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Chapter 6

Effects of bundling on the
properties of the SPC water
model

Nothing in the world is more flexible and yielding
than water. Yet when it attacks the firm and the strong,

none can withstand it, because they have no way to change it.
So the flexible overcome the adamant, the yielding overcome the

forceful. Everyone knows this, but no one can do it.

Lao-Tse

Simultaneous representation of molecules at an all-atom and coarse-grained level,
as required by multiscaling molecular dynamics simulations, poses problems for
the treatment of small molecules. If more than one of these molecules are mapped
to a single coarse-grained interaction site, unrestricted movement in the all-atom
representation can make a meaningful correspondence of the coordinates be-
tween the two representations impossible. Restricting the relative movement of
molecules mapped to the same coarse-grained interaction site solves that problem,
but will have consequences for the properties of the model. Here we investigate
the effects of introducing bundling to the common simple point charge (SPC) wa-
ter model and present a bundled water model that preserves important properties
of SPC water relevant for multiscaling.

6.1 Introduction

Coarse-grained models have become a powerful tool in molecular dynamics sim-
ulations, significantly increasing the accessible system sizes and time scales of
simulations [83]. Although the resolution of coarse-grained simulations is suffi-
cient for a broad range of applications, for some questions the resolution of an
all-atom model is required. However, the higher resolution of the fine-grained
representation is often not needed for the entire system, or not necessary for the
entire duration of the simulation. For these cases, multiscaling methods are being
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76 CHAPTER 6. BUNDLING SPC WATER

developed in which different parts of the system are represented in different detail
or the level of detail can be smoothly switched from coarse-grained to all-atom
and vice versa [84].

The current approaches to accomplish this involve treating the system at both
levels of detail simultaneously and require a mapping of atoms of the fine-grained
representation to the interaction sites of the coarse-grained representation, where
the coordinates of those coarse-grained beads are set to be identical to the center-
of-mass of the corresponding fine-grained atoms (for examples see publications
on spatial multiscaling, e.g. [85], and Hamiltonian exchange, e.g. [86]). Nat-
urally, this leads to problems when several small molecules are mapped to the
same coarse-grained bead because the correspondence of the coordinates between
the representations becomes meaningless when the fine-grained molecules diffuse
too far away from each other. It therefore becomes necessary to restrict the rel-
ative movement of small molecules that are mapped to the same coarse-grained
interaction site for the duration of the simultaneous simulation.

Solvent is the most commonly needed small molecule in molecular dynamics
simulations, making water an ideal candidate for studying the effects that intro-
duction of bundling has on the properties of the model. Here we present a water
model based on the widely used SPC water model [87], restricting the relative
movement within groups of four water molecules as required for multiscaling simu-
lations based on the MARTINI coarse-grained model [46]. A number of properties
of the bundled model important for multiscaling are compared to the properties of
SPC water and the MARTINI model. The bundled water model should, however,
also be applicable in combination with other coarse-grained models based on a
four-to-one mapping.

6.2 Methods

6.2.1 General simulation setup

All simulations were performed using the Gromacs software package version 3.3.1
[67] employing the leapfrog integrator. The simulations are either purely (bun-
dled) fine-grained or coarse-grained. No multiscaling simulations or translations
from coarse- to fine-grained or vice versa are reported in this publication.

All-atom simulations The fine-grained simulations are based on the GRO-
MOS 53A6 force field [88] using a timestep of 2.5 fs. Non-bonded interactions
were calculated using a twin-range cut-off scheme. Lennard-Jones and Coulomb
interactions within 0.9 nm were evaluated every timestep based on a neighbor
list updated every 5 steps. Interactions beyond that cut-off but within 1.4 nm
were calculated at every update of the neighbor list and assumed constant until
the next update. For electrostatic interactions beyond 1.4 nm a reaction field
correction [89] was included with a dielectric constant of 54.

Except noted otherwise, the simulations were carried out in a cubic simulation
box under periodic boundary conditions at isotropic pressure coupling using the
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Berendsen scheme [53] with a reference pressure of 1 bar, a coupling time constant
of 0.5 ps and a compressibility of 4.6x10−4 bar−1. The temperature was coupled to
298 or 323 K using the Berendsen thermostat [53] with a coupling time constant
of 0.1 ps. Simulations were performed starting from an equilibrated system of
1,068 water molecules.

In the simulations using the unmodified SPC water model the water geometry
was constrained using the SETTLE algorithm [90]. This was no longer possible in
the bundled models and the equivalent rigid-body geometry of water was achieved
by using the LINCS algorithm [91] to constrain the atoms of the individual water
molecules to a distance of 0.1 nm between oxygen and hydrogen and 0.1633 nm
between the two hydrogen atoms.

Two applications using the bundled water models were performed. A lipid bi-
layer consisting of 36 dipalmitoylphosphatidylcholine (DPPC) molecules solvated
with 40 water molecules (10 bundles of 4 water molecules) per lipid was simulated
at a temperature of 323 K under semi-isotropic pressure coupling conditions. The
model for DPPC is a development version of the GROMOS 53A6 force field for
lipids [92]. It has been shown that a system of this size is sufficient to yield
representative bilayer properties [93]. The starting configuration was taken from
an equilibrated system using SPC water. Water was bundled by applying the
restraints as appropriate for the bundled models in stages. Short simulations of
10-100 ps were performed during which the bundles formed from the dispersed
water molecules without noticeable artifacts. Once all water bundles were formed,
production runs of 25 ns were started.

The second application is that of a protein in water. Hen egg-white lysozyme
(Protein Data Bank entry 1AKI [94]) was solvated in water. Bundling the water
was performed in stages with the protein atoms frozen in place to avoid deforma-
tion. Energy minimization and a short equilibration run (10 ps) set the system up
for production. Production runs were analyzed over the first 10 ns of simulation.

Additional changes made to the SPC water model in the process of bundling
are documented in Sect. 6.3.

Coarse-grained simulations The coarse-grained simulations were made us-
ing the MARTINI model [46] using a timestep of 40 fs. Lennard-Jones and
Coulomb interactions were calculated every step for atoms within a cut-off of
1.2 nm according to a neighbor list updated every 10 steps. Both the Lennard-
Jones and Coulomb potential were modified with a shift function to smoothly
reduce them to zero at the cut-off. Electrostatic interactions were screened with
an effective dielectric constant of 151.

Except noted otherwise, the simulations were carried out in a cubic simulation
box under periodic boundary conditions at isotropic pressure coupling using the
Berendsen scheme [53] with a reference pressure of 1 bar, a coupling time constant
of 1.2 ps and a compressibility of 5.0x10−5 bar−1. The temperature was coupled
to 298 or 323 K using a Berendsen thermostat [53] with a coupling time constant

1Details of the MARTINI model can be found in the original publication [46].
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of 0.5 ps. Simulations were performed starting from an equilibrated system of 267
water beads (corresponding to 1,068 water molecules).

6.2.2 Determination of specific properties

Diffusion coefficients Data was gathered over 5 ns for the fine-grained sys-
tems and over 40 ns for the coarse-grained comparison with an output-frequency
of 1 per 2.5 ps for both.

The center-of-mass coordinates were extracted from the trajectory for all ob-
jects (molecules or bundles or coarse-grained beads) in the system and used to
calculate the mean-square displacement (MSD, 〈r2〉). A final plot of the average
MSD and of the standard-error in the MSD as a function of time t was obtained
by collecting the statistics over all molecules. Using the Einstein relation

〈r2〉 = 6Dt+ C, (6.1)

the diffusion coefficient D was obtained as one sixth of the slope of the plot. This
was done by fitting a linear function to the MSD plot starting from t = 50 ps up
to the maximum time at which both the plot of the mean-square displacement
and the standard-error still appear linear (0.3 ns). Error values were obtained in
the same manner as one sixth of the slope of the standard-error plot.

Viscosity The shear viscosity was calculated using the Einstein method relating
the shear viscosity to the time autocorrelation of the off-diagonal elements of the
stress tensor σ [95].

η =
V

2kBT

d

dt

〈[∫ t

0
σ(t′)dt′

]2
〉

(t→∞) (6.2)

The data was obtained from 2.5 ns of simulation, writing the stress data every 10
fs.

Rotational autocorrelation Specifically, the orientation of the vector defined
by the cross-product of the two vectors corresponding to the O–H bonds was cor-
related using the cosine of the angle between the orientations at different time
points. The autocorrelation was obtained for each molecule individually and
averaged over groups of 12 water molecules before fitting to the bi-exponential
decay-function:

f(t) = ce−t/τ1 + (1− c)e−t/τ2 . (6.3)

Final values of the fitted parameters were obtained as the average over all groups.
500 ps of simulation with an output-frequency of 1 per 5 fs were analyzed.

Surface Tension The simulations were started from an equilibrated system of
2,136 water molecules in a rectangular simulation box of 3.2292×3.2292×12.9 nm3

with the water molecules forming a continuous layer in the xy-plane but well
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separated from their periodic images in the z direction. The simulations were run
at constant volume for 1 ns generating output every 10 fs.

The surface tension γ was then calculated according to

γ = Lz

(
Pz −

Px + Py
2

)
1

2
, (6.4)

where Lz is the box-length in the z direction and Px, Py and Pz are the time
averaged diagonal elements of the pressure tensor in the x, y and z dimension,
respectively. The factor 1/2 stems from the fact that there are two surfaces in the
system.

Free energies of hydration Hydration free energies ∆Ghyd were obtained for
butane, ethanol and Na+ and Cl− ions using thermodynamic integration [96].
Several 1 ns simulations were performed in which the interactions of the solute
with the solvent were scaled with a constant factor λ with values from 0 (full
interaction) to 1 (no interactions) recording the dH/dλ values every 2.5 fs (where
H is the enthalpy). Simulations were performed for λ values spaced 0.1 apart. De-
pending on the different solutes, additional simulations were performed in regions
where dH/dλ varies strongly as a function of λ.

For each λ value the average dH/dλ value and error estimate were obtained,
both of which were plotted against λ. The free energy differences ∆G between
interacting and non-interacting solute and the corresponding errors were obtained
as the integral of the respective plots.

For each solute the process was performed in vacuum (∆Gvac) and in each of
the water models (∆Gsol). The free energy of hydration in each water model was
then obtained as

∆Ghyd = ∆Gvac −∆Gsol, (6.5)

and the error value as the sum of the errors in ∆Gvac and ∆Gsol.

Error values For average properties calculated from a time series the given
error values are error estimates obtained via block-averaging [68]. For properties
averaged over an ensemble of N molecules or groups of molecules, the standard-
error is given.

6.3 Parametrization of the bundled SPC water

model

The bundling potential The effect that has to be accomplished by the bundling
is to keep the clustered molecules as first neighbors. Otherwise, mixing water bun-
dles could have very close (or identical) centers-of-mass, giving rise to overlapping
interaction sites in the coarse-grained representation.

The bundling is achieved via the introduction of attractive harmonic potentials
between all pairs in the groups of clustered water molecules, causing the clusters
to adopt a roughly tetrahedral shape. Since the equilibrium distance for first
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Figure 6.1: The effects of bundling on the density of water at 323 K as a function of
the strength of the introduced restraining potential. The density of SPC water under
the simulated conditions is 952.3 kg m−3. The line between the calculated points serves
to guide the eye.

neighbors in the SPC water model is approximately 0.28 nm, it makes little sense
to have the potentials already affect the molecules within that distance and we
chose to have the potentials start at an onset of 0.3 nm. At that distance, the
potential starts at zero and continues according to

Vbundling =
1

2
kdr(rij − 0.3nm)2 (6.6)

in which kdr is the force constant and rij is the distance between the oxygen atoms.

Reproducing the density The most important property to reproduce is the
density. We therefore chose to model the bundled water to have a density of 952.3
kg m−3 which is the density of SPC water at 323 K2 under the conditions of our
simulations. The introduction of attractive potentials will increase the density of
the model, with the extent of the increase depending on the strength of the force
constant.

Fig. 6.1 shows the effect of the restraining force constant kdr on the density
for SPC water at 323 K. The increase of the density is significant, with a high
force constant effecting a greater increase than a small one. However, lowering
the force constant will only reproduce the original density at zero. Therefore, a
compensating interaction to decrease the density is needed. This was initially at-
tempted by increasing the distance of water molecules within one cluster without
directly affecting the interactions of molecules belonging to different clusters. Un-
fortunately, introducing a repulsive harmonic potential between the oxygen atoms
or alternatively increasing the C12-parameter of the Lennard-Jones potential

VLJ(rij) =
C12

r12
ij

− C6

r6
ij

(6.7)

2323 K was chosen because it is a standard temperature for many lipid systems which are of
special interest to the author.
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Table I: Overview of the parameters changed with respect to SPC water in the models
used to study the effects of bundling (kdr: Force constant of the introduced restraining
force, C12: C12-parameter of the Lennard-Jones interaction between oxygen atoms).

kdr [kJ mol−1 nm−2] C12 [kJ mol−1 nm12]

Model 1 1000 3.25x10−6

Model 2 4000 3.45x10−6

SPC n/a 2.634129x10−6

from its original value of 2.634129x10−6 kJ mol−1 nm12 for the oxygen-oxygen
interaction within the bundled clusters caused the clustered molecules to be-
come second neighbors, i.e. separated from the rest of the bundled molecules
by molecules from another bundle, before the desired density was reached (data
not shown). We therefore decided to increase the C12-parameter of the Lennard-
Jones interaction between all water oxygen atoms.

In Fig. 6.2 the dependence of the density on the restraining force constant
is shown for a number of C12-parameters. According to these results, a force
constant of 500 kJ mol−1 nm−2 (or even lower) would appear to be a good choice
for a bundled water model, but closer examination revealed that under these
conditions clustered water molecules occasionally become second neighbors. We
therefore focused on the force constants of 1000 and 4000 kJ mol−1 nm−2 and
performed additional simulations varying the C12-parameters around the values
that had the density closest to that of SPC water. A plot of the observed densities
is shown in Fig. 6.3.

The two models with the best matching densities were chosen to further study
the effects of bundling and shall be referred to as models 1 and 2, respectively
(see Table I for the exact parameters used). Additional simulations at 298 K show
that the agreement between the densities of the models is also preserved at that
temperature (data not shown).

6.4 Effects of the bundling

Radial distribution The radial distribution g(r) provides valuable informa-
tion on the structure of water in the different models. Fig. 6.4 shows the radial
distribution for oxygen atoms of all water molecules in the system (top) and for
only the oxygens within one cluster of bundled water molecules (bottom) at 323 K.
In the bundled models, the distribution is shifted towards larger radii, as would be
expected from the increased Lennard-Jones C12-parameters. While the position of
the peak representing the first neighbors is only slightly shifted and still overlaps
with the peak from SPC water, the peak corresponding to the second neighbors
is shifted much further and lies at approx. 0.58 nm as opposed to 0.47 nm in SPC
water. In addition, the number of water molecules in the first hydration shell of
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Figure 6.2: Density of water as a function of the strength of the bundling potential for
different Lennard-Jones C12-parameters given in the legend in units of 10−6 kJ mol−1

nm12. The horizontal dashed line indicates the density of SPC water under the simulated
conditions. Lines between calculated points are meant to guide the eye.
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Figure 6.3: Fine-tuning of the Lennard-Jones C12-parameters for the models with a
force constant of 1000 kJ mol−1 nm−2 (circles) and 4000 kJ mol−1 nm−2 (squares),
respectively. The horizontal dashed lines indicate the 67% confidence interval of the
density of SPC water under the simulated conditions. Lines between calculated points
serve as guides to the eye.
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Figure 6.4: Radial distribution of oxygen atoms for SPC water and the bundled models
at 323 K. The radial distribution is given for all molecules in the system (top) and for
the molecules within a single cluster (bottom).

water is increased in the bundled models compared to SPC.

Comparing the two bundled models, it is found that the first neighbors are
on average farther apart in model 2. As seen from the radial distribution for
the single clusters, both models prevent bundled molecules from becoming second
neighbors at all times, with model 2 displaying a more narrow distribution of
distances within the bundles, showing the effects of the higher force constant.

In Fig. 6.5, the radial distribution of the centers-of-mass of the fine-grained
water clusters is compared to the radial distribution of the coarse-grained beads
in the MARTINI model at 323 K. Here, the agreement is much better than for the
comparison at the level of water molecules. While the first neighbor peak starts at
lower radii in the fine-grained models due to the relative movement of the bundled
water molecules, the maxima appear at similar positions. The peaks for the second
neighbors lie at a slightly larger radius for the fine-grained bundles than for the
coarse-grained beads, which again can be rationalized as being due to the relative
movement still allowed in the bundles. It is interesting to note that similar findings
were reported for hexadecane when comparing the MARTINI model to mapped
fine-grained hexadecane [97]. One may conclude that the repulsive potential used
in the MARTINI model is too steep to faithfully reproduce the effective repulsion
between groups of atoms.

Comparing the two fine-grained models, the onset of the first neighbor peak is
at a slightly lower distance for model 1 in agreement with the wider distribution
of distances at the lower force constant of this model.

A potential problem for multiscaling simulations is the smallest distance ob-
served between the centers-of-mass for the bundled models. While not visible in
Fig. 6.5, there are sporadic occurrences of distances as low as 0.1 nm for both
models. While these would lead to large forces when directly translated to a
coarse-grained representation, it is likely that the forces from the simultaneous
coarse-grained representation in an actual multiscaling simulation would prevent
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Figure 6.5: Comparison of the radial distributions of the centers-of-mass of the bundled
water models with the radial distribution of the water beads in the coarse-grained
MARTINI model at 323 K.

them. This is, however, a general problem of multiscaling simulations and not
limited to the simulation of small molecules. As such, it will have to be addressed
on a different level than the water model.

Simulations at 298 K show almost identical radial distributions (data not
shown).

Diffusion The diffusion for the water molecules in our model will be influenced
strongly by the bundling itself. Since bundled water has to move as a tetramer
with a higher hydrodynamic radius and thus larger friction than SPC water, the
diffusion coefficients are expected to be lower according to the Stokes-Einstein
model. Reproducing the value of SPC water therefore cannot be our intention.
However, diffusion can provide information on molecular interactions and is a way
to compare the two chosen sample models.

Table II shows the observed diffusion coefficients for the different models in-
cluding the coarse-grained MARTINI model. As predicted, the diffusion coef-
ficients for the water molecules are much lower in the bundled models than in
SPC water. However, proper comparison should be made between the diffusion
of bundled water and that of four independently diffusing SPC water molecules,
which corresponds to the limit of no restraining potential. It can be shown that
the diffusion coefficient of SPC water should therefore be divided by four [101],
and thus the diffusion coefficients of the bundled water models compare quite well
to the reference values of 1.05×10−9 m2s−1 at 298 K and 1.55×10−9 m2s−1 at 323
K. The fact that the bundled molecules diffuse slightly faster than independent
molecules is likely caused by the coordinated movement enforced by the bundling.

Comparing the two bundled models, the values for the diffusion coefficients lie
within each other’s confidence intervals. Looking at the trend of the diffusion co-
efficients D with temperature our results are found to be in qualitative agreement
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Figure 6.6: Average rotational autocorrelation for the different models at 298 K.

with the Stokes-Einstein relation

D =
kBT

6πηr
. (6.8)

It anti-correlates well with the viscosity η, which is also reported for the different
models in Table II. The hydrodynamic radius r, as reflected by the similar radial
distributions, does not change much with the temperature and therefore does not
explain the observed changes in diffusion.

Rotational autocorrelation After studying the translation of water molecules
in the different models, rotational movement was examined, which gives us further
insight into the interactions between the molecules in the bundled water models.
Generally, two kinds of rotation can be distinguished for molecules in solution -
the rapid rotational vibrations between collisions and the slower tumbling, with
which the orientation of molecules changes over longer times as the net-result of
the faster rotations. We therefore chose the bi-exponential decay-function Eq. 6.3
as a model for the autocorrelation of the orientation. The parameter τ1 dominates
the behavior for short times t and represents the rapid rotations, whereas the
parameter τ2 becomes more important at longer times and can be interpreted as
the decay of orientational correlation via tumbling.

A graph of the rotational autocorrelation is given in Fig. 6.6 and Table III
shows the fitting parameters that best match the data obtained for our models
and SPC water. The values of the parameters τ1 and c are very close for the
different models. Since the tumbling movements and in correspondence τ2 are
more sensitive to the inter-molecular interactions we will focus our discussion on
this parameter. Note that our value for SPC water (τ2 = 2 ps) is slightly higher
than that found by van der Spoel et al. (1.6 ps) [102]. They used a slightly
smaller long-range cut-off value of 1.2 nm. Comparison to experiment is com-
plicated because different relaxation mechanisms may contribute to a particular
measurement. Our value is quite close to the value of 2.4 ps determined by Halle
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Table II: Diffusion coefficients D, viscosities η, and surface tensions γ of the different
water models at 298 and 323 K. For comparison experimental values at 298 K are given
for D [98], η [99], and γ [100].

298 K D [10−9 m2 s−1] η [mPa s] γ [mN m−1]

Model 1 1.26 ± 0.05 0.85 44 ± 2
Model 2 1.24 ± 0.07 0.99 40 ± 1
SPC 4.21 ± 0.19 0.50 48 ± 1
MARTINI 1.92 ± 0.03 0.75 33 ± 1
Expt. 2.3 (300 K) 0.89 71.98±0.10

323 K D [10−9 m2 s−1] η [mPa s] γ [mN m−1]

Model 1 1.80 ± 0.11 0.69 41 ± 2
Model 2 1.81 ± 0.10 0.69 39 ± 2
SPC 6.19 ± 0.29 0.34 47 ± 1
MARTINI 1.97 ± 0.04 0.69 30 ± 1
Expt. 0.55

Table III: Rotational autocorrelation - Fitting parameters for the bi-exponential decay-
function Eq. 6.3 of the different water models at 298 and 323 K.

298 K c τ1 τ2

Model 1 0.22 ± 0.02 0.11 ± 0.02 1.40±0.02
Model 2 0.20 ± 0.01 0.07 ± 0.01 1.19±0.01
SPC 0.22 ± 0.04 0.20 ± 0.04 1.97±0.03

300 K c τ1 τ2

Model 1 0.21 ± 0.01 0.07 ± 0.01 1.04±0.01
Model 2 0.22 ± 0.01 0.08 ± 0.01 0.85±0.01
SPC 0.21 ± 0.02 0.10 ± 0.02 1.34±0.02
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and Wennerström obtained from measuring quadrupolar relaxation using NMR
[103].

Rotation is faster in the bundled models indicating a lower friction with that
effect being more pronounced in model 2. Looking at the radial distribution
(Fig. 6.4, top), it is clear that the water molecules are on average farther apart in
the bundled models than in the SPC model reflecting the larger Van-der-Waals
radius due to the increased C12-parameter. Taking into account that there are
no Van-der-Waals interactions for hydrogen atoms, rotation is almost exclusively
affected by electrostatic interactions and a higher distance between the water
molecules thus entails weaker electrostatic interactions and thereby faster rota-
tions. In addition, dipole-dipole electrostatic interactions decay more rapidly
than the number of interactions increases with distance, making the position of
the first peak in the radial distribution the most significant for the assessment of
the strength of these interactions. Judging from the radial distribution one would
thus expect rotations to be faster in the bundled models with model 2 being faster
than model 1, which rationalizes our results.

Surface tension When a simulated system includes an interface separating an
aqueous region from another, the energy costs associated with maintaining that
interface become important. In our simulations we measured the surface tension
of a water-vacuum interface.

Table II shows the surface tension γ obtained for our models and SPC water.
Both bundled models have a lower surface tension than SPC water with model
2 being slightly lower than model 1. Since, like rotational friction, the surface
tension of water is mostly determined by electrostatic interactions, this finding is
consistent with our interpretation of weaker electrostatic interactions due to an
increase of the average distance of the first neighbors.

While the reduced surface tension might affect the outcome of simulations,
it is of less importance for the purpose of multiscaling simulations based on the
MARTINI model, in which the surface tension is even lower than in the bundled
models.

Hydration free energy The interaction of water with other molecules is also
an important property to reproduce. Free energies of solvation are a good indicator
for changes in these interactions in the bundled water models and directly influence
the behavior of solutes. Table IV shows the hydration free energies for ethanol
and butane as examples of organic molecules of different hydrophobicity, and for
the Na+ and Cl− ions.

The results show very good agreement between the hydration free energies
of ethanol and butane in bundled and in SPC water. Since the interactions of
the water molecules with the solute have not been changed directly, the observed
changes depend solely on the changed interactions of water with itself, showing
that the changes in structure as seen in the radial distributions do not affect
the interaction with solutes too strongly. For the charged species, the effects of
bundling on the hydration free energy are seen to be considerably larger than
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Table IV: Free energies of hydration ∆Ghyd of butane, ethanol and Na+ and Cl− ions
for the different water models at 298 K (top) and 323 K (bottom). For comparison the
values for the hydration of the corresponding coarse-grained beads in MARTINI water
and experimental values for butane and ethanol [104] are also given.

∆Ghyd [kJ mol−1]
Butane Ethanol Na+ Cl−

Model 1 +6.6 ± 1.3 -23.0 ± 1.4 -395.7 ± 1.1 -380.6 ± 1.9
Model 2 +5.7 ± 1.4 -24.4 ± 1.2 -397.3 ± 0.2 -382.8 ± 1.9
SPC +6.6 ± 1.4 -23.2 ± 1.0 -389.0 ± 1.1 -370.6 ± 1.5
MARTINI +8.7 ± 0.4 -15.5 ± 0.5
Expt. +8.7 -20.9

Model 1 +9.0 ± 1.2 -21.4 ± 1.1 -392.6 ± 1.0 -371.6 ± 1.2
Model 2 +7.2 ± 1.0 -22.1 ± 1.1 -394.2 ± 1.1 -372.7 ± 1.3
SPC +8.0 ± 1.2 -20.8 ± 0.9 -386.0 ± 1.0 -368.2 ± 1.2
MARTINI +11.0 ± 0.4 -11.0 ± 0.5

for the neutral species. The ordering effect of the ions on water is strong and the
perturbed water-water interactions are likely to affect the enthalpies and entropies
associated with ion hydration. Comparing radial distributions of the water O- and
H-atoms with respect to the ions between the models does, however, not present
a clear clue to the observed increased hydration of the ions in the bundled water
models as compared to SPC water (data not shown).

Applications To demonstrate the usefulness of the models in biomolecular sys-
tems two types of systems were investigated. The first application is that of a lipid
bilayer in water. Fig. 6.7 shows the electron density profile across a bilayer for
a DPPC bilayer in water. The total profile as well as the contributions of the
water and lipids are shown. The profile gives insight into a number of important
properties characterizing lipid bilayers and the total electron density profile can be
obtained from electron scattering data [105]. The thickness of the bilayer is usu-
ally defined as the distance between the peaks in the electron density profile. It is
seen from Fig. 6.7 that the thickness of the bilayer decreases somewhat when using
the bundled water. The decrease in thickness is accompanied by an increase in
area per lipid (SPC: 0.62±0.07 nm2, model 1: 0.67±0.05 nm2, model 2: 0.72±0.02
nm2) and therefore an increase in the average distance between lipid headgroups.
Also, the water is seen to penetrate more deeply into the lipid bilayer interface.
These effects may be rationalized in terms of the interactions between the bundles
of water which are more repulsive than in the case of SPC water. The repulsion
between bundles of water may be relieved by interposing lipid headgroups. Also,
the increased hydration of ionic species (due to the lower hydration free energies)
probably contributes to the increased hydration of the headgroups.
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Figure 6.7: The effects of bundling on the electron density profile across a DPPC
bilayer in water at 323 K. The total profiles (thickest lines) are shown, as well as the
contributions of water (intermediate lines) and lipids (thinnest lines). The profiles for
normal SPC water are shown in drawn lines, long dashed lines are used for model 1 and
dotted lines for model 2.
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Figure 6.8: The effects of bundling on the root mean square distance between the Cα
atoms of 1AKI as a function of time. The RMSD was determined with respect to the
same starting structure after obtaining a best fit to the reference structure.
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Figure 6.9: The effects of bundling on the secondary structure of 1AKI as a function
of time as calculated using the DSSP analysis. The occurrence of structure elements is
indicated by using a color code, which is shown in the figure. A: SPC water; B: model 1;
C: model 2.

The second application is that of hen egg-white lysozyme [94] in water. The
root mean square deviation (RMSD) of the Cα atoms of the protein structures
from the starting structure is shown in Fig. 6.8. The RMSD evolves similarly in
the simulations with SPC water and bundled water model 1, but dramatically
changes after 5 ns in the simulation using bundled water model 2. Visualization
of the protein structure and determination of the secondary structure reveals that
the protein behaves similarly in the simulations with SPC water and bundled
water model 1, but unfolds in the simulation with bundled water model 2. The
DSSP analysis [106] of the proteins in the different simulations is shown in Fig. 6.9.
The most likely explanation is that the tighter water bundles of model 2 open up
the structure of the protein, whereas the less restricted water molecules of model
1 solvate the protein more similarly to SPC water.
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6.5 Conclusions

We have shown that it is possible to introduce bundling to the SPC water model
by introducing restraining potentials. The resulting increase in density can be
compensated by increasing the Lennard-Jones C12-parameter.

There are many combinations of the force constant of the bundling poten-
tial and the C12-parameter that reproduce the correct density. Model 2 of our
tested models keeps the water molecules close to a tetrahedral conformation at all
times making overlaps in the coarse-grained representation very unlikely. Model
1 allows more deformations of the water clusters. While preventing clustered
molecules from becoming second neighbors at all times, deformations in the mod-
els occasionally allow the centers-of-mass of neighboring clusters to become too
close for corresponding coarse-grained beads. However, forces from the coarse-
grained representation in an actual multiscaling simulation are likely to prevent
such conformations in the fine-grained representation in the first place.

Overall, the changes introduced by the bundling most strongly affect the self-
interactions of the water molecules, resulting in an altered water structure and
as a consequence different dynamics. Interactions with other molecules, however,
stay mostly unaltered and with the density and the free energies of hydration of
small molecules the most important properties of SPC water are well preserved.
Applications to important biomolecular systems show that stronger bundling may
lead to some artifacts, exemplified by the larger penetration of water into lipid
bilayer interfaces and globular proteins, probably because of increased hydration of
ionic species. However, these applications also show that bundled water models
are viable in realistic applications and will be important assets in multiscaling
simulations.

Our study suggests that a smaller restraining force (and in consequence a
smaller required change of the C12-parameter) will preserve the properties of the
SPC better than a large force. The minimal force required to keep the molecules
bundled and still prevent overlaps in the corresponding coarse-grained represen-
tation of a multiscaling simulation would thus be the best choice for a bundled
water model.
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