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Kinesin-1 motor protein is a homodimer containing two identical motor domains connected by a common long coiled-
coil stalk via two flexible neck linkers. The motor can step on a microtubule with a velocity of about 1 pm-s~! and an at-
tachment duration of about 1 s under physiological conditions. The available experimental data indicate a tradeoff between
velocity and attachment duration under various experimental conditions, such as variation of the solution temperature,
variation of the strain between the two motor domains, and so on. However, the underlying mechanism of the tradeoff is
unknown. Here, the mechanism is explained by a theoretical study of the dynamics of the motor under various experimen-
tal conditions, reproducing quantitatively the available experimental data and providing additional predictions. How the
various experimental conditions lead to different decreasing rates of attachment duration versus velocity is also explained.

Keywords: motor protein, velocity, detachment time, processivity

PACS: 87.10.Tf, 87.15.A—, 87.15.hg

1. Introduction

Kinesin-1 motor proteins were first discovered as mem-
bers of the kinesin superfamily.!'?! Since the discovery of
kinesin-1 proteins, their structures and dynamics have been

3-1] The kinesin-1 motor is a homodimer

thoroughly studied. !
containing two identical motor domains (or heads) connected
by a common long coiled-coil stalk via two flexible neck link-
ers (NLs).[>!2I The dimeric motor can walk hand-over-hand
on a microtubule (MT) filament towards the plus end with a
velocity of about 1 um-s~! and a run length of about 1 m be-
fore detachment under physiological conditions, performing
the function of intracellular transport.!'3-131 The directional
motion of the motor is powered by the hydrolysis of ATP
molecules, with about one ATP molecule consumed per me-
chanical step of about 8.2 nm under the unloaded case.!!4-18]
Since in this work we focus only on the kinesin-1 motor, for
convenience it is simply called the kinesin motor.

Apart from wild-type (WT) kinesin motors under physi-
ological conditions, the dynamics of WT kinesin motors un-
der non-physiological conditions and mutant or engineered ki-
nesin motors under physiological conditions have also been

19251 por example, Nara and

studied experimentally in detail.l
Ishiwata[®! studied the dynamics of the bovine brain kinesin
motor in the solution temperature range 20 °C—40 °C. Inter-
estingly, they found that both the velocity and run length of
the motor increased with increase in temperature, while the
duration of the motor attaching to an MT decreased with in-

crease in temperature. Yildiz et al.>!) studied the dynamics

fCorresponding author. E-mail: liuyuying@cau.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad1177

of engineered human kinesin motors with different numbers
of residues inserted between the NLs and the coiled-coil stalk.
Puzzlingly, they found that with an increase in the number of
inserted residues, implying a decrease in the strain between
the two heads in the two-head bound state, the velocity and
chemomechanical coupling ratio (defined as the number of
mechanical steps per ATP molecule consumed) of the motor
decreased. By contrast, insertion had nearly no effect on the
ATPase rate, and with an increase in the number of inserted
residues the run length decreased only slightly. Both the ex-
perimental data of Nara and Ishiwata!>! and those of Yildiz et
al.2!1 indicated that the attachment duration (7}) of the motor
on a MT decreases with increase in the velocity (v), imply-
ing a tradeoff between the two factors. As noted recently by
Rizvi,!?! the experimental data on the relationship between
the two factors can be approximately fitted by a power-law re-

lation, T, o< v~ %

, with its exponent ¢« > 0 under the variation
of temperature being smaller than that under the variation of
intramolecular strain.

However, the underlying mechanism of these features in
the relationship between velocity and attachment duration is
unclear. In this work, we address this issue. For this pur-
pose, we study theoretically the dynamics of the motor under
variation of intramolecular strain, solution temperature, ATP
concentration and rate of ATP transition to ADP that can be
realized by mutating the residues near the nucleotide-binding
pocket, reproducing quantitatively the available experimental

data and providing predicted results.
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2. General equations for the dynamics of the ki-
nesin motor

To study the tradeoff between velocity and attachment du-
ration of the Kinesin motor, we use the model for chemome-
chanical coupling of the kinesin motor proposed by Xie, 7]
which gives a good explanation of diverse experimental data
on the dynamics of the motor.[*~!127-301 The pathway of the

chemomechanical coupling at saturating ATP concentrations

is schematically shown in Fig. 1, and has been described in de-
tail before!?’! (see also supplementary information). Through-
out we focus on the case of no load on the motor. Before NL
docking, the NL of the MT-bound head is not in the forward
orientation under no load on the coiled-coil stalk (Fig. 1(b)),
so the rate of ATP transition to ADP is much smaller than the
NL-docking rate; thus, for simplicity, the transition of ATP to
ADP in the MT-bound head before NL docking in Fig. 1(b) is
not considered here.
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Fig. 1. Model of kinesin dimer stepping on and detachment from MT. Panels (a)—(o) illustrate the chemomechanical coupling pathway at
saturating ATP concentrations (see supplementary information for a detailed description). The figure is modified from that in Refs. [27,28].

Based on Fig. 1, the equations for the dynamics of the
motor at saturating ATP concentrations are briefly presented
in the following.

In the intermediate (INT) state, after the reduction of the
binding energy between the two heads (Fig. 1(c)), the proba-
bility P for the detached head to diffuse forward and to bind

to the front tubulin can be written as?7]
exp ( k];(’T)
Pp=—7p—"— (1)
exp ( ) + 1

where Ej is the total free energy change associated with the

large conformational change of the head in the ATP state and
the NL docking, kp is the Boltzmann constant and 7 is the ab-
solute temperature. In this work, we focus only on the case
of no load on the motor. Under a load, Pg is a function of the
load.[?”]

In the two-head bound state (Fig. 1(a)), after ATP tran-
sition to ADP in one head, by overcoming the weak affinity
Ey of the head for local af-tubulin within a short time #
(of the order of 10 ps), the probability for the ADP head to
detach from the local tubulin and then diffuse to the INT po-
sition is denoted by Fy. The rates of transition of ATP to ADP
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in the head with the forward NL orientation and that without
the forward NL orientation are denoted by ) and k(_), re-
spectively. The rate of ADP release from the head bound to
MT is denoted by kp, which is considered here to be indepen-
dent of NL orientation. In the INT state (Fig. 1(b)), the rate
of the large conformational change of the ATP head, which is
associated with NL docking and great reduction in the binding
energy between the two heads, is denoted by knp. During the
stepping process, the average ATPase rates of the trailing and
leading heads, which are denoted by kT and ki, respectively,
can be approximately written as!>”]

o (L Y o (LYY am
T kp = k(+) 0 k) kL 0

1 1 1\!
+(kD+k(+)+kNL) Py(1—-Fg), ()
b= (e D) e (L L)
L= E“Fm (_ 0)+ E—’_F oPE
+KCRy (1 - Pe). 3)

The total ATPase rate of the motor can be written as

k=kr+kp. “)

The velocity of the motor can be written as?”]

v = [PyPekt — Py (1 — Pg)ki]d, )

where d = 8.2 nm is the step size (the periodicity of the MT
filament). The chemomechanical coupling ratio can be written
as
v

=4
In the weak MT-binding period (Figs. 1(g), 1(i), and 1(0)),
both heads are in the ADP state, with one head bound to MT
with affinity Ey, (> Eyi) and the other detached from MT
having a high binding energy to the MT-bound head. The oc-

R (6)

currence probability of the weak MT-binding period in one

ATPase cycle can be written as>]
Py =P K Py (1 L 7
= —_— t —Pg) ———.

The detachment probability of the motor during the weak MT-

binding period can be written as!?’]
ka
Pij=——, 8
47 ka+ko ®)

where kq is the detachment rate during the weak MT-binding
period. The detachment rate of the motor during processive
motion, which arises from detachment occurring in the weak
MT-binding period, can be written as!>”!

Ew = (kT + kL) PyPy. (9)

During processive motion of the motor, the weak MT-binding
period can only occur occasionally in one chemomechanical
coupling cycle, and if it occurs it constitutes only a small frac-
tion of the whole period of the chemomechanical coupling
cycle because ADP release is a non-limiting step of ATPase
activity. This implies that in one chemomechanical coupling
cycle the motor is almost always in the strong MT-binding pe-
riod. Denoting the detachment rate of the motor during the
strong MT-binding period by &, the total detachment rate of

the motor can then be approximately written as!>’]

£ =¢€y+E&s. (10)

The duration of the motor attaching to MT can then be calcu-
lated with

Th=-—. (11)
The run length can then be calculated with

v
L= (12)

3. Results and discussion

In a previous work,?”! the load dependences of the veloc-
ity, run length and dissociation rate of WT kinesin motors were
studied. In this work, in order to explore the physical origin of
the tradeoff between the velocity and total attachment duration
of the kinesin motor on MT we study the effects of varying in-
tramolecular strain, solution temperature, ATP concentration
and the rate of ATP transition to ADP on the velocity and at-
tachment duration.

3.1. Effect of varying intramolecular strain

In this section, we study the effect of varying intramolec-
ular strain on the dynamics of a human kinesin motor at sat-
urating ATP concentrations. As in the experiments of Yildiz
et al.,”"! variation of intramolecular strain can be realized by
inserting additional residues with various lengths of polypro-
line and glycine—serine repeats, preceded by two lysines and
followed by a single glycine residue, between the NL and the
coiled-coil stalk. As in Ref. [21], the engineered dimer with
the insertion of n prolines is called nP, where n is an integer,
and the engineered dimer with the insertion of seven repeats
of glycine—serine residues is called 14GS. The engineered NL
of 14GS is more flexible than that of 26P.1?!! As previous all-
atom molecular dynamics simulations showed,*"! for the WT
dimer with each NL having 14 residues a large intramolecular
strain of about 28 pN can be induced when the two heads are
bound to two successive tubulins on an MT filament, which
are 8.2 nm apart. As noted in Ref. [21], the engineered nP
dimer has a smaller intramolecular strain than the WT dimer;
with increase in n the intramolecular strain becomes smaller,
and the engineered 14GS dimer has a smaller intramolecular
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strain than the 26P dimer. As shown by previous Brownian
dynamics simulations,?%! for the WT dimer after ATP transi-
tion to ADP in one head the large intramolecular strain can
easily drive the ADP head to detach from the local tubulin and
diffuse to the INT position with probability Py ~ 1, whereas
for the engineered dimer with the insertion of six residues in
the NL, due to the smaller intramolecular strain Py becomes
evidently smaller than 1. Moreover, it is expected that Py de-
creases with increase in n for the nP dimers, and the 14GS
dimer has a smaller Py than the 26P dimer.

As seen from Egs. (1)—(12), to study theoretically the dy-
namics of the WT and engineered motors, values for the pa-
rameters k(”, k<’), kp, knvLs Eo, kg, & and Py are required.
Here, for human kinesin under the experimental conditions of
Yildiz et al.®'l we take A7) = 3.6 57!, kp =300 57!, knp, =
1500 s~ and Ey = 3.6kgT (Table 1), which are the same
as those determined previously that quantitatively explain the
available experimental data for Drosophila kinesin.?’! In addi-
tion, we take &to be very small, for example & = 0.01 g1 (Ta-
ble 1), which quantitatively explains the available experimen-
tal data.! The other three parameters k(*), kq and Py are ad-

14GS motors, respectively. Then, with the above parameter
values the theoretical results for the ATPase rate and chemo-
mechanical coupling ratio for the WT and engineered motors
are also consistent with the experimental data!?! (Figs. 2(b)
and 2(c)).
tionally taking kg = 6.3 s~! (Table 1), the theoretical results

With the above parameter values, and by addi-

for the run length for the WT and engineered motors are also
consistent with the experimental data!>!! (Fig. 2(d)). Further-
more, with the results for the velocity (Fig. 2(a)) and those
for the attachment duration (Fig. 2(e)), the obtained relation-
ship between velocity and attachment duration is also in good
agreement with that obtained from the experimental datal?!!
(Fig. 2(f)). In a word, with only three adjustable parameters,
k<+), kq and Py, all the theoretical results for the WT and engi-
neered motors are in quantitative agreement with the available
experimental data!®'l (Figs. 2(a)-2(d) and 2(f)).

Table 1. Parameter values for human kinesin-1 under the experimen-

tal conditions of Yildiz er al.1*' and for bovine brain kinesin-1 at

temperature 7 = 298 K (25 °C) under the experimental conditions of

Nara and Ishiwata.[2>] Values with an asterisk are identical to those
used before.[27]

. . X . Parameter Human kinesin Bovine brain kinesin
justable here to make the theoretical results consistent with the
. o 21] . () 1 K 571 62 80
experimental data of Yildiz et al.'“"! By taking k'™ =62 s ) (51 6 26
S . B
(Table 1), the theoretical results for velocity versus Py are ko (1) 300" 300*
shown in Fig. 2(a), where it is seen that when Py = 0.884, ke 57 1500* 1500*
0.623, 0.468, 0.342, 0.260, 0.175, 0.158, 0.141 and 0.088, the Ey (kgT) 3.6" 3.6*
. .. . o . 1
theoretical velocities are in quantitative agreement with the ex- ka (s 1 ) 6.3 16.2
. & (s~ 0.01 0
perimental ones for the WT, OP, 2P, 4P, 6P, 13P, 19P, 26P and 67)
a) 500 — c) 1.0— e) 50
(2) —Theo ©) — Theo W (©)
WT
__ 400} ® BxP 0.sp® Bxp 40
= 9
£ 300 £ 0.6 Z 30
— ) g
> = 2
.‘5 200 2 04 % 20
o = =
G S E
> 100} © 0.2 10
0= 0 0
107! 10°
Probablity, P, Probablity, P,
(b) 100 — d) 2.5 f) 102 "
(d) (f) s
= 8ot o o 2 20 4 Exp
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o Gohacs Lep1sp NS g =
26 1 .
§ pEme——7 ] § S 101}
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Fig. 2. Effect of varying intramolecular strain on the dynamics of human kinesin-1 at saturating ATP concentrations. Lines are theoretical results,
filled symbols are experimental data from Yildiz et al. [21] and open symbols are predicted data, with WT, OP, 2P, 4P, 6P, 13P, 19P, 26P and 14GS
motors corresponding to Py = 0.884, 0.623, 0.468, 0.342, 0.260, 0.175, 0.158, 0.141 and 0.088, respectively: (a) velocity versus Py; (b) ATPase
rate versus Fp; (c) chemomechanical coupling ratio versus Pp; (d) run length versus Py; (e) attachment duration versus FPy; (f) relationship between

velocity and attachment duration.
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The origin of the tradeoff between velocity and attach-
ment duration (Fig. 2(f)) can be briefly explained as follows.
As noted from Fig. 2(b) and Fig. S1 (see supplementary in-
formation), the ATPase rate of the motor, k, the ATPase rate
of the trailing head, kt, and the ATPase rate of the leading
head, ki, are insensitive to the variation of Fy. Since Fg is in-
dependent of Py (see Eq. (1)), from Eq. (5) it is noted that the
velocity is approximately proportional to Py. From Eqgs. (7)-
(9) it is noted that the detachment rate of the motor, which
arises from detachment occurring in the weak MT-binding pe-
riods, €&, is also approximately proportional to Fy. Since the
total detachment rate of the motor, €, is determined mainly by
&y because & < &, the attachment duration of the motor is
approximately inversely proportional to Py. Therefore, with
increase in Py, the velocity decreases whereas the attachment
duration increases, implying a tradeoff between velocity and
attachment duration.

3.2. Effect of varying temperature

In this section, we study the effect of varying the solution
temperature on the dynamics of a bovine brain kinesin motor
at saturating ATP concentrations. The dependence of the rate
constants of the ATPase activity on absolute temperature 7 can

be calculated using the transition state theory formulal3!=34]
(+)
E,
k) = kgexp (— k“ ) , (13)
B
(=)
E,
k) = koexp (— o ) : (14)
B
(D)
E,
kn = k = 15
D = koexp < kBT> ; 15)
(NL)
E,
kN = ki — 16
NL OCXP< kBT>’ (16)

where kg is a universal constant that is equivalent to the rate
constant with zero activation energy, Eéﬂ is the activation en-
ergy of ATP transition to ADP in the kinesin head with its NL
in forward orientation, E;(f) is the activation energy of ATP
transition to ADP in the kinesin head with its NL not in for-
ward orientation, E§D> is the activation energy of ADP release
from the MT-bound head, and EéNL)

of NL docking. As determined in the literature, the universal
012 g1 [31-34

is the activation energy
constant kg =~ 6 x 1 I and thus in this work we take
ko =6x10"2s7".

The detachment of the motor from MT during the weak
MT-binding period can be considered as a Brownian particle
escaping from a potential well of depth Ey». For Eyy > kT,
the dependence of the detachment rate during the weak MT-
binding period, k4, on absolute temperature 7' can be approxi-

mately written as[®>

298 Ey»
= _— —_ 1
ka = kao T exp( kBT> ; 17

where kqq is the detachment rate with Ey, =0 at T = 298 K
(25 °C). It should be mentioned that in Eq. (17), for approx-
imation, we have not considered the variation of the solution
viscosity and of affinity E,, with T in the range of 293 K
(20 °C) and 313 K (40 °C) studied in this work. Under a zero
energy barrier, detachment of the kinesin motor from MT is
equivalent to the free diffusion of a Brownian particle with a
size of about 6 nm in a solution with a reflecting boundary,
with the detachment time 74y being of the order of 1 pus. Thus,
the detachment rate kq9 = 1/140 is about 100 s~ 1,

In this section, we focus on the WT bovine brain kinesin
motor. Since for the WT case Fy approaches 1, for simplic-
ity we take Py = 1 here. Since & is very small and at satu-
rating ATP the time of a chemomechanical coupling cycle is
short, for approximation we can neglect the detachment of the
motor in a chemomechanical coupling cycle during the strong
MT-binding period and thus take & = O (Table 1) (see next
section). Then, from Eqgs. (1)—(12) it is seen that to study the-
oretically the dynamics of the WT bovine brain kinesin mo-
tor, values for the remaining parameters k(H, k(’), kp, kNL,
Ey and kq are required. As in the previous section, here we
also take A7) = 3.6 57!, kp = 300 s~!, kn = 1500 s~! and
Eq =3.6kgT = 14.8 pN-nm at T = 298 K (25 °C) for bovine
brain kinesin (Table 1). The remaining two parameters k(*)
and kq are adjustable here to make the theoretical results con-
sistent with the experimental data of Nara and Ishiwata.[>>! At
T =298 K (25 °C), by taking k(*) =80 s~ ! and kg = 16.2 5!
(Table 1) the theoretical results of the velocity, attachment du-
ration and run length are close to the experimental data. >

With the above values of k(t) = 80 s~ =) =36 s
kp =300 s~ and knp = 1500 s~ at T =298 K (25 °C) (Ta-
ble 1), using Egs. (13)~(16) we obtain E\) = 102.98 pN-nm,
E{7 = 11573 pNenm, E{® = 97.54 pN-nm and ENY =
90.92 pN-nm. With these values of E§+), Eéf), EéD) and
EEENL), the dependences of k(+), k(_), kp and kNp, on T can
be calculated with Eqgs. (13)-(16). The dependence of Pr on
T can be calculated with Eq. (1), where Ey = 14.8 pN-nm (see
above). With the above value of kg = 16.2 s~! at T =298 K
(25 °C) (Table 1), using Eq. (17) the calculated results for the
relationship between kqg and E, are shown in Fig. 3(a). Thus,
for a given kq9, which determines Ey,, from Fig. 3(a), the de-
pendence of kg on T can be calculated with Eq. (17). As men-
tioned above, kqg is about 10° s~!. Thus, we take kg = 10 s~!
here. The theoretical results for the velocity, attachment dura-
tion and run length versus 7 are shown in Figs. 3(b)-3(d). It
is interesting that without any adjustable parameters here the
theoretical results are in quantitative agreement with the ex-
perimental data of Nara and Ishiwata. > The predicted results
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of the chemomechanical coupling ratio versus 7 are shown
in Fig. 3(e), with the ratio being kept nearly equal to one.
Furthermore, with the results for the velocity (Fig. 3(b)) and
those for the attachment duration (Fig. 3(c)), the obtained rela-
tionship between the velocity and attachment duration is also
in good agreement with that obtained from the experimental

datal®! (Fig. 3(f)). In a word, with only two adjustable param-
eters k*) and kq to reproduce the experimental data for veloc-
ity, attachment duration and run length for one temperature,
without any other adjustable parameters, all the theoretical re-
sults for other temperatures are in quantitative agreement with
the available experimental data®>! (Figs. 3(b)-3(d) and 3(f)).
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Fig. 3. Effect of varying solution temperature on the dynamics of bovine brain kinesin-1 at saturating ATP concentrations. Lines are theoretical
results and symbols are experimental data from Nara and Ishiwata: 125 (a) the relationship between kqo and Ey», which gives the detachment rate
during the weak MT-binding period, kg = 16.2 s~!, at temperature T = 298 K (25 °C); (b) velocity versus temperature; (c) attachment duration
versus temperature; (d) run length versus temperature; (e) chemomechanical coupling ratio versus temperature; (f) relationship between velocity

and attachment duration.

The origin of the tradeoff between velocity and attach-
ment duration (Fig. 3(f)) can be briefly explained as follows.
From Eq. (5) we have v = [Pgkr — (1 — Pg) kL] d for the WT
bovine brain kinesin motor with Py = 1. From Eq. (1), it is
noted that due to Pg approaching 1, Pg is insensitive to 7' (see
Fig. S2(a) in the supplementary information). From Eqgs. (2),
(3) and (13)—(16), it is noted that kT and ki, increase approxi-
mately exponentially with T (see Figs. S2(b) and S2(c) in the
supplementary information). Thus, the velocity v increases ap-
proximately exponentially with T (Fig. 3(b)). Due to k4 being
much smaller than kp and Ey,» being smaller than E£D>, from
Egs. (7) and (8) it is noted that P, Py decreases approximately
exponentially with T (Fig. S2(d) in supplementary informa-
tion). By comparing Figs. S2(b) and S2(c) with Fig. S2(d), itis
seen that the magnitude of the increasing slope of log (kt + ki)
versus log (T) is larger than the magnitude of the decreasing
slope of log (PyPy) versus log (T). Thus, from Eq. (9) it is ex-
pected that &, will increase approximately exponentially with
T, which leads to the attachment duration decreasing approx-
imately exponentially with 7' (Fig. 3(c)). Consequently, with
increase in 7T, the velocity increases whereas the attachment

duration decreases, implying a tradeoff between the two fac-

tors.

3.3. Effect of varying the ATP concentration

In this section, we study the effect of varying the ATP
concentration on the dynamics of a bovine brain kinesin mo-
tor at fixed temperature 7 = 298 K (25 °C). As above, for the
WT motor we take Py = 1. As derived before (see supplemen-
tary information in Ref. [29]), at non-saturating ATP concen-
trations the average ATPase rates of the trailing and leading
heads can be approximately written as

1 1 1\
b= g+ ) )

1 1 1 !
+(1PE)<kD+kb[Am+k(+)+kNL> ) (18)

i + L + ! + kil > -
kp k) " ky[ATP] " ky[ATP]k()

1 1 k-,

-1
+(1=Fe) <k()+kb[ATP]+kb[ATP]k()) > (19)

kL—PE(
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where ky is the second-order rate constant of ATP binding to
the nucleotide-free head, k_; is the rate of ATP release from
the head with an open nucleotide-binding pocket (i.e., the lead-
ing head) and the rate of ATP release from the head with a
closed nucleotide-binding pocket (i.e., the trailing head) is im-
plicitly taken to be zero. At non-saturating ATP concentra-
tions, but with the equations for k1 and k., being replaced by
Egs. (18) and (19), all other equations are the same as those
presented in Section 2.

Here, we consider two values for &, with & = 0 and
& =0.01 s~!. As done before (see supplementary informa-
tion in Ref. [29]), we take ky =2 uM ! -s~land k_; =80 s~!
here. All other parameter values for the bovine brain kinesin
motor are listed in Table 1. In Figs. 4(a)—4(e), we show the
theoretical results of the velocity, ATPase rate, chemomechan-
ical coupling ratio, run length and attachment duration versus
ATP concentration. Furthermore, with the results for veloc-
ity (Fig. 4(a)) and those for attachment duration (Fig. 4(e)),
the obtained relationship between velocity and attachment du-
ration is shown in Fig. 4(f). From Fig. 4(c) it is seen that
with change in the ATP concentration the chemomechanical
coupling ratio is kept nearly equal to 1, which is in agree-
ment with the available experimental data.l'>1%] This feature
of the chemomechanical coupling ratio (Fig. 4(c)) is similar to
that for a change of solution temperature (Fig. 3(e)) but con-
trasts with that for a change in intramolecular strain (Fig. 2(c)).
Thus, for varying ATP concentration, as for varying solution
temperature, the increase in velocity arises mainly from an in-

crease in the ATPase rate. From Fig. 4(e) it is seen that the
attachment duration decreases with increase in the ATP con-
centration. The increase of velocity with increase in ATP con-
centration (Fig. 4(a)) and the decrease of attachment duration
with increase in ATP concentration (Fig. 4(e)) result in the run
length being nearly independent of ATP concentration when
& = 0 and the run length at very low ATP concentrations (e.g.,
2 uM) being smaller than at saturating ATP concentrations
(e.g., 2 mM) when & = 0.01 s~! (Fig. 4(d)). In addition, from
Figs. 4(d) and 4(e) it is seen that at saturating ATP the effect of
& on the dynamics of the motor is very small and thus can be
neglected, as done above. From Fig. 4(f) it is seen that a trade-
off between velocity and attachment duration is also present
for varying ATP concentration.

The origin of the tradeoff (Fig. 4(f)) can be briefly
From Eq. (1) it is seen that Pg
is independent of ATP concentration. Thus, from v =
[Pekr — (1 — Pg) kr]d for a WT bovine brain kinesin motor
with Py = 1 (Eq. (5)) the velocity is proportional to kt and
kp. From Egs. (18) and (19), it is noted that kt and ki, in-
crease with ATP concentration. Thus, the velocity increases
with ATP concentration (Fig. 4(a)). From Egs. (7)—(9), it is
noted that €, increases linearly with increase in kt + k. Thus,

explained as follows.

the total detachment rate €, which is determined mainly by &,
increases with ATP concentration. Therefore, with increase
in the ATP concentration, the velocity increases whereas the
attachment duration decreases, implying a tradeoff between
velocity and attachment duration.
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Fig. 4. Effect of varying ATP concentration on the dynamics of bovine brain kinesin-1 at temperature 7 = 298 K (25 °C). (a) Velocity versus ATP
concentration: the velocity is independent of &. (b) ATPase rate versus ATP concentration: the ATPase rate is independent of &. (c) Chemo-
mechanical coupling ratio versus ATP concentration: the ratio is independent of &. (d) Run length versus ATP concentration for & = 0 and
£ =0.01s"". (e) Attachment duration versus ATP concentration for & = 0 and & = 0.01 s~!. (f) Relationship between velocity and attachment

duration for & = 0 and & = 0.01 s~!.
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3.4. Effect of varying the rate of ATP transition to ADP

In this section, we study the effect of varying the rate of
ATP transition to ADP on the dynamics of a bovine brain ki-
nesin motor at saturating ATP and at fixed temperature 7 =
298 K (25 °C). In experiments, this can be realized by mu-
tating residues near the nucleotide-binding pocket. For sim-
plicity, we consider that the mutation has little effect on the
rate of ADP release. For the mutated case, the rates of ATP
transition to ADP in heads with and without forward NL ori-
entation, k) and k(‘), are taken to be multiplied by a factor &
(o < 1) relative to the WT case, while all other parameters are
the same as for the WT case. In other words, except for k()
and k(-) being replaced by ak™) and ok(~), respectively, all
equations are the same as those given in Section 2.

As above, for the WT motor we take Py = 1 here and
consider two values for &, namely & = 0 and & = 0.01 s~
All other parameters for the bovine brain kinesin motor are
listed in Table 1. In Figs. 5(a)-5(e) we show the theoretical re-
sults for the velocity, ATPase rate, chemomechanical coupling
ratio, run length and attachment duration versus ¢. As ex-

pected, the ATPase rate, and thus the velocity, increase approx-
imately linearly with increase in & (Figs. 5(a) and 5(b)), giving
a chemomechanical coupling ratio that is nearly independent
of a (Fig. 5(c)). Interestingly, with increase in « the attach-
ment duration decreases faster than linearly (Fig. 5(e)), result-
ing in the run length decreasing faster than linearly (Fig. 5(d)).
We can explain the origin of these features as follows. Since
Py =1, Pg is nearly equal to 1, kxp > k() and k(7)< k(1)
and from Eqgs. (2)-(5) it is noted that kT, k1, kK and v increase
approximately linearly with increase in o. Since kp > k(1)
and kp > kq, from Egs. (7) and (8) it is noted that Py Py in-
creases approximately linearly with increase in o. As already
mentioned, kt and ki, increase approximately linearly with in-
crease in o. Thus, from Eq. (9) we note that with the increase
in o, & increases faster than linearly, resulting in the attach-
ment duration decreasing faster than linearly. Furthermore,
with the results for velocity (Fig. 5(a)) and those for attach-
ment duration (Fig. 5(e)), the obtained relationship between
velocity and attachment duration is plotted in Fig. 5(f), show-
ing the tradeoff between the two factors.
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Fig. 5. Effect of varying the rate of ATP transition to ADP on the dynamics of bovine brain kinesin-1 at temperature 7 = 298 K (25 °C) and at
saturating ATP concentrations. The normalized rate of ATP transition to ADP is defined as the rate for the motor with mutation of residues near
the nucleotide-binding pocket normalized by that for the WT motor. (a) Velocity versus normalized rate of ATP transition to ADP: the velocity is
independent of &. (b) ATPase rate versus normalized rate of ATP transition to ADP: the ATPase rate is independent of &. (c) Chemomechanical
coupling ratio versus normalized rate of ATP transition to ADP: the ratio is independent of &. (d) Run length versus normalized rate of ATP
transition to ADP for & = 0 and & = 0.01 s~!. (e) Attachment duration versus normalized rate of ATP transition to ADP for & = 0 and
&=0.01s"1 (f) Relationship between velocity and attachment duration for & = 0 and & = 0.01 sl

3.5. Comparison of the relationship between velocity and
attachment duration for different cases
In Figs. 2(f), 3(f), 4(f) and 5(f) we show the relationship
between the velocity and attachment duration for four differ-
ent cases. To make a clearer comparison, we summarize these

relationships in Fig. 6 (solid lines), where the available experi-

mental datal®’->] are also shown (triangles). In Fig. 6, curve 1
(red solid line) corresponds to the curve shown in Fig. 2(f) for
the case of varying intramolecular strain, curve 2 (blue solid
line) corresponds to the curve shown in Fig. 3(f) for the case
of varying solution temperature, curve 3 (black solid line) cor-

responds to the solid curve shown in Fig. 4(f) for the case of
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varying ATP concentration and curve 4 (green solid line) cor-
responds to the solid curve shown in Fig. 5(f) for the case of

varying the rate of ATP transition to ADP.

102 r .

= 10 5
=]
(e}
2
o]
—
j=}
A 100 |
Curve 2
1 1
10? 102 103

Velocity (nm/s)

Fig. 6. Relationships between velocity and attachment duration under
four different cases. Curve 1 (red solid line) corresponds to the curve
shown in Fig. 2(f) for the case of varying intramolecular strain, with the
red triangles being the experimental data from Yildiz et al.?!! Curve 2
(blue solid line) corresponds to the curve shown in Fig. 3(f) for vary-
ing solution temperature, with the blue triangles being the experimental
data from Nara and Ishiwata.!?! Curve 3 (black solid line) corresponds to
the solid curve shown in Fig. 4(f) for varying ATP concentration. Curve
4 (green solid line) corresponds to the solid curve shown in Fig. 5(f) for
varying the rate of ATP transition to ADP. Thin dashed lines are the power
law (T, o< v—%) fitting to the solid curves in the region of larger v or to the
experimental data if they are present, with a = 0.8, 0.6, 0.95 and 1.8 for
curves 1, 2, 3 and 4, respectively.

By comparing curve 2 with curve 1, it is interesting that
for varying solution temperature the attachment duration de-
creases more slowly with velocity than for varying intramolec-
ular strain. This can be explained as follows. For varying so-
lution temperature (see Subsection 3.2), since log (Py,Py) de-
creases with log (T') (Fig. S2(d)) it is expected that the magni-
tude of the increasing slope of log (v) versus log (T) is larger
than that of log (&y) versus log (T'), resulting in the magnitude
of the increasing slope of log(v) versus log (T') being larger
than the magnitude of the decreasing slope of log(7,) ver-
sus log (T'). By comparison, for varying intramolecular strain
(see Subsection 3.1), the magnitude of the increasing slope of
log (v) versus log (Py) is nearly equal to that of log (€,) versus
log (Py). Thus, for varying solution temperature the attach-
ment duration would decrease more slowly with velocity than
when intramolecular strain is varied.

By comparing curve 3 with curve 1, it is seen that for
varying ATP concentration and varying intramolecular strain
we have similar rates of decrease of attachment duration ver-
sus velocity. This can be explained as follows. For varying
ATP concentration (see Subsection 3.3), the velocity is propor-
tional to kT and ki, and & is also proportional to kT and ki,
with k1 and &, increasing with ATP concentration. For varying
intramolecular strain (see Subsection 3.1), the velocity is ap-
proximately proportional to Py, and &, is also approximately
proportional to Py. The slight difference in the rate of decrease

of attachment duration versus velocity between the two cases
can be explained as follows. For varying ATP concentration,
the change in velocity arises from the change in the ATPase
rate whereas the chemomechanical coupling ratio is virtually
unchanged (Fig. 4). By contrast, for varying intramolecular
strain, the change in velocity arises from the change in the
chemomechanical coupling ratio whereas the ATPase rate is
virtually unchanged (Fig. 2).

By comparing curve 4 with curve 3, it is seen that for
varying rate of ATP transition to ADP the attachment duration
decreases faster with velocity than when ATP concentration
is varied. This can be explained as follows. For varying rate
of ATP transition to ADP (see Subsection 3.4), with increase
in « the velocity increases approximately linearly (Fig. 5(a))
whereas the attachment duration decreases faster than linearly
(Fig. 5(e)). By comparison, for varying ATP concentration
(see Subsection 3.3), the velocity is proportional to kT and k.,
and &, is also proportional to kt and kp, with kT and kg in-
creasing with ATP concentration.

Similar to the work of Rizvi,[?%1 we fit the theoretical re-
sults (solid curves) in the region of larger v or fit the exper-
imental data if they are present using the power-law relation
T, o< v~ % (thin dashed lines), with o = 0.8, 0.6, 0.95 and 1.8
for curves 1, 2, 3 and 4, respectively. Note that o« = 0.8 for
curve 1 under the case of varying intramolecular strain and
o = 0.6 for curve 2 under the case of varying temperature are
the same as the values obtained in Ref. [26]. Interestingly, it
is seen that for a varying rate of ATP transition to ADP (curve
4) o has the largest value of 1.8, which is the same as that ob-
tained in Ref. [26] by fitting the experimental data of Cleary
et al.l®% for a dynein motor (see Fig. S3 in the supplemen-
tary information). Note that the experimental data of Cleary et
al.3% for a dynein motor were obtained by mutating residues
that affect the ATPase activity, which is similar to the case of
variation of the rate of ATP transition to ADP studied here for
the kinesin motor. As shown by previous modeling studies,
the cytoplasmic dynein dimer could have a similar chemome-
chanical coupling pathway to the kinesin dimer.’’! Thus, it
is expected that o = 1.8 obtained here for a kinesin motor
should be consistent with that obtained by fitting the experi-
mental data of Cleary et al.3® to the theoretical equations for
a dynein motor.

4. Concluding remarks

In this paper we have studied the dynamics of kinesin mo-
tors theoretically under four different cases, including varying
intramolecular strain, solution temperature, ATP concentration
and the rate of ATP transition to ADP that can be realized by
mutating the residues near the nucleotide-binding pocket. The
theoretical results explain quantitatively the available exper-
imental data and provide predictions. The results show that

028708-9


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad1177
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad1177

Chin. Phys. B 33, 028708 (2024)

different cases can lead to different rates of decrease of the at-
tachment duration versus velocity. The origin of the tradeoff
between velocity and attachment duration is explained. The
origin of the difference in the decreasing rate of attachment
duration versus velocity for different cases is explained. Fi-
nally, it should be mentioned that this work only focuses on
the case of no load on the motor. However, note that under a
given load on the motor, the tradeoff between velocity and at-
tachment duration for the four cases should be still maintained.

Acknowledgment

We are very grateful to Professor P Xie for the construc-
tive discussions and comments on the manuscript.

References

[1] Vale R D, Reese T S and Sheetz M P 1985 Cell 42 39

[2] Lawrence C J, Dawe R K, Christie K R, Cleveland D W, Dawson S C,
Endow S A, Goldstein LSB, Goodson H V, Hirokawa N and Howard J
2004 Cell Biol. 167 19

[3] Kozielski F, Sack S, Marx A, Thormihlen M, Schonbrunn E, Biou V,
Thompson A, Mandelkow E M and Mandelkow E 1997 Cell 91 985

[4] Shang Z, Zhou K, Xu C, Csencsits R, Cochran J C and Sindelar C V
2014 eLife 3 04686

[5] Howard J 1996 Annu. Rev. Physiol. 58 703

[6] Asbury C L 2005 Curr. Opin. Cell Biol. 17 89

[7]1 Block S M 2007 Biophys. J. 92 2986

[8] Cross R A 2017 Biopolymers 105 476

[9] Xie P 2021 Commun. Theor. Phys. 73 057601

[10] Xie P 2023 J. Biol. Phys. 49 77

[11]
[12]
[13]
[14]
[15]
[16]

[17]
(18]
[19]

[20]

[21]
(22]

(23]
[24]

[25]
[26]
[27]
[28]
[29]
[30]
(31]
[32]

[33]
[34]
[35]
[36]

[37]

028708-10

Xie P 2023 Biophysica 3 46

Vale R D 2003 Cell 112 467

Asbury C L, Fehr A N and Block S M 2003 Science 302 2130

Yildiz A, Tomishige M, Vale R D and Selvin P R 2004 Science 303 676
Block S M, Goldstein L S and Schnapp B J 1990 Nature 348 348
Svoboda K, Schmidt C F, Schnapp B J and Block S M 1993 Nature 365
721

Hua W, Young E C, Fleming M L and Gelles J 1997 Nature 388 390
Coy D L, Wagenbach M and Howard J 1999 J. Biol. Chem. 274 3667
Kaseda K, Higuchi H and Horose K 2002 Proc. Natl. Acad. Sci. USA
99 16058

Clancy B E, Behnke-Parks W M, Andreasson J O L, Rosenfeld S S and
Block S M 2011 Nat. Struct. Mol. Biol. 18 1020

Yildiz A, Tomishige M, Gennerich A and Vale R D 2008 Cell 134 1030
Taniguchi Y, Nishiyama M, Ishii Y and Yanagida T 2005 Nat. Chem.
Biol. 1342

Kawaguchi K and Ishiwata S 2000 Biochem. Biophys. Res. Commun.
272 895

Kawaguchi K and Ishiwata S 2001 Cell Motility and the Cytoskeleton
49 41

Nara I and Ishiwata S 2006 Biophysics 2 13

Rizvi M S 2022 J. Biol. Phys. 48 369

Xie P 2021 J. Theor. Biol. 530 110879

Xie P 2023 J. Theor. Biol. 571 111556

Xie P 2020 ACS Omega 5 5721

Guo S K, Wang P Y and Xie P 2017 J. Theor. Biol. 414 62

Glennon T M, Villa J and Warshel A 2000 Biochemistry 39 9641
Grigorenko B L, Rogov A V, Topol I A, Burt S K, Martinez H M and
Nemukhin A V 2007 Proc. Natl. Acad. Sci. USA 104 7057

Xie P 2019 Cell Mol. Bioeng. 12 179

Xie P, Guo S K and Chen H 2019 Int. J. Mol. Sci. 20 4911

Xie P 2009 J. Theor: Biol. 259 434

Cleary F B, Dewitt M A, Bilyard T, Htet Z M, Belyy V, Chan D D,
Chang A 'Y and Yildiz A 2014 Nat. Commun. 5 4587

Xie P 2019 Euro. Biophys. J. 48 609


https://doi.org/10.1016/S0092-8674(85)80099-4
https://doi.org/10.1083/jcb.200408113
https://doi.org/10.1016/S0092-8674(00)80489-4
https://doi.org/10.7554/eLife.04686
https://doi.org/10.1146/physiol.1996.58.issue-1
https://doi.org/10.1016/j.ceb.2004.12.002
https://doi.org/10.1529/biophysj.106.100677
https://doi.org/10.1002/bip.v105.8
https://doi.org/10.1088/1572-9494/abecd8
https://doi.org/10.1007/s10867-022-09623-x
https://doi.org/10.3390/biophysica3010004
https://doi.org/10.1016/S0092-8674(03)00111-9
https://doi.org/10.1126/science.1092985
https://doi.org/10.1126/science.1093753
https://doi.org/10.1038/348348a0
https://doi.org/10.1038/365721a0
https://doi.org/10.1038/365721a0
https://doi.org/10.1038/41118
https://doi.org/10.1074/jbc.274.6.3667
https://doi.org/10.1073/pnas.252409199
https://doi.org/10.1073/pnas.252409199
https://doi.org/10.1038/nsmb.2104
https://doi.org/10.1016/j.cell.2008.07.018
https://doi.org/10.1038/nchembio741
https://doi.org/10.1038/nchembio741
https://doi.org/10.1006/bbrc.2000.2856
https://doi.org/10.1006/bbrc.2000.2856
https://doi.org/10.1002/cm.v49:1
https://doi.org/10.1002/cm.v49:1
https://doi.org/10.2142/biophysics.2.13
https://doi.org/10.1007/s10867-022-09613-z
https://doi.org/10.1016/j.jtbi.2021.110879
https://doi.org/10.1016/j.jtbi.2023.111556
https://doi.org/10.1021/acsomega.9b03738
https://doi.org/10.1016/j.jtbi.2016.11.023
https://doi.org/10.1021/bi000640e
https://doi.org/10.1073/pnas.0701727104
https://doi.org/10.1007/s12195-018-00563-y
https://doi.org/10.3390/ijms20194911
https://doi.org/10.1016/j.jtbi.2009.04.009
https://doi.org/10.1038/ncomms5587
https://doi.org/10.1007/s00249-019-01386-z

	1. Introduction
	2. General equations for the dynamics of the kinesin motor
	3. Results and discussion
	3.1. Effect of varying intramolecular strain
	3.2. Effect of varying temperature
	3.3. Effect of varying the ATP concentration
	3.4. Effect of varying the rate of ATP transition to ADP
	3.5. Comparison of the relationship between velocity and attachment duration for different cases

	4. Concluding remarks
	References

