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Active self-organization of microtubules in an inert
chamber system

Arif Md. Rashedul Kabir1, Daisuke Inoue2, Akira Kakugo3,4, Kazuki Sada3 and Jian Ping Gong5

Microtubule–kinesin system is considered as a building block for the construction of artificial biomachines, and active self-

organization of microtubules has been used to integrate their structural organization and achieve amplified functions similar

to those observed in natural systems. However, the short lifetime of assembled structures has limited their use in organized

systems. In the present study, we demonstrated that the use of an inert atmosphere in the self-organization of microtubules

allows the assembled structures to remain active for a prolonged period of time (10 times longer). The longer lifetime achieved

in the present study will facilitate the development of assembled microtubules for designing biomolecular motor-based efficient

artificial biomachines with prolonged lifetimes.
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INTRODUCTION

Actin–myosin and microtubule (MT)–kinesin systems are known for
their fascinating in vivo activities with respect to cell motility,1

cytokinesis2 and cellular transport. To unveil the functions of
bimolecular motor systems3–5 and to elucidate the in vivo
mechanism of actin–myosin or MT–kinesin interactions, in vitro
motility assay6,7 has been used over the last few decades. Currently,
the in vitro motility assay is also used to determine the feasibility
of constructing motor protein-based artificial biomachines, for
which actin–myosin or MT–kinesin systems are considered
promising building blocks.8–16 New classes of devices including
nanoscale molecular shuttles,17,18 surface-imaging processes,19 force
measurements20 and lab-on-a-chip devices21 have been developed
using knowledge obtained through the in vitro motility assay. To
improve the organizational hierarchy of motor protein-based systems
with emergent functions similar to those observed in natural systems,
several active self-organization (AcSO) techniques have been
developed.22–25 For instance, a specific streptavidin (St)–biotin (Bt)
interaction has been used in the in vitro motility assay of MTs on a
kinesin-fixed surface, and a variety of well-organized MTs assemblies
have been produced including linear bundles, rings and network
structures, all of which showed motility comparable to that of single
MT filaments. However, the lifetime of biomolecular motors is short
owing to the attack of reactive oxygen species (ROS), which
terminates their activity and limits the long-term utilization of
assembled structures. Thus, assembled structures formed under
ambient aerobic conditions remain active for only B90 min.

To prolong the lifetime of biomolecular motors, we recently
developed a device called the inert chamber system (ICS),26 which
is used to perform motility assays in an oxygen-free, humid, nitrogen
atmosphere. Using MT–kinesin as a model system, we showed that
the lifetime of biomolecular motors could be prolonged for approxi-
mately 1 week by performing in vitro motility assays in an inert
atmosphere.26 This result may be of great importance for the
construction of biomolecular motor-based devices with longer
lifetimes. In the present investigation, we studied the AcSO of MTs
in the ICS and found that the lifetime of assembled MTs was
prolonged to almost B900 min (under aerobic condition,
assembled MTs lost their mobility within B90 min). The prolonged
lifetime of organized MT structures will accelerate the development of
biomolecular motor-based artificial machines with improved
efficiency and longevity and widen the scope of industrial
applications of MTs.

EXPERIMENTAL PROCEDURES

Preparation of tubulins and kinesin
Tubulin was purified from porcine brain using a high-concentration

PIPES buffer (1 M PIPES, 20 mM EGTA, 10 mM MgCl2; pH adjusted to

6.8 using KOH). High-molarity PIPES buffer and 80 mM PIPES brain

reconstitution buffer (BRB80) were prepared using PIPES (Sigma,

St Louis, MO, USA), and the pH was adjusted using KOH.27 Green

fluorescent protein (GFP)-fused kinesin-1 consisting of the first 560 amino

acids (K560-GFP) was prepared by partially modifying the protein expression

and purification methods.28
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Preparation of labeled tubulins
Rhodamine-labeled tubulins were prepared using tetramethylrhodamine suc-

cinimidyl ester (TAMRA-SE; Invitrogen, Eugene, OR, USA) according to

standard techniques.29 Rhodamine-tubulin was obtained via chemical

crosslinking, and the corresponding labeling ratio was equal to 1.5. The

labeling ratio was determined by measuring the absorbance of the protein at

280 nm and determining the absorbance of tetramethylrhodamine at 555 nm.

Bt labeling and stoichiometric estimation
Bt-labeled tubulins were prepared using biotin-XX-SE (Invitrogen) according

to standard techniques.30 The labeling stoichiometry was approximately

0.61 per tubulin heterodimer, as estimated by spectrometric titration using

2-(40-hydroxyphenylazo)benzoic acid (HABA) (Wako, Osaka, Japan).31

AcSO of MTs
Bt- and rhodamine-labeled MTs were obtained by polymerizing a mixture of

biotin-tubulin and rhodamine-tubulin (Bt/Tub: 0.6; final tubulin concentra-

tion: 55.6mM) at 37 1C. The solution containing the MTs was diluted with

motility buffer (80 mM PIPES, 1 mM EGTA, 2 mM MgCl2, 0.5 mg ml�1 casein,

1 mM DTT, 4.5 mg ml�1
D-glucose, 50 U ml�1 glucose oxidase, 50 U ml�1

catalase, 10mM paclitaxel, and B1% DMSO; pH 6.8). In the present study,

glucose, glucose oxidase and catalase were not used in all of the experiments

performed in the ICS. Flow cells were prepared by placing a cover glass

(18� 18 mm2; MATSUNAMI) on a slide glass (26� 76 mm2; for experiments

using ICS, the dimensions of the slide glass were equal to 40� 50 mm2)

equipped with a pair of spacers to form a chamber with dimensions of

approximately 4� 18� 0.1 mm3 (B10ml) (W� L�H). A single layer of

Parafilm was heated to fix the spacer-separated glasses. The flow cell was filled

with 0.2 mg ml�1 anti-GFP antibody (Invitrogen) for 15 min and was washed

with 48ml of casein solution (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2,

B0.5 mg ml�1 casein; pH adjusted to 6.8 using HCl). After incubating for

5 min with casein solution to mask the remaining glass surface, 24ml of 100 nM

K560-GFP solution (B80 mM PIPES, B40 mM NaCl, 1 mM EGTA, 1 mM

MgCl2, 0.5 mg ml�1 casein, 1 mM DTT, 4.5 mg ml�1
D-glucose, 50 U ml�1

glucose oxidase, 50 U ml�1 catalase, 10mM paclitaxel, B1% DMSO; pH 6.8)

was introduced and incubated for 10 min to bind the kinesins to the antibody.

The flow cell was washed with 32ml of motility buffer. A dilute solution (24ml)

of MTs (the concentration of MTs is provided in the results and discussion

section) was introduced, incubated for 10 min and washed with 32ml of

motility buffer. Streptavidin solution (24ml) (ST; Wako) of prescribed

concentration (in motility buffer) was introduced and incubated for 10 min,

and the cell was washed with 50ml of motility buffer. Finally, AcSO was

initiated by applying 24ml of ATP solution (motility buffer supplemented with

5 mM ATP). The time of ATP addition was set to 0 h, and the aforementioned

experiments were performed at room temperature. For AcSO in the ICS, the

flow cell was fixed inside the inert chamber after the addition of ATP, as

described in a previous report.26 Humid nitrogen gas was passed through the

chamber to remove oxygen from chamber. Microscopic observations were

obtained after passing nitrogen gas through the chamber for 1 h, and a flow of

nitrogen was applied continuously until the experiment was completed.

Microscopic images
To study the motility of the MTs, samples were illuminated with a 100 W

mercury lamp and were visualized using epifluorescence microscopy with an

oil-coupled Plan Apo 60� 1.40 objective (Nikon, Melville, NY, USA). To

visualize the samples, filter blocks with UV-cut specifications (TRITC: EX540/

25, DM565, BA606/55; GFP-HQ: EX455-485, DM495, BA500-545; Nikon)

were introduced into the optical path of the microscope to eliminate UV

radiation and minimize its harmful effect on the samples. The images were

captured using a cooled-CCD camera (Cascade II, Nippon Roper, Tokyo,

Japan) connected to a PC. To capture a field of view for more than several

minutes, ND (neutral density) filters (ND4, 25% transmittance) were inserted

into the illuminating light path of the fluorescence microscope to avoid

photobleaching of rhodamine-labeled MTs and GFP-kinesins.

Image analysis for motility assays
Movies of the MT motility assays captured via fluorescence microscopy were

analyzed using an image analysis software (Image Pro Plus 6.1, Media

Cybernetics, Bethesda, MD, USA). MTs that moved over distances greater

than B0.5mm, which corresponded to 2 pixels in the digital image, were

considered motile MTs. To measure the velocity of MTs, the track of MTs in six

sequential images were manually detected at 10-s intervals using the afore-

mentioned software.

RESULTS AND DISCUSSION

The AcSO of MTs achieved using the St–Bt interaction in the in vitro
motility assay is schematically shown in Figure 1. Tubulins were
modified with biotin and were polymerized to form the MTs. After
preparing the flow cell and immobilizing kinesins on the glass surface
via anti-GFP antibodies, the MTs were applied to the flow cell and St
solution of prescribed concentration was added at a specific St/Bt
ratio. Finally, ATP was added to the flow cell to initiate the self-
assembly of MTs. For the AcSO of MTs in the ICS, the flow cell was
fixed in the inert chamber after the addition of ATP and was
incubated under an atmosphere of humid nitrogen. Using fluores-
cence microscopy, observations were performed after 1 h of incuba-
tion to decrease the oxygen concentration inside the chamber to less
than 0.1 p.p.m. (parts per million).26

First, the self-organization of MTs was performed without the ICS
under different conditions and various St to Bt ratios (St/Bt). Figure 2
shows the morphological changes of St- and Bt-modified MTs over
time. As shown in the figure, assembly formation was observed after
the addition of ATP, and the morphology of the assembled structures
rapidly changed over time. Initially, bundles of MTs were preferentially
formed from single filaments; however, over time, collisions among
bundles of MTs led to the formation of ring-shaped structures.
Prolonged observations revealed that the MT rings lost their motility
within a short period of time and became stationary objects on the
substrate surface. When another aliquot of ATP was added, the MT
rings did not regain motility, which suggested that the observed loss of
motility was not due to the depletion of ATP concentration. Rather,
the loss of motility was attributed to any irreversible damage of MTs or
kinesin.

Figure 1 Schematic representation of the in vitro motility assay performed

in the inert chamber system (top); active self-organization (AcSO) of

microtubules (MTs) on a kinesin-coated surface due to streptavidin (St)–

biotin (Bt) interaction and formation of bundles, rings and network

structures of MTs via AcSO (bottom).
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Morphological changes in the assembled MTs over time were
influenced by the ratio of St/Bt used in experiments. When the St/Bt
ratio was 1/100, bundle formation occurred readily (within B1 min
after ATP addition), and MT rings were produced within a short period
of time (B15 min). As the St/Bt ratio was increased to 1/2, assembly
formation was delayed, and bundled MTs were obtained after 20 min.
The observed delay in assembly formation was assumed to be associated
with the velocity of the MTs, which was dependent on the St/Bt ratio.
Hence, the effect of the St/Bt ratio on the velocity of the MTs and the
time dependence of their velocity were determined (Figure 3). The
results showed that the velocity of the MTs increased with a decrease in
the St/Bt ratio. Thus, the observed reduction in the frequency of
assembly formation at the St/Bt ratio set to 1/2 may be due to the slower
velocity of the MTs and a decrease in the frequency of collisions among
MTs. The observed reduction in the velocity of the MTs at higher St/Bt
ratio was attributed to a decrease in the driving force of kinesins due to
steric hindrance with St. The motility of the assembled structures was
lost within a short period of time. For instance, even when the St/Bt
ratio was equal to 1/100, the assembled MTs lost motility within
B90 min after ATP addition. Moreover, when the St/Bt ratio was set to
1/2, motility was lost within 45 min. As previously discussed, the
observed loss in motility was attributed to any irreversible damage of
MTs or kinesin, which may be due to the attack of ROS.

Next, we optimized the concentration of MTs for assembly
formation at the St/Bt ratio of 1/100 and performed the AcSO of
MTs in the ICS. Effective assembly formation was not observed when
the concentration of MTs was as low as 11 nM (Figure 4). However,
assembly formation was observed at a MT concentration of 111 nM.
Moreover, when the MT concentration was as high as 1111 nM, a
network of MTs was formed immediately after the addition of ATP.
However, the network structure was subsequently transformed into
entangled aggregates over time (within B30 min).

Based on the results described above, we used the ICS to perform
the AcSO of MTs at a St/Bt ratio set to 1/100 and a constant MT
concentration of 111 nM. In this experiment, the first observation was
performed 1 h after the addition of ATP because the flow cell was
incubated in the chamber to remove oxygen. As shown in Figure 5,

Figure 2 The effect of the streptavidin to biotin ratio (St/Bt) on the morphological changes of assembled microtubules (MTs) over time. In all three cases,

the concentration of MTs was set to 111nM. Scale bar: 30mm.

0

0.1

0.2

0.3

0.4

0.5

0

V
el

o
ci

ty
 (
�m

/s
)

Time (min)

0

0.1

0.2

0.3

0.4

0.5

0

V
el

o
ci

ty
 (
�m

/s
)

Time (min)

90050 100 150 200 250 300

10020 40 60 80

Figure 3 Change in the velocity of assembled microtubules over time under

different experimental conditions. Filled and open symbols represent

experiments performed with and without using the inert chamber system

(ICS), respectively. The streptavidin to biotin (St/Bt) ratio was set to 1/100

(triangle), 1/10 (circle) and 1/2 (square). The inset shows the results

obtained without the ICS (ambient aerobic condition) in an enlarged form.

For experiments performed in the ICS, the first observation was performed

at 60min, and extrapolation of the line (dashed part) to the velocity axis

represents the velocity of assembled MTs at the initial time of active self-

organization.
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the self-organization of MTs occurred in the ICS, and linear bundles
of MTs were initially produced. Over time, ring-shaped MT assem-
blies were also formed, as observed under aerobic conditions. After
1 h, the velocity of the assembled structures was 0.42mm s�1, which
was higher than the velocity of MT assemblies observed under aerobic
conditions at the same observation time at any of the St/Bt ratios.
Moreover, the assembled MT structures showed good motility, and
their velocity was nearly constant for 300 min and gradually decreased
to half of the initial velocity after 900 min (Figure 3). As previously
reported, fluorescence microscopy can induce photochemical reac-
tions that produce ROS in the presence of oxygen. ROS produced
during sample obeservation using fluorescence microscopy can
damage biomolecular motors,32,33 resulting in the loss of activity.
Using the ICS, we removed oxygen from the system and
demonstrated that the AcSO of MTs could be performed in an
oxygen-free inert atmosphere. The ICS minimized the harmful effect
of ROS on biomolecular motor protein systems, which prolonged the
lifetime of the assembled MT structures.

CONCLUSIONS

In conclusion, we have demonstrated that the AcSO of MTs can be
achieved in an inert nitrogen atmosphere and that assembled
structures remain active for a longer time period (B900 min) in an
oxygen-free inert atmosphere. In contrast, the lifetime of the
assembled structures obtained through the AcSO of MTs under
aerobic condition was as short as B90 min. The use of ICS in the
self-organization of MTs has immense potential and can provide
organized motor protein systems with longer lifetimes, which would
aid in the development and commercialization of motor protein-
based bio-devices with high efficiencies and longer lifetimes.
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