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Abstract

The microtubule cytoskeleton is a dynamic network essential for many cellular processes, influenced by physicochemical factor, such as
temperature, pH, dimer concentration, and ionic environment. In this study, we used in vitro reconstitution assays to examine the effects
of four monovalent ions (Na*, K*, Cl7, and Ac™) on microtubule dynamics, uncovering distinct effects for each ion. Na* was found to
increase microtubule dynamicity by raising catastrophe frequency, polymerization and depolymerization speeds, and ultimately
reducing microtubule lifetime by 80%. Conversely, Ac™ boosts microtubule nucleation and stabilizes microtubules by increasing
rescue frequency and preventing breakages, resulting in longer microtubules with extended lifetimes. Cl™ appeared to potentiate the
effects of Na*, while K* had minimal impact on microtubule dynamic parameters. These findings demonstrate that Na* and Ac™ have
opposing effects on microtubule dynamics, with Na* destabilizing and Ac™ stabilizing the microtubule structure. This ionic impact is
mainly through modulation of tubulin-tubulin interactions rather than affecting the hydrolysis rate. In conclusion, ion identity plays
a crucial role in modulating microtubule dynamics. Understanding the ionic environment is essential for microtubule-related
research, as it significantly influences microtubule behavior, stability, and interactions with other proteins.
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Significance Statement

The microtubule cytoskeleton is vital for cellular processes, and its behavior is influenced by factors, such as temperature, pH, con-
centration of building blocks, and ionic environment. Understanding how these factors regulate microtubule dynamics and stability
gives insight into their function in cells. Our in vitro reconstitution assays reveal that sodium (Na*) and acetate (Ac™) ions have op-
posite effects on microtubule dynamics. Na* makes microtubules more dynamic by inducing depolymerization and thereby shorten-
ing their lifetime by 80%, while Ac™ supports microtubule formation and stability, resulting in longer microtubules. Additionally,
chloride (Cl7) enhances Na*’s destabilizing effects, whereas potassium ion (K*) has little influence. Our findings highlight that ion
identity crucially modulates microtubule formation, dynamics, and stability.

Introduction

The microtubule cytoskeleton is a highly dynamic network, con-
served throughout all eukaryotes. Composed of af-tubulin heter-
odimers, microtubules are polarized hollow tubes that form by
longitudinal and lateral interactions between the dimers (1, 2).
Temperature, pH, and dimer concentration are central factors to
determine the fate of the biopolymer (1, 3, 4). Moreover, pioneer
studies using reconstituted in vitro assays demonstrated that
the ionic composition is a major player in microtubule biochemis-
try, impacting microtubule dynamics (5-10).

Microtubules polymerize by the addition of guanosine-5'-
triphosphate (GTP)-tubulin dimers at their ends (11). After
incorporation, GTP is hydrolyzed to guanosine diphosphate
(GDP), resulting in an unstable GDP microtubule in comparison
with the growing GTP-microtubule end that is stabilizing the
structure (12, 13). Over time the structure of the growing end

becomes more irregular, tapered, reducing the local concentra-
tion of GTP tubulin. When GTP hydrolysis is faster than the add-
ition of new GTP-tubulin dimers, colliding with a reduction of
the local GTP-tubulin density, the unstable microtubule under-
goes catastrophe followed by rapid depolymerization (14-16).
Moreover, shrinking microtubules can switch back to regrowth,
an event called rescue (16). Neither the addition or the dissociation
of tubulin is restricted to microtubule ends; they can happen spon-
taneously all along the shaft (17-21). Indeed, damages along the
shaft can be repaired by the incorporation of fresh GTP-tubulin
dimers which can act as rescue sites (22). Altogether, these dynam-
ic parameters, polymerization and depolymerization rates, along
with rescue and catastrophe frequencies, govern the microtubule
lifetime.

Ions finetune protein-to-protein interaction by changing the
strength of electrostatic interactions (23, 24). In this scenario,
tubulin-tubulin interactions during polymerization are subjected
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to this electrostatic modulation. Once formed, microtubules ex-
hibit electronegative charges at their surfaces that can be miti-
gated by the presence of ions, which, in turn, can alter
interactions with microtubule-associated proteins (25, 26).
Moreover, ions exhibit different lyotropic properties, impacting
the solubilization of proteins and, therefore, protein stability in
solution (27-30). This ability of ions to stabilize or destabilize pro-
teins in solution could be relevant in the context of microtubule
polymerization as soluble tubulin heterodimers polymerize into
an insoluble microtubule.

Early studies on microtubule polymerization addressed the
role of ions in microtubule assembly. The divalent cations
Magnesium (Mg®*) and Calcium (Ca®") were rapidly identified
to influence microtubule dynamics (6, 31). Mg?* binds to the
tubulin GTP pocket and acts as a co-factor for GTP hydrolysis.
Consequently, microtubule growth is impaired when Mg?* is che-
lated by ethylenediaminetetraacetic acid during the polymeriza-
tion reaction (32-36). However, concentrations of Mg®" above
10 mM destabilize microtubules, probably by modulating the
electrostatic interactions between tubulins. Ca’* destabilizes
microtubule integrity even more efficiently by increasing the ca-
tastrophe frequency and the depolymerization rate (31, 36-38).
Concentrations under 1 mM Ca*" already impair microtubule
growth, and the addition of ethylene glycol tetraacetic acid
(EGTA) rescues microtubule formation by chelating Ca** (6).
Those findings set the base for the in vitro microtubule research.

Monovalent ions also impact microtubule dynamics, although
in comparison with divalent cations, higher concentrations are
needed to achieve effects. Concentrations of monovalent salts
above 250 mM prevented microtubule formation and induced
tubulin aggregation (4), while at physiological concentration
(50-150 mM), ions such as alkali monovalent cations favored
microtubule formation in the presence of Taxol, a microtubule-
stabilizing drug (9, 39). In particular, sodium (Na*) or potassium
(K") showed an enhancement of the net microtubule formation
(39). Similarly, monovalent anions, including acetate (Ac”™), gluta-
mate, and fluoride, enhanced the net microtubule mass (9).
However, all these experiments were performed in bulk experi-
ments and a comprehensive investigation into the role of mono-
valent ions on direct dynamical features of microtubules is
missing.

Here, we show how four different monovalent ions—Na*, K*,
Cl7, and Ac™—affect microtubule dynamics and stability. Na* in-
creases microtubule dynamicity by raising catastrophe frequency
and enhancing polymerization and depolymerization speeds at
the microtubule ends. In contrast, Ac”™ promotes microtubule
nucleation and extends microtubule length and lifetime by en-
hancing rescue frequency and reducing depolymerization fre-
quency. Additionally, the effects of these salts on microtubule
stability are independent of GTP hydrolysis, as they similarly in-
fluence microtubules in both GDP-tubulin and GTP-tubulin states.
Our study shed light on the complex interplay of ions in micro-
tubule assembly, providing insights into the mechanistic aspects
of tubulin polymerization and microtubule biochemistry.

Results

Effect of ions on microtubule bulk dynamics

We selected KCI, NaCl, KAc, and NaAc as salts to distinguish how
individual monovalentions, Na*, K", CI~, and Ac™, as well as asso-
clative cation-anion effects impact on microtubule dynamics.
Microtubules were polymerized from 15 puM tubulin using the
BRB buffer in the absence or presence of the different ions at

concentrations of 50 or 100 mM. Initially, we studied the influence
of these salts on net microtubule mass formation using a turbidity
assay (Fig. 1a). In the presence of 100 mM KAc, we saw the fastest
microtubule nucleation (smallest lag time, 352s), the fastest
bulk polymerization (steepest slope, 2.07 x 10~* a.u./s) reaching
the highest polymer mass (plateau at 0.1171 a.u.; Fig. 1b).
Microtubules grown in the presence of 100 mM NaAc had compar-
able bulk dynamics. The addition of KCl showed a turbidity profile
comparable with the control condition (Fig. 1a and b). The pres-
ence of NaCl marginally decreased net microtubule formation, re-
sulting in the lowest plateau values compared with the control.
Therefore, KAc and NaAc are potent enhancers of microtubule
formation, whereas NaCl might have a destabilizing effect.

To validate those observations with a complementary bulk as-
say, we performed a pelleting assay wherein microtubules were
polymerized from 10 uM tubulin for 30 min in the presence or ab-
sence of 200 mM salt. Doubling the salt concentration aimed to
intensify the measured salt effects in Fig. 1a. In the presence of
200 mM KAc, the polymerized fraction in the pellet increased by
2.5-fold compared with the control, confirming its stabilizing ef-
fect on net microtubule formation (Fig. 1c and d). Microtubule
formation in the presence of 200 mM NaCl was comparable with
control (Fig. 1d).

Effect of ions on single microtubule dynamics

While a bulk assay offers valuable insights, it lacks the resolution
to discern whether higher polymer mass results from enhanced
nucleation, polymerization, or stabilizing effects. To delve deeper
into understanding the impact of the different salts on the param-
eters of microtubule dynamics—such as growth speed, depoly-
merization speed, catastrophe, and rescue frequency—we
studied the dynamic parameters of single microtubules polymer-
ized from seeds using a total internal reflection fluorescence
(TIRF) microscopy-based assay (Fig. 2). We used 0 to 100 mM salt
concentrations, as at higher concentrations, the analysis of micro-
tubule dynamics was not possible for NaCl and KAc (Fig. 2a).

In our control condition (0 mM salt, in BRB80), 7 uM tubulin
polymerized into microtubules at a speed of 0.36 + 0.01 pm/min
(Fig. 2¢). Contrary to expectations from the bulk assay, micro-
tubule growth speed increased only slightly with the addition of
50 or 100 mM KAc (Fig. 2¢c). During growth, the polymerization
speed of individual microtubules fluctuated in the presence of
KAc, with periods where growth even appeared to pause (Figs.
2b and S1a). Adding 100 mM KCl to the assay reduced the poly-
merization speed to 0.21 +0.07 pm/min (Fig. 2c). Conversely, the
addition of either 50 mM NaCl or NaAc doubled the growth speed
compared with the control (Table 1). Doubling the salt concentra-
tion to 100 mM only marginally further increased growth speed to
2.2-fold. However, at a concentration of 150 mM, both salts had
contrasting effects: 150 mM NaCl completely inhibited polymer-
ization, while 150 mM NaAc led to highly dynamic microtubules
and spontaneous nucleation (Fig. 2a). Collectively, these results
show that salts containing the cation Na* increase microtubule
growth speed and indicate that the anion partners do not differen-
tially affect the growth up to 100 mM but have a differential im-
pact at higher concentrations (Fig. S1b).

We next studied how the different salts impact microtubule ca-
tastrophe events. Both KAc and KCl had no significant impact on
catastrophe events (Fig. 2d). In contrast, the catastrophe fre-
quency increased up to 5-fold in the presence of salts containing
Na*, with NaCl amplifying the frequency nearly twice as much
as NaAc (Fig. 2d). Combining 25 mM NaCl with 25 mM NaAc
(50 mM Na* in total) yielded comparable results to conditions
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Fig. 1. Ion effect on bulk polymerization. a) Representative turbidity assay of 15 uM tubulin in the presence of the indicated salts. Absorbance at 350 nm
was recorded every 30 s at 37 °C. Experimental data are represented by colored dots. A nonlinear fit (logistic growth) for each condition is plotted as a
colored solid line. Statistics: one-way ANOVA. b) Lag time, plateau, and slope were calculated from the nonlinear fit of the turbidity assay (panel a; see
Materials and methods). c) Pelleting assay of 10 uM tubulin. Microtubules were polymerized for 30 min at 37 °C in BRB80 with 1 mM GTP, 20% (v/v)
glycerol, and 200 mM of the indicated salt. Representative SDS-PAGE with supernatant and pellets after 30 min polymerization at 37 °C. d) Quantification
of band intensity of (c). Mean with SD, n =3 independent experiments. Statistics: two-way ANOVA.

with 50 mM NacCl alone (Fig. Sic), indicating that the increase in
catastrophe events is caused by the Na* cation. This is further
supported by the results from a combination of 50 mM KAc and
50 mM NaAc (50 mM Na* in total), showing a frequency compar-
able with that in the presence of 50 mM NaAc.

Upon catastrophe, the depolymerization speed was not altered
in the presence of KAc, KCl, nor NaAc, while 50 mM NacCl nearly
doubled the depolymerization speed compared with control
(Fig. 2e and Table 1). This result indicates that increasing depoly-
merization velocities may depend on the cooperative effect between
Na* and CI™. Doubling the NaCl concentration to 100 mM did not
further increase the depolymerization speed. Microtubule depoly-
merization can occur in distinct phases with distinct speeds,
though the net depolymerization speed remains constant (40).
To test whether salts induce different depolymerization phases,
we imaged at 1s per frame. No alteration in depolymerization
slopes was observed, indicating that depolymerization under the
different conditions happened in a single regime (Fig. S1f and g).

Rescue events were rare, with a frequency of 0.95 + 0.26 min~'in
control conditions and remained rare in the presence of KCl or NaCl
(Fig. 2f). However, the rescue frequency increased up to 5-fold in the
presence of Ac™ containing salts, reaching 5.11+0.21 min~" for the

highest concentration of 100 mM NaAc. The rescue-induced effect
was observed even with a combination of 25 mM NaCl and 25 mM
NaAc (total 25 mM Ac™), which tripled the rescue frequency com-
pared with the control (Fig. Sle). Collectively, salts with the anion
Ac™ boosted the rescue frequency, while those with the Cl™ anion
did not significantly affect rescue (Fig. 2f).

Taken together, 50 mM KCl did not have a discernible impact
on any of the microtubule dynamic parameters, explaining its
preference in in vitro microtubule assays for modulating buffer
ionic strength. The two main ions controlling dynamics are Na*
and Ac™. While the cation Na* boosts polymerization speed, it sim-
ultaneously is the major destabilizing factor by increasing the ca-
tastrophe frequency and the depolymerization speed, thereby
increasing the dynamicity of microtubules. The presence of Cl~
might further potentiate Na* effects. Conversely, the presence of
Ac” increases the rescue frequency.

Acetate increases microtubule mass

Microtubules that undergo rescue are longer due to an extended
net growth phase (41, 42). Consistently, we measured a 2-fold in-
crease in the mean microtubule length in the presence of 100 mM
KAc compared with the control (Figs. 2b and 3a). The mean length
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Fig. 2. Ion effect on single microtubule dynamics. a) Representative images at three different time points (0, 700, and 1,400 s) of dynamic microtubule at
7 uM tubulin with 0 or 150 mM indicated salt. GMPCPP-stabilized microtubules (seeds) are in cyan, dynamic microtubules are in green. Scale bar: 5 pm.
b) Representative kymographs of microtubules (7 pM tubulin). Control (0 mM salt, gray), 100 mM KCl (green), 100 mM Nacl (red), 100 mM KAc (blue), and
100 mM NaAc (purple). c-f) Mean microtubule growth speed (c), mean microtubule catastrophe frequency (d), mean microtubule depolymerization

speed (e), and mean microtubule rescue frequency (f) (7 pM tubulin) with 0, 50, or 100 mM indicated salts. Experimental mean with SD, n =3 independent
experiments. Statistics: one-way ANOVA (the colored code was kept for statistics), the full statistic comparison between all conditions, individual and
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Table 1. Microtubule dynamics according to the ionic composition of the buffer.

Salt Growth speed (pm/min) Shrikage speed (pm/min) Catastrophe frequency (events/min) Rescue frequency (events/min)
Control 0.36+0.01 7.69+2.15 0.13+0.03 0.95+0.26
50 mM KCl 0.35+0.01 9.87+0.94 0.12+0.01 1.11+0.09
100 mM KCl 0.21+0.07 8.49+5.01 0.12+0.09 0.93+0.18
50 mM NaCl 0.69+0.03 12.24 +2.58 0.45+0.08 1.46 +£0.45
100 mM NaCl 0.77 £0.11 12.25+2.68 0.64+0.14 1.29+0.47
50 mM KAc 0.40 +0.05 8.82+£3.55 0.08 +0.06 5.16 +£0.65
100 mM KAc 0.43+0.03 6.51+1.43 0.06 +£0.02 4.35+0.48
50 mM NaAc 0.71+0.02 8.57+1.40 0.33+0.10 4.24+0.38
100 mM NaAc 0.82+0.19 9.15+1.38 0.42+0.15 5.11+0.21
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Fig. 3. Ion effect on microtubule stability and nucleation. a) Mean microtubule length (7 uM tubulin) over 45 min with the indicated salt. The length was
calculated from the cumulative length of single microtubules. Mean with SD, n = 3independent experiments, individual values, and experimental means
(orange dots). b) Mean ratio of templated microtubule nucleation within 45 min (number of seeds with microtubule/total number of seeds in the field of
view): 7 uM tubulin, with the indicated salt. Experimental mean with SD, n = 3 to 10 independent experiments. c) Mean microtubule lifetime until the first
catastrophe event (7 uM tubulin) with the indicated salt. Mean with SD, n=3 independent experiments, individual values, and experimental means
(orange dots). d) Normalized mean integrated fluorescent density of GMPCPP microtubules (survival assay, see Materials and methods) was measured
every 10 s over 200 frames. Experimental data are in colored lines, and the linear regressions are in black (see Materials and methods). Mean with SD,n=3
independent experiments. a-d) Statistics: one-way ANOVA, for clarity only significant values are shown in the graph.

of microtubules grown in the presence of NaAc is shorter but still
1.5-fold longer than the control (Fig. 3a). This likely results from a
counter effect of Na* and Ac™, while Ac™ induced rescues, Na*
caused catastrophe events (Fig. 2d and f). Consistent with the

results that KCI only

slightly reduced microtubule polymeriza-

tion, the microtubule mean length was reduced slightly, while mi-

crotubules grown in

the presence of 100 mM NaCl were only

one-third of the control length (Fig. 3a).
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Microtubule nucleation boosted by KAc

Templated nucleation of microtubules, nucleation from seeds, is
kinetically unfavorable (43). This is likely due to structural differ-
ences between the tapered dynamic microtubule ends and the
double-stabilized GMPCPP (a slow hydrolyzable analog of GTP)
Taxol seeds, which tend to be blunter. Given that Ac™ boosts spon-
taneous nucleation (Figs. 1a and 2a), we asked whether Ac™ might
promote templated microtubule nucleation. To address this, we
measured the efficiency of seeds to nucleate microtubules in the
presence of the different ions within 25 min (see Materials and
methods). On average 80% of the seeds polymerized microtubules
in the control conditions, a ratio unchanged by the addition of ei-
ther 50 mM KCl or 50 mM Nacl to the assay (Fig. 3b). However, in-
creasing the concentration to 100 mM salt reduced microtubule
formation by 1.25-fold (KCl) and 2.3-fold (NaCl). Thus, NaCl has
the dual effect of enhancing polymerization speed while hinder-
ing new microtubule growth from seeds. This is further supported
by the absence of microtubule polymerization beyond 100 mM
NaCl (Fig. 2a).

In contrast to NacCl, the addition of 50 mM KAc to the reaction
boosted templated microtubule nucleation to 100%. With
100 mM Kac, we observed not only microtubule polymerization
from each single seed but also spontaneous nucleation in the
bulk—a phenomenon that we observed only above 15 uM tubu-
lin in the absence of KAc (Fig. 2a). At 150 mM KAc and 7 pM
tubulin, spontaneous nucleation was so pronounced that ana-
lysis of dynamic parameters became unfeasible due to the
dense network, a condition resembling what we achieved at
20 uM tubulin in the absence of KAc (Fig. 2a). The efficiency of
the microtubule formation in the presence of 50 mM NaAc
was reduced compared with the control condition but increased
with increasing NaAc concentration (Figs. 1a and 3b). This result
underscores a potential counteractive interplay between the
anion Ac” and the cation Na*, where increasing concentrations
of Ac™ drive both templated and de novo nucleation even in the
presence of Na*.

Microtubule aging accelerated by sodium

The probability of a microtubule to undergo catastrophe in-
creases with its lifetime (44-47). This aging process is likely
due to the growing GTP cap becoming more irregular and ta-
pered over time, leading to a reduction in the GTP density,
which triggers catastrophe events (45, 48). To explore how
ions influence this aging process, we studied their impact on
the growth span of microtubules before the first catastrophe
event occurred. The presence of KCl did not impact micro-
tubule growth span, while the presence of 100 mM NaCl re-
duced the growth span by 6-fold compared with the control
(Fig. 3c). Despite the general destabilizing effect of ions on mi-
crotubules (49-51), KAc nearly doubled the growth span rela-
tive to the control. Our results show that NaCl and KAc
differentially affect aging of microtubules. In a scenario where
aging depends on the structure of the GTP cap, NaCl would ex-
tend the tapper length of the GTP cap, while KAc would lead to a
blunter end.

Impact of nucleotide on salt-driven disassembly

To address the impact of salts on microtubule stability, we moni-
tored depolymerization of GMPCPP-stabilized microtubules in the
absence of free tubulin (Fig. 3d). These GMPCPP microtubules,
which have more uniformly blunt ends compared with the vari-
ably aged ends of dynamic GTP microtubules (44, 52), provided:

(i) a more consistent environment to study how salts affect dimer
dissociation, (ii) a slower depolymerization that allows us to cap-
ture fast processes that might go unnoticed during rapid depoly-
merization of GDP microtubules, and (iii) a different nucleotide
(Fig. 3d). The salt CaCl, rapidly depolymerizes GMPCPP microtu-
bules (53). We confirmed this and observed that 2mM CaCl,
depolymerized all GMPCPP microtubules within 100 s (Fig. 3d).
The effects of the major salts used in this study were less
pronounced; notably, 100 mM NaCl was the most effective desta-
bilizer, reducing the microtubule mass by 50% within 2,000 s,
consistent with the effect of NaCl on the mean microtubule
length (Fig. 3a). The presence of 100 mM KCl slightly enhanced
GMPCPP-microtubule disassembly. Surprisingly, 100 mM NaAc
maintained the microtubule polymer compared with the control,
indicating a stabilizing effect by either acting on the tip structure
or on GMPCPP hydrolysis.

Ions effect on tubulin—tubulin interaction in a GDP
lattice

The various salts distinctly influenced microtubule dynamics. To
distinguish whether these effects came from alterations in the
GTP-hydrolysis rate or from changes in tubulin-tubulin interac-
tions, we study the impact of salts on a homogenous GDP lattice,
specifically the microtubule shaft (Fig. 4a). We end-stabilized GDP
microtubules and performed a damage assay in the absence of
free tubulin to monitor the microtubule breaking process for
over 35 min (Fig. 4b). KCI, which did not affect microtubule tip dy-
namics, also showed no significant differences in shaft dynamics
compared with the control (Fig. 4c). However, with NaCl, 100% of
the microtubule broke, compared with 85% in the control condi-
tion (Fig. 4c). Conversely, only 30% of microtubules broke when in-
cubated with KAc. Microtubule breaking is reduced to 70% when
incubated with NaAc, reinforcing our observation of the contrast-
ing effect between Ac™ and Na™. This result shows that NaCl,
NaAc, and KAc act on tubulin-tubulin interactions and not on
the hydrolysis rate. Like the case at the tip, at the microtubule
shaft, Na* destabilizes the interactions and Ac™ has a stabilizing
effect.

The damage process of microtubule is affected
by ions

To delve deeper into the breaking dynamics of microtubules in the
presence of different salts, we measured the time it took for a
microtubule to break (Fig. 4d). Since microtubules rapidly depoly-
merize postbreakage (45, 54), we defined the breakage event as
the moment when the microtubule began to depolymerize
(vellow arrowhead Fig. 4b). These results showed that micro-
tubule break much faster in the presence of NaCl compared
with the control, reducing the microtubule’s lifetime by 37%
(Fig. 4d). Surprisingly, while microtubules in the presence of KAc
and NaAc had lifetimes comparable with the control, those incu-
bated with KCl had a 1.3-fold increase in lifetime before breakage
occurred, indicating a protective effect of KCl against breakage.
Consistent with this, we observe a delay in the damage formation
in the presence of KCl (Fig. 4e).

Although NaCl induced faster damage formation compared
with the control (Fig. 4e), the duration from when the damage
event occurred to when the microtubule ultimately broke was
the same in both conditions (Fig. 4f). This was also the case for
KCl and KAc, although the values are slightly higher. Only micro-
tubules incubated with 100 mM NaAc were significantly more
stable in this transition state, damage initiation to breakage,
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Fig. 4. Ion effect on microtubule damage. a) Scheme of the damage assay. Salts were added during the damage step. b) Representative TIRF images of
microtubules showing progressive and bent damage over time. The first two columns show the same microtubules. Red arrowhead: damage site; yellow
arrowhead: breakage of microtubule followed by depolymerization. Scale bar: 5 um. ¢) Mean microtubule breaking (number of broken microtubules/the
total number of microtubules). d) Mean time until microtubule breakage (with the indicated salt), from the beginning of the assay until microtubule

started to depolymerize, as indicated by the yellow arrowhead in (b).

e) Mean time until microtubule damage (with the indicated salt), from the beginning

of the assay until the first sign of damage. f) Mean lifetime of damaged microtubules (seconds until microtubule depolymerized—seconds of first damage
sign), with the indicated salt. d-f) Experimental mean with SD, n=at least three independent experiments, individual values, and experimental mean
values (orange dots). Statistics: one-way ANOVA. g) Percentage between the two different damaged types with indicated 100 mM salt or 0 mM (control). h)
Scheme of the ionic effects of Na* and Ac™ on the longitudinal and the lateral interactions of tubulin within the microtubule structure.

increasing this transition time by up to 2.1-fold (Fig. 4f). These re-
sults imply that although NaCl can initiate dimer dissociation
from the shaft (Fig. 4c-g), it does not influence the subsequent lat-
eral extension of damage leading to breakage. This points to a
unique impact of salts on the longitudinal vs. lateral tubulin inter-
actions within the lattice.

Impact of salts on lateral and longitudinal
tubulin-tubulin interactions

To study the potential impact of salt on these tubulin-tubulin in-
teractions, we categorized the observed damages into two types:
(i) progressive damage, marked by a longitudinally extending de-
crease in fluorescent intensity that results in mechanically instable
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Movie. Microtubule showing progressive damage.

stretches that were wavering in and out of the field of view (see
Movie, Fig. 4b) and (ii) bent damage, characterized by an over 170°
angle bending of the microtubule before the breakage, likely due
to more lateral spreading of the damage (Fig. 4b). The time required
of these two damage types to initiate was comparable (red arrow-
head in Figs. 4b and S2a). In the control condition, both damage
types occurred with equal probability (Fig. 4g). However, the add-
ition of salts shifted the likelihood toward progressive damage,
with a maximum for NaCl and NaAc that had three-fourth of the
damage in the progressive type (Fig. 4g). These results support the
idea that salts weaken lateral interactions, allowing protofilaments
to peel out of the lattice (Figs. 4h and S2b, see also Discussion).

a
Elongation

GMPCPP Tubulin

Incorporation of GTP tubulin into the microtubule
shaft is altered by the ionic composition

We next studied whether the dynamics at the growing tip are dif-
ferentially affected by salts compared with the more defined and
rigid environment at the microtubule shaft. To do so, we per-
formed our breakage assay in the presence of free GTP tubulin, en-
abling the repair of damage sites (incorporation assay) and
studied the impact of 100 mM salt on microtubule shaft dynamics
(Fig. 5a and b). Consistent with our data from the breakage assay,
in the presence of NaCl, the number of incorporation events per
micrometer increased by 2.5-fold compared with the control
(Fig. 5¢). Similarly, in the presence of NaAc, the incorporation
density increased by 1.8-fold. No significant changes were ob-
served with either KAc or KCl. The presence of Na* salts uniquely
led to an increase in the number of repaired damages.

Furthermore, all salts tested increased the mean length of the
incorporation sites, reaching a 2-fold increase with KAc compared
with the control (Fig. 5d). This supports our observation that salts
prompt progressive damage. These results indicate distinct ef-
fects of salts on both the dissociation and incorporation of tubulin
dimers at damage sites. While KAc had no effect on the number of
damage events, it led to the longest incorporation stretches, sug-
gesting either increased longitudinal dissociation of dimers once
damage occurs or higher repair efficiency.

The total fraction of exchanged tubulin along the shaft was
highest in the presence of NaCl, followed by NaAc, at 4- and
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Fig. 5. Ion effect on microtubule shaft dynamic. a) Scheme of the incorporation assay. Salts were added during the incorporation step for 25 min. b)
Representative time projection (max intensity) of repaired microtubules after the incorporation assay. Scale bar: 5 pm. c) Mean incorporation density
(event/um) with the indicated 100 mM salt or 0 mM (control). Experimental mean with SD, n =3 independent experiments. d) Mean length of
incorporation sites with indicated salt. Experimental mean with SD, n=3 independent experiments, individual values, and experimental mean values
(orange dots). e) Mean fraction of replaced tubulin shaft (total length of incorporation sites/total microtubule length) with indicated salt. Experimental
mean with SD, n=3 independent experiments. c-e) Statistics: one-way ANOVA.
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3-fold, respectively, compared with the control (Fig. 5e). Thus, the
number of events was more influential than the net repair effi-
ciency, with KAc showing a 2.6-fold increase. Taken together,
the microtubule incorporation assay revealed that the dynamics
at both the growing microtubule tip and the shaft are regulated
by the ionic composition surrounding the microtubule.

Discussion

Our results show that monovalent ions significantly affect micro-
tubule dynamics. Using dynamic in vitro assays combined with
TIRF microscopy, we could precisely characterize the specific ef-
fect of these ions on microtubule dynamics and found a strong ef-
fect of Na* and Ac™ on microtubule stability. Interestingly, some
dynamic parameters, such as rescue frequency, polymerization,
and depolymerization speed, seemed to have already reached
maximum changes at 50 mM salt, while catastrophe frequency
continued to increase with higher salt concentrations. This indi-
cates that different dynamic parameters may be governed by dis-
tinct electrostatic interactions or ionic interactions. Notably,
100 mM NaCl affects microtubule dynamics similarly to proteins
that interact with microtubule ends, such as end-binding pro-
teins, thereby modulating microtubule dynamics (55-59).

Throughout this study, Na* had a pronounced destabilizing ef-
fect on the microtubule structure. Unlike a previous study using a
combination of Taxol and NaCl (39), our data show that net micro-
tubule mass formation is not favored in the presence of Na*. This
cation increases the catastrophe frequency, leading to shorter
microtubules with reduced lifetimes (Figs. 2d and 3a-c). Similar
to Ca®*, Na* induces microtubule depolymerization (37, 38).
However, the required concentration of Ca?* to efficiently disas-
semble the microtubule structure is about 1,000 times lower than
that required for Na* (0.1 and 100 mM, respectively) (60). Ca** is
proposed to induce depolymerization by interacting with the
C-terminal tail of tubulin (61, 62), while simulations predicted
that Na* is present both at the surface and inside the microtubule
lumen (63). Whether Na™ binds to specific regions associated with
tubulin-tubulin interaction remains elusive.

Our damage and incorporation assays (Figs. 4 and 5) suggest
that Na* weaken lateral interactions between tubulin hetero-
dimers (Fig. 4h). This weakening likely accounts for the higher
catastrophe frequency (Fig. 2d), as microtubule associated pro-
teins that disrupt lateral interactions also cause microtubule de-
polymerization (46). Moreover, weakened lateral interactions are
a common presetting to microtubule catastrophe, as GTP hydroly-
sis weakens lateral interactions (64). These weaker tubulin inter-
actions could furthermore explain the increase in microtubule
damage sites, leading to either more repair or breakage events
(Figs. 4 and 5). Additionally, weakened lateral interactions could
lead to protofilament peeling, where protofilaments progressively
peel out from the microtubule shaft. Our results showing ex-
panded progressive damage in the presence of Na* would support
such a scenario (Fig. 4g). Furthermore, protofilament peeling
could explain the general observation that damage sites are often
in the range of micrometers (Fig. 5d) (17, 19, 22, 65).

In contrast to Na*, Ac™ promotes microtubule formation and
stability. The presence of Ac™ strongly increased rescue frequency
(Fig. 2f), leading to longer microtubules with extended lifetimes
(Fig. 3a and c). This increase in rescue frequency was not linked
to an increase in incorporation sites along the microtubule lattice
(Fig. 5c). The higher incorporation efficiency of KAc and NaAc
might be linked to their ability to trigger the highest rescue fre-
quencies. However, NaCl, which had the highest number of

incorporation sites, did not influence the rescue frequency.
Thus, the increase in rescue frequency observed with KAc and
NaAc likely stems from effects at the dynamic end of the micro-
tubule, rather than from changes in shaft dynamics.

We hypothesize that Ac™ stabilizes longitudinal interactions
between tubulin heterodimers once integrated into the micro-
tubule structure (Fig. 4h). This enhancement of interactions is
further supported by the increase in nucleation efficiency
(Fig. 1a and b), as longitudinal interactions are crucial for the nu-
cleation process (66, 67). Furthermore, the damage assay revealed
a protective role of Ac™ against microtubule breakage during the
assay (Fig. 4c), while Ac™ led to the longest incorporation stretches
(Fig. 5d). In summary, in the presence of Ac™, microtubules break
less but exhibit the highest incorporation length compared with
other conditions (Fig. 5c-e), indicating that Ac™ enhances repair
efficiency.

Our data suggest that Ac™ counteracts the effects of Na*, while
the CI™ anion might synergize with Na*, leading to increased poly-
merization and depolymerization speeds in the presence of NaCL
The observed increase in repair sites with NaAc, alongside re-
duced breakage, reflects the opposing actions of Na* in inducing
damage and Ac™ in stabilizing damaged microtubules, preventing
breakage. Furthermore, the interplay between the two ions in-
creased microtubule length, increased the rescue frequency,
and enhanced net microtubule formation. This is especially pro-
nounced at higher concentrations where 150 mM KAc nucleated
microtubules, NaAc mildly nucleated microtubules, and no mi-
crotubules were observed for NaCl. However, in terms of micro-
tubule polymerization speed and catastrophe frequency, the
effects of Na* predominated over those of Ac™. Further studies
into the molecular mechanisms by which salts, particularly Na*
and Ac™, affect distinct microtubule dynamic parameters at the
protein interaction level would be insightful.

In conclusion, the identity of the ion plays a more predominant
role in the modulation of microtubule dynamics than its associ-
ated charge. While Na* destabilizes the microtubule structure
and Ac™ boosts microtubule formation, K* and Cl~ did not show
any drastic effect on microtubule dynamics. Therefore, the ionic
environment in which microtubules grow must be considered ac-
cording to the specific research question being addressed.

Materials and methods

Tubulin purification from bovine brain
and tubulin labeling

Tubulin was purified from fresh bovine brain by two cycles of
polymerization and depolymerization, as previously described
(68). A first polymerization-depolymerization cycle was per-
formed in high-molarity 1,4-Piperazinediethanesulfonic acid
(PIPES) buffer (1M PIPES-KOH at pH 6.9, 10 mM MgCl,, 20 mM
EGTA, 1.5 mM ATP, and 0.5 mM GTP) supplemented with 1:1 gly-
cerol and depolymerization buffer (50 mM MES-HCI at pH 6.6
and 1 mM CaCly), respectively. A second polymerization-depoly-
merization cycle was then performed: polymerization in high-
molarity PIPES buffer and depolymerization in 0.25XBRB80 com-
plete after 15 min with SXBRB80 to reach 1XBRB80 (80 mM PIPES
at pH 6.8, 1 mM MgCl,, and 1 mM EGTA), respectively.

Labeled tubulin with ATTO-488, ATTO-565, or ATTO-647
(ATTO-TEC GmbH) and biotinylated tubulin were prepared, as
previously described (69), with slight modifications. Tubulin was
polymerized in glycerol PB solution (80 mM PIPES-KOH at pH 6.8,
5 mM MgCl,, 1 mM EGTA, 1 mM GTP, and 33% [v/v] glycerol) for
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30 min at 37 °C and layered onto cushions of 0.1 M NaHEPES at pH
8.6, 1 mM MgCl,, 1 mM EGTA, and 60% (v/v) glycerol followed by
centrifugation. The pellet was resuspended in resuspension buffer
(0.1 M NaHEPES at pH 8.6, 1 mM MgCl,, 1 mM EGTA, 40% [v/v] gly-
cerol) and incubated 10 min at 37 °C with 1/10 volume of 100 mM
ATTO-488, ATTO-565, or ATTO-647 NHS-fluorochrome or incu-
bated 20 min at 37 °C with 2 mM biotin reagent. Labeled tubulin
was sedimented onto cushions of BRB80 supplemented with 60%
glycerol and resuspended in BRB80. A second polymerization—
depolymerization cycle was performed before use. The labeling
ratio was 11% for ATTO-488 and 13% for ATTO-565.

Microtubule seeds preparation

Microtubule seeds were prepared by mixing 20% ATTO-647-
labeled tubulin and 80% biotinylated tubulin to have a final con-
centration of 10 uM in BRB80 with 0.5 mM GMPCPP. The solution
was incubated at 37 °C for 45 min. One micromolar Paclitaxel
was added to the solution and incubated at 37 °C for 30 min.
The solution was then centrifuged at 50,000 rpm at 25 °C for
15 min. The pellet was resuspended with BRB80 supplemented
with 1 uM Paclitaxel and 0.5 mM GMPCPP. Seeds were aliquoted
and stored in liquid nitrogen.

Imaging

Microscopy images were taken with an Axio Observer Inverted
TIRF microscope (Zeiss, 3i) and a Prime BSI (Photometrics). A
100x objective (Zeiss, Plan-Apochromat 100x/1.46 oil DIC (UV)
VIS-IR) was used. SlideBook 6 X64 software was used to record
time-lapse imaging. Microscope stage conditions were controlled
with the Chamlide Live Cell Instrument incubator (37 °C).

Flow chamber

Slides and coverslips were cleaned by two successive incubations
and sonication: sonicated for 40 min in 1 M NaOH, rinsed in bidis-
tilled water, sonicated in ethanol (96%) for 30 min and rinsed
in bidistilled water. Stocks of tri-ethoxy-silane-PEG-biotin and
tri-ethoxy-silane-PEG were prepared at 1 mg/mL in 96% ethanol
and 0.02% HCL. Slides and coverslips were dried with an air gun,
placed into a Plasma cleaner (Electronic Diener, Plasma surface
technology) for plasma treatment, followed by 2 days incubation
with tri-ethoxy-silane-PEG (Creative PEGWorks) or a mixture of
tri-ethoxy-silane-PEG-biotin and tri-ethoxy-silane-PEG with the
ratio of 1:5 with gentle agitation at room temperature. Slides
and coverslips were then washed in ethanol (96%) and bidistilled
water, dried with air gun and stored at 4 °C. Flow chamber was as-
sembled by fixing with double tap a tri-ethoxy-silane-PEG-treated
slide with a mixture of tri-ethoxy-silane-PEG-biotin and tri-
ethoxy-silane-PEG-treated coverslip with the ratio of 1:5. The vol-
ume of the chamber is around 10 pL.

Microtubule dynamic assay

The in vitro chamber was prepared by injecting successively 95 puL
of 50 pg/mL neutravidin (5 min incubation), one-time 95 uL BRB80
wash, 95pL microtubule seeds diluted in BRB80 (20%
ATTO-647-labeled tubulin and 80% biotinylated tubulin) and
washed three-times with 95 pL BRB80 to remove unattached
seeds. A polymerization solution containing: 7 M tubulin (20%
ATTO-488-labeled tubulin, 80% unlabeled), an antibleaching buf-
fer (1 mM GTP, 10 mM DTT, 0.3 mg/mL glucose, 0.1 mg/mL glu-
cose oxidase, 0.02 mg/mL catalase, and 0.125% methyl cellulose
[1,500 cP, Sigma]) and 0 mM (control) or 50 or 100 mM salt or
150 mM (KCl, NacCl, KAc, NaAc freshly prepared with bidistillated

water from 1 M stock solutions) was prepared. The volume was
completed to 30 pL with 1x BRB80. The polymerization solution
was injected in the chamber, and the chamber was sealed for mi-
croscopy analysis. Microtubule polymerization was recorded over
300 frames at the interval of 5s. High-speed measurement was
performed at 1 s intervals (Fig. S1f and g). Kymographs were gen-
erated and analyzed using an ImageJ macro. Polymerization and
depolymerization speeds were measured with the slope in the
kymographs (Fig. S1a). Each analysis point in the panel, Fig. S1b
and d, corresponds to one slope in a kymograph (Fig. Sla).
Catastrophe frequency was calculated with the number of
catastrophes spent during growth (frequency = number of catas-
trophe event/time spent in growth). Rescue frequency was calcu-
lated as follows: frequency = number of rescue event/time spent
in depolymerization. Catastrophe and rescue events are, respect-
ively, highlighted by a red star and a green rectangle in Fig. Sla.
Microtubule mean length was measured from the onset of micro-
tubule growth until the catastrophe event that precedes its full
depolymerization. In the case where a microtubule undergoes
several catastrophe and rescue events before its full depolymer-
ization, the measured mean length is the average of the different
maximal lengths that reach the microtubule before each catastro-
phe event. In the case where a microtubule does not undergo ca-
tastrophe within the acquisition time, the measured length
reflects the maximum length during the acquisition. The meanra-
tio of templated microtubule nucleation was calculated by divid-
ing the number of seeds with nucleated microtubule over the
acquisition/total amount of seeds in the field of view. The micro-
tubule lifetime is the time spent during the microtubule growth
phase until the first catastrophe event. Graphs were created
with GraphPad Prism8. One-way ANOVA was performed for
statistics.

Incorporation assay

Incorporation assay was adapted from the protocol published in
Ref. (70). In vitro chamber was prepared by injecting successively
95 pL of 50 pg/mL neutravidin (5 min incubation), one-time 95 pL
BRB80 wash, 95uL microtubule seeds diluted in BRB80 (20%
ATTO-647-labeled tubulin and 80% biotinylated tubulin) and
washed three-times with 95uL BRB80 to remove unattached
seeds. A polymerization solution containing: 10 uM tubulin (20%
ATTO-488-1abeled tubulin, 80% unlabeled), BRB8O, and an anti-
bleaching buffer (1mM GTP, 10 mM DTT, 0.3 mg/mL glucose,
0.1 mg/mL glucose oxidase, 0.02 mg/mL catalase, 0.125% methyl
cellulose [1,500 cP, Sigma]) was perfused in the chamber. The
chamber was incubated for 15 min at 37 °C for microtubule poly-
merization from the seeds. A prewarmed capping solution of 6 M
tubulin (100% ATTO-488-labeled tubulin) in BRB80 supplemented
with 0.5 mM GMPCPP was perfused in the chamber to exchange
the polymerization buffer and then incubated for 15 min at 37 °C.
The chamber was washed twice with 95 pL prewarmed BRB80 to re-
move unattached GMPCPP microtubules. An incorporation buffer
containing: 10 uM tubulin (100% ATTO-565-labeled tubulin) in
BRB80 supplemented with 0 mM (control) or 100 mM salt (KCI,
NaCl, KAc, NaAc freshly prepared with bidistillated water from
1M stock solutions) was injected in the chamber and incubated
at 37 °C for 25 min. The chamber was washed with prewarmed
95 uL BRB&0 and an imaging solution of 6 uM tubulin (unlabeled)
with BRB8O supplemented with antibleaching buffer was injected
in the chamber. The chamber was sealed for microscopy analysis.
Each position was recorded over 10 frames. Only fluctuating micro-
tubules (Fig. 5b) were considered in the analysis to ensure that the


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae544#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae544#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae544#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae544#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae544#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae544#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae544#supplementary-data

Fernandes and Aumeier | 11

measured incorporation signal was not from an aggregate stacked
on the surface. The mean incorporation density was calculated
with the number of incorporation sites/the total microtubule
length. The mean fraction of replaced tubulin in the shaft was cal-
culated with the total length of incorporation/the total microtubule
length. Measurements were done with Fiji. Graphs and statistical
analysis (one-way ANOVA) were performed with GraphPad Prisma8.

Damage assay

Damage assay follows the same steps as the incorporation assay
(explained above) until the capping solution incubation. The
chamber was washed twice with 95 uL prewarmed BRBS8O0 to re-
move unattached microtubules. An imaging solution containing:
antibleaching buffer, BRB80 0 mM (control) or 100 mM salt (KCl,
NaCl, KAc, and NaAc were freshly prepared with bidistillated
water from 1M stock solutions) and complete to 30 uL with
BRB80 was perfused in the chamber. The chamber was sealed
for microscopy imaging. Each position was recorded over 200
frames with an interval of 10s. Only fluctuating microtubules
were considered in the analysis to prevent any hypothetical glass-
stabilizing interaction with microtubules. The mean microtubule
breaking ratio was calculated with the total number of broken
microtubule/the total number of microtubules. The time required
for breakage was measured from the beginning of the acquisition
until the microtubule breakage. The time required to damage a
microtubule was measured from the beginning of the acquisition
until the first appearance of the damage sign. The mean lifetime
of damaged microtubules was measured by subtracting the time
required to break a microtubule from the time required to damage
a microtubule. All the measurements were performed with Fiji.
The graphs and the statistical analysis (one-way ANOVA) were
performed with GraphPad Prism8.

Turbidity assay

Two microliters of 15 pM tubulin (unlabeled) were prepared in a
BRB80 buffer supplemented with 1 mM GTP, 20% glycerol (v/v),
and 0 mM (control) or 50 mM or 100 mM salt (KCI, NaCl, KAc,
and NaAc were freshly prepared with bidistillated water from
1M stock solutions). Solutions were transferred into a 96-well
plate for turbidity analysis at 37 °C. Absorbance was measured
at 350 nm every 30 s over 3,500 s with a Spectra MAX instrument.
A control well (only BRB80) was included in the experiment to sub-
tract the background. Data were extracted and processed with
Microsoft Excel. A nonlinear regression (logistic fit; equation:
Y = YM x Y0/(YM — YO) x exp (—k x x) + YO, where YO is the start-
ing population [here YO=0], YM is the maximal value [plateau],
and k is the rate constant of the curve) was applied on the graph
to calculate the lag time, the plateau, and the slope of the curve
(Fig. 1b), with GraphPad Prism 8. One-way ANOVA was used to cal-
culate statistics.

Microtubule polymerization assay

A 10-pM tubulin (unlabeled) was polymerized in a BRB8O buffer
supplemented with 1 mM GTP, 20% glycerol (v/v), 0 mM (control),
or 200 mM salt (NaCl or KAc were freshly prepared with bidistil-
lated water from 1 M stock solutions) and incubated for 30 min
at 37 °C. The solution was centrifuged at 50,000 rpm at 37 °C for
20 min. The supernatant was harvested, and the pellet was resus-
pended in BRB8O buffer (similar volume as the starting volume).
Samples were loaded in a sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel followed by a Coomassie stain-
ing. Band intensities were measured on ImageJ and then plotted

and analyzed with GraphPad Prism 8. Two-way ANOVA was
used to calculate statistics.

GMPCPP microtubule survival assay

A 10-uM tubulin (20% labeled ATTO-488) was polymerized in a
BRB8O buffer supplemented with 0.5 mM GMPCPP for 30 min at
37 °C. GMPCPP microtubules were then mixed with antibleaching
buffer (without GTP) and with 0 (Ctrl) or 2 mM CacCl, (freshly pre-
pared with bidistillated water from a 0.5-M stock solution) or
100 mM of salt (KCl, NaCl, KAc, and NaAc were freshly prepared
with bidistillated water from 1M stock solutions). Please note
that EGTA was present in the BRB80; in the observed result at
2mM CaCl,, it needs to be considered that some of the Ca®*
were chelated by EGTA. Two hundred frames were recorded with
aninterval of 10 s. An arbitrary region with fixed size was randomly
selected to measure the intensity over time for all experiments.
Background intensity (selected region where no GMPCPP microtu-
bules were present) was subtracted from the measured integrated
fluorescent intensity. The resulting value was normalized to 1, and
the changes in fluorescent intensity were plotted over time.
Measurements were performed with Image]J, and the graph plotted
and statistical analysis (one-way ANOVA) were performed with
GraphPad Prism8. Linear regressions were applied for each condi-
tion (Y =slope x x, YO=1 as a restriction).
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