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Kinesin is a molecular motor that can step processively on microtubules via the hydrolysis of ATP molecules. An
important factor characterizing the processivity of the kinesin motor is its dissociation from the microtubule. Here, using
all-atom molecular dynamics simulations, we studied the dissociation process of the kinesin head in weak-microtubule-
binding or ADP state from tubulin on the basis of the available high-resolution structural data for the head and tubulin. By
analyzing the simulated snapshots of the structure of the head-tubulin complex we provided detailed structural and dynamic
information for the dissociation process. We found that the dissociation of the head along different directions relative to the
tubulin exhibits very different dynamic behaviors. Moreover, the potential forms or energy landscapes of the interaction
between the head and tubulin along different directions were determined. The studies have important implications for
the detailed molecular mechanism of the dissociation of the kinesin motor and thus are critical to the mechanism of its

processivity.

Keywords: kinesin, dissociation, energy landscape, molecular dynamics simulation

PACS: 87.16.Nn, 87.15.1s, 87.10.Tf

1. Introduction

In cells the fast and long-distance transport of cargoes,
in forms of vesicles, organelles mitochondria, mRNA parti-
cles, liposomes, etc., is performed by motor proteins. A typi-
cal one of these motor proteins is kinesin (concretely kinesin-
1), which can step continuously on the microtubule (MT) to-
wards the plus end for hundreds of steps before dissociation
via the hydrolysis of ATP molecules.!'="! In order to realize
the processive stepping on MT, the motor is required to al-
ternate between the strong and weak interactions with MT,
which is regulated by the change of the nucleotide state of the
motor domain (also called head). It was determined that the
kinesin head has a strong interaction with MT in nucleotide-
free, ATP and ADPPi states while has a weak interaction
in ADP state.['>1?] To understand how different nucleotide
states of the kinesin head result in different interactions with
MT, structures of the head complexed with tubulin or MT in
different nucleotide states of the head have been studied us-
ing x-ray crystallography and cryo-electron microscopy.!!3-20]
Moreover, using all-atom molecular dynamics (MD) simula-
tions, the interactions between the kinesin head in different nu-
cleotide states and tubulin were also analyzed in details.[?!-%]

An important factor characterizing the processivity of the
kinesin motor is its dissociation from MT. During the proces-

sive stepping, the dissociation rate and its dependence on the
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load were determined using the single molecule optical trap-

4.126-28

ping metho I The run length, which is related directly

to the dissociation rate, and its dependence on the load were

[28-32] Correspondingly,

also studied in details experimentally.
the theoretical and numerical studies of the dissociation rate
and run length as well as their load dependences were also
made, 33! explaining the experimental data. Using the sin-
gle molecule optical trapping method, Uemura et al.[** mea-
sured the dissociation force for both the single kinesin head
and the kinesin dimer in different nucleotide states and under
different directions of the load. These studies provided im-
portant dynamic information for the dissociation and thus the
processivity of the kinesin motors.

However, the structural and dynamic basis for the disso-
ciation of the kinesin remains elusive for the lack of structural
information during the dissociation process. For example, dur-
ing the dissociation process, how the position and orientation
of the kinesin head relative to MT change is unknown. Dur-
ing the dissociation process, how the interactions such as the
bonds formed between the kinesin head and MT vary is un-
clear. Does the dissociation show the similar dynamic behav-
ior or different dynamic behaviors along different directions
relative to the tubulin? Moreover, the potential form (or energy
landscape) of the interaction between the head and tubulin re-
mains undetermined although the maximum binding energy
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058702-1


http://dx.doi.org/10.1088/1674-1056/ac598b
mailto:hchen2017@163.com
mailto:pxie@aphy.iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 058702 (2022)

between them has been calculated. Addressing these issues
has important implications for the detailed molecular mecha-
nism of the dissociation of the kinesin motor and thus is crit-
ical to the mechanism of its processivity. To this end, in this
work we resort to all-atom MD simulations. We apply an ex-
ternal force in different directions on the kinesin head of the
kinesin—tubulin complex to simulate the dissociation of the ki-
nesin head from the tubulin along the directions. By analyzing
the simulated snapshots of the structure of the kinesin—tubulin
complex we provide detailed structural and dynamic informa-
tion for the dissociation process.

2. Materials and methods
2.1. Initial structure

The initial structure used in our MD simulations is that
of a kinesin head in ADP state complexed with a tubulin.
The structure of the ADP-head is from the data, pdb: 1BG2
(1.8 A).1*] The structure of the tubulin is from the data, pdb:
1JFF (3.50 A), a tubulin heterodimer bound with a GTP in the
a-subunit and a GDP in the B-subunit.[*®) The missing atoms
are added using the software Swiss-PdbViewer.*”! The topol-
ogy files of the ADP molecule in the kinesin head are gener-
ated by the online PRODRG server. As described in details

[2425.48] the initial structure of the complex is prepared

before,
as follows. Firstly, on the basis of the structural data, pdb:
4L.NU, the complex of a human nucleotide-free kinesin head
bound to a tubulin,['* we use CHIMERA*! to do molecu-
lar replacements. After the replacements, we do the energy
minimizations twice.[’?! Then, we equilibrate the complex for
100 ps at 300 K and 1 bar pressure in the NVT!®!l ensemble

and NPTD233] ensemble.

2.2. MD simulations

The MD simulation methods and conditions are similar
to those used before,[?+2348:34] which are re-described briefly
as follows. We use GROMACS %! with AMBER99SB-ILDN
force filed.’®! TIP3P water model®®’! is used. The steepest
descent algorithm is used for the energy minimization, and
leap-frog algorithm!®®! is used for the temperature coupling
and the pressure coupling. Potassium ions are added to neu-
tralize the system. The time step of the simulation is set to be
2 fs. The temperature and pressure are controlled at 300 K and
1 bar, respectively. We use LINCS algorithm®*! to constrain
the chemical bond, and the short-range electrostatics interac-
tion and the cutoff for van der Waals interaction is set to be
1 nm. We use particle mesh Ewald (PME) algorithm!®?! to
calculate the long-range electrostatics.

To be able to simulate the dissociation process by all-
atom MD simulations, we apply an external force, F, on the
kinesin head while restrict residues 224-239 in both a-tubulin

and fB-tubulin, where the residues 3-325 of the kinesin head
are subjected to the external force. As the kinesin head can
dissociate from MT along any direction, for simplicity, we
consider the dissociation along five typical directions by ap-
plying the external force along those directions: (i) backward
(minus-end) direction, which is defined as the —x direction
(see Fig. 1), (ii) forward (plus-end) direction, i.e., the x direc-
tion, (iii) upward direction, which is defined as the y direction,
(iv) backward-upward direction, i.e., the direction forming a
45° angle with the —x direction, (v) forward-upward direction,
i.e., the direction forming a 45° angle with the x direction. For
the external force along the forward and backward directions,
the size of the simulation box is set as 30 x 15 x 13 nm3, with
30 nm, 15 nm and 13 nm along the x, y and z directions, respec-
tively. For the external force along the forward-upward and
backward-upward directions, the size of the simulation box is
set as 26 x 28 x 12 nm?, with 26 nm, 28 nm and 12 nm along
the x, y and z directions, respectively. For the external force
along the upward direction, the size of the simulation box is
set as 14 x 32 x 12 nm?, with 14 nm, 32 nm and 12 nm along
the x, y and z directions, respectively. For no external force,
the size of the simulation box is set as 14 x 14 x 10 nm?3, with
14 nm, 14 nm and 10 nm along the x, y and z directions, re-
spectively.
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Fig. 1. Equilibrium MD simulation results for the kinesin head in ADP
state complxed with the tubulin. (a) Temporal evolution of RMSD value.
(b) Equilibrium structure of the complex.

058702-2



Chin. Phys. B 31, 058702 (2022)

2.3. HB analysis

The hydrogen bonds (HBs) between two polar atoms (as
acceptor and donor), with one atom on the kinesin head and
the other one on the tubulin, are identified using VMD, with
the criterion as follows. The cutoff for the angle between the
donor and acceptor is set as 30° and the cutoff for the dis-
tance between the donor and acceptor is set as 3.5 A. We use
the following two-step procedure to calculate the HB occu-
pancy. First, from all snapshots of a simulation trajectory, we
calculate the HB occupancy for each residue pair in the range
of Ad £0.1 nm for a given Ad, where the HB occupancy is
defined as the percentage of snapshots where a given HB is
formed and Ad is defined as the change in the distance be-
tween the center-of-mass position of the kinesin head and that
of the tubulin with initial Ad = 0. Second, we sum up the HB
occupancy for each residue pair over 10 trajectories for each
case of the external force along a given direction, and then di-
vide it by 10 to obtain the mean HB occupancy. Since multiple
HBs can form between two residues, the mean HB occupancy
can be larger than one.

3. Results and discussion

As previous studies indicated, during the processive step-
ping the dissociation of the kinesin dimer from MT under a
non-large load occurs mainly in the state of the kinesin dimer
where only one head in ADP state binds weakly to MT while
the other head is detached from MT (called weak-MT-binding
state).[40’41] Thus, in this work we focus only on the dissoci-
ation process of an ADP-head from a tubulin. First, we con-
struct the system of the ADP-head bound to the tubulin (see
Section 2). Then, we perform the equilibrium simulation for
a time longer than 100 ns, with the simulation results for the
time series of the root mean square deviation for Cor atoms
relative to the starting one being shown in Fig. 1(a). It is seen
that the system reaches the equilibrium state very rapidly. The
structure at the finally equilibrium state is shown in Fig. 1(b).
From the simulated results of the finally stable equilibrium
state the calculated mean number of HBs formed at the in-
terface between the kinesin head and tubulin is about 13. As
calculated before using umbrella sampling, for the equilibrium
state of the kinesin head in ADP state complexed with the un-
perturbed tubulin, the binding energy of the kinesin head to
the tubulin, which arises mainly from the HB interactions, is
about Ey, = 35kgT.!?! Thus, approximately, the affinity per
HB in the equilibrium state shown in Fig. 1 is Eyp = 2.7k T .
Throughout this work, we use this equilibrium state to study
the dissociation of the kinesin head from the tubulin.

Since under no load the kinesin will dissociate from MT
with a long time of the order of the second in the weak-MT-
binding (ADP) state, [28:61.621 it is unable to simulate the disso-

ciation process using all-atom MD simulations with our cur-
rent computational ability. In order to be able to simulate the
dissociation process by all-atom MD simulations, we apply an
external force on the kinesin head by fixing the tubulin (see
Section 2). In order to save the simulation time, we use a large
force of 500 pN. As we will show later, the choice of the mag-
nitude of the force, for example, increasing the external force
by 2-fold, has nearly no effect on our conclusion presented in
this work.

3.1. Dissociation along the backward direction

In this section, we focus on the external force along the
backward direction. Under the external force of 500 pN, we
perform 10 simulations. Some results for the temporal evo-
lution of the change in the distance (Ad) between the kinesin
head and tubulin are shown in Fig. 2(a), where Ad is defined to
have a negative value with initial Ad = 0. From Fig. 2(a) it is
seen evidently that for a given simulation, Ad is initially kept
nearly equal to zero for a time period (period I), then |Ad| in-
creases with the rate increasing with time in the following pe-
riod (period IT) and at last |Ad| increases with a constant rate
in the last period (period III) (for clarity, we take the results
depicted by red line in Fig. 2(a) as the example to indicate the
three periods). To see why there are three periods during the
dissociation process, from each simulation we calculate statis-
tically the HBs occupancy for each residue pair in the range of
Ad £ 0.1 nm for different values of Ad. From the 10 simula-
tions, with the HB occupancies as calculated above the results
of the mean number of HBs (denoted by N) versus Ad are
shown in Fig. 2(b). With the affinity of Eyg = 2.7kgT per HB
(see above) and the mean HB number N versus Ad determined
in Fig. 2(b), the potential form of the kinesin head interacting
with the tubulin as the function of Ad along the —x direction
can be approximately shown in Fig. 2(c). From Figs. 2(b) and
2(c). we thus can explain the presence of the three periods
during the dissociation as follows. During period I, the mean
number of the HBs formed between the kinesin head and tubu-
lin maintains the maximum value of about 13 and accordingly
the binding energy maintains the largest value of about 35kg 7T .
During period II, the mean number of the HBs decreases grad-
ually from the maximum value of about 13 to the minimum
value of 0 and accordingly the binding energy decreases grad-
ually from the largest value of about 35kgT to the smallest
value of 0. During period III, no HB is present and accordingly
the binding energy equals to 0, and thus the head diffuses with
a constant velocity under only the constant S00-pN external
force.

To see if the magnitude of the external force affects our
results shown in Figs. 2(b) and 2(c), we use the external force
of 1000 pN to make 10 simulations. Some results for the tem-
poral evolution of Ad are shown in Figs. S1(a) and S1(b) (see
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supplementary materials). From the 10 simulations the results
of the mean HB number N versus Ad are shown in Fig. S1(c),
which is obtained with the same method as described above
for the case under the 500-pN external force. Accordingly,
the potential form of the head interacting with the tubulin as
the function of Ad can be approximately shown in Fig. S1(d).
From Fig. S1 it is seen that doubling the magnitude of the ex-
ternal force has nearly no effect on the results of the mean HB
number N versus Ad and the potential form. In the following,
we use the external force of 500 pN.

To see how the position and orientation of the kinesin
head change relative to the tubulin during the dissociation
along the —x direction, we show the structures of the system
at different values of Ad, with some structures from one of the
10 simulations being shown in Fig. 3(a) (with the enlargement
of each image being shown in Fig. S2 in supplementary mate-
rials). It is noted that during the dissociation process, there are
no conformational change of the head, no change in the posi-
tion of the magnesium ion binding with ADP in the nucleotide-
binding pocket, no change in the position and orientation of
the ADP molecule in the nucleotide-binding pocket, etc. (see
Fig. S3 in supplementary materials). The structures for the

other nine simulations are shown in Figs. S4-S12 (see supple-
mentary materials). From Fig. 3(a) and Figs. S4-S12 it is seen
interestingly that the dissociation of the kinesin head from the
tubulin along the backward direction is via both the counter-
clockwise rotation and backward translation of the head. As it
is known, the HB interaction distance for a pair of residues is
smaller than 1 nm in solution. Then, a puzzling issue is that
even when the kinesin head is moved by a distance of about
2.5 nm relative to the tubulin, a small but non-zero binding en-
ergy is still present between the head and tubulin (Fig. 2(c)).
To address this issue, we indicate the main HBs formed be-
tween the kinesin head and tubulin in the structures shown in
Fig. 3(a) and Figs. S4-S12. The more detailed occupancies of
main HBs calculated in the range of Ad 0.1 nm for different
values of Ad are also listed in the table shown in Fig. 3(b) and
those in Figs. S4-S12, where only the HB occupancy that is
larger than 5% is listed. It is noted interestingly that as |Ad|
increases, the change of the mean HB number does not arise
only from the disappearance of some HBs but also from the
appearance of new HBs. The appearance of new HBs results
in the non-zero binding energy even when the kinesin head is
moved by a distance of about 2.5 nm relative to the tubulin.

—104 (a) ] (b) O—a—n—u—u_
121 (c) —d
_8 Period [ Period 11 riofl/ II[ ‘;‘8 e 1 i\
— [ = £ 104
E -6 1 s 8 SO \
£ t =
3 3 £ —201
a4 4 é n g
2 i
—2 Z. ¥
,*/Y —301
0 iy Of—l—l—l—l/ ]
0 1 2 3 4 5 5 -4 -3 —2 1 0 -5 -4 -3 -2 -1 0
Time (ns) Ad (nm) Ad (nm)

Fig. 2. Simulation results under the backward force of 500 pN on the kinesin head. (a) Some results for the temporal evolution of the change in the distance,
Ad, between the kinesin head and tubulin, where Ad < 0. Period I, period II and period III are indicated for the results depicted by the red line. (b) Mean HB
number versus Ad. Error bars represent standard deviations. (c) Potential form of the kinesin head interacting with the tubulin as the function of Ad along

the backward direction. Error bars represent standard deviations.

(b) Kinesin MT 0nm -0.5nm -1nm -1.5nm -2nm -250m -3nm -3.5nm -4nm
occupancy | occupancy | occupancy | occupancy | occupancy | occupancy | occupancy | occupancy | occupancy
ARG278  |GLU196 122.78%
ARG161 SER423 1.71%
TYR274  |ASP427 63.79%
LYS237 GLU41T 10.34% 69.42%
SER314  |GLU414 76.77%
ARG321 GLU415 100.18% | 118.18%
LYS44 GLU423 85.66% 82.64% 80.39%
GLU157  |SER423 59.71%
GLU270  |ARG402 171.78% 9.09%
ARG278  |ASN424 29.85%
ARG161 GLU422 18.69%
LYS313  |GLU420 5191%
ASN253  |VAL409 12.70%
LYS237  |GLU414 40.93%
ASP249 LYS112 29.76% 14.88%
LYS237 GLY412 24.59%
THR273  [GLN434 8.35%
LYS44 GLU420 74.23% 76.03%
ASN253  |GLY410 32.03%
ARG278  |ASP427 10.25%
GLU250  |ARG156 4201% | 117.36% | 12549% | 239.02% | 237.50% | 235.48%
TYR274 GLN434 12.34%
GLU250  |VAL159 6.61% 6.45%
SER310  |GLU19%6 136.36% | 139.22% 100%
ASN253 | TYR108 11.57%
ASN253  [GLY412 16.70%
TYR307 GLY162 9.76%
THR241  |VAL159 75.00% 96.77% 9.68%

Fig. 3. Simulation results under the backward force of 500 pN on the head of the head-tubulin complex for one simulation trajectory. (a) Structures of the
complex at different values of the change in the distance, Ad, between the head and tubulin, where main HBs formed between the head and tubulin are also
indicated (with the numbers inside the brackets representing HB occupancies). The ADP molecule is not shown here. (b) The table lists the occupancies of
main HBs calculated in the range of Ad £0.1 nm for different values of Ad, where only HBs with their occupancies larger than 5% are listed.
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3.2. Dissociation along the forward direction

In this section, we focus on the external force along the
forward direction. We follow the similar procedure of pre-
senting our simulation results to that presented in the above
section. We also perform 10 simulations under the external
force of 500 pN. Some results for the temporal evolution of
the change in the distance, Ad, between the kinesin head and
tubulin are shown in Fig. 4(a), where Ad is defined to have a
positive value. As expected, there also exist three periods dur-
ing the dissociation process. During period I, Ad is kept nearly
equal to zero; during period II, |Ad| increases with the rate in-
creasing with time; and during period III, |Ad| increases with
the constant rate. From the 10 simulations, the results of the
mean number of HBs formed between the kinesin head and
tubulin versus Ad are shown in Fig. 4(b), where for compari-
son the corresponding results under the backward force (with
Ad < 0) are also reshown. Correspondingly, the potential form
of the kinesin head interacting with the tubulin as the function
of Ad along the forward direction can be approximately shown
in Fig. 4(c), where for comparison the corresponding results
under the backward force are also reshown.

In Fig. 5(a), we show some structures of the system at dif-
ferent values of Ad from one of the 10 simulations (with the
enlargement of each image being shown in Fig. S13 in sup-

plementary materials), where the main HBs formed between
the kinesin head and tubulin are indicated. Correspondingly,
the more detailed occupancies of main HBs calculated in the
range of Ad 0.1 nm for different values of Ad are listed in
the table shown in Fig. 5(b), where only the HB occupancy
that is larger than 5% is listed. The structures and the main
HBs for the other nine simulations are shown in Figs. S14—
S22 (see supplementary materials). Comparing Figs. 4 and 5
and Figs. S14-S22 with Figs. 2 and 3 and Figs. S4-S12, it is
seen that the structural and dynamic behaviors of the kinesin
dissociation along the forward direction are similar to those
along the backward direction, except that the dissociation of
the kinesin head from the tubulin along the forward direction
is via both the clockwise rotation and forward translation of
the head.

From Figs. 4(b) and 4(c), it is seen that the mean HB
number and the potential are slightly asymmetrical in the two
opposite directions, with the characteristic distance of about
3 nm along the —x direction being smaller than that of about
4 nm along the x direction. Here, the characteristic distance
is defined as the distance d. = |Ad| at which the mean HB
number becomes nearly equal to zero or the potential becomes
nearly to the maximum level. The sum of the two character-
istic distances, which is equivalent to the interaction distance

10] @ ' ' o (b) i ' ' Ommmmn] _},.---
121 ] _5]©@ ]
81 i - \{ :
— = n 107 / ]
E 6 3 8] < —15] ]
~ <
5 £ —20]
= 1% )
a4 4 E 5 _
E 4 \I { 5%
2] 1l =z A —304
0 h 0 1l-l-l-l-l/+. i'l-l- =35 l
0 1 2 3 4 4 -2 0 2 4 -4 -2 0 2 4
Time (ns) Ad (nm) Ad (nm)

Fig. 4. Simulation results under the forward force of 500 pN on the kinesin head. (a) Some results for the temporal evolution of the change in the distance,
Ad, between the kinesin head and tubulin, where Ad > 0. (b) Mean HB number versus Ad. For comparison, the corresponding results under the backward
force (with Ad < 0) are also shown. Error bars represent standard deviations. (c) Potential form of the kinesin head interacting with the tubulin as the
function of Ad along the forward direction. For comparison, the corresponding results under the backward force (with Ad < 0) are also shown. Error bars

represent standard deviations.
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3om 350ml 4nm
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Fig. 5. Simulation results under the forward force of 500 pN on the head of the head-tubulin complex for one simulation trajectory. (a) Structures of the
complex at different values of the change in the distance, Ad, between the head and tubulin, where main HBs formed between the head and tubulin are also
indicated (with the numbers inside the brackets representing HB occupancies). The ADP molecule is not shown here. (b) The table lists the occupancies of
main HBs calculated in the range of Ad £0.1 nm for different values of Ad, where only HBs with their occupancies larger than 5% are listed.
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between the head and tubulin along the MT filament, is only
slightly smaller than 8 nm, the repeat of tubulins in a MT fil-
ament. This is consistent with the previous argument for the
potential form of the kinesin-1 head interacting with MT in the

theoretical and numerical studies. 6364

3.3. Dissociation along the upward direction

In this section, we focus on the external force along the
upward direction. We still follow the similar procedure of pre-
senting our simulation results to that presented in above sec-
tions. Some results under the external force of 500 pN for the
temporal evolution of the change in the distance, Ad, between
the kinesin head and tubulin are shown in Fig. 6(a), where Ad
is defined to have a positive value. It is seen from Fig. 6(a) that
period II is very short, which is contrast to the case of the dis-
sociation along the backward or forward direction (Figs. 2(a)
or 4(a)). This feature for the case of the dissociation along
the upward direction can be understood from the results of
the mean number of HBs formed between the kinesin head
and tubulin versus Ad shown in Fig. 6(b), which is calculated

statistically from the 10 simulations, and the corresponding

potential form of the kinesin head interacting with the tubu-
lin as the function of Ad along the upward direction shown in
Fig. 6(c). From Fig. 6(b) and 6(c) it is seen that the character-
istic distance along the upward direction is smaller than 2 nm,
giving the very short period II.

In Fig. 7(a), we show some structures of the system at dif-
ferent values of Ad from one of the 10 simulations (with the
enlargement of each image being shown in Fig. S23 in sup-
plementary materials), where the main HBs formed between
the kinesin head and tubulin are indicated. Correspondingly,
the more detailed occupancies of main HBs calculated in the
range of Ad 0.1 nm for different values of Ad are listed in the
table shown in Fig. 7(b), where only the HB occupancy that is
larger than 5% is listed. The structures and the main HBs for
the other nine simulations are shown in Figs. S24-S32 (see
supplementary materials). As expected, it is seen from Figs. 7
and Figs. S24-S32 that the dissociation of the kinesin head
from the tubulin along the upward direction is mainly via the
upward translation of the head. As Ad increases, the decrease
of the mean HB number is mainly due to the disappearance of

some HBs, whereas only few new HBs can appear.
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Fig. 6. Simulation results under the upward force of 500 pN on the kinesin head. (a) Some results for the temporal evolution of the change in the distance,
Ad, between the kinesin head and tubulin, where Ad > 0. (b) Mean HB number versus Ad. Error bars represent standard deviations. (c) Potential form
of the kinesin head interacting with the tubulin as the function of Ad along the upward direction. Error bars represent standard deviations.
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Fig. 7. Simulation results under the upward force of 500 pN on the head of the head-tubulin complex for one simulation trajectory. (a) Structures
of the complex at different values of the change in the distance, Ad, between the head and tubulin, where main HBs formed between the head and
tubulin are also indicated (with the numbers inside the brackets representing HB occupancies). The ADP molecule is not shown here. (b) The table
lists the occupancies of main HBs calculated in the range of Ad +0.1 nm for different values of Ad, where only HBs with their occupancies larger

than 5% are listed.
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3.4. Dissociation along the backward-upward direction

In this section, we focus on the external force along the
backward-upward direction. We still follow the similar pro-
cedure of presenting our simulation results to that presented
in above sections. Some results under the external force of
500 pN for the temporal evolution of the change in the dis-
tance, Ad, between the kinesin head and tubulin are shown
in Fig. 8(a), where Ad is defined as having a negative value.
From the 10 simulations, the results of the mean number of
HBs formed between the kinesin head and tubulin versus Ad
are shown in Fig. 8(b). Correspondingly, the potential form
of the kinesin head interacting with the tubulin as the function
of Ad along the backward-upward direction can be approxi-
mately shown in Fig. 8(c). From Fig. 8 it is noted that the
feature for the case of the dissociation along the backward-
upward direction is more similar to the case of the dissociation
along the backward direction than to the case of the dissocia-

tion along the upward direction.

In Fig. 9(a), we show some structures of the system at dif-
ferent values of Ad from one of the 10 simulations (with the
enlargement of each image being shown in Fig. S33 in sup-
plementary materials), where the main HBs formed between
the kinesin head and tubulin are indicated. Correspondingly,
the more detailed occupancies of main HBs calculated in the
range of Ad +0.1 nm for different values of Ad are listed in
the table shown in Fig. 9(b), where only the HB occupancy
that is larger than 5% is listed. The structures and the main
HBs for the other nine simulations are shown in Figs. S34-S42
(see supplementary materials). As expected, from Fig. 9 and
Figs. S34-S42 it is seen that the structural and dynamic be-
haviors of the kinesin dissociation along the backward-upward
direction are more similar to those along the backward di-
rection, with the dissociation being via both the backward-
upward translation and the counterclockwise rotation of the
head.
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Fig. 8. Simulation results under the backward-upward force of 500 pN on the kinesin head. (a) Some results for the temporal evolution of the
change in the distance, Ad, between the kinesin head and tubulin, where Ad is defined as having a negative value. (b) Mean HB number versus
Ad. Error bars represent standard deviations. (c) Potential form of the kinesin head interacting with the tubulin as the function of Ad along the

backward-upward direction. Error bars represent standard deviations.
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Fig. 9. Simulation results under the backward-upward force of 500 pN on the head of the head-tubulin complex for one simulation trajectory.
(a) Structures of the complex at different values of the change in the distance, Ad, between the head and tubulin, where main HBs formed between
the head and tubulin are also indicated (with the numbers inside the brackets representing HB occupancies). The ADP molecule is not shown
here. (b) The table lists the occupancies of main HBs calculated in the range of Ad +0.1 nm for different values of Ad, where only HBs with their

occupancies larger than 5% are listed.
3.5. Dissociation along the forward-upward direction

In this section, we focus on the external force along the
forward-upward direction. We still follow the similar pro-

cedure of presenting our simulation results to that presented
in above sections. Some results under the external force of

500 pN for the temporal evolution of the change in the dis-
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tance, Ad, between the kinesin head and tubulin are shown
in Fig. 10(a), where Ad is defined to have a positive value.
From the 10 simulations, the results of the mean number of
HBs formed between the kinesin head and tubulin versus Ad
are shown in Fig. 10(b), where Ad is defined as having a posi-
tive value and for comparison the corresponding results under
the backward-upward force (with Ad <0) are also reshown.
Correspondingly, the potential form of the kinesin head in-
teracting with the tubulin as the function of Ad along the
forward-upward direction can be shown in Fig. 10(c), where
for comparison the corresponding results under the backward-
upward force are also reshown. As expected, it is noted from
Fig. 10 that the feature for the case of the dissociation along
the forward-upward direction is similar to the case of the dis-
sociation along the backward-upward direction presented in
the above section.

In Fig. 11(a), we show some structures of the system at

different values of Ad from one of the 10 simulations (with the
enlargement of each image being shown in Fig. S43 in sup-
plementary materials), where the main HBs formed between
the kinesin head and tubulin are indicated. Correspondingly,
the more detailed occupancies of main HBs calculated in the
range of Ad +0.1 nm for different values of Ad are listed in
the table shown in Fig. 11(b), where only the HB occupancy
that is larger than 5% is listed. The structures and the main
HBs for the other nine simulations are shown in Figs. S44—
S52 (see supplementary materials). Comparing Fig. 11 and
Figs. S44-S52 with Fig. 9 and Figs. S34-S42, it is seen that
the structural and dynamic behaviors of the kinesin dissocia-
tion along the forward-upward direction are similar to those
along the backward-upward direction, except that the dissoci-
ation of the kinesin head from the tubulin along the forward-
upward direction is via both the forward-upward translation
and the clockwise rotation of the head.
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Fig. 10. Simulation results under the forward-upward force of 500 pN on the kinesin head. (a) Some results for the temporal evolution of the change
in the distance, Ad, between the kinesin head and tubulin, where Ad is defined as having a positive value. (b) Mean HB number versus Ad. For
comparison, the corresponding results under the backward-upward force (with Ad < 0) are also shown. Error bars represent standard deviations.
(c) Potential form of the kinesin head interacting with the tubulin as the function of Ad along the forward-upward direction. For comparison, the

corresponding results under the backward-upward force (with Ad < 0) are also shown. Error bars represent standard deviations.
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Fig. 11. Simulation results under the forward-upward force of 500 pN on the head of the head-tubulin complex for one simulation trajectory.
(a) Structures of the complex at different values of the change in the distance, Ad, between the head and tubulin, where main HBs formed between
the head and tubulin are also indicated (with the numbers inside the brackets representing HB occupancies). The ADP molecule is not shown
here. (b) The table lists the occupancies of main HBs calculated in the range of Ad +0.1 nm for different values of Ad, where only HBs with their

occupancies larger than 5% are listed.

3.6. Comparisons of our all-atom MD simulations with
prior single molecule and theoretical studies

Since in the single molecule optical trapping experiments
with a micrometer-sized bead attached to the stalk of the ki-

nesin, the load on the kinesin is also in either the backward-
upward or forward-upward direction, it is interesting to make
the comparison of our simulation data derived from the po-

tential form shown in Fig. 10(c) with those obtained from the
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single molecule optical trapping experiments. According to
Kramers theory, from the potential form shown in Fig. 10(c)
it is noted that under the backward-upward force, the dissoci-
ation rate of the kinesin head has the form

|F|6(‘>

T | )

kff) o< exp

where ké_) is the dissociation rate under the backward-upward
force F, § (=) ~ 3 nm is the characteristic distance for the dis-
sociation along the backward-upward direction and kg7 is the
Boltzmann constant times the absolute temperature. Similarly,
under the forward-upward force, the dissociation rate of the ki-

nesin head has the form

()
(+) |6

ky " o< exp Tl | 2
where kéJr) is the dissociation rate under the forward-upward

force F and 8(*) ~ 4 nm is the characteristic distance for
the dissociation along the forward-upward direction. The
two characteristic distances (=) ~ 3 nm and §(*) ~ 4 nm
are in good agreement with the single molecule data of Ue-
mura et al.'**! showing that the characteristic distances are
also 4 nm and 3 nm, respectively, for plus-end and minus-end
loading.

Since during the processive stepping the dissociation of
the kinesin dimer occurs mainly in the weak-MT-binding state,
from Fig. 10(c) it is seen that under the backward-upward and
forward-upward loads, as in the single molecule optical trap-
ping experiments, 2028 the dissociation rate in the weak-MT-
binding state is only slightly asymmetrical. Moreover, Egs. (1)
and (2) indicate that in the weak-MT-binding state the interac-
tion of the head with the tubulin exhibits the slip-bond charac-
teristics, with the dissociation rate as the function of the mag-
nitude of the load having approximately the exponential form.
Thus, it is expected that the dramatically asymmetric feature of
the dissociation rate (or run length), with the dissociation rate
(or run length) under the medium forward-upward load be-
ing much larger (or smaller) than that under the corresponding
backward-upward load,?®*! and the slip-catch-bond charac-
teristics under the backward-upward load!?740]
mainly from the occurrence rate of the weak-MT-binding state

would arise

during the processive stepping of the motor. This is consistent
with the conclusion from the previous theoretical and numeri-
cal studies, [39:40:42.43]

4. Concluding remarks

Here, using all-atom MD simulations we study the dis-
sociation process of the kinesin head in ADP state from the
tubulin. We focus on the dissociation along five typical di-
rections by applying the external force along those directions
on the kinesin head. Our studies show that along different

directions the dissociation has different dynamic behaviors.
(i) Along the backward direction, the dissociation is via both
the counterclockwise rotation and backward translation of the
head relative to the tubulin. The dissociation has the charac-
teristic distance of about 3 nm. (ii) Along the forward direc-
tion, the dissociation is via both the clockwise rotation and
forward translation of the head relative to the tubulin. The dis-
sociation has the characteristic distance of about 4 nm. Along
both backward and forward directions, as |Ad| increases the
change of the mean HB number does not arise only from the
disappearance of some HBs but also from the appearance of
new HBs, and the appearance of new HBs results in the long
characteristic distance. (iii) Along the upward direction, the
dissociation is mainly via the upward translation of the head
relative to the tubulin. The dissociation has the characteris-
tic distance smaller than 2 nm. Along the upward directions,
as |Ad| increases the change of the mean HB number arises
mainly from the disappearance of some HBs, resulting in the
short characteristic distance. (iv) Along the backward-upward
direction, the dissociation is via both the backward-upward
translation and the counterclockwise rotation of the head rel-
ative to the tubulin. The dissociation has the characteristic
distance of about 3 nm. (v) Along the forward-upward di-
rection, the dissociation is via both the forward-upward trans-
lation and the clockwise rotation of the head relative to the
tubulin. The dissociation has the characteristic distance of
about 4 nm. The dynamic feature of the dissociation along the
backward-upward or forward-upward direction is more simi-
lar to that along the backward or forward direction than to that
along the upward direction. Moreover, the potential forms (or
energy landscapes) of the interaction between the head and
tubulin along the five typical directions are determined, from
which the whole 2D potential form in the xoy plane can be
easily envisioned. Under no external force, the dissociation
trajectory can transit among different directions, with the dis-
sociation process being governed by the above 2D potential.
Finally, it is noted that the method used here to determine the
potential form can be generally applicable to other pairs of in-
teracting proteins.
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