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Molecular  simulations  were  carried  out to  study  the  influence  of  different  water  models  in  two  protein
systems.  Most  of the  solvents  used  in  protein  simulations,  e.g.,  SPC/E  or  TIP3P,  fail  to reproduce  the  bulk
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water  static  dielectric  constant.  Recently  a new  water  model,  TIP4P/�, which  reproduces  the  experimental
dielectric  constant  was  reported.  Therefore,  simulations  for two different  proteins,  Lysozyme  and  Ubiqui-
tin with  SPC/E,  TIP3P  and  TIP4P/� solvents  were  carried  out.  Dielectric  constants  and  structural  properties
were  calculated  and  comparisons  were  conducted.  The  structural  properties  between  the three  models
are  very  similar,  however,  the  dielectric  constants  are  different  in  each  case.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The study of electric properties in biological systems, such as the
ielectric constant, have been conducted for several years [1–6]. In
articular, electrostatic properties of biomolecules will help us to
nderstand fundamental biochemical mechanisms, such as cataly-
is, redox reactions or ion homeostasis effects, among others [5,7,8].
rom the theoretical point of view, it is important to make a good
valuation of the dielectric properties of those system, however, the
alculated effective dielectric constants in proteins are in general
arger than those observed in actual experiments. This discrep-
ncy could show the significant influence of the solvent around
he proteins. On the other hand, not only the electric properties are
mportant but also the structure, the dynamics and the thermody-
amics of the proteins are relevant quantities to study processes
uch as folding, binding, solvation, etc. [9–13].

In particular, computer simulations have played an important
ole in the study of such complex systems [14–17]. From the com-
utational point of view, it is always desirable to use accurate
odels in order to reproduce experimental observations, i.e., it is

mportant to choose the right force fields. People have used sev-
ral force fields to simulate proteins (CHARMM, GROMOS, AMBER,

PLS) and most of the classical simulations are conducted with tra-
itional water models (SPC, SPC/E, TIP3P). However, in simulations
ith explicit water contributions, it is expected to have a large
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009-2614/© 2016 Elsevier B.V. All rights reserved.
solvent influence, in particular, for the study of dielectric properties
[18]. Unfortunately, most of the atomistic classical water models
have failed to reproduce the experimental static dielectric constant.
Therefore, the problem is how to obtain good dielectric properties
in biological systems if the solvent is not appropriate.

Nowadays, several non-polarizable water models have been
proposed in the literature [19–21], however, none of them repro-
duces all bulk properties. Recently, a comparison between most of
the classical non-polarizable models was  conducted that showed
that all of them fail to reproduce the experimental dielectric con-
stant [22]. Some while ago, a new water model (TIP4P/�) was
reported which reproduced correctly the static dielectric constant
[23]. Moreover, the new model also provided good agreement with
thermodynamic and structural data. The TIP4P/� model is a rigid
molecule with three charges and one Lennard Jones site on the oxy-
gen atom. Like the other empirical models, it was  constructed with
classical potentials whose parameters were obtained to fit spe-
cific experimental properties. Therefore, there are not vibrational
or electronic contributions to describe the target properties. Never-
theless, the model should be good enough to describe the behaviour
of bulk properties at the classical simulation level.

So, in the present work, we  report studies of two proteins,
Lysozyme and Ubiquitin, with TIP4P/� water. Dielectric constants
and structural properties were calculated and comparisons with
other two water models, SPC/E and TIP3P, were conducted.
2. Model

Molecular dynamics simulations with an atomistic approach
were conducted for the Lysozyme enzyme and the Ubiquitin

dx.doi.org/10.1016/j.cplett.2016.03.026
http://www.sciencedirect.com/science/journal/00092614
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Figure 1. Static dielectric constant as a function of time for the Lysozyme system.
Top figure for the protein and bottom figure for the whole system. Black lines are
H. Dominguez / Chemical P

rotein. The initial configurations were taken from the research
ata bank, 1AKI1 and 1UBQ for the Lysozyme and Ubiquitin, respec-
ively. All simulations were carried out in the NPT ensemble at

 temperature T = 300 K and pressure P = 1 bar using the GRO-
OS43a1 force field. In addition, a velocity rescaling thermostat
as used to maintain a constant temperature. This thermostat is

ssentially a Berendsen thermostat with an stochastic term to keep
he correct kinetic energy, i.e., the thermostat produces a correct
anonical ensemble [24]. Moreover, during the simulations two
roups were created for temperature control, one for the protein
nd one for the solvent. In both cases, the temperature was  mon-
tored to ensure that both groups had the same value (T = 300 K).
n the other hand, a Parrinello–Rahman barostat was  used to
aintain the pressure. Temperature and pressure relaxation time

onstants of �T = 0.1 ps and �P = 2.0 ps were used, respectively. The
lectrostatic interactions were handle with the particle mesh Ewald
ethod. For the solvent, the SPC/E, the TIP3P and the TIP4P/� water
odels were used. The first two solvents are 3-site models whereas

he TIP4P/� is a 4-site model. For the Lysozyme system 22 801
PC/E or TIP3P water molecules were used whereas 23 299 water
olecules were used for the TIP4P/� system. For the Ubiquitin pro-

ein, 19 845 water molecules were used for the SPC/E and TIP3P
odels while 20 402 molecules were employed for the TIP4P/�
odel. Simulations were performed for 200 ns after 50 ns to achieve

quilibrium conditions with a timestep of dt = 0.002 ps. All simula-
ions were ran with the GROMACS 4.5.6 software [25].

. Results

In the next section, we present the results of two different pro-
eins solvated with three different water models. In most of the
iological simulations the SPC/E and TIP3P water models are used
s common solvents. It is not common to use 4-site water models in
hose systems even when they might reproduce, sometimes, bet-
er bulk properties [22]. Here, we present simulations with a 4-site

odel, which better reproduces several bulk properties (even the
ielectric constant) in contrast with the most common 3-site mod-
ls. We  show that the new model presents a different behaviour
ompare with the other two models.

.1. Dielectric constant

The first analysis was conducted for the calculation of the static
ielectric constant in the protein and in the whole system. In
igure 1 the results for the Lysozyme enzyme are shown. There,
t is observed that the protein with TIP4P/� has a slightly higher
ielectric constant than that with SPC/E (top of Figure 1). On the
ther hand, the dielectric constant for the protein with the TIP3P
ater is higher than the other water models. Although, there are
ot unique protein dielectric constants reported in the literature,
he general values ranged from 2 to 7 [1,3,18]. Higher dielectric
onstants have been reported, however, the reason of those values
s still matter of several studies [1,3]. In our case, the value obtained
or the TIP3P model is higher than the one expected.

The calculation of the dielectric constant from computer sim-
lations is a demanding task. In fact, long runs are necessary to
btain a reasonable estimate of this property (in our case we  ran the
ystems up to 200 ns). Here, the static dielectric constant was cal-
ulated from the time-average of the dipole moment fluctuations
nd using ‘tinfoil’ boundary conditions,

1

 = 1 +

3VkBT�0
(〈M2〉 − 〈M〉2) (1)

here V is the volume of the system, T is the temperature, kB is
he Boltzmann constant, �0 is the vacuum permittivity, and M the
the  simulations for the SPC/E model, red lines for the TIP3P model and the green
lines for the TIP4P/� model. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

dipole moment (M =
∑

qir, qi and r are the charge and the coordi-
nate vector of atom i, respectively).

When the dielectric constant of the whole system is calculated,
the same trends are observed, i.e., the TIP3P, the TIP4P/� and the
SPC/E water models have the highest, the intermediate and the
lowest values, respectively (bottom of Figure 1). The dielectric
constants obtained for the SPC/E, TIP3P and TIP4P/� models were
≈74, 113 and 83, respectively. Previous works reported a dielec-
tric constant of 62 for TIP3P [13], 68 for SPC [14] and 70.9 for SPC/E
water [16]. Due to the small protein dielectric constant, those values
are close to the bulk water of the corresponding model. Therefore,
the TIP4P/� model is close to the experimental value [23]. Aver-
age values and standard deviations of those quantities are given in
Table 1. When the total dipole moment, 〈M0〉, was  calculated, we
found values of 165.6 D, 244.5 D and 190.0 D for the SPC/E, TIP3P
and TIP4P/� models, respectively. Previous works reported values
of 184.2 D (using SPC water) [17] and 223 D (using TIP3P water)
[13].

For the Ubiquitin protein system, the dielectric constant results
are given in Figure 2. There, different trends are observed. For
instance, the highest dielectric constant value of the protein is
obtained for the SPC/E water model and the lowest for the TIP3P
one.

Once again, the protein dielectric constant with the TIP4P/�
water model is nearly in the middle (top of Figure 2). For the static
dielectric constant of the complete system, the SPC/E and TIP4P/�
models have nearly the same value (≈94), which is close to the
interval of the dielectric constants reported in an earlier experi-
mental work (81–91) [5]. However, the TIP3P model shows a higher
value. The calculated total dipole moments are 293.5 D, 229.3 D and
288.4 D for the SPC/E, TIP3P and TIP4P/� models, respectively. Here,
the value reported by other authors is 244 [13].

3.2. Structural properties

How the protein structure is modified by the different solvent
models was  also analyzed. In Figure 3, the radius of gyration is
reported for the two proteins. For the Lysozyme, values of 1.36 nm,

1.41 nm and 1.40 nm are obtained for the SPC/E, TIP3P and TIP4P/�
water models, respectively (top of Figure 3 and Table 1). The values
for the TIP3P and TIP4P/� are in good agreement with experi-
ments and other simulation works, ≈1.4 nm [9,10]. By using these
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Table 1
Average (〈X〉) data for the dielectric constant (�), the radius of gyration (Rg), the solvent accessible surface (Area) and the number of hydrogen bonds (hb). The respective
standard deviation (�2) of calculated properties are given in the parentheses.

Lysozyme Ubiquitin

SPC/E TIP3P TIP4P/� SPC/E TIP3P TIP4P/�

〈X〉 (�2) 〈X〉 (�2) 〈X〉 (�2) 〈X〉 (�2) 〈X〉 (�2) 〈X〉 (�2)

� (protein) 4.94 (0.76) 11.29 (0.29) 6.23 (0.15) 15.01 (0.09) 8.76 (0.38) 11.31 (0.98)
� (system) 74.41 (0.44) 112.61 (1.4) 83.13 (0.37) 94.64 (0.27) 108.75 (0.26) 93.71 (3.45)
Rg (nm) 1.36 (5.0 × 10−5) 1.41 (5.5 × 10−4) 1.40 (1.1 × 10−4) 1.13 (2.5 × 10−5) 1.22 (4.3 × 10−4) 1.16 (1.5 × 10−4)
Area  (nm2) 65.5 (1.2) 83.7 (5.2) 80.3 (2.3) 45.8 (0.39) 56.9 (3.6) 50.6 (1.2)
hb 228.9 (26) 386.9 (46) 360.4 (32) 168.8 (12) 258.9 (66) 219.5 (15)
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Figure 2. Static dielectric constant as a function of time for the Ubiquitin system.
Top figure for the protein and bottom figure for the whole system. Black lines are
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ines  for the TIP4P/� model. (For interpretation of the references to colour in this
gure legend, the reader is referred to the web  version of this article.)

umbers, the average protein radii are 1.75 nm,  1.82 nm and
.81 nm for the SPC/E, TIP3P and TIP4P/�, respectively.

For the Ubiquitin protein the values are 1.13 nm,  1.22 nm and

.16 nm for the SPC/E, TIP3P and TIP4P/� models, respectively
Figure 3b). Then the average protein radii are 1.46 nm,  1.58 nm
nd 1.50 nm for the SPC/E, TIP3P and TIP4P/�, respectively. There
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igure 3. Radius of gyration for the Lysozyme (top figure) and Ubiquitin (bottom
gure) proteins as a function of time. Black lines are the simulations for the SPC/E
odel, red lines for the TIP3P model and the green lines for the TIP4P/� model. (For

nterpretation of the references to colour in this figure legend, the reader is referred
o  the web version of this article.)
the SPC/E model, red lines for the TIP3P model and the green lines for the TIP4P/�
model. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web  version of this article.)

are not significant differences in these values, however, the value
for the TIP4P/� model is in the middle of the SPC/E and TIP3P mod-
els. The data, for the radius of gyration, are also in good agreement

with previous works (≈1.1–1.2) [11,12].

The total solvent accessible surface was  also calculated to inves-
tigate the influence of the different water models on the proteins.
In Figure 4 and Table 1, the results for the Lysozyme protein
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Ubiquitin (bottom figure) proteins as a function of time. Black lines are the simula-
tions for the SPC/E model, red lines for the TIP3P model and the green lines for the
TIP4P/� model. (For interpretation of the references to colour in this figure legend,
the  reader is referred to the web version of this article.)
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re shown. Whereas the TIP3P and TIP4P/� models have similar
urfaces (≈83.7 nm2 and 80.3 nm2, respectively) the SPC/E model
as a lower accessible surface area (65.5 nm2). Here, the difference

n area given by the SPC/E model is significantly lower than that
f the TIP3P and TIP4P/�  models. For the Ubiquitin-solvent system,

he surfaces are significant lower, 45.8 nm2, 56.9 nm2 and 50.6 nm2

or the SPC/E, TIP3P and TIP4P/� models, respectively (bottom of
igure 4). Once again, it is observed that the TIP4P/� value is in the
iddle of the other two.

igure 6. Mean smallest distance between protein residues. Left figures are for the Lysoz
gures  are for the Ubiquitin protein with SPC/E (top), TIP3P (middle) and TIP4P/� (bottom
 Letters 651 (2016) 92–96 95

The number of hydrogen bonds was also calculated. The results
for the Lysozyme protein are shown in Figure 5 and Table 1. It can be
seen that nearly the same number of bonds is obtained for the TIP3P
and TIP4P/� solvents. However, in the case of the SPC/E, the number
of hydrogen bonds decays significantly with respect to the other

models. For the Ubiquitin protein, the same trends are observed
in the number of hydrogen bonds, i.e., the TIP3P and TIP4P/� sol-
vents have similar number of bonds whereas the SPC/E model has
a reduced number.

yme protein with SPC/E (top), TIP3P (middle) and TIP4P/� (bottom) models. Right
) models.
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The mean residues distances in the proteins can also give us
ome information about the influence of the different solvents in
he proteins structures. For the Lysozyme enzyme, the largest dis-
ance was found between residues 50–90 (left of Figure 6). Although
he diagrams look alike, it is possible to observe more blank spots in
he TIP4P/� model suggesting that residues are closer than those in
he other models. In the case of the Ubiquitin protein, the residues
istances for the SPC/E and TIP4P/� models look very similar to each
ther but slightly different compare with the TIP3P, in particular in
egions of residues 25–35 and 55–70.

Diffusion coefficients were also evaluated for the proteins
ith the different solvents. For the Lysozyme we found values

f 8.8 × 10−7 cm2/s, 5.5 × 10−7 cm2/s and 7.9 × 10−7 cm2/s for the
PC/E, TIP3P and TIP4P/� models, respectively. These numbers
re smaller than the value reported in a previous simulation
10.9 × 10−7 cm2/s) [23]. For the Ubiquitin protein the diffusions
ere 5.7 × 10−7 cm2/s, 6.9 × 10−7 cm2/s and 7.7 × 10−7 cm2/s for

he SPC/E, TIP3P and TIP4P/� models, respectively. Here, previous
imulations, using TIP3P water, reported diffusions between 2 and

 × 10−7 cm2/s [26].

. Conclusions

Molecular dynamics simulations were conducted to study the
ifferences of two proteins in contact with three different water
odels. Few works have been done to compare the influence of
ater models in protein systems and most of those works have used

ommon solvents (SPC, SPC/E, TIP3P, TIP4P), which fail to repro-
uce the static dielectric constant. It is worth noticing that some
odels are worse than others, and they can even fail to reproduce

ther bulk properties. For instance, TIP4P is worse than TIP3P to
alculate the dielectric constant [22]. Few years ago, a new rigid
on-polarizable water model was developed, the TIP4P/�. Although
he TIP4P/� model is also an empirical representation for sim-
le systems, it describes most experimental observations. Since its
arameters were obtained to reproduce target properties, we  can-
ot expect that it could reproduce all experimental data. Moreover,
ith this classical force field it is not possible to include electronic

ontributions which might be involved in the calculations of com-
lex properties such as the dielectric constant [27]. However, in
rder to include those contributions different approaches should be
onsidered, such as density functional methods, which are beyond
he purpose of the present work. For our simulations classical sol-
ents will be enough to obtain the behaviour of biological systems.
n fact, to the best of our knowledge there has not been works to
est the recent TIP4P/� water model with protein systems.

From the Lysozyme enzyme results, it is noted that the TIP3P
ater model overestimates the protein dielectric constant com-
ared with the SPC/E model. However, in the case of the Ubiquitin
rotein we observe the opposite trend, i.e., the dielectric constant
ith the SPC/E model is higher than that with the TIP3P model.
evertheless, in both cases the TIP4P/� water model gives inter-
ediate results and in some cases, it has a better agreement with
xperimental results.
In terms of structural properties, the three water models do not

how significant differences among each other and in general they
re in agreement with reported data. However, it is interesting to

[
[
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note that the TIP4P/� water model once again gives values between
the other two  water models.

It is well known that the calculation of any protein property
by using computer simulations depends on the particular force
field model employed [11,12]. Some force fields can give good
results in agreement with experiments however it is not possi-
ble to say in advance which model will provide the best results.
In the present work, we have evaluated some protein properties
by using, what it seems to be, a better water model. However,
from the results, it is not completely evident that the new water
model improves all the studied properties. For instance, the struc-
tural properties do not present many differences, whereas there
is a slight improvement in terms of the dielectric constant value.
So, if we are interested in structural properties any water model
could give similar results, however, if we are interested in obtaining
electric properties, the TIP4P/� water model might give us better
results.
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