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Article

EB3-informed dynamics of the microtubule
stabilizing cap during stalled growth

Maurits Kok,1 Florian Huber,1,2,3 Svenja-Marei Kalisch,1 and Marileen Dogterom1,*
1Department of Bionanoscience, Kavli Institute of Nanoscience, Faculty of Applied Sciences, Delft University of Technology, Delft, the
Netherlands; 2Netherlands eScience Center, Amsterdam, the Netherlands; and 3Center for Digitalisation and Digitality, D€usseldorf University
of Applied Sciences, D€usseldorf, Germany

ABSTRACT Microtubule stability is known to be governed by a stabilizing GTP/GDP-Pi cap, but the exact relation between
growth velocity, GTP hydrolysis, and catastrophes remains unclear. We investigate the dynamics of the stabilizing cap through
in vitro reconstitution of microtubule dynamics in contact with microfabricated barriers, using the plus-end binding protein GFP-
EB3 as a marker for the nucleotide state of the tip. The interaction of growing microtubules with steric objects is known to slow
down microtubule growth and accelerate catastrophes. We show that the lifetime distributions of stalled microtubules, as well as
the corresponding lifetime distributions of freely growing microtubules, can be fully described with a simple phenomenological
1D model based on noisy microtubule growth and a single EB3-dependent hydrolysis rate. This same model is furthermore
capable of explaining both the previously reported mild catastrophe dependence on microtubule growth rates and the catastro-
phe statistics during tubulin washout experiments.

INTRODUCTION

Microtubules are hollow cylindrical polymers consisting of
ab tubulin dimers arranged in a head-to-tail fashion to form
protofilaments,�13 of which typically constitute the micro-
tubule lattice (1–3). Individual microtubules constantly
switch between phases of growth and shrinkage, a funda-
mental process known as dynamic instability (4). As a major
constituent of the eukaryotic cytoskeleton, microtubules are
involved in many essential processes within the cell,
including intracellular transport, cell division, and cell
morphology (5). During these processes, dynamic microtu-
bule ends interact with other cellular components, either
through intermediary protein complexes or through direct
physical contact (6–11). Such contacts typically affect the

dynamic behavior of microtubule ends, which is integral
to the biological function of these interactions (12–18).

The biochemical mechanism behind the stochastic transi-
tion from growth to shrinkage, known as a catastrophe, is
related to the progressive hydrolysis of GTP bound to b
tubulin (19,20). During polymerization, the microtubule
tip is highly dynamic due to continuous addition and
removal of tubulin dimers (21–25). After GTP-bound
tubulin is incorporated at the microtubule tip, hydrolysis
of the nucleotide followed by Pi release is hypothesized to
lead to a destabilization of the lattice by a compaction
around the exchangeable nucleotide (1,26). The delay be-
tween tubulin incorporation and hydrolysis results in a
GTP/GDP-Pi-enriched region at the microtubule tip, which
gives rise to what is known as the stabilizing cap (27). Upon
the loss of the stabilizing cap, a catastrophe follows upon
which the strain build-up in the lattice is released during
depolymerization. However, whereas this basic description
of the biochemistry behind dynamic instability is generally
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SIGNIFICANCE Microtubules are cytoskeletal filaments that exhibit dynamic instability, characterized by random
transitions between growing and shrinking states. The transition from growth to shrinking is called a catastrophe and this
transition is known to result from the loss of a stabilizing cap due to the hydrolysis of the GTP nucleotide that is associated
with tubulin dimers as microtubules grow. To better understand the relation between GTP cap dynamics and the rate at
which catastrophes occur, we study the statistics of catastrophe events for microtubules that are stalled by microfabricated
barriers using a fluorescent marker to visualize the GTP cap. We introduce a simple one-dimensional model to explain our
data as well as previous experimental results on microtubule catastrophes.
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accepted, the exact relation between GTP hydrolysis, the
size of the stabilizing cap, the details of microtubule growth,
and the statistics of catastrophes is still not fully understood,
despite the availability of a wealth of quantitative data on
catastrophe statistics under different conditions (28–31).

Various estimates of the stabilizing cap size have been
reported, from short caps of a few terminal tubulin layers
(32–37) to longer caps spanning up to dozens of layers
(27,38). In recent years, direct visualization of the tubulin
nucleotide state has become possible with the family of
end binding proteins (EBs) that can autonomously bind to
the GTP/GDP-Pi region at the microtubule tip (39,40). It
has been shown that the size of the EB comet at the tip cor-
relates with the size of the stabilizing cap and consequently
with microtubule stability (1,38,40,41). Interestingly,
tubulin washout experiments using Mal3 (the EB1 homolog
in yeast) suggest that it is not the size of the total EB binding
region that is decisive in preventing a catastrophe, but the
presence of a critical number of unhydrolyzed subunits at
the terminal �10 tubulin layers at the microtubule tip
(�130 dimers) (41).

Here, we use the ability of EB3 to report on the status of
the stabilizing cap to investigate the detailed relation be-
tween cap dynamics and catastrophe statistics for stalling
microtubules that are pushing against microfabricated bar-
riers. A stalling microtubule exerts a pushing force that is
too small to overcome its critical buckling force, resulting
in the blocking of further microtubule growth. The stability
of pushing microtubules has been studied previously for
buckling and bending microtubules in vitro (42), in vivo
(43–45), and in silico (46,47). It was established that micro-
tubules generating pushing forces against rigid barriers
in vitro experience an increased catastrophe frequency
(42,48). This force-induced catastrophe is thought to be
the result of a reduction in the addition of tubulin dimers
as the microtubule growth velocity is slowed with increasing
force (22,42). However, exactly how the reduction of tubulin
addition in combination with nucleotide hydrolysis affects
the dynamics of the stabilizing cap, and thereby determines
the lifetime statistics for stalled microtubules, has remained
unresolved.

We determine the lifetime statistics of stalling microtu-
bules in vitro by growing microtubules against microfabri-
cated barriers using GFP-EB3 as a proxy for the size of
the stabilizing cap. By introducing a novel barrier design
with a long overhang, we ensure that microtubule stalling
can be imaged simultaneously with the EB3 signal using to-
tal internal reflection fluorescence (TIRF) microscopy. We
observe that microtubule stalling increases the catastrophe
frequency in the absence of EB3 as reported previously
(42). In the presence of EB3, the microtubule lifetime is
further reduced in a concentration-dependent manner. Sur-
prisingly, the full decay of the EB3 comet during microtu-
bule stalling does not necessarily lead to an immediate
catastrophe. We compare our results with similar data

obtained for freely growing microtubules under the same
conditions, and then perform simulations of microtubule dy-
namics based on a simple model in an attempt to simulta-
neously explain both data sets.

Over the years, different types of models have been pro-
posed to gain a better understanding of what triggers a catas-
trophe. Biochemical models rely on the hydrolysis of
tubulin dimers to reduce the size of the stabilizing cap to
trigger a catastrophe (21,35,49–54). However, only with
the introduction of lateral interactions between dimers in a
two-dimensional (2D) model can these models capture
observed growth fluctuations (21) and observed microtubule
lifetimes (55,56). Mechanochemical models additionally
include the build-up of strain in the lattice and protofilament
bending at the tip (57–63). Both types of models can explain
a variety of experimental observations of dynamic insta-
bility, but they typically require many fitting parameters
and do not explicitly include the highly dynamic nature of
the microtubule tip. Alternatively, simple phenomenological
models have been useful in obtaining an intuitive insight
into the principles behind microtubule dynamics and the ef-
fect of microtubule-associated proteins (24,35,41,64).

To find a minimal model capable of explaining microtu-
bule catastrophe statistics with the smallest possible number
of fitting parameters, we use coarse-grained Monte Carlo
simulations of 1D filaments (24,52,64,65). We show that
the lifetimes of both freely growing and stalled microtubules
can be explained by a combination of random GTP hydroly-
sis and a parameter that characterizes the noisiness of micro-
tubule growth, a concept that was generally missing from
previous phenomenological models in the description of
microtubule lifetimes. These simulations do not take into
account the large amount of available information on how
real 3D microtubules grow (30,31,66,67), but rather
consider a single parameter characterizing the effective
noisiness of microtubule growth that may result from spe-
cific 3D molecular mechanisms. We confirm that, while
the EB binding region is a measure for the size of the stabi-
lizing cap, there is no one-to-one correlation between its
presence and the onset of a catastrophe. Instead, the data
are consistent with a catastrophe being triggered when a
large enough uninterrupted sequence of GDP-bound tubulin
dimers becomes exposed at the microtubule tip, consistent
with the idea that only the presence of a critical number
of unhydrolyzed subunits near the microtubule tip prevents
catastrophes from happening (41). Importantly, this 1D
biochemical model can also successfully capture the
previously reported catastrophe dependence on tubulin con-
centration, taking into account previously reported velocity-
dependent growth fluctuations, and it is in good agreement
with previously reported catastrophe delays after tubulin
dilution. The so-called aging of microtubules, referring to
the observed increase of the catastrophe frequency with
microtubule age (58,68–70), is not an intrinsic feature of
our simple model, but this behavior naturally emerges by
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additionally assuming that microtubule growth fluctuations
increase with microtubule age.

MATERIALS AND METHODS

Proteins

GFP-EB3 was a kind gift fromMichel Steinmetz. All tubulin products were

acquired from Cytoskeleton, Denver, Colorado, USA, with all unlabeled

tubulin specifically from a single lot.

Microfabrication of barriers

The fabrication method for the microfabricated barriers with an SiC over-

hang is inspired by (71), (72), and (73). All fabrication steps were performed

in a cleanroom environment (van Leeuwenhoek Laboratory, NanoLab NL).

The barrier was designed with the following considerations in mind.

1) Thewidth of the channels should favor stalling events over buckling events,

but remain large enough for GMPCPP-stabilized seeds to easily land.

2) A bottom layer of SiC is needed to prevent etching into the coverslip

during a buffered oxide etch. This layer needs to be as thin as possible

to prevent photon absorption by the semiconductor resulting in a dimin-

ished signal/noise and surface heating. Although SiC is transparent for

wavelengths >0.5 mm, its bandgap of �2.8 eV can result in photon ab-

sorption for the commonly used 405 and 488 nm lasers (74). Using

plasma-enhanced chemical vapor deposition (PE-CVD), 10 nm is the

thinnest layer we could fabricate while still maintaining the layer’s

integrity to protect the coverslip from the buffered oxide etch.

3) The layer of SiO2 of 100 nm ensures that the microtubule can polymerize

underneath the overhang while remaining inside the evanescent wave.

4) The top layer of SiC is 250 nm thick to ensure mechanical stability,

while still allowing to observe microtubules growing on top of the bar-

rier despite some photon absorption.

To start, glass coverslips (24 � 24 mm, no. 1) were cleaned for 10 min

with base piranha, a mixture of H2O:NH4OH:H2O2 in a 5:1:1 ratio heated

to 70�C. Then, three sequential layers of SiC (10 nm), SiO2 (100 nm), and

SiC (250 nm) are deposited on the cleaned surface via PE-CVD at 300�C
(Oxford Instruments PlasmaPro 80, Abingdon, Oxfordshire, UK). PE-

CVD ensures a surface smooth enough for TIRFmicroscopy with fast depo-

sition rates (70 nm/min for SiO2 and 40 nm/min for SiC).

To transfer the barrier pattern to the surface, UV lithography is used.

First, to aid in the adhesion of the photoresist, a few drops of hexamethyl-

disilazane are spin coated on the SiC surface and allowed to dry on a

115�C hotplate for 30 s. Then a 1.3 mm layer of the positive photoresist

S1813 (MicroChem, Westborough, Massachusetts, USA) is spin coated

(5000 rpm) on the surface and prebaked for 90 s on a 115�C hotplate.

Exposure of the photoresist through a chromium mask with a near-UV

source (320–365 nm, �13 mW/cm2) transfers the barrier pattern in 4 s

(EVgroup EVG 620, St. Florian am Inn, Austria). Development with

MF321 (MicroPosit [Shipley Company]—acquired by Dow) for 60 s re-

moves the UV-exposed regions of the resist.

Next, reactive ion etching (Leybold GmbH, Cologne, Germany; Heraeus

Group, Hanau, Germany) with a mixture of CHF3:O2 (50:2.5 sccm) etches

through the exposed regions of the 250 nm SiC layer and into the SiO2

layer. The etch is performed at 50 mbar and at 100 W, resulting in a bias

voltage of 400 V. It is important to etch completely through the top SiC

layer, but only partly through the SiO2 layer, to leave the bottom SiC layer

intact. Any remaining photoresist after the etch is removed by sonication of

the sample in acetone for 10 min.

Finally, the sample is submerged in buffered hydrofluoric acid (HF:NH4F¼
12.5:87.5%) to selectively etch the exposed SiO2 with a rate of approximately

200nm/min to obtain anoverhangof 1.5mm.Thefinal barriers are 100nmhigh

with an overhang of 1.5 mm, enclosing channels with a width of 15 mm.

In vitro microtubule dynamics assay

Reconstitution of microtubule dynamics was performed as previously

described in (75,76). After cleaning the barrier sample with O2-plasma, a

flow channel was constructed with a cleaned glass slide and double-sided

sticky tape in such a way that the channel direction is perpendicular to

the barriers. Then, the surface was consecutively functionalized with

0.5 mg/mL PLL-PEG-biotin (20%) (SuSoS AG, Duebendorf, Switzerland),

0.2 mg/mL NeutrAvidin (Invitrogen, Waltham, Massachusetts, USA), and

0.5 mg/mL k-casein (Sigma, St. Louis, Missouri, USA). All components

werekept inMRB80buffer, comprising80mMpiperazine-N,N0-bis(2-ethane-
sulfonic acid), 4 mMMgCl2, and 1mMEGTA (pH 6.8). The reactionmixture

contained 15mMtubulin (7%rhodamine labeled) in the presenceofGFP-EB3-

or Hilyte488-labeled tubulin in the absence of GFP-EB3, supplemented with

0.5mg/mL k-casein, 0.15%methylcellulose, 50mMKCl, 1mMGTP, oxygen

scavenger mix (4mMDTT, 200 mg/mL catalase, 400 mg/mL glucose oxidase,

50 mM glucose). The reaction mix was then centrifuged in an Airfuge (Beck-

man Coulter, Brea, California, USA) at 30 psi for 8 min to remove any aggre-

gated complexes before being introduced to the sample. GMPCPP-stabilized

seeds (70% unlabeled tubulin, 18% biotinylated tubulin, 12% rhodamine-

labeled tubulin) were introduced to the channelwith the flowdirection perpen-

dicular to the barriers. Flow cells were sealed with vacuum grease and imaged

on a TIRF microscope at 28–30�C.

TIRF microscopy

All experiments were imaged using TIRF microscopy, consisting of an

Ilas2 system (Roper Scientific, Trenton, New Jersey, USA) on a Nikon

Ti-E inverted microscope. The Ilas2 system is a dual illuminator for

azimuthal spinning TIRF illumination equipped with a 150 mW 488 nm

laser, a 100 mW 561 nm laser, and a ZT405/488/561/640rpc dichroic

mirror. Simultaneous dual-acquisition was performed with two Evolve

512 EMCCD cameras (Photometrics, Tucson, Arizona, USA) through a

525/50 nm and a 609/54 emission filter, using a Nikon CFI Plan Apochro-

mat 100XH NA1.45 TIRF oil objective. Together with an additional

magnifying lens, the final magnification resulted in a pixel size of

107 nm/pixel. The sample was heated with a custom objective heater to

28–30�C and was kept in focus with the Nikon Perfect Focus system.

The hardware was controlled with MetaMorph 7.8.8.0 (Molecular

Devices, San Jose, California, USA).

Image treatment

The image stacks obtained with TIRF microscopy were corrected before

data analysis. First, simultaneous acquisition of rhodamine-labeled tubulin

and GFP-EB3 on two cameras introduced a nonlinear spatial offset be-

tween the two image stacks due to imperfections in the dichroic mirror

and in the alignment of the two cameras. By scanning multiple FOVs of

a calibration slide containing 100 nm TetraSpeck beads (Thermo Fisher

Scientific, Waltham, Massachusetts, USA) and automatically locating

the centroids through a custom-written MATLAB script, a nonlinear

registration profile accounting for the spatial offset was calculated. The

misaligned image stack was corrected by applying this registration profile

based on the position of �500 bead positions. In addition, any sample

drift was corrected by subpixel image registration through cross correla-

tion (77).

Secondly, some scattering of excitation light at the edge of the SiC over-

hang made proper determination of the GFP-EB3 signal near the barrier

difficult. Although this effect was mostly mediated by creating a wide un-

dercut that physically separated the edge of the overhang from the barrier, a

correction was nonetheless applied. To correct the signal, the minimum in-

tensity value of each pixel in the image stack was subtracted from that pixel

in each image. This correction enabled tracking of the EB3 comet near the

barrier and accurate measurement of the EB3 comet intensity.

Dynamics of the stalled microtubule cap
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Thirdly, a general background subtraction was performed in Fiji (78) to

correct for inhomogeneous illumination.

Image analysis

Analysis of the images was partly performed with Fiji and with MATLAB.

After the image treatment described above, kymographs were created

by drawing straight lines of 9-pixel width (0.95 mm) along growing micro-

tubules using the KymoResliceWide plugin with maximum transverse

intensity (http://fiji.sc/KymoResliceWide). Each growth event in the kymo-

graphs was manually traced to determine the position of the microtubule

tip. This position was then used to fit the EB3 comet to obtain its position

and intensity, using the intensity profile:

IðxÞ ¼ IA$exp

"
ðx � xcÞ2

s2

#
þ Ibkg

where IðxÞ is the fluorescence intensity, Ibkg is the background intensity, IA
is the intensity amplitude, xc is the position of the peak of the EB3 comet,

and s is the width of the EB3 comet. As EB3 comet decay at the barrier

makes fitting impossible, the intensity during contact was determined by

calculating the average intensity value in a region around the comet position

and around the barrier (Fig. S1 C). The barrier contact duration and comet

decay duration were determined manually.

Monte Carlo simulations

Simulations of growing microtubules were run as a series of discrete, fixed

time steps. Microtubules were modeled as simplified 1D structures thereby

ignoring their actual 3D helical structure. The length of the time steps dt

was chosen small enough to properly account for the random hydrolysis

of the subunits (Phyd , the probability for a dimer to undergo hydrolysis

within one time step was kept at <0.05). Further restrictions were to not

exceed the desired frame rate, in our case the lowest used experimental

frame rate of 250 ms. Due to the discrete nature of microtubule growth

in subunits, the next-lowest time step for which CVDdt=L0 became an integer

was chosen, with L0 ¼ 8
13
nm the length increment per subunit and CVD the

microtubule mean growth velocity.

Each microtubule simulation started from a few initial subunits

(a ‘‘seed’’) that were excluded from hydrolysis, and that were not allowed

to be removed during microtubule tip fluctuations. Microtubule growth

was simulated as a discrete, biased, Gaussian random walk. This means

that, for each time step dt, the microtubule length was changed by a discre-

tized random number of subunits that was drawn from a Gaussian distribu-

tion with standard deviation s ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dtipdt

p
and centered at CdxD= L0.

During each time step, subunits transition from the GTP/GDP-Pi to the

GDP state by random hydrolysis with a rate khyd . Whenever the foremost

uninterrupted strand of GDP state subunits (RNunstable subunits in a row)

is changed, the position of the end of the stable cap will jump to the front

element of this strand, which we interpret as the new position of the end of

the stable cap Lend� of � cap.

A simulation run ends when a catastrophe occurs. This happens when the

stable cap shrinks to zero, i.e., if Ltip � Lend� of � cap ¼ 0, where Ltip is

defined as the position of the foremost subunit of the microtubule. The

growth duration was defined as the time from initial growth until catastro-

phe. To exclude nucleation kinetics from the simulated lifetimes, a micro-

tubule is considered to grow after reaching a length of 250 nm.

The presence of a physical barrier is modeled by introducing a fixed bar-

rier position Lbarrier . Tip dynamics and random hydrolysis remained un-

changed, only the microtubule length was truncated whenever it would

penetrate the barrier. This means the length of the microtubule was set

back to Lbarrier if Ltip > Lbarrier . The barrier contact time was then defined

as the time from the microtubules’ first contact with the barrier until its

catastrophe.

The simulation was written in Python and run on standard PCs. The code

to run the simulation is available under an open license on GitHub (https://

github.com/florian-huber/mtdynamics).

Analytical expression for the size of the
stabilizing cap

The length of the stabilizing cap Lcap is defined as the distance between

the position of the microtubule tip and the first occurrence of a sequence

of hydrolyzed subunits N equal or greater than Nunstable. The location of

this sequence of hydrolyzed subunits is determined by the distribution

of GDP dimers in the microtubule lattice. We assume that the GTP/

GDP-Pi distribution at the microtubule tip decays monoexponentially

and depends on the hydrolysis rate khyd and mean growth velocity CVD
(38,41,76). The probability pðxÞ of finding a GTP/GDP-Pi subunit at po-

sition x in the lattice (with the microtubule tip at x ¼ 0) corresponds to

pðxÞ ¼ e� x
khyd

CVD (1a)

with the probability of finding a GDP subunit at position x being

qðxÞ ¼ 1 � pðxÞ (1b)

To find the probability distribution of the position of a sequence of N
sequential hydrolyzed dimers equal to or greater than Nunstable, we treat the

discrete 1D lattice as a series of independent Bernoulli trials with probabil-

ities pðxÞ and qðxÞ for GTP/GDP-Pi or GDP dimers, respectively (Fig. S5 A).

For a lattice shorter thanN, the probability of finding a sequence ofN GDP is

zero since the sequence is longer than the considered lattice. The probability

of findingN GDP subunits between the positions x ¼ 1 and x ¼ N is equal

to the product of the probability at each position x:

PGDP ¼
YN
x ¼ 1

qðxÞ (2a)

If N and
khyd
CVD are small, the probability of finding a GDP subunit at the

beginning of the sequence is approximately equal to that at the end, i.e.,

qðx1ÞzqðxNÞ. Using this assumption, Eq. 2a can be rewritten as

PGDP ¼ qðxÞN (2b)

For a position on the lattice further from the tip, the probability of finding

a sequence NRNunstable at position x, with x being the first position of the

sequence, is equal to

PGDPðxÞ ¼ pðxÞqðxÞN (3)

as the dimer directly preceding the sequence needs to be unhydrolyzed to

initiate the sequence (Fig. S5 A).

We can now obtain an expression for the probability of finding this

sequence for the first time at position x, by considering the probability

that no sequence is found at any position closer to the microtubule tip:

PðxjNÞ ¼ 1 �
Yx� 1

i ¼ 1

�
1 � pðxiÞqðxiÞN

�
(4)

This expression gives the cumulative distribution for finding a sequence

of N GDP subunits at position x during steady-state growth. We find that

this approximation holds reasonably well for the entire range of Nunstable

we explored using the 1D simulation (Fig. S5 B). The probability of finding
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this sequence of GDP can be captured by the Gaussian cumulative distribu-

tion function:

PcapðxÞ ¼ 1

2

"
1þ erf

 �
x � Lcap

�
ffiffiffi
2

p
scap

!#
(5)

Through numerical analysis we find that the dependency of Lcap on N fol-

lows a power law and can be described with

LcapðNÞ ¼ a
�
Nb � 1

�
;

where a and b are coefficients that depend on the hydrolysis rate and the

growth velocity. Similarly, we can calculate the dependence of the cap

size on the parameters khyd and CVD.

Analytical expression for the catastrophe
probability and microtubule lifetimes

The probability for a microtubule to undergo a catastrophe within time

window Dt is defined as PcatðDtÞ and is equal to the probability of

reducing the cap size Lcap to zero during Dt. The cap size evolves by

two competing stochastic processes: it increases by dimer addition at

the tip and shrinks by dimer removal from the tip and hydrolysis in the lat-

tice. To obtain an analytical expression for the catastrophe probability, we

consider a microtubule at steady-state growth. In this frame of reference,

the end of the cap is on average a constant distance from the microtubule

tip, as both the microtubule tip and the position of the cap end move with

equal velocity CVD. Any fluctuations of the cap size during steady-state

growth are caused by fluctuations of the tip position. However, due to

the stochastic nature of hydrolysis, any incorporated dimers at the micro-

tubule tip position only affect the position of the cap end after a charac-

teristic time delay tc, which is approximately equal to khyd
� 1 (Fig. S5

C). In other words, the delay gives a measure of the time window during

which the fluctuations can affect Lcap, before the position of the cap is

affected by hydrolysis. The catastrophe probability is then equal to the

probability of tip fluctuations exceeding the position of Lcap during time

window tc.

The growth fluctuations at the microtubule tip can be described by a

biased random walk with Gaussian distributed steps Dx within Dt.

PtipðDx;DtÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pDtipDt

p exp

 
� ðDx � CVDDtÞ2

4DtipDt

!

(6)

Note that, in the frame of reference of steady-state growth, CVD ¼ 0. To

find PcatðDtÞ, we calculate the probability that the microtubule tip exceeds

Lcap during Dt% tc. The survival probability, the probability that the

microtubule tip does not exceed Lcap for all times up to tc, is defined as

SðxcjtcÞherf

 
xc � x0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 Dtiptc

p
!

(7a)

with xc being the critical cap-end position. Since the critical cap-end posi-

tion is defined with respect to x0 being the moving tip, we can set x0 ¼ 0

and get the probability for the tip to have reached xR xc:

PtipðxR xcjtcÞ ¼ 1 � SðxcjtcÞ ¼ 1 � erf

 
xcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4 Dtiptc
p

!

(7b)

When we set xc ¼ Lcap, we can calculate the catastrophe probability

PcatðtcÞ as the probability of the tip fluctuations exceeding the cap size

Lcap during time window tc with

PcatðtcÞ ¼ Ptip

�
xR Lcap

��tc� ¼ 1 � erf

 
Lcapffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 Dtiptc

p
!

(8)

The microtubule lifetime distribution TcatðtÞ can then be obtained by

calculating the fraction of microtubules that underwent a catastrophe after

each time step tc:

TcatðtÞ ¼ 1 � ð1 � PcatðtcÞÞ
t
tc (9)

Note that the steady-state approximation becomes less accurate for large
khyd
CVD as steady-state growth might not be reached in the first place. This leads

to a lack of short events and consequently to an overestimation of the micro-

tubule lifetimes.

RESULTS

In vitro reconstitution of microtubule stalling

To investigate the stability of stalling microtubules in the
presence of different concentrations of GFP-EB3, we
analyzed the dynamics of microtubules growing against mi-
crofabricated barriers using an in vitro reconstitution assay
(71,76). We assume each microtubule to consist of three re-
gions: 1) a terminal region where net microtubule growth
takes place by addition and removal of tubulin dimers
(60,79), 2) a GTP/GDP-Pi region near the microtubule tip
to which EB3 preferably binds leading to the appearance of
EB3 comets (39,40), and 3) the GDP lattice (Fig. 1 A).
Note that recent experiments suggest that EB3 binds prefer-
entially to the GTP state rather than the GDP-Pi state (40),
but for the sake of simplicity we do not distinguish between
these two nucleotide states. The presence of EB3 is known to
increase both the GTP hydrolysis rate and the microtubule
growth velocity by respectively compacting the microtubule
lattice and closing the lattice seam (1,79). Microtubules were
nucleated from GMPCPP-stabilized seeds and imaged with
TIRF microscopy. The barriers were composed of 100 nm
SiO2 deposited on a glass coverslip with an amorphous sili-
con carbide (SiC) overhang, approximately 1.5 mm long, to
trap the microtubules and force them to grow into the barriers
(Fig. 1, B and C). SiC is a mechanically stable, optically
transparent material (wavelengths >0.5 mm) with similar
passivation and functionalization properties as SiO2 due to
a very thin native oxide layer on its surface (80,81). Although
fabrication of the barriers requires a thin 10 nm layer of SiC
on the glass surface (see materials and methods for details),
microtubules can be imaged successfully with TIRF micro-
scopy (Figs. 1 D and S1). This novel barrier design enables
high-resolution imaging with TIRF microscopy as the micro-
tubules are forced to remain within 100 nm from the surface
during barrier contact, eliminating fluctuations perpendicular
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to the surface. The width between two barriers is 15 mm, cho-
sen to keep the microtubules short and thereby reduce the
probability of observing slipping and buckling events (42).
All experiments were performed in the presence of 15 mM
tubulin, and 0, 20, 50, or 100 nM GFP-EB3.

Complete EB3 decay is neither needed for, nor
always immediately followed by a catastrophe

The microtubule-barrier contact events leading to a stalling
microtubule were analyzed with kymographs to obtain the
contact duration and GFP-EB3 comet intensity before and
during contact (Figs. 2 A and S1, see materials and methods
for details). Any contact events leading to microtubule
buckling or sliding along the barrier were excluded from
the analysis. From the moment of barrier contact, the EB3
intensity at the microtubule tip decreased until the onset
of catastrophe (Figs. 2 B and S1 D). We observed that, for
�65% of all stalling events, a catastrophe occurred while
the EB comet was still decaying (>10% of the EB signal re-
maining) (Fig. 2 C, right). For those events, the mean comet
intensity at the moment of catastrophe was 16% of the pre-
contact mean. For the remaining�35% of stalling events we
found a decay of the EB comet to a steady near-zero value,
which did not immediately lead to catastrophe. Instead, the
microtubules remained in contact with the barrier for some
time, even in the absence of an observable EB3 comet
(Fig. 2 C, left). Fitting the average EB decay from the
moment of barrier contact with a monoexponential function
shows that the decay rate increases with EB3 concentration:
0.24 5 0.01, 0.29 5 0.01, and 0.40 5 0.04 s�1 (95% CI)
for 20, 50, and 100 nM EB3, respectively (Fig. 2 D). The
presence of EB3 thus accelerates the decay of the EB comet
during stalling events as predicted from its increasing effect
on the GTP hydrolysis rate (1,79).

Monte Carlo simulation of microtubule
catastrophes

To determine whether microtubule lifetime statistics of stall-
ing microtubules can be understood solely by a single sto-
chastic hydrolysis step combined with net stalling of noisy
microtubule growth, we performed minimalistic Monte
Carlo simulations of both free and stalled microtubule
growth. Microtubules were treated as 1D filaments with sub-
units of 8/13 nm comprising two distinct states: GTP/GDP-
Pi and GDP (Fig. 3 A). We decided to ignore the initial
transition from GTP to GDP-Pi, which was reported to be
much faster than the GDP-Pi to GDP transition (24,79,82).
We saw this justified by the fact that our key observations
changed only very moderately when the first transition
was included explicitly, whereas omitting this transition
reduced the number of model parameters. Simulated micro-
tubules grow by addition of GTP/GDP-Pi subunits which
subsequently undergo random hydrolysis to GDP with rate
khyd (Fig. 3 A). We treat microtubule growth as a discrete,
biased Gaussian random walk (64,83), inspired by experi-
mental observations that revealed a substantial diffusive
character of the growing microtubule tip (21–24). Following
this model, tip growth is fully characterized by the experi-
mentally measured mean growth velocity CVD and the diffu-
sion constant Dtip, which may also result in occasional
negative growth excursions (Fig. 3 B). A catastrophe is trig-
gered when a stabilizing cap (Lcap) that results from remain-
ing GTP/GDP-Pi subunits is lost due to a negative growth
excursion and/or random hydrolysis. We assume that the
nucleotide state of the tubulins at the very tip of the micro-
tubule are the most relevant for stability: a catastrophe is
triggered when the number of uninterrupted GDP subunits
in a sequence at the very tip of the microtubule is equal to
or greater than Nunstable (35,52), independent of how many
GTP/GDP-Pi subunits remain elsewhere in the lattice

A B

C D

FIGURE 1 In vitro reconstitution of microtubule

stalling. (A) Schematic depiction of the nucleotide

distribution at the microtubule tip. Progressive hy-

drolysis of GTP-tubulin after incorporation leads

to a destabilized lattice that is stabilized by a GTP/

GDP-Pi cap. EB3 chiefly binds to the GTP/GDP-

Pi-rich region. During microtubule-barrier contact,

reduction of microtubule growth and ongoing hydro-

lysis are hypothesized to lead to an accelerated loss

of the protective cap. (B) Schematic of the microfab-

ricated barrier with a 1.5 mm overhang made of sil-

icon carbide (SiC). The barrier itself is composed of

SiO2 and is 100 nm high, forcing the growing micro-

tubules to remain within the TIRF illumination field.

Microtubules are grown from stabilized GMPCPP

seeds. (C) Scanning electron microscope image of

two channels with barriers. The inset shows a

zoom of the barrier with a 1.5 mm SiC overhang.

(D) TIRF images of the microfabricated channel en-

closed by two barriers (white dotted lines). On the

left, microtubules (green) are nucleated from GMPCPP-stabilized seeds (magenta) toward the barriers, and on the right, microtubules (magenta) polymerize

toward the barriers in the presence of GFP-EB3 (green). See also Fig. S1 and Videos S1 and S2.
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(Fig. 3 C). The length of the stabilizing cap is thus deter-
mined by the distance between the position of the microtu-
bule tip and the position along the lattice where for the first
time an uninterrupted sequence (or ‘‘island’’) of GDP units

equal to or greater than the fitting parameter Nunstable is
found (Fig. 3 C). Depolymerization and rescues are not
considered in the model. To exclude nucleation kinetics
from the simulated lifetimes, a microtubule is considered

A B

C

D

FIGURE 2 Microtubule stalling events in vitro. (A) Representative kymographs of a microtubule-barrier contact event in the presence of 15 mMHilyte488-

labeled tubulin (left) and in the presence of 15 mM rhodamine-labeled tubulin with 20 nM GFP-EB3 (right). The dotted line denotes the position of the SiO2

barrier. The duration of barrier contact is indicated with an arrow. Scale bars, 2 mm (horizontal) and 10 s (vertical). (B) Mean intensity of the EB3 comet and

the EB3 signal on the microtubule lattice of the kymograph on the right in (A). From the moment of microtubule-barrier contact (tcontact), the EB3 comet

signal decays to the level of the microtubule lattice, ultimately resulting in the onset of a catastrophe (tcatastrophe) after 7.75 s. (C) Several examples of stalling

microtubules with their respective comet intensity traces. Traces a and b show a full comet decay during barrier contact before the onset of a catastrophe,

whereas the comet in traces c and d only partially decays. All traces were in the presence of 15 mM tubulin. In addition, trace a contained 20 nM EB3, traces b

and c 100 nM EB3, and trace d 50 nM EB3. Arrows and shaded regions illustrate the duration of microtubule stalling event. Scale bars, 2 mm (horizontal) and

10 s (vertical). (D) Normalized comet intensity traces of stalling microtubules in the presence of 20, 50, and 100 nM EB3, aligned on the moment of barrier

contact (tcontact). The mean decays were fitted with a monoexponential model (red dotted line) and show an increasing decay rate with increasing EB3 con-

centrations, resulting in decay rates of 0.24 5 0.01, 0.29 5 0.01, and 0.40 5 0.04 s�1 (95% CI) for 20, 50, and 100 nM, respectively. Number of stalling

events analyzed: 20 nM, n ¼ 151, 50 nM, n ¼ 104, and 100 nM, n ¼ 92.
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to grow after reaching a length of 250 nm. The simulation
then only requires the three fitting parameters khyd, Dtip,
and Nunstable, all of which can be verified with experimental
data (see below). The experimental EB3 intensity at the
microtubule tip (see, e.g., Fig. 2) can be compared with
the number of GTP/GDP-Pi subunits in the simulated mi-
crotubules (Fig. 3, D and E, bottom).

Microtubule stalling is simulated by introducing a fixed
maximum length Lbarrier (Fig. 3 E). Any growth excursions
that would bring the microtubule length to L>Lbarrier are
truncated to this maximum length. Since tip fluctuations
also include occasional negative growth excursions
(Fig. 3 B), fluctuations of the tip position continue after bar-
rier contact (Fig. 3 E).

Obtaining the simulation parameters

Our 1D model relies on three fitting parameters, Dtip, khyd ,
and Nunstable. Based on existing literature (79), we expected

that adding EB3 would have an effect on the transition from
GTP/GDP-Pi to GDP. Since EB3 also affects the microtu-
bule growth velocity, we also expected that growing
microtubules may display different growth fluctuations at
different EB concentrations. It hence appeared reasonable
to keep khyd and Dtip as free fitting parameters, while keep-
ing Nunstable as a global fitting parameter that is independent
of the presence of EB3. From the kymograph traces, we ob-
tained values for the growth velocity CVD of 1.7 5 0.4,
2.8 5 0.5, 2.8 5 0.5, and 3.7 5 0.7 mm/min (mean 5
SD) for 0, 20, 50, and 100 nM EB3, respectively, and a
seed-barrier distance Lbarrier of 3.4 5 2.5 mm (mean 5
SD) from the experimental data.

To find good fitting values, we performed systematic
parameter scans across a range of Dtip and khyd, simulating
500 microtubule growth events for each parameter combina-
tion. We simulated both freely growing and stalling micro-
tubules and compared the distributions with the respective
experimental distributions. Using a Kolmogorov-Smirnov

A B

C

D E

FIGURE 3 Monte Carlo simulation of microtubule

dynamics. (A) The microtubule is simulated as a one-

dimensional latticewith two regions, a cap regionwith

length Lcap with predominantly GTP/GDP-Pi subunits

and a lattice regionwith predominantly GDP subunits.

The size of each subunit is 8/13 nm. Uncoupled sto-

chastic hydrolysis matures the GTP/GDP-Pi state

into the GDP state with rate khyd. (B) Microtubule

growth is determined by a mean growth velocity CVD
with added Gaussian noise characterized by Dtip, re-

sulting in stochastic tip elongation following a biased

random walk. The diffusive character of the tip can

also produce negative growth excursions. (C) Detailed

schematic of the nucleotide composition of the micro-

tubule tip. The size of the stabilizing cap (orange) is

defined as the region between the microtubule tip

and the position along the lattice where for the first

time an uninterrupted sequence of GDP subunits

is equal or greater than Nunstable. A catastrophe is

triggered when the number of uninterruptedGDP sub-

units at the very tip of the microtubule is equal or

greater than Nunstable. As an example, the case for

Nunstable ¼ 10 is shown. (D) Simulated microtubule

growing event. Top: during the noisy microtubule

growth, the microtubule length follows a biased

random walk. Middle: when the size of the stabilizing

cap (Lcap) is reduced to zero, i.e., when the number of

uninterrupted terminal GDP subunits is equal or

greater than Nunstable, a catastrophe follows, and the

simulation is terminated. Bottom: total number

of GTP/GDP-Pi subunits in the simulated micro-

tubule. (E) Simulated microtubule stalling event.

Figures show the simulated microtubule length (top),

the size of the stabilizing cap (Lcap) (middle), and the

total number ofGTP/GDP-Pi subunits in the simulated

microtubule (bottom). Barrier contact is simulated by

restricting the maximum length of the microtubule to

Lbarrier . As the microtubule can undergo occasional

negative growth excursions due to noisy growth, the

microtubule length can still fluctuate during barrier

contact.
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test as a measure of the similarity between the simulated and
experimental distributions, we obtained heatmaps with
(normalized) similarity parameters for each compared dis-
tribution (Fig. 4 A). We also included a comparison between
the simulated GTP/GDP-Pi decay and the experimental EB
decay rate during stalling (Fig. 2 D). The resulting range of
khyd values that captured the experimental decay rates was
used to restrict the range of possible khyd values for the
comparison of simulated and experimental lifetime distribu-
tions. The parameter set best capturing all three compari-
sons was then found by calculating the product between
the heatmaps within the range allowed by the decay rates
(Figs. 4 A and S2).

Determining the catastrophe threshold for the 1D
model

To determine the catastrophe threshold governed by Nunstable,
we made use of the experimentally observed decay of the
mean EB signal at the barrier (Fig. 2D). Our analysis yielded
simultaneous fits of Dtip and khyd that were in very good
agreement with our experimental observations across a
wide range of Nunstable values. To determine an ideal value
for Nunstable to match our data, we looked at the ratio between
the mean EB3 signal during steady-state growth and the EB3
signal at the moment of catastrophe. This would give us a
measure of what fraction of GTP/GDP-Pi subunits was on
average hydrolyzed at the moment a catastrophe occurred
(Fig. 4 B). Higher values for Nunstable gave rise to a longer sta-

bilizing cap, resulting in a higher ratio of hydrolyzed subunits
in the cap at the moment of catastrophe. Comparing the com-
bined distributions of the EB3 ratios with simulated ratios for
several Nunstable values results in a minimum Nunstable value of
�15 subunits (Fig. 4 C).

The 1D model can successfully capture
microtubule lifetimes

Fig. 5, A and B show the experimental cumulative fraction
of the lifetimes of freely growing microtubules and of the
stalling duration, respectively (bold lines), in the presence
of 15 mM tubulin and 0, 20, 50, and 100 nM GFP-EB3.
The distribution of free lifetimes was determined using mi-
crotubules growing parallel to the barriers. By bootstrapping
each simulated distribution obtained with the best-fitting pa-
rameters (Fig. 5 C), we show 25 simulated traces containing
an equal number of data points as the experimental data set
(thin lines). The variability in the simulated distributions
provides a good visual reference of the similarity between
experiment and simulation (Fig. 5, A and B and S2). The dis-
tributions show that an increasing concentration of EB3 de-
creases the contact duration (Fig. 5, B and C). In the absence
of EB3 the contact duration is 30.85 1.3 s (median5 SE),
whereas in the presence of 20, 50, and 100 nM GFP-EB3 the
contact duration is reduced to, respectively, 13.0 5 0.7,
9.1 5 0.8, and 4.1 5 0.3 s (median 5 SE). The simulated
distributions capture the data well and show that free micro-
tubule lifetimes and microtubule stalling can indeed be

A

B C

FIGURE 4 Parameter determination of the 1D

model. (A) The diffusion constant Dtip and hydroly-

sis rate khyd are determined by comparing the simu-

lated microtubule lifetime distributions, the contact

duration distributions, and the decay of the EB

signal during contact with the respective experi-

mental distributions. The mean lifetime and contact

duration distribution for each simulated pair of Dtip

and khyd values is compared with the experimental

distribution using a Kolmogorov-Smirnov test.

Each comparison yields a similarity parameter,

which is displayed in a 2D heatmap. The comparison

of the comet decay rate, being a single value, is ob-

tained by evaluating the absolute difference between

the simulated rate for each parameter pair and the

experimental rate. Evaluating the product of the

three heatmaps results in a small range of parameter

pairs of Dtip and khyd best describing the experi-

mental data set. The shown heatmaps are for

20 nM EB3. See also Fig. S2. (B) The mean exper-

imental EB3 signal during barrier contact, aligned

at the moment of catastrophe for 20 (n ¼ 151), 50

(n ¼ 104), and 100 nM (n ¼ 92) EB3. The ratio be-

tween the steady-state EB3 signal before catastrophe

(from �30 to �15 s) and at the moment of catastro-

phe is compared with the simulated data in (C). The dotted lines denote the SEM. (C) Histogram of the ratio between the mean comet intensity during steady-

state growth and the comet intensity at the moment of catastrophe. The data are pooled from all experimental data sets of 20, 50, and 100 nM EB3 (n¼ 347).

The lines show the simulated GTP/GDP-Pi ratio for Nunstable values of 5, 10, 15, 20, and 40. We find that a minimum Nunstable value of 15 is required to capture

the distribution of pooled experimental EB3 ratios.
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simultaneously captured with a 1D model comprising three
parameters (Fig. 5, A–C). From the fits, we find that, with
increasing EB3 concentration, khyd increases and Dtip de-
creases (Fig. 5 C).

In addition, we find both fully and partially decayed GTP/
GDP-Pi intensities at the moment of catastrophe, in agree-
ment with experimentally observed event types (Figs. 5 D
and 2 C). Agreement between the experimental and

A B

C

D

E

FIGURE 5 Free microtubule growth and microtubule stalling. (A) The cumulative fraction of the lifetimes of freely growing microtubules at increasing

concentrations of 0 nM (n ¼ 90), 20 nM (n ¼ 384), 50 nM (n ¼ 262), and 100 nM (n¼ 398) EB3. All data were obtained with 15 mM tubulin. The bold lines

show the experimental data and the thin lines show 25 bootstrapped simulated distributions of equal number of datapoints as the experimental distribution. (B)

The cumulative fraction of the microtubule-barrier contact durations at increasing concentrations of 0 nM (n ¼ 131), 20 nM (n ¼ 126), 50 nM (n ¼ 90), and

100 nM (n ¼ 90) GFP-EB3. All data were obtained with 15 mM tubulin. The bold lines show the experimental data and the thin lines show 25 bootstrapped

simulated distributions of an equal number of datapoints as the experimental distribution. (C) Table with the growth velocity CVD (mean 5 SD), hydrolysis

rate khyd (mean 5 95% CI), and diffusion constant Dtip (mean 5 95% CI) as determined to simulate the lifetimes of freely growing microtubules and the

contact duration of stalling microtubules at each EB concentration (median 5 SE). (D) Examples of simulated stalling events, showing the microtubule

length and the total number of GTP/GDP-Pi subunits in the lattice. The left trace shows a full comet decay during barrier contact before the onset of a ca-

tastrophe, whereas the comet in traces on the right only partially decays. (E) Simulated decay of GTP/GDP-Pi subunits during microtubule stalling at

increasing EB concentration. Each data set contains 1000 simulated events.
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simulated distributions of the remaining EB3 signal at the
moment of catastrophe was found for Nunstable ¼ 15

(Fig. 4 C). The mean decay rate of GTP/GDP-Pi subunits
during stalling also matches the experimental data set well
and increases with increasing EB3 (Figs. 5 E and 2 D).
The simulated barrier contact events furthermore show a
similar noisy comet intensity before catastrophe, confirming
that the size of the microtubule stabilizing cap fluctuates
with time.

Simulation of tubulin washout

Previous experiments using microfluidics assisted washout
of tubulin in vitro have shown that a minimal stable cap
has a length of �10 tubulin layers at most, of which 15–
30% dimers remain unhydrolyzed (32,36,41). The observed
delay between tubulin washout and microtubule catastrophe
is reported to be �7 s (32) and shown to depend on the pre-
washout growth velocity (41). To verify the ability of our
model to describe tubulin washout experiments, we simu-
lated tubulin washout with our obtained parameter set
(Fig. 5 C). To simulate washout, we prohibit any growth
of the microtubule tip after 40 s, but still allow microtubules
to undergo negative growth excursions (Fig. 3 B). To
compare our results with published washout parameters
(20 mM tubulin with 0 and 200 nM of Mal3) (41), we simu-
late tubulin washout for 15 mM tubulin in the presence of
0 and 20 nM EB3, resulting in a comparable growth velocity
and hydrolysis rate. The difference between the concentra-
tion of Mal3 (fission yeast homolog of EB1) and EB3
required to obtain a similar hydrolysis rate can be explained
by the intrinsic structural differences (84,85). Our simula-
tion of tubulin washout showed a delay between washout
and catastrophe of 10.2 5 3.2 and 5.5 5 1.8 s (mean 5
SD) for 0 and 20 nM EB3 (Fig. 6 A), similar to the reported

values of 7.3 and 3.5 s for 0 and 200 nM Mal3 (41). In addi-
tion, it was reported that microtubule growth is not simply
paused after washout, but that microtubules slowly shrank
before catastrophe. During the simulated washout delay,
we measured a slow decrease in microtubule length of
2535 71 nm (mean5 SD) for 20 nM EB3 (Fig. 6 B), com-
parable with the reported 165 5 105 nm for 200 nM Mal3
(41). Furthermore, we find that the simulated decay rate of
0.30 s�1 (20 nM EB3) of GTP/GDP-Pi subunits from the
moment of tubulin washout is in agreement with the re-
ported 0.33 s�1 (200 nM Mal3) (Fig. 6 C).

Our simulated data also capture the reported positive
correlation between microtubule stability and growth
velocity (Fig. 6 D) (41). The simulated washout delay in-
creases with an increasing growth velocity as measured
immediately before washout (Spearman’s correlation coeffi-
cient of r ¼ 0:70). However, the correlation is lost
when the growth velocity is measured 10 s before washout
(r ¼ 0:07), in agreement with published results (41). We
conclude that our model is thus capable of accurately
capturing tubulin washout experiments.

The 1D model successfully captures the mild
catastrophe dependence on microtubule growth
rates

As an additional verification of our model, we simulated
microtubule lifetimes and stalling durations based on our
previous experimental data (Fig. 7) (42). Our model can
simultaneously capture the reported mild reduction in catas-
trophe rate with increasing growth velocity as well as the
distribution of stalling durations (Fig. 7, A and B). To
explain these data, we had to assume a velocity-dependent
tip noise (at a fixed khyd of 0.10 s�1), which is in line with
the reported linear dependence of the tip noise on the growth

A B

C D

FIGURE 6 Simulating tubulin washout. (A) Simu-

lation of tubulin washout following the parameters in

Fig. 5 C for 0 and 20 nM EB3. For both conditions,

25 bootstrapped distributions of 100 data points are

shown. The mean delay duration between washout

and catastrophe is 10.3 5 3.2 and 5.5 5 1.8 s for

0 and 20 nM EB3, respectively (mean 5 SD). (B)

Simulation of tubulin washout following the parame-

ters in Fig. 5 C for 0 and 20 nM EB3. The mean

shrinkage length of the microtubule between washout

and catastrophe is 588 5 144 and 253 5 71 nm,

respectively (mean 5 SD). (C) Simulation of the

number of GTP/GDP-Pi subunits before and during

tubulin washout following the parameters in

Fig. 5 C for 20 nM EB3. Fitting the loss of GTP/

GDP-Pi subunits from the moment of washout gives

a decay rate of 0.30 s�1. (D) Scatterplot of the simu-

lated delay time dependency on the growth velocity

before tubulin washout. Growth velocities measured

immediately before tubulin washout (Dt ¼ 0 s)

show a strong correlation, which is lost for growth

velocities measured Dt ¼ 10 s before washout. The mean growth velocity is calculated from a 10 s time window. r is Spearman’s rank correlation

coefficient.
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velocity both in the absence and presence of Mal3 (Fig. 7 C)
(21,24). This relationship shows a linear dependence of the
tip noise on the growth velocity, as has been developed for a
1D model (21,24):

Dtip ¼ a

2

ka þ kd
ka � kd

CVD

where a is the size of a dimer, ka the tubulin addition rate,
and kd the tubulin dissociation rate. We thus conclude that
our 1D model can describe the reported mild dependence
of the microtubule lifetimes on the growth velocity.

DISCUSSION

EB3 enhances catastrophes for stalling
microtubules

Using novel microfabricated barriers in conjunction with
TIRF microscopy, we studied the duration of barrier contact
as well as the dynamics of the EB3 comet during microtu-
bule stalling. We confirm that stalled microtubules undergo
a catastrophe after 30.8 5 1.3 s (median 5 SE) in the
absence of EB3, comparable with previously measured
values (Fig. 7 B) (42). The presence of EB3 further enhances
catastrophes in a concentration-dependent manner, which
results in up to five times shorter microtubule contact times
at the barriers (Fig. 5, A–C). In earlier unpublished experi-
ments, we made similar observations for stalling microtu-
bules in the presence of Mal3 (Fig. S4). These shorter
contact times are accompanied by an increase in the decay
rate of the EB3 comet (Fig. 2 D).

In addition, we developed a simple phenomenological
computational model that predicts catastrophe statistics

based on parameters related to random (uncoupled) GTP hy-
drolysis and fluctuations in microtubule growth. Fitting the
model to the data suggests that the size of the growth fluctu-
ations (Dtip) decreases in the presence of EB3 (Fig. 5 C).
This effect would support the hypothesis that the increase
in growth velocity due to the presence of EB3 is the result
of a lower tubulin dissociation rate at the microtubule tip.
If we assume that the tubulin association rate at the micro-
tubule tip only depends on the soluble tubulin concentration
and is therefore not affected by EB3, we would indeed
expect the resulting tip noise Dtip to be smaller with
increasing concentrations of EB3. This effect could origi-
nate from EB3 binding in between protofilaments and
reducing tip fluctuations or from the hypothesis that EB3 in-
creases the growth velocity by closing the lattice seam (1).

A 1D phenomenological model successfully
describes microtubule lifetimes, stalling, and
tubulin washout

We developed a simple phenomenological computational
model that can capture a very rich set of experimental
data on dynamic microtubules. Its sole dependence on
(velocity dependent) tip noise and random hydrolysis makes
it possible to build an intuition of key processes in microtu-
bule dynamics, in particular the onset of catastrophe. We
find that our model can reproduce both the experimental
microtubule stalling duration and the accompanying EB
comet decay rate (Fig. 5). At the same time, our model cap-
tures the reported mild reduction in catastrophe rate with
increasing growth velocity as well as the distribution of
stalling durations (Fig. 7, A and B). Previous 1D models
were not able to describe both the mild catastrophe

B CA

FIGURE 7 Model evaluation. (A) Simulation of microtubule lifetimes for increasing growth velocities. The simulation growth velocities were obtained

from (42) and combined with a global value for khyd of 0.10 s�1 and the determined Nunstable of 15. The insert shows the experimental lifetimes for freely

growing microtubules (triangles) and for buckling microtubules (dots) (42). Our simulation gives a similarly mild suppression of catastrophes with increasing

tubulin concentrations, with the growth velocities of 0.45, 0.8, 1.4, 1.8, and 2.4 mm min�1 corresponding to tubulin concentrations of 7.2 (n ¼ 58), 10

(n ¼ 152), 15.2 (n ¼ 49), 20 (n ¼ 51), and 28 mM (n ¼ 30). Simulated lifetimes are given as mean 5 SE with the same number of data points as the exper-

imental values. The mild catastrophe suppression is also captured by the analytical solution of our model (see materials and methods). (B) Histogram of the

pooled stalling duration with 103 events measured at 15.2, 20, and 28 mM from (42) and the simulated stalling duration. The simulated values represent

mean 5 SD for n ¼ 103 events. (C) The diffusion constant of the microtubule tip required to simulate the microtubule lifetimes in (A) based on data

from (42). These values follow a linear dependence on the growth speed which is in agreement with previously reported results (21,24).
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dependence on microtubule growth rates and the size of the
stabilizing cap (35,64). A reason for this was the assumption
that tubulin dissociation is independent from the microtu-
bule growth velocity (55). This necessitated introducing
lateral tubulin-tubulin interactions in a 2D model to accu-
rately capture microtubule lifetimes and cap dynamics
(21,35). Here, we showed that introducing a highly dynamic
tip in a 1D model is sufficient to accurately capture both the
microtubule lifetimes as well as the size of the stabilizing
cap. The magnitude of the required simulated tip noise
would not be observable using fluorescence microscopy,
but only with optical tweezers (21–23). The extent of any
‘‘blurring’’ of the microtubule tip due to tip noise during
frame acquisition would remain below the observable opti-
cal resolution (Fig. S6 D).

We furthermore showed that our model can capture
tubulin washout and reproduce a similar catastrophe
delay, tip shrinkage, and comet decay as previously re-
ported (Fig. 6) (36,41). Our model also produces the
same correlation between washout delays and growth ve-
locity as was previously observed experimentally (41) and
thus captures the reported momentary nature of microtu-
bule stability. We conclude that our model can describe
tubulin washout and reproduce values in good agreement
with experiments.

Microtubule stability depends on the distribution
of hydrolyzed dimers at the tip

The decay of the EB3 comet during barrier contact can pro-
vide further insights into the criterion for microtubule stabil-
ity. We find that microtubules can remain in a stalled state
without the presence of an observable EB3 comet both in
our experiments and simulations (compare Figs. 2 C and 5
D). This suggests that a stalled microtubule does not neces-
sarily require a number of GTP/GDP-Pi subunits that is
large enough to be observed as a comet. The effect is
explained by the presence of growth fluctuations during
microtubule stalling. Hydrolyzed subunits at the tip are
continually replaced by newly incorporated unhydrolyzed
subunits, reducing the probability of reaching the critical
threshold of Nunstable at the microtubule tip. This phenome-
non could also account for reported pausing events during
which a microtubule temporarily stops growing without
triggering a catastrophe (57). It illustrates that the onset of
a catastrophe is not fully coupled to the presence of an
observable comet.

To determine the stretch of hydrolyzed subunits at
the microtubule tip required to initiate a catastrophe
(Nunstable), we measured the ratio between the EB3 comet
intensity at the moment of catastrophe and the mean EB3
comet intensity during steady-state growth (Fig. 4, B and
C). In parallel, we evaluated the decay rates of EB3 comets
after initial barrier contact. Both measures converge on a
catastrophe threshold Nunstable of �15 uninterrupted hydro-

lyzed terminal subunits, which would approximate a single
tubulin layer at the tip of a real 3D microtubule, in line
with experimental observations (33,37). A previous finding
from washout experiments showing that a microtubule re-
quires a stable cap of �10 tubulin layers at most (41) is
not at odds with our finding that a catastrophe is triggered
when the terminal layer of tubulin is hydrolyzed. Because
the former result is based on the average remaining density
of Mal3 at the moment of catastrophe after tubulin
washout, it does not inform on a specific catastrophe crite-
rion. The notion that the stabilizing cap (Lcap) and the EB3
comet (GTP/GDP-Pi region) are large on average, but that
only a short stretch of hydrolyzed subunits at the microtu-
bule tip is required to trigger a catastrophe, reconciles short
and long cap observations (32,35,36,38,41,61). We thus
find that the stability of a microtubule does not primarily
depend on the size of the observed EB comet, but instead
on the underlying distribution of hydrolyzed subunits at
the microtubule tip.

Both the cap size and tip fluctuations determine
the onset of catastrophe

To better understand the size of the stabilizing cap (Lcap) and
its effect on the catastrophe frequency, we derived an
analytical expression for the position of the sequence of hy-
drolyzed subunits equal to or greater than Nunstable (see ma-
terials and methods for details). This position is determined
by Nunstable and the underlying distribution of hydrolyzed
subunits. We assume that the density of unhydrolyzed di-
mers decreases exponentially along the microtubule lattice
and is fully characterized by khyd and CVD (38,41,79). By
treating the microtubule lattice as a series of independent
Bernoulli trials, we can obtain an expression for the mean
position of the first occurrence of a series of hydrolyzed sub-
units equal to or greater than Nunstable (Figs. 8 A and S5, A
and B). The distance between the microtubule tip and this
position is equal to the size of the stabilizing cap, which
means we can obtain the relation between the size of the
stabilizing cap and the parameters Nunstable, khyd , and CVD
(Figs. 8, B and C and S5 B). We find that the size of the sta-
bilizing cap scales linearly with the growth velocity CVD
(Fig. 8 B). The addition of EB3, however, affects both the
growth velocity and the hydrolysis rate, the combined effect
of which results in a decreasing cap size with increasing EB
concentration (Fig. 8 C). We can calculate the mean size of
the stabilizing cap in our model based on khyd , CVD, and
Nunstable and compare it with the length of the GTP/GDP-
Pi region for which the EB comet signal is a proxy. Taking

Lcomet ¼ CVD
khyd

as the characteristic length of the EB comet

(24,41), we find that the comet underestimates the size of
the calculated stabilizing cap (Fig. 8 C).

Having an expression for the size of the stabilizing cap,
we can now explore an intuitive view on how a catastrophe
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is triggered. The length of the cap is determined by two
competing processes on either end, namely noisy growth
at the microtubule tip and hydrolysis in the lattice. During
steady-state growth, the mean length of the stabilizing cap
has a constant size determined by the growth velocity CVD
and hydrolysis rate khyd (41). We observe in our simulations
that catastrophes for freely growing microtubules occur as
a result of a short period of slowed down or negative growth
(Figs. 8 D, left and S3 C), in agreement with previous
experimental observations (86) (also compare Fig. S3
with Fig. 7 in (79)). This shows that the onset of catastro-
phe is determined by the probability that growth fluctua-
tions remove the stabilizing cap. When we treat the
probability for a catastrophe as the probability for negative
growth excursions to exceed the length of the stabilizing
cap, the microtubule lifetimes are successfully reproduced

with the analytical solution (Figs. 7 A and S5D). This holds
true for catastrophes during free growth and after tubulin
washout (Fig. 8 D, left and middle). During microtubule
stalling, however, continuing tip fluctuations replace hy-
drolyzed subunits at the tip for unhydrolyzed subunits,
reducing the effective mean hydrolysis rate. This results
in slowing down of the cap end and delaying the onset of
catastrophe (Fig. 8 D, right). In addition, the longer catas-
trophe delay observed with microtubule stalling compared
with tubulin washout can be explained by the different
effective tip fluctuations. After tubulin washout, loss of
the stabilizing cap is caused by both continued hydrolysis
and the irreversible loss of tubulin subunits at the tip,
whereas the tip of a stalling microtubule can still recover
after loss of terminal subunits through tubulin addition
and continue to fluctuate (Fig. 8 D).

A B C

D

FIGURE 8 Fluctuations of the stabilizing cap trigger catastrophes. (A) Dependence of the cap length Lcap on Nunstable (mean 5 SD). The simulated cap

length and the numerical solution based on the analytical model are in good agreement. The shown cap length was determined for the parameters of 0 nM

EB3 in Fig. 5 C. (B) The length of the stabilizing cap Lcap depends linearly on the growth velocity CVD. The cap length was calculated with the analytical

model (mean 5 SD) and required a constant khyd of 0.1 s�1 and an Nunstable of 15, equal to the simulation parameters based on the data from (42) (see

Fig. 7 B). (C) The mean length of the stabilizing cap Lcap decreases with increasing hydrolysis rate khyd . The dependence of the cap size on the hydrolysis

rate is calculated with the analytical model (mean5 SD) and is based on the parameters of the EB concentrations 0, 20, 50, and 100 nM in Fig. 5 C. The size

of the stabilizing cap based on the position of the sequence Nunstable is larger than the stabilizing cap based on the characteristic length of the EB signal (GTP/

GDP-Pi region). (D) Simulation of the position of the microtubule tip and of the position of the sequence of hydrolyzed subunits defined by Nunstable ¼ 15

before catastrophe. Mean traces are for catastrophes during microtubule free growth, after tubulin washout, and during microtubule stalling (mean 5 SE).

Before the onset of catastrophe, the mean cap length Lcap is constant during steady-state growth as both the position of the tip and the end of the cap movewith

equal velocity CVD. A catastrophe is triggered when Lcap ¼ 0, which is predominantly determined by persistent negative growth excursions of the micro-

tubule tip. All simulations were performed with the parameters for 0 nM EB (Fig. 5 C).
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Multistep microtubule catastrophes are not
required to describe microtubule lifetimes

An experimentally observed feature of microtubule stability
that is not reproduced by our model is an age-dependent ca-
tastrophe frequency. It has been reported that ‘‘younger’’ mi-
crotubules are more stable than ‘‘older’’ ones (69,70). Aging
has also been observed through a gradual reduction of the
EB comet intensity during steady-state growth (87,88) and
through shorter catastrophe delays after tubulin washout
for older microtubules (68). The two proposed mechanisms
responsible for aging are based on a multistep catastrophe
process (55,87,89) or on progressive tapering of the micro-
tubule tip during growth (57,58,68,90). In our 1D model,
however, the onset of a catastrophe is independent from
microtubule age. This leads to a modest discrepancy where,
in the experimental lifetime distributions of free microtu-
bules, there is an apparent lack of short events (<50 s)
compared with the simulated curves, especially in the
absence of EB3 (Fig. 5 A).

Microtubule aging is often characterized by fitting a
Gamma distribution to lifetime distributions to obtain the
shape parameter, a measure for the number of sequential
steps required to trigger a catastrophe within the view of a
multistep catastrophe process (69,70). For our experimental
lifetime distributions, we find that the Gamma shape param-
eter in such an analysis is around 2 and independent from
the EB concentration (Fig. S6 A), in line with previous re-
ports (87). To account for apparent microtubule aging in
our model, we introduced time-dependent tip fluctuations
(Fig. S6 B). Increasing the growth fluctuations with time,
while keeping the mean growth velocity constant, increases
the probability of reducing the stabilizing cap to zero due to
an increase in negative growth excursions for longer micro-
tubules. By increasing Dtip from an initially low value to a
higher constant value following a bounded exponential
curve (with a rate of 0.025 s�1), we can reproduce the exper-
imental aging parameters (Fig. S6 C) without the need for a
multistep catastrophe process. Linking microtubule aging to
an increase in tip noise may relate to the observation of pro-
gressive tapering of microtubule ends and may also resonate
with previous (59) reports that microtubule aging is corre-
lated with the frequency of encountering curled protofila-
ments (59,60).

CONCLUSION

Our experimental setup will be useful for studying microtu-
bule interactions with, and the functional effect of, stabiliz-
ing and destabilizing microtubule-associated proteins. Our
approach can be used to study the influence of microtubule
associated proteins (MAPs) (91), tubulin isotypes, and post
translational modifications (PTMs) (92,93) on the stability
of pushing microtubules. Furthermore, the SiC overhangs
are designed to be compatible with a previously published

method to specifically functionalize the barriers with protein
complexes (72), enabling the study of microtubule end-on
interactions with TIRF microscopy (18).

A possible extension of our 1D model to describe the ef-
fect of þTIPs on microtubule dynamics could be to char-
acterize them phenomenologically by their effect on GTP
hydrolysis and tip fluctuations. As the effect of EB3 can
be described this way, we hypothesize that the effect of
other microtubule-associated proteins can be characterized
similarly. For example, for XMAP215, it was shown that
catastrophes are increased because of large fluctuations
in growth velocity rather than an effect on the GTP hydro-
lysis rate (94). To allow future extensions and modifica-
tions of our model, we have made the simulation source
code available under an open-source licence on GitHub
(https://github.com/florian-huber/mtdynamics) with extra
documentation.
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