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1 Equilibration and sampling

Sampling of the phase space is a major issue in all MD simulations of hydrated membranes,

especially when it comes to low hydration levels. In Fig. S1 we demonstrate that our system

is equilibrated, since there is no drift in any of the structural quantities, represented by

the mean tilt angle 〈θ〉 of the P-N-vector in the headgroup, the simulation box area A and

the lamellar repeat distance D. Also the system enthalpy H is constant, which means that

there are no major rearrangements of the bilayer structure occurring. On the other hand,

we see fluctuations around the mean in these structural quantities on time scales of more

than 100 ns. This is quantified in Fig. S2, where the autocorrelation functions

C(t) =
1

C0 (T − t)

∫ T−t

0

dt′X(t′ + t)X(t′) with C0 =
1

T

∫ T

0

dt′X2(t′) (S1)

are shown. Here, T denotes the simulation length and X the quantity of interest. All

autocorrelations decay on time scales of approximately 100 − 200 ns, hence a trajectory

that sufficiently samples all configurations would require to be of a length of several hundred

nanoseconds. For this reason we base our analysis on 20 independently constructed structures

that are each simulated for 5 ns to assure that we are sampling the entire configuration space

in a reasonable computation time.

2 Exponential fits to published experimental pressure data

In Table S1 the parameters for fits of p = p0 exp (−Dw/λ) to the published experimental

pressure data in Fig. 1 are presented.
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Figure S1: From top to bottom: The average tilt angle 〈θ〉 of the P-N–vector, the simulation
box area A, the lamellar repeat distance D and the system enthalpy H as a function of time
for a 1.9µs long simulation of a lipid bilayer in the gel phase with 4 water molecules per
lipid.
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Figure S2: Normalized autocorrelation functions defined in Eqn. S1 of the average tilt angle
〈θ〉 of the P-N–vector (a), the simulation box area A (b), the lamellar repeat distance D (c)
and the system enthalpy H (d) as a function of time for a 1.9µs long simulation of a lipid
bilayer in the gel phase with 4 water molecules per lipid.
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Table S1: Parameters for fits of p = p0 exp (−Dw/λ) to the published experimental
data in Fig. 1 (a) (main text).

group λ [nm] ∆λ [nm] ln p0 [ln bar] ∆ ln p0 [ln bar]
Lis 25 ◦C 0.176 0.011 9.47 0.57

McIntosh 20 ◦C 0.108 0.004 10.18 0.27
Lis 50 ◦C 0.258 0.010 10.06 0.39

Gawrisch 50 ◦C 0.224 0.013 10.61 0.50
Petrache 50 ◦C 0.175 0.012 7.12 0.43

3 Conversion of D to Dw

3.1 Method by Lis et al.

Lis et al.S1 use lipid–water mixtures of known lipid weight fraction ΦL and measure the

lamellar repeat distance D by X-ray diffraction. The water slab thickness is then given by

DLis
w =

D

1 + ΦLvL
(1−ΦL)vw

, (S2)

where vw and vL denote the partial specific volumes of water and lipids, respectively. For

water, a value of vw = 1 cm3/g is used independent ofDw, whereas for the lipids in the gel and

the fluid phase the values from the work of Tardieu et al. are takenS2. There it is assumed that

a hydrocarbon chain in the gel state takes 0.95 the volume of a chain in the fluid state. Since

the inverse density of a membrane in the fluid state is vfluidL = 1 cm3/g, we hence arrive at a

value of vgelL = 0.95 cm3/g for the gel phase. Furthermore, it is assumed that the membrane

is incompressible in both phases, thus these values do not change with hydration. From our

simulations we obtain values of vgelL = 0.94−0.95 cm3/g and vfluidL = 1.03−1.04 cm3/g, which

are not too different from these assumptions (see Fig. S3).

Lis et al.S1 report the molecular force between two lipids instead of the pressure. From

the area per lipid as a function of the lipid weight concentration, which is also measured in

their work, we transform the reported force into a pressure.

As already mentioned in the main text, we choose the method introduced by Lis et
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al. to transform all experimental data from D to Dw, since it allows for an unambiguous

determination of the water content between the membranes. In all other works the exact

water content between the membranes is not determined.
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Figure S3: Partial specific volume vL of DPPC as obtained from the simulations in the gel
state (triangles) and the fluid state (squares) under the assumption that vw is independent
of Dw.

3.2 Method by McIntosh and Simon

McIntosh et al.S3 determine the water slab thickness from X-ray diffraction experiments.

In their work, they fit continuous structure amplitude functions to the measured data.

These functions are then Fourier transformed to obtain electron density profiles for egg

phosphatidylcholine bilayers that are used to calculate the bilayer thickness Dl as well as

the bilayer repeat distance D. Specifically, using space-filling models, it is assumed that the

distance between the electron density peaks plus 1 nm equals the membrane thickness Dl.

The water slab thickness then follows as DMcInt.
w = D − Dl. Our simulations (Fig. S4) are

consistent with a constant membrane peak distance for the lipid density profiles in the gel

phase, in agreement with experimentsS4. Only pressures larger than 1000 bar lead to a slight

increase of the peak distance in z-direction, which is also in agreement with experimental

findingsS3.
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Figure S4: Density profiles of DPPC lipids obtained from simulations at four hydration levels
in the gel phase.

3.3 Methods by Petrache et al. and Gawrisch et al.

Petrache et al.S5 as well as Gawrisch et al.S6 use the bilayer area compressibility K to

calculate the bilayer thicknessesS7. They derive the relation

Dl/D
?
l =

K + (p− p?)D
K + (p− p?)D?

l
(S3)

with which they obtain the bilayer thickness Dl without measuring the lipid weight fraction

ΦL of the lipids. In order to apply this formula, they use the bilayer thickness D?
l for one

reference pressure p?. The reference values D?
l and p? are obtained either by a measurement

at one reference weight fraction (Gawrisch et al.S6) or by X-ray diffraction (Petrache et al.S5).

3.4 Back conversion

As shown above, each experimental group uses a different method to convert D to Dw, which

relies on structural quantities or additional assumptions. However, a transformation from

p(D) data to p(Dw) data using one conversion method for all data sets is not straightforward,

since the needed experimental specifications are not published in all papers. Hence, for
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example, the conversion method of Lis et al.S1 cannot be applied directly to the published

p(D) data by McIntosh and SimonS3, since the weight fractions are not published. We thus

use a quadratic function of the form D(Dw) = aD2
w + bDw + c to fit the relation between D

and Dw for each experimental data set, which allows to interconvert all experimental data

between different definitions of Dw. The resulting graphs are presented in Fig. S5 and the

fitting parameters are listed in Table S2.
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Figure S5: Lamellar repeat distance D as a function of the water slab thickness Dw for the
gel phase (a) and the fluid phase (b) obtained from different experiments. To all data sets
we fit a function of the form D(Dw) = aD2

w + bDw + c. Note that for the data representation
in Fig. 3 in the main text, only the fits to the data of Lis et al. are needed.

Table S2: Parameters of fits according to D(Dw) = aD2
w + bDw + c of experimental

data in Fig. S5.

group a [1/nm] b c [nm]
Lis 25 ◦C 0.119 0.159 5.60

McIntosh 20 ◦C 0.603 −0.020 5.60
Lis 50 ◦C 0.197 −0.187 5.28

Gawrisch 50 ◦C 0.214 −0.081 4.96
Petrache 50 ◦C 0.078 0.780 4.88

4 Data conversion using the method of Lis et al.

Table S3 shows the results of the fits of the function p = p0 exp (−Dw/λ) to the pressure

distance curves after application of the conversion method used by Lis et alS1.

S7



Table S3: Parameters of fits according to p = p0 exp (−Dw/λ) of the experimental
and simulation data in Fig. 3 in the main text.

E
xperim

ents
gel

Sim
ulation

300
K

E
xperim

ents
fluid

Sim
ulation

330
K

ln p0 [ln bar] 8.72 9.51 7.00 7.69
∆ ln p0 [ln bar] 0.20 0.31 0.37 0.18

λ [nm] 0.207 0.222 0.384 0.363
∆λ [nm] 0.007 0.021 0.026 0.028

5 Thermodynamic extrapolation

The Gibbs–Duhem equation for bulk water, Nwdµ = −SdT + V dp, evaluated at constant

temperature yields

(
∂µ

∂p

)
T

=
V

Nw
= vw(p)

⇒ ∆µ = µ∞ − µ =

∫ p∞

p

vw(p′) dp′ , (S4)

with the molar volume of water vw and the interaction pressure p that acts between the mem-

branes. For pressures up to kilobars the water compressibility can be practically neglectedS8,

hence Eq. S4 simplifies to

∆µ = vw (p∞ − p) = −v0
wp , (S5)

where the pressure p∞ in the bulk reference system can be neglected and is set to zero. Thus

in bulk water a reduced chemical potential is equivalent to a reduced pressure. We use the

same equation to convert measured chemical potentials in the osmotic ensemble at p = 1 bar

to equivalent osmotic pressures, exactly as is done in experiments that use osmotic pressure

techniques.
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6 Technical details on interaction decomposition

The decomposition of the hydration repulsion is done by rerunning simulation trajectories

where the simulation box is expanded in the z-direction such that on each side of the water

slab, which is in the center of the box, there is only one monolayer of the membrane. This way

interactions with periodic images are eliminated. In order to measure the direct contribution

pdir, also the water slab is removed, thus only the opposing membrane monolayers that

interact with each other across free space are left, see Fig. S6 (b). The force acting on one of

the monolayers divided by the area gives the direct contribution to the hydration pressure.

In order to obtain the indirect contribution pind, one monolayer is removed instead of the

water, and again the force acting on the remaining monolayer is measured (Fig. S6 (c)). As

a consistency check of our decomposition scheme, we compare the total pressure p from the

simulations with the sum of the pressure contributions pdir +pind and find perfect agreement.

Because a decomposition of the chemical potential into direct and indirect contributions

is not possible, the composition into direct and indirect pressure contributions is done in

the hydrostatic ensemble, where the pressure of the system is chosen such that the water

chemical potential is constant.

7 Force field dependence of the simulation results

In order to investigate the dependence of our results on the employed force field, we also

performed simulations with the CHARMM36UAS9 lipid force field and using the TIP3P

water modelS10, which carries additional Lennard-Jones sites on the H-atoms. In order to

determine the chemical potential of this water model, also for the van-der-Waals interactions

the TI method is used. For the CHARMM36UA force field, the input parameters from the

NMRLipid projectS11,S12 are converted with the PyTopol script in order to make this force

field compatible with Gromacs. In Fig. S7 (a) we compare the data from Fig. 3 (b) in

the main text, including experimental data for fluid membranes and our simulation results
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a b c

Figure S6: Decomposition of the original system (a) into a system without water (b), in
which the direct contribution pdir is measured, and a system with only one monolayer (c), in
which the indirect contribution pind to the hydration pressure is measured. The blue boxes
indicate the size of the simulation box.

obtained with the Berger force field, with simulation results using the CHARMM36UA force

field. Both simulation results are in very good agreement with each other and also with the

experimental data.

In Fig. S7 (b) we compare simulation data for the direct and indirect pressures using the

CHARMM36UA force field with the pressures from Fig. 4. Here we observe that both pres-

sure contributions −pdir and pind have a slightly larger decay length in the CHARMM36UA

force field compared to the Berger force field. But qualitatively the picture does not change:

Both pressure contributions nearly cancel each other and have a much larger amplitude than

the total pressure p in Fig. S7 (a). We hence conclude that our results are robust with

respect to changes in the force field.
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Figure S7: Comparison of the Berger force field and the CHARMM36UA force field: (a),
Hydration pressures obtained from both force fields in the fluid phase compared to the
experimental results taken from Fig. 3 (b) in the main text. (b), Decomposition of the
pressures from both force fields into direct and indirect contributions −pdir and pind.
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