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ABSTRACT

Atomistic molecular dynamics simulations of concentrated protein solutions in the presence of a
phospholipid bilayer are presented to gain insights into the dynamics and interactions at the
cytosol-membrane interface. The main finding is that proteins that are not known to specifically
interact with membranes are preferentially excluded from the membrane leaving a depletion zone
near the membrane surface. As a consequence, effective protein concentrations increase leading
to increased protein contacts and clustering, whereas protein diffusion becomes faster near the
membrane for proteins that do occasionally enter the depletion zone. Since protein-membrane
contacts are infrequent and short-lived in this study, the structure of the lipid bilayer remains
largely unaffected by the crowded protein solution, but when proteins do contact lipid head groups,

small but statistically significant local membrane curvature is induced on average.
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STATEMENT OF SIGNIFICANCE

Interactions between crowded cytosols and membrane surfaces are unavoidable inside cells. This
all-atom simulation study suggests that non-specific protein-membrane interactions create a
water-rich protein depletion zone between the membrane and the crowded environment, leading
to an increased propensity of proteins to aggregate in bulk but also allow for accelerated
diffusion on the surface of the membrane when proteins come closer to the surface occasionally.
The simulation results furthermore provide evidence of a non-specific mechanism for protein-

induced membrane curvature formation as a result of crowding near the membrane.



\body

INTRODUCTION

Proteins and nucleic acids have to function under highly crowded conditions inside cells (1). An
unresolved question is how such environments impact biomolecular structure and dynamics
compared to the in vitro non-crowded conditions in most experimental and computational studies
(2, 3). Earlier work has described the volume exclusion effect of crowding (4), but more recent
studies emphasize the role of weak, non-specific interactions between biomolecules in the cell (5-
11). There is increasing evidence that protein-protein interactions in highly concentrated
environments can potentially destabilize native folds contrary to what the volume-exclusion effect
predicts (12-16). Transient molecular cluster formation between biomolecules has emerged as the

primary determinant of reduced diffusion in crowded cellular environments (10, 11, 17-19).

In addition to studies of biomolecular crowding in cytoplasmic environments, crowding inside or
near membranes has also been examined (20-24). Membrane surfaces are ubiquitous not just at the
boundaries of cells but also as part of lipid vesicles and cellular organelles such as the endoplasmic
reticulum (ER). Protein crowding within the membrane slows down dynamics as in the cytoplasm
(23), but the effects are more complicated due to domain formation and confinement by
cytoskeletal elements (25). Moreover, as predicted by Saffman-Delbriick theory (26), diffusion of
proteins inside the membrane is only weakly dependent on particle size R (23). In contrast, the
Stokes-Einstein model for isotropic solvent describes an 1/R dependence. Consequently, molecular

association and clustering is not expected to strongly impact diffusion within the membrane.

Less is known about the interface between membrane surfaces and crowded cytoplasmic

environments, especially when non-membrane binding proteins are involved. Previous studies



have found a role of protein crowding in inducing membrane curvature (27). This effect was
attributed to the anisotropic pressure that is generated by proteins moving laterally on a membrane
surface. More recent work argues that this effect is much less significant compared to membrane
curvature induced by hydrophobic insertion of peripherally associated membrane proteins (28, 29).
Moreover, it seems that a high fraction of the membrane surface needs to be covered by proteins
and an asymmetric distribution of crowding between membrane leaflets is needed to realize
significant overall curvature (28). It remains unclear how high concentrations of proteins may
modulate other membrane properties. There is also little insight into how the properties of
cytoplasmic proteins may be affected by the presence of a membrane surface under crowded
conditions. The structural and dynamic properties of proteins in concentrated solutions could be
altered in the presence of a membrane. It may be expected, for example, that proteins forced to
interact with a membrane due to crowding experience reduced diffusion and are subject to

destabilization when surrounded partially by a non-aqueous environment.

To examine these questions in molecular detail, we present 10us-scale atomistic molecular
dynamics (MD) simulations of mixtures of proteins in the presence and absence of a membrane.
The simulations suggest that the presence of the membrane increases protein clustering and allows
proteins to diffuse faster on the membrane surface than in the crowded milieu. However, the
proteins affect the membrane properties only to a small extent and the membrane has little effect

on protein stability.

RESULTS AND DISCUSSION

We carried out simulations of concentrated mixtures of villin, protein G, and ubiquitin in the

absence and presence of a lipid bilayer composed of POPC, sphingomyelin, and cholesterol (Fig.



1), initially with NAMD on sub-ps time scales followed by 10 pus on Anton2 for which results are
reported here (S Appendix, Table S1). The simulations follow well-tested protocols for describing
protein-membrane interactions that have resulted in excellent agreement between simulation and
experiment in many previous studies (30-33). To avoid the overestimation of protein-protein

interactions, we have applied a recently introduced force field modification (10).
Stability of proteins

Most of the proteins remained stable near their native structure, but at least one villin in each of
the simulations and two copies of protein G in the simulation at 10% without the membrane
deviated significantly from the experimental reference structures after several microseconds (S/
Appendix, Figs S1-S3). Increased RMSD was correlated with increases in the radius of gyration
(SI Appendix, Figs S4-S6) and indicates unfolding. In previous simulations of similar protein
solutions we partial unfolding was also observed, especially for villin (10, 13). Villin has marginal
stability around 4 kcal/mol to full unfolding and 2-3 kcal/mol to partially unfolded states with the
force field used here (10). Experimental stability is estimated to be 2-3 kcal/mol at 298K with

unfolding rates around 100 ps or less (34). Some unfolding during 10-ps may thus be expected.
However, the main conclusions are not significantly affected when only the first 2 ps are analyzed

to avoid partially unfolded structures (SI Appendix, Figs S15, S32, and S34).

The volume exclusion effect of crowding is expected to increase the stability of compact native
states (35), but a destabilization of the native state due to protein-protein interactions upon
crowding has also been proposed (13). To analyze whether protein structures may be altered at
higher concentrations and whether the presence of the membrane affects stability, average RMSD
and radii of gyration for each type of protein were calculated as a function of concentration (S/

Appendix, Table S2). Small differences may be consistent with native state destabilization (such



as a slight increase in average RMSD for folded villin with an RMSD below 2.5 A) or with native
state compaction due to volume exclusion (such as a slight decrease in the radius of gyration for
ubiquitin) when comparing between the most (30%) and least (5%) concentrated systems.
However, p-values of 0.2 or larger suggest only weak significance of these observations. The

presence of the membrane also does not significantly affect protein stability (S/ Appendix, Table

33).

Similar conclusions are found when comparing root mean square fluctuations (RMSF) (S7
Appendix, Figs S7-S9). For most residues, different concentrations and the presence of the
membrane have only a small effect, but the loop in ubiquitin around residue 35 fluctuates
significantly less at higher protein concentrations. A decreased RMSF is consistent with the

smaller radius of gyration in ubiquitin upon crowding.
Protein contacts and clustering

At the high concentrations considered here, interactions between proteins are unavoidable. Indeed,
we find extensive contacts between proteins at all concentrations (SI Appendix, Fig. S10). In the
absence of the membrane, about 5-10% of the theoretical maximum contacts are formed at any
time largely independent of concentration. When contacts are analyzed between the same type of
protein, we find that contacts between ubiquitin are more likely than between villin or protein G
(SI Appendix, Table S4). This finding generally holds even after normalizing the number of
contacts by the surface area of spheres with volumes equivalent to the proteins (SI Appendix, Table
S4) and can be understood based on the differences in net charges. Ubiquitin is neutral and villin
and protein G are positively and negatively charged, respectively. Overall, interactions between
different proteins are non-specific without a strong bias towards specific protein-protein interfaces.

However, there are some preferences for involving certain residues in protein-protein contacts



(Fig. 2 and SI Appendix, Figs S11-S13) that vary only slightly depending on what the other protein
partner is. Interestingly, the RMSF is elevated for many of the residues involved in forming

contacts (SI Appendix, Figs S7-S9).

When the membrane is introduced, the number of contacts per protein increases with the most
significant change at 5% and 30% (based on p-values of 0.03 (5%), 0.55 (10%), and 0.07 (30%);
SI Appendix, Fig. S10 and Table S4). The trend is less clear for contacts between proteins of the
same type (SI Appendix, Table S4). This contrasts with a geometrically expected decrease in
contacts due to the membrane since contacts along z between proteins above and below the

membrane are prevented.

We further analyzed the formation of clusters based on the protein contacts. Cluster size
distributions based on Ca-Ca contacts are shown in Fig. 1B and are very similar results to contacts
based on heavy atom distances (SI Appendix, Fig. S14). A simple hard-sphere model without

attraction results in significantly smaller cluster sizes (SI Appendix, Fig. S16).

At 5%, we find a decaying cluster size distribution indicative of transient cluster formation similar
to what we described previously for concentrated villin solutions below the solubility limit (10).
At 30%, most proteins are found in a single large cluster consistent with a phase change to an
aggregated form (36). The presence of the membrane generally shifts the cluster size distribution
to larger cluster sizes. This can be seen most clearly from a reduction in monomers and other small
clusters. This effect is greater at 5% and 30% consistent with a greater increase in contacts (Table
S4). We note that differences at the largest cluster sizes reflect in part different numbers of protein

copies in non-membrane and membrane systems (Table S1).

The increased clustering in the presence of the membrane indicates a decrease in solubility that

could be observable macroscopically. Here, the protein solutions are sandwiched between two



membrane surfaces (when considering the periodic images along z) with a gap of about 150 A.
Such conditions may be found in the ER or Golgi apparatus. Although our systems are only a
simple approximation of these complex biological environments, our results are consistent with
previous observations of condensation of enzymes in the rough ER (37) and the aggregation and
sorting of secretory proteins in the ER and Golgi apparatus (38, 39). While specific mechanisms
involving membrane-bound receptors likely play a role as well (40), this study proposes a generic

mechanism for selective protein aggregation in the ER based on close membrane surfaces.
Protein-membrane interactions

None of the proteins studied here are expected to bind the membrane peripherally or via insertion.
However, crowding may be expected to force proteins to make close contacts with the membrane
surface. Density profiles of proteins relative to the membrane show that this is not the case (Fig. 3
and SI Appendix, Fig. S17). Instead, the proteins are preferentially excluded from the membrane
surface, even at 30%. Next to the membrane surface, a water and ion layer of about 10-15 A is
formed where protein concentrations are low. This finding is independent of the scaling of protein-
water interactions (SI Appendix, Fig. S18). For comparison, we simulated hard spheres with radii
equivalent to the proteins in the presence of a hard surface (SI Appendix, Fig. S18). The hard
spheres pack more closely to the surface compared to the proteins where density increases slowly
up to 70 A away from the membrane center. Our results also do not agree with the increased
membrane interactions reported from a simple hydrodynamic model (41). This indicates clearly
that the proteins are thermodynamically excluded from the membrane. This means that protein-
membrane binding affinities are low and that solvation of the membrane lipid head groups with
water and ions is preferred over membrane-protein interactions. This finding is consistent with

previous analyses showing weak protein-membrane binding unless anionic lipids are present (42-



44). Moreover, examples of strongly binding peripheral membrane proteins typically involve
hydrophobic anchors that are partially inserted into the lipid bilayer to interact with the lipid acyl
chains (45) and/or m-cation interactions between aromatic residues and choline headgroups (30,
44). The proteins studied here do not have a large fraction of aromatic residues. surface-exposed
hydrophobic elements, or a lipidation modification such as myristoylation suitable for partial

membrane insertion.

Protein exclusion from the membrane surface results in an increased protein concentration away
from the membrane. This is consistent with increased protein contacts and clustering in the
presence of the membrane. However, all types of proteins occasionally come into contact with the
lipid headgroups (S Appendix, Fig. S19). The interactions are slightly more frequent for villin and
protein G than for ubiquitin (SI Appendix, Fig. S19). This is expected from stronger electrostatic
interactions between the charged proteins and the zwitterionic lipid head group. Protein residues
that are preferred in protein-membrane interactions vary by protein (Fig. 2) and only partially
overlap with the residues involved in protein-protein contacts (SI Appendix, Figss S11-S13). The
residues that are most likely to be involved in protein-membrane contacts are tyrosine, which is
known to interact strongly with choline head groups (30, 44), hydrophobic alkanes, which interact
favorably with the lipid acyl chains, and polar residues, which can form hydrogen bonds with the

lipid head groups (SI Appendix, Table S5).

An analysis of contact residence times (based on protein-lipid heavy atom distances within 5 A)
revealed a typical contact time of around 2 ns for protein G and ubiquitin; villin remained bound
slightly longer, i.e. 4-6 ns (S Appendix, Table S6). A much longer time component of around 1 ps

is attributed to unbinding, reinsertion into the main protein cluster, and later rebinding.



The predictions from the simulations could be tested experimentally by employing X-ray or
neutron scattering to study the density variations. Protein-membrane interactions could be probed
via site-directed spin labels in combination with paramagnetic resonance or other fluorescence

techniques. We are not aware of such experiments for comparable systems.
Protein diffusion

Retarded diffusion of proteins upon crowding is well known. Recent work (10, 17) (19, 46) has
suggested that this is largely a result of transient cluster formation. Here, we analyzed whether the
presence of the membrane affects diffusive properties. Translational and rotational diffusion
coefficients in bulk solutions without the membrane bilayer. match previously reported values for
villin (10). ST Appendix provides averages in Tables S7-S8, mean-squared displacement (MSD) in
Figs S20-S22, and correlation functions in Figs S23-S25. The TIP3P water model used here
underestimates solvent viscosity about threefold and reported diffusion rates are thus three times
faster than in experiment. Diffusion coefficients for the ubiquitin are retarded more than for villin
or protein G, as expected based on size. There is only a moderate decrease in translational diffusion
between short (<1ns) and longer (>10 ns) time scales for 5% and 10%, consistent with extensive
cluster formation that results in a lack of transiently varying diffusion rates (10). At 30%, diffusion
on longer time scales is retarded more significantly compared to shorter times, reflecting cage

effects (SI Appendix, Table S7).

In the presence of the membrane, diffusion rates vary depending on the location of a protein with
respect to the membrane (Fig. 3). The discussion here primarily focuses on motion parallel to the
membrane. Diffusion perpendicular to the membrane (SI Appendix, Fig. S27) shows similar trends.
Diffusion is slowest at the farthest point from the membrane and increases towards the membrane

surface up until 35 A from the membrane center. When proteins come into direct contact with the



lipids, sharply reduced diffusion is observed in most cases. Translational and rotational diffusion
are affected similarly, but translational diffusion is accelerated more strongly near the membrane
than rotational diffusion at 5% and 10%. The opposite trend is found at 30%. At 5%, rotational
diffusion appears to slow down significantly near 40 A, but the translational diffusion is affected
less. This may indicate that proteins near the membrane are subject to orientational restraints due
to preferential involvement of certain protein residues in membrane interactions (Fig. 2), but since
this observation is only made at 5%, an artefact due to limited sampling is also possible. Increased
diffusion near the membrane is most pronounced for long-time diffusion (>10 ns) (SI Appendix,
Figs S26-S27). This finding is largely independent of whether the initial, mid- or endpoint of a

diffusion interval is used to assign the distance from the membrane (SI Appendix, Fig. S28).

The translational diffusion of proteins parallel to the membrane in a confined membrane system
can be estimated from bulk 3D diffusion in a non-membrane system (47). The long-time x-y
diffusion far away from the membrane is lower than or equal to the bulk-based estimate (using Eq.
4 in SI Appendix), but diffusion near the membrane surface is significantly faster (S Appendix,
Fig. S29). Faster diffusion near the membrane can be understood from the protein concentration
gradient in the presence of the membrane where there are fewer obstacles in the depletion zone
near the membrane surface, but the reduced protein concentration also means that proteins are less
likely to experience the faster diffusion near the membrane surface. However, there is still a net
effect of accelerated diffusion parallel to the membrane when the probability of finding a protein
close to the membrane is considered (SI Appendix, Fig. S30). Villin and protein G benefit most
when they move from the bulk to about 50-60 A from the membrane center, and the acceleration
is greater at 30% than at 5 and 10% with an increase of up to almost 90% for protein G. The

increase in diffusion described here is in disagreement with the retarded diffusion found near the



cell wall based on a simplified model that emphasizes hydrodynamic effects but neglects the

details of protein-protein and protein-lipid interactions (41).

Rotational diffusion is not expected to be affected strongly in the presence of confinement when
the membrane surfaces are separated by more than several times the size of the proteins. Therefore,
we compared the rotational diffusion rates directly between the non-membrane and membrane
systems (SI Appendix, Fig. S31). Generally, we find a similar conclusion of rotational diffusion
far away from the membrane being slower than or equal to bulk diffusion, while diffusion near the
membrane surface exceeds bulk diffusion values at 10% and 30% volume fractions. At 5% volume
fraction, only villin surpasses bulk diffusion rates at around 47 A from the membrane center,
whereas protein G and ubiquitin remain below bulk diffusion rates for all distances from the
membrane center. This can be understood from a greater sensitivity of rotational diffusion to
contact formation (10) and the greater increase in the number of protein contacts at 5% in the
presence of the membrane relative to the non-membrane systems (S/ Appendix, Fig. S10), as well

as apparently longer-lasting protein-membrane contacts.

The overall picture that is emerging from the above analysis is that proteins near a membrane
surface may diffuse faster than in the crowded bulk solution due to the protein depletion zone that
is formed by non-membrane interacting proteins in the vicinity of a membrane bilayer. The faster
diffusion is most evident in translational diffusion over longer time scales and could suggest a
mechanism for circumventing the challenge of slow transport of biomolecules within the crowded
cellular milieu and to reach membrane-embedded receptors and transporters. One could test this
idea experimentally by comparing diffusion via nuclear magnetic resonance or fluorescence
recovery after photobleaching in a very membrane-rich environment of a cell, such as the ER, with

other parts of the cell or by studying comparable in vitro systems.



Membrane properties

Lipid order parameters as a function of protein concentration (S/ Appendix, Fig. S33) were found
to be very similar values to previous results for pure POPC-sphingomyelin-cholesterol mixtures
with the same force field that was used here (48). Protein concentration had virtually no effect,
indicating that the internal structure and dynamics of the lipid bilayer and the liquid-ordered state

expected for the lipid composition in this study are not affected by the presence of the proteins.

Previous studies have suggested that crowding may introduce membrane bending (27). Membrane
deformations as a result of protein-membrane contacts were examined by averaging the distance
of lipid phosphate atoms from the membrane center for phosphates near the closest protein-
membrane contact point as a function of the protein-membrane distance (Fig. 4). The average
phosphate distance from the membrane center is decreased by as much as 0.2 A as proteins
approach the membrane to within 3-10 A of heavy-atom distances. This suggests membrane
indentation upon either direct contact or via indirect interactions mediated e.g. by water or longer-
range electrostatics. This effect is most pronounced for villin, which also has the longest protein-
membrane contact residence times. The weakest effect is observed for ubiquitin, for which the
membrane is only slightly indented upon contact at 5% and 10%, while the membrane is slightly
wider when ubiquitin touches the membrane at 30% (Fig. 4). For very short protein-membrane
contacts (<3 A), the membrane appears to become distorted more strongly with indentations and

extrusions varying by protein and concentration, but there are high statistical uncertainties.

In the absence of any specific interactions it is expected that proteins are most likely to bump into
membrane surfaces that extrude furthest into the aqueous solvent. In principle, lipid head groups
could also be pulled away from the membrane due to electrostatic attraction. However, the opposite

finding of an indented membrane upon protein contact suggests a specific mechanism for inducing



membrane curvature. We did not observe any overall net membrane bending, presumably because
of periodic boundary conditions and an equal distribution of proteins on either side of the
membrane. However, our results predict that net bending would arise if proteins are unequally
distributed on either side of the membrane in terms of concentration and/or composition. An
indentation of 0.2 A over a 30 A diameter disk (the diameter of the spherical region within which
phosphates around the protein-membrane contact point were analyzed) is equivalent to the
curvature on the surface of a sphere with a 560 A radius (Fig. 4). Such spheres are in the range of
lipid vesicle sizes suggesting that crowding could stabilize such vesicles. While the effect may
appear small, we find that at about 25% of the time there is either a villin or protein G within 10
A of a lipid (the maximum distance at which we see an effect on membrane curvature). This
translates into one protein per 700 nm? or about 56 proteins bound to the membrane of an entire
vesicle. This could provide significant overall stabilization when the contributions of all proteins
are summed up. The stabilization of vesicles or formation of curved membranes could be tested

experimentally in the presence of proteins at high concentration.

CONCLUSIONS

In this study, we are reporting atomistic simulations of concentrated protein solutions near a neutral
phospholipid bilayer. The model proteins considered here, villin, protein G, and ubiquitin, are not
known to interact specifically with phospholipid membranes and we found that even at the highest
concentrations of 30% volume fraction, the proteins are preferentially excluded from the
membrane surface. This finding has two major consequences: 1) The proteins effectively
experience a higher concentration as they occupy a smaller volume in the presence of the

membrane. This leads to increased contacts and increased clustering; 2) When proteins enter the



depletion zone of 10-15 A near the membrane surface, they can diffuse significantly faster than in
the crowded environment, especially over longer (>10 ns) time scales. Additional insights from
this work are that the membrane structure remains largely unperturbed in the presence of the
crowding proteins, which may be expected since the proteins largely avoid the membrane.
However, when proteins do contact the membrane, they appear to be able to induce local curvature
that could support lipid vesicles. The conclusions are experimentally testable hypotheses that we
hope will stimulate new studies of the interaction between crowded cellular environments and

membrane surfaces either in vitro or in vivo.

A major limitation of this work is the relatively small size of the systems dictated by the available
computer resources and future work will aim at extending the spatial and temporal scales via
coarse-grained modeling. Another limitation is that proteins that are expected to interact with the
membrane were not included and that no integral membrane proteins were present in the
phospholipid bilayer. In both cases, we would expect that cytoplasmic proteins may interact more
extensive with the membrane surface. This could mitigate the membrane-induced increase in
clustering described here and alter the diffusive characteristics of proteins near the membrane.

Extending our current work to such more complicated systems will be another aim of future work.
METHODS

Systems: Concentrated solutions of proteins with and without a lipid bilayer were constructed (Fig.
1 and Table S1). All systems contained equal numbers of three types of proteins: the chicken villin
head piece (HP-36; “villin”), the B1 domain of streptococcal protein G (“protein G”), and human
ubiquitin (“ubiquitin”). The proteins were chosen because of their small size, variation in charge
(villin: +2e, protein G: -4e, ubiquitin: 0), and variation in secondary structures. Phospholipid

bilayers consisted of equal numbers of 1-palmitoyl-2-oleyol-phosphatidylcholine (POPC),



sphingomyelin, and cholesterol to mimic the typical composition of animal cell membranes.
Crowded systems were prepared at three protein concentrations (5%, 10%, and 30%) based on the
total volume of the proteins relative to the aqueous solvent. In terms of weight, the concentrations
were about 40, 80, and 250 g/L. All systems were solvated in explicit water and K'/Cl" were added
to neutralize the systems and achieve excess KCI concentrations of about 150 mM (S7 Appendix,

Table S1) to reflect typical physiological conditions (49).

MD simulations: The initial systems were equilibrated before commencing production MD
simulations. The equilibration of the systems was performed using NAMD (version 2.10) (50) and
the CHARMM-GUI protocol (51, 52). After initial setup and equilibration (see SI Appendix),
production simulations of the 10% and 30% systems were then carried out without any restraints
using NAMD (version 2.10) (50) for time periods of 300-800 ns (SI Appendix, Table S1).
Subsequently, simulations were extended for 10 ps using the special-purpose Anton2 hardware
(53). Additional simulations at 5%, with and without a membrane were also carried out on Anton2
over 10 us each. All systems were simulated under periodic boundaries in the NPT ensemble. In
the production simulations, temperature was set to 310 K and the pressure to 1.01325 bar. See S/

Appendix for further details.
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FIGURE LEGENDS

Figure 1 Systems and Protein Clustering. (A) Overview of simulated systems without (top) and
with (bottom) phospholipid bilayers at protein volume fractions of 5, 10, and 30% with villin (red),
protein G (blue), ubiquitin (green), POPC (tan), sphingomyelin (orange), cholesterol (dark brown),
and water (grey); (B) 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 membrane
based on protein contacts with minimum Ca-Ca distances <7 A. A cluster size of 1 corresponds to

monomers.

Figure 2 Protein Interactions. Normalized preferences for residue-residue interactions projected
onto the molecular structures of villin (+2e), protein G (-4e), and ubiquitin (neutral) from
simulation at 30% volume fraction in the presence of the membrane. The coloring in the leftmost
column reflects residue types (polar — green, basic — blue, acidic — red, hydrophobic — white).
Subsequent coloring reflects preferences for interactions with the membrane (yellow), villin (red),
protein G (blue), or ubiquitin (green). More saturated colors indicate stronger preferences. The N-

and C-termini are shown as blue and red spheres, respectively.

Figure 3 Density and Diffusion near the Membrane. 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 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. Diffusion on shorter time scales, along the



membrane normal, and based on mid- or endpoints of diffusion time intervals is shown in S/
Appendix, Figs S26-S28. Translational diffusion was estimated from MSD vs. time during 10-100
ns. Statistical errors for density distributions are less than 1%. The lipid bilayer projected at scale
and a grey sphere at the size of protein G at the point of closest membrane contact are shown for

perspective.

Figure 4 Crowding-Induced Membrane Deformations. (top): Membrane distortion as a
function of protein interactions at 5% (purple), 10% (light blue), and 30% (tan). 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 A 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. (bottom, left): Snapshot of a curved membrane (grey with purple phosphates) when in
contact with villin (red) from the simulation at 30%. Other proteins are shown in blue; (bottom,

right): projection of a sphere with a radius compatible with the induced curvature (green).
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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/A? for
backbone atoms and 0.1 kcal/mol/A? 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 CHARMMS36 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 =1 ps and an isothermal compressibility f=0.0000457 bar. 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.



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 1=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 A. Particle-mesh Ewald summation was used to estimate long-
range electrostatic interactions with a grid spacing of 1 A and a spline interpolation order of 6. In
Anton2 simulations, Lennard-Jones interactions were truncated at 9 A 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 A.

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 Ca-Ca distances <7 A (8) and 2) closest heavy atom distances
<2.7 A (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(7) =< (r(ty + 7) — r(ty))? >, based on the center of mass of a
given protein after unwrapping coordinates due to periodic boundary conditions, r(f), and
averaged over different initial times # along the trajectory. From the slope of the linear fits over a
given time interval Az, s(Ar), translational diffusion coefficients were then obtained according to
the Einstein relationship: D; = s(At)/(2NAt) 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 D;, we considered time intervals Az 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 ¢y, 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):

_ kgT 4mR}
Dt,PBCcorr - 671:77L( - 312 (1)

where & = 2.837, kg is the Boltzmann constant, T the temperature of the system, L is the length of
the cubic simulation box, # is the shear viscosity of the solvent, and R; is the hydrodynamic
radius of a given molecule, estimated with HYDROPRO (22), as Ry(villin) = 9 A, R(protein G) =
11 A, and Ry(ubiquitin) = 12 A.

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

n=n,1+25¢+bp?) (2)



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 Biilow 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:

kpT (3ln (1+V2 3H
Dt,II,PBCcorr = L’]( inL\/—) - m) (3)
where L is the box size in x and y directions, and A 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 A = 54 A).
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):

Dy(H,L = ) = Dpy (1 + %ln (RFH)) “)
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
t -t

double-exponential functions Cg(t) = S4e &s + (1 — S3)e ™* to obtain slow and fast

correlation times, 7z and 7z, weighted by Sz’. An overall relaxation time 7 was determined

according to T = (i + 1-5

TRs TRf
D,=1/67. 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.

) and the rotational diffusion coefficient D, was calculated as
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Figure S1: Root mean square deviation (RMSD) of villin molecules for Ca 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 S3: RMSD of ubiquitin molecules for Ca 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

5%

+ 5%

T membrane

1 10%
-+ membrane

T membrane

2000

4000

time [ns]

6000 8000 10000 2000 4000

6000

time [ns]

flexible C-terminus. Different colors indicate different molecules.

8000 10000



[ T T T T
5%
membrane

o,
30 |- 9% |
25 - | Ul

Rg [A]

1Y
iz L , " iuM&‘WMM'ﬂ“ it ogetn s 3 L lMpMﬂ

10%

0| 10%
o | , m membrape
| ‘?; H |

Ry [A]

i |
i

30%
membrane

20 - J
|
15 - ' lll‘ .
" iy ' IT'
by L e e ' ol '* A' il o ‘
10 -~ . ;

I
a0 |- 30%

Ry [A]

0 2000 4000 6000 8000 10000 2000 4000 6000 8000

time [ns] time [ns]

Figure S4: Radius of gyration R, of villin molecules based on Ca atoms as a function of
simulation time in the Anton2 simulations. Different colors indicate different molecules.

10000



! T I ! I I I !

30 - 5% i . 5% —

25 |- | membrane i

20 - + 1
15 |- T 1

10 st b atbombese ik : | : e 3o M | | =

|
1 | | |
)
30 - 10% |
membrane
25 .
20 .
15 - .
10 £ | | . | | T ! | | | N
a0 | 30% 1 30% |
25 | | membrane |
20 T .
15 - - ]
10 £ I ! " I ‘-T““"'r 7 | I 7 I g *T =
0 2000 4000 6000 8000 10000 2000 4000 6000 8000 10000

time [ns] time [ns]

Rg [A]

Rg [A]

Rg [A]

Figure S5: R, of protein G molecules based on Ca atoms as a function of simulation time in the
Anton2 simulations. Different colors indicate different molecules.



T T I T

30 [ 5% 1 5% -
membrane
T 25 - —
2 20 + -
15 -+ =
Sone i
10¢ | | | T | | | | 1
30 - 10% 1 10% |
membrane
= 25 -+ =
2 20 r + —
gl m— | | S S | | ——
30 | 30% 1 30% |
membrane
=3 25 -+ =
220 r - -
15 -+ =
B
10 b | | ] | a | ] | |
0 2000 4000 6000 8000 10000 2000 4000 6000 8000 10000

time [ns]

time [ns]

Figure S6: R, of ubiquitin molecules based on Ca atoms as a function of simulation time in the
Anton2 simulations. Different colors indicate different molecules.

10



5.00

4.00

3.00

2.00

RMSF [A?]

1.00

000 | 1 | | | | 1
MLSDEDFKAVFGMTRSAFANLPLWKQONLKKEKGLEF

5 10 15 20 25 30 35
residue
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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 A.
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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 Ca-Co atom distances of less than 7 A as in Figure 1B but
using only data from the first 2 ps 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 Ca-Ca
distance criterion of 7 A (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 (g, + 05)/2 + 7A with values for o 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

1100
potential as in the work by Mani et al. (32): U;;(r;;) = 4¢ (?) . The value of € was set to 4
ij

kJ/mol for protein-protein interactions. The size-dependent parameter 6 was calculated as 0;; =

(0; + 0j)/2 with c; determined from the diameter of a sphere with a volume equivalent to the
molecular volume of molecule i. Specifically, we set Gyinin=18.13 A, Gproteing=20.67 A, and
Cubiquitin=23.34 A. The CG simulations were run with OpenMM for 1 us 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, CI" - 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 € was set to 4 kJ/mol for protein-
membrane interactions. For interactions with the membrane, the value of ¢ 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>)*>.
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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.

32



translational diffusion [nm?/ns]

0.4
0.3
0.2
0.1

0.0
0.4

0.3
0.2
0.1
0.0

0.2

0.1

0.0

|

|
- protein G

|
ubiquitin

distance from membrane center [A]

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 Tpyix/t, Where Toux=1/Dpuix and t,=(1-p)/D,+ p/Dpuik and p=p./pouik 1S
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 ps 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 (snl 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=|<(3cos’0-1)/2>|, where 0 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 A 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 #proteins' #lipids? #K*/CI  #atoms Box Box NAMD Anton2
x-y [A] z[A] time time
lus]  [us]
as 5 15 (5,5,5) 0 306/296 364721 153.32 153.32 0 10
al0 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 10631 0.8 10
aSm 5 12 (4,4,4) 828(276,276,276) 232/224 363360 134.21 193.71 0 10
alOm 10 24 (8,8,8) 828 (276,276,276) 248/232 367575 134.18 19534 0.3 10
a30m 30 69 (23,23,23) 828 (276,276,276) 227/181 369657 133.74 194.83 0.7 10

'number of villin, protein G, and ubiquitin molecules given in parentheses; “number 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! e’ p'| avg! err? p’l avg! err? P’
RMSD 51 336 081 1.14 0.12 1.56 0.13
[A] 10| 441 087 2.17 0.65 148 0.11
30 279 041 059 129 0.06 039 144 0.08 0.53
RMSD 51 131 0.08 1.04 0.07 1.53 0.13
(<2.5 A)* 10| 132 0.11 1.20 0.07 145 0.11
[A] 30| 142 005 035] 1.18 005 024] 142 0.08 0.54
R, 511126 0.596 10.80 0.017 11.96 0.048
[A] 10| 11.82 0.624 11.25 0.396 11.93 0.032
30| 10.53 0.231 037 | 10.80 0.009 090 | 11.90 0.022 0.37
R, 51 9.84 0.059 10.79 0.006 11.95 0.047
(<2.5 A)* 10| 921 0616 10.78 0.005 11.92 0.031
[A] 30| 9.85 0.037 0.88 | 10.79 0.007 0.73 ]| 11.90 0.020 0.37

'averages over Anton2 simulations with and without membrane; “standard errors obtained via
error propagation formula from trajectory errors; *p-values for null hypothesis of values at 5%

and 30% not being significantly different; “considering only folded snapshots with an RMSD of

less than 2.5 A.
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Table S3. Protein stability vs. membrane presence.

mem. Villin Protein G Ubiquitin

avg! err? p*| avg! e’ p’l avg! err? p’
RMSD no | 345 0591 1.82 0.431 1.59 0.094
[A] ves | 3.59 0.599 088 | 125 0.093 032] 139 0.090 027
RMSD (<2.5 A)* no 1.34 0.033 1.15 0.041 1.56 0.088
[A] yes | 1.36 0.088 0.81 1.13 0.058 0.73| 137 0.087 0.28
R, no | 11.13  0.400 11.11 0.264 11.95 0.026
[A] yes | 11.28 0440 0.83 ]| 10.79 0.016 0.35]11.91 0.032 0.39
Ry (2.5 A)* no| 981 0.026 10.79 0.005 11.94 0.025
[A] yes | 9.46 0412 0.48 ] 10.78 0.005 0.56| 11.90 0.031 041

'averages over Anton2 simulations at all three concentrations; standard errors obtained via error

propagation formula from trajectory errors; *p-values for null hypothesis of values without and

with membrane not being significantly different; ‘considering only folded snapshots with an
RMSD of less than 2.5 A.
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Table S4. Protein contacts by protein.

System  %vol

as 5
alo 10
a30 30
aSm 5
alOm 10
a30m 30

fcont.1
0.08
0.24
0.39
0.27
0.25
0.30

Villin
err.?
0.04
0.05
0.09
0.03
0.04
0.02

/A3
0.77
2.32
3.78
2.61
242
291

fcont.1
0.02
0.13
0.18
0.04
0.07
0.24

Protein G
err.?
0.002
0.05
0.03
0.01
0.01
0.03

/A3
0.15
0.97
1.34
0.30
0.52
1.79

Ubiquitin

fcont.l
0.36
0.48
0.76
0.39
0.74
0.75

err.’

0.16
0.08
0.06
0.05
0.10
0.08

/A3
2.10
2.80
4.44
2.28
4.32
4.38

fcont.l

0.55
0.86
1.24
0.86
0.92
1.48

'fraction 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 Ca distances of less
than 7 A; 2standard errors based on variation between different sets of molecules; *fraction of

contacts divided by the surface areas of a sphere with an equivalent volume to the respective

All
err.
0.07
0.06
0.08
0.06
0.07
0.06

2

protein structures (Avinin=10.33 nm?, Aproteing=13.42 nm?, Aupiquiin=17.11 nm?) multiplied by 100.
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Table SS5. Amino acid preferences in protein-membrane contacts'.

Amino acid 10%
Alkanes®
Polar*
Acidic®
Basic®
Sulfur’

Phe
Tyr
Trp
Gly
Pro

5%

19.1
16.6
6.0
4.0
4.6
3.1
16.6
6.5
1.7
1.9

err.
11.7

1.1
0.1

0.01

1.2
0.7
2.3
0.6
0.1
0.1

11.8
15.1
6.2
4.9
3.9
2.7
12.4
9.6
1.7
2.6

err.

1.0
2.9
0.4
1.5
1.4
0.6
2.3
1.4
0.3
1.1

2

30%
18.2
22.6

5.7
59
23
2.6
18.2
10.8
2.8
3.1

1

err.?

2.0
7.2
1.6
2.3
0.2
0.1
10.2
4.3
0.6
0.6

'Percentages of closest protein-lipid heavy atom contacts within 5 A 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; “Statistical uncertainties from comparing subsets of proteins;
3Ala, Val, Leu, Ile; *Asn, Gln, His, Ser, Thr; >Asp, Glu; 6Arg, Lys.
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Table S6. Protein-membrane contact residence times.

System %vol Protein T1 err. | T2 err |a err.
[ns] [ns]
aSm S villin 528 1.10| 1585 727 095 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 320 0.18| 1144 11.5 | 0.94 0.008
al0m 10 villin 3.93 0.42 (1622 1302|091 0.02
protein G | 222 0.13|129 118 |0.93 0.004
ubiquitin 1.65 0.04 75 12.3 | 0.81 0.03
all 3.00 037| 829 420 |0.92 0.0]
a30m 30 villin 563 1.05| 684 154 |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 297 029| 589 786 |0.80 0.02

Residence times from fitting contact survival functions to a double exponential expression with
parameters a, 7;, and 72: a*exp(-t/t1)+(1-a)*exp(-t/12). Protein-membrane contacts were defined
based on protein-lipid heavy-atom distances within 5 A.



Table S7. Translational diffusion rates for proteins in non-membrane systems.

System  %vol Protein Dy err. | D¢ err D¢ err.
0-1 ns 1-10 ns 10-100 ns
[nm*/ns] [nm*/ns] [nm*/ns]

as 5 villin 0.36 0.03 035 0.03 0.34 0.04

protein G 0.36 0.01 0.34 0.01 033 0.02
ubiquitin 0.27 0.007 | 0.25 0.005 | 0.23 0.006
al0 10 Villin 0.23 0.01 0.21 0.01 0.19 0.01
protein G 022 0.01 021 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 nw=0.35 cP (for
CHARMM TIP3P with Ewald summation) (35).



Table S8. Rotational diffusion rates for proteins in non-membrane systems.

System %vol Protein D: err. Tf err | T err. Sr?  err.
[1/ns] [ns] [ns]
as S villin 0.112 0.027 1.36 0.42 879 2.01 |038 0.05
protein G 0.096 0.007 1.21 0.07 9.68 251 |037 0.04
ubiquitin 0.032 0.003 3.66 0.60 17.59 1.49 1042 0.04
all 10 villin 0.054 0.008 222 0.22 30.50 3.13 | 040 0.04
protein G 0.042  0.008 331 0.50 | 43.61 751 |039 0.03
ubiquitin 0.011 0.001 9.07 1.28 5825 4.33 |0.54 0.03
a30 30 villin 0.005 0.001 |21.49 334 5475 648 |0.55 0.03
protein G 0.005 0.001 |21.62 281 708.1 124.7 | 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**exp(-t/ts)+(1-Sr?)*exp(-t/ty).
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