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A severe artifact in simulation of liquid water using a long
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Abstract

We report that a severe artifact appeared in molecular dynamics simulation of bulk water using the long cut-off length 18 Å. Our

result shows that increasing the cut-off length does not always improve the simulation result. Moreover, the use of the long cut-off

length can lead to a spurious result. It is suggested that the simulation of solvated biomolecules using such a long cut-off length,

which has been often performed, may contain an unexpected artifact.

� 2005 Elsevier B.V. All rights reserved.
Many artifacts caused by truncating long-ranged
intermolecular interactions in molecular simulations,

i.e., electrostatic interactions, at a finite distance have

been observed for various systems such as pure liquids

[1–7], ionic solutions [8,9], and solvated biomolecules

(e.g., peptides [10], proteins [11–13], DNA [14] and

membranes [15]). In spite of this fact, such a cut-off

scheme is still used [16–21], especially when large sys-

tems composed of biomolecules and water are simu-
lated. When adopting the cut-off scheme, one would

expect that natural behavior of the molecular system is

well reproduced by increasing a cut-off length to a dis-

tance where a correlation between molecules disappears

[22] (e.g., a distance where any peaks are not seen in a

radial distribution function).

Various problems of treating the long-ranged interac-

tions in simulations of biomolecular systems containing
water are reviewed by Lounnas [22]. According to his

statement, the cut-off length 9–12 Å, which has been

used conventionally, is too short to reproduce real

behavior of the system, and thus, it is supposed that a

longer length of 15–20 Å will be required for obtaining
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a reliable result. In fact, several examples [23–25] in
which favorable results were obtained by use of such a

long cut-off length have been reported. However, the re-

sult we obtained from molecular dynamics (MD) simu-

lations of bulk water using the long cut-off length 18 Å

showed an opposite tendency; increasing the cut-off

length did not improve the simulation result, and to

make matters worse, it led to an unfavorable, more arti-

ficial result. In this Letter, we show this result, and point
out a problem that one can encounter when using such a

long cut-off length.

We performed MD simulations using a cubic MD cell

under a three-dimensional periodic boundary condition.

The water model used was TIP3P [26], which is the same

as that of the previous studies [16,23,24] using the long

cut-off length of 18 Å. The water molecule was treated

as a rigid body by the SHAKE constraint [27]. The
equations of motion were numerically solved with the

time-step 2 fs. Initial structures were prepared by

the LEaP module of the AMBER7 software [28]. After

the energy minimization of the initial structures, MD

simulations were started. The temperature was initially

set to 10 K, which was changed to 100, 200, 300, 350,

and 298 K every 10 ps. Thus, the temperature reached
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Fig. 1. Time evolution of Æjcoshjæ in the simulations with 2201 water

molecules: (a) 18 Å cut-off; (b) 9 Å cut-off; (c) PME.
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298 K when 50 ps passed. After that, the simulations

were continued for 1 ns under the condition. The pres-

sure was kept at 1 atm through the simulations. The

temperature and pressure were controlled by the weak

coupling method [29] with the coupling constants of

0.1 and 0.2 ps, respectively. The group-based cut-off
scheme was adopted to avoid the splitting of the water

dipole [30]. The cut-off length of 18 Å was used for both

Coulomb and van der Waals (vdW) interactions. For

comparison, we performed two other simulations using

different treatment of the interactions, i.e., 9 Å cut-off

and the particle mesh Ewald (PME) method [31] with

the real space cut-off of 9 Å. For these three simulations,

2201 water molecules were used. The 18 Å cut-off simu-
lation was also performed for larger systems of 3316 and

4736 molecules to examine the system size dependence

of the simulation results. These MD simulations were

performed by the Gibbs module of the AMBER7.

Fig. 1 shows the results of the three kinds of simu-

lations with the 2201 molecules, i.e., 18 Å cut-off, 9 Å

cut-off, and the PME. In the figure, h is the angle be-

tween the dipoles of water molecules, and the angular
bracket Æ. . .æ denotes the average over the all mole-

cule-pairs in the MD cell at a moment. The orienta-

tional order of the water molecules is quantified by

Æjcoshjæ. For example, this quantity becomes 0.5 when

the molecular orientations are at random. In the simu-

lation with 18 Å cut-off (Fig. 1a), Æjcoshjæ was suddenly
increased at about 100 ps, showing that a phase transi-

tion accompanied by a drastic change of the molecular
orientations occurred. On the other hand, in the other

simulations (Fig. 1b,c), such an event was not observed

and the value of Æjcoshjæ was almost 0.50 through the

simulations.

The change of the vdW and Coulomb potential ener-

gies in the above phase transition is shown in Fig. 2. A

large drop was observed for the Coulomb potential, but

not observed for the vdW one, suggesting that the tran-
sition is caused by the reduction in the Coulomb

potential.

The structure obtained by the transition is shown in

Fig. 3a. In the figure, we can see a structure that is sig-

nificantly different from the real water structure. The

structure is made of two kinds of layers; one is almost

occupied by oxygen atoms, and another is almost occu-

pied by hydrogen atoms. The width of the double layer
is about 18 Å. This can be approximately measured by

comparing with the cell edge length of �40 Å. The width

of the double layer is almost identical with the cut-off

length 18 Å, implying that any relation between them

exists. For comparison, structures from the other simu-

lations (i.e., 9 Å cut-off and the PME) are also shown in

Fig. 3b,c. In these cases, no layer structure was ob-

served. Therefore, the appearance of the artificial layer
structure in the 18 Å cut-off simulation is owing to the

long cut-off length.
As shown above, the layer structure has the transla-

tional periodicity of �18 Å, which is close to half of

the cell edge length �40 Å. In general, when MD simu-

lations are performed under a periodic boundary condi-

tion, some restrictions are imposed on the resulting

structures; even if a structure is energetically favorable,

it is not allowed to exist without agreement between
the periodicity of the resulting structure and that of

the MD cell. Thus, whether the layer structure appears

or not is also influenced by the cell size. This is con-

firmed by the following results of 18 Å cut-off simula-

tions with 3316 and 4736 molecules. In each case, the

cell edge length obtained after the equilibration at
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Fig. 2. Time evolution of the Coulomb and vdW potential energy in

the 18 Å cut-off simulation with 2201 water molecules. The arrow

indicates the change of the Coulomb potential in the phase transition.

Fig. 3. Structures of bulk water resulting from the simulations with

2201 water molecules: (a) 18 Å cut-off; (b) 9 Å cut-off; (c) PME. The

black spheres are oxygen atoms, and the grey spheres are hydrogen

atoms.
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298 K and 1 atm was 46 and 52 Å. Time evolution of the

quantity Æjcoshjæ is shown in Fig. 4. In the simulation

with the 3316 molecules (Fig. 4a), Æjcoshjæ exhibits no
large deviation from 0.50. A layer structure, which

should be obtained by the use of 18 Å cut-off, did not

appear because of the mismatch in periodicity between

the layer structure and the MD cell. On the other hand,

in the simulation with the 4736 molecules (Fig. 4b), sev-

eral large peaks were observed, implying an appearance

of a layer structure. Two typical configurations X and Y

are shown in Fig. 5. A layer pattern is clearly seen in Y,
but not in X. The increase and decrease of Æjcoshjæ in
Fig. 4b indicate the growth and decline of the layer pat-

tern. A complete transition to the layer structure was

not realized during the simulation time �1 ns. Probably,

a small mismatch in the periodicity, which can hinder

the transition, also exists in this case.

In order to check the reproducibility of the above re-

sults, we performed additional 18 Å cut-off simulations
using a different initial molecular configuration and an-

other software GROMACS3.2 [32,33]. There is no funda-

mental difference between the simulation algorithms

adopted in the Gibbs and the GROMACS3.2. The change

of these conditions did not change our results, and the

same artificial layer structure appeared when a proper
system size was chosen. Therefore, our results do not de-

pend on the initial configuration or software used.

The CPU time used for each calculation is listed in

Table 1. As the cut-off length becomes longer, the

CPU time increases drastically. The use of the cut-off

length 18 Å requires a higher computational cost than
the PME. This is the generally observed tendency. Thus,

when such a long cut-off length is used, in most cases a

modification of the conventional cut-off scheme has

been made to reduce the computing time. The twin-

range method [34] is very useful for computing the
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Fig. 4. Time evolution of Æjcoshjæ in the 18 Å cut-off simulations: the

number of water molecules is (a) 3316 and (b) 4736. Structures at the

arrowed points are given in Fig. 5.

Fig. 5. Structures of bulk water encountered in the 18 Å cut-off

simulation with 4736 water molecules. X and Y are the structures at

the time indicated by the arrows in Fig. 4.

Table 1

CPU time for the 1050 ps simulation of a bulk water system of 2201

molecules

CPU time (h)a

9 Å cut-off 26.9

18 Å cut-off 173.1

PME 106.3

9 Å/18 Å twin-range cut-off 42.6

a Measured by a 1.3 GHz Itanium 2 processor.
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long-range contribution to interaction forces fast. In this

method, two different cut-off lengths rc1 and rc2
(rc1 < rc2) are used. Interaction force of molecule-pairs
whose distance is less than rc1 is updated every time step,

whereas interaction force of molecule-pairs whose dis-

tance is between rc1 and rc2 is updated at a longer

time-interval. Although this twin-range method can save

a large amount of computing time, it cannot avoid the

influence of the cut-off. In fact, this was confirmed by

an additional MD simulation we performed using the

twin-range method with rc1 = 9 Å and rc2 = 18 Å. The
contribution from the outer-range between rc1 and rc2
was updated every 10 steps. As shown in Table 1, the

computing time was largely reduced; the CPU time in

the twin-range calculation is about four times shorter

than that in the conventional 18 Å cut-off calculation.

However, the resulting structure was not changed by

adopting the twin-range method, that is, the artificial

layer structure was obtained.
As a severe artifact caused by cut-off, it is well-known

that in radial distribution functions of a solution system

containing ions or charged molecules, a remarkable

peak appears at a distance corresponding to the cut-off

length [9]. On the other hand, as for systems composed

of neutral molecules with dipole moment such as water,
it has been pointed out that the orientational order of

the molecules is enhanced by cut-off treatment [5–7].
The latter artifact is not as severe as the former one

(i.e., appearance of the artificial peak), and it is believed

that the artificially enhanced order can be reduced by

using a longer cut-off length [22]. Thus, many attempts

[16,18–20,25] have been done to increase the accuracy

of simulation results using the long cut-off length, and

then it has been thought that the cut-off length about

18 Å is needed for simulating biomolecular systems con-
taining water [22,23,25]. However, it is not assured that

such a system leads to a correct result, even if the system

does not exhibit strange behavior explicitly. This is be-

cause bulk-like water molecules around the solute have

a possibility of making an artificial layer structure. A
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possible reason that the artificial structure has not been

observed for the previous studies is that the number of

water molecules around the solute was not enough to

form the artificial layer. If we introduce a larger number

of water molecules so as to obtain a more realistic result,

by contraries, the artificial water layer may appear.
The phenomenon we reported here is the most severe

artifact among various cases which have ever been re-

ported for the systems composed of only neutral mole-

cules. This result shows that the use of cut-off can lead

to a serious problem, even if the system does not contain

ions or charged molecules. Use of the increased cut-off

length cannot always improve results of simulations.

Moreover, the use of the long cut-off can give a spurious
result.
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