters compared with the 500 mM conditions, to 5283 and 6953, respectively, with corresponding steep
increases in computation of 8-fold and 20-fold relative to the
implicit water simulations. Under the latter conditions, about
40 days would be required for a 1 ns simulation with comparable computational resources.
Computational requirements for the explicit solvent model
roughly scale with the number of explicit solvent atoms (ions
plus water). Thus an estimate of the explicit water simulation
requirements at larger box sizes comparable with those used for
CHARMM-ZAPI simulations can be obtained, assuming it
grows as the cube of the box dimension. For the ZAPI model,
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Figure 11. Sodium ion density maps for (a) 10 mM ionic strength,
contour drawn at 1M and (b) 500 mM, contour drawn at 2.75M.
[Color ﬁgure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

requirements depend on both the number of explicit ions and the
box size. However, for low ionic strengths, the FDP treatment is
applied only to an inner region of the box, no larger than a halfwidth of 30 Å. Ions in the rest of the box are treated by the
inexpensive Coulombic model, so beyond a half-width of 30 Å
the computational requirements depend principally on the number of ions. Thus computation times at both low ionic strength
(large box, but few ions, most treated Coulombically) and at
high ionic strength (somewhat more ions, but limited by the
smaller box) are similar and relatively modest. Overall, the
results show the implicit water model would provide signiﬁcant,
many-fold speedups compared with the explicit water treatment
over a range of ionic strengths.

Discussion
In this work, we have extended our previous ﬁnite difference
Poisson–Boltzmann implicit water solvent model to the MD sim-

ulation of highly charged nucleic acids. The model gives stable
simulations for a variety of nucleic acids molecules, including
canonical B-DNA dodecamers and decamers, and tetraloop
RNA. Detailed comparison with explicit water simulations of BDNA shows very similar results: Analysis using the CURVES
DNA structural analysis program shows that all 24 helicoidal
and base parameters show either no statistically signiﬁcant difference or, for two parameters, differences that lie well within
the normal ﬂuctuations of the simulation. The distribution of
neutralizing sodium ions is also very similar for explicit water
and implicit water simulations. Stable simulations are also
obtained for a variety of different base sequences. The implicit
water model simulates the A to B transition accurately. Comparison of the A to B transition between explicit and implicit water
simulations shows very similar structural changes and similar
ﬁnal stable B-DNA structures, although the transition happens
about 2–3 times faster with implicit water. This result is comparable with a previous GB implicit solvent model study of the A
to B transition, which also found faster transition with implicit
water. Comparison of our implicit water simulations of tetraloop
RNA with NMR structures and previous explicit water simulations shows good correspondence of general structural features,
as well as detailed structural features like individual H-bonds,
and energetic terms. For one particular important H-bond, our
implicit water model actually stays closer to the experimental
NMR structure than the explicit solvent model, although not too
much signiﬁcance should be attached to the more accurate modeling of a single H-bond among many.
A signiﬁcant extension of our implicit solvent model is the
explicit treatment of ions. In contrast to other previous implicit
water models, including the Deby–Huckel modiﬁed GB model,19
here only the water molecules, not the ions, are treated implicitly. This allows us to incorporate the nonlinear ion atmosphere
response, discrete ﬁnite size ion effects, and the resulting correlations between ion positions. This is achieved with only a modest increase in the number of explicit atoms represented in the
simulations. This allows us for the ﬁrst time to perform systematic studies of the MD of DNA and RNA with a wide range of
well deﬁned ionic strengths, good convergence of ion atmosphere structure, and tractable computation times. The results

Table 9. Relative Timings.

Number of ions
Ionic strength
(mM)
10
25
500
10
25
500

Debye
length (Å)

Water
model

Na1

Cl2

No. of
TIP3P waters

1/2 Box
width rb (Å)

Cpu
timea (s)

Relative
speedb

30
20
4
30
20
4

ZAPI
ZAPI
ZAPI
Explicit
Explicit
Explicit

12
44
48
8
20
48

2
27
30
0
6
30

nac
na
na
6953
5283
3898

50
50
25
30
27.5
25

172
310
170
3456
2448
933

1
1
1
20
8
5.5

a

CPU time for 1ps of simulation on a 2.8 GHz Xeon processor, with 1 Gb RAM, running under Linux 9.1.
CPU time required relative to implicit solvent simulation at corresponding ionic strength.
c
na: not applicable.
b
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demonstrate that at high ionic strength (500 mM), the sodium ion
distributions are strikingly very similar for explicit ion and
implicit ion mean ﬁeld models. For the neutralizing sodium, no
added salt case, very similar ion distributions are obtained for
explicit water and implicit water models. Both results provide a
check on the correctness of the CHARMM-ZAPI implementation
of the explicit ion model. Moreover, the close correspondence of
sodium ion distributions in the CHARMM-ZAPI and NLPB models for I 5 250–500 mM shows that the mean ﬁeld continuum
ion atmosphere NLPB model may be used with some conﬁdence
to model ion atmospheres in this salt range, at least for 1-1 salts.
At lower salt concentrations, however, it appears that discrete ion
effects produce quite different distributions of sodium ions, with
signiﬁcant ions accumulating in the major groove.
Exact comparison with other studies of ionic strength dependence of the ion atmosphere around DNA is difﬁcult. The
majority of previous studies have used mean ﬁeld models like
the NLPB or counter-ion condensation models. A systematic examination of range of ionic strength is easily performed with
these models. Indeed this class of model is what we have compared to here in Figure 10. However, these models do not explicitly include the effects of DNA structural ﬂuctuations, nor
discrete ion effects. Notably, one study of this type has incorporated ion-correlation effects around a ﬁxed all atom model of
DNA at two concentrations, 0.1M and 5M.47 At the lower concentration there is a bimodal distribution of sodium ions with
peaks at 8 and 14 Å, very similar to that seen here. There is
more separation of peaks in the study of Klement et al., probably a consequence of using ﬁxed DNA. DNA ﬂuctuations
included here have effect of broadening the distributions, and
making the separation between the peaks less distinct. The other
major method used to study DNA is with all atom DNA, explicit
ion, explicit water models, using MD simulations. The majority
of these have been done with just neutralizing counterions (usually sodium), which loosely corresponds to low ionic strength
conditions, but with rather small solvent boxes. The major reason is technical difﬁculties: To simulate, for example, an ionic
strength of 10 mM with a Debye length of 30 Å, one needs at
least two Debye lengths of solvent around each side of DNA,
requiring a box of dimension 120 Å and about 57,000 explicit
waters. Given typical ion diffusion constants of 100–200 Å2/ns
the characteristic relaxation time of this ion atmosphere would
be about 5 ns. Thus one requires very large, long simulations.
Ponomarev et al.48 presented benchmark simulations in this
regard, using a DNA decamer with 3949 waters and 22 neutralizing sodium ions. They did 60 ns of simulations, requiring
6 months, to ensure convergence in ion atmosphere features.
Although their analysis indicated that ion radial distributions
may converge in about 5 ns, and ion occupancies may converge
in about 14 ns, it is clearly still computationally challenging to
do systematic ionic strength simulations with explicit water. The
results of Ponomarev et al.48 also show a bimodal distribution of
sodium ions, with accumlation in the base of the major groove
in addition to the well documented spine of ions positions
between phosphates in the minor groove. A review of other such
MD simulations by Lyubartsov37 also documents bimodal ion
distributions at 8 and 12 Å, in agreement with the implicit
water, explicit ion model here. In explicit water simulations at
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higher ionic strengths of about 0.2M by Bonvin49 there is lesser,
and discontinuous sodium ion accumulation in the major groove,
most being in the minor groove. Taking these results together
with ours, a consistent picture emerges. Cations accumulate preferentially in both grooves at low ionic strengths, with a preference for positioning deeper into the major groove, while at
higher ionic strength cations accumulate preferentially in the
minor groove, positioned midway between the phosphate groups
of opposite strands. It should be stressed though, that these statements about distributions reﬂect preferences between major or
minor grooves at a given ionic strength. At high ionic strengths
the net concentration of ions in the major groove, although less
than that in the minor groove, is still greater that that in the
major groove at lower ionic strength (e.g., see Fig. 10a).
It is clear from comparison of the NLPB implicit ion model
and the CHARMM-ZAPI explicit ion model that the greater
accumulation of cations in the major groove results from discrete ion effects, but it is not clear why. Representation of
explicit ions introduces three physical factors not present in
mean ﬁeld continuum ion models. (1) Positional correlation
effects. The probability of ﬁnding one ion near another is lower
(for same charge ions) or higher (for opposite charge ions) in a
discrete ion model than in a mean ﬁeld model (2) Finite size
effects. This penalizes close ion-to-ion distances. (3) Born-like
desolvation effects. As an ion approaches the low dielectric
DNA it experiences a desolvation penalty inversely proportional
to its radius. Which of these factors is responsible is not clear at
this point. However, this is a logical direction for future study
which is now made feasible by the CHARMM-ZAPI model.
Simulations were performed here using ﬁxed ion concentrations set to reproduce speciﬁed ionic strengths. However, the
explicit ion-implicit water model also holds out the promise of
doing efﬁcient semi-grand canonical simulations at constant ion
activity, simultaneously with an all atom dynamic model of
DNA, and realistic solvent dielectric effects. Such semi-grand
simulations involve sampling moves that insert or remove ions
at a given ion activity, as has been done using the primitive ionelectrostatic model for ﬁxed DNA.50 This would be difﬁcult
with explicit water simulations as insertion moves involve displacing water molecules. Generating an ion-cavity water conﬁguration of acceptable low energy for insertion is improbable.
This leads to very inefﬁcient sampling and poor convergence. In
contrast, ion insertion would be much easier with the implicit
water, explicit ion model developed here, since a ﬁxed Born self
energy/ion activity term is simply added to the CHARRM forceﬁeld energy change upon insertion.
In summary, we have developed, tested, and made preliminary application of an implicit water explicit ion solvation
model for studying nucleic acids. We have shown that the model
yields long stable simulations on a variety of nucleic acid molecules, and it provides very similar results to explicit water simulations with a fraction of the computational expense. The model
treats ions explicitly, avoiding the approximations made in mean
ﬁeld ion-continuum electrostatic models. The method makes MD
simulations at a range of well-deﬁned ionic strengths computationally feasible. This now permits the systematic study of ionic
strength on nucleic acid structure in MD simulations. The ﬁrst
applications already clearly show where mean ﬁeld ion and
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explicit ion effects differ, and demonstrate how the ion atmosphere structure around B-DNA changes with salt concentration.
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