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Supporting Information

Water Transport Across a HFBI Monolayer in Hexadecane

The solubility of water in n-hexadecane is very low (ca. 3mmol/L at 30 °C1), yet not zero.

Therefore, water droplets in hexadecane will shrink over time as water molecules cross the

water-oil interface and diffuse into the oil. To measure the water diffusion into hexadecane,

single buffer droplets (with and without HFBI and KCl) were injected into a hexadecane

bath at 30 °C with a hollow needle. Ensuring a total protein coverage of the droplet interface
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for the droplets with HFBI, all droplets were added into hexadecane half an hour prior

to measurement. Volume changes of these single droplets were observed with a top-view

light microscope as described in the manuscript. To account for the loss of water into the

surrounding oil, we quantify the volume of individual droplets consisting of pure water as well

as of acetate buffer, with and without proteins in hexadecane over a period of 30 minutes.

For all droplets, a clear decrease in volume was observed. The flux per area was thereby

similar for all recorded droplets, i.e. independent of the presence of additional salt or proteins

(Table S1).

Table S1: Water Flux and Diffusion Values of Different Solutions with and without Sur-
rounding Hydrophobin Monolayer.

Solution Water flux per area [10−4 µm/s] Diffusion [103 µm2/s]
Pure water 5.3 ± 1.1 5.5 ± 1.0
Buffer (I = 6mM) 4.7 ± 0.9 4.8 ± 1.0
Buffer (I = 954mM) 5.0 ± 1.0 5.1 ± 0.9
HFBI + buffer (I= 6 mM) 5.9 ± 0.8 6.0 ± 0.7
HFBI + buffer (I= 954mM) 4.8 ± 0.7 5.1 ± 0.7

Using the diffusion equation and Fick’s first law, we calculated the diffusion coefficient

(D) of water from the drop into the oil by considering the solubility of water in hexadecane

(cs =0.003mol/L), for which we assume an approximately linear relationship with tempera-

ture,1 via

D =
V0 − V (t)

4πcsυw
∫ t

0
r(t)dt′

(1)

where υw =18 g/mol is the molar mass of water, V is the current droplet volume and V0 is

the droplet volume at time t = 0 and r is radius of the droplet. Complete saturation of the

hexadecane with water was not achieved because the additional oil-air interface at the top

of the oil bath allowed the water to evaporate. Effective diffusion values were determined to

be in the range of 4–6·103 µm2/s using eq. (1), which take a possible additional hindrance

by an interfacial layer into account.
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Thus, the volume change of droplets in the DIB setup is not solely caused by the water

transport across the membrane that is formed between two droplets of different salt con-

centration, but also by the diffusion of the buffer through the monolayer of the drops in

contact with the oil. In most studies2–4 using the DIB method, this effect can be disregarded

as the flux through a lipid membrane between two droplets is, typically, much larger than

the self-dilution of the individual droplets. However, for the measurement of permeabilities

in the µm/s range as relevant in our case, buffer diffusion into the oil must be taken into

account.

Figure S1: a) Top view of two identical HFBI-coated buffer droplets. Green shows the
fluorescence signal of the BODIPY in the entire setup. b) 3D image stack in 5µm steps over
the z-height of the formed HFBI membrane. Green represents the fluorescence signal of the
dyed oil in the plane of the membrane and excludes the dye above or below the membrane.
A square of the drawn grid has a length of 600 µm each in x-, y- and z-direction.

Oil–Free Membrane

To visualize the oil around the droplets and investigate a suspected oil layer between the

droplets (Figure S1), fluorescence microscopy measurements were performed with hexadecane

stained with BODIPY (Thermo Fisher - 493/503 dye (Cat. No. D3922)). Preparation steps

were identical to the permeability measurements described in the main text. Only the salinity
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difference was chosen to be zero. A stack of microscopy images was recorded with height

steps of 5 µm between the slices at an Axiovert 7 Zeiss with a colibri 7 (LED) illumination and

rendered as a 3D image by software Zen Zeiss. In the images, no signal in the fluorescence

channel could be detected in the contact area between the droplets. Thus, no evidence of oil

between the individual HFBI layers was found, which could form an additional permeation

barrier.

Data Processing

To extract the permeability from the droplets’ volume change data, the volume loss into the

surrounding oil was added to the data, as described in the main text. In Figure S2 data from

the main text are presented after this correction step. Figure S2a depicts the situation for

a pure HFBI bilayer showing almost no volume exchange through the bilayer and S2b the

situation for a 0.4:1 HFBI-dCBM:HFBI WT ratio, showing a water flow through the mem-

brane from the droplet of low salt concentration into the droplet of high salt concentration.

Figure S2: Relative volume changes, corrected for volume loss into oil, of two droplet pairs
with different HFBI-dCBM:HFBI-WT ratios (a) 0:1 and b) 0.4:1). In each case, the filled
symbols represent the droplet with high salt concentration and the open symbols repre-
sent the droplet with low salt concentration. The osmotic concentration difference was a)
1.717 osmol/L and b) 0.086 osmol/L. Temperature was kept constant at 30 °C.

4



Water Permeability Using NaCl as Osmolyte

Volume changes of two different droplet pairs with NaCl (1.717 osmol/L) instead of KCl

as the osmotic pressure causing salt were recorded, resulting in permeabilities below the

resolution limit (Pf =0.7 and 0.4 µm/s) similar to droplets with KCl. Experimental setup

was else identical to the measurements with KCl. Figure S3 compares measurements with

NaCl and KCl.

Figure S3: Comparing measurements using NaCl instead of KCl as the osmotic active
molecule in the droplet of high salt concentration. The axes are chosen according to formula
3 so that the slope of the linear fit of the data corresponds to the mean permeability value
of the membrane shown.However, both permeability values are below the resolution limit of
our experiment.

MD Simulation of HFBI Monolayer at the Oil–Water Interface

We ran an additional simulation of the HFBI monolayer at an hexadecane–water interface

to investigate the stability of the honeycomb structure under the experimental conditions

present in the DIB setup. As starting configuration, we used the HFBI monolayer based
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Figure S4: Proposed unit cells of HFBI hexamers from docking simulations5 termed a)
HFBI-α and b) HFBI-β. Monomers are shown in cartoon representation with the hydropho-
bic patch represented as orange sticks. Note the differences between the HFBI monomer
interfaces as evident from the distinct orientation of the α-helices.

on the β unit cell at the air–water interface as described in the main text. An additional

layer of hexadecane oil with a thickness of ∼ 3.2 nm was generated in a separate simu-

lation box with identical x-y dimensions, composed of 1560 molecules corresponding to a

density of 0.77 g/cm at room temperature.6 This layer was inserted above the hydrophobic

patch of the HFBI monolayer. Parameters for hexadecane were taken from alkane parame-

ters by CHARMM36m, augmented with alkane–water interactions suggested by Krämer et

al..7 Lennard-Jones interactions were treated with the cut-off scheme as described in the

CHARMM specifications. The temperature was controlled at 310K by velocity rescaling8

and the pressure at 1 bar using the Berendsen barostat.9 Flat bottom position restraints with

a force constant of 200 kJ/mol nm2 for both the oil and the water layer were defined such

that jumps over the periodic boundary were prevented while allowing the transport through

the protein layer. We ran 10 ns for equilibration at constant volume, followed by 25 ns equi-

libration at constant pressure with pressure coupling only applied in x-y direction. Next,

we carried out a 400 ns production simulation at 1 bar and 310K. Water diffusion through

the HFBI monolayer was detected using the method used to calculate water permeation

through the bilayer (see main text). Here, the central layer was defined by the maximum

and minimum z coordinate of the hydrophobic patch taken from the last simulation frame.
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Consequently, the upper layer corresponded to the water phase and the lower layer to the

oil phase.

During the simulation, water slowly penetrated the oil phase and vice versa, resulting in

minor local deformations of the HFBI monolayer (Figure S5). Nevertheless, the honeycomb

structure remained stable over the whole simulation. In the simulation time, we observed

approx. 100 events of water molecule diffusion into the oil phase, showing that the simula-

tions follow qualitatively the experiential observations. Quantitatively, however, we observed

fewer events compared to simulations, which is expected because the TIP3P water models

does not reproduce the experimental water/oil partition coefficient. This is explained by the

fact that TIP3P has been parameterized to reproduce bulk properties and not properties of

individual water molecules in oil, as has been reported previously.10

Figure S5: Snapshots of simulations of HFBI monolayer at the oil–water interface at 0 and
400 ns. The protein is shown in surface representation in green with the hydrophobic patch
colored in orange. Hexadecane is shown as red sticks and water oxygens as blue spheres
respectively. Dotted lines indicate the simulation box.

Variation of Force Fields and Water Model

To exclude that the choice of the protein force field or water influences the key findings of

this study, we carried out additional simulations of the ‘dense’ HFBI bilayer based on the

β unit cell with using the following combinations of protein force field and water model:

AMBER99SB/TIP3P, OPLSaa/TIP3P, or CHARMM36m/OPC. For AMBER99SB/TIP3P,
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Lennard-Jones interactions were truncated at 1.0 nm; for the other two combinations, Lennard-

Jones interactions were truncated at 1.4 nm. All other simulations parameters were chosen

as described above. Each setup was simulated at least for 15 ns and the water density profile

was computed for different time intervals as shown in Figure S6. In all cases water pene-

trated the membrane core within few nanoseconds, demonstrating that the key findings are

not influenced by the force field.

Figure S6: Water mass densities from simulations of the ‘dense’ HFBI bilayer based on the
HFBI-β unit cell using different force fields and water models. Densities are averaged over
intervals of 1 ns each. a) Simulation using the AMBER99SB force field and the TIP3P water
model, b) OPLSaa force field and TIP3P water model, and c) CHARMM36m force field and
the OPC water model. After 10 ns, water has penetrated the hydrophobic membrane core
(z ≈ 0 nm), independent of the choice of the force field or water model.
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MD Simulations are Compatible with Oil-Free Hydrophobin Bilayers

To rationalize the low water permeability found experimentally, we hypothesized that a thin

hexadecane layer of only a few atom layers remains between the monolayers and, thereby,

prevents water transfer between neighboring hydrophobin monolayers. To test such an hy-

pothesis, we carried out two MD simulations with a thin hexadecane film between the two

hydrophobin layers with thicknesses of 1.3 nm and 0.5 nm, corresponding to approximately

6 or 3 hexadecane molecules per hydrophobin monomer respectively (Figure S7). The bi-

layer simulation system with the central hexadecane film was built from the dense bilayer

configuration based on the HFBI-β unit cell. Again, each monolayer was composed of 3× 3

unit cells. The protein bilayer was setup as described before, however with an additional

gap in between the monolayers. The thin layer of hexadecane with a thickness of ∼ 1.3 nm

was generated in a separate simulation box with identical x-y dimensions, composed of 676

molecules corresponding to a density of 0.77 g/cm at room temperature.6 The hexadecane

layer was inserted into the gap between the HFBI monolayers, and the system was com-

pressed in z-direction, while constraining the x-y-coordinates of the hexadecane atoms. To

generate another system with an even thinner hexadecane layer, every second oil molecule

was removed from the initial setup, followed again by compression along the z direction,

thereby reducing the distance between the monolayers while maintaining the hexadecane

film structure. The temperature was again controlled at 310K with the velocity-rescale

thermostat8 and the pressure to 1 bar using the Parrinello-Rahman barostat.11 For each sys-

tem, one simulation of 400 ns was performed.

However, the hexadecane film ruptures within the simulation time and allows water

leakage over the membrane. Simultaneously, the hexadecane aggregates to form oil droplets

at the monolayer cavities. This effect was even more pronounced in the simulation with the

reduced amount of hexadecane (Figure S7). In the experimental context, these oil droplets

would eventually be absorbed by the oil reservoirs. These findings agree well with the notion
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of an oil-free hydrophobin bilayer12 and with the absence of BODIPY inside the membrane

in the experiments described above (Figure S1). In addition, this data suggest that the low

water permeability cannot be explained by residual oil but must instead be a consequence

of tight packing between hydrophobin monomers.

Figure S7: Simulation snapshots of simulations of HFBI bilayer with a hexadecane oil film
(red) in between the protein layers with a) 6 or b) 3 hexadecane molecules per hydrophobin.
The oil film ruptures and the hexadecane molecules start to fill the cavities between the
proteins as seen in the lower panel (400 ns snapshots).

Detailed Protocol of Laterally Compressed Disordered Bilayer Setup

To generate a structural model of a densely packed HFBI bilayer the following simulation

protocol was run consisting of five steps, as outlined in the main text and described in detail

in the following:

Coarse Grained Layer Setup and Compression (i): A single HFBI protein was ex-

tracted from the crystal structure (PDB database entry 2fz613), crystal water and zinc ions

were removed. The atomic structure was converted into coarse-grained (CG) representation

with the martinize.py script.14,15 The protein was stabilized with an elastic bond network be-

tween the backbone beads and a set of manually defined distance constraints to prevent large

10



side chain rotations, which would otherwise disrupt the secondary structure after backmap-

ping to atomistic resolution (Table S2). The force constants for these restraints were set

to 500 kJ/(mol·nm2). 50 monomers were placed in a plane at randomly selected x-y posi-

tions with the hydrophobic patches all facing towards the same direction, consistent with

the orientation at an air–water interface. To rapidly compress the system, short simulations

at T = 3600K and p = 1200 bar were carried out for 20 ns. During those simulations po-

sition restraints in z-direction with a force constant of 1000 kJ/(mol·nm2) were applied to

ensure that the monolayer does not fold or bend. The time step was set to 1.25 fs to avoid

instabilities during the simulation. Here, the cut-off values for Lennard-Jones and Coulomb

interactions was set to 0.8 nm.

Annealing (ii): An annealing simulation was performed to relax the system and to al-

low the formation of tight and stable contacts between the monomers. To this end, the

temperature was linearly decreased down to 300K over a range of 100 ns.

Bilayer Setup and Constant Volume Equilibration (iii): The final frame of two

independent compression simulations (steps i, ii) were equilibrated at constant volume for

another 10 ns at 300K. Afterwards both monolayers were overlayed, such that the hydropho-

bic cores are oriented inwards. The energy of the system was minimized, and the system

was simulated for another 10 ns.

Backmapping to Atomistic Resolution (iv): Backmapping of the coarse grained sys-

tems followed the method by Wassenaar et al.16 which consists of the actual backmapping

process followed by a set of short MD simulations to relax the system. One potential is-

sue of the backmapping procedure to an atomistic model is a potential loss of secondary

structure. While certain deviations may be restored by running a long equilibration of the

protein,16 a full recovery of the secondary structure was only achieved by taking additional

measures. Accordingly, we added (i) an additional elastic bond network between the Cα
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Figure S8: Comparison between a backmapped HFBI structure (blue) with the original
crystal structure (green) before (a) and after the refinement of the secondary structure (b).
An example for a side chain flip (LYS 56) is highlighted in yellow in each structure.

atoms and (ii) distance restraints between atoms to enforce the formation of the original

hydrogen bond network of the crystal structure, which defined the secondary structure. For

this purpose, the initial distances for the hydrogen bonds in the crystal structure were used.

By gradually turning on these hydrogen bond restraints, the original secondary structure

can be restored. First, a short pulling simulation was performed over 100 ps, with increasing

the force constants from 40 to 4000 kJ/(mol nm2), followed by a pulling simulation at con-

stant force over 10 ns. Throughout the simulations, the elastic network force constants were

kept at 500 kJ/(mol nm2) as before. Visual inspection revealed excellent agreement of the

refined HFBI structures with the crystal structure conformations (Figure S8). In the initial

backmapped structure most of the characteristic beta barrel is lost, due to lost hydrogen

bonds after large side chain rearrangements (Figure S8a). After the pulling simulations, the

flipped side chain is in the correct orientation and the secondary structure of the backmapped

protein is fully restored (Figure S8b).

Solvation (v): The refined dense bilayer was solvated with TIP3P water. Na+ and Cl–

ions were added to a concentration of 0.1 mol/L followed by an energy minimization. The

solvent structure was equilibrated at constant pressure conditions over 2 ns with position

restraints on the backbone atoms. Subsequently, all position restraints were removed and
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the system was simulated for 100 ns at 300K and 1 bar.

Table S2: Additional distance restraints in the coarse-grained martini HFBI setup between
beads i and j indicated by bead type, residue name, and residue number. Abbreviations of
bead types: BB - backbone beads, SCk - kth side chain bead

Bead i Bead j Distance [nm]
SC1 CYS 18 SC1 LEU 55 0.4
SC1 GLN 21 BB CYS 68 0.55
SC3 PHE 43 BB LEU 55 0.4
SC3 PHE 12 SC1 LEU 25 0.44
SC1 GLN 16 BB ALA 62 0.5
BB CYS 56 SC1 GLN 69 0.58
SC1 PRO 15 SC2 PHE 43 0.57

Extended Equilibration does not Prevent Water Leakage

Given the large forces present during compression and backmapping, we furthermore tested

an extended equilibration protocol of the ‘dry’ compressed bilayer prior to solvation. To

this end, we first carried out a constant volume equilibration over 5 ns of the backmapped

and refined structure followed by a constant pressure equilibration with pressure coupling

applied only in x-y direction over 400 ns. Next, we solvated the system as described above

and carried out short equilibration at constant pressure over 5 ns with position restraints

applied on the protein backbone atoms using a force constant of 1000 kJ/mol nm2. Finally, a

200 ns production simulation at 1 bar and 300K without position restraints was carried out.

In this setup, we again observed water penetration on the nanosecond time scale as evident

from water densities calculated at different time intervals (Figure S9).
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Figure S9: Water mass densities from simulations of the ’disordered’ bilayer after a more
extensive equilibration protocol which includes a prolonged ’dry’ equilibration without wa-
ter. Compared to the previous simulations (e.g. Figure 5) water penetration is slower but
nevertheless reaches densities in the order of ∼ 200 kg/m3.
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