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Supplementary Methods 
System Setup. The systems were assembled using the CHARMM-GUI framework and 
Membrane Builder (1-3). Initial protein structures were taken from the experimental structures 
deposited in the Protein Data Bank: 1VII for villin (4), 3GB1 for protein G (5), and 1UBQ for 
ubiquitin (6). The orientations of the proteins were randomized before assembling the crowded 
systems by randomly packing proteins inside the cubic (non-membrane) or rectangular 
(membrane) system volumes. The number of proteins and system sizes were adjusted to limit the 
total number of atoms to less than 400,000 atoms so that sufficiently long simulations could be 
carried out on the Anton2 hardware. Therefore, the number of protein copies was decreased from 
10% to 5% volume fraction instead of increasing the system size (Table S1). Furthermore, the 
membrane systems were constructed under the constraint of keeping the number of lipids (and 
therefore the x-y box dimension) constant for all protein concentrations. Snapshots of the initial 
systems are shown in Figure 1A. 
 
Setup of NAMD and Anton2 simulations. The initial step involved four cycles of minimization 
with 50 steps each (250 steps for membrane systems) using the steepest descent and adopted basis 
Newton-Raphson methods. Minimization was followed by simulations at 300 K (303.15 K for 
membrane systems) under restraints on heavy atoms (with a force constant of 1.0 kcal/mol/Å2 for 
backbone atoms and 0.1 kcal/mol/Å2 for non-backbone atoms). In the membrane systems, water 
molecules were also restrained from entering the hydrophobic core of the lipid bilayer and lipids 
were restrained to remain oriented with the head groups near the water phase and the tails inside 
the hydrophobic core. For non-membrane systems, 10 ps were initially simulated in the NVT 
ensemble with a 1-fs time step, followed by 20 ps with a 2-fs time step, and another 20 ps in the 
NPT ensemble. The equilibration of the membrane systems involved longer simulations of two 
250 ps runs in the NVT ensemble with a 1-fs time step followed by another 250 ps in the NPT 
ensemble before the time step was increased to 2 fs and another three simulations were carried 
out over 700 ps with decreasing restraints on lipids and water molecules. 

Production runs on Anton2 were begun after 5000 steps of minimization and 500 ps of 
equilibration without restraints using NAMD. The 5% simulations were started from the systems 
at 10% after the initial equilibration after replacing half of the proteins with water molecules and 
adjusting ion concentrations accordingly.  
   
Additional details for NAMD and Anton simulations. Proteins were described by a modified 
version of the CHARMM36 force field (7), where protein-water Lennard-Jones interactions were 
increased by a factor of 1.09 to avoid aggregation artefacts as introduced previously (8). Lipid 
interactions were described by the CHARMM36 lipid force field (9), and explicit water was 
modeled with the CHARMM version of the TIP3P water model (10). Protein-lipid interactions 
were not altered based on a previous study that found good agreement with experiment for 
protein-membrane interactions with the (unmodified) CHARMM36 protein and lipid parameters 
(11). Initial ion parameters (12) were modified via NBFIX based on osmotic pressure corrections 
(13). Energies were matched between Anton2 and the Desmond software and between Desmond 
and CHARMM to ensure correct implementation of the NBFIX modifications and enhanced 
water scaling. 

Changes of the box size were controlled isotropically in the x and y dimensions in the 
membrane systems and for all dimensions in the non-membrane simulations. A Berendsen 
thermostat and barostat (14) were used in the NAMD simulations with a thermal coupling 
constant of τ=1 ps and an isothermal compressibility β=0.0000457 bar-1. A time step of 2 fs was 
used in the NAMD simulations in combination with SHAKE applied to all bonds involving 
hydrogen atoms. In the Anton2 simulations, integration was carried out via the “multigrator” 
algorithm (15) with a 2.5 ps time step applied to bonded and near-range non-bonded interactions. 
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Far-range interactions were evaluated every third time step based on a RESPA scheme. All bonds 
involving hydrogen atoms were constrained with M-SHAKE (16). Pressure was controlled 
according to a Martyna-Tobias-Klein (MTK) barostat (17) with an interval length of 1.2 ps and 
temperature was maintained via a Nose-Hoover thermostat (18) with an interval length of 60 fs. A 
relaxation time of τ=0.041667 ps was used for baro- and thermostats. 

In NAMD simulations, Lennard-Jones interactions were truncated with a switching function 
that was effective from 10 to 12 Å. Particle-mesh Ewald summation was used to estimate long-
range electrostatic interactions with a grid spacing of 1 Å and a spline interpolation order of 6. In 
Anton2 simulations, Lennard-Jones interactions were truncated at 9 Å and the u-series version of 
Gaussian-split Ewald summation was used to calculate long-range Electrostatic interactions (19). 
The direct space cutoff was optimized for accuracy and speed based on system size and varied 
between 9.12 to 12.65 Å. 
 
Analysis. The results presented here were extracted from the Anton2 simulations. The first 100 ns 
of each trajectory were omitted from analysis as equilibration based on variations in contact 
formation at the beginning of the trajectories (see Figure S10). Statistical uncertainties were 
estimated from variations in the reported results between different protein copies (where possible) 
or from block averaging along the trajectory. 

Protein contacts were determined based on two different criteria to facilitate comparisons 
with previous work: 1) Closest Cα-Cα distances <7 Å (8) and 2) closest heavy atom distances 
<2.7 Å (an additional criterion introduced when analyzing the detailed effect of protein contacts 
on the rotational diffusion of villin (20)). The parameters were chosen so that cluster-size 
distributions extracted from all-atom simulations based on protein contacts were similar 
independent of the chosen criterion. Clusters were determined from contacts based on any protein 
being in contact with at least one other protein in the cluster. 

Translational and rotational diffusion coefficients were evaluated as described previously (8). 
To describe translational diffusion, the mean square displacement (MSD) was calculated as a 
function of time from MSD(𝝉𝝉) =< (𝐫𝐫(𝒕𝒕𝟎𝟎 + 𝝉𝝉) − r(𝒕𝒕𝟎𝟎))𝟐𝟐 >𝒕𝒕𝟎𝟎 based on the center of mass of a 
given protein after unwrapping coordinates due to periodic boundary conditions, r(t), and 
averaged over different initial times t0 along the trajectory. From the slope of the linear fits over a 
given time interval Δτ, s(Δτ), translational diffusion coefficients were then obtained according to 
the Einstein relationship: 𝑫𝑫𝒕𝒕 = 𝒔𝒔(𝚫𝚫𝝉𝝉)/(𝟐𝟐𝟐𝟐𝚫𝚫𝝉𝝉) where N is the dimension (‘3’ for 3D diffusion, 
‘2’ for diffusion in the x-y plane, and ‘1’ for diffusion along the membrane normal z). In order to 
analyze transient and anomalous behavior of Dt, we considered time intervals Δτ of 0 – 1 ns, 1 ns 
– 10 ns, and 10 ns – 100 ns. Translational diffusion coefficients were estimated separately for 
each protein and as a function of distance from the membrane based only on the position of the 
protein at time t0, irrespective of where it may diffuse afterwards.  

Estimates of translational diffusion are subject to finite-size effects in the presence of periodic 
boundary conditions. To obtain infinite-size values, we added the correction term given in Eq. 1 
(21): 

𝐷𝐷𝑡𝑡,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑘𝑘𝐵𝐵𝑇𝑇
6𝜋𝜋η𝐿𝐿

�ξ− 4𝜋𝜋𝑅𝑅ℎ
2

3𝐿𝐿2
�               (1) 

where ξ = 2.837, kB is the Boltzmann constant, T the temperature of the system, L is the length of 
the cubic simulation box, η is the shear viscosity of the solvent, and Rh is the hydrodynamic 
radius of a given molecule, estimated with HYDROPRO (22), as Rh(villin) = 9 Å, Rh(protein G) = 
11 Å, and Rh(ubiquitin) = 12 Å.  

For crowded systems, the viscosity was further adjusted from the viscosity of pure solvent, 
ηw. Instead of a simple hard-sphere based estimate used earlier (8, 23) for how the effective 
viscosity varies with the protein volume fraction, φ, we used here the expanded formalism in Eq. 
2 that was introduced recently (24):  

η = η𝑤𝑤(1 + 2.5𝜑𝜑 + 𝑏𝑏𝜑𝜑2 )      (2) 
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where the parameter b catpures effective increases in viscosity not just due to volume exclusion 
but also as a result of increased clustering (8, 24). Von Bülow et al. determined different values of 
b for different proteins depending on their propensity to form clusters (24), but because similar 
values were found for villin, protein G, and ubiquitin, the three proteins simulated here as well in 
a mixture, we used an average value of 58.2.  

In the presence of the membrane, there are additional confinement effects to consider. 
Following the analysis by Simonnin et al. (25), the finite size correction for translational diffusion 
parallel to the membrane in a fluid that is infinite in x-y directions but constrained in the z 
direction by a membrane is: 

𝐷𝐷𝑡𝑡,∥,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑘𝑘𝐵𝐵𝑇𝑇
η
�3ln (1+√2)

4𝜋𝜋𝐿𝐿
− 3𝐻𝐻

40𝐿𝐿2
�           (3) 

where L is the box size in x and y directions, and H is the width of the fluid slab that is calculated 
as the box length in the z direction minus the width of the membrane layer (2 x 27 Å = 54 Å). 
Other parameters were set as in Eq. 1. 

The diffusion parallel to the membrane in a slab of width H for infinite box dimensions in the 
x-y directions that is obtained after correction based on Eq. 3 can then be compared to bulk 
diffusion in the absence of a constraining slab (i.e., H=∞) according to Eq. 4 (25): 

𝐷𝐷∥(𝐻𝐻, 𝐿𝐿 = ∞) = 𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘 �1 + 9𝑅𝑅𝐻𝐻
8𝐻𝐻

ln �𝑅𝑅𝐻𝐻
𝐻𝐻
��             (4) 

Rotational diffusion coefficients were estimated following the method introduced by Wong and 
Case (26), where randomly distributed unit vectors are rotated along with the protein and a 
correlation function is obtained based on the rotation of the vectors. The correlation functions up 
to 100 ns (up to 24 ns for z-dependent analysis of rotational diffusion) were then fitted with 

double-exponential functions 𝑪𝑪𝑶𝑶(𝒕𝒕) = 𝑺𝑺𝑹𝑹𝟐𝟐𝒆𝒆
− 𝒕𝒕
𝝉𝝉𝑹𝑹𝒔𝒔 + (𝟏𝟏 − 𝑺𝑺𝑹𝑹𝟐𝟐)𝒆𝒆

− 𝒕𝒕
𝝉𝝉𝑹𝑹𝑹𝑹 to obtain slow and fast 

correlation times, τRf and τRs, weighted by SR
2. An overall relaxation time τ was determined 

according to 𝝉𝝉 = �𝑺𝑺𝑹𝑹
𝟐𝟐

𝝉𝝉𝑹𝑹𝒔𝒔
+ 𝟏𝟏−𝑺𝑺𝑹𝑹

𝟐𝟐

𝝉𝝉𝑹𝑹𝑹𝑹
�
−𝟏𝟏

 and the rotational diffusion coefficient Dr was calculated as 

Dr=1/6τ. Because rotational correlation functions converge slowly for a single protein, we 
averaged correlation functions from multiple proteins before fitting the exponential functions. 
Statistical uncertainties were estimated from comparing results obtained with different subsets of 
proteins. We did not correct the rotational diffusion estimates for periodic boundary conditions 
(27) because there is little change for the large systems studied here.  

The MMTSB Tool Set (28), analysis functions in CHARMM (29), and custom-written 
programs in C/C++ and perl were used for all of the analysis. VMD (30) and gnuplot 
(http://www.gnuplot.info) were used for visualization and plotting. Gnuplot was also used for 
fitting linear and exponential functions for the determination of diffusion coefficients. 
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Figure S1: Root mean square deviation (RMSD) of villin molecules for Cα atoms after optimal 
structural superposition compared to the experimental reference structure (PDB code: 1WY3 
(31)) as a function of simulation time in the Anton2 simulations. Different colors indicate 
different molecules. 
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Figure S2: RMSD of protein G molecules for Cα atoms after optimal structural superposition 
compared to the experimental reference structure (PDB code: 3GB1 (5)) as a function of 
simulation time in the Anton2 simulations. Different colors indicate different molecules. 
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Figure S3: RMSD of ubiquitin molecules for Cα atoms after optimal structural superposition 
compared to the experimental reference structure (PDB code: 1UBQ (6)) as a function of 
simulation time in the Anton2 simulations. Only residues 1-72 were considered to exclude the 
flexible C-terminus. Different colors indicate different molecules. 
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Figure S4: Radius of gyration Rg of villin molecules based on Cα atoms as a function of 
simulation time in the Anton2 simulations. Different colors indicate different molecules. 
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Figure S5: Rg of protein G molecules based on Cα atoms as a function of simulation time in the 
Anton2 simulations. Different colors indicate different molecules. 
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Figure S6: Rg of ubiquitin molecules based on Cα atoms as a function of simulation time in the 
Anton2 simulations. Different colors indicate different molecules. 
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Figure S7: Root mean square fluctuations (RMSF) for Cα atoms in villin molecules at 5% 
(purple), 10% (light blue), and 30% (tan) protein concentration in the absence (solid lines) and 
presence of the membrane (dashed lines). Error bars reflect uncertainties obtained from variations 
between different protein molecules in a given system. Only protein molecules where the Cα 
RMSD at the end of the trajectory was below 2.5 Å were included. 
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Figure S8: Root mean square fluctuations (RMSF) for Cα atoms in protein G molecules at 5% 
(purple), 10% (light blue), and 30% (tan) protein concentration in the absence (solid lines) and 
presence of the membrane (dashed lines) as in Figure S7 
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Figure S9: RMSF for Cα atoms in ubiquitin molecules at 5% (purple), 10% (light blue), and 30% 
(tan) protein concentration in the absence (solid lines) and presence of the membrane (dashed 
lines) as in Figure S7. 
  



 
 

14 
 

 
Figure S10: Protein contacts normalized by number of proteins as a function of simulation time 
at 5% (purple), 10% (light blue), and 30% (tan) protein concentration in the absence (top) and 
presence of the membrane (bottom). Results from a simulation at 5% with the original 
CHARMM c36 force field without scaling protein-water interactions are shown in red. Contacts 
were defined as minimum Cα distances of less than 7 Å.  
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Figure S11: Percentage of residues (x10) involved in minimum heavy-atom distances below 5 Å 
between villin and other villin (red), protein G (blue), ubiquitin (green), or the membrane (black 
dashed line, shown as 20-10*percentage). 
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Figure S12: Percentage of residues (x10) involved in minimum heavy-atom distances below 5 Å 
between protein G and villin (red), other protein G (blue), ubiquitin (green), or the membrane 
(black dashed line, shown as 20-10*percentage). 
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Figure S13: Percentage of residues (x10) involved in minimum heavy-atom distances below 5 Å 
between ubiquitin and villin (red), protein G (blue), other ubiquitin (green), or the membrane 
(black dashed line, shown as 20-10*percentage). 
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Figure S14: Cluster size distributions between all proteins at 5% (purple), 10% (light blue), and 
30% (tan) in the absence (solid lines) and presence (dashed lines) of the lipid bilayer based on 
protein contacts defined as minimum heavy atom distances of less than 2.7 Å.  
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Figure S15: Cluster size distributions between all proteins at 5% (purple), 10% (light blue), and 
30% (tan) in the absence (solid lines) and presence (dashed lines) of the lipid bilayer based on 
protein contacts defined as minimum Cα-Cα atom distances of less than 7 Å as in Figure 1B but 
using only data from the first 2 μs in order to exclude frames with partially unfolded proteins.  
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Figure S16: Cluster size distributions between all proteins in the absence of a membrane surface 
at 5% (purple), 10% (light blue), and 30% (tan) based on all-atom simulations using a Cα-Cα 
distance criterion of 7 Å (thick solid lines), based on all-atom simulations using an equivalent 
center-of-mass based criterion (thin solid lines), and based on coarse-grained (CG) simulations 
using the same center-of-mass based criterion (dashed lines). According to the center-of-mass 
criterion two proteins A and B were considered in contact when the distance between their 
centers was less than (𝜎𝜎𝐴𝐴 + 𝜎𝜎𝑃𝑃)/2 + 7Å  with values for σ given below. The CG simulations 
involved spherical models with 10 particles for each protein type at box volumes that were 
adjusted to result in the same volume fractions as in the atomistic simulations. The interaction 
potential for the CG model consisted of a purely repulsive short-range Lennard-Jones type 

potential as in the work by Mani et al. (32): 𝑈𝑈𝑖𝑖𝑖𝑖(𝑟𝑟𝑖𝑖𝑖𝑖) = 4𝜀𝜀 �𝜎𝜎𝑖𝑖𝑖𝑖
𝑃𝑃𝑖𝑖𝑖𝑖
�
100

. The value of ε was set to 4 

kJ/mol for protein-protein interactions. The size-dependent parameter σij was calculated as 𝜎𝜎𝑖𝑖𝑖𝑖 =
(𝜎𝜎𝑖𝑖 + 𝜎𝜎𝑖𝑖)/2 with σi determined from the diameter of a sphere with a volume equivalent to the 
molecular volume of molecule i. Specifically, we set σvillin=18.13 Å, σproteinG=20.67 Å, and 
σubiquitin=23.34 Å. The CG simulations were run with OpenMM for 1 μs at 298 K using a 
Langevin thermostat. 
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Figure S17: Heavy-atom density distributions along the membrane normal for different proteins 
(solid lines, villin – red, protein G – blue, ubiquitin – green), individual lipid types (long dashed 
lines; POPC – dark brown, sphingomyelin - purple, cholesterol – orange), and ions (short dashed 
lines, Na+ - red, Cl- - green). Ion concentrations are shown at 100x of the actual densities. Protein 
concentrations are shown at 3x for 10% protein concentration and 6x for 5% concentration to 
facilitate comparisons. 
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Figure S18: Density distribution of all protein center of mass positions at 5% (purple), 10% (light 
blue), and 30% (tan) from all-atom (solid lines) and hard-sphere (dashed lines) simulations. 
Results from a simulation at 5% with the original CHARMM c36 force field of the protein-
membrane system without scaling protein-water interactions are shown in red. The hard-sphere 
results were obtained from coarse-grained (CG) simulations using spherical models with 10 
particles for each protein type at box volumes as described in the caption for Figure S16. 
Interactions with the membrane were also repulsive using the same potential form based on the 
distance from the membrane plane along the membrane normal. The membrane plane was set at 
2.8 nm from the center of the membrane. The value of ε was set to 4 kJ/mol for protein-
membrane interactions. For interactions with the membrane, the value of σ for different proteins 
was used directly. The increase in density near the membrane with the CG model, especially at 
the higher concentrations, has been observed before and is due to anisotropic collisions with other 
molecules at a planar surface (33, 34).  
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Figure S19: Minimum heavy-atom distances between individual proteins and membrane lipids as 
a function of simulation time. Different colors indicate different proteins. 
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Figure S20: Mean-square displacement (MSD) curves for individual villin molecules (shown 
with different colors) in the absence (left) and presence (right) of a membrane bilayer at total 
protein concentrations of 5%, 10%, and 30%.  
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Figure S21: MSD curves for individual protein G molecules (shown with different colors) in the 
absence (left) and presence (right) of a membrane bilayer at total protein concentrations of 5%, 
10%, and 30%.  
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Figure S22: MSD curves for individual ubiquitin molecules (shown with different colors) in the 
absence (left) and presence (right) of a membrane bilayer at total protein concentrations of 5%, 
10%, and 30%. 
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Figure S23: Rotational correlation functions for individual villin molecules (shown with different 
colors) in the absence (left) and presence (right) of a membrane bilayer at total protein 
concentrations of 5%, 10%, and 30%.  
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Figure S24: Rotational correlation functions for individual protein G molecules (shown with 
different colors) in the absence (left) and presence (right) of a membrane bilayer at total protein 
concentrations of 5%, 10%, and 30%. 
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Figure S25: Rotational correlation functions for individual ubiquitin molecules (shown with 
different colors) in the absence (left) and presence (right) of a membrane bilayer at total protein 
concentrations of 5%, 10%, and 30%.  
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Figure S26: Translational diffusion parallel to the membrane (in the x-y plane) as a function of 
the distance from the membrane center extracted from mean-square displacement curves at 
different time scales: 0-1 ns (dark brown), 1-10 ns (green), 10-100 ns (red) for protein 
concentrations of 5%, 10%, and 30%. MSD curves were generated by combining data from all 
proteins and the results are not corrected for PBC artefacts.  
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Figure S27: Translational diffusion perpendicular to the membrane (along the z-axis) as a 
function of the distance from the membrane center extracted from MSD curves at different time 
scales: 0-1 ns (dark brown), 1-10 ns (green), 10-100 ns (red) for protein concentrations of 5%, 
10%, and 30%. MSD curves were generated by combining data from all proteins and the results 
are not corrected for PBC artefacts. Dashed lines indicate results from a modified analysis where 
potential drift along z due to a potential gradient was subtracted according to <(dz-<dz>)2>.  
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Figure S28: Translational diffusion constants parallel to the membrane (in the x-y plane) as a 
function of the distance from the membrane center extracted from MSD curves at 10-100 ns for 
all proteins at total protein concentrations of 5% (purple), 10% (light blue), and 30% (tan). Top, 
center, and bottom panels compare the choice of the initial, mid, or last point of the time interval 
over which diffusion is measured in assigning the distance from the membrane center. 
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Figure S29: Translational diffusion constants parallel to the membrane (in the x-y plane) as a 
function of the distance from the membrane center extracted from MSD curves at 10-100 ns for 
only villin, protein G, or ubiquitin molecules at total protein concentrations of 5% (purple), 10% 
(light blue), and 30% (tan). Diffusion values were corrected for PBC artefacts according to Eq. 3 
with viscosity estimated by Eq. 2. The dashed lines indicate the predicted diffusion rates parallel 
to the membrane according to Eq. 4 based on PBC-corrected diffusion for different proteins in 
non-membrane systems at the same concentration (see data in Table S7).   
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Figure S30: Population-weighted acceleration of translational diffusion parallel to the membrane 
(in the x-y plane) as a function of the distance from the membrane center extracted from MSD 
curves at 10-100 ns for only villin, protein G, or ubiquitin molecules at total protein 
concentrations of 5% (purple), 10% (light blue), and 30% (tan). Acceleration was calculated as 
the ratio of relaxation times τbulk/τz where τbulk=1/Dbulk and τz=(1-p)/Dz+ p/Dbulk and p=ρz/ρbulk is 
the probability of a protein to be found at a given distance from the membrane center based on the 
z-dependent density profiles shown in Figure S18 and the z-dependent diffusion profiles shown in 
Figure S29. 
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Figure S31: Rotational diffusion constants as a function of the distance from the membrane 
center for only villin, protein G, or ubiquitin molecules at total protein concentrations of 5% 
(purple), 10% (light blue), and 30% (tan). The dashed lines indicate rotational diffusion for 
different proteins in non-membrane systems at the same concentration (see data in Table S8). 
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Figure S32: Heavy-atom density distributions of molecular components (top), translational 
diffusion constants parallel to the membrane (center), and rotational diffusion constants (bottom) 
as a function of the distance from the membrane center along the membrane normal as in Figure 3 
but based on only the first 2 µs before some proteins unfold. Results are shown for systems with 
proteins at 5% (purple), 10% (light blue), and 30% (tan). Densities are shown for proteins (solid 
lines), lipids (long dashes), and water molecules (short dashes). Translational and rotational 
diffusion constants were assigned to the center of mass of a given protein at the beginning of the 
intervals for which mean-square displacements (MSD) and rotational correlation functions were 
obtained. Translational diffusion was estimated from MSD vs. time during 10-100 ns. Statistical 
errors for density distributions are less than 1%. 
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Figure S33: Lipid acyl chain order parameters for POPC (sn1 and sn2 chains) and sphingomyelin 
(sphingosine (sp) and fatty acid (fa) chains) with protein concentrations of 5% (purple), 10% 
(light blue), and 30% (tan). Order parameters were calculated as S=|<(3cos2θ-1)/2>|, where θ is 
the time-dependent angle of a given C-H bond vectors along the acyl chains relative to the 
membrane normal. 
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Figure S34: Membrane distortion as a function of protein interactions at protein concentrations of 
5% (purple), 10% (light blue), and 30% (tan) as in Figure 4 but based on only the first 2 us of 
each trajectory before some proteins unfold. Protein-membrane distances are defined based on 
minimum heavy-atom distances between proteins and lipids. Membrane distortions are 
characterized by average phosphate distances from the membrane center for phosphate atoms 
within a 15 Å radius from the lipid atom in closest contact with the protein. The average 
phosphate distance to the center irrespective of any protein contact is indicated as a grey line. 
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Table S1. Simulated all-atom systems. 
System %vol #proteins1 #lipids2 #K+/Cl- #atoms Box 

x-y [Å] 
Box 
z [Å] 

NAMD 
time  
[μs] 

Anton2 
time  
[μs] 

a5 5 15 (5,5,5) 0 306/296 364721 153.32 153.32 0 10 
a10 10 30 (10,10,10) 0 326/306 371813 154.06 154.06 0.5 10 
a30 30 30 (10,10,10) 0 103/83 124602 106.31 106.31 0.8 10 
a5m 5 12 (4,4,4) 828 (276,276,276) 232/224 363360 134.21 193.71 0 10 
a10m 10 24 (8,8,8) 828 (276,276,276) 248/232 367575 134.18 195.34 0.3 10 
a30m 30 69 (23,23,23) 828 (276,276,276) 227/181 369657 133.74 194.83 0.7 10 

1number of villin, protein G, and ubiquitin molecules given in parentheses; 2number of POPC, 
sphingomyelin, and cholesterol molecules given in parentheses. 
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Table S2. Protein stability vs. concentration. 
 

%vol Villin Protein G Ubiquitin 
avg.1 err.2 p3 avg.1 err.2 p3 avg.1 err.2 p3 

RMSD 
[Å] 

5 3.36 0.81  1.14 0.12  1.56 0.13  
10 4.41 0.87  2.17 0.65  1.48 0.11  
30 2.79 0.41 0.59 1.29 0.06 0.39 1.44 0.08 0.53 

RMSD 
(<2.5 Å)4 
[Å] 

5 1.31 0.08  1.04 0.07  1.53 0.13  
10 1.32 0.11  1.20 0.07  1.45 0.11  
30 1.42 0.05 0.35 1.18 0.05 0.24 1.42 0.08 0.54 

Rg 

[Å] 
5 11.26 0.596  10.80 0.017  11.96 0.048  

10 11.82 0.624  11.25 0.396  11.93 0.032  
30 10.53 0.231 0.37 10.80 0.009 0.90 11.90 0.022 0.37 

Rg 
(<2.5 Å)4 
[Å] 

5 9.84 0.059  10.79 0.006  11.95 0.047  
10 9.21 0.616  10.78 0.005  11.92 0.031  
30 9.85 0.037 0.88 10.79 0.007 0.73 11.90 0.020 0.37 

1averages over Anton2 simulations with and without membrane; 2standard errors obtained via 
error propagation formula from trajectory errors; 3p-values for null hypothesis of values at 5% 
and 30% not being significantly different; 4considering only folded snapshots with an RMSD of 
less than 2.5 Å. 
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Table S3. Protein stability vs. membrane presence.  
 

mem. Villin Protein G Ubiquitin 
avg.1 err.2 p3 avg.1 err.2 p3 avg.1 err.2 p3 

RMSD 
[Å] 

no 3.45 0.591  1.82 0.431  1.59 0.094  
yes 3.59 0.599 0.88 1.25 0.093 0.32 1.39 0.090 0.27 

RMSD (<2.5 Å)4 
[Å] 

no 1.34 0.033  1.15 0.041  1.56 0.088  
yes 1.36 0.088 0.81 1.13 0.058 0.73 1.37 0.087 0.28 

Rg 
[Å] 

no 11.13 0.400  11.11 0.264  11.95 0.026  
yes 11.28 0.440 0.83 10.79 0.016 0.35 11.91 0.032 0.39 

Rg (<2.5 Å)4 
[Å] 

no 9.81 0.026  10.79 0.005  11.94 0.025  
yes 9.46 0.412 0.48 10.78 0.005 0.56 11.90 0.031 0.41 

1averages over Anton2 simulations at all three concentrations; 2standard errors obtained via error 
propagation formula from trajectory errors; 3p-values for null hypothesis of values without and 
with membrane not being significantly different; 4considering only folded snapshots with an 
RMSD of less than 2.5 Å. 
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Table S4. Protein contacts by protein. 
System %vol Villin Protein G Ubiquitin All 
  fcont.1 err.2 f/A3 fcont.1 err.2 f/A3 fcont.1 err.2 f/A3 fcont.1 err.2 
a5 5 0.08 0.04 0.77 0.02 0.002 0.15 0.36 0.16 2.10 0.55 0.07 
a10 10 0.24 0.05 2.32 0.13 0.05 0.97 0.48 0.08 2.80 0.86 0.06 
a30 30 0.39 0.09 3.78 0.18 0.03 1.34 0.76 0.06 4.44 1.24 0.08 
a5m 5 0.27 0.03 2.61 0.04 0.01 0.30 0.39 0.05 2.28 0.86 0.06 
a10m 10 0.25 0.04 2.42 0.07 0.01 0.52 0.74 0.10 4.32 0.92 0.07 
a30m 30 0.30 0.02 2.91 0.24 0.03 1.79 0.75 0.08 4.38 1.48 0.06 

1fraction of contacts calculated as the number of contacts between the same type of proteins 
normalized by the number of proteins; contacts were defined as minimum Cα distances of less 
than 7 Å; 2standard errors based on variation between different sets of molecules; 3fraction of 
contacts divided by the surface areas of a sphere with an equivalent volume to the respective 
protein structures (Avillin=10.33 nm2, AproteinG=13.42 nm2, Aubiquitin=17.11 nm2) multiplied by 100. 
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Table S5. Amino acid preferences in protein-membrane contacts1. 

Amino acid 5% err. 10% err.2 30% err.2 
Alkanes3 19.1 11.7 11.8 1.0 18.2 2.0 
Polar4 16.6 1.1 15.1 2.9 22.6 7.2 
Acidic5 6.0 0.1 6.2 0.4 5.7 1.6 
Basic6 4.0 0.01 4.9 1.5 5.9 2.3 
Sulfur7 4.6 1.2 3.9 1.4 2.3 0.2 
Phe 3.1 0.7 2.7 0.6 2.6 0.1 
Tyr 16.6 2.3 12.4 2.3 18.2 10.2 
Trp 6.5 0.6 9.6 1.4 10.8 4.3 
Gly 1.7 0.1 1.7 0.3 2.8 0.6 
Pro 1.9 0.1 2.6 1.1 3.1 0.6 

1Percentages of closest protein-lipid heavy atom contacts within 5 Å as a function of amino acid 
type, e.g. in 6.5% of all instances where Trp is the closest amino acid in a protein to the 
membrane at 5% concentration; 2Statistical uncertainties from comparing subsets of proteins; 
3Ala, Val, Leu, Ile; 4Asn, Gln, His, Ser, Thr; 5Asp, Glu; 6Arg, Lys. 
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Table S6. Protein-membrane contact residence times. 

System %vol Protein τ1 
[ns] 

err. τ2 
[ns] 

err a err. 

a5m 5 villin 5.28 1.10 1585 727 0.95 0.02 
    protein G 1.51 0.41 1843 650 0.97 0.001 
  ubiquitin 3.87 0.95 945 408 0.95 0.003 
  all 3.20 0.18 1144 11.5 0.94 0.008 
a10m 10 villin 3.93 0.42 1622 1302 0.91 0.02 
  protein G 2.22 0.13 1296 118 0.93 0.004 
  ubiquitin 1.65 0.04 75 12.3 0.81 0.03 
  all 3.09 0.37 829 420 0.92 0.01 
a30m 30 villin 5.63 1.05 684 15.4 0.78 0.03 
  protein G 2.28 0.41 622 278 0.83 0.03 
  ubiquitin 1.82 0.47 489 31.1 0.79 0.02 
  all 2.97 0.29 589 78.6 0.80 0.02 

Residence times from fitting contact survival functions to a double exponential expression with 
parameters a, τ1, and τ2: a*exp(-t/τ1)+(1-a)*exp(-t/τ2). Protein-membrane contacts were defined 
based on protein-lipid heavy-atom distances within 5 Å.  
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Table S7. Translational diffusion rates for proteins in non-membrane systems. 

System %vol Protein Dt  err. Dt err Dt err. 
   0-1 ns 

[nm2/ns] 
1-10 ns 
[nm2/ns] 

10-100 ns 
[nm2/ns] 

a5 5 villin 0.36 0.03 0.35 0.03 0.34 0.04 
    protein G 0.36 0.01 0.34 0.01 0.33 0.02 
  ubiquitin 0.27 0.007 0.25 0.005 0.23 0.006 
a10 10 Villin 0.23 0.01 0.21 0.01 0.19 0.01 
  protein G 0.22 0.01 0.21 0.01 0.20 0.01 
  ubiquitin 0.16 0.005 0.15 0.005 0.13 0.004 
a30 30 villin 0.051 0.002 0.041 0.002 0.035 0.001 
  protein G 0.055 0.002 0.043 0.002 0.038 0.002 
  ubiquitin 0.037 0.001 0.031 0.001 0.029 0.0004 

Diffusion from mean-square center of mass displacement curves with correction for periodic 
boundary artefacts according to Eq. 1 with viscosity estimated by Eq. 2 using ηw=0.35 cP (for 
CHARMM TIP3P with Ewald summation) (35).  
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Table S8. Rotational diffusion rates for proteins in non-membrane systems. 

System %vol Protein Dr  err. τf err τs err. SR
2 err. 

   [1/ns] [ns] [ns]  
a5 5 villin 0.112 0.027 1.36 0.42 8.79 2.01 0.38 0.05 
    protein G 0.096 0.007 1.21 0.07 9.68 2.51 0.37 0.04 
  ubiquitin 0.032 0.003 3.66 0.60 17.59 1.49 0.42 0.04 
a10 10 villin 0.054 0.008 2.22 0.22 30.50 3.13 0.40 0.04 
  protein G 0.042 0.008 3.31 0.50 43.61 7.51 0.39 0.03 
  ubiquitin 0.011 0.001 9.07 1.28 58.25 4.33 0.54 0.03 
a30 30 villin 0.005 0.001 21.49 3.34 547.5 64.8 0.55 0.03 
  protein G 0.005 0.001 21.62 2.81 708.1 124.7 0.54 0.03 
  ubiquitin 0.0008 0.0002 72.47 10.8 1502.9 276.8 0.77 0.02 

Diffusion rates were extracted from fitting rotational correlation functions to double exponentials: 
SR

2*exp(-t/τs)+(1-SR
2)*exp(-t/τf). 
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