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Abstract
Kinesin superfamily proteins (KIFs) are microtubule-based molecular motors driven by the energy derived from
the hydrolysis of ATP. Previous studies have revealed that the ATP binding step is crucial both for the power
stroke to produce motility and for the inter-domain regulation of ATPase activity to guarantee the processive
movement of dimeric KIFs.Here, we report the first crystal structure of KIF4 complexedwith the non-hydrolyzable
ATP analog, AMPPNP (adenylyl imidodiphosphate), at 1.7 Å resolution. By combining our structure with
previously solved KIF1A structures complexed with two ATP analogs, molecular snapshots during ATP binding
reveal that the closure of the nucleotide-binding pocket during ATP binding is achieved by closure of the
backdoor. Closure of the backdoor stabilizes twomobile regions, switch I and switch II, to generate the phosphate
tube fromwhich hydrolyzed phosphate is released. Through the stabilization of switch II, the local conformational
change at the catalytic center is further relayed to the neck-linker element that fully docks to the catalytic core to
produce the power stroke. Because the neck linker is a sole element that connects the partner heads in dimeric
KIFs, this tight structural coordination between the catalytic center and neck linker enables inter-domain
communication between the partner heads. This study also revealed the putative microtubule-binding site of
KIF4, thus providing structural insights that describe the specific binding of KIF4 to the microtubule.

© 2013 Elsevier Ltd. All rights reserved.
Kinesin superfamily proteins (KIFs) are molecular
motors that play crucial roles in the intracellular
transport of membranous organelles, protein com-
plexes, and mRNAs along microtubules.1 The
energy required for KIF motility is supplied by
ATPase cycling. ATP is catalyzed in the catalytic
center (nucleotide-binding pocket) of the kinesin
motor domain and the liberated energy is conveyed
to the microtubule-binding surface distal from the
catalytic center to produce movement or mechanical
work.2,3

For dimeric KIFs, which are thought to be driven by
the asymmetric hand-over-hand mechanism,4,5 the
binding of ATP to the catalytic core represents the
crucial step for microtubule-based motility. This is
because this step not only produces the power stroke
that brings the tethered head to the next binding site6
0022-2836/$ - see front matter © 2013 Elsevier Ltd. All rights reserve
but also regulates the ATPase activity of the partner
head to guarantee the processivity of dimeric motility
(ATP gating).7,8 To elucidate the structural basis for
ATP binding, we first solved the crystal structure of
kinesin in the ATP state for KIF1A complexed with
the non-hydrolyzable ATP analog, AMPPCP (β,γ-
methyleneadenosine 5-triphosphate),9 immediately
followed by KIF1A complexed with the non-hydrolyz-
able ATP analog, AMPPNP (adenylyl imido-
diphosphate).10 Subsequently, the AMPPNP states
for the non-motile kinesin, NOD, and the mitotic
kinesin, Eg5, were also reported, which assume a
different conformation around the nucleotide-binding
pocket compared to KIF1A.11,12 In parallel, cryo-
electron microscopy (cryo-EM) structures of KIFs-
AMPPNP complexed with microtubules at resolutions
of ≈10 Å were solved for KIF1A, KIF5, and kar3.13–15
d. J. Mol. Biol. (2013) 425, 1869–1880
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1870 ATP-Induced Isomerization of Kinesin
These structures revealed that conformational
changes in the neck linker serve as a conduit to
connect both heads (motor domains) in dimeric KIFs
and contribute to both the power stroke and the
regulation of the ATPase. However, discrepancies
have been reported between the crystal and cryo-EM
structures, and these differences are primarily con-
centrated in the switch I and switch II regions, which
change their conformations during the ATPase
cycle.13,15 Although Sindelar and Downing reported
in a footnote that the crystal structure of Eg5 and
the cryo-EM structure of KIF5 assume similar
conformations,15 these observations are still under
debate because KIF1A, KIF5, and kar3 apparently
assume different conformations in the same nucleo-
tide states.8,10,14,15

Here, we report the first crystal structure of KIF4
complexed with the non-hydrolyzable ATP analog,
AMPPNP. The high-resolution structure of the KIF4
motor domain revealed that the ATP state of the
motor domain fitted perfectly into the cryo-EM
structure of the KIF5–microtubule complex, even
for the structural elements around the nucleotide-
binding pocket.15 More importantly, in comparison
with previously solved structures of the KIF1A, KIF5,
and Eg5 motor domains, N-kinesins including
KIF1A, KIF4, KIF5, and Eg5 utilize the same strategy
for the nucleotide-induced conformational change.
By combining structural data for KIF4 and KIF1A, the
atomic detail of the local conformational change at
the catalytic center induced by ATP binding, and
how this local change is relayed to the microtubule-
binding surface that is distal from the catalytic center,
were determined. This study also provides structural
Fig. 1. Overall architecture of the KIF4 motor domain. (a) T
side. The P-loop, switch I, switch II, and neck linker are shown i
motor domain seen from the right side. Color coding is the sam
KIF1A–AMPPNP (blue) (c and d) and of KIF4–AMPPNP (red)
binding side (c and e) and from the opposite side (d and f). A K
KIF4 followed by a (His)7 tag], was cloned into the pET21b
(Novagen) for expression. Cells were grown in YT media with 0
for 10 h; resuspended in lysis buffer (50 mM Tris–HCl, pH 8.0,
inhibitors); and lysed using a French press (Ohtake). The so
affinity column (Sigma) equilibrated with the lysis buffer, and 50
pooled fractions were dialyzed against CIEX buffer (50 mM Hep
S column (GE Healthcare) equilibrated with CIEX buffer, and a
pooled protein fractions were then dialyzed against SEC buffer
and loaded onto a Superdex 200 10/300 GL column (GE H
fractions were dialyzed against the final buffer (10 mM Tris–HC
15 mg ml−1, and used for crystallization with the vapor diffusi
obtained using the reservoir buffer (28% w/v polyethylene gly
acetate) in the presence of 5 mM AMPPNP. X-ray diffraction d
on the beam line BL41XU (wavelength λ = 1.00 Å) at SPring8
1.00 Å) at the Photon Factory (PF). All data were integrated u
Table S1 for the data collection statistics). The structures of K
with MOLREP18 using the Eg5 structure (3HQD) as a startin
refinement using Refmac519 and Coot,20 the electron density
15.6% and 18.8% for KIF4–AMPPNP at SPring8 and 16.4% a
Table S1 for the refinement statistics).
insights that describe how KIF4 specifically binds to
the microtubule.

Overall architecture of the KIF4 motor domain

The x-ray crystal structure of the motor domain of
KIF4 with AMPPNP was refined to values of 1.7 Å
(Table S1). The motor domain has a similar
architecture to previously solved motor domains of
several KIFs (Fig. 1a and Table S2). KIF4 has a layer
of central β-sheets that is sandwiched between two
layers of α-helices (Fig. 1b). The N-terminal half of
the catalytic core forms both the top α-helix layer and
the central β-sheet layer and contains the ATPase
reaction center. The phosphate-binding loop, L4,
namely, the “P-loop”, forms a shallow groove (the
nucleotide-binding pocket) on the top surface of the
catalytic core in which ATP is trapped. The C-
terminal half of the helix, α3, and the following loop,
L9, namely, switch I, are also located in close
proximity to the catalytic center and contribute to the
effective hydrolysis of ATP.8,10 The C-terminal half
of the catalytic core forms the bottom α-helix layer
that contains a series of five structural elements:
loop L11, helix α4, loop L12, helix α5, and loop L13.
This region is known as switch II owing to its analogy
to the switch II structural element in G proteins, and it
serves as the binding surface for the microtubule
(Fig. 1b).21

To identify the conformational differences between
KIF4–AMPPNP and the previously solved motor
domain structures of other N-kinesins complexed
with AMPPNP, we superimposed the KIF4–
AMPPNP structure with the previously solved
he KIF4 motor domain seen from the microtubule binding
n yellow, red, green, and orange, respectively. (b) The KIF4
e as (a). (c–f) Superposition of KIF4–AMPPNP (red) and

and Eg5–AMPPNP (green) (e and f) from the microtubule-
IF4 motor domain construct, KIF4-344 [residues 1−344 of
vector (Novagen) and transformed into BL21(DE3) cells
.5% glycerol, 0.05% glucose, and 0.2% β-lactose at 30 °C
150 mM NaCl, 5% glycerol, 5 mM imidazole, and protease
luble protein fraction was loaded onto a His-select nickel
0 mM imidazole was used to elute the bound protein. The
es, pH 7.0, and 50 mM NaCl), loaded onto a RESOURCE
linear gradient of NaCl was applied to elute the protein. The
(10 mM Tris–HCl, pH 8.0, 500 mM NaCl, and 1 mM DTT)
ealthcare) equilibrated with SEC buffer. The final protein
l, pH 8.0, 100 mM NaCl, and 1 mM DTT), concentrated to
on method (sitting drop). Crystals of KIF4–AMPPNP were
col 4000, 100 mM Tris–HCl, pH 8.5, and 200 mM sodium
ata of KIF4–AMPPNP were collected at −180 °C to 1.71 Å
and to 1.80 Å on the beam line NW12A (wavelength λ =
sing XDS16 and scaled using Pointless and Scala17 (see
IF4–AMPPNP were determined by molecular replacement
g model. After subsequent rounds of model building and
maps were improved, resulting in R and Rfree values of
nd 19.7% for KIF4–AMPPNP at the PF, respectively (see
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KIF1A–AMPPNP and Eg5–AMPPNP structures
(Fig. 1c–f) (Protein Data Bank ID: 1VFV for KIF1A
and 3HQD for Eg5).10,12 Although the overall
architecture of KIF4–AMPPNP is similar to the
Fig. 1 (legend on
previously solved KIF1A and Eg5 structures (Table
S2), several differences were found between KIF4
and KIF1A, between KIF4 and Eg5, or between all of
these motors. These conformational differences can
previous page)
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be conceptually divided into two types: class-specific
differences independent from the nucleotide-
induced conformational change and nucleotide-
induced conformational differences observed at
switch I, switch II, and the neck linker (Fig. 1c–f).
The class-specific conformational differences are

basically observed in the loop regions located in the
top α-helix layer or in the central β-sheet layer.
Several variations in the amino acid sequences or
the lengths of loops are observed, particularly in
loops L3 and L5 in the top α-helix layer and in loops
L2 and L10 in the central β-sheet layer. Eg5 has the
longest loop L5 of 19 residues, whereas KIF1A has
the shortest loop L5 of 10 residues. KIF1A has an 8-
residue insertion at loop L3. KIF4 has the shortest
loops L2 and L10, such that KIF4 is apparently a
short-nosed and short-tailed motor. Here, it might be
meaningful that these loops are accessible from the
outside of the motor domain even in KIFs attaching
to the microtubule. For example, loop L5 is located at
the other side of the microtubule-binding surface and
just above the nucleotide-binding pocket such that
modification or conformational change of L5 induced
from the outside should affect the ATPase activity of
the motor domains. These loops are, therefore,
possible candidates for the class-specific regulation
of KIF motility from the outside of the motor domain.
In contrast, the nucleotide-induced conformational

differences are mainly observed at the microtubule-
binding side of the bottom α-helix layer (switch II and
neck linker) and the linkage (switch I) between the
nucleotide-binding pocket and the microtubule-bind-
ing surface. These regions are highly conserved
between N-kinesins and are tightly related to general
ATPase cycling, and N-kinesins have an apparently
conserved structural mechanism of ATP hydrolysis.
These regions in the same nucleotide state, there-
fore, should assume the same conformation in
different N-kinesins. As detailed below, KIF4 and
Eg5 assume a similar conformation for the two
switch regions and the neck linker, but KIF1A does
not, particularly for switch I (Table S2).
In the switch I region, loop L9 is disordered in the

KIF1A–AMPPNP complex (blue in Fig. 1c and d),
whereas it is well ordered and comes closer to the
nucleotide-binding pocket in both the KIF4–
AMPPNP complex (average B-factor for L9 of
KIF4, 9.8 Å2) (red in Fig. 1c–f) and the Eg5–
Fig. 2. Isomerization reaction around the catalytic cente
isomerization state with KIF1A–AMPPCP. The conserved serin
of AMPPCP. (b) Catalytic center at the isomerization intermedia
by the conserved residues with one catalytic water (W1) trapp
the pre-hydrolysis state with KIF4–AMPPNP. The γ-phosphate
completely closed, trapping the two catalytic waters (W1 and
KIF4–AMPPNP structure. Ribbon model together with the theo
The γ-phosphate and backdoor are located at the entrance an
from the exit of the phosphate tube (blue). (f) Stabilization of s
AMPPNP complex (green in Fig. 1c–f). In the switch
II region, loop L11 is mostly disordered in KIF1A–
AMPPNP (blue in Fig. 1c and d), whereas it is well
ordered and the loop-to-helix transition is observed
in both the KIF4–AMPPNP (average B-factor for L11
of KIF4, 18.2 Å2) (red in Fig. 1c–f) and Eg5–
AMPPNP complexes (green in Fig. 1c–f). The neck
linker binds to the catalytic core more tightly in KIF4
and Eg5 than KIF1A, and these interactions are
mainly mediated by main-chain residues, such as
the arrangement seen in the β-sheet (Fig. 1c–f).
Hence, we will discuss in the following section how
these conformational differences can be structurally
explained by the high-resolution structures of the
KIF4 and KIF1A motor domains. It should be noted
that both the KIF4 and KIF1A structures complexed
with AMPPNP were solved at very high resolution
(b1.8 Å) with high-quality refinement (Table S1) and
therefore we can firmly discuss their differences
below with respect to not only the interactions
between side chains but also the water-mediated
hydrogen-bond network.

Kinesin is a backdoor enzyme

The motor domains of KIFs complexed with
AMPPNP are expected to represent the ATP state,
that is, the state just prior to ATP hydrolysis (pre-
hydrolysis state). By analogy with myosin, which is
thought to have the same ancestral molecule as
KIFs,22 the following two features are necessary for
the pre-hydrolysis conformation.23 (1) Both the
conserved serine 211 (SSRSH) in the switch I region
and glycine 244 (DLAGSE) in the switch II region
directly interact with the γ-phosphate, serving as the
γ-phosphate sensor to trigger ATP hydrolysis and
the subsequent large conformational changes in
switch II (“relay helix” in myosins). (2) The salt bridge
between the conserved arginine 212 (SSRSH) in
switch I and glutamate 246 (DLAGSE) in switch II,
which is called the “backdoor”, is formed to close the
nucleotide-binding pocket.
In the electron density map of the KIF4 motor

domain, the AMPPNP moiety is clearly observed in
the nucleotide-binding pocket (Fig. 2c). The KIF4–
AMPPNP structure possesses both features neces-
sary for the pre-hydrolysis state. The γ-phosphate of
AMPPNP tightly interacts with both S211 in switch I
r during ATP binding. (a) Catalytic center at the pre-
e and glycine residues are still away from the γ-phosphate
te state with KIF1A–AMPPNP. The γ-phosphate is sensed
ed. The backdoor is partially closed. (c) Catalytic center at
is sensed by the conserved residues and the backdoor is
W2) in the pocket. (d and e) Phosphate tube seen in the
retical 8-Å map calculated from the atomic model is shown.
d the exit of the phosphate tube, respectively. (e) The view
witch I and switch II by several key interactions.
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and G244 in switch II (Fig. 2c). The backdoor salt
bridge is also tightly formed. In the KIF1A–AMPPNP
structure, however, the latter feature is partially
Fig. 2 (legend on
formed (Fig. 2b). The corresponding serine and
glycine residues come closer to the γ-phosphate
within the hydrogen-bond ranges. The backdoor salt
previous page)
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bridge, however, is partially closed with only one
ionic interaction found. The structure of the ATP
state of KIF1A was also solved with another non-
hydrolyzable ATP analog, AMPPCP.9 In this struc-
ture, the γ-phosphate of AMPPCP in KIF1A is distant
from the γ-phosphate-sensing residues and the
backdoor residues are far from each other (open)
such that the conformation lacks both features
required for the formation of the pre-hydrolysis
state (Fig. 2a).
These conformational changes around the γ-

phosphate allow water molecules to be sequentially
recruited to the nucleotide-binding pocket for nucle-
ophilic attack of the γ-phosphorus. In the KIF1A–
AMPPCP structure, no water molecules were found
within the hydrogen-bonding range from the γ-
phosphate (Fig. 2a). In the KIF1A–AMPPNP struc-
ture, the highly conserved Ser (switch I) and Gly
(switch II) residues recruit one water molecule into
the nucleotide-binding pocket and serve it to the γ-
phosphate (Fig. 2b). In the KIF4–AMPPNP structure,
the backdoor further recruits another water molecule
next to the first water molecule, such that a tight
hydrogen-bond network is formed in the narrow
space surrounding the γ-phosphate, two γ-phos-
phate sensors, and the backdoor residues (Fig. 2c).
As described later, this narrow space is covered by
the “phosphate tube” that provides the tunnel for the
release of the inorganic phosphate.
These structures may represent the time course

for the conformational change caused by ATP
binding, namely, “isomerization”, from KIF1A–
AMPPCP to KIF1A–AMPPNP and finally to the
KIF4–AMPPNP structure (Fig. 2a–c). KIF1A–
AMPPCP represents the pre-isomerization state
just after the collision between KIFs and ATP.
KIF1A–AMPPNP represents the intermediate state
during isomerization and KIF4–AMPPNP represents
the pre-hydrolysis state, that is, the state just after
isomerization and just before ATP hydrolysis.
AMPPCP was reported to represent the collision
ATP complex in myosins,24 which is also adaptable
to kinesins.25 For the KIF1A–AMPPNP structure,
one possible explanation of why the isomerization
reaction stopped at the intermediate is the effect of
the kinesin-3 conserved serine mutations in loop L11
(the corresponding residue in KIF4 is K250), as
detailed later. This lysine residue in KIF4 plays a
central role in facilitating the wound-up conformation
of loop L11 in the KIF4 crystal structure, and thus, it
is more difficult for KIF1A to adopt the wound-up
conformation of L11 without this lysine residue.
Visualization of the time course for trapping the

two waters in the nucleotide-binding pocket supports
the two-water-mediated catalytic mechanism pro-
posed for myosins and Eg5 (kinesin-5).12,26 In the
pre-isomerization state (KIF1A–AMPPCP), no water
is trapped around the γ-phosphate of ATP. In the
isomerization intermediate state (KIF1A–AMPPNP),
one water is recruited to the phosphate tube by the
conserved γ-phosphate-sensing residues (S211 and
G244). In the pre-hydrolysis state (KIF4–AMPPNP),
the other water is brought to the phosphate tube
coupled with the closure of the backdoor. Before the
hydrolysis of ATP, therefore, one water molecule
interacts directly with the γ-phosphate, whereas the
other connects the first water to the backdoor
residues. In an analogous manner to myosin,26 the
first water becomes the lytic water that attacks the
bound γ-phosphorus by bringing the proton to the
second water. The second water is transiently
converted into a hydronium ion (H3O

+) whose proton
will be further transferred to the backdoor E246. This
two-water catalysis mechanism induces the hydro-
lysis of ATP, followed by release of the phosphate
product through the phosphate tube.

Backdoor formation stabilizes the two
switch regions

Backdoor closure also stabilizes two mobile loops,
loop L9 (switch I) or loop L11 (switch II), which
precede or follow the backdoor residues, respec-
tively. In the KIF1A–AMPPNP structure, these two
loops are flexible and invisible in the crystal structure
(Fig. 1c and d). In the KIF4–AMPPNP structure,
which possesses the totally closed backdoor, these
two loops are stabilized and are clearly visible
(Fig. 1b and c). The C-terminal half of the switch II
L11 is wound up to form part of helix α4, thereby
lengthening the N-terminal end of this helix by three
turns. The N-terminal half of loop L11 is also wound
up and forms a short helix behind helix α4 (Fig. 2f).
Switch I loop L9 lies over these helices and covers
the phosphate side of the nucleotide-binding pocket,
making the tunnel or tube, namely, the phosphate
tube, through which the γ-phosphate is released
after the hydrolysis of ATP (Fig. 2d–f). The wall of
this phosphate tube is composed of the switch I L9
(left and top) and the switch II α4–L11 (right and
bottom) (Fig. 2e). In the phosphate tube, two waters
are stabilized and the exit of the phosphate tube is
the backdoor. From this point of view, in the
previously reported KIF1A–ADP–vanadate struc-
ture, which represents the phosphate-release inter-
mediate, the released phosphate located just
outside of the backdoor has just passed through
the phosphate tube.
Stabilization of these two flexible loops can be

achieved as follows. The backdoor closure and the
resulting water-mediated interactions stabilize the C-
terminus of loop L9 and the N-terminus of loop L11
(Fig. 2c). Switch I L9 then adopts a pseudo-β-hairpin
structure where five main-chain contacts between
antiparallel L9 residues are observed and A205
positioned at the tip of this pseudo-β-hairpin interacts
with T251 of L11, contributing to the stabilization of
L9 and L11 (Fig. 2f). The interaction between R199
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at the N-terminus of L9 and D241 at the N-terminus
of L11, namely, the “Mg stabilizer”, also contributes
to this stabilization10 (Fig. 2f). In addition to the
interactions between the switch I and switch II loops,
the linkages between these mobile loops and the
rigid elements insensitive to ATP hydrolysis such as
the P-loop, loop L7, or helix α6 are also necessary.
From the front side of loop L11, the tri-residue
interactions between R212 (L9), E260 (L11), and
Y144 (L7), namely, the “latch”, stabilize the wound-
up conformation of helix α48 (Fig. 2f). Additionally,
from the back side of L11, the hydrogen-bond
network involving residues that include the “anchor”
in the P-loop (Q89), loop L11 (K250), and helix α6
(N320 and E323) stabilizes the conformation of the
N-terminal half of loop L11 (Fig. 2f).
Our structural result indicates that the backdoor

closure stabilizes loop L11 by it being wound up into
the long helix α4, and this mechanism might be
common at least between N-kinesins. As such, KIFs
exhibit a shorter helix α4 in the nucleotide-free state
and ATP binding stabilizes loop L11 to give the
longest helix α4, information that is further relayed to
the neck linker. This structural model fits very well
with the previous structural report of the kar3–
microtubule complex14 that indicates the shortest
helix α4 in the nucleotide-free state, and a similar
structure was also reported with KIF1A.8 It is,
however, apparently inconsistent with the previous
Fig. 3. Sequential docking of the neck linker induced by AT
KIF1A–AMPPCP. (b) Isomerization intermediate state with
AMPPNP. Bold broken lines indicate the interactions between
indicates the helical axis of helix α4, showing the clockwise ro
report that showed KIF5 on the microtubule giving a
long helix α4 throughout all the nucleotide states.15

One possible solution is that this discrepancy might
come from the difference between N-kinesin and C-
kinesin, or from the class-specific difference. Further
high-resolution structural studies of KIFs complexed
with tubulin or microtubules are awaited to solve this
discrepancy.

Backdoor formation induces full docking of the
neck linker through a conformational change to
switch II

Backdoor formation further affects the conforma-
tion of L11–α4–L12–α5–L13 in switch II. Stabiliza-
tion of loop L11, which is located close to the
catalytic center (left side when on the microtubule),
induces the clockwise rotation of helices α4 and α5
up to 5° during the isomerization step (Fig. 3a–c).
This rotation relays the conformational change to
loop L13 located on the other side of the catalytic
core (right side when on the microtubule), which
provides the stable docking site for the neck linker,
resulting in the full docking of the neck linker to the
catalytic core. In all three structures with ATP
analogs, the interaction between the neck initial
segment and helix α4 through the conserved
hydrophobic interaction between I337 (neck initial
segment) and L278 (α4), which is required for the
P binding (isomerization). (a) Pre-isomerization state with
KIF1A–AMPPNP. (c) Pre-hydrolysis state with KIF4–
the neck linker and the catalytic core. The dashed arrow
tation during the isomerization reaction.

image of Fig.�3


1876 ATP-Induced Isomerization of Kinesin
release of ADP, is observed (Fig. 3a–c).8 During the
isomerization step from the pre-isomerization state
to the isomerization intermediate state, the next
segment of the neck linker forms β9 with loop L13
(Fig. 3a and b). The remaining segment further forms
β10 with α1–β3 and β7 after the isomerization step
(Fig. 3c). The sequential docking of β9 and β10 is,
therefore, observed from the pre-isomerization state
(KIF1A–AMPPCP), to the isomerization intermediate
(KIF1A–AMPPNP), to the pre-hydrolysis state
(KIF4–AMPPNP), indicating that the isomerization
reaction from the nucleotide-binding pocket tightly
regulates the docking of the neck linker to the core.
Considering that the neck linker connects two motor
heads in the dimeric KIFs and that its length is
optimized to be strained if both heads are bound to
the microtubule, this tight regulation of the neck-
linker conformation by ATP binding to the catalytic
center of the rigor head serves as the structural basis
for placing the tethered head to the next binding site.
This results in the power stroke in the asymmetric
hand-over-hand motility by achieving the tight
coupling of the ATPase cycle between two motor
heads necessary for the processive movement of
dimeric kinesins (ATP gating).7,8

Microtubule-binding interface of the KIF4
motor domain

To determine the interactions between KIF4 and
the microtubule, in silico docking of the high-
resolution crystal structure of KIF4 into a medium-
resolution cryo-EM map of the KIF4–microtubule
would be informative. Currently, however, there is
no available cryo-EM structure reported for the KIF4–
microtubule complex. Hence, we docked the atomic
structure of KIF4–AMPPNP into the cryo-EM struc-
ture of the KIF1A (AMPPNP)–microtubule complex,13

because the tertiary structure of KIF4–AMPPNP is
very similar to the KIF1A–AMPPNP structure, except
for two switch regions as described above.
Owing to the similarity between the KIF4 and KIF1A

motor domains, the atomic structure of KIF4 fitted
very well with the cryo-EM structure of the KIF1A–
microtubule complex (Fig. 4a). We then checked the
details of the fitting of the two switch regions where
the largest differences were observed between the
crystal structures of KIF4 and KIF1A. As described
above, the crystal structure of KIF1A with AMPPNP
gives a short helix α4. The cryo-EM structure of the
KIF1A (AMPPNP)–microtubule complex, however,
has a longer tubular density at the corresponding
region (red dotted circle), such that residual density
remains to the left side of helix α4 (Fig. 4b).
Surprisingly, when KIF4–AMPPNP is fitted into the
cryo-EM density of the KIF1A–microtubule complex,
the length of helix α4 of KIF4 fits nicely into this long
tubular density in the KIF1A–microtubule density
(Fig. 4c). In contrast, the N-terminal half of loop L11
that makes the short one-turn helix in the crystal
structure of KIF4 does not fit well into the cryo-EM
density of the KIF1A–microtubule complex (Fig. 4d).
Thus, we performed in silico docking of the KIF4
structure into the previously solved cryo-EM structure
of KIF5 (AMPPNP)–microtubule to examine whether
this difference is derived from the structural differ-
ences between apo-KIFs and KIFs bound to the
microtubule, or simply from a family-specific differ-
ence (between kinesin-3 and kinesin-4).15 The KIF4
crystal structure was found to fit perfectly into the
cryo-EM density of the KIF5–microtubule complex
(Fig. 4e). The helical conformation of L11 and the long
helix α4 of KIF4 fit into the cryo-EM density of the
KIF5–microtubule very well. Furthermore, the confor-
mation of the switch I loop L9 also fits perfectly to this
map. This perfect fitting further confirms that the
crystal structure of KIF4 with AMPPNP represents a
true pre-hydrolysis state that may be a common
structure for most N-kinesins.
In the crystal structure, the wound-up conforma-

tion of loop L11 is supported by the L11–α6–P-loop
interactions (anchor) through K250 of L11. The
conformation of L9 is further supported by the
wound-up conformation of L11, as described
above. From the sequence alignment of the N-
terminal kinesin motors, K250 is mutated to serine
only in the kinesin-3 family of motors (Fig. 4f). This
mutation explains why L11 of KIF4 does not fit well
into the cryo-EM density of the KIF1A–microtubule
complex. It also explains why KIF1A–AMPPNP in
the crystal structure could not adopt the wound-up
conformation of L11, as discussed above. This
difference may affect some KIF1A-specific features
such as strong binding with microtubules or the non-
selective strong binding of KIF1A to both GTP and
GDP microtubules in the axon and dendrite.27

KIF4-specific sequences on the
microtubule-binding surface

We have previously discussed the general struc-
tural features of theN-kinesins. In this final section, we
will discuss the structural implications for the KIF4-
specific regulation of microtubule dynamics, because
this is the first report of the atomic structure of KIF4.
KIF4 was reported to contribute to mitotic spindle
organization and chromosome positioning28,29 by
maintaining the correct size of overlapped spindle
microtubules through inhibition of their elongation,30

although the mechanism through which KIF4 regu-
lates microtubule dynamics remains unclear. From
the sequence alignment of the N-kinesins, KIF4 has
the standard motor domain of the N-kinesins in which
important regions for ATP catalysis and microtubule-
based motility, including the P-loop, the two switch
regions, and the neck linker, are highly conserved.
Consistently, ATPase activity of the KIF4 motor
domain was reported to be activated by microtubule



Fig. 4. Expected microtubule-binding surface of the KIF4 motor domain. (a) Crystal structure of KIF4–AMPPNP docked
into the cryo-EM map of the KIF1A–microtubule complex as seen from the right side of the microtubule protofilament. (b)
Crystal structure of KIF1A–AMPPNP docked into the cryo-EM map of the KIF1A–microtubule complex as seen from the
plus end of the microtubule. The red dashed circle indicates the long tubular density corresponding to helix α4. (c) Crystal
structure of KIF4–AMPPNP docked into the cryo-EM map of the KIF1A–microtubule complex as seen from the plus end of
the microtubule. (d) Crystal structure of KIF4–AMPPNP docked into the cryo-EM map of the KIF1A–microtubule complex
as seen from the left side of the microtubule protofilament. (e) Crystal structure of KIF4–AMPPNP docked into the cryo-EM
map of the KIF5–microtubule complex as seen from the left side of the microtubule protofilament. (f) Sequence alignment
of the switch II regions of the N-kinesins. (g) Putative microtubule-binding site of the KIF4 motor domain seen from the
microtubule-binding side with the plus end to the top. (h) ATPase activities of wild-type KIF4 and three KIF4 mutants. (i)
ATPase activities of wild-type KIF5C and three KIF5C mutants. Error bars represent the SD of at least three independent
measurements. Microtubule-dependent ATPase activity was measured using the EnzChek® Phosphate Assay Kit
(Molecular Probes) and a V-630 Bio spectrophotometer (JASCO), as described previously.8
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binding, and the anterogrademotility of KIF4 along the
microtubule was also reported.31 Unlike other N-
kinesins, however, the motor domain of KIF4 regu-
lates microtubule dynamics through direct inhibition of
microtubule elongation and contraction.32 Like kine-
sin-8 motors,33 the Xenopus laevis KIF4 Xklp1 motor
can bind both the microtubule and the free tubulin
dimer, which also stimulates the ATPase activity of
KIF4.32 Hence, the motor domain of KIF4 functions to
regulatemicrotubule dynamicsaswell as the standard
motor function of N-kinesins.
Differences in the microtubule-binding interface

between KIF4 and other N-kinesins should be initially
considered to determine the specificity of KIF4 for the
microtubule. From the pseudo atomic model of the
KIF4–microtubule, the expected contact surface of
KIF4 to the microtubule is composed of the following
five regions: loop L8, loop L11, helix α4, loop L12,
and helix α6 (Fig. 4g). Of these regions, contacts
through helix α4, the preceding loop L11, and the
following loop L12 play central roles in controlling the
ATPase-dependent microtubule binding to produce
motility along the microtubule.8–10,13 In this area,
three KIF4-specific amino acid modifications are
concentrated. The binding site mediated by loop L11
is located at the left side of the α-tubulin (H3′ helix)
and slightly toward the rear (minus end) side from the
intra-tubulin dimer groove, where the KIF4-specific
Q248 and K249 form possible hydrogen bonds with
Y108 of helix H3′ of α-tubulin (Fig. 4e and g). Around
the center line of the microtubule protofilament, the
helix-α4-mediatedmicrotubule-binding site is located
and fitted into the intra-tubulin dimer groove.
Although the main contact with this binding site is
mediated by the conserved N273−R274 residues,
the next amino acid, G275, is specific to KIF4. At the
right side of the β-tubulin in the same tubulin dimer
and slightly toward the front side (plus end) from the
intra-tubulin dimer groove, loop L12 binds to the C-
terminal half of helix H12 or the following E-hook (C-
terminal tail of tubulin). KIF4 has the specific L12
sequence, GDDKKG, and the conformation of L12 in
KIF4 does not fit well to either the KIF1A or KIF5
microtubule complexes (Fig. 4c). Hence, the binding
of KIF4 to the microtubule may affect the interaction
within the tubulin dimer by increasing or decreasing
the curvature of the intra-tubulin dimer interface with
some twist. A previous report suggested that the
longitudinal interface of tubulins including intra- and
inter-dimer contacts significantly affects the stability
of the microtubule.34 Therefore, these three regions
are possible contributors to the KIF4-specific stabi-
lization of microtubule dynamics.
To test the importance of these unique sequences at

the microtubule-binding surface for the KIF4-specific
function, we introduced several mutations into these
three regions and examined the steady-state kinetics
of the microtubule-stimulated ATPase. The basic
strategy for introducing the mutations was to mutually
exchange the corresponding sequences between
KIF4 and KIF5C to make chimeric constructs of KIF4
and KIF5C. QK in loop L11 of KIF4 was exchanged
with VS of KIF5C (red star in Fig. 4f). G in helix α4 of
KIF4 was exchanged with S of KIF5C (green star in
Fig. 4f). GDDKKG in loop L12 of KIF4 was exchanged
with AEGTK of KIF5C (blue star in Fig. 4f).
We first examined the microtubule-stimulated

ATPase of wild-type monomeric KIF4 (1–344) and
monomeric KIF5C (1–334) (Fig. 4h and i). The
turnover rate of the KIF4 ATPase was comparable
with that of KIF5C and other typical kinesins [kcat
(KIF4) = 42.1 ± 2.29 s−1; kcat (KIF5) = 21.7 ±
0.857 s−1]. The Michaelis–Menten constant (KM,

MT) was, however, 1 order of magnitude higher
than that of KIF5C or other typical kinesins [KM, MT
(KIF4) = 6.34 ± 0.770 μM; KM, MT (KIF5C) =
0.260 ± 0.0457 μM], indicating the weak binding of
KIF4 to the microtubule. This feature was also
reported for X. laevis KIF4 Xklp1,32 although
mammalian KIF4 seems to show a milder phenotype
than amphibian KIF4. In fact, unlike the previous
report on Xklp1, the tubulin dimer was not observed
to activate the KIF4 ATPase in the mouse mono-
meric KIF4 construct (data not shown).
Then, the steady-state ATPase activities of three

types of chimeric construct were examined. Al-
though the mutations in loop L11 did not show a
marked effect on the steady-state ATPase, the
mutations in loop L12 and helix α4 significantly
affected the ATPase in a completely different
manner (Fig. 4h and i). The KIF4-specific sequence,
GDDKKG in L12, increased the ATPase turnover
rate (kcat = 46.4 ± 0.936 s−1), while it decreased the
Michaelis–Menten constant (KM, MT = 0.164 ±
0.0171 μM). The substrate specificity for this inter-
action (kcat/KM, MT), which is thought to be dependent
solely on rate constants involved in microtubule
binding, showed a more than threefold increase in
comparison to the wild-type KIF5C [kcat/KM, MT (wild-
type KIF5C) = 83.4 s−1 μM−1; kcat/KM, MT (KIF5C
L12 mutant) = 282 s−1 μM−1]. Conversely, the KIF4
mutant with loop L12 of KIF5C (AEGTK) showed an
approximately threefold lower substrate specificity in
comparison to the wild-type KIF4 [kcat/KM, MT (wild-
type KIF4) = 6.64 s−1 μM−1; kcat/KM, MT (KIF4 L12
mutant) = 2.89 s−1 μM−1]. Considering that loop
L12 contributes mainly to the weak-binding state
(ADP state),4 some aspect of microtubule binding in
the weak-binding state has been altered with the L12
mutation and this tuning will be required for KIF4,
which exhibits native weak binding to the microtu-
bule. In contrast, a single amino acid mutation
(G ⇔ S) in helix α4 had a completely different effect
on the kinesin ATPase (Fig. 4h and i). KIF4 with
G267S slightly decreased both the turnover rate and
the Michaelis–Menten constant with an almost
equivalent specificity constant to that of wild-type
KIF4. KIF5C with S258G, however, exhibited an
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increased Michaelis–Menten constant of 1 order of
magnitude greater than the wild type. Therefore, the
S258Gmutant of KIF5C apparently showed a similar
ATPase curve to the wild-type KIF4. Because this
serine is not expected to be included in the main
microtubule-binding surface throughout all nucleo-
tide states, this glycine mutation may indirectly affect
microtubule binding through a unique strategy such
as the destabilization of helix α4 at some point during
the ATPase cycle. In either case, the kinetic data
collectively suggest that at least two KIF4-specific
sequences in helix α4 and loop L12 must be
necessary for KIF4-specific functions, and further
structural studies of the KIF4–microtubule complex
as well as biochemical and biophysical studies are
needed to determine the full molecular mechanism
by which KIF4 inhibits microtubule dynamics.

Accession numbers

Coordinates and structure factors have been
deposited in the Protein Data Bank with accession
numbers 3ZFC (NW12A) and 3ZFD (41XU).
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