Translocation of a globular polymer through a hairy pore
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Abstract
We present numerical simulations of a globular polymer translocating through a cylindrical pore
internally coated with a polymer brush. We first characterize the statistical properties of the brush
under flow and show how, at high grafting densities, the monomer profile of the brush is unaffected
by the presence of the fluid low. We then exploit the fluid flow to force a globular polymer through
it and study how it deforms as a result of the interaction with the brush. Finally, we discuss how

such a setup could be used as a protein purification device.

PACS numbers: 87.15.Cc, 05.20.-y, 87.10.Rt



Introduction

The three-dimensional conformation acquired by a protein in its functional form (native
structure) is controlled by the sequence of amino acids along the protein backbone. The
native structure is often unique for a given sequence. However, many catastrophic events
can take place when just a few proteins fail to reach their functional configuration [1]. A
significant obstacle along the correct folding pathway occurs when a protein aggregates with
other copies of itself. The formation of large protein clusters can be lethal to cells and, in the
long run, can lead to neurodegenerative diseases such as Alzheimer and Parkinson disease [2—
5]. Furthermore, protein aggregates present a significant obstacle in protein purification
technology [6, 7]. Since unregulated protein aggregation poses an important threat to life
in all living organism, under evolutionary pressure, complex protection mechanisms against
it have been set in place [8-11].

In prokaryotic cells, for instance, the GroEL/GroES chaperonin complex acts as an ef-
ficient protection against misfolding and aggregation. The GroEL/GroES chaperonin is a
double-barrelled complex with two large cavities where misfolded proteins are captured and
isolated for a long time (~ 15s) and at considerable energy cost (7 ATPs per protein or
14 ATPs per cycle). The working principle of the GroEL/GroES has not been fully eluci-
dated, but its primary function is to segregate misfolded proteins from the cytosol into a
molecular cage to prevent their unregulated aggregation with other proteins. Furthermore,
the GroEL is believed to help misfolded proteins captured in its interior to refold into their
native state. Recently, a new refolding reaction pathway for the GroEL/GroES complex has
been postulated [12, 13]. Coluzza et al. hypothesised that confinement inside the cage could
induce protein translocation through the equatorial region that connects the two chambers,
and suggested that the translocation process could help proteins escape local free energy
minima regardless of their specific amino acid sequence. Although such a pathway has not
been experimentally investigated, it offers an appealing design principle for the development
of an artificial device that could be used to promote the correct folding path of a protein
and bypass their detrimental aggregation. Inspired by this idea, in this work we consider the
translocation of a globular polymer, that we will use a crude model for a misfolded globular
protein, through a cylindrical pore whose inner surface is coated with a soft polymer brush.
We explore the complex interactions between the polymer, the brush, and the solvent, to
understand under what conditions such a system could be useful as a device to refold mis-

folded proteins and/or break up the aggregates they form. The idea is to push the globular



polymer through the pore using a flow field in the solvent and exploit the shear forces that
develop from the interaction of the protein with the soft brush to break up agglomerates
and unfold misfolded states. Crucially, a moving fluid in a pipe would itself generate shear
forces due to the parabolic (Poiseuille) profile of the velocity field, even in the absence of the
brush, and it has been shown in experiments and computer simulations, that large protein
multimers like the von Willebrandt factor (vVWF) can unfold[14-16] as a result of the shear
forces applied on the protein by a moving fluid. A recent review addresses the topic of
shear-induced protein unfolding by comparing multiple experimental and theoretical studies
on different proteins [17]. In most of these experimental setups, special flow devices are
used to exert shear on the proteins in solution. Many of these experimental studies find an
effect on the proteins function (or activity for enzymes) at moderate shear rates of 10? - 10°
s~!. However, the experiments in some of these devices include an air-water interface which
can also contribute to a loss of protein functionality. In a different paper, Jaspe et al. [18]
investigated the behavior of a small protein in a channel of diameter equal to 180 pm. The
fluid was pushed through the channel by a pressure drop leading to shear rates up to 10*
s~!. The authors found no sign of a significant structural change in the protein structure,
and proposed a simple theoretical model to estimate the onset shear rate required to unfold
their proteins. This is expected to be of the order of 107 s~!, which is very hard to achieve
in small channels [19]. The question of whether small proteins can unfold in physical shear
flow remains controversial, whereas the induction of structural changes driven by fluid shear
in larger complexes such as vWF is widely accepted [17].

Here, we present an explicit study of the unfolding pathway of a globular polymer driven
by a fluid flow through a cylindrical pore coated with a deformable polymer brush. The goal
is to understand under what conditions the presence of the brush can improve the refolding
rate of the globular protein. Such an approach, combined with the scaling properties of the
brush, offers the advantage that the setup can be scaled up to large pores that allow for fast
flow velocities and a smaller likelihood of pore clogging by protein aggregates.

Although the equilibrium interactions between free chains with a cylindrical brush have
been extensively characterized [20], to the best of our knowledge, there has been no study
investigating the ability of a brush to deform a globular polymer under flow. Of relevance
to our work is also the study by Mahmood et al. [21] who discussed the potential of a DNA-
grafted cylindrical pore to function as a biosensor under the influence of an electrical field.

Furthermore, studies on unfolding of polymer globules [22], translocation under flow of star-



polymers in a slit channel [23] and rod-like proteins in both slit and cylindrical geometries

[24] have also been recently published.

Methods

Throughout this paper, we will represent our data in dimensionless Lennard-Jones units,
for which the fundamental quantities mass mg, length g, epsilon ¢y, and the Boltzmann
constant kp are set to 1, and all of the specified masses, distances, and energies are multiples

of these fundamental values corresponding to T' = Ty = €y/kp, m = mgy, 0 = 0y, and
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FIG. 1: Visualization of the relevant components of our system. The blue folded chain represents
the protein model while the green chains are the polymers grafted to the cylinder walls forming
the brush. The arrows indicated the direction of the fluid flow pushing the protein through the
brush. The light blue dots indicate the SRD fluid particles.

Each polymer grafted on the inner surface of the pore of radius R is described as a
sequence of spherical beads of diameter o. Excluded volume interactions between any two

monomers are enforced via a Weeks-Chandler-Anderson (WCA) potential
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extending up to r. = 250 with ¢ = kgT. Connected monomers along the chain are held



together with a FENE potential of the form
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Where Ry = 1.50 is the maximum bond length and K = 30kgT/o? is the strength of the

bond. The surface of the cylinder is covered with densely packed WCA spherical particles
of diameter o arranged according to an hexagonal lattice with lattice constant equal to o.
These particles are locked in place during the simulation, and each polymer has its first
monomer linked to one of them with the same FENE potential described above. The pore
extends along the z axis of our simulation box up to a length L, and contanins N, polymers
of length N,,, at a grafting density pg = N, /(7 R*L,).

The polymer that translocates through this pore is described in a similar manner, with
the exception that each of its 200 monomers of diameter o is connected to its neighbor with
harmonic bonds with a minimum at ¢ and spring constant xy = 200kgT". The strong spring
constant is equivalent to a constant bond length equal to ¢ as in the protein models by

Honeycutt and Thirumalai [25]. The monomers interact with a Lennard-Jones potential of

o= 1e[(2)- (2] g

The cutoff is set to 2.50 and € = kgT', which yields a globular polymer at equilibrium. The

the form:

solvent is described by multiparticle collision dynamics, also known as stochastic rotation
dynamics (SRD), a particle-based mesoscopic method used to reproduce hydrodynamic flow
fields and solute interactions. The method consists of two steps. In the streaming step,
particles move according to r;(t+Atsrp) = ri+VvilAtsgp. In the collision step, SRD particles
are assigned to cubic bins of length Az, the center of mass velocity ven is calculated,
and the relative velocities are rotated by an angle o about a random axis, according to
Vi(t + Atsrp) = Vemi(t) + Q(a)(vi(t) — Vemi(t)), where Q is a rotation angle. We set the
SRD particle mass mggp = 0.1m, the average particles per bin p = 10, the bin size Az = o,
the SRD timestep Atsgp = 0.017 and rotation angle o = 120°, giving a fluid viscosity of
n = 7.55. All monomer masses are set to my; = pmggrp and are coupled to SRD particles
in the collision step. Solvent flow is induced by applying a constant acceleration a to all
solvent particles, and all subsequent values are reported in units of o/72. SRD particles
arc confined within hard cylindrical walls with the same axis and radius R as the pore, and
length L spanning the length of the simulation box with periodic boundary conditions. To

accurately represent no-slip boundary conditions at the walls of the cylinder, we use the
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bounce-back and bulk-filling rules described by Lamura [26].
Figure 1 shows a typical snapshot of the system including all components considered in
this study, i.e. the cylindrical channel, the pore, the brush and the globular polymer.
Finally, the repulsion between any monomer and the walls of the cylinder is described

using a WCA potential of the form

(w5) ~(Gosm) +

with € = kg7 and cutoff 260. Here (R;(y, z) — R) is the radial distance of monomer i from

, (4)
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the surface of the cylinder, and R is the cylinder radius. In this work we considered two
pore sizes, one of radius R = 9.550 and the other R = 19.10. Before the globular polymer
is translocated through the pore, the brush is equilibrated in the presence of the fluid flow.

Our simulations are performed using a timestep of At = 0.0027 and simulations are run
for a minimum of 10® timesteps.

Given the large number of parameters associated with this system, and the lengthy nature
of the simulations with an effective, yet explicit fluid, we are limited to study a subset of
possible parameters. We considered three explicitly brush setups separately. The first case,
Case 1, is characterized by a pore of radius R = 9.550, length L, = 71.70, and grafting
density pg = 0.28. In this case we considered brush polymer chains with N, = 10, 11,12, 14
monomers, as larger values of N, would overfill the pore. The second case, Case 2, is
characterized by a pore with the same radius and length as in case 1, but with a smaller
grafting density pg = 0.07. Here, we considered brush polymers consisting of N,,, = 20, 30, 40
and 50 monomers. Finally, the third case, Case 3, is characterized by a pore of R = 19.10,
L, = 103.10 and pg = 0.28, a setup essentially equivalent to case 1 with a pore diameter
twice as large. For this case, we considered brush polymers with N,, = 20, 22,24 and 26
monomers. To study the crucial finite size effects introduced by the boundaries of the pore
we considered simulation boxes of lengths L > L,. For case 1 we selected L = 92.70, for
case 2 we selected L = 112.70, and for case 3, we set L = 183.1¢. For all cases, we considered
fluid accelerations in the range a € [0.0,0.1], corresponding to Reynold’s numbers ranging
from Re € [0.0,0.05]. As a reference, if we consider a large multimeric protein like the
vWF-factor, and set ¢ = 80nm, that would give a pressure drop % = 0.9 bar/mm for

a=0.1.



RESULTS AND DISCUSSION

This section is divided in two parts. In the first part we characterize the behavior of
the pore for different values of the fluid velocity, brush density, brush height and overall
pore diameter. In the second part we consider the actual translocation events of a globular

polymer through the pore.

Characterization of the pore

We start our analysis by characterizing the behavior of the brush under the influence of the
fluid flow and in the absence of the globular polymer. This is important because, intuitively,
one would expect that when the brush is long enough to fill the pore, a translocation event
will force a globular polymer to deform as it squeezes through it. In the opposite case, when
the brush profile allows for a monomer-free region at the center of the pore much larger than
the radius of gyration of the globular polymer, the globule can translocate through the pore
with minimal disturbance from the brush. An optimal brush will have a monomer density
gap along the pore axis whose size is comparable or smaller than the size of the protein.

Let’s first consider Case 1. Figure 2 shows a typical steady state configuration of the
brush under a flow with @ = 0.1. The side-view and the cross-section are shown indepen-

dently, and a small monomer density gap can be observed at the pore center.

FIG. 2: Snapshot of a cylindrical brush under flow for Case 1 (see text for pore parameters) ,
showing the side view on the left panel and the cross section on the right panel. Several chains
are depicted in blue to show individual chain conformations. The solvent particles are not shown.

The brush has chain length of N, = 10 and the fluid acceleration is ¢ = 0.1 and R = 9.550

Figure 3 shows both the radial profile of the axial velocity of the fluid and the monomer

density profile for @ = 0 and a = 0.1. The density profile under flow is almost identical
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FIG. 3: Brush monomer density and solvent flow profile for a = 0 and a = 0.1 for the setup in

case 1 and N,, = 10.

to the one at equilibrium, and it is characterized by a density gap at the pore center and
increasing monomer density approaching the wall. Significant layering effects are seen near
the wall due to the high grafting density. The solvent flow profile for a = 0.1 shows a
non-insignificant fluid velocity along the axis of the pore, followed by a long plateau that
persists deep into the brush until it finally drops to zero at the cylinder wall. To properly
handle the no-slip boundary condition at the cylinder wall, we modified the default SRD
implementation in LAMMPS [27] to include the corrections discussed in Lamura et al.[26].
Simulations of the fluid flow inside the cylinder when no polymer brush is included show an
insignificant slip of the fluid near the wall. It is not clear to what extent the long and weak
plateau observed for r > 4 is an artifact of the specific coupling of the SRD particles and
the monomers, or this can be understood, even at such a small length-scales, through the
frame of Darcy’s law describing a fluid flow in a porous medium. Either way, this effect is
rather weak and should have no significant impact on our results on the translocation of the
globular polymer through the pore.

We now investigate how increasing chain length N,, changes the monomer density and
solvent velocity profiles at a = 0.1, and Figure 4 shows the results of this analysis.

The main change in the density and velocity profiles occurs at the center of the pore. As
N,,, increases, the monomers gradually and systematically fill the density gap at the pore
center. As expected, the decrease of the size of the density gap at the pore center is followed

by a significant drop in the flow velocity profile. These data indicate that when the brush
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FIG. 4: Monomer density and solvent flow profiles for different chain lengths N, for the setup in
case 1 with @ = 0.1. As the chain length N,, increases, the monomers fill the center of the core

and the solvent velocity decreases.

polymer chains are too long the pore becomes effectively clogged against the solvent flow,
thus making for a poor candidate as a device for refolding translocating globular polymers.
In the opposite limit, when the brush is too short, no significant interactions between the
brush and a translocating globule can be established due to a density gap that would be
larger than the radius of gyration of the globule. We identify N,, ~ 10 as an optimal
candidate under these solvent flow conditions, as there is still a sizable density gap at the
pore center that allows for solvent flow.

Snapshots of the brushes show that along the pore’s cylindrical axis, the monomer density
is mostly uniform in the middle but varies greatly at the edges of the pore, due to the splay
of the individual polymers exiting the pore. A detailed analysis of the orientation ¢ of the
brush with respect to the flow velocity is presented in the Appendix. In summary, the brush
acquires a symmetric shape at the center of the pore (z = L,/2) at equilibrium (a = 0),
with ¢ ~ 90 in the middle, ¢ > 90 for < L,/2, and ¢ < 90 for x > L,/2. As the flow
acceleration a increases, the average value of ¢ across the pore becomes smaller, indicating
that the brush begins to tilt towards the direction of the flow. Interestingly, the polymers at
the pore entrance (z ~ 0) point against the flow ¢ > 90 even for large flow values of a (the
larger N,,, the stronger this effect), while at the pore exit (z ~ L,) the polymers are well
stretched in the direction of the flow (¢ ~ 20 degrees). We also find the degree of tilting to

be rather insensitive to different chain lengths N,, near the middle of the brush, and that



the density profile of the brush computed by only considering polymers the middle of the
brush is independent of the fluid acceleration a (data not shown). This suggests that at this
grafting density the tilting polymers must compensate for the unchanged brush height by
stretching.

Let’s now consider the second pore considered in this study: Case 2 with lower grafting
density. The lower grafting density makes the brush more deformable under solvent flow.
Here, the brush acquires large tilt angles for large flows and it compresses against the wall.
The monomer density profiles both with and without solvent flow are shown in Fig. 5. At
a = 0, monomers fill the pore center, but at a = 0.1, a large density gap develops in the
center of the pore and the monomer density near the walls increases as a result of the brush
compression against the walls of the cylinder. The solvent velocity profile shows a parabolic

functional form at the pore center. Fig. 6, shows how the density and velocity profiles change
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FIG. 5: Brush monomer density and solvent flow profile for ¢ = 0 and a = 0.1 for the setup in

case 2 and N, = 20.

upon increasing the length of the polymers V,,.

Crucially, when comparing Case 1 with N,, = 10 and Case 2 with N,,, = 40, two brushes
with the same overall monomers density inside the cylinder, we find that in the system with
the lower grafting density (Case 2) the pore is completely occluded by the monomers,
whereas the pore with the higher grafting density (case 1) shows a sizable monomer density
gap at its core. This indicates that the grafting density plays a crucial role on the overall
conformation of the brush under flow. To better characterize the brush conformation in

the presence of the fluid flow, we also measure the brush tilt angle ¢ as before. A study of
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FIG. 6: Monomer density and solvent flow profiles for different chain lengths N, for the setup in
case 2 with @ = 0.1. As the chain length N,, increases, the monomers fill the center of the core

and the solvent velocity decreases.

the brush tilt angle as a function of the flow for different polymer lengths shows that (sce
appendix for details) at this low grafting density, the brush tilts much more sharply than
in Case 1, and already for a > 0.05, the brush is already fully stretched throughout the
length of the pore. Furthermore, as was the case for the pore with higher grafting density,
the tilt angle, in the middle of the pore, (z ~ L, /2), seems to be rather insensitive to the
chain length N,,.

Given the strong dependence of the density profile on the fluid flow for Case 2, it is more
difficult to control the size of the monomer density gap, which is a critical design parameter
for a refolding device. Furthermore, the configuration of the brush at the target acceleration
a = 0.1 consists of stretched polymers aligned along the direction of the flow throughout the
pore, forming what is basically a soft funnel that is unlikely to generate sufficiently large
shear forces on a translocating globular polymer.

We now turn our attention to Case 3 which is a pore with twice the radius but the same
grafting density as the pore in Case 1. We emphasize that we keep the same maximum
applied fluid accelerations a = 0.1 used in the other two cases. This clearly results in a
larger fluid velocity inside the pore as expected from Poiseuille’s law. We made this choice
because we want to investigate how a change of the channel radius would affect velocity
and density profiles inside the pore while keeping the fluid driving force constant. Because

of the faster fluid inside the pore, overall, we expect the brush shows a more substantial
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FIG. 7: Brush monomer density and solvent flow profile for a = 0 and a = 0.1 for the setup in
case 3 and N, = 20. The left panel shows the result when averaging over the who extent of the
pore, while the right panel shows the same data when only considering the polymer in a 100 shell

the middle of the pore, i.e. for x = L,/2.

tilt than in Case 1, but not as dramatic as it is in the brush at lower grafting density in
Case 2. Figure 7(left) compares monomer density and solvent velocity profiles for the driven
(a > 0) and the equilibrium systems (a = 0). In the presence of a fluid flow, the monomer
density near the walls is similar to that at equilibrium, albeit with weaker layering, and the
size of the monomer density gap at the center of the pore is somewhat wider than that at
equilibrium. This result would suggest that unlike the behavior of the pore in Case 1, not
only the chain conformation, but also the size of the monomer density gap depend on a.
A more careful analysis that only considers the monomer density profile around the middle
of the pore (v ~ L,/2), which should minimize the effect of the larger edges at the pore
opening and exit, reveals that this is not the case, and as observed in Case 1 with the
smaller pore radius, the monomer density distribution p(r) is independent of a. The result
of this analysis is shown in Fig. 7(right). The effect on the density profile due to increasing
the chain length N,, is shown in Fig. 8. The data indicate a systematic filling of density gap
followed by a decrease of the flow velocity within it as N, increases. A detailed study of the
tilt angle of the brush along the pore for different values of a is presented in the appendix.
Here, we summarize the results by mentioning that, as in Case 1, the front of the pore is
characterized by a layer of polymers that resist pointing in the direction of the flow even at
the highest driving forces (this effect becomes more evident as one increases N,,) while the
back side of the brush adapts to the flow. We also observe, as was the case in the previous
two cases, that while ¢ decreases with fluid acceleration, it remains basically independent

of the number of monomers in the polymer brush, N,,, for a fixes value of a.
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FIG. 8: Monomer density and solvent flow profiles for different chain lengths N, for the setup in
case 3 with @ = 0.1. As the chain length N,, increases, the monomers fill the center of the core

and the solvent velocity decreases.

It is important to stress that since the statistical properties of the pores coated with the
polymer brushes at the highest grafting densities are independent of the presence of the
fluid flow, at least when it comes to the density profile and the size of the monomer-free gap
along the pore axis, it should be possible to systematically scale up the pore diameter, as
we did going from Case 1 to Case 3, and use standard equilibrium arguments to estimate
the expected brush height in the pore [28] even when in the presence of the fluid flow. This
is important because larger pores have the advantage of generating larger flow velocities in
their cores at a fixed driving force, are less likely to be clogged by protein aggregates, and
are easier to fabricate. Furthermore, as discussed by Dimitrov et al. [29] (and references
therein), a convenient property of cylindrical polymer brushes is that as the tube diameter
increases, the reduced brush height h/N,, decreases. This allows for a finer control of the
brush height with the chain length N,,, and thus a better control of the monomer density
gap at the pore center.

Before we start discussing the results relative to the actual translocation events, it is
worth noting that several studies on polymer brushes under shear have been published, and,
consistently with our results (at least in the large grafting density regime), the brush height
is expected to be rather insensitive to the applied shear rate [30-32]. It should be stressed,
however, that most of these works were performed on planar brushes of infinite extension. In

our system, we considered finite-sized pores, and in our data, as discussed above, edge effects
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can become important when studying the statistical properties of the brush. Although we
expect the data collected in the middle of the brush at x ~ L,/2 to be rather insensitive
to the boundaries, for a systematic study of the scaling laws of a cylindrical polymer brush
under shear, one should ideally consider a setup where the side length of the simulation
box equals the length of the pore (L = L,) with periodic boundary conditions to mimic the
behavior of an infinitely long pore. This is not that study, because as it turns out, the effect
of the edges is crucial when considering the translocation of the globular polymer through
the pore. In fact, the largest shear forces develop at the pore exit as the globular polymer

moves from a high monomer density region to a depleted one.

Translocation events

We identify the brush with N, ~ 10 in Case 1 and the brush with N,, ~ 24 in Case 3
as the most promising re-folders. In both cases the brush grafting density is sufficiently large
that the monomer density profiles in the middle of the pore are not affected by the solvent
flow, and a sufficiently wide monomer density gap is available to interact with the globular
polymer without dramatically reducing the velocity of the flow through the pore. As the
globular polymer translocates through the pore, we characterize its degree of distortion using
its radius of gyration R,. As a reference the radius of gyration of our globular polymer with
200 monomers at equilibrium is measured to be Ry, = 3.090. The polymer theta point was
measure to be at roughly Tj = 2 [33].

Figure 9 shows the three main stages, entrance (top panel), traveling (middle panel), and
exit (bottom panel) of the typical translocation process in the pore of radius R = 9.550.
The initial deformation of the globular polymer occurs as it enters the pore and is pushed
through the monomer density gap against the brush; here the brush polymers are on average
pointing against the direction of the flow. As the globular polymer moves through the pore,
it is elongated along the cylindrical axis by the radial pressure exerted by the surrounding
brush. The conformation of the brush polymers at the end of the pore are on average
pointing along the direction of the flow. As the globular polymer exits the pore, it crosses
a significant monomer density gradient. While exiting, one part of the globular polymer is
in a monomer-free region while the other still feels the radial pressure of the brush. This
monomer gradient creates an effective elongational shear at the end of the pore that further

destabilizes the conformation of the globular polymer. Once outside the pore, the polymer
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re-folds into a globular state in a monomer-free environment. Fig. 10 shows the radius of

FIG. 9: Three snapshots from our simulations showing the translocation process of a globular
polymer for the Case 1 pore, for @ = 0.1 and N,, = 11. From top to bottom: the globular
polymer pore entering the pore, the polymer in the middle of the pore, and the polymer exiting

the pore. At the exit, additional shear forces arise due to the significant monomer density gradient.

gyration R, as a function of time as the globular polymer translocates through the pore,
for multiple translocation events. Here the effect of the pore exit is clearly marked by a
sharp peak in R, at the end of each translocation event. Also notice how when increasing
the length of the brush, the translocation time increases (top/middle panel), until, when
N,,, = 12 the velocity profile inside the pore becomes too weak to drive the globule through
it. The figures in the bottom panels show the position of the protein along the axial direction
of the pore as a function of time for the different values of N,,. Here the x coordinate is

propagated and includes the crossing of the periodic boundaries so that the globular protein
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FIG. 10: The top row shows the radius of gyration R, of a globular polymer undergoing repeated
translocation through the Case 1 pore, with flow @ = 0.1. The chain length N,, increases from left
to right. The bottom row shows the corresponding position of the polymer, and at chain length

Ny, = 12, the polymer cannot enter and the pore is essentially clogged.

goes through a series of translocation events over time within the same simulation.

Figure 11 shows snapshots of the translocation process for the larger Case 3 pore with
N,, = 24. We again see two stages of deformation, at the entrance and at the exit of the
pore, and the exiting process is even more dramatic than in the smaller Case 1 pore. The
flow velocity for NV,, = 24 in the middle of the pore is more than twice as that for N,,, = 11 in
the Case 1 pore with the smaller diameter, suggesting that scaling up the channel has the
advantage of being able to translocate larger globules more quickly and generate larger shear
forces. Crucially, the larger pore allows for a wider range of brush heights, and corresponding
monomer density gaps, to successfully refold the globules. This suggests that larger pores
should make more robust re-folders. This is most evident in Figure 12 (top/right panel)
that shows larger IR, excursions than those observed for the smaller radius. As expected,
the trajectory for N,, = 20 (Top/Left) shows more frequent deformation peaks than those at
higher monomer concentration as the velocity inside the pore decreases with N,,,. While, on

the one hand, having a lower monomer density allows for more refolding event, on the other
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FIG. 11: Three snapshots from our simulations showing translocation of a globular polymer through
the larger Case 3 pore with a = 0.1 and chain length N, = 24. From top to bottom: the polymer
enters the pore, the polymer in the middle of the pore, and the polymer just before exiting the

pore.

hand the extent of the deformation become larger, although less frequent, when increasing
the monomer density. Ideally, one would like to setup a system that optimizes these two

tendencies.

Conclusion and outlook

In this paper we considered whether a globular protein, modeled as a globular homopoly-
mer, could be forced to undergo conformational changes when translocating through a cylin-
drical nanopore internally coated with a polymer brush. We studied the brush profile in the
presence of a fluid flow for different values of monomer concentrations, grafting density, and

for two pore sizes. Crucially, we find that the influence of the flow on the brush conformation
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FIG. 12: The top row shows the radius of gyration R, of a globular polymer undergoing repeated
translocation through the Case 3 pore, with flow a = 0.1. The chain length N,, increases from
left to right. The bottom row shows the corresponding position of the polymer. The larger pore
allows for finer control of the monomer density gap via Np,, which in turn allows for better control

of the polymer distortion during translocation.

strongly depends on the grafting density of the brush, and when p¢ is sufficiently large, the
density profile of the brush is not affected by the presence of the flow, yet the fluid veloc-
ity within the pore is very much dependent on the overall monomer concentration (brush
height), and drops to small values once the pore becomes completely filled with monomers.

We observe that under the appropriate conditions, high grafting density and sufficiently
long chains to leave a small monomer gap along the pore axis, the interaction of the globule
with the brush can indeed cause significant deformations of the globule. The globule entrance
into and exit from the pore events are of particular interest as they lead to the largest
distortions of the globules conformation.

While in this study our protein model, described as a globular polymer, is very rudi-
mentary, tests with a more realistic protein model, retaining some of the specificity of the
monomer-monomer interactions that is proper to proteins, are underway and look promis-

ing. We believe that the ease with which our protein models deforms within the pore is due,
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in part, also to the large number of intermediate states that can be accessed by the globu-
lar homopolymer without a significant loss of interaction energy. For a protein with more
specific interactions, the number of low energy misfolded configurations should be much
smaller, and the translocation should lead to more significant structural changes through-
out the process. Given the large effect the edges of the pore play in this process, it would
be interesting to consider the same process with a polydisperse polymer brush, or with a
predefined pattern of brushes of different height. These could be obtained, for instance by
mixing two immiscible polymers of different height to promote their phase separation. It is
important to stress that our system differs from the GroEL/GroES Chaperonin not only in
the origin of the forces driving the possible translocation mechanism (fluid flow vs entropic
confinement) but also in the nature of the brush. In fact, it is known that the biopolymers
in the equatorial region of the GroEL/GroES complex have hydrophobic ends, which makes
it much more likely for misfolded proteins to translocate compared to a correctly folded one.
Both simulations and experiments of our system with weakly hydrophobic ends should be
feasible and could provide a critical improvement to the purification process.
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SUPPLEMENTARY MATERIAL

Supplemental Material, Figure S13: Snapshot of a cylindrical brush under flow for Case 2 (see
the methods section of the main text for pore parameters), showing the side view on the left panel
and the cross section on the right panel. Several chains are depicted in blue to show individual

chain conformations. Here, N, = 20 and the flow acceleration ¢ = 0.1 and R = 9.550.

APPENDIX

To quantify the overall behavior of the brush in the presence of the fluid flow, we measured
the local brush tilt angle ¢ with respect to the cylinder axis along the direction of the flow
7 = (1,0,0). The direction of each polymer in the brush is defined by the vector connecting
its grafting point and the last monomer. What follows is the quantitative analysis for the

three pores considered in this study.
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Supplemental Material, Figure S14: Snapshot of a cylindrical brush under flow for Case 3 (see
the methods section of the main text for pore parameters), showing the side view on the left panel
and the cross section on the right panel. Several chains are depicted in blue to show individual

chain conformations. Here, N,, = 20 and the flow acceleration ¢ = 0.1 and R = 19.10.
Case 1

Figure S15 shows the brush alignment along the length of the pore for flows a =
0,0.01,0.05,0.1 and for chain lengths N,, = 10,14. Since we expect the middle of the
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Supplemental Material, Figure S15: Case-1:Average tilt angle ¢ of the chains in the brush with
respect to the direction of the flow for different flow accelerations a. The left panel shows the
results for IV,,, = 10 and the right panel shows the results for N, = 14. The inset shows how for
different values of a, the brush tilt ¢ in the middle of the pore (x = L,/2) is rather insensitive to

the value of N,,. The lines are just guides for the eye.

brush (x =~ L,/2) to be less sensitive to the behavior of the pore edges, we also show in the
inset of Fig. S15 how the tilt angle changes with the fluid acceleration in the middle of the
brush for different values of N,,. Overall, we observe a systematic decrease of ¢ from the
equilibrium value of 90 degrees with a. Finally, the inset shows how in the middle of the

pore, (x =~ L,/2), ¢ seems to be rather insensitive to the chain length N,,.
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Case 2

Figure S16 shows the brush alignment along the length of the pore for flows a =
0,0.01,0.05,0.1 and for chain lengths N,, = 30,40. Unlike the results for Case 1, at

150 200 ‘ ‘ ‘

100 —

I
a=0.00] ] ® 4=0.00
r a=0.011 | = 4=0.01 80§
120 a=0.05 * a=0.05 o @
r a=0.10] 7 150 : sof 7]

20

iy P S AN
0002 0.04 006 0.08 0.1 -
a —

90

100

¢ (degrees)
¢ (degrees)

L 50
30 r

I | I
60 80 0 20 60 80

0 20 40 40
X - position along the pore X - position along the pore

Supplemental Material, Figure S16: Case-2: Average tilt angle ¢ of the chains in the brush with
respect to the direction of the flow for different flow accelerations a. The left panel corresponds to
the case with N, = 30, the other to the case with N,,, = 40. The inset shows how ¢ changes with

a for different values of N, in the middle of the pore (z = L,/2). The lines lines are just guides

for the eye.

this low grafting densities, already for a > 0.05 the brush acquires a clear tilt angle that is
roughly constant throughout the length of the pore. As in the previous case, we observe a
systematic decrease of ¢ from the equilibrium value of 90 degrees with a until it saturates
to a value of about 20 degrees. Finally, the inset shows how in the middle of the pore,

(x >~ L,/2), ¢ seems to be rather insensitive to the chain length N,,.

Case 3

Figure S17 shows the brush alignment along the length of the pore for flows ranging from
a =0to a=0.1. and for chain lengths N,, = 20,24. The front of the pore is characterized
by a layer of polymers that resist pointing in the direction of the flow even at the highest
driving forces (this effect becomes more evident as one increases N,,) while the back side
of the brush can easily adapt to the direction of the flow. Overall, even in this case, we
observe a systematic decrease of ¢ from the equilibrium value of 90 degrees with a. Finally,

the inset shows how the tilt angle of the brush along the direction of the flow in the middle
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Supplemental Material, Figure S17: Case-3: Average tilt angle ¢ of the chains in the brush with
respect to the direction of the flow for different flow accelerations a. The left panel corresponds to
the case with N,,, = 20, the other to the case with N,,, = 24. The inset shows how ¢ changes with
a for different values of N, in the middle of the pore (z = L,/2). The lines lines are just guides

for the eye.

of the pore changes as a function of a, and again, we observe that ¢ is basically independent

of the number of monomers in the polymer brush, N,,.
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