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Abstract

Introduction—XKinesin-1 motor is a molecular walking
machine constructed with amino acids. The understanding
of how those structural elements play their mechanical roles
is the key to the understanding of kinesin-1 mechanism.
Methods—Using molecular dynamics simulations, we inves-
tigate the role of a helix structure, o4 (also called switch-II
helix), of kinesin-1’s motor domain in its processive move-
ment along microtubule.

Results—Through the analysis of the structure and the
interactions between o4 and the surrounding residues in
different nucleotide-binding states, we find that, mechanically,
this helix functions as a shaft for kinesin-1’s motor-domain
rotation and, structurally, it is an amphipathic helix ensuring
its shaft functioning. The hydrophobic side of a4 consists
strictly of hydrophobic residues, making it behave like a
lubricated surface in contact with the core f-sheet of kinesin-1’s
motor domain. The opposite hydrophilic side of o4 leans firmly
against microtubule with charged residues locating at both
ends to facilitate its positioning onto the intra-tubulin groove.
Conclusions—The special structural feature of «4 makes for
an effective reduction of the conformational work in kinesin-
1’s force generation process.

Keywords—Kinesin-1, o4 helix, Tubulin, Molecular dynam-
ics simulation, Hydrophobic contact.

INTRODUCTION

Kinesin is one kind of motor protein which walks
along microtubule and is responsible for a variety of
cellular events including but not limited to organelle
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transportation, mitosis and depolymerizing micro-
tubule.'® "% According to the functions and amino
acid sequences, kinesin can be divided into 14 sub-
families.”® All the members of kinesin families have a
functional domain called “motor domain” or ‘“‘motor
head” which includes kinesin’s nucleotide-binding and
microtubule-binding site.®*! The o4 helix (also called
switch-II helix) is the longest helix across the full width
of kinesin’s motor domain from nucleotide-binding
pocket to neck linker.*> u4 is the structural center of
the motor domain with the core f-sheet shaped
around it and it also forms one of the key micro-
tubule-binding sites.>*'*3%* In kinesin’s mechanical
process, a4 plays multiple roles as a single secondary
structure. Here, we investigate how the functions of
o4 are achieved through a highly rational structural
arrangement.

Kinesin-1 (conventional kinesin) is the most inves-
tigated kinesin subfamily and the model protein for the
research of N-type kinesin. To efficiently walk along
microtubule, two identical kinesin-1 proteins form a
dimer and take ‘“hand-over-hand” pattern in their
processive movement. 12352 After ~ 30 years
intensive investigation, the walking, energy-transfor-
mation and inter/intra motor-domain communication
mechanism of kinesin-1 is much clearer now.® It is also
realized that the “cytoskeletal track’, microtubule,
also plays an important role in the modulation of ki-
nesin-1’s mechanochemical cycle.***>*!*> The binding
strength of kinesin’s motor domain to microtubule
varies with different nucleotide-binding states. For
kinesin-1, the motor domain binds tightly to micro-
tubule in nucleotide-free (apo) or ATP-binding state
and loosely binds to microtubule in the ADP-binding
state.>*? As part of kinesin’s microtubule-binding
sites, a4 is considered to play very important role in
recognizing and binding microtubule.
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The corresponding structure of ¢4 in myosin is the
relay helix.>”*° Similar to myosin’s relay helix, kine-
sin’s o4 is considered to be responsible for the long-
range communication from nucleotide-binding site to
motor domain’s C-terminus which triggers the docking
movement of neck linker.”® With the progress of cyto-
electron microscopy (cryo-EM) and crystallization
techniques, high resolution structures of motor domain
in different nucleotide-binding states on tubulin are
obtained.>”!'*# It is realized that, in the conforma-
tional change from apo state to ATP-binding state, the
o4 helix is stationary on the groove between ¢- and f3-
tubulin. In contrast, the motor domain rotates around
a4, prepares the environment for ATP hydrolysis,>
detaches the trailing head from microtubule '* and
triggers the neck linker docking.'""'* However, how o4
functions in this process remains unclear.

The experimental structures give us massive knowl-
edge of interactions between o4 and surrounding re-
sidues. However, crystal and cryo-EM structures
represent the specific conformations of the protein
under experimental condition (usually at low tempera-
ture). To obtain the stable binding structures of kinesin-
1 on tubulin in the environment with thermal fluctua-
tion and statistically investigate the interactions of o4
with microtubule and the inner part of kinesin-I,
molecular dynamics (MD) simulations for kinesin-1’s
motor domain in different nucleotide-binding states
(apo, ATP-binding and ADP-binding state) on tubulin
are performed. The analysis of the obtained
stable structures shows that o4 is an amphipathic
structure to meet the requirements of its mechanical
function. In the motor-domain rotation process from
the apo state to the ATP-binding state, ¢4 functions as a
lubricated shaft with its hydrophobic side facing the
hydrophobic inner surface of the core f-sheet. At the
same time, with its hydrophilic side facing the polar
surface of microtubule, o4 binds tightly to the intra-
tubulin groove through both interactional and geo-
metrical match. This highly rational design of ¢4 ensures
the stability for it as a shaft and a sufficient reduction of
the energy consumption in the conformational change.
The o4 of the ADP-binding state kinesin-1 has a shorter
length and binds weakly to tubulin due to the lost in part
of the interactional and geometrical match with tubulin,
which is consistent with the experimental fact.

METHODS

Model Construction

The kinesin-1-tubulin complex structures (PDB ID:
4HNA " and 4LNU 7) and kinesin-1’s motor domain
monomer in ADP-binding state (PDB ID: 1BG2 %)
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are used for modeling. The motor domain of 4HNA is
considered in the ATP-binding state and that of 4LNU
is in the nucleotide-free state. In the modeling, the
ADP-AIF,~ of 4HNA is replaced by ATP while
keeping the adenosine rings of these two molecules
coincided. The designed ankyrin repeat proteins
(DARPins) of 4HNA and 4LNU were used to main-
tain the tubulin structure when crystallization and are
deleted in our models. The monomer structure in
ADP-binding state, 1BG2, is placed above the tubulin
to freely search its binding site on tubulin in the MD
simulation and the stable binding structure of kinesin-1
and tubulin in ADP-binding state is obtained. The
coordinate water molecules and Mg>" are maintained.
The three kinesin-1-tubulin complexes are buried in a
water sphere (the radius is 70 A). TIP3P % is used to
model water molecules. Nat and ClI™~ ions are added to
ensure an ionic concentration of 150 mM and zero net
charge. The entire model has ~ 150,000 atoms. During
the MD run, the a-carbons of E168, 1.227, V353 in o-
tubulin and T168, L227, T353 in fS-tubulin are har-
monically constrained to ensure a stable tubulin
structure. The software used for modeling and data
analysis is VMD (version 1.9.3).*° The MD simula-
tions are performed using NAMD (version 2.12 with
CUDA acceleration)’” with force field
CHARMM36%33-38 4t constant temperature of
310 K. The integration time step is 2 fs. The non-
bonded coulomb and van der Waals interactions are
calculated with a cutoff using a switch function start-
ing at distance of 13 A and reaching 0 at 15 A. Before
the simulation run, the protein-water systems are
minimized for 30,000 steps to remove bad contact. The
three systems are all simulated 100 ns and the trajec-
tories are saved every 1 ps. The first 20 ns trajectory is
the relaxation process and eliminated in our statistical
analysis. Molecular drawing is produced using Dis-
covery studio 3.5 visualizer and Origin 8.5.

Calculation of the Occupancy Rate

The criterion of hydrogen bond is that the maxi-
mum distance between acceptor and donor atoms of a
hydrogen bond is 3 A37 For the hydrogen bond
associated with charged group, the criterion is 4.5 A
because the hydrogen-bonding interaction of charged
group with other residues is stronger than normal
hydrogen bond. The criterion for salt bridge is that the
maximum distance of the central atoms (C; of arginine,
N; of lysine, C, of aspartic acid and C; of glutamic
acid) of two charged groups is 8 A. For the
hydrophobic interaction, two hydrophobic residues
with distance between central atoms of hydrophobic
groups smaller than 8 A is considered having
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hydrophobic interaction.”” Using these criteria, the
total interactions between 4 and the surrounding re-
sidues are statistically analyzed. The effective strength
of each interaction is quantitatively indicated by the
occupancy rate which is the percentage of the binding
time vs. the total production run (80 ns) and the
average distance between interacting atoms.

RESULTS AND DISCUSSION

Kinesin’s o4 is an Amphipathic Helix

Kinesin’s motor domain has ~ 340 amino acids. The
o4 helix locates at kinesin’s interface with microtubule.
Fig. 1 shows the conformations of ¢4 in kinesin-1’s
different nucleotide states. The a4 of kinesin-1 consists
of 25 residues (from A246 to E270 in human kinesin;
herein, we use the residue number of human Kkinesin
with PDB ID: 4HNA '%). The geometrical locations of
the 25 residues in a4 are shown in Fig. 2a. In these 25
residues, there are 5 charged residues and 13
hydrophobic residues. The arrangement of these re-
sidues reveals a marked amphipathic feature of «4: the
upper half, which points to the inner part of the motor
domain, mainly consists of hydrophobic residues and
the lower half, which points to the microtubule surface,
consists mainly of charged and polar residues. The
residue sequences of kinesin’s different subfamilies are
listed in Fig. 2b. From the comparison of sequences, it
is seen that some residues are highly conservative
(E250, 1254, N255, S257, L258, L261, 1265 and L268).
Most of the hydrophobic residues locate toward the
core f-sheet of kinesin and form hydrophobic contact
with residues in kinesin’s inner part. These residues
play very important role in kinesin’s functional

movement along microtubule as shown in the follow-
ing sections.

o4 has different conformations in different nucleo-
tide-binding states (apo, ATP-binding and ADP-
binding state) and microtubule-binding states (with or
without microtubule). As seen in Figs. 1a and 1b, the
MD simulation results show that ¢4 has similar con-
formations (7-turn helix) in kinesin-1’s ATP-binding
and apo state on microtubule. While in the ADP-
binding state, a4 is a 4-turn helix as shown in Fig. lc.
The cryo-EM study of kinesin-1 in ADP-binding state
on microtubule showed a consistent structure.*® From
the ADP-binding state to apo state, o4 will change
from a 4-turn helix to a 7-turn helix. When and how
this conformational change of a4 take place are still
unclear. It is rational to speculate that, when binding
to microtubule, the N-terminal part of a4 (from A246
to K256) will turn from a loop structure to three extra
helix structure (transform from a 4-turn helix to a 7-
turn helix). This conformational change might be re-
lated with the catalytic role of microtubule in kinesin-
I’s ATPase cycle.

To statistically analyze the interactions between o4
and the surrounding residues, three MD simulations
are performed based on the crystal structures of kine-
sin-1 in different nucleotide-binding states (see
“Methods”). All the interactions between residues of
o4 and surrounding residues are listed in Tables 1 and
2. The occupancy rate of each interaction in the MD
simulation is calculated to quantitatively describe the
effective strength of the interaction. The analysis of
following sections is based on these statistical calcu-
lations and the stable structures obtained from MD
simulations.

FIGURE 1. Stable complex structures of kinesin’s motor domain (blue) with tubulin in different nucleotide-binding states
obtained from molecular dynamics simulations. (a) ATP-binding state. (b) apo state. (c) ADP-binding state. Motor domain is shown
in blue, a-tubulin in light brown and g-tubulin in dark brown. The binding nucleotides are explicitly shown. a4s of these structures

are shown in red.
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FIGURE 2. Residues of kinesin’s a4 helix. (a) Locations of «4’s residues in the helix structure. (b) Sequence alignments of «4s of
different kinesin subfamilies (2KIN*® (from Rattus), 4HNA' (from human) and 1GOJ*’ (from N. crassa) belong to kinesin-1
subfamily; 1158%° belongs to kinesin-3 subfamllg 1116*8 belongs to kinesin-5 subfamily; 1T5C'® belongs to kinesin-7 subfamily;
2NR8 belongs to kinesin-9 subfamily and 1V8J°° belongs to kinesin-13 subfamily). The residues toward motor domain’s core -
sheet (the upper half) and toward tubulin (the lower half) are colored in green and red respectively at the top of the alignments.

TABLE 1. Occupancy rates of interactions between ¢4 and tubulin, the average distance between interacting atoms and the

corresponding distance in the crystal structures.

Interactions between «4 and tubulin: occupancy rate (average distance) (distance in crystal structures)

Interacting residues

Apo state

ATP-binding state

ADP-binding state

Leu248-Thr109 (a-tubulin)
Leu248-Tyr108 (x-tubulin)
Leu248-Lys112 (a-tubulin)
Lys252-Glu411 (a-tubulin)
Asn255-Gly412 (a-tubulin)
Ser259-Glu415 (o-tubulin)
Glu270-Lys401 (o-tubulin)
Asn263—-Arg402 (o-tubulin)

100% (5.21 A) (5.09 A)

100% (6.76 A) (5.65 A)

99.75% (6.78 A) (6.21 A)
92.95% (6.04 A) (4.99 A)
98.94% (3.10 A) (3.63 A)
26.40% (6.43 A) (4.05 A)
84.35% (6.72 A) (8.20 A)
63.73% (6.42 A) (6.23 A)

96.94% (6.53 A) (7.48 A)
100% (5.12 A) (6.55 A)

95.15% (7.17 A) (4.88 A)
99.98% (5.12 A) (4.65 A)
63.44% (3.85A) (3.52 A)
84.96% (3.93 A) (5.29 A)
95.53% (5.65 A) (8.01 A)
98.47% (4.92 A) (6.13 A)

0% (14.59 A) (null)
6.37% (11.25A) (null)
32.32% (10.02 A) (null)
0% (16.15 A) (null)

0% (12.39 A) (null)
12.27% (7.40 A) (null)
91.44% (5.62 A) (null)
26.57% (7.40 A) (null)

Because there is no experimental structure of kineins-1 in ADP-binding state binds to tubulin, the distance of interacting atoms from
experimental data is null. Crystal structures used: apo state-4LNU” and ATP-binding state-4HNA.'*

o4 Binds Tightly to MT Through Both Geometric
and Interactional Match in Apo and ATP States

Binding of one molecule to another is mainly
determined by two factors, i.e., geometric match and
interactional match. In the ATP-binding and apo state,
kinesin’s o4 is a long 7-turn helix that, together with
loop L12, fits perfectly into the groove between o- and
p-tubulin (Fig. 3). As the longest « helix in kinesin, a4
strides across the tubulin protein. The C-terminal part
of w4 locates between the C-terminal part of H12 helix
of f-tubulin and the C-terminal part of H11 helix of a-

It is known that kinesin binds to microtubule
strongly in the ATP-binding and apo state and
weakly in the ADP-binding state.> * o4 is one of the
major microtubule binding sites on kinesin. The way
of o4 binding to microtubule surface plays an
important role in stabilizing kinesin’s motor domain
on microtubule.
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TABLE 2. Occupancy rates of interactions between o4 and core -sheet, the average distance between interacting atoms and the
corresponding distance in the crystal structures.

Interactions between «4 and core f3-sheet: occupancy rate (average distance) (distance in crystal structures)

Interacting residues

Apo state

ATP-binding state

ADP-binding state

Val247-Ala243
Leu248-Val238
Leu248-Lys252
Asp249-Lys252
Asp249-Asn253
Glu250-Tyr138
Glu250—-Arg203
Ala251-Val238
Ala251-Ala243
Ala251-Glu236
lle254—Leu139
lle254—Ala233
lle254—Ala233
Asn255-Glu236
Asn255-Glu236
Lys256-Asp140
Ser257-His205
Lys256—-Asp279
Leu258-Leu232
Leu258-Ala233
Leu258-Met282
Ala260-Thr283
Ala260-Ser280
Leu261-Met282
Leu261-Leu286
Leu261-Phe82
Leu261-11e298
Leu261-Ala322
Leu261-Leu232
Leu261-Leu290
Leu261-Phe318
Leu261-Val230
Asn263—-Arg321
Asn263—-Asp279
Val264—lle9
Val264—Val275
Val264—Leu290
Val264—-Leu286
Val264:CB-Pro276
lle265-11e9
lle265—-Phe318
lle265-Val11
lle265—-Ala322
1le265-11e298
lle265-Leu290
1le265-Phe82
lle265-Leu232
lle265-Leu286
Ser266—-Arg321
Ala267-Val275
Ala267—-Pro276
Leu268-Val275
Leu268-Leu290
Leu268-l1le9
Leu268-Pro276
Leu268-Ala294
Ala269-1le9
Ala269-Ala322

90.97% (7.45 A) (4.23 A)
99.67% (6.56 A) (5.82 A)
100% (5.05 A) (4.59 A)
90.37% (6.29 A) (6.25 A)
78.09% (3.40 A) (5.49 A)
99.81% (2.71 A) (4.49 A)
100% (3.79 A) (4.71 A)
100% (4.95 A) (4.67 A)
7.61% (10.01A) (4.66 A)
100% (4.10 A) (4.55 A)
99.23% (7.51 A) (8.97 A)
100% (4.57 A) (3.95 A)
100% (4.22 A) (4.13 A).
99.55% (2.93 A) (2.74 A)
71.85% (2.71 A) (2.03 A)
63.31% (7.58 A) (6.85 A)
96.62% (2.08 A) (3.10 A)
74.13% (6.99 A) (10.01 A)
100% (6.13 A) (5.94 A)
100% (6.01 A) (6.73 A).
99.58% (6.28 A) (6.24 A)
100% (5.05 A) (4.54 A)
100% (3.88 A) (3.44 A)
100% (4.87 A) (4.20 A)
100% (7.90 A) (7.70 A)
100% (4.74 A) (4.58 A).
99.94% (6.47 A) (6.20 A)
91.16% (7.93 A) (7.54 A)
100% (6.12 A) (6.09 A)
100% (7.34 A) (7.14 A)
100% (5.07 A) (4.82 A)
100% (8.15 A) (7.84 A).
99.35% (4.18 A) (3.93 A)
79.78% (6.04 A) (4.03 A)
90.46% (8.36 A) (8.93 A)
100% (5.81 A) (5.88 A)
100% (6.19 A) (6.08 A)
98.32% (9.25 A) (9.02 A)
100% (5.25 A) (5.09 A).
99.86% (4.82 A) (7.29 A)
54.19% (7.64 A) (5.34 A)
62.44% (8.83 A) (8.35 A)
99.93% (6.16 A) (4.42 A)
100% (4.27 A) (3.70 A).
99.79% (5.46 A) (6.79 A)
100% (5.07 A) (5.62 A).
21.11% (9.41 A) (8.27 A)
59.63% (8.94 A) (9.57 A)
99.91% (3.85 A) (3.85 A)
100% (4.40 A) (4.24 A)
100% (4.33 A) (3.68 A)
100% (5.21 A) (4.80 A)
100% (6.24 A) (5.84 A)
99.98% (4.83 A) (5.06 A)
66.18% (8.96 A) (7.21 A)
19.79% (10.30 A) (9.27 A)
99.01% (5.42 A) (4.14 A)
78.96% (7.15 A) (6.72 A)

100% (4.69 A) (4.42 A)
100% (5.34 A) (8.71 A)
100% (5.26 A) (10.44 A)
100% (4.47 A) (6.38 A)
31.93% (4.60 A) (4.52 A)
99.53% (2.76 A) (4.08 A)
99.55% (6.74 A) (5.20 A)
100% (5.26 A) (6.85 A)
100% (5.19 A) (8.56 A)
100% (4.88 A) (4.04 A)
97.35% (7.30 A (8.56 A)
100% (4.23 A) (3.97 A)
100% (4.00 A) (3.66 A).
81.70% (3.58 A) (3.26 A)
76.59% (2.76 A) (2.09 A)
97.81% (5.16 A) (8.74 A)
66.55% (2.73 A) (2.80 A)
7.77% (9.96 A) (9.69 A)
100% (5.45 A) (6.00 A)
100% (6.65 A) (6.28 A).
85.48% (7.47 A) (9.56 A)
99.99% (5.72 A) (4.05 A)
100% (4.17 A) (3.73 A)
99.98% (5.88 A) (7.95 A)
100% (7.23 A) (6.65 A)
100% (5.10 A) (4.88 A).
95.14% (8.05 A) (7.24 A)
65.62% (8.87A) (8.22 A)
100% (6.99 A) (6.34 A)
100% (6.69 A) (6.63 A)
99.84% (4.80 A) (4.09 A)
80.87% (9.64 A) (9.57 A)
0% (10.02 A) (7.65 A)
99.95% (3.69 A) (5.29 A)
0.26% (10.31 A) (9.38 A)
100% (6.68 A) (5.69 A)
100% (6.47 A) (5.90 A).
88.08% (9.13 A) (8.38 A)
96.77% (7.92 A) (5.38 A)
96.03% (6.53 A) (4.95 A)
99.91% (4.24 A) (4.57 A)
2.77% (9.88 A) (8.90 A)
100% (4.92 A) (4.30 A)
100% (5.48 A) (4.64 A)
100% (4.81 A) (4.50 A).
97.65% (6.92 A) (5.24 A)
3.82% (10.44 A) (10.50 A)
68.90% (8.75 A) (8.47 A)
84.82% (5.30 A) (3.52 A)
100% (4.70 A) (4.12 A)
99.83% (6.16 A) (3.84 A)
100% (5.03 A) (4.48 A)
100% (6.66 A) (6.4 A)
99.55% (7.65 A) (7.02 A)
1.90% (9.72 A) (7.07 A)
0% (12.33 A) (12.28 A)
0.05% (9.44 A) (8.81 A)
95.61% (7.38 A) (6.93 A)

21.04% (11.78 A) (13.26 A)
76.92% (8.17 A) (13.79 A)
31.50% (10.64 A) (7.20 A)
4.70% (12.46 A) (8.44 A)
0% (13.04 A) (12.11 A)
0% (16.48 A) (20.64 A)
0.29% (14.17 A) (15.35 A)
63.17% (7.77 A) (10.78 A)
0.32% (18.40 A) (12.00 A)
0% (10.39 A) (15.34 A)
0% (14.15 A) (16.43 A)
26.27% (8.54 A) (11.93 A)
3.09% (10.18 A) (9.19 A)
0% (8.07 A) (9.33 A)

0% (8.51 A) (9.40 A)
62.28% (7.51 A) (3.94 A)
14.78% (4.00 A) (4.45 A)
77.31% (5.86 A) (8.80 A)
100% (5.89 A) (5.68 A)
100% (5.89 A) (5.22 A).
99.24% (6.86 A) (6.65 A)
100% (4.15 A) (4.28 A)
100% (3.83 A) (3.40 A)
100% (5.02 A) (6.84 A)
100% (6.86 A) (8.03 A)
100% (4.74 A) (4.80 A).
97.38% (7.80 A) (5.78 A)
22.08% (9.50 A) (9.96 A)
100% (6.03 A) (6.24 A)
100% (7.36 A) (6.65 A)
91.69% (6.98 A) (4.12 A)
100% (8.01 A) (8.24 A).
78.13% (5.43 A) (5.93 A)
62.39% (6.63 A) (5.11 A)
27.53% (9.35 A) (7.49 A)
100% (5.78 A) (5.61 A)
100% (6.37 A) (5.42 A)
99.86% (8.59 A) (9.19 A)
100% (5.29 A) (4.83 A)
77.77% (6.47 A) (5.40 A)
80.88% (6.45 A) (3.54 A)
48.86% (8.95 A) (7.09 A)
99.91% (5.99 A) (6.28 A)
100% (4.27 A) (3.49 A).
99.97% (6.38 A) (6.76 A)
99.73% (5.46 A) (6.43 A)
57.98% (8.85 A) (8.77 A)
42.25% (9.21 A) (10.52 A)
99.04% (4.01 A) (4.03 A)
100% (4.41 A) (4.57 A)
100% (4.21 A) (3.59 A)
100% (5.07 A) (4.74 A)
100% (6.08 A) (5.96 A)
100% (5.13 A) (4.89 A)
76.95% (8.77 A) (6.96 A)
67.70% (8.89 A) (9.32 A)
100% (4.79 A) (6.18 A)
100% (5.47 A) (5.02 A)

Crystal structures used: apo state-4LNU,” ATP-binding state-4HNA'* and ADP-binding state-1BG2.2”
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tubulin. The N-terminal part of a4 (mainly the second
and third turns) makes a tight contact with H11* of a-
tubulin. In Fig. 3, we depict kinesin-1’s o4 and loop
L12 (red) and the contacting part on tubulin (yellow).
The matched contact of the two partners ensures a
geometric stability for the binding of o4 to micro-
tubule, i.e., the geometric constraint could effectively
resist perturbations on o4.

The binding of a4 to microtubule is also enhanced
and stabilized by the matched interactions between
them. The interactions between o4 and tubulin are
shown in Table 1 and Fig. 4. Comparison of averaged
distance of interacting atoms from MD simulations
and the corresponding distance in the crystal structures
shows that the interaction strength between o4 and
tubulin is overestimated from the crystal structure in
kinesin-1’s apo state. Seven of the nine interaction
distances show larger value in the MD simulation than
that in the crystal structure. On the contrary, six
interaction distances in the MD simulation are smaller
than that in the crystal structure. Thus, the «4-tubulin
interaction strength is underestimated from the crystal
structure in kinesin-1’s ATP-binding state. As shown
in Fig. 4, a4’s lower part, which faces to microtubule,
consists mostly of charged and polar residues. These

residues have specific interactions with the residues on
tubulin, including two salt bridges (formed between
K252 of a4 and E411 of a-tubulin, E270 of «4 and
K401 of a-tubulin) and three hydrogen bonds (formed
between N255 of a4 and G412 of a-tubulin, S259 of «4
and E415 of a-tubulin, N263 of a4 and R402 of «-
tubulin) (Fig. 4). The two salt bridges locate at the two
ends of a4, which could play an important role in
positioning «4 to the right binding site. The three
hydrogen bonds locate at the middle part of «4, which
effectively enhances the tight binding of o4 to tubulin.
The interactions between o4 and tubulin are mostly
identical in the apo and ATP-binding state. This is
consistent with the experimental results that both apo
and ATP-binding states are strong microtubule-bind-
ing states.

In the ADP-binding state, kinesin-1’s o4 has only
four turns that largely weakens its geometrical match
and interactions with microtubule. As shown above,
the long a4s in the apo and ATP-binding states have a
tight contact with H11” of a-tubulin by its second and
third turns, which forms a stable geometrical con-
straint for 4. In the ADP-binding state, this geomet-
rical constraint is lost since the first three turns of a4
resolves into a loop structure. At the same time, the

FIGURE 3. Binding position of «4 on tubulin. (a) 24 (red helix) locates in the groove between a-tubulin (light brown) and g-tubulin
(dark brown) when motor domain (omitted here) binding stably to tubulin. (b) Front view, (c) side view and (d) top view of the
geometrical match between o4 and tubulin. The contact atoms (24 in red and tubulin in yellow) are explicitly shown. The structure
used here is the kinesin-1-tubulin complex structure in kinesin-1’s apo state obtained from molecular dynamics simulation.
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FIGURE 4. Interactions between o4 (red) and «-tubulin
(yellow). Residues in «4 are shown in “Ball and Stick” mode
and that in a-tubulin are shown as “Stick” mode. Hydrogen
bonds and salt bridges are shown as dotted lines.

salt bridge and the hydrogen bond formed between the
N-terminal part of 4 and tubulin are also broken. The
weakened binding of «4 should be the main reason of
the weakened binding of the ADP-binding kinesin-1 to
microtubule, since the other microtubule binding sites
on kinesin-1 (including 5, L12 and «6) remain un-
changed.

The stability difference of structures in different
nucleotide-binding states can be clearly described with
the root mean square deviations (RMSDs) of protein
backbone in MD simulations. Figure 5a shows the
RMSDs of a4 in different states. It is clearly seen that
the RMSD of ¢4 in ADP state is much larger than that
in the other two states, indicating that the stability of
o4 in ADP state is much weaker than that in the other
two states. The difference of the RMSDs of kinesin-1
heads in different states (Fig. 5b) is highly consistent
with that of the ads. The ATP-binding state motor
domain is the most stable one, the stability of the apo
state motor domain is a little weaker and the stability
of the ADP-binding motor domain is the weakest, that
is consistent with the experimental results.”

o4 Functions Like a Lubricated Shaft in Kinesin-1’s
Force-Generation Process

Kinesin is a molecular machine that generates the
driving force for cargo movement along microtubule.™
Kinesin’s force-generation process is initiated by ATP
binding to its nucleotide-binding site on motor
domain.** The key mechanical process from ATP
binding to force generation is the rotation of the motor
domain.* In the rotation process, the core f-sheet of
the motor domain functions as a mechanical element
that amplifies the effect of ATP binding to the forward
displacement of the f-domain against the backward
resistance from the cargo.®!'""'*?° The rotation process
is the main conformational change of kinesin-1’s mo-

tor domain from the apo state to the ATP-binding
state. In Fig. 6, the structures of the two states (ATP
state in yellow and apo state in green) are superim-
posed. It is seen that the core f-sheet together with o6
of the ATP-binding state structure has an apparent
rotation relative to the apo state structure, while the o4
helix and loop L12 remain unchanged. The core f-
sheet has a geometrically matched shape around o4
and o4 functions as a fixed shaft for the rotation.
The relative displacement of different secondary
structures in the rotational movement of core f-sheet
around o4 can be partially reflected through the differ-
ences of occupancy rate and average distance of the
interactions between them. From Table 2, interactions
between a4 and 19 (1), R203 (f6), P276 (L12), A294,
1298 ($8) and R321 (x6) are weakened in the rotation,
and that between o4 and D140 ($4), A243 (L11), F318
and A322 («6) are enhanced in the rotation of core /-
sheet around 4. The largest displacement appears in the
C-terminal part of a6 helix. The occupancy rate of the
hydrogen bond between N263 and R321 («6) drops
from 99.35% (apo state) to 0% (ATP-binding state).
From our previous work, this conformational change of
o6 is not directly induced by motor domain rotation.
The rotation is transmitted from f£1 to 0, and to kine-
sin-1’s neck linker through its interactions with 0, and
finally transmitted to the C terminus of «6. Consistent
with this pathway, the occupancy rate of interaction
between o4 and 19 which belongs to 1 drops from
99.01% in apo state to 0.05% in ATP-binding state.
From the above section, it is known that o4 binds
tightly to microtubule in the apo and ATP-binding
states so that it provides a stable support and con-
straint to ensure that the motor domain rotates to the
right position. However, it is known from engineering
that a shaft must be well lubricated in order to reduce
the energy consumption due to the interfacial friction.
Kinesin-1 meets this engineering requirement with a
highly rational sequence arrangement. o4 has an
amphipathic structure with its lower hydrophilic side
facing and binding to the microtubule surface and its
upper hydrophobic side facing the inner part of the
core f-sheet (Fig. 2). All the residues of the upper side
have hydrophobic sidechains (V247, A251, 1254, L.258,
L261, 1265 and A269) and most of them are conser-
vative residues in kinesin family (1254, 1.258, L261 and
1265) (Fig. 2). Correspondingly, most of the residues
of kinesin’s core f-sheet on the interface with a4 are
hydrophobic residues. These residues are full of methyl
and methylene groups (the main content of oil mole-
cules) that make the two contact regions behave
effectively like structural composite materials with well
lubricated surface layers and firm inner frames (Fig. 7).
In addition, careful inspection of the simulation
structures shows that there is no hydrogen bond
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FIGURE 5. Root mean square deviations (RMSDs) of (a) «4 helix and (b) kinesin’s motor domain in the molecular dynamics

simulations.

FIGURE 6. Superposition of structures 4LNU’

crystal
(green, nucleotide-free state) and 4HNA’ (brown, ATP-
binding state). The tubulins and «4s of two structures are
perfectly coincided but the other parts of the two motor
domains have an apparent relative rotation. Readers can also
refer to Fig. 5 of Ref. 22 which shows that the rotation angle of
core p-sheet rotation around «4 is ~ 17.8°.

formed between the two surfaces and no water mole-
cules could get into the hydrophobic contact region.
All these make kinesin-1 minimize the energy con-
sumption for conformational change during the rota-
tion process and export a large enough useful work.
Therefore, rather a relay helix, o4 is more like a sta-
tionary shaft. One side of a4 “‘stands’ on the groove
between o- and f-tubulin through geometric fit and
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FIGURE 7. Hydrophobic contact of «4 and core p-sheet. a-
tubulin is shown in light brown and g-tubulin is shown in dark
brown. The a-helices in kinesin-1 are shown in red and f-
sheets are shown in blue. The residues which form
hydrophobic contacts between o4 and core p-sheet are
explicitly shown in “CPK” mode. The residues from core f-
sheet are shown in green color and those belong to «4 are
shown in multiple colors (oxygen in red, carbon in grey,
hydrogen in white and nitrogen in blue). The structure is
obtained from molecular dynamics simulation in kinesin-1’s
apo state.

polar interactions. Another side of a4 is hydrophobic
and contact with kinesin-1’s core f-sheet through
hydrophobic interaction. These hydrophobic interac-
tions ensure the compact structure of kinesin-1’s motor
domain and the reduction of energy consumption
required for kinesin-1’s efficient walking process.

CONCLUSION

Kinesin is an exquisite protein machine. The «4
helix is an amphipathic structure to play multiple roles
in kinesin-1’s mechanical process. First, a4 is a major
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microtubule binding site. In the apo and ATP-binding
states, it is a long 7-turn helix with its hydrophilic side
facing the microtubule and binds tightly to the intra-
tubulin groove through both geometrical and interac-
tional match. In the ADP-binding state, it binds
weakly to microtubule due to partial loss of interac-
tions caused by the shortening of its helix length (4-
turn). Statistical analysis based on MD simulation
shows that the binding stability of a4 in kinesin-1’s
ADP-binding state is much weaker than that in the apo
and ATP-binding states, which should be the main
reason for the weak microtubule binding of kinesin-1
in the ADP-binding state, as revealed by experiments.
Second, o4 functions like a lubricated shaft for the
motor domain rotation. The arrangement of the
hydrophobic residues on the interface between a4 and
the core f-sheet make kinesin-1 effectively reduce the
conformational work in the force-generation process.

Relative rotation of protein subdomains is one of
the major forms of conformational change in protein
functioning. The design mechanism of kinesin-1’s 4 as
revealed here should be of heuristic significance for the
understanding of protein mechanics.
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