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Microtubule catalyzes the mechanochemical cycle of kinesin, a kind of molecular motor, through its crucial roles in
kinesin’s gating, ATPase and force-generation process. These functions of microtubule are realized through the kinesin-
microtubule interaction. The binding site of kinesin on the microtubule surface is fixed. For most of the kinesin-family
members, the binding site on microtubule is in the groove between o-tubulin and B-tubulin in a protofilament. The mech-
anism of kinesin searching for the appropriate binding site on microtubule is still unclear. Using the molecular dynamics
simulation method, we investigate the interactions between kinesin-1 and the different binding positions on microtubule.
The key non-bonded interactions between the motor domain and tubulins in kinesin’s different nucleotide-binding states are
listed. The differences of the amino-acid sequences between - and -tubulins make kinesin-1 binding to the —f8 groove
much more favorable than to the S—o groove. From these results, a two-step mechanism of kinesin-1 to discriminate the
correct binding site on microtubule is proposed. Most of the kinesin-family members have the conserved motor domain
and bind to the same site on microtubule, the mechanism may also be shared by other family members of kinesin.

Keywords: kinesin, tubulin, microtubule, molecular dynamics simulation

PACS: 87.16.Nn, 87.16.Ka, 87.10.Tf

1. Introduction

Kinesin is a molecular-motor superfamily which has 14
subfamilies and takes microtubule as the “walking” track.!!=3]
Kinesin-1 (also called conventional kinesin) is the founding
member and the model protein of kinesin superfamily.*3! It
is an ATP-powered dimeric motor protein responsible for or-
ganelle transportation in neural cells.[®7! The microtubule-
binding site and the nucleotide-binding site of kinesin-1 both
locate in the motor domain. Two identical motor domains of
kinesin-1 dimer switch their positions on the microtubule sur-
face to walk processively in a hand-over-hand manner. [8-10]
This processive walking requires that the kinesin-microtubule
interactions switch between the strong binding and the weak
binding state, i.e., to be strong enough for kinesin-1 to stand
firmly on microtubule in the noisy cytoplasmic environment
and to be weak enough to detach from microtubule and walk
ahead.!'1?] The strength differences of kinesin-microtubule
interaction is coupled to the different nucleotide-binding states

[13-17] Experiments have revealed that

of the motor domain.
kinesin-1 in the nucleotide-free (apo) and ATP-binding state
binds strongly to the microtubule and that in the ADP-
binding state it binds weakly to or even detaches from the
microtubule.'8-2% The different binding strengths of kinesin-
1 in the different states originate from the variations of the
nucleotide-binding state dependent kinesin-microtubule inter-
actions.

Microtubule not only provides the walking track for
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kinesin-1 but also modulates its mechanochemical cycle. Mi-
crotubule has four aspects of effects on the function of kinesin-
1. Firstly, microtubule provides the track for kinesin-1. The
strong kinesin-microtubule interaction effectively avoids the
premature detachment of kinesin-1 from microtubule. Sec-
ondly, microtubule catalyzes the ATPase of kinesin-1. It
is proved that kinesin-1 binding to the microtubule greatly
increases the rate of ATP hydrolysis and the rate of ADP
release.!?>3 Thirdly, microtubule provides the mechanical
support for kinesin-1’s force-generation step. The groove be-
tween a-tubulin and -tubulin is the anchor site for kinesin-
I’s switch-II helix (the a4 helix) during the motor-domain
rotation induced by ATP binding, which is a key step of
the force-generation process of kinesin-1.[2281 Finally, the
coupling between the kinesin-microtubule interaction and the
nucleotide-binding states of the motor domain provides the ba-
sis of the gating of kinesin-1’s mechanochemical cycle.[?-3?]
All these functions of microtubule must be achieved through
the kinesin-microtubule interaction. To fully understand
the controlling mechanism of microtubule to the functions
of kinesin-1, the interactions between the motor domain of
kinesin-1 in different nucleotide-binding states and the tubu-
lin should be clarified.

Interactions between the kinesin’s motor domain and the
microtubule lattice have attracted experimental and theoreti-
cal researches for decades. Researches of microtubule deco-
rated with kinesin showed that kinesin binds to the 3-subunit

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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of tubulin.333*] Early negative-stain electron microscopy ex-
periments identified that kinesin contacts with both the o-
tubulin and B-tubulin.®>=71 By comparing the x-ray struc-
tures and the cryo-electron microscopy (cryo-EM) images,
Marx et al.®® concluded that kinesin binds mainly to the f3-
tubulin and the o4 helix of the motor domain locates on the
intradimer interface between o~ and B-tubulins. By mutat-
ing different residues of kinesin-1 in the kinesin-microtubule
interface, Klumpp et al.'***?! found a group of residues par-
ticipating in the kinesin-microtubule interaction. Sindelar et
al."341 also found some key secondary structures in contact
with microtubule, especially L8, L11 and L12, by using cryo-
electron microscopy. Through molecular dynamics (MD) sim-

1.1%] showed that the interacting strength

ulations, Aprodu et a
between tubulin and motor domain in ADP-binding state is
half the strength in the apo/ATP-binding state. Mutation and
MD simulation researches showed that mutations of several
positively charged residues of kinesin-1 dramatically weaken
the interactions between motor domain and tubulin,4"=3%]
Wang et al.!>'”?] obtained the first high-resolution structures
of kinesin-tubulin complex in kinesin’s ATP-binding and apo
states. These structures provided massive information about
the interactions between kinesin-1 and the a—f3 groove. The
modeling in this work is based on these x-ray structures. From
the above-mentioned studies, it can be concluded that the bind-
ing site of kinesin on the microtubule surface is between the
o- and PB-tubulins within a protofilament and the Kinesin-
microtubule interaction is dominated by electrostatic interac-
tions.

When binding to the microtubule surface, the motor do-
main of kinesin-1 always docks to the groove between «-
tubulin and B-tubulin and the 3-tubulin locates ahead of the o-
tubulin in the plus direction of microtubule (Fig. 1(a)).[33-3438
We call this groove the o—f3 groove and the groove between f3-
tubulin and a-tubulin is called the B—a groove. The molecu-
lar mechanism for how kinesin-1 discriminates these two sites
and recognizes the correct binding site is still a question. For
kinesin-3, Nitta et al. found that a pair of charged residues
in L7 might play an important role in the discrimination of
a/B-tubulin. 3 When the motor domain of kinesin-3 binds to
the o—f3 groove, this pair of residues form matched interaction
with a pair of oppositely charged residues on §-tubulin, while,
due to the sequence difference between o- and 3-tubulins, the
matched interaction would be lost if the motor domain binds to
the B—o groove of microtubule. This work provided a reason-
able clue for the understanding of the &/f-tubulin discrimina-
tion mechanism of kinesin. However, the pair of residues in L7
of kinesin-3 is not conserved in kinesin-1. Therefore, a thor-
ough understanding of the o/ -tubulin-discrimination mecha-
nism of kinesin-1 needs a systematic analysis of the kinesin-
microtubule interactions.

To investigate the interactions between kinesin-1 and mi-
crotubule and the discrimination mechanism of the different
binding site of kinesin-1, we performed various MD simula-
tions and obtained the stable complex structures of the mo-
tor domain (in the apo, ATP-binding and ADP-binding state)
and tubulin (a—f groove and B-o groove). The statistical
analysis of the simulation trajectories reveals the details of the
interactions between kinesin-1 and microtubule lattice in ki-
nesin’s different nucleotide-binding states. The motor domain
of kinesin-1 preferentially binds to the a—f8 groove of the mi-
crotubule lattice due to the stronger binding strength between
motor domain and o—f3 groove than that between motor do-
main and B—a groove. When binding to the a—f3 groove, the
motor domain in the apo and ATP-binding state binds strongly
to the tubulin and binds loosely to the tubulin in the ADP-
binding state. Based on these findings and the analysis of the
sequences and structures of the C-terminal tails of the a- and
B-tubulins, we propose a two-step discrimination mechanism
of kinesin-1 to recognize the proper binding site on micro-
tubule.

2. Methods

The structures of the motor domain of human kinesin-
1 (4HNA,PZ 4LNUB! and 1BG25*) and microtubule lat-
Here, 4HNA and
4LNU are the motor domain-tubulin-complex structures in

tice (3J6FP31) are used for modeling.

the ATP-binding and apo state, respectively; 1BG2 is the
monomer structure of kinesin-1’s motor domain in the ADP-
binding state without tubulin. Because the tubulin structures
of 4HNA and 4LNU are in the curved conformation,>!2!
which is different from the conformation of tubulin in the
microtubule lattice, we modified the position of S-tubulin of
4HNA and 4LNU by taking the structure of microtubule lat-
tice (3J6F) as the reference. Because the curved-to-straight
transition of tubulin shows limited changes in the tubulin-
kinesin interface,®?! this modification did not cause the struc-
tural clash between the motor domain and f-tubulin. The
ADP-AIF,; of 4HNA was replaced with ATP molecule by
keeping the adenosine rings of these two molecules coincided.
The designed ankyrin repeat proteins (DARPin) of 4HNA and
4L.NU were used to stabilize the tubulin structure for crystal-
lization and were deleted in our models. The coordinate water
molecules and Mg”>" were maintained. Because the complex
structure of the motor domain and tubulin in kinesin-1’s ADP-
binding state is still not available, IBG2 was manually placed
at 5 A above the tubulin to freely search the binding site on
tubulin through MD simulations. The same strategy was used
in the simulations of motor domain binds to the f—a groove
of tubulin. The structure of f—a tubulin was extracted from
the 3J6F.

The constructed six motor domain-tubulin complexes
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were buried in an explicit water sphere as the initial conforma-
tions for MD simulations. The radius of the water sphere is set
to 70 A to maintain ~ 12 A margin to avoid the boundary ef-
fect. TIP3P model®®! was used to model the water molecules.
Na™ and CI™
concentration of 150 mM and zero net charge. Each model
contains ~ 150000 atoms.

were added to the system to ensure an ionic

Since each model has only one
o-tubulin and one fB-tubulin, to mimic a stable microtubule
conformation, a group of atoms in tubulin (C, atoms of E168,
1227, V353 in a-tubulin and C,, atoms of T168, 1L.227, T353
in B-tubulin) were harmonically fixed. The selection of the
fixed atom is to keep the relative positions of different subdo-
mains of tubulin.

The software used for modeling is VMD (version
1.9.3).57] The MD simulations were performed by using
NAMD (version 2.12)8! with force field CHARMM36 29621
at the constant temperature of 310 K. The integration time step
is 2 fs.
actions were calculated with a cutoff using a switch function

The non-bonded Coulomb and van der Waals inter-

starting at a distance of 13 A and reaching zero at 15 A. Be-
fore the simulation run, the protein-water systems were min-
imized in 30000 steps by using conjugate-gradient method.
The simulation time of each model was 200 ns and each model
was simulated twice. The accumulated simulation time was

2.4 ps. The criteria of hydrogen bond and salt bridge is as fol-
lows: The distance between the acceptor atom and the hydro-
gen atom of a hydrogen bond is less than 3 A. The distances of
the center atoms (C¢ of arginine, N¢ of lysine, Cy of aspartic
acid and Cg of glutamic acid) of two charged groups are less
than 8 A.

The binding free energies between motor domain and two
different grooves were calculated by using the molecular me-
chanics/generalized Born surface area (MM/GBSA) method
based on the simulation trajectories (50 ns—200 ns). The soft-
ware used for the MM/GBSA calculation is MolAICal.[®! The
figures were produced by using VMD, Discovery studio 3.5
visualizer and Origin 8.5.

3. Results and discussion

3.1. Interactions between the motor domain of Kkinesin-1
and the a—f groove of tubulin

Under the normal condition, the motor domain of kinesin-
1 binds to the groove between the a- and S-tubulins (the o—J3
groove, Fig. 1(a)). To identify the interacting residues of the
motor domain and the a—f8 groove in the different nucleotide-
binding states of kinesin-1, the motor domain-tubulin complex
structures were evolved 200 ns using MD simulations.

(a) (b) .
5 ADP- b1nd1ng &.t te ATP-binding state Apo state
—~4 4
= “W
3
% 2 : 2
1 2.8740.38 | | 2.09+0.26 | 1 2.20+40.23
3.114+0.57 2.254+0.23 2.01£0.15
s » : 0 0 0
o-tubulin f-tubulin a-tubulin ftubulin O 40 80 120 160 2000 40 80 120 160 2000 40 80 120 160 200
Time (ns) Time (ns) Time (ns)
(c) ;
ADP-binding state Apo state

Kinesin-1

a-tubulin ﬁ—tubulin a-tubulin

B-tubulin

Kinesin-1 . k%70

AK : 4th
"Ri23 K4U, R34

B-tubulin

a-tubulin

Fig. 1. Interactions between the motor domain of kinesin-1 and the a—f8 groove of microtubule. (a) The binding site of kinesin-1 on
microtubule lattice. The groove between the a-tubulin and the -tubulin is the a—f groove and that between the -tubulin and the a-
tubulin is the f—a groove. The motor domain of kinesin-1 binds to the a—f groove. (b) The RMSDs of the six simulation trajectories
in different nucleotide-binding states. Each model is simulated twice. The averaged values of the RMSDs are calculated. The RMSDs
of the model in ADP-binding state show higher RMSD and fluctuation compared with the models in other nucleotide-binding states.
(c) The key interacting residues in motor domain (top) and a—f3 groove (bottom). The motor domain and tubulins are placed to show
the kinesin-microtubule interface. The motor domain shows the bottom view of the interface and the tubulins show the top view of
the interface. The interacting residues are different in the three nucleotide-binding states. The secondary structures participate in the
kinesin-microtubule interaction are highlighted in red. The interacting residues are shown in VDW mode. The hydrogen atoms of

these residues are eliminated.
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(a) (b)
ADP-binding state

(c) (d)
ADP-binding state

Kinesin-1

B-tubulin a-tubulin

Fig. 2. Conformations of the motor domain-tubulin complexes after 200 ns MD simulation. (a) and (b) The superimposed structure (a)
and the respective structures (b) of motor domains in different nucleotide-binding states binding to the a—f groove. The tubulins are
shown in the surface mode and the motor domains are shown in the new cartoon mode with different colors (ADP-binding state in yellow;
ATP-binding state in green; apo state in purple). The ADP and ATP molecules are explicitly shown. In (a), the secondary structures (¢4,
o6 and L7-5-L8) of the contact surface of motor domain are highlighted. The positions of three o4 helices are explicitly shown. Relative
to the orientation of ¢4 in the ATP-binding (green) and apo (purple) states, the a4 of motor domain in ADP-binding state (yellow) rotates
~ 40°. The o4 of motor domain in ATP-binding state enters deeper into the a—f groove. (c) and (d) The superimposed structure (c) and
the respective structures (d) of motor domain in different nucleotide-binding states binding to the B—a groove.

Figure 2 shows the stable microtubule-binding conforma-
tions of the motor domain of kinesin-1 in different nucleotide-
binding states.
in the ATP-binding state and that in the apo state are simi-
lar. Though the motor domain in the ADP-binding state binds
to the same site on the a—f groove, it rotates ~ 40° com-
pared with the binding conformations of the other two states
(measured through the longitudinal direction of the o4 helix)

The binding position of the motor domain

[Fig. 2(a)]. This is consistent with the experimental results in
the literature(?*-2?! that the motor domain in the ADP-binding
state loosely binds to the microtubule. The root-mean-square
deviations (RMSDs) of the six trajectories also confirm this
conclusion [Fig. 1(b)]. The RMSDs of the two ADP-binding-
state simulation trajectories show larger values and deviations,
which demonstrate that the motor domain in ADP-binding
state unstably binds to the o—f3 groove.

All the six simulations reach equilibrium after 50 ns re-
laxation run [Fig. 1(b)] and the statistical analysis is performed
based on the 50-200 ns trajectories. To give the statistical
description of the kinesin-microtubule interactions, the occu-
pancy rate of each hydrogen bond and salt bridge is calculated
(defined as the percentage of the bonding time in the 50-200 ns
equilibrium trajectory). Based on the calculated occupancy
rate, we identify the significant interacting residues in differ-
ent nucleotide-binding states (both the occupancy rates of the
two trajectories in each nucleotide-binding state are larger than
40%, see Table 1 and Fig. 1(c)). From Table 1, the kinesin-
microtubule interactions are dominated by the electrostatic in-
teractions. Though the interacting residues are different in
different nucleotide-binding states of the motor domain, the
microtubule-binding residues of kinesin-1 mainly concentrate
in the L7-$5-L8 domain, L11 loop, a4 helix, L12 loop, a5

helix and a6 helix [Fig. 1(c)]. Since the motor domain binds
to the a—f groove of the microtubule, it interacts with both
the a- and B-tubulins. The interacting residues on a-tubulin
mainly locate in H3 helix, H11 helix, H11’-H12 loop and H12
helix and those on f-tubulin mainly locate in H5-S6 loop and
H12 helix.

The key binding residues on the motor domain of kinesin-
1 are Lys237 in the L11 loop, Arg278 in the L12 loop and
Arg284 in the a5. These residues contact with the same
sites on the tubulin in all the six simulation trajectories. The
Glu414, Glu417 and Glu420 in the a-tubulin constitute a neg-
atively charged binding pocket for the binding of the motor
domain. This is a key binding site on the microtubule since
the Lys237 of the motor domain enters this pocket in all the
three nucleotide-binding states. The Arg278 and Arg284 are
the key residues of the motor domain to contact with the -
tubulin. The Arg278 enters a binding pocket consisting of
the Glu196, Glu420, Ser423, Asn424 and Asp427 of the B-
tubulin. The Arg284 forms a stable salt bridge with the Glu420
of the B-tubulin in all the six simulation trajectories. These
three key binding sites determine the binding position of the
motor domain of the kinesin-1 on the a—f8 groove of micro-
tubule. The interactions between Lys237 and a-tubulin iden-
tified by MD simulations also exist in the crystal structures
of kinesin-tubulin complex in the ATP-binding state (4HNA)
and apo state (4LNU) (Figs. S2 and S3 in the supporting mate-
rial). The interactions between Arg278 and the 3-tubulin exist
in the crystal structure in ATP-binding state but absent in the
apo-state structure. The key interaction between Arg284 and
Glu420 of B-tubulin is absent in both the crystal structures.
The distances of the atoms in the key interactions are shown
in Figs. S2 and S3. More than half of the interactions shown
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in the crystal structures are maintained in the MD simulations.
Because the slightly curved tubulin is straightened in the mod-

Table 1. Interactions between motor domain of kinesin-1 and o—f8 groove of microtubule.

eling, some interactions between motor domain and tubulin
are adjusted to the straight conformation of tubulin.

Kinesin-1 ADP-binding state ATP-binding state Apo state Tubulin
Salt bridge:

L2 Lys44-Glu423 (87%) *Lys44-Glu423 (76%/100%) H12 (@)

L7 Lys141-Glu159 (48%) *Lys141-Glul59 (98%/96%) Lys141-Glu159 (75%) H4 (B)
L8b Lys159-Glu415 (43%) *Lys159-Glu415 (44%/59%) HI12 (B)
L8b Argl161-Glud20 (43%) HI12 (B)
L8b Argl61-Glud22 (73%) *Argl161-Glud22 (93%/100%) Argl161-Glud22 (66%) HI12 (B)
L8b Argl61-Aspd27 (99%) Argl61-Aspd27 (44%) Argl61-Aspd27 (56%) HI12 (B)

B5b Lys166-Asp414 (85%) Lys166-Asp414 (98%) HI11’-H12 loop (B)
B5b Lys166-Glu417 (69%) Lys166-Glu417 (77%) Lys166-Glu417 (51%) HI12 (B)

L11 *Lys237-Glu414 (99%/99%) *Lys237-Glu414 (100%/100%) *Lys237-Glu414 (99%/97 %) H11’-H12 loop (&)
L11 *Lys237-Glu417 (100%/78%) *Lys237-Glu417 (92%/81%) *Lys237-Glu417 (89%/97%) H12 (@)

L11 Lys237-Glu420 (58%) *Lys237-Glu420 (76%/57 %) Lys237-Glu420 (52%) HI12 (@)

L11 *Lys244-Lys112 (97%/95%) H3 (a)

L11 Glu244-Arg123 (44%) H3 (a)

L11 *Glu244-Arg156 (42%/100%) H4 ()

L11 Asp249-Lys112 (46%) H3 (o)

L11 *Glu250-Lys112 (87%/99%) H3 (o)

o4 *Lys252-Asp163 (99%/73%) Lys252-Asp163 (99%) H4-S5 loop (B)
a4 *Lys252-Glu411 (100%/100%) *Lys252-Glu411 (75%/100%) HI1T’ (o)

a4 Glu270-Lys401 (83%) Glu270-Lys401 (46%) *Glu270-Lys401 (91%/79%) H11-H11’loop ()
L12 Arg278-Glu196 (81%) *Arg278-Glul96 (76%/82%) *Arg278-Glul96 (57%/100%) H5-S6 loop (B)
L12 Arg278-Glu420 (99%) *Arg278-Glu420 (100%/100%) *Arg278-Glud20 (46%/99%) HI12 (B)

L12 *Arg278-Asp427 (100%/100%) *Arg278-Asp427 (100%/100%) Arg278-Asp427 (100%) HI12 (B)

L12 Arg278-Glud31 (62%) Hi12 (B)

L12 *Asp279-Arg264 (100%/100%) H8-S7 loop (B)
L12 Asp279-Argd02 (84%) Asp279-Arg402 (100%) H11-H11’loop (&)
o5 Lys281-Glu196 (42%) *Lys281-Glu196 (100%/100%) Lys281-Glu196 (71%) H5 (B)

oS5 *Arg284-Glu4d20 (100%/85%) *Arg284-Glu420 (100%/100%) *Arg284-Glu420 (89%/93%) HI12 (B)

a5 Arg284-Asp427 (100%) HI12 (B)

ab Lys313-Glu420 (87%) Lys313-Glu420 (50%) *Lys313-Glu420 (89%/92%) HI12 (@)

b Lys313-Glu423 (95%) Lys313-Glu423 (76%) Lys313-Glu423 (87%) HI12 (@)

a6 Arg321-Glud14 (52%) H11’-H12 loop (&)
a6 *Arg321-Glu415 (93%/75%) Arg321-Glud15 (73%) *Arg321-Glu415 (100%/100%) H12 (@)

Hydrogen bond:

B5a Hsel56-Glu417 (50%) HI12 (B)

B5a Glu157-Glu420 (90%) Glu157-Glu420 (99%) HI12 (B)

B5a *Glul57-Ser423 (99%/100%) Glul57-Ser423 (99%) HI12 (B)

L8b Argl61-Serd23 (45%) HI12 (B)

L11 *Ser235-Glu414 (49%/53%) H11’-H12 loop (&)
L11 Gly242-Lys112 (52%) H3 (a)

L11 Asp249-Tyr108 (68%) H3’ (o)

a4 *Lys252-Thr109 (56%/83%) H3’ (o)

a4 Asn253-Tyr108 (71%) H3’ (o)

a4 Asn253-Gly410 (41%) HI11’ (o)

23 Asn255-Val409 (60%) H1l’ (o)

a4 Asn255-Gly412 (66%) *Asn255-Gly412 (99%/85%) H11’-H12 loop (&)
a4 *Asn255-Met413 (80%/85%) *Asn255-Met413 (56%/51%) H11’-H12 loop (&)
a4 *Ser259-Glu415 (47%/100%) H11’-H12 loop (t)
o4 Asn263-Argd02 (63%) *Asn263-Argd02 (76%/88%) Asn263-Argd02 (48%) H1l (@)

L12 Ser272-Gln434 (61%) H12 (@)

L12 Tyr274-Arg264 (98%) Tyr274-Arg264 (96%) H8-S7 loop (B)
L12 Tyr274-Asp427 (100%) *Tyr274-Asp427 (61%/59%) Hi12 (B)

L12 Tyr274-Glu431 (55%) Tyr274-Glu431 (99%) HI12 (B)

L12 Tyr274-GlIn434 (60%) *Tyr274-Gln434 (69%/76%) HI12 (B)

L12 *Arg278-Serd23 (81%/89%) HI12 (B)

L12 *Arg278-Asn424 (83%/68%) Arg278-Asn424 (92%) HI12 (B)

L12 *Arg278-Asp427 (100%/100%) HI12 (B)

b Ser310-Glu420 (53%) H12 (@)

o6 Ser314-Glu414 (56%) Ser314-Glu414 (41%) H11’-H12 loop (&)

*The key interactions exist in both the trajectories of each nucleotide-binding state. The analyses of this work focused on these stable interactions.
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Though the L11 loop, a4 helix, L12 loop and &5 helix
contact with the tubulin in all the nucleotide-binding states,
except for the Lys237, Arg278 and Arg284, other binding
residues present the nucleotide-binding state dependent vari-
ations due to the different conformations of the motor domain
in different nucleotide-binding states. From Fig. 2(a), when
binding to the tubulin, the motor domain in the apo state and
the ATP-binding state locate in the same position with the
a4 helix of the motor domain in the ATP-binding state en-
ters deeper into the a—f8 groove (~ 2 A). ATP molecule binds
into the motor domain in the apo state will induce a rotation
of the motor domain except for the a4 helix.!'??344] This con-
formational change also influences the kinesin-microtubule in-
teraction. The a6 helix of the motor domain in ATP-binding
state has an upward rotation. >3 The conformational change
of a6 helix destroys the two salt bridges formed between a6
(Lys313 and Arg321) and a-tubulin (Glu420 and Glu415).
The ATP binding induced motor-domain rotation also weak-
ens the binding of L'7-5-L8 domain to the B-tubulin.

The ATP hydrolysis and y-phosphate release induce fur-
ther conformational changes of the motor domain from the
ATP-binding state to the ADP-binding state.!'?! It is proved
that the ADP-binding-state motor domain can only loosely
bind to the tubulin.%?21 The MD simulations show that, ex-
cept for the three key residues (Lys237, Arg278 and Arg284),
nearly all the contacts between ADP-binding-state motor do-
main and tubulin are destroyed (Table 1). It is reasonable to
speculate that the binding strength of the motor domain in the
ADP-binding state to tubulin is the weakest in the three mod-
els. The key interactions between ADP-binding-state motor
domain and tubulin include seven salt bridges and one hy-
drogen bond (Table 1). As a contrast, there are twelve salt
bridges and six hydrogen bonds in the apo state and thirteen
salt bridges and six hydrogen bonds in the ATP-binding state.
We also calculated the binding free energy of the motor do-
main to the tubulin (Table 2). The binding free energy be-
tween ADP-binding-state motor domain and tubulin (the o—f3
groove) is ~ —33.98 £ 0.03 kcal/mol. The binding free ener-
gies of other two states are similar (~ —75.71 £0.03 kcal/mol
in the ATP-binding state and ~ —86.97 + 0.05 kcal/mol in
the apo state). The binding free energy between motor do-
main in ADP-binding state and a—f tubulin is about half of
that in other two nucleotide-binding states. By using um-
brella sampling simulations, the changes in potential of mean
force (PMF) of pulling the motor domain of kinesin-1 away
from a—-f groove are calculated in Ref. [64]. The maxi-
mum change of PMF of motor domain in ADP-binding state
away from the a—f groove with conformational change is
~ 17.7kgT (~ 11 kcal/mol) and that in apo state is ~ 46kgT
(~ 28 kcal/mol). The ratios of binding energy in the motor
domain’s ADP-binding state to that in the apo state obtained
from two different methods are consistent.

Table 2. The binding free energy of motor domain of kinesin-1 to the two
grooves.

ADP-binding state  ATP-binding state Apo state

(kcal/mol) (kcal/mol) (kcal/mol)
o—f3 groove —33.98+0.03 —75.71+0.03 —86.97+0.05
B—o groove —44.39+0.07 —40.80+0.07 —59.63+0.06

3.2. The B-o groove is not a favorable binding site for the
motor domain of kinesin-1

When kinesin-1 searching for their binding site on mi-
crotubule or walking along the microtubule lattice, the motor
domain binds to the o—f3 groove of the microtubule, not the
adjacent B—o groove. There must be a mechanism that the
motor domain of kinesin-1 can discriminate these two sites.
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Fig. 3. The RMSDs of the simulation trajectories of motor domain

docking to the B—a groove. Each model is simulated twice and the
averaged values of the RMSDs are calculated.
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Docking of the motor domain to microtubule is domi-
nated by two factors, i.e., the geometric shape and the non-
Since the o—f groove and the f-a
groove have similar surface shape, it thus seems that the sec-

bonded interactions.

tion of the a@—f groove should originate from the differences
of the non-bonded interactions between the motor domain and
the two sites of microtubule.

Based on the above considerations, we investigate the in-
teractions between the motor domain of kinesin-1 and the f—a
groove of microtubule. The RMSDs of the six trajectories are
significantly larger than that of the simulations of motor do-
main binding to the a—f groove, which indicate larger con-
formational changes of the protein when the motor domain
binding to the B—o groove of microtubule (Fig. 3). All of the
simulations reach equilibrium after ~ 50 ns simulation run.
Thus, the statistical analysis of the interactions between the
motor domain and the f—a groove is based on the 50-200 ns
trajectories.

The sequence analysis of the amino acids on the kinesin-
tubulin interface shows ~ 40% identity between the a-tubulin
and the B-tubulin [Fig. 4(a)]. The two tubulins swap their
positions when the motor domain binds to the two different
sites. The amino-acid sequence differences of the o-tubulin
and the B-tubulin, thus may affect the motor domain-tubulin
interactions because of the loss of the matched residues. The

(a)

comparison of the key interactions (Table 1) and the sequence
analysis [Fig. 4(a)] shows that the sequence differences on the
112, 159, 163, 422, 423 and 427 sites of a-tubulin and -
tubulin eliminate the key interactions when the motor domain
binds to the f—a groove. Lys112 in a-tubulin is a typical in-
teraction site with kinesin-1 since it forms salt bridges with
Glu244 and Glu250 in the motor domain when docking to the
o—f3 groove. If the motor domain docks to the f—or groove, it
would face the Alal12 at this position in S-tubulin and the salt
bridges would be lost. The similar situations occur at the po-
sitions 159, 423 and 427 of tubulin. The sequence differences
at positions 163 and 422 in tubulin are even more important.
At these two positions, the interacting sites in the ¢-tubulin
are two negatively charged residues (Aspl63 and Glu422),
which form salt bridges with two positively charged residues
in kinesin-1 (Lys252 and Argl61) when the motor domain
docking to the a—f3 groove. The residues in B-tubulin at these
two positions are two positively charged residues (Lys163 and
Arg42?2) which would form repulsive contact with the two
positively charged residues in the motor domain if it docks
to the B—a groove. These sequence differences of o-tubulin
and fB-tubulin can modify the binding pattern of the motor do-
main because the motor domain-tubulin interaction network is

changed.

a-tubulin .Y ARIGH Y T-KEI IDLVLDR IRK
B-tubulin ~-WAKGHYT+-AELVDSVLDVVRK
H3’ H3
145 159 161162163164 182
a-tubulin .. TGS F T SILLMERL S VD¥ GK K+ ¥
B-tubulin .. TG SMGTLLISKIREEYPDR-V
H4 H4-85 loop a-tubulin B-tubulin a-tubulin B-tubulin
198 260 266 401 404405
a—tubulinSILTTHTTLEHS'VPYPRGH-~-KRAFVH(C)
B-tubulin ATLS VHQLVENT- VPFPRLH--RKAFLH AphalA VEGEGEEEGEEY
.~ ApmlB EEGEGEEEGEEY
HS5 H8-S7 loop H11-H11’ loop Alpha IC  ADGEDE - - GEEY
. 412 422423 427 Alpha3C [VEAEAEE - GEEY
a-tubulin WYV G EGMEEGEES EAREDMAALEKDYE Alpha3E [VEAEAEE - GEAY
B-tubulin WY T G EGMDEMEFETEAESNMNDLVSE|YQ  AbhatAr YEDEDE - -GEE
N S— Alpha 8 FIEEENE - -[GEEF
H11 H11’-H12 loop Hi12 Beta DA - -[IAEEEE DI GEE AEEE A
Betall DA - -TADEQGEFEEEEGEDEA

a-tubulin E v G Vv
B-tubulin Q YQ D A -

> ol

Beta 111 DA - -TAEEEGEMYEDDEEESEAQGPK
BetalVa DA - -TAEE - GEFEEEAEEEVA
Betalvb DA - - TAEEEGEFEEEAEEE VA
Beta V DA - -TANDGEEAFEDEEEE I DG

Beta VI DAKAVLEEDEEVTEEAEM - EPEDKGH

Fig. 4. Sequence alignments of the kinesin-contacting structures of ¢- and f-tubulins and the positions of tubulin’s C-terminal tails.
(a) Sequence alignments of the kinesin-contacting structures of o-tubulin and B-tubulin. The identity of the sequences is ~ 40%. H
represents helix and S represents strand. The loop is labeled by the two structures it connect to. Two adjacent helices separated by a
short loop have the same number and a single quotation mark is added to distinguish them. (b) The positions of the C-terminal tails
of o-tubulin and B-tubulin. The o-CTT locates on the B—a groove and the B-CTT locates on the a—f3 groove. (c) The sequence
alignments of the C-terminal tails of a-tubulins and B-tubulins. The lengths of the a-CTTs is shorter than that of the f-CTTs.

The interactions between the motor domain and the B—
o groove are shown in Table 3. Consistent with the above
analysis that the amino-acid-sequence differences of ¢-tubulin
and B-tubulin affect the matched interactions between mo-
tor domain and tubulin when binding to the B—a groove, the
amount of the key interactions is dramatically reduced when
kinesin-1 is docked to the f—a groove. There are only 5 salt
bridges in the apo state, 4 salt bridges in the ADP-binding state

and 5 salt bridges and 1 hydrogen bond in the ATP-binding
state (Table 3). Accordingly, the binding positions of the mo-
tor domain on the f—a groove have significant changes from
that of the kinesin binds to the a—f groove [Figs. 2(c) and
2(d)]. The binding free energy between the motor domain
of kinesin-1 and the f—a groove (~ —44.39 kcal/mol in the
ADP-binding state, ~ —40.80 kcal/mol in the ATP-binding

state and ~ —59.63 kcal/mol in the apo state) are weaker than
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that between the motor domain in strong microtubule-binding
states (ATP-binding and apo state) and the a—f groove. These

binding site.

Table 3. Interactions between motor domain of kinesin-1 and —a groove of microtubule.

results indicate that the f—a groove is not a proper kinesin-

Kinesin-1 ADP-binding state ATP-binding state Apo state Tubulin
Salt bridge:

L2 Lys44-Asp427 (100%) HI12 (B)

L2 Lys44-Glu431 (58%) HI2 (B)

L7 Lys141-Glu196 (42%) H5-S6 loop ()
B5a Lys159-Glu414 (52%) Lys159-Glu414 (65%) H11’-H12 loop (@)
B5a Lys159-Glu415 (67%) H11’-H12 loop (@)
B5a Lys159-Glu417 (62%) HI12 (@)

B5a Lys159-Glu420 (44%) HI12 (@)

L8b Argl61-Glu415 (51%) HI12 (@)

L8b Arg161-Glu420 (65%) *Arg161-Glu420 (64%/89%) HI12 (@)

L8b Argl61-Serd23 (92%) *Argl61-Serd23 (99%/95%) HI12 (@)

B5b Lys166-Glu414 (78%) Lys166-Glu414 (73%) H11’-H12 loop (@)
B5b Lys166-Glu417 (74%) HI12 (@)

L11 *Lys237-Asp414 (100%/99%) Lys237-Asp414 (81%) H11’-H12 loop (@)
L11 Lys237-Glu417 (48%) Lys237-Glu417 (100%) *Lys237-Glu417 (86%/98%) HI2 (B)

L11 *Lys237-Glu420 (78%/91%) *Lys237-Glu420 (100%/99%) HI2 (B)

L11 Lys240-Glu417 (63%) HI12 (B)

L11 Lys240-Glu420 (81%) Lys240-Glu420 (62%) HI12 (B)

L11 Asp249-Lys163 (73%) H4-S5 loop (o)
L11 Glu250-Arg123 (99%) H3 (B)

L11 Glu250-Lys156 (99%) H4 (B)

a4 Lys252-Glu411 (86%) Lys252-Asp414 (81%) H11’-H12loop (o)
a4 Lys256-Glu196 (98%) Lys256-Glu196 (65%) HS5-S6 loop (o)
a4 Lys256-Glu411 (53%) H11’-H12 loop (B)
a4 *Lys256-Glu415 (68%/100%) H11’-H12 loop (B)
a4 Glu270-Arg401 (98%) *Glu270-Arg401 (50%/76%) H11-H11' loop (B)
a4 *Glu270-Lys402 (99%/99%) Glu270-Lys402 (72%) Glu270-Lys402 (59%) H11-H11' loop (B)
L12 Arg278-Glu196 (100%) HS5 (o)

L12 Arg278-Glu420 (99%) Arg278-Glu420 (89%) HI12 (@)

L12 Arg278-Glu423 (76%) HI12 (@)

L12 Arg278-Asn424 (100%) *Arg278-Asp424 (100%/100%) HI12 (@)

L12 Asp279-Arg264 (100%) H8-S7 loop (&)
L12 Lys281-Glu196 (100%) HS5-S6 loop (o)
a5 Arg284-Glu420 (100%) Arg284-Glu420 (81%) HI12 (@)

a5 Arg284-Glu423 (78%) Arg284-Glu423 (46%) HI2 (@)

as Arg284-Asp424 (100%) Arg284-Asp424 (100%) H12 (a)

ab *Lys313-Glu420 (69%/69%) Lys313-Glu420 (56%) HI12 (B)

ab Lys313-Glu422 (66%) Hi12 (B)

ab Lys313-Asp427 (100%) HI12 (B)

ab Arg321-Asp414 (56%) H11’-H12loop (B)
ab *Arg321-Glu415 (100%/100%) *Arg321-Glu415 (100%/100%) H11’-H12 loop (B)
ab *Arg321-Glud22 (75%/100%) HI12 (B)

Hydrogen bond:

B5a Hsel56-Glu417 (48%) HI12 (@)

L11 Lys237-Gly412 (57%) H11’-H12 loop (B)
L11 Asp249-Hsel07 (77%) H3' (o)

o4 Lys252-Thr409 (65%) H11 (B)

a4 Asn253-Gly410 (46%) H11’-H12 loop (B)
a4 Asn253-Gly411 (57%) H11’-H12 loop (B)
a4 Asn255-Asp414 (90%) H11’-H12 loop (B)
a4 Ser259-Met413 (91%) H11’-H12 loop (B)
a4 Asn263-Thr409 (58%) H11' (B)

a4 Asn263-Glu415 (55%) H11’-H12 loop (B)
a4 Thr273-Asp438 (74%) E-hook (¢x)

a4 Tyr274-Arg264 (80%) H8-S7 loop (@)
L12 Thr273-Glu434 (72%) H12 (@)
L12 Tyr274-Asp431 (82%) H12 ()
L12 Arg278-Thr190 (85%) HS5 (o)
L12 Arg278-Thr191 (56%) HS5 (o)
L12 Arg278-Thr193 (76%) HS5 (o)

ob *Ser310-Glu420 (51%/51%) HI12 (B)

a6 Ser314-Asp414 (62%) H11’-H12 loop (B)
b GIn320-Ser423 (52%) HI12 (B)

b Lys323-Arg401 (76%) H11 (B)

*The key interactions exist in both the trajectories of each nucleotide-binding state. The analyses of this work focused on these stable interactions.
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3.3. The two-step mechanism of kinesin-1 for discriminat-
ing the o—f3 groove and -0 groove

As shown in the above sections, the binding of kinesin-
1’s motor domain to the a—f3 groove is much more favorable
than binding to the f—a groove. However, when searching for
the binding site on microtubule, the motor domain of kinesin-
1 is firstly captured by the C-terminal tails (CTTs) of tubu-
lin (Fig. 4(b)). The CTT is negatively charged and highly
flexible.[%] Because most of the amino acids of both the CTTs
of a-tubulin and B-tubulin are glutamic acids, the CTT is also
called E-hook.!®8! CTT is not conserved and has nearly all of
the posttranslational sites of microtubule.!®7-%1 The different
posttranslational modifications of the CTT control the binding
of various microtubule-associated proteins.[®8! It has shown
that the modifications of the CTT can affect the affinity and ve-
locity of kinesin.!”"! The differences between the a-tubulin’s
CTT (a-CTT) and the B-tubulin’s CTT (B-CTT) may also
contribute to the discrimination of the a—f groove and the
B—a groove.

Fig. 5. The proposed two-step mechanism of kinesin-1 for discrimi-
nating the @—f3 groove and the B—o groove. When searching for the
binding position on microtubule (1), the motor domain of kinesin-1
prefers to bind to the C-terminal tails of S-tubulin (the 3-CTT) since
the B-CTT is longer than the @-CTT (2). Because the 3-CTT locates
on the a—f groove, it is easier for the motor domain to bind to the a—f3
groove (3). However, motor domain can also be captured by the a-CTT
(2') and bind to the f—a groove (3'). In this situation, the motor domain
can not bind stably to the S—a groove. The motor domain can detach
from the B—o¢ groove and continue to search for the proper binding site.
The processes of 1 to 2" and 2 to 3’ is less frequently happened.

The lengths of the a- and S-tubulin tails are different.
The a-CTTs contain 10-12 residues and the 3-CTTs con-
tain 16-22 residues [Fig. 4(c)]. This produces a length vari-
ation (~ 2 nm) between the a-CTT and the 3-CTT (fully ex-
tended). The longer B-CTT also has larger amounts of nega-
tive charges over the a-CTT. Considering the construction of
the microtubule, the 3-CTT locates in the a—f groove while
the a-CTT locates in the f—a groove (Fig. 4(b)). Due to the
electrostatic repulsion between the adjacent CTTs and the re-
pulsion between the negative charges within the same CTT,
the CTT, though highly flexible, has a preferential orienta-
tion away from the microtubule surface and assumes mainly

[71,72

an extended conformation. 1 When the motor domain of

kinesin-1 gets close to the microtubule, its positively charged

microtubule binding site tends to firstly attracted by the -
CTTs since they are longer in length and stronger in negativity.
Because the B-CTT locates on the o—f8 groove, it is easier for
the motor domain to get close to the region above the o—J3
groove. Therefore, the long 3-CTT facilitates the binding of
kinesin-1 to the o—f8 groove. When searching for the binding
site on microtubule, the motor domain of kinesin-1 may also
bind to the B—a groove. However, it cannot bind stably to the
B—o groove of microtubule because the different amino-acid
sequences of a- and B-tubulins limit the interactions between
motor domain and B—a groove. The motor domain, thus, can
detach from the f—a groove and continue to search for the
proper binding site (Fig. 5). When walking on the microtubule
lattice, the selection of the binding site of kinesin-1 is exclu-
sive. Kinesin-1 forms a dimeric structure and walks along a
single protofilament of microtubule. One of the motor do-
main binds stably to the a—f3 groove, the other motor domain
cannot bind to the adjacent f—a groove due to the structural
clash (Fig. 6). The a—f3 groove is the binding site of most
of the kinesin-family members. Considering the conservation
of kinesin’s motor domain, the proposed two-step discrimina-
tion mechanism may also apply to other family members of
kinesin.

Structural clash

a-tubulin B-tubulin a-tubulin

Fig. 6. The exclusive binding of kinesin-1 to the microtubule. When the
motor domain of kinesin-1 binds to the a@—f8 groove, the other motor do-
main cannot bind to the adjacent f—a groove due to the structural clash.

The CTT s
65,73

considered to be intrinsically

disordered.[%73] Tts conformation is affected not only by the
tubulin it belongs to, but also by the adjacent tubulin. How-
ever, there is only one -tubulin and one -tubulin in the mod-
els of this work. Without the surrounding tubulin structures,
the models cannot correctly describe the dynamical behavior
of the CTT. Thus, in the modeling, both the &-CTT and the
B-CTT are excluded. Therefore, the process of the biased at-
traction of motor domain by B-CTT to the a—f8 groove cannot
be directly observed through the simulation trajectories. The
models are designed to simulate the second step of the binding

of motor domain to microtubule. In this step, the attraction of
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CTT to the motor domain is completed and the motor domain
begins to interact with the a- and -tubulins.

4. Conclusion

Microtubule provides the walking track for kinesin-1 and
participates in the controlling of the mechanochemical cycle
of kinesin-1. The proper binding of kinesin-1 to the micro-
tubule is important for the functions of microtubule. In the
walking process of kinesin-1, the motor domain docks to the
groove between - and -tubulins (the o—f3 groove), which is
the binding site of kinesin-1 on the microtubule. By using the
molecular dynamics method, we find that the motor domain of
kinesin-1 can bind stably to the a—f3 groove. However, due
to the variations of amino-acid sequences of the - and -
tubulins, the motor domain binds loosely to the B—o groove.
The C-terminal tail of the B-tubulin, which locates in the o—
B groove, is longer than that of the o-tubulin and has more
negatively charged residues. The biased binding of motor do-
main to the B-tubulin also facilitates the binding of kinesin-1
to the o—f groove. We propose a two-step mechanism for
the discrimination of motor domain to the @—f8 groove and -
o groove. Firstly, the long and strongly negatively charged
C-terminal tail of B-tubulin attracts the kinesin-1 close to the
o—f3 groove and, secondly, the perfect match in both geometry
and interaction ensures stable binding of kinesin-1 to the o—J3
groove.
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