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Abstract

The effect of variation of the water model on temperature dependent protein

and hydration water dynamics is examined by performing molecular dynamics

simulations of myoglobin with the TIP3P, TIP4P, and TIP5P water models and

the CHARMM protein force field at temperatures between 20 and 300 K. The

atomic mean-square displacements, solvent reorientational relaxation times,

pair angular correlations between surface water molecules and time-averaged

structures of the protein are all found to be similar and the protein dynamical

transition is described almost indistinguishably for the three water potentials.
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The results provide further evidence that variation of the water model without

loss of accuracy can be considered, opening up the possibility of choosing the

water model employed in protein simulations according to the properties to be

investigated.

1. Introduction

Water plays an important role in many chemical and biological processes [1, 2, 3,

4, 5, 6, 7, 8, 9, 10]. For example, hydration water strongly influences the three-

dimensional structure, dynamics, and function of proteins [2]. Water-protein in-

teractions modify the free energy landscape that determines the folding, structure

and stability of proteins [3, 4, 5, 6]. Internal protein dynamics, which are required

for biological function, are dependent on the level of hydration [7] and dynamical

coupling between the protein and water influences the conformational flexibility of

proteins [8, 9, 10, 11].

Protein hydration water can be grouped into two classes: internal water

molecules which can play structural and/or catalytic roles [12, 13], and exter-

nal surface water molecules. Hydration water is experimentally estimated to ac-

count for 10-15 % of the total cell water [14, 15] of which a small fraction of

≈ 0.1 % is internal water molecules. Properties of water in the external hydra-

tion shell are modified compared to the bulk, with, for example, changes in av-
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erage density [16, 17, 18] and perturbations in translational and rotational dy-

namics, and these changes have been extensively investigated using techniques

such as neutron scattering [14, 19, 20, 21, 22, 23, 24, 25, 26], nuclear mag-

netic resonance [27, 28, 29, 30, 31, 32], fluorescence spectroscopy [33], mid-

infrared pump-probe spectroscopy [34], and molecular dynamics (MD) simulations

[22, 35, 36, 37, 38, 39, 40, 41].

Empirical, molecular mechanics force fields, such as CHARMM [42, 43, 44],

AMBER [45], GROMOS [46] and OPLS-AA [47] are widely employed in atom-

istic MD simulations of biological molecules and, in order to represent the protein-

solvent energy accurately, most molecular simulation applications employ explicit

water models. A large number of water models is available. However, individ-

ual biomolecular force fields have normally been parametrized for use with a sin-

gle water model (see e. g. [48]) such that, during the parameterisation, care can

be taken to correctly balance water-water, water-protein, and protein-protein inter-

actions. Nethertheless, the question arises as to whether the water:protein poten-

tials are sufficiently robust that alternative water models may be employed with any

given biomolecular force field without serious loss of accuracy. Flexibility in the

choice of the water model may be of particular interest when the system is to be sim-

ulated at nonphysiological temperatures or pressures, under which circumstances

different water models may exhibit significantly different properties (see e.g. [49]),
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and/or when water properties are specifically under investigation in which case a

detailed water potential may be appropriate.

In recent work, effects of varying the water model in molecular mechanics and

dynamics calculations on the hydration of N-methylacetamide (NMA) hydration

and other small solute molecules, and a small protein using the CHARMM force

field [42, 43, 44] were examined [50]. The overall description of solvation and

biomolecular properties were found to be similar for the three models tested: TIP3P,

TIP4P, and TIP5P [49, 51]. The CHARMM protein force field was parameterized

for use with the TIP3P potential. However, the results provide an indication that

molecular simulations with the CHARMM force field may in some cases be per-

formed with water models other than TIP3P.

In the present work, we focus on the effect of varying water models on the

temperature dependence of internal protein motion. Experimental and theoreti-

cal studies have found that proteins undergo a transition in internal dynamics at

Tg≈180−220K [52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63], characterized by

a rapid increase in the average protein atomic mean-square displacement above

Tg. An additional low-temperature transition (∼150 K), that has been attributed

to the activation of methyl group rotations, is present also in dehydrated proteins

[64, 65, 66, 67, 68, 69], whereas the transition at Tg is strongly coupled to the sol-

vent dynamics [2, 60, 61, 62, 68, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79]. The dynami-
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cal transition at Tg can be eliminated when dehydrating the protein or coating it with

bioprotectant [80] and the value of Tg can be shifted by changing the solvent com-

position [81]. MD simulations have demonstrated that the Tg dynamical transition

is driven by translational solvent dynamics [61, 82]. For some proteins, the Tg dy-

namical transition has also been correlated with protein activity [57, 59, 71, 83, 84]

although activity has also been observed for T < Tg [85, 86, 87, 88].

The question arises as to whether the dynamical properties of the protein are

affected by the choice of the water model used. To investigate this, we have per-

formed simulations of myoglobin at temperatures ranges from 20 K to 300 K us-

ing the TIP3P, TIP4P, or TIP5P potentials and the CHARMM protein force field

[42, 43, 44]. The protein dynamical transition was found to be unaffected by

changes in the solvent model. Moreover, although the bulk properties of the three

water models are markedly different, when interacting with the protein surface, the

three water models behave similarly.

2. Methods

The set of models considered here is the TIP3P, TIP4P, and TIP5P family [49, 51].

TIP3P is the standard model in the widely-used CHARMM force fields. However,

TIP4P and TIP5P are easy to implement for use with CHARMM and exhibit im-

proved water properties, as described below.
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The TIP geometries and associated parameters are shown in Fig. 1 and Tab. 1. In

the TIP3P model, charges are placed at the hydrogen positions and on the oxygen,

resulting in three interaction sites. A van der Waals term provides additional non-

bonding interactions involving the oxygen atoms only [51]. Geometrical parameters

were determined according to experimental gas phase values.

TIP3Pm is a slightly modified version of TIP3P, commonly used with

CHARMM [42, 43, 44], and including additional van der Waals interaction sites

at the hydrogen positions [89, 90]. The effect of these additional terms on the prop-

erties of TIP3P has been shown to be small [91]. Therefore, in the following, TIP3P

is used to refer to the CHARMM-modified version, TIP3Pm.

The combination of TIP3P with the CHARMM force field has proven to be use-

ful for examining the structure and dynamics of biomolecular systems. However,

although TIP3P adequately describes the first hydration shell of bulk water, it lacks

accuracy for the second hydration shell, for which the corresponding peak in the

oxygen-oxygen radial distribution function is almost completely absent [49, 90].

TIP4P, in which the oxygen charge site is moved along the HOH bisector towards

the molecular center of mass, better reproduces experimental distribution functions

than TIP3P [51]. In TIP5P, there are two lone-pair interaction sites, L, moved from

the oxygen along the HOH bisector away from the hydrogens and symmetrically

placed out of the HOH plane with ∠LOL = 109.47◦ [49]. The TIP4P and TIP5P
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oxygens carry no charge. TIP5P, explicitly incorporating tetrahedrality in the water

model, is especially successful in reproducing water density over a wide range of

temperatures [49].

Here, the CHARMM program package version c33b2 was used to perform MD

simulations of hydrated myoglobin with the CHARMM22 force field and TIP3P,

TIP4P, or TIP5P water [42, 43, 44]. The 1.15 Å-resolution myoglobin structure

1A6G, taken from the RCSB Protein Data Bank (www.pdb.org) [92], was used as

the starting protein configuration. The model was constructed as in Ref. [61] to

mimic a hydrated powder sample and thus model the experimental neutron scatter-

ing setup of Ref. [75], the data from which serve as a reference here. To do this,

the protein was solvated by placing it in a box of water, retaining only those 492

molecules closest to the protein. The temperature dependent dynamical properties

in the present simulations were found to be very similar to those derived from NPT

simulations in solution on the same myoglobin structure [69].

Electrostatic interactions were truncated using a shift function with a 12 Å

cutoff, and a switch function was used for truncation of van der Waals interactions

between 10 and 12 Å. The SHAKE algorithm was used to constrain all bond lengths

involving hydrogens [93]. The structures were energy minimized using 600 steepest

descent steps and 2500 conjugate gradient steps with the protein atoms fixed, then

with fixed solvent allowing the protein to move, and finally without any constraints.
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After heating to the desired temperature in steps of 5 K every 1000 dynamics

steps, the system was equilibrated for 400 ps. Subsequently, 1 ns production runs

were performed in the NVT ensemble at temperatures from 20 to 300 K in intervals

of 20 K and in smaller intervals of 10 K between 120 and 240 K. The system was

kept at constant temperature using the weak coupling algorithm of Ref. [94]. A time

step of 1 fs was used for the integration of the equations of motion. Coordinates and

velocities were saved every 50 steps. The simulation protocol was the same for all

temperatures and water models.

In order to examine in more detail the influence of the water model on the time

averaged protein structure at 300 K, ten additional simulations of 1 ns length were

performed for each water model, starting with different, randomly-chosen, initial

velocity assignments.

To avoid potential artifacts no restraining potential was applied to the water

molecules to prevent evaporation. Subsequently for T>260K, a small number of

molecules evaporated from the water shell surrounding the protein and these were

excluded from all analyses. No evaporation occured for T<260K, including during

extended 7 ns simulations with TIP3P at 180, 220, and 260 K.

In addition to the above calculations, for comparison purposes simulations of

bulk water using the TIP water models were performed. For these, GROMACS 4.0

[95] was used to generate a 30 Å cubic box at physiological conditions containing
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895 molecules for TIP3P, 886 for TIP4P, and 878 for TIP5P. The electrostatic inter-

actions were treated in the same way as for the above protein simulations, and peri-

odic boundary conditions were applied. The configurations were energy minimized

using 600 steepest descent steps, equilibrated for 500 ps at the desired temperatures

and, subsequently, 1 ns production runs were performed in the NVT ensemble at

temperatures from 20 to 300 K in intervals of 20 K and in smaller intervals of 10

K between 100 and 260 K. The system was kept at constant temperature using the

weak coupling algorithm of Ref. [94]. A time step of 2 fs was used. Coordinates

were saved every 50 steps. The simulation protocol was again the same for all

temperatures and water models.

3. Results

3.1. Time-averaged structures

The influence of the water models on the average structure of myoglobin is first

investigated. The time-averaged structures were calculated for all 30 indepen-

dent simulations at 300 K and were compared using a root mean square deviation

(RMSD) per residue, defined here as:

RMSDA,B
i =

√∑Ni
j=1

(
xAj − xBj

)2
Ni

(1)
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where i is the residue number, Ni is the number of protein heavy atoms in residue

i, A and B are any two given time-averaged structures, and xA/Bj denotes the heavy

atom coordinates. Convergence was checked by comparing RMSD values from the

first and second half of each simulation, which were found to be in close agreement.

Fig. 2 shows the backbone heavy-atom RMSD per residue based on the average

over all pairs (A,B) of structures solvated in the same or in different water models.

“SELF” refers to RMSD values between protein structures solvated by the same

water model whereas “CROSS” refers to deviations in configurations between the

models, for example, structures of the protein in TIP3P compared with structures in

TIP4P or TIP5P.

Neglecting the five C- and N-terminal residues, the RMSDA,B
i , averaged over

residues is 0.47 ± 0.25 Å, averaged over “SELF” is 0.46 ± 0.26 Å, averaged

over “CROSS” is 0.49 ± 0.25 Å, and the average difference between “SELF” and

“CROSS” is 0.035± 0.026 Å. Therefore, the RMSD per residue is similar for both

the “SELF” and “CROSS” data sets, indicating that variation of the water model

does not significantly influence the time-averaged protein RMSD.
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3.2. Mean-square displacement

The mean-square displacement 〈r2(t)〉 is defined as:

〈
r2(t)

〉
=

〈
1

N

N∑
i=0

(ri(t+ t0)− ri(t0))2

〉
i,t0

(2)

where N is the number of atoms, (ri(t+ t0)− ri(t0)) is the displacement of atom i

in time t, and 〈·〉i,t0 represents the ensemble average, approximated as a time average

over t0 by assuming ergodicity.

The mean-square displacement averaged over the atoms of myoglobin was cal-

culated for all temperatures and water models and the results are shown in Fig. 3 A.

The inset shows an expanded view of the low-temperature region, up to T≈210K.

The MSD rises linearly for low temperatures until a first change in the gradient

at T≈150K, which has been attributed to the activation of methyl group rotations

[66, 68, 69]. At T≈220K, 〈r2(t)〉 exhibits a further increase in the gradient corre-

sponding to the solvent-driven dynamical transition. 〈r2(t)〉, both for < 220 K and

> 220 K, is similar using all three TIP water models.

Fig. 3 B shows 〈r2(t)〉 of the water molecules in the protein simulations as a

function of temperature. The insets B.1 and B.2 give expanded views since the data

cover multiple orders of magnitude. The profiles qualitatively resemble Fig. 3 A,

i.e., the MSD for the water molecules rises linearly for low temperatures until, in-

terestingly, a first change in slope is seen at T≈150K (Fig. 3 B.2) followed by a
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second transition at T≈200K (Fig. 3 B.1).

The∼220 K transition in the protein has been previously observed and the strong

coupling between the solvent and protein characterized [55, 58, 61, 71, 74, 76, 78,

82, 96, 97, 98, 99, 100, 101, 102]. However, the low-T, 150 K change in slope for

water was unexpected, and the question therefore arises as to whether it would occur

independent of the protein. To check this, a set of simulations of pure TIP water was

performed, as described in Methods. Fig. 4 A shows the TIP water mean-square

displacements as a function of temperature. Comparison between Fig. 3 B and 4 A

indicates that, while the dynamical transition behaviour of the protein and protein

hydration water are similar, they do not resemble that of the bulk water models.

The data for the three TIP models exhibit similar properties in that 〈r2(t)〉 is linear

for T ≤ Tl. However unlike in the solution simulations, the temperature at which

the slope changes, Tl, is markedly different for the three models with Tl≈110K for

TIP3P, 130 K for TIP4P, and 190 K for TIP5P. Further, again unlike the data for the

hydrated protein, the bulk data do not show two distinct changes in slope.

The self-diffusion constant, D, was calculated from the linear part of each mean-

squared displacement, at i.e. t > 200 ps (see Fig. 4 (B)), using the Einstein relation:

lim
t→∞

〈
|r(t0 + t)− r(t0)|2

〉
= 6Dt (3)

where r(t) is the position of the water oxygen atom, and 〈·〉 denotes averaging over
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both time origins t0 and the water molecules. D, in units of 10−5cm2/s, at 300 K

is found to be 5.46± 0.02 (TIP3P), 3.60± 0.06 (TIP4P), and 2.82± 0.02 (TIP5P).

Corresponding values in the literature vary depending on the simulation setup, but

reported values using a similar protocol to that used here (i.e. shift electrostatics) in

the NPT ensemble are 5.8± 0.2 (TIP3P), 3.78± 0.02 (TIP4P), 2.94± 0.06 (TIP5P)

[103] in good agreement with the present work. For completeness, in Table 2, D is

also given for the other temperatures.

3.3. Heterogeneous distribution of anharmonic motions among protein

residues.

To quantify the fraction of protein residues that exhibit large anharmonic dynamics,

the MSD per residue (〈r2(t)〉i, where i denotes the residue index) was calculated.

〈r2(t)〉i is decomposed into harmonic and anharmonic components as follows:

〈
r2(t)

〉
i
=
〈
r2(t)

〉
i,harmonic

+
〈
r2(t)

〉
i,anharmonic

(4)

where 〈r2(t)〉i,harmonic is obtained by linearly fitting 〈r2(t)〉i for T≤140K and

extrapolating to higher T.

A residue is denoted as exhibiting anharmonic dynamics if 〈r2(t)〉i,anharmonic >

(〈r2(t)〉i,harmonic + 2σ), where σ is the standard deviation at the onset of anhar-

monicity (140 K). As a control, it was determined whether the onset of anharmonic-
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ity depends on the temperature interval chosen for the estimation of harmonic dy-

namics: using 20-100 K as the fitting interval and σ100K , the procedure was found

to give similar results.

Fig. 5 shows the temperature dependence of the fraction of residues exhibiting

anharmonic dynamics. For T≤140K, almost all residues exhibit only harmonic

motion, with 〈r2(t)〉i similar to each other, while an abrupt change is evident at

higher T, as an increasing fraction of residues exhibits anharmonic dynamics. Even

well above the dynamical transition temperature at 260 K, ∼25 % of the residues

still remain harmonic. This result is consistent with previous simulation work on

myoglobin, in which the onset of anharmonicity was found to be gradual with T

[62]. Again, when comparing the protein simulations using different water models,

there are no statistically significant differences.

3.4. Reorientational relaxation time

The rotational dynamics of water can be characterized by the water dipole orienta-

tion autocorrelation function, C(t):

C(t) = 〈~ei(t+ t0) · ~ei(t0)〉i,t0 (5)

where ~ei(t) is a unit vector along the water dipole. For liquids, C(t) decays to zero

as the dipole loses its memory of its initial orientation.
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Since the structural and dynamic properties of the hydration layer water

molecules depend on the heterogeneous surface roughness and charge distribution

[22, 25, 40, 41, 104], a multi-exponential decay is expected. From the protein sim-

ulations, the reorientational relaxation time of water, τ , was calculated by fitting the

following triple exponential function to C(t):

C(t) = a0exp (−t/τ0) + a1exp (−t/τ1)

+ (1− a0 − a1) exp (−t/τ2)
(6)

Eq. 6 was found to capture the decay in the target data, whereas the fitting

procedure failed or gave worse results for simpler fitting functions. The relaxation

time, τ , was derived using the following relation:

τ = a0τ0 + a1τ1 + (1− a0 − a1) τ2 (7)

Fig. 6 A shows C(t) together with the fit of Eq. 6 for TIP3P hydration water at

different temperatures. C(t) for TIP4P and TIP5P hydration water exhibit similar

decay behaviours (not shown). In general, the profiles consist of a fast decay on the

picosecond timescale followed by slower dynamics. For most temperatures, C(t)

does not fully decay to zero on the present timescale of ∼500 ps. For temperatures

T>220K (above the dynamical transition temperature) C(t) decays rapidly (< 50
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ps) to ∼ 0.5, but the decay is much slower at lower T.

There is good agreement between the fitted curves of Eq. 6 and the data (Fig.

6 A). Fig. 7 and Tbl. 4 present the temperature dependence of the resulting fit-

ted parameters. At low T (≤180K), the process associated with relaxation time τ2

dominates, with a weight factor, 1− a0− a1 ≈ 1. A decrease of 1− a0− a1 (i.e., an

increase of a0 and/or a1) is observed for T>180K, indicating the activation of addi-

tional relaxation processes. For T≥240K the three components are approximately

equally weighted.

The temperature dependences of the weights and values of τ0 and τ1 behave very

similarly to each other, with the weight of the τ1 component being larger and the

values being∼10 times larger than τ0. τ0 and τ1 have broad maxima at∼260 K and

210 K, respectively. For temperatures T≤180K, the τ1 component jumps to high

values, accompanied by a drop in its weight.

The relaxation times τ , derived by Eq. 7, are given in Fig. 6 B. Relaxation times

at 300 K from the full sets of simulations at this temperature are 31± 3, 35± 3, and

32 ± 6 ps (TIP3P, TIP4P, and TIP5P) and rise by two orders of magnitude as the

temperature decreases to 160 K.

At temperatures T>T ∗, glass-forming liquids exhibit an Arrhenius relaxation

mechanism τ ∝ exp(−Eβ/kBT ) due to the behaviour of the β-relaxation which,

at T ∗, splits into a fast β-relaxation and a slow α-relaxation [105, 106]. The α-
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relaxation may often be described with a Vogel-Fulcher-Tammann (VFT) equation

over the range Tg < T < T ∗, i.e.,

τ(T ) = τcexp

(
A

T − T0

)
(8)

with fitting parameters τc, A, and T0. Cooperativity of β-relaxation events has

been suggested as the origin of the α relaxation. A similar VFT relationship be-

tween τ and T has been used in glass physics [105], where T0 has been hypothesized

to be the Kauzmann temperature andA =
Eβ
R

T ∗−T0

T ∗
withEβ as the activation energy

for the β-relaxations. The Kauzmann temperature is the temperature, at which the

entropies of the supercooled liquid and the corresponding crystal are in principle be

equal [106, 107].

Angell proposed a “fragile-to-strong” classification of liquids in which relax-

ation times of “strong” liquids follow an Arrhenius trend (e.g. SiO2) whereas “frag-

ile” liquids deviate from such a behaviour [108]. The VFT relation describes well

the present data for T>160K, thus classifying the protein hydration shell water as

a “fragile” liquid in Angell’s scheme.

3.5. Local orientational ordering

The local orientational ordering of water dipoles can be quantified by the distance-

dependent Kirkwood G-factor, defined as follows [109]:
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GK,h(r) =
〈
~µi · ~M(r)

〉
(9)

with

~M(r) =
∑
rij≤r

~µj (10)

where ~µi denotes a unit vector in the direction of the dipole moment of molecule

i. GK,h(r) is equal to two if a pair of water dipoles is parallel. Elevated GK,h(r)

therefore corresponds to high angular correlations between water molecules.

Fig. 8 shows Grmax
K,h (T ), as a function of temperature for different water models,

where rmax is the most-probable near neighbour distance, taken to be equal to the

position of the first peak in the water oxygen-oxygen radial distribution function

gOO(r) (∼2.8 Å). Other simulation studies obtained similar values for Grmax
K,h (T ) at

∼2.8 Å and 300 K [110, 111].

A systematic decrease in Grmax
K,h (T ) is evident above 210 K for all water models,

associated with the increased diffusion (see Fig. 3 B). TIP4P exhibits lower angular

correlation in the hydration layer, indicating that the TIP4P dipoles are less strongly

aligned. The results reported in Figs. 3 A/B and Fig. 8 are consistent with dynam-

ical coupling between the protein and the solvent since the transition consistently

occurs at ∼220 K, captured by all TIP water models investigated here.
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4. Conclusions

The effect of the variation of the water model on the temperature dependence of

protein and hydration water dynamics have been investigated here by performing

molecular dynamics simulations of hydrated myoglobin. Both protein and water

properties were analysed, including the time-averaged structures of the protein, the

average mean-square displacements of the protein and water atoms, the solvent

reorientational relaxation times, and pair angular correlations between the water

molecules.

Variation of the water model between TIP3P, 4P, and 5P leads to the same time-

averaged structures of the protein to within statistical error. Also, for all three water

models, the temperature-dependent mean-square displacement exhibits the well-

known dynamical transition at T≈220K.

Mid-infrared pump-probe spectroscopy on the dynamics of HDO in H2O yielded

an orientational lifetime of τPP = 2.5 ps for bulk water and τPP > 10 ps for “immo-

bilized” water in the solvation shell of tetramethylurea [34, 112] which corresponds

to a retardation factor of 4. The bulk water relaxation time τD was derived to be

8.8 ps from molecular dynamics studies and 7 ps from experiments on dielectric

relaxation, both at 303 K [113]. 1

1Pump-probe experiments measure different lifetimes than dielectric relaxation experiments or the present simulation data:
whereas the lifetime τPP from pump-probe experiments is related to the second-order correlation function 〈P2 (cos θ(t))〉
(where P2 is the second-order Legendre polynomial), the lifetimes τD from dielectric relaxation and the present work are
determined by the first-order correlation function 〈P1 (cos θ(t))〉. The ratio between τPP and τD depends on the details of
molecular diffusion: τPP = 3τD for simple rotational diffusion, but is different for other types of dynamics [114].
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Experiments and simulations have shown that the reorientational dynamics of

protein hydration water is slowed down relative to the bulk e.g., [6, 27, 28, 35, 37,

41], with the slowing down being influenced by heterogeneous surface roughness

and charge distribution [22, 25, 40, 41, 104].

A recent measurement of cell water dynamics estimates the rotational correlation

time for water directly interacting with biomolecular surfaces to be 27 ps [15]. The

present protein hydration water relaxation times at 300 K are 31 ± 3, 35 ± 3, and

32±6 ps for TIP3P, TIP4P, and TIP5P, respectively. These times are very similar to

each other and to the values in Ref. [15], and are approximately a factor of 4 slower

then the bulk relaxation times measured in Ref. [113].

The pair angular correlations, calculated using the Kirkwood G-factor, indicates

that TIP4P exhibits somewhat lower angular correlation, although the difference is

not large (∼10 %). A decrease in the G-factor accompanies the dynamical transi-

tion.

Taken together, the present results suggest that the global dynamical properties

of the protein and hydration water are not significantly affected by variation of the

water models among TIP3P, TIP4P, and TIP5P. Although they have documented

different bulk phase properties, the water models behave similarly on the protein

surface for the quantities investigated.

Furthermore, it has been previously shown that the SPC/E water model [115]
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with the GROMOS protein force field [116] also reproduces the protein dynamical

transition at the same temperature [96].
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TIP3P TIP3Pm TIP4P TIP5P
qH/e 0.417 0.417 0.520 0.241
qO/e -0.834 -0.834
qM/e -1.040
qL/e -0.241
σOO/Å 3.5364 3.5364 3.5399 3.5021
εO/kcal/mol 0.1521 0.1521 0.1550 0.1600
σHH/Å 0.4490
εH/kcal/mol 0.0460
rOH/Å 0.9572 0.9572 0.9572 0.9572
rOM/Å 0.15
rOL/Å 0.7
θHOH/deg 104.52 104.52 104.52 104.52
θLOL/deg 109.47

Table 1: TIP3P, TIP4P, TIP5P, and TIP3Pm potential energy parameters

T / K TIP3P TIP4P TIP5P
150 0.0018 ± 0.0000 0.0018 ± 0.0002 0.0007 ± 0.0001
160 0.0043 ± 0.0002 0.0016 ± 0.0002 0.0007 ± 0.0002
170 0.0171 ± 0.0007 0.0025 ± 0.0002 0.0009 ± 0.0001
180 0.0444 ± 0.0033 0.0036 ± 0.0001 0.0009 ± 0.0000
190 0.116 ± 0.0045 0.0086 ± 0.0011 0.0009 ± 0.0001
200 0.3104 ± 0.0075 0.0193 ± 0.0004 0.0014 ± 0.0000
210 0.5058 ± 0.0146 0.04 ± 0.0007 0.0028 ± 0.0004
220 0.8463 ± 0.0032 0.1306 ± 0.0026 0.003 ± 0.0001
230 1.243 ± 0.0177 0.2699 ± 0.0010 0.0073 ± 0.0016
240 1.7191 ± 0.0464 0.4948 ± 0.0044 0.0202 ± 0.0002
250 2.3816 ± 0.0269 0.8021 ± 0.0017 0.0459 ± 0.0072
260 2.8328 ± 0.0261 1.1895 ± 0.0040 0.2601 ± 0.0001
280 3.9614 ± 0.1640 2.1882 ± 0.0674 1.1849 ± 0.0100
300 5.4596 ± 0.0158 3.595 ± 0.0581 2.8162 ± 0.0190

Table 2: Diffusion constants in units of 10−5cm2/s calculated using the Einstein relation for TIP3P, TIP4P,
and TIP5P from a 30 Å cubic water box with the same electrostatic treatment as in the protein simulation.
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TIP3P TIP4P TIP5P
τc/ps 0.01 21 0.5
A/K 3810 403 1904
T0/K -145 79 -55

Table 3: Fitted parameter values for Eq. 8

T / K TIP3P TIP4P TIP5P T / K TIP3P TIP4P TIP5P

a0

160 0.08 0.10 0.09

τ0

160 0.00 1.88 5.11
170 0.08 0.08 0.11 170 0.10 0.11 7.15
180 0.09 0.09 0.08 180 0.15 0.18 0.21
190 0.11 0.10 0.08 190 0.41 0.17 0.31
200 0.14 0.12 0.09 200 0.83 0.41 0.29
210 0.16 0.15 0.12 210 1.06 0.91 0.78
220 0.21 0.18 0.14 220 1.74 1.26 0.74
230 0.23 0.19 0.18 230 1.66 1.01 1.38
240 0.29 0.24 0.24 240 2.18 1.66 2.06
260 0.40 0.33 0.25 260 2.60 1.85 1.11
280 0.42 0.38 0.28 280 1.63 1.39 0.69
300 0.30 0.32 0.29 300 0.44 0.55 0.43

a1

160 0.06 0.00 0.00

τ1

160 78.22 1049.77 2710.67
170 0.06 0.05 0.00 170 25.05 27.77 1984.47
180 0.07 0.08 0.08 180 26.10 48.92 45.39
190 0.14 0.11 0.09 190 53.70 41.52 42.55
200 0.20 0.14 0.12 200 59.20 61.70 37.20
210 0.24 0.27 0.18 210 56.04 79.61 63.44
220 0.31 0.30 0.27 220 50.97 64.38 51.01
230 0.38 0.35 0.33 230 45.34 44.00 53.98
240 0.41 0.40 0.39 240 42.57 44.90 49.49
260 0.40 0.41 0.44 260 38.17 29.87 24.68
280 0.39 0.44 0.43 280 22.27 19.51 12.89
300 0.43 0.45 0.43 300 7.32 10.09 7.46

1− a0 − a1

160 0.86 0.90 0.91

τ2

160 2819.49 3498.03 3679.43
170 0.87 0.87 0.89 170 1714.96 1939.45 3007.36
180 0.84 0.83 0.84 180 1535.37 1245.80 1650.42
190 0.75 0.79 0.83 190 963.95 1182.51 1538.97
200 0.66 0.73 0.78 200 890.55 1020.11 1156.62
210 0.60 0.58 0.69 210 610.75 968.10 1007.51
220 0.48 0.52 0.59 220 580.03 736.41 838.47
230 0.40 0.46 0.49 230 594.33 690.84 741.91
240 0.30 0.35 0.38 240 515.06 443.10 431.47
260 0.20 0.26 0.31 260 398.39 349.69 280.67
280 0.19 0.18 0.29 280 269.09 235.99 123.27
300 0.27 0.23 0.28 300 86.83 119.99 86.76

Table 4: Fitted parameter values for Eq. 6. τ1, τ2, and τ3 in ps.
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Figure 1: TIPnP geometries. Dashed lines represent 1/2 of the van der Waals radius σ0.
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same or in different water models. “SELF” refers to RMSD values between protein structures solvated
by the same water model whereas “CROSS” refers to deviations in configurations between the models.
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Figure 3: (A) Mean-square displacement of myoglobin solvated in TIP3P, TIP4P, or TIP5P as a function of
temperature. The inset shows an expanded view of the low temperature region up to T≈210K. (B) Mean-
square displacement of the water as a function of temperature. The insets (B.1) and (B.2) give expanded views
since the data cover multiple orders of magnitude. (C) Mean-square displacement of myoglobin in TIP3P as a
function of time at different temperatures.
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Figure 4: (A) Mean-square displacement of TIP3P, TIP4P, or TIP5P water molecules as a function of tem-
perature from bulk water simulations. The inset shows an expanded view of the low temperature region. The
solid lines corresponds to linear fits for T = 20 - 100 K. (B) Mean-square displacement as a function of time
for TIP3P and various temperatures. The insets shows data belonging to further temperatures in an appropriate
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Figure 5: Fraction of residues exhibiting anharmonic dynamics.



46

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  100  200  300  400  500

240 K
220 K

200 K

180 K
160 K

Eq. 5 for TIP3P
Eq. 6 Fit

260 K
280 K

300 K

t / ps

(A)

(B)

 0

 1000

 2000

 3000

 4000

 5000

 6000

 160  180  200  220  240  260  280  300

ta
u 

/ p
s

T / K

TIP3P
Eq. 8 Fit TIP3P

TIP4P
Eq. 8 Fit TIP4P

TIP5P
Eq. 8 Fit TIP5P
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Vogel-Fulcher-Tammann equation fitted (Eq. 8) according to Eq. 7.
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Figure 7: Fitted parameter values a0, a1, 1− a0 − a1, τ0, τ1, and τ2 from Eq. 6. Lines connect points as guide
to the eye. Numerical values are given in Tbl. 4.



48

 1.45
 1.5

 1.55
 1.6

 1.65
 1.7

 1.75
 1.8

 1.85
 1.9

 20  60  100  140  180  220  260  300

G
K

,h
(r

m
ax

)

T / K

TIP3P
TIP4P
TIP5P
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