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ABSTRACT Microtubules (MTs) are cylindrical cytoskeleton polymers composed of a-g tubulin heterodimers whose dynamic
properties are essential to fulfill their numerous cellular functions. In response to spatial confinement, dynamic MTs, even in the
absence of protein partners, were shown to self-organize into higher order structures (spindle or striped structures) which lead to
interesting dynamical properties (MT oscillations). In this study, we considered the assembly and sensitivity of dynamic MTs
when in bundles. To perform this study, spermine, a natural tetravalent polyamine present at high concentrations in all eukaryote
cells, was used to trigger MT bundling while preserving MT dynamics. Interestingly, we first show that, near physiological ionic
strengths, spermine promotes the bundling of MTs whereas it does not lead to aggregation of free tubulin, which would have
been detrimental to MT polymerization. Experimental and theoretical results also indicate that, to obtain a high rate of bundle
assembly, bundling should take place at the beginning of assembly when rapid rotational movements of short and newly nucle-
ated MTs are still possible. On the other hand, the bundling process is significantly slowed down for long MTs. Finally, we found
that short MT bundles exhibit a higher sensitivity to cold exposure than do isolated MTs. To account for this phenomenon, we
suggest that a collective behavior takes place within MT bundles because an MT entering into a phase of shortening could
increase the probability of the other MTs in the same bundle to enter into shortening phase due to their close proximity. We

then elaborate on some putative applications of our findings to in vivo conditions including neurons.

INTRODUCTION

Microtubules (MTs) are cylindrical hollow polymers made
of tubulin heterodimers that are essential in eukaryotic cells
for organizing the cytoplasm, polarity establishment,
morphogenesis, and cell division. MTs display surprisingly
complex behaviors both in terms of dynamical properties
and spatial organization. The formation of the mitotic
spindle, a MT superstructure endowing cell division, is
a well-known example. Its formation requires the action of
multiple MT protein partners (MAPs) and molecular motors
(1). At first sight, we may then suppose MT complexity to
mostly rely on the presence of numerous protein partners.
However, even in their absence, MTs can display surprising
self-organizing properties in vitro such as the formation of
MT spindles in micro devices (2,3) or striped structures in
spectrophotometer cells (4,5). Interestingly, higher order
organization of MTs is generally correlated with unexpected
dynamical properties. A well-known example is that of MT
oscillations, when striped MT structures collectively alter-
nate between growing and shortening phases (6). Spatial
ordering of MTs relies on weak and dynamic interactions
among tubulin dimers and, consequently, both the spatial
organization and kinetics of MTs are sensitive to external
perturbations like spatial confinement (7), and weak forces
generated by gravity and magnetic fields (8—10).

In this study, we explore what happens if we introduce
a weak self-attraction force between tubulin dimers. Such
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a force is generally associated with MT bundling and stabi-
lization. However, while MT bundling mediated by stabi-
lizing agents like tau (11,12) and MAP2 (13) has been
thoroughly investigated and indeed leads to the formation
of stable MT bundles, little is known about the dynamical
properties of bundles made of dynamic MTs (14). To tackle
this issue, we chose a cationic polyamine, spermine (Spm),
to both trigger a weak electrostatic attraction force between
highly anionic tubulin dimers (15) and preserve MT
dynamics. Interestingly, Spm is a natural polyamine present
at millimolar concentrations in all eukaryotic organisms
(16) and therefore a putative counterion of MTs in vivo (15).

The key finding of this work is that, starting from free
tubulin and Spm, MTs can be assembled into short micro-
metric bundles in less than half a minute, whereas, when
bundles are to be formed by adding Spm to preformed
MTs, bundling occurs at rates orders-of-magnitude lower.
Our scaling arguments suggest that MT rotational diffusion,
which decreases with MT length, is rate-limiting in the
bundling process. This is why bundling occurs at its highest
rate for short, newly nucleated MTs and the bundling
process then stops when MT length reaches a critical value
above which diffusion is hindered.

We also show that MT bundles formed by Spm display
a higher sensitivity to brief cold exposure compared to
isolated MTs. Such sensitivity results from a collective
behavior within MT bundles in the sense that one MT desta-
bilization event in a given bundle may raise the probability
of other MTs in the bundle to undergo catastrophe. This was
previously noted for MTs growing from axonemes (14).
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Interestingly, in contrast with MT oscillations (6), which
occur high above normal tubulin concentrations (>80 uM),
the collective response of MTs within bundles arises what-
ever the concentration of tubulin dimers (here from 16 uM
to 40 uM) and thus possibly under physiological conditions
(~20 uM tubulin). We then evaluate, using scaling argu-
ments, whether a collective behavior of MTs in bundles
occurs and which parameters facilitate its arousal. Finally,
we discuss the possible occurrence of dynamic MT bundles
in vivo and whether the concepts regarding rapid assembly
and high sensitivity of MT bundles can be applied to specific
functions such as neurite outgrowth or growth cone turning.

METHODS
Tubulin preparation

Tubulin was purified from sheep brain crude extracts as described previ-
ously (17). Aliquots were stored at —80°C in 50 mM MES-KOH pH 6.8,
0.5 mM dithiothreitol, 0.5 mM EGTA, 0.25 mM MgCl,, 0.5 mM EDTA,
0.1 mM GTP, 30% glycerol (v/v). Before use, an additional cycle of poly-
merization was performed in 50 mM MES-KOH pH 6.8, 0.5 mM EGTA,
4 mM MgCl,, 0.5 mM EDTA, 0.6 mM GTP, 30% glycerol. MTs were
then sedimented by centrifugation (52,000 x g, 30 min at 37°C) and the
MT pellet was resuspended in 25 mM MES-KOH pH 6.8, 0.5 mM
EGTA, 1 mM DTT and disassembled at 4°C for 20 min. To remove tubulin
aggregates, another ultracentrifugation (52,000 x g, 20 min) was performed
at 4°C.

Preparation of CPAP fragment

PN2-3 region of CPAP (amino acids 311-422) was expressed according to
the protocol described by Cormier et al. (34). Shortly, this domain was
expressed in the BL21 (DE3) E. coli strain. Three hours after induction,
bacteria were pelleted, sonicated, and then centrifuged. Supernatant was
boiled and then centrifuged. PN2-3 pure fractions were obtained via
cation-exchange and size-exclusion chromatography.

MT assembly

Tubulin samples were preincubated on ice for 5 min in polymerization
buffer (50 mM MES-KOH pH 6.8, 50 mM KCl, 20% glycerol, 1 mM
EGTA, 4 mM MgCl,, 1 mM GTP) in the presence or absence of poly-
amines. Tubulin polymerization was then initiated by shifting the tempera-
ture to 37°C in an Ultrospec 3000 spectrophotometer (GE Healthcare,
Fairfield, CT) equipped with a temperature controller. The kinetics of
MT assembly was monitored by turbidimetry at 370 nm.
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To study the sensitivity of MT samples to cold shock, two thermoregu-
lated water pumps placed in different water baths were used. One was set
to 37°C to start or resume MT polymerization. The second one, set at
10°C, was used to induce a brief cold shock. A 2-min cold shock was
found to be a good compromise between a sufficient drop of the absorbance
curve, for an easy detection, and a relatively small amount of MT
depolymerization.

Atomic force microscopy

Ten microliters of tubulin or MT samples were deposited on freshly cleaved
mica and dried for atomic force microscopy (AFM) imaging as described
previously (18), the electrostatic adsorption of MTs on mica being mediated
by the multivalent cations (magnesium, Spm). All AFM experiments were
performed in intermittent mode with a multimode AFM instrument (Digital
Instruments, Veeco, Santa Barbara, CA) operating with a Nanoscope Illa
controller (Digital Instruments). We used AC160TS silicon cantilevers
(Olympus, Hamburg, Germany) with resonance frequencies of ~300 kHz.
The applied force was minimized as much as possible. Images were
collected at a scan frequency of 1.5 Hz and a resolution of 512 x 512 pixels.

RESULTS AND DISCUSSION

Spm induces MT bundling but not tubulin
aggregation at physiological ionic strengths

Tubulin self-attraction can be mediated by cationic poly-
amines via their sharing between the highly negatively
charged C-terminal tails of tubulin (Fig. 1 and (15)).
However, due to the entropy penalty associated with tubulin
aggregation, the weak attraction generated by polyamines at
physiological ionic strengths is not expected to lead to the
formation of large tubulin aggregates (see Text S1 in the
Supporting Material for details). Using high resolution
imaging, we controlled whether Spm triggers the formation
of tubulin aggregates at near physiological ionic strengths
(I =0.12 M). To avoid the presence of MTs, the experiments
were performed at low temperature (10°C) for which MTs
cannot be assembled (Fig. 2 A). Even in the presence of
Spm up to 3 mM, large aggregates were not detected by
AFM on mica. However, we cannot exclude short chains
of tubulin oligomers to be present in the bulk solution and
to dissociate upon adsorption on mica. To confirm the non-
formation of large tubulin aggregates, we measured the vari-
ations of tubulin sample absorbance with and without Spm
(Fig. 2 B). At physiological ionic strength, the results clearly
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FIGURE 2 Spm favors MT bundling and does not aggregate tubulin at physiological ionic strengths. (A) AFM observation of samples containing unpoly-
merized tubulin (5 uM tubulin, 10°C), or taxol-stabilized MTs (5 uM tubulin, 2 uM taxol, 37°C) at varying concentrations of Spm. No aggregation was
observed. All experiments were performed in 50 mM MES-KOH pH 6.8, 0.5 mM EGTA, 50 mM KCl, 4 mM MgCl,, 1 mM GTP, 20% glycerol unless stated
otherwise. Incubation time: 1 h. (B) Absorbance variations upon addition of 3 mM Spm to 10 uM free tubulin at 10°C to prevent MT polymerization. No
variation of absorbance was detected over time in the presence of Spm. (C) At low ionic strength (25 mM MES-KOH pH 6.8, 0.5 mM EGTA, 4 mM MgCl,,
1 mM GTP, 20% glycerol), 3 mM Spm leads to the formation of large tubulin aggregates (5 uM tubulin, 10°C).

show that Spm does not induce the formation of aggregates
larger than the light wavelength. This is only true at
moderate and high ionic strengths (/ > 0.1M) because,
when the experiments were performed without KCl (I ~
0.03 M in 25 mM MES-KOH pH 6.8 and 3 mM Spm), we
detected the presence of tubulin aggregates due to strong
electrostatic attraction (Fig. 2 C, and (15)).

In contrast to the aggregation of free tubulin, MT
bundling is considered as more favorable in the presence
of Spm because tubulin dimers are immobilized in the MT
wall (Fig. 1 and Text S1 in the Supporting Material for
details). To test this hypothesis, we preformed taxol-stabi-
lized MTs in the absence of Spm and analyzed by AFM
the formation of MT bundles after the addition of Spm at
varying concentrations for 1 h (Fig. 2 A). The results clearly
indicate that Spm allows the formation of MT bundles at
concentrations larger than 300 uM and increasing Spm

concentration from 300 uM to 3 mM leads to the formation
of even larger bundles, most probably to maximize the elec-
trostatic benefit of polyamine sharing.

Kinetics of MT bundle assembly in the presence
of Spm

In the most widely used model to describe MT assembly,
a two-step mechanism is generally advanced (19,20). The
first step, nucleation, involves the formation of critical
size nuclei, containing few GTP-tubulin dimers, which are
stable enough to allow the formation of short MTs (20). In
the second step called elongation, MT growth results from
the addition of GTP-tubulin dimers to MT ends.

MTs, in the absence of stabilizing factors, are highly
dynamical polymers which frequently alternate between
shortening and growth phases. In vitro, this behavior is
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mainly governed by the supply of GTP-tubulin to microtu-
bules (21,22). Below a critical GTP-tubulin concentration,
C,, which value depends on the buffer conditions (~18 uM
for control and ~10 uM with 1 mM Spm), the supply of
GTP-tubulin is not sufficient to sustain MT assembly. The
Cc can also be regarded as the pool of free GTP-tubulin
in equilibrium with MTs at steady state. The assembly of
tubulin into MTs can be monitored by turbidity, which
generally reflects the amount of MTs versus time after an
ice-cold tubulin sample is placed in a prewarmed spectro-
photometer cuvette. Albeit very useful, the absorbance
value needs to be considered with cautions because MT
bundles diffract light with a better efficiency than do iso-
lated MTs and the relation between absorbance and MT
mass is then no longer linear (23). For this reason, we
combined AFM data with turbidity measurement to under-
stand the mechanism of MT assembly in the presence of
Spm and to access the nature of objects which diffracted
light.

Tubulin assembly in the presence of Spm leads
to the rapid formation of short MT bundles

Tubulin assembly was monitored by turbidimetry measure-
ment at 37°C in the presence or absence of Spm (Fig. 3 A).
The assembly curves displayed typical patterns of MT poly-
merization with a flat plateau in the absence or presence of
Spm up to 1 mM. At 3 mM Spm, the plateau was no longer
stable thus indicating aggregation or bundling at a slow
rate (data not shown). Two important points deserve to be
noticed.

First, both the lag time and the time required to reach the
plateau value are shorter in the presence of Spm—thus indi-
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cating higher rates of nucleation and elongation, respec-
tively, as measured under nonbundling conditions with
Spm (15).

Second, the plateau value significantly increases in the
presence of Spm and, owing to the magnitude of this
increase (~8 times for | mM Spm compared to control),
a higher amount of polymerized MTs cannot solely account
for this phenomenon (Fig. S1 A in the Supporting Material).
To further explore this point, we analyzed the power law
dependence of the sample absorbance (Fig. S1 B), AA, on
light wavelength, A: AA ~ 2™ (24). For isolated MTs (i.e.,
without Spm) n ~ 3.1, which corresponds to light diffraction
by thin rods (n = 3). This is in agreement with the Berne
turbidity criterion, which states that the absorbance and
MT concentration are directly proportional (23). However,
in the presence of Spm, we observed a significant decrease
of n (from 3.1 to 1.7 for 0-3 mM Spm). Together, these
results indicate that the tubulin polymers by which light
was diffracted in the presence of Spm were no longer thin
rods like MTs but were aggregates of diverse structures
(25) or bundles. AFM results strongly favor the latter
hypothesis, as MT bundles were detected on mica rather
than large aggregates (Fig. 3 B). MT bundling thus appears
as the most rational explanation to account for the higher
plateau value of the assembly curve. In Fig. 3 B, we also
noticed that thicker and shorter bundles were formed at
higher Spm concentrations, in agreement with a decreasing
n value (Fig. S1 B).

We then explored whether forces other than electrostatic
origin participate in MT bundling. For this purpose, the
strength of the electrostatic force was decreased by
increasing the ionic strength. In agreement with our hypoth-
esis of an electrostatic-mediated bundling, an increase of
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FIGURE 3 Tubulin assembly in the presence of Spm leads to formation of short bundles. (A) Tubulin assembly assessed by turbidity (A = 370 nm) for
various Spm concentrations (25 uM tubulin). We remark that both the lag time to start polymerization and the time required to reach the plateau shorten
as Spm concentration increases. (B) AFM images of MTs assembled for 30 min at 37°C in the presence of varying concentrations of Spm (25 uM tubulin).
MT bundles are clearly detected at 300 uM Spm and at higher concentrations.
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ionic strength caused the assembly of longer MTs and
thinner bundles (Fig. S2) and, at ionic strengths higher
than 200 mM for 1 mM Spm, only isolated MTs were de-
tected by AFM.

In another important control, we investigated whether
MTs can be released from bundles and were not irreversibly
bound to it. To induce MT release from bundles, we added
KCl by successive 100 mM steps up to 300 mM to a solution
containing preformed MT bundles (Fig. S3 A). MT bundles
were first stabilized with taxol to prevent their depolymer-
ization under such conditions. Upon KCI addition, we
observed a decrease of absorbance with time to reach a lower
plateau value roughly corresponding to that obtained when
MTs were assembled in the absence of Spm. This result is
in agreement with the release of MTs from bundles in
bulk solution, thus leading to isolated MTs. Finally, we
observed by AFM that short and isolated MTs were indeed
present at the end of the releasing process (Fig. S3 B).

Scaling laws for MT bundling

To provide further insights into how Spm favors the rapid
formation of bundles, we performed time-lapse imaging of
tubulin assembly by AFM together with analysis of the
length and height distributions of MT bundles at various
times (Fig. 4, A and B). After only 20 s (the shortest time
that we can reasonably tackle by AFM), MT bundles of
a few micrometers long were already formed in the presence
of 1 mM Spm, whereas no MTs were present in control for
the same incubation time. This result indicates that nucle-
ation, elongation, and MT bundling occur at high rates in
the presence of Spm. Interestingly, turbidimetry experi-
ments show that when MTs were first formed under control
conditions, the increase of absorbance upon addition of Spm
was very slow if any, which indicates that MT bundling is
inhibited for long MTs (Fig. 4 C). Let us advance some
explanations to understand how MT bundles could be
assembled from free tubulin and Spm so rapidly.

Short but not long MTs rapidly form bundles due to hindered
diffusion

After nucleation, short MTs may diffuse in the bulk solution
until collision with another one takes place to potentially
form a bundle made of two MTs and so on. The orientationally
average translational diffusion constant of rods, D, scales like

KgT I L
BT 2R 0
3mpLl

where 7 is the medium viscosity (~1 mPa.s for 20% glycerol
at 300 K) and, R and L are the radius and length of the rods,
respectively (26,27). If we assume that MTs could poten-
tially undergo collision whenever their separation distance
is shorter than their length, the time between collision is ¢,
~ 1/47wD,CyrL, where Cyr is the MT concentration. The
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generalization to bundles containing N MTs of mean length
L leads to

; N 3Nn
[ ~ I
47TDICMTL 4KBT In (ﬁ) CMT
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with R scaling liken/Na, a being the MT radius (a~12 nm). For
N=0and Cp;7=6.10"""M, we obtain 7. ~ 1 s with L = 10 um
and 7. ~ 1.9 s with L = 1 um. Bundles should then coalesce
rapidly and MT length should then little affect 7. because
the slower diffusion of long MTs is compensated by a larger
explored volume. This is true provided that the search due
to MT rotation is significantly faster than translational diffu-
sion. Let us consider this point in further detail. The mathe-
matical expression of rod rotational diffusion, Dy, is

L
——— "% inrad®/s. 3)

wnl?

The rotational diffusion is then highly sensitive to L as Dg
scales like In(L)/L’. For bundles containing 1-um-long
MTs and N = 10, the time required, At, to obtain a rotation
angle of A0 = /2, using Af ~ \/4DpAt, is <60 ms,
whereas >30 s are necessary for the same rotation ampli-
tude with 10-um-long MTs. Even though, as reported
previously for actin filaments (26), the negative effect of
increasing L on diffusion can be partly compensated by an
expansion of the capture region with L, rotation is clearly
the rate-limiting step for the formation of bundles made of
long MTs as soon as L exceeds few micrometers. In light
of these scaling considerations, we understand the rapid
bundle assembly from freshly nucleated and short MTs.
Accordingly, we report that, to form thick MT bundles
from preformed MTs, the sample needs to be vortexed to
shorten MTs or favor diffusion (Fig. S4).

Spm could potentially promote nucleation of parallel MTs
or induce MT self-nucleation properties

The obstacle of rotational diffusion to MT bundles can also
be overcome if parallel MTs are nucleated simultaneously
from large oligomers containing multiple nuclei, or if
MTs promote the formation of nucleus on their surface. In
agreement with this, Spm may lead to the self-attraction
of tubulin oligomers (nucleus) or to the attraction of tubulin
dimers on the MT wall. However, both nucleation of
multiple MTs from large oligomers or MT self-nucleation
may lead to the rapid assembly of short MT bundles which
can be hardly distinguished from MT bundles generated by
rapid diffusion of short and isolated MTs (<um). Further
work deserves to be done in that direction.

Apparent finite height of MT bundles

The analysis of AFM data shows that, for incubation times
longer than 20 s, the length of MT bundles gradually

Biophysical Journal 101(1) 205-216
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FIGURE 4 Kinetics of bundle formation: short MTs are necessary for rapid bundle assembly. (A) AFM images of tubulin (30 uM) assembly into MT
bundles at various times. Aliquots were imaged from the same assembly mix in each condition. We noted that rather short MT bundles appeared in 20 s
in the presence of Spm whereas no MTs were observed before 90 s of incubation without Spm. (B) Statistical analysis of the time evolution of bundle heights
and lengths over 300 MT bundles assembled in the presence of 1 mM Spm. The height distribution of MT bundles remains unchanged for times longer than
90 s. On the other hand, the length distribution of MT bundles flattens out over time. The AFM measurements reflect the thickness of bundles but could not be
used to quantify the number of MTs per bundle. (C) 30 uM tubulin was first allowed to polymerize to form long MTs in the absence of Spm, then, | mM Spm
was added. Interestingly, contrary to what expected for bundling, the absorbance value only slightly increased. Finally, we injected an equal volume of 30 uM
ice-cold tubulin with 1 mM Spm to the warmed cuvette containing the MT solution. We noticed that the absorbance drops to half its preceding value, owing to
the two-times MT dilution, and then very rapidly raised up to four times its value before dilution. This experiment clearly indicates that newly formed short

MTs can be assembled into thick bundles, in contrast to long MTs.

increased and the length distribution had a tendency to flatten
out over time (Fig. 4 B), probably via the addition of the
remaining tubulin dimers to the ends of MTs in the bundles.
The lengthening of bundles over time also indicates that
bundles are dynamical structures, for which elongation bene-
fits from MT catastrophes. On the other hand, we obtained
a rather stable peak distribution of bundle height for long
incubation times (>90 s; Fig. S5), in agreement with the
stable plateau value of the absorbance curve (Fig. 4 B).
This result indicates that self-association between
bundles occurred at a low rate for longer incubation times.
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Several hypotheses can be put forward to explain such
phenomenon. As reported for actin, a frustration of the
bundling mechanism can occur due to a mechanical penalty
like the twist of actin filaments (28). However, the nature of
a putative frustration mechanism remains to be identified for
MT bundling. Using our model, we can also propose an
interesting alternative. As rotational movements are rate-
limiting for bundling, MT elongation leads to longer bundles
and then considerably decreases the bundling rates. In addi-
tion to this, MTs were recently shown to form a three-dimen-
sional mesh in bulk solution, with characteristic length of
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where C,,; is the concentration of polymerized tubulin in
mg/ml (29). We can extend this relation to bundles
comprising N MTs, { ~ 1lum/+/C,,/N, in which we note
that the mesh enlarges due to MT bundling. During MT
elongation, bundles longer than { are trapped in this mesh,
which precludes further bundling. The bundling process
should then take place before MTs reached this critical
length. For 10 uM of polymerized tubulin (1.1 mg/ml)
and N = 10, we obtain { ~ 3 um. If we assume that the
MT growth rates range from 2 to 6 um/min in vitro,
bundling should stop 30-90 s after the beginning of poly-
merization, as observed by AFM in the presence of 1 mM
Spm (Fig. 4 B).

211

High sensitivity of MT bundles to cold shock:
a collective behavior

To explore the dynamical properties of MT bundles, we
studied their sensitivity to a brief cold shock by turbidimetry
(Fig. 5 A). As a first control, we observed that 5 uM taxol
was sufficient to prevent bundles from depolymerizing
under cold shock and, importantly, the absorbance remained
at the plateau value with little perturbations (Fig. 5 B). This
experiment indicates that low temperatures do not induce
the release of MTs from bundles, which would have
decreased the absorbance value. We then performed a series
of experiments to analyze, at various Spm concentrations,
the responses of isolated MTs and MT bundles to cold shock
(Fig. 5 C). Whereas, in the absence of Spm, we scarcely
noted a variation of absorbance upon a brief exposure to
cold, Spm-mediated MT bundles were more and more
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value, a brief cold shock was applied to the sample
(see (A)). (D) When 1 mM Spm was added to
a solution containing preformed MTs (30 uM
tubulin), bundling was hindered and the sensitivity
to the short cold shock significantly decreased.
AFM imaging showed that isolated MTs or thin
bundles (/) were present under such conditions,
whereas thick and short bundles were formed
when Spm was present from the beginning of
tubulin polymerization (2).
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sensitive to cold shock when the Spm concentration
increased from 0.3 to | mM.

To explore whether this behavior was due to MT bundling
and not only to the sole presence of Spm, we compared the
sensitivity of short bundles assembled in the presence of
1 mM Spm to that of isolated MTs for which Spm was added
after their polymerization. In the latter case, MT bundling is
inhibited by hindered diffusion (Fig. 5 D) and we observed
a lack of sensitivity to cold shock, whereas thick and short
bundles displayed a high sensitivity. Consequently, the
sensitivity of MTs is not simply due to the presence of
Spm but, instead, to MT bundling.

To understand what could account for this phenomenon,
we investigated the relationships between cold sensitivity
and tubulin concentration both for isolated MTs and
bundles. For isolated MTs, as already advanced to explain
the phenomenon of MT oscillations ((30,31), see Text S2
in the Supporting Material), the presence of GDP-rings
made of GDP-tubulin dimers can account for the increased
sensitivity of MTs to cold exposure (Fig. 6, A—C). However,
in contrast with isolated MTs, the sensitivity of MT bundles

Hamon et al.

to cold exposure does not increase with tubulin concentra-
tion (Fig. 6, A—C). Such behavior may be explained by
a collective behavior of MTs within bundles.

Indeed, as already reported for MT growing from
axonemes (14), the destabilization of one MT in a bundle
may increase the probability for other MTs in the same
bundle to undergo catastrophes. To further explore the
putative implication of GDP-rings in MT bundle reactivity,
we performed high-resolution AFM imaging of MT
samples after a brief cold shock (1 min at 10°C, Fig. 7
A). Without Spm, we observed short oligomers and a few
rings at the ends of MTs, whereas, in the presence of
1 mM Spm, large clusters of GDP-tubulin rings were de-
tected being most probably the product of bundle disas-
sembly. As expected with Spm, neutralization of the
tubulin C-terminal tails is known to favor the formation
of GDP-tubulin rings (32). Interestingly, at the ends of
some MTs, we also noted that tubulin rings tend to be
aligned along MT walls. Altogether, these results thus
suggest that GDP-tubulin rings should play a key role in
bundle sensitivity to cold shock.
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FIGURE 7 Cold destabilization of MTs in the presence of Spm leads to the formation of arrays of GDP-tubulin rings which mediate the higher MT bundle
reactivity. (A) AFM imaging of MT cold destabilization (1 min) in the presence or absence of 1 mM Spm. In control, we observed small oligomeric structures
and broken rings at the ends of destabilized MTs. On the other hand, in the presence of 1 mM Spm, large arrays of rings were clearly observed. 25 uM tubulin.
(B) MTs were destabilized by successive additions of PN2-3, a destabilizing agent, in the presence or absence of Spm. The reactivity of MTs to PN2-3 did not
significantly increase in the presence of bundles. The AFM image shows that, even in the presence of Spm, MT disassembly due to PN2-3 did not lead to the

production of GDP-tubulin rings. 25 uM tubulin.

Low reactivity of MT bundles upon PN2-3-mediated
destabilization

PN2-3 is a protein fragment from CPAP, a centrosomal
protein, displaying a significant MT-destabilization activity
(33,34). It was shown that MT destabilization by PN2-3
can result either from the sequestration of tubulin in a 1:1
PN2-3/tubulin complex (34) or from the ability of PN2-3
to directly destabilize MTs, as it can depolymerize taxol-
stabilized MTs. The point of using PN2-3 to destabilize
MTs is that, in contrast to cold exposure, PN2-3 does not
lead to the formation of GDP-tubulin ring intermediates
(Fig. 7 B), most probably because the binding of PN2-3 to
tubulin is not compatible with ring formation. Interestingly,
when PN2-3 was added at low concentrations to induce MT
destabilization, we did not observe a significant difference
of sample reactivity for isolated or bundled MTs (Fig. 7
B). In agreement with our model, the formation of GDP-
tubulin oligomers or rings upon MT destabilization is then
a prerequisite for a collective behavior of bundled MTs to
take place.

Scaling considerations for bundle sensitivity to cold exposure

Let us consider, N, the number of MTs per bundle, with J as
the dissociation rate of tubulin dimers and D,;,, as the coef-

ficient of diffusion for GDP-tubulin rings. To evaluate
whether a collective behavior in MT bundles may occur,
we estimate to which extent one MT undergoing catastrophe
increases the concentration of GDP-tubulin near other MTs
within the same bundle. When the MT-ends emerge from
the bundle tip, we assume that, in agreement with AFM
observations, no sterical hindrance due to the presence of
nearest MTs prevents the formation of GDP-tubulin oligo-
mers upon MT destabilization. The separation distance, [,
between two nearest MT ends at the bundle tip, if they are
aligned, scales like /N where o is the variance of MT
length. Then, the relative concentration of freshly released
GDP-tubulin to that of free GTP-tubulin (C,.) at the nearest
MT ends in the bundle is (obtained by substituting / with a/N
and D, the tubulin diffusion constant, with D,;,,, the
GDP-tubulin ring diffusion constant, in Eq. 2, Text S2 in
the Supporting Material):

NJ,
v D ing /C.. 3)

The value v reflects the probability for GDP-tubulin, here in
the form of rings, to pollute the nearest microtubule ends
and then to induce catastrophe. Thus, » ~ 0.27 in the case
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of thick MT bundles with ¢ ~ 2 um, N = 30, C. ~ 10 uM
(1 mM Spm), D,;,e = 5 ,umzls (35) and a dissociation rate
of GDP-tubulin, J,, of 546 dimers/s, while, for thinner and
longer bundles, v ~ 5.4 1073 with ¢ ~ 10 um, N = 3.
Within short and thick MT bundles, » is then significantly
higher than for thinner and longer ones, which may
promote a collective behavior using GDP-tubulin rings
as vehicles. In line with this, at lower Spm concentrations,
thinner and longer bundles were observed and their sensi-
tivity to cold exposure decreased (see Fig. 3 B for AFM
imaging and Fig. 5 C for bundle reactivity). Finally, as ex-
pected from our results (Fig. 6 A), v for MT bundles does
not depend on the total tubulin concentration in contrast
with isolated microtubules (see Text S2 in the Supporting
Material).

Extensions to in vivo conditions

Polyamines are present at millimolar concentrations in living
cells (16,36) and changes in their levels are known to reorga-
nize the cell cytoskeleton. Polyamines promote actin poly-
merization (37) and bundling in vitro (38) and may play
a role in actin dynamics and architecture in vivo. In cells, it
was shown that polyamine depletion induces the reorganiza-
tion of the actin filaments and the disappearance of actin
stress fibers (39), such effects being attributed to the inactiva-
tion of proteins of the Rho family such as Rac1, which regu-
lates the organization of the actin cytoskeleton (40).

Precursors and Products

experimental conditions

Hamon et al.

Polyamines were also shown to interact, directly and (or)
indirectly, with MTs in cells (41-43) but little is known
regarding their potential influence on MT bundle functions.
In cells and especially in neurons, polyamines are probably
not necessary to form MT bundles as specialized MAPs like
Tau have the ability to stabilize and cross-link MTs into
thick bundles. However, in light of the results summarized
in Fig. 8, one may wonder if polyamines can modulate the
dynamical properties of MT bundles. Among natural poly-
amines, only spermidine and Spm but not putrescine can
favor MT bundling at physiological ionic strengths. In line
with this, changes in polyamine levels promote axon
branching and neuritic outgrowth in neurons (44,45). Such
effects may be due to the binding of polyamines to the
C-terminal tails of tubulin, as already suggested (46).

In addition, many theoretical arguments indicate that
natural polyamines are good candidates as counterions to
neutralize the C-terminal tail of tubulin (15). Our results
demonstrate that Spm, at near-physiological ionic strengths,
promotes the formation of MT bundles whereas no aggrega-
tion of free tubulin dimers into large structures was detected
under similar conditions (Fig. 2). This property can be of
great interest in vivo. Indeed, tubulin aggregation would
have a disastrous effect in cells because GTP-tubulin diffu-
sion to MT-ends would have been hindered, thus inhibiting
MT polymerization. The two C-terminal tails of tubulin
dimers are known to play the role of anchors for MAPs
and at least one of them is necessary to maintain normal
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Tubulin or short oligomers (Fig. 2)
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FIGURE 8 Schematic representation of the major experimental results.
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MT function in cells (47). In addition to this, we may also
propose that tubulin C-terminal tails serve to preclude the
formation of tubulin aggregates.

In many cases, MT bundles in vivo are nonpermanent
structures which undergo rapid assembly and disassembly.
MT bundle dynamics is necessary in neurons for axon
branching (48,49), growth cone turning (50), dendritic
spin protrusions (51) but also in other organisms as for
hyphal branching in fungi (52). Interestingly, whenever
MT bundles should change their orientation to explore
a new space, short MTs come into play (51). Our experi-
mental results suggest that short MT bundles display inter-
esting dynamical properties with a higher sensitivity to
brief cold exposure than bundles made of long MTs. Along
with this, MT severing proteins in neurons such as katanin
and spastin allow the local production of free tubulin as
a result of MT disassembly. Such supply of free tubulin
may support the growth of many critical nuclei and then
lead to the assembly of highly reactive short MT bundles.

Even though defects in polyamine metabolism may be
implicated in cerebellar circuitry dysfunctions such as
mental retardation (53), suicide (54), and altered brain
morphology (55), little is known regarding the role of poly-
amines in the brain. So far, polyamines were thought to
modulate functions related to ion channels (53). However,
our study indicates that polyamines may also participate
in other neuron functions via their impact on the dynamical
properties of MT bundles.

SUPPORTING MATERIAL

Supplementary Figs. 1-5 and Text 1 and 2 are available at http:/www.
biophysj.org/biophysj/supplemental/S0006-3495(11)00592-3.
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