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Microtubule aging probed by microfluidics-
assisted tubulin washout

ABSTRACT Microtubules switch stochastically between phases of growth and shrinkage. The 
molecular mechanism responsible for the end of a growth phase, an event called catastrophe, 
is still not understood. The probability for a catastrophe to occur increases with microtubule 
age, putting constraints on the possible molecular mechanism of catastrophe induction. Here 
we used microfluidics-assisted fast tubulin washout experiments to induce microtubule depo-
lymerization in a controlled manner at different times after the start of growth. We found that 
aging can also be observed in this assay, providing valuable new constraints against which 
theoretical models of catastrophe induction can be tested. We found that the data can be 
quantitatively well explained by a simple kinetic threshold model that assumes an age-
dependent broadening of the protective cap at the microtubule end as a result of an evolving 
tapered end structure; this leads to a decrease of the cap density and its stability. This analy-
sis suggests an intuitive picture of the role of morphological changes of the protective cap for 
the age dependence of microtubule stability.

INTRODUCTION
Microtubules are structurally polar polymers consisting of 13 proto-
filaments arranged into a tube and are found in all eukaryotic cells. 
Microtubule plus ends switch between phases of continuous growth 
and shrinkage (Mitchison and Kirschner, 1984; Horio and Hotani, 
1986; Cassimeris et al., 1988). This property, termed dynamic insta-
bility, is crucial for microtubule functions in living cells—for example, 
for exploring intracellular space to capture chromosomes in prepa-
ration for cell division or for dynamic cytoskeleton reorganizations, 
as needed during mitosis and differentiation (Kumar and Wittmann, 
2012; Akhmanova and Steinmetz, 2015).

Dynamic instability is a consequence of GTP-tubulin addition to 
growing microtubule ends followed by GTP hydrolysis; this leads to 
the establishment of a protective “GTP cap” at the growing microtu-
bule ends preceding the GDP lattice that is prone to depolymerization 
when unprotected. Loss of the GTP cap or parts of it or other GTP 
hydrolysis-dependent processes are believed to induce the transi-
tion from growth to shrinkage, called a catastrophe (Carlier, 1991; 
Desai and Mitchison, 1997; Howard and Hyman, 2009). However, 
the exact condition leading to catastrophe is still under debate.

An interesting feature of catastrophes, as revealed by in vitro 
experiments with purified tubulin, is that the likelihood of catastro-
phe increases with the growth duration of individual microtubules, 
that is, with microtubule age (Odde et al., 1995; Gardner et al., 
2011b; Mohan et al., 2013). This leads to a microtubule lifetime 
distribution with a distinct maximum, in contrast to a continuously 
decaying monoexponential distribution as expected for a simple 
one-step process with a constant, age-independent catastrophe 
probability (Odde et al., 1995). Microtubule aging has attracted 
attention because this property has been suggested to allow cells to 
keep microtubule length in a “useful” range (Gardner et al., 2011b). 
Furthermore, the phenomenon of microtubule aging strongly con-
strains catastrophe models.

A large variety of theoretical models of microtubule dynamic in-
stability have been proposed considering various degrees of detail 
(for a historical overview, see Bowne-Anderson et al., 2013). The 
range extends from simple phenomenological kinetic models (for 
recent examples, see Brun et al., 2009; Bowne-Anderson et al., 2013; 
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leading to catastrophe (Duellberg et al., 2016). We used a microflu-
idics-assisted in vitro assay to measure how microtubule stability 
depends on microtubule growth speed. In these experiments, 
sudden tubulin removal instantaneously caused microtubule growth 
to stop, followed by a delay of several seconds before microtubules 
underwent catastrophe, as observed earlier (Walker et al., 1991). We 
observed that this delay time, a measure of microtubule stability at 
the moment of tubulin removal, tended to increase with the instan-
taneous microtubule growth speed at tubulin removal. This stability 
increase correlated with an increasing size of the binding region of 
end binding 1 (EB1) proteins, supporting the notion that these pro-
teins recognize the protective cap in the microtubule end region. 
The delay times and their dependence on the microtubule growth 
speed could be explained by considering that the protective cap 
was gradually lost after tubulin washout by 1) microtubule matura-
tion (i.e., GTP hydrolysis/phosphate release) and 2) slow microtu-
bule shrinkage between tubulin washout and catastrophe. A simple 
kinetic threshold model suggested that a minimal density of cap 
sites in the highest-density region of the protective cap—that is, 
close to the microtubule end—was required to keep the microtu-
bule stable; this defined the condition for catastrophe induction in 
tubulin washout experiments (Duellberg et al., 2016).

In our previous study, however, the question remained unex-
plored of whether microtubule aging can also be observed in tubu-
lin washout experiments. Aging probed by tubulin washout might 
provide additional information, allowing us to decide which of the 
current ideas best describes the mechanism responsible for micro-
tubule aging.

Here we performed microfluidics-assisted fast tubulin wash-
out experiments at different microtubule growth times to test 
whether aging affects the momentary microtubule stability in this 
assay. We measured delay times under conditions of different over-
all microtubule stability. We found that aging indeed reduces the 
momentary microtubule stability after sudden tubulin removal. This 
reduction of stability with age was observed robustly at all condi-
tions tested. Multistep catastrophe models in their current form fail 
to explain the measured delay times between tubulin washout and 

catastrophe; however, the delay times are 
well explained by a kinetic threshold model 
that considers an age-dependent change of 
the shape of the protective cap induced by 
a tapered end structure elongating with mi-
crotubule growth time.

RESULTS
To explore microtubule stability under dif-
ferent conditions, we used the magnesium 
ion concentration as a control parameter for 
setting different stability levels because it is 
well established that it affects microtubule 
dynamic instability parameters (Heusele 
et al., 1987; Schilstra et al., 1991). As con-
trols, we first performed experiments in 
simple flow chambers with dynamic micro-
tubules growing in the presence of 10 μM 
purified Alexa 568–tubulin from surface-
immobilized, guanylyl 5′-α,β-methylene-
diphosphonate (GMPCPP)-stabilized micro-
tubule seeds (Bieling et al., 2007). Movies 
were acquired using total internal reflection 
fluorescence (TIRF) microscopy (example 
kymographs are shown in Figure 1A). We 

Duellberg et al., 2016) to elaborate microscopic models that con-
sider the energetics of individual tubulin–tubulin interactions in the 
three-dimensional lattice of a microtubule (for recent examples, see 
Margolin et al., 2012; Coombes et al., 2013; Zakharov et al., 2015). 
Whereas simpler models assume some specific element as a catas-
trophe criterion, catastrophe is an emergent property of microscopic 
models. Roughly two classes of recent kinetic models can be distin-
guished that have been proposed to explain the mechanism under-
lying microtubule aging at steady state. In the first class of models, 
induction of catastrophe is assumed to be a consequence of a kinetic 
multiple-step process, with each step having a constant probability. 
Either individual kinetic steps are assumed to lead to short-lived 
states characterized, for example, by the transient presence of GDP 
tubulins at microtubule ends, requiring the additional condition of 
local and temporal coincidence of such states (Brun et al., 2009), or 
the kinetic steps are assumed to lead to long-lived states, for exam-
ple, permanently end-exposed GDP tubulin blocking further elonga-
tion of a protofilament, previously also called “defects.” Such long-
lived states introduce an element of “memory,” and catastrophe 
induction has been proposed to require the additional condition of 
accumulation of a distinct number of such defects (Gardner et al., 
2011b; Bowne-Anderson et al., 2013, 2015). A conceptually quite 
different, microscopic model proposed a different mechanism for ag-
ing: it predicts an increasingly tapered microtubule end structure 
with microtubule age, which leads to a decrease in microtubule sta-
bility over time (Coombes et al., 2013). A change of the microtubule 
end structure with time had been observed experimentally by elec-
tron microscopy of growing microtubule ends; these experiments 
show a sheet-like or rugged appearance, often called a taper, indi-
cating that not all protofilaments have the same lengths (Mandelkow 
et al., 1991; Chretien et al., 1995; Coombes et al., 2013). It is unclear 
which of these quite different proposed mechanisms is responsible 
for microtubule aging, mostly because the postulated conditions in-
ducing catastrophe cannot be directly observed experimentally be-
fore catastrophe actually occurs.

We recently demonstrated that fast tubulin washout experiments 
can provide valuable additional information about the condition 

FIGURE 1: Magnesium ions destabilize dynamic microtubule plus ends. (A) Representative TIRF 
microscopy kymographs of microtubule growth at 10 μM Alexa 568–tubulin under steady-state 
conditions in the presence of 0.5 (left) or 10 mM (right) MgCl2. Microtubule plus ends point 
toward the right. (B) Average lifetime of growth episodes (top; n > 228) and average growth 
speed (bottom, n > 148) of microtubule plus ends. Error bars are SEM.
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constant (Materials and Methods). Microtubules immediately 
stopped growing at the moment of washout and underwent catas-
trophe with a delay of typically several seconds after tubulin re-
moval (Figure 2B and Supplemental Figure S2; Walker et al., 1991). 
The average delay time was halved from ∼8 to 4 s when the mag-
nesium concentration was increased from 1.6 to 10 mM (Figure 
2C, two left columns), confirming a trend observed previously 
(Duellberg et al., 2016). We also noted that the rapid depolymer-
ization of the microtubules after catastrophe was faster at higher 
magnesium concentration (Supplemental Figure S3), as reported 
for microtubules undergoing catastrophes at steady state (O’Brien 
et al., 1990). Taken together, these data demonstrate that in-
creased magnesium concentrations make microtubules more 
dynamic but overall less stable, as shown by their reduced steady-
state lifetimes, as well as by their reduced delay times after tubulin 
washout.

observed that the mean lifetime of microtubules decreased from 
779 to 402 s when the magnesium concentration was increased 
from 0.5 to 10 mM (Figure 1B, top). At the same time, the growth 
speed increased from 15.0 to 23.6 nm/s (Figure 1B, bottom). This 
agrees with trends reported previously (Heusele et al., 1987; O’Brien 
et al., 1990; Schilstra et al., 1991). For both magnesium concentra-
tions, we observed nonmonoexponential lifetime distributions (Sup-
plemental Figure S1A), as reported for other in vitro conditions 
(Odde et al., 1995; Gardner et al., 2011b; Mohan et al., 2013), in-
dicative of aging at steady-state conditions.

Next we performed microfluidics-assisted sudden tubulin wash-
out experiments, as described recently (Duellberg et al., 2016), at 
different magnesium concentrations (Figure 2A). Microtubules 
grow first in the presence of 20 μM purified Alexa 568–tubulin, fol-
lowed by rapid buffer exchange 160 s after the start of tubulin 
growth, removing the tubulin and keeping all other concentrations 

FIGURE 2: Tubulin washout assay. (A) Microfluidics-assisted tubulin washout setup (left). Microtubules grow from 
surface-immobilized, GMPCPP-stabilized seeds under constant flow; changing solution allows fast tubulin removal 
(right). (B) Representative kymograph of a tubulin washout experiment. The microtubule elongates in the presence of 
20 μM tubulin (MT growth) until tubulin is washed out (blue line). A delay time of several seconds (red) is observed 
until catastrophe occurs, followed by fast depolymerization. For clarity, background subtraction was applied using 
ImageJ (National Institutes of Health, Bethesda, MD). For the definition of the catastrophe criterion, see 
Supplemental Figure S2. (C) Average delay times of microtubule plus ends after tubulin washout in the presence of 
varying magnesium concentrations as indicated. Top, schematic drawings with the idealized kymographs illustrating 
the sequence of magnesium concentrations used; asterisk indicates time of washout. Tubulin washout was performed 
at 160 s after the start of growth. Middle, representative kymographs for each condition. Bottom, box plot showing 
the measured average delay times. Tubulin washout was performed in the constant presence of 1.6 (first column) or 
10 mM (second column) MgCl2 or the MgCl2 concentration was changed at tubulin washout as indicated (third and 
fourth columns). n > 51 per condition.
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tubulin was removed at the later growth time (Figure 3). This 
demonstrates that the effect of microtubule aging, although com-
paratively small, can be robustly measured in tubulin washout 
experiments under conditions of different overall stability (set by the 
magnesium concentration). This challenges multistep models of 
aging that do not have an element of memory (Brun et al., 2009), 
which are expected to predict that delay times are independent of 
the time of tubulin washout.

Both defect accumulation and an elongating tapered microtu-
bule end structure can qualitatively explain microtubule aging in 
washout experiments (Bowne-Anderson et al., 2013; Coombes 
et al., 2013). To be able to distinguish between these two models, 
we quantitatively compared theoretical predictions to our experi-
mental data.

In the multistep defect model, a defect corresponds to an end-
exposed GDP-tubulin. This defect occurs when GTP in the penulti-
mate tubulin is hydrolyzed to GDP and subsequently the terminal 
GTP tubulin is lost by dissociation. Such defects are assumed to be 
permanent. Steady-state lifetime distributions were well explained 
assuming that three defects induce catastrophe, defining the catas-
trophe criterion in this model. We extended the existing model 
(Bowne-Anderson et al., 2013) by calculating the expression for the 
delay time distributions after tubulin washout: assuming that the 
condition for catastrophe is unaffected by tubulin removal, we con-
sidered that defects can first accumulate before washout and then 
with accelerated kinetics also after washout (see Materials and 
Methods and Figure 4). The obtained analytical expression describ-
ing the delay time distribution depends on the four parameters of 
the steady-state model: the number of defects causing catastrophe 
to occur, the tubulin association and dissociation rates during growth, 
and the GTP hydrolysis rate. It also contains the tubulin washout time 
and the dissociation rate after washout, which we allow to be differ-
ent from that before washout (Figure 4, A and B, and Supplemental 
Table S1). Using this expression, we made a global fit to all six mea-
sured delay time distributions, assuming that the accumulation of 
three defects triggers catastrophe, as previously proposed (Gardner 
et al., 2011b; Bowne-Anderson et al., 2013). The initial tubulin asso-
ciation and dissociation rates were constrained by the measured 
growth speeds and the postwashout dissociation rates by the previ-
ously measured shrinkage speed after washout (Duellberg et al., 
2016). The GTP hydrolysis rate was first assumed to be identical to 
the microtubule maturation rate (Maurer et al., 2014), which we mea-
sured in independent experiments by comet analysis of Mal3–green 
fluorescent protein (GFP) added at low concentrations to growing 
microtubules (summarized in Supplemental Table S1).

Under these constraints, the model failed to explain the data, 
predicting delay times that were an order of magnitude too short 
(Figure 4C). When we allowed the fitting to increase the hydrolysis 
above the maturation rate (to allow for the possibility that matura-
tion might correspond to phosphate release and not GTP hydroly-
sis; Maurer et al., 2011; Zhang et al., 2015), the poor fit remained 
unchanged, keeping the hydrolysis rate equal to the maturation 
rate (Supplemental Table S1). When we removed the constraint on 
the GTP hydrolysis rate entirely, the model predicted delay times 
in a reasonable range; however, this required the hydrolysis rate to 
be in the range of 10−3 s−1 (Supplemental Table S2), two orders of 
magnitude slower than the measured maturation rate. This slow 
hydrolysis rate would be equivalent to GTP caps with lengths of 
∼20 μm, that is, longer than the typical length of microtubules in 
vitro (∼10 μm for the conditions in Figure 1) and in living cells (Yu 
and Baas, 1994; Srayko et al., 2006). Changing the defect number 
criterion for catastrophe from three also did not explain the data 

In tubulin washout experiments, microtubule stability can in prin-
ciple be influenced by events before and after washout—in other 
words by both growth history and subsequent response to tubulin 
removal, eventually leading to loss of stability. To test directly the 
relative importance of the kinetic process during these two phases 
before catastrophe, we suddenly changed the magnesium concen-
tration at the same time as we removed the tubulin. We observed 
that the microtubule stability responded quickly to the change in 
magnesium concentration and that the buffer after tubulin washout 
had a strong effect on the observed delay times (Figure 2C, two 
right columns). This can be explained in terms of the higher magne-
sium concentrations previously observed to accelerate tubulin 
dissociations from microtubule ends after tubulin removal and to 
increase the critical cap density required for stability (Duellberg 
et al., 2016). Therefore the question arises of whether microtubule 
aging, which depends on events before tubulin removal, is detect-
able at all in tubulin washout experiments.

To test this directly, we allowed microtubules to grow for differ-
ent times before tubulin was removed. We chose two time points for 
tubulin washout, 35 and 160 s, which were mostly determined by 
technical reasons. At 35 s, microtubules are still “young” but already 
long enough for reliable catastrophe detection, which requires the 
measurement of an extended episode of fast depolymerization. At 
160 s, microtubules are ∼4.5 times “older,” and the growth trajecto-
ries can still be conveniently quantified (at much later times, micro-
tubules increasingly grow out of the field of view, terminating their 
measurable trajectory). We measured the corresponding delay 
times for these washout time pairs for 1.6, 4, and 10 mM MgCl2, 
always keeping the buffer composition unchanged at the moment 
of tubulin washout. We observed that at all three magnesium con-
centrations, the microtubule stability was significantly reduced when 

FIGURE 3: Microtubule age–dependent delay times after tubulin 
washout. Box plots showing the means and distribution characteristics 
of delay times measured for two tubulin washout times (35 and 160 s) 
and three MgCl2 concentrations (1.6, 4, and 10 mM) as indicated. 
Tubulin concentration was 20 μM. Significance levels for the differences 
between mean values are denoted by asterisks. n > 67 per condition. 
The 160-s data sets for 1.6 and 10 mM MgCl2 are identical to data 
presented in Figure 2C in the two left columns of the bar graph.

0

5

10

15

20

25

104
[MgCl2] (mM)

160

D
el

ay
 ti

m
e 

(s
)

**
***

***

16035 16035
Washout time (s)

1.6

*** p = 0.005
** p = 0.01

35



Volume 27 November 7, 2016 Microtubule aging after tubulin washout | 3567 

After tubulin washout, protective cap sites are then lost as a conse-
quence of continued microtubule maturation and slow depolymer-
ization (shrinkage), and catastrophe occurs when a critical density is 
reached (Duellberg et al., 2016). In the previous model, the density 
of the decaying cap is always highest at the very end of the nonta-
pered (blunt) microtubule. To account for aging effects, we now as-
sume in addition that the protective cap changes shape during mi-
crotubule growth as a consequence of a growing taper structure, 
broadening the region of starting positions of the cap (Figure 5, A 
and B). This causes a deformation of the monoexponential cap site 
distribution, continuously reducing the maximum steady-state den-
sity with time of microtubule growth as the taper length increases 
(Figure 5B). This means that after tubulin washout, the time it takes to 
reach the critical maximum density that triggers catastrophe de-
creases with microtubule age (Figure 5C and Supplemental Figure 
S5, A and B). For simplicity, we assume that the taper length increases 
linearly with growth time of the microtubule (Materials and Methods), 
as suggested by electron microscopy observations (Coombes et al., 
2013). The assumption of a different taper shape had a negligible 
effect on our model (Supplemental Figure S5, C and D).

This “taper-cap density” threshold model is essentially mathe-
matically identical to the previous threshold model, with the differ-
ence that the cap density threshold is replaced by the product of 

(Supplemental Table S1). Therefore we conclude that the defect 
model in its current form fails to explain the delay times as mea-
sured after tubulin washout.

Recent simulations based on a different model suggested that 
microtubule aging at steady state could be explained as a conse-
quence of an increase in microtubule end taper length with microtu-
bule growth time (Coombes et al., 2013). This model accounted for 
different nucleotide state–dependent interaction energies of the 
different tubulin–tubulin binding interfaces in a microtubule, result-
ing in tubulin binding/unbinding kinetics depending on the rugged-
ness of the microtubule end structure. Catastrophe occurred as an 
emergent property of the model when the overall microtubule end 
stability became too low.

Here we consider the consequence of such taper elongation with 
time in a more phenomenological model and propose that it affects 
the shape of the protective cap. In a previous kinetic threshold model 
(Duellberg et al., 2016), we approximated this shape by a monoex-
ponential distribution of cap sites, in agreement with the observed 
comet-like shape of the EB-binding region (Bieling et al., 2007; Dixit 
et al., 2009; Seetapun et al., 2012; Bechstedt et al., 2014; Ettinger 
et al., 2016) and random hydrolysis GTP cap models (Mitchison and 
Kirschner, 1984; Carlier, 1991). The cap length is given by the growth 
rate of the microtubule and its maturation rate (Bieling et al., 2007). 

FIGURE 4: The multistep defect model fails to explain the age-dependent delay times after tubulin washout. 
(A) Schematic of the multistep defect model, illustrating the kinetic steps (with association rate kon, dissociation rate koff, 
and hydrolysis rate h) and the nucleotide states that tubulin subunits (gray boxes for GTP, orange for GDP) can adopt. 
Permanent defects occur when the exposed terminal dimer of a protofilament is in a GDP state (red). For details, see 
Bowne-Anderson et al. (2013) and Material and Methods. (B) Kinetics of defect occurrence. Top, average length of a 
simulated microtubule with washout at 35 (dashed blue) and 160 s (solid red). Light gray curves show the 13 individual 
protofilaments in each microtubule. Simulated growth parameters are shown. Bottom, accumulation of defects with 
time for two example simulations. In this model, a catastrophe occurs after a set number of defects (here three) have 
accumulated. (C) Cumulative distributions of measured delay times after tubulin washout for the three different MgCl2 
concentration data sets (colored symbols), with a washout time of 35 (top) and 160 s (bottom). Same data as in Figure 3. 
Solid lines are fits to the data using the theoretical CDF for the multistep defect model (Materials and Methods). Fitting 
parameters are given in Supplemental Table S1.
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the threshold and an age-dependent factor 
that captures the effect of taper elongation 
on the shape of the protective cap 
(Materials and Methods). As in the earlier 
version of the model (Duellberg et al., 
2016), the delay times also depend on the 
microtubule growth speed before tubulin 
washout, the slow shrinkage speed be-
tween washout and catastrophe, and the 
microtubule maturation rate.

We used this modified model to perform 
a global fit to the six mean delay times mea-
sured at the different washout times and dif-
ferent magnesium concentrations (Figure 5, 
D and E). All kinetic rates were fixed to ex-
perimentally determined values (Materials 
and Methods and Supplemental Table S2). 
For simplicity and to reduce the number of 
free parameters, we assumed in addition 
that all taper growth speeds were propor-
tional to the microtubule growth speeds. 
This left us as free fit parameters with one 
density threshold value for each magnesium 
concentration and a single proportionality 
factor linking microtubule and taper growth 
speeds. We found that this model well ex-
plained the aging data at the three magne-
sium ion concentrations (Figure 5, D and E). 
The global fit predicts first that increasing the 
magnesium concentration from 1.6 to 10 mM 
increases the maximum cap density thresh-
old from ∼15% to ∼30%, that is, lowered the 
microtubule stability, consistent with a previ-
ous observation (Figure 5F in Duellberg 
et al., 2016). Second, it provided estimates 
for taper growth velocities and consequently 
the taper lengths at tubulin washout (Figure 
5G). Despite the simplicity of the model, the 

FIGURE 5: The taper-cap density threshold model explains age-dependent delay times. 
(A) Schematic of a blunt (top) and tapered (bottom) microtubule end with taper length Ltaper. 
Each microtubule is composed of 13 protofilaments, with the squares representing EB1 binding 
(gray) or nonbinding (yellow) states for each tubulin dimer. (B) Spatial profile of the density of 
binding sites at the end of a microtubule with increasing length of linear taper. For a blunt end 
(black line) the binding sites are distributed approximately exponentially along the microtubule. 
This distribution is smeared out with increasing taper length (colored lines). (C) Schematic 
showing the spatial profile of the density of binding sites at the end of a microtubule with 
increasing times after washout, t, for our previous (blunt end) model (left) and the current 
taper-cap density model (right) at two different washout times, two. Corresponding time points 
after washout are shown by the same colored curves. The bottom row of shapes indicates the 
microtubule end profile. After washout, the microtubule end shrinks at a speed vs, while binding 
sites continue to mature at a rate km. Later tubulin washout, two2, corresponds to a longer taper 
length, as the taper is assumed to elongate while microtubules grow. The longer the taper is at 
washout, the faster the critical threshold density is reached that triggers catastrophe (green 
dashed line); therefore older microtubules show shorter delay times. For details, see Materials 
and Methods. (D, E) Global fit using the taper-cap density threshold model (red lines) to the 
measured delay times (colored circles) for the two tubulin washout times and the three MgCl2 

concentrations, plotted as a function of 
magnesium concentration (D) and tubulin 
washout time (E). Same data as in Figure 3. 
The diameter of the circles indicates the 
measured SE; the error of the predicted 
delay times (red error bars) has been 
determined by error propagation (see 
Materials and Methods). The green line in D 
indicates the predicted hypothetical delay 
times for microtubules at the washout time of 
0 s (no taper), representing their theoretical 
maximum stability. (F, G) Predicted parameter 
values. The model had four free fit 
parameters: one threshold density (at which 
catastrophe is induced) per data set as 
defined by the magnesium concentration (F); 
one proportionality factor linking the taper 
growth speed to the microtubule growth 
speed, which is shared for all conditions and 
allows the prediction of the mean taper 
lengths at the moment of washout (G). Error 
bars are fit errors (F) or were obtained from 
error propagation (G). Fitting parameters are 
given in Supplemental Table S2.
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GTP tubulin cannot bind to exposed GDP-tubulins. Furthermore, 
the observation that GDP tubulin incorporations at growing 
microtubule ends do not necessarily lead to microtubule catastro-
phe (Valiron et al., 2010), suggests that growth can continue de-
spite temporarily end-exposed GDP-tubulins. Finally, protofilament 
number switches are observed both toward lower and higher pro-
tofilament numbers by electron microscopy (Chretien et al., 1992), 
arguing also against an obligatory irreversible loss of protofila-
ments over time. Alternatively, the catastrophe-promoting feature 
in the multistep defect model has been hypothesized to be a struc-
tural dislocation of a protofilament relative to its neighbors, which 
might be retained as the microtubule grows (Gardner et al., 2011b). 
However, such dislocations, similar to other proposed destabilizing 
structural events, such as cracks within the GTP cap (Flyvbjerg 
et al., 1996), have not been directly observed in the context of 
catastrophes.

Tapered or sheet-like microtubule end structures, however, have 
been directly and repeatedly observed by electron microscopy in 
vitro with purified proteins (Mandelkow et al., 1991; Chretien et al., 
1995; Coombes et al., 2013), Xenopus egg extract (Arnal et al., 
2000), mammalian cells (Zovko et al., 2008), and plant cells (Austin 
et al., 2005). In in vitro experiments, microtubule age was shown to 
correlate with both microtubule end taper length and the probabil-
ity of catastrophe induction, making it a plausible mechanism for 
microtubule aging (Coombes et al., 2013).

An increasing taper length corresponds to a shift of protofila-
ment ends relative to each other. Therefore a tapered end structure 
is expected to effectively smear out the distribution of the protec-
tive GTP (and/or GDP+Pi) cap sites, thereby reducing the density of 
protective sites at steady state (Figure 5). Consistent with the idea of 
an increasing taper length being responsible for aging, the maximum 
density of EB sites, corresponding to the protective cap (Maurer 
et al., 2012, 2014; Duellberg et al., 2016), has been observed to 
decrease over time (Coombes et al., 2013; Mohan et al., 2013).

We added the consideration of the effect of a growing taper 
length on the shape of the protective cap to our recent maximum 
density threshold model developed to explain delay times in tubulin 
washout experiments. This modified threshold model with a single 
additional factor capturing age (see Materials and Methods) can 
quantitatively explain the age dependence of the measured delay 
times after tubulin washout. The model predicts that the maximum 
density threshold leading to catastrophe is reached earlier by older 
microtubules because they already show an age-dependent reduc-
tion of the maximum protective cap density at the moment of tubu-
lin washout. In comparison to the previous version of the threshold 
model, which did not consider aging (Duellberg et al., 2016), the 
taper-cap density model predicts ∼30% lower threshold values (for 
washout times of ∼100 s). This means thresholds of 1.8–4.3 tubulins 
per ring of tubulins (corresponding to cap densities of 0.14–0.33; 
Supplemental Table S2) instead of 2.4–5.6 tubulins per ring if no 
aging is considered for the range of magnesium concentrations 
studied here.

The critical cap density in our kinetic model provides an intuitive 
coarse-grained picture for the condition of catastrophe that is an 
emergent property of more microscopic models. The two types of 
model do not necessarily need to be considered as mutually exclu-
sive. We note that the existing microscopic model predicting taper 
length growth with time and aging under steady state has not yet 
been tested against data sets reporting aging as measured by tubu-
lin washout.

Of interest, our simple kinetic model makes quantitative predic-
tions for the range of taper lengths at the moment of tubulin 

predicted taper lengths of <100 nm at 35 s of growth and in the 
range of several hundred nanometers at 160 s of growth are well 
within the range of reported lengths determined by electron micros-
copy (Chretien et al., 1995; Austin et al., 2005; Zovko et al., 2008; 
Coombes et al., 2013) and simulations (Gardner et al., 2011a; Castle 
and Odde, 2013; see Discussion).

In summary, these results show that a broadening protective cap 
as a consequence of taper elongation, combined with a stability 
threshold defined by a critical maximum cap density, can account 
for the microtubule age dependence of momentary microtubule 
stabilities as measured after tubulin washout.

DISCUSSION
We showed here for the first time that microtubule stability probed 
by sudden tubulin removal decreases with microtubule age 
(Figure 3). Age-dependent processes that take place before tubulin 
washout can reliably be detected, although the measured delay 
times in the assay used here are strongly affected by kinetic 
processes taking place after washout (Figure 2). The measured age-
dependent delay times provide novel constraints for models of age-
dependent microtubule stability. Models in which catastrophe is not 
(or not strongly) expected to depend on growth history (Brun et al., 
2009; Zakharov et al., 2015) are challenged by the observation of 
age-dependent delay times in tubulin washout experiments, 
although they successfully explain steady-state data.

We focused here mostly on testing two other prominent ideas 
that can explain microtubule age-dependent catastrophes at 
steady state and could, in principle, also explain delay times after 
tubulin washout: one model is based on a multistep process that 
leads to catastrophe (Gardner et al., 2011b; Bowne-Anderson 
et al., 2013), and the other assumes a gradual structural change at 
growing microtubule ends effectively causing a continuously in-
creasing catastrophe probability over time (Coombes et al., 2013). 
We find that the current form of the multistep defect accumulation 
model fails to explain the observed age-dependent delay times 
after tubulin washout under the constraints of the experimental 
data. In contrast, a kinetic model assuming that an increasingly 
tapered end structure reduces the maximum density of the protec-
tive microtubule cap and that microtubule stability requires a 
distinct critical density of cap sites can quantitatively account for 
the measured delay times.

The multistep defect accumulation model was previously pro-
posed to correctly predict delay times after tubulin washout, on the 
basis, however, of the assumption that microtubule slow depolymer-
ization (shrinkage) between tubulin washout and catastrophe is 
much slower than recently measured (Duellberg et al., 2016). When 
measured constraints are used for this shrinkage rate and the GTP 
hydrolysis rate, the model fails because it either predicts delay times 
that are an order of magnitude too short or, when the constraint on 
the hydrolysis rate is relaxed, it predicts a very slow hydrolysis rate 
that would be very different from the value of the steady-state 
model (Bowne-Anderson et al., 2013) and would mean that 
the length of the protective cap is longer than typical microtubules 
in cells (Yu and Baas, 1994; Srayko et al., 2006; Figure 4).

Several other observations might also argue against catastrophe-
inducing defects as the main mechanism for catastrophe induction. 
Defects have been postulated to correspond to the irreversible loss 
of a protofilament during growth as a consequence of a perma-
nently exposed GDP-tubulin (Bowne-Anderson et al., 2013). How-
ever, it has been shown that free tubulin can incorporate into lateral 
cracks in a GDP microtubule lattice that were induced by mechani-
cal strain (Schaedel et al., 2015). This argues against the idea that 
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568–tubulin (12.5% labeled), 0.5 or 10 mM MgCl2, and otherwise 
the same concentrations as used for microfluidics experiments (see 
later description). Microtubule lifetimes were determined from 
kymographs as the times from start of growth (or occasionally 
rescue) until catastrophe. Experiments were performed at 30°C. 
Frame rate was 0.25 Hz, and other imaging conditions were as de-
scribed for washout experiments (see later description). Data are 
averages from at least three experiments.

Microfluidics-assisted tubulin washout experiments
Microfluidics-assisted tubulin washout experiments were per-
formed essentially as described previously, using TIRF microscopy 
(Duellberg et al., 2016). In brief, microtubules were grown from 
immobilized biotin-labeled GMPCPP seeds in a microfluidics 
chamber at 20 μM Alexa 568–tubulin (12.5% labeled). The final 
solution during growth was 80 mM K–1,4-piperazinediethanesul-
fonic acid, pH 6.85 (Sigma-Aldrich, Dorset, UK), 90 mM KCl (Fisher, 
Leicestershire, UK), 1 mM ethylene glycol tetraacetic acid (Sigma-
Aldrich), 1.6, 4, or 10 mM MgCl2 (Fisher) as stated in the text, 
5 mM 2-mercaptoethanol (Sigma-Aldrich), 50 μg/ml β-casein 
(Sigma-Aldrich), 2 mM GTP (Fermentas, Waltham, MA), 0.1% 
methylcellulose (Sigma-Aldrich), 20 mM glucose (Fisher), 1 mg/ml 
glucose oxidase (Serva, Heidelberg, Germany), and 0.5 mg/ml 
catalase (Sigma-Aldrich). Microtubules were grown for 35 or 160 s 
as indicated under constant flow of 15 μl/min until tubulin was sud-
denly removed by solution exchange, keeping all other concentra-
tions constant (Figures 3–5). Only microtubules that were aligned 
with the direction of the flow were analyzed. Small deviations from 
that alignment do not alter microtubule stability, as previously 
demonstrated (see Figure 1–figure supplement 2, in Duellberg 
et al., 2016). In two experiments, we also changed the magnesium 
concentration at washout (Figure 2C). Experiments were per-
formed at 30°C. Presented data for each condition are averaged 
from at least four washout experiments performed on different 
days. Microtubule growth was observed by TIRF microscopy at 
2 Hz with an exposure time of 100 ms per image.

Kymograph analysis
To increase throughput compared with a previous study (Duellberg 
et al., 2016), we used higher microtubule densities on the surface. 
This meant that automated microtubule end tracking as used be-
fore (Duellberg et al., 2016) was not possible because microtubule 
“crossing” caused our tracking program to lose track (Maurer 
et al., 2014). Therefore growth speeds before tubulin washout, the 
tubulin washout times, and the catastrophe times were deter-
mined from kymographs. The washout time was manually de-
tected based on the strong decrease of background intensity 
(Supplemental Figure S2). The catastrophe time was defined as 
the time when the microtubule had been in a fast shrinkage phase 
for a distance corresponding to 3 pixels (360 nm) relative to its 
position at the time point of tubulin washout. We verified that this 
catastrophe criterion led to very similar delay times as the previ-
ously used criterion of a 25% shrinkage-speed change, which 
requires automated end tracking (Supplemental Figure S2). The 
delay time was defined as the difference between washout time 
and catastrophe time.

Measurement of EB-site maturation rates
To test whether the maturation rate depends on the magnesium 
concentration, we performed comet analysis experiments in sim-
ple flow chambers as described earlier (Bieling et al., 2010; Maurer 
et al., 2014) at the same concentrations used for microfluidics 

washout that can be compared with previous electron microscopy 
observations. Mean taper lengths in the range of 200 and 300 nm 
were observed for microtubules growing at 1 mM MgCl2 in the 
presence of 13 and 19.5 μM tubulin, respectively (see Table IV in 
Chretien et al., 1995), very similar to the values predicted by our 
analysis for tubulin washout at 160 s and 1.6 mM MgCl2 (Figure 5G). 
A later study determined the dependence of the taper length on 
the microtubule length (see Figure 3B in Coombes et al., 2013), 
which, together with the measured microtubule growth speed of 
7 nm/s in that study, gives an estimate of taper growth speed of 
0.3 nm/s or a proportionality factor of 0.04, which compares well to 
the predicted factor of 0.047 predicted by our analysis (Supplemen-
tal Table S2).

Although some previous simulations and experimental data 
(Coombes et al., 2013) suggest a linear increase of the taper length 
with growth time, as also assumed for simplicity in our simple kinetic 
model here, other simulations and experimental data seem to sug-
gest that the taper growth speed might slow down after some time 
or reach a steady-state length (Chretien et al., 1995; Zakharov et al., 
2015). The dependence of taper length and growth time might also 
vary among experimental conditions (Mandelkow et al., 1991; 
Chretien et al., 1995; Vitre et al., 2008; Coombes et al., 2013). 
Although it is likely that taking a more complex taper growth behav-
ior into account will change the detailed values of the predicted 
density thresholds and taper growth speeds to some extent, the 
range of the predicted values may be only little affected as long as 
the density distribution of the protective cap changes on a similar 
time scale as assumed here.

Taken together, the analysis of our data supports the idea of ta-
pering being a main source for microtubule aging, consistent with 
other data (Odde et al., 1995; Kerssemakers et al., 2006; Schek 
et al., 2007; Gardner et al., 2011a; Coombes et al., 2013; Duellberg 
et al., 2016). The next challenge will be to measure directly how the 
taper length evolves in real time at individual growing microtubule 
ends; this is not convincingly achievable with current fluorescence 
microscopy techniques essentially because the predicted taper 
lengths are in the range of the size of the microscope’s point spread 
function (Maurer et al., 2014; Bohner et al., 2015), and superresolu-
tion methods are extremely challenging for moving objects such as 
a growing microtubule end. Further technological developments 
will be needed to allow precise real-time observations of the micro-
tubule end taper. Together with real-time observations of the shape 
of the protective cap and its fluctuations, they should provide im-
portant additional experimental information for further refinement 
of quantitative models that can comprehensively explain the under-
lying nature of catastrophe induction not only after tubulin washout, 
but also at steady state.

MATERIALS AND METHODS
Proteins
Tubulin was purified from porcine brain as described (Castoldi and 
Popov, 2003). Tubulin was labeled with NHS-biotin (Thermo Fisher, 
Waltham, MA) or NHS–Alexa 568 (Life Technologies, Waltham, MA) 
using standard procedures (Hyman et al., 1991). Mal3-GFP was 
expressed in Escherichia coli BL21 RIL and purified as described 
(Maurer et al., 2011).

Measurement of microtubule lifetimes at steady state
To measure how microtubule lifetimes depend on the magnesium 
concentration at steady state, we performed TIRF microscopy 
experiments in simple flow chambers, as described earlier (Bieling 
et al., 2010; Gardner et al., 2011b), in the presence of 10 μM Alexa 
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the dissociation rate can change to koff2. We define the postwashout 
probability that a protofilament has a subterminal subunit in a GDP 
state as f ′(koff2, 0, h).

At a time t ′ after washout, the time evolution of f ′ can be ap-
proximated by df ′/dt ′ = h(1 − f ′).

Solving this with the boundary constraint at washout (t ′ = 0), 
f ′ = f, gives

f ′(t ′) = 1 + (f − 1)e−ht ′

The rate at which defects occur in a single protofilament is now

λ′(t′) = koff2 f ′(t′)

and we define γ′ = ∫λ′(t′) dt′ .
Because we consider only microtubules that have not had a ca-

tastrophe before washout, the probabilities that there are a total of 
0, 1, or 2 defects at washout are normalized to give

p t p p( ) /wo tot0,1,2 0,1,2=′

The distribution and survival functions after washout are now 
S eX =′ −γ ′

 and D S1X X= −′ ′ , respectively, and the probability of a sin-
gle defect happening at exactly t’ is P t dD dt( ) /X=′ ′ ′ .

By considering the different combinations of defects that can 
occur before and after washout that result in a catastrophe at t’, we 
obtain the total postwashout probability density function (PDF) for 
waiting times:

P S p D p D pPDF 11 [13,2] 12X X X

10

0

2

1 1( )( ) ( )= + +′ ′ ′ ′ ′ ′ ′

The corresponding cumulative distribution function (CDF) is

∫= ′
′

dtCDF PDF
t

0

An explicit expression for the PDF was found by using the as-
sumption f k k h h k h( , , ) / ( )off on on≈ +  (Bowne-Anderson et al., 2013).

To investigate the effect of the number of defects required for 
catastrophe, solutions were also derived for thresholds of 2 and 
4 defects and used to fit the experimental data (Supplemental 
Table S2).

Stochastic simulations. To check the validity of the assumptions 
made in the postdilution theory developed here, the model was 
implemented in Mathematica (Wolfram, Oxfordshire, UK) by creat-
ing a matrix representing the hydrolysis state of the subunits in 13 
independent protofilaments. For each protofilament, association, 
dissociation, and hydrolysis events were modeled as exponentially 
distributed random variables, using the supplied rate constants.

Steady-state (pre-washout) simulations gave lifetime distribu-
tions in agreement with the theory developed in Bowne-Anderson 
et al. (2013). Furthermore, extending the simulation to include a 
dilution time point gave lifetime distributions in agreement with the 
foregoing theory (Supplemental Figure S4).

Data fitting. To fit the experimental data, we implemented the ex-
plicit expression for the CDF after washout derived here in Origin 
(OriginPro 2016; OriginLab, Northampton, MA). Fitting parameters 
were fixed to experimental values for each condition, where known 
(Supplemental Table S1): the predilution association and dissocia-
tion rates were coupled to the measured growth speed, vg, but oth-
erwise free; the postdilution disassociation rate was fixed by the 
measured shrinkage speed, vs; the hydrolysis rate was free to take 
any value greater (= faster) than or equal to the measured matura-
tion rate, km.

experiments, in the additional presence, however, of low concen-
trations of Mal3-GFP (to be able to visualize the fluorescent Mal3-
GFP comet). In initial experiments, we noticed that magnesium 
reduced the affinity of Mal3-GFP for microtubule binding (for both 
the end region and the lattice; unpublished data). We therefore 
adjusted the Mal3-GFP concentration to have similar Mal3 binding, 
resulting in similar GFP end intensities for the different magnesium 
concentrations tested: Mal3-GFP was present at 1.6, 4, and 10 nM 
for experiments performed with 1.6, 4, and 10 mM MgCl2, respec-
tively. Maturation rates and their SEs were then determined as de-
scribed (Maurer et al., 2014). The maturation rates were found to 
be independent of the MgCl2 concentration in the buffer.

Multistep-defect model for delay-time distributions after 
tubulin washout
Steady-state solution. Previously, a multistep “defect” model with 
coupled-random hydrolysis was presented for the description of 
microtubule lifetime distributions at steady state (Bowne-Anderson 
et al., 2013). Here we further develop this model to describe delay 
time distributions after fast tubulin washout.

During steady-state growth, a 13-protofilament microtubule is 
modeled as a collection of 13 independent protofilaments, each of 
which has GTP-tubulin dimer association and disassociation rate 
constants of kon and koff, respectively. GTP-to-GDP hydrolysis occurs 
randomly at rate h for all dimers except the terminal subunit, as 
shown in Figure 4. A permanent modification to an individual proto-
filament, here called a “defect,” occurs when the terminal subunit is 
in a GDP state. Furthermore, a catastrophe occurs after a threshold 
number n = 3 of these destabilizing events occurs for the whole mi-
crotubule (Gardner et al., 2011b; Figure 4).

The average growth speed is vg = 8nm(kon − koff), and the steady-
state probability that a protofilament has a subterminal dimer in a 
GDP state is defined as f(koff, kon, h) (Bowne-Anderson et al., 2013). 
The rate at which defects occur in a single protofilament is thus

λ = koff f

If X is a continuous random variable representing the time until a 
defect occurs, then the distribution function of waiting times for a 
defect is

P(X ≤ t) = Dx

and the survival function (the probability of a defect occurring after 
time t) is

P(X > t) = Sx = 1 − Dx

The survival function can be shown to be

Sx = e−γ, where γ = ∫ λ dt

For a microtubule of 13 protofilaments, the probabilities that 
there are a total of 0, 1, or 2 defects at time t are, respectively,

p0(t) = (Sx)13

p1(t) = 13(Sx)12 Dx

p2(t) = [13, 2](Sx)11 (Dx)2

where [13,2] is 13!/(2! 11!) combinations. The total probability of a 
microtubule surviving until t is thus ptot(t) = p0 + p1 + p2.

This gives the steady-state probability distribution as derived in 
Bowne-Anderson et al. (2013).

Tubulin washout. We now consider the case in which all free tubulin 
is removed during washout at two. After washout, kon = 0, we assume 
that the hydrolysis rate remains constant (Duellberg et al., 2016) but 
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with a fractional threshold γ = ñ n/max
crit

x0. By setting Q = 1 (absence 
of taper), one finds the expression for the delay time of our previous 
model (Duellberg et al., 2016).

To calculate the dependence of the delay time on the washout 
time, two (i.e., microtubule growth time/age), we assume that the 
taper length grows with time (Coombes et al., 2013) with constant 
taper growth speed vt. Hence, Ltaper = vttwo and

= − −Q t L v t e( ) ( / )[1 ]wo t wo
v t L/t wo

Furthermore, to reduce the number of free parameters for the 
global fit to the delay time data at three different Mg concentrations 
in Figure 5, we assume that the taper growth speed is proportional 
to the microtubule growth speed, vt = ftvg, with the proportionality 
factor ft shared for all Mg concentrations. Insertion leads to the ag-
ing factor Q being expressed in a growth speed–independent form:

= − −Q t f k t e( ) (1/ )[1 ]wo t m wo
f k tt m wo

Data fitting. We performed a global fit to all six delay times using 
Matlab (Figure 5). For the three Mg concentrations, vg, vs and km 
were fixed to known values, leaving four free parameters: the three 
threshold values for the three Mg concentration and one shared 
proportionality factor, ft. The errors of the predicted delay times and 
taper lengths were estimated by SE propagation using experimen-
tal SEs and fit errors as input. All values are summarized in Supple-
mental Table S1.

Fits were also done assuming that the predilution and postdilu-
tion dissociation rates were equal and set by the shrinkage speed 
and with the hydrolysis rate free to take any value (not limited by the 
measured km; Supplemental Table S1).

Taper-cap density model for delay times after tubulin 
washout
We showed recently that the delay time after tubulin washout can 
be estimated based on the kinetics of the loss of EB cap sites after 
washout (Duellberg et al., 2016). In this previous kinetic model, we 
assumed that at the moment of tubulin washout (t′ = 0), a microtu-
bule with growth velocity vg and maturation rate km has an approxi-
mately monoexponential profile of EB binding sites in space (the 
“comet”), starting at the microtubule end (x = 0):

= −n x n e( ) x
xk v

0
/m g

where n(x) is the linear cap density and nx0 = 13/8 nm is the maxi-
mum end density. After tubulin washout but before a catastrophe, 
the loss of the EB cap is due to continued maturation at rate km and 
slow shrinkage of the microtubule from its end with speed vs. This 
gives a spatial profile of binding sites at time t’ after washout and 
position x′ from the shrinking end:

n x t n e e( , ) x
xk v v t x k v

0
( / 1) /m s g m g′ ′ = − + ′ − ′

 N t e( ) x L= ′ − ′ /

where L = vg/km is defined as the comet length.
In addition, we consider here that the microtubule end structure 

can be tapered at the moment of washout: we assume that this 
leads to different starting positions of the cap regions for each pro-
tofilament in the microtubule, resulting in a smearing of the overall 
binding-site profile (Figure 5A). Using a continuous approximation 
of a linear taper, we obtain the linear cap density for a microtubule 
with a taper length Ltaper = 2a by convolving n(x′, t′) with a rectangu-
lar pulse

h = 1/2a for −a ≤ x′ ≤ a, and 0 otherwise

yielding

x tñ( , ) 0′ ′ =  x a′ < −

x t N t L
a eñ( , ) ( )

2 [1 ]a x L( )/′ ′ = ′ − − + ′

 a x a− ≤ ′ ≤

x t N t L
a a L eñ( ) ( ) sinh( / ) x L/′, ′ = ′ − ′

 x a′ >

For simplicity, we assumed that the taper length stays constant 
during slow shrinkage.

Of interest is the maximum linear cap density, which is found at 
x a′ = :

′ = ′ − −t N t L
a eñ ( ) ( )

2 [1 ]max
a L2 /

Qn ex
k v v t

0
( / 1)m s g= − + ′

where the factor Q L L e( / )[1 ]taper
L L/taper= − −  depends only on the ratio 

of the taper and comet lengths.
Assuming that catastrophe occurs when the maximum linear cap 

density (equivalent to the end density in the previous version of the 
model; Duellberg et al., 2016) has reached a critical threshold value, 
ñmax

crit , the delay time is given by

= − γ
+







T
Q

k v vln
( / )

( / 1)max
m s g

ACKNOWLEDGMENTS
We thank Stefanie Reynolds and Lewis Griffin for the initial develop-
ment of defect model simulations, Jamie Rickman for discussions 
and help with Mathematica, and Hulya Kose for drawing the scheme 
in Figure 2A. This work was supported by the Francis Crick Institute, 
which receives its core funding from Cancer Research UK, the UK 
Medical Research Council, and the Wellcome Trust. In addition, this 
research received funding from the European Union’s Seventh 
Framework Programme under ERC Grant Agreement 323042.

REFERENCES
Akhmanova A, Steinmetz MO (2015). Control of microtubule organization 

and dynamics: two ends in the limelight. Nat Rev Mol Cell Biol 16, 
711–726.

Arnal I, Karsenti E, Hyman AA (2000). Structural transitions at microtubule 
ends correlate with their dynamic properties in Xenopus egg extracts. 
J Cell Biol 149, 767–774.

Austin JR 2nd, Segui-Simarro JM, Staehelin LA (2005). Quantitative analysis 
of changes in spatial distribution and plus-end geometry of microtu-
bules involved in plant-cell cytokinesis. J Cell Sci 118, 3895–3903.

Bechstedt S, Lu K, Brouhard GJ (2014). Doublecortin recognizes the 
longitudinal curvature of the microtubule end and lattice. Curr Biol 24, 
2366–2375.

Bieling P, Laan L, Schek H, Munteanu EL, Sandblad L, Dogterom M, Brunner 
D, Surrey T (2007). Reconstitution of a microtubule plus-end tracking 
system in vitro. Nature 450, 1100–1105.

Bieling P, Telley IA, Hentrich C, Piehler J, Surrey T (2010). Fluorescence 
microscopy assays on chemically functionalized surfaces for quantitative 
imaging of microtubule, motor, and +TIP dynamics. Methods Cell Biol 
95, 555–580.

Bohner G, Gustafsson N, Cade NI, Maurer SP, Griffin LD, Surrey T (2015). 
Important factors determining the nanoscale tracking precision of 
dynamic microtubule ends. J Microsc 261, 67–78.

Bowne-Anderson H, Hibbel A, Howard J (2015). Regulation of microtubule 
growth and catastrophe: unifying theory and experiment. Trends Cell 
Biol 25, 769–779.



Volume 27 November 7, 2016 Microtubule aging after tubulin washout | 3573 

Mandelkow EM, Mandelkow E, Milligan RA (1991). Microtubule dynamics 
and microtubule caps: a time-resolved cryo-electron microscopy study. 
J Cell Biol 114, 977–991.

Margolin G, Gregoretti IV, Cickovski TM, Li C, Shi W, Alber MS, Goodson 
HV (2012). The mechanisms of microtubule catastrophe and rescue: 
implications from analysis of a dimer-scale computational model. Mol 
Biol Cell 23, 642–656.

Maurer SP, Bieling P, Cope J, Hoenger A, Surrey T (2011). GTPgammaS 
microtubules mimic the growing microtubule end structure recognized 
by end-binding proteins (EBs). Proc Natl Acad Sci USA 108, 3988–3993.

Maurer SP, Cade NI, Bohner G, Gustafsson N, Boutant E, Surrey T 
(2014). EB1 accelerates two conformational transitions important for 
microtubule maturation and dynamics. Curr Biol 24, 372–384.

Maurer SP, Fourniol FJ, Bohner G, Moores CA, Surrey T (2012). EBs rec-
ognize a nucleotide-dependent structural cap at growing microtubule 
ends. Cell 149, 371–382.

Mitchison T, Kirschner M (1984). Dynamic instability of microtubule growth. 
Nature 312, 237–242.

Mohan R, Katrukha EA, Doodhi H, Smal I, Meijering E, Kapitein LC, 
Steinmetz MO, Akhmanova A (2013). End-binding proteins sensitize 
microtubules to the action of microtubule-targeting agents. Proc Natl 
Acad Sci USA 110, 8900–8905.

O’Brien ET, Salmon ED, Walker RA, Erickson HP (1990). Effects of magne-
sium on the dynamic instability of individual microtubules. Biochemistry 
29, 6648–6656.

Odde DJ, Cassimeris L, Buettner HM (1995). Kinetics of microtubule catas-
trophe assessed by probabilistic analysis. Biophys J 69, 796–802.

Schaedel L, John K, Gaillard J, Nachury MV, Blanchoin L, Thery M (2015). 
Microtubules self-repair in response to mechanical stress. Nat Mater 14, 
1156–1163.

Schek HT 3rd, Gardner MK, Cheng J, Odde DJ, Hunt AJ (2007). Microtu-
bule assembly dynamics at the nanoscale. Curr Biol 17, 1445–1455.

Schilstra MJ, Bayley PM, Martin SR (1991). The effect of solution composi-
tion on microtubule dynamic instability. Biochem J 277, 839–847.

Seetapun D, Castle BT, McIntyre AJ, Tran PT, Odde DJ (2012). Estimating 
the microtubule GTP cap size in vivo. Curr Biol 22, 1681–1687.

Srayko M, O’Toole E T, Hyman AA, Muller-Reichert T (2006). Katanin 
disrupts the microtubule lattice and increases polymer number in C. 
elegans meiosis. Curr Biol 16, 1944–1949.

Valiron O, Arnal I, Caudron N, Job D (2010). GDP-tubulin incorporation into 
growing microtubules modulates polymer stability. J Biol Chem 285, 
17507–17513.

Vitre B, Coquelle FM, Heichette C, Garnier C, Chretien D, Arnal I (2008). 
EB1 regulates microtubule dynamics and tubulin sheet closure in vitro. 
Nat Cell Biol 10, 415–421.

Walker RA, Pryer NK, Salmon ED (1991). Dilution of individual microtubules 
observed in real time in vitro: evidence that cap size is small and inde-
pendent of elongation rate. J Cell Biol 114, 73–81.

Yu W, Baas PW (1994). Changes in microtubule number and length during 
axon differentiation. J Neurosci 14, 2818–2829.

Zakharov P, Gudimchuk N, Voevodin V, Tikhonravov A, Ataullakhanov FI, 
Grishchuk EL (2015). Molecular and mechanical causes of microtubule 
catastrophe and aging. Biophys J 109, 2574–2591.

Zhang R, Alushin GM, Brown A, Nogales E (2015). Mechanistic origin of 
microtubule dynamic instability and its modulation by EB proteins. Cell 
162, 849–859.

Zovko S, Abrahams JP, Koster AJ, Galjart N, Mommaas AM (2008). Mi-
crotubule plus-end conformations and dynamics in the periphery of 
interphase mouse fibroblasts. Mol Biol Cell 19, 3138–3146.

Bowne-Anderson H, Zanic M, Kauer M, Howard J (2013). Microtubule 
dynamic instability: a new model with coupled GTP hydrolysis and 
multistep catastrophe. Bioessays 35, 452–461.

Brun L, Rupp B, Ward JJ, Nedelec F (2009). A theory of microtubule 
catastrophes and their regulation. Proc Natl Acad Sci USA 106, 
21173–21178.

Carlier MF (1991). Nucleotide hydrolysis in cytoskeletal assembly. Curr Opin 
Cell Biol 3, 12–17.

Cassimeris L, Pryer NK, Salmon ED (1988). Real-time observations of  
microtubule dynamic instability in living cells. J Cell Biol 107, 2223– 
2231.

Castle BT, Odde DJ (2013). Brownian dynamics of subunit addition-loss 
kinetics and thermodynamics in linear polymer self-assembly. Biophys J 
105, 2528–2540.

Castoldi M, Popov AV (2003). Purification of brain tubulin through two 
cycles of polymerization-depolymerization in a high-molarity buffer. 
Protein Expr Purif 32, 83–88.

Chretien D, Fuller SD, Karsenti E (1995). Structure of growing microtubule 
ends: two-dimensional sheets close into tubes at variable rates. J Cell 
Biol 129, 1311–1328.

Chretien D, Metoz F, Verde F, Karsenti E, Wade RH (1992). Lattice defects 
in microtubules: protofilament numbers vary within individual microtu-
bules. J Cell Biol 117, 1031–1040.

Coombes CE, Yamamoto A, Kenzie MR, Odde DJ, Gardner MK (2013). 
Evolving tip structures can explain age-dependent microtubule catastro-
phe. Curr Biol 23, 1342–1348.

Desai A, Mitchison TJ (1997). Microtubule polymerization dynamics. Annu 
Rev Cell Dev Biol 13, 83–117.

Dixit R, Barnett B, Lazarus JE, Tokito M, Goldman YE, Holzbaur ELF (2009). 
Microtubule plus-end tracking by CLIP-170 requires EB1. Proc Natl Acad 
Sci USA 106, 492–497.

Duellberg C, Cade NI, Holmes D, Surrey T (2016). The size of the EB cap 
determines instantaneous microtubule stability. Elife 5, e13470.

Ettinger A, van Haren J, Ribeiro SA, Wittmann T (2016). Doublecortin is 
excluded from growing microtubule ends and recognizes the GDP-
microtubule lattice. Curr Biol 26, 1549–1555.

Flyvbjerg H, Holy TE, Leibler S (1996). Microtubule dynamics: caps, catastro-
phes, and coupled hydrolysis. Phys Rev E Stat Phys Plasmas Fluids Relat 
Interdiscip Topics 54, 5538–5560.

Gardner MK, Charlebois BD, Janosi IM, Howard J, Hunt AJ, Odde DJ 
(2011a). Rapid microtubule self-assembly kinetics. Cell 146, 582–592.

Gardner MK, Zanic M, Gell C, Bormuth V, Howard J (2011b). Depolymer-
izing kinesins Kip3 and MCAK shape cellular microtubule architecture by 
differential control of catastrophe. Cell 147, 1092–1103.

Heusele C, Bonne D, Carlier MF (1987). Is microtubule assembly a biphasic 
process? A fluorimetric study using 4’,6-diamidino-2-phenylindole as a 
probe. Eur J Biochem 165, 613–620.

Horio T, Hotani H (1986). Visualization of the dynamic instability of individual 
microtubules by dark-field microscopy. Nature 321, 605–607.

Howard J, Hyman AA (2009). Growth, fluctuation and switching at microtu-
bule plus ends. Nat Rev Mol Cell Biol 10, 569–574.

Hyman A, Drechsel D, Kellogg D, Salser S, Sawin K, Steffen P, Wordeman L, 
Mitchison T (1991). Preparation of modified tubulins. Methods Enzymol 
196, 478–485.

Kerssemakers JW, Munteanu EL, Laan L, Noetzel TL, Janson ME, Dogterom 
M (2006). Assembly dynamics of microtubules at molecular resolution. 
Nature 442, 709–712.

Kumar P, Wittmann T (2012). +TIPs: SxIPping along microtubule ends. 
Trends Cell Biol 22, 418–428.




