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ABSTRACT 

The wide use of lattice-sum strategies in biomolecular simulations has raised many 
questions on potential artifacts in these strategies. One interesting question is the artifacts in 
the counterion distributions of highly charged systems. As one would anticipate, Coulombic 
interactions under the periodic boundary condition may deviate noticeably from those under 
the free boundary condition in the highly charged systems, significantly influencing their 
counterion distributions. On the other hand, the electrostatic screening due to water molecules 
and mobile ions may effectively damp the possible periodic distortions in Coulombic 
interactions. Therefore, the magnitude of periodicity-induced artifacts in counterion 
distributions is not straightforward to dissect without detailed analyses. In this study, we have 
developed a hybrid explicit counterion/implicit salt representation of mobile ions to address 
this question. We have chosen a well-studied DNA for easy validation of the minimal hybrid 
ion representation. Our detailed analysis of continuum ion distributions, explicit ion 
distributions, radial counterion distribution functions, and sequence-dependent counterion 
distributions, however, indicates that periodicity artifacts are not apparent at the surface of the 
tested DNA. Nevertheless, influence of boundary conditions does show up starting at the 
second solvation shell and becomes apparent at the cell boundary. 
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INTRODUCTION 

Molecular dynamics (MD) simulations are widely applied to the studies of chemical and 
physical properties of biomolecules. While the simulation techniques are successful in 
describing the biomolecular systems, many issues remain to be addressed, especially on the 
approximations introduced for efficient computation of long-range Coulombic interactions. 
Two major approaches have been developed to approximate long-range Coulombic 
interactions. The cutoff-based methods (1), in which the Coulombic interactions beyond a 
pre-defined cutoff distance are truncated or modified, were widely employed in the early days 
of MD simulations. Although the cutoff-based methods reduce the computation complexity 
from quadratic scaling to linear scaling with respect to the atom number, the methods 
introduce many artifacts in the simulations of liquids (1), solvated ions (2, 3), ion pairs (4), 
and biomolecules (5, 6). Indeed, the truncation approximation is possibly obsolete when 
rigorous treatments of long-range interactions are required. The second group of methods can 
be loosely termed as the lattice-sum methods, such as the Ewald summation method (7), the 
particle-particle-particle-mesh (P3M) method (8), and the particle-mesh Ewald (PME) 
method (9). In contrast to the cutoff-based methods, the lattice-sum methods permit exact 
calculation of Coulomb interactions under the periodic boundary condition (PBC). Although 
their numerical accuracy is in fact limited in simulations (10), stable trajectories of 
biomolecules are often obtained for systems where cutoff-based methods fail to maintain (6, 
11). Due to the simulation robustness, the lattice-sum methods are now mainstream tools for 
biomolecular simulations. However, the PBC approximation may still lead to artifacts in 
simulations. Indeed PBC artifacts in the calculation of the free energies of ionic hydration 
were identified more than a decade ago (11). Similar artifacts were also observed in the 
calculation of potentials of mean forces of ion-ion separation processes (12). Obviously, the 
PBC artifacts need to be analyzed more quantitatively in order for the simulation community 
to employ this general approach with higher confidence. 

Historically, the challenge in the PBC artifact analysis lies in the fact that adequate 
sampling of solvent molecules and counterions is extremely time-consuming; in particular for 
the reference system treated by the free boundary condition [a.k.a. the nonperiodic boundary 
condition (NPBC)], which is almost an unachievable task. Thanks to recent developments, 
sampling of solvent molecules in such analysis can be replaced by implicit solvation 
treatment. Thereby, a direct comparison is computationally feasible between the results 
expected for otherwise identical simulation setups but under different boundary conditions 
(PBC and NPBC). Along this line, a series of studies were conducted by Hünenberger et al. 
(13-18). These studies resulted in many interesting insights on possible PBC artifacts, for 
instance, a non-negligible energetic bias (17), low dielectric permittivity, and other 
periodicity-induced artifacts (13, 14), all of which can be more prominent with the decrease 
of box sizes and/or with the increase of solute charges. Moreover, based on these analyses, a 
modified lattice-sum algorithm was proposed to alleviate periodicity-induced artifacts (16). 

Despite the successful analyses of the solvation aspect of PBC induced artifacts, which 
are noted above, the periodicity-induced effect on the counterion distributions is still not clear 
(17). Since counterions play an important role in the simulations of biomolecules, especially 
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in highly charged nucleic acids, typical MD simulations require the inclusion of both explicit 
water molecules and explicit counterions. As one would anticipate, Coulombic interactions 
under PBC may deviate more noticeably from those under NPBC in highly charged systems; 
and the use of PBC may significantly influence their counterion distributions. Therefore, 
analysis of the counterion aspect of PBC induced artifacts should be of importance as well. In 
this study, we would like to address this question by comparably mapping the counterion 
distribution around a double strand DNA with a canonical sequence with both periodic and 
non-periodic boundary conditions. 

To achieve an efficient and accurate analysis on the periodicity-induced artifacts on the 
counterion distribution of the DNA, we designed a unique hybrid representation of the system 
with an explicit representation of both the solute atoms and the counterions and an implicit 
representation of solvent and bulk salt. The electrostatic interactions of the hybrid system can 
be readily modeled within the Poisson-Boltzmann (PB) framework. Under this design the 
highly charged solute is neutralized, so that the more efficient linear PB (LPB) treatment of 
electrostatics can be utilized with reasonable accuracy. Furthermore, a robust numerical linear 
PB algorithm (19, 20) is used to compute electrostatic interactions at every Monte Carlo 
sampling step. To enhance explicit counterion sampling, we utilized an advanced Monte 
Carlo sampling method – variant Hamiltonian replica exchange method (VHREM) that was 
designed for systems with both the requirements of energy-barrier-crossing sampling and 
diffusion sampling (21). Note that our Monte Carlo simulation in the hybrid representation is 
different from most previous Monte Carlo simulations of explicit ions (22), in which typical 
electrostatic treatments were based on either straight Coulobmic law in certain high dielectric 
or the distance-dependent dielectric. 

METHODS 

Hybrid ion representation 

In this study we developed a minimal hybrid representation of the solvated nucleic acid 
system for efficient and accurate analysis of the counterion distribution. First the nucleic acid 
is represented in the all-atom detail, though all atoms are fixed throughout a simulation 
trajectory as in previous analyses of counterion distributions since the focus is on mobile ions 
in such analyses (22). Second all solvent molecules are represented as a continuum. Finally, 
the ions are represented in two different manners: (a) the counterions that are needed to 
neutralize the nucleic acid are explicitly represented and sampled; and (b) the rest of the ions 
that are needed to maintain a bulk salt concentration are implicitly represented. 

If the solvated nucleic acid is without any ion, the total electrostatic interactions of the 
system can be modeled with the Poisson’s equation in classical electrostatics, given (a) the 
charges are located on all atomic centers of the nucleic acid and (b) the dielectric constant set 
to be 1 within the nucleic acid and the dielectric constant set to be 80 outside the nucleic acid. 
The solute and solvent interface is usually defined as the solvent excluded surface or the 
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molecular surface. Thus we have 

04ε φ πρ∇ ⋅ ∇ = −                                 [1] 

where ε  is the dielectric constant, φ  is the electrostatic potential, and 0ρ  is the solute 

charge density. 

When explicit counterions are used, they can be treated as part of the “solute”, i.e. we 
simply solve the Poisson’s equation with both the nucleic acid atoms and all counterions 
present. However, when the implicit salt ions are used, they are modeled as continuum in a 
mean field manner. The implicit ion densities are assumed to follow the Boltzmann 
distribution. Thus the Poisson-Boltzmann’s equation is used to model the total electrostatic 
interactions of the solvated system. 

( )04 4 exp /i i i B
i

ez c ez k Tε φ πρ π λ φ∇ ⋅ ∇ = − − −∑               [2] 

where e  is the unit charge, iz  is the valence of ion type i , ic  is the number density of 

ion type i , λ  is the Stern layer masking function, Bk  is the Boltzmann constant, and T  

is the absolute temperature. For a solution with symmetric 1:1 salt, eqn. [2] is usually written 
as 

( )
2

04 sinh C
C
κε φ πρ λ φ∇ ⋅ ∇ = − +                        [3] 

where 
2

2 8

B

e I
k T
πκ =  and 

B

ezC
k T

= . Here I  represents the ionic strength of the bulk solution 

and 2I z c= . If the electrostatic potential is weak and the ionic strength is low, eqn. [3] can 

be simplified to a linear form to improve computation efficiency (23): 

                          2
04ε φ πρ κ φ∇⋅ ∇ = − +                            [4] 

The electrostatic free energy of the nonlinear Poisson-Boltzmann equation can be written 
as (24, 25) 

2 2
0 ( ) (cosh 1)

2
G dvερ φ φ κ φ λ⎡ ⎤= − ∇ − −⎢ ⎥⎣ ⎦∫                  [5] 

For sufficiently small φ  we can derive the linearized form of the free energy by using the 

approximation of 2cosh 1 / 2φ φ+∼ . Additional simplification can be achieved by using the 

Gauss law on the second term of eqn. [5] 
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2( )
2 2

dv dvε φφ ε φ− ∇ = ∇⋅ ∇∫ ∫                       [6] 

Finally application of the linear Poisson-Boltzmann equation yields the following 
well-known free energy for the linear Poisson-Boltzmann equation  

0
1
2

G dvρ φ= ∫                               [7] 

Finite-Difference Poisson-Boltzmann method 

In typical finite-difference Poisson-Boltzmann (FDPB) calculations, the solution system 
is discretized with a cubic lattice, i.e., electrostatic potentials, charges, and mobile ion 
concentrations are all defined on grid points, while the dielectric constants are defined on grid 
edges. Thus FDPB usually consists of the following steps. (a) All atomic charges are mapped 
to the nearest finite-difference grid points. (b) The molecular surface is generated as the 
boundary between high-dielectric (i.e. water) and low-dielectric (i.e. biomolecule) volumes. 
Further, the dielectric boundary has to be mapped on the finite-difference grid. (c) Boundary 
conditions, i.e. electrostatic potentials on the external surfaces of the finite-difference grid are 
assigned. (d) These steps allow the partial differential equation to be converted into a linear 
or nonlinear system and solved (20, 26). (e) Once the system is solved, the solution is used to 
compute the electrostatic energies and forces.  

NPBC and PBC in FDPB 

In this study, NPBC was implemented in FDPB with the facility of electrostatic focusing 
for efficiency. In the electrostatic focusing treatment, both a coarse grid and a fine grid were 
used in each FDPB calculation. Here the coarse grid calculation was solved only to obtain the 
boundary potential for the fine grid calculation. Specifically the space boundary potentials for 
the fine grid were computed using the trilinear interpolation technique from the coarse grid. 
Note that electrostatic focusing or the double grid run is an approximation to the single fine 
grid run even with the same boundary condition. We analyzed the error introduced by 
electrostatic focusing with the initial solute structure as a test case. We found that the energy 
difference between the single grid run and the double grid run is less than 0.01 kcal/mol, a 
relative error of 10-7. Another source of potential error in NPBC lies in the use of the 
Debye-Hückel potential of a spherical solute for the coarse grid boundary potential. The 
Debye-Hückel boundary potential is only a good assumption when the finite-difference 
boundary grid is far away from the solute. We have estimated the error of the approximation 
in the tested solute by using successively larger grids, i.e. with the grid dimension 2, 4, 6, and 
8 times larger than the solute dimension. We found that the energy difference is less than 0.01 
kcal/mol when the grid dimension is changed from 2 to 8 larger than the solute dimension. 
This corresponds to a relative error of 10-7. Thus, we have set the dimension of the coarse 
grid to be roughly twice that of the solute to secure good free-space boundary potential for 
NPBC. 
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To realize PBC in FDPB, we adopted a straightforward strategy for the purpose of 
minimizing changes in the existing FDPB solvers. Given that FDPB potentials and charges 
are defined from grid 1 to n along any dimension, periodicity implies that grid –n to 0 and 
grid n+1 to n+2n are both the exact images to grid 1 to n. Besides setting up FDPB charge 
and dielectric constant in the boundary region following the periodicity convention, the 
FDPB equation should be solved by setting the boundary potentials as follows. Since the 
potential at grid 0 is used for the boundary condition for grid 1, and the potential for grid n+1 
is used as boundary condition for grid n, we simply copied the potential at grid n to grid 0, 
and copied the potential at grid 1 to grid n+1. The initially unknown boundary potentials can 
be set up as guessed values, or set up as zero. Subsequent FDPB runs would allow us to 
obtain the potential from grid 1 to n according to the initial boundary potential values. The 
new potentials at grid 1 and n were then used as new boundary potentials at n+1 and 0, 
respectively to start the next FDPB run. Repeat of these steps would achieve a 
self-consistency between the boundary potential and the potential on grids 1 through n. The 
pseudo code is shown as below. 

A. Set up initial boundary condition, i.e. (0) 0φ =  and ( 1) 0nφ + =  

B. Do FDPB iteration 

C. If convergence is reached, i.e. the boundary potential no longer changes, exit. 

D. Copy the potential of grid 1 to grid n+1; Copy the potential of grid n to grid 0; 

Update boundary condition, go to B 

The PBC/FDPB implementation was validated by two charges in a dipolar arrangement 
and four charges in a quadrupolar arrangement in vacuum. Three methods, including Ewald 
(27), PME (28), and PBC/FDPB, were used to compute the electrostatic energies of the two 
test cases. It can be seen from Table I that PBC/FDPB energies are very close to those of 
Ewald and PME. 

Monte Carlo simulation of counterions 

Monte Carlo (MC) has been proven to be a successful method in the studies of counterion 
distributions of nucleic acids. Previous simulation findings were found in good agreements 
with the counterion condensation theory and experiment (22, 29, 30). To enhance sampling of 
explicit counterions, a revised strategy based on the general Hamiltonian replica exchange 
method (HREM), termed VHREM, was used in this study (21). The VHREM method was 
designed to improve the diffusion sampling of counterions by targeting each individual 
counterion in turn (21). This is different from a general HREM implementation (31-36), 
which would target all counterions simultaneously. The general HREM is apparently 
straightforward to implement, but the diffusion sampling can still be very challenging when 
the number of degrees of freedom subject to treatment is large (31, 36). This is similar to the 
limitation in temperature replica exchange methods (31, 36), which activate all degrees of 
freedom at higher temperatures, resulting in reduced sampling efficiency in interested degrees 
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of freedom. 

In VHREM, in addition to one replica at the targeted state, which is described by the 

original energy potential 0U , we designed N  replicas at scaled states, each of which has a 

unique portion of energy potential, corresponding to one specific ion, scaled by a scaling 

parameter λ . The scaled potential is  

, 0,1,..., ,i i
i s eU U U i Nλ= + =                         [8]            

where i
sU  represents the energy potential corresponding to the ith ion and i

eU  stands for the 

rest of the energy terms in the original energy function 0 0( for all )i i
s eU U U U i+ = . 

Specifically to realize the energy scaling in FDPB, the charge of ion i in replica i is scaled by 
λ before calling FDPB to obtain the electrostatic energy. 

If there are N ions in the simulated systems, we need to set up N + 1 replicas: one replica 
at the target state and N replica at scaled states. Each pair of neighboring replicas acted by the 

potentials of jU  and kU  are scheduled for structure exchanges based on canonical replica 

exchange acceptance probability relationship: 

, , , ,( ) min(1,exp{ [( ) ( )]}),old new
k j j k k k j jw C C U U U Uβ→ = − + − +         [9]       

where ,x yU  represents the energy calculated with the energy function of xU , but on the 

structure of the replica acted by the potential yU . After each trial replica exchange, the 

sequence of all the scaled state replicas is reshuffled to guarantee thorough structural 
exchanges between the target state replica and all the scaled state replicas. The neighboring 
replicas in the replica exchange are determined for exchange according to the topology 
shown in Fig. 1 of reference (21). In this study, twenty-three replicas on 23 CPUs were 
employed in each VHREM/MC simulation. These 23 replicas include the target state replica 
and 22 scaled states replicas corresponding to 22 counterions, respectively. The MC move 
step was set to 0.25 Å to yield an acceptance ratio of 65%. The scaled parameter λ  in 
VHREM was set as 0.7 to achieve a replica exchange ratio of about 55%.  

In PBC simulations, if a counterion moves out of the box from one side, it moves into the 
box from the other side. In NPBC simulations, the centers of mass of counterions are 
confined within the same ion accessible volume in the PBC simulations. The reflective 
boundary condition was used to prevent counterions from diffusing away from the simulation 
box. Specifically, if a counterion reaches the boundary, it can move to any direction except 
crossing the boundary. 



 9

In order to accelerate FDPB calculations, the DNA was fixed throughout the simulations 
and only counterions were allowed to move. This fact is exploited to save the CPU times of 
certain portions of a FDPB calculation. For example, the charge and dielectric grids of the 
DNA alone were first computed prior to the start of the simulations and saved. The complete 
charge and dielectric grids of the DNA and counterions were then updated at every step with 
the actual positions and radii of counterions. 

We carried out 40 independent simulations in both PBC and NPBC respectively. These 
independent simulations were started with different random seeds but from the same initial 
conformation. Each single simulation was run for 470,000 steps per replica. Structures were 
saved every 100 steps for analysis. Convergence of the simulations was monitored by 
analyzing the running average energies of all 40 simulations. The running average energies 
show that at least 200,000 steps per simulation are needed for equilibrium in both the PBC 
and NPBC simulations. Nevertheless, the first 270,000 steps were discarded to secure good 
equilibration in both sets of simulations, and the remaining 200,000 steps per simulation were 
used and referred as the production trajectory. 

Computation details 

All simulations were performed with a revised Amber 10 suite of programs and the ff94 
atomic charges for DNA and counterions (37). In both PBC and NPBC simulations, the 
explicit sodium ions are treated as hard spheres with their radii set as the cavity radius of the 
sodium ion (38). The radii of DNA atoms were previously optimized against TIP3P solvation 
free energy simulations (38). The solvent dielectric constant is 80, while the solute dielectric 
constant is 1.  

The dielectric interface between the solute and solvent regions was defined by the 
solvent-excluded molecular surface, obtained with a solvent probe radius 0.6 Å (38). Note 
that the unconventionally small probe radius was optimized based on our quantitative 
comparative analyses of FDPB versus the TIP3P explicit solvent model (38). In Ref (38) and 
subsequent analysis [Manuscript in preparation] we found that the electrostatic solvation 
energies of small molecules are not very sensitive to the different probe sizes. However, the 
electrostatic potentials of mean force of hydrogen-bonded or salt-bridge dimers are quite 
sensitive to the probe radius used and a solvent probe radius of 0.6Å can best reproduce the 
TIP3P solvent among the tested values [Manuscript in preparation]. Our subsequent analysis 
of ion pairs on peptides and proteins also indicates that the probe radius of 0.6Å can best 
reproduce the TIP3P solvent. Indeed unconventionally small probe radii, as small as zero (i.e. 
van der Waals surface), were also used in previous studies and were found to yield good 
agreement with experiment.(39, 40) It should be pointed out that a small probe might cause 
numerical difficulties in loosely packed biomolecules. These contradicting observations 
apparently result from the limitation of hard sphere models used in dielectric assignment in 
the PB theory. These observations also support the arguments for more physical treatment of 
dielectrics for biomolecules. Since our interests are in the mobile ions in this study and our 
fixed DNA structure does not contains any “artificial” water accessible pockets even with the 
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small water probe, the use of the optimized probe radius is a clearly a better choice to 
reproduce the TIP3P electrostatic potentials of mean force. 

The continuum salt is a 1:1 electrolyte of 150 mM behaving according to the linear PB 
equation. The temperature is 300 K. The ion exclusion layer is 2.0 Å away from the 
DNA/explicit counterions surface. For NPBC/FDPB one coarse grid and one fine grid were 
used. The coarse grid dimension is 82 Å×86 Å×116 Å with a spacing of 2 Å and the fine grid 
dimension is 42 Å×44 Å×59 Å with a spacing of 0.5 Å. For PBC/FDPB, only a single fine 
grid of 0.5 Å was used, and the grid dimension is the same as the fine grid in NPBC/FDPB. 

The convergence criterion was set to be 510− . Other details can be found elsewhere (19, 20). 

The initial structure was taken from the classical Drew-Dickerson dodecamer B-DNA 
structure (PDB id: 1BNA). 22 Na+ ions were added to neutralize the system. Thus, the 
simulation system consists of DNA and 22 explicit Na+ counterions in the implicit water and 
150 mM continuum salt in a rectangular cell. The initial 22 sodium coordinates were 
determined by successive positioning each counterion at the lowest electrostatic potential site 
from linear PB runs with NPBC/FDPB. Note that addition of a neutralizing number of 
counterions alone approximates the screening effects of counterions in a qualitative manner. 
However, it does not correspond to a particular ionic strength. The final ionic strength also 
depends on the size of the simulation box. This will be discussed below. 

Counterion occupancy was analyzed with the method of Ponomarev et. al (41). 
Specifically, explicit counterion occupancy for each atom was first calculated with a cutoff 
distance of 5 Å. The explicit counterion occupancy of each nucleotide was then computed by 
summing the occupancies of all atoms of the nucleotide. The continuum counterion 
occupancies were computed similarly, through volume integration. The summation of explicit 
ion and implicit ion was reported as the ion occupancy for a given nucleotide. In this work 
each ion was assigned to one and only one nucleotide of the DNA. 

RESULTS AND DISCUSSIONS 

Continuum ion distribution 

The periodic artifacts on ion distributions were first analyzed by studying the effect of 
box size in PBC from the continuum point of view. In this analysis different box sizes 
centered on the DNA were used in FDPB calculations to probe the effect of box size. Here 
the small box is merely large enough to solvate the DNA by a layer of water of around 4 Å 
(box size 34 Å×36 Å×51 Å). The medium size box and the large box solvate the DNA by a 
layer of water of around 10 Å (box size 42 Å×44 Å×59 Å) and 15 Å (box size 52 Å×54 Å×69 
Å), respectively. Specifically the medium box size was chosen to be similar to the typical box 
size chosen by most workers in MD simulations with PME.  
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The PBC ion distributions from the different boxes are shown in Fig. 1. The NPBC ion 
distribution is also shown for comparison. The figure shows two dimensional ion 
concentration contours in the x-z plan. Note that the z-axis is chosen to be the DNA helical 
axis in this study. Contours are shown at intervals of 5.625 mM from 75 mM negative charge 
to 150 mM positive charge. For the small simulation box it is apparent that the PBC ion 
distribution is similar to the NPBC ion distribution nearby the surface of the DNA (Fig. 1(a)). 
However, their difference becomes obvious in regions away from the DNA (Fig. 1(a)). In the 
medium box shown in Fig. 1(b), almost no difference can be seen nearby the DNA surface; in 
the region away from the DNA, some deviations can be identified, but not as obvious as that 
in the small box. In the large box shown in Fig. 1(c), no visible difference can be seen 
throughout the simulation box when compared with the NPBC ion distribution. To rule out 
likely artifacts in arbitrary choice of the plan perpendicular to the helix of DNA, the 
continuum ion distributions in the y-z plane were also compared for the commonly used 
medium box (Fig. 2). It can be seen that the visible difference is only located near the box 
boundary region as in the x-z plan. Finally, it should be pointed that the effect of box size is 
small for the NPBC ion distribution. Indeed we tested the effect by doubling and quadrupling 
the box size and found no noticeable differences in continuum ion distributions in NPBC. 
This shows that the medium box chosen here is large enough for NPBC calculations. These 
observations are also in qualitative agreement with previous studies of proteins: it was 
reported that the periodicity-induced artifacts may be enhanced when the solute size is 
non-negligible when compared to the size of the simulation box (14). 

Explicit counterion distribution 

A visual representation of the spatial distribution of the 22 explicit counterions is shown 
in Fig. 3. Note that all simulations were conducted with the medium sized box discussed 
above. The most frequently visited positions by explicit counterions were chosen through 10 
lowest energy configurations. As shown in Fig. 3, the density of clustered spheres, each of it 
represents an individual counterion, can be used to estimate the local concentration of 
explicit counterions. The explicit counterions, as expected, preferentially visit the vicinity of, 
but not necessarily directly bound to, the double helix. This does not imply that these explicit 
counterions spend most of the time bound to the surface of the DNA and this indeed is not 
the case. The detailed analysis of counterion occupancy is described below. Nevertheless, 
these lowest-energy snapshots show that explicit counterion distributions are very similar 
between NPBC and PBC at least when the medium box is used. 

Radial distribution of total counterion and Manning radius 

Given the above analyses of continuum and explicit ion distributions, we went ahead to 
quantify the total counterion distributions in PBC and NPBC simulations. Here the total 
counterion concentration is the sum of both explicit and implicit cations from the hybrid ion 
representation. Fig. 4 shows the total counterion distributions as a function of distance from 
the DNA helical axis. The figure shows that counterion densities in both PBC and NPBC are 
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as high as 1.5 M in region 6 - 12 Å from the helix axis (Fig. 4 upper panel). This region 
happens to fall in the major and minor grooves where the counterions frequently visit as 
shown above. Note that the shape of the distribution function is similar to that observed in 
full explicit ion simulations with the Poisson’s equation (42). Since the simulation box in this 
study is smaller, the highest density observed is expected to be higher. Both simulations also 
show that the concentration of counterions nearby the surface of DNA (around 10 Å from the 
helix axis) is over 1 M, consistent with previous theoretical nonlinear PB studies (43). Finally, 
if the total volume is used (Fig. 4 lower panel), the peak of distribution function is narrowed 
and centered in the region 11 - 13 Å and the highest density is also reduced from 1.5 M to 
1.25M. 

An interesting common observation from both the PBC and NPBC simulations is the 
rather high counterion density, approaching 500 mM, near the box boundary. This is very 
different from the bulk value as set to be 150 mM, indicating the artificially high density is 
not due to the use of PBC, but mostly due to the use of rather small simulation box. It is 
likely that the high counterion concentration might cause energetic artifacts and subsequent 
dynamic artifacts when the DNA is fully mobile during simulations. 

One commonly used measure of total counterion distributions in DNA is the radius within 
which the Manning fraction of the net DNA charge is neutralized. For B-DNA it is 76% (43). 
The Manning radius is 17.75 Å in NPBC, and it is 18.00 Å in PBC. This is quite close to 
those reported in a previous nonlinear PB study, 17 Å for a salt concentration of 250 mM (29). 
In our work the ionic strength is set as 150 mM, so that the Manning radius should be 
somewhat larger, as predicted from the trend of Manning radius versus ionic strength, i.e. the 
Manning radius increases as the ionic strength decreases. Here we also tested the linear PB 
theory without any explicit counterions to calculate the Manning radius. We found that it is 
much larger, around 25 Å. It is apparent that the linear PB alone without neutralizing 
counterions is insufficient in modeling highly charged systems (23). 

Sequence dependence of total counterion distribution 

The sequence dependence of total counterion distributions in both PBC and NPBC 
simulations were also analyzed and shown in Fig. 5. Consistent with above analyses, the 
difference between PBC and NPBC is not obvious, at least the peaks and troughs from both 
boundary conditions are at the same locations. The calculated occupancies of counterions 
within the major/minor grooves are clearly sensitive to sequence, as pointed out previously 
(23). In the major groove, the preferred sites for counterions are at base pair A5:T20 to 
T8:A17, on average 0.4 – 0.5 counterion per pair is bound to these nucleotides. The preferred 
sites in the minor groove are at base pair G4:C21 and C9:G16 with on average 0.5 counterion 
per base pair bound to them. These findings are also consistent with the previous reports in 
explicit ion/explicit solvent simulations (21, 41), further validating the minimal hybrid ion 
approach in our analysis of counterion distributions. 
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Further considerations 

Effects of solute charge and structure on counterion distribution It is important to note that 
the above comparisons are made for a particular nucleic acid, 1BNA. The short and rigid 
DNA is a relatively homogeneously charged and highly asymmetrical biomolecule. It is 
likely that the effects of PBC would be more prominent if a solute with asymmetrical charge 
distribution or geometrically asymmetrical solute were considered. To assess the generality of 
above comparisons, we analyzed the continuum ion distributions for two more systems. The 
first one is an asymmetrical nucleic acid, 310D, a t-RNA. The second one is a DNA-binding 
protein, 1TSR B chain, with a large dipole moment of (-96.9 eÅ, 6.6 eÅ, -44.7 eÅ). Fig. S-1 
& S-2 in the Supplementary Materials show the continuum ion distributions of the 310D and 
1TSR, respectively. As in the analysis for 1BNA (Fig. 1), the continuum ion distribution in 
NPBC is compared with those in PBC with different box dimensions. These comparisons 
show that the continuum salt distributions in the medium box between PBC and NPBC are 
qualitatively similar nearby the solute surface, though differences are noticeable at second 
solvation shell, consistent to the findings for 1BNA in Fig. 1. 

Linear approximation in the hybrid ion representation It is well known that electrostatic 
energy and its salt dependence are strongly affected by accounting for nonlinearity in highly 
charged systems. An interesting question to ask is whether the nonlinearity is still prominent 
when enough counterions are used to neutralize the system, or whether a linearized PB 
treatment is enough when the minimal hybrid ion representation is used. Using 1TSR and 
1BNA as the test cases, our comparative analysis shows that the potential in the nonlinear 
FDPB is about 10% less than that in the linear FDPB in the cell boundary region. Nearby the 
solute surface, the continuum ion density by the nonlinear PB is higher than that by linear PB 
due to the nonlinear effect (Fig. S-3, Supplementary Materials). Nevertheless, the qualitative 
comparison of PBC and NPBC in Fig. 1, S-1, and S-2 still holds when the nonlinear PB is 
used. 

To further assess the approximations introduced by using the linear FDPB instead of 
nonlinear FDPB in the electrostatic energies, we studied the correlation between two sets of 
28 relative electrostatic energies of eight snapshots roughly evenly covering the sampled 
electrostatic free energy values in one MC trajectory. While the two sets of absolute 
electrostatic energies are clearly different, the two set of relative energies (these relative 
energies were actually used in a MC simulation) are highly correlated with each other with a 
correlation coefficient of 0.9994, a linear regression slope of 1.02, and a RMS relative 
deviation of 2.8%, as shown in Fig. S-4. Note also that our current implementation of the 
nonlinear FDPB is about ten times slower that of the linear FDPB. Balancing both accuracy 
and efficiency, we believe the linear FDPB is a reasonable initial choice for the minimal 
hybrid ion treatment in DNA simulations. 

CONCLUSIONS 
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The wide use of lattice-sum strategies in biomolecular simulations brought up a series of 
questions regarding artifacts in periodic simulations. One remaining question is the artifacts 
in the counterion distributions in periodic simulations. As one would anticipate, Coulombic 
interactions under PBC may deviate more noticeably from those under NPBC especially in 
highly charged systems; and the use of PBC may significantly influence the counterion 
distributions in such systems. However, the electrostatic screening due to the high-dielectric 
constant of water and ion-ion screening might significantly damp the charge-charge 
interactions. Therefore the magnitude of PBC induced artifacts in counterion distributions is 
not straightforward to dissect without detailed analysis. In this study, we have addressed this 
question by comparably mapping the counterion distributions around a double-strand DNA 
with a canonical sequence from simulations with both boundary conditions. 

The PBC artifacts on ion distributions were first analyzed from the continuum point of 
view. Our analysis, however, shows that the ion distributions near the DNA surface are quite 
similar between PBC and NPBC calculations. Nevertheless, their difference becomes obvious 
in regions further away from the DNA. As expected, the difference in ion distributions 
becomes smaller when the simulation cell in PBC is larger. These observations are in 
qualitative agreement with previous studies in the context of proteins, i.e. the PBC artifacts 
may be enhanced when the solute size is comparable to the simulation cell. The effect of 
boundary conditions upon ion distribution was then analyzed by studying the spatial 
distribution of the explicit counterions. Consistent with the observations in the continuum ion 
analysis, explicit counterion distributions are very similar between NPBC and PBC when a 
typical-sized simulation cell is used. 

The analysis of total counterion distributions in PBC and NPBC simulations shows that 
counterion densities in both PBC and NPBC are as high as 1.5 M in region 6 - 12 Å from the 
helical axis. This region happens to fall in the major and minor grooves where the 
counterions frequently visit. The distribution functions are similar to that observed in full 
explicit ion simulations with the Poisson’s equation. Both simulations show that the 
concentration of counterions nearby the DNA surface can be as high as 1 M, also consistent 
with previous nonlinear PB studies. An interesting common observation from both the PBC 
and NPBC simulations is the rather high counterion density, approaching 500 mM, near the 
box boundary. This is very different from the bulk value that is set to be 150 mM, indicating 
the artificially high density is not due to the use of PBC, but mostly due to the use of rather 
small simulation box. The analysis of Manning radius shows consistent picture with highly 
similar radii from the NPBC and PBC simulations, 17.75 Å versus 18.00 Å. The sequence 
dependences of counterion distributions were also analyzed and the difference between PBC 
and NPBC is not obvious.  

In summary, our comparative analyses with the minimal hybrid ion treatment of mobile 
ions show that periodicity artifacts are small in the ion distributions of the tested DNA. This 
is especially so nearby the solute surface though the difference in distributions is visible 
starting from the second solvation shell. Interestingly, a rather high counterion density that is 
noticeably different from bulk concentration was observed near the simulation cell boundary, 
regardless of the boundary conditions used, indicating the artificially high density is mostly 
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due to the use of rather small simulation cell that is typical in periodic simulations.  

Due to the limited computational resources, bulk of our comparable analyses is only for a 
particular nucleic acid, 1BNA, with a rather symmetrical charge distribution. Thus, these 
conclusions do not exclude the presence of periodicity-induced artifacts of counterion 
distributions in other untested biomolecular systems. To assess the generality of above 
comparisons, we analyzed the continuum ion distributions for two more biomolecules: a 
t-RNA with an asymmetrical geometry and a DNA-binding protein with a large dipole 
moment. The two additional comparisons of the continuum ion distributions shows that the 
findings obtained for 1BNA are still relevant at least for the continuum ion distributions. 
Another limitation of our analyses lies in the use of linear FDPB calculations for 
computational efficiency. To estimate the potential influence from the linearization 
approximation, we further compared the continuum ion distributions between PBC and 
NPBC with nonlinear FDPB calculations. The additional comparisons show that the 
conclusions drawn from the linear FDPB calculations are qualitatively consistent with those 
obtained nonlinear FDPB calculations as far as the continuum ion distributions are 
concerned.  

ACKNOWLEDGEMENTS  

This work is supported in part by NIH (GM069620) 



 16

REFERENCES 

1. Neumann, M., O. Steinhauser, and G. S. Pawley. 1984. Consistent calculation of the 
static and frequency-dependent dielectric-constant in computer-simulations. Mol. 
Phys. 52:97-113. 

2. Brooks, C. L. 1987. The influence of long-range force truncation on the 
thermodynamics of aqueous ionic-solutions. J. Chem. Phys. 86:5156-5162. 

3. Madura, J. D., and B. M. Pettitt. 1988. Effects of truncating long-range interactions in 
aqueous ionic solution simulations. Chem. Phys. Lett. 150:105-108. 

4. Pettitt, B. M., and P. J. Rossky. 1986. Alkali-halides in water - ion solvent correlations 
and ion ion potentials of mean force at infinite dilution. J. Chem. Phys. 84:5836-5844. 

5. Smith, P. E., and B. M. Pettitt. 1991. Peptides in ionic-solutions - a comparison of the 
Ewald and switching function techniques. J. Chem. Phys. 95:8430-8441. 

6. Schreiber, H., and O. Steinhauser. 1992. Molecular-dynamics studies of solvated 
polypeptides - why the cutoff scheme does not work. Chem. Phys. 168:75-89. 

7. Ewald, P. P. 1921. The calculation of optical and electrostatic grid potential. Ann. 
Phys.-Berlin 64:253-287. 

8. Hockney, R. W., and J. W. Eastwood. Computer simulation using particles 
(McGraw-Hill, New York, 1981) 

9. Darden, T., D. York, and L. Pedersen. 1993. Particle mesh Ewald - an n.Log(n) 
method for Ewald sums in large systems. J. Chem. Phys. 98:10089-10092. 

10. Hunenberger, P. H. 2000. Optimal charge-shaping functions for the 
particle-particle-particle-mesh (p3m) method for computing electrostatic interactions 
in molecular simulations. J. Chem. Phys. 113:10464-10476. 

11. Fox, T., and P. A. Kollman. 1996. The application of different solvation and 
electrostatic models in molecular dynamics simulations of ubiquitin: How well is the 
x-ray structure ''maintained''? Proteins 25:315-334. 

12. Figueirido, F., G. S. Delbuono, and R. M. Levy. 1995. On finite-size effects in 
computer-simulations using the Ewald potential. J. Chem. Phys. 103:6133-6142. 

13. Hunenberger, P. H., and J. A. McCammon. 1999. Ewald artifacts in computer 
simulations of ionic solvation and ion-ion interaction: A continuum electrostatics 
study. J. Chem. Phys. 110:1856-1872. 

14. Hunenberger, P. H., and J. A. McCammon. 1999. Effect of artificial periodicity in 
simulations of biomolecules under Ewald boundary conditions: A continuum 
electrostatics study. Biophys. Chem. 78:69-88. 

15. de Vries, A. H., I. Chandrasekhar, W. F. van Gunsteren, and P. H. Hunenberger. 2005. 
Molecular dynamics simulations of phospholipid bilayers: Influence of artificial 
periodicity, system size, and simulation time. J. Phys. Chem. B 109:11643-11652. 

16. Kastenholz, M. A., and P. H. Hunenberger. 2006. Development of a lattice-sum 
method emulating nonperiodic boundary conditions for the treatment of electrostatic 
interactions in molecular simulations: A continuum-electrostatics study. J. Chem. Phys. 
124:12. 

17. Kastenholz, M. A., and P. H. Hunenberger. 2004. Influence of artificial periodicity and 
ionic strength in molecular dynamics simulations of charged biomolecules employing 



 17

lattice-sum methods. J. Phys. Chem. B 108:774-788. 
18. Bergdorf, M., C. Peter, and P. H. Hunenberger. 2003. Influence of cut-off truncation 

and artificial periodicity of electrostatic interactions in molecular simulations of 
solvated ions: A continuum electrostatics study. J. Chem. Phys. 119:9129-9144. 

19. Luo, R., L. David, and M. K. Gilson. 2002. Accelerated Poisson-Boltzmann 
calculations for static and dynamic systems. J. Comput. Chem. 23:1244-1253. 

20. Lu, Q., and R. Luo. 2003. A Poisson-Boltzmann dynamics method with nonperiodic 
boundary condition. J. Chem. Phys. 119:11035-11047. 

21. Min, D. H., H. Z. Li, G. H. Li, B. A. Berg, M. O. Fenley, and W. Yang. 2008. Efficient 
sampling of ion motions in molecular dynamics simulations on DNA: Variant 
Hamiltonian replica exchange method. Chem. Phys. Lett. 454:391-395. 

22. Jayaram, B., S. Swaminathan, D. L. Beveridge, K. Sharp, and B. Honig. 1990. 
Monte-Carlo simulation studies on the structure of the counterion atmosphere of 
b-DNA - variations on the primitive dielectric model. Macromolecules 23:3156-3165. 

23. Hill, T. L. An Introduction to Statistical thermo-dynamics ( Dover Publications, New 
York, 1986). 

24. Sharp, K. A., and B. Honig. 1990. Calculating total electrostatic energies with the 
nonlinear Poisson-Boltzmann equation. J. Phys. Chem. 94:7684-7692. 

25. Reiner, E. S., and C. J. Radke. 1990. Variational approach to the electrostatic 
free-energy in charged colloidal suspensions - general-theory for open systems. 
Journal of the Chemical Society-Faraday Transactions 86:3901-3912. 

26. Nicholls, A., and B. Honig. 1991. A rapid finite-difference algorithm, utilizing 
successive over-relaxation to solve the Poisson-Boltzmann equation. J. Comput. 
Chem. 12:435-445. 

27. Allen, M. P., and D. J. Tildesley. Computer simulation of liquids (Oxford university 
press, New York, 1987). 

28. Hockney, R. W., and J. W. Eastwood. 1981. Computer simulation using particles 
( McGraw-Hill: New York, 1981) 

29. Valleau, J. P., and L. K. Cohen. 1980. Primitive model electrolytes .1. Grand 
canonical Monte-Carlo computations. J. Chem. Phys. 72:5935-5941. 

30. Torrie, G. M., and J. P. Valleau. 1980. Electrical double-layers .1. Monte-Carlo study 
of a uniformly charged surface. J. Chem. Phys. 73:5807-5816. 

31. Fukunishi, H., O. Watanabe, and S. Takada. 2002. On the Hamiltonian replica 
exchange method for efficient sampling of biomolecular systems: Application to 
protein structure prediction. J. Chem. Phys. 116:9058-9067. 

32. Jang, S. M., S. Shin, and Y. Pak. 2003. Replica-exchange method using the 
generalized effective potential. Physical Review Letters 91:058305. 

33. Kwak, W., and U. H. E. Hansmann. 2005. Efficient sampling of protein structures by 
model hopping. Physical Review Letters 95:138102. 

34. Liu, P., X. H. Huang, R. H. Zhou, and B. J. Berne. 2006. Hydrophobic aided replica 
exchange: An efficient algorithm for protein folding in explicit solvent. 19018-19022. 

35. Liu, P., B. Kim, R. A. Friesner, and B. J. Berne. 2005. Replica exchange with solute 
tempering: A method for sampling biological systems in explicit water. Proc. Natl. 
Acad. Sci. U. S. A. 102:13749-13754. 



 18

36. Sugita, Y., A. Kitao, and Y. Okamoto. 2000. Multidimensional replica-exchange 
method for free-energy calculations. J. Chem. Phys. 113:6042-6051. 

37. Case, D. A., T. E. Cheatham, T. Darden, H. Gohlke, R. Luo, K. M. Merz, A. Onufriev, 
C. Simmerling, B. Wang, and R. J. Woods. 2005. The Amber biomolecular simulation 
programs. J. Comput. Chem. 26:1668-1688. 

38. Tan, C. H., L. J. Yang, and R. Luo. 2006. How well does Poisson-Boltzmann implicit 
solvent agree with explicit solvent? A quantitative analysis. J. Phys. Chem. B 
110:18680-18687. 

39. Dong, F., M. Vijayakumar, and H. X. Zhou. 2003. Comparison of calculation and 
experiment implicates significant electrostatic contributions to the binding stability of 
barnase and barstar. Biophysical Journal 85:49-60. 

40. Talley, K., C. Ng, M. Shoppell, P. Kundrotas, and E. Alexov. 2008. On the 
electrostatic component of protein-protein binding free energy. PMC Biophysics 1:2. 

41. Ponomarev, S. Y., K. M. Thayer, and D. L. Beveridge. 2004. Ion motions in molecular 
dynamics simulations on DNA. Proc. Natl. Acad. Sci. U. S. A. 101:14771-14775. 

42. Prabhu, N. V., M. Panda, Q. Y. Yang, and K. A. Sharp. 2008. Explicit ion, implicit 
water solvation for molecular dynamics of nucleic acids and highly charged 
molecules. J. Comput. Chem. 29:1113-1130. 

43. Manning, G. S. 1969. Limiting laws and counterion condensation in polyelectrolyte 
solutions .I. Colligative properties. J. Chem. Phys. 51:924-933. 



 19

Tables 
Computational method dipolar quadrupolar 

Ewald summation -45.5138 -107.1771 

PME -45.4893 -107.1358 

FDPB -45.5228 -107.2291 

 

Table I. Electrostatic energies (kcal/mol) under the periodic boundary condition by three 
different methods. 
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Figure Legends 

Fig. 1. Continuum ion distributions in the x-z plane for 1BNA. Contours are plotted from 75 
mM negative charge (red) to 150 mM positive charge (blue) with an interval of 5.625 mM. 
The five counters from -13.125 mM to +15 mM are colored black. (a), (b), (c) are for the 
PBC simulations in the small, medium, and large boxes, respectively. (d) is for the NPBC 
simulation. 

Fig. 2. Continuum ion distributions in the x-z and y-z planes for the medium-sized box. (a) 
NPBC x-z plane; (b) PBC x-z plane; (c) NPBC y-z plane; (d) PBC y-z plane. See Fig. 1 for 
more details. 

Fig. 3. Superposition of 10 lowest energy snapshots from the MC simulations. The left panel 
shows the major groove, and the right panel shows the minor groove. Ions in PBC 
simulations are colored yellow, and those in NPBC simulations are colored blue. 

Fig. 4. Counterion radial distribution functions. Radial distance measured from the average 
helical axis. The upper panel is computed with ion accessible volume and lower panel is 
computed with the total volume. 

Fig. 5. Counterion occupancies as a function of sequence. Minor and major groove 
occupancies are shown as square and cycle respectively. 
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