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Kinesin is an archetypal microtubule-based molecular motor that can generate force to transport cargo in cells. The
load dependence of the detachment rate is an important factor of the kinesin motor, the determination of which is critically
related to the chemomechanical coupling mechanism of the motor. Here, we use three models for the load dependence of the
detachment rate of the kinesin motor to study theoretically and numerically the maximal force generated and microtubule-
attachment duration of the motor. By comparing the theoretical and numerical results with the available experimental data,
we show that only one model can explain well the available experimental data, indicating that only this model can be

applicable to the kinesin motor.
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1. Introduction

Kinesin-1 is a well-studied ATPase-driven molecular mo-
tor that can step on microtubule (MT) toward the plus end (for-
ward direction) for a long distance (defined as the run length)
until it detaches from MT.I=71 The velocity, run length, de-
tachment rate, etc., are important quantities to characterize its

[8-121 To determine these quantities and the force de-

dynamics.
pendences of these quantities, the single molecule optical trap-
ping method was usually employed, where a large-sized bead

[13-221 T the optical trap-

is attached to the stalk of the motor.
ping experiment, either a movable trap ensuring a ‘constant’
load on the moving motor or a fixed trap was used.[!3-31]

The available optical trapping data for Drosophila kinesin
showed that its velocity decreases with the increase in the
magnitude of the backward load, while the variation of the
forward load has no effect on its velocity.[*!! Both the for-
ward and backward loads reduce its run length. Puzzlingly,
the run length shows a dramatic asymmetry with respect to
the direction of the load, with the run length under a medium
forward load (e.g., with a magnitude of 2 pN-3 pN) being
much smaller than that under the corresponding backward
load.[?!22] Accordingly, the detachment rate also shows a dra-
matic asymmetry with respect to the loading direction. !l
While it is easy to explain the load-velocity relation, it is still
difficult to understand how the detachment rate shows the dra-
matic asymmetry with respect to the loading direction.[%?!]
The explanation of the origin of the dramatic asymmetry is
critical to the molecular mechanism of the chemomechanical

coupling of the kinesin motor. [>?!]
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In addition, the experimental data from several research
groups indicated that the detachment rate of the kinesin mo-
tor does not necessarily rise monotonically with the increase
in the magnitude of the backward load.!'>?!-32] The theoret-
ical modeling also suggested that the detachment rate versus
the magnitude of the backward load does not have the mono-
tonic form. (%3334 On the contrary, according to Kramers the-
ory, the detachment rate would increase exponentially with the
increase in the magnitude of the load, as frequently assumed
in the literature.3>3°! Determining the form of the detachment
rate versus backward load is critically important to the theoret-
ical or numerical studies of the cargo transport by the kinesin
motors and in particular the transport by both the forward-
moving kinesin and backward-moving dynein motors. 348

To explain the dramatic asymmetry of the detachment
rate of the kinesin motor with respect to the loading direction,
two models have been proposed. One model was proposed
by Xie,#*°1 which is called Model-I here, and the other one
was proposed by Khataee and Howard, 3! which is called
Model-II here. To verify which model is more reasonable, here
we use the two models to study theoretically and numerically
the dynamics of the kinesin motor versus the size of bead at-
tached to the stalk for the case of the fixed trap in the optical
trapping experiment and compare the theoretical/numerical re-
sults with the available experimental data. 30311 1y addition,
to determine whether the detachment rate increases mono-
tonically or not with the increase in the magnitude of the
backward load, we also consider the model (called Model-
IIT here), in which the detachment rate versus load has an
exponential form, to study theoretically and numerically the
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dynamics of the motor versus bead size for the case of the
fixed trap in the optical trapping experiment and compare the
theoretical/numerical results with the available experimental
data.[30:311

2. Approximate theoretical analysis of maximal
force and attachment duration

As done in the optical trapping experiment, we consider
a large-sized bead attached to the motor stalk and a load, F;,
acts on the bead (Fig. 1). F; is defined to be positive when it
is in the backward direction. Due to the collision of the bead
with MT in the assay, apart from the horizontal component
(F) there also exists the vertical component (F}) of the load,
where the horizontal direction is parallel to the MT filament
and the vertical direction is perpendicular to the MT filament.
F, can be written as

F, = |F|tan®, (1)
© =sin ' [Rg/(Rp +1s)], ()

where O is the angle of the stalk with respect to the MT fila-
ment, Rp is the bead radius and [ is the stalk length. As done
previously, P21 we take /s = 35 nm. The total magnitude of
the load is

F=(F2+F)". 3)

Note that here we only focus on the single motor attached to
the bead. Under a backward load F;, the bead is predomi-
nantly in the xoy plane. Although the fluctuation of the bead
can cause it to deviate away from the xoy plane, resulting in
the presence of the z-component (F;) of the load, on average,
F is approximately equal to zero and thus we do not consider
F; here.

Bead

Forward
é

Stalk

Kinesin

+

MT

Fig. 1. Schematic diagram of a kinesin motor moving on an MT filament
with a large-sized bead attached to the motor stalk and a backward load,
F, on the bead.

In this section, we consider the case of the fixed trap in the
optical trapping experiment, as done previously.[?8! After the
motor binds to the filament, the initial position of the motor is
set as x = 0 and the motor is considered to be in the dwell pe-
riod of the first mechanical step, when no load is present on the
motor. Then, the motor steps forward processively. If during
the i-th mechanical step the load on the motor is smaller than

the stall force (i being an integer), the motor mainly steps for-
ward and occasionally steps backward, where the stall force
is defined as the load F, under which the motor velocity be-
comes zero. Denoting by k the trap stiffness, with x having
a very small value, during the ith mechanical step the load on
the motor can be approximately written as Fy(i) = k(i —1)d.
Denoting by v(i) the velocity under load Fy(i) = k(i —1)d,
the average dwell time of the ith mechanical step can be ap-
proximately computed with d/v(i), where d = 8 nm is the step
size equal to the repeat period of tubulin heterodimers on the
MT filament. Notice that if during the m-th mechanical step
F.(m) = x (m— 1) d becomes equal to the stall force (m being
an integer, with m > i), v(m) = 0 and the dwell time of the
m-th mechanical step is considered to be infinitely large if the
motor is not detached.

Denote by €(i) the detachment rate of the motor during
the ith mechanical step. Since during the i-th mechanical step
the load on the motor is approximately Fy(i) = k (i — 1) d, €(i)
is approximately equivalent to the detachment rate under load
F.(i) = x(i—1)d. The detachment probability of the mo-
tor during the i-th mechanical step can then be approximately
written as

e(i)
b= e oo @
The cumulative detachment probability of the motor after
reaching the n-th mechanical step can be computed by Pcﬂl =
i P; (n being an integer, with n < m). With Eq. (4), Péﬁ?n can

i=1
be rewritten as

n e e(i)

Peam = X o v/ ©)
The average number of the mechanical steps, nmax, that the
motor can take before detachment can be obtained with cumu-
lative detachment probability PC(SQZ"‘) = 1. The average max-
imal force that can be generated by the motor or the average
force value at the termination of the force ramp, which is sim-
ply called maximal force, can be computed approximately by

Frax = (nmax - 1) Kd. 6)

The average attachment duration of the motor to MT, fqyra,
which is simply called attachment duration, can be approxi-
mately computed by

Nmax

Iqura = Z T(i)a (7)
i=1

where 1(i) = d/v(i) if €(i) < v(i)/d and ©(i) = 1/e(i) if
e(i) >v(i)/d.

As it is seen from Eqs. (1)—(7), to compute Fnax and fqyr,
it is required to know forms of the velocity v and detachment
rate € versus F;. Different models would have different forms
of v and € versus F;, which will be given in the following sec-
tions.
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3. Dynamics of motor with Model-I

Model-1 is described in detail in Sections S1, S2, and
Fig. S1 in supporting information.**% In Model I, a chemo-
mechanical cycle of the motor can be divided into three peri-
ods during which the motor can detach with distinct rates. One
is the weak MT-binding period (called period I), during which
the motor is in one-head-bound (1HB) state, with one ADP-
head binding to the local tubulin with a very weak affinity Ey,;.
Another one is also the weak MT-binding period (called pe-
riod II), during which the motor is also in 1HB state, with one
ADP-head binding to MT with a weak affinity Eyy > Ew).
The third one is the strong MT-binding period (called strong
period), during which the motor has at least one head binding
strongly to MT with an affinity much larger than Ey;.

Based on the chemomechanical pathway (Fig. S1), the
motor velocity at saturating ATP can be approximately written

asV
v =[Pkt — (1 —Pg)kL]d, (®)
1 1\ !
kT:(k(Jr)‘f'kNL> PE
LIRS U T o)
o T T ) U8 (

1 1\
(Lt () (1_
kL_<kD+k(_)> Pe+k)(1—-p5),  (10)

Ey—F,0
exp T

= Eg—F.0 ’
CXp kBiT +1

1)

where kT and k;, are ATPase rates of the trailing and leading
heads, respectively, Py is the probability of the trailing head
taking a forward step after ATP transition to ADP in the head
(see Fig. S1), k) and k(-) are rates of ATP transition to ADP
in the head with its neck linker (NL) in the forward orientation
and not in the forward orientation, respectively, kp is the rate
of ADP release from the MT-bound ADP-head, kny. is the rate
of the large conformational change of the ATP-head together
with its NL docking and the reduction of its binding energy to
the ADP-head in 1HB state, Ey is the energy change associ-
ated with the large conformational change and NL docking of
the ATP-head relative to the nucleotide-free head, § is the dis-
tance parameter for the detached ADP-head to diffuse from the
intermediate position in 1HB state to the nearest unoccupied
tubulin, and kg7 is the Boltzmann constant times the absolute
temperature.

The expressions for the detachment rate are presented as
follows. Under no or a backward load, the NL of the MT-
bound ATP-head in 1HB state is not in the forward direction
before NL docking, with the rate of ATP transition to ADP of
the head given by

k=k"), when F,>0. (12)

Under a large forward load, the NL of the MT-bound head
in 1HB state can be pulled in the loading orientation be-
fore NL docking, resulting in the NL severely clashing
with a nucleotide-binding motif (a P-loop subdomain) in the
nucleotide-free orientation to make the P-loop subdomain in
the ATP-like orientation.[>! Thus, the rate of ATP transition
to ADP of the MT-bound head becomes k(™). Therefore, un-
der any forward load, the rate of ATP transition to ADP of
the MT-bound head in 1HB state before NL docking can have
following phenomenological form: "]

) () [ e ([l ONL
k=k (k k ){1 exp( kT ,

when F, <0, (13)

where Oy is the distance parameter for pulling NL of the MT-
bound head in 1HB state in the loading direction before NL
docking. Consequently, in an ATPase cycle, the occurrence

probability of period I can be written as!>!
k
= . 14
Py kN +k (14)

Since E\y,; is very small, the detachment probability in period I
is approximately Py; = 1 under any load. In an ATPase cycle,

the occurrence probability of period II can be written as "]
k() | k=) s
PII—PEm“F( —PE)m- (15)
The detachment probability of the motor during period II is
given by
kan
Py = —an__ 16
Ll (16)
F oy
kan = € — 17
Al = Ewo €XP (kBT ) ; a7

where kqyp is the detachment rate in period II, &9 is the de-
tachment rate under no load and J, is the distance parameter
for the head to detach from MT by overcoming affinity Ey,
in period II. Equation (17) is consistent with Kramers theory.
For approximation, in the range of the load with the magnitude
not very high (|F;| < 6 pN), the detachment during the strong
period can be neglected. Hence, the total detachment rate is
given by

€ = krPiPy + (kr + ki) PPy (18)

Under the loads of very large magnitude (|Fy| > 6 pN), the
detachment during the strong period should also be included.
Since during the stepping cycle the motor is mainly in two-
heads-bound state or strong period,>*! the total detachment
rate under the loads of very large magnitude (|Fy| >6 pN)
can be approximately calculated by & [Eq. (18)] plus & =
g exp[FOs/(ksT)], where & is the detachment rate of the mo-
tor during the strong period, & is the unloaded detachment
rate during the strong period, with & < &y0, and J; is the dis-
tance parameter for the motor to detach from MT during the

018702-3
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strong period. Note that & increases exponentially with the
increase of the load, according to Kramers theory.

As shown before,®° using Eqs. (8)—(18) and taking pa-
rameter values listed in Table 1 under condition of Ref. [21]
the theoretical results of the velocity, run length, detachment
rate, and backward-stepping probability versus F, in the range
of |Fy| < 6 pN are in good agreement with the available ex-
perimental data for Drosophila kinesin.[*!l The run length and
detachment rate exhibit the dramatic asymmetry with respect
to the loading direction. In the large range of |F| > 6 pN, with
the total detachment rate being calculated by € + & the theo-
retical results can also explain well the available experimental
data for the load dependences of the velocity, run length, and

detachment rate. >4

Table 1. Parameter values for Drosophila kinesin used in Model-I. Val-
ues except for those with ‘*’ are from Ref. [SO]. Under condition of
Refs. [30,31] for the fixed trap, parameter Sy is not required.

Parameter Value under Value under
condition of Ref. [21] condition of Refs. [30,31]

k) (s7h 101 101
k) s 3.6 3.6

kp (s71) 300 300
knp (571 1500 1500
Ey (kgT) 3.6 3.6

d (nm) 34 4.5%
Ewo (s71) 7 7

8y (nm) 1.1 2.2¢
OnL (nm) 4 -

For the case of the fixed trap in the optical trapping exper-
iment, since the maximal force is not very high (¥, < 6 pN), we
can neglect the detachment during the strong period. Thus, we
use forms of v and € versus F, given by Egs. (8)—(18) to com-
pute maximal force Fp,x and attachment duration 7gyr,, and

compare the theoretical results with the experimental data of
Pyrpassopoulos et al.3%3! Similar to that used in the opti-
cal trapping experiment, 3311 we take the trap stiffness x =
0.04 pN/nm throughout. With the parameter values listed in
Table 1 under condition of Ref. [21], the theoretical results
of velocity versus F, show that the stall force is about 8 pN
(Fig. 2(a) for 6 = 3.4 nm). Since the parameter values listed
in Table 1 were obtained by fitting Eqgs. (8)—(11) to the exper-

imental data of Andreasson et al.,*!]

it is implied that under
the experimental condition of Andreasson et al.[*! the stall
force is about 8 pN. By comparisons, the experimental data
of Pyrpassopoulos et al.’%31] indicated that the stall force is
about 6 pN. It is noted that by taking 6 = 4.5 nm (Table 1 un-
der condition of Refs. [30,31]) and with all other parameters
having the same values as listed in Table 1 under condition of
Ref. [21], the stall force becomes about 6 pN (Fig. 2(a) for
0 = 4.5 nm). Thus, in order to compare the theoretical results
with the experimental data of Pyrpassopoulos et al.,3%3! we
take 6 = 4.5 nm to compute Fyax and fqy,. We take k”),
k<_), kp, knv, Eo, and €y having the same values as those
listed in Table 1 under the condition of Ref. [21]. By adjust-
ing only one parameter 8y, = 2.2 nm (Table 1 under condition
of Refs. [30,31]), using Egs. (1)—~(7) and with forms of v and
€ versus F, given by Egs. (8)—(18), the theoretical results of
both Frax and gy, versus Rp are in agreement with the ex-
perimental data, 3% as shown in Figs. 2(b) and 2(c), where
the data at Rg = O correspond to those measured using the
three-beads assay. Moreover, we also show the corresponding
numerical results of Fax and #qyr, versus Rp in Figs. 2(b) and
2(c), which are obtained using the Monte—Carlo method (see
Section S3 in supporting information), as used before. 33331 It
is seen that the numerical results are also consistent with the

experimental data.

5
e Exp-1 o Exp-1
Model I 4 Eyxp2 Al [(©) Model T o Exp-2
— Theo — Theo
. Num 3 - Num

Attachment duration tqua (s)
no

800 2 8
—_ £ (b)
< 600t 6
: 5
~ ©
?? 400} g al
8 — §=3.4nm S
o 200f— §5— ]
§ 0=4.5 nm g al
”
0 | <
e RSN I
-8 —4 0 4 8 0 400

Load F; (pN)

Bead radius Rp (nm)

1200

0 400 800
Bead radius Rp (nm)

800 1200

Fig. 2. Results with Model-I for the dynamics of kinesin motor. Lines are theoretical (Theo) results. Unfilled blue circles are numerical (Num)
results. The experimental data in red dots (Exp-1) and green diamonds (Exp-2) are from Refs. [30,31], respectively, with Rg = O corresponding
to the case of the three-beads assay. (a) Velocity versus load Fy. (b) Maximal force Fiax versus bead radius Rp for the case of the fixed trap in
the optical trapping experiment. (c) Attachment duration 4., versus Rp for the case of the fixed trap in the optical trapping experiment.

In addition, from Egs. (8)—(11) it is seen that the velocity
vis independent of the vertical component Fj, of the load. This
is also consistent with the experimental data of Pyrpassopou-
los et al.l*%! showing that the average velocity values of about
300 nm/s for Rg > 255 nm and about 280 nm/s for Rg = 0
(corresponding to the case of the three-beads assay) are within

10% of each other under F; below 3 pN. It is noted that these
average velocity values are about 1.9-fold smaller than the av-
erage velocity value under F, below 3 pN shown in Fig. 2(a)
for § = 4.5 nm. To see how the variation of v affects Fy,,x and
tqura, We reduce values of parameters k(+), k(’), kp, and knp
listed in Table 1 by 1.9-fold and with other values listed in Ta-

018702-4
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ble 1 under condition of Refs. [30,31] being unchanged. Note
that reducing values of kH), k<’), kp, and knp, decreases only
v but has no effect on the stall force (Fig. S2(a) in support-
ing information), as also noted from Egs. (8)—(11). With these
values the theoretical results of Fy,x and 74y, Versus Rg are
also in agreement with the experimental data of Pyrpassopou-
los et al.,3%311 as shown in Figs. S2(b) and S2(c) in supporting
information.

Taken together, with Model-I the available experimental
|

data on maximal force Fy,,x and attachment duration #q,., ver-
sus bead radius for the case of the fixed trap in the optical
trapping experiment are explained quantitatively. These sup-
port Model-1.

4. Dynamics of motor with Model-I1

In Model-II, a stepping cycle of the motor is treated as

consisting of three steps.[?!3! The expression for the load de-

pendence of velocity is written as!>!->1]

rryrs eXp

0,00 [—Fxcl +(-F+F)os

T—

V=

where F; is the inter-head tension, r?, rg, and rg are rates of

the three steps under no load, and o7, 0>, and o3 are the corre-
sponding distance parameters for the three rates. Note that
F, > 0 when it is in the backward direction, as mentioned
above. It should be mentioned that in Eq. (19) only the for-
ward stepping is considered while the backward stepping is
not included.

In Model-II, the motor detachment is assumed to consist
of two kinetic steps. In other words, the detachment passes

through three states: strong MT-binding state L) weak MT-

binding state —25 detached state.>3? Thus, the detachment
rate is written as
_ kik
kitk
Additionally, it is assumed that the vertical component F, of

(20)

the load increases the detachment rate and the forward hori-
zontal component F; (< 0) also increases the detachment rate,
which is consistent with Kramers theory, whereas the back-
ward horizontal component F; (> 0) decreases the detachment
rate, which is contrary to Kramers theory. However, the as-
sumption of the backward horizontal force decreasing the de-
tachment rate is puzzling, the origin of which is still needed
to investigate if it is correct. According to the assumption, the

load dependences of k; and k are written as>!->?]
—F.6 F,0.
ki = kY exp ()cxkl‘;;;vl> ; (21)
—F.6 F, 0,
k2 = kg exp ()ﬂ)ﬂ) 5 (22)

where k(l) and kg are rates of k; and k, under no load, respec-
tively, &y and §;; are distance parameters for rate k; in the
horizontal and vertical directions, respectively, and ;> and yo
are distance parameters for rate k; in the horizontal and verti-
cal directions, respectively.

As shown before, P! by fitting Eqs. (19)-(22) to the ex-
perimental data on the velocity and detachment rate versus Fy

—F.0; (—F:+F) o3 —F.01
r0rd exp< kaT )+rg exp [kaTl rexp kBXT +1)

d, (19)

for Drosophila kinesin measured by Andreasson et al. using
Rp = 220 nm, 2! the obtained parameter values are listed in
Table 2. The theoretical results show that the detachment rate
exhibits the dramatic asymmetry with respect to the loading
direction. The asymmetry arises solely from the assumption
that the horizontal component F, of the forward load increases
whereas that of the backward load decreases the detachment
rate €, because the vertical component Fy of the forward load
and that of the backward load have the same effect on €. How-
ever, the theoretical results show that the detachment rate has
a slip-bonding or exponential form under both forward and
backward loads, which is inconsistent with the available exper-
imental evidence of the slip-catch-slip-bonding form for the
detachment versus backward load.[!3-21-32]

Here, we use forms of v and € versus F, given by
Eqgs. (19)—(22) to compute maximal force Fi,x and attachment
duration 4y, for the case of the fixed trap in the optical trap-
ping experiment and compare the theoretical results with the
experimental data of Pyrpassopoulos et al.3%3!1 With the pa-
rameter values listed in Table 2, using Egs. (1)—(7) the theoret-
ical results of F,x and #4,r, Versus bead radius Rg are shown in
Figs. 3(a) and 3(b). Moreover, we also show the correspond-
ing numerical results of Fi,ax and tqy, versus Rp in Figs. 3(a)
and 3(b), which are obtained using the Monte—Carlo method
described in Section S3. It is seen that both F,,x and £, in-
crease significantly with the decrease of Rg. At small Rp, Fiax
and tqyr, are much larger than the experimental data. For exam-
ple, at Rg = 0, the theoretical/numerical value of Fy,x is more
than 2-fold larger than the experimental value and the theoret-
ical/numerical value of #4y, is more than 10*-fold larger than
the experimental value. This is understandable easily, because
in Model-II it is assumed that at Rg = 0, implying F,, = 0, the
detachment rate decreases exponentially with the increase of
F, when F; is large, as noted from Eqgs. (20)—(22) and parame-
ter values listed in Table 2.
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Table 2. Parameter values for Drosophila kinesin used in Model-II. Values are from Refs. [21,51,52].

Parameter F; (pN) "(1) (s r‘z’ s rg (s7!') o; (mm) o (nm) o3 (nm) k(lJ ) k(z) s~ 8 (nm) &y (nm)  So (nm)  Jy» (nm)

Values 26 4900 95 260 4.6 0 0.35 091 7.62 2.9 2.25 0 0.18
@ T
a Z
— ® Exp-1 ® - ® Exp-1
ZQ_, 15+ Model I é 105 Model IT & Exp2
\'; o 104 —Theo
E 2 Num
= 10t § 103k
S A
XS 2 104 3
ER g 101 o
E =
5 g 100 @ %
= z
0 10-1

0 200 400 600 800 1000 1200
Bead radius Rp (nm)

0 200 400 600 800 1000 1200
Bead radius Rp (nm)

Fig. 3. Results with Model-II for maximal force Fin,x and attachment duration 74y, versus bead radius Rp for the case of the fixed trap in the optical trapping
experiment. Lines are theoretical results. Unfilled blue circles are numerical results. The experimental data in red dots (Exp-1) and green diamonds (Exp-2)
are from Refs. [30,31], respectively, with Rg = 0 corresponding to the case of the three-beads assay. (a) Finax versus Rp, (b) fqura versus Rp.

Taken together, with Model-II the theoretical/numerical
results on maximal force F,x and attachment duration fgu,
versus bead radius Rp for the case of the fixed trap in the op-
tical trapping experiment deviate significantly away from the
experimental data. These argue against Model-II.

5. Dynamics of motor with Model-II1

In Model-III, it is assumed that the detachment rate ver-
sus backward load has the slip-bonding form. According to

8 1(a) go=1s"1 ® Exp-1
do=1 nm ¢ Exp-2

6 —Theo
o Num

Model III

Maximal force Fiax (pN)

4 L

2 L

00 200 400 600 800 1000 1200

Bead radius Rp (nm)

=z 8 1(c) €=0.55"! @ Exp-1
\% 50: 1.5 nm ‘ EXp-2
g 6t — Theo
9 > Num
3
:c:> at Model III
E
.E 2 L
3
=

0 200 400 600 800 1000 1200
Bead radius Rg (nm)

Kramers theory, the detachment rate versus the total magni-

tude of the load has the exponential form

Fé&
e= — 23
o (£3). o
where g is the detachment rate under no load, & is the dis-

tance parameter and F as a function of F, has the form de-
scribed by Eqgs. (1)-(3).

5 [
B =151 @ Expl
4t dp=1 nm ¢ Exp-2
—— Theo
3t - Num
Model III

0 200 400 600 800 1000 1200
Bead radius Rg (nm)

Attachment duration tqura (s)
)

0

Z 5+

g (d) c0=0.5s"1 ® Exp-1
=

5 o4} So=1.5nm  ® Exp-2
g —Theo
% 3t - Num

=

< 9l Model III
-

=

9]

g 1r

g

5 of >

<

0 200 400 600 800 1000 1200
Bead radius Rg (nm)

Fig. 4. Results with Model-III for maximal force Finax and attachment duration #4,:, versus bead radius Rp for the case of the fixed trap in the
optical trapping experiment. Lines are theoretical results. Unfilled blue circles are numerical results. The experimental data in red dots (Exp-1)
and green diamonds (Exp-2) are from Refs. [30,31], respectively, with Rg = 0 corresponding to the case of the three-beads assay. (a)—(b) Fax
and fgyr, versus Rp for g = 157! and & = 1 nm; (¢)~(d) Finax and fgura versus Ry for &g = 0.5 s~ ! and 8 = 1.5 nm.
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We use the form of € versus F, given by Eqs. (1)—(3) and
(23) and still use the form of v versus F; given by Egs. (8)—(11)
to compute maximal force Fin,x and attachment duration #gye,
for the case of the fixed trap in the optical trapping experiment
and compare the theoretical results with the experimental data
of Pyrpassopoulos e al.®%3!1 As done in Fig. 2(a), we use
values of parameters k<+), k(‘), kp, kni, Ep, and 6 listed in
Table 1 under condition of Refs. [30,31] to determine the form
of v versus F;. As the available experimental data showed that
the detachment rate under no load, &, is about 0.8 s~ 21 we
take two values of &, namely & = 1 s™! and gy = 0.5 5!,
to make the computation. We adjust parameter & to make
the theoretical results be best fit to the experimental data. Us-
ing Eqgs. (1)—(7) the theoretical results of Fiax and #qyra Versus
Rp with &y = 1 nm are shown in Figs. 4(a) and 4(b) and with
0 = 0.5 nm are shown in Figs. 4(c) and 4(d). Moreover, we
also show the corresponding numerical results of Fin,x and tqyra
versus Rp in Fig. 4, which are obtained using the Monte—Carlo
method described in Section S3 of supporting information.

By comparing Fig. 2 with Fig. 4 it is seen that the theoreti-
cal/numerical results with Model-I show better agreement with
the experimental data than with Model-III. Concretely, the the-
oretical/numerical results of #4,, versus Rg with Model-III
(Figs. 4(c) and 4(d)) show that as Rp decreases from 250 nm
to 0, tqura has only a small increase, whereas the experimen-
tal data showed that as Rg decreases from 250 nm to 0, 4y,
increases largely. By contrast, both the theoretical/numerical
results with Model-I and the experimental results of #4,., ver-
sus Rp (Fig. 2(c)) show that as Rg decreases from 250 nm to
0, fqura increases largely, and as Rp increases from 250 nm
to 1050 nm, t4,, decreases slightly. This thus indicates that
Model-I is more applicable to describing the dependence of
the detachment rate upon load than Model-III. In other words,
it is more probable that the detachment rate of the kinesin mo-
tor versus backward load has a non-slip-bonding rather than

the simple exponential (or slip-bonding) form.

6. Conclusion

Using Model-I, Model-1II, and Model-III, we studied the-
oretically and numerically the maximal force Fy,x and attach-
ment duration t4,r, of the kinesin motor versus bead radius
Rp for the case of the fixed trap in the optical trapping ex-
periment. We compared the theoretical/numerical results with
the available experimental data. It is shown that the theoreti-
cal/numerical results obtained using Model-I agree well with
the experimental data, whereas those using Model-1I deviate
significantly away from the experimental data. The significant

deviation of the theoretical/numerical results obtained using

Model-II from the experimental data is due to the assump-
tion that the detachment rate decreases exponentially with
the increase in the horizontal component F; of the backward
load.[>'%] When the bead radius Rp is small only the hori-
zontal component F; is predominant. Thus, as Rp decreases,
the detachment rate decreases largely, giving the significant
increase of both the attachment duration 74, and maximal
force Fax compared to the experimental data. By contrast,
in Model I the detachment rate increases but does not increase
monotonously with the increase of Fy,!*% giving the theo-
retical/numerical results of f4,, and Fpax versus Rg consis-
tent with the experimental data. This indicates that Model-I is
applicable whereas Model-II is not applicable to the descrip-
tion of the load dependence of the detachment rate. Using
Model-I the theoretical/numerical results are in better agree-
ment with the experimental data than using Model-III. This is
because in Model-III the detachment rate is simply assumed
to increase exponentially or monotonously with the increase
of the load whereas in Model-I the detachment rate does not
increase monotonously with the increase of the load. This in-
dicates that the detachment rate versus backward load exhibits
most probably a non-slip-bonding rather than an exponential

form.
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