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Abstract 

 Microtubule (MT) and kinesin are rail and motor proteins that are involved in various 

moving events of eukaryotic cells in natural systems.  In vitro, the sliding motion of 

microtubules (rail) can be reproduced on a kinesin (motor protein)-coated surface coupled 

with adenosine triphosphate (ATP) hydrolysis, which is called a “motility assay”.  Based on this 

technique, a method was recently established to form MT assemblies by an active 

self-organization (AcSA) process, in which MTs are crosslinked during a sliding motion on a 

kinesin-coated surface.  Streptavidin (ST) was employed as glue to crosslink biotin-labeled 

MTs.  Various shapes, sizes, and motilities were formed with the AcSA MT assemblies, 

depending on the initial conditions.  In this paper, we briefly review our recent work on the 

formation of MT assemblies on a kinesin-coated surface.   

  

mailto:gong@sci.hokudai.ac.jp


 

pg. 2 

 

 

1. Introduction 

As power units, biological actuators of living organisms have attractive features such 

as high-energy efficiency, flexibility, and a wide range of sizes that can be seen from bacterial 

flagella to muscles of animals, which differ from the power units of conventional man-made 

machines [ref. 1, 2].  These complex functionalities are accomplished by integrating, 

synchronizing, and controlling the nano-metric motion of motor proteins into hierarchical 

structures.  However, in vitro reproduction of these high-ordered hierarchical structures 

remains challenging.  In artificial systems, the motor protein mechanisms are progressively 

being elucidated at the molecular level for several motor proteins such as F1F0/ATPase, 

actin-myosin, and MT-kinesin systems [ref. 3–5].  Recently, investigation of motor protein 

mechanisms of action has been expanded to include several multi-molecular systems [ref. 6–9].  

We have also investigated the integration of these motor proteins that possess their “moving” 

property with an aim to show the motility of motor proteins as a larger actuator than 

nano-devices, which is addressed using motor proteins at the single molecular level.   

Motor proteins can be categorized by their motions into two groups: rotating motors 

and linear motors [ref. 10].  The well-known rotating motors are bacterial flagellum and the 

mitochondrial F1F0-ATPase, which is driven by ATP hydrolysis.  The linear motor protein 

systems actin-myosin and MT-kinesin have been widely studied and are involved in the control 

of movement in larger living organisms, including the organs of animals.  In contrast, rotary 

motors are involved in small movement in mitochondria and smaller organisms such as 

bacteria.  As such, linear motor proteins are promising systems to model multi-molecular 

integrated structures to investigate larger motions using linear rails that can interact with 

multiple motors.  Actin–myosin or MT–kinesin (or dynein), which are well-known linear motor 

systems, has been proposed as the building blocks of ATP-fueled biomachines [ref. 7, 11–18].  

In previous papers, we reported that large linear actin bundles show sliding motions on a 

myosin-coated surface in the presence of ATP.  Actin bundles, which consist of several tens of 

filamentous actin, can be obtained through electrostatic interactions with synthetic polymers 

carrying positive charges [ref. 19–23].  The MT-kinesin system has also been used to form 

assemblies with unique properties.  Recently, a method was developed to integrate MTs into 

bundle structures by crosslinking moving MTs on a kinesin-coated surface under the presence 

of adenosine triphosphate (ATP); MTs were covalently modified with biotins, which were 

partially covered with streptavidin (ST), such that two MTs could interact and form a bundle 

(Figure 2a) [ref. 24].  In previous studies, we studied this system by systematically 

investigating the effects of various parameters such as the concentration of the kinesin 

“motor,” ST “glue,” and MT “assembly component,” represented as Ck, CST, and CTub, 
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respectively, on the formation and motility of MT bundles.  Although the assemblies of MTs 

are much more primitive compared to the hierarchical structure of actuators in natural systems, 

the process to form assemblies of motor protein systems is critical to mimic and study the 

natural system.  This survey on MT assembly formation provides information to aid in the 

application of motor proteins, including the MT-kinesin and actin-myosin systems, as building 

blocks of ATP-fueled biomachines.   

 

 

Abbreviations 

Ck: concentration of kinesin [nM] 

CST: concentration of streptavidin [nM] 

CTub: concentration of MT indicated by the amount of tubulin [nM] 

MT: microtubule 

MAPs: microtubule-associated proteins 

GTP: guanosine-5-triphosphate 

GFP: green fluorescent protein 

DMSO: dimethyl sulfoxide 

GMPCPP: guanylyl-(α, β)-methylene-diphosphonate   
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2. Experimental setup and analysis 

2.1. Preparation of tubulins and MTs 

 Traditionally, tubulin has been purified from porcine brain since the early 1970s by 

using ion-exchange chromatography [ref. 25, 26].  In the tubulin purification process, 

removal of microtubule-associated proteins (MAPs) is important, since their contamination 

strongly affects the polymerization of tubulins.  MAPs can be removed from tubulins by using 

high-salt concentrations, which is a simplified method to obtain pure and highly active tubulins 

[ref. 27, 28].  Currently, tubulin and tubulins labeled with fluorescent probes are now 

commercially available.   

 In our experiments, tubulin was purified from porcine brain by using a 

high-concentration PIPES buffer [ref. 28].  A tubulin aliquot was modified with biotins to 

crosslink MTs to each other by streptavidin; streptavidin has four biotin-interacting sites with a 

very high binding constant for biotin (KD = ~10-14) [ref. 29].  Lysine residues on the MT 

surface were modified with biotin-XX-SE (Invitrogen) according to standard techniques [ref. 

30].  The labeling stoichiometry was approximately 2 biotins per tubulin, which was estimated 

by spectrometric titration using the 2-(4′-hydroxyphenylazo)benzoic acid (HABA) dye 

(Dojindo) [ref. 31].  Another aliquot of tubulins was fluorescently labeled to observe MTs by 

fluorescent microscopy.  Tetramethylrhodamine succinimidyl ester (TAMRA-SE) (Invitrogen) 

was chemically crosslinked to the lysine residues of tubulin according to standard techniques 

[ref. 32].  The labeling ratio was 1.2, as determined by measuring the absorbance of the 

protein and tetramethylrhodamine at 280 nm and 555 nm, respectively.   

2.2. Preparation of kinesin 

Kinesins can also be purified from porcine brain by using a traditional method [ref. 33–35].  

Alternatively, recombinant kinesins can be purified from an E. coli expression system, which is 

in contrast to tubulins that cannot polymerize to MTs when the recombinant protein was 

prepared from an E. coli expression system [ref. 36].  For our studies, the first 560 amino 

acids of kinesin-1 were fused to the green fluorescent protein (K560-GFP), as described earlier 

by partially modifying the expression and purification methods [ref. 37].  The GFP moiety is 

designed to effectively immobilize K560-GFP to a glass surface by binding to anti-GFP 

antibodies.   
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2.3. Microtubule polymerization 

 MTs for the in vitro motility assay were prepared by polymerizing tubulins with 

guanosine-5'-triphosphate (GTP) and stabilizing with paclitaxel, which is a MT-stabilizing agent 

[ref. 38].   

 To obtain biotin- and rhodamine-labeled MTs, the mixture of biotin-tubulin, 

rhodamine-tubulin, and native tubulin (molar ratio of 45:10:45; final concentration was 24 µM) 

was used in the MT polymerization procedure.  Based on the labeling ratio of biotin and 

rhodamine to tubulins, the final labeling ratio was calculated as 0.9 and 0.1 to tubulin 

[mol/mol] for biotin and rhodamine, respectively.   

 In our experiments, MTs were polymerized using two different procedures.  The first 

was a standard method in which tubulin (24 µM) was polymerized in a polymerization buffer 

(80 mM PIPES-2K, 1 mM EGTA, 5 mM MgCl2, 1 mM GTP, and 5% DMSO; pH adjusted to 6.8 

with HCl) at 37°C for 30 min.  The solution containing the MTs was then diluted 50- or 

100-fold with a stabilizing buffer (80 mM PIPES-2K, 1 mM EGTA, 1 mM MgCl2, 1% DMSO, and 

10 µM paclitaxel; pH adjusted to 6.8 with HCl) and gently pipetted 10 times.  Hereafter, CTub 

represents the concentration of tubulins.  The concentration of diluted MTs was 480 or 240 

nM.  Diluted MTs were incubated at ~25°C until the preparations for the motility assays were 

complete, which generally took 0–24 h. 

 The second method of MT polymerization was used to obtain rigid MTs using 

guanylyl-(α, β)-methylene-diphosphonate (GMPCPP), which is a non-hydrolyzable GTP 

analogue, by using a reported method [ref. 39, 40].  In this procedure, tubulin (40 µM) was 

incubated in a GMPCPP-polymerization buffer that contains 1 mM GMPCPP (Jena Bioscience, 

Jena, Germany), instead of GTP, at 37˚C for 10 min.  Then, the polymerized MTs, hereafter 

called “seed,” were diluted 1000-fold in an elongation buffer containing fresh tubulins (1 μM) in 

the GMPCPP-polymerization buffer.  The solution, which contained a total of 1.04 µM tubulin, 

was incubated for 4 h at 37˚C.  Thereafter, the elongated MTs were diluted to 480 nM, which 

is indicated as the tubulin concentration, and were stored at room temperature until used for 

the MT motility assay.  In this study, MTs polymerized with GMPCPP are called GMPCPP-MTs 

and those polymerized with GTP and stabilized with paclitaxel are called GTP-MTs.  
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2.4. Motility assay setup and parameters 

 Flow cells were prepared by placing a cover glass on a slide glass equipped with a pair 

of spacers to form a chamber of approximate dimensions 4 × 18 × 0.1 mm3 (W × L × H).  A 

single layer of parafilm was used to fix the spacer-separated glasses by heating.  The flow cell 

was filled with 0.2 mg ml-1 anti-GFP antibody (Invitrogen) for 15 min, and then washed with 48 

µl of casein solution (80 mM PIPES-2K, 1 mM EGTA, 1 mM MgCl2, and ~0.5 mg ml-1 casein; pH 

adjusted to 6.8 with HCl).  After incubating with the casein solution for 5 min to block the 

antibody-unbound glass surface, 24 µl of the K560-GFP solution (0.63–63 nM in kinesin 

solution; ~80 mM PIPES-2K, ~40 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, 10 µM paclitaxel, 

and ~1% DMSO; pH 6.8) was introduced, and this mixture was incubated for 5 min to allow 

kinesins to bind to the antibody.  Hereafter, Ck represents the kinesin concentration.  The 

flow cell was washed with 32 µl of motility buffer (80 mM PIPES-2K, 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, 10 µM paclitaxel, and ~1% DMSO; pH 6.8).  A diluted solution (24 µl) of 9.6 nM MTs 

in motility buffer was added and incubated for 5 min, and then washed with 32 µl of motility 

buffer.  Biotins on the MT surface were partially covered with streptavidin-FITC (ST) (Wako) 

by incubating biotin with the ST solution (0–4800 nM, which is equimolar to the MT solution, in 

motility buffer) for 10 min, and then washed with 50 µl of motility buffer.  Hereafter, CST 

represents the concentration of the ST solution.  Finally, the motility assay was initiated by 

applying 24 µl of ATP solution (motility buffer supplemented with 5 mM ATP).  Solutions that 

had three different Ck values were prepared simultaneously, and ATP additions were delayed 

for 15 min.  To avoid drying, the flow cell was sealed with grease.   

One concentration (Ck, CST, or CTub) was varied to investigate the effects on MT 

assembly formation, while the others were fixed as Ck = 63 nM, CST = CTub, and CTub = 24 nM.  

In the study of GMPCP-MTs, i.e., studying the effect of increased rigidity in MT, CTub was kept at 

240 nM; for comparative experiments, GTP-MTs were also used with CTub = 240 nM.   

 

2.5. Microscopic image capture 

 For motility assays, the MT should be labeled with as little fluorescent probe as 

possible to retain activity.  A highly sensitive camera is desirable to capture the weak 

fluorescence image of the MTs. 

 In our experiments, rhodamine-labeled MTs were illuminated with a 100 W mercury 

lamp and visualized by epifluorescence microscopy using a PlanApo 60×/1.40 objective.  The 
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images were captured using an EM-CCD camera (Cascade II, Nippon Roper) connected to a 

computer.  To capture a field of view for more than several minutes, ND filters were inserted 

into the illuminating light path of the fluorescent microscope to avoid photo-bleaching of the 

rhodamine-labeled MTs.  The images were captured using Image Pro Plus 5.1J software 

(Media Cybernetics).  Although the inner surface of the cover glass was observed through the 

glass, the captured images corresponded to those observed from the reverse side of the flow 

cell.   

 

2.6. Image analysis for density measurements and motility analysis 

 Fluorescence microscopy images of MTs and MT bundles captured 15 min and 4 h 

after (or before) ATP addition were analyzed using Image Pro Plus 5.1J or Image J 1.44f [ref. 

41–43].   

 MT bundles were distinguished as segments that were obviously brighter than the 

other MTs.  Small objects, whose lengths and widths were indistinguishable, were not 

counted.  In cases where the MTs crossed each other, the lengths were measured as follows. 

When MTs overlapped at a point, they were measured independently.  When they overlapped 

lengthwise in a segment, longer MTs were measured as a single piece, and the others were 

measured only in the non-overlapping sections.  In the case of ring-shaped MT bundles, the 

circumferential lengths of the bundles were measured.  For MTs that were partially invisible at 

the end of the viewing field, only the visible parts were measured.  The total contour lengths 

of MTs per field of view (135×135 μm2) were measured manually and converted to the length 

per unit field.  The total length of the MTs, including the MT bundles, per unit area was 

termed the “total sum length of the MTs (Ltotal),” and the total length of only the MT bundles 

per unit area was termed the “total bundle length” (Lbundle).  To calculate the individual length 

for the histogram and the average length, we excluded the MTs and MT bundles that were not 

entirely visible.   

 In this study, the mean velocities of the MT bundles were obtained from those 

showing sliding motion.  MT bundles that did not show sliding motion were excluded from the 

calculation of the mean velocities.   
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3. Results and Discussion 

3.1. Integration of the gliding MTs 

 The schema of the procedure used to perform active self-organization (AcSA) of MT 

bundles is shown in Figure 1.  AcSA was started by adding ATP to the system.  Figure 2a 

shows a conceptual model of the AcSA system of MT bundles in which MTs are crosslinked by 

the ST–biotin interaction during the sliding motion on a kinesin-coated surface.  This bundling 

event was confirmed by observing the sequential images of florescence microscopy driven by 

ATP hydrolysis (Figure 2b).  

 Although the bundling event was infrequent among the encountering MTs, the pattern 

of bundled MTs after several hours of AcSA were obviously different from the initial state (15 

min after ATP addition) (Figure 3a).  From this observation, the time point of 4 h after AcSA 

was considered as the matured phase for bundle formation, since bundle formation was 

confirmed by an increase in MT fluorescence intensity.   

 MTs with increased rigidity can be prepared by polymerizing tubulins with guanylyl-(α, 

β)-methylene-diphosphonate (GMPCPP).  Compared to the normal MTs, which were prepared 

by polymerizing with GTP and stabilizing with paclitaxel, the GMPCPP-polymerized MTs 

(GMPCPP-MTs) have ca. 2-fold higher flexural rigidity [ref. 40, 41].  Using GMPCPP-MTs, the 

MT bundles were successfully formed.  In contrast to the serpentine shape of the MT bundles 

composed of paclitaxel-stabilized GTP-MTs, GMPCPP-MTs as well as their bundles were straight 

for several tens of micrometers (Figure 3d-f).   

 To clarify the effect of the initial conditions of AcSA on the size, amount, and motility 

of the MT bundles, we examined the concentration of the components (kinesin, ST, and MT) 

and rigidity of the MTs.   

 

3.2. Length and density of MT bundles 

Effect of Ck 

 First, we studied the effect of Ck on AcSA when CST (9.6 nM) and CTub (9.6 nM) were 

kept constant.  At Ck values of 0.63, 6.3, and 63 nM, the density of the MTs (Ltotal) before 

starting AcSA were 6.3, 9.1, and 13.2 mm-1, respectively, while the average lengths of the MTs 

were 6.0 ± 4.8 (n = 177), 6.6 ± 5.3 (n = 236), and 7.2 ± 5.9 µm (n = 286), respectively 

(Figure 4b).  The higher kinesin density enabled to bind longer MTs against the flow during 
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preparation.  After running AcSA, the amount of MTs and MT bundles was measured (Figure 

4b).  After 4 h of AcSA, Lbundle at a Ck of 63 nM was higher than that at a Ck of 6.3 nM, while no 

distinct trend was observed 15 min after ATP addition.  At a Ck of 0.63 nM, the MTs did not 

move and AcSA did not progress.  After 4 h of ATP addition, the fraction of MT bundles 

increased to 46% and 39% at Ck values of 6.3 and 63 nM, respectively, although the fraction of 

MT bundles was only 3% at a Ck of 0.63 nM.  These data indicate the significance of MT 

movement for AcSA.  In comparison to the number of short MTs at a higher kinesin density 

(Ck of 63 nM), a lower kinesin density (Ck of 6.3 nM) could also lead to fewer short MTs at 4 h, 

as shown in Figure 4b.  Thus, to obtain greater amounts of motile MT bundles, a high Ck is 

required, although MT bundles can be formed even at a low Ck, (6.3 nM).  Diehl et al. 

reported that multimerized kinesin on a glass surface shows higher MT-driving activity.  Using 

multimerized kinesins with higher driving activity, MT bundles might be produced effectively 

[ref. 7].   

Effect of CST 

 The average lengths of the MTs on the kinesins before starting AcSA were insensitive 

to CST and ranged between 10 and 12 µm.  The average number density of the MTs on the 

kinesins was approximately 2500 mm-2 at each CST.  At a CST higher than 0.48 nM, the 

assembly of MTs of various shapes, such as linear, ring, and buckling (Figure 3c), was observed.  

By 4 h of AcSA, MTs were shorter than before the assay began.  A similar phenomenon was 

reported earlier [ref. 44] and was explained on the basis of the “breakage” or “shrinkage” of 

the MTs moving on the kinesin-coated surface.  With an increase in CST, the number of 

shortened MTs increased; most of the MTs and MT bundles were less than 10 µm in length at 

an ST of 4800 nM.  Thus, steric hindrance at the leading end of the MTs seems to cause 

“buckling” (Figure 3c).  At a CST higher than 48 nM, it was difficult for MT bundles longer than 

25 µm to form, presumably because of the shortening of the MTs.  Meanwhile, the number of 

MT bundles containing the “buckling-shape” MTs increased with an increase in CST.  The 

fraction of MT bundles (Lbundle) decreased with time at CST = 0, indicating that the MT bundles 

that were formed before starting AcSA were broken during the process (Figure 4d).  At 4 h 

after ATP addition, the Lbundle increased with an increase in CST and almost plateaued above 480 

nM.  After 4 h of AcSA, the fraction of MT bundles increased with an increase in CST.  The 

fraction of MT bundles was approximately 40% at ST concentrations higher than 480 nM, 

whereas it was only approximately 4% at a CST of 0 nM.  Thus, the higher CST resulted in both 

a larger Lbundle and a larger fraction of MT bundles; The longest MT bundles were observed at a 

CST of ~48 nM.   

MT bundle formation: Effect of CTub 
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 The Ltotal values before starting AcSA varied from 2 to 175 mm-1 to change the CTub 

from 1.92 to 240 nM.  The average lengths of the MTs were also constant and ranged 

between 7.4 and 8.3 µm.  Again, various shapes such as linear, ring, and buckling were 

observed at each CTub after 4 h of AcSA.  Shortening of the MTs was enhanced at a higher CTub, 

which suggests that entanglement of MTs leads to shortening of the MTs during AcSA.  The 

average length of the MT bundles was insensitive to CTub between 9.2 and 11.1 µm.  However, 

at a CTub of 240 nM, elongation of the MT bundles was observed, and the longest MT bundle 

was ~50 µm.  Prior to ATP addition, Lbundle increased with an increase in CTub (Figure 4f, before 

AcSA).  A decrease in Lbundle with time was observed after the AcSA process (15 min and 4 h) 

at CTub values of 1.9 and 2.4 nM.  At CTub values of 48 nM (15 min and 4 h) and 240 nM (15 

min), Lbundle values were higher than those before AcSA, indicating that the MT bundle was 

produced by AcSA.  However, at a CTub of 240 nM (4 h), Lbundle was shorter than that at before 

AcSA or at 15 min.  This result implies that the MT bundles were thickened because of their 

integration with an increase in the density of MT bundles.  After 4 h of AcSA, the fraction of 

MT bundles increased with an increase in CTub, which was also observed 15 min after ATP 

addition (Figure 4f, 15 min).  MT bundles formed prior to ATP addition seemed to be broken 

because the MT bundle fraction decreased at CTub values of 1.9 and 9.6 nM during AcSA.  The 

formation of MT bundles can be confirmed based on two results.  First, the fraction of MT 

bundles increased with time and CTub.  Second, long MT bundles (up to ~30 µm) were not 

observed before the AcSA process.  Assuming that the decrease in the fraction of initial MTs 

was due to the consumption of MTs to thicken the MT bundles, the widths of the bundles were 

roughly estimated to be 1.5- and 3.1-fold of MTs at CTub values of 48 and 240 nM, respectively.   

 

3.3. Rigidity of MTs on MT bundle formation 

 Using rigid microtubules (GMPCPP-MTs), large, straight MT bundles were selectively 

obtained by AcSA.  The average length of the GMPCPP-MTs before starting AcSA was 12.9 ± 

7.8 μm (n = 352) on the kinesin-fixed surface, which is approximately the same length as that 

of the GTP-MTs (11.0 ± 8.3 μm [n = 303]).  No ring-shaped GMPCPP-MT bundles were 

observed in the randomly selected view fields, which is in contrast to the case of GTP-MTs 

(Figure 3) where ~4% of the MT bundles were ring-shaped.  The average length of the 

GMPCPP-MT bundles at 4 h of AcSA was 26 ± 19 μm (n = 56).  The longest GMPCPP-MT 

bundle was 94 μm. Ltotal of the GMPCPP-MTs before and after 4 h of AcSA were 144 mm–1 and 

42 mm–1, respectively.  Based on these observations, it was estimated that the GMPCPP-MT 

bundles were composed of approximately 3.4 GMPCPP-MTs.   
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3.4. Motility 

 MT bundles as candidates for biomachines are of great interest due to their motility.  

We investigated the motion of MT bundles at various concentrations (Ck, CST, or CTub) and the 

rigidity of MTs in AcSA.  In Figure 5a, motilities of the MTs and MT bundles after 4 h of AcSA 

at different Ck values are shown.  Only 50% of the MTs and MT bundles were moving at a Ck 

of 6.3 nM, whereas 90% of these were still actively moving at a higher Ck (63 nM).  Figure 5b 

shows a study of the MTs and MT bundles at various CST values.  Although the presence of ST 

(0.48–4.8 nM) had no influence on the motility of the MT bundles, 50% of these showed no 

sliding motion at a CST of 48 nM, and only a few MT bundles moved at an ST concentration 

higher than 480 nM. MT bundle formation was not observed at a CST of 0 nM in the movie 

recorded in this assay.  The differences in the motilities at various CTub values are shown in 

Figure 5c.  At a CTub of 1.9 nM, MT bundles did not move.  At CTub values of 9.6 and 48 nM, 

83% of the MT bundles were found to be motile.  At a CTub of 240 nM, only 17% of the MT 

bundles showed sliding motion.  Moreover, 24% showed fish-tailing motion with a “buckling” 

shape, whereas approximately 59% were static. 

 The use of GMPCPP-MTs led to higher motility: 94% of the GMPCPP-MT bundles were 

still actively moving and their linear shape was maintained, which was in contrast to the 

bundles formed with GTP-MTs (44%, n = 27) in the control experiment.  The average velocity 

of the GMPCPP-MT bundles was 0.162 ± 0.040 μm s–1 (n = 20) at 4 h of AcSA, which is the 

same as that for GMPCPP-MTs (0.165 ± 0.043 μm s–1, n = 38, only single MTs) at the 

beginning (15 min) of the process.  The average velocities of the GTP-MTs (i.e., single MTs) 

at 15 min and their bundles at 4 h were 0.165 ± 0.053 μm s–1 (n = 53) and 0.189 ± 0.048 μm 

s–1 (n = 12), respectively.  Owing to the rigidity, the GMPCPPP-MTs and their MT bundles 

moved in a straighter trajectory than those of GTP-MTs, as previously discussed in detail [ref. 

42].   

 Apart from the linear shape and motion of the GMPCPP-MT bundles, ring-shaped MT 

bundles were observed in AcSA with normal MTs (GTP-MTs).  With the lapse of observation 

time, fewer and fewer MT bundles in translational motion were noted in the observation area 

since the motion was terminated at the walls of the flow cell; however, those in rotation 

remained in the observation area for more than 14 h.  Occasionally, MT aggregation was 

observed when the density of MTs was high enough to have frequent MT collisions.  When 

the front of a sliding microtubule with a linear-shape collided with a rotating ring, it was 

spooled into the ring, as previously reported [ref. 24].   

The rings showed constant rotational motion that was stabilized by the crosslinkage 

induced by streptavidin–biotin interactions.  The angular velocity of the ring-shaped MT 

bundles depended on their size.  The line velocity of the rotation remained almost constant, 
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independent of the ring size.  For example, the line velocity of counterclockwise rotation was 

found to be 28 ± 14 nm s-1 (s.d.; n = 5), independent of the size, and was comparable to that 

of single MTs (28 ± 23 nm s-1, n = 19).  We found only 5 ring-shaped MT bundles in the 

movies that could be used in the measurement of velocity and all of them were in the 

counterclockwise direction.  These values are much lesser than those of single MTs without 

ST modification (360 nm s-1), presumably because of the consumption of ATP during 12 h of 

AcSA and ST labeling caused steric hindrance. 

 

3.5. Handedness of the structures and motions 

 Since the ring-shaped MT bundles were rotating counterclockwise (CCW) or clockwise 

(CW), we investigated the distribution of the rotating directions.  Surprisingly, the number of 

rings rotating CCW was always more than that of the rings rotating CW under various 

conditions.  Figure 6 (right) shows the result of typical conditions (Ck 63 nM, CTub 9.6 nM, CST 

= CTub) for AcSA; a maximum ratio of CCW/CW of 222/16 (≈14/1) was obtained at 240 nM MT 

and 63 nM kinesin after 4 h of AcSA.  To determine the cause of preferential CCW rotational 

motion, we observed the motion of single MTs without crosslinkers on a kinesin-coated surface.  

Results showed that among the 187 MTs observed, 173 showed translational motion and only 

14 rotated.  Of these 14 MTs, 6 were ring-shaped, 2 were spiral-shaped, 5 were arc-shaped, 

and 1 transformed its shape from spiral to arc; they all rotated CCW.  Further observation of 

the MTs in rotation demonstrated that of the 37 MTs in rotation, 34 MTs rotated CCW and 3 

rotated CW (Figure 6; left).  In addition to this result, MTs are known to have a left- or 

right-handed supertwist in protofilament (PF) arrangement; PF is a tandem array of tubulin, 

configuring a hollow cylindrical structure of MT by closing up the parallel array of PFs [ref. 

45–47].  Assuming that the handedness of MTs might induce biased motion, we determined 

the distribution of PF numbers in the MTs prepared for the AcSA by TEM observation [ref. 41].  

Indeed, majority of MTs  were 14 PFs that should have a left-handed supertwist arrangement, 

according to previous reports [ref. 45–47].  In a previous report, we proposed a mechanistic 

model to cause CCW rotational motion from a left-handed helical structure, since kinesin is 

known to follow the path of the PFs, i.e., the helical structure of the MTs.  From these results 

and interpretations, the ring-shaped MT bundles could have handedness in the structure and 

the motion, harnessing the original structure of the MTs.   

 

3.6. The best conditions for motile MT bundles 
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 To produce motile MT bundles with GTP-MTs, a higher Ck was favorable in the Ck 

range of 0–63 nM.  Moreover, at the highest Ck (63 nM), there was an optimum CST/CTub of 

approximately 1 mol/mol at which the AcSA process occurred effectively.  We also found that 

a higher CTub effectively produced a longer MT bundle, which was confirmed by the MT bundle 

fraction.  However, there was an optimum CTub of approximately 48 nM that produced MT 

bundles with the ability to move.   

 To discuss the effects of CST and CTub on AcSA of MTs, the motile MT bundle length per 

unit area (Lm-bundle) at a Ck of 64 nM was plotted against various CST/CTub ratios at a constant CTub 

(24 nM) and against various CTub values at a constant CST/CTub ratio (mol/mol) in a 3D diagram 

(Figure 7).  In this case, CST was normalized by CTub as CST/CTub (mol/mol), and the motile 

MT-bundle length per unit area (Lm-bundle) was obtained by multiplying the percentage of 

moving MT bundles (Figure 5b and 5c) by Lbundle (Figure 4d and 4f) after 4 h of AcSA.  As 

shown in the diagram, it was confirmed that an optimum CST/CTub and CTub condition existed at 

around 1 mol/mol (the labeling stoichiometry of biotins to MTs was 0.9) and 48 nM, 

respectively, and this facilitated the formation of large motile MT bundles.   

 For the case of GMPCPP-MTs, the bundles were much more motile than those of the 

GTP-MTs.  From the highly motile property of these bundles, it was suggested that there 

could be a highly ordered structure with unipolarity.   

 

4. Conclusions  

 In this paper, we summarized our recent studies on active self-organization of MTs.  

In our series of studies, it was found that motile MT assemblies that are linear or ring shaped 

could be obtained by tuning the initial conditions.  Motor proteins have been proposed as the 

building blocks of ATP-fueled biomachines [ref. 7, 19, 24, 48].  For instance, MTs have been 

proposed as a molecular shuttle through control of the propelling direction with a 

micro-patterned wall [ref. 49].  Our large linear bundles can be applied to scale up this 

concept.  In addition, we predict that our finding of preferential rotational motion in the CCW 

direction will provide new insights to create self-assembling biomachines with directional 

control.  In the future, a combination with the technique that allows orientation of MTs in a 3D 

structure [ref. 50] or with the micro-fabrication technique, the application of this linear and 

highly motile MT bundles may increase the feasibility of developing ATP-fueled biomachines of 

nano, micro, and larger dimensions.  Although many issues remain to be addressed in order 

to create versatile actuators with motor proteins, this study on MT bundle formation may 

provide insights into the design of biomachines with higher order structures.   
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Figures and Captions 

 

Figure 1: Schematic illustration of AcSA of MTs.  (a) Dimensions of the flow cell.  (b) 

Solutions introduced in the flow cell.  The numbers represent the order in which each 

component solution was introduced into the flow cell; the unbound components at the surface 

of the flow cell were washed out before introducing the next solution or recording the 

observations.  (c) Illustration of the MTs driven on kinesins coated on the glass surface. 
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Figure 2:  (a) Conceptual model of MT bundle formation.  Two MTs are cross-linked by 

biotin–ST interactions.  (b) Sequential images obtained under the fluorescent microscope 

view show MT bundle formation.   

 

 

Figure 3 

(a-c) GTP-MT: (a) before AcSA, (b) 15 min, (c) 4 h; (d-f) GMPCPP-MT: (d) before, (e) 15 min, 

(f) 4 h  
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Figure 4: (a) Example of length measurement.  The lengths of MTs and MT assemblies in the 

image are shown in blue and red, respectively.  To evaluate the total sum lengths of MTs 

(Ltotal: mm–1), s1–s8 and b1–b4 were summed and divided by the area; Lbundle was calculated by 

summing b1–b4.  MT bundle fractions were calculated as (Lbundle/Ltotal) × 100.  Average 

lengths were calculated by excluding the object hidden by the frame (s8 and b4).   

(b)–(g) The results of length measurements.  Each parameter of AcSA was varied as shown in 

the horizontal axis; (b, c) Ck, (d, e) CST, and (f, g) CTub.  (b, d, f) shows the total sum lengths 

(Ltotal) and (c, e, g) shows the MT bundle fractions.  For figures (b)–(g), the original figures 

from ref 43 were modified with permission.   
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Figure 5:  The percentage of moving MT bundles.  Each parameter of AcSA was varied as 

shown in the horizontal axis; (a) Ck, (b) CST, (c) CTub, and (d) with rigid MT.  For figures (a)–(c), 

the original figures from ref 43 were modified with permission.   

 

 

 

Figure 6:  Distribution of the rotational motions in counterclockwise (CCW) or clockwise (CW) 

directions.  Ck and CTub were kept 63 nM and 9.6 nM, respectively, in the assays without a 

crosslinker (left) and with a crosslinker (right).  The CST was 0 and 9.6 nM for (left) and (right), 

respectively.   
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Figure 7:  Estimation of the motile MT-bundle length per unit area at various CTub and CST/CTub 

ratios.  Motile MT-bundle length per unit area (Lm-bundle) versus CTub was calculated by 

multiplying Lbundle (Figure 4f) and the percentage of moving MT bundles (Figure 5c), 

represented by the blue line.  The red line represents Lm-bundle versus the CST/CTub ratio; in this 

case, CST was normalized by CTub for comparison.  Figure is taken from ref 43 with permission.   


