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Molecular dynamics simulations of five water models, the TIP3P (original and modified), SPC (original and
refined), and SPC/E (original), were performed using the CHARMM molecular mechanics program. All
simulations were carried out in the microcanonical NVE ensemble, using 901 water molecules in a cubic
simulation cell furnished with periodic boundary conditions at 298 K. The SHAKE algorithm was used to
keep water molecules rigid. Nanosecond trajectories were calculated with all water models for high statistical
accuracy. The characteristic self-diffusion coefficieDtand radial distribution functiongjoo, gon, andgun

for all five water models were determined and compared to experimental data. The effects of velocity rescaling
on the self-diffusion coefficient D were examined. All these empirical water models used in this study are
similar by having three interaction sites, but the small differences in their pair potentials composed of Lennard-
Jones (LJ) and Coulombic terms give significant differences in the calculated self-diffusion coefficients, and
in the height of the second peak of the radial distribution functiem

1. Introduction the TIP3P (transferable intermolecular potential 3P) (original
and modified?, SPC (simple point charge) (origiféland

Liquid water, the most important solvent in nature, has many refined?), and SPC/E (extended simple point charge) (origthal
special and unus.qal properties. Many of these special Properties, o pe described as effective rigid pair potentials composed of
are due to the ability of water molecules to form hydrogen bonds Lennard-Jones (LJ) and Coulombic terms. All of these water
with other water molecules in three-dimensional networks. The

. i L models have three interaction sites and are similar in nature,
macroscopic properties of liquid water have_ been th_oroughly but the Lennard-Jones (LJ) and Coulombic terms differ (see
studied and are now well-known, but the microscopic forces

. Table 1) and give significant differen in calculat Ik
that define water structure are not completely understood. able 1) and give significant differences in calculated bu

. i . . . properties for liquid water.
Microscopic properties can be analyzed by different experi- prop d . . . , .
mental techniques, such as X-ray scattéiignd neutron In_ molecular dynamlps simulations Newton’s equations of
diffraction24 which measure the structure of liquid water and Motion are numerically integrated for all atoms, which requires
aqueous solutions. Neutron diffraction with isotopic substitution the eva!uat!on of the atomic forces_at each time step. The force
(NDIS) has been used to measure intermolecular partial pair €valuation is dominated computationally by the large number
correlation functions for liquid watér” The self-diffusion of nonbonded interactions, and in particular by the long-range
coefficient of pure water has been measured to be 23(° electrostatic interactions. Even with fast computers simplifying
m? s°) at 298 K using the diaphragm-cell techni§ue the approximations are needed to reduce the computational time to
pulsed-gradient spin echo (PGSE) NMR metAcEhe three an acceptable level. The necessity to use a system of finite size
radial pair distribution functions for D, goo, Gor and g, means that boun_dary conditions must be choser_l, which may
have generally been used together with the self-diffusion also introduce artifacts. The fast multipole expansion method

coefficient to characterize the structure and dynamics of water &/lows relatively efficient handling of long-range interactions,
at different temperaturés;°Simultaneously several theoretical 2Nd for periodic systems the Ewald summation techrifqéié
methods have been developed to describe the properties of watefS commonly implemented may be used to compute the
and aqueous solutions. Experimental and theoretical methOdSCoqumb.|nteract|ons exactly; in nonperlodlc,.spherlcal, systems,
are continuously being developed to give more detailed views Coulombic effects of the neglected surroundings may be treated
of the microscopic properties of liquid water, thus increasing PY @ reaction field® Still the most commonly used method to
our knowledge. In this study we use one of the theoretical @chieve a reasonably cost-effective computation is to use a
methods, molecular dynamics simulations, to calculate the bulk SPherical cutoff, which reduces the number of pair wise
properties for models of liquid water. interactions by n_eglectmg all interactions between particles
Many different potential functions for the water monomer separated by a distance larger than the cdfg.
and liquid water have been developed over the last 30 y&d5s. In this paper, we compare calculated bulk properties for the
The water monomer can be treated as rigid or as flexible, TIP3P (originat* and modified?), SPC (originaf and refined’),
allowing all degrees of freedom for the OH bonds and HOH and SPC/E> water models at 298 K. All simulations were
bond angle. In rigid models the SHAKE algoritihis generally performed under exactly the same conditions and using the same
used to constrain the bond lengths, including a fictitioustH ~ System size with 901 water molecules. The system size with

bond, thus making the model rigid. All water models used here, 901 water molecules was defined large enough to be used also
in future simulations of small biomolecules, such as amino acids

*To whom correspondence should be addressed. E-mail: OF nucleic acid fragments. The nonbonded interactions were
Lennart.Nilsson@Dbiosci.ki.se. Fax:46 8608 92 90. truncated using force shiftirt§,where the calculated forces and
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TABLE 1: Nonbonded Parameters, Geometry, and Electrostatic Properties of the Three-Point Water Models

parameters and units TIP3P original TIP3P modified SPC original SPC refined SPC/E original
dipole (debye) 2.347 2.347 2.274 2.237 2.351
ro”° A 3.5365 3.5365 3.5533 3.5257 3.5533
€00 (kcal mol™) 0.1521 0.1521 0.1553 0.1553 0.1553
roHH 0.449 0 0 0 0
ettt (kcal mol?) 0 0.046 0 0 0
rooH 0 1.993 0 0 0
€OH (kcal mol?) 0 0.084 0 0 0
q° (e units) —0.834 —0.834 —0.82 —0.8068 —0.8476
H (e units) 0.417 0.417 0.41 0.4034 0.4238
OH A) 0.9572 0.9572 1.0 1.0 1.0
6HoH (deg) 104.52 104.52 109.47 109.47 109.47
Kb (kcal moltA-2) 450.0
Ky (kcal moltrad?) 55.0
energies are smoothly shifted to zero at the cutoff distance. ThisJABLE 2: Systems Simulated
scheme has been foufido give similar structural and dynamic i del Sim_uléition temperature tempera}ure
properties for bulk water as when Ewald summation is used. Smu/ation _watermodel perio ms) K contro
The nonbonded list size and updating time are important when ;Z EE%E 8::8:22: g‘gloo"z 3237451('07)9) yt;i42/500ps
simulations at constant energy (NVE) are performed. If the size 3 TIP3P modified 1.1/1.0  301.2(1.8) yes 95/1000ps
or updating frequency of the nonbonded list is underestimated,  4° TIP3P modified 1.7 /1.0 299.2(1.0) no
energy conservation is violated and the system temperature ZZ ggg Origina: g-g ;g-g ggé-g 88 yes 33/500ps
: : H : original . . . . no
increases, which may necessnatg some.klnd of Femperature o SPC refined 11110 301.0(18) yes 66/1000ps
control, commonly implemented via velocity rescaling. g SPC refined 12/10  297.7(12) no
It should be noted that the discontinuities introduced in the ¢ SPC/E 4.1/1.0 3004 (1.9) yes 40/1000ps
velocities by this rescaling may affect dynamic properties such  1®  SPCIE 4.1/10  298.2(1.4) no

as the self-diffusion coefficient. Simulations with and without
velocity rescaling were compared using all five water models.
Velocity rescaling effects in molecular dynamics simulations
in general have been studied and reported in the liter&fure.
Our interest in this work concentrated on the bulk water
structure and dynamics, as characterized by the radial distribu-
tion functions,goo, gon, andgnx and self-diffusion coefficient
D. In general, the three-site potentials provide too little structure
in goo When compared with more complicated models, and
specifically the TIP3P water model is lacking the second
peak!l-21 The radial distribution functiongjoo, gon, andgun
for all water models used in this study, except the refined SPC,
are reported in the literatuté13.1517.2%5¢lf-diffusion coefficients
have been reported for the original TIP3P water model between
5.2 and 7.0 x107° m? s71),3! for the modified TIP3P water
model between 2.3 and 5.2 {0~° m? s71),32-36 for the original
SPC water model between 3.6 and 5:2107° m? s1),3! and
for the SPC/E water model between 2.2 and &A@ ° m?
s 1,31 but the self-diffusion coefficient for the refined SPC water
model was never reported in the literature. The self-diffusion

aNonbonded list 1 (see Method$)Nonbonded list 2 (see Methods).
¢ Total time.? Time used for analysis.Average calculated over the
analyzed part of the simulation, standard deviation (in parentheses).
Velocity rescaling (see Methods)Number of velocity rescaling events
over the analyzed part of the simulation.

2. Simulation Procedures

All different water models, the TIP3P (original, modified),
SPC (original, refined), and SPC/E (original) were compared
using identical microcanonical (NVE) or NVT simulations. For
convenience the interaction parameters and geometries of the
models are given in Table 1. All simulations were performed
at 298 K using a solvent density of 0.998 gkwith periodic
boundary conditions in a cubic box with side length 30.0 A.
The box contained 9014@ molecules and all simulations were
started with the same initial coordinates and the same initial
velocity assignments (i.e., the same seed was used for the
random number generator) for the water molecules. In the NVT
simulations the temperature was allowed to vafy K around
298 K. If the average temperature since the last velocity scaling,

coefficient D should be easy to calculate from molecular with the average being taken over at least 2 ps, drifted outside
dynamics datd’ but the conflicting results for the same water the 10 K window atom velocities were scaled to give a
model reported in the literature show that is not the case, andtemperature of 298 K again. The SHAKElgorithm was used
a set of long simulations performed and analyzed under identicalto keep water molecules rigid. Newton’s equations of motion
conditions is necessary to accomplish a meaningful comparison.were integrated with the Verlet leapfrog algorithm with a time
In this work, our first goal was to calculate the self-diffusion step of 0.002 p3%3” The dielectric constant was 1.0 and the
coefficient and radial distribution functions for these water nonbonded interactions energies and forces were smoothly
models under identical conditions. We also estimate the statisti- Shifted to zero at cutoff of 12.0 A. The shifting function was
cal accuracy of the commonly used method to calculate the self-applied on an atom-by-atom basis using the force shift method.
diffusion coefficientD, the Einstein relatiod’ Long simulations ~ Two different nonbonded lists were used: (1) 13.0 A cutoff
(0.6—4.1 ns) with all five water models were used to calculate for the list and updated every 20 steps or (2) 14.0 A cutoff for
the mean Va|ue’ and the variance of the mean, for the the list and Updated when necessary USing a heuristic test. A
self-diffusion coefficient. Finally we present the effects of total of 10 simulations were performed (Table 2). For the
velocity rescaling when used as temperature control method.analysis, coordinate sets for every 0.4 ps were used. All MD
This work, together with recently reported work by van der simulations and analysis were performed with the CHARMM
Spoel et aP! and experimental data for liquid wate?,is an program?®
important test for validating all these five commonly used water  Self-diffusion coefficients were calculated from the mean
models. square displacement (MSD) of all oxygen atoms using the
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TABLE 3: Self-Diffusion Coefficients (107° m? s™1) for
Three Water Models Using Different Parts of the Slope of ;gg*”WWWWWaI

MSD(t) vs t o0 " T " T " 5 T " T " J
partofthe TIP3 TIP3 SPC/BE SPC/E SPG SPC 25 =
slope (ps) modified modified original original refined refined ;g‘s"- bi

P T T T T T T T T T 1
4-100 5.88 5.88 288 279 444 431 ;gg:wwmwmkmwwmwwmmwwmwwwz
r T T T T T 4 1

100—-200 5.96 5.86 2.87 2.77 4.33 4.31 &
200-300 6.12 5.75 2.88 2.77 4.31 4.40

300-400 6.29 5.83 2.94 270 423 443 8 300 | ' Ic2 ' |

400-500 6.23 5.91 3.02 274 418  4.42 295'“; ;::mﬁ:m{;;:::“z;;ml ; ‘1, M,
300

2Nonbonded list 1 (see Method$)Nonbonded list 2 (see Methods). 295 3 . . . . dl

200 YA A O 2
Einstein relatio®’ 295 T T T . )

300 - el
295 r I T T r T v T T 1
lim Or (t' +t) — r(t)|°C= 6Dt 300 “
t—»oo 295 T v T T T T ML
0 200 400 800 1000
wherer(t) is the position of the oxygen atom of the water 8200
molecule at time, D is the self-diffusion coefficient, and the TNyt bV gy 4

brackets denote averaging over all water molecules and time ~ -8400
originst'. Praotsdilisadivualonctiiies ndpall
The self-diffusion coefficient was estimated from the slope  ~ BGAEIU AU R NEMIHCH IR0
of the linear part at long times of the mean square displacements
vs time plot. The initial part of the line is influenced by inertial
effects and should not be included in this calculation. To make
sure that the self-diffusion coefficient calculations were not
affected by the inertial effects, different parts of the slope of
MSD vs time were tested (Table 3). When choosing a range  -9400+
the need to avoid the inertial regime has to be contrasted with
the statistics of the data; for long time-separations there are only

very few points available in the trajectory and the statistics for g, MK ARNIRAADREURIARN MM A e

9000 4

Pot.E (kcal/mol)

<9200

these points therefore are not as good. For the simulations 0 200 400 600 800 1000
without velocity scaling the results are very similar for all the Time (ps)
tested intervals, including the shortest at1® ps. SinceD is Figure 1. The temperature and potential energy as a function of time

temperature dependent, and the simulations do not run at exactlyfor all five water models using two different nonbonded updating
the same temperature, we also adjusted the observed diffusiorschemes 1 and 2 (see Methods). (a) TIP3P (original), (b) TIP3P
coefficients to the standard temperature 298 K by using (modified), (c) SPC (original), (d) SPC (refined), (e) SPC/E (original).
experimental results at different temperatr@se self-diffusion 1€ potential energy in the lower panel is plotted in a thin line for
coefficients were thus adjusted according to scheme 1 and a thick line for scheme 2.
actually interacting for some time until the next list update,
D(298)= D(T) + 0.06 x 10 °m?*s 'K 1(298—T) energy conservation was violated, and the system temperature
was increasing. The temperature was controlled using velocity
rescaling in all simulations performed using scheme 1. With
scheme 2, when a bigger nonbonded list size was used together
with updating when necessary, energy conservation was not
The temperature in a molecular dynamics simulation is violated and the system temperature stabilized close to the target
computed from the kinetic energy of the moving atoms, which temperature (298 K). In general, no velocity rescaling was
may exhibit both fluctuations and drift. For a precise determi- needed to control the temperature with scheme 2, except when
nation of temperature-dependent properties, such as the selfthe SPC (original and refined) water models were used. In the
diffusion coefficient, the temperature must be stable during the SPC systems, the temperature was decreasing slightly in the
simulation, and a number of methods to control the temperature beginning of the simulation and infrequent velocity rescaling
have been described in the literaté?é\ temperature drift may ~ was needed to scale-up the temperature to the target value,
be caused by approximations or deficiencies in the simulation before the trajectories without velocity rescaling were produced.
protocol. We will in this section first examine the temperature For the SPC (refined) water model the temperature was allowed
stability of our water simulations, and how the stability is to vary £10 K around 298 K when the trajectory without
influenced by different updating schemes for the nonbond list. velocity rescaling was produced.
In the following sections the self-diffusion coefficieBt and The average pressure and standard deviation (in parentheses)
radial distribution functionsg(r)) are calculated. Here we also  for the original TIP3P water model was 514.5 (109.6) bar, and
monitor howD andg(r) are influenced by temperature control 442.8 (98.5) bar with schemes 1 and 2, respectively. For the
in the form of velocity scaling. original SPC the corresponding values were 709.1 (106.9) bar
3.1. Temperature, Stability, and Equilibration. The tem- with scheme 1 and 660.8 (123.1) bar with scheme 2.
perature and potential energy as a function of time are shown 3.2. Self-Diffusion Coefficient D.Self-diffusion coefficients
in Figure 1 for all five water models, and with two different evaluated using different ranges of the slope of MSD vs time
nonbond list updating schemes. In the simulations using updatedcalculated from averaging over the 901 water molecules and
scheme 1, where the nonbonded list is slightly too small so thatthe 1.0 ns trajectories (Figure 2) are shown in Table 3. It can
atoms not on the list may fall within the cutoff distance without be seen from Figure 2 that there is more noise at long times,

whereT is the actual temperature during the simulation.

3. Results
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TABLE 4: Self-diffusion Coefficients (x107° m? s71) for the Modified TIP3P Water Model Using Three Different Lengths of
the Slope of MSDf) vst

part of the trajectory (ps) slope £9.6 (ps) slope 4.620.0 (ps) slope 1050 (ps) slope 1650 (ps) temperature(K)

700-800 5.93 5.97 6.08 298.9 (0.8)
800-900 5.78 5.77 5.91 5.99 299.3 (0.9)
900-1000 5.82 5.82 5.85 299.2 (1.1)
1000-1100 5.72 5.78 5.92 5.86 299.1 (1.0)
1100-1200 5.90 5.86 5.70 299.3 (1.0)
1200-1300 5.77 5.74 5.67 5.76 299.2 (0.9)
1300-1400 5.82 5.94 6.07 299.2 (1.1)
1400-1500 5.90 5.95 6.33 6.05 299.3 (0.9)
15001600 5.86 5.82 5.90 299.2 (0.9)
1600-1700 5.81 5.80 5.82 5.90 299.2 (1.0)
average std dev 5.83 (0.07) 5.85 (0.08) 5.93 (0.2) 5.91 (0.11) 299.21 (0.96)

T " T " T " T " the self-diffusion coefficient calculation depends on which part
of the slope is used and how long the trajectory is. When the
self-diffusion coefficient is calculated with a standard deviation
of the orderx 0.1(x10°° m? s71), as in this study, the upper
limit of the range of the slope of MSD vs time has to be
restricted to about 20% of the analyzed trajectory length. This
can be seen from Table 4, where different ranges of the slope
of MSD vs time have been used to calculate the self-diffusion
coefficient. Similar mean values and standard deviations were
_— obtained when the upper limit of the range of the slope of MSD
00f . e - vs time was limited tex 20% of the analyzed trajectory length.

g R 1 The self-diffusion coefficient 5.85x10° m? s™1) with a
1000 |- e e 1 standard deviation of 0.08<(L0~° m? s71) was obtained from

I ; s i . . ] 100 ps trajectory pieces with the upper limit of 20 ps. When
0 200 400 600 800 1000 the upper limit of the used range of the slope was increased to

Time (ps) 50 ps, the analyzed trajectory length had to be increased to 200

Figure 2. MSD vs time calculated from averaging over the 901 water ps_ for S_'m'la_r accuracy. The Se_lf'Q'foS'o_n cogff.lments deter-
molecules and the 1.0 ns trajectories. TIP3P (modified) line, SPC Mined in this manner were similar, with similar standard
(refined) dot, and SPC/E (original) dash. (a) Nonbonded scheme 2 anddeviations, and there was no drift with time (Table 4). A similar
(b) nonbonded scheme 1. self-diffusion coefficient was also obtained from 1.0 ns (Table
3) trajectory when the upper limit of the range of the slope of
MSD vs time was limited to 20% of the analyzed trajectory
length. It is also evident from Table 4 that 100 ps is a long
trajectory when compared to all relevant relaxation processes
in the system. These evaluations Bf can be treated as
independent and we thus expect the standard errob of
computed from the full 1 ns trajectory to decrease by 1/
v10~0.3, to about 0.5%. The simulations with the SPC/E
water model were extended to 4.0 ns, with very similar results
when compared with the shorter 1.0 ns simulations. The 300
ps delay needed for convergence of the self-diffusion coefficient
reported by van der Spoel et3lis likely due to their method
0 , . . , of estimating the convergence B, which does not use the
0 20 40 60 80 100 slope of the plot of MSCxj vst, but instead uses the ratio MSD-
Time (ps) (t)/6t. This corresponds to computing the slope starting ftom
Figure 3. MSD vs time for 10 separate 100 ps blocks of the stable = 0, which means that the slope calculated in this way is
simulation of TIP3P (modified). influenced by the initial, inertial phase of the MSD, an influence
which apparently persists for long times, whereas if the short-
and we can also see from Table 3 that, in the simulations with time part of MSDY) is neglected, the self-diffusion coefficient
the slight temperature drift and velocity rescaling (Figure 2b), can be reliably computed in 100 ps or less, depending on the
there is a pronounced deviation from linearity. The variation in system size. The resulting self-diffusion coefficients for all five
D obtained from these different ranges of the slope is 2% for water models at 23C are given in Table 5. All five water
the stable simulations (Figure 2a) and 7% for the simulations models give rather high values férwhen compared with the
with velocity rescaling (Figure 2b). experimental valué and the TIP3P, SPC, and SPC/E, respec-
Figure 3 shows MSD vs time for 10 separate 100 ps blocks tively, correspond to real water around 74, 55, and@3rather
of the stable simulation, without velocity rescaling, of TIP3P than to the simulation temperature of 2&8. The modified
(modified). These plots become noisy as time increases, becaus#ersions of TIP3P and SPC are both slightly more fluid than
fewer data points are available of the points used to calculatethe original versions (Table 5), and we also note that the
MSD at long times. For a given system size the accuracy of difference, 0.1x 107° m? s7%, is only observable in a simulation

3000
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400 T T T T
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TABLE 5: Self-diffusion Coefficients (x107° m? s™1) for All
Water Models Using Two Different Lengths of the Slope of
MSD(t) vst

slope slope D
water model (1.9-9.6 ps) (4.0-20.0 ps) temperatut¢K) (25°C)f

TIP3P origina?  5.88'(0.10f 5.87(0.09¢  301.4(1.7¢  5.67
TIP3P origindt  5.59 (0.06)  5.59 (0.08) 297.0(0.9) 5.65

TIP3P modified 5.92 (0.09) 5.92(0.11) 301.2 (1.8) 5.73 o)

TIP3P modified 5.83(0.07) 5.85 (0.08) 299.2 (1.0) 5.78 % b

SPC origingt ~ 4.39 (0.05)  4.40 (0.06) 301.0 (1.7) 4.22

SPCorigindl ~ 4.22 (0.06)  4.24 (0.08) 298.6 (1.1) 4.20

SPCrefined  4.49(0.08) 4.48(0.08) 301.0 (1.8) 4.30

SPCrefinel  4.26 (0.07)  4.24 (0.10) 297.7 (1.2) 4.26

SPC/E origindl  2.90 (0.06)  2.89 (0.08) 300.4 (1.9) 2.75 c

SPC/E origindl  2.78 (0.04)  2.77 (0.06) 298.2 (1.4) 2.76

exptl? 2.30 . , ;
2Nonbonded list 1 (see Method$)Nonbonded list 2 (see Methods). 69 ! ¢ ’ 1 . H

¢ Temperature of the MD simulatiodMean values¢ Standard devia-

tions. f Self-diffusion coefficients adjusted to 2%, using the slope a

4.0—20.0 ps.

with 900 water molecules which is run for 0.5 ns (or longer if 47

fewer water molecules are used). The self-diffusion coefficients b

calculated in this study are in good agreement with the values g

reported by van der Spoel et3l(see Table 6) for the original %

TIP3P, SPC, and SPC/E water models, but the self-diffusion
coefficient for the modified TIP3P water model is higher than
the values reported in the literatui#e 36

3.3. Radial Distribution Functions, goo, don, and gyn. The
radial distribution functionsgoo, gon, andgyy are commonly
used when the structure of the liquid water is studied. These
intermolecular partial pair correlation functions for liquid water
at 25°C were determined from neutron diffraction data by Soper
et al>7 The ol and new results forgoo, gon, andgqy are in
good agreement, except that the firstB® peak at 1.8 A is
increased by about 14% compared to that of previous analysis.
The differences probably represent the currently available

accuracy in determining the sitsite pair correlation functions E - b
for water. The radial distribution functiongoo, gon, andgun =
are easy to calculate from molecular dynamics data and are N

generally used when different water models are compared with
experimental data.

The radial distribution functions computed from our simula-
tions for the TIP3P (modified), SPC (refined), and SPC/E water
models are compared with experimental 8ata Figure 4. 0
Heights and positions of the peaks and minima are given for
Joo in Table 7 and forgoy in Table 8. Our calculated radial
distribution functions are in good agreement with the previously Figure 4. Radial distribution functions: (a) SPC/E (original), (b) SPC
reported results in the literature. SPC/E gives the closest (refined), (c) TIP3P (modified) line, and the neutron diffraction data
agreement with experiment fgpo, but the first peak position ~ dot. RDF curves are shifted by 2 units for clarity.
occurs at too short distance when compared with experiment.is flattened when compared with SPC/E. The modified TIP3P
SPC (refined) has similar peak positions, but the overall structure has the first peak position closest to the experimental position,

2 4 6 8 10 12 14

r(A)

TABLE 6: Comparison of Different Water Properties from Two Different Molecular Dynamics Simulation Studies

model Ne re (A)¢ Epot (kJ/moly o (g cnrd)f T (K)9 D (x109m2shh

SPC/E original 820 12.0 —47.2(0.18) 1.008 301(4.4) 2.7(0.12)
SPC/E original 901 12.0 —45.4(0.03) 0.998 298.2(1.4) 2.8(0.06)
SPC original 820 12.0 —42.2(0.16) 0.988 301(4.4) 4.2(0.08)
SPC original 901 12.0 —40.5(0.03) 0.998 298.6(1.1) 4.2(0.08)
TIP3P original 820 12.0 —40.8(0.16) 1.001 301(4.4) 5.4(0.14)
TIP3P original 901 12.0 —39.0(0.02) 0.998 297.0(0.9) 5.6(0.08)
TIP3P modified 901 12.0 —39.8(0.02) 0.998 299.2(1.0) 5.9(0.08)
SPC refined 901 12.0 —40.3(0.03) 0.998 297.7(1.2) 4.2(0.10)
exptl —41.51 0.9970 2.39

ayvan der Spoel et & ° The present study.Number of HO. ¢ Cutoff distance® Potential energy. Average calculated over the analyzed part
of the simulation, standard deviation (in parenthese3gnsity.? Temperature. Average calculated over the analyzed part of the simulation, standard
deviation (in parenthesed)Self-diffusion coefficient. Average calculated over the analyzed part of the simulation, standard deviation (in parentheses).
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TABLE 7: Oxygen—Oxygen Pair Distribution Functions for All Water Models at 25 °C Using the Similar MD Simulations

first maximum position st maximum second maximum position second minimum third maximum position
water model R) goo position (A) A goo position (A) A) goo

TIP3P original 2.77 2.67 (3.79) (4.50) (0.99) (5.80) 6.84 1.02
TIP3P modified 2.79 2.79 (3.80) (5.40) (1.00) (5.94) 6.84 1.02
SPC original 2.78 2.78 3.55 4.50 1.04 5.68 6.85 1.03
SPC refined 2.75 2.80 3.45 4.50 1.05 5.68 6.85 1.03
SPCI/E original 2.75 3.05 3.35 4.50 1.10 5.68 6.85 1.04
exptP 2.88 3.09 3.30 4.50 1.14 5.68 6.73 1.07

a All numbers in parentheses are approximate values.

TABLE 8: Oxygen—Hydrogen Pair Distribution Functions systems with certain schemes to handle long-range electrostatic
for All Water Models at 25 °C Using the Similar MD interactions. In actual biomolecular simulation applications, and
Simulations also in studies of these models themselves, other schemes are
first firs second often employed, which may affect the results directly through
maximum minimum maximum the changes introduced in the interaction potential; the effects
position position position may also be more indirect through effects on the temperature,
water model A g A gow A o and temperature stability, of the system. All simulations in this

TIP3P original 183 124 242 028 322 144 studywere performed with a 12.0 A cutoff and the self-diffusion
TIP3P modified 185 126 243 030 3.24 144  coefficient may be slightly different if the long-range interactions

SPC original 180 138 241 024 327 152 gre calculated using other methods.

SPC refined 177 141 241 023 325 151 . . .

SPCIE original 177 157 241 019 325 156 With na_nosecond smu_latlons of around 1OQO water molecules
exptP 185 1.38 240 027 3.30 1.60 the self-diffusion coefficient can be determined witl0.5%

error, if the temperature is stable. A drift in the temperature

but the height of the peak is too low and the structure beyond was obtained when the size and updating frequency of the
the first peak is missing. Both SPC/E and SPC (refined) have nonbonded list was underestimated. We have also shown that
very similar peak positions also fgey. The first and the second ~ temperature control by weak coupling to a heat bath in the form
peak positions occur at too short distances when compared withof velocity rescaling causes deviation from linearity when the
experiment. SPC/E has a too high first peak, but for SPC slope of MSD vs time was calculated.
(refined) the peak height is similar to experiment. Both SPC/E  In the parametrization of TIP3P (original), Monte Carlo
and SPC (refined) have too low second peaks. TIP3P (modified) simulations were performed on 125 water molecules using a
has the right first peak position, but the height of the peak is spherical cutoff at 7.5 A. Both SPC and SPC/E were param-
too low. The second peak is shifted to shorter distance and theetrized and tested using 216 water molecules with molecular
height of the peak is too low. The SPC (refined) model gives dynamics simulations where the nonbonded interactions were
good agreement with experiment fgi. The SPC/E has the  truncated with a spherical cutoff at 9.0 A applied on a molecule-
significantly similar peak positions, but the first peak is too high by-molecule basis. The refinement of the SPC water model was
when compared with SPC (refined). The modified TIP3P has a performed by weak coupling to system pressure and potential
flattened structure; both peaks are shifted inward and the heightsenergy per mol (the heat of vaporizatiéhusing several
of the peaks are too low. different system sizes and cutoff distances. The bulk water

The oxyger-oxygen pair correlation functions are very structure and dynamics, as characterized by the radial distribu-
similar when SPC (original) and SPC (refined) are compared, tion functions, goo, gon, and gun, and the self-diffusion
and TIP3P (modified) is also quite similar to TIP3P (original). coefficientD for the refined SPC were not included in that study.
The modification of the TIP3P water model changes slightly |, this study we have shown that different water models have
the structure of the model liquid. TIP3P (original) has the first gjgnificantly different properties when simulated under exactly
peak at a shorter distance than TIP3P (modified) and the heightihe same conditions. Our results are in good agreement with
of the peak is also lower. The well-documented problem for recently reported data by van der Spoel étglTable 6). The
the TIP3P model, to have too little structure beyond the first ) properties of liquid water in molecular dynamics simula-
peak, is similar in both models. The refined SPC water model (ionq are affected, for example, by the system size, the method

gives slightly more structure when compared with the SPC ;s for truncating long-range interactions and the method used
(original), and the first peak is shifted to the same position as 4 temperature control. When our results are compared with

the SPC/E has. The position of the first peak for SPC (original) e results of van der Spoel et3|(Table 6) the differences in
is closer to experiment, but the height of the peak is lower when qtential energy and in the self-diffusion coefficients are the

compared with the SPC (refined). . . . effects of different simulation methods used.
By u3|ngllong.trajector|es' without velocity rescal!ng (.Cor.'t'm.J' The calculated self-diffusion coefficients are consistent with
ous dynamics), it was possible to calculate the radial distribution the radial distribution functiongoo, Gor, andgus. The SPC/E

functions goo, Gor, andgw, with high statistical accuracy and o el gives the best bulk water dynamics and structure,

g:;iggtéy different structures for the model liquids could be the S.PC (original) water model giygs less structure and faster
' diffusion, whereas the TIP3P (modified) water model gives even
less structure and faster dynamics when compared with the
experimental values for liquid water. The second peak is the
We have studied structural and dynamic properties of three- goo, indicating the second hydration shell of water, is related
site water models commonly used in biomolecular simula- to the self-diffusion coefficient, such that the water model with
tions: TIP3P, SPC, SPC/E, and modified versions of TIP3P less defined second hydration shell has a larger self-diffusion
and SPC. These models were all parametrized using smallcoefficient.

4. Summary and Discussion
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The modification of the TIP3P water changed the bulk water (9) Price, W. S.; Ide, H.; Arata, YJ. Phys. Chem. A999 103 448.

dynamics and structure slightly when compared with the original ~ (10) Soper, A. KJ. Phys.: Condens. Mattei996 8, 9263. ,
. . . (11) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
TIP3P water model. The refined SPC water model is also quite kjein, ‘M. L. J. Chem. Phys1983 79, 926.

similar to the original SPC model, but since the charges are (12) Neria, E.; Fischer, S.; Karplus, M. Chem. PhysL996 105, 1902.
reduced the dipole moment is also reduced, from 2.274 to 2.237  (13) Berendsen, H. J. C.; Postma, J. P. M; van Gunsteren, W. F;

D. It should be noted that the TIP3P (original and modified) TgegTagsg,ji.'"'”te'm"'ec“'af Forcg Pullman, B., Ed.; Reidel: Dordrecht,

model has almost the same dipole moment as the SPC/E model, (14) Berweger, C. D.: van Gunsteren, W. F.7 Ilt-Plathe, F.Chem.
2.347 and 2.351 D, respectively. The larger dipole moment of Phys. Lett1995 232, 429.

the SPC/E water model, when compared with the original SPC 19é17529152586n5158n, H. J. C.; Grigera, J. R.; Straatsma, J. Phys. Chem.
water model with similar Lennard-Jones (LJ) parameters and " (1) Matsuoka, O.: Clementi, E.; Yoshimine, M.Chem. Physl976

model structure, is the due to increased point charges. The points4, 1351. _

charges were changed when the original SPC water model was 83 \KYSE\‘(”?E’CBH@? _'F"j'nbmsuénee?ﬁgggsllggi%% 157.
reparar_netrlzed with a polarization correct®nThe bqlk (19) Buch, VV.: Sandler, P.: Sadlej,Jl.Phys. Chem. B998 102, 8641.
properties for the SPC/E model are closer to the experimental (20) Levitt, M.; Hirshberg, M.; Sharon, R.; Laidig, K. E.; Daggett, V.
values of liquid water than the original SPC water model. The J. Phys. Chem. B997 101, 5051.

; ; ; (21) Jorgensen, W. L.; Jenson, €.Comput. Chem1998 19, 1179.
larger point charges also give a lower potential energy for the (22) Chialvo, A. A Cummings, P. TI. Chem. Phy<1996 105 8274,

SPC/E model (Figure 1 and Table 6) when compared with the  (23) pang, L. X.J. Phys. Chem. B998 102, 620.
original SPC water model. (24) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. JJGComput. Phys.
When all five models are compared with respect to self- 1977 23, 327.

diffusion coefficients or radial distribution functions it is clear 28(21?5_Darden’ T A Sagui, Ginnu. Re. Biophys. Biomol. Struct.999

that they form three different groups: TIP3P (original) and  (26) van Gunsteren, W. F.: Berendsen, H. JAGgew. Chem., Int. Ed.
TIP3P (modified), SPC (original) and SPC (refined), SPC/E. Engl.199Q 29, 992.

; ; (27) Ewald, PANnn. Phys1921, 64, 253.
SPC remains SPC, and TIP3P remains TIP3P, even after the (28) Steinbach. P. J.: Brooks, B. &, Comput. Chem.994 15, 667.

modifications. (29) Prevost, M.; Van Belle, D.; Lippens, G.; Wodak, I8ol. Phys.
199Q 71, 587.
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