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The stepping dynamics of cytoskeletal motor proteins determines the dynamics of
cargo transport. In its native cellular environment, a molecular motor is subject to
forces from several sources including thermal forces and forces ensuing from the
interaction with other motors bound to the same cargo. Understanding how the
individual motors respond to these forces can allow us to predict how they move
their cargo when part of a team. Here, using simulation, we show that details of
how the kinesin motor responds to small assisting forces–which, at the moment,
are not experimentally constrained-can lead to significant changes in cargo
dynamics. Using different models of the force-dependent detachment
probability of the kinesin motor leads to different predictions on the run-
length of the cargo they carry. These differences emerge from the thermal
forces acting on the cargo and transmitted to the motor through the motor
tail that tethers the motor head to the microtubule. We show that these
differences appear for cargo carried by individual motors or motor teams, and
use our findings to propose the use of thermal forces as a probe of kinesin’s
response to force in this otherwise inaccessible force regime.
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1 Introduction

Long distance transport within eukaryotic cells is crucial for cell maintenance and
survival. Cargo, vesicles and organelles, are carried bymolecular motors which step along the
actin and microtubule cytoskeletal filaments, with the latter being responsible for long range
transport. Along microtubules, which have distinct ends, the dynein motor walks toward the
minus-end, while motors in the kinesin family are responsible for transport in the plus-end
direction. Kinesin-1 (henceforth referred to as kinesin) has been extensively studied in vitro
and at the single-molecule level, providing precise measurements of many of its properties.
Kinesin is processive and moves in 8.2 nm steps, commensurate with the underlying
microtubule structure (Howard et al., 1989; Svoboda et al., 1993). Kinesin hydrolyzes
ATP to power its stepping, and at saturating ATP concentrations it moves at speeds of
around 1 μm/s, and slows down with hindering forces up to a stall at around 5 pN (Svoboda
and Block, 1994; Block, 2007). Kinesin’s mechanochemical cycle leads to a finite probability
of detachment from the microtubule at each step resulting in an average run-length of
around one hundred steps (~900 nm). The motor’s detachment probability is dependent on
the magnitude and direction of the force it is subjected to, leading to an exponential decrease
of run-length with hindering force and a precipitous drop in run-length with assisting forces
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as small as 2 pN (Milic et al., 2014; Andreasson et al., 2015). The
response of the motor to assisting forces below 2 pN has not been
reported.

In cells, teams of kinesin motors bind to and move individual
cargos (Welte et al., 1998; Shubeita et al., 2008; Hendricks et al.,
2012; Leidel et al., 2012; Rai et al., 2013). Experimental efforts to
understand the dynamics of motor teams in vivo and, with
increasing levels of complexity, in vitro have unraveled important
questions relevant to cellular transport (Gross et al., 2002; Mallik
et al., 2005; Martinez et al., 2007; Vershinin et al., 2007; Shubeita
et al., 2008; Derr et al., 2012; Hendricks et al., 2012; Jamison et al.,
2012; Leidel et al., 2012; Xu et al., 2012; Blehm et al., 2013; Rai et al.,
2013; Arpag et al., 2014; Bergman et al., 2018; Arpag et al., 2019;
Tjioe et al., 2019; Li et al., 2023). However, given the limitation of
what is experimentally feasible, simulations and models have also
contributed to understanding cargo dynamics in various geometries
and under various conditions (Kunwar et al., 2008; Korn et al., 2009;
Kunwar and Mogilner, 2010; Kunwar et al., 2011; Arpag et al., 2014;
McLaughlin et al., 2016; Arpag et al., 2019; Jiang et al., 2019; Khataee
and Howard, 2019; Ohashi et al., 2019; Wilson et al., 2019; Bovyn
et al., 2021; Yadav and Kunwar, 2022). Simulating cargo transport
has been possible thanks to the great level of detail with which the
biochemical and mechanochemical properties of single kinesin
motors have been measured. However, as with every complex
system, the outcome of the simulation can depend considerably
on the details of the model. The ensuing variability is not just an in
silico artifact, as attempts to mimic the cellular transport by multiple
motors in vitro have produced diverse outcomes determined by
what motor variant is used, the cargo geometry, and how the motors
are linked to the cargoes.

With kinesin being a mechanoenzyme whose enzymatic cycle
is modulated by external forces, thermal forces acting on the
cargo and forces developing as members of a cargo-bound motor
team interact can result in emergent responses of these motors.
These forces are transduced to the motors through their long tail
domains and neck linkers and, therefore, the stiffness of these
domains that tether the microtubule-bound motor head to the
cargo can play an important role in determining cargo dynamics.
In this work, we use simulation to study the effect of the tether
stiffness on the dynamics of cargo driven by single kinesin
motors. We find that changing the details of the force
response of the motor in the force regime not yet accessible to
experiment can produce distinct cargo dynamics even in this
seemingly simple system. These effects carry over in systems of
multiple motors. With the different models leading to distinct
dynamics under the influence of thermal forces alone, we propose
a mechanism for using thermal forces to experimentally
constrain models of kinesin’s response to force.

2 Results

2.1 The run-length of a single motor
increases with tether stiffness

We have designed a stochastic simulation of a single kinesin-1
hauling a 0.5 µm cargo, incorporating the known properties of the
motor (see Methods for details). The response of the kinesin motor

to assisting and hindering forces has been mapped out with great
detail underscoring its asymmetric response to forces in the
opposing directions. Kinesin-1 slows down when hindered, but
its speed does not change when subject to an assisting force
(Andreasson et al., 2015). Similarly, its run-length, the average
distance it travels before falling off the microtubule, drops
gradually with increasing hindering force but drops precipitously
with a slight assisting force (Milic et al., 2014). We therefore
modeled the run-length as two piecewise exponential drops as a
function of force.

The simulation corresponds to unloaded bead motility assays
where no external force is applied. The trajectories produced by
the simulation reproduce the expected distribution of velocities
and run-lengths (Figures 1A–C). Because the kinesin tether,
which is comprised of the tail and neck linker, mechanically
couples the cargo to the biochemically-active kinesin head, we
surmised that its stiffness might have an effect on the motor’s
run-length. We therefore varied the stiffness from 3% of its
reported value in full-length kinesin (Jeney et al., 2004) to
10 times its reported value. Surprisingly, we find that the run-
length increases by around 400 nm over this range of stiffness
(Figure 1D).

2.2 The sensitivity of the run-length to tether
stiffness depends on the details of motor
detachment probability

Since external forces are the only factor that can affect a
motor’s run-length in the simulation, the increase in run-length
with the kinesin tether stiffness (Figure 1D) implies that the
average force experienced by the motor changes with the
stiffness. Viscous drag forces acting on the cargo, which are in
turn transmitted to the motor through the elastic tether, cannot
be responsible for this dependence of run-length on stiffness
since the velocity distribution is the same for all tether stiffnesses
(Figure 1B). Thermal forces jiggling the cargo around are the only
other source of force and act randomly, resulting in both
hindering and assisting forces. With thermal forces acting on
the cargo and stretching the tether, a stiffer tether transmits a
larger force when stretched, yet a limper tether has a larger
probability of transmitting a force larger than zero (Wilson et al.,
2019) (Figure 2), resulting in more frequent motor detachment
and a smaller average run-length, as seen in Figure 1.

The distribution of forces in Figure 2 shows that for tether
stiffnesses smaller than 0.32 pN/nm, the forces experienced by
the motor are predominantly smaller than 2 pN. This suggests
that for such small net forces the shape of kinesin’s response
matters. However, assisting forces smaller than 2 pN are precisely
those not accessible to experiment (Milic et al., 2014)! To cover
this experimental gap, we extrapolated the exponential fit of the
run-length response to assisting forces as reported by Milic et al.
This results in a discontinuity in the response at zero force
(Figures 3A,B), which is unlikely a good model of kinesin’s
real response. Previously, Wilson et al. bridged the force
response by linearly extrapolating kinesin’s detachment rate in
the force range inaccessible to experiment (Wilson et al., 2019).
This resolves the discontinuity at zero force and, therefore, it is a
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better model of kinesin’s response (Figures 3A,B). They showed
that the linear extrapolation resulted in a run-length response
that is insensitive to tether stiffness, and it was explained by the
near-perfect compensation of the increased load exerted by stiffer
tethers, which tend to shorten run-length, and the reduced
likelihood of stiffer tethers to exert a non-zero force. As
shown in Figure 2C, implementing this model in our
simulation results in a similar flat response, despite some
differences in the details of the simulation implementation
(see methods). This linear extrapolation, however, is still
unlikely a good model of kinesin’s response since it is not
smooth at 2 pN and, importantly, may also underestimate the
detachment probability of the motor in this small assisting force
regime. Given the marked difference in run-length response
between the discontinuous and linear extrapolations, we
implemented a smoother exponential extrapolation of the
motor detachment probability between 0 pN and the first
reported measurement at 2 pN (Figures 3A,B). This
detachment probability resulted in a weak but significant
increase in the run-length with tether stiffness (Figure 3C).
Over the range of stiffnesses explored, the run-length
increased by around 100 nm.

2.3 The run-length, but not the velocity, of
cargo carried by two motors is sensitive to
the detachment model

We next investigated the response of cargoes carried by two
kinesin-1 motors. Multiple motors bind to the same cargo in living
cells (Shubeita et al., 2008; Hendricks et al., 2012; Leidel et al., 2012;
Shubeita and Gross, 2012; Blehm et al., 2013; Rai et al., 2013), and
when part of a team, the stochastic stepping of each motor results in
the distance between the motors fluctuating. There will therefore be
instances when the motors exert forces on each other, with the leading
and lagging motors experiencing hindering and assisting loads,
respectively (Nettesheim et al., 2020). These loads will act in
addition to thermal forces, which were alone sufficient to reveal
the differences in the individual motor sensitivity to force. We
simulated a system of two motors attached to the bead using the
three aforementioned detachment models and a range of tether
stiffnesses. Each simulation terminated when both motors were
detached from the microtubule at the same time, ending the run.
The run-length of these trajectories can be significantly longer than
that of single motor trajectories since when one motor detaches the
other still holds the bead close to the microtubule allowing the

FIGURE 1
(A) A random sample of 105 simulated trajectories of beads carried by a single kinesin-1 motor. The simulation accounts for thermal forces and
Stokes’ drag on the bead but no additional external forces are applied. (B) The run-length versus runtime for trajectories simulated with different
stiffnesses of the kinesin-1 motor tether that links it to the bead. The distribution of velocities and its mean value are not altered by the tether stiffness. (C)
Cumulative distribution of run-lengths of bead trajectories simulated using the measured value of kinesin’s tether stiffness (0.32 pN/nm). The fit to
the underlying exponential distribution gives an average run-length of 870 nm. (D) The average run-length vs. tether stiffness.
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detached motor to rebind (Nettesheim et al., 2020; Wilson et al.,
2021). We find that both motors are bound to the microtubule
simultaneously more than 74% of the time for all models and all
tether stiffnesses (Figure 4C). Nevertheless, the run-length sensitivity
to the tether stiffness is different for the different detachment models
used (Figure 4A). Similar to the singlemotor, the discontinuousmodel
results in a large sensitivity of the run-length on the tether stiffness.
The linear extrapolation model and the exponential extrapolation
model are less sensitive, with around a 5% change in run-length over
two orders of magnitude of stiffness.

With the two motors exerting forces on each other, and given the
directional responses of themotor’s run-length and velocity to force, the
velocity of a cargo driven by two motors could depend on the
detachment model used and the tether stiffness. Changes in velocity
could come about inmultiple ways. First, instances when themotors are
far apart and experience forces in opposite directions can result in the
leading motor slowing down while the lagging motor’s velocity remains
unchanged (Andreasson et al., 2015). Second, the different detachment
probabilities depending on the direction of the force (Figure 3B) can
lead to more frequent detachments of the lagging motor. Elastic and
thermal forces would then lead the cargo to advance to the position of
the bound leading motor, resulting, on average, in an increase in its
velocity. Drag and thermal forces additionally modulate the forces
acting on the motors and therefore their velocities and detachment
frequencies. However, we find that the velocity of the cargoes driven by
two motors changes by less than 5% across the various detachment
models and over two orders of magnitude of tether stiffness (Figure 4B).
Nevertheless, the general trend is a small decrease in the velocity with
increasing stiffness.

3 Discussion

We found that the details of kinesin’s detachment probability at
small assisting forces, currently inaccessible to experiment, influence

cargo run-length significantly. Reconciling the different models used
to simulate transport with experimental findings using different
kinesin constructs and different geometries implemented to mimic
cargo transport in vitro, requires a detailed understanding of the
individual motor’s properties. Our finding that, for somemodels, the
run-length of the cargo can be influenced by the tether’s stiffness
suggests that care must be taken in interpreting experimental

FIGURE 3
(A) The three models of the kinesin-1 force-dependence of the
run length used in this work. (B) The detachment probability per step
corresponding to the run length responses in (A). (C) The run length of
cargo carried by motors of varying tether stiffness for the three
detachment probability models.

FIGURE 2
The distribution of net forces experienced by the simulated
kinesin-1 motor due to thermal forces on the cargo for different tether
stiffnesses. Since the cargo diffuses freely until the tether is stretched,
the motor experiences zero force most of the time. As the tether
stiffness increases, the frequency of non-zero force decreases even if
it is larger on average.
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findings as the stiffness of the kinesin tether can be affected by its
length and by any linker used to attach the motor to the cargo.
Conversely, one can use the predictions of the simulation to
constrain models of the actual load-detachment probability of the
motor by means of in vitro experiments where the tether stiffness is
varied using engineered linkers. The thermal forces experienced by
the motors lie precisely within the force range presently inaccessible
to experiment (Figure 2). Our finding that thermal forces alone are
sufficient to differentiate between the load-detachment models
suggests that such an experiment would be quite feasible. It is
further intriguing that these differences persist even for transport
by teams of motors where the run-length is much longer, dictated by
the rate of rebinding to the microtubule after a motor detaches
(Wilson et al., 2021), suggesting that multiple motor assays could
also be informative. Moreover, since kinesin-1 velocity has been
shown to follow an Arrhenius temperature dependence over an
extended range (Hong et al., 2016), motility assays performed at
various temperatures could be used to further constrain the models.

For very stiff motor tethers, the run-length converges to the same
value for all detachment models. Under these conditions, the motor
rarely experiences forces larger than zero (Figure 2) and, therefore, the
details of how it detaches under load become less relevant. The fact

that the run-length of cargo carried by two stiff motors is independent
of the detachment model is also not surprising. For the stiffest tethers
simulated (3.2 pN/nm), when the motors step far apart so that the
distance between them is twice their relaxed length, any additional
step of the leadingmotor increases the force by around 13 pN, beyond
the force regime that differentiates the models. It is worth noting that
much of the dynamics of cargo transport is of course guided by the
coupling of the force to the motor. The fact that kinesin is stiff in
extension but not in compression (Jeney et al., 2004) allows the cargo
to diffuse over a large range without transmitting any appreciable
force to the motor. Similarly, the motors can separate by a large
distance before they start feeling tension. The dynamics would
drastically change if the kinesin tether was significantly shorter. It
is intriguing to speculate that the change in cargo dynamics with
motor tether length and stiffness may be one adaptation that results in
different kinesin family members having different tail lengths.

Unlike run-length, the velocity of the cargo is largely insensitive to
the details of the detachment probability at small assisting forces. This is
not surprising for cargo carried by a single motor since detachment
simply ends the run. However, for twomotors, this finding is not trivial.
Every time one of the motors detaches, the motor-cargo complex
centers around the remaining motor (Nettesheim et al., 2020). This

FIGURE 4
The run-length (A) and velocity (B) of cargo carried by two kinesin-1motors are presented for various tether stiffnesses and for the three detachment
probability models. While the run-length is spread over a wide range, the velocity shows variation smaller than 5% over that wide range of parameters and
models used in the simulation. (C) Two motors are bound to the microtubule during the run most of the time, for all stiffnesses and all models. (D) Small
variations are observed in the likelihood that the leading motor of the team detaches.
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results in a forward or backward shift for lagging or leading motor
detachment, respectively, so that a bias in the detachment probability
would translate into a speedup or slowdown. Additionally, hindering
force slows down the motor whereas assisting force does not. The two
motors experience force either because they step apart or due to thermal
forces on the cargo. The former is only relevant for smaller tether
stiffnesses when the force generated per step beyond the relaxed tether
length is below 2 pN. In this regime, the lagging motor is more likely to
detach causing a cargo speedup that depends on the exact detachment
model. However, since tension between the motors slows down the
leading motor but not the lagging one, these instances do not persist for
long. The thermal forces, by swaying the cargo, can cause an additional
difference in the likelihood of the lagging and leading motor
detachment, depending on the relative position of the cargo and
motors as well as the separation between the motors (Figure 3D).
While the different models we simulated do result in distinct velocity
responses to the tether stiffness, the differences are small and more so
for stiffer tethers. Nevertheless, it is intriguing that the complex
dynamics of differential detachment probabilities and force-velocity
responses results in just small changes in cargo velocity. On the other
hand, that the unloaded velocity is relatively insensitive to the stiffness of
the motor tether even for cargoes carrying more than one motor,
implies that any manipulation that leads to changing cargo velocity can
be very informative (Nettesheim et al., 2020).

4 Methods

Our code modeled the 1-D travel of a spherical cargo (0.5 µm in
diameter) carried by one or two kinesin motors along a microtubule at
25°C. Motors stochastically transitioned through states representing
the kinesin stepping cycle, and they were coupled to the cargo and to
each other through the forces they exerted on the cargo. The motion of
the cargo was modeled using overdamped Langevin dynamics
(Kunwar et al., 2008). The velocity of the cargo is caused by the
combination of the force exerted by the motors and the external delta-
correlated random force used to represent the thermal noise. The
simulation corresponds to unloaded bead motility assays where no
additional external force is applied. Each motor behaves as an elastic
band which exerts a Hookian force upon extension beyond a natural
length L = 50 nm, but not upon compression (Jeney et al., 2004). The
cargo diffuses freely as long as the motor is unstretched, and
experiences tethered diffusion beyond kinesin’s natural length. At
the beginning of the simulation, the cargo was placed at position 0,
and the head end of all motors were attached to the microtubule with
positions uniformly distributed on the interval [−L, L] (i.e., no motors
were stretched). While the two heads of kinesin were not explicitly
simulated, kinesin was allowed to be in the three attached substates,
and one detached state, corresponding to processes involving the two
heads within one step (Andreasson et al., 2015). Substate 1 transitioned
into substate 2 with rate per second k1(F) � k01 exp[Fδ1/kBT], where F
is the force acting on the motor and δ1 is the characteristic distance
parameter for this transition; substate 2 transitioned into substate
3 with constant rate per second k2; substate 3 transitioned into substate
1 with rate per second k3(F) � k03 exp[(F+FT)δ3

kBT
], where FT is the inter-

head tension (Andreasson et al., 2015); substate 2 transitioned into the
off-state with probability per step given by pdet(F) � 8.2

Lp
exp[|F|δp

kBT
] for

the discontinuous model at all values of F, and for the linear and

exponential models for F≤ 0pN and F≥ 2pN. In the small assisting
force range (0<F≤ 2pN) the detachment probability is given by
pdet(F) � 0.00727 + 0.0449F for the linear extrapolation model,
and pdet(F) � 0.1 − [0.1 − pdet(0)] × exp[1

2 ln(0.1−pdet(2pN)
0.1−pdet(0pN)) × F]

for the exponential extrapolation model, where pdet(0) and
pdet(2pN) are the measured detachment probabilities at 0 and
2pN, respectively. The off-state transitioned into the on-state with a
rate of 5 s−1 (Leduc et al., 2004). The values for these parameters are
shown in Table 1. At each time step, the force F by the cargo on the
motor was calculated (this is equal to the Hookian force exerted by the
motor on the cargo if the motor was stretched beyond length L), and,
from this the probability of transitioning to the next (sub)state was
calculated. If a motor transitioned from substate 2 to substate 3, it had
made a step, and the position of themotor was increased by 8.2 nm. If a
motor transitioned from substate 2 to the off state, it had detached
from the microtubule and the run would end if the motor was the only
motor or the last attachedmotor. Otherwise, the detachedmotor could
re-attach in the next time steps at a position uniformly distributed on
the interval [Xc − L, Xc + L], where Xc is the position of the cargo in that
timestep. The probabilities of transitioning for each motor were
independent from those of the other motor in the two-motor
simulations.
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