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Summary

Kinesin motor proteins release nucleotide upon inter-
action with microtubules (MTs), then bind and hydro-
lyze ATP to move along the MT. Although crystal struc-
tures of kinesin motors bound to nucleotides have
been solved, nucleotide-free structures have not.
Here, using cryomicroscopy and three-dimensional
(3D) reconstruction, we report the structure of MTs
decorated with a Kinesin-14 motor, Kar3, in the nucle-
otide-free state, as well as with ADP and AMPPNP, with
resolution sufficient to show o helices. We find large
structural changes in the empty motor, including melt-
ing of the switch Il helix a4, closure of the nucleotide
binding pocket, and changes in the central § sheet
reminiscent of those reported for nucleotide-free myo-
sin crystal structures. We propose that the switch Il
region of the motor controls docking of the Kar3
neck by conformational changes in the central B sheet,
similar to myosin, rather than by rotation of the motor
domain, as proposed for the Kif1A kinesin motor.

Introduction

The kinesin motors form a large family of related pro-
teins that use ATP to move along MTs, performing es-
sential functions in cellular transport and cell division.
Despite several decades of work, the mechanism by
which motor proteins use ATP to move along their cyto-
skeletal filament is not understood. The motors are
thought to couple steps of ATP hydrolysis to conforma-
tional changes in the motor domain, or head, and inter-
actions of the motor with MTs to generate force for
movement. One approach to understanding the motor
mechanism is to identify the structural changes of the
motors that occur when the motor is bound to different
nucleotides. The nucleotide states that have been char-
acterized in biochemical and structural studies are
those in which the motor is bound to ADP, no nucleotide,
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or the ATP analog AMPPNP. These nucleotide states are
thought to represent steps in the hydrolysis of ATP by
the motor.

Crystal structures of the motor domains of Kinesin-1
(conventional kinesin) and kinesin-related proteins
show conformational changes that depend on the nucle-
otide bound to the motor. Key motor elements that move
in different nucleotide states include switch | and I,
motifs that are structurally homologous to myosin and
G protein regions that move upon nucleotide hydrolysis
and exchange (Vale and Milligan, 2000; Sablin and Flet-
terick, 2001; Kull and Endow, 2002). The observed
changes include movement of switch | and Il closer to
the bound nucleotide in the ATP-like state, and changes
in length and rotation of the switch Il helix a4 together
with the adjacent loops and helix (Kikkawa et al., 2001;
Nitta et al., 2004; Yun et al., 2001). Rotation of the switch
Il region has been proposed to control interactions of
the head with the adjacent neck that result in directional
movement of the kinesin motors along the MT. An out-
standing question that remains is which of these struc-
tural changes underlies force production by the kinesin
motors.

The major difficulty in determining a possible mecha-
nism for kinesin motility from X-ray crystal structures is
that the available structures are solved in the absence of
MTs, as efforts to obtain motor-tubulin crystals have not
yet been successful. Because the kinesin motors show
a striking increase in the rate of ATP hydrolysis in bio-
chemical assays when MTs are added, the structure of
the motors is expected to change dramatically upon
binding to MTs. In order to study the structure of the ki-
nesin motors bound to MTs, cryomicroscopy and com-
puter reconstruction methods have been used. The 3D
maps of kinesin proteins complexed with MTs in the
presence of different nucleotides have shown that a
kinesin head bound to ADP, no nucleotide, or an ATP an-
alog binds to essentially the same site on MTs (Hirose
et al., 1995; Hoenger et al., 1998, 2000). When dimeric ki-
nesin constructs were analyzed, the second head
changed position depending on the nucleotide present
(Arnal and Wade, 1998; Hirose et al., 1998, 1999, 2000).
However, the resolution of the structures in these previ-
ous studies was not high enough to identify the changes
that occur with different nucleotides in the MT-bound
head of the motor.

A large conformational change of an MT-bound kine-
sin motor was reported by Kikkawa et al. (2001) analyz-
ing a monomeric, plus-end-directed Kinesin-3 motor,
Kif1A. By cryomicroscopy, they reported an ~20° rota-
tion of the Kif1A head bound to MTs in the presence of
ADP, relative to AMPPNP. The observed structural
changes were interpreted to correspond to the rotation
of the switch Il helix o4 between the ADP- and ATP-
like forms of Kif1A. When the motor is bound to an MT,
the switch Il helix is thought to be fixed in position on
the MT, so that the rest of the head rotates. However,
3D structures of the MT-bound Unc104 motor, which be-
longs to the same Kinesin-3 subfamily as Kif1A, showed
arotation of less than five degrees between the ADP and
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AMPPNP states (Al-Bassam et al., 2003). Because al-
most all of the crystal structures of the kinesins reported
so far are bound to ADP, we do not know whether a rota-
tion of the head occurs in other kinesin motors.

A second unknown factor is the high-resolution struc-
ture of nucleotide-free kinesin motors, which has been
difficult to study by crystallography because many kine-
sin proteins denature in the absence of nucleotides or
MTs. Recently, the crystal structure of a Kinesin-13 sub-
family member, Kinl, without nucleotide was reported
(Shipley et al., 2004). However, the nucleotide pocket
contained a sulfate ion, and its conformation resembled
the ADP structure. Therefore, it is unlikely that this struc-
ture represents that of kinesin bound to an MT without
nucleotide.

Here, using cryomicroscopy and 3D computer recon-
struction methods, we have analyzed a kinesin motor
bound to MTs without nucleotide as well as with ADP
and the ATP analog AMPPNP at an unusually high reso-
lution that is sufficient to show « helices. As the kinesin
motor, we used Kar3, a Kinesin-14 motor protein that
moves toward the MT minus end and shows MT-depo-
lymerizing activity (Meluh and Rose, 1990; Endow
et al., 1994). Our results reveal that the nucleotide-free
state is significantly different from any of the crystal
structures and show a change involving melting of
a key element of the motor, the switch Il helix o4, at
the MT binding interface, which has not been observed
previously. We propose that structural changes in
switch Il control interactions of the Kar3 head with its
neck and are transmitted via changes in the central
B sheet of the motor, similar to myosin (Coureux et al.,
2003; Reubold et al., 2003), rather than a rotation of
the motor domain, as proposed for Kif1A.

Results

Cryomicroscopy and 3D Reconstruction

We studied MTs decorated with the monomeric Kar3
motor domain in three states: (1) bound to ADP, (2) with-
out nucleotide (empty), or (3) bound to the ATP analog
AMPPNP (ATP-like). In the absence of nucleotide, all
the MTs looked fully decorated and the diffraction pat-
terns showed strong 80 A layer lines, indicating a high
degree of order (Figure S1.1 in the Supplemental Data
available with this article online). In the presence of
ADP or AMPPNP, the decoration seemed to be weaker.
Some MTs were only partially decorated with Kar3, es-
pecially with ADP, which causes the motor to bind
weakly to MTs. However, motor decoration of MTs in
the presence of ADP was better than in our previous
studies (Hirose et al., 1995), and we were able to select
images of a similar quality for all three states.

The averaged 3D density maps showed structures
with a much higher resolution than we had obtained pre-
viously (Hirose et al., 1998, 2000). Fourier shell correla-
tion plots (Figure S1.2A) show that the agreement
between independent sets of averaged data is above
theoretical critical background levels (Frank et al.,
1996), corresponding to good resolution, especially in
the longitudinal direction (see below). Two-dimensional
plots of the layer-line data (Figure S1.2B) also show that
there is significant signal for the layer lines down to 10 A.
We think the improvement in resolution is due to the use

of an electron microscope (EM) with a field emission gun
and the careful alignment procedure developed by
Toyoshima (2000), the correction for the contrast trans-
fer function (Tani et al., 1996) that we applied, and the
unusually tight binding of Kar3 to MTs even in the weakly
bound ADP state. Previous kinetic measurements show
the Kar3-MT dissociation constants to be relatively low,
indicating tight binding to the MT. The apparent Ky
values of the motor from MTs were 1.7 = 0.7 uM with
ADP and 0.19 + 0.08 uM with no nucleotide (Song and
Endow, 1998), and 0.77 = 0.25 yM with AMPPNP
(H. Song and S.A.E., unpublished data). The Ky values
determined for the Kar3 protein used in the present
experiments were not significantly different from those
reported previously, again consistent with tight binding
by the motor to MTs.

The cryomicroscopy surface maps of Kar3-MTs
showed features corresponding to loops and some o
helices of Kar3 and tubulin, which we could identify by
comparison to atomic structures (Figure 1). The undec-
orated MT (Figure 1A) and MTs for the three motor-MT
states (Figures 1B-1D) looked similar, indicating that
the detailed features in the density maps are not noise.
They are also similar to a model structure calculated
from the tubulin crystal structures (L6we et al., 2001)
with the resolution lowered to 10-12 A (Figure S2.1),
indicating that the resolution of our 3D maps is ~12 A
or higher. The maps typically have their best resolution
along the helix axis and include sufficient high-resolu-
tion signal to reveal key o helices of the motor, such as
helix 4. The resolution in radial and transverse direc-
tions is lower but is sufficient to show exposed tubulin
surface helices, like H11 and H12.

Docking of Crystal Structures into the 3D Maps
The 3D maps show that Kar3 heads bind to essentially
the same position on MTs as observed previously for
other kinesin family motors, interacting with both
o- and B-tubulin (Figure 1). Although the overall orienta-
tion of the heads appears similar for all three states, pro-
trusions on the surface of the head, corresponding to
various loops, differ in position in the three maps, indi-
cating that the loops move when the motor is bound to
different nucleotides. The top of the head also seems
flatter in the empty state (Figure 1C), presumably due
to movements of structural elements in the motor. In or-
der to investigate the structural changes in more detail,
we docked o- and B-tubulin crystal structures into the
density maps together with a crystal structure of Kar3.
The 3D maps with the docked crystal structures are
shown in Figures 2-5 with a longitudinal view in Figure 2,
cross-sections in Figures 3 and 4, and sections through
the Kar3 nucleotide binding pocket in Figure 5. The tu-
bulin crystal structures (1JFF.pdb; Lowe et al., 2001) fit
very nicely into the density maps. Some of the o helices,
e.g., H3 and H4, are resolved as cylinders of high density
(Figure S2.2). On the outer surface of the MTs, helices
H11 and H12 of o~ and B-tubulin are clearly visible (Fig-
ures 1 and 2 and Figure S2.2). There is extra density cor-
responding to the C terminus of «-tubulin (Figures 1 and
2, green arrowheads), which is not present in the crystal
structure. In both decorated and undecorated MTs, the
density of the C terminus of -tubulin (Figure 1, yellow
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(A-D) Three-dimensional maps of undecorated MTs (A) and MTs decorated with Kar3 in the ADP (B), empty (C), and AMPPNP (D) states. Side view
rotated 53° from the front view shown in Figure 4D, with the plus end at the top. Density corresponding to the Kar3 head is cyan. (B-D) A large
protrusion is present on the right side of the head ([B] and [D], red arrowheads), corresponding to Kar3 loop L12, which is absent in the empty
state (C). The C termini of a-tubulin (green arrowheads) and B-tubulin (yellow arrowheads) are indicated, and helices H11 and H12 are labeled.

arrowheads) is weaker than that of «-tubulin, suggesting
that the C terminus of B-tubulin is more mobile.

We also docked a crystal structure of the Kar3 motor
into the density maps. Because all the crystal structures
of Kar3 that have been reported are bound to ADP, we
docked a Kar3-ADP structure (1F9T.pdb; Yun et al.,
2001) into the EM maps of all three nucleotide states, fit-
ting it by eye. The Kar3 motor domain, like that of other
kinesin proteins, consists of a central eight-stranded
B sheet (arrow) flanked by three a helices to each side
(Figure 2D). The nucleotide binding cleft lies at the end
of an a helix on the side of the motor facing away from
the MT, whereas the MT binding region comprises two
o helices, a4 and o5, with their adjacent loops, L11 and
L12, on the opposite side of the motor, facing the MT.
Switch Il consists of loop L11, which is largely disor-
dered in the Kar3 crystal structure and not visible in
the view shown in Figure 2D, and helix 4. Switch | con-
sists of helix «3-loop L9-helix «3a toward the back of the
motor from the view shown in Figure 2D (see Figure 3D).

The crystal structure of Kar3-ADP fit best when it was
in essentially the same orientation in each map (Figure 2
and Figure S3). As previously reported, the switch Il helix
a4, which is important for motor binding to the MT, is ap-
proximately perpendicular to the MT axis and is situated
in the o-B-tubulin intradimer groove (Figure 2). The Kar3
crystal structure also fit well into the high-density region
of the maps alone (Figure S3), indicating that the high
density corresponds to the structural elements of the
motor core. Nucleotide-dependent rotations of the
MT-bound motor in our maps were within several de-
grees, contrasting with reports by others of a large rota-
tion between nucleotide states (Kikkawa et al., 2000,
2001).

Difference maps showed positional differences in
positive and negative density but no large-scale differ-
ences, indicating that rigid body movement is not de-
tectable at this resolution. The changes observed
between the maps appear to involve rearrangement of
individual structural elements such as o helices,
B strands, and loops. Major changes were observed in
the position or shape of density corresponding to the

Kar3 switch | and Il regions, including the MT binding
site and extending to the central § sheet and the nucle-
otide binding pocket.

Conformational Changes in the Switch | Region
Large structural changes were observed in the switch |
region, as seen in a cross-section taken through the
Kar3-MT maps (Figure 3). Switch | helix «3a and L9 do
not fit well into the EM density in any of the maps, indi-
cating that the structure of this region in all three states
is different from the Kar3-ADP crystal structure. Instead,
there is an extra peak of density closer to tubulin in the
empty state (Figure 3B, cyan arrowhead), evidence of
alarge structural change with the switch | region moving
closer to «-tubulin. This region includes switch | and I
residues that form a salt bridge in some crystal struc-
tures (Sack et al., 1999). These changes are also seen
in the averaged data without sharpening (Figure S4), in-
dicating that they are accurate representations of the
density changes in the maps. Difference maps between
states of the same sections as Figure 3 show the in-
creased density of the switch | region in the empty state
compared to the ADP and AMPPNP states (Figure S5).

Two crystal structures of Kar3 mutants have been re-
ported that show large conformational changes in
switch | (Yun et al., 2001). Attempts to fit one of these
structures into the nucleotide-free Kar3-MT density
map showed a better fit in the switch | loop L9 region
than the wild-type Kar3 structure, but none of the crystal
structures fit well into the switch | helix .3 region of the
EM map. These differences indicate that structural
changes in switch | occur in MT-bound motors that
have not yet been observed in crystal structures.

Conformational Changes in the Switch Il Region

Large changes in the motor with different nucleotide
states are also observed in switch Il loop L11-helix a4
and the following loop, L12. Switch Il helix 24 in the kine-
sin crystal structures shows variable length, especially
at its N terminus, depending on the nucleotide state
(Kikkawa et al., 2001; Nitta et al., 2004) or on mutation
(Yun et al.,, 2001). The Kar3 structure we used for
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Figure 2. Kar3 and Tubulin Crystal Structures Docked into the EM Maps

(A-C) Kar3-MT 3D maps in the ADP (A), empty (B), and AMPPNP (C) states, with the crystal structures of Kar3 (cyan), «-tubulin (gold), and
B-tubulin (green) docked into the density. The maps are rotated around the MT axis by 65° from the front view, with the MT plus end at the
top, and viewed longitudinally. The EM density maps are represented as a surface net (gray mesh). Density attributed to the C terminus of

a-tubulin is indicated by green arrowheads.

(D) Motor and tubulin crystal structures shown as ribbon diagrams with key structural elements labeled. ADP bound to the motor, GTP bound to

a-tubulin, and GDP bound to B-tubulin are shown as wire-frame models.

docking has a very long helix a4 with only the N terminus
of the preceding switch Il loop L11 visible (Yun et al.,
2001). When docked into the EM density, the N terminus
of helix a4 (near the a4 label in Figure 3C) extends out of
the high-density envelope (red mesh) in the ADP and
AMPPNP states (Figures 3A and 3C), suggesting that
the helix unfolds and makes a longer loop, L11. In the
empty state (Figure 3B), the N terminus of helix o4 partly
overlaps the high-density envelope but the density is not
observed as a separate cylinder, again indicating a con-
formational change in the N terminus of helix 4. Longi-
tudinal sections show a connection between density
attributed to loop L11/helix ¢4 and a-tubulin (Figure S6,
black arrowheads). The density is greater in the empty
and AMPPNP states than in the ADP state. These results

indicate that the N terminus of helix 24 melts and inter-
acts with a-tubulin in all three states, but the interaction
appears stronger in the empty and AMPPNP states.
Loop L12 at the other end of helix 24, the C terminus, is
missing from the Kar3 crystal structure, presumably be-
cause it is mobile. However, a projection of weak density
is present in the motor-MT ADP and AMPPNP maps in
the position expected for loop L12 (Figures 1 and 3,
red arrowheads). The density of this region is weak in
the Kar3-MT structures, and we could not see a clear
connection between L12 and tubulin resembling that re-
ported for the Kif1A motor (Kikkawa et al., 2000; Okada
and Hirokawa, 2000). However, the density attributed to
loop L12 (red arrowheads) is positioned very close to the
protrusion corresponding to the C terminus of -tubulin
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Figure 3. Changes in the Switch | and Switch Il Regions

(A-C) Cross-sections of the Kar3-MT complex in the ADP (A), empty (B), and AMPPNP (C) states with the docked crystal structures, viewed from
the MT plus end. The sections (10.7 A thick) transect Kar3-MT near the midpoint of the motor (Figure 4D). Colors are the same as Figure 2 except
that the maps are shown as high- (red mesh) and lower- (gray mesh) density levels. Nucleotide bound to Kar3 is not shown for the empty state.
EM density corresponding to switch | changes in different states, indicating conformational changes ([B], cyan arrowhead). Density correspond-
ing to switch Il helix o4 no longer forms a distinct cylinder in the empty state ([B], white arrowhead). Density adjacent to tubulin, strong only in the
empty state, may be the melted helix o4 (orange arrowheads). Extra density near the end of helix 24 may be loop L12 ([A] and [C], red arrowheads).
(D) Motor and tubulin crystal structures shown as ribbon diagrams, viewed as in (A)-(C). Key elements are labeled, including switch | helix o3-loop
L9-helix «3a and switch Il helix «4. Only the ends of loops L10, L11, and L12, shown as dashed lines, are resolved in the Kar3 crystal structure.

ADP bound to the motor is shown as a wire-frame model.

(yellow arrowheads) in the ADP and AMPPNP states
(Figures 1B and 1D).

In the empty state, there is a dramatic structural
change in the helix a4-loop L12 region. The projection
corresponding to L12 is absent in the surface maps
(Figure 1C). Thin sections show that helix 24 has disap-
peared as a distinct entity (Figure 3B, white arrowhead),
and the density has moved to be continuous with tubu-
lin. There is a region of high density near the end of helix
a4 of the crystal structure that might correspond to the
unfolded helix ¢4 and loop L12 (Figure 3B, orange arrow-
head), which connects to helix H12 of B-tubulin and the
top of a-tubulin. The corresponding regions in the ADP
and AMPPNP states are low density (Figures 3A and
3C, orange arrowheads). These changes in density
attributable to helix o4 are also observed in the unsharp-
ened images (Figure S4) and in the difference maps
between the sections (Figure S5), indicating that the
density changes are present in the high-resolution
data. Longitudinal sections that transect the motor

near the C terminus of helix o4 of the crystal structure
show that the density in this region is very weak in the
empty state; instead, there is extra density in the groove
between o- and B-tubulin (Figure S6, white and red
arrowheads). These results are consistent with the inter-
pretation that, in the empty state, helix 4 melts and
interacts more closely with the MT in the intradimer
groove.

Conformational Changes in the Central B Sheet

Another striking change observed in our 3D maps is the
region including loop L7, aloop between strands 34 and
B5, which form part of the central  sheet, on the surface
facing the MT. Cross-sections near the top of the Kar3-
MT maps show a large gap between loop L7 and the MT
in the ADP and AMPPNP states (Figures 4A and 4C).
However, in the empty state, the density attributable to
loop L7 moves toward the MT and interacts with helix
H4 of B-tubulin (Figure 4B, magenta arrowhead). At the
same time, two loops, L6 and L10 (Figure 3D), on the
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Figure 5. Changes in the Nucleotide Binding
Pocket

(A-C) The nucleotide binding region in the
Kar3-MT 3D maps (gray and red mesh) in
the ADP (A), empty (B), and AMPPNP (C)
states, with the Kar3-ADP crystal structure
(cyan) docked into the density. Density corre-
sponding to the Kar3 nucleotide binding
pocket (red arrows) appears partially open
in the ADP state (A), wide open in the empty
state (B), and closed in the AMPPNP state
(C). The P loop (green) of the Kar3 crystal
structure, which forms the nucleotide binding
cleft, is shown with bound nucleotide in the

ADP and AMPPNP states but without nucleo-
tide in the empty state. Switch | (Sw I, blue)

R 7

and switch Il (Sw I, yellow) are indicated, to-
gether with loop L7 (magenta) of the central
B sheet.

(D) Motor and tubulin crystal structures
shown as ribbon diagrams with the white re-
gion showing the level of the sections (14 A
thick). The viewing angle is similar to Figure 1
of Reubold et al. (2003), which shows the
open and closed nucleotide binding pocket
of myosin Il.

AMPPNP

other side of the Kar3 head change position, resulting in
the flatter head observed in the no-nucleotide surface
map (Figure 1C). Large shape changes of the Kar3
head depending on the nucleotide state can be seen in
the thin sections and in the position of the density attrib-
utable to the central § sheet (Figure 4). These changes in
density assigned to the central § sheet can also be seen
in the high density only, which represents the structural
elements of the motor core with well-defined density
(Figure S3).

Crystal structures of myosin Il and myosin V show that
there is a rearrangement of the central § sheet when my-
osin goes into the nucleotide-free state, including the
strands preceding the switch Il loop, following switch
I, and adjacent to switch | (Coureux et al., 2003; Reubold
et al., 2003). These three f strands correspond to 7, 36,
and B4 of the kinesins (Figure 4E). The large changes in
position of density attributed to loop L7, aloop that con-
nects strands 4 and 5, and the changes in shape and
position of the density corresponding to the central
B sheet between the ADP and empty states, make it
very likely that a similar rearrangement of the B sheet
occurs in Kar3 when it binds to an MT in the empty
state. The present maps show evidence for such a re-

arrangement but do not reveal the structural changes
in detail.

Changes in the Nucleotide Binding Pocket

The rearrangement of the central § sheet in myosin is
caused by changes in switch | and Il, which interact
with nucleotide in the ATP-like state and move away
from the nucleotide binding pocket or P loop in the nu-
cleotide-free state, opening the pocket (Reubold et al.,
2003). Although the resolution of our maps in the nucle-
otide binding region of Kar3 is not sufficient to show
which loop moves, we can clearly see a cleft in the EM
density corresponding to the nucleotide binding pocket
(Figure 5, red arrows). The cleft is narrow in the ADP
state, wide open in the empty state, and absent in the
AMPPNP state. These results indicate that the nucleo-
tide binding pocket is partially closed in the ADP state,
opens when the motor loses nucleotide, and closes
upon binding of ATP.

Discussion

Much effort has been devoted to determining the mech-
anism by which the kinesin and myosin motors use ATP

Figure 4. Conformational Changes in the Central § Sheet

(A-C) Thin sections of the Kar3-MT complex in the ADP (A), empty (B), and AMPPNP (C) states with the docked crystal structures, viewed from
the MT plus end. Colors are the same as Figure 3. Tubulin crystal structures fit very nicely into the 3D map density in all three states, indicating
that structural changes in tubulin are relatively small. o helices, especially those on the outer surface of the MT, are clearly resolved. Density
corresponding to taxol (shown as a wire-frame model) is also visible. The cross-sections show changes in the position of density corresponding
to loop L7 and B strands of the central B sheet. Density attributed to loop L7 moves toward helix H4 of B-tubulin in the empty state ([B], magenta
arrowhead), causing changes in the density corresponding to the central § sheet.

(D) Motor and tubulin crystal structures showing the levels of the sections in Figures 3 (10.7 A thick) and 4 (14 A thick).

(E) Topology of the central B sheet and interconnecting secondary structural elements. The P loop is the conserved motif that forms the nucle-

otide binding cleft of the kinesin motors. Sw |, switch I; Sw I, switch II.
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to produce force. Current models postulate that, as the
motors interact with nucleotide and their filament, they
undergo conformational changes that create internal
strain, causing a recoil movement that produces force
and a working stroke of the motor (Howard, 2001). The
nature of the proposed force-producing conformational
changes is not yet certain, although considerable inter-
est has focused on the possibility that movements of the
switch Il helix (24 of the kinesins or the so-called “relay”
helix of myosin) represent key changes of the motors
(Vale and Milligan, 2000; Sablin and Fletterick, 2001;
Kull and Endow, 2002; Kikkawa et al., 2001; Nitta et al.,
2004). It is also not clear how structural changes of the
motors are coupled to steps of nucleotide hydrolysis
and interactions of the motors with their filament.
Here, we analyze high-resolution 3D maps of the Kar3
motor domain bound to MTs to identify the conforma-
tional changes the motor undergoes in different states
of the ATP hydrolysis cycle.

The resolution of the Kar3-MT 3D maps that we report
here is unusually high, allowing us to see changes in the
motor at the MT binding interface as well as the central
region of the motor and the nucleotide binding pocket
that have not been observed previously. Although we
cannot see all the changes that occur in different nucle-
otide states, which would require near-atomic resolution
(e.g.,4 Aor higher), we do see key elements, such as he-
lix a4, in the ADP and AMPPNP maps in the position ex-
pected from the crystal structure. We do not see it as
a distinct object in the no-nucleotide map, even though
the data are as good as for the other two states, indicat-
ing that there has been a significant change in the helix.
Although we can reliably see this and several other
major conformational changes in the MT-bound motor,
at the present resolution, we cannot fully address the
question of the consequences of the observed struc-
tural changes for nucleotide binding and catalysis by
the MT-bound Kar3 motor.

Lack of Rotation of the Kar3 Head

The crystal structure of Kar3-ADP fits into our EM maps
in essentially the same orientation with a difference of no
more than a few degrees between maps. By contrast,
Kikkawa and colleagues (Kikkawa et al., 2000, 2001) fit
the KiflA crystal structures into motor-MT maps so
that helix 4 makes a similar contact with the MT but
the bulk of the motor domain is rotated by 20° between
the ADP and AMPPNP states. The Kif1A rotation is
thought to be caused by breaking a salt bridge between
switch | and the switch Il loop L11 that serves as a latch
to keep the motor core rotated in the strained “up” po-
sition before hydrolysis of ATP (Nitta et al., 2004). If so,
the rotational angle of the motor relative to tubulin
should depend on the conformation of loop L11, whose
C-terminal end binds to tubulin. Because loop L11 is not
very well conserved between different motors, the
extent of rotation could vary between different motors.

Melting of Helix o4

Although Kar3 bound to MTs does not show detectable
rotation, elements of the motor domain show large
structural changes, especially in the nucleotide-free
state. One of the most striking changes involves switch
Il loop L11-helix o4 and the adjacent loop L12. Upon

binding to MTs in the empty state, helix 24 is no longer
visible as a long helical structure, although density at-
tributable to the element is present adjacent to its posi-
tion in the ADP and AMPPNP maps. We interpret the
changes in shape and position of the density to mean
that the helix has unfolded into a loop, merging with
the adjacent loop L12. A structural change of this mag-
nitude in helix 24 has not been observed previously in
any crystal structure of a kinesin motor, including a Kine-
sin-13 motor, Kinl, crystallized without bound nucleo-
tide (Shipley et al., 2004). Our results indicate that both
the presence of MTs and absence of nucleotide are
needed to observe the large structural changes in helix
a4 seen here.

After melting, the C terminus of helix a4, which we be-
lieve now forms part of L12, binds to the groove between
o~ and B-tubulin. The main interaction is with the intra-
dimer groove including the surface helices of «- and -
tubulin, rather than the C terminus of B-tubulin, as shown
schematically in Figure 6. The interaction between the
melted helix a4 and tubulin is expected to increase the
binding affinity of the motor for MTs in the empty state.

The N terminus of helix 24 also seems to unfold to
make a longer loop, L11, that interacts with o-tubulin
and is represented by density that connects with tubulin.
The connection is stronger in the AMPPNP and empty
states than in the ADP state. Small changes in the length
of helix a4 and loop L11 in crystal structures of the kine-
sin motors have been observed previously and inter-
preted as melting of the helix at the N terminus, increas-
ing the length of loop L11 (Kikkawa et al., 2001; Nitta
et al., 2004). Nitta et al. (2004) proposed that loop L11
in the AMPPNP state and loop L12 in the ADP state alter-
nate in binding to MTs. Our results are consistent with
their model in that binding of loop L11 is stronger in
the AMPPNP state than in the ADP state.

Changes in the Central g Sheet

A second prominent change in the nucleotide-free map
compared to the ADP map is the difference in position of
the density corresponding to loop L7, which connects
two strands of the central B sheet. We interpret the
changes in position of loop L7 as a movement toward tu-
bulin, which occurs together with changes in density at-
tributed to the central B sheet. None of the crystal struc-
tures of kinesin motors reported so far show large
changes in the central B sheet. However, recently pub-
lished structures of myosin Il (Reubold et al., 2003) and
myosin V (Coureux et al., 2003) without bound nucleo-
tide show distortion of the central  sheet, including
the strands corresponding to 4, 36, and B7 of the kine-
sins. The new crystal structures are thought to resemble
myosin bound to an actin filament in the rigor state. This
conformation appears to be unstable without actin, but
for myosin Il, crystallization as a fusion protein with dy-
namin may have stabilized the conformation (Kull and
Endow, 2004). A similar rearrangement of the central
B sheet that can be observed only when stabilized by
an MT may occur in the kinesin motors without bound
nucleotide as indicated in Figure 6.

The central B sheet of the kinesins is connected to
switch | and Il by strands 6 and 7, respectively
(Figure 4E). This means that changes in switch Il helix
a4 can cause changes in the central § sheet, which in
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L10

ADP

Figure 6. Kar3 Conformational Changes Catalyzed by MT Interactions

Empty

AMPPNP

A model showing the consequences of movements by key Kar3 structural elements that undergo large conformational changes when the motor
interacts with MTs. Helices H11’ and H12 of a-tubulin (gold) and H12 of 3-tubulin (green) represent the MT. Kar3 (cyan) is shown with switch | (red),
switch Il loop L11 (red), and loop L7 (magenta). The neck, which is not included in the Kar3 crystal structures, is taken from an Ncd crystal struc-
ture (Yun et al., 2003). When the motor binds to an MT and loses ADP to form the empty state, the N terminus of switch Il helix 24 melts, making
alonger loop L11 that interacts strongly with a-tubulin and loop L7 moves toward the MT, along with strands of the central § sheet. This move-
ment distorts the central § sheet and causes switch | to move, opening the nucleotide binding pocket. The C terminus of helix o4 melts, elon-
gating loop L12, which interacts with tubulin, causing the motor to bind tightly to the MT. Distortion of the central B sheet also disrupts the in-
teraction between the motor core, including loop L10, and the coiled-coil stalk or “neck.” The neck is then free to rotate (double-headed arrow)
and eventually becomes fixed in the direction pointing toward the minus end (as shown for the AMPPNP state), possibly as a result of other motor

domains binding to new sites on the MT.

turn can affect the conformation of switch | and the nu-
cleotide binding pocket near switch I. Although our EM
maps do not resolve which of the nucleotide binding
loops changes structure, the density corresponding to
the nucleotide binding pocket clearly shows changes
that agree with the interpretation that the pocket is
partly open in the ADP state, wide open in the empty
state, and closed in the AMPPNP state. Thus, the nucle-
otide binding pocket apparently opens when the motor
binds to an MT and remains fully open after releasing nu-
cleotide. Opening of the nucleotide pocket in the empty
state is accompanied by distortion of the central  sheet.

A Structural Pathway for Kar3 Force Production

The structural changes of the kinesin motors that pro-
duce force are thought to involve interactions of the
end of the coiled-coil stalk, which corresponds to the
neck linker of plus-end-directed Kinesin-1, with the mo-
tor domain (Vale and Milligan, 2000). For Kif1A, the rota-
tion of the switch Il cluster allows docking of the neck
linker in the AMPPNP state but prevents docking in the
ADP state (Kikkawa et al., 2001). Ncd, a minus-end Kine-
sin-14 motor, like Kar3, has a coiled-coil neck that docks
on the motor core in the Ncd-ADP crystal structure (Sa-
blin et al., 1998; Kozielski et al., 1999). This has led to the
proposal that rotation of the switch Il region causes
docking/undocking of the neck linker or neck of both
the plus- and minus-end kinesin motors, but the move-
ment is reversed in the minus-end motors (Kikkawa
et al., 2001). Docking/undocking of the coiled-coil neck
was observed in an Ncd crystal structure in which the
neck was docked on only one of the heads and released
from the other (Yun et al., 2003). The release of the neck

from the undocked head was proposed to occur when
the head releases ADP, although recent work has been
interpreted to mean that it occurs when the bound
head binds ATP (Wendt et al., 2002; Endres et al., 2006).

Docking/undocking of the neck is also likely to occur
in Kar3. We looked for rotation of the Kar3 head in the
motor-MT structures but found little or none, contrasting
with the findings for Kif1 A (Kikkawa et al., 2001). We can-
not exclude the possibility that a small rotation sufficient
to displace the neck occurs in Kar3 that was not de-
tected in these studies or that the rotated conformation
occurs transiently in Kar3 and is not seen in the three
states we analyzed. A third possibility is that Kar3 uses
a different mechanism to regulate docking/undocking
of the neck. For Ncd, the coiled-coil neck interacts
with motor elements on the opposite side of the central
f3 sheet from the switch regions and loop L7 (Sablin et al.,
1998; Figure 4E). Thus, the conformation of the central
B sheet is likely to greatly affect the interaction between
the neck and motor. The Kar3 construct we used here
does not contain the neck, so we cannot tell which nu-
cleotide state corresponds to the undocked state. How-
ever, the surface onto which the neck is expected to
dock shows large changes, including movement of
loops L6 and L10 between different nucleotide states.
These large changes undoubtedly affect the interaction
between the motor and the neck .

This leads to an attractive hypothesis. Rather than
transmitting structural changes to the neck linker by ro-
tation of the motor core, as in the KIF1A model, we spec-
ulate that changes in Kar3 in the MT binding region are
transmitted through the central § sheet to the nucleotide
binding site and the neck. When the motor binds to
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tubulin, the N terminus of helix ¢4 melts, and the longer
loop L11 interacts with tubulin (Figure 6). The structural
changes in loop L11 lead to movement of loop L7, stabi-
lized by interaction with B-tubulin. The movement of
loop L7 distorts the central B sheet and moves switch
1, opening the nucleotide binding pocket and releasing
ADP. At the same time, the C terminus of helix o4 melts,
extending loop L12 and its interactions with tubulin,
causing the motor to bind tightly to the MT. The distor-
tion of the central  sheet changes interactions between
the neck and the motor core, which may allow the
coiled-coil stalk to rotate, while the motor is most tightly
bound to the MT. The empty head then binds ATP, the
nucleotide binding pocket closes, and the C terminus
of helix o4 winds up into a helix again, so that motor in-
teractions with tubulin are less extensive than in the
empty state. This weakens binding of the head to tubu-
lin, preparing the motor for dissociation from the MT af-
ter ATP hydrolysis. Rotation of the coiled coil may occur
after binding of ATP, as proposed recently by others
(Endres et al., 2006), rather than immediately after ADP
loss.

The interaction of L7 with tubulin and the subsequent
distortion of the central B sheet are key steps in this
model, driving the changes in the nucleotide binding
pocket and neck. It could apply to other kinesins; as
suggested by others, the same nucleotide-dependent
movements in the plus- and minus-end-directed kine-
sins could have opposite effects on docking/undocking
of the neck linker or neck. The rotation of the motor do-
main of Kif1A could be a secondary effect of helix 4
melting during nucleotide exchange and then refolding
from its C terminus but could still serve a function. Anin-
teresting possibility is that processive motors such as
Kif1A swivel between alternate conformations in order
to bind to the next tubulin subunit. The proposal that
the strain-producing conformational change that leads
to force production is a distortion of the central 8 sheet
in kinesins as well as in myosin provides a framework for
further work defining the motor mechanism.

Experimental Procedures

Preparation of Kar3 and MTs

Kar3 protein corresponding to the conserved motor domain
M-R384-K729 (38,912 Da) was expressed in BL21(DE3) pLysS
pArgU* host cells by cell growth in M9ZB containing 5 pg/ml chlor-
amphenicol, 5 pg/ml tetracycline, and 50 ng/ml ampicillin to ODss, of
~0.8, followed by addition of 0.4 mM IPTG and protein induction at
22°Cfor 5 hr (Gulick et al., 1998; Song and Endow, 1997). Protein was
purified from the cell pellet through the SP-Sepharose step, as de-
scribed (Song and Endow, 1997). Fractions from the SP-Sepharose
peak were concentrated for use in EM or purified further by FPLC on
Superose 12 before use. The concentrated purified protein in
HEM100 (10 mM HEPES [pH 7.2], 1 mM MgCl,, 1 mM EGTA, and
100 mM NaCl) was frozen in liquid N, and stored at —80°C.

Kar3 protein from the same purification as used for EM was
tested for MT-stimulated ATPase activity and showed a V.« of
1.38 = 0.04 s~' and Km, mts Of 3.73 = 0.14 pM. In tests for MT
binding, the Kar3 protein showed a K4 of 0.37 = 0.10 pM with no
nucleotide and a K4 of 1.16 = 0.21 uM with MgADP.

MTs were assembled from purified pig brain tubulin in a polymer-
izing solution (80 mM PIPES [pH 6.8], 1 mM EGTA, 5 mM MgCl,,
1 mM DTT, 0.5 mM GTP, and 10% DMSO), stabilized with 20 uM
taxol, centrifuged, and resuspended in a solution without GTP or
DMSO.

EM

MTs diluted in MES solution (20 mM MES, 5 mM MgS0O,4, 1 mM
EGTA, 1 mM DTT, 10 uM taxol, pH 6.5-6.8) were applied to an EM
grid coated with a holey carbon film, and Kar3 was added to give a fi-
nal concentration of 10 uM. For freezing in the AMPPNP or no nucle-
otide states, the Kar3-MT mixture was mixed on the grids with 2 mM
AMPPNP or 2 U/ml apyrase (final concentration) and then rapidly
frozen by plunging the grids into an ethane slush. For the ADP state,
the MT-Kar3 mixture was placed on a grid without nucleotide, and
1 mM ADP, 1 U/ml hexokinase, and 0.01% glucose were added
just before freezing. The grids were examined by using a Gatan
cold stage in a Philips Tecnai F20 electron microscope operating
at 200 kV. The images were photographed with Kodak SO-163 film
at 50,000 x magnification with a defocus of 1100-2800 nm and dig-
itized in 7 um steps by using a Zeiss Phodis scanner.

Image Analysis

Images of MTs with 15 protofilaments were used for helical 3D re-
construction. MTs were selected first by their Moiré patterns (Ray
et al., 1993) and then by the Fourier transform patterns. Three-
dimensional structures were computed by using the programs
developed by C. Toyoshima (Toyoshima, 2000). In brief, images of
MTs were straightened, and the axial repeat distances were deter-
mined by autocorrelation. MT lengths of two repeat distances
(~300 nm) were boxed and interpolated so that the layer lines reg-
istered exactly with the sampling raster. The repeat distance and
tilt were further refined, and then the out-of-plane tilt and origin shift
were corrected. Phases in the transform data from different images
were adjusted to match, as well as possible, those of a reference im-
age by allowing for an axial phase-origin shift and a rotation about
the axis. Individual layer line data sets were corrected for contrast
transfer function before averaging (Tani et al., 1996).

Sixty-two, forty-eight, and sixty-five data sets were averaged for
calculating the final 3D maps of the Kar3-MT complex in the ADP,
empty, and AMPPNP states, respectively. Layer-line data up to
9 A resolution were included and weighted with a linear function
([1 + 40R], where the reciprocal radius R is measured in A“) to
sharpen the higher-resolution data. The effect is mainly cosmetic,
as the density differences are clear without sharpening (compare
Figure 3 and Figure S4). The atomic coordinates of Kar3 (Yun
et al., 2001) and «- and B-tubulin (L6we et al., 2001) were docked
separately into the EM density maps. Docking was optimized visu-
ally by using the program O (Jones et al., 1991).

Supplemental Data

Supplemental Data include six figures and can be found with this
article online at http://www.molecule.org/cgi/content/full/23/6/913/
DC1/.
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