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A B S T R A C T   

Motor proteins, such as myosin and kinesin, are biological molecular motors involved in force generation and 
intracellular transport in living cells. They were proposed to drive molecular shuttles for the active transport of 
analytes, thus significantly accelerating the sensing process of biosensors. Integrating motor proteins into bio
sensors requires their immobilisation on the operating surfaces. However, this process makes some motor pro
teins defective, slowing analyte detection. Here, we investigated the movements of molecular shuttles on surfaces 
in the presence of active and defective motors using a Brownian dynamics simulation, and elucidated the effects 
of defective motor proteins on the transport efficiency of the shuttles. We found that the motility of shuttles 
depends on the fraction of active motors relative to defective ones and that over 90% of the surface-bound motor 
proteins must remain active for efficient transport. The high fraction of active motors required for efficient 
transport can be attributed to the difference in the binding lifetimes of active and defective motors to shuttles. 
These results provide insights into how motors accumulate on sensor surfaces and set a guideline for the choice of 
polymer materials for biosensors powered by motor proteins.   

1. Introduction 

Motor proteins, such as those in the myosin and kinesin families with 
typical sizes of several tens of nanometres, are biological molecular 
motors involved in force generation and intracellular transport in living 
cells (Vale and Milligan, 2000). Because they convert chemical energy 
stored in adenosine triphosphate (ATP) into kinetic energy with high 
efficiency and are inherently compatible with other biomolecules, motor 
proteins are interesting dynamic nanomachines that do not require 
external devices such as pumps (Agarwal and Hess, 2010; Bachand et al., 
2009, 2014; Bakewell and Nicolau, 2007; Goel and Vogel, 2008; Korten 
et al., 2010; Månsson, 2012; Saper and Hess, 2020). Among the devices 
proposed to use motor proteins, biosensors are arguably the most 
promising (Fischer et al., 2009; Lard et al., 2013; Lin et al., 2008), as the 
active transport of analytes by motor proteins could overcome the mass 
transport limitation (Katira and Hess, 2010; Nitta and Hess, 2013; 
Sheehan and Whitman, 2005; Soleymani and Li, 2017), which is a sig
nificant bottleneck in conventional biosensors. 

A typical implementation of biosensors powered by motor proteins 
consists of analyte-loading molecular shuttles propelled by motor 

proteins (Hess, 2011; Korten et al., 2010), moving along predefined 
tracks toward a detection area (Hess et al., 2001; Hiratsuka et al., 2001). 
A significant benefit of using myosin, or its proteolytic fragment, heavy 
meromyosin (HMM), is its higher transport speed than kinesin (Mån
sson, 2012; Reuther et al., 2021). Consequently, once the tracks for 
molecular shuttles are appropriately designed (Nitta et al., 2008; 
Sunagawa et al., 2013), the detection time of biosensors powered by the 
HMM is inherently significantly shorter (Nitta and Hess, 2013). 

When the HMM is immobilised on the working surface of the bio
sensors, some of these proteins denature and cannot hydrolyse ATP. 
These defective HMM molecules, termed rigor heads, can bind to actin 
filaments. However, they cannot translate them, thus inhibiting the 
movement of actin filaments. Beyond a certain threshold, defective 
HMMs will lower the performance of biosensors powered by motor 
proteins (Lard et al., 2013), because of the lower gliding speed of actin 
filaments or outright halting of the movement. Despite the importance of 
surface-induced modulation of the bioactivity of motor proteins, 
experimental difficulties have hampered systematic investigations on 
the effects of defective HMMs. We adapted previously reported Brow
nian dynamics simulations (Ishigure and Nitta, 2014, 2015) and studied 
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the effects of the defective HMMs on the transport efficiency of the 
shuttles and compared the simulation results with an experimental study 
reporting the total number of HMMs on various surfaces and the HMM 
bioactivity (Hanson et al., 2017). The advantage of using computer 
simulation is that it allows the precise control of the number of defective 
HMMs and provides information on which HMM binds to the actin fil
aments and generates force using well-established constitutive equa
tions and parameters. 

2. Methods 

Fig. 1 schematically presents the simulation method used for repro
ducing the movement of actin filaments gliding over flat surfaces 
covered with active and defective HMMs. The actin filaments were 
modeled as inextensible semiflexible bead-rod polymers with a flexural 
rigidity of EI = 0.073 pN⋅μm2 (Gittes et al., 1993). The default length of 
the filament was set to 3 μm. Because transport speed was our primary 
focus, no breakage of actin filaments was assumed. Active and defective 
HMMs were placed on substrates in the ratio (rsubstrate): 

rsubstrate =
[active HMM]

[active HMM] + [defective HMM]
(1) 

The active and defective HMMs were modeled as linear springs 
which could bind to actin filaments. The active HMMs can undergo ATP 
hydrolysis cycles described with a four-state model (Walcott et al., 
2012), thus propelling actin filaments. The defective HMMs remain 
bound to actin filaments until tension builds up and reaches the 
threshold of the detachment force of 9.2 pN (Nishizaka et al., 1995), thus 
impeding translocation of actin filaments. More detailed descriptions of 
the simulation method are provided in the Supplementary Information. 

3. Results and discussion 

3.1. Trajectories of actin filaments gliding over active and defective 
motors 

The impact of defective HMMs on the gliding speed of actin filaments 
was investigated by simulating motility while systematically changing 
rsubstrate. Fig. 2a shows the results of representative movements of actin 
filaments for a duration of 5 s on surfaces presenting various rsubstrate. At 
low rsubstrate, actin filaments had virtually no translation (Fig. 2a, rsubstrate 
= 0.70). At a high rsubstrate, the actin filaments moved continuously 
(Fig. 2a, rsubstrate = 0.98). At a threshold of rsubstrate of 0.94, actin filaments 
showed undulating motions, similar to those observed experimentally 
(Bourdieu et al., 1995). Representative trajectories of the leading tips of 
actin filaments gliding over surfaces covered with active and defective 
HMMs are shown in Supplementary Information Fig. S1. 

3.2. Gliding speeds of actin filaments over active and defective motors 

To quantify the effects of defective HMMs, the gliding speed of actin 
filaments was recorded as a function of rsubstrate (Fig. 2b and Supple
mentary Information Fig. S2). The actin filaments were unable to move 
or glide very slowly until rsubstrate of approximately 0.9 was reached, 
showing that the denaturation of 10% of the HMMs immobilised on the 
working surfaces of the biosensors halted the transport. Above this 
threshold, the gliding speed of the actin filaments showed a linear in
crease. Interestingly, the gliding speed of actin filaments on HMM- 
functionalised surfaces was more sensitive to the concentration of 
defective HMMs than that presented by microtubules moving over 
kinesin-functionalised surfaces (Scharrel et al., 2014). 

This analysis suggests that, while the biosensors integrated with the 
HMMs in their operation offer advantages regarding the speed of analyte 
detection, resilient sensitivity of the gliding speed of the molecular 
shuttles to the density of defective HMMs requires considerable atten
tion. Indeed, for the HMM-based motility assays, the imperativeness for 
minimisation of the density of defective HMMs has been addressed: (i) at 
the pre-fabrication stage, e.g., using appropriate storing of motor pro
teins (Albet-Torres and Månsson, 2011); (ii) at the fabrication stage, i.e., 
via the selection of surfaces that maximise the adsorption of motor 
proteins, but also those that preserve their bioactivity (Hanson et al., 
2017; Nicolau et al., 2007); (iii) at the pre-operation stage, e.g., via the 
blockage of the defective HMM by ‘sacrificial’ actin filaments (Rahman 
et al., 2018), a procedure not used for kinesin-based motility assays; and 
finally (iv) during operation, by avoiding or removing chemical species 
known to deactivate HMMs, e.g., reactive oxygen (Harada et al., 1990), 
or by altering the function of HMMs (Diensthuber et al., 2011); or 
conversely by using chemical species that ‘reactivate’ the HMMs 
(Diensthuber et al., 2011). 

3.3. The number of binding motors 

The mechanism of the onset of gliding movement was revealed by 
investigating the binding of active and defective HMMs. During the 
onset of gliding movements, the number of binding active and defective 
HMMs fluctuated around their average due to repeated binding to and 
detachment from the actin filaments (Supplementary Information 
Fig. S3). The time-averaged number of defective binding HMMs 
decreased monotonically with an increase in rsubstrate. Whereas the time- 
averaged number of binding active HMMs remained high until around 
the value of rsubstrate that induced the onset of gliding movements of actin 
filaments, and it dropped at higher active HMM ratios (Fig. 2c). 

To understand the differences in the population of HMMs binding to 
actin filaments, we defined the ratio of binding active HMMs as 

rbinding =
nbinding,active

nbinding,active + nbinding,defective
, (2) 

Fig. 1. (a) Schematic of molecular shuttles based on actin filaments gliding 
over a surface with active (green) and defective (blue) HMMs. The active HMMs 
(green) facilitate the forward movement, while the defective HMMs (blue) act 
as effective friction. (b) Schematic representation of the simulation method. An 
actin filament was represented as a bead-rod polymer. Active and defective 
HMMs were represented as linear springs. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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where nbinding,active and nbinding,defective are the numbers of active and 
defective HMMs binding to actin filaments, respectively. rbinding was 
found to be smaller than rsubstrate (Fig. 2d). For example, although 80% of 
the HMMs were active on substrates, only about 40% of binding HMMs 
propelled actin filaments. This discrepancy between rsubstrate and rbinding 

indicates that high rsubstrate values are required to overcome the imped
ance generated by defective HMMs, which explains the particularly 
narrow range for the values of rsubstrate that supports the continuous 
movement of actin filaments. Based on this observation, a possible way 
to reduce the minimum value of rsubstrate required for the continuous 
movements of actin filaments is to reduce the detachment force of 
HMMs. 

The discrepancy between rbinding and rsubstrate was caused by a differ
ence in the binding lifetimes of active and defective HMMs against 
rsubstrate (Fig. 2e). The binding lifetime of active HMMs remained rela
tively constant at approximately 0.011 s until rsubstrate was approximately 
0.9, and then dropped to approximately 0.002 s. The prolonged binding 
lifetime at low rsubstrate was due to the slowing down of ADP release 
caused by the impedance from defective HMMs, as explained in the 
Supplementary Information, equation (S1). The decreasing number of 
binding active HMMs (Fig. 2c) resulted from the decrease in the binding 
lifetime (Fig. 2e, left), which dominated the increasing number of active 
HMMs on the substrate. 

The binding lifetime of defective HMMs monotonically decreased 
with an increase in rsubstrate, because of the increase in the gliding speed 
of actin filaments, as it took a shorter time for the defective HMMs to be 
stretched to Fdetach/k, where the detachment occurred. The decrease in 
the number of defective binding HMMs with an increase in rsubstrate 
resulted from a combined effect of the decrease in the number of 
defective HMMs on substrates and the binding lifetime (Fig. 2e, right). 

3.4. Surface density of HMMs on polymer substrates 

While our simulation study showed that 90% of the HMMs must be 
active to support sustainable movements of actin filaments, an experi
mental study (Hanson et al., 2017), which measured the total and active 
number of HMMs on various polymeric surfaces, reported that 10–70% of 
the active HMMs were sufficient to sustain a continuous movement of 
actin filaments. This discrepancy is discussed here. Discrepancies in 
speed and number of HMM molecules are discussed in Supplementary 
Information. 

In motility assay experiments with HMM immobilised on polymers, 
the adsorbing ‘surface’ has a complex structure in the depth direction 
(presented schematically in Fig. 3). Quartz crystal microbalance mea
surements showed that the total number of adsorbed HMM molecules 
ranged, depending on the properties of the adsorbing polymeric surface, 
between approximately 4300 to 12,000 μm− 2 (Hanson et al., 2017). 
Accounting for the dimensions of a myosin head domain (16.5 × 6.5 ×
4.5 nm) (Lodish et al., 2016) and HMM step size (5–10 nm), such high 
densities of adsorbed HMMs are possible only in the form of multiple 
layers on substrates, with some of them embedded into polymer layers 
(Fig. 3, right). On the one hand, the HMM molecules cannot reach the 
rigid, bottom polymeric surface, as an elastomeric layer shields this. On 
the other hand, the large uptake of water at the top of a moderately 
hydrophobic polymer, for example, nitrocellulose, of up to 90%, creates 
a penetrable gel sheet, thus allowing HMM molecules to ‘dissolve’ in this 
layer. However, it is also likely that HMMs experience frequent steric 
interactions with the brush-like polymeric chains in the gel layer. 
Finally, the HMM molecules which are free of the entanglement of the 
loose polymeric chains, as well as away from hydrophobic polymeric 
regions, will exhibit a higher active HMM ratio than that suggested by 
the quartz microbalance measurements, which account for all the HMM 
molecules regardless of their position in the polymeric multi-layered 
material. 

Fig. 2. Simulation results. (a) Snapshots of actin filaments on HMM-covered surfaces with various rsubstrate. Green and blue dots represent active and defective HMMs, 
respectively. (b) The gliding speed of actin filaments on surfaces with various rsubstrate. The HMM density was 3000 μm− 2. ATP concentration was 2000 μM. The length 
of the actin filament was 3 μm. (c) The average numbers of binding active (green) and defective (blue) HMMs as a function of rsubstrate. (d) rbinding as a function of 
rsubstrate. (e) The average life binding lifetimes of active (left) and defective (right) HMMs. Below rsubstrate of 0.92, the binding lifetime of defective motor exceeded the 
simulated time of 5 s. Error bars represent standard deviations of the data in (b, c, d, e). The large error bars in (e) result from the distributions of lifetimes shown in 
Supplementary Information Fig. S4. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Despite these complexities in the experiments, the simulation 
focused on the immobilised HMMs present in a single layer on the 
geometrically flat top surface (Fig. 3), accessible to actin filaments. 
Thus, the discrepancy between our simulation and the experiment can 
be explained by the HMM distribution into the depth of the polymer 
layers. For continuous transport, 90% of the HMMs in the top layer, and 
not in the whole layers, should be active. 

Various surface-binding methods for kinesin motors via their engi
neered modification have been developed (Inoue et al., 2019) (Lam 
et al., 2018) (Romet-Lemonne et al., 2005) (Yu et al., 2005) and used for 
controlled immobilisation. However, because HMM-specific binding 
methods are rare, for example, the HMM-based antibodies (Winkelmann 
et al., 1995), surface binding of the HMMs relies in most cases on the 
non-specific adsorption of HMMs onto substrate materials. This is pre
sumably because HMMs are usually extracted from muscle tissues. In 
contrast, kinesins are expressed in Escherichia coli, so engineered kine
sins are relatively available. 

These findings provide insight into the appropriate selection of the 
surfaces of biosensors employing HMMs for propelling actin filaments 
operating as molecular shuttles. Avoiding hydrophobic materials, which 
inherently induce the advanced denaturation of HMMs, is a necessary 
but insufficient condition for the effective operation of biosensors 
powered by HMMs (Nicolau et al., 2007). An additional and critical 
condition is the presence of a top gel polymeric layer, which gradually 
liberates HMMs from polymeric chain entanglements because of the 
large size and non-globular shape of HMM, thus securing the highly 
active HMM ratio at the interface with the buffer containing actin fila
ments. Examples of polymers that fulfill these requirements, i.e., 
reduced hydrophobicity and considerable water uptake in the top layer, 
are nitrocellulose, PMMA, and polystyrene, in that order (Hanson et al., 
2017). 

4. Conclusions 

We investigated the effects of defective HMMs on the translocation of 
actin filaments, which act as molecular shuttles in biosensors powered 
by HMMs. We found that the motility of actin filaments was very sen
sitive to defective HMMs on the surface of biosensors. More specifically, 
more than 90% of surface-bound HMMs must remain active to achieve 
continuous transportation of actin filaments. We showed that this crit
ical fraction for the onset of the gliding movement of actin filaments 
could be elucidated by the difference in binding lifetimes of active and 

defective HMMs. Given the values of the parameters of the mechano
chemical cycle and the binding kinetics of HMMs, the fraction of active 
HMM was the critical factor determining whether actin filaments were 
motile. These findings provide fundamental insight into the appropriate 
selection of surface materials for biosensors employing HMMs for pro
pelling actin filaments operating as molecular shuttles. 
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