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Abstract 

Nanoscale transportation in engineered environments is critical towards designing efficient and 

smart hybrid bio-nanodevices. Biomolecular motors, the smallest natural machines, are 

promising as actuators as well as sensors in hybrid nanodevices and hold enormous potentials 

in nanoscale transportation. Highly specific regulation of the functions of biomolecular motors 

is the key to control such integrated nanodevices. We present a simple method to regulate the 

activity of a biomolecular motor system, microtubule (MT)-kinesin by using a natural osmolyte 

trimethylamine-N-oxide (TMAO). Motility of kinesin-driven MTs in an in vitro gliding assay 

is regulated over a broad spectrum by using TMAO in a concentration dependent manner. The 

regulation of MT motility is rapid, reversible and repeatable over multiple cycles. Interestingly, 

the motility of MTs can be completely turned off using TMAO of a relatively high 

concentration. The halted motility of MTs is fully restored upon elimination of TMAO. 

Repeated cycles of TMAO addition and removal enable cyclical inhibition and restoration of 

the motility of MTs. These results demonstrate an ability to control nanoscale motion of a 

biomolecular motor in an artificial environment. This work facilitates further tunability over 

functions of biomolecular motors, which in turn will foster their nanotechnological applications, 

such as in nano-transportation.  
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1. Introduction 

Active transport systems in living organisms ensure directed, non-equilibrium transportation 

of materials to meet their physiological needs and enable their adaptation to any change in their 

environment [1,2]. Many cellular processes such as cell division, intracellular transportation of 

vesicles, organelles and signaling molecules, reorganization of pigment particles, etc. which 

are crucial for living organisms depend on the active transport [3-6]. Biomolecular motors and 

their associated protein filaments together comprise an active transport system in living 

organisms that works by consuming energy obtained from hydrolysis of adenosine triphosphate 

(ATP) as fuel [7]. Biomolecular motors are tiny natural machines capable of converting 

chemical energy of ATP hydrolysis into mechanical work with a remarkably high energy 

efficiency and specific power [8]. The associated protein filaments serve as a track along which 

the biomolecular motors carry cargoes to various locations within a cell. Kinesin is a well-

studied biomolecular motor that moves along microtubules (MTs) by consuming ATP [9]. MTs 

are hollow cylindrical protein filaments that are formed via polymerization of tubulin 

heterodimers [10]. Owing to the attractive features of biomolecular motor proteins such as 

nanometer scale, high fuel efficiency, engineering properties, etc. they have been considered 

promising candidates as building blocks and actuators in hybrid nanomechanical devices [11-

13]. In vitro motility assay, where associated protein filaments are propelled on a substrate by 

surface-adhered motors proteins in the presence of ATP, has provided valuable insights into 

important aspects of biomolecular motor functions [14-16]. Based on the in vitro motility assay 

the MTs-kinesin system has been employed in synthetic environments for nanotransportation 

and nano-structuring [17,18], surface imaging [19], characterization of surface mechanical 

deformation [20], force measurement [21], etc. Very recently, molecular swarm robots have 

been fabricated based on an in vitro motility assay by combining MT-kinesin system with DNA 

[22]. While the MT-kinesin system has been receiving growing attention, the ability to control 
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motor function at the molecular level and motion of MTs in an in vitro motility assay is 

becoming essential for controlling the functions of integrated, hybrid biomolecular 

nanodevices. Various efforts have been documented in literature that aimed at controlling the 

functions of biomolecular motors in vitro by employing genetic engineering [23,24], 

azobenzene-based photo-switches [25], or tuning physico-chemical parameters, etc. [26]. In 

this work, we demonstrate a new strategy to reversibly control motility of MTs in an in vitro 

motility assay using a natural osmolyte trimethylamine-N-oxide (TMAO). We show that 

without sacrificing the concentration of fuel in the motility assay system the gliding velocity 

of MTs can be regulated over a broad range using TMAO in a concentration dependent manner. 

Interestingly, the motility of MTs can be completely turned off using TMAO of a relatively 

high concentration (≥3 M) even in the presence of the fuel. The halted motility of MTs can be 

fully restored upon elimination of the TMAO. Repeated cycles of addition and elimination of 

TMAO (≥3 M) enables complete inhibition and reactivation of the motility of MTs in a 

sequential manner without sacrificing their velocity. This work offers a simple, rapid and robust 

method to temporally regulate the motility of MTs in an in vitro motility assay in a reversible 

fashion while maintaining a constant supply of fuel. The rapid, reversible and repeatable 

regulation of the motility of the biomolecular motor system MT-kinesin demonstrated in this 

work will foster nanotechnological applications of biomolecular motors, such as in nano-

transportation or molecular robotics etc. [27].    
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2. Materials and Methods 

2.1. Chemicals and buffers 

TMAO and polyethylene glycol 1K (PEG1K) were purchased from Sigma-Aldrich and used 

without further purification. Bovine serum albumin (BSA), glycerol, ethylene glycol (EG), and 

polyethylene glycol 6K (PEG6K) were purchase from Wako Pure Chemical Industries, Ltd. 

BRB80 buffer contained 80 mM PIPES, 1 mM MgCl2, and 1 mM EGTA. The pH of BRB80 

buffer was adjusted to 6.8 using KOH. PEG1K solution was prepared by mixing PEG1K with 

BRB80 buffer at a prescribed weight/volume (w/v) ratio. For example, 2.5 g PEG1K was mixed 

with 10 mL of BRB80 to prepare 25% w/v solution. Solutions of other osmolytes (25% w/v) 

including BSA, glycerol, EG, PEG6K were also prepared in BRB80 as described above.  All 

the BRB80-osmolyte imaging solutions contained 5 mM ATP, 1 mM DTT, 2 mM trolox, 

1 mM MgCl2, 10 µM taxol, 0.5 mg mL-1 casein, 4.5 mg mL-1 D-glucose, 50 U mL-

1 glucose oxidase, 50 U mL-1 catalase.  

2.2. Purification, labelling of tubulin and preparation of MTs 

Tubulin was purified from fresh porcine brain using a high-concentration PIPES buffer (1 M 

PIPES, 20 mM EGTA, 10 mM MgCl2; pH adjusted to 6.8 using KOH) according to a previous 

report [28]. Atto550-labelled tubulin (RT) was prepared using Atto550 NHS ester (ATTO-TEC, 

Gmbh) according to a standard technique [29]. The labeling ratio of fluorescence dye to tubulin 

was ~1.0 as determined from absorbance of tubulin at 280 nm and fluorescence dye at 554 nm. 

MTs were prepared by polymerizing a mixture of RT and non-labelled tubulin (WT) (RT:WT 

= 1:1; final tubulin concentration = 40 µM). 4.0 µL of a mixture of RT and WT was mixed 

with 1 µL of GTP-premix (5 mM GTP, 20 mM MgCl2, 25% DMSO in BRB80) and incubated 
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at 37 °C for 30 min. After polymerization the MTs were stabilized using paclitaxel (50 μM 

paclitaxel in DMSO).   

2.3. Expression and purification of motor protein 

GFP-fused recombinant kinesin-1 construct consisting of the first 465 amino acid residue of 

human kinesin-1 (K465), an N-terminal histidine tag, and a C-terminal Avidin-tag was used to 

propel MTs in an in vitro motility assay. The expression and purification of the kinesins were 

done as described in a previously published report [30].  

2.4. In vitro motility assay 

A flowcell with dimensions of 9×2×0.1 mm3 (L×W×H) was assembled from two cover glasses 

(9×18) mm2 and (40×50) mm2 (MATSUNAMI) using a double-sided tape as a spacer. First, 

the flow cell was filled with 5 μL of 1 mg mL-1 streptavidin solution (Sigma-Aldrich, S4762) 

and incubated for 5 min. The flowcell was then washed with wash buffer (80 mM PIPES, 1 

mM EGTA, 1 mM MgCl2 and ∼0.5 mg mL-1 casein; pH 6.8). Next 5 μL of K465 solution (800 

nM) was introduced into the streptavidin coated flowcell. The flowcell was then incubated for 

5 min to allow the binding of kinesins to the glass surface through interaction with streptavidin. 

After washing the flowcell with 10 μL of wash buffer, 10 μL of MT solution (200 nM, 

paclitaxel stabilized GTP-MTs) was introduced and incubated for 5 min, which was followed 

by washing with 10 μL of wash buffer. Finally, motility of MTs was initiated by applying 5 μL 

of motility buffer containing 5 mM ATP. In case of the experiments where TMAO was used, 

5 μL of motility buffer containing 5 mM ATP and TMAO of prescribed concentrations was 

infused into the flowcell. The MTs were then monitored using a fluorescence microscope. The 

same method was used for other osmolytes tested. All the experiments using TMAO were 

performed at room temperature. The experiments in which various osmolytes were used at a 

concentration of 25% w/v (Supplementary Table-1) were performed at 20 °C. 
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2.5. Osmotic pressure and viscosity 

Osmotic pressure values for PEG1K, PEG6K, BSA and TMAO were determined based on 

published data [31-33]. Osmotic pressure for glycerol and EG were calculated by 𝜋𝜋 = 𝑀𝑀𝑀𝑀𝑀𝑀, 

where M is the molarity of the solution, R is the ideal gas constant, and T is the temperature in 

kelvin. Viscosity of osmolyte solutions were determined based on published data [34,35].   

2.6. Repeated On/Off switching of the motility of MTs  

Sequential inhibition (upon TMAO addition) and reactivation (upon TMAO wash out) of the 

motility of MTs was performed in a cyclic manner to test the ability to continuously switch the 

motility of MTs off and on. First motility of MTs was initiated by addition of motility buffer 

in the flowcell. The gliding MTs were monitored using an epi-fluorescence microscope. After 

15 min period of motility of MTs in the presence of ATP, 3000 mM TMAO in ATP buffer was 

infused into the flowcell and incubated for an additional 15 min. The stationary MTs were 

monitored using an epi-fluorescence microscope. The TMAO buffer in the flowcell was 

replaced with motility buffer and the gliding MTs were monitored. This cycle was repeated for 

an additional three times. All these experiments were performed at room temperature.   

2.7. Microscopy image capture and data analysis 

Samples were illuminated with a 100 W mercury lamp and visualized by epi-fluorescence 

microscope (Eclipse Ti; Nikon) equipped with an oil-coupled Plan Apo 60×1.40 objective 

(Nikon). A filter block with UV-cut specification (TRITC: EX540/25, DM565, BA606/55; 

Nikon) was used in the optical path of the microscope that allowed visualization of MTs 

eliminating the UV part of radiation and minimized the harmful effect of UV radiation on 

samples. Images were captured using a cooled CMOS camera (Neo CMOS; Andor) connected 

to a PC. To capture images of MTs for several minutes, ND4 filter (25% transmittance) were 

inserted into the illuminating light path of the fluorescence microscope to avoid photobleaching. 
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All movies and images captured by the epi-fluorescence microscope were analyzed using an 

image analysis software (ImageJ 1.46r).  
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3. Results and discussion 

3.1. TMAO-dependent suppression of motility of MTs 

In this work we control the functions of a biomolecular motor system, MT-kinesin utilizing 

TMAO. In vitro motility assay has been a useful technique to investigate various biophysical 

and chemo-mechanical aspects of biomolecular motor protein systems. We employed in vitro 

motility assay of MTs on kinesins to explore utility of TMAO in controlling the functions of 

the MTs-kinesin. The in vitro motility assay of MTs was demonstrated on a kinesin coated 

substrate as represented schematically in Figure 1a. In brief, the surface of the motility assay 

substrate was first coated with streptavidin. K465 was attached to the substrate through 

interaction with the streptavidin. MTs were adsorbed to the kinesin coated substrate and 

motility of the MTs was initiated by supplying ATP (motility buffer) in the flowcell as the fuel. 

All the MTs exhibited gliding motion (100%) with an average velocity of 0.30±0.02 µm/s upon 

addition of the fuel (Figure 1b). TMAO is a natural osmolyte which is found in many 

eukaryotes [36,37] and is known for its stabilizing effect on protein structures [38]. TMAO has 

also been reported to modulate functions of various proteins and enzymes but the effect of 

TMAO is not universal to all proteins [39-41]. Recently, TMAO has been shown to stabilize 

MT filaments for an extended time period through inhibition of their depolymerization [34]. 

Nonetheless, there has been no report unveiling the effect of TMAO on the functions of MT-

kinesin system. Therefore, it is intriguing to explore if TMAO has any effect on the functions 

of MTs and kinesins. TMAO of varying concentrations, ranging from 0 to 4000 mM, was 

employed in the motility assay by mixing with motility buffer in which the concentration of 

ATP was kept constant at 5 mM in each case. The effect of TMAO on the functions of MT-

kinesins could be observed from a typical example of the motility behavior of a single MT 

during the gradual increment of TMAO concentration in motility buffer (Figure 2a). 

Supplementary movie 1 also shows gradual change in motility of MTs monitored at a fixed 
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field of view upon step-by-step increment of the concentration of TMAO in the motility buffer. 

In the presence of 750 mM TMAO the MTs exhibited gliding motion with an average velocity 

of 0.16±0.02 µm/s, which was 0.28±0.01 µm/s in the absence of the TMAO. The gliding 

velocity of MTs decreased further to 0.055±0.001 µm/s when TMAO concentration was 

increased to 1750 mM. Figure 2b shows overall change in velocity of MTs when concentration 

of TMAO was varied over a wide range (0-4000 mM). At relatively high TMAO concentration, 

e.g. 2500 mM the MTs still exhibited motility although the average velocity became much 

smaller (0.005±0.001 µm/s). Upon further increase of the TMAO concentration to 3000 mM 

or more, all the MTs (100%) completely lost their motility and remained stationary on the 

motility assay substrate despite the availability of the fuel (5 mM ATP) in the motility assay 

buffer. These results reveal that TMAO suppresses the activity of MT-kinesins as the result of 

which the velocity of kinesin-driven MTs in the in vitro motility assay decreased gradually 

with increasing the concentration of TMAO (Figure 2b). Surprisingly, TMAO at a relatively 

high concentration (3000 or more) completely terminated the motility of MTs on kinesins even 

though the fuel (ATP) was available in the motility buffer. These results demonstrate that the 

motility of MTs in an in vitro motility assay can be regulated over a wide range and can be 

even turned off simply by tuning the concentration of TMAO without changing the 

concentration of fuel or other physicochemical parameters.  

3.2. Restoration of motility of MTs upon elimination of TMAO 

Reversible regulation of functions of MT-kinesin is highly desired because of the prospective 

applications of this biomolecular motor system in nanotechnology. Therefore, we investigated 

the feasibility of restoring the TMAO-inhibited motility of MTs.  Figure 3a shows motility 

behavior of a single gliding MT with time where the concentration of TMAO in motility assay 

buffer was gradually decreased from 1500 mM to 500 mM during the movement of the MT. 

Supplementary movie 2 also shows change in motility behavior of MTs upon decreasing the 
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concentration of TMAO gradually while the MTs were motile. As soon as the concentration of 

TMAO was decreased the MTs started to move with a higher velocity (Figure 3b). Sequential 

decrease in TMAO concentration and consequent increase in the velocity of MTs in the motility 

assay confirms that motility of MTs can be accelerated just simply eliminating the TMAO. 

This was also confirmed even using a concentration of TMAO higher than that used above 

(Figure 3). 1750 mM TMAO inhibited the motility of MTs and reduced their velocity from 

0.31±0.01 µm/s to 0.056±0.002  µm/s. Upon elimination of the TMAO the MTs were found to 

regain their original velocity (0.30±0.01 µm/s) confirming the reversible regulation of the MT 

motility (Supplementary Figure 1).  Collectively, based on the above results, it is evident that 

TMAO can be used to suppress MT motility and restoration of the motility can be realized 

upon elimination of TMAO. These results offer a simple means to reversibly regulate the 

motion of MTs in an in vitro motility assay.               

3.3. Repeatability of the reversible regulation of MT motility 

Next, we investigated whether the reversible regulation of the motility of MTs can be 

repeatedly demonstrated or not. We monitored behavior of motile MTs as a function of time in 

an in vitro motility assay in which the concentration of TMAO was repeatedly interchanged 

between 0 and 1000 mM. Figure 4a shows repeated change in the behavior of a motile MT as 

a function of time while the concentration of TMAO was repeatedly changed in the motility 

assay. The velocity of MTs was 0.28±0.01 µm/s in the absence of TMAO which decreased to 

0.17±0.01 µm/s in the presence of 1000 mM TMAO. Upon removal of the TMAO by washing 

the velocity of the MTs was restored to 0.27±0.01 µm/s which is almost same to that observed 

in the absence of TMAO. This inhibition-restoration of the motility of MTs was repeatable for 

at least three cycles, as shown in the Figure 4b. These results confirm that using TMAO the 

regulation of MT motility can be demonstrated in a repeated manner for multiple cycles.  
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3.4. Repeated On/off switching of the motility of MTs 

Finally, we sought to investigate whether the complete inhibition of the motility of MTs in the 

presence of high concentration of TMAO (≥3000 mM) is due to any permanent damage of 

MTs-kinesins caused by the TMAO or not. First, in an in vitro motility assay of MTs on 

kinesins we applied 3000 mM TMAO which rendered all the gliding MTs (100%) completely 

stationary (Figure 5a, 5b and 6a; Supplementary movie 3). We then replaced the TMAO in the 

flowcell by ATP buffer. Surprisingly, the MTs started gliding as soon as the TMAO in the 

flowcell was replaced by the ATP buffer (Figure 5c, Figure 6a and Supplementary movie 3). 

All the MTs (100%) resumed their motility with an average velocity of 0.27±0.02 µm/s, which 

is very close to that observed before termination of their motility by using TMAO 0.28±0.03 

µm/s. Reactivation of the motility of MTs upon removal of the TMAO indicates that complete 

inhibition of the motility of MTs by TMAO was not the result of any permanent change or 

damage in kinesins and MTs. These results demonstrate an ability to temporally regulate 

motility of MTs in which high concentration TMAO can readily switch off the motility and 

elimination of the TMAO can again turn on the motility of MTs. Collectively these results 

demonstrate a simple, quick and efficient method for complete regulation of functions of MTs 

and kinesins in an in vitro motility assay through on/off switching of their activity. We further 

examined the repeatability of the on/off switching of MT motility using TMAO. Repeated 

cycles of TMAO addition (3000 mM TMAO in motility buffer) followed by removal were used 

to test the cyclic switching of the MT motility. In each cycle, motility buffer containing 3000 

mM TMAO was infused into the flowcell and the kinesins and MTs remined inhibited for 15 

min. The flowcell was then filled with motility buffer without TMAO to remove the TMAO 

from the flowcell. The motility of MTs was successfully turned off and switched on for at least 

3 consecutive cycles upon addition and removal of TMAO respectively. All the MTs (100%) 

were deactivated and reactivated repeatedly within the cycles studied (Figure 6b).  The number 
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of MTs bound per field of view (237.6×281.6 µm2) was not noticeably changed by the cycling 

process (Figure 6c). Most importantly, no significant effect was also observed for the gliding 

velocity of MTs after each reactivation step within these three cycles (Figure 6d). Thus, the 

above experiments offer a simple, rapid and robust means  to switch the motility of MTs on 

and off over multiple cycles with 100% MTs being transported and stopped.    

In order to understand the mechanism behind inhibition of MT motility by TMAO, the ability 

of other osmolytes to induce similar effect was investigated using bovine serum albumin (BSA), 

glycerol, ethylene glycol (EG), polyethylene glycol1K (PEG1K, 1kDa molecular weight) and 

polyethylene glycol6K (PEG6K, 6kDa molecular weight). All the osmolytes were tested at a 

25% w/v concentration. Among these osmolytes, only PEG1K, PEG6K and TMAO completely 

stopped the motility of MTs. The gliding velocity of MTs was 106±20 nm/s, 158±19 nm/s, 

187±19 nm/s in the presence of BSA, glycerol, EG whereas that in the absence of the osmolytes 

was 313±35 nm/s. Although the velocity of MTs was decreased, BSA, glycerol, EG failed to 

completely inhibit the motility of MTs. Thus, we demonstrate that TMAO, as well as PEG, can 

completely inhibit the motility of MTs on kinesins in an in vitro gliding assay (Supplementary 

Figure 2). Collectively, all these observations could be accounted for by changes in the 

physicochemical properties of the solutions. Addition of osmolytes can change the viscosity, 

osmotic pressure, macromolecular crowding in solutions as shown in Supplementary Table-1. 

The motility of MTs on a kinesin coated substrate can be perturbed by changing the viscosity 

of the medium, although the extent of perturbation also depends on the kinesin density on the 

substrate [42]. However, in our work, any direct correlation between changes in the 

physicochemical properties of the solutions and inhibition/termination of MT motility is not 

obvious from the results. Both the TMAO and PEG are known for their kosmotropic behavior 

[43-46] i.e., promoting water structure and stabilizing proteins [47-49] and as discussed above 

both TMAO and PEG caused complete inhibition of the MT motility. Therefore, from the 
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above results it appears that the inhibition or termination of MT motility using TMAO might 

be correlated to a combination of the kosmotropic behavior and excluded volume/osmotic 

pressure effects associated with the osmolyte. TMAO is known for its stabilizing effects on 

proteins by virtue of these properties although the extent and consequence of stabilization 

varies depending on the proteins and enzymes [40,50]. With increasing concentrations of 

TMAO, proteins become more compact and their radius of gyration decrease [51]. As reported 

previously, excessive stabilization of heavy meromyosin structure by TMAO is linked to 

suppression of its enzymatic activity [52]. TMAO may have similar stabilizing effects on 

kinesins and consequently may cause inhibition of the ATPase activity of kinesins. The 

inhibition of the motility of MTs in the presence of TMAO reported in the present work might 

be associated to the inhibited activity of kinesins by TMAO. It is to note that, in case of PEG1K 

or PEG6K, the stopped motility of MTs was not resumed after washing of the flowcell as was 

done in case of TMAO. The reason is not clear at this moment for which further investigation 

is required in future. 

In the past a significant amount of work has been reported in literature that attempted to control 

the motility of kinesin driven MTs in the in vitro gliding assay. Regulation of velocity of MTs 

has been realized by tuning temperature, or physicochemical parameters [26,53], but 

reversibility was not achieved. On the other hand, on/off switching of activity of the 

biomolecular motors was realized by regulating the availability of fuel either by uncaging ATP 

[54] or by buffer exchange [55]. Reversible switching of MT motility was achieved by using a 

thermo-responsive polymer surfaces, but this method caused desorption of MTs from the assay 

substrate [56]. Also, application of high temperature was a prerequisite which may affect the 

kinesins through thermal damage. Other methods involved engineering chemically regulated 

sites in kinesins [24] or oxidation/reduction of disulfide bonds in neck-linker region of 

engineered kinesins [57]. However, in these methods motility properties of kinesins were 
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affected by the engineering in the kinesins. Introduction of an allosteric-zinc binding site in 

F1-ATPase was successful in controlling this motor without impacting its activity [23]. 

Reversible inhibition of motor activity was demonstrated through sequential addition and 

chelation of Zn2p [58]. Such a binding on/off switch was effective in controlling activity of 

mutant kinesins, but the MT-binding affinity was greatly affected by the introduction of the 

zinc switch. Azobenzene-based photo-switches facilitated efficient photo-regulation of the 

biomolecular motors [25] but the gliding velocity of MTs could not be completely terminated 

in some instances. The present work for the first time introduces a method of utilization of a 

natural osmolyte which not only facilitates regulation of velocity of MTs but also permits 

complete on/off switching of the activity of MT-kinesins in a repeatable manner simply by 

tuning the concentration of TMAO. From the results of motility assay at different TMAO 

concentrations we noticed no adverse effect of TMAO on the binding between kinesins and 

MTs even in the ‘off state’ of the motility assay. Moreover, our method does not require 

regulation of fuel concentration or other physico-chemical parameters which probably will be 

advantageous for operation of bio-nanodevices with a range of different proteins in a 

combination and ATP-dependent processes for biosensing or fundamental biophysical studies.  

 

4. Conclusions 

In conclusion, we have described a new approach for regulating the motility of a nano-

biomolecular machine MT-kinesin in vitro using a natural osmolyte TMAO. We are able to 

reversibly regulate the motility of MTs on kinesins using TMAO in a concentration dependent 

manner. Moreover, we have successfully demonstrated turning off and switching on the 

motility of the MTs in a repeated manner through cyclic application and removal of TMAO at 

relatively high concentration. This work offers a simple, rapid and robust method that enables 

repeated and reversible temporal regulation of the functions of kinesins/MTs without relying 
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on the regulation of concentration of fuel, cofactor composition or related physicochemical 

parameters. In this study, utilization of TMAO and tuning of its concentration for regulating 

activity of MTs-kinesins was demonstrated manually by exchanging buffer. A combination of 

this method with technology to precisely control the position of application of TMAO e.g., 

microfluidics, should enable both the spatial and temporal control over the activity of MT-

kinesins. Nowadays biomolecular motors have been finding applications as actuators as well 

as sensors in integrated nanodevices, molecular robotics, etc. [22,59-60]. Therefore, such an 

ability to control activity of biomolecular motors at the molecular level as demonstrated in this 

work will greatly contribute to widen the applications of biomolecular motors in 

nanotechnology. At the same time, this work will motivate further exploration on the role of 

TMAO and other natural osmolytes in regulating the functions of biomolecular motors and 

other proteins in living organisms [40,61-62].  
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Figure 1: (a) Schematic illustration of an in vitro motility assay of MTs on a kinesin-coated 

substrate. (b) Time lapse fluorescence microscopy images show motility of MTs on the kinesin-

coated substrate in the in vitro motility assay. The white arrowheads indicate position of the 

leading end of a gliding MT. The black arrowheads indicate original position of the leading 

end of the MT. Scale bar: 10 µm.  
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Figure 2: Suppression of motility of kinesin-driven MTs in an in vitro motility assay using 

TMAO. (a) Behavior of a single MT upon sequentially increasing the concentration of TMAO 

in the motility assay buffer. Plotted is the travelled distance of one MT as a function of time. 

The travelled distance was determined by manually tracking the trailing end of the MT. The 

arrowheads indicate starting point where motility behavior of the MT was changed due to the 

change in concentration of TMAO in the motility assay buffer. The upper panel shows the 

corresponding concentration of TMAO in the motility assay. (b) Change in average gliding 

velocity of MTs upon increasing the concentration of TMAO in motility assay buffer. The 

velocity of MTs gradually decreased upon increasing TMAO concentration and motility was 

completely halted at relatively high TMAO concentration (3000 mM). Further increase in 

TMAO concentration to 4000 mM brought no change for the stationary MTs. Statistical 

analysis according to Student’s t-test confirmed significant difference, indicated by ****, 

among the velocities of MTs at different conditions (P<0.0001). Inset shows the chemical 

structure of TMAO. Error bars: standard deviation.  
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Figure 3: Acceleration of motility of kinesin-driven MTs in an in vitro motility assay upon 

decreasing the concentration of TMAO in the motility assay buffer. (a) Behavior of a single 

MT upon sequentially decreasing the concentration of TMAO in the motility assay buffer. 

Plotted is the travelled distance of one MT as a function of time. The travelled distance was 

determined by manually tracking the trailing end of the MT. The arrowheads indicate starting 

point where motility behavior of the MT was changed due to the change in concentration of 

TMAO in the motility assay buffer. The upper panel shows corresponding concentration of 

TMAO in the motility assay. (b) Change in average velocity of MTs at different time ranges 

due to the decrease in concentration of TMAO in the motility assay buffer. The time ranges 0-

620 s, 640-1300 s, and 1320-1800 s correspond to the presence of 1500, 750 and 500 mM 

TMAO in the motility assay respectively. The velocity of MTs gradually increased upon 

decreasing TMAO concentration. Statistical analysis according to Student’s t-test confirmed 

significant difference, indicated by ****, among the velocities of MTs at three different 

conditions (P<0.0001). Error bars: standard deviation.      
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Figure 4: Repeated change in motility of kinesin-driven MTs in an in vitro motility assay upon 

cyclically changing the concentration of TMAO. (a) Motility behavior of a single MT upon 

sequentially changing the concentration of TMAO in the motility assay buffer between 0 and 

1000 mM. Plotted is the travelled distance of one MT as a function of time. The travelled 

distance was determined by manually tracking the trailing end of the MT. The arrowheads 

indicate starting point where motility behavior of the MT was changed due to the change in 

concentration of TMAO in the motility assay buffer. The upper panel shows corresponding 

concentration of TMAO in the motility assay. (b) Change in average velocity of MTs upon 

cyclically changing the concentration of TMAO in the motility assay buffer between 0 and 

1000 mM. Statistical analysis according to Student’s t-test confirmed significant difference, 

indicated by ****, among the velocities of MTs at different conditions (P<0.0001). Error bars: 

standard deviation. 

 

 

 

 

a) b) 

0.0

0.1

0.2

0.3

0.4

Ve
lo

ci
ty

 o
f M

Ts
 (µ

m
/s

)

Concentration of TMAO (mM)
0 1000 0 1000 0 1000 0

****
****



27 
 

Figure 5: Time-lapse fluorescence microscopy images showing on/off switching of the 

motility of MTs using TMAO (3M). The MTs were motile in the absence of TMAO (ON state). 

Motility of the MTs was completely halted (OFF state) in presence of TMAO (3000 mM) 

despite the presence of ATP in the motility assay buffer. The motility of MTs was restored 

upon removal of the TMAO (ON state). The white arrowheads in ‘a’ indicate position of the 

leading end of a gliding MT. In ‘b’, the white arrowheads indicate the same end of that MT 

which was gliding in ‘a’ but stationary in ‘b’. In ‘c’, the white arrowheads indicate the trailing 

end of a gliding MT. The black arrowheads indicate original position of the leading end and 

trailing end of a MT in ‘a’ and ‘c’ respectively. Scale bar: 10 µm.  
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Figure 6: On/off switching of the motility of MTs using TMAO (3 M). (a) Motility behavior 

of a single MT in the absence and in the presence of 3 M TMAO. Plotted is the travelled 

distance of one MT as a function of time. The travelled distance was determined by manually 

tracking the trailing end of the MT. The arrowheads indicate starting point where motility 

behavior of the MT was changed due to the change in concentration of TMAO in the motility 

assay buffer. The upper panel shows corresponding concentration of TMAO in the motility 

assay. (b) Change in percentage of MTs moving, (c) average number of MTs per field of view, 

and (d) velocity of MTs upon changing the concentration of TMAO cyclically between 0 and 

3 M. Here, ‘Off’ and ‘On’ refer to presence of 3M TMAO and absence of TMAO in the motility 

assay that resulted in ‘stationary’ and ‘mobile’ state of MTs respectively. Error bars: standard 

deviation.  
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