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Processivity of molecular motors under vectorial loads
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Molecular motors are cellular machines that drive the spatial organization of the cells by transporting cargos
along intracellular filaments. Although the mechanical properties of single molecular motors are relatively well
characterized, it remains elusive how the geometry of a load imposed on a motor affects its processivity, i.e.,
the average distance that a motor moves per interaction with a filament. Here, we theoretically explore this
question for a single-kinesin molecular motor by analyzing the load dependence of the stepping and detachment
processes. We find that the processivity of the kinesin increases with lowering the load angle between the kinesin
and the microtubule filament, due to the deceleration of the detachment rate. When the load angle is large, the
processivity is predicted to enhance with accelerating the stepping rate through an optimal distribution of the load
over the kinetic transition rates underlying a mechanical step of the motor. These results provide new insights
into understanding of the design of potential synthetic biomolecular machines that can travel long distances with

high velocities.
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I. INTRODUCTION

Kinesin, dynein, and myosin molecular motors exert local-
ized forces on intracellular components by stepping direction-
ally along intracellular filaments using the energy released
from the hydrolysis of adenosine triphosphate (ATP) [1].
The motors have fundamental roles in several cellular pro-
cesses [1]. For instance, they mediate the changes in and
maintenance of the morphology of cells by directed transport
of certain organelles [2] and sliding filaments along each
other [3]. They also contribute to the movement of the cell
body by transporting migration signals and controlling the cell
polarity [4-6]. Accordingly, defects in the function of molec-
ular motors cause various diseases, such as neurodegeneration
and cancer [7,8]. Therefore a comprehensive understanding of
the mechanical properties of molecular motors would provide
new insights into the roles that motors play in health and
disease.

A major factor that influences the function of a molecular
motor in a three-dimensional (3D) cellular environment is the
load applied on the motor due to, for example, blockages
caused by other cellular components or thermal fluctuations of
the cargo carried by a motor [9-12]. The vectorial character of
the load F = (F,, F;) was established in experiments by Gittes
et al. [13]. They measured the vertical load component F,
where the horizontal component F, was resisting (<0, applied
against the stepping direction); see Fig. 1. More recently,
single-molecule optical trapping experiments [14—17] have
studied the function of molecular motors under assisting loads
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F, (>0, applied in the stepping direction) as well; see Fig. 1.
They have shown that the motors exhibit similar responses
to the applied load direction: (i) their velocity decreases with
resisting loads but changes slightly when the load is assisting,
and (ii) motors favor a faster detachment rate under assisting
loads than resisting ones. The importance of this directionality
comes from the need to understand the collective function of
a complex of multiple motors under a vectorial load, which
usually occurs within cells [18]. In such a complex, individual
motors experience either resisting or assisting load due to
intermolecular interactions. This reveals a need for under-
standing of the mechanics of single motors under vectorial
applied loads.

The 3D vectorial character of applied loads was originally
quantified by Fisher et al. [19,20]. They modeled single-
kinesin load-velocity data [13,21] by quantifying the load
dependence of the mechanical kinetics underlying a stepping
process of the motor [19,20]. Recently, we also modeled the
mechanics of force generation by kinesin motors by quantify-
ing the detachment process of the motor as a function of an
applied load vector F [22]. These models of the stepping and
detachment processes as functions of the geometry of an ap-
plied load suggest the kinesin motor as a system for modeling
the processivity of molecular motors (i.e., the average distance
that a motor moves per interaction with a filament [23-25])
under vectorial loads, which remains elusive.

Here we model the processivity of a single kinesin as a
function of an applied load vector. We determine the pro-
cessivity using kinetic transition rate models that illustrate
the displacement of the motor body in the (x,z) domain
during the stepping and detachment processes. The model
describes how the distribution of the load components over
the mechanochemical kinetics of the stepping and detachment
processes determines the processivity.
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FIG. 1. A graphical illustration of a microtubule-kinesin-bead
complex in a typical optical trap assay. Kinesin is attached to the bead
(blue) with its tail (magenta) and moves, with its heads (black), along
the microtubule (MT, green) toward the plus end under a resisting
(left) or an assisting (right) load transmitted to the point P on the
motor, which links its tail to its heads with an angle ¢. Horizontal
and vertical load components F, and F. are applied parallel and
perpendicular to the MT axis, respectively.

II. RESULTS AND DISCUSSION
The processivity of a single-kinesin motor with a mean run
length

l= (D

v
koff ’
is maximized if the velocity v of the motor is high and
the detachment rate k. of the motor from a microtubule
(MT) is low. This means that the relationship between the
processivity and the vectorial character of the applied load
depends on the role of the load in two processes: (i) stepping,
which determines the velocity v, and (ii) detachment, which
determines the run time (1/kof, average time to detachment).
Therefore to model the load-processivity relationship, we ana-
lyze the load-velocity and load-detachment rate relationships.
We use Andreasson et al. experimental data [14], as it provides
measurements of velocity, detachment rate, and run length
under resisting and assisting loads.

First, the effect of the vectorial character of the load on
the velocity is described using a two-state transition rate
model developed for an individual stepping cycle of the
motor [19,26]. This transition rate model describes a forward
step of length d = 8.2 nm as passing through a sequence
of two mechanochemical states O (ATP free) and 1 (ATP
processing) [19]:

0=1—=
wy wo

One complete forward transition corresponds to a forward
step of the motor and the hydrolysis of an ATP molecule
to its products, adenosine diphosphate (ADP) and inorganic
phosphate (P;). Likewise, one complete reverse transition
includes a backward step and the synthesis of ATP from ADP
and P; [20,27]. The forward and backward transition rates are
given by [19,20]
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FIG. 2. Velocity of a single kinesin. (a) Schematic of the two-
state stepping transition rate model from [19]. States 0 and 1: ATP-
free and ATP-processing states, respectively. Crosses: Transition
states. (b) Velocity v vs the horizontal load component F,. Open cir-
cles: Experimental data (mean 4 SE) at saturating 2 mM ATP [14].
Solid curve: v where the motor is subject to both F, and F;, calculated
using Eq. (4). Dashed curve: v when the applied load F is horizontal.
Dotted curve: v, denotes the velocity v when 6 — 0 and 6] — 0.
Dashed-dotted curve: v, when F is horizontal. (c) v vs the vertical
load component F; (dashed curve). Dashed-dotted curve: v,.

where u? and w? are the unloaded rates, 0}' = (9)3 , 9;; ) and

0]T = (0); , 95) are the dimensionless load sharing factors (for
j=0,1), and kgT is the thermal energy. The velocity is then
given by [20]

o(F) = d(upu; — wowy)

. 4)
Uug + uy + wo + wq

The parameter values of Eq. (4) have been esti-
mated by fitting to the experimental data of Block and
colleagues [21]. The unloaded rates take u8 = ko[ATP],
where ko = 1.35 uM~! s, w? = 5571, u? = 100s7!, and
w) = k,[ATP]/(1 + [ATP]/c)"/?, where k= 2.04 x 1073
uM~! s~ and ¢y = 20 uM [19]. The load distribution vectors
in the (x, z) plane are [19]

05d = (0.98, —0.38) nm,

07d = (—0.83, —0.27) nm,

67d = (0.26, —0.23) nm,

0yd = (7.79,0.88) nm, (5)

where the load distribution factors (6 + 6, + 6 +6.) =1
and (6} + 6, + 6 +6,) = 0 demonstrate the motion of the
attachment point P in the (x, z) domain; see Fig. 2(a). They
also indicate how the load is shared between the forward
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and backward rates according to the location of the kinetic
transition states (i.e., the saddle points in the free-energy land-
scape) between states 0 and 1 [19,27]. The transition states
before and after ATP binding are located at 6/ d and dy + 6 d
along the MT axis, respectively [19]. Using this two-state
stepping transition rate model, it was found that the velocity
generally decreases with increasing F, [19,26] rather than
increases, as argued in the MT buckling experiments [13]. It
was reasoned that in the MT buckling experiments the kinesin
moves away from a curved (stressed) region of the MT and
that curvature of the MT might affect the motility of the
kinesin [26].

The location of a transition state was also found to affect
the velocity: the kinesin moves faster when a transition state
is close to the initial state [27-30]. The applied load increases
the height of the kinetic barriers, making it more difficult to
transition between states and thus slowing down the velocity
of the motor [28]. Therefore, if the distance to a transition state
is zero, the load does not increase the height of the kinetic
barrier along a mechanical step of the motor.

We analyze the effects of both the load angle ¢ and the
locations of the transition states on velocity. Experiments
in [14] were performed with an optical force clamp, where
the load applied by the trap is a function of the displacement
of the motor in the x direction [31]. Therefore we model
the load-dependent velocity data [14] using Eq. (4) and the
ansatz F, = Fitang; see Fig. 2(b), solid curve. For a 440-
nm-diameter bead and a 35-nm-long kinesin used in the
experiments [14], we use our earlier estimated kinesin-MT

J

angle ¢ ~ 60°, where for simplicity it is assumed that the bead
is adjacent to the surface of the MT [22]. Thermal fluctuations
of the bead [32,33] will have negligible effect on the vectorial
load-run length calculations, as the perpendicular fluctuations
(~5 nm [19,32]) correspond to ~1° change in ¢. This simpli-
fication, however, enables us to use the fit parameters for the
vectorial load-velocity and load-detachment rate relationships
as estimated in [19,22]. It is also assumed that the stiffness
of the kinesin will not significantly affect ¢. Experiments
have shown that the stiffness of a single kinesin changes
from ~0.05 to ~0.2 pN/nm when the applied load changes
from —1 to —6 pN [34]. This would lead to ~3° change
in ¢.

We find that for horizontal loads, the velocity increases,
especially when the load is assisting; see Fig. 2(b), dashed
curve. But for vertical loads, velocity decreases; Fig. 2(c),
dashed curve. We also find that the velocity increases under all
load geometries when the distance to the transition states ap-
proaches zero, i.e., 0(“; — (O and 01+ — 0; see Fig. 2(b), dotted
and dashed-dotted curves and Fig. 2(c) dashed-dotted curve.
Together, these results suggest that velocity increases under
various applied load geometries with lowering the distance to
transition states. In this regime, an enhancement in velocity is
predicted under resisting loads. For vertical loads, the velocity
remains almost load independent.

To model the effect of the vectorial character of the load
on the detachment process, we follow our model [22] that
describes the detachment of a kinesin from a MT as a two-step
process which passes through three states:

k k
strongly bound state — weakly bound state — detached state.

k; and k; are the fast and slow detachment rates, respectively,
that depend on the load F and displacement &; = (8, d;,)
vectors according to

kj = kjel /et (6)

where k;) (for j = 1, 2) are the unloaded rates. The effective
detachment rate is then given by [22]

kiky
ki +ky

By fitting Eq. (7) to the load-detachment rate data [14], the
two-step detachment model described the data by a contin-
uous curve, where kY =0.91 £0.38 s7!, §,, =2.90+1.24
nm, §,, =2.25+0.75 nm, kY =7.62+£0.74 s7!, and §,, =
0.18 £0.01 nm (mean £ SE) [22]. This two-step model
explained the effects of the load geometry on the detachment
process [22]: (i) the detachment rate decreases with horizontal
loads (i.e., catch-bond behavior) when it is resisting and
increases for assisting loads [see Fig. 3(a), dashed curve]; and
(ii) detachment rate increases with vertical loads [i.e., slip-
bond behavior, see Fig. 3(b)]. Using these catch and slip bond-
ing mechanisms, we explained different behaviors of kinesin
motors reported from different laboratories [22]. It explained
that the stall force of multiple kinesins can be similar to that
of a single kinesin when the vertical load component is high,

ko (F) =

)

(

as observed in [34,35], due to slip-bond behavior. However,
multiple kinesins can produce forces much larger than the
single-motor force when the vertical load component is small,
e.g., in gliding assays [36,37] and bead assays [38—40], due to
catch-bond behavior. This later prediction has been recently
confirmed in a three-bead assay where lower detachment rates
were observed for a single kinesin with a low kinesin-MT
angle [41].
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FIG. 3. Detachment rate of a single kinesin. (a) Detachment rate
koer vs Fy. Open circles: Experimental data (mean £ SE) from [14].
Solid curve: k. calculated using Eq. (7), where the motor is subject
to both F, and F;. Dashed curve: ks when F is parallel to the MT
axis. (B) kof when F' is perpendicular to the MT axis.
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FIG. 4. Run length of a single kinesin. (a) Run length / vs F,.
Open circles: Experimental data (mean £ SE) from [14]. Solid curve:
[, where the motor is subject to both F; and F;, derived using Eq. (1).
Dashed curve: [ when F is horizontal. Dotted curve: /, denotes the
run length when @ — 0 and @] — 0. Dashed-dotted curve: /, when
F is horizontal. (b) / vs F, (dashed curve). Dashed-dotted curve: /;.

We now model the processivity of the kinesin by analyzing
the dependencies of the stepping and detachment processes to
the load components. We find that the processivity increases
over all resisting and assisting loads with lowering the kinesin-
MT angle; see Fig. 4(a). This is explained by the acceleration
of the velocity and the catch-bond behavior of the motor; see
Figs. 2(b) and 3(a). In addition, decreasing the distance to the
stepping kinetic transition states enhances the run length over
resisting loads; see Fig. 4(a). This is due to the increase in
the velocity of the motor. For vertical loads, we find a fast
decrease in the processivity. This can be reasoned in that the
velocity of the motor is limited by a high detachment rate due
to slip-bond behavior. For example, under a vertical load of
20 pN, while the kinesin can step with a moderate velocity
[Fig. 2(b), dashed curve], the run length < 10 nm [Fig. 4(b),
dashed red], resembling a fast detachment [Fig. 3(b), dashed
curve] after attaching to the MT. We also find that lowering the
distance to the stepping kinetic transition states is predicted
to benefit the run length; see Fig. 4(b). Small distances to
transition states results in an almost steady velocity, while the
motor exhibits slip-bond behavior; see Figs. 2(c) and 3(b).

We conclude that a motor with longer body length (for a
fixed size of cargo), where distances to stepping transition
states are small, can travel long distances with high velocities;
see Figs. 2(b) and 4(a), dashed-dotted blue curve. Such motors
exhibit catch-bond behavior with faster stepping rates. On the
other hand, the run length of a motor is minimized when
the motor body is short and the distances to the stepping
transition states are large. Such motors would step with slow
rates and are more likely to exhibit slip-bond behavior. An in
vivo implication of this prediction is that motors with different
mechanical properties can exhibit different processivities in
carrying cargos with different sizes.

In this study we modeled the processivity of a single ki-
nesin motor under vectorial applied load geometries by taking
into account the load-dependent dynamics of the stepping and
detachment processes. We found that the processivity of the
kinesin increases with lowering the vertical component of the
load. This is explained by the catch-bond behavior that allows
the kinesin to stay attached to the MT under high loads F.
This behavior has been observed in recent experiments where
the effects of horizontal and vertical loads on the attachment
duration of a single kinesin were investigated using a three-
bead assay [41]. When the kinesin was subject to horizontal
loads, a threefold increase in the attachment duration was
observed. The run length of a single kinesin molecule under
loads with different vertical components can be measured by
running similar experiments in a force clamp mode, analogous
to the experiments performed on myosin motors [15,42,43].
Our model also predicted that when the vertical load compo-
nent is large, processivity can be enhanced with accelerating
the stepping rate through an optimal load distribution over the
stepping transition rates.

Future works may consider the effects of the backward
stepping (velocity) of the motor on its processivity upon the
availability of the velocity and detachment rate data over high
resisting and assisting loads. Backward steps of the kinesin,
on average, are driven by ATP hydrolysis at loads above the
stalling conditions [10,44-47], although ATP synthesis can
result in backward stepping [19,20].

The dependence of the vectorial load-processivity rela-
tionship on the ATP concentration can also be analyzed.
Although the run length at different ATP concentrations has
been measured under a moderate assisting load (4 pN) [48],
modeling such a relationship would require a comprehensive
load- and ATP-dependent detachment rate data. Such data can
further be incorporated into the earlier computational models
(e.g., [47,49]) to analyze the affinity of the motor for MTs in
different kinetic states under a vectorial load.

The present model can be helpful in quantifying the effects
of the vectorial character of the applied load on the me-
chanics of dynein and myosin motors, since the load-velocity
and load-detachment rate behaviors of kinesins, dyneins, and
myosins are similar [14—17]. This can help to understand the
mechanics of the collective function of different molecular
motors, owing to the force-dependent interactions of the mo-
tors. It will further provide new insights into exploring the
design of synthetic molecular machines powered by molecular
motors [50] that can operate with high efficiency in a 3D
environment.
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