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Mechanochemical coupling of two coupled kinesin
monomers: comparison with that of the single

The dynamics of cargo transport by two coupled kinesin monomers, such as kinesin-1, kinesin-2 and
kinesin-3, is studied theoretically and is compared with that by the corresponding single dimer on the
basis of our proposed model for the mechanochemical coupling of the two coupled monomers and that
of the single dimer. It is shown that if the stalk, which connects the monomer and cargo, has a short

length Ls (e.g., Ls < 5 nm) the cargo transport by the two monomers can be efficient with an unloaded

velocity that can be similar to that by the corresponding single dimer, whereas the cargo transport by

the two monomers with a long Ls can only be inefficient with an unloaded velocity and a stall force
much smaller than those with the short Ls. Although the unloaded velocity for the two coupled kinesin-1
monomers with a short Ls can be similar to that for the single kinesin-1 dimer, the stall force for the

former is reduced by about 2 times relative to that for the latter. The dynamics of the two coupled

kinesin-3 KIF1IA monomers relative to the single kinesin-3 dimer is similar to that of the two coupled

kinesin-1 monomers relative to the single kinesin-1 dimer. By contrast, the stall force for the two
kinesin-2 KIF3A monomers with a short Ls can be similar to that for the single kinesin-2 KIF3AA, KIF3BB
or KIF3AB dimer. The theoretical results agree well with the available experimental evidence. The
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underlying mechanism of the two coupled kinesin-1 or kinesin-3 monomers with the short Ls having an

evidently smaller stall force than the corresponding single dimer and the two coupled kinesin-2 KIF3A

DOI: 10.1039/d4mr00057a

rsc.li/RSCMechanochem explained.

1. Introduction

Cytoskeletal molecular motors are important classes of proteins
that play critical roles in transport of cargos such as organelles
and many other subcellular materials within cells. Kinesin-1,
kinesin-2 and kinesin-3 proteins are typical examples of these
molecular motors that make use of the chemical energy of ATP
hydrolysis to move progressively along microtubule (MT) fila-
ments towards the plus end."” Using various methods, and in
particular using single-molecule optical trapping techniques,
the dynamics of the single kinesin motors has been studied
extensively.**® For example, a kinesin-1 motor can move with
a velocity of about 1 pm s~ under no load and can give
a maximum driving force or a stall force of about (6 ~ 8) pN. It
was found that in cells a cargo is often transported by multiple
molecular motors.'»** Thus, the cargo transport by multiple
coupled kinesin motors has also attracted much attention both
theoretically and experimentally.”*>* It was found that the
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monomers with the short Ls having a stall force similar to that of the corresponding single dimer is

transport by multiple kinesin motors has advantages over that
by a single one. For example, while the velocity of the two
coupled kinesin motors under no load is similar to that of the
single one, the run length of the former under no load is longer
than that of the latter and the stall force of the former is larger
than that of the latter.>**®

Besides the cargo transport by multiple coupled kinesin
dimers, several research studies on the cooperative transport by
multiple single-headed kinesin motors (or kinesin monomers)
have also been presented.** Recently, using a combination of
in vitro and cellular assays Schimert et al.** elaborately studied
the cargo transport by multiple coupled kinesin monomers,
such as kinesin-1, kinesin-2 and kinesin-3, with different
lengths of the stalk connecting the monomers and cargo and
compared it with that by the corresponding dimers. Interest-
ingly, they found that the monomers, which are not processive
as individuals, can work cooperatively to drive a cargo to move
efficiently and continuously towards the MT plus end when the
stalk is short. However, the force output by multiple kinesin-1
(or kinesin-3) monomers was evidently smaller than that by
multiple corresponding dimers. By contrast, the force output by
multiple kinesin-2 KIF3A monomers was similar to that by
multiple coupled KIF3AB dimers. More puzzlingly, the
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transport velocity and force output by multiple monomers
decreased significantly as the stalk length increased, whereas
the stalk length had little effect on the transport velocity and
force output by the dimers. However, how the multiple coupled
monomers with a short stalk can drive the cargo to move effi-
ciently is unclear. The underlying mechanism of the force
output by multiple kinesin-1 (or kinesin-3) monomers being
evidently smaller than that by multiple corresponding dimers
and the force output by multiple kinesin-2 KIF3A monomers
being similar to that by multiple kinesin-2 KIF3AB dimers is not
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known. How does the stalk length affect significantly the cargo
transport by multiple coupled monomers?

Theoretically, the studies of cargo transport by multiple
coupled kinesin monomers were performed based on a two-
state ratchet model for a single monomer, where the interac-
tion potential of the monomer with a tubulin heterodimer was
required to have an asymmetric form along the MT filament.*>*°
The effect of the stalk length on the dynamics of the system has
not been considered in these theoretical studies. Moreover,
these theoretical studies predicted that the cargo transport by
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Fig.1 Schematic illustration of the cargo transport by two coupled kinesin-1 monomers with a short stalk under a backward load F on the cargo.
(a)-(i) Mechanochemical pathway at saturating ATP concentrations (see Section 2.1 for detailed descriptions). Here, only the state transitions of
the system occurring after the ATP transition of ADP in the rear monomer in (a) are shown. The thickness of the arrow represents the relative
magnitude of the probability of the transition between the two states connected by the arrow under a low F. At saturating ATP concentrations the
rate of ATP binding is considered to be infinitely large. Since ADP release from the MT-bound monomer is a non-rate-limiting step of the ATPase
activity, it is considered that ADP release from the ADP-monomer occurs before the ATP transition to ADP in another monomer with the NL in
the forward orientation. Py stands for the probability of the two monomers in the state with docked NLs (the lower panel) in (a), Pg; stands for the
probability of the transition from (a) to (b) and correspondingly 1 — Pg; is the probability of the transition from (a) to (f), K and k=) stand for the
rates of the ATP transition to ADP of the monomer with its NL in the forward and backward orientations, respectively, kp stands for the rate of ADP
release from the ADP-head bound to MT (with kp >> k™ and k™), and P k™ + (1 — Pa)k ™ is the overall rate of the ATP transition to ADP in one
monomer in (a). Since the diffusion of the monomer from the local tubulin to the adjacent tubulin, which occurs after the ATP transition to ADP in
the monomer, is on the timescale <1 ps, which is much shorter than the inverse of the rate constant of the ATPase activity, the rate of the diffusion
is not indicated here.
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Fig.2 Schematic illustration of the cargo transport by two coupled kinesin-1 monomers with a long stalk. (a)—(g) Mechanochemical pathway at
saturating ATP concentrations (see Section 2.2 for detailed descriptions). Note that the NL of the ATP-monomer can be mainly in the docked
form or can be occasionally in the undocked form, and for simplicity, only the docked NL is shown here. Here, only the state transitions of the
system occurring after the ATP transition of ADP in the front monomer in (a) are shown. The thickness of the arrow represents the relative
magnitude of the probability of the transition between the two states connected by the arrow under no load. At saturating ATP concentrations
the rate of ATP binding is considered to be infinitely large. Since ADP release from the MT-bound monomer is a non-rate-limiting step of the
ATPase activity, it is considered here that ADP release from the ADP-monomer occurs before the ATP transition to ADP in another monomer.
Since the diffusion of the monomer from the local tubulin to the adjacent tubulin, which occurs after the ATP transition to ADP in the monomer,
is on the timescale <1 ps, which is much shorter than the inverse of the rate constant of the ATPase activity, the rate of the diffusion is not
indicated here.

the cargo transport by two coupled monomers is presented (see
Model and Fig. 1 and 2), where the interaction potential

multiple monomers has a small velocity similar to that by the
single monomer, which is inconsistent with the experimental

data of Schimert et al.**

In this work, based on the model for the mechanochemical
coupling of the kinesin dimer presented before*>** (also see ESI
text and Fig. S11), a model for the mechanochemical coupling of

© 2025 The Author(s). Published by the Royal Society of Chemistry

between a monomer and a tubulin is not required to have an
asymmetric form. With the model, we theoretically study the
cargo transport by two coupled monomers, addressing the
aforementioned unclear issues. Since both the cargo transport
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by two coupled monomers and that by a dimer involve two
kinesin heads, it is interesting to compare the dynamics of the
two coupled monomers with that of the single dimer. Thus, we
first study the dynamics of the single dimer theoretically, as
done before.***> With the parameter values determined by
fitting the theory to the available single-molecule experimental
data for the single dimer, we then theoretically study the
dynamics of the two coupled monomers. The theoretical results
well explain the available experimental data.** The underlying
mechanism of the distinction in the dynamics between the two
coupled kinesin-1 (or kinesin-3) monomers with a short stalk
and the corresponding single dimer is due to the difference in
the stepping manner of the two heads and the ATPase rate of
the head with its neck linker (NL) in the forward (plus-end)
orientation being much higher than that with its NL in the
backward orientation. For the former, the two heads step in an
inchworm manner while for the latter the two heads step in
a hand-over-hand manner. The hand-over-hand stepping
manner ensures that the NLs of the trailing and leading heads
in the ATP state are always in the forward and backward
orientations under any backward load, respectively, resulting in
a higher stall force. By contrast, the inchworm stepping manner
does not ensure that the NLs of the two heads in the ATP state
are always in the forward orientation, resulting in a smaller stall
force.

2. Model

As done for the dimer***> (also see ESI text}), the model for the
mechanochemical coupling of the two coupled monomers is
developed on the basis of the following three elements. (1) A
monomer has a weak interaction with MT in the ADP state and
a strong interaction in other nucleotide states.**** The strong
and weak interactions induce respectively large and little
conformational changes of the local tubulin, as structural
studies indicated.**** The ADP-monomer has a much lower
affinity (Ew:) to the tubulin having large conformational
changes than the affinity (Ey,) to the tubulin having little
conformational changes, as all-atom molecular dynamics
simulations showed.*”*® Hence, after the monomer transitions
from ATP to ADP state, a short time ¢, (on the order of 10 us) is
present when the local tubulin retains the large conformational
changes, with the affinity (Ey,) of the ADP-monomer to the local
tubulin being much smaller than the affinity (Ey,) to other
tubulins. After time ¢,, the local tubulin returns elastically to the
normal unchanged form, with the affinity of the ADP-monomer
to the local tubulin becoming the same as the affinity (E,,) to
other tubulins. The evidence that kinesin can induce the
conformational changes of MT, which in turn can affect the MT-
affinity of kinesin, is also supported by recent studies showing
that the motility of a kinesin-4 can be affected by other kinesins
far away on the MT filament.**"** (2) In the ATP or ADP Pi state,
the monomer can have a large conformational change with its
flexible NL docking in the forward orientation relative to that in
the ADP or nucleotide-free (¢) state (see ESI textt} for details). (3)
The kinesin-1 or kinesin-3 monomer with the NL in the forward
orientation has a much higher rate of ATP transition to ADP
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than that with the NL not in the forward orientation, as
explained in the following part. The structural data for kinesin-1
monomer showed that the NL in the forward orientation
clashes severely with a nucleotide-binding motif (a P-loop sub-
domain) in the orientation of the ¢ state, implying the P-loop
subdomain in the orientation of the ATP-like state.”* Thus,
the rate of ATP transition to ADP of the monomer with its NL in
the forward orientation would be much higher than that with its
NL not in the forward NL orientation, consistent with the
biochemical data showing that deleting the NL in the kinesin-1
or kinesin-3 monomer significantly decreases the ATPase rate
but has no effect on the ADP-release rate.*>** The rate constants
of the ATPase activity are independent of the force on the NL.
This agrees with the experimental results that the ATPase rate is
independent of the NL length for the kinesin-1 dimer because
varying the length greatly changes the force on the NLs* and the
ATPase rate of the kinesin-1 monomer is similar to that of the
dimer®*~” because for the dimer a large force is present on the
NLs whereas for the monomer no force is present.

In the assembly of two coupled monomers, each monomer is
connected to the cargo by an appended single a-helix domain or
stalk after the NL of the monomer, as in the experiments of
Schimert et al.** Here, we simply consider that the distance
between the two connecting points of the stalk on the cargo is
equal to md, where m = 2 is an integer and d = 8 nm is the
repeat period of tubulins on a MT filament. We focus on satu-
rating ATP and use ATP to represent both ATP and ADP Pi. We
suppose that the potential of a monomer interacting with
a tubulin has a symmetric form along the MT filament. We take
kinesin-1 as an example to illustrate the mechanochemical
pathway of the two coupled monomers.

2.1. Pathway for two coupled monomers having a short stalk

In this section, we consider the stalk having a short length Lg <
5 nm, as used in the experiments of Schimert et al.** Since Lg <
5 nm is short, it is approximately considered that the stalk is not
stretchable and bendable.

We start with the two monomers in the ATP state binding
strongly to MT (Fig. 1a), where the two monomers can either be
in a state having its NL docking in the forward orientation
(lower panel), which is associated with a large conformational
change relative to that in the ADP or ¢ state, or driven by the
backward load in a state with its undocked NL in the backward
orientation (upper panel), which is associated with no large
conformational change. Note that the short stalk induces the
NLs of the two monomers to dock and undock concertedly. The
two states are in dynamic equilibrium, with rapid transitions
between them.

In Fig. 1a, the ATP transition to ADP can occur indepen-
dently in both monomers. Consider, e.g., the ATP transition to
ADP in the rear monomer. The rear monomer can detach from
the local tubulin II due to the very small affinity E,,;. With
probability Pg,, the detached monomer can diffuse forward and
bind rapidly to tubulin III with affinity E, by stretching its
undocked NL to a length of about 4 nm (Fig. 1b) (note that the
transition from the state in the lower panel of Fig. 1a to that in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1b can cause little change in the position of the cargo). This
transition of the rear monomer from the state in the lower panel
of Fig. 1a to that in Fig. 1b is similar to the case for the dimer
when one ATP-head is bound fixedly to MT and the other
detached ADP-head diffuses from the intermediate position to
the front adjacent tubulin by stretching the two NLs to a total
length of d = 8 nm (see ESI text and Fig. S17). Since the short
total length of the stalk and NL keeps the detached ADP-
monomer close to MT, the time (<1 us) for the detached
monomer to diffuse to the adjacent tubulin is much shorter
than time ¢, (on the order of 10 us)*® and thus it is approximated
that the detached monomer cannot rebind to the previous
tubulin II. With probability 1 — Pg;,, the detached monomer can
also diffuse backward and bind rapidly to tubulin I with affinity
Ey, (Fig. 1f) (note that the transition from the state in the upper
panel of Fig. 1a to that in Fig. 1f can cause little change in the
position of the cargo). Alternatively and more probably, after the
ATP transition to ADP in the rear monomer, by overcoming the
very small affinity E,,; the monomer can (with probability Pg,)
diffuse rapidly forward to front tubulin III and (with probability
1 — Pyg,) diffuse rapidly backward to rear tubulin I without
detaching from MT. Since the affinity of tubulin III or I to the
ADP-monomer, E,, is much larger than E,,, after reaching
tubulin III or I the ADP-monomer can stay there. (Note that this
diffusion mechanism of the monomer from the local tubulin to
the adjacent tubulin is similar to that for the motion of the
kinesin-14 motor®>®’).

In Fig. 1b, after ADP release from the rear monomer, ATP
binds instantly (Fig. 1c). However, the large conformational
change and NL docking of the rear monomer is inhibited,
because the NL docking would induce a large forward move-
ment of the cargo, requiring the further large stretching of the
NL of the front monomer, which is impossible. As shown in
Fig. 1f, after ADP release from the rear monomer, ATP binds
instantly (Fig. 1g).

In Fig. 1c, the ATP transition to ADP in both monomers can
occur independently, but with the front monomer with the NL
in the forward orientation having a much higher rate of ATP
transition to ADP than the rear monomer with the NL not in the
forward orientation. Firstly, consider the ATP transition to ADP
in the front monomer. The monomer cannot move backward
and bind to tubulin I, because further large stretching of the NL
of the rear monomer is impossible. Thus, the monomer can
only move forward and bind to tubulin IIT' (Fig. 1d). Then, ADP
release and ATP binding occur (Fig. 1le), with the system
becoming the same as that in Fig. 1a (upper panel) except that
in Fig. 1e the cargo moves a forward step of size d. Secondly,
consider the ATP transition to ADP in the rear monomer in
Fig. 1c. The monomer can only move backward and bind to
tubulin II. After ADP release and ATP binding, the system
returns to Fig. 1a (lower panel).

In Fig. 1g, the ATP transition to ADP in both monomers can
occur independently. Firstly, consider the ATP transition to ADP
in the front monomer. The monomer can only move backward
and bind to tubulin I’ (Fig. 1h). Then, ADP release and ATP
binding occur (Fig. 1i), with the system becoming the same as
that in Fig. 1a (lower panel) except that in Fig. 1i the cargo

© 2025 The Author(s). Published by the Royal Society of Chemistry
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moves a backward step. Secondly, consider the ATP transition to
ADP in the rear monomer. The monomer can only move forward
and bind to tubulin II. After ADP release and ATP binding, the
system returns to Fig. 1a (upper panel).

Similarly, in Fig. 1a for the case of the ATP transition to ADP
occurring in the front monomer we have similar transitions (not
shown) to those described above for the case of the ATP tran-
sition to ADP occurring in the rear monomer.

2.2. Pathway for two coupled monomers having a long stalk

In this section, we consider the stalk having a long length, as
usually done in prior experimental and theoretical studies.**>*
Since the stalk is long, it can be stretched or bent elastically. If
after the ATP transition to ADP in one monomer it detaches
from MT due to the small affinity E,,;, the detached monomer
will fluctuate in a large range due to the long stalk and thus
rebind to the MT with a slow rate of about 5 s™', as prior
experimental data showed.** During the relatively long period
before the rebinding of the detached monomer to MT, the ATP
transition to ADP in another monomer can occur with a high
rate of about 100 s~ The ensuing detachment of the latter
monomer results in the detachment of the cargo from MT and
thus the cargo cannot move processively along the MT. Conse-
quently, here we only consider the more probable case that after
the ATP transition to ADP in one monomer it can diffuse from
the local tubulin to the adjacent tubulin by overcoming Eg;
without detaching from MT. After reaching the adjacent
tubulin, the monomer can stay there due to the larger affinity
Eop.

We start with the two monomers in the ATP state binding
strongly to MT, where the NL of each monomer are mainly in
the docked form (Fig. 2a) or occasionally in the undocked form
(not shown). The ATP transition to ADP in both monomers can
occur. Consider, e.g., the ATP transition to ADP in the front
monomer. The front monomer can either (with probability Pg)
diffuse forward to the front tubulin III’ or (with probability 1 —
Py,) diffuse backward to the rear tubulin I’ by overcoming the
very small affinity E,,. Note that due to the long stalk the
backward diffusion of the front ADP-monomer to tubulin I’ does
not necessarily result in the NL undocking of the rear ATP-
monomer. After reaching tubulin III' or I' the ADP-monomer
can stay there due to the larger affinity E,,, (Fig. 2b or e). After
ADP release from the front monomer, ATP binding and NL
docking occur (Fig. 2c or f).

In Fig. 2c and f, the ATP transition to ADP in both monomers
can occur. Firstly, consider the ATP transition to ADP in the
front monomer in Fig. 2c or f. By overcoming Ey,, the front
monomer diffuses to the adjacent tubulin I', where no internal
force is present on the two monomers (for simplicity, we do not
consider the front monomer diffusing to the other adjacent
tubulins because this will induce an increase in the internal
force). After reaching tubulin II’ the ADP-monomer stays there
due to the larger affinity E,,, and then ADP is released, followed
by ATP binding and NL docking (Fig. 2a). Secondly, consider the
ATP transition to ADP in the rear monomer in Fig. 2c. By
overcoming E,;, the rear monomer diffuses to the adjacent

RSC Mechanochem., 2025, 2, 127-141 | 131
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tubulin III, where no internal force is present on the two
monomers (for simplicity, we do not consider the rear mono-
mer diffusing to the adjacent tubulin I because this will induce
an increase in the internal force). After reaching tubulin III the
ADP-monomer stays there due to the larger affinity E,,, and then
ADP is released, followed by ATP binding and NL docking
(Fig. 2d). The state of the system in Fig. 2d is the same as that in
Fig. 2a except that in Fig. 2d the cargo moves a forward step.
Thirdly, consider the ATP transition to ADP in the rear mono-
mer in Fig. 2f. By overcoming E,,,;, the rear monomer diffuses to
the adjacent tubulin I, where no internal force is present on the
two monomers (for simplicity, we do not consider the rear
monomer diffusing to the adjacent tubulin III because this will
induce an increase in the internal force). After reaching tubulin
I the ADP-monomer stays there due to the larger affinity E,,, and
then ADP is released, followed by ATP binding and NL docking
(Fig. 2g). The state of the system in Fig. 2g is the same as that in
Fig. 2a except that in Fig. 2g the cargo moves a backward step.

Similarly, in Fig. 2a for the case of the ATP transition to ADP
occurring in the rear monomer we have similar transitions to
those described above for the case of the ATP transition to ADP
occurring in the front monomer (not shown).

3. Results and discussion

3.1. Dynamics of the single kinesin-1 dimer

The dynamics of the single dimer is studied on the basis of the
mechanochemical pathway described in ESI text and Fig. S1.}
Consider a cargo connecting to the stalk of the dimer in the
optical trapping experiment. k denotes the effective elastic
constant of the trap and the stalk. Since in the trapping exper-
iment the elastic constant of the trap k.p, usually has a very
small value (<0.05 pN nm ™ "),*1%6283 g = k. Kane/ (Kerap + Kstalld) 1
very small, where kg i is the elastic constant of the stalk. As
derived before,* for a very small « the effective probability P,
for the dimer (defined in Fig. S1t) approximately has the form

exp(BEy)exp(—BAFd)
exp(BEy)exp(—BAFd) + 1’

where E, is the energy change associated with the NL docking
and the large conformational change of the monomer in the
ATP state relative to that in the ¢ or ADP state, 3~ ' = kg T, with kg
being the Boltzmann constant and T the absolute temperature,
F is the backward load on the cargo, with Fd being the increase
in the external energy of the motor-cargo system for a forward
step or the work done by the motor per forward step, and A (<1)
is the energy-splitting factor. Since the effect of F on Pg, is
through the force on the NLs of the two heads and is irrelevant
to the stalk, it is expected that Py, is independent of the stalk

E2 =

1)

Table 1 Parameter values for kinesin-1

View Article Online
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length under the condition of the very small elastic constant of
the trap in the optical trapping experiment.

k% and k) denote the rate of the ATP transition to ADP of
the monomer with a forward NL orientation and that without
a forward NL orientation, respectively. Since ADP release from
the MT-bound ADP-monomer is a non-rate-limiting step of the
ATPase activity,* for simplicity, here we assume that the rate of
ADP release from the MT-bound ADP-monomer, kp, is much
larger than k). Thus, the velocity, v, and stepping ratio, , of the
dimer can be approximately written as*"**

v = [Ppak™ — (1 — Pp2)k' N, (2)
_ Pk
T (1= Pgy)k0)” ®

since k) and k) depend only on the NL orientation, they
are independent of the stalk length. As mentioned just above,
Py, is also independent of the stalk length under the condition
of the very small elastic constant of the trap in the optical
trapping experiment. Thus, eqn (2) and (3) are independent of
the stalk length.

By adjusting values of parameters, "), k), E, and 1 (Table 1),
eqn (1)—(3) fit the experimental data well on velocity v and stepping
ratio r versus load F measured by Nishiyama et al.’ at saturating (1
mM) ATP (Fig. 3). The rate of the ATP transition to ADP for the
trailing head with the forward NL orientation, 9 = 128 s7h is
close to the biochemical value for the truncated monomer whose
NL after ATP binding docks rapidly in the forward orientation.>
The rate of the ATP transition to ADP for the leading head with the
backward NL orientation, &) = 2 s7%, is 64-fold smaller than k),
which is consistent with the biochemical data showing that
deleting the NL decreases the rate of the ATP transition to ADP by
about 60-fold.*® The total rate of the ATP transition to ADP, k) +
) =130 57, for the dimer, is close to that, kY = 128 s, for the
monomer, which is consistent with the biochemical data showing
that rate of the ATP transition to ADP for the dimer is similar to
that for the monomer.>*” The small value of E, = 2.2kpT agrees
with the available experimental data indicating that the energy
change associated with the NL docking is <1kg7,* and the all-atom
molecular dynamics simulation data indicating that the energy
change associated with the large conformational change of the
kinesin monomer induced by ATP binding is only a few kpT.*

3.2. Dynamics of two coupled kinesin-1 monomers having
a short stalk

In the assembly of two coupled monomers, each monomer is
connected to the cargo by an appended single a-helix domain or

Parameter Description Value
2] Rate of the ATP transition to ADP in a monomer with its NL in the forward orientation 12857 *
) Rate of the ATP transition to ADP in a monomer with its NL not in the forward orientation 25t
E, Energy change of NL docking and large conformational change of the ATP-monomer 2.2kgT
A Energy-splitting factor 0.425
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Fig. 3 Results for the dynamics of the single kinesin-1 dimer. Solid lines represent theoretical results. Symbols are experimental data at saturating
(1 mM) ATP taken from Nishiyama et al.® (a) Velocity versus load. (b) Stepping ratio versus load.

stalk after the NL of the monomer, as in the experiments of
Schimert et al.** In this section, we study the dynamics of cargo
transport by the two coupled monomers with the stalk having
a short length Lg < 5 nm. The mechanochemical pathway is
shown in Fig. 1.

As shown in Fig. 1, the state of the system in the upper panel
and that in the lower panel of Fig. 1a are in dynamic equilib-
rium, with the state in the lower panel having lower energy by
about AE = 2E, — Fd relative to that in the upper panel under
the backward load F on the cargo. Thus, the probability of the
system in the state of the lower panel is

exp[B(2Ey — Fd))]

P = exp[B(2Ey — Fd)] + 1~ )

In the state of the lower panel, the rate of the ATP transition
to ADP in any monomer with the NL in the forward orientation
is k). In the state of the upper panel, the rate of the ATP
transition to ADP in any monomer with the NL in the backward
orientation is K. Thus, the overall rate of the ATP transition to
ADP in one monomer in Fig. 1a is

ko = Papk™ + (1 = Papk . (5)

After the ATP transition to ADP in one monomer (e.g., the
rear monomer) in Fig. 1a, the effective probability Py, for the
system to transition to Fig. 1b can be derived as follows, similar
to that done before for the case of the dimer.* It is noted that
the internal energy of the system in the state in Fig. 1f is higher
than that in Fig. 1b by E,. For the simple unloaded case, no
external energy change is present for the transition from Fig. 1a
to b and that from Fig. 1a to f, and thus considering the
symmetrical potential of the monomer interacting with tubulin,
the rate of the transition from Fig. 1a to b and that from Fig. 1a
to f can be written as kgont = C and krear = Cexp(—Bko),
respectively, where C is a constant. For the loaded case, we use
o to denote the external energy of the system in the state in
Fig. 1a, ¢; to denote the external energy in the state in Fig. 1b
and ¢_; to denote the external energy in the state in Fig. 1f at
one moment. Of the external energy change ¢; — ¢, the fraction
perturbing the transition from Fig. 1a to b is A. Similarly, of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

external energy change ¢ ; — ¢ the fraction perturbing the
transition from Fig. 1a to f is also A. Thus, the transition rate
from Fig. 1a to b and that from Fig. 1a to f can be written as
kront = C exp[—BA(e1 — &o)] and krear = C exp(—PBro)exp[—BA(e_1
— &), respectively. The probability Pg; can be calculated with
Pg1 = kgront/(keront + krear), Which is written as

exp(BEy)exp] —BA(er — e4)]

Pe = exp(BEy)exp[ —BA(er —eq)] +1° (©)

As in the above section, consider that in the optical trapping
experiment the elastic constant of the trap kiap, is very small
(<0.05 pN nm™").%1%263 Then, it is noted that whether the ATP
transition to ADP occurs in the rear monomer in the lower panel
or in the upper panel of Fig. 1a, the external elastic energy for
the transition from Fig. 1a to b is increased approximately by Fd
relative to that for the transition from Fig. 1a to f, giving e; —¢_4
= Fd. Thus, eqn (6) can be rewritten as

p. _ _Sxp(BEy)exp(—B2Fd) )
BT exp(BEy)exp(—BAFd) + 1

Since the two states in the upper and lower panels of Fig. 1a
can transition rapidly from each other and kp is much larger
than £, it is noted that after the ATP transition to ADP occurs
in the rear monomer in Fig. 1a, the rate of the transition from
Fig. 1a to e, equivalent to the rate of a forward step of the cargo,
is approximately given by kgwq = PElkak“)/(PElka + km). In the
same way, the rate of the transition from Fig. 1a to i, equivalent
to the rate of a backward step of the cargo, is approximately
given by kpwa = (1 — Pp1)kak /[(1 — Pgy)k, + k7). Similarly, after
the ATP transition to ADP occurs in the front monomer in
Fig. 1a, we have the same forward and backward stepping rates
krwa and kgyq for the cargo. Since in Fig. 1a the ATP transition to
ADP can occur in both monomers with the same rate, the cargo
velocity is approximately v = 2(kgwa — kpwa)d, which is rewritten
as

B Pgik k™) (1 — Pg))k,kO)

y=2 Pk, kT 0= Pok, + k0 d. (8)
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The forward to backward stepping ratio is approximately r =

kewa/kswa, Which is written as

Pk [(1 = Pe )k, + kO]

(1= Pk (Perka + k)

r =

)

Using eqn (4)-(9) and with parameter values given in Table 1,
the theoretical results of velocity v and stepping ratio r versus F
are shown in Fig. 4. By comparing Fig. 4a with Fig. 3a it is
interesting to see that under a near-zero load, the velocity for the
two coupled monomers is similar to that for the single dimer.
However, as the backward load increases, for the two coupled
monomers the velocity decreases quicker than for the single
dimer. The stall force for the two coupled monomers is about 4
PN and that for the single dimer is about 7.7 pN, with the latter
being about 2-fold larger than the former. This gives an expla-
nation of why in cells cargo transport is designed to be realized
by kinesin dimers rather than by multiple monomers with
a short stalk. The above theoretical results are consistent with
the experimental evidence from Schimert et al.** showing that
multiple coupled monomers can drive cargo to move toward the
MT plus end with a high velocity under a low external load but
with a small driving force. By comparing Fig. 4b with Fig. 3b it is
seen that the unloaded stepping ratio for the two coupled
monomers is about 17 times smaller than that for the single
dimer, further explaining why in cells cargo transport is
designed to be realized by kinesin dimers. Interestingly, it is
seen that while for the single dimer the stepping ratio decreases
exponentially with the increase in the load (Fig. 3b), for the two
coupled monomers the stepping ratio versus the load does not
follow the exponential form (Fig. 4b).

To understand the underlying mechanism of the two
coupled monomers having an evidently smaller stall force than
the single dimer, in Fig. 5 (black solid lines) we show the results
of v and r versus F with Py, = 1, namely with the two ATP-
monomers in Fig. 1la always being in the state having the
docked NL (the lower panel). For comparison, in Fig. 5 we also
reshow the results given in Fig. 3 (red dashed lines) and those

(a) 1000+ : : :

% 8001
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200+
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T T T T T

0 2 4 6
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View Article Online
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given in Fig. 4 (blue dashed-dotted lines). It is seen that v and r
under no load with Py;, = 1 for the two coupled monomers are
nearly equal to those with Py;, # 1. However, the stall force with
Py, = 1 for the two coupled monomers becomes nearly equal to
that for the single dimer. Thus, the large probability of the ATP-
monomers in Fig. 1a to be in the state with an undocked NL (the
upper panel) under the backward load leads to the two coupled
monomers having an evidently smaller stall force than the
single dimer. The differences in the dynamics between the two
coupled monomers and the single dimer can be noted intui-
tively from the pathways shown in Fig. 1 and S1,T as stated as
follows.

For the dimer (Fig. S1t), which is predominantly in the two-
heads-bound (2HB) state during its mechanochemical cycle,*”®
the relative position of the two heads in the 2HB state ensures
that the NLs of the trailing and leading heads are always in the
forward and backward orientations, respectively, under any
backward load. This thus gives higher and lower rates of ATP
transition to ADP in the trailing and leading heads, respectively,
because the orientation of the NL dictates the rate of the ATP
transition to ADP of the head. On the other hand, the transition
of ATP to ADP in the trailing head can lead to either a forward
step or a futile mechanochemical cycle while the transition of
ATP to ADP in the leading head can lead to either a backward
step or a futile mechanochemical cycle (Fig. S11). Hence, the
dimer can have a high stepping ratio and thus a large stall force.
By contrast, for the two coupled monomers (Fig. 1), the ATP-
monomers in Fig. 1a can be driven by the backward load to
be in the state with the NL not in the forward orientation (the
upper panel). This results in a large decrease in the rate of ATP
transition to ADP of the two monomers as shown in Fig. 1a and
thus a large decrease in the forward stepping rate under the
backward load, providing a small stall force. This advantage of
the dimer over the two coupled monomers, namely the NL of
the trailing head always being in the forward orientation under
any backward load for the dimer and the NL not always being in
the forward orientation for the two coupled monomers,
provides an explanation of why the native kinesin is designed to
be in the dimeric form.
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Fig. 4 Results for the dynamics of cargo transport by two coupled kinesin-1 monomers with a short stalk. (a) Velocity versus load. (b) Stepping

ratio versus load.
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3.3. Dynamics of two coupled kinesin-1 monomers having
a long stalk

In this section, we study the dynamics of cargo transport by two
coupled monomers with a long wild-type stalk. The mechano-
chemical pathway is shown in Fig. 2. As prior experimental
results indicated, the elastic constant of the long stalk of the
kinesin, kg, is about 0.3 pN nm ™ *.%%7° Thus, the elastic energy
for one monomer in either Fig. 2c or f, which arises from
stretching of its stalk, is increased approximately by Ee.s =
Ksta(d/2)*/2 = 0.58kgT relative to that in Fig. 2a. This value of
Eas is evidently smaller than E, = 2.2kgT, implying that after
ATP binding to the front monomer bound to tubulin IIT’ (Fig. 2c)
or I (Fig. 2f) its NL docking can occur easily.

Similar to eqn (4) and (5), the overall rate of ATP transition to
ADP in one monomer in Fig. 2a has the form

ka = Prrok™ + (1 = Papo)k™,

explf(Es — Fi/4)
P = plBE — FA) + 1 )

(10)

where due to the long stalk one monomer can be in the state
with either a docked or undocked NL independent of the other
monomer. This is contrary to the case of the short stalk shown
in Fig. 1a, where the short stalk induces the NLs of the two
monomers to dock and undock concertedly. Similar to eqn (10)
and (11), the overall rate of ATP transition to ADP in the rear
monomer in Fig. 2c and that in the front monomer in Fig. 2f,
whose stalks are elastically stretched in the forward direction,
have the form

K = PRLK + (1 = PRRok,

+) _ eXp[ﬁ(Eo + Eelas — Fd/4)]
NLO eXp[ﬂ(Eo + Eelas - Fd/4)] + 1 7

(12)

(13)

where E.j,s = 0.58kpT (see above). Similarly, the overall rate of
ATP transition to ADP in the front monomer in Fig. 2c and that
in the rear monomer in Fig. 2f, whose stalks are elastically
stretched in the backward d direction, have the form

© 2025 The Author(s). Published by the Royal Society of Chemistry

K = PRLok™ + (1 — PRk,

- _ eXp[ﬁ(Eo - Eelas — Fd/4)]
. eXp[ﬁ(E() - Eelas) - Fd/4] + 1 .

(14)

(15)

For the approximation of kp, >> k), from Fig. 2 we use the
following equations for the velocity and stepping ratio of the
cargo

Prok, k(" 1 — Pgo)k, k)
=2 - e = |4 (16)
PEOka + ka (1 - PEO)ka + ka
Prok(®) [(1 — Pro)ka + k;ﬂ]
r= (17)

(1- PEo)kgi) (PEOka + ke@) 7

where Py is the effective probability (defined in Fig. 2), which
can be derived as follows. It is noted that in Fig. 2e the elastic
energy for the system, which arises from the stretching of the
two stalks, is increased by about 2E.,s relative to that in Fig. 2a.
As shown in Fig. 2e the energy change for the NL docking of the
rear ATP-monomer is decreased by about E., relative to that in
Fig. 2a. For the very small elastic constant of the trap, kp, the
external elastic energy of the system for the transition from
Fig. 2a to e, which arises from the external load, is decreased by
about Fd/2 relative to that for the transition from Fig. 2a to a.
Thus, compared to Fig. 2a, the total energy change in Fig. 2e is
increased by about E.,s — Fd/2 relative to that in Fig. 2b. Hence,
similar to the derivation of eqn (7), Py, can be derived as
exp[BA(Eeas — Fd/2)]

B = xplBA(Eam — FdJ2)] + 1 (18)

Using eqn (10)-(18) and with parameter values given in Table
1, the theoretical results of v and r versus F are shown in Fig. 6.
By comparing Fig. 6a with Fig. 4a it is interesting to see that the
unloaded velocity for the two coupled monomers with a long
stalk is about 124 nm s~ ', which is reduced by about 7.6 times
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Fig. 6 Results for the dynamics of cargo transport by two coupled kinesin-1 monomers with a long stalk. (a) Velocity versus load. (b) Stepping

ratio versus load.

relative to that for the two coupled monomers with a short stalk
(about 941 nm s~ ). Moreover, the stall force for the two coupled
monomers with a long stalk is only about 0.8 pN, which is
reduced by about 5 times relative to that for the two coupled
monomers with a short stalk (about 4 pN). These theoretical
results are consistent with the experimental evidence from
Schimert et al.** From Fig. 6b it is seen that under no load the
stepping ratio is about 1.2, which is only slightly larger than 1.
By contrast, from Fig. 4b it is seen that under no load the
stepping ratio is about 34.8, which is much larger than 1.

3.4. Dynamics of two coupled kinesin-2 KIF3A monomers

In Section 3.2, it is shown that the decrease in the stall force for
the two coupled kinesin-1 monomers with a short stalk relative
to that for the single kinesin-1 dimer is due to two reasons. One
is that the ATP-monomers in Fig. 1a can be driven by the
backward load to be in the state with the NL in the backward
orientation. The other one is that the monomer with the NL in
the backward orientation has a much smaller rate of ATP
transition to ADP than that with the NL in the forward orien-
tation. Thus, if the rate of ATP transition to ADP in the mono-
mer with the backward NL has a small difference from or is
similar to that with the forward NL, the stall force for the two
coupled monomers with a short stalk would be slightly smaller
than or similar to that for the single dimer.

In the pathway for the dimer (Fig. S17}), the forward stepping
rate of the dimer is induced by the transition of ATP to ADP in
the trailing head while the backward stepping of the dimer is
induced by the transition of ATP to ADP in the leading head,
with the forward and backward stepping rates being Pyok™ and
(1 — Pg,)k(), respectively. This implies that for a type of kinesin
dimer having a large unloaded backstepping probability the
rate of ATP transition to ADP in its head with the backward NL,
kH, would have a smaller difference from that with the forward
NL, kX, than for another type having a small unloaded back-
stepping probability if the two types have similar Pg, or E,.
Thus, it is expected that for a type of kinesin dimer having
a large unloaded backstepping probability, the two coupled

136 | RSC Mechanochem., 2025, 2, 127-141

monomers of this type with a short stalk would have a stall force
that is slightly smaller than or similar to that for a kinesin dimer
of the same type. Prior experimental studies showed that
a kinesin-2 KIF3AA, KIF3BB or KIF3AB dimer has an evidently
larger backstepping probability than the kinesin-1 dimer.”>”*
Thus, to verify the aforementioned expectation, in this section
we study the dynamics of the two coupled kinesin-2 KIF3A
monomers compared with that of the single KIF3AA, KIF3BB or
KIF3AB dimer.

Firstly, we consider KIF3AA, KIF3BB and KIF3AB dimers. For
simplicity, we suppose that for this type of kinesin the NL
orientation has no effect on the rate of ATP transition to ADP of
the head. This means that XY = k) and thus only three
parameters k"), E, and 1 are adjustable in eqn (1)-(3). By taking
K =64 s !, E, = 3.5kgT and A = 0.23, the theoretical results for
the load dependence of velocity are consistent with the available
experimental data (Fig. 7a, black line). The theoretical results
for the backstepping probability Py, = 1/(r + 1) are shown in
Fig. 7b (black line), where r is the stepping ratio defined above.
For comparison, the available experimental data are also shown
in Fig. 7b (symbols). Since the three experimental data in Fig. 7b
are measured by different research groups and using different
methods, the data at the backward load F = 1 pN and F = 4 pN
are smaller than that at F = 0, which is contrary to the fact that
the backstepping probability under no load should be smaller
than those under non-zero backward loads. Nevertheless, from
Fig. 7b it is seen that the theoretical results are on the same
order as the experimental data. By comparing Fig. 7a for the
KIF3AA, KIF3BB and KIF3AB dimers with Fig. 3a for the kinesin-
1 dimer, it is noted that although the unloaded velocity for the
former (about 485 nm s ') is about 2-fold smaller than that for
the latter (about 920 nm s~ ') the stall force for the former (about
7.8 pN) is close to that for the latter (about 7.7 pN).

Secondly, we consider the two coupled KIF3A monomers
with a short stalk. With the above three parameter values and
using eqn (4)-(9), the theoretical results of v and Py, versus F
are also shown in Fig. 7 (red lines). It is interesting to see that
the theoretical results of v versus F for the two coupled

© 2025 The Author(s). Published by the Royal Society of Chemistry
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monomers are close to those for the single dimer, and more
interestingly the stall force for the two coupled monomers is
the same as that for the single dimer. These are in agreement
with the experimental evidence from Schimert et al.** showing
that multiple coupled KIF3A monomers with a short stalk can
drive a high-load cargo, like multiple KIF3AB dimers.
Thirdly, we consider the two coupled KIF3A monomers with
a long stalk. With the above three parameter values and using
eqn (10)-(18), the theoretical results of v and Py, versus F are
shown in Fig. 8, with the unloaded velocity being only about
30 nm s ' and the stall force being only about 0.59 pN. By
comparing Fig. 8a with Fig. 7a it is interesting to see that both
the unloaded velocity and stall force for the two coupled
monomers with a long stalk are much smaller than those with
a short stalk. From Fig. 8b it is seen that under the load in the
range of 0-1 pN the backstepping probabilities are close to 50%.

© 2025 The Author(s). Published by the Royal Society of Chemistry

As expected, the backstepping probability under no load in
Fig. 8b is much larger than that in Fig. 7a.

Note that if we assume k") > k=), for example, taking k) =
64.5s 1 k) = 0.5k, E, = 2.9kzT and A = 0.21, the theoretical
results for the load dependences of the velocity v and back-
stepping probability Py, for the single dimer can also be
consistent with the available experimental data (Fig. S2,T black
lines). With the above four values and using eqn (4)-(9), the
theoretical values of v and Pp,¢k versus F for the two coupled
KIF3A monomers with a short stalk are also shown in Fig. S2+
(red lines). It is seen that the unloaded velocity for the two
coupled monomers is similar to that for the single dimer and
the stall force for the two coupled monomers is only slightly
smaller than that for the single dimer. These are also consis-
tent with the experimental evidence from Schimert et al.**
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Taken together, in this section together with Section 3.2 we
consistently explain the puzzling experimental data showing
that multiple kinesin-1 monomers, unlike the corresponding
dimers, cannot drive high-load cargo, whereas multiple KIF3A
monomers, like the corresponding dimer, can drive high-load
cargo.** In addition, prior studies showed that for kinesin-3
KIF1A, the rate of ATP transition to ADP in its head with the
NL not in the forward orientation is much smaller than that
with the NL in the forward orientation,**”? like kinesin-1. Thus,
it is expected that the dynamics of the two coupled KIF1A
monomers relative to the single KIF1A dimer is similar to that of
the two coupled kinesin-1 monomers relative to the single
kinesin-1 dimer and is in contrast to that of the two coupled
KIF3A monomers relative to the single KIF3AA or KIF3AB dimer.
This is also consistent with the experimental evidence from
Schimert et al.**

4. Concluding remarks

Based on the mechanochemical pathway of the kinesin dimer
presented before, the mechanochemical pathway of the two
coupled monomers is presented here. With the pathways, the
dynamics of the two coupled monomers is studied theoretically
and compared with that of the corresponding single dimer. It is
shown that if the stalk, which connects the NL of the monomer
and the cargo, has a short length Ls (e.g., Ls < 5 nm), the cargo
transport by the two coupled monomers can be efficient with
the unloaded velocity similar to that by the single dimer. By
contrast, if Lg is long, the cargo transport can be inefficient with
a much smaller unloaded velocity and a much smaller stall
force than those by the two monomers with a short Ls. Thus, it is
deduced that cargo transport by the two coupled monomers
depends significantly on the stalk length, with the unloaded
velocity and stall force decreasing with the increase in the stalk
length. By contrast, the dynamics of the dimer is irrelevant to
the stalk length. These are consistent with the available exper-
imental evidence.** Although the unloaded velocity for the two
coupled kinesin-1 (or kinesin-3 KIF1A) monomers is similar to
that for the corresponding single dimer, the stall force for the
former is about 2-fold smaller than that for the latter. By
contrast, both the unloaded velocity and stall force for the two
coupled kinesin-2 KIF3A monomers are similar to those for the
single KIF3AA, KIF3BB or KIF3AB dimer. The underlying
mechanism of the two coupled kinesin-1 (or kinesin-3 KIF1A)
monomers with a short stalk having an evidently smaller stall
force than the corresponding single dimer and the two coupled
kinesin-2 KIF3A monomers with a short stalk having a stall
force similar to that of the corresponding single dimer is
explored. Moreover, the predicted results on the load depen-
dence of the stepping ratio of the two coupled monomers are
also provided (Fig. 4b, 6b, 7b and 8b).

A predominant difference between cargo transport by the
two coupled monomers (Fig. 1) and that by the single dimer
(Fig. S17) is that in the former the two monomers step in an
inchworm manner while in the latter the two heads step in
a hand-over-hand manner. The hand-over-hand stepping
manner ensures that the NLs of the trailing and leading heads
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in the ATP state are always in the forward and backward
orientations, respectively, under any backward load, resulting
in a higher stall force for the kinesin-1 (or kinesin-3) dimer. By
contrast, the inchworm stepping manner does not ensure that
the NLs of the two monomers in the ATP state are always in the
forward orientation, resulting in a smaller stall force for the two
coupled kinesin-1 (or kinesin-3) monomers. This gives an
explanation of why the kinesin dimer is designed to have
a configuration ensuring that the two heads step in the hand-
over-hand rather than in the inchworm manner. The simi-
larity between the two systems is that the directional movement
is mainly via the Brownian ratchet mechanism whereas the NL
docking plays an assistant role, as mentioned before for the
dimer.*”* Thus, the studies here have strong implications not
only for the mechanochemical coupling mechanism of the two
coupled kinesin monomers but also for that of the single dimer.

It is mentioned here that we consider the simple case that
the distance between the two connecting points of the stalk on
the cargo is commensurate to the repeat period of tubulins on
the MT filament and moreover consider implicitly that the stalk
is connected fixedly to the cargo. In reality, the connection
could not be fixed and two possible cases are present. (1) One
case is that the stalk cannot slide on the cargo surface but can
rotate elastically relative to the cargo in a small range of angle.
For this case, considering that the stalk is capable of rotating
freely in a large range of angle relative to the head” the pathway
of the two coupled monomers with a short stalk and with the
distance between the two stalk-cargo connecting points being
incommensurate to the repeat period of tubulins on the MT
filament is shown in Fig. S3.1 The analysis of the dynamics for
the two coupled monomers based on Fig. S37 is more compli-
cated than that based on Fig. 1 and more parameters are
required. (2) Another case is that the angle of the stalk relative to
the cargo is kept fixed but the stalk can slide on the cargo
surface in a small range of distance. For this case, the pathway
of the two coupled monomers is similar to that shown in Fig. 1,
but instead in Fig. 1a the system can be in three states: in one
state the two monomers have docked NLs, in another state one
monomer has a docked NL and the other one has an undocked
NL, and in the third state the two monomers have undocked
NLs. For this case, the analysis is also more complicated than
that presented in this work. The analyses for the two cases will
be performed in the future.

Finally, it is mentioned that the model for the two coupled
kinesin monomers, which is applicable to the kinesin-1, -2 and
-3 families here, can also be applicable to other families.
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