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Abstract

For a long time the effect of crowded cellular environment on protein dynamics has been largely
ignored. Recent experiments indicate that proteins diffuse much slower in a living cell than in a
diluted solution and further studies suggest that the diffusion depends on the local surrounding.
Here, detailed insight into how diffusion depends on protein-protein contacts is presented based on
extensive all-atom molecular dynamics simulations of concentrated villin head piece solutions.
After force field adjustments in the form of increased protein-water interactions to reproduce
experimental data, translational and rotational diffusion was analyzed in detail. While internal
protein dynamics remained largely unaltered, rotational diffusion was found to slow down more
significantly than translational diffusion as the protein concentration increased. The decrease in
diffusion is interpreted in terms of a transient formation of protein clusters. These clusters persist
on sub-microsecond time scales and follow distributions that increasingly shift toward larger
cluster size with increasing protein concentrations. Weighting diffusion coefficients estimated for
different clusters extracted from the simulations with the distribution of clusters largely reproduces
the overall observed diffusion rates, suggesting that transient cluster formation is a primary cause
for a slow-down in diffusion upon crowding with other proteins.
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SUPPORTING INFORMATION AVAILABLE

Details of MD and coarse-grained simulations, details of the analysis (translational diffusion correction term, correlation function of
contact formation, minimum distance for contact map), comparison of translational diffusion obtained with different thermostats,
generalized internal order parameter, 5/2, RMSD, cluster distributions, conformational sampling of villin (PMF plots), representative
transient cluster structures, translational and rotational diffusion coefficients of MD-derived cluster structures estimated using
HYDROPRO, contact map (32 mM, 64 villin copies system), and a movie showing center of mass motion of selected villin molecules.
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INTRODUCTION

The cellular environment is very crowded. Up to 40% of the cell volume, i.e. as much as 400
mg/ml, is occupied by macromolecules such as proteins, lipids, and nucleic acids.: More
than half of this fraction are proteins? that draw particular attention because of their
functional relevance. For a long time, the importance of the cellular surrounding has not
been fully appreciated as most of the experimental and theoretical studies were restricted
either to the analysis of proteins in dilute solution or to simplifying considerations of cellular
crowding effects.® Since recently, an increasing number of studies of proteins in realistic
cellular environments*-8 indicate that Jn vivo conditions can have a substantial impact on
protein structure and dynamics,’~2 with crucial consequences for their biological function.10

One of the most important properties in the context of cellular environments is protein
diffusion as a key determinant of biological processes.11-14 Studies conducted /7 vivo
indicate that both translational and rotational motions of proteins are significantly slower /n
vivo than in dilute solution.1>-18 However, the degree of retardation varies significantly,
even within the same cell depending on the subcellular environment.1® Reduced diffusion
may slow down reactions or speed up others, e.g. by extending the presence of a ligand in
the vicinity of a receptor.2? The best-understood effect of crowded cellular environments is
the so-called excluded-volume effect where crowder molecules limit the available volume
for a given solute.2 When the volume fraction of crowder molecules increases, diffusion is
reduced simply because the free space is diminished, but there are additional factors beyond
the excluded-volume effect that affect protein diffusion in a cell.22 Altered solvent properties
such as higher viscosity and a reduced dynamics of water23 could influence macromolecular
diffusion, although some experiments indicate that the intracellular viscosity is not a limiting
factor for protein tumbling in cells.24 25 Finally, weak non-specific transient interactions
with cytoplasmic components, often termed quinary interactions26: 27, have recently been
considered as key factors governing protein diffusion.8 15 16. 28 However, the nature and
time scales of how such interactions may shape diffusive properties remains unclear.

It has been shown previously, mostly for lysozyme protein solutions,2%-31 that even at
moderate concentrations proteins are prone to form dynamic clusters. As the protein
concentration increases, solutions initially dominated by single proteins have been seen to
develop large, branched and irregular clusters32 that persist on a finite time even above the
geometric percolation threshold.30 Other recent studies indicate that, although dynamic,
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such clusters persist long enough to retard the overall protein diffusion,3! as diffusion is
simply size-dependent.33 The general expectation has been that the cluster formation
primarily affects short-time diffusion, whereas long-time diffusion is believed to be still
determined by individual proteins which would be reflected in time-scale dependent
diffusive behavior. Such behavior would be consistent with colloidal suspensions, where
cluster formation has been seen as a result of weak short-range attraction and long-range
repulsion.34 For both, protein solutions and colloids in general, it has been shown that
shifting the balance toward more attractive interactions, e.g. increasing the concentration,
decreasing temperature, or screening the repulsive electrostatic by high ionic strength or pH,
enhances cluster formation and the possibility of liquid-liquid phase separations.29: 30. 33-37
Studies of colloids, furthermore, show that as clusters grow, a transition to glass and gel
phases occurs where dynamically arrested states are formed before crystallization occurs.38
Experiments, theory and simulations of colloid systems generally assume that besides the
attraction-dominated states, where particles move together, a repulsion-dominated state
exists, where particles are trapped in a cage formed by surrounding particles.3? All of these
effects might be expected to contribute to the protein diffusion in a dense solution.
Nevertheless, it is questionable to what extend the dynamics of a protein solution might be
explained in terms of simple colloidal chemistry since the interactions between proteins are
highly complex*%: 41 and the present study aims to shed more light on such questions.

Experimental studies of protein dynamics under /n vivo conditions or even in the presence of
high concentrations of biological crowders such as other proteins are possible but do not
always provide full detailed mechanistic insights.#2-44 Molecular dynamics (MD)
simulations are available as an alternative to study crowded systems in atomistic detail.
Recent MD simulations have investigated the properties of water23: 45, the stability of
proteins® 9, the conformational sampling of peptides*®, and interactions between proteins28
under crowding conditions. A more extensive review is available elsewhere.®

In this study, we describe MD simulations of the well-studied globular protein villin
headpiece (simply referred to as “villin’ throughout this manuscript) at a range of
concentrations from dilute conditions to 10% volume fraction, close to the experimental
solubility limit for villin.? Since villin is not expected to aggregate or form specific clusters,
it is used here as a model system for studying the effect of cellular crowding on
macromolecular diffusion. Previous studies have indicated that current force fields may lead
to artificial protein aggregation under self-crowding conditions®”: 48, including for villin.48
A similar observation was also made for the sampling of disordered peptides that form
ensembles that are generally too compact with most force fields.4?: 0 Both findings suggest
that protein-water interactions may be too weak relative to protein-protein interactions. To
restore the balance, modified force fields enhance the Lennard-Jones potential between
water and protein atoms.*?: 51 We followed the same strategy here and initially calibrated a
modified force field with scaled water-protein interactions to match solution properties of
villin known from experiment. The trajectories with the optimal force field were then further
analyzed with respect to diffusive properties and their dependence on transient cluster
formation under crowding conditions.
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Crowded Protein Systems

The chicken villin headpiece HP-36 (PDB entry 1V1152) was simulated at concentrations of
8, 16, and 32 mM. Systems at 8 and 16 mM concentrations consisted of eight villin copies.
Systems at 32 mM had either eight or 64 copies of villin (see Table 1). In the initial
configuration of each system, the proteins were placed in a cubic box in non-overlapping
random positions and orientations (see Fig. 1). The box sizes were chosen to achieve the
desired concentrations (see Table 1) and to be significantly larger than the characteristic
molecular scales. The box edges are long enough to accommodate 5-10 villin molecules if
packed together and are several times larger than average inter-protein distances. Periodic
boundary conditions (PBC) were applied to avoid boundary effects. The systems were then
solvated with TIP3P water and random water molecules were substituted with two CI~ ions
per villin molecule to neutralize each system. A system consisting of one copy of villin was
used as a reference for infinite dilution. The size of the dilute system was chosen to prevent
the protein from interacting with its own images under PBC, even when partially unfolded,
neither directly nor indirectly (via mediated water layers). Throughout the manuscript we
use residue numbering 1-36 for the villin residues that correspond to residues 41-76 in the
full biological sequence.

Molecular Dynamics Simulations

All-atom MD simulations were carried out with NAMD33 (version 2.10), CHARMM>54
(version 42al) together with OpenMM®5, and GENESIS®6. The initial systems were
subjected to energy minimization, heated to 298 K and then simulated for 2 ps. The
CHARMM c36 force field°’ was used to describe interactions involving villin and ions and
TIP3P38 was used as the water model. Protein-water interactions were enhanced following
the prescription by Best et al.?. Using NBFIX, scaling factors A between 1.00 and 1.10 in a
modified Lennard-Jones potential were applied to interactions between water atoms /7and
protein atoms j:

min\ 12 min 0
1% e || Rl ol Rii” 1
i) =2ep || 25 @
ij ij

The Lennard-Jones and short-range electrostatic interactions were shifted to zero at 0.9 nm
in the one- and eight-villin systems and were cut off at 0.9 nm with a switching function
becoming effective at 0.8 nm in the 64-villin system. Long-range electrostatic interactions
were calculated using the particle mesh Ewald (PME) summation method®® under PBC. A
more extensive description of the MD protocol can be found in the Molecular Dynamics
Simulations section of the SI.

Folding Free Energy via Replica Exchange Simulations

Simulations of the one-copy villin were performed with Hamiltonian Replica Exchange MD
(H-REMD) using A values of 1.05, and 1.10 to obtain folding free energies, AG¥, of villin.
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Unfolded protein conformations were generated by biasing the distance between C, of
Argl15 (in the second a-helix) and C, of Leu29 (in the third a-helix) to facilitate the
folding-unfolding transition as introduced in a previous study®?. 20 replicas were run where
a harmonic potential using a force constant of A=4.5 kcal/mol was varied to target distances
ranging from 1.05 to 2.19 nm with a spacing of 0.06 nm between replicas. Each replica was
simulated over 100 ns with exchange attempts every 10 ps.

The potential of mean force (PMF) as a function of distance (g) and root-mean-square
deviation (RMSD) was calculated using 2D Weighted Histogram Analysis Method
(WHAM) implemented by Alan Grossfield.61 The 2D PMF was further integrated to obtain
1D PMFs as a function of RMSD. The AGfwas calculated as a probability ratio of finding
the protein in unfolded (UF) and folded (F) states, according to:

Zi e pP(RMSD)
Zi e yp P(RMSD))

AGf = —kzgT'InK = —kgTln 2)

where kg is Boltzmann constant, 7 is temperature, and Kis the equilibrium constant. The
folded state was defined as RMSD<0.4 nm, whereas, the unfolded as RMSD>8.0 nm for
A=1.05, and RMSD>7.8 nm for 1=1.10. Averages and errors were calculated from 10-ns
non-overlapping intervals. This protocol follows the analysis applied in Huang et al.®0 for
the same system with 1=1.00, the results of which are used here as well for comparison.

The analysis of the MD trajectories was performed with the MMTSB Tool Set®? and the
VMD visualization package®3. Custom scripts were written for calculation of translational
diffusion, contacts between proteins, time scales of contacts formation, and distribution of
clusters. The SciPy package® was applied for fitting data. The Matplotlib® library was used
for plotting the results.

The first 200 ns of each multiple protein copy trajectory were omitted from analysis to allow
for full equilibration and avoid dependence on the initial configurations. Except for the
calculation of order parameters (52, only the snapshots of Ca positions saved every 100 ps
were used.

Translational diffusion coefficients, D; were obtained from mean square displacements
(MSD) of protein centers of mass for a given protein:

MSD(7) = <(7(z +1)— 7’(;))2> 3)

where ris the position of the protein at time £ and z is the lag time between the two
positions. The MSD values were obtained by sliding an observation window of size z from
0.1 ns to 100 ns along the trajectory in steps of A#=0.1 ns. Dtwas then calculated from the
slope of a linear fit to MSD(t) according to the Einstein relation:
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Dywas further corrected for PBC artifacts taking account of altered water viscosity in the
crowded systems (see Eq. S1 and S2 in the Analysis section in the Sl).

The internal dynamic correlation function was calculated from the MD trajectories
according to:

C(1) = (P,|fi(0) - a(0])  (5)

where A,(x) is the second-order Legendre polynomial, x describes the orientation of the unit

N-H bond vector with respect to the molecular reference frame. The resulting functions were

fitted with:

t

C=52+(1-he ¢ (6)

where §is the generalized order parameter that describes protein dynamics, and z is the
time constant for internal motions.

The rotational correlation function was determined from the trajectories following the
protocol proposed by Wong and Case®®. Randomly distributed unit vectors were centered
and rotated along with the protein before fitting it to a reference structure for each frame.
Correlation functions were then obtained as:

Colty 1) = (Pynj(t;+ 0 n 1)) (1)

J

where 71(%;) is one of the randomly distributed unit vectors (generated at time #). The
correlation functions were then fitted to a double-exponential function:

t t

T T,
Co)=Spe B +(1-5pe * (8)
with fast, zrs, and slow, g, correlation times, and weighted by Sg2. Rotational diffusion

estimates were then obtained according to Eq. 9 and do not require a PBC correction.57

1

D=z ©
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where £2 and the overall rotational correlation time zis obtained from the fast and slow
correlation times as follows:

= Sprg,+ (1= Sprp,  (10)

Additionally, averages of the inverse tumbling times were also calculated as they are more
relevant for comparison with many experiments such as dynamic light scattering®®:

2 2\~
B (11)
ini Ths TRf

The correlation functions obtained at the highest concentrations were additionally fitted to a
triple-exponential function since a double-exponential fit did not fully describe the data:

t t t

T o o
Coh) = Sge ™ +Sx,e M+-Sk —Sxe X (12

where trf, Trm, and zrs are fast, medium and slow correlation times with the corresponding
Srm? and Sgs? weights.

For both, translational and rotational diffusion rates, errors were obtained from averaging
over four subsequent 500 ns trajectory blocks in dilute and over the proteins copies in dense
systems. To analyze transient cluster formation, two proteins were assumed to be in a
contact if any of their Ca atoms were closer than 0.7 nm. Clusters were counted based on
proteins in contact considering minimum images under PBC.

A residue contact map for interactions between proteins based on Ca coordinates was
calculated as follows: For each residue 7in a given protein copy, Py, the minimum distance
to residues jin other protein copies £, excluding m, was calculated as

d_.\r.. JF s
min l(zEPm) ](]GPn)

. The distance for a given pair was then averaged by taking each
protein min turn as the starting point and by averaging over simulation snapshots. The
example of a minimum distance calculation shown in Fig. S1 indicates that the resulting
contact map is not strictly symmetric. The kinetics of contact formation was described by a
correlation function depicting whether a contact is still present after a given period of time
(see Eq. S3 in the Analysis section in Sl). The correlation function was then fitted to a triple-

exponential function:

£ £
s m )

. T T T
C)=Se “+8le “+(1-8-SNe ¢ (13)

t
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with short (Ti), medium (T’C"), and long (rlc) relaxation times and weights Si , S’C" and
S

Si =1- Sf, - SZ_”. No constraints were applied when fitting Eq. 13 and the functional form

implies a decay to zero at long times since we did not observe permanent contact formation
as in aggregation.

Representative structures of clusters were extracted from the trajectories at the middle of a
time interval when a cluster was formed for at least 1 ns. Uncertainties in the cluster
distribution and in the diffusion of MD-derived structures were obtained by averaging over
four subsequent 450 ns trajectory blocks (discarding 200 ns as equilibration).

Coarse-Grained Simulations

Coarse-grained simulations of purely attractive, neutral, and repulsive proteins were carried
out for comparison. Systems of eight protein copies at 8, 16 and 32 mM concentrations were
modeled and each of them was simulated with the three different types of interactions. For
more details see the Coarse-Grained Simulations section in the SI.

RESULTS AND DISCUSSION

Force Field Optimization

Previous studies have indicated that current force fields may overestimate protein-protein
interactions relative to protein-water interactions.*”- 48 Therefore, we considered a modified
force field based on CHARMM ¢36°7 where the Lennard-Jones potential between water
oxygen and protein atoms was scaled by a factor A (see Eq. 1) as proposed by Best et al.4%
We tested A values between 1.0, corresponding to the unmodified force field, and 1.2,
corresponding to protein-water interactions that are increased by 20%. Simulations with
different scaling factors were carried out for the eight-copy villin systems at different
concentrations (see Table 1) to determine which value of A provides results that are most
consistent with experiment.

Since the strength of the protein-water interactions modulates the hydrophobic effect, we
first analyzed whether the stability of villin is maintained when protein-water interactions
are enhanced. We found that A values up to 1.09 do not significantly compromise the
stability of the native state (with average RMSD values generally below 0.3 nm, see Fig. S2)
while larger scaling factors led to significant destabilization of the native fold. With scaling
factors of 1=1.09 and less, there was only occasional partial unfolding that lasted at most for
tens of nanoseconds before refolding. With 1=1.10, we find more pronounced native state
destabilization in the concentrated solutions, especially at 8 and 32 mM, but not under dilute
conditions, based on the average RMSD values. We also calculated average internal order
parameters S£ (according to Eq. 6, see Table S2) and found little change up to scaling
factors of 1.09 but a significant increase in internal dynamics with 1=1.10. Partial
destabilization of villin in simulations under crowding conditions has been noted previously,
9 although, in that case, the observed partial unfolding of villin was related to interactions
with protein G that are not present here. Previous NMR experiments clearly showed that
villin maintains its stability even at 32 mM, as there were only minor changes in chemical
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shifts for residues at the surface.® Therefore, based on the stability analysis, we concluded
that protein-water scaling factors of 1.10 or larger are not consistent with the NMR
experiments.

We further analyzed the formation of clusters based on the contact definition described in
the Methods section. Generally, as expected, small clusters (monomers, dimers etc.)
dominated at low concentrations, whereas larger clusters appeared increasingly at higher
concentrations (see Fig. S3). Also as expected, increasing scaling factors shifted the cluster
distributions within a given concentration toward smaller clusters (see Fig. S3). The systems
are too small and sampling requirements are too large to directly determine solubility from
these simulations.89 However, the fraction of the largest possible cluster (octamer) is an
indicator of aggregation propensities and whether the solubility limit is approached or
exceeded. At 8 mM, octamers were not formed to a significant extent with any scaling
factors (see Fig. S3) indicating that villin remained fully soluble in all cases. Scaling factors
of 1.00, 1.01, and 1.02 led to significant octamer populations at 16 mM (about 50%. see Fig.
S3) while at 32 mM, scaling factors from 1.00 to 1.05 resulted in 50-100 % octamer
formation. In experiments, villin is still soluble at 32 mM.® This observation is not
compatible with the strong aggregation found in the simulations at 16 and 32 mM with
scaling factors below 1.03 and probably also not with larger scaling factors up to 1.05 where
significant aggregation into large clusters is seen at 32 mM.

Since protein stability appears to be sensitive to the scaling factor in the studied range, as the
RMSD results show, we calculated the folding free energy of a single villin using different A
values. PMFs as a function of RMSD are shown in Fig. S4. According to the analysis
described in the Method section we determined AGfas —4.94 kcal/mol, -4.14 kcal/mol and
-3.47 kcal/mol for A equal to 1.00, 1.05, and 1.10, respectively. The comparison with
experimental values of —2.4 kcal/mol”? and -3.1 kcal/mol”? (for villin without the N-
terminal methionine) suggests that the largest scaling factor gives the best agreement.

Taking all of the evidence together, it is clear that the scaling of protein-water interactions
improves the agreement between simulations and experiment. On one hand, scaling factors
above 1.05 are needed to prevent strong aggregation while factors of 1.10 and larger lead to
native state destabilization in the presence of other villin molecules. The calculated folding
free energies for a single villin in dilute conditions furthermore suggest that scaling factors
closer to 1.10 are best. Therefore, 1=1.09 was chosen as the optimal scaling factor to
describe the concentrated villin solutions studied here as the largest value that does not lead
to significant destabilization under crowded conditions. Incidentally, this value is very close
to the value of 1=1.10 chosen by Best et al. for the AMBER force field to improve the
sampling of disordered peptides and protein-protein affinities*®, although it will require
further studies to determine whether this exact scaling factor is generally optimal for
simulating concentrated protein systems with the CHARMM force field.

The simulations at 8, 16, and 32 mM with 1=1.09 as well as an additional simulation of 64
villin copies at 32 mM, also with 1=1.09, were subsequently analyzed in more detail.
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Internal Dynamics of Villin

The villin structures remained largely stable at all concentrations in the simulations. The
average Ca RMSD values with respect to the NMR structure (PDB code: 1VII) were 0.26

+ 0.009 nm at 8 mM, 0.26 + 0.007 nm at 16 mM, and 0.25 £ 0.005 nm and 0.31 + 0.03 nm
in the eight- and 64-villin systems at 32 mM. In the eight-villin simulations, two proteins
spontaneously unfolded (8 mM and 16 mM concentrations) for tens of nanoseconds forming
a structure of an open hairpin that mostly preserved the secondary structure before refolding.
Four proteins unfolded in the 64-copy system partially losing the secondary structure and
remaining extended for a longer time period. Native-state destabilization of villin upon
crowding has been seen by us before in shorter simulations under different conditions,® but
the unfolding seen here is likely due to a much larger amount of sampling. Villin is only
stable by 3.1 kcal/mol and folding/unfolding rates are on the order of 5 ps.’! Therefore it
would be expected that villin can spontaneously unfold during microsecond-scale
simulations even under dilute conditions.

The internal dynamics was further analyzed by calculating generalized order parameters S/2
as a function of residue (see Fig. 2). The results suggest that there is little overall effect of
crowding on the internal dynamics as a function of concentration, but it appears that villin
flexibility may be slightly increased for residues 11-14 and 33-35 while being decreased for
residues 4-9.

Translational Diffusion of Villin

Translational diffusion coefficients were obtained from mean square displacements (see Fig.
3) and were corrected for PBC artifacts as described in the Methods section. The MSD
curves display somewhat different slopes at different time scales indicative of transient
behavior. Therefore, we obtained diffusion coefficients for three time regimes: < 1 ns, 1-10
ns, and 10-100 ns. Table 2 summarizes the results.

The TIP3P water model underestimates the viscosity of pure water (777ip3p = 0.35 cP’2 (at
293 K) compared to the experimental value of 7ey, = 0.89 cP73). Therefore, the diffusion of
solutes in TIP3P is too fast and a scaling factor based on the ratio of the viscosities, 7exp/
nmipsp = 2.54 (at 298 K), has previously been applied to correct diffusion coefficients
obtained with TIP3P water.”* Based on this scaling factor, we obtain D;= 0.187 nm?/ns
under dilute conditions. Experimental data for D;is not available for villin, but the program
HYDROPRO provides theoretical estimates that generally match experimental values
closely for dilute conditions.”® The HYDROPRO estimate is D;= 0.177 nm?/ns, in excellent
agreement with the MD-derived value after scaling.

Under crowded conditions, diffusion rates slow down as expected. Diffusion on different
time scales decreases to a different extent but the effect is not very strong (see Table 2 and
Figure 3). Time-dependent diffusion in the presence of protein crowders has been examined
before for C1228 and discussed in the context of variable protein-protein interactions.
Standard colloid theory based on hard sphere models predicts two main diffusive regimes
associated with faster short time diffusion within the cage of surrounding proteins and
longer time diffusion where a molecule escapes the cage and is then affected by macroscopic
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solvent viscosity. In the case of CI2, this classical two-regime picture was seen in the case of
weaker interactions with protein crowders, but when strong interactions with the
surrounding protein crowders were present, the overall diffusion was reduced more and the
cage effect was less pronounced as short and long time diffusion were similar.28 The
argument made in this earlier work was that diffusion was slowed down already at short time
scales due to cluster formation while diminishing the cage effect. The absence of a strong
cage effect is apparent from the log-log plot in Fig. 3B and the derivative analysis in Fig. 3C
that shows slopes near 1 throughout the entire range of time scales with only a shallow
minimum between 10-100 ns where the slope of the log-log curves decreases to 0.85-0.9 in
the most concentrated system. This indicates only weak subdiffusive behavior for this
system. The observation of similar short and long time diffusion in the villin simulations
reported here then also suggests extensive cluster formation.

Similar results for the 8- and 64-copy systems at 32mM indicate that different box sizes do
not have a strong effect on the findings reported here. On the other hand, the slightly more
reduced diffusion rate in the 64-copy 32mM system can be rationalized simply because
larger clusters can be formed than in the eight-copy system.

The simulations reported here are about an order of magnitude longer than our previous
simulations of CI2 and the size of the villin molecules is smaller than then crowders in the
CI2 study. More formally, the limits of short time diffusion are generally considered as 4 <
tK 7, with

2 2

Rp
erW and TIzD

(12)

t, dilute

where Ris the particle radius, p is the solvent density, 7 is the solvent viscosity, and ¢ is the
volume fraction.#! For the 32 mM villin solution, this amounts to a time range of 25 ps < t
« 11 ns, which is well below the 2-ps simulation length of the present simulations.
Therefore, villins would have enough time to diffuse out of a local cage environment and
reach the long-time diffusion limit. Further evidence that this is indeed the case comes from
analyzing the exchange of the nine closest partners, N2, based on a quantity introduced
earlier,%>, to characterize complete exchange of the local environment for a given villin
molecule. In the 64-villin trajectory we found that more than half of the villins in the 64-
villin system experienced at least one complete swap of the local environment. This finding
also supports that the long time diffusion regime has been reached. As further illustration,
Movie S1 shows the center-of-mass motion of selected villins and how one villin escapes
from one cage and diffuses freely as a monomer and then enters another cage in the
simulation. Another factor influencing the results may be finite-size effects, however, the
results with the 8-copy and 64-copy are qualitatively similar with the quantitative differences
assumed to be due to the formation of larger clusters in the 64-copy system as discussed
above. Therefore, it is unlikely that the lack of clear two time regimes is due to insufficient
simulation length or finite-size effects. Instead, it appears that almost uniform diffusion from
picoseconds to at least microseconds is a feature of this system and a result of extensive
cluster formation.
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Rotational Diffusion of Villin

In the crowded systems the rotational correlation functions based on the reorientation of
vectors attached to the molecular frame (see Methods) were calculated for each protein copy
separately. As Figure 4 shows, there is significant variation between the correlation decays
in different copies and especially at the highest concentration, some correlation functions
display non-exponential behavior that we attribute to the inhomogeneity of local
environment and limited statistics. In the following discussion, we focus on averages over
individual protein copies.

The correlation functions were fit with a double-exponential with two time scales. The fits to
the average correlation functions (black lines in Figure 4) are shown in Figure 5. For the
highest concentration solutions, we also fitted a triple-exponential function (Eqg. 12) to better
represent the initial decay of the correlation functions. Anisotropy in rotational diffusion was
not considered here. The resulting double-exponential fit parameters averaged over fits of
individual correlation functions are given in Table 3. The results for the triple-exponential fit
to the average correlation functions for the 64-copy 32mM system are: zgs = 0.845 ns, gy, =
5.762 ns, and trs = 29.596 with the weights Sgm? = 0.390 and Sge? = 0.200 resulting in
Dr=0.011 nm2/ns, which is similar to the result from the double-exponential fit. The dilute
value is again about three times faster than the value of D,= 0.068 ns~ obtained from
HYDROPRO due to the underestimated viscosity with the TIP3P water model.

As the concentration increases in the lower range (8 — 16 mM), the contribution to the
overall diffusion, described by S&2, shifts toward the slow time scales, whereas, the fast, zy
and the slow, zgs, correlation times remain mostly constant. In the higher concentration
range (16 — 32 mM), both zerand S&7 are relatively unaltered, whereas 7z, significantly
increases. This is generally consistent with observations from NMR studies for the same
systems.”® The resulting values of D, decrease with increasing concentrations. We are
reporting results both based on linear averaging of tumbling times according to Eq. 10 and
averaging of inverse tumbling times according to Eq. 11. The latter quantity is more
commonly discussed when analyzing experiments such as depolarized dynamic light
scattering and focuses on the initial decay slope. One interpretation of this data is that as the
solutions become denser, a diminishing fraction of villin rotates as a free monomer, while
the remaining villin copies experience increasing crowding effects that cause the formation
of larger clusters. Interestingly, the rotational diffusion slows down more significantly at
higher concentrations (to 16% of dilute value at 32mM based on averaging inverse tumbling
times) than the translational diffusion (48-56% of dilute value at 32mM). This generally
agrees with the results from the Pielak group for crowded systems involving weakly
interacting proteins', but it differs from results from the Saalwachter group® where
rotational properties of largely non-interacting proteins were studied. This may be expected
as the decoupling between translational and rotational diffusion under crowding conditions
has been suggested to be protein-specific, although methodological differences may also
play a role.%8
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Transient Cluster Formation

At high concentrations, frequent encounters between proteins are unavoidable. The previous
analysis is already suggesting that such interactions may lead to transient clusters and we
analyzed this aspect further. The interactions between the proteins were characterized by the
calculations of an average number of contacts a single protein forms with others. The results
are summarized in Table 4. The number of contacts doubled when the concentration
increased from 8 to 16 mM, and rose by another 50% when the concentration increased
further from 16 to 32 mM. To shed light on the nature of the interactions governing the
contacts formation, we compared with coarse-grained (CG) simulations, where residues
were assigned purely attractive, neutral, or repulsive interactions (see Methods section for
more details) (Table 4). We find that the number of contacts in the all-atom simulations is
roughly one order of magnitude larger than in the CG model with neutral interactions but
still significantly less than with purely attractive interactions. We note that the available
volume at any of the concentrations does not force interactions as there were no protein-
protein contacts in the CG simulations with the repulsive potential. This comparison
suggests that the villin interactions are weakly attractive.

The weak attraction led to transient cluster formation. Fig. 6 shows the size of clusters as a
function of concentration. At 8 mM, 60% of the proteins exist as monomers but there is a
small fraction of dimers, trimers, and tetramers. At 16 mM, the fraction of monomers
decreases to 35% and clusters as large as hexamers are observed. At 32 mM, the eight-copy
system is too small to adequately characterize the cluster distribution. In the 64-copy system,
we find significant fractions of clusters as large as 45-mers while the fraction of monomers
is decreased to less than 10%. Since larger clusters than 50-mers were not observed, we
conclude that villin still remains soluble at 32 mM in the simulations but higher-order
clusters are present in the simulations with non-negligible fractions. The average cluster size
in the 64-copy system, A, is 13, a number that is close to A, = 3-5, previous SAXS
experimental values for lysozyme at a volume fraction of 0.1.34 Given the differences in
proteins, protein sizes and protein-protein interactions, this is reasonable qualitative
agreement. Furthermore, the average number of contacts obtained at 32 mM from 64 protein
copies system (Table 4), i.e. 2.05+0.07, corresponds well to the maximum number of
neighbors (2) determined from colloids interacting by the centrosymmetric potential as well
as patchy colloids at the volume fraction ¢ = 0.1.41

Villin is not known to form specific clusters and we also did not find a strong preference for
specific complexes as the population of cluster structures for a given cluster size is quite
diverse (see Fig. S5). However, according to our simulations, certain parts of the villin
structure are more likely to be involved in the protein-protein interfaces than others (see Fig.
7). Favorable interactions were found for the residues belonging to the N-terminal a-helix
(residues 5-10) and the last few residues at the C-terminus. The contact maps are in rough
agreement with a previous simulation study of villin contacts in a crowded mixture of villin
and protein G.? When mapped onto the three-dimensional villin fold (Fig. 8A), it becomes
apparent that there is a preference for one side of the structure to interact. The residues
involved in these interactions are largely acidic and basic suggesting that the interactions
that lead to non-specific clusters are driven more by electrostatics and salt-bridge formation
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than by hydrophobic interactions. These interactions can also partially explain the observed
weak concentration-dependency of specific regions in S7 (see Fig. 2). Favorable interactions
at residues 5-10 and at the C-terminus are enhanced as the concentration increases.
Enhanced interactions result in the decreased flexibility at residues 5-10. In contrast,
favorable interactions at the C-terminus result in the increased flexibility at the C-terminus.
The difference is that, bulkier residues are facing outward at the C-terminus (e.g. Phe36) but
those residues are facing inward at residues 5-10 (e.g. Phe7), interacting with other
phenylalanines (Phell and Phel8). In the crowded environment, favorable interactions at
residues 5-10 are strengthened without being affected by Phe7 but these residues are
weakened by a flexible Phe36. Also in residues 11-14, crowding partially affects the
stability of the three interacting phenylalanines, so the flexibility in this region increases
(See Fig. 2 and 8B).

Although the range of minimum distance decreases with increasing concentration (Fig. 7)
the pattern of favorable contact is very similar at all three concentrations. The contact maps
obtained at 32 mM concentration with eight (Fig. 7C) and 64 (Fig. S7) protein copies are
also in good agreement suggesting that contact preferences are not sensitive to finite-size
effects.

The kinetic nature of cluster formation was characterized by defining a conditional contact
function as given in Eq. S3 and fitting a triple-exponential function. The results in Table 5
reveal three distinct time scales: 0.74-1.9 ns, 12.5-42.0 ns, and 108-342 ns. The longest
time scale contributes most at the lowest and medium concentrations, but at the highest
concentration the contribution from all the three time scales is comparable. Furthermore, if
the 8-copy 32 mM results are excluded, which may be too small to obtain reliable statistics,
the longest time scale clearly increases with concentration as may be expected, but even at
32mM, cluster formation remains highly transient. However, clusters form mostly on time
scales that are long (/) compared to characteristic rotational time scales of 1-25 ns (see
Table 3) and the time it takes to diffuse by the size of villin (on the order of 10 ns; based on
data in Table 2). Therefore, although cluster formation is dynamic, clusters persist long
enough to significantly affect diffusional properties. This prevents a pronounced cage effect
for single villins as they frequently associate with other molecules rather than moving
independently in a cage of surrounding crowders. On the other hand, a cage affect at the
larger cluster level is also prevented because clusters frequently reorganize and do not persist
long enough to experience diffusion on different time scales. As a result, the effective
diffusion of villin becomes less time-dependent than standard colloid theory would predict
as discussed above.

The longest obtained time scales of contact formation between villins are consistent with
findings for lysozyme solutions studied by neutron spin-echo spectroscopy (NSE) that set
the lower limit of the cluster lifetime to 25 ns2°. Other studies show that the lifetime of
lysozyme clusters is finite on millisecond time scales’”: 78. The presented lifetimes are also
not in contradiction with reports for solutions of bovine B-lactoglobulin (BLG) that indicate
that BLG clusters are static on NSE observation time scale, i.e. up to 50 ns33, but have a
limited lifetime on the microsecond observation time scale of dynamic light scattering33.
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Diffusion Slow-Down as a Consequence of Cluster Formation

The simulation results present a picture where villin molecules engage in the formation of
transient clusters that persist on time scales on the same order or larger than rotational and
translational diffusion time scales. This suggests that the observed slow-down in diffusion
for the villin system is largely related to cluster formation.

We extracted representative structures of clusters of different sizes from the trajectories and
estimated their translational and rotational diffusion coefficients via HYDROPRO.”® The
resulting diffusion coefficients as a function of cluster size are shown in Fig. S6. D,
decreases more sharply with increasing clusters size than D, We then estimated overall
diffusion coefficients by summing the cluster-size dependent diffusion coefficients with
weights according to the cluster distributions observed in the simulations (see Fig. 6). The
results are shown in Table 6 in comparison with the values of D;and D,extracted from the
simulations. For translational diffusion, there is close agreement between the cluster-based
estimates and the actual MD diffusion rates. Rotational diffusion rates also match well. Best
agreement is found with the linear-average rotational diffusion constants for lower
concentrations but with the inverse tumbling time averages at 32 mM villin concentration.
This indicates that additional factors may affect rotational diffusion beyond simple cluster
formation such as reduced solvent viscosity due to crowding or electrostatic friction. As
electrostatic friction may be orientationally dependent, this could explain the larger
discrepancy for rotational than for translational diffusion between the MD-derived results
and the cluster-based estimates. Finally, a simple cluster-based estimate of rotational
diffusion also does not reflect the significant heterogeneity and overall non-exponentiality
seen in the rotational correlation functions for individual copies at the highest concentration
(see Fig. 4) which may explain additional discrepancies.

CONCLUSIONS

We describe out all-atom MD simulations of crowded villin systems in explicit solvent at
different concentrations. Simulations of crowded protein systems remain challenging and we
had to increase the strength of protein-water interactions to obtain good agreements with
experiments.

After adjusting the force field, we found that both, translational and rotational diffusion,
slow down to different extents in the crowded environment. Rotational diffusion is slowed
down more significantly apparently because of the transient formation of clusters. In the
simulations, we observe cluster formation due to weakly attractive but mostly non-specific
interactions between villins. As the concentration increases, the distribution of clusters shifts
towards higher-order clusters at higher concentrations but the peak of the distribution
remains at monomers, suggesting that villin is still soluble in the simulations. The transient
cluster formation also appears to be responsible for a lack of the typical cage effect expected
for colloids that is manifest by two distinct diffusive regimes but not strongly present for the
villin system studied here.

When we predicted diffusion coefficients from clusters observed in the simulations and
weigh those values according to the observed cluster fractions, we largely reproduce the

J Phys Chem B. Author manuscript; available in PMC 2018 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nawrocki et al.

Page 16

overall observed translational and rotational diffusion coefficients. This suggests that the
slow-down in diffusion is primarily due to transient cluster formation rather than reduced
solvent viscosity or other types of molecular friction. The observed rotational diffusion does
not fully match the cluster-based estimates suggesting that additional factors are involved,
with electrostatic friction being the most likely explanation. This aspect will be investigated
in more detail in future studies.

Although we studied only villin here, we assume that the findings have broader implications
for diffusive properties in crowded cellular environments. Essentially, the finding is that
diffusion depends largely on transient cluster formation, which in turn depends on the
strength of interactions between different macromolecules and ultimately the surface amino
acid composition. Therefore, experimental studies could probe this aspect by determining
diffusion rates for proteins with sequence variants that alter their surface properties.

The differential slow-down in rotational and translational diffusion rates is interesting and
may have some implications for diffusion of proteins and ligands in a cell. In diffusion-
limited enzymatic reactions, relatively slower rotational diffusion would allow enzymes to
remain pre-oriented, especially when part of metabolic pathways and thereby increase
metabolic efficiencies. On the other hand, the apparent prevalence of weak attractive
interactions allows for related metabolic enzymes to be close so that products of one enzyme
can quickly find the active site of the next enzyme in a given pathway. However, since we
only studied villin here, further studies of metabolic enzymes in the presence of ligands will
be needed to test these ideas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Configurations after 100 ns for concentrated systems of eight villins at 8 mM (A), 16 mM

(B), and 32 mM (C) as well as 64 villins at 32 mM (D) concentration. Colors are used to
distinguish different villin copies, water molecules are shown in grey.
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Figure 2.
Order parameter S7 for villin residues (except for Met1 and Pro22) at 8 mM (blue), 16 mM

(green) and 32 mM (red: eight-villin system; orange: 64-villin system; magenta: 64-villin
system without the four villins that unfold during the simulation). Results under dilute
conditions are shown for reference as a black dashed line. Statistical uncertainties are shown
as error bars.
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Figure 3.
Mean square displacement vs. time based on center of mass of villin at 8 mM (blue), 16 mM

(green), and 32 mM (eight-copy: red; 64-copy: orange). Linear functions fitted to different
time scales (<1 ns, 1-10 ns, and 10-100 ns) are shown as dashed lines (dotted, dash-dotted,
dashed, respectively). The values are shown in regular (A), logarithmic (B) scales. The
derivative of the log-log plot is shown in (C). Gray dashed lines with the slop equal to 1 are
shown for reference.
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Figure 4.
Correlation functions for scalar product between random vectors fixed to the molecular

frame used for describing rotational diffusion (see Methods) of individual villin copies
(color lines) at 8 mM (A), 16 mM (B), 32 mM with eight copies (C), and 32 mM with 64
copies (D). Correlation functions averaged over villin copies are shown with error bars
(black lines).
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Figure 5.
Correlation functions for scalar product between random vectors fixed to the molecular

frame used for describing rotational diffusion (see Methods) averaged over villin copies at 8
mM (blue), 16 mM (green), and 32 mM (eight-copy: red; 64-copy: orange). Villin in dilute
solvent is shown as a black line (averaged over trajectory blocks). Exponential functions fit
to the average correlation functions are shown as dotted lines. Triple-exponential fits (at 32
mM with 8 and 64 protein copies) are shown as dashed lines (B). All fits have /2 values of
larger than 0.995 and y? values of less than 0.05. Values of © are shown in regular (A) and
logarithmic (B) scales.
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Figure 6.

fraction of all cluster sizes [%]

70
60

50

10

5 10 15 20 25 30 35 40 45 50 55 60
cluster size

Page 26

Distribution of cluster sizes for simulations of eight proteins (A) at 8 mM (blue), 16 mM
(green) and 32 mM (red) and of 64-copy system (B) at 32 mM based on contacts defined as
Ca-Ca distances of less than 0.7 nm (see Methods).
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15 20 25 30 35
residue

Contact map of residues between proteins at 8 mM (A), 16 mM (B), and 32 mM (C). Colors
indicate the average Ca distances from a given residue to the closest residue of another
nearby villin molecule. Residue numbers 1-36 correspond to 41-76 in the biological

sequence.
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Figure 8.
Structure of villin colored according to the average Ca distance to nearby villin molecules

(A) (short: red, medium: green, long: blue) and by residue type (B) (hydrophobic: white,
polar: green, acidic: red, basic: blue). Residue numbers 1-36 correspond to 41-76 in the
biological sequence.

J Phys Chem B. Author manuscript; available in PMC 2018 December 14.



Page 29

Nawrocki et al.

Author Manuscript

T alqeL

Author Manuscript

"3|quIasud | dN ayp ul uoneigiinba Lmtmv

1$3]N23]0W JaYeM pue suol Buipnjoul SWoe 40 Jaguinu [e1o}

I3
‘sutajoud ayy Aq pa1dnaoo uonoely m_(%_o>N
‘sa1dod uisyoid Jo _BE::N.
67T M 9ge 00T 79 geT 43
S'L Ty 00T 8 8€T 4%
06 AL 0's 8 LL 91
8Tl M 69T 4 8 ve 8
6'S MTC - T - anjip
8) | (nw)
(wu) puibusy xog | csworey [ -(%6) A °N [unal

SUOIN|OS UI||IA PSIRAIUSOLOD Pale|nwWIS

Author Manuscript

Author Manuscript

J Phys Chem B. Author manuscript; available in PMC 2018 December 14.



Page 30

Nawrocki et al.

‘p1og ut

UBAIB SI JUBAJOS BINJIP UL UOISNYIP O} BAIIR[3] UMOP-MO|S U ‘8NjBA Uoes 104 "sasayiuaied ul UsAIB ae (UonN|os parenuaouod) saidoo utsloid pue (LonN|os 81Njip) $300]q JaAo BuibeisAe Woly sarewnss 10413

Author Manuscript

Ge'0 | (ro00) 910 | 8€0 | (po00) 810 | €v0 | (r0o00) 120 | ¥9 z€

8v'0 | (Tov)zczo | 050 | (6ooo)veo | 150 | (Booo)szo | 8 z€
190 | (roo)1e0 | 120 | (9oow) veo | TL0 | Zooov)seo | 8 9T
180 | (@oo)ovo | s80 | (oo)tvo | 880 | (T00) €v0 8 8

1 (€00) 970 T (800°0) 8v°0 T (rooo)evo | T | @nup

(UMmop-mojs ‘sufzwiu) | (UMOP-MOIS Sujwiu) | (UMOP-MOJS ‘Su/;uu) (Inw)
Su00T-0T:'d suoI-T:'a suT>i'g an | funpal

SUOIRIIUSOUOD 1UBJSIIP 18 UI||IA 1O SIUSIDIL80D UOISNIIP [euole|suel |

¢ 9lqeL

Author Manuscript Author Manuscript Author Manuscript

J Phys Chem B. Author manuscript; available in PMC 2018 December 14.



Page 31

Nawrocki et al.

“JUBAJOS BIN|IP Ul UOILIOJ O SAINR|3] SI UMOP-MOIS 3U1 pue sasatuaied Ul UsAIB ale seewnss 10113 6 *b3 01 Buipioooe paurelqo sism /Ul g pue/g s1usiola00 UoISNUIP [euoneloy

“TT pue 0T "sb3 03 Buipioade pautelqo asem/U/2 pue 2 sswil Buljquing [eI0L “||am se paliodal ause sawil Buljquny esiaaul pafessay “g ‘b3 ui se Em_m\sww\m pue SawWi} UoIIR[a1I0d ($&/2) Mo|s pue ¢&/2) 1se4

(zo00) | (tooa) | (69c0) | (1z20) | (2o0) | (coov) | ZoT) | (€200) | (5T0)

9T°0 100 8e00 | v100 | o0sss | swvvt | vso | Lv00 | osve | svvo | orz | ¥9 z€
(oroo) | (vo00) | (28v0) | (01670) | (900) | (s000) | (18°0) | (590°0) | (0Z0)

G20 zTo 1500 | vz00 | v.5€ | 1518 | 250 | Sz00 | 18E€T | 1090 | €8T | 8 z€
(rroo) | (6ooo) | (erro) | zozo) | (so0) | (9100) | (120) | (660°0) | (60°0)

150 0 6TT0 | 2800 | 687'T geze | ewo | T220 | 08¢ | 690°T 00T | 8 9T
roo) | (¢)100) | (62r0) | (081°0) | (c00) | (2500) | (c60) | (orT0) | (€T0)

2L0 G590 9910 | ve€T0 | S60°T 88E'T 1T0 | zveo | 96 | ZwTT 160 | 8 8
ooo) | ooo) | ezo0) | (9z00) | (cr0) | (1810) | (5v0) | (teeo) | (6o0)

1 T zez0 | vozo | zzzo | ozso | ev0 | 2880 | s¥T 0/8'T 650 | T | @npp

Gsw) | Gosw) | Gosu) | (su) G-su) | (su) | G-su) (su) (Ww)

umop-mojs ' “a | umop-mojs‘a | "a ‘a 1 2 ds | e St - Ra | Oy | [unpal

SUOITRIIUSIUOD JUBJBYIP 18 Ul||IA JO Sis1aweled uoisnyip [euoleioy

€ 9|qel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Phys Chem B. Author manuscript; available in PMC 2018 December 14.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Nawrocki et al.

Table 4

Average number of contacts per protein obtained from all-atom and CG simulations

[villin] (mM) all-atom CG attractive | CG neutral | CG repulsive
8 0.48 (0.13) 3.73 (0.32) | 0.065 (0.005) | 0.00 (0.00)
16 0.94 (0.12) 3.90 (0.33) | 0.093 0.012) | 0.00 (0.00)
32 1.462 (0.19):2.050 (0.07) | 385 (0.23) | 0.229 (0.016) | 0.00 (0.00)

aeight copies,

b64 copies
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