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Abstract Microtubules are filamentous biopolymers
involved in essential biological processes. They form key
structures in eukaryotic cells, and thus it is very important
to determine the mechanisms involved in the formation
and maintenance of the microtubule network. Microtubule
bucklings are transient and localized events commonly
observed in living cells and characterized by a fast bend-
ing and its posterior relaxation. Active forces provided by
molecular motors have been indicated as responsible for
most of these rapid deformations. However, the factors
that control the shape amplitude and the time scales of the
rising and release stages remain unexplored. In this work,
we study microtubule buckling in living cells using Xeno-
pus laevis melanophores as a model system. We tracked
single fluorescent microtubules from high temporal reso-
lution (0.3-2 s) confocal movies. We recovered the center
coordinates of the filaments with 10-nm precision and
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analyzed the amplitude of the deformation as a function
of time. Using numerical simulations, we explored differ-
ent force mechanisms resulting in microtubule bending.
The simulated events reproduce many features observed
for microtubules, suggesting that a mechanistic model
captures the essential processes underlying microtubule
buckling. Also, we studied the interplay between actively
transported vesicles and the microtubule network using a
two-color technique. Our results suggest that microtubules
may affect transport indirectly besides serving as tracks of
motor-driven organelles. For example, they could obstruct
organelles at microtubule intersections or push them during
filament mechanical relaxation.

Keywords Microtubules - Buckling - Active forces -
Living cells - Filament tracking - Fluorescence microscopy

Introduction

Microtubules (MTs), together with actin and intermediate
filaments, constitute the cytoskeleton that is essential for
diverse biological processes ranging from mitosis (Walc-
zak and Heald 2008), distribution of cellular compartments
(Fletcher and Mullins 2010) and cargo transport (Howard
2009) to ciliary and flagellar motility (Nicastro et al. 2006).
These biological processes require a microtubule network
that responds to extra- or intracellular stimuli by modifying
the distribution, lengths and curvatures of filaments (Gardel
et al. 2008; Paluch et al. 2015).

Microtubule lengths are finely tuned by controlled
cycles of polymerization and depolymerization (Dogterom
and Yurke 1997; Akhmanova and Steinmetz 2015). These
growing and shrinking cycles also affect the in vivo cur-
vatures of microtubules since the overcrowded milieu
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presents barriers to the microtubule growing tip (Brangw-
ynne et al. 2007).

Curvatures of microtubules in living cells also rely on
the direct or indirect action of molecular motors (Bicek
et al. 2009; Shekhar et al. 2013; Wu et al. 2011; Kent et al.
2016) that exert piconewton forces to bend these rigid
polymers characterized by an in vitro persistence length of
~3 mm (Gittes et al. 1993).

Although it is widely accepted that active forces are
intimately involved in shaping the microtubule network,
we still do not completely understand the mechanisms
involved in the continuous remodeling of microtubule cur-
vatures. Hence, studying buckling events may unveil how
these forces regulate the cytoskeleton organization and
contribute to its functions.

Here, we explore how local forces model microtubule
shapes in living cells using Xenopus laevis melanophores
as a model system. These relatively big (40-wm average
diameter) and thin cells provide a quasi-2D geometry that
facilitates tracking individual microtubules with nanometer
precision (Pallavicini et al. 2014).

We focus our analysis on exploring bending events of
microtubules; these events are widely observed in different
cell lines and result in the formation of micrometer-sized
buckles that relax after a few seconds (Brangwynne et al.
2006; Rauch et al. 2013; Kent et al. 2016). In addition, we
run numerical simulations to model different active mecha-
nisms proposed in the literature to cause microtubule bend-
ing in vivo (Bicek et al. 2009; Wu et al. 2011; Shekhar et al.
2013) and compare their predictions with our experimen-
tal observations. Finally, we studied the interplay between
microtubule bending and organelle transport and found that
physical encounters between vesicles and MTs also intro-
duce buckling of these filaments.

Results

Forces and buckling: simulation of microtubule motion
and bending

To explore the effect of local forces applied to a micro-
tubule, we considered a discretized 1D semi-flexible fila-
ment immersed in a homogeneous medium with a viscos-
ity similar to that reported for the cell cytoplasm (Yamada
et al. 2000). We then applied forces of different directional-
ity and magnitude to the filament and followed the evolu-
tion of the microtubule shape. A detailed description of the
model and its implementation in the numerical simulations
is available in the “Materials and methods” section and
supplementary information files.

We analyzed two scenarios involving MT compres-
sion: a microtubule under constant load and a microtubule
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sliding at constant speed. These conditions are schema-
tized in Fig. la, b. The first case accounts for the push-
ing exerted by an organelle or a cross-linker on the fila-
ment (Kulic et al. 2008), whereas the second represents
the compression of the microtubule caused by a step-
ping motor (Gittes et al. 1993; Kent et al. 2016). Then,
we considered the effect of applying a lateral force on an
MT, such as those produced by myosin motors in a recon-
stituted actin cytoskeleton (Brangwynne et al. 2008).

Tangential loads

Tangential forces, i.e., forces applied in the MT longitu-
dinal direction, have been proposed to account for many
microtubule deformation processes such as sliding (Kulic
et al. 2008; Bicek et al. 2009; Kent et al. 2016), pushing
and pulling (Kimura and Onami 2005; Howard 2006) or
the retrograde movement of the actin network in a growth
cone (Rauch et al. 2013).

When a compressive load is applied at the ends of a
thin beam, it bends provided the force is larger than
the Euler force (F,). This critical force depends on the
mechanical and geometrical properties of the rod. For an
isotropic and homogeneous filament (Howard 2001):

EI

Fczaﬁ

ey
where EI and L are the flexural rigidity and the length of
the filament, respectively, and a is a constant that depends
on the specific boundary conditions. The existence of a
critical force imposes a lower bound limit on the tangen-
tial forces required to buckle an MT.

As an example, Fig. 1a shows a 5-pum-sized microtu-
bule, clamped at one end, while the other one is allowed
to move only in the longitudinal direction. The main con-
clusions of this and the following sections can be gener-
alized to other filament lengths or boundary conditions.
Initially, the filament is barely bent (amplitude equal to
0.1 nm), and at time ¢ = 0 a constant force F > F_ in the
tangential direction is applied at the moving end. As a
consequence, the microtubule starts to bend: the ampli-
tude of the deformation, A, begins to grow exponentially,

A1) = Age'/" @
with a characteristic time given by (Howard 2001):
Fe
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05 F. 3)
where
o = — (aL)*
0= “)



Eur Biophys J

a- Constant Force b- Constant Speed

AN

2- 24 -
40
E100
=154 — [
i [30 [
g {
4 1
g L2 |
s
g
<057 F10
10
0+ 7770 0 T T T T T T T {
0 20 40 60 80 100 0 5 10 15 20
Time [s] Time [s]

Fig. 1 Different motor force mechanisms that can produce MT buck-
ling in living cells and their simulation results. The upper panels
show a sketch of the biological assumptions. Middle panels represent
the filament shapes at different times during the simulated buckling
event for a L = 5 pm filament and clamped end conditions. Lower
panel displays the amplitude and force time courses recovered for
the different simulated scenarios. a Constant tangential load: a force
F = 40 pN in the horizontal direction was applied at the moving
end. Filament shapes at 1, = 2.5 s (light colors) and t, = 40 s (dark
colors) are shown. Green and magenta filaments correspond to simu-
lations with initial amplitudes of 0.1 and 500 nm, respectively. The
amplitude curves show different behaviors for A; = 0.1 nm (black)
and A; = 500 nm (gray) at early times, but they converge to the
same stationary shape. The force at the moving end during the time
evolution is shown in red. b Constant speed compression. Filament
is compressed at a constant velocity of 100 nm/s. Shapes for times:
t; = 1 s and #, = 20 s are shown. Initial amplitudes and color codes
as in a. Non-stationary shape is attained in this case. The force at the
moving end is not constant. ¢ Lateral force. In this condition, both

is the characteristic relaxation time for /' = 0. Here, c is
the drag coefficient per unit length for the microtubule,
which depends on the geometry of the filament as well
as the viscosity of the environment, and « is a numerical
factor depending on the boundary conditions.

However, after a short period of fast evolution, the ampli-
tude growth slows down until, finally, it reaches an equilibrium

c- Lateral Force d- Relaxation

LA

1- 200 24 60
[50
087 F150 1544\
L40 5
0.6 Zg_
100 1 F30 @
2
0.44 S
F20 k=
/ 50 05
0.2 f
F10
{
‘ Lo
L T T I 0 e T T T 0

Time [s] Time [s]

ends are free to move horizontally but not vertically, and a constant
pushing force is applied at the center of the filament in the vertical
direction. The simulations were performed for /| = 8 pN, F, = 16
pN and F; = 32 p;, all initial conditions are straight (A; = 0). MT
shapes at + = 2 s when all amplitudes have stabilized. Blue, green
and red correspond to F|, F, and Fj, respectively. Time evolution of
the amplitude (black palette) and force in the vertical direction felt at
the tips (red palette) are shown. Dark, mid and light colors represent
F,, F, and F;, respectively. d Relaxation of an MT segment after the
release of the active force. An initially bent filament with amplitude
2 wm is released at + = 0. We simulated three scenarios: free release
(F, = 0), partial force release to a value below critical buckling force
(F, = 28 pN) and partial force release above the critical buckling
force (F3 = 40 pN). Final shapes of relaxed filaments are shown for
F| (blue) and F), (green), and the filament relaxes to a zero amplitude
condition. For Fj (red), the filament does not relax completely. Time
evolution of the amplitude (black palette) and the horizontal force
(red palette) felt at the fixed (right) MT end. Dark, mid and light
colors correspond to F'|, F, and F;, respectively

plateau (Fig. la). The filament acquires a bent stationary
shape, while the force at the fixed end equals F. The speed of
the free end of the filament slows down accordingly. We also
explored the effect of varying the initial amplitude and set it to
500 nm. For forces of equal magnitude, the stationary shape
remains unchanged; the only observable difference is the
amplitude evolution slope at early times (Fig. 1a).
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To further buckle the filament, extra load has to be
applied. In this case, the amplitude evolves toward the new
stationary shape without displaying the initial exponen-
tial growth. However, if the extra load exceeds a threshold
value the stationary buckling shape is not achieved and
knotting of the filament occurs (Supplementary Fig. 7).

In Fig. 1b we consider a similar configuration as the one
represented in Fig. la, but in this case the microtubule is
compressed toward the fixed end at constant speed. This
condition emulates a typical mechanism observed within
cells (Kulic et al. 2008; Kent et al. 2016): when a motor
protein is moving along an MT and encounters an obstacle,
the motor steps on the filament without advancing. If the
MT is pinned, this stepping results in a constant sliding of
the filament toward the fixed end.

This simulation protocol introduces an interesting sce-
nario. If the microtubule is initially straight, the filament
explores transient undulating shapes as the compression
proceeds (see Fig. 1b). Also, the system does not attain a
stationary shape: the bending progresses until eventually
the moving point passes over the fixed end, knotting the
filament (Supplementary Fig. 7).

The force at the moving end, which would correspond
to the motor stepping position, reveals the presence of a
sharp increase for very short times associated with low val-
ues of the amplitude (Fig. 1b). The origin of this resistance
to deformation can be attributed to an initial quasi-isoform
compression of the filament, storing elastic energy. Con-
sistently, the resistance force is reduced if the microtubule
is pre-buckled. When the filament finally bends, the ampli-
tude grows monotonously and the force relaxes to a lower
non-zero value. We found that for very long filaments and/
or low speeds, the amplitude develops a dependence with
time given by:

A o« 117 5)

which comes from a geometrical constraint on the MT
length.

Lateral force

It has been proposed that compressive loads cause micro-
tubule bending (Gittes et al. 1996; Brangwynne et al. 2006;
Kabir et al. 2015). However, forces in the transversal direc-
tion also produce MT buckling (Brangwynne et al. 2008)
with characteristics that are almost indistinguishable from
compressive ones, warning about the conclusions that can
be extracted from experimental data. At this point, numeri-
cal simulations can help understand the effect of locally
applied forces on microtubule deformation processes.
When a lateral force F is applied to a microtubule, the
filament is dragged and deforms accordingly. Importantly,
in this condition there is no critical force. Figure 1c shows
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a representation of a typical situation occurring in living
cells: when a motor-driven cargo moving along an MT
encounters another crossing filament, the latter is pushed
laterally. In this case, the amplitude grows as:

A(f) = Amax (1 —e™"/™) (©6)

with 1, given by Eq. (4). In agreement with the absence of
critical force, the time scale of the process does not depend
on the magnitude of the applied force. On the contrary,
A,ax Varies linearly with F:

FL3
A = B — 7
max = B . @)

where B depends on the boundary conditions. When the
force F is applied at the center of the filament and both
ends are free B = 1/128, for clamped conditions g = 1/192
(see Supplementary material). For instance, for L = 5 pm
and F = 16 pN the buckling amplitude is approximately
0.4 wm. In the free ends case, the force imposes a trans-
versal effective drift to the filament, with a speed (Howard
2001):
v F

drift =~ (8)
which is of the order of a few nm/s for forces in the range
of 1-10 pN and filaments of 5-10 wm length immersed
in a very viscous environment (viscosity 10°-10* times
the viscosity of water). On the other hand, if the ends of
the filament are prevented from displacing in the trans-
versal direction, there is no global drift, which is the case
of the simulations shown in Fig. lc. It can be noticed in
these cases that the buckling amplitude increases rapidly in
early stages and then reaches a plateau. Drawing a biologi-
cal analogy, we might say that the motor force pushing on
the filament is balanced with the microtubule’s resistance
to bend.

Load release

The three scenarios described above can account for the
trigger and development of filament buckling. Also, two of
them predict a bent stationary shape. However, none of the
mentioned mechanisms can explain the shape relaxation
observed in MT buckling events. Since molecular motors
produce the active forces responsible for MT buckling in
living cells, their mechanical properties provide a plausible
explanation for the bend termination.

In the cases shown in Fig. 1a, c, we argue that the force
enhancement would increase the probability of motor
detachment (Hendricks et al. 2012), consequently releas-
ing the compression and relaxing the MT shape. On the
other hand, the constant speed case is more intriguing since
a rapid force enhancement appears, notably increasing the
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probability of motor detachment before appreciable ampli-
tude could be observed. However, if the resisting motor
overcomes this initial large force without detaching, its
probability of detachment will reduce since the resisting
force decays after the bending (Fig. 1b). Although eventu-
ally the motor will detach, releasing the MT shape, this last
scenario predicts the existence of buckling events with an
extremely long duration for very robust motor teams.

Summarizing, when the load applied on the filament is
released the filament shape relaxes, attaining a new equi-
librium configuration given by F, a residual load (Fig. 1d).
The amplitude decays exponentially with a characteristic
time given by Eq. (3). If F ~ F_, the decay time diverges
and the filament will relax very slowly. For lengths in the
range 5-10 wm and typical viscosities 10°~10* times that
of water, the relaxation times range from 0.1 to 20 s (How-
ard 2001).

Boundary conditions and length dependence

Shapes and time scales during buckling events of MTs are
not only governed by force load and direction. Boundary
conditions can strongly affect the buckling shapes and
dynamics (Jin and Ru 2013). From Egs. (1) and (4), the
critical force F,, as well as the characteristic relaxation
time 7, depends on the boundary condition through the
coefficients a and «, respectively. We show this dependence
in Fig. 2a where we plot the inverse of relaxation time as a
function of the applied tangential force. We consider three
cases: (i) free boundary conditions, where two equal and
opposed forces are applied to each end, with both ends free
to rotate (pivot); (ii) one fixed end, the force applied to the
other moving end, both ends free to rotate; (iii) one fixed
end, the force applied to the opposite end, both clamped.
Cases (i) and (ii) have the same critical force F, = 8 pN,
with a = 7%, while case (iii) for clamped ends F, . =32pN
with a = 4 7. The recovered simulated shapes over time
are illustrated in Supplementary Fig. 8a. We also simulated
other force configurations with pivot boundary conditions;
some examples are represented in the recovered shapes
shown in Supplementary Fig. 8b, c.

The numerical simulations also reproduce the depend-
ence of growing/decreasing time with applied force F given
by Eq. (3). The relaxation time 7, which corresponds to no
applied force, matches Eq. (4) with @ = 2/3x, 1/m and 0.2
for cases (i), (ii) and (iii), respectively.

Kabir et al. (2015) study the influence of length in the
buckling of in vitro microtubules. Following their find-
ings we analyze the length dependence for the clamped-
clamped case (Fig. 2b). We compare simulations of 5- and
7-um filaments. As expected, they follow the dependence
on length from Egs. (1) and (4). Increasing the length by

Force [pN]

Fig. 2 Boundary conditions and length dependence. We performed
simulations of microtubules with different lengths and boundary con-
ditions and fitted the amplitude evolutions to Eq. (2). Here we com-
pare the time-scale dependence with the applied force for constant
tangential load cases. a Boundary conditions. Comparison of 1/t vs.
force plots for 5-pm filaments with both ends free to rotate and mov-
ing symmetrically in the horizontal direction (black circles), both
ends free to rotate with one fixed at a point and the other moving in
the horizontal direction (light gray circles) and both ends clamped,
one fixed and one mobile in the horizontal direction (dark gray
squares). b Length dependence. Comparison of 1/t vs. force plots
for filaments with clamped ends, with one fixed and one moving in
the horizontal direction for: a 5-pm filament (black squares), 7-pum
filament (dark gray circles) and 7-pm filament with the force applied
5 pm away from the fixed end (effective buckling length 5 wm) (light
gray squares)

40% decreases the critical force by a half and increases the
relaxation time by four.

We added a simulation of a 7 wum MT to this figure,
where the force was applied at 2 pm from the free end, giv-
ing an effective bucking length of 5 pm. We observe that
the critical force as well as the growing/decreasing times
are practically the same as for a 5-um filament, the contri-
bution of the free part being marginal.

In all cases, when the applied force approaches the cor-
responding critical value, characteristic time t diverges
(1/t — 0), the evolution being so slow that the MT seems
stationary.

The numerical simulations performed so far provided
an ample overview of buckling time courses under various
force mechanisms. We found that semi-flexible filaments
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present different buckling behaviors when subjected to
forces applied in different configurations. Interestingly, we
also noted that initial conditions can have a strong effect on
the amplitude time evolution (Fig. 1a, b). The next step in
this work is to observe and characterize buckling events in
living cells.

Buckling events in X. laevis melanophores

We analyzed MT buckling events in X. laevis melano-
phores stably expressing EGFP-tagged XTP, a Xenopus
homolog of tau protein, which binds to microtubules and
therefore allows their visualization. Since this fluorescent
protein binds and unbinds dynamically to microtubules,
photobleaching is reduced, permitting the acquisition of
longer movies. Microtubules were imaged using confocal
microscopy with a temporal frequency of 0.1-4 Hz. The
coordinates of the MT’s central line positions were recov-
ered with 10-nm precision using the semi-automated algo-
rithm AFTER (Pallavicini et al. 2014). Figure 3a shows a
representative image of the MT network. It can be observed
that microtubules display long-range bends with mean cur-
vatures k = (0.78 £ 0.06) wm™!, corresponding to a radius
of curvature p = (1.3 &= 0.1) pwm (n = 101, mean = stand-
ard error of the mean) (Supplementary Fig. 9). These
values are in agreement with the findings of Rauch et al.
(2013) who measured MT curvatures in the range of
0-2 pm~! in NG108-15 neuronal cells. The arrowheads in
Fig. 3a indicate some localized buckling, whose temporal
evolution can be observed in movie ESM_1. This movie

Fig. 3 The microtubule
network is highly dynamic.
Confocal images showing
buckling and relaxation events.
a Confocal image of GFP-
labeled microtubules; the frame
corresponds to a movie in which
buckling and relaxations events
are observed (marked with
yellow arrowheads) Scale bar
10 pwm. b Time evolution and
tracking of the marked MT in a.
Frames correspond to ¢ = 0, 18,
53, 71 and 89 s, respectively.
Scale bar 1 pm
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reveals a wonderful spectacle of sinuate filaments swaying
within the cytoplasm. Figure 3b captures five snapshots of
the evolution of the buckling event occurring on the high-
lighted filament. These are very common events; an aver-
age of 3.4 + 0.7 events/min was observed (n = 15 cells,
mean = standard error).

To investigate the forces underlying buckling events, we
treated cells with sodium azide—an ATP depleter—and
registered the behavior of the microtubules under this con-
dition (Movie ESM_2). Neither relaxation of bent MTs nor
new bucklings arose, reinforcing previous results (Brang-
wynne et al. 2007) reporting that non-thermal forces origi-
nate these sudden and fast deformation events.

We also analyzed movies of cells treated with vin-
blastine, a drug that stabilizes MTs and thus arrests their
polymerization and depolymerization dynamics. We found
buckling events in the treated cells with a frequency of
occurrence equal to 3.1 & 1 events/min (n = 12 cells),
which was similar to that observed in control cells (Supple-
mentary Fig. 10). This result suggests that polymerization
forces do not contribute significantly to MT buckling.

Spatial characterization of buckling events

To study the length scale of the buckling, we fitted the
shape of the MT segment in the frame corresponding to
the largest deformation to a Gaussian function (Fig. 4a).
We associate the maximal amplitude A, and o to the size

max

and spread of the buckling, respectively. The choice of a
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Fig. 4 Buckling analysis:
shape. a Confocal image of the
frame of maximum amplitude
of the filament depicted in the
time series of Fig. 2b. Scale bar
2 wm. b Tracked xy positions
for the microtubule in a (gray
line) and corresponding Gauss-
ian fit (black crosses). Scale
bars are both 2 pm. ¢ Histo-
gram of the recovered buckling
characteristic lengths, defined

as L, = 20, where o is obtained
from the Gaussian fitin b. d
Histogram of the measured 20 - 7‘ 20 7
maximum buckling amplitudes. 7
For both histograms, the bin "
size was computed by Fridman- - 15 7 *2
Diaconi’s rule g 7 g 7
Q 10 7 Q 10+ 7
5 7 7
0 | — f % f — 0 f f e —,

0 1 2 3 4

Buckling Length [pum]

Gaussian function to describe the deformation was arbi-
trary; similar results were obtained using a cosine function
(not shown). We defined the characteristic length of the
buckling as L, = 20.

We found an average value of L, = (3.0 £+ 0.2) pm
and A, = (1.3 £ 0.08) pm (n = 75; mean £ standard
error of the mean) (Fig. 4b, c). Similar values of L, were
reported for other systems such as cardiac rat myocytes,
Cos7 cells (Brangwynne et al. 2006) and neuronal growth
cones (Rauch et al. 2013). In those studies, the values of
L, were related to the ratio between the microtubule flex-
ural rigidity and the elastic constant of the surrounding
medium. Assuming reported values for the elasticity of the
cytoplasm and flexural rigidity of the MTs, these authors
obtained that compressive forces of the order of 100 pN are
required to initiate a buckling event. However, we cannot
rule out that the origin of this length scale stems from other
factors such as physical obstacles acting as pinning points
for the MTs (Kent et al. 2016; Jin and Ru 2013) or local-
ized motor forces (Wu et al. 2011), resulting in lower val-
ues of the acting forces.

Bucklings are characterized by a burst in amplitude
followed by a relaxation phase

To analyze the time course of MT buckling events, we
recovered the coordinates of these microtubule segments
in each frame (Fig. 3b) and computed the amplitude of the
recovered shapes, as described in “Materials and methods.”

5

6 7 8 0 1 2 3 4
Maximum Buckling Amplitude [pm]

Typically, the amplitude followed three stages: baseline,
growing and relaxation periods (Fig. 5a).

The buckling duration, defined as the period between
the onset of the amplitude rise and the moment of maximal
amplitude value, ranged from 1 to 200 s. The distribution
could be well fitted by a power law (Fig. 5b) meaning that
there is not a scale factor to set a characteristic duration of
the events (Newman 2005). The finding of rare long events
can also be explained considering the results obtained in
the simulations of constant speed compression, as previ-
ously noticed. In that case, we found that the resisting
force is not monotonous, but it decreases when the bending
starts. We hypothesized that robust motor teams can persist
for very long times attached to the MT and continue sliding
the filament in this condition.

In views of the results obtained with the numerical simu-

lations and in order to investigate the growing phase behav-
ior of the amplitude, we considered the following ansatz
(Howard 2001):
A = Acqt [Ai = Aggle™ (70 ©
where A; and A, are the baseline and maximum equilib-
rium amplitude, respectively, 7, is the buckling onset time,
and 7 is the characteristic time of the growing stage given
by Eq. (3). However, we noticed from the numerical simu-
lations that the amplitude evolves as the square root of time
(Eq. 4) if the speed of compression, instead of the force, is
conserved.
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Fig. 5 Buckling analysis: fits
and buckling characteristics. a
Time series of measured ampli-
tudes for an MT that undergoes
a buckling and relaxation event
(gray circles) with correspond-
ing fits in the buckling (solid
black line) and relaxation
(dashed black line) time inter-

Amplitude [pm] =

vals. Both data sets were fitted
to Eq. (9). The vertical black
line indicates the maximum
amplitude, and the horizontal,
double-headed arrow illus-
trates the buckling duration. b
Power law fit to the buckling
duration histogram (measured
data: gray circles; fitted curve:
black line). Power law expo-
nent: « = (—1.01 £ 0.05). ¢
Histogram of buckling baseline
amplitude

b 100
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L L L L L L L L L |

30 40 50 60 70
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| 10

Buckling Duration [s]

First, we must select the data corresponding to the grow-
ing stage of the particular events from the complete time
course. This procedure was performed by eye inspection,
as suggested in Fig. 5a (see also “Materials and methods”).
Once these data sets were determined, their time courses
were first fitted using the expression given by Eq. (9).

In the first place, we noticed that the baseline ampli-
tude was not negligible in most of the cases (Fig. 5c),
and it ranged between 1 and 80% of the maximum ampli-
tude of the corresponding buckling. Let us remark that
the baseline amplitude reflects the pre-buckling curva-
ture of the MT segment. As already mentioned, microtu-
bules are rarely straight within cells but typically they are
slightly bent (Brangwynne et al. 2007; Rauch et al. 2013)
with curvatures in the range of 0-3 wm~'. These curva-
tures correspond to bending amplitudes with a mean value
of (A) = 0.45 £ 0.07 wm (n = 101, mean = standard error
of the mean) (Supplementary Fig. 9), in agreement with the
data shown in Fig. 5c. The pre-buckling curvature facili-
tates buckling since little extra force is required to further
deform the filament (Howard 2001; Rauch et al. 2013).

Then, from a total of 72 analyzed buckling amplitude
time courses, we found that only 12.5% (9/72) of the
data could be fitted by a positive exponent (Eq. 2), while
55.6% (40/72) agreed better with a negative exponent
(Eq. 9) (Supplementary Fig. 12). Concerning this last data
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set presenting concave down behavior, 5 of the 40 events
could also be satisfactorily fitted by the expression given by
Eq. (5). However, because of the experimental uncertain-
ties, it was not possible to choose which model gave the
most accurate description. The remaining 32% (23/72) of
the data, although developing a growing behavior, could
not be satisfactorily fitted with any of the proposed models.

Regarding the first subset of buckling events that pre-
sented a concave up-growing regime and based on the
numerical simulation results obtained previously, we won-
dered if this behavior could be explained considering that
the microtubule was initially straight or had a very small
curvature. Thus, we looked at the baseline amplitudes
(Fig. 5c) obtained for these events and found that all the
values are in the range of 60—360 nm. To determine whether
these small amplitudes could be observed by chance, we
used a bootstrapping procedure (Chernick 2007) to com-
pute the probability of obtaining values of A; < 360 nm
when sampling n = 9 random events taken from the distri-
bution displayed in Fig. 5c. We found that this probability
was smaller than 3%, and thus we cannot rule out that the
observation of an exponential growth is due to the initially
almost straight microtubule.

Let us remark that the proposed scenarios in the simula-
tions represent very ideal conditions (e.g., constant longitu-
dinal force or constant sliding), while the situation within
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living cells is richer, and thus it is expected that mixed con-
ditions would be present in the real system. Despite this, we
found that this simple model can account for many aspects
of the buckling evolution, such as the observed amplitude
time courses with their typical length and temporal scales.

After reaching the maximal amplitude, microtubules
relax to a quasi-stationary shape. This relaxation can be
interpreted as a load release process and could be well fit-
ted by an exponential decay behavior given by Eq. (9). In
this case, 7, and A; correspond to the time and value of the
maximum amplitude, respectively, and A, is the amplitude
at long times. The distribution of T was exponential, result-
ing in a characteristic time of the decays of 11.5 + 1.0 s.
These values are in agreement with the ones in the range
0.64—44 s predicted for the free relaxation of microtubules
with lengths between 5 and 15 pm and viscosity 5000
times that of water (Howard 2001).

On the other hand, the post-relaxation stationary ampli-
tudes were not significantly different from the pre-buckling
ones (Fig. 5¢) as assessed by a Kolmogorov-Smirnov test
(p value >0.78). This result suggests that microtubules
within cells are intrinsically curved or they are pre-stressed.

In some cases, multiple events occur during the observa-
tion temporal window. These events concern single mode
deformations of a microtubule occurring successively in
time and do not refer to the multiple, simultaneous peaks
observed in other works (Brangwynne et al. 2006; Jin and
Ru 2013; Kabir et al. 2015) (Supplementary Fig. 10 and
Supplementary movie ESM_3). Although these events
were produced in almost identical conditions, i.e., the same
MT segment is involved, and no substantial variations of
the properties of the surrounding medium are expected,
they displayed different amplitudes, sizes and durations,
suggesting that the forces underlying buckling events are
heterogeneous in magnitude, direction and/or points of
application.

Simultaneous tracking of actively moving endosomes
and microtubules

In the experiments presented so far, it is difficult, if not
impossible, to determine which forces are acting on the
MT. One solution would be to apply known forces to spe-
cific microtubules, for example, using a bead chemically
bound to a cytoskeleton filament (Charlebois et al. 2010)
or a microneedle to perturb the cell from the cortex (Brang-
wynne et al. 2007). However, these approaches are in some
way artificial. Thus, we chose an alternative approach that
minimally perturbs the system and at the same time allows
us to observe the precise action of local forces in their
physiological environment. We used fluorescent endosomes
in combination with labeled microtubules (see “Materials
and methods”) and registered their motions. In privileged

occasions we could witness clear and almost ideal events,
such as the one observed in Fig. 6. From 170 movies we
were able to clearly identify 45 events that linked MT
buckling directly to the transported endosome. Some exam-
ples of these events are shown in movies ESM_4, ESM_5
and ESM_6.

Figure 6a shows some representative images of a cell
region that also presented an endosome that was actively
transported along a microtubule (see also, movie ESM_4).
We followed the motion of two microtubules in this movie:
the microtubule used as a track by the endosome (primary)
and a second microtubule (secondary) that is crossing it
(color lines in Fig. 6b). Figure 6a, b shows that both micro-
tubules presented significant motion and shape variations
during the studied time window (~60 s).

To obtain a broader view of the process, we generated an
intensity matrix that shows the fluorescence of the primary
microtubule on each frame (Fig. 6¢). Interestingly, the
green-channel intensity (which mostly represents the pri-
mary microtubule fluorescence) is not homogeneous, prob-
ably reflecting small, local variations in the concentration
of XTP-EGFP attached to it. In this particular example, the
green channel matrix showed regions of high intensity cor-
responding to the intersection between the tracked micro-
tubules (arrowhead in Fig. 6a). We overlapped the intensity
registered in the red channel to this matrix, corresponding
to the endosome moving along the primary microtubule.
It can be clearly observed that the secondary microtubule
bends when the endosome passes over it (similarly to the
condition shown in Fig. 1c). Figure 6a also shows that the
primary microtubule buckles while the endosome is in con-
tact with the secondary filament.

To correlate these buckling events with the motion of
the endosome, we computed the buckling amplitude of
both microtubules and the speed of the endosome in every
frame, as described in “Materials and methods.” Figure 6d
shows that the amplitude of the secondary MT suddenly
increased when the organelle reached the intersection as
previously observed in the kymograph. Also, the organelle
slowed down, suggesting that the intersecting microtubule
acts as an elastic obstacle against the motors transporting
the organelle. Simultaneously, the primary MT begins to
bend as revealed by the slight amplitude increase until the
endosome stalls completely when a sudden buckling event
occurs. Finally, the endosome resumed its motion and both
microtubules relaxed with similar time scales.

In the example shown in Fig. 6, the endosome slows
down and pushes the transversal MT. At this point, we
hypothesized that the motors transporting the endosome do
not stop immediately after the encounter, but they continue
stepping along the primary MT (Gittes et al. 1993). Since
the endosome is trapped in the intersection, the motors
push along the track, sliding this microtubule backwards.
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Fig. 6 Simultaneous tracking of fluorescent microtubules and
endosomes. Buckling events and forces. a Pseudo-color superposition
of two fluorescence channels in EGFP-XTP cells showing fluorescent
MTs (green) and endosomes formed from endocytosis of FM 4-64
dye (red). Four non-consecutive frames are shown to illustrate fila-
ment shape fluctuations and endosome active transport. The yellow
arrow indicates an endosome that is transported along a microtubule,
and the cyan arrowhead indicates the MT intersection among the pri-
mary and secondary microtubule. b The same as in a but displaying
only the green channel signal. Recovered shapes of two single fila-
ments are shown. Note that the algorithm is robust under intersecting
filaments. ¢ Superposition of the two channels’ fluorescence intensity

In other cases, the endosomes elastically deformed a cross-
ing microtubule, but they were not able to pass over it and
reversed their direction of motion (Fig. 6e; movie ESM_5)
or they changed track (movie ESM_6).

We explored and analyzed 45 of these events, study-
ing the relative orientation of the endosome track and the
affected MT; 15 of them could be associated with sliding or
tangential loads, while the rest revealed important transver-
sal force components.

The examples shown in this section point toward the rel-
evance of molecular motor forces in shaping microtubules
in living cells. Microtubules constitute the main tracks for
motor-driven organelles. However, they may also affect
the transport in less direct ways; i.e., they can behave as
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matrices. Each row represents the fluorescence intensity along the
coordinates of the filament upon which the endosome is being trans-
ported (vertically oriented). Vertical scale bar 5 s. Horizontal scale
bar 1 um. d Plot of the endosome velocity along the filament (red),
the amplitude of the primary MT buckling (black) and of the second-
ary MT buckling (gray). The colored area (cyan) indicates the time
while the endosome is in contact with the perpendicular filament. e
Example of transported endosome reversing trajectory. Two-channel
superposition kymograph, as shown in ¢. Time series of the two-chan-
nel microscopy are shown to illustrate significant events: transport,
encounter, buckling, reverse transport. Vertical scale bar 52 s. Hori-
zontal scale bar 1 nm

obstacles in microtubule interceptions or they can push
organelles during shape relaxation.

Discussion

Microtubules in living cells present transient, microme-
ter-sized deformations. To understand how these events
form in the crowded cytoplasm and how long they per-
sist, we studied microtubule buckling in living cells using
X. laevis melanophores as a model system. In our experi-
ments, EGFP-tagged XTP binds to microtubules, allow-
ing their visualization. XTP is a microtubule-associated
protein, homolog to tau protein (Olesen et al. 2002).
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The influence of MAPs on the mechanical properties of
microtubules is still not clear. While some authors dem-
onstrated that different MAPs increased the flexural
rigidity of purified microtubules (Felgner et al. 1996 and
Mickey and Howard 1995), others reported an opposite
effect (Portran et al. 2013). In a previous work, we stud-
ied the effect of EGFP-tagged XTP in live X. laevis mel-
anophores and found no significant difference between
the effective persistence length with control cells (Palla-
vicini et al. 2014), which implies that the flexural rigidity
also is not significantly modified.

We tracked single fluorescent microtubules with nanom-
eter precision and analyzed the dynamics of their deforma-
tions. We characterized their morphology by measuring
buckling sizes, which were confined between 1 and 7 pm
and developed amplitudes up to 4 wm. Buckling lengths
were shorter than the MT length in the cell, suggesting that
the filaments can transiently anchor at intermediate points,
as proposed by Kent et al. (2016).

Buckling of these rigid cytoskeleton filaments requires
active forces. To further assess this conclusion, we treated
cells with sodium azide: neither relaxation of bent MTs nor
new buckling arose. Also, the treatment with vinblatine—
a drug that stabilizes MTs preventing depolymerization and
polymerization processes—did not reduce the frequency
of occurrence of bucklings, suggesting that polymerization
forces, although they can contribute to the development of the
MT curvatures typically observed in cells, are not the main
source of compressive forces. These results reinforce previ-
ous works postulating that molecular motors bend MTs in liv-
ing cells (Bicek et al. 2009; Wu et al. 2011; Kent et al. 2016).

Buckling events are characterized by a fast increase in
the microtubule bending amplitude, followed by a relaxa-
tion process. After that, the microtubule typically recovers
its initial shape. The average duration of the deformation
was around 10 s. However, we observed rare events that
lasted for a few minutes. We hypothesize that molecular
motors, directly (i.e., by sliding microtubules) or indirectly
(i.e., by a driven organelle) provide the load necessary to
bend a microtubule; the force ends upon the motor release.
Thus, the wide range of buckling durations can be under-
stand considering the motor’s force-dependent probabil-
ity of detachment from the microtubule (Hendricks et al.
2012).

Microtubule buckling has also been proposed to influ-
ence cargo transport. Specifically, Kulic et al. (2008)
observed buckling events associated with organelle trans-
port, suggesting that the molecular motors that generate
transport also provide the forces for these buckling events.
Individual motor proteins exert forces of the order of a few
piconewtons (pN) as measured in vitro (Schnitzer et al.
2000; Mallik et al. 2004). However, motors coordinate in
teams within living cells generating larger forces (Soppina

et al. 2009; Leidel et al. 2012). Using a two-color technique
we were able to simultaneously track individual microtu-
bules and endosomes in their natural environment. The
correlation of the endosome active motion and the micro-
tubule deformations revealed that the motor/s driving the
endosome transport can generate local forces able to bend
microtubules.

To further investigate the origin of the emergent features
of microtubule buckling observed in living cells, we used
a numerical approach. The model considered the effect of
locally applied forces to a thin filament immersed in a vis-
cous environment; the biophysical parameters were simi-
lar to those of the real system. The analysis of the filament
shapes obtained with the numerical simulations allowed us
to explain some of the experimental observations. First, we
found that the amplitude of initially straight filaments grew
exponentially at short times consistently with the buckling
instability triggering (Howard 2001). On the other hand,
the observation that some buckling events displayed a con-
cave down amplitude time course for long times could be
interpreted in terms of a constant compression or transverse
load scenarios. In these cases, numerical simulations pre-
dict the attainance of a stationary shape compatible with a
saturating amplitude.

The model proposed also considered the relaxation pro-
cess occurring after the force release. We found that the
characteristic times of the exponential decay of the ampli-
tude during this process were in agreement with those
obtained in the simulations.

Our results reinforce the picture of a transient spectrum
of local forces randomly applied within the microtubule
network and point toward the relevance of a molecular
motor in shaping microtubules in living cells.

Materials and methods

Cell culture, sample preparation for imaging
and confocal microscopy

The experiments in this article were done using a cell line
of immortalized X. laevis melanophores stably express-
ing EGFP-tagged XTP, a Xenopus homolog of tau protein
(Olesen et al. 2002; Levi et al. 2006). This cell line is a kind
gift of Dr. Vladimir I. Gelfand (Northwestern University,
Chicago, IL). The cells were cultured in 70% L-15 medium
(Sigma-Aldrich, St. Louis, MO) supplemented with bovine
fetal serum, as described in Rogers et al. (1997).
Phenylthiourea (PTU) was used to treat the melano-
phores to inhibit melanin production (Gross et al. 2002).
Cells were grown for 2 days on sterilized 25-mm cover-
slips and placed onto 35-mm plates in 2 ml of complete
medium for confocal microscopy measurements. Before
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observation, the coverslips were washed in serum-free 70%
L-15 medium (Sigma-Aldrich) and mounted in a custom-
made chamber specially designed for the microscope.

For the vinblastine experiments, cells were treated with
a 10 nM solution of vinblastine sulfate (Sigma-Aldrich) in
PBS 70%. This concentration has been used previously to
inhibit the microtubule polymerization-depolymerization
dynamics without net depolymerization of the filaments
(Robert et al. 2014). Cells were incubated for 30 min prior
to imaging to assure arrest of microtubule dynamics. Con-
trol experiments without vinblastine were also performed.
Wide-field fluorescence images of GFP-tagged microtu-
bules were registered using an Olympus IX71 inverted
microscope equipped with a 60x oil-immersion objective
(numerical aperture 1.25), a U-MWIBA3 fluorescence filter
cube (Olympus) and an excitation LED of 450 nm. Emit-
ted light was collected by a QImaging EXi Aqua Bio-Imag-
ing Microscopy Camera. Fields containing 4-5 cells were
selected, and 200-frame movies were collected at a rate of
2 s/frame (400 s total time).

ATP depletion was carried out by incubating cells for
1 h in the presence of 50 mM deoxyglucose and 20 mM
sodium azide before movie acquisition.

Fluorescent endosomes were generated by endocytosis
of FM4-64 dye (Molecular Probes). Cells were treated with
4 uM FM4-64 dye in 70% L15 medium for 10 min prior to
movie acquisition.

Confocal images were acquired in a model no. FV1000
confocal microscope (Olympus, Tokyo, Japan). A multi-
line Ar laser tuned at 488 nm (700 nW, average power at
the sample) was used as the excitation source to observe
EGFP fusion proteins. This excitation beam was reflected
by a dichronic mirror and focused through an oil immer-
sion UPlanSApo 60x objective (NA 14 1.35; Olympus)
onto the sample. Fluorescence emission was collected by
this objective as well, passed through a pinhole, reflected
on a diffraction grating and passed through a slit set to
transmit in the range of 500600 nm. Finally, the fluores-
cence was detected by a photomultiplier set in the photon-
counting detection mode. Images were acquired scanning
the sample with this system at pixel times of 10-20 s,
and the pixel size was set in the range of 80-100 nm. For
whole cell movies, the frame time ranged from 2-9 s, and
for smaller regions of interest (ROIs) the temporal resolu-
tion was between 250 and 900 ms. The same set-up was
used for fluorescent endosome experiments collecting red
endosome fluorescence in a second emission channel in the
range of 650-750 nm.

Microtubule localization and tracking

The acquired confocal movies were processed using a
single-filament tracking routine AFTER (Pallavicini et al.
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2014). With this algorithm, we recovered MT positions
in living cells with sub-pixel resolution. For the signal-to-
noise levels within living cells, the precision in the recov-
ery of the filament position was approximately 10 nm.

AFTER requires the user to elect the desired filament
to track and manually input initial coordinates for the first
frame. Buckling MTs were selected observing the image
sequences and tracked. In some cases complete buckling
and relaxation events were studied, and in some only buck-
ling or only relaxation was observed. Once the MT coor-
dinates had been obtained, all the data were rotated and
transported using MATLAB scripts to make the first and
last y-coordinates equal to zero. In this way we could asses
buckling amplitudes directly.

The amplitude of the deformation as a function of time
was computed from the recovered shapes as the maximum
y coordinate, in absolute value, since the direction of the
buckling has no influence on our analysis.

The initial equilibrium and final times of the buckling
events were determined from observation of the MT ampli-
tude time evolution. This procedure was performed by eye
inspection, as suggested in Fig. S5a, the initial buckling
time was determined by the first moment when the ampli-
tude presented a positive persistent derivative in time, and
the duration of this growth was defined as buckling time.
Amplitude variations >200 nm were considered buckling
events. Finally, the time interval during which the ampli-
tude decreased was defined as the relaxation time, and the
instant when the variation began to flatten or returned to a
growth period we defined the final buckling time.

Microtubule curvatures were calculated with the method
proposed by Bicek et al. (2007). Briefly, we take three con-
secutive points from the filament tracking and compute the
change in the angle (¢,) and divide this by the average arc
length of the two adjacent segments resulting in:

201
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which is an approximation of the curvature of small angle
changes and small bond lengths. We repeat this procedure
for all the positions along each filament and obtain the fila-
ment average curvature by computing the mean of all the
individual curvatures: k = (k).

The speed of the endosome along the MT track was
obtained as:

vy

e
° T At

(11
where Al is the distance between successive positions,
and At is the time interval between frames. We used the
AFTER routine to track the position of the endosome
on the microtubule from the kymograph (red channel
in Fig. 6¢). The tracked position was obtained with the
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expected resolution, yet there were slight fluctuations from
frame to frame, which rendered the recovered velocity
with a very high noise level. To obtain a smoother velocity
curve, we fitted the tracked positions to a polynomial and
re-calculated Al, which resulted in a better curve, which
was representative of the endosome’s velocity.

Numerical simulations

To understand the different possible scenarios on the
microtubules, we used a worm-like chain model (Gauger
and Stark 2006), which is the discretization of a contin-
uum slender beam, which can be stretched and bent. The
continuum potential energy is V = Vi + Vg, composed of
elastic and bending terms

L
Ve = lEA/ [IF (D] —1]dl (12)
2 o
1 L 2 / 2
Vg = 5151/0 C*() |[F(]dl (13)
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where C is the curvature, [ is the longitudinal coordinate
along the beam of total relaxed length L, and »(I) is the
position in space of the neutral axis. Discretization of the
beam in N segments of length Al = L/N or (N + 1) beads
gives a potential energy depending on (N + 1) independ-
ent coordinates r,
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From these potential energies, deriving with respect
to coordinates r,, we obtain an elastic and bending force

on each bead, respectively. We also took into account the
viscous force, which is proportional to the velocity

FYS = —cAl iy a7
where ¢ is the viscous drag coefficient per unit length.
For of a long cylinder, the viscous drag coefficient in the
perpendicular and longitudinal directions is on the same
order of magnitude. In our simulations, we took (Howard
2001):

. 4y

"~ log(L/©®) 4+ 0.84 (18)

with 1 and @, the viscosity and filament diameter, respec-
tively. When an external force is applied, the total force
on each bead can be computed. Thus, we have equations
of motion that we integrate numerically to obtain the
time evolution, neglecting the inertial term (overdamped
regime).

In our simulations, we restrained the motion of the
filament to a plane, because from the experiments it is
not possible to obtain accurate information on the out of
plane motion. We used the following parameters for micro-
tubules: external diameter ® = 25 nm; flexural rigidity
EI =2 x 107 pN nm? (Gittes et al. 1993); elastic constant
EA = 10° pN (Howard 2001). We estimate the viscosity of
the cytoplasm around 5000 times of water, so 7 =5 x 1076
pN s/nm?. For simplicity, we performed all simulations for
microtubules of 5000 nm length (except for Fig. 2b where
the length dependence was analyzed), divided into N = 50
segments of 100 nm.

For the tangential load cases, the filament is fixed at one
end (right), and a compressive force, F, is applied in the
horizontal direction at the other. Clamped boundary con-
ditions in both ends were considered (except in Fig. 2a
where different boundary conditions were analyzed). Simu-
lations are carried out for initial amplitudes A; = 0.1 and
A; = 500 nm. For the constant force simulation F' = 36,
40, 44 and 48 pN (the case with F = 40 pN is reported
in this work) and for the constant velocity F is such that
the moving end maintains a constant velocity v = 100, 50
and 10 nm/s in the horizontal direction (the fastest case is
shown). Simulations with different forces and velocities
were performed; the simulated filament shape evolutions
are shown in Supplementary Figs. 7 and 8. For the lateral
force scenario, both ends were embedded in the horizontal
axis: free to move horizontally but not vertically, and a con-
stant pushing force is applied at the center of the filament
in the vertical direction. The simulations were performed
for F; =8, F, = 16 and F; = 32 pN, and all initial condi-
tions are straight (A; = 0).
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