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ABSTRACT Although microtubules are key players in many cellular processes, very little is known about their dynamic and
mechanical properties in physiological three-dimensional environments. The conventional model of microtubule dynamic instability
postulates two dynamic microtubule states, growth and shrinkage. However, several studies have indicated that such a model
does not provide a comprehensive quantitative and qualitative description of microtubule behavior. Using three-dimensional laser
light-sheet fluorescence microscopy and a three-dimensional sample preparation in spacious Teflon cylinders, we measured
microtubule dynamic instability and elasticity in interphase Xenopus laevis egg extracts. Our data are inconsistent with a two-state
model of microtubule dynamic instability and favor an extended four-state model with two independent metastable pause states
over a three-state model with a single pause state. Moreover, our data on kinetic state transitions rule out a simple GTP cap model
as the driving force of microtubule stabilization in egg extracts on timescales of a few seconds or longer. We determined the three-
dimensional elastic properties of microtubules as a function of both the contour length and the dynamic state. Our results indicate
that pausing microtubules are less flexible than growing microtubules and suggest a growth-speed-dependent persistence length.
These data might hint toward mechanisms that enable microtubules to efficiently perform multiple different tasks in the cell and
suggest the development of a unified model of microtubule dynamics and microtubule mechanics.

INTRODUCTION

Microtubules are cytoskeletal filaments found in all eukary-

otes. They have a fundamental role in cell division (1,2),

intracellular trafficking (3,4), coordination of cell movement

(5,6), and development and maintenance of cell shape (7,8).

Microtubules are regarded as highly dynamic structures that

stochastically undergo phases of growth and shrinkage (dy-

namic instability) (3,9). A third metastable state, usually

termed a microtubule pause, in which microtubules appar-

ently neither grow nor shrink, has also been observed, and

very recently became the object of detailed research (10,11).

Since little is known about the functional role of microtubule

pausing in a physiological context, understanding dynamic

instability’s third state and its associated molecular mecha-

nisms is now considered to be of major importance (10,12).

Recently, we developed a three-dimensional assay (com-

bining three-dimensional preparation and three-dimensional

observation) for experiments of microtubule dynamic insta-

bility in the physiological system provided by Xenopus laevis
egg extracts (13). We demonstrated a significant divergence

between microtubule dynamics measured in two and three

dimensions and suggested a comprehensive investigation of

microtubule dynamics in three dimensions, with a particular

focus on microtubule pausing. The differences observed in a

three-dimensional environment actually raise the question of

whether the conventional kinetic model of microtubule dy-

namic instability (comprising microtubule growth and

shrinkage) provides a correct description of microtubule be-

havior in this physiologically more relevant context. More-

over, the influence of the experimental environment on the

filaments’ dynamic properties also suggests an investigation

of microtubule elastic properties in an unconstrained three-

dimensional set-up. Traditional studies have typically em-

ployed buffer systems (14–16), and thus there is still very little

known about microtubule elasticity in the physiologically

relevant context of Xenopus laevis egg extracts. It is important

to note that our new experimental system makes it possible to

analyze the dynamic and elastic aspects of microtubule be-

havior simultaneously in three dimensions. Based on this as-

say, we obtain and quantify a functional relationship between

these two characteristic aspects of microtubule behavior.

MATERIALS AND METHODS

Preparation of fresh interphase Xenopus laevis
egg extracts

The experimental results are based on 10 independent experiments that were

performed with nine freshly prepared interphase egg extracts.

Undiluted cytoplasmic egg extracts were prepared from Xenopus laevis

eggs as described by Murray (17), but with modifications explained below.

After dejellying and washing, the eggs were transferred to centrifuge tubes

containing CSF-XB plus protease inhibitors and 10 mg/mL cytochalasin D

(Sigma-Aldrich, St. Louis, MO). The packing spin was performed for 30 s at

500 rpm, then for 90 s at 2000 rpm and room temperature with a Heraeus

Megafuge 1.0R. The centrifuge tubes were then transferred to a Beckman

Coulter JS-13.1 rotor at room temperature. The crushing spin was performed

for 20 min at 11,000 rpm and 4�C. After collecting the cytoplasmic fraction,

we added 10 mg/mL cytochalasin D. The meiotically CSF-arrested extracts
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were split into 100-ml aliquots, treated with 0.4 mM CaCl2 and 0.7 mM

cycloheximide (Sigma-Aldrich) and incubated for 90 min at 20�C to obtain

interphase extracts.

Three-dimensional sample preparation

For each experiment, 25 ml of fresh interphase egg extract was gently mixed

with 1.5 ml undiluted centrosomes and 1 ml Alexa-488-labeled tubulin (746
1mM, 386 2% labeling ratio) at 4�C. Thus, assuming an average contribution

of 18mMtubulin from the egg extract (18), 5%of the tubulinwas fluorescently

labeled. A regenerative oxygen-scavenging system was prepared by mixing

10ml catalase (10 mg/mL, Sigma-Aldrich), 10ml glucose oxidase (10 mg/mL,

Sigma-Aldrich), 10 ml glucose (1 M) and 3 ml hemoglobin (Sigma-Aldrich)

saturated buffer at 4�C. From this system, 1 ml was added to the egg extract,

20 ml were then transferred to a plastic polymer cylinder (19) at 4�C, and 5 ml
mineral oil were layered on top of the sample in the plastic polymer cylinder.

Before mounting the cylinder in the single plane illumination microscope

(SPIM), the mix was equilibrated in the plastic polymer cylinder at 4�C for

3 min. The SPIM imaging chamber was equilibrated to 20�C 1 h before

mounting of the cylinder. The imaging chamber’s temperature was kept con-

stant at 20�C over the entire course of the experiment.

Three-dimensional imaging

Our observation system for three-dimensional imaging of microtubule dy-

namics is based on one of EMBL’s implementations of light-sheet-based

fluorescence microscopy (SPIM) (20,21). Alexa-488 molecules were excited

with a Melles Griot (Rochester, NY) argon gas laser at 488 nm. Fluorescence

was detected via an Achroplan W 1003/1.0 water dipping lens (Carl Zeiss,

Jena, Germany) and a Semrock RazorEdge long-pass filter (.488 nm). Data

were recorded with an Orca ER camera (Hamamatsu, Tokyo, Japan) at 23
binning with a temporal resolution of 3.6 s/image stack (29 frames) and a

spatial resolution of 0.3 mm laterally and 1.5 mm axially for an imaging

volume of 873 663 20 mm3. The voxel size in the data sets is 1293 1293
700 nm3. Data analysis was performed directly on the raw data sets (Sup-

plementary Material, Data S1).

To generate the light sheet, the laser’s Gaussian beam profile is first

shaped by a set of apertures. The resulting profile is subsequently focused

along one dimension by a cylindrical lens (01 LQC 006, Melles Griot). For

high-magnification experiments, an additional objective (Epiplan 103/0.2)

is introduced to the microscope’s illumination system. Since the illumination

objective swaps the focused dimension and the unfocused dimension,

the cylindrical lens is tilted by 90� around the optical axis as compared to

the orientation in the first implementation of the microscope (20,21). The

combination of a cylindrical lens with an illumination objective provides

both a sheet-shaped illumination profile (due to the cylindrical lens) and a

sufficiently high numerical aperture (due to the illumination objective) to

focus the light sheet down to a thickness of 1.5 mm.

Three-dimensional data analysis of microtubule
dynamic instability and elasticity

Detailed descriptions of the data analysis and the custom processing algo-

rithms are provided in Data S1.

RESULTS AND DISCUSSION

Evidence for four microtubule states in Xenopus
extracts and consequences for the GTP
cap model

We investigated microtubule dynamic instability in Xenopus
laevis egg extracts with our three-dimensional assay (13,19)

(Fig. 1, a–c, and Data S1). We employed laser light-sheet

fluorescence microscopy for three-dimensional imaging over

time (20,21) and a three-dimensional sample preparation of

interphase Xenopus laevis egg extracts in spacious cylindri-

cal chambers with 25-mm-thick transparent Teflon walls and

a volume of 30 ml. This system facilitates the observation of

microtubule dynamics under almost unconstrained three-di-

mensional conditions (Fig. 1 d) and makes it possible to

distinguish between intrinsic and extrinsic events of dynamic

instability, the latter triggered by, e.g., microtubule-surface

contact.

We analyzed three-dimensional microtubule dynamics

in 70 microtubules with an average observation period of 91

s/microtubule and obtained 1873 three-dimensional micro-

tubule shapes. Custom automated processing algorithms

were employed to classify the microtubule dynamic state (see

Methods and Software sections and Fig. S1 in Data S1). We

observed 149 phases of growth, 20 phases of shrinkage, and

86 phases of microtubule pause (Tables 1 and 2). To quantify

possible differences between microtubule pause after growth

and microtubule pause after shrinkage, we considered a

maximum of four independent states of microtubule dynamic

instability: growth, shrinkage, pause after growth (g-pause),

and pause after shrinkage (s-pause). Since the plus-end tips of

growing and shrinking microtubules are structurally quite

different (22), the associated pauses are not necessarily

characterized by the same kinetic parameters. Eight state

transitions are theoretically possible and were also experi-

mentally observed (see Fig. 2 for examples). In our data

analysis, we consider three models of microtubule dynamic

behavior: the conventional two-state model (growth and

shrinkage), an extended three-state model (growth, shrink-

age, and pause) and a four-state model (growth, shrinkage,

g-pause, and s-pause).

The state probabilities and transition frequencies of the

two microtubule pause states were quantified. Only two

events out of seven observed transitions leaving the s-pause

state resulted in microtubule shrinkage, whereas in the re-

maining five cases the microtubule started to grow (Table 2,

fourth row). The situation in the g-pause state is similarly

unbalanced. Of the 39 observed transition events, 6 led to

microtubule shrinkage, whereas in 33 cases, the microtu-

bule switched back to microtubule growth (Table 2, third
row). These results have implications for the GTP-cap

model of microtubule stabilization (23–27). According to

this model, a microtubule catastrophe is initiated by hy-

drolysis of a thin layer of GTP-tubulin at the plus-end of the

microtubule (28). In a growing microtubule, the addition of

GTP-tubulin subunits to the plus-end tip of the microtubule

is fast enough to maintain a stabilizing GTP-tubulin cap.

However, if the microtubule switches from growth to a

pause, the addition of new GTP-tubulin subunits to the plus-

end tip is stopped and a rapid hydrolysis of the remaining

GTP-tubulin subunits is expected. Assuming a constant rate

of GTP hydrolysis (29) and considering the average pause

3D Microtubule Dynamics and Elasticity 1475

Biophysical Journal 95(3) 1474–1486



state duration of 17 s measured in our work (Table 1), hy-

drolysis of all GTP-tubulin subunits should have occurred

by the end of a pause phase. Consequently, assuming that

microtubule catastrophes occur in response to the hydroly-

sis of the cap, microtubules should exhibit a preference for

switching from pause to shrinkage rather than from pause to

growth. Since the experimental results clearly contradict

this situation in the spatiotemporal domain accessible with

our light-microscopy-based approach, the GTP cap cannot

be the driving force of microtubule stabilization in egg ex-

tracts on timescales of a few seconds or longer. Although

this result does not rule out a direct or indirect contribution

of GTP hydrolysis to microtubule dynamic instability, it in-

dicates that GTP hydrolysis is not the major factor in micro-

tubule destabilization. This finding supports MAP-related

studies of microtubule dynamics that provide evidence for

a modulation of microtubule stability by associated proteins

(10,30–32).

Next, we quantified the parameters for the microtubule

states in the proposed different kinetic models. Table 3 shows

the state contributions and speed distributions that result from

the application of the conventional two-state model and the

pause(s)-extended three-state and four-state models. In ad-

dition, the possibility of speed changes during growth and

shrinkage was considered. Neglecting microtubule pausing

(i.e., applying the two-state model) leads to an increase of the

microtubule shrinkage state’s probability by a factor of 4,

whereas the average shrinkage speed is reduced by 30–40%

compared with the three-state and four-state models of dy-

namic instability. The consideration of dynamic speed

changes increases the width of the growth-speed distribution

by a factor of 2 (Table 3).

Table 4 shows the effect of the kinetic model on the

transition frequencies. As expected, a consideration of speed

changes during growth and shrinkage has only a minor effect

(,10%) on the transition frequencies. The application of the

kinetic two-state model led to an increase of the rescue fre-

quency by a factor of 2 and an increase of the catastrophe

frequency by a factor of 5, compared to the experimental

results for the three-state and four-state models.

In conclusion, the quantitative errors that result from ne-

glecting microtubule pausing are quite large. The most affected

parameters are the microtubule shrinkage state probability, the

depolymerization speed, the rescue frequency, and the catas-

FIGURE 1 Measuring three-dimen-

sional microtubule dynamic instability

and elasticity. (a) Illustration (to scale)

of the light-sheet imaging arrangement

(SPIM). The detection lens in the central

SPIM imaging chamber is immersed in

water. The light sheet is focused into the

chamber from the side and illuminates a

single plane of the specimen. (b) The

sample cylinder containing the egg ex-

tract is attached to a glass capillary and

oriented parallel to gravity. The cylinder

is located in front of the detection lens

and can be moved along three dimen-

sions via a set of linear miniature stages.

The detector elements, including the

microscope objective lens, are in a hor-

izontal arrangement. Its focal plane is

coplanar with the light sheet. The optical

sectioning capability introduced by the

light sheet profile reduces photobleach-

ing in three-dimensional imaging by a

factor of (sample thickness)/(light-sheet

thickness) as compared to a conven-

tional microscope, which results in a

factor of 20 for experiments of micro-

tubule dynamic instability. (c) The mi-

crotubule asters are polymerized in the

egg extract inside the Teflon cylinder.

The cylinder has a diameter of 2 mm and

consists of a Teflon membrane with a thickness of 25 mm (bioFOLIE 25, In Vitro Systems & Services, Germany). The membrane has a high transmittance for

visible wavelengths and is refractive-index-matched to water (but not water-permeable). Due to the high viscosity of the egg extract, the polymerized asters can

be kept in a stable position anywhere inside the cylinder. The distance between the cylinder’s surface and the recorded asters is in the order of 100 mm. Three-

dimensional data are recorded by moving the microtubule asters in small z-steps through the light sheet while simultaneously recording images with the CCD

camera. (d) Maximum-intensity projections at nine time points of a three-dimensional dynamic instability time-lapse data set, recorded with SPIM. Scale bar,

10 mm. The arrow in the last frame indicates the microtubule that is shown in Fig. 4 a. Tubulin was labeled at a 5% ratio with Alexa-488. Elapsed time is

relative to the start time of imaging. For all experiments, imaging starts 1–2 min after the onset of microtubule polymerization. Fluorescence was detected via

the Carl Zeiss Achroplan W 1003/1.0 lens.

1476 Keller et al.

Biophysical Journal 95(3) 1474–1486



trophe frequency. Thus, an extension of the two-state model by

at least one pause state is absolutely necessary to obtain quan-

titatively meaningful data for three-dimensional microtubule

dynamic instability. This also raises the question of whether the

properties of the pauses after shrinkage differ significantly from

those occurring after growth, i.e., whether the theoretical model

should be extended by two independent pause states.

A comprehensive four-state kinetic model of
three-dimensional microtubule
dynamic instability

The two-state model (Fig. 3 a), comprising only microtubule

growth and microtubule shrinkage, is severely impaired by

the following two observations. First, the microtubule pause

state is more abundant than microtubule shrinkage by a fac-

tor of 10 (21% vs. 2% state probability) and thus cannot be

neglected. Second, the model misjudges the characteristic

parameters of the two dynamic states (i.e., transition fre-

quencies and (de-)polymerization speeds) by up to a factor

of 5.

The necessary extension of the conventional model can be

achieved in two ways, i.e., by implementing either one ad-

ditional pause state (the three-state model (Fig. 3 b)) or two
independent pause states considering possible kinetic dif-

ferences in pausing after shrinkage and pausing after growth

(the four-state model (Fig. 3 c)). We tested both models

against our experimental data to decide whether the simpler

three-state model (which can be seen as a special case of a

four-state model) provides a sufficiently accurate description

of the microtubules’ dynamic behavior. State diagrams and

experimental parameters for the two-, three-, and four-state

models of microtubule dynamic instability are shown in Fig.

3, a–c.
The conventional two-state model employs a system of

two differential equations (Eqs. 1 and 2) that describe the prob-

ability densities for microtubules to be in either a shrinkage or a

growth state (33,34):

@pgðl; tÞ
@t

¼ �fcatpgðl; tÞ1 frespsðl; tÞ � vg
@pgðl; tÞ

@l
; (1)

@psðl; tÞ
@t

¼ fcatpgðl; tÞ � frespsðl; tÞ1 vs
@psðl; tÞ

@l
; (2)

where pg(l,t) is the probability density of finding a growing

microtubule with length l at time t. Similarly, ps(l,t) is the

probability density of the shrinkage state. fcat (catastrophe) is
the transition frequency from the growth to the shrinkage

state, whereas fres (rescue) is the transition frequency from the

shrinkage to the growth state. vg is the microtubule growth

speed and vs is the microtubule shrinkage speed.

To obtain the three-state model (Eqs. 3–5), we expand the

set of differential equations by one equation for a common

pause state. A similar extension of the model was previously

suggested (35), but using a framework that does not consider

all experimentally possible transitions between growth,

shrinkage, and pause. Here, we introduce pp(l,t), the proba-
bility density for the pause state, and four transition fre-

quencies: fg/p for transitions from growth to pause, fp/g for

transitions from pause to growth, fs/p for transition from

shrinkage to pause, and fp/s for transitions from pause to

shrinkage.

TABLE 1 Experimental results for the states of three-dimensional microtubule dynamic instability

States of microtubule dynamic instability

Speed distribution

State

No. of

observations

Computation

method

Average speed

(mm min�1)

SD

(mm min�1)

Average duration

(6 SE) (s)

Observation

time (s)

State

probability

149 Arithmetic 13.2 6 0.7 8.1 33.0 6 2.3 4921 0.772

Time-weighted 11.1 6 0.5 6.5
Gaussian fit 9.7 6 0.3 3.3

58 (116) 17.4 6 1.4 1012 (1169) 0.186 6 0.025

20 Arithmetic 14.6 6 2.0 8.8 6.7 6 3.3 134 0.021

Time-weighted 11.5 6 1.9 8.3

8 (14) 14.6 6 3.4 117 (120) 0.021 6 0.006

Experimental statistics for the growth, g-pause, shrinkage, and s-pause states (from top to bottom). In total, 86 pause phases were observed. In 66 cases, the

preceding dynamic phases were identified, i.e., the pauses could be assigned to either g-pause or s-pause. The numbers in parentheses indicate the statistically

most likely phase assignment (g-pause and s-pause) of the 20 remaining unidentified phases, according to the derived state probabilities. The error arising

from the unidentified pause phases has been considered in the errors of the state probabilities. Only unambiguously identifiable observations were considered

in the calculation of average state durations. The statistics of microtubule shrinkage (n ¼ 20) are too low to apply a Gaussian fit.
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@pgðl; tÞ
@t

¼ �fcatpgðl; tÞ1 frespsðl; tÞ � vg
@pgðl; tÞ

@l

� fg/ppgðl; tÞ1 fp/gppðl; tÞ (3)

@psðl; tÞ
@t

¼ fcatpgðl; tÞ � frespsðl; tÞ1 vs
@psðl; tÞ

@l

� fs/ppsðl; tÞ1 fp/sppðl; tÞ (4)

@ppðl; tÞ
@t

¼ fg/ppgðl; tÞ1 fs/ppsðl; tÞ � fp/gppðl; tÞ
� fp/sppðl; tÞ (5)

In the four-state model, we postulate two pause states: pause

after growth (g-pause) and pause after shrinkage (s-pause).

The resulting set of differential equations (Eqs. 6–9) includes

two additional differential equations that describe the corre-

sponding probability densities pgp(l,t) and psp(l,t), as well as
the transition frequencies fg/gp for a transition from growth

to g-pause, fgp/g for a transition from g-pause to growth,

fgp/s for a transition from g-pause to shrinkage, fs/sp for a

transition from shrinkage to s-pause, fsp/s for a transition

from s-pause to shrinkage and fsp/g for a transition from

s-pause to growth.

@pgðl; tÞ
@t

¼ �fcatpgðl; tÞ1 frespsðl; tÞ � vg
@pgðl; tÞ

@l

� fg/gppgðl; tÞ1 fgp/gpgpðl; tÞ1 fsp/gpspðl; tÞ
(6)

@psðl; tÞ
@t

¼ fcatpgðl; tÞ � frespsðl; tÞ1 vs
@psðl; tÞ

@l

� fs/sppsðl; tÞ1 fsp/spspðl; tÞ1 fgp/spgpðl; tÞ (7)

@pgpðl; tÞ
@t

¼ fg/gppgðl; tÞ � fgp/gpgpðl; tÞ � fgp/spgpðl; tÞ (8)

@pspðl; tÞ
@t

¼ fs/sppsðl; tÞ � fsp/spspðl; tÞ � fsp/gpspðl; tÞ (9)

The extended three-state and four-state models can be

employed to predict transition frequencies in dynamic equi-

librium, once the other parameters of microtubule dynamic

instability have been measured. We tested both extended

models by calculating the transition frequencies associated

with the pause states and comparing the obtained values with

the measured values in Fig. 3.

First, we define the state probabilities, Px, of the four ki-

netic states (with x ¼ g, s, gp, sp) as follows:

TABLE 2 Experimental results for the intrinsic transition kinetics of microtubule dynamic instability

Transition kinetics of microtubule dynamic instability

Transitions to the growth state Transitions to the shrinkage state

Transition Events

Mean phase

duration before

transition (s)

Transition frequency

(min�1) Transition Events

Mean phase

duration before

transition (s)

Transition frequency

(min�1)

4 12.2 6 6.1 1.79 6 0.89 5 31.4 6 14.0 0.06 6 0.03

57 16.7 6 2.2 2.60 6 0.34 8 14.2 6 5.8 0.36 6 0.13

33 (117) 21.2 6 3.7 2.58 6 0.36 6 12.1 6 4.9 0.31 6 0.13

5 (12) 14.5 6 6.5 2.76 6 1.04 2 20.6 6 14.6 0.79 6 0.56

Transitions to the g-pause state Transitions to the s-pause state

Transition Events

Mean phase

duration before

transition (s)

Transition frequency

(min�1) Transition Events

Mean phase

duration before

transition (s)

Transition frequency

(min�1)

58 30.6 6 4.0 0.71 6 0.09 8 3.4 6 1.2 3.58 6 1.26

The transition symbols show the microtubule’s state before the occurrence of the corresponding transition events as a dashed line. The microtubule’s state

after the transition event is represented by a solid line. For 19 of 57 transitions from pause to growth, the state preceding the pause could not be determined.

The statistically most likely phase assignments for these transitions were calculated from the observed state probabilities and are included in brackets. The

errors of the phase durations and transition frequencies are computed by dividing the respective parameter by the square root of the number of underlying

observation events. Only unambiguously identifiable pause phases were considered in the calculation of the average state durations.
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PxðtÞ ¼
Z N

l¼0

pxðl; tÞdl: (10)

Next, we rewrite Eq. 8 for the dynamic equilibrium condition

using the state probabilities, Px:

Pgp 3 ðfgp/g 1 fgp/sÞ ¼ Pg 3 fg/gp: (11)

The state probabilities, Px, can be expressed by the state

observation times Tg, Ts, Tgp, and Tsp:

Px ¼ Tx

Tg 1 Ts 1 Tgp 1 Tsp

: (12)

Inserting Eq. 12 in Eq. 11, we obtain a relation between the

frequencies fg/gp, fgp/g, and fgp/s and the state observation

times Tg and Tgp:

Tgp 3 ð fgp/g 1 fgp/sÞ ¼ Tg 3 fg/gp: (13)

Similarly, the relationship between the frequencies fs/sp,

fsp/s, and fsp/g and the state observation times Ts and Tsp
can be determined from Eq. 9:

Tsp 3 ð fsp/s 1 fsp/gÞ ¼ Ts 3 fs/sp: (14)

Eqs. 13 and 14 can be employed to predict any of the pause-

associated transition frequencies of the four-state model,

once the other parameters have been measured. A compar-

ison between the predicted and the measured values provides

a test for the consistency of the theoretical model with the

experimental data, as well as a control for measurements in

dynamic equilibrium. A relationship similar to Eqs. 13 and

14 can be obtained for the three-state model from Eq. 5:

Tg 3 fg/p 1 Ts 3 fs/p ¼ Tp 3 ðfp/g 1 fp/sÞ: (15)

An overview of the predicted and measured values for the six

pause-associated transition frequencies of the four-state

model and the four corresponding frequencies of the three-

state model is provided in Table 5. All predicted frequencies

are in very good agreement with the experimental data. The

average deviation of the four-state model’s predictions from

the experimental parameters is 6.1%; the average deviation of

the three-state model’s predictions is 8.6%. In conclusion,

both models are in very good quantitative agreement with the

three-dimensional data.

The classical two-state model was previously shown to

describe the kinetics of microtubule dynamic instability in

metaphase egg extracts (2). The four-state model (as well as

the three-state model) represents a general framework that

includes the classical two-state model as a special case.

Hence, with this extension, a comprehensive model for the

kinetics of both metaphase and interphase microtubule dy-

namic instability has been established.

Although dynamic instability has been investigated for

over two decades (16), most of the underlying molecular

mechanisms and structural details are still under debate

(3,36,37). The term ‘‘pause’’ has been used by many inves-

tigators, for studies both in vitro (11,38,39) and in vivo

(40–43). However, our inability to detect either growth or

shrinkage at the microtubule’s tip during extended periods of

time does not imply that the involved structures become in-

active (44). It has been shown that the molecular processes

underlying microtubule pausing are at least partially con-

trolled by a complex regulatory network ofMAPs (10,11,30),

which potentially interacts differently with microtubule plus

ends that entered the pause after a period of molecular dis-

assembly as compared to a phase of filament elongation.

Thus, we determined whether the properties of microtubule

pause-after-shrinkage phases differ significantly from those

of pause-after-growth phases. Identical time intervals and

transition frequencies would suggest a three-state model as

the simplest accurate description of intrinsic microtubule

dynamic instability in three dimensions. On the other hand, a

significant deviation of the kinetic properties would indicate

the existence of two independent pause states and would

therefore demand a four-state model of dynamic instability.

Three issues need to be considered. First, the ratio of the

two state probabilities is ;9:1, indicating that the g-pause is

much more abundant than the s-pause. Second, although the

transition frequencies from g-pause and s-pause to growth

differ by only 7%, the transition rates to the shrinkage state

differ by more than a factor of 2. They do, however, agree

within the statistical errors (Table 2). Third, we determined

that g-pauses last on average 20% longer than s-pauses, and

we obtained a.75% confidence level for nonidentical phase

durations (Student’s t-test).
These data suggest two conclusions. First, and in agree-

ment with previous studies (33), we conclude that pausing

FIGURE 2 Automated phase fitting in microtubule length-versus-time

diagrams. Manual tracking data of 11 microtubules (gray) and the corre-

sponding dynamic phases automatically computed by the phase-fitting

algorithm (black). The spatial error of the length measurements is also

indicated in gray. Data set 1 shows a switching from growth to g-pause. Data

set 2 illustrates a positive growth contrast with intermediate g-pause. Data

set 3 exhibits an example of growth-speed switching. Data set 7 shows a

rescue event.
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cannot be a mere artifact of observation, i.e., a statistical

fluctuation that results from a synchronized succession of

catastrophe and rescue events. Although such a phenomenon

might lead to a nearly constant filament length and could

therefore be observed as a ‘‘pause’’ in a light microscope, it

would also demand identical transition frequencies and phase

durations for both pause states. Therefore, microtubule

pausing cannot be directly linked to microtubule growth and

microtubule shrinkage. Second, the statistical differences

between the characteristics of the two pause states are suffi-

ciently conclusive to favor an implementation of two inde-

pendent pause states in the microtubule dynamic instability

theoretical framework (i.e., a four-state model).

Microtubule pausing in egg extracts and cells is a phe-

nomenon that should also be carefully addressed on a sub-

microscopical level. Investigating the structural and biochemical

modifications of microtubules during pause phases will shed

new light on microtubule dynamics regulation and might elu-

cidate implications for the cell function.

Determination of the microtubule persistence
length from three-dimensional fluctuations of
clamped microtubules

The influence of the experimental environment on the dy-

namic properties of microtubules suggests an investigation of

TABLE 3 Analysis of microtubule dynamic instability states using different kinetic models

Effect of the kinetic model on state characteristics

pg vg 6 Dg (mm min�1) ps vs 6 Ds (mm min�1) pp rg-pause rs-pause

Two-state model, dynamic speed switching 93% 9.6 6 6.3 7% 8.2 6 9.5 — — —

Two-state model, no speed switching 92% 9.1 6 3.1 8% 7.3 6 8.2 — — —

Three-state model, dynamic speed switching 77% 11.1 6 6.5 2% 11.5 6 8.3 21% — —

Three-state model, no speed switching 76% 10.6 6 3.5 2% 11.7 6 8.3 22% — —

Four-state model, dynamic speed switching 77% 11.1 6 6.5 2% 11.5 6 8.3 21% 90% 10%

Four-state model, no speed switching 76% 10.6 6 3.5 2% 11.7 6 8.3 22% 90% 10%

Overview of the state statistics that result when applying different kinetic models to the data sets. pg is the growth state probability, ps the shrinkage state

probability, and pp the probability of microtubule pausing. rg-pause and rs-pause quantify the relative contribution of the g-pause and s-pause states to the total

microtubule pausing probability, pp. The shrinkage state contribution and the mean shrinkage speed (bold) are strongly affected by the choice of a two-

state or three-/four-state model, respectively (but insensitive to the introduction of dynamic speed switching). The width of the growth speed distribution

(italic) is strongly affected by the choice of a model that considers dynamic speed switching (but insensitive to the introduction of the three-/four-state

model per se).

TABLE 4 Analysis of microtubule dynamic instability transitions using different kinetic models

Effect of the kinetic model on transition kinetics

fres
(min�1)

fg-pause/g

(min�1)

fs-pause/g

(min�1)

fcat
(min�1)

fs-pause/s

(min�1)

fg-pause/s

(min�1)

fg/g-pause

(min�1)

fs/s-pause

(min�1)

Two-state model,

dynamic speed switching

3.58 6 0.70 — — 0.29 6 0.05 — — — —

Two-state model,

no speed switching

3.30 6 0.62 — — 0.30 6 0.05 — — — —

Three-state model,

dynamic speed switching

1.79 6 0.89 2.60 6 0.34 0.06 6 0.03 0.36 6 0.13 0.71 6 0.09 3.58 6 1.26

Three-state model,

no speed switching

1.83 6 0.91 2.51 6 0.37 0.05 6 0.02 0.37 6 0.12 0.72 6 0.09 3.65 6 1.29

Four-state model,

dynamic speed switching

1.79 6 0.89 2.58 6 0.36 2.76 6 1.04 0.06 6 0.03 0.79 6 0.56 0.31 6 0.13 0.71 6 0.09 3.58 6 1.26

Four-state model,

no speed switching

1.83 6 0.91 2.43 6 0.33 3.22 6 1.14 0.05 6 0.02 0.81 6 0.57 0.32 6 0.12 0.72 6 0.09 3.65 6 1.29

Overview of the transition statistics that result when applying different kinetic models to the data sets. fres is the conventional rescue frequency, and fcat the

conventional catastrophe frequency. All other frequencies are denoted as fx/y, where x is the phase that precedes the event and y the phase that succeeds the

event. No transition frequency shows a significant sensitivity to the consideration of dynamic speed switching. However, the rescue and catastrophe

frequencies (bold) are strongly affected by the choice of a two-state or three-/four-state model.
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other characteristic properties of microtubules, such as the

elastic properties of the filaments, in an unconstrained three-

dimensional set-up. Since traditional studies have typically

employed buffer systems (14–16), very little is known about

microtubule elasticity in the physiologically more relevant

context of Xenopus laevis egg extracts.

We derived the microtubules’ persistence length from

three-dimensional measurements and analyzed the relation-

ship betweenmicrotubule elasticity andmicrotubule dynamics.

The data set consists of n ¼ 1817 independent three-dimen-

sionalmicrotubule contourmeasurements (Fig. 4 a), for eachof
which the microtubule’s kinetic state was determined. The

filament persistence length lp can be derived from the distri-

bution ofmicrotubule tip deflection ratios, r (the tip deflectiond
normalized to the contour length L (Fig. 4 b)) (45). The de-

flection ratio histogram of the entire microtubule population is

shown in Fig. 4 c. The histograms in Fig. 4 e, upper and lower,
show the subpopulations for microtubule growth (n ¼ 1441)

and microtubule pause (n ¼ 321), respectively. All deflection

ratio histogramswere fittedwith amodel for three-dimensional

tip deflections in clamped filaments.

To derive the microtubule persistence length from the

three-dimensional fluctuations of the centrosome-attached

microtubules, we assume that microtubules can be described

as wormlike chains (WLCs) of persistence length lp(46,47).
As already reported in Pampaloni et al. (45), the persistence

length of microtubules depends on their total contour length,

L. In the following discussion, we will assume that the per-

sistence length is approximately constant over the range ex-

plored by a single measurement. Armed with this simplifying

FIGURE 3 The three kinetic models of microtubule

dynamic instability. (a) The conventional two-state model

of microtubule dynamic instability, introduced by Terrell

Hill (34). Parameters resulting for our three-dimensional

data are indicated. Microtubule pausing is not considered in

this model. (b) The three-state model of microtubule

dynamic instability, derived by extending the two-state

model by one pause state and introducing four additional

state transitions. (c) The four-state model, with two inde-

pendent pause states, comprising the growth state, the

shrinkage state, the pause-after-shrinkage (s-pause) state,

and the pause-after-growth (g-pause) state. The four-state

model considers transitions that involve at most one of the

two pause states. Transitions between the two pause states

cannot be determined by observation with conventional

microscopy and are therefore not quantified. The errors of

the average speeds are standard errors of the mean (SE).

The errors of the transition frequencies are calculated by

dividing the respective frequency by the square root of the

number of underlying observation events. The errors of the

pause state probabilities arise from unidentified pause

phases, i.e., pauses for which the preceding dynamic phases

were not observed.
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hypothesis, we derive the distribution function of length-

independent quantities by measuring all lengths in units of

the contour length, L.
We define R~ as the end-to-end vector joining the two ends

of the microtubule. The component along the tangent to the

clamped end is defined as the x-component Rx; and the two

perpendicular components as Ry and Rz: The WLC model

leads to twoGaussian distributions (48) for the dimensionless

variables y ¼ Ry=L and z ¼ Rz=L; both of width

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L=ð3lpÞ

p
: (16)

The distribution function of the dimensionless variable r ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR2

x 1R2
yÞ=L2

q
can be obtained in a straightforward way by

applying the usual transformation laws of probability theory

and the properties of the Dirac d-function:

PðrÞ ¼
Z
y

Z
z

dydz

2ps
2exp �y

2 1 z
2

2s
2

� �
d r �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
y
2 1 z

2

q� �
:

(17)

By calculating the above integrals, we find

PðrÞ ¼ 1

1� exp � 1

2s
2

� � r

s
2 exp � r

2

2s
2

� �
; (18)

where we have inserted a normalization factor to take into

account that r is defined in the range [0,1] and not in the range
[0,N], as implicitly assumed by Gaussian distributions. By

fitting this distribution function to the experimental data, we

obtain an estimate of the parameter s2 ¼ L= 3lp
� �

: Since we
are analyzing data corresponding to different lengths, L, this
estimate is only an average over the range of lengths spanned

by our assay. Assuming again that the persistence length does

not vary in the length range examined, and by defining p Lð Þ
as the distribution function of the lengths in our assays, we

find:

Æs2æ ¼
Z

s
2ðLÞpðLÞdL ¼

Z
L

3‘p
pðLÞdL ¼ ÆLæ

3‘p
; (19)

which yields

lp ¼ ÆLæ
3Æs2æ

: (20)

This is the formula we used to obtain an estimate of the

persistence length lp from our data.

Microtubule elastic properties are
state-dependent in Xenopus laevis egg extracts

Eq. 20 is only strictly valid if lp is independent of the filament

length L. Since the statistics underlying Fig. 4, c and e, is
based on microtubules with different filament lengths, the

persistence lengths that were obtained in these situations

represent average values that characterize the entire popula-

tion of microtubules. Therefore, they can only be employed

for a qualitative comparison of microtubule elasticity in

different kinetic states.

The analysis of elasticity in the growth state (mean fila-

ment length ÆLæ ¼ 24.3 6 0.2 mm) yields an average per-

sistence length lp ¼ 1.7 6 0.4 mm. The analysis of the

g-pause- and s-pause-states (mean filament length ÆLæ¼ 25.36
0.5 mm) yields an average persistence length lp ¼ 2.1 6 0.5

mm. The analysis of the filament length dependence on the

persistence length (Fig. 4 d) predicts a difference of 0.1 mm

in the average persistence lengths due to the shift of 1.0 mm
of the centers of the microtubule length distributions. The

measured difference of 0.4 mm in the average persistence

lengths of growing and pausing microtubules hence suggests

an additional dependence of the persistence length on the

microtubule kinetic state. To investigate the relationship

between elastic and dynamic properties of microtubules in

more detail, we performed an analysis of the persistence

length of growing microtubules with a categorization of the

filaments according to their growth speed (Fig. S2 a in Data S1
for a speed step histogram). Our results indicate an inverse

relationship between the persistence length and the micro-

tubule growth speed (Fig. 2 b in Data S1). The persistence

length decreases by almost 50% over the growth-speed re-

gime 2–30 mm min�1. The observed trend is quantitatively

consistent with the data obtained by Janson and Dogterom

(49) for buffer-based in vitro measurements.

TABLE 5 Prediction of g-/s-pause-related transition frequencies and comparison to the measured parameters

Transition frequency predictions of the four-state model

fg/g-pause (min�1) fg-pause/g (min�1) fg-pause/s (min�1) fs/s-pause (min�1) fs-pause/s (min�1) fs-pause/g (min�1)

Predicted value 0.69 6 0.13 2.65 6 0.55 0.38 6 0.64 3.63 6 1.28 0.74 6 1.67 2.71 6 1.47

Measured value 0.71 6 0.09 2.58 6 0.36 0.31 6 0.13 3.58 6 1.26 0.79 6 0.56 2.76 6 1.04

Transition frequency predictions of the three-state model

fg/p (min�1) fp/g (min�1) fs/p (min�1) fp/s (min�1)

Predicted value 0.70 6 0.10 2.65 6 0.38 3.04 6 4.87 0.41 6 0.49

Measured value 0.71 6 0.09 2.60 6 0.34 3.58 6 1.26 0.36 6 0.13

Pausing and unpausing frequency predictions were performed as described in the section entitled ‘‘A comprehensive four-state model of microtubule

dynamic instability.’’ All frequencies were measured independently (Table 2). All predicted parameters are in agreement with the measured parameters. Since

the predictions are only valid for a measurement in dynamic equilibrium, this comparison also serves as a consistency test for the extract conditions.
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Next, we defined contour length intervals of 2.5 mm and

5 mm for a contour-length-resolved analysis of the micro-

tubule’s persistence length. The persistence length was then

determined for each length interval individually (Fig. 4 d).
The length intervals were chosen so that approximately the

same number of microtubule contours contributed to each lp
evaluation (n� 230 per length interval). Error estimates were

assigned conservatively (Data S1). To assess the statistical

robustness of our analysis, the statistics of each length in-

terval were reduced by a factor of 2 and the resulting per-

sistence lengths were compared to those that were derived

with the full statistics. The mean absolute deviation of per-

sistence lengths between the complete and the control data

was 10%, indicating that the analysis of lp was not influenced
by artifacts arising from poor statistics (Data S1). The ob-

tained persistence lengths range between lp ¼ 0.7 6 0.3 mm

for a microtubule contour length of L ¼ 13.06 1.4 mm, and

lp ¼ 3.3 6 0.5 mm for a microtubule contour length of L ¼
43.5 6 1.4 mm (see also Table S2 in Data S1).

To obtain the persistence length limit for very long mi-

crotubules (L. 50mm), a sigmoidal fit was applied (Fig. 4 d),
as previously described (45):

FIGURE 4 Three-dimensional me-

chanics of dynamic microtubules in

interphase egg extracts. (a) Maximum-

intensity projections of the three-

dimensional contour shape of an uncon-

strained microtubule at 15 time points

of a dynamic instability time-lapse data

set (Fig. 1 d, arrow). Microtubule bend-

ing is caused by thermal fluctuations.

Three-dimensional tip deflections and

minus-end tangents (green) (Fig. 4 b)

are automatically computed from the

microtubule tracing points. Images are

rotated such that the minus-end tangents

are vertically oriented. Scale bar, 10 mm.

(b) Schematic concept of the three-

dimensional deflection measurements.

The microtubules are ‘‘clamped’’ at

their minus ends, which are embedded

in the centrosome’s matrix. The deflec-

tion ratio d/L is a direct measure of the

filament’s elasticity. (c) The global sta-

tistics of deflection ratios, obtained from

n ¼ 1817 independent three-dimen-

sional measurements of microtubules

with different contour lengths. The red

curve indicates the best fit obtained with

the one-parameter model (Eq. 18). The

resulting effective persistence length,

lp ¼ 1:86 0:4mm; characterizes the en-

tire population of microtubules in the

length regime L ¼ 10–45 mm. The

microtubule length distribution has

been considered according to Eq. 2.

The frequency errors are introduced by

data binning. The numerical error of the

persistence length includes the error of

the fit and a conservative estimate of the

spatial error in the deflection measure-

ments (Data S1). (d) Analysis of the

persistence length’s filament-length de-

pendency. The total statistics was sub-

divided into the length intervals 10–15,

15–20, 20–22.5, 22.5–25, 25–30, 30–35,

35–40, and 40–50 mm. The microtubule

length error is the standard deviation

of the bin size a=
ffiffiffi
3

p
; with a ¼ 2.5 or

5 mm. The error of the persistence

length is calculated as described in Fig. 4 c. (e) Effective persistence lengths for growing (upper, n ¼ 1441) and pausing (lower, n ¼ 321,) microtubules

in the microtubule length regime 10–45 mm. Fitting and errors as in Fig. 4 c.
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lpðLÞ ¼
l
N

p

11
k

L
2

� �: (21)

The constant k takes into account the microtubules’ molec-

ular structure and elastic moduli. The sigmoidal fit yields the

persistence length limit lp,N ¼ 5.2 6 1.2 mm.

Previous studies of microtubule stiffness in buffer systems

included active elastic deformation by atomic force micros-

copy (50), optical tweezers (14,51), hydrodynamic flow (15),

or osmotic pressure (52); analyzed thermal fluctuations of the

shape of microtubules (53,54), or investigated the first bending

mode of clamped microtubules (15,45). Notably, the micro-

tubule persistence length values reported in the literature are

scattered across a range of 1–8 mm. It has been shown that the

average persistence length depends on the assembly kinetics,

the polymerization temperature, and the initial tubulin con-

centration (55), and several authors have provided evidence for

an influence of contour length onmicrotubule stiffness (45,56).

In our study, the elastic properties were measured from the

three-dimensional thermal fluctuations of dynamic microtu-

bules in the physiologically relevant context of Xenopus
laevis egg extracts. The persistence lengths for different

microtubule contour lengths were obtained from the com-

bined contour statistics in small length intervals. The results

are in agreement with two-dimensional studies of microtu-

bules in buffer solution (e.g., Pampaloni et al. (45)). The per-

sistence length limit of 5.26 1.2mmfor very long unstabilized

microtubules in three dimensions is consistent with values

previously reported for taxol-stabilized microtubules in two

dimensions (lp ¼ 5.26 0.2 mm (53), lp ¼ 6.36 0.8 mm (45)).

We measured the microtubule persistence length in dif-

ferent kinetic states as classified by the four-state model and

obtained a difference of 24% in the persistence lengths of

pausing and growing microtubules. It is important to note that

the slight difference in microtubule length distribution in the

two subpopulations accounts for only one-fourth of this de-

viation. The molecular origin of the remaining difference is

unknown but could be related to MAP activity, which has

also been suggested by other studies of microtubule elasticity

(e.g., Felgner et al. (51)). In particular, MAPs have been

shown previously to strongly modulate the microtubules’

properties by binding to the filaments and thereby altering the

free energy stored in the microtubule lattice.

Since our observations indicate a global relationship be-

tween microtubule dynamics and microtubule mechanics, it

is interesting to speculate on the possible implications in the

context of a cell. A reduced stiffness of dynamic microtubules

would support a ‘‘search-and-capture’’ process of metaphase

microtubules (57,58). Dynamic microtubules would explore a

larger volume in the cell not only due to the change in filament

length, but also because of an increased flexibility. A brief

calculation gives a rough idea of the expected effect: we ap-

proximate the small tip deflections asmovements on a spherical

surface.With a reduction of 19% in the persistence length in the

growth state (1.7 mm vs. 2.1 mm), the widths of the Gaussian

distributions of the tip’s coordinates increase by;11% (along

both angular dimensions) according to Eq. 16. In conclusion,

Eq. 16 predicts an ;23% total increase of the area on the

sphere’s surface explored by the plus-end tip.

Complementarily, a larger stiffness of nondynamic mi-

crotubules might increase the precision of microtubule-aided

transport processes in the cell.

Although we have established three-dimensional experi-

ments that provide insights into the relationship between the

mechanics and dynamics of microtubules, further investiga-

tions of microtubule elasticity and dynamics in three di-

mensions are necessary to understand whether and how

MAPs might alter microtubule elasticity in cell extracts and

in vivo. When we have gained more insight into these

mechanisms, it should eventually become possible to set up a

unified model of microtubule behavior that describes both

kinetic and mechanical properties of the filament.
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