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Explicit-solvent molecular dynamics simulations of a DNA tetradecanucleotide
duplex: lattice-sum versus reaction-field electrostatics

Vincent Kräutler and Philippe H. Hünenberger*

Laboratory of Physical Chemistry, ETH Zürich, CH-8093 Zürich, Switzerland

(Received 9 October 2007; final version received 15 October 2007)

Five long-timescale (10 ns) explicit-solvent molecular dynamics simulations of a DNA tetradecanucleotide dimer are

performed using the GROMOS 45A4 force field and the simple-point-charge water model, in order to investigate the

effect of the treatment of long-range electrostatic interactions as well as of the box shape and size on the structure and

dynamics of the molecule (starting from an idealised B-DNA conformation). Long-range electrostatic interactions are

handled using either a lattice-sum (LS) method (particle–particle–particle–mesh; one simulation performed within a

cubic box) or a cutoff-based reaction-field (RF) method (four simulations, with long-range cutoff distances of 1.4 or

2.0 nm and performed within cubic or truncated octahedral periodic boxes). The overall double-helical structure,

including Watson–Crick (WC) base-pairing, is well conserved in the simulation employing the LS scheme. In contrast,

the WC base-pairing is nearly completely disrupted in the four simulations employing the RF scheme. These four

simulations result in highly distorted compact (cutoff distance of 1.4 nm) or extended (cutoff distance of 2 nm) structures,

irrespective of the shape and size of the computational box. These differences observed between the two schemes seem

correlated with large differences in the radial distribution function between charged entities (backbone phosphate groups

and sodium counterions) within the system.

Keywords: DNA oligonucleotide; computer simulation; molecular dynamics; electrostatic interactions; GROMOS

force field

1. Introduction

The last two decades have witnessed a significant

increase in the number of publications reporting

atomistic (explicit-solvent) molecular dynamics (MD)

simulations of nucleic acids in aqueous solution [1–8].

However, in spite of significant methodological

advances, nucleic acids remain very challenging systems

for computational modelling, because their polyelec-

trolyte nature (as well as the possible simultaneous

inclusion of many counterions) implies the need for a

particularly accurate treatment of (long-range) electro-

static interactions [9].

In order to avoid surface effects, the vast majority of

explicit-solvent molecular simulations are carried out

under periodic boundary conditions (PBC). In this case,

the two (currently) most popular approximations used to

handle long-range electrostatics are the lattice-sum (LS)

and reaction-field (RF) methods.

The LS methods (applied under PBC) rely on

accepting the exact periodicity of electrostatic inter-

actions as an intrinsic property of the simulated system.

In this case, electrostatic interactions can be handled

exactly (within the limit of numerical accuracy) using the

Ewald [10] or related particle–mesh (P3M [11,12] or

PME [13,14]) methods. Accepting electrostatic period-

icity is certainly quite reasonable for performing

simulations of crystals. However, solutions are inher-

ently non-periodic systems, and the use of LS methods in

this context can be summarised as providing exact

electrostatic interactions for an approximate (i.e.

artificially periodic) representation of the system

[15,16]. Recent studies aimed at quantifying the effects

of artificial periodicity in biomolecular simulations have

often led to contradictory results [17–30], probably in

large part because the nature and magnitude of possible

artefacts are very sensitive to the simulated system and

simulation conditions (e.g. solute net charge and dipole

moment, size of the solute cavity relative to that of the

computational box, presence and concentration of

counterions, dielectric permittivity of the solvent and

system properties monitored).

The RF method (applied under PBC) relies on

truncating electrostatic interactions to a finite range

(cutoff distance), typically smaller than half the smallest

dimension of the computational box, and accounting for

the mean effect of the omitted electrostatic interactions

beyond this distance by modelling the medium outside

the cutoff sphere of each particle as a homogeneous
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dielectric medium of permittivity equal to that of the

solvent [31–34]. This approximation (given a large-

enough cutoff distance) is certainly reasonable for the

simulation of pure (dipolar) liquids. However, biomole-

cular solutions are typically: (i) dielectrically hetero-

geneous (i.e. the medium outside the cutoff sphere of a

particle is generally not entirely bulk solvent); and (ii)

rich in entities (solute functional groups, counterions)

bearing net charges (i.e. for which the RF formalism is

not strictly applicable). Thus, the use of the RF method in

this context can by summarised as providing approxi-

mate electrostatic interactions for a more realistic (i.e.

quasi-nonperiodic) representation of the system [15]. In

principle, the RF method should benefit from the use of

large cutoff distances. A common time-saving technique

for increasing the effective cutoff radius with a limited

computational overhead is the twin-range (TW) method,

where interactions up to a short-range cutoff distance are

evaluated every simulation timestep, while interactions

between the short-range and long-range cutoff distances

are evaluated less frequently and assumed constant

between two evaluations [35].

After numerous unsuccessful attempts to perform

explicit-solvent molecular simulations of nucleic acids

using straight-cutoff truncation [36,37], it was realised

that the use of LS methods instead permitted to obtain

trajectories of DNA oligonucleotide dimers with a stable

double-helical (native) conformation on timescales up to

400 ns [5]. The RF method was also applied with some

success, but only on much shorter timescales of at most

2 ns [38–42]. In addition, significant base-pair fraying at

the strand termini (expected to occur only on a

millisecond timescale [43,44]) was found in all of these

RF simulations. A likely cause for this is the use of

group-based cutoff schemes which, for groups bearing

net charges, are known to cause significant heating in the

cutoff region [45]. Simulations of stable (up to 5 ns)

DNA duplexes using atom-based force-shifting methods

[46] have also been reported [37,47,48].

Unfortunately, it is difficult to rigorously and

unambiguously compare the effect of different treat-

ments of electrostatic interactions in simulations of

nucleic acids, because the three main sources of errors

affecting these simulations in practice are difficult to

disentangle: (i) limited accuracy of the employed force-

field (functional form and parameters, i.e. the native

structure may be intrinsically unstable within a given

force-field, even with a hypothetically exact treatment of

the electrostatic interactions); (ii) approximate treatment

of electrostatic interactions (i.e. the native structure may

be artificially stabilised or destabilised by inaccurate

electrostatics, independent of its inherent stability within

the force-field employed); and (iii) insufficient sampling

(i.e. the native structure may appear stable on a given

timescale, even if it is intrinsically unstable within the

chosen force-field representation and treatment of

electrostatics; furthermore, the timescale on which this

apparent stability is maintained may depend on the two

latter choices).

In order to provide more insight into the specific role

of electrostatics, we report here five long-timescale

(10 ns) explicit-solvent simulations of a DNA tetra-

decanucleotide dimer in water using the GROMOS 45A4

force-field [49,50] together with different treatments of

electrostatic interactions (LS or RF), cutoff distances (RF

only) and computational box shape and size (RF only).

2. Computational details

Five explicit-solvent MD simulations of 10 ns duration

were performed in order to examine the influence of the

electrostatics scheme (TW/RF or LS), of the cutoff

distance (TW/RF only) and of the box geometry and size

(cubic, CU, or truncated octahedral, TO, box; the latter

for TW/RF only) on the structure and dynamics of a

DNA tetradecanucleotide dimer with sequence [51] 50-

(GCATTCTGAGTCAG)-30:50-(CTGACTCAGAATGC)-

30 in water.

The simulations were carried out using the

GROMOS96 [35,52] and GROMOS05 [53] packages

of programs together with the GROMOS 45A4 force

field [50] including a recently refined parameter set for

DNA [49], and the simple-point-charge (SPC) water

model [54]. The equations of motion were integrated

using the leapfrog scheme [55] with a timestep of 2 fs.

All bond lengths were constrained by application of the

SHAKE algorithm [56] with a relative geometric

tolerance of 1024. Solute and solvent degrees of freedom

were independently coupled to a heat bath at 300 K with

a relaxation time of 0.1 ps [57]. The box dimensions were

isotropically coupled to a pressure bath [57] at 1 atm,

with a relaxation time of 0.5 ps and an isothermal

compressibility of 45.75 £ 1025 kJ21 mol nm3. The

centre of mass motion was removed every 2 ps.

Trajectory frames were written to file every 1 ps for

later analysis.

The nonbonded interactions were handled in either of

two ways. In the TW/RF scheme (four simulations), a

TW cutoff scheme [35] was employed for both

electrostatic and Lennard-Jones interactions, with a

short-range cutoff radius of 0.8 nm, a long-range cutoff

radius of either 1.4 or 2 nm, and a frequency of five

timesteps for the update of the short-range pairlist and

intermediate-range interactions. Simultaneously, a RF

correction [34] was applied to account for the mean

effect of electrostatic interactions due to the solvent

beyond the long-range cutoff radius, using a relative

dielectric permittivity of 60 as appropriate for the SPC

water model [58]. In the LS scheme (one simulation),
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electrostatic interactions were handled using the

particle – particle – particle – mesh (P3M) method

[11,12], using a real-space cutoff distance of 0.6 nm

(pairlist updated every five timesteps), a spherical-hat

charge-shaping function [59], an assignment function of

order 3, a finite-difference interpolation of order 3, a

mesh of 64 £ 64 £ 64 points and tinfoil boundary

condition. In this scheme, the Lennard-Jones interactions

were truncated at a distance of 1.4 nm (pairlist updated

every five steps).

The simulated systems were prepared in either of two

ways, starting from a model double-helical structure of

the tetradecanucleotide dimer corresponding to an

idealised B-DNA conformation. In the CU case, the

solute was placed at the centre of a (periodic) cubic box

of edge length 6.6 nm, containing 9086 water molecules.

In the TO case, the solute was placed at the centre of

a (periodic) truncated octahedral box based on a cube

of edge length 7.7 nm, containing 6953 water molecules.

A total of 26 randomly selected water molecules were

then replaced by an equal number of sodium ions, so as to

neutralise the system. The resulting systems were relaxed

as described elsewhere [60,61], using steepest-descent

energy minimisation, followed by 50 ps equilibration

with positional restraints on the nucleotide atoms, the

corresponding harmonic force constant being gradually

reduced from 20 to 4 kJ mol21 nm22. This equilibration

was followed by 10 ns production simulations for the five

combinations of electrostatic scheme, cutoff distance and

box geometry considered in the present study. To

simplify the discussion, each of these simulations is

associated with a unique code as summarised in Table 1.

The simulations were analyzed in terms of atom-

positional root-mean-square-deviation (RMSD) from the

initial (idealised) B-DNA structure, solute radius of

gyration (Rgyr), intra-solute Watson–Crick (WC) hydro-

gen bonds (HZbonds) and base-pairing [62], and radial

distribution functions (RDF) between charged entities.

The RMSD was calculated along each trajectory at

10 ps intervals, based on all atoms of residues 3–12 and

17–26, also using the coordinates of the corresponding

atoms for performing the (non-mass-weighted) least-

squares fit superposition [63] of successive structures

onto the reference one. The (non-mass-weighted) radius

of gyration Rgyr was calculated along each trajectory at

10 ps intervals based on all atoms of the same residues.

Intra-solute WC HZbonds were monitored along each

trajectory at 10 ps intervals. A HZbond is assumed to

exist between a donor atom, a hydrogen atom bound to

this donor atom and an acceptor atom, if the distance

between the hydrogen and the acceptor is smaller than

0.25 nm and the angle between the donor-hydrogen and

hydrogen-acceptor vectors is larger than 1358. RDF

corresponding to the (minimum-image) distances

between all pairs of phosphorus–phosphorus atoms in

the same strand (P–P), phosphorus–phosphorus atoms

in different strands (P–P0), phosphorus–sodium atoms

(P–Na), and sodium–sodium atoms (Na–Na) were

determined separately as an average over trajectory

frames sampled at 1 ps intervals from the last 2 ns of each

trajectory.

All analysis programs were implemented in Jython

and Mathematica as extensions to the open-source

molecular mechanics analysis package esra [64].

Visualisations were performed using the PyMol

program [65].

3. Results

The RMSD values (with reference to an idealised B-DNA

structure and calculated for residues 3–12 and 17–26)

along each of the five trajectories (Table 1) are shown in

Figure 1 as a function of time. Only the simulation

employing the LS electrostatic scheme displays

an essentially stable RMSD along the 10 ns trajectory

(increasing only slightly from 0.4 to 0.7 nm). In contrast,

all simulations employing the TW/RF scheme show a

steady increase of the deviation from the initial structure,

and reach final RMSD values of 1–1.2 nm after 10 ns.

The Rgyr values (calculated for residues 3–12 and

17–26) along each of the five trajectories (Table 1) are

shown in Figure 2 as a function of time. Here also, only

the simulation employing the LS electrostatic scheme

displays a nearly constant Rgyr of about 1.25 nm. The

simulations employing the TW/RF scheme with a long-

range cutoff distance of 1.4 nm show a steady decrease in

this quantity (reaching values of about 1.1 nm after 10 ns

of simulation), indicating the formation of a more

compact structure. Conversely, the simulations employ-

ing the TW/RF scheme with a long-range cutoff distance

of 2 nm show a steady increase in this quantity (reaching

values of about 1.6 nm after 10 ns of simulation),

indicating the formation of a more extended structure.

Table 1. Summary of the five simulations performed in the
present study.

Code Box Elec. Rc (nm)

CL CU LS –
CR1.4 CU TW/RF 1.4
CR2.0 CU TW/RF 2.0
TR1.4 TO TW/RF 1.4
TR2.0 TO TW/RF 2.0

Note: CU, cubic box of edge length 6.6 nm, containing one tetradecanucleotide
dimer, 26 sodium ions and 9060 water molecules; TO, truncated octahedral box
based on a cubic box of edge length 7.7 nm, containing one tetradecanucleotide
dimer, 26 sodium ions and 6927 water molecules; TW/RF, twin-range/reaction-
field method with a long-range cutoff radius Rc (together with a short-range cutoff
radius of 0.8 nm, an update frequency of five timesteps for the short-range pairlist
and intermediate-range interactions, and a RF dielectric permittivity of 60); LS,
lattice-sum (particle–particle–particle–mesh) method.
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The occurrence of WC base-pairing (complete,

partial or inexistent fulfilment of the two AvT or three

GuC HZbonds between two bases in the WC scheme)

along each of the trajectories (Table 1) is shown in

Figure 3. In three of the five simulations (TR1.4, CR2.0

and TR2.0), the WC base-pairing scheme is entirely

disrupted at the end of the simulation. For simulation

CR2.0, this disruption already occurs during the first

1.5–2 ns of the simulation (simultaneously with an

important increase in the RMSD and Rgyr values,

see Figures 1 and 2). The loss of native base-pairing is

more progressive (from the terminal to the central base-

pairs) for simulations TR1.4 and TR2.0, but nevertheless

Figure 1. Time-evolution of the atom-positional RMSD from
the initial (idealised) B-DNA structure, calculated based on all
atoms of residues 3–12 and 17–26. See Table 1 for the
simulation codes.

Figure 2. Time-evolution of the (non-mass-weighted) radius
of gyration (Rgyr), calculated based on all atoms of residues
3–12 and 17–26. See Table 1 for the simulation codes.

Figure 3. Time-evolution of the occurrence of WC base-pairing between corresponding base-pairs. The base-pairing may be
complete (black; the two AvT or three CuG HZbonds of the WC scheme are present simultaneously), partial (red; at least one of the
HZbonds of the WC scheme is present) or inexistent (no symbol). The corresponding bases on the two strands are indicated on the
right. See Table 1 for the simulation codes.
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completed after 8–9 ns of simulation. In the simulation

CR1.4, all base-pairs except A9vT20 are partially

(C6uG23, G8uC21 and G10uC19) or entirely

disrupted by the end of the simulation. In contrast, in

the simulation CL employing the LS electrostatic

scheme, all base-pairs except G1uC28, C2uG27,

A3vT26, A13vT16 and G14uC15 (terminal base-

pairs) are essentially stable throughout the 10 ns

trajectory. The base-pairs C2uG27 and A13vT16

exhibit reversible disruption and reformation events

throughout the simulation (alternating between com-

plete, partial and inexistent WC base-pairing), although

the general evolution is towards their disappearance. A

more general HZbond analysis of the trajectory also

reveals that the base-pair A3vT26 converts to a

Hoogsteen-type pairing [62,66] after about 4 ns of

simulation, which is then stable throughout the

remainder of the trajectory. These observations clearly

show that the WC base-pairing scheme is unstable

(within the force-field employed) for all simulations

employing the TW/RF scheme. They also suggest that

this pairing scheme may be stable (except for the 2–3

terminal base-pairs at each end of the duplex) when

employing the LS scheme. Although this second

statement is certainly valid on the 10 ns time scale, the

present simulation remains too short to assess its general

validity. In particular, it cannot be ruled out that

progressive disruption of WC base-pairing (starting from

the termini) also occurs in the LS simulation, but takes

place on a slower time scale compared to the TW/RF

simulations.

The RDFs associated with the P–P (same strand),

P–P0 (different strands), P–Na and Na–Na distances,

averaged over the last 2 ns of each simulation (Table 1)

are shown in Figure 4. For the P–P RDF in the

simulation using the LS electrostatic scheme, a sharp

maximum is found at a distance of 0.7 nm, as well as

successive broader peaks of progressively decreasing

magnitudes at distances of 1.3, 1.9 and 2.4 nm. These

peaks approximately correspond to the distances

between first-, second-, third- and fourth-neighbour

phosphate groups along a given strand of a canonical B-

DNA duplex. Similar behavior with somewhat broa-

dened peaks is found for all other simulations, except

simulation CR2.0. In the latter simulation, a sharp

maximum is found at a distance of 0.6 nm, followed by a

very broad peak centred at about 1.2 nm. For the P–P0

RDF in the simulation using the LS electrostatic scheme,

sharp maxima are found at successive distances of 1.5,

1.8, 2.1 and 2.3 nm, approximately corresponding to the

distances between first-, second-, third- and fourth-

Figure 4. RDFs calculated for the last 2 ns of the different
(10 ns total) simulations. From the top: phosphorus –
phosphorus distances for atoms belonging to the same strand
(P–P), phosphorus–phosphorus distances for atoms belonging
to opposing strands (P–P0), phosphorus–sodium distances (P–
Na), and sodium–sodium distances (Na–Na). Note the
different scale used for the first graph. See Table 1 for the
simulation codes.

Figure 5. Final structures of the different simulations (after
10 ns). All structures are drawn at the same scale. See Table 1
for the simulation codes.
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neighbour phosphate groups along the opposing strands

of a canonical B-DNA duplex. The two simulations

employing the TW/RF electrostatic scheme with a cutoff

distance of 1.4 nm exhibit one broad essentially

featureless distribution centred at 1.8 nm. For the two

simulations employing the TW/RF electrostatic scheme

with a cutoff distance of 2 nm, the distribution is also

broad and essentially featureless, but centred at a much

shorter distance of 1.4 nm. For the P–Na RDFs, a sharp

peak is found for all simulations at a distance of 0.6 nm,

corresponding to the phosphate–sodium contact dis-

tance. A second, lower and broader peak is found at a

distance of 0.8 nm, corresponding to the solvent-

separated ion pair. Beyond this second peak, the CL

simulation shows a gradual tapering-off, the CR1.4 and

TR1.4 simulations show a broad third peak around 1 nm,

and the CR2.0 and TR2.0 simulations show a broad

shoulder in the region between 1 and 1.8 nm. Finally, the

Na–Na RDFs present two peaks at 0.35 and 0.6 nm for

all simulations, corresponding to the contact and solvent-

separated ion pairs. The heights of these peaks decrease

when going successively from TW/RF simulations with

a cutoff distance of 1.4 nm to TW/RF simulations with a

cutoff distance of 2 nm, and to the LS simulation. Beyond

the second peak, the CL simulation shows a very

broad peak centred at a distance of about 1.4 nm, the

CR1.4 and TR1.4 simulations show a broad well centred at

1.2 nm followed by a broad peak centred at 1.6 nm, and

the CR2.0 and TR2.0 simulations show a very broad well

centred at 1.7 nm followed by a very broad peak centred

at 2.2 nm.

Based on the four sets of RDF curves, it appears that

TW/RF simulations employing the same long-range

cutoff distance present very similar features irrespective

of the box size and geometry, while important

differences are found between simulations employing

different electrostatic schemes or cutoff distances.

The above findings concerning the P–Na and Na–Na

RDFs are consistent with the results of continuum

electrostatics analyses for simple spherical ions [67–69]

insofar as: (i) artificial periodicity in LS simulations has

little influence on the potential of mean force for

interaction between small ions in a high dielectric

medium such as water; and (ii) cutoff truncation in RF

simulations is expected to affect this potential of mean

force more significantly, especially in the distance ranges

just below and just above the cutoff distance. However,

the above continuum electrostatics studies suggest that

the RF scheme tends to stabilise like-charge ion pairs just

below the cutoff distance and to destabilise them just

above the cutoff distance (the converse being suggested

for opposite-charge ion pairs). In contrast, in the present

study (as well as in previous explicit-solvent simulations

of aqueous sodium chloride [70]), it is found that like-

charge ion pairs (Na–Na) are destabilised just below the

cutoff distance, and stabilised just above, with the

converse being observed for opposite-charge ion pairs

(P–Na). The reason for this discrepancy between

continuum electrostatics and explicit-solvent results

remains unclear at present.

The effect of the electrostatic scheme on the P–P and

P–P0 RDFs is more difficult to interpret, because the

relative locations of the phosphate groups are largely

influenced by covalent constraints within the DNA

structure (i.e. these charged cannot freely move in

solution). However, the influence of the chosen

electrostatic scheme or cutoff distance is obviously also

very large.

The final structures of each of the five trajectories

(Table 1) are shown in Figure 5. In all cases except

simulation CL, the double-helical structure is entirely

disrupted at the end of the simulation. These final

structures (as well as all previous observations) suggest

that the box size and geometry (and therefore, to some

extent, the counterion concentration) have a much lower

impact on the simulations than the electrostatic scheme or

the cutoff distance. The CL simulation preserves a double-

helical structure, in spite of a significant bending and

important fraying of the terminal base-pairs. The

simulations employing TW/RF electrostatics with a

long-range cutoff distance of 1.4 nm lead to compact,

‘globular’ structures. In contrast, the simulations employ-

ing TW/RF electrostatics with a long-range cutoff distance

of 2 nm, lead to rather extended structures, where cross-

strand base stacking is preferred over base-pairing.

4. Conclusions

In the present study, we reported and compared five long-

timescale (10 ns) explicit-solvent MD simulations of a

tetradecanucleotide dimer in water using the GROMOS

45A4 force-field [49] and the SPC water model [54].

Four independent simulations employing the TW/RF

scheme (with computational boxes of two different

shapes and sizes, and two different values for the long-

range cutoff distance) led to dramatic distortions from

the canonical B-DNA initial structure and (nearly)

complete loss of WC base-pairing. A single simulation

employing the LS scheme essentially led to the

preservation of the native structure on the 10 ns timescale

(in spite of a significant bending) and of the WC base-

pairing (except for the 2–3 terminal base-pairs at both

ends of the dimer). These differences observed between

the two schemes seem correlated with large differences

in the RDFs between charged entities (backbone

phosphate groups and sodium counterions) within the

system.

In view of these results, it may be tempting to

conclude that the LS method is more accurate than the

RF method, and represents the appropriate scheme to be
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employed in MD simulations of nucleic acids. However,

although the present simulations provide strong evidence

in this direction, they are not rigorously sufficient to

prove this statement. In particular, the following

considerations should be kept in mind:

a. The tetradecanucleotide duplex might be intrinsically

unstable (in which case the LS result would be

incorrect). However, experimental evidence suggests

that this is not the case [51].

b. The tetradecanucleotide duplex might be unstable

within the force-field employed, when assuming a

hypothetically exact treatment of electrostatic

interactions (in which case the LS result could be

caused by an artificial stabilisation of the native state

or a large decrease of the denaturation rate, e.g.

caused by periodicity artefacts).

c. Individual MD trajectories have in principle little

significance, unless they can cover the entire extent

of configurational space accessible to the system (on

the ‘experimental’ time scale). This requirement is

not fulfilled in the present case and the choice of

arbitrary initial conditions may bias observations

made on the individual trajectories. Thus, it could be

argued that the duplex denaturation observed in a

TW/RF simulation is caused by an unfavorable

choice of initial conditions (unlucky trajectory) and

the stability observed in the LS simulation by a

favorable choice (lucky trajectory). However, not

only do the simulations using TW/RF systematically

show an almost complete denaturation, but they also

afford similar end states for simulations using the

same cutoff distance. This reduces the likelihood of

the former suggestion.

d. If the tetradecanucleotide duplex is stable within the

force field employed when assuming a hypothetically

exact treatment of electrostatic interactions, and

omitting the considerations of point c, the stability of

the native state in LS simulations is not yet a

definitive proof for the accuracy of this scheme.

There are many ways to achieve the stability of a

structure through a physically incorrect model (e.g.

by application of position restrains). On the other

hand, the denaturation observed in the TW/RF

simulations would then be sufficient to prove the

inaccuracy of this scheme.

We believe that the (possibly) most convincing

objection is that of point b, because: (i) artificial

periodicity in LS simulations has been suggested to

generally stabilise the native (i.e. usually one of the most

compact) structure of biomolecules [21]; and (ii) the

TW/RF scheme (in contrast to the LS scheme) as used in

this study (truncation based on distances between charge-

groups) is affected by important algorithmic noise (cutoff

noise), which might cause equipartition violations as

well as accelerate the spontaneous evolution of the

system. In other words, if the B-DNA form is

intrinsically unstable within the present force field, it

may be that the LS method artificially stabilises the

native state and slows down the denaturation (to the

extent that it no longer occurs on the 10 ns timescale, if

at all).

Keeping these possible objections in mind, the results

of the present study nevertheless suggest that, in the

current state of knowledge, the LS scheme should

probably be preferred over the TW/RF scheme for

performing explicit-solvent simulations of nucleic acids.
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