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Molecular dynamics simulations

The starting structure used in the simulations was the X-ray crystal structure of human

erythrocytic ubiquitin refined at 1.8 Å resolution (PDB ID: 1UBQ).S1 The model ligand

was described as a particle with mass 39.948 a.m.u. and (12,6)-Lennard-Jones parameters

σ = 4 Å and ε = 0.025 kJ/mol, yielding a moderate binding free energy to the hydrophobic

patch. All simulations were performed using the GROMACS 4.6.1 software package.S2 We

used the CHARMM27S3 force field for the protein and the TIP4P/2005 water model.S4 The

protein was placed in a very large 80 Å×80 Å×80 Å periodic cubic box and solvated with

16,545 water molecules. The ligand was positioned at 4 Å from the hydrophobic patch.

The system was energy minimized and pre-equilibrated for 20 ps in the isobaric-isothermal

(NPT) ensemble at 300 K and 1 bar with harmonic restraining potentials applied to all

protein heavy atoms and the ligand (force constant 1000 kJ mol−1 nm−2). We employed

the SETTLE and LINCS algorithmsS5–S7 to constrain the internal degrees of freedom of

water molecules and the bonds in the protein, respectively. The equations of motion were

integrated using the leapfrog algorithm.S8 Neighbor searching was performed every 10 steps.

We used a cut-off of 0.9 nm for van der Waals and electrostatic interactions. Long-range

Coulomb interactions were treated with the PME methodS9 with a grid spacing of 1.2 Å

and cubic spline interpolation. Analytical dispersion corrections were applied for energy and

pressure to compensate for the truncation of the Lennard-Jones interactions.S10

For the equilibrations with position restraints, a time step of 1 fs was used for integrating

the equations of motion. A Berendsen thermostatS11 was applied with a reference temper-

ature of 300 K and a time constant of 1 ps, coupling the water separately from the protein

and the ligand. For pressure coupling, a Berendsen barostatS11 was used with a reference

pressure of 1 bar and a time constant of 1 ps.

We generated the starting structures for the subsequent umbrella sampling simulations

by performing a constant-force pulling simulation in the NPT ensemble (force constant of

the harmonic spring 50 kJ/mol/nm2). For each generated ligand position, we performed an
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additional equilibration simulation of 1 ns with the biasing potential enabled to allow for

a relaxation of water molecules for the given reference position of the ligand. From this

step onward, we ran three sets of simulations of flexible, restrained and frozen proteins,

respectively. In all simulations of the frozen protein, protein motion was inhibited using

freeze groups (i.e., no dynamics). The equations of motion were integrated with a time step

of 1 fs. For the flexible and restrained proteins, a time step of 2 fs was used.

Umbrella sampling was then performed in the canonical ensemble (NVT) using 15 win-

dows with 1 Å-spacings of the ligand position on the reaction coordinate, and 3 additional

windows at 3.5 Å, 6.5 Å and 7.5 Å. The connecting vector between the binding site and the

ligand was defined as the reaction coordinate q, which was aligned along the x-axis (i.e.,

roughly perpendicular to the hydrophobic patch, see Fig. 1B of the main text). The force

constant of the harmonic biasing potential was 1000 kJ ·mol−1 · nm−2 and the ligand was

further position-restrained by harmonic potentials in orthogonal directions (y,z) with a force

constant of k = 1500 kJ ·mol−1 · nm−2. Each umbrella window was simulated for 2.1 ns

(10 ns for the frozen protein). In addition, we also performed longer simulations (4.2 ns)

for 3 selected windows (3.5 Å, 6.5 Å and 7.5 Å) to verify convergence of our data. We em-

ployed the Nosé-Hoover thermostatS12,S13 using a reference temperature 300 K and coupling

time constant 1 ps. We recorded positions, velocities and forces every 5 steps (10 fs). This

high-frequency output was necessary to properly sample the fast random force fluctuations.

For reference calculations of bulk water properties, we performed simulations of a 40 ×

40×40 Å3 cubic box with TIP4P/2005 water. This water box was equilibrated subsequently

in the NPT and NVT ensembles for 10 ps, respectively. Then a production simulation of

2.1 ns was performed as was done for the protein–ligand systems.

The first 100 ps of all production simulations were considered additional equilibration

time and therefore excluded from the subsequent analyses. For the longer simulations of

4.2 ns we omitted the initial 200 ps from the analysis.

To verify that the restraining potentials on the 6 anchor C-alpha atoms did not affect
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protein motions, we computed the root mean squared fluctuations (RMSF) of the protein

atoms. To that end, we carried out one further simulation of 2.1 ns of a fully unrestrained

protein, i.e. without any position restraints. Figure S1 compares the RMSF between the

flexible and unrestrained proteins.

Figure S1: RMSF of protein heavy atoms computed for flexible (green) and fully unrestrained
(gray) UBQ. The inset visualizes the location of the terminal atoms that form a highly flexible
tail.
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Potentials of mean force

Convergence of the free energy profiles was investigated by analyzing consecutively longer

parts of the trajectories. Figure S2 shows that the PMFs were converged after 2 ns of

sampling time (10 ns for the frozen protein). Generally, the error bars (Fig. S2) should not

be larger than the difference between the final curve and the curve obtained for 50% of the

data, which is the case here.
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Figure S2: Convergence of the PMFs of protein–ligand interactions. Shown are the results
of the analyses of successively longer parts of the trajectories for flexible (A), restrained (B),
and frozen (C) proteins. Insets show a close-up view of the region around the minimum of
the PMFs.

The histograms of ligand positions in Fig. S3 show that there was sufficient overlap

between the distributions to properly sample the free energy profiles.
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Figure S3: Histograms of ligand positions during the umbrella sampling simulations under-
lying the PMFs for the flexible, restrained and frozen proteins.
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Figure S4: Random force distributions over 2 ns of production simulations for each umbrella
window, shown for the flexible protein.
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Figure S5: Random force distributions over 2 ns of production simulations for each umbrella
window, shown for the restrained protein.
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Figure S6: Random force distributions over 2 ns of production simulations for each umbrella
window, shown for the frozen protein.
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Figure S7: Average number of water molecules 〈Nwat〉 near the hydrophobic patch over 2 ns
simulation time as a function of ligand position q. Shown are the results for flexible (green),
restrained (red) and frozen (blue) proteins. Water molecules within (A) 4.5 Å of the HP
surface, (B) 6.0 Å of the HP surface, and (C) 7.0 Å of the HP surface.

Figure S8: Integrals of the FACs. Shown are the results for the flexible (A), restrained (B)
and frozen (C) proteins for selected ligand positions q along the reaction coordinate.
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