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Microtubule reorganization often results from the loss
of polymer induced through breakage or active destruc-
tion by energy-using enzymes. Pre-existing defects in
the microtubule lattice likely lower structural integrity
and aid filament destruction. Using large-scale molecu-
lar simulations, we model diverse microtubule frag-
ments under forces generated at specific positions to
locally crush the filament. We show that lattices with
2% defects are crushed and severed by forces three
times smaller than defect-free ones. We validate our
results with direct comparisons of microtubule kinking
angles during severing. We find a high statistical corre-
lation between the angle distributions from experiments
and simulations indicating that they sample the same
population of structures. Our simulations also indicate
that the mechanical environment of the filament affects
breaking: local mechanical support inhibits healing
after severing, especially in the case of filaments with
defects. These results recall reports of microtubule heal-
ing after flow-induced bending and corroborate prior
experimental studies that show severing is more likely
at locations where microtubules crossover in networks.
Our results shed new light on mechanisms underlying
the ability of microtubules to be destroyed and healed
in the cell, either by external forces or by severing
enzymes wedging dimers apart. © 2016 Wiley Periodicals, Inc.
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Introduction

Microtubules (MTs) are the structural backbone of the
cell responsible for cell morphology, interior organi-
zation, and intracellular cargo transport of macromolecules
and organelles. In this role, the MT network must have the
ability to dynamically organize and rearrange for essential
processes such as cell division, cell motility, and cell devel-
opment [Nogales et al., 1998; Johnson et al., 2007; Paul
et al., 2008; Sharp & Ross, 2012]. Much attention has
been paid to MT dynamic instability, the intrinsic, stochas-
tic polymerization-depolymerization dynamics that MTs
display. But, there are other mechanisms of MT reorganiza-
tion and reorientation at work in cells. Two biologically rel-
evant mechanisms of MT breakage have been observed in
cells: breaking from high frequency buckling of filaments
and breaking induced by microtubule-severing enzymes
[Waterman-Storer & Salmon, 1997; Ahmad et al., 1999;
Brangwynne et al., 2006]. Both types of breakage activities
lead to loss of tubulin dimer subunits within the lattice to
create defects.

A newly published paper demonstrated that the link
between lattice defects and MT healing is likely an impor-
tant regulatory mechanism for reshaping, remodeling, and
strengthening the MT cytoskeletal network [Aumeier et al.,
2016]. Using a laser, the authors locally damaged MTs and
showed that, in live cells, the resulting MTs were patched
and healed by the addition of new dimers and those healed
sites corresponded to rescue sites during dynamic instability
implying they had altered dimer structure and mechanical
properties. If enough damage occurred in a particular
region of MTs, the enhanced mechanical robustness of the
healed filaments could cause a build up of MTs in that
region and even change the direction of growth and motili-
ty of the cell [Aumeier et al., 2016].

In vitro, MT lattice defects are known to occur with a
higher frequency when MTs are polymerized quicker
[Dogterom & Yurke, 1997; Schaedel et al., 2015]. Prior
work using aqueous AFM on defect-free Taxol-stabilized
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Fig. 1. The MT model and the indentation setup. Our MT model with 8 dimers per PF and the indentation setup are shown
from different perspectives: side view (top left inset), minus end front view (bottom left inset), top view (top right inset) and oblique
orthogonal view (bottom right inset). The o« monomers are orange and the 3 monomers are cyan, a color convention used in all con-
formational snapshots. These and all the other structural renderings of the complex were done using visual molecular dynamics
(VMD) [Humphrey et al., 1996] and Povray programs. [Color figure can be viewed at wileyonlinelibrary.com]

MTs has shown that the AFM could remove a single dimer
by pushing on the lattice directly [de Pablo et al., 2003;
Schaap et al., 2004, 2006]. The removed dimer could reseal
and heal or cause complete collapse, depending on the
extent of the initial damage [de Pablo et al., 2003; Schaap
et al., 2004, 2006]. Additionally, a recent study showed
that MTs are mechanically softer when defects occur
[Schaedel et al., 2015]. Interestingly, these defects could
heal when MTs were incubated with free tubulin dimers
and healing enabled the recovery of MT stiffness [Schaedel
et al., 2015]. We have previously shown that severing
enzymes have higher affinity for defect sites within the fila-
ment [Diaz-Valencia et al., 2011], which verified an earlier
model suggesting that severing occurred most likely at
defect sites [Davis et al., 2002]. Overall, these prior works
paint a picture that the mechanical and dynamic nature of
MTs is intimately linked with the local, nanoscale structural
integrity of the filament. Further, the filament structure and
mechanics has direct implications for the network integrity,
density, and location over time.

Since direct experimental measurements of force at the
nanoscale are difficult, we have implemented a computa-
tional approach to address the question of MT breaking.
Computational studies of biomolecular ensembles require
the use of enhanced sampling techniques such as replica

exchange, metadynamics, or accelerated dynamics with
atomistic molecular dynamics simulations, which provide
thermodynamic insight into their conformational landscape
[Scarabelli & Grant, 2013; Maximova et al., 2016], and of
stochastic models, which can be used to determine rates of
conversion between states [Wei et al., 2016]. Moreover,
limitations in the lengthscale and timescale inherent to all-
atomic description call for the use of computationally-
intensive, coarse-grained approaches that can provide both
statistically significant and experimentally relevant informa-
tion about the conformational changes in large-size biomo-
lecular assemblies such as MTs [Chu & Voth, 2006; Zhou
et al., 2007; Feig & Sugita, 2013]. One such model is the
self-organized polymer model (SOP-model) [Hyeon et al.,
2006a], which allows us to use experimental values of pull-
ing speed to describe the force-induced unfolding reactions
in proteins in experimental centisecond time. The SOP
model led to insight into the micromechanics of MT proto-
filaments (PFs), fibrinogen tandems, and virus capsids in
agreement with experimental measurements [Zhmurov
et al., 2011; Theisen et al., 2012; Kononova et al., 2013;
Theisen et al., 2013]. Furthermore, we have successfully
employed this model to understand the mechanical control
of molecular motors [Hyeon & Onuchic, 2007; Zhang &
Thirumalai, 2012], the details of large scale allosteric
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Table I. Collapse Forces. Comparison of
Forces for Collapse in Defect-free MTs and
MTs with Defects

Lattice First break force/nN  Critical force/nN
Defect-free 0.498 = 0.077 0.752 = 0.111
Defects under tip 0.287 £ 0.097 0.532 £ 0.087

transformations in GroEL [Hyeon et al., 2006b], and the
folding steps for denatured proteins [Liu et al., 2011;
Reddy et al., 2012]. Previously, when running indentation
trajectories using the SOP-GPU program [Zhmurov et al.,
2010] for a 13 PFs MT filament in a GDP-like state, we
found close agreement with forces measured in experimen-
tal studies [de Pablo et al., 2003; Schaap et al., 2006] and
provided estimates for the free energies of dissociation of
the lateral and longitudinal interfaces in the lattice [Kono-
nova et al., 2014].

Here, we used our approach [Kononova et al., 2014],
which describes the tubulin subunits at amino acid-level,
applied to various MT lattices and combined with force
generation at specific positions akin to AFM indentation
experiments (Fig. 1) to explore how the MT can be
destroyed at the molecular level. Defects in the MT lattice
have been repeatedly linked with the action of severing pro-
teins, especially because they are believed to alter the
mechanical properties of the filament. While the work
reviewed above [Schaedel et al., 2015] confirmed that pre-
existing defects in a MT lattice lead to lower filament stiff-
ness, the molecular transitions responsible for this behavior
and the range of forces required to induce lattice breaking
are unknown. Furthermore, experiments are inherently
low-precision and random in how they apply forces to mea-
sure mechanics and the level of defects in the lattice. In
order to understand how the location of the force on the
MT structure can lead to filament breakage, new simula-
tions are needed. Here, we addressed these gaps in knowl-
edge through simulations of MT lattices with defects,
which, to the best of our knowledge, represent the first time
that molecular simulations have been used to study system-
atically the mechanical response of such lattices. Moreover,
we also investigated the effect that constraints placed on the
lattice have on the breaking and recovery processes, which
is also new.

Finally, given the biological relevance of MT healing for
MT rescue during dynamic instability and the network
remodeling directly resultant from that [Aumeier et al.,
2016], we investigated the ability of the filament to heal
after indentation. We compare our simulations to published
and new experimental results and find surprisingly good
agreement. Our work reveals new insights about the MT
stability, the role of lattice defects in the micromechanics of
filaments, and the mechanism of crushing MTs, which

could be employed by severing enzymes to tear MTs apart.
We find that the most damage is done when the MT wall is
pushed apart, especially in lattices with 2% defects consist-
ing of subunit vacancies from neighboring PFs, which gives
new credence to the wedge model for lattice breaking dur-
ing MT severing, when previous results had pointed to the
unfoldase mechanism for severing.

Results

Force Response of Defect-Free Filaments
Versus Filaments with Defects

We sought to determine how lattice detects affect the
mechanical nature of MTs. Specifically, we pushed on MT
filaments that were either defect-free or had lattice defects
in the form of missing dimers. Because the simulation has
control over many variables, including molecular-scale con-
trol over the MT structure and interactions, we made differ-
ent types of MTs to push on. The numbering of the
subunits in a MT lattice is in Supporting Information Fig.
S1. The different types of MT structures we tried include a
regular lattice (GDP-lattice), a regular lattice with enhanced
interactions between protofilaments 5 and 6 (“PF5-PF6”),
a laterally homogeneous MT (LHM) model where all later-
al interfaces are adjusted to the same total energy value, and
an all homogeneous MT (AHM) model in which, on top
of the condition for LHM, all the longitudinal interactions
are set to the average energy per longitudinal interface.
LHM and AHM lattices could be stand ins for the GTP (or
GMPCPP)-like state of a MT. Each of these types of lattices
could have zero to 2% defects. For more specific informa-
tion, please see the Methods section.

Our simulations show that the force needed to break the
MT structure decreased as the percentage of defects in the
lattice increased. The highest breaking force was required
by the defect-free lattice with strong lateral contacts, while
the lowest force corresponded to the lattice with 2% defects
(2 missing dimers). Namely, the most probable force lead-
ing to the first breaking event for the defect-free lattice is ~
500 pN, while lattices with defects located under the canti-
lever tip require only 50% of this force value (Table I, Sup-
porting Information Tables S1-S3, and Supporting
Information Fig. S4). Similarly, the most probable critical
force for the defect-free lattice is ~ 750 pN, while for the
lattices with defects located under the cantilever tip, this is
reduced to ~ 500 pN (a 32% reduction in magnitude,
Figs. 2 and 3, Table I and Supporting Information Tables
S1-83). Importantly, we found that lattices with defects
located far away (2 or 3 PFs away) from the indentation
area break under the same forces as the defect-free regular
lattice (see entries “Dimer 43, Dimer 49, and Dimer 52” in
Supporting Information Table S2).

In agreement with our previous work [Kononova et al,,
2014], our results for the regular lattice, a mimic for the

CYTOSKELETON

Microtubule Lattice Defects Affect Breaking 5 N



>

o~

1-0 T T T T 7= 1 1-0 T T T T
z =
S 0.8 ey — g = 0.8
g - —§ 8
S0.6r ol =% 50.6
= J =
= =
20.4F . 20.4F
E 8
5 =
S0.2F . <0.2F
= =
0005 10 15 20 25 00— %5 10 15 20 25
Indentation Depth X/nm Indentation Depth X/nm
1.0 T T T T —= 1 1-0 T T T T 1
Zz —2 Z s
g == s -3
S0.8F — =0.8F =
g =5 8 —6
506 =y 306 s =
= 1 = \
20.4F . 20.4F o .
8 3
g S
<0.2F . =0.2 B
= = >
1 1 1 1 1 " 1 1 1
0% 5 10 15 20 25 ity 5 10 15 20 25
Indentation Depth X/nm Indentation Depth X/nm

Fig. 2. Force versus indentation depth curves for MT lattices indented in the middle of the filament. (A): Defect-free MT latti-
ces pushed between PFs. 1. Regular with both ends fixed with plane. 2. AHM with both ends fixed with plane. 3. LHM with both
ends fixed with plane. 4. PF5-PF6 enhanced with both ends fixed with plane. 5. Regular with plus end free with plane. 6. Regular
with both ends fixed without plane. 7. AHM with both ends fixed without plane. 8. AHM with plus end free without plane. (B):
Defect-free MT lattices pushed on a PE 1. Regular with both ends fixed with plane pushed on PF6. 2. Regular with plus end free
with plane pushed on PF6. 3. Regular with both ends fixed with plane pushed on PF7. 4. Regular with plus end free with plane
pushed on PF7. 5. AHM with both ends fixed with plane pushed on PF6. 6. AHM with both ends fixed without plane pushed on
PF6. (C): MT lattices with defects pushed between PFs. 1. Missing dimer 43. 2. Missing dimer 49. 3. Missing dimer 52. 4. Missing
dimer 45. 5. Missing dimer 46. 6. Missing dimer 47. 7. Missing dimers 45,58. 8. Missing dimers 58,59. (D): Lattice with defects
pushed on a PE 1. Missing dimer 45 pushed on o monomer. 2. Missing dimer 45 pushed on B monomer. 3. Missing dimer 46
pushed on o monomer. 4. Missing dimer 46 pushed on $ monomer. 5. Missing dimers 45,58 pushed on o monomer. 6. Missing
dimers 45,58 pushed on B monomer. 7. Missing dimers 58,59 pushed on o monomer. [Color figure can be viewed at wileyonlineli-

brary.com]

GDP state, showed breakage forces between 580 pN and
750 pN (Supporting Information Table S1). For compari-
son, the critical forces measured by dePablo et al. in their
AFM experiments on GDP MTs with Taxol (Fig. 1 from
[de Pablo et al., 2003]) are in the 250 pN to 600 pN
interval.

We can compare the different types of lattices we simu-
lated. As expected, we found that the highest force was
required by the defect-free lattice with strong lateral con-
tacts (“PF5-PF6” in Supporting Information Table S1)
when pushing between PFs (~ 950 pN), while the lowest
force corresponded to a lattice with two missing dimers in
lateral neighboring PFs (“Dimers 58,59” in Supporting
Information Table S2) when pushed between PFs
(~ 370 pN). When pushing on a PE the lattice with the

strongest lateral interfaces required ~ 800 pN critical force
to collapse. Lattices with two missing dimers, which are
longitudinal neighbors in a PF (“Dimers 45,58” in Sup-
porting Information Table S2), resist to forces up to 510
pN when pushed between PFs and 460 pN when pushed
on a PE Therefore, in general, MT lattices are more resis-
tant to force when pushed between PFs than when pushed
on a PE in agreement with experiments [Schaap et al,
2006].

Another important finding is that the highest critical
force (950 pN) corresponds to the indentation between PFs
of an enhanced lateral MT (“PF5-PF6”) with both ends
fixed (Fig. 2 and Supporting Information Table S1). And
the laterally homogeneous MT (LHM) filament requires
the next largest average critical force value of 830 pN for
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Fig. 3. Distributions of rupture forces. Rupture force distribu-
tion for defect-free MTs (magenta, 25 points) and MTs with
defects under the tip (blue, 34 points). [Color figure can be

viewed at wileyonlinelibrary.com]

collapse (Supporting Information Table S1). These forces
recapitulate the values obtained for GMPCPP MTs in
AFM experiments (Fig. 2 in [Donhauser et al., 2010]), thus
providing support for our assumption that a lattice with
homogeneous strong lateral contacts is in a GTP-like state.
In contrast, the all homogeneous MT (AHM) lattices do
not show any further increase in the average breaking force.
Thus, our results indicate that the stability of the lateral
interactions between PFs is the primary source of mechani-
cal strength in a MT filament.

The Mechanism of Collapse of MT Filaments
Depends on the Strength of Interactions
Between Subunits and on Lattice Constraints

A major advantage of our simulations is that we have direct
access to the atomic coordinates of all the peptide residues
for the duration of each trajectory, which enables us to

X=7.7"nm
F =0.47nN

X=0nm
F =0nN

describe breaking pathways in detail. Figure 4 and Support-
ing Information Figs. S5 and S6 show that all MT lattices
exhibited similar initial deformations (the second step in all
panels) corresponding to bending and buckling. This
behavior, at a distance, X, between 6 and 8 nm, seen in Fig.
4 for the indentation of the regular MT lattice with both
ends fixed (also depicted as top view in Supporting Infor-
mation Fig. S5A), proves that MTs can sustain low forces
loaded on the lattice through deformation and propagation
of the compression from the loading position onto a larger
area of the filament [Kononova et al., 2014]. Eventually,
the force increases such that the lattice can no longer bear
the loading force simply by deformation leading to lattice
breaking. Differences in the breaking pattern lead to four
different pathways, listed in Supporting Information Tables
S1-S3 for each run.

The most probable pathway (P1), the same as in our pre-
vious work [Kononova et al., 2014], was observed in 16%
of the defect-free lattice trajectories and in all trajectories
for lattices with defects. Here, we found an initial fracture
of lateral contacts between the central PF and one of its
neighbors in the lattice, finally leading to the simultaneous
breakage of longitudinal and lateral contacts for a set of 3
PFs located on the upper surface of the MT (fourth panel
in Supporting Information Fig. S5A and Fig. 4).

The second pathway (P2), found in 64% of all defect-
free lattice trajectories, corresponds for example to the
indentation between PFs of the enhanced lateral MT
(“PF5-PF6” filament) with both ends fixed from Support-
ing Information Movie S1. In this pathway, lattice rupture
initiates with the breakage of one of the longitudinal inter-
faces connecting the dimer under the sphere with its neigh-
bors along the PF (Supporting Information Fig. S5C).
Shortly afterwards, there is substantial fracture of the lateral

X=12.4nm
F=0.72nN

X=18.2nm
F=0.56nN

Fig. 4. Indentation pathway of the defect-free regular MT lattice with both ends fixed pushed between PFs. The figures corre-
spond in order, from left to right, to the states: initial, first breakage, critical force break, and final state. (A): front view. (B): side
view. See also Supporting Information Fig. S5A. [Color figure can be viewed at wileyonlinelibrary.com]
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interfaces between the central PF and its neighbors in the
lattice and of additional longitudinal interfaces leading to a
catastrophic breakdown of the MT (Supporting Informa-
tion Fig. S5C).

The third pathway (P3), found in 16% of the defect-free
lattice trajectories, corresponds to the indentation of the
regular lattice between PFs and with the plus end free, as
seen in Supporting Information Movie S2. In this case, we
found only the fracture of lateral interfaces between 5 of
the 8 dimers in two adjacent PFs located under the indenta-
tion sphere (PF5 and PF6 in Supporting Information Fig.
S1), which requires a low critical force of ~ 580 pN for the
8 dimers long MT (Supporting Information Fig. S5B and
Fig. 2A) and ~ 500 pN for the 12 dimers long MT (Sup-
porting Information Fig. S7). Moreover, we found that, fol-
lowing the lateral contacts fracture, there is an overall
translation by approximately the length of a dimer (8 nm)
of the top PFs from the plus end toward the center of the
fragment. The PF slips longitudinally by one lattice
spacing. Finally, pushing at the free plus end of the 12
dimers MT leads only to the breaking of lateral contacts,
without the PF translation, under an even lower critical
force of ~ 320 pN (Supporting Information Fig. S7).

Schaap et al. [Schaap et al., 2006] pushed an MT at dif-
ferent locations starting from the free plus end. They found
that the critical force increases with the distance from the
plus end up until a distance of 40 nm, where it reaches a
plateau (Fig. 3 in [Schaap et al., 2006]). The ratio of the
plateau value versus the one at the plus end was 1.9. In our
12 dimers long lattice, we found a similar steady increase in
the critical force with the distance from the end (Support-
ing Information Fig. S7) leading to a corresponding ratio of
1.7. Importantly, because the 50% increase in the length of
the MT fragment (from 8 to 12 dimers) leads to only a
modest 14% change (decrease) in the critical pushing force,
with no change in the indentation pathway, the results for
the 8 dimers long filament simulations are likely a good
description of the mechanical properties of MTs.

Finally, pathway 4 (P4), found in 4% of the defect-free
lattice trajectories, corresponds to the indentation of the
regular lattice on PF7 with plus end free (blue line in Fig.
2B). This led to the highest critical force value (920 pN)
among all runs where we pushed on a PE as well as a much
larger value of X critical (~ 20 nm) compared to the typical
value (11-15 nm). The pathway corresponds to first break-
ing lateral interfaces between side PFs close to the fixed
minus end of the filament. This is followed by the breaking
of longitudinal interfaces in all the PFs on the upper surface
of the MT, which occurs at the plateau force of ~ 700 pN
(blue line in Fig. 2B) and lasts up to an indentation depth
of 18 nm. The peak centered at 20 nm represents the
breaking of lateral interfaces between fragments of PF5 and
PF6.

All lattices with defects followed the major pathway, P1.
However, there were slight differences, depending on

whether we pushed between PFs or on a PE We denoted
these variations with P11 and, respectively, P12 in Support-
ing Information Tables S2 and S3. For example, for the lat-
tice with 2 longitudinal dimers missing (“Dimers 45,58 in
Supporting Information Table S2), pushing between PFs
showed breaking of a large area around the original inden-
tation region (2 or 3 longitudinal interfaces and up to 2 lat-
eral interfaces), corresponding to scenario P11. In contrast,
pushing on a PF led to the breaking of only the specific
area where compression was applied (1 lateral and 1 longi-
tudinal interface), corresponding to scenario P12. We
found a similar behavior for the lattices with a single vacan-
cy, i.e., when pushing between PFs two (for dimer 45 miss-
ing) or three (for dimer 46 missing) longitudinal interfaces
broke, while pushing on a PF led to only one (for dimer 45
missing) or two (for dimer 46 missing) longitudinal interfa-
ces broken. Thus, pushing on a PF in lattices with vacancies
generates only localized breaking of interfaces, indicating
that the lattice is able to easily disperse the applied tension
without further substantial loss of subunits. In contrast,
when pushing between PFs the lattice is unable to resist
force resulting in widespread damage.

Agreement of Distributions of Kinking Angles
Between Simulations and in Vitro Experiments

To further test our model, we compared the angles we find
for local distortions of the MT lattice to experiment. The
procedure to extract the kinking angle from simulations is
described in Section 1.4 from the Supporting Information
and illustrated in Supporting Information Fig. S2. We chose
to compare them to the measurement of MT kinking angles
between two intact pieces of MT that are fluctuating during
the action of the MT severing enzyme katanin. The kinking
angle has been previously measured for katanin [Davis et al.,
2002] and compared to theoretical modeling of MT mechan-
ics [Mohrbach & Kuli¢, 2007]. We demonstrate the kinking
experiment and a cartoon illustration in the Supporting
Information Fig. S3. In the case of the experiment, katanin is
used to remove a portion of the MT lattice to allow it to
thermally fluctuate causing the kinking we observe. Thus,
the bending is thermally driven and the bending of only a
few PFs is occurring. This is similar to our simulations
where, due to support from the underlying substrate, only a
few PFs are deformed by the outside probe.

We made kinking measurements for two different kata-
nin concentrations, 50 nM and 100 nM. We showed previ-
ously that 50 nM and 100 nM katanin had significantly
different times to sever [Bailey et al., 2015]. Following the
trends reported previously, we find that 50 nM katanin cre-
ates lower kinking angles than 100 nM [Davis et al., 2002].
Thus, we posit that the difference between our 50 nM and
100 nM data are a reflection of the speed of the severing
process as a function of enzyme concentration. In particu-
lar, the MT filament takes longer to sever at the lower

H 8

Jiang et al.

CYTOSKELETON



=
=a)
T

CDF
o
—

00 25 50 75 100 125 150
Kinking Angle/degree

CDF

00 25 50 75 100 125 150
Kinking Angle/degree

Fig. 5. Cumulative distribution function of the kinking angles for MTs in simulations and in vitro experiments (from Sup-
porting Information Fig. $3). The actual distributions are in Fig. S8. In all plots the experimental data for 50 nM katanin is in red
and for 100 nM katanin is in green, while the simulation data is in black. The number of data points is: 558 for experiment
(50 nM), 822 for experiment (100 nM), 6113 for simulation in (A), and 1300 for simulation in (B). (A): All simulation and the
experimental data. The K-S statistical similarity test shows that the simulation data is most similar to the 100 nM experimental data
(Desie = 0.246, D(sims,50 nM) = 0.249 and D(sims,100 nM) = 0.167); (B): The simulation data for MTs with 2% defects and both
ends fixed and all the experimental data. The K-S statistical similarity test shows that the simulation data is very similar to the
100 nM experimental data (D(sims,50 nM) = 0.315 and D(sims,100 nM) = 0.104). [Color figure can be viewed at wileyonlineli-

brary.com]

katanin-p60 concentration, thus spending longer time in
close to native states. This is reflected in the less spread in
the angle distribution for the 50 nM compared to the
100 nM case (compare Supporting Information Fig.
S3B,C).

The high statistical relatedness between the simulated
and experimental angles (Fig. 5) indicates that they sam-
ple similar angle distributions. At first glance it might be
surprising to find such close similarity between simulation
and experimental data that is not exactly the same physi-
cal situation of the simulation, but we conclude that the
mechanical nature of the intact sheet of PFs fluctuating in
experiments is similar to what is simulated. This makes
sense, since we see that only the PFs on the top surface
are deformed and broken during simulated indentation
(Fig. 4 and Supporting Information Figs. S5 and S6). The
experiment is different from our simulations in several
ways. Specifically, the geometry of the simulation and the
kinking is probably different because it is likely that sev-
eral PFs are already broken by katanin in order to observe
any kinking at all. Next, we cannot control the number of
PFs that remain continuous in kinking experiments. It is
the number of PFs connected that likely gives the fila-
ment enough flexibility to be thermally fluctuated. Final-
ly, the number of PFs connected is changing over time
due to the breakage of PFs from katanin activity and
fuctuations.

As detailed in Section 1.6 from the Supporting Informa-
tion, to account for the effect of the differences in length-
scales between experimental and computational filaments,
the experimental data should be compared with data from
simulations of lattices with both ends fixed to mimic the

constraints that exist in the experiment. We observe a strik-
ing correlation between the distributions of experimentally
measured, macroscopic kinking angles and the simulated,
local kinking angles (Fig. 5). In particular, we observe the
CDFs for our indentation runs of MT lattices with 2%
defects and both ends fixed and the one from our 100 nM
katanin experiments are very similar statistically. Given that
we polymerize our MTs quickly at high temperature and
high tubulin concentration prior to stabilizing with Taxol,
it is perhaps not surprising that we would have a high inci-
dence of defects. Further, our current measurements from
in vitro experiments closely recapitulate the kinking angles
previously measured in Fig. 4A in Davis et al. [Davis et al.,
2002]. Future experiments and models of the example situ-
ation of kinking MTs could be performed to test these dif-
ferences exactly.

Distributions of Breaking and Recovery Times
Indicate How Defect-Free MT Filaments Are
Protected Against Mechanical Damage

In our indentation simulations, we found that the average
time (in frames) required to first break inter-dimer contacts
in the lattice is highest for the defect-free AHM and regular
lattices and shortest for lattices with two missing dimers
(Fig. 6). Namely, the defect-free lattice requires, on average,
force application for twice as long of time, i.e., 10 ms (or
249 * 32 frames) to experience damage compared to latti-
ces with defects composed of 2 missing dimers, i.e., 6 ms
(or 154 * 34 frames). This result aligns very well with the
experimental result [Schaedel et al., 2015] that MTs with
minimal lattice defects, do not show any sign of damage
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Fig. 6. Distributions of the frame corresponding to the first
breaking event. We show darta for the 3 categories of MT latti-
ces in simulations: defect-free (magenta, 25 points), MT with 1
defect under the tp (green, 14 points) and MT with 2 defects
under the tip (black, 20 points). The K-S statistical similarity
test applied to the corresponding CDFs indicates that the two
data sets for defects are dissimilar from the defect-free one
(Deic = 0.608,  D(magenta,green) = 4.2,  D(magenta,black) =
4.1), while being similar to each other (D(green,black) = 0.471).
[Color figure can be viewed at wileyonlinelibrary.com]

when exposed briefly to hydrodynamic flow, while lactices
with defects experience increased damage upon flow.

Thery and coworkers [Schaedel et al., 2015] investigated
the ability of the MT lattice to recover after bending under
flow applied for a set time (10 s). They monitored the
recovery by allowing the filaments to rest for increasing
amounts of time after bending and concluded that even
MTs with defects are able to recover after the longest rest
period probed in their experiments [Schaedel et al., 2015].
We can do the same in our simulations. Above, we allowed
MTs to rest for long time periods (up to 50 ms or ~ 1250
frames) after pushing. Next, we investigated the dependence
of the lattice recovery on the duration of the force applica-
tion. We varied the force time between 194 frames (7.8 ms)
and 410 indentation frames (16.4 ms) (Supporting Infor-
mation Tables S4 and S5) for the defect-free cases and latti-
ces with defects. Importantly, in all our runs we started
retraction only after at least two dimers exhibited broken
inter-dimer interfaces.

We found that the total time required for the defect-free
lattice to recover after initial damage (retraction after a set
number of frames of indentation) is the shortest among all
types of lattices probed in our study (Supporting Informa-
tion Tables S4 and S5, and Fig. S9). That is, for recovery
started after at most 250 indentation frames it takes on
average 111 frames for the defect-free lattice to recover. For
filaments with one missing dimer, the average recovery is
149, and for 2 missing dimers it is 206.

For recovery started after 250 to 300 frames it takes on
average 175 frames for the defect-free lattice to recover,

while for the lattice with a missing dimer the average is
220, and for the lattice with 2 missing dimers the average
exceeds 227 (as 2 trajectories out of 4 did not recover). For
recovery started after 300 to 360 indentation frames it takes
the defect-free lattice on average 150 frames to recover,
while the average is 286 for the lattice with 1 missing dimer
and 331 for the lattice with 2 missing dimers. Finally, for
the recovery started after 360 to 410 indentation frames it
takes the defect-free lattice on average more than 400
frames for recovery (because some runs do not recover),
while the average far exceeds 500 frames for the lattices
with defects (as only one of the runs leads to recovery with-
in 500 frames). Thus, the longer we push to break the lat-
tice, the longer recovery takes.

Comparing the different lattice types, we found that the
AHM lattice is the most resistant to damage. For instance,
retraction started from frame 260 in the regular lattice
pushing between PFs with both ends fixed corresponding
to 2 broken dimers recovers in 200 frames, while retraction
started from frame 295 in the AHM lattice pushing
between PFs with both ends fixed corresponding to 3 bro-
ken dimers recovers in 51 frames (Supporting Information

Table S4).

Role of Correlations between Changes in Dimer
Contacts in Driving the Recovery of the Lattice

To gain insight into the factors that allow the lattice to
recover, we focused on measuring the degree of correlated
changes in the positions of the broken subunits. Following
the approach described in the Section 1.4 from the Sup-
porting Information, we determined the correlations
between the time series of the contacts at dimer-dimer
interfaces that were broken during the indentation phase.
We found that recovery occurs when there are no anti-
correlations between any pair of dimers. Secondly, one or
more of the following has to happen: (1) the correlations
between the recovery of lateral contacts in pairs of dimers
which are neighbors along a PF are very high (~ 0.90); (2)
the correlations between the recovery of longitudinal con-
tacts in pairs of dimers which are neighbors along a PF are
very high (~ 0.90); (3) the correlations between the evolu-
tion of the overall contacts in pairs of dimers which are
neighbors in a ring located right under the cantilever tip
are virtually 1 (for recovery after pushing on a PF); (4) the
correlations between the evolution of longitudinal contacts
in at least one pair of dimers which are neighbors in a ring
located under the tip is high (for recovery after pushing
between PFs).

In contrast, a lack of full recovery to the original, intact,
state of the filament was characterized by either the presence
of at least one anti-correlated evolution of contacts in
neighboring dimers or by a lack of correlation (correlation
coefficient < 0.20) between the time series of contacts in
any neighboring dimers that had been broken during
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Fig. 7. Contacts vs. frame curves for 4 different retraction simulations started from the 2 indentation runs depicted in Supporting
Information Figs. S10 and S11. The labels represent the individual dimers that break during the indentation among the 104 dimers,
numbered according to Supporting Information Fig. S1. (A): Retraction for the defect-free regular MT with plus end free with plane
starting from indentation frame 395 in Supporting Information Fig. SI0A and S11A. The lattice does not fully recover. (B): Retrac-
tion for the defect-free regular MT with plus end free starting from the same indentation frame as in (A), but without the plane.
The lattice recovers fully. (C): Retraction for the MT with missing dimers 58 and 59 with both ends fixed and with plane, started
from indentation frame 297 in Supporting Information Figs. S10B and S11B. The lattice does not recover. (D): Retraction for the
MT with 58 and 59 missing starting from the same indentation frame as in (C), but with the plus end free and without the plane.
The lattice recovers fully. [Color figure can be viewed at wileyonlinelibrary.com]

indentation. To illustrate this principle, the retraction in
the lattice with 2 lateral missing dimers (dimers 58, 59)
depicted in Figure 7C, when the filament does not recover
fully, is an example. We found that the correlation coeffi-
cients for neighboring dimers in PF 6 and in the fourth
ring starting from the minus end of the filament are all vir-
tually zero (see Supporting Information Fig. S1 for PF
numbering). However, for the retraction in the same type
of lattice, but now in the absence of constraints, depicted
in Fig. 7D, where the filament recovers fully, we found
that the correlation coefficients for neighboring dimers in
PF 6, as well as the correlation coefficient for the time
series of native contacts formed by dimers 44 and 45 from
the fourth ring, are all ~ 0.90. In summary, our data
strongly suggests that a correlated recovery of the native
interface contacts formed by dimers which are neighbors
along a PF is the primary factor that accounts for a com-
plete recovery of the intact structure of a MT after
breaking.

Role of Environmental Constraints in the
Collapse and Recovery of MT Filaments

Often the presence of the plate used in the AFM force
experiments and in our simulations which mimic this set-
up has no effect on either the critical force or on the inden-
tation pathway (see Supporting Information Tables S1-S3).
In contrast, the plane is often inhibitory for recovery of the
original lattice structure. In many cases where there is no
full recovery of the original MT structure, restarting the
retraction from the same indentation frame but eliminating
the plane allows for the full recovery of the filament (see
Supporting Information Tables S4 and S5 for details). This
is seen for example, in the behavior of the normalized con-
tacts, Q,, (the ratio between the number of contacts during
the simulation versus the number for the native state of the
MT lattice), for the broken interfaces of a defect-free MT
lattice with its plus end free after pushing between PFs with
retraction starting at frame 395 of the indentation run
(depicted in Supporting Information Figs. SI0A and S11A
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and shown in Movie §2) with the plate (Fig. 7A) and with-
out plate (Fig. 7B). The MT without the plate recovers
completely in 610 frames (see Supporting Information
Movie S3), while in the MT with the plate has three interfa-
ces that are still broken at the end of the retraction run
(after 1000 frames).

There is a second type of constraint which plays a role in
the recovery: the state of the ends of the filament. Allowing
the plus end to fluctuate freely is usually beneficial for
recovery upon retraction (see Supporting Information Table
S4). This is seen for example in the case of the retraction
for the AHM lattice after pushing between PFs for 380
frames (see the indentation/retraction curve in Supporting
Information Fig. S11C and the contacts evolution in Sup-
porting Information Fig. S12A). This system recovered ful-
ly (in 181 frames) only when we eliminated the constraints
at the plus end of the filament (Supporting Information
Fig. S12C); if we keep both ends fixed, 3 of the 8 broken
dimers do not recover even after ~ 350 frames of run (Sup-
porting Information Fig. S12B). Interestingly, we found
that the lack of recovery when both ends are fixed is due to
an increase in the length of the MT fragments that break
longitudinally such that upon retraction they can no longer
fic together in a straight line leading to the formation of a
permanent dislocation in the filament structure. The
increase in the length of a fragment is usually due to the
relaxation of a couple of dimers at the newly formed end.
Only the release of the constraint at an end of the lattice
can accommodate the change in length to the degree that
upon retraction the two fragments can be properly united
along the straight backbone of the lattice.

Furthermore, the recovery pathways, in the presence or
absence of constraints are different. This is seen in the case
of the MT lattice with dimers 58,59 missing and forced
applied between PFs, which follows pathway P11 (with Q,,
evolution in Supporting Information Fig. S10B and shown
in Supporting Information Movie $4). When we started the
retraction from the frame 297 of the indentation (dashed
cyan line in Supporting Information Fig. S10B), we found
that in the presence of the plate there is no recovery (Fig.
7C), as depicted in Supporting Information Movie S5.
However, when we removed both the plate and the con-
straints placed on the plus end of the filament, all 10 bro-
ken dimer interfaces reform in 279 frames (see Fig. 7D and
Supporting Information Movie S6). With the plate and
both ends fixed, the first dimer recovers after 76 frames,
while dimers 36, 47, and 48 showed at least partial recovery
around frame 100. Without the plate and with the plus end
free, dimers 36, 47, and 48 recovered after 150 frames,
even though the first dimer recovers after only 43 frames.
There are substantial changes in the correlations between
contacts for the various dimers, which, as discussed above,
are responsible for the recovery. In protofilament 6 (PF6),
correlations between lateral contacts recovery are ¢y

(19,32) = ¢y (32,45) = 1 (71,84) = 0 with the plate, but

they all become ~ 0.90 without the plate. The dimers that
recover with the plate are, in time order: 22, 35, 36, 48, 47
(only partially), 6, and 19. Without the plate they are: 22,
36, 35, 48, 47, 60, 58, 6, 19, 32, and 45. Thus the delayed
reformation of inter-dimer contacts of the MT lattice in the
simulation without the plate, compared with the early (par-
tial) formation of contacts in the simulation with the plate
(see Fig. 7D versus Fig. 7C), likely accounts for the full

recovery of the filament structure in the former case.

Discussion

Materials made of highly-ordered subunits with pre-existing
defects, such as missing subunits, cracks, and dislocations are
more likely to fatigue and thus have altered mechanical prop-
erties [Landau & Lifshitz, 1986]. It has long been postulated
that MT lattices with defects should have altered mechanical
properties and also display fatigue. Indeed, this was recenty
found by Schaedel et al. [Schaedel et al., 2015], using a
microfluidic device. Our simulation approach, employing an
atomistic representation of the MT lattice allows us to go
further by controlling the extent and the position of defects,
as well as the location of the force pushing on the filament.
We not only show that defects in the lattice lower the force
requirements to break the structure, but provide quantitative
information about the ratio of force values and reveal the
corresponding molecular conformations of MTs during
breaking. We also performed the first investigation of the
role that constraints placed on the MT play during the
breaking and recovery of the filament, which, as discussed
below, are important in vivo for example during severing of
bundled MTs [Zhang et al., 2013].

In our simulations we found that lattices with defects in
the form of subunit vacancies need half or only a third of the
maximal force of the defect-free MT to experience such a
backbone kink. The force we estimate would correspond to
the action of a few tens of katanin motors acting on the lat-
tice [Mohrbach & Kuli¢, 2007]. Prior AFM indentation
experiments [de Pablo et al., 2003; Schaap et al., 2006;
Munson et al., 2007; Donhauser et al., 2010] do not discuss
pathways of breaking MT structures because they cannot
resolve them. Using our results, we posit direct ways to infer
pathway variety based on data directly measured in such
experiments: force versus indentation curves and critical
force distribution. Pathway P3 would be the easiest to detect
as in this case the force indentation curve will exhibit only a
force plateau (no peak) corresponding to the crushing of the
lattice. A force plateau followed by a high critical force peak
characterizes P4. While P1 and P2 are more difficult to dis-
tinguish, the spread of the critical force distribution is much
larger in P2 than in P1 (Supporting Information Table S1).
Finally, P12 leads to lower critical forces than P11.

We find excellent correlation between the kinking angles
distribution from our simulations of MT lattices with 2%
defects and our severing experiments with 100 nM katanin.
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This correlation strongly supports the proposed role of lat-
tice defects as binding and/or high activity sites for severing,
as previously reported for katanin severing [Davis et al.,
2002; Diaz-Valencia et al., 2011]. In our experiments, MTs
are grown under high tubulin concentration conditions (45
uM), thus we expect them have a high frequency of lattice
defects [Janson & Dogterom, 2004]. If defects are binding
sites for severing proteins, then the higher the concentration
of severing proteins, the higher the degree of occupancy of
these sites and thus the likelihood that severing initiates at
such sites. This is exactly what the match between the
CDFs of simulations and the 100 nM katanin experiments
suggests. These results correlate with our prior results of a
concentration-dependence of initiation of katanin severing
as a function of added katanin [Bailey et al., 2015].

A non-trivial result emerging from our study is that the
MT lactice possesses a double mechanism of protection
against damage. First, a defect-free lattice survives the lon-
gest before cracking upon indentation. Second, defect-free
lattices are able to heal the fastest upon retraction. We see
this in the all homogeneous (AHM) lattices that mimic the
GTP state. By the same token, lattices with defects (subunit
vacancies prior to indentation) face an uphill batte in
maintaining their structure under the action of a pushing
force. They break easily upon indentation and take a long
time to heal upon retraction. The larger the number of
defects, the more serious this effect is (Supporting Informa-
tion Tables S4 and S5).

Usually indentation and retraction follow different
routes. Namely, during indentation, bending and buckling
of the MT lattice occur first. For retraction the straighten-
ing of the PFs occurs last only when we start it after just a
few dimers lose contacts. In contrast, when we wait and
start retraction after many dimers break interfaces with their
neighbors, we observe initial recovery of some of the inter-
faces, followed by the straightening of the PFs only at the
end when the lattice has completely healed the majority of
the interfaces. This shows that recovery of broken interfaces
is highly dependent on the constraints that defect-free,
straight PFs place on their neighbors. This conclusion is
based on our finding that lattice recovery is the result of
high correlations between the recovery of native contacts in
consecutive dimers in a PF, rather than due to correlations
between dimers in a ring. This finding supports the idea
that the growth of a defect-free MT lattice occurs primarily
by addition of subunits longitudinally to a PF and not to
lateral neighbors [Ghosh et al., 2012].

Prior experimental work has shown that MTs are more
likely to have defects when grown quickly, in conditions of
high tubulin concentration [Janson & Dogterom, 2004].
Intuitively, fast addition of new dimers to ends results in
lower correlations of growth and more defects. Our results
also support the ideas that the plasticity of the MT lattice,
which allows it to populate highly bent shapes such as loops
or full rings, results from the ability of the PFs to translate

versus one another [Pampaloni et al., 2006]. This is exem-
plified in the indentation pathway P3 detailed above. Fur-
ther, the dimers within the GDP lattice are in a loaded
spring-like state which can be relieved upon removal of the
GTP cap [Alushin et al., 2014]. This is observed in the
retraction runs with the plus end free.

An unexpected finding is that the local, physical environ-
ment has a large effect on healing the lattice, but not on
breaking it. For instance, when we include or exclude a base
plate during indentation, we observe no effect on either the
value of the critical force or the breaking pathway. This
result is confirmed by AFM experiments [Schaap et al.,
2006; Munson et al., 2007]. Oppositely, for recovery the
presence of the plate is inhibitory to healing most of the
time. We also observe that fixing both ends of a filament
also inhibits healing of the lattice. Specifically, when a cou-
ple of PFs break longitudinally in the middle, the dimers in
each of the two segments can relax (i.e., expand). Reforma-
tion of the longitudinal interfaces is impossible because the
lengths of the segments no longer match their original
length. This might be an illustration of the proposed failure
to incorporate dimers in growing MTs if neighboring PFs
add dimers at a faster pace than the middle PF [Chrétien
et al., 1992; Schaap et al., 2004]. Such events likely lead to
the creation of defects when MTs polymerize quickly [Jan-
son & Dogterom, 2004; Schaedel et al., 2015].

More importantly our results strongly suggest that
anchoring the MT lattice, as is done in AFM experiments
on a plate and 77 vivo, for instance in MTs from crosslinked
networks, is often inhibitory for lattice healing after break-
age. The literature reviewed above [Davis et al., 2002; Bai-
ley et al., 2015, 2016] indicates that the action of severing
proteins on MTs is not continuous, but experiences pauses,
as other AAA+ machines, such as Clp machines [Cordova
et al., 2014]. Thus, while it is reasonable to assume that
bundled (or otherwise constrained) MTs can be severed
more readily than fluctuating MTs, our simulations show
that this is not because the plane (or constraint) can help
reduce the critical MT breaking force. Instead, it is because
once a critical number of dimers is broken (at least 6 in our
simulations) the lack of flexibility imposed by the restraints
lengthens the recovery time substantially. Thus, the lattice
will not have time to heal during the pauses in the action of
severing enzymes. On the other hand, freely fluctuating
MTs, such as defect-free filaments without constraints
would likely be able to recover to their original states when
severing proteins pause. Our findings corroborate recent
experimental results that katanin preferendally severs at
crossover sites in non-centrosomal cortical MTs (CMTs)
from plant cells, i.e., at intersections corresponding to
growing CMT plus ends crossing over preexisting CMTs
[Zhang et al., 2013]. Moreover, just as we would predict
from our simulations, this study found a strong bias for

longer-lived crossover sites to be severed [Zhang et al.,
2013].
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Our simulations, due to their systematic and molecular-
level detail reveal new information about how best to
destroy MT lattices, specifically by applying forces, which
severing enzymes presumably do. Our work can inform on
currently unknown mechanisms for MT severing action.
We can begin to address questions such as: Where do sever-
ing enzymes act on MT lattices - on a PF or between PFs
[Sharp & Ross, 2012]? Do they apply forces inward, to
crush the filaments, as we do here? Or do they apply out-
ward, pulling forces, as we have previously examined
[Theisen et al., 2012]? Can we distinguish between two
proposed models: the “unfoldase” model and the “wedge”
model [Vale, 2000; Roll-Mecak & Vale, 2008; Bailey et al.,
2016]?

The unfoldase model postulates that the severing enzyme
binds to and pulls on the tubulin carboxy-terminal tail via
the 2 nm pore at the center of the AAA+ enzyme hexamer.
ATPase activity causes the enzyme to processively translo-
cate along the tubulin polypeptide, pulling the dimer from
the lattice via the carboxy-terminal tail. Evidence for this
mechanism includes the fact that the carboxy-terminal tail
is the target for severing enzymes and is required for sever-
ing to occur [McNally & Vale, 1993; White et al., 2007;
Roll-Mecak & Vale, 2008]. The unfoldase mechanism is
based on the similarities between MT severing enzymes and
other unfoldase enzymes, such as ClpX [Baker & Sauer,
2012; Cordova et al., 2014].

The wedge model postulates that the tubulin carboxy ter-
minal tail is the anchor point for the other regions of the
AAA+ hexamer to apply inward force pressure to the lattice
to break it apart. Evidence for the wedge model includes
that fact that 80% of dimers removed by severing are com-
petent to repolymerize into MTs [Roll-Mecak & Vale,
2008]. If tubulin is unfolded by severing enzymes, this
would not be possible, since tubulin requires chaperones
for correct folding [Llorca et al., 2000]. Other AAA+
enzymes are thought to wedge apart their substrates [Vale,
2000]. Other evidence comes from prior work showing
that severing enzymes may sever first at lattice defects
[Davis et al., 2002; Diaz-Valencia et al., 2011].
studies combining experiment and theory may be able to
distinguish these two models.

Here we show that MTs with defects are easier targets for
lattice destruction by inward pushing, as might occur in a
wedge model. It has been shown that severing enzymes
exploit defects to cause MT severing [Davis et al., 2002;
Diaz-Valencia et al., 2011]. Taken together, our work indi-
cates that severing enzymes target defects to take advantage
of the weak mechanical nature of these regions. This is
unlike the proposed mode of action of fluid flow (Fig. 6 in
[Schaedel et al., 2015]) where filament bending is a combi-
nation of compression and expansion along the lattice - not
localized like a severing enzyme would be.

We found that, for defect-free MT lattices, when inden-
tation is applied on a PF after the initial break of lateral

Future

contacts the rest of the breaking involves only longitudinal
contacts at the interface between the dimers, in rings locat-
ed under the cantilever sphere. In contrast, indentation
between PFs usually leads to an expansion of the lateral
crack opened during the first breaking event. As severing
requires breaking of longitudinal interfaces, these results
suggest that, to sever defect-free MTs, it will be more effi-
cient for severing proteins to act on PFs rather than
between them. While for lattices with vacancies under the
tip, the pathway to collapse always involves breaking longi-
tudinal interfaces, pushing on a PF leads to only limited
further damage of the filament. Large damage, beyond ini-
tial defects, appears only when the force is applied between
PFs. Thus, if the limiting factor in severing is the extent of
damage inflicted on the MT filament in one step, then for
lattices with defects it is best if severing proteins act (apply
force) between PFs. If the force magnitude is the limiting
factor, then acting on a PF is desirable when severing lacti-
ces with defects.

Our results are essential to understanding how MTs
withstand mechanical forces in cells and the role that
defects might have in those processes. Further, recent bio-
logical studies have shown that loss of dimers from the MT
can be healed and are resistant to depolymerization for a
time after healing [Aumeier et al., 2016]. Thus, defects that
can recover, as we study here, have downstream effects on
MT mechanics, network robustness, and even network
remodeling that can affect cell morphology and motility.

Materials and Methods

The Potential Energy Function

We used a topology-based model (the self-organized polymer
or SOP-model) for the MT lattice in which each amino acid
is represented by its C, atom [Hyeon et al., 2006a]. The
total potential energy function for the conformation of the
given protein, specified in terms of the coordinates (r;)

(i=1,2, ... N) where N is the total number of residues, is
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the non-covalent interactions that stabilize the native
(folded) state. If the non-covalently linked residues 7 and j
(| O—]| > 2) are within a cut-off distance Rc (i.e., 7j < Rc =
8A4) Aj;=1, and zero otherwise. All non-native interac-
tions, described by the third and fourth terms in Eqn.(1),

are treated as repulsive. Also, in this equation Ry = 24 and
g =1 kecal/mol, following [Hyeon et al., 2006a]. The ¢,
value, which accounts for the strength of the native contacts
in the lattice and is the only variable in the above potential
energy function, varies according to the type of contacts.

Parameterization of the SOP-Model

In the regular MT setup, for the intra-dimer contacts we
used &, of 1.9 kecal/mol, while for the longitudinal inter-
dimer and the lateral inter-dimer we used 1.0 kcal/mol and
0.9 kcal/mol, respectively. These values were determined in
our previous work (Supporting Information Table S3 in
[Kononova et al., 2014]). Namely, we extracted the values
of &, from MD simulations of the atomistic structure mod-
el of the MT lattice at 7= 300 K using two implicit sol-
vent models [Eisenberg & McLachlan, 1985; Ferrara et al.,
2002; Im et al., 2003]. Given the orthotropic properties of
the MT lattice [VanBuren et al., 2002], we divided all the
native contacts into five groups: (1) the intramonomer con-
tacts in a-tubulin; (2) the intramonomer contacts in the 3-
tubulin; (3) the intradimer contacts that stabilize the
dimer’s structure; (4) the longitudinal interdimer contacts
between any two dimers along a PF; and (5) the lateral
interdimer contacts between monomers in adjacent PFs.
For each group of contacts, we calculated from the output
of the MD simulations the average nonbonded energy
(Enb), given by the sum of the van der Waals energy and
the electrostatic energy. We also determined the average
number of contacts between amino acids that stabilize the
native M T structure (Nnb), where each contact satisfied the
criterion for the second term in Eqn.(1). The value of ¢, for
each of the five groups of contacts in the regular (GDP-
like) MT lattice was the ratio between Enb and the corre-
sponding value of Nnb for the contact group.

The regular lattice (which mimics a GDP state [Kono-
nova et al., 2014]) exhibits a high degree of asymmetry in
the strength of lateral contacts between the various PFs and
of longitudinal contacts between dimers in a PE This has
also been reported in Fig. 8 from [Ayoub et al., 2015],
from full atomic and explicit solvent simulations. In our
MT model there are a fairly small number of lateral contacts
between PF5 and PF6 and a small number of longitudinal
contacts in PF3 (PF numbering listed in Supporting Infor-
mation Fig. S1). To determine the role of weak interfaces in
the indentation/retraction pathways, we created additional
MT models with altered distributions of interaction param-
eters for lateral and/or longitudinal contacts. The first is a
PF5-PF6 interface enhanced MT (“PF5-PF6”) model.
Because the number of contacts in this interface is half of

the average, we increased the lateral interaction parameter
for PF5-PF6 from 0.9 kcal/mol to 1.8 kcal/mol. The sec-
ond model is the laterally homogeneous MT (LHM) mod-
el, in which all lateral interfaces are adjusted to the same
total energy value (equal to the average energy for a lateral
interface in the regular MT model). Operationally, for each
lateral interface between two adjacent dimers (Z;), we
assigned a specific &, value per native contact, g, (L;), given
by &, (L;) = N /N; X 0.9 kcal/mol, where NV, is the aver-
age number of lateral contacts between dimers in the MT
lattice, and V; is the number of such contacts in the given
lateral interface. The third model is the all homogeneous
MT (AHM) model in which, on top of the condition for
the LHM model, all the longitudinal interactions are set to
the average energy per longitudinal interface in the regular
MT model. Tuszynski and colleagues [Ayoub et al., 2015]
found that the GTP-like state of the lattice corresponds to
fairly homogeneous energetics of lateral and longitudinal
interfaces. Thus, LHM and AHM could be stand ins for
the GTP (or GMPCPP)-like state of a MT. Moreover, the
rationale to use homogeneous lateral contacts to mimic a
rigid (GMPCPP-like) filament [Munson et al., 2007] stems
from newly reported MT structures [Alushin et al., 2014;
Zhang et al., 2015], which highlighted the differences
between the GMPCPP and the GDP lattices. Namely,
while the identity of the lateral contacts is the same in the
two lattices, they experience different levels of pre-stress
based on the nucleotide type: in the GDP lattice there is
substantial stress in contacts due to the compaction around
the E-site, which likely leads to a non-uniform strength dis-
tribution of contacts. In contrast, in the presence of
GMPCPP there is no compaction and thus all lateral con-
tacts can be assumed to be of similar strength.

Mechanical Indentation Set-up

To mimic the experimental set-up from AFM indentation
studies [de Pablo et al., 2003], we included a cantilever tip
to the MT wall potential and an interaction between the fil-
ament and the plate on which it rests [Kononova et al.,
2014]. For the tip-MT wall interactions, we used a repulsive
Lennard-Jones potential, Vi; = &1y (o1r/(r; — Rtip))G, where

ey =4.18 kJ/mol, o1 g = 1.04 is the distance between the
center of the tip and an amino acid, 7 is position of the i-th
particle, and R, = 10 nm is the radius of the spherical tip
(see Fig. 1). Importantly, the radius of 10 nm is close to the
reported size of the diameter of the spastin hexamer [Roll-
Mecak & Vale, 2008]. The cantilever spring constant was
k; =50 pN/nm, which is in the AFM experimental range.
Following the experimental setup [de Pablo et al., 2003],
we constrained one surface of the filament by fixing C, -
atoms along the perimeter (see Supporting Information Fig.
S1) to account for the cylinder resting on a plane. The tip
exerted a time-dependent force in the direction perpendicu-
lar to the longitudinal axis of the filament. We used an
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indentation speed v = 2.0 pum/s, recalling the experimental
value [de Pablo et al., 2003].

Computational Set-up and Data Analysis

We used two MT lengths: 8 and 12 dimers in each PE
starting from the atomistic structure of the filament [Wells
& Aksimentiev, 2010]. The numbering of subunits in the
8 dimers case is in Supporting Information Fig. S1. More-
over, we simulated 8 dimers long lattices with 1% and 2%
defects (missing dimers). All simulations were performed
using the SOP package implemented on GPUs [Zhmurov
et al., 2010] at T =300 K. Details of the set-ups, estima-
tion of the integration timestep, and a description of the
structures used in simulations are in Sections 1.1 to 1.3
from the Supporting Information. Information about the
number of runs for each indentation scenario is in Support-
ing Information Table S1 for the defect-free lattices and
Supporting Information Tables S2 and S3 for lattices with
defects, respectively. For various forward indentation runs,
we also ran simulations in the opposite direction, i.e., when
the force is decreased linearly to zero following the same
regime as for indentation but in reverse to determine the
degree to which the MT lattice recovers its original state.
Some retractions were run without the plane and/or with-
out the constraints imposed on the plus end of the filament.
Information about the number of runs for each retraction is
in Supporting Information Tables S4 and S5 for the defect-
free lattices and lattices with defects, respectively. Through-
out the Results section, a frame represents 0.04 ms, corre-
sponding to 1 million simulation steps. Details about the
data analysis, including tracking the time evolution of con-
tacts for dimers, kinking angles for the MT lattice, and sta-
tistical correlations are in Section 1.4 from the Supporting
Information.

Experimental Procedure

Full experimental methods can be found in Section L5
from the Supporting Information. The protein purification,
MT polymerization and stabilization, and in vitro severing
assays were identical to those described recently [Bailey
et al., 2015]. The analysis we used to measure kinking
angles was based on the analysis described previously [Davis
et al., 2002]. We observed the kinking and breaking of
individual MTs over time using total internal reflection
fluorescence microscopy and used Fiji (Image]) to measure
the angles for 50 nM and 100 nM katanin (see Supporting
Information Fig. S3 for details).
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