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DETAILED METHODOLOGY

Molecular Dynamics Simulations

All-atom MD simulations of the one- and eight-villin systems were performed using the simulation
programs NAMD! (version 2.10) for equilibration and CHARMM? (version 42al) together with
OpenMM? for GPU acceleration in production runs. The 64-villin system was simulated using
GENESIS®.

After 1,000 steps of conjugate gradient minimization the eight-villin systems were equilibrated
by gradually increasing the temperature from 10 to 290 K at increments of 10 K, and then, finally, to
298 K. During the heating phase, positional restraints using a force constant of 1 kcal/mol/A? were
applied to protein heavy atoms and the system was equilibrated in the NPT ensemble at a pressure of 1
bar using a Langevin piston barostat (200 fs oscillation time, 100 fs damping time and a noise
temperature set equal to the system temperature). Subsequently, production simulations were carried
out over 2 ps in the NVT ensemble at 298 K. A 2-fs time step was used with a leap-frog integrator.
SHAKE® was applied to holonomically constrain bonds involving hydrogen atoms in the proteins. A
Langevin thermostat with a friction coefficient of 0.01 ps™! was applied. It is well known that large
friction coefficients used in Langevin thermostats, even when applied to explicit water systems, lead to
a significant slow-down in diffusive properties.® While the choice of the Langevin thermostat was
limited by OpenMM’s functionalities, small friction coefficients are needed to reproduce diffusive
properties obtained with other thermostats and in the NVE ensemble.® We chose a value here that is
even smaller than a value of 0.1 ps™! shown previously to result in water diffusion similar to NVE
simulations®. This value was further validated by comparing translational diffusion coefficients
obtained from simulations of dilute villin and villin at different concentrations with Langevin
(OpenMM), Berendsen’ (NAMD), and Bussi® (GENESIS) thermostats (see Table S1). The resulting

diffusion coefficients are generally similar, although diffusion coefficients estimated via the

S2



Langevin/OpenMM simulations appear to be slightly faster than with the Bussi and Berendsen
thermostats.

The 64-villin system was energy-minimized using the steepest descent algorithm for 10,000
steps and then heated to 298 K during three short simulations in the NVT ensemble using an integration
time step of 1 fs: 10 ps at 100 K, 10 ps at 200 K, and 10 ps at 298 K. During the heating step, positional
restraints of 1 kcal/mol/A? were applied to Ca atoms. The system was then further equilibrated for 110
ns at a time step of 2 fs in the NPT ensemble at 298 K and 1 bar (using Berendsen pressure coupling’
with a coupling constant of 1.0 ps). The production run at a time step of 2 fs using the velocity-Verlet
integrator’ continued in the NVT ensemble at the same temperature and pressure for 2 ps. Bussi’s
velocity-rescaling scheme® with a coupling constant of 0.1 ps was applied for temperature coupling in
all procedures unless stated otherwise. The bond lengths involving hydrogen atoms in proteins were
constrained using the SHAKE’ and RATTLE! algorithms. The SETTLE algorithm was used for

constraining rigid water molecules.'!

Analysis

Translational diffusion coefficient, D;, was corrected for periodic boundary artifacts'? according to:

Depsc = 20 (£~ 228) (S1)
with &= 2.837, the Boltzmann constant, ks, the temperature, 7=298 K, the length of the cubic
simulation box, L, the hydrodynamic radius of villin, Rx=1.386 nm, estimated with HYDROPRO!?
from the native structure (PDB ID: 1VII), and the shear viscosity of the solvent, #. For crowded

systems, the viscosity was adjusted from the viscosity of pure solvent, #w, based on the volume fraction

of the villin molecules (determined from R»), ¢, according to:'*

n=n,1+25¢) (S2)
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Corrections Dy rsc according to Eq. S1 withtout applying Eq. S2 amount to 0.272, 0.146, 0.190, 0.225,
and 0.117 nm?/ns at dilute, 8, 16, 32 (8 copies) and 32 (64 copies) mM concentrations, respectively.
With the viscosity correction according to Eq. S2, the total corrections become 0.272, 0.129, 0.145,
0.146, 0.076 nm?/ns at dilute, 8, 16, 32 (8 copies) and 32 (64 copies) mM concentrations, respectively.
The total corrections account for for 59%, 32%, 47%, 66%, and 48% of the overall D; values for 10-
100 ns reported in Table 2 and similarly for the other time regimes. We note that the finite-size
correction according to Eq. S1 was derived for low molecular weight compounds in relatively dilute
coniditons and we are assuming here that the correction can be applied without modification to
concentrated villin systems.

The kinetics of contact formation was extracted using correlation analysis based on the
following conditional function that describes whether a contact initially present at time 7 is still present

at time fo+Az: "

1 1
N—k Np

P(At) = SNEN S,() 6t + Ab) (S3)

where N is the number of snapshots, A¢ is the k-th time interval (At=k*0.1 ps, k&=4500), N, is the
number of protein pairs, and the function di(?) assumes values of either 1 or 0 depending on whether or
not a protein pair 7 is in contact at time ¢. Contacts of a given pair that are separated by at least one

snapshot without the contact are assumed to be uncorrelated and excluded from the summation.

Coarse-Grained Simulations

Coarse-grained simulations were also performed using CHARMM. Coarse-grained protein models
were built by replacing residues with beads at the Ca positions. The beads were harmonically
restrained to the native structure using a force constant of 10 kcal/mol/A? after least-squares

superposition but without restricting rigid-body motions. Bonds between beads were constrained to

S4



3.818 nm length (the average distance between subsequent Ca atoms) using a force constant of 20
kcal/mol/A2. The attractive interactions between beads were model via a Lennard-Jones potential (see
Eq. 1) using a well depth of &=2 kcal/mol. The neutral interactions between beads were modeled by
setting £=0.1 kcal/mol. The repulsive interactions were modeled through a Coulombic potential where
small charges of g=0.1e were applied to each bead and &=0.1 kcal/mol was used again as the well-depth
in the Lennard-Jones potential. A distance of the Lennard-Jones potential minimum R™" was set to 3.49
nm for all the interaction types to matches the volume of the all-atom model. The simulations were
performed using Langevin dynamics with a friction coefficient equal to 1 ps! for 100 ns each and time
step 5 ps. The short-range non-bonded interactions were shifted to zero at 0.9 nm and the long-range
were calculated using PME method'® under PBC. The simulations were carried out at 300 K

temperature and constant volume.
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Table S1. Translational diffusion (obtained for 1-10 ns time regime) with different thermostats

and simulation software for simulations of villin

Concentration A Langevin Berendsen Bussi
[mM] OpenMM! NAMD! GENESIS?
y=0.01 ps’! =1 ps =0.1 ps
dilute 1.00 0.485 (0.01¢6) 0.464 (0.021)
dilute 1.05 0.538 (0.014) 0.478 (0.0135)
dilute 1.10 0.502 (0.008) 0.477 (0.022)
8 1.05 0.396 (0.012) 0.328 (0.017)
16 1.00 0.260 (0.011) 0.227 (0.011)
16 1.05 0.304 (0.008) 0.260 (0.020)
32 1.05 0.219 (0.005) 0.200 (0.007)
16 1.10 0.320 (0.008) 0.312 (0.005) 0.313 (0.010)

!Simulation length 2 ps; 2simulation length 1 ps
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Table S2. Generalized internal order parameter S/ averaged over residues and time blocks or
protein copies in simulations of diluted and concentrated villin solutions, respectively, with

different protein-waters scaling factors /

A dilute S mM 16 mM 32mM
1.00 0.810 (0.010) 0.800 (0.005) 0.803 (0.013) 0.799 (0.085)
1.05 0.804 (0.004) 0.761 (0.019) 0.794 (0.016) 0.779 (0.020)
1.09 0.781 (0.008) 0.780 (0.009) 0.800 (0.008) 0.794 (0.006)
1.10 0.793 (0.010) 0.555 (0.108) 0.751(0.030) 0.616 (0.090)
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Figure S1. Minimum distance calculation for a residue pair (71, 72). For residue r; of protein P; the
closest 72 is in P2 (red line), but the closest residue 7> from 7; in P: is in protein P3 (blue line).

S8



1.4
1.3}
1.2
1.1

— 1.0

S 0.9

é 0.8

Q07

& 0.6

03 :ti.iltéi.l++ )

1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.16 1.18 1.20
A

Figure S2. Average Ca RMSD of villin with respect to NMR structure (PDB: 1VII) at different
concentrations (black: dilute, blue: 8 mM, green: 16 mM, red: 32 mM) as a function of the protein-
water Lennard-Jones interaction scaling factor (see Eq. 1). Error bars indicate variations between
different villin copies for concentrated systems and results from block averaging for the dilute system
using 100 ns-blocks.
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Figure S3. Distribution of clusters for villin simulations at 8§ mM (A), 16 mM (B), and 32 mM (C) with
different protein-water scaling factors (1.00 (black), 1.01 (blue), 1.02 (cyan), 1.03 (dark green), 1.04

(lime green), 1.05 (yellow), 1.06 (orange), 1.07 (brown), 1.08 (red) 1.09 (magenta)). Error bars are
obtained from block averaging.
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Figure S4. Potential of mean force (PMF) as a function of root-mean-square displacement (RMSD)
obtained from sampling folding-unfolding of villin with Hamiltonian replica exchange molecular
dynamics (H-REMD) simulations using A =1.00 (black)!’, 1 =1.05 (red), and 1=1.10 (green).Figure
S5. 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 SS5. Representative transient cluster structures from the 64-copy simulation at 32 mM. Each
villin is colored by residue according to their average protein-protein contact propensity (frequent
contacts: red, infrequent contacts: blue).
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Figure S6. Translational (A) and rotational (B) diffusion calculated using HYDROPRO for cluster
structures derived from the simulations at 8 mM (blue), 16 mM (green) and 32 mM (eight-copy: red;
64-copy: orange). For the clarity error bars obtained from block-averaging were omitted. None of the
bars exceeded 2% for D: or 5% for D.
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Figure S7. Contact map of residues between proteins at 32 mM in 64 copies system. Colors indicate
the average Ca distances from a given residue to the closest residue of another nearby villin molecule.
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Movie S1. Center of mass motion of villin molecules in the 64-copy, 32mM simulation. One
highlighted villin molecule (in black) initially clusters with other villins shown in yellow, leaves the
cluster, diffuses freely, and clusters with a different set of villins in magenta.
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