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ABSTRACT: Microtubules, the largest and stiffest filaments of
the cytoskeleton, have to be well adapted to the high levels of
crowdedness in cells to perform their multitude of functions.
Furthermore, fundamental processes that involve microtubules,
such as the maintenance of the cellular shape and cellular motion,
are known to be highly dependent on external pressure. In light of
the importance of pressure for the functioning of microtubules,
numerous studies interrogated the response of these cytoskeletal
filaments to osmotic pressure, resulting from crowding by
osmolytes, such as poly(ethylene glycol)/poly(ethylene oxide) (PEG/PEO) molecules, or to direct applied pressure. The
interpretation of experiments is usually based on the assumptions that PEG molecules have unfavorable interactions with the
microtubule lattices and that the behavior of microtubules under pressure can be described by using continuous models. We probed
directly these two assumptions. First, we characterized the interaction between the main interfaces in a microtubule filament and
PEG molecules of various sizes using a combination of docking and molecular dynamics simulations. Second, we studied the
response of a microtubule filament to compression using a coarse-grained model that allows for the breaking of lattice interfaces. Our
results show that medium length PEG molecules do not alter the energetics of the lateral interfaces in microtubules but rather target
and can penetrate into the voids between tubulin monomers at these interfaces, which can lead to a rapid loss of lateral interfaces
under pressure. Compression of a microtubule under conditions corresponding to high osmotic pressure results in the formation of
the deformed phase found in experiments. Our simulations show that the breaking of lateral interfaces, rather than the buckling of
the filament inferred from the continuous models, accounts for the deformation.

■ INTRODUCTION

Cells are highly crowded environments for biomolecules,
where the density of macromolecules can be as high as 500 g/
L.1 Microtubules (MTs), which are the largest and stiffest
filament of the cytoskeleton, need to be well tuned to this high
degree of crowdedness to carry their multiple cellular
functions. Indeed, experiments pointed to the adaptation of
the function of transport of cargoes along MTs when kinesins
are crowded around MT filaments.2 Furthermore, the crowded
cellular environment, where up to 40% of the cellular volume is
occupied by various macromolecules, can result in depletion
attraction: the ensuing effect of excluded volume increases the
osmotic pressure and entropy penalty, leading to attractive
forces between MTs.3 Finally, tasks such as maintenance of the
cellular shape, cellular motion, and mechanical strength, which
are all intimately dependent on the dynamics of the
cytoskeleton, are among the most pressure-sensitive processes
found in vivo.3

In view of the importance of MT adaptation to crowdedness
and high pressure for functional purposes, it is crucial to
determine how different is the behavior of MTs under various
regimes of pressure. MTs are polymeric assemblies of α- and β-

tubulin dimers longitudinally connected to each other by
noncovalent bonds into long protofilaments. The size of a
tubulin dimer is ∼8 nm, with MTs reaching micrometers to
millimeters in length. The standard form of MTs in cells is a
hollow cylinder composed of 13 such protofilaments
connected by lateral bonds, which consist primarily of contacts
between charged residues. The outer diameter of the MT is
∼27 nm, and the inner diameter is ∼18 nm. While most of the
lateral bonds are between the same type monomers
(homotypic), i.e., α−α and β−β, corresponding to a B-lattice
arrangement, the 13-protofilament MT has one special lateral
interface called the seam, which consists of contacts between
β−β monomers (heterotypic) or an A-lattice, between
protofilaments 1 and 13. Moreover, at the seam there is a
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shift of three monomers between the adjacent protofilaments
resulting in a helical rather than cylindrical overall structure for
the MT filament. Recent experimental studies investigated the
effect of crowding by osmolytes such as poly(ethylene oxide)/
(poly(ethylene glycol) (PEO/PEG) or of the corresponding
osmotic pressure4−8 and of applied high pressure on MTs.3

The main findings are the following: (1) Osmotic pressure
starting from ∼600 Pa, corresponding to a 1% w/v PEO20k
solution, drives the assembly of MTs into ordered rectangular
bundles. Of note, MTs in these bundles are no longer circular
but rather elliptical in cross section.4,5 The authors attributed
the change in cross section to the buckling of MTs. Moreover,
they showed that this process is reversible: if the MTs in this
phase are sedimented by centrifugation and resuspended in a
buffer without PEO, they become unbundled and form a
nematic phase of unbuckled, undamaged MTs. (2) Under a
high pressure of 155 MPa active MTs (without taxol)
disintegrate into protofilaments due to the breaking of the
lateral contacts that connect protofilaments in the MT lattice.3

(3) In the presence of 10 and 20 wt % PEG 20k MTs form
bundles,3−5 which are more resistant to pressure-induced
dissociation compared to single MTs: they remain intact until
the applied pressure exceeds 190 MPa, an ∼20% increase in
stability versus single MTs.3 (4) The measurement of the
depletion interaction between a pair of MT filaments, using a
combination of single filament imaging and optical trapping,7

showed that the degree of attractive interaction between MTs
increases with both the level of crowding (by PEG) and the
salt (K+) concentration as MTs have a high negative charge
density on their outer surface due to the charged and
disordered C-terminal tails (CTTs) of the tubulin monomers.
(5) PEG does not interact with the CTTs.8 (6) The 25% w/v
solutions of large molecules (PEG600 and PEG10k) stabilize
MTs against depolymerization at room temperature over a 24
h period. These authors also found that the presence of
PEG10K induced MT bundling.8 Interestingly, they did not
find evidence of 25% w/v PEG600 diffusing into the lumen of
MTs even after a week of exposure, in contrast with earlier
experiments.4,5

The interpretation of the effect that crowding by osmolytes
such as PEO/PEG and of pressure (osmotic or directly applied
pressure) has on MTs in experiments was often based on
continuous models that represented a MT either as a vesicle
(free9 or confined to a wall10) or as a shell (isotropic or
anisotropic7,11). Such an elastic shell model, which accounts
for the anisotropy of a MT filament, was further used for
example to describe the softening of the cross section of MT
lattices upon application of mechanical forces in LOT
experiments.11 These models, while being able to characterize
the curvature of a MT due to buckling, do not allow for the
probing of any pressure-induced breaking in the MT lattice
such as the formation of cracks and their propagation.
Moreover, while it has been shown that the interaction
between PEGs and tubulin subunits is unfavorable,5 no direct
investigation into the nature of PEGs interaction with MTs
exists. This is an important problem as recent reports showed
that PEG molecules in bulk can interact with proteins and
change their conformation and electrostatics.12−15 Thus, there
is a need for computational/theoretical models, which can
provide an in-depth look at the nature of the interactions
between PEGs and MT surfaces and at the mechanical
response of MTs under high crowdedness or pressure.
Previously, we employed a coarse-grained atomistic modeling

of a full MT lattice with 13 protofilaments, which enabled us to
shed light on the molecular-level structural changes and
breaking patterns that account for the behavior of MTs during
AFM indentation experiments16,17 or during in vitro sever-
ing.18,19 In these studies we modeled the mechanical response
of MTs of varying lengths, with either one or both ends fixed,
to concentrated forces applied under constant loading rates
from the AFM regime on the outer surface of the lattice to
mimic the corresponding experimental conditions.20,21

The goal of this paper is twofold. First, we directly test the
nature and extent of interactions between the main types of
lateral interfaces in an MT filament and PEG molecules of
varying molecular weights using a combination of docking and
atomistic molecular dynamics (MD) simulations. In these
studies, we used short to medium length PEG molecules (from
5 to 75 monomers), not only for making the computations
more tractable but also because shorter PEGs diffuse faster
than longer chains and thus allow for a fast sampling of the
modes of interaction with the MT surfaces. In addition, many
experiments have been performed in the presence of both
shorter and longer length PEGs.4,5,8 Moreover, as the
persistence length of PEG molecules is comparable to the
distance between monomers (0.38 nm),22 the medium length
PEGs used in our simulations should be able to capture the
flexibility of the longer PEGs used in experiments, resulting in
similar binding positions on the surface of MTs. Second,
starting from our previous work and the results of the analysis
of the PEG−MT interactions, we determine the mechanical
response of a 13-protofilament MT with both ends free under
conditions mimicking low and high crowdedness, while
employing a model that allows for lattice contacts breaking.23

Importantly, unlike our past work, here we apply forces to the
MT filament under ever decreasing loading rate conditions,
which allows us to extrapolate our results to the vanishingly
low rates corresponding to the above experiments. Our main
findings are that medium length PEG molecules do not
influence the energetics of lateral interfaces in MT filaments,
primarily because they target voids or packing defects at these
interfaces. This behavior, coupled with Le Chatelier’s principle,
helps explain why lateral interfaces are the first surfaces to
break under high concentration of PEGs. Second, our coarse-
grained simulations of the compression of MTs predict that the
first breaking event, which is the loss of lateral interfaces,
corresponds to the same pressure regime and has the same
structural signature as in studies of crowding of MTs by long
PEG molecules.3−5 Because lateral interface breaking is
reversible, our results provide a microscopic interpretation
for such experiments.

■ METHODS

Interactions between Microtubules (MTs) and Poly-
(ethylene glycol) (PEG). Docking Studies. For docking PEG
molecules onto a 13-protofilament MT, we considered
fragments representative for the two different types of lattices
(A and B) of a MT: the seam interface (SEAM, between
protofilaments P1/P13) and the regular lateral (away from the
seam) interface (AWAY, between protofilaments P6/P7). We
started from the equilibrated full atomistic structure of the 13-
protofilament MT with 8 dimers length, which we used to
construct our coarse-grained SOP model.17 Because this
structure contains ∼1.4 million atoms, which is too big for
docking, we selected smaller fragments corresponding to the
regions of interest (SEAM and AWAY): 2 × 4 matrices (2
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protofilaments, 4 monomers in length in each protofilament)
such that in the middle of the matrices we have a full tubulin
dimer, which interacts laterally with tubulin monomers from
the other protofilament (βαβα:βαβα for the AWAY model and
βαβα:αβαβ for the SEAM model; see Figures S1 and S2 in the
Supporting Information).
In view of the variety of PEG lengths used in experiments,

we selected for docking PEG molecules with the following
masses: 200 Da (5 monomers, PEG(5)), 400 Da (10
monomers, PEG(10)), 600 Da (15 monomers, PEG(15)),
800 Da (20 monomers, PEG(20)), 1000 Da (25 monomers,
PEG(25)), 1200 Da (30 monomers, PEG(30)), 1400 Da (35
monomers, PEG(35)), 1600 Da (40 monomers, PEG(40)),
1800 Da (45 monomers, PEG(45)), 2000 Da (50 monomers,
PEG(50)), 2200 Da (55 monomers, PEG(55)), 2400 Da (60
monomers, PEG(60)), 2600 Da (65 monomers, PEG(65)),
2800 Da (70 monomers, PEG(70)), and 3000 Da (75
monomers, PEG(75)). Employing PEGs with higher masses
becomes prohibitive for docking. To determine the structure of
each PEG molecule to be used for docking, each PEG was
minimized (for 2500 steps), heated (from 0 to 300 K by using
a temperature increment of 1 K/1000 steps and 10000
additional steps to be sure that the temperature is stable), and
equilibrated for 5 ns (1 ns per 1000000 steps) by using the
NAMD 2.2 software with the CHARMM 27 force field and the
Generalized Bohr Continuum Solvent model.24,25 Finally, we
selected for each PEG molecule the structure corresponding to
the longest value of the end-to-end distance from the last 2 ns
of the equilibration. We made this choice to probe the maximal
effect that PEGs have on the MT lattice. In view of the
proposal that medium length PEGs are likely to induce
changes in protein structures,12 we also performed docking
studies using the structure of PEG2000 corresponding to its
most probable end-to-end distance value. Operationally, we
selected from our initial equilibration run the structure of a
PEG molecule with 50 monomers (PEG(50)) and an end-to-

end distance equal 41 Å (called PEG(50)R41), which matches
the recently measured most probable value for PEG(50) in
water.26

To dock PEG molecules onto the MT fragments, we used
the BUDE software.27 The first step was the generation of
receptor grid points around both the SEAM and AWAY
models. Because we used only fragments from a MT lattice and
the BUDE software does not allow for the selection of only a
region of the system where receptor grid points would be
generated, we deleted all the generated grid points
corresponding to the MT lumen and to the lateral/longitudinal
interfaces that in a full MT structure would be in contact with
the adjacent tubulin monomers, thus leaving only the points
that would be located on the outer surface of the filament.
That reduced the total number of receptor grid points from
82000 to 22000. Next, we used BUDE to create three surface
files with randomly selected 9999 surface grid points for each
system (SEAM and AWAY), which we used for docking (see
Figure S3).
From each MT PEG docking run, we selected 200 poses of

PEGs with the lowest energy to visually evaluate whether a
PEG molecule binds on the dimer surfaces, on the lateral, or
on the longitudinal interfaces of an MT. Additionally, we
combined the first 50 poses (with the lowest energy) from
each of the three separate docking runs (for the 9999 randomly
selected grid points each) and used them to create a density
map of PEG molecules around MTs.

Molecular Dynamics Simulations of the PEG−MT
Complexes. Because the highest density of PEG(50)
molecules from docking was along the lateral interfaces
(Figure 1), and these interfaces are the first to break under
high pressure,3 we studied the influence of PEG molecules on
these interfaces between protofilaments in a MT filament.
Here we performed atomistic MD simulations in explicit
solvent. For our studies we selected PEG(50) molecules
because they are among the category of PEGs most likely to

Figure 1. Comparison of docking results for PEG molecules, with a mass of 2000 Da (50 monomers long), in the state with the longest end-to-end
distance (81 Å; panel A; PEG(50)) and the state corresponding to the most probable end-to-end distance (41 Å; panel B; PEG(50)R41) onto the
AWAY (top row) and SEAM (bottom row) MT interfaces (colors are the same as in Figure S1). The + and − ends of the MT are labeled. Cyan
surfaces represent an overlap of the 50 positions for PEG(50) or PEG(50)R41 corresponding to the lowest energy form each of three independent
docking runs. Spheres represent the C-terminus amino acid of each monomer. Left panels: view from the outer surface of the MT. Right panels:
view from the lumen of the MT.
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induce changes in protein structures12 and because the largest
value of their end-to-end distance is ∼8 nm, which is
commensurate with the length of a tubulin dimer. To
determine the starting structure, we selected, for each MT
model (SEAM and AWAY), the PEG(50) docking poses that
visually fit along the entire lateral interface between the middle
full tubulin dimer and the corresponding tubulin subunit from
the next protofilament in the SEAM and the AWAY model,
respectively (Figure 2 and Figures S1 and S2). We used a
similar approach to prepare the starting structures of the
AWAY and SEAM models with PEG(50)R41. However,
because PEG(50)R41 is substantially more compact than
PEG(50), to examine MT structures with similar coverage of

lateral interfaces for both types of PEG2000 structures, this
time we started from the docked configurations with three
PEG(50)R41 molecules for each system (see Figure 3). Next,
by using VMD,28 we fully solvated the systems in water
employing a box of size 20 Å from the surface of the MT
matrices, and we added Na+ and Cl− ions to neutralize the
system and create a solution with 0.15 M ionic strength.
Finally, to mimic the fact that the fragment is in fact a part of a
full MT filament (with 13 PFs), we froze 252 Cα atoms from
the outer edge of the 2 × 4 MT matrices (Figure S4), while
leaving it enough internal freedom to adapt to the presence of
PEGs. To map out the differences due to the presence of PEG,
we also simulated the two reference systems (for AWAY and

Figure 2. Selected poses for a PEG(50) molecule (with 50 monomers as cyan spheres) for full atomistic MD studies. View from the + side (A:
AWAY; D: SEAM), from the top (B: AWAY; E: SEAM), and from an angle (C: AWAY; F: SEAM). Full dimers have the same colors; the + and −

ends of the MT fragments are indicated.

Figure 3. Selected poses for a PEG(50)R41 molecule (with 50 monomers as cyan, silver, and black spheres) for full atomistic MD studies. View
from the + side (A: AWAY; D: SEAM), from the top (B: AWAY; E: SEAM), and from an angle (C: AWAY; F: SEAM). Full dimers have the same
colors; the + and − ends of the MT fragments are indicated.
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SEAM) without the PEGs. All systems have comparable sizes
of ∼360000 atoms (see Table S1 for details about the system
size and number of trajectories).
We used the NAMD package25 with the CHARMM27 force

field, periodic boundary conditions, particle mesh Ewald
electrostatics, and the Shake algorithm to perform the MD
simulations for each system. We started by minimizing the
system for 2500 steps and then heating for 300000 steps from
0 to 300 K (with a temperature increase of 1 K/1000 steps)
and an additional 10000 steps to be sure that the temperature
is stable. During equilibration, we used the Langevin piston
and Langevin thermostat to keep the system at 1 atm and 300
K. Following the equilibration run for 1690000 steps (up to 2
ns together with heating), we performed 20 ns production
runs.
Analysis of the MD Simulations. For each production run,

we calculated the root-mean-square deviation (RMSD; see
Figures S5 and S6) of the backbone atoms in the MT system
(MT for reference systems; MT and PEG for the system with
the PEG(50)/PEG(50)R41 molecule(s)) versus the structure
from the last step of the equilibration. The last 2 ns from each
production run was selected for energy analysis (the
electrostatic (Coulombic), van der Waals, and nonbonded
energy; see Figure S7) to determine if PEG2000 molecules
influence the energetics of lateral interactions in MTs for the
AWAY and SEAM interfaces. We also performed an analysis of
the interactions between the central dimer and corresponding
adjacent tubulin monomers (see Figure S2) to evaluate the
effect of PEGs on the monomer−monomer interactions at the
lateral interfaces in a MT. Finally, we calculated the change of
the position of PEG molecules with respect to the lateral
interface and the number of water molecules at the lateral
interface. Details are provided in section I.1 of the Supporting
Information.
MT Compression Studies. Setup and Dynamics of

Coarse-Grained Simulations. For the MT filament inden-
tation (compression) studies we used the self-organized
polymer (SOP) model with Brownian dynamics23 imple-
mented on graphics processing units29 called gSOP (ver. 1.07
and 2.0). The covalent bonds were described through the finite
extensible nonlinear elastic potential (VFENE), while for the
native noncovalent interactions we used the full Lennard-Jones
potential (VNB

ATT). Additionally, all the non-native, nonbonded
interactions (VNB

REP) were described by using only the repulsive
part of the Lennard-Jones potential. Therefore, the total energy
of the polymer in the SOP model can be calculated from the
following equations:
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where the strength of the native contacts in the lattice is
represented by the ϵh parameter, which is the only parameter
in the preceding equations that can change based on the
topology of the system and the type of the contacts in the
system. Additionally, the following parameters were introduced
into the potential function: the spring constant k = 20.0 kcal/
(mol Å2), the tolerance in distance change for covalent bonds
R0 = 2.0 Å, and the length of the amino acid−amide bond
(covalent bond) ri = 3.8 Å, for i = 1, 2, ..., N, where N is the
number of the Nth residue. Finally, the rij parameters represent
the distance between two residues (i and j) in the current
structure, while the corresponding rij

0 is the value in the native
structure. Furthermore, two residues i and j (where |i − j| > 2),
in the nonbonded part of the potential, are considered to be in
contact if their Cα atoms were within the cutoff of Rc = 8.0 Å
from each other (within the cutoff radius Δij = 1 and above Δij

= 0). Therefore, we generated the initial contact topologies for
an input structure with the contact cutoff equal to 8.0 Å
criterion for the position of Cα corresponding to each amino
acid. The remaining two parameters used in the potential
equation were σ = 3.8 Å and l = 1 kcal/mol.
The strength of the native interactions (ϵh) in the attractive

part of the Lennard-Jones potentials was 1.9 kcal/mol for all
intradimer interactions (inside the monomer and between two
monomers of the same dimer). The potential well depth of the
longitudinal interactions (between two dimers) was 1.0 and 0.9
kcal/mol for all lateral interactions and the SEAM interface.
These follow the parametrization for the 13-protofilament MT
from our previous studies.16,17 Our model for a MT filament
does not include the highly charged and disordered C-terminal
tails (CTTs) of the tubulin monomers, thus mimicking a
filament resulting from the treatment of MTs with the enzyme
subtilisin. We have made this choice as experiments8 showed
that PEGs do not interact with the CTTs.
For indentation we used rigid sphere cantilever tips with

various radii, as depicted in Figure 4. Operationally, we

modified the 13-protofilament MTs (13MTs) indentation
protocol from our previous work17,18 to investigate the
behavior of MTs under high crowdedness/pressure by using
three different tip sizes: 10 nm (small-sized tip, which is similar
to the diameter of the spastin or katanin hexamers.30 and is the
same one used in our previous studies, ST), 75 nm (large-sized
tip, LT), and 100 nm (big-sized tip, BT). Additionally, we
introduced a set of frozen beads below the MT, called the plate
(gray spheres in Figure 4), which can be a mimic of the

Figure 4. Comparison of two setups for 13-protofilament MT with 8
dimers length, pushing between P6/P7: Big Tip (BT, 100 nm radius
tip, top plots) and Small Tip (ST, 10 nm radius tip, bottom plots).
View from the side (A) and from the top (C) at the start of trajectory
and at the end of the trajectory from the side (B) and from the top
(D); orange/cyan spheres are representations of α/β-tubulin
monomers; gray spheres the plate, and red sphere the indentation tip.
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interaction of one MT filament with neighboring MTs in MT
bundles. The interactions between the tip/plate and the MT
filament were modeled with the use of the repulsion term of
the Lennard-Jones potential, VLJ = ϵLJ(σLJ/(ri − Rtip))

6, where
ϵLJ = 4.18 kJ/mol, the distance between the center of the tip
sphere and the amino acid is σLJ = 1.0 Å, the position of the ith
Cα is described by the parameter ri, and the tip radius is Rtip.
The strength of the cantilever spring constant is Ks = 50 pN/
nm, following AFM experiments.20 The movement of the tip
was toward the MT surface and perpendicular to the long axis
of the MT cylinder. In contrast to our previous work,16−18 here
both ends of the MT were free.
To probe the influence of finite-size effects in our

simulations, we used MTs with three different filament lengths
(given length is the number of dimers per protofilament): 6
dimers or 51 nm in length, 8 dimers or 68 nm in length, and 12
dimers long or 102 nm in length. Furthermore, we used the
following combinations of MTs length and large tip sizes (the
number after x is the length of the filament): 13MTx8 with BT,
13MTx12 with BT, and 13MTx6 with LT (this is a similar tip
size to MT length ratio like for 13MTx8 with BT) and BT.
These combinations of the size of the enlarged tip (LT or BT)
and the size of the 13MT filament result in a relatively flat
contact area between the tip and the MT, allowing us to carry
out simulations that mimic the compression of a MT lattice
between two surfaces.
To estimate the range of the force response of the MT

network upon external stress, we performed our studies using
six different indentation loading rates of decreasing magnitude:
2.000 μm/s (normal loading rate, which is the one used in our
previous indentation studies and it is similar to the indentation
speed in the AMF experiments20), 1.000 μm/s (1/2 of the
normal loading rate), 0.500 μm/s (1/4), 0.250 μm/s (1/8),
0.200 μm/s (1/10), and 0.125 μm/s (1/16). Similar to our
previous studies, we performed the indentation with the BT on
the SEAM interface (the tip was placed above and between the
1st and 13th protofilaments; P1/P13)18 and opposite to the
SEAM interface: directly opposite to the seam, P6/P7, and on
the weakest lateral interface in the microtubule, P5/P6.17 We
used Brownian dynamics simulations at 300 K to perform
multiple trajectories for each loading rate for each system (see
Table S2). The integration time step was 40 ps, which
corresponds to a unitless friction coefficient for a residue in
water ζ = 50.0. The origin of this time step was described in
our previous work17 and came from h = 0.16τh (where

τ τ=
ζϵ

K Th L
h

B
and τL = 2.0 ps). Therefore, a frame in our plots

corresponds to 40 μs.
Analysis of MT Compression Simulations. The analysis of

our simulations consisted in the evaluation of the number of
relative native contacts, called RQn (see details in section I.2 of
the Supporting Information),18,19 for each system to find the
first breaking force (FBF), which is the force at which the first
break occurs in the MT lattice, as well as the corresponding
applied pressure. We plotted the FBF versus the log of the
relative loading rate (1, 1/2, ..., 1/16) and used OriginPro
software to fit the resulting data. By extending the resulting fit
to the very low loading rate regime corresponding to in vitro
experiments, we extracted the minimal force that elicits a
mechanical response from a MT filament. We also determined
the breaking pathways.

■ RESULTS AND DISCUSSION

Nature of the Interaction between MTs and PEG.
Docking of PEG Molecules on MT Fragments Shows That
PEG Populates Primarily Interfaces with Large Defects/
Cavities. The distributions of the end-to-end distances for the
equilibrated PEG molecules from our MD GBSW simulations,
shown in Figure S8, agree with the latest experimental and
computational data from explicit solvent MD simulations.26

Thus, the use of the implicit solvent model and the 5 ns long
dynamics are sufficient to recreate the correct population of
PEG molecules in water. We used the scaling of the end-to-end
distance with the molecular weight of the polymer,26 Ree =
0.047 (nm) × (MW)0.588, to find the most probable end-to-end
distance for a PEG molecule with molecular weight MW. This
corresponds to a semiflexible chain in good solvent, resulting in
a similar scaling31 for the radius of gyration, Rg = 0.0215 (nm)
× (MW)0.583.
As described in the Methods section, we used the BUDE

software to perform the docking of these equilibrated PEGs,
ranging in length from 5 to 30 monomers, in the state
corresponding to their longest end-to-end distance to the two
main fragments from a MT lattice: the SEAM and AWAY
models. The analysis of the 200 lowest energy poses for PEGs
from the three separate docking runs for each model revealed
that the smallest PEG molecule (five monomers long) has
equal preference for the lateral and the longitudinal interfaces
in both the SEAM and AWAY models (see Figure S9A). For
PEGs of increasing chain length, we saw an accumulation
primarily along the lateral interfaces (for the 10−35 monomers
long PEGs as seen in Figure S9B−G), followed by an increase
in density on the surface of the MT (for the 40−75 monomers
long PEGs, as seen in Figure S9H−N and Figure 1). In
addition, starting from a length of 30 monomers, more PEGs
were placed on the edge of the MT fragment, corresponding to
configurations where a part of the PEG molecule is sticking
outside of the lattice (at the +/− ends of the fragment, above
and below). This result recalls the experimental findings
regarding the location of the PEG chains of P5K2 on
hemoglobin (Hb).32 Moreover, our finding that PEGs with
higher molecular mass were more crowded on the surface of
the MT fragment for both the SEAM and AWAY models is
consistent with experimental results.3,8 Analysis of the docking
poses for the PEG(50)R41 molecules, with the end-to-end
distance of 41 Å matching the most probable state of a PEG
molecule with 50 monomers26 and a radius of gyration of 15.8
Å, showed that it occupies primarily cavities between
monomers: it is located at the interface between four
monomers originating from either two or four different dimers
in both the SEAM and AWAY models (panel B in Figure 1).
This finding recalls the data regarding the interaction between
hemoglobin (Hb) and PEG chains, as both experiments32 and
simulations of Hb in the presence of PEG500033 showed that
PEGs occupy the internal cavities between the Hb monomers.
In summary, our docking studies showed that irrespective of
their end-to-end state, PEG(50)s tend to accumulate at the
lateral interfaces between protofilaments in a 13MT lattice,
especially near cavities.
Our finding that the nature of the interaction between PEG

molecules and MT fragments depends on the molecular weight
of the PEGs agrees with results from experimental studies of
the interaction between two model proteins (bovine serum
albumin and lysozyme) and PEGs of varying MW values.12
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Intriguingly, these studies showed that unlike short chain PEG
(PEG400), medium and long chain PEGs (such as PEG4700
and PEG20000) possess a high tendency to interact with
proteins and even to induce secondary structural changes
(unfolding) in the protein. The authors attributed the
difference to the presence of a −CH2−CH2− hydrophobic
group in PEG chains, resulting in an amphiphilic character for
the higher MW PEG, versus the purely hydrophilic character of
the low MW PEG. Moreover, medium length PEGs (with MW
∼ 1000) were particularly capable of forming contacts with
proteins through more stable binding sites and stronger
interactions.12 These results prompted us to focus next on the
interaction between PEG2000 molecules and lateral interfaces
in a MT filament.
Analysis of the MD Simulations of PEG−MT Fragment

Complexes Shows That PEGs Do Not Change the Energetics
of Lateral Interactions. Analysis of the average backbone
RMSD for the MT fragments from our MD simulation runs
and of the average RMSD for the MT+PEG complexes (Figure
S5) shows that there is little structural fluctuation in the
tubulin subunits in the last 10 ns of simulation, when the
RMSD reaches a plateau. The PEG (PEG(50)/PEG(50)R41)
molecules exhibit higher fluctuations (Figure S6), as expected
for a semiflexible polymer in good solvent. Detailed analysis
(see section I.1 of the Supporting Information) of the
Coulombic and van der Waals interactions between monomers
at the lateral interfaces between a full tubulin dimer and its
adjacent monomers (Figures S2 and S7) revealed that the
presence of the PEG molecules induces only minimal (∼1%)
changes to the strength of the internal energy compared to the
system with water only. Thus, the PEG molecules do not alter
the lateral interfaces (see section I.1 for methodology, Figure
S7, and Table S3 of the Supporting Information for more
data). While fixing the positions of Cα atoms on the periphery
of the system (Figure S4) to mimic the presence of the rest of

MT filament might reduce energy changes, especially for the
van der Waals term, we believe that this reflects the behavior in
MTs because tubulin dimers interacting with PEGs would be
restricted in their motions by their contacts with adjacent
tubulins in the lattice. This point is supported by the results of
recent experimental studies, which showed that PEGs
(PEG600 and PEG10k) inhibit MT depolymerization.8

We analyzed the water molecules located between the
central monomers that form the lateral interfaces in the two
MT fragments (see description in section I.1 and Figures S2
and S10 of the Supporting Information). We found differences
for both interfaces in the presence of PEG2000, but even these
are minimal as the average numbers of waters differ by ∼10%
versus the reference system without the PEG molecule. (Table
S4). For the AWAY fragment we also found an ∼12% increase
in the number of contacts between the dimers that make up
the lateral interface covered by PEG(50) and an ∼25%
increase in the number of contacts between the dimers that
make up the lateral interface covered by PEG(50)R41 (see
description in section I.1 and Table S4 of the Supporting
Information). These newly formed (non-native) contacts are
weak energetically as the energetics of the MT fragments is not
changing. The number of contacts between the central
monomers did not change for the SEAM interface in the
presence of the PEG molecules (see Table S4).
To characterize the movement of the PEG molecules with

respect to the surface of the two MT fragments, we evaluated
the shifts of each heavy atom from the PEG(50) molecule (see
Table S5 for atom numbering and section I.1 from the
Supporting Information for methodology) along the X-, Y-, and
Z-axes in the average structure from the last 2 ns of each
production run versus their original positions from docking, as
depicted in Figure 5. For the AWAY model, a part of the
PEG(50) molecule is moving deeper into the lateral interface
between the α45−α46 monomers (atoms with indices 5−75

Figure 5. Change in the position of the heavy atoms of PEG(50) in the AWAY+PEG(50) model (panel A) and the SEAM+PEG(50) model (panel
B) calculated as the difference between the position in the average structure (from the last 2 ns of the production run) and the initial PEG(50)
position after docking. Panels from top to bottom: displacement on the X-, Y-, and Z-axes, and amplitude of displacement. Gradient color codes are
on the right panel (top for displacement on the X-, Y-, and Z-axes and bottom for the total length of the displacement vector). The positive change
in displacement on the X-axis indicates a shift of the position of an atom away from a dimer (toward adjacent tubulin monomers: α46 and β46 for
AWAY+PEG(50) and β52 and α65 for SEAM+PEG(50); see Figure S2), a positive value of the Y-axis displacement indicates a shift away from the
MT surface, and a positive displacement on the Z-axis indicates a shift toward the + end of the MT (see Figure S12 for more details). The PEG(50)
heavy atom index is in Table S5, and the direction of the PEG(50) molecules inside both interfaces is in Figure S12. Similar plots for PEG(50)R41
can be found in Figure S13.
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have negative displacements along the Y-axis). At the same
time, the PEG(50) atoms with indices 80−125 and 135−151
are moving away from the lateral surface (positive displace-
ments along the Y-axis). The atoms with indices 40−140 move
toward the dimer 45 (negative displacement along the X-axis).
We also found that the PEG molecules contract during the
simulations from an end-to-end distance of 81 Å to 67 Å,
which is expected based on the distribution of the end-to-end
distances (Figure S8C). The net result is that the PEG(50)
molecule gets closer to dimer 45 (see panels A, B, and C in
Figure S11A), causing an increase in the contacts between
dimers 45 and 46.
In the SEAM model, changes in the position of PEG(50)

indicate that part of the PEG chain is moving outside the cavity
formed between the four central monomers (positive displace-
ment along the Y-axis for the atoms with indices 70−120,
which overlaps with the gap between the α27, β27, β52, and
α65 monomers), while the end of PEG(50) chain moves inside
the cavity. In addition, a part of the PEG(50) molecule is
moving away from dimer 27 (positive displacement on the X-
axis in Figure 5, and panels D, E, and F in Figure S11A). The
drift of the PEG molecule from the lateral interface is due to
the contraction in its end-to-end distance from 81 to 65 Å,
recalling the behavior at the AWAY surface, and to the
presence of charged residues on the surface of the SEAM.
These changes allow the PEG(50) molecule to fit better inside
the defects from the SEAM interface. In summary, our
simulations show similar behavior of PEG(50) molecules at
both interfaces (AWAY and SEAM), which allows them to fit
well within the gaps from these interfaces.
From the analysis of the simulations of PEG(50)R41 and

the two MT fragments (Figure S13), we found that
PEG(50)R41 has a clear tendency to penetrate deeper into
the pores of the lateral interfaces (negative values of Y-axis
displacement seen in Figure S11B) and to adjust its shape to fit
better in the gaps between neighboring tubulin monomers
(Figure S11B) rather than to move away from the surface. We
note that PEG(50)R41 displays only a minimal contraction in
the end-to-end distance: from 41 Å initially to an average of 37
Å, which keeps the end-to-end distance within the most
probable region for this PEG length (Figure S8C).
In summary, our studies of the interaction between

PEG2000 molecules and the two MT fragments showed the
following: (i) PEG does not alter the energetics of the main
MT lattice fragments corresponding to the two types of lateral
interfaces (A- and B-lattice). (ii) PEG drifts away from charged
residues and localizes preferentially in the regions with the
largest cavities, such as at the interface between four
monomers from two neighboring protofilaments at the
SEAM, and PEG(50)R41 in particular tends to get buried in
these cavities. This recapitulates the behavior seen in studies of
PEGs at other protein quaternary structure interfaces with
defects.22,33 (iii) For the regular lateral interfaces PEG induces
the formation of ∼12−25% non-native contacts between the
two protofilaments primarily by driving a collapse of their
common interface toward the lumen of the MT filament. This
latest finding recalls the behavior seen in our previous studies
of the indentation of an MT filament with the plus end free,
which is the modeling setup that led to an excellent agreement
with in vitro experimental data on the bending of the filament
under the action of a severing protein:18 early steps in the
indentation process correspond to the formation of non-native
contacts at lateral interfaces in the filament due to the inward

rotation of protofilaments. Thus, to probe the influence that
the osmotic pressure due to crowding by PEGs has on MT
filaments, we employed a setup inspired by our indentation
studies, as described in the Methods section.

Mechanical Response of MT Filaments to an Applied
Pressure. Force Distribution for Compression Using Various
Loading Rates Predicts a Low Force Regime for MT Lattice
Breaking under Experimental Conditions. The collapse of
MT filaments under pressure, resulting for example from the
crowding by osmolytes such as PEG molecules,3,4 can be
modeled through the compression of the filament between two
surfaces, where one surface applies a distributed force, ramping
up with a vanishingly low loading rate, on the lattice. Because
of the extremely long times required for the probing of such
action, we instead analyzed the response of a MT filament to
distributed forces applied under decreasing loading rates, and
we used our results to predict the behavior of the lattice
corresponding to the very low loading rates regime.
We focused on the investigation of the mechanical response

of a MT lattice to changes in the applied loading rate by
probing the action of forces on the three main regions of a 13-
protofilament MT filament: the SEAM region (the A-lattice,
between protofilaments 1 and 13, P1/P13) and the two
interfaces opposite from the seam, called AWAY: the interface
directly across from the SEAM (between protofilaments 6 and
7, P6/P7) and the weakest interface in the MT (between
protofilaments 5 and 6, P5/P6).17,18 From our simulations we
collected data for the first breaking force (FBF) (see Figure
S14), which corresponds to the first break of all the lateral
contacts along the length of a tubulin dimer. This force is a
good measure for how difficult it is to begin the process of
cutting the lattice, as seen during the severing of MTs at the
start of mitosis.17−19,34,35 In our earlier work17,18 we found that
the lattice breaking process is reversible as long as there are no
longitudinal cracks inside the protofilaments.
The Big Tip (a cantilever sphere of 100 nm radius, BT)

model corresponds to the pushing on a MT by using a flat
surface covering the entire length of an eight dimers long MT
filament. This setup is very different from the Small Tip (a
cantilever sphere of 10 nm radius, ST) model resulting, under
normal loading rate conditions (2.000 μm/s) equal to the
speed of indentation in AFM experiments,20 in slightly distinct
distributions of the first breaking forces (Figure 6). Namely,
the BT model leads to higher forces than the ST model.
Importantly, the distribution from the ST model agrees very
well with the distribution found in our earlier studies for 8 and
12 dimer long MT filaments (between 270 and 530 pN),
which used the ST cantilever and the same loading rate but
fixed end MTs.17,18

The differences between the distributed (BT) and the
concentrated (ST) force setups are visible also upon the
decrease of the loading rate: while the FBF values extracted
from all the probed models drop with the loading rate, as
expected,36,37 the pattern of force decrease differed substan-
tially between the BT and the ST models (see Figure 7 and
Figures S15−S18). Namely, we found that the distribution of
the average FBF versus the log of the relative loading rate (LR)
for the ST models is fitted very well by a sigmoidal function
(Figure 7 and Figure S15), which predicts a leveling off of the
force values at both very high and very low loading rates. In
contrast, the distribution of the average FBF versus the log of
the relative loading rate for the BT models follows an
exponential fit, thus leveling off only in the very low loading
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rates regime (see Figure 7 and Figures S16−S18). The plateau
at the high loading rates for the ST model suggests that there
exists a critical value of the speed of indentation beyond which
no increase in the force response (FBF value) of a MT lattice is
possible. We attribute this behavior (the force plateau) to the
fact that a critical value of the breaking force is reached when
the rate of indentation exceeds dramatically the rate of force
propagation through the MT lattice. On the other hand, in the
case of the almost flat surface (BT model), because the force is
distributed throughout the length of the two adjacent
protofilaments that will eventually break from one another,
the actual force acting on each lateral contact between two
tubulin dimers is considerably smaller than the value of the
concentrated force from the ST model obtained by using the
same loading rate. Thus, the leveling-off of the FBF in the BT
case cannot occur until the loading rate reaches higher values
than in the ST case. The low loading rate regime gives rise to
similar behavior and force values for both the ST and the BT
models because, irrespective of the indentation model used,
the rise of the force in time is slow enough to allow for the full
loading of the lateral contacts in the weakest part of the MT
filament that are the first to break. Moreover, these results are
compatible only with a model according to which the breaking
of the lateral interfaces in a MT filament occurs by unzipping,
not shearing. Finally, we note that here, in contrast with our
previous studies of indentation for MT lattices with one or two
fixed ends,18 finite-size effects are playing only a minimal role
in the force distributions (as seen in the similarity of the
distributions from Figures S16−S18 for 8, 6, and, 12 dimers
long MTs under BT compression).
Using the extrapolation of the fitting curves for the BT, LT,

and the ST models at vanishingly small loading rates, we can
predict the minimal forces required for breaking of MTs (see
panel B in Figure 7). The models yield similar values of the
minimal FBF, leading to an average force of 17.53 ± 14.35 pN.
We note that this force regime recalls results from recent
experiments,38 which showed that the ClpB motor applies
forces below 50 pN to translocate proteins. Because ClpB and
the MT severing proteins katanin and spastin are part of the
same AAA+ clade of proteins,39 the experimentally found low

forces for ClpB lend credence to the forces predicted from our
simulations.

Structural Changes in MTs during Compression Show
That the Lateral Interfaces Directly in Contact with the
Surfaces Break First. For all trajectories corresponding to the
compression of a MT under the action of large cantilever tips
(BT and LT), we found a similar MT breaking pattern. The
first lateral break occurs always in the weakest interface located
close to the plate, followed by a break in the weakest interface
located below the tip (see Figure S19), which recalls the
behavior from our previous studies.17,18 The reason the
interface located right under the tip is strengthened, thus
breaking only in a later step, is due to the fact that to adapt to
the pressure exerted by the tip of the cantilever sphere, the MT
surface needs to change its curvature: under the tip, the MT
surface first has to flatten and then to reverse curvature to
adjust to the shape of the tip. This leads to the formation of the
additional contacts (non-native), thus strengthening the lateral
interfaces between protofilaments, as described in our previous

Figure 6. Histograms of FBFs for BT (blue) and ST (red) models at
normal (high) loading rate. Right upper corner: inset with the
corresponding cumulative distribution functions.

Figure 7. Extrapolation (gray boxes on panel A) of the fitting curves
for the FBFs vs log of the relative loading rate (LR) obtained from all
our models. Panel A: sigmoidal fitting to all ST models (indentation
at P5/P6 and P6/P7) on a MTx8 polymer and exponential fitting to
all BT models (indentation at positions P1/P13, P5/P6, and P6/P7)
on a MTx8 polymer; LT and BT models on a MTx6 polymer (six
dimers long); and all BT models on a MTx12 polymer (12 dimers
long). Panel B: magnification of the low loading rates region for all
models. Plots with points representing the data from each trajectory
are shown in Figures S15−S18.
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work.18 The number of non-native contacts drops to zero right
when the first break occurs. We found that the rate of increase
in non-native contacts slows down with the reduction of the
LR. On the opposite side of the MT close to the plate, for all
lateral interfaces in our models we found an increase in the
non-native contacts, which differs from the one below the tip:
after an initial increase, the number of non-native contacts
remains stable. This is followed, very often before the break, by
a rapid increase and then their reduction to zero right after the
break (see Figure S20).
Our findings agree with the results of recent experimental

studies, which showed that the lateral interactions between
protofilaments are the most sensitive to the external pressure.3

We also characterized the deformation of the circular cross
section of the MTx8 lattice under BT compression conditions.
We found (Table 1) that the cross section becomes elliptical at
the point of the first break (FBF) event, as depicted in Figure
8, with average lengths of the minor and major axes at 20 and

32 nm, respectively. These values are strikingly close to the
lattice parameters of ∼19 and 33 nm found in the rectangular
lattice arrangement of MT bundles formed due to the
crowding of MTs by 20k PEOs.4,5 Details of the pathways
for each of the three BT setups and for the ST simulations are
provided below.
BT Compression between P1/P13 (SEAM). When the

external force is applied on the seam of the MT filament by
using the surface (BT) setup, we found that the first lateral
crack occurs on the weakest interface (P5/P6) located close to
the plate (for the strength of the lateral interfaces see Figure
S21). This is followed by a lateral crack on the P7/P8 and the
P6/P7 interfaces, all located close to the plate, and then the
interface located right under the tip (the P1/P13 interface)
and the P9/P10 interface break (Figure S19).
BT Compression between P5/P6 (Weakest Interface).

When the external force is applied to the weakest lateral
interface (P5/P6) of the MT filament by using the surface

(BT) setup, the first lateral crack occurs at the SEAM (P1/P13
interface), which is located above the plate. This is followed by
a crack on the P11/P12 interface, which is close to the plate,
and only afterward by the breaking of the interface located
right under the tip (the P5/P6 interface). Finally, the P9/P10
interface, which is on the side of the MT (Figure S19), breaks.
This behavior is consistent for all trajectories and all relative
loading rates, and the loss of contacts occurs by slow
unzipping. Importantly, we found that the initial breaking
event on the P1/P13 interface occurs close to equilibrium: the
interface can recover from the first break in the time it takes for
the other lateral interfaces to start breaking. Once all the other
three interfaces show cracks, the seam finally rips apart rapidly
along the length of the protofilament.

BT Compression between P6/P7 (Directly Opposite to the
SEAM). When the external force is applied to the lateral
interface located directly opposite to the seam (P6/P7) by
using the surface (BT) setup, the first lateral crack occurs at
the SEAM (P1/P13), which is now directly above the plate
(Figure S19). Next, the P5/P6 interface, which is just on the
side of the interface on which tip is pushing, cracks, followed
by a break of the P9/P10 interface (only for a loading rate of
2.000 μm/s) and then of the P11/P12 interface. Notably, the
P6/P7 interface on which we push directly does not break as
part of the first set of events.

ST Indentation. For the indentation on the P5/P6 interface
at high loading rates (2.000 μm/s) using the ST setup, we
found a different pattern than the one seen in the BT setup.
The first break occurs right on the pushed interface (P5/P6),
followed by the break of the SEAM (P1/P13) and the P11/
P12 interfaces, both located close to the plate. For the 1.000
μm/s loading rate, the first break for the majority of the runs
(67%) still occurs on the P5/P6 interface, but in 33% of the
cases, the SEAM breaks first. The reduction of the loading rate
to 0.500 μm/s results in a first break under the tip (P5/P6),
followed by the breaking of the SEAM (P1/P13) in 33% of the
runs and by the breaking of the P11/P12 interface in the rest
of the runs. From this point on, further reductions in the
loading rates result in a dramatic change in the breaking
pattern of the MT lattice, resulting in the set of steps found for
the BT models: the first break no longer occurs under the tip
but rather at the SEAM. The next steps correspond to the
break of the P5/P6 interface and of the P11/P12 interface. For
the indentation on the P6/P7 interface, we found a consistent
breaking pattern for all loading rates, which agrees with the
pattern for the BT model. The first crack occurs on the SEAM,
which is located right above the plate, followed by the break of
the P5/P6 interface, which is located close to the tip. The only
exception to this behavior is in a single trajectory for the 2.000
μm/s loading rate, where P5/P6 breaks before the SEAM.
Upon lowering the loading rate, the break of the P5/P6
interface gets delayed more and more compared to the time of
the initial break (of the SEAM). Importantly, our simulations
show that the first breaking force is directly proportional to the
overall strength of the interfaces in all the models. For example,

Table 1. Average a and b Lengths of the Minor and Major Axes of the Ellipse Formed by the Cross Section of the MT Filament
during Compressiona

P1/P13 P5/P6 P6/P7

a (nm) b (nm) a (nm) b (nm) a (nm) b (nm)

21.10 ± 1.02 32.49 ± 0.59 21.52 ± 1.80 32.09 ± 1.17 20.37 ± 1.73 32.21 ± 1.12
aThe values are measured at the FBF event for the MTx8 BT system and averaged over all trajectories for a given setup.

Figure 8. Example snapshots of the cross section (after the fourth
ring, view from the + side) of the MT from the MTx8 BT P6/P7
model with LR 2.000 μm/s at the starting point (A) and at the FBF
event (B). Orange/cyan surfaces are representations of α/β-tubulin
monomers; red transparent sphere: indentation tip. The lower plate
has been omitted for clarity.
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this is seen when changing the position of the indentation
point (see Figures S19 and S20): when a weaker interface is
located directly under the tip or above the plate, then this
interface breaks first, and it determines the value of the FBF. A
similar dependence has been found in other large biomolecular
assemblies. For example, for virus capsids40 the strength of the
capsid is related to the mean coordination number and the
strength of the native contacts in its structure. Moreover, in
accord with these studies, in our simulations, which employ
molecular-level descriptions of the protein chains, we found
that more of the deformation in the MT filament is
concentrated under the tip and at the bottom of the lattice,
which is in contact with the plate. In contrast, the sides of the
filament are deformed less and thus show less radial expansion
than what is assumed in the continuum models used to
interpret the behavior of MTs under pressure.5

External Pressure. Using the first breaking force data for the
BT model, we estimated the external pressure needed to
generate cracks in the surface of the MTs. The area for the
pressure calculations was the surface of the four PFs under the
tip (∼72 nm long, over the whole length of the eight dimers
long MT, amounting to a total area of 1430 nm2). The plot of
the pressure data vs indentation speed fitted to the one-phase
association equation from Figure 9 shows that the maximum

external pressure necessary to break the surface of MTs is ∼4
atm for the compression between two surfaces. At the lower
end, the pressure corresponding to our extrapolated minimal
FBF is ∼7000 Pa. Interestingly, this value is only an order of
magnitude higher than the pressure at which the rectangular
phase of compressed MT bundles starts to form due to the
crowding with 0.4% 20k PEO,4,5 and it is well within the
interval between 600 and 25000 Pa where the rectangular
phase of the MT bundle is found.

■ CONCLUSIONS

Our study shows that PEG molecules at low concentrations
and in configurations corresponding to the long tail end of
their end-to-end distribution26 organize water molecules at
lateral interfaces between protofilaments, while not changing

directly the energetics of the interfaces. Second, that PEG
molecules in configurations corresponding to their most
probable end-to-end distance target voids or packing defects
in MTs, such as the pores from lateral interfaces or the from
the seam interface. The penetration of PEGs into these voids
during our MD simulations induced the rotation of the two
protofilaments forming the lateral interface toward the lumen
of the MT filament, leading to the formation of non-native
contacts between them. The breaking of MT lattices with ends
free, under compression mimicking high crowdedness
conditions due to osmolytes such as PEGs, shows that the
first event is the loss of lateral interfaces, whose number and
identity change with the loading rate. This leads to a change in
the cross section of the MT cylinder from a circle to an ellipse,
whose axes lengths match experimental values.4,5 A crucial
finding from these simulations is that at the vanishingly low
loading rate regime of force application corresponding to
experiments the predicted pressure is well within the
experimental range.4,5 Importantly, our previous investigations
into the breaking of MTs under the action of mechanical forces
showed that the lattice can fully recover after lateral interfaces
breaking if the applied pressure is lifted.16−18 Finally, in accord
with the findings of studies of the mechanical response in other
large biomolecular assemblies,40 we did not observe the
buckling of lattice under external stress. Thus, our simulations
results suggest that the formation of the collapsed MTs with
elliptical cross section4,5 under high crowding by PEGs is the
result of the break of lateral interfaces, rather than just buckling
of the filament. In accord with investigations into the
mechanical response of other large biomolecular assemblies
such as viral capsids under different geometries of force
application that we and other groups performed,37,40,41 we
found that MTs break more readily under concentrated forces
compared to distributed forces. The reason is that when the
MT is indented by a distributed force (BT conditions), all the
residues in the tip−MT contact area move in the same
direction. In contrast, when the MT is indented by a smaller
tip (ST conditions), different residues will be pushed in
different directions, as seen in the case of virus capsids.41

Because the ST conditions correspond to a smaller contact
area between the tip and the MT surface, they lead to a weaker
mechanical response (lower breaking force). However, here we
show that this behavior is highly dependent on the loading
rate, as differences between these two extreme ways of force
action vanish in the low loading rate regime, which is the
relevant force (pressure) regime for in vitro experiments and
cellular conditions. Furthermore, we observed that the main
influence on the value of the FBFs is the number and the
strength of the native contacts that are broken during
trajectories, recalling the results for virus capsids.37 These
findings are important for example in understanding the action
of severing proteins, which take apart the MT lattice and are
believed to work in tandem as we and others showed.19,34,42
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