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Microtubule (MT) binding accelerates the rate of ATP
hydrolysis in Kkinesin. To understand the underlying
mechanism, using charged-to-alanine mutational analysis,
we identified two independent sites in tubulin, which are
critical for kinesin motility, namely, a cluster of negatively
charged residues spanning the helix 11-12 (H11-12) loop
and H12 of a-tubulin, and the negatively charged residues
in H12 of p-tubulin. Mutation in the a-tubulin-binding site
results in a deceleration of ATP hydrolysis (k..;), whereas
mutation in the p-tubulin-binding site lowers the affinity
for MTs (Ko.sMT). The residue E415 in a-tubulin seems to
be important for coupling MT binding and ATPase activa-
tion, because the mutation at this site results in a drastic
reduction in the overall rate of ATP hydrolysis, largely due
to a deceleration in the reaction of ADP release. Our results
suggest that kinesin binding at a region containing a-E415
could transmit a signal to the kinesin nucleotide pocket,
triggering its conformational change and leading to the
release of ADP.
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Introduction

Kinesin is a molecular motor involved in intracellular trans-
port along microtubules (MTs) (Sharp et al, 2000; Hirokawa
and Noda, 2008; Gennerich and Vale, 2009). Conventional
kinesin consists of two identical heavy chains containing the
motor domains responsible for MT binding and ATP hydro-
lysis (Bloom et al, 1988; Kuznetsov et al, 1988). Kinesin
makes discrete 8-nm steps (=the size of a tubulin dimer),
with each step tightly coupled to ATP hydrolysis (Hua et al,
1997; Schnitzer and Block, 1997). The mechanism involved
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in converting the chemical energy of ATP hydrolysis to
produce this mechanical step has not yet been understood.

Early studies on the kinesin kinetic mechanism have
depicted several key features in its mechano-chemical cycle
of ATPase. When Kinesin is free in solution, it is in the so-
called ‘trapped state, tightly holding ADP, and it has a very
low affinity for MTs. MT binding catalyzes escape from this
state, changing the active-site conformation such that the
ADP release is accelerated (Hackney, 1988, 1994). In the
latter, nucleotide-free state, kinesin binds strongly to MTs
with an affinity three-to-four orders of magnitude higher than
that in the trapped state (Crevel et al, 1996). Identifying the
structural basis regarding how the interaction with MTs
induces ADP release is critical to understanding the mechan-
ism of motility, because this kinesin transition from the
trapped to the nucleotide-free state is the key event that
controls the rate of ATPase hydrolysis and is responsible for
force generation (Schief and Howard, 2001; Cross, 2004).

Recent cryo-electron microscopic (cryo-EM) analysis of the
kinesin-MT complex revealed the nucleotide-binding pocket
in open and closed configurations, depending on the bound
nucleotides. The open configuration observed either in the
presence of ADP (Hirose et al, 2006; Kikkawa and Hirokawa,
20006) or in the absence of any nucleotides (Hirose et al, 2006;
Sindelar and Downing, 2007) was resolved for the first time
using the kinesin-MT complex as a specimen, and was clearly
different from previous X-ray crystallographic structures of
kinesin observed in the absence of MT (Kull et al, 1996;
Kikkawa et al, 2001). These structural differences are
consistent with the kinetic scheme that suggests that MT
binding catalyzes ADP release in kinesin.

To understand the exact molecular mechanism underlying
the MT-dependent ADP release, it is crucial to know at which
site kinesin and tubulin interact with each other, and via
which structural pathway this MT-binding signal is trans-
mitted to the nucleotide pocket for the release of ADP. To this
end, we first need to locate the binding sites on both kinesin
and tubulin. The cryo-EM structure of the kinesin-MT com-
plex revealed a view of the interface between kinesin and MT,
in which the structural elements L7, L8, L11, L12, o4, o5, and
a6 of kinesin are located in proximity to H11, the H11-12 loop
including H11’, H12, and the C-terminal tail of both a- and
B-tubulin (Skiniotis et al, 2004; Hirose et al, 2006; Kikkawa
and Hirokawa, 2006; Neumann et al, 2006; Sindelar and
Downing, 2007). To further locate the interface at the level
of amino acids, Woehlke et al (1997) had conducted alanine-
scanning mutagenesis of kinesin and identified several
positively charged residues in L7/8, L11, and «4/L12/a5 as
MT-interacting kinesin residues. To seek their counterparts
in tubulin, we had previously developed an experimental
system for mutational analysis of tubulin using a yeast
expression system, and we identified the negatively charged
residues, E410 and D417, in H12 of B-tubulin as critical
residues (Uchimura et al, 2006). However, the cryo-EM
structure indicates that these residues might constitute only
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a part of the MT interface for kinesin. Recent in vivo analysis
on human tubulin mutants suggests the possibility that
a-tubulin may also be involved in the interaction with kinesin
(Keays et al, 2007; Poirier et al, 2007).

In this study, we extended our mutagenesis efforts to the
MT outer surface in both o- and B-tubulin, covering nearly the
entire area implicated as an interface for kinesin. The result
revealed that, in addition to the previously identified residues
in B-tubulin, the negatively charged cluster containing E415,
E416, E418, and E421 in o-tubulin is also crucial for kinesin
motility. Furthermore, ATPase and unbinding force measure-
ments indicated that kinesin-MT interaction probably occurs
in two steps: while the initial binding interaction through
a-tubulin is proven to trigger ADP release, subsequent bind-
ing interaction through o- and B-tubulin locks kinesin firmly
on the MT. Using a new technique of tubulin mutational
analysis, the study succeeded in dissecting the structure-
function relationship of the kinesin-MT interaction in
motility for the first time.

Results

Design of charged-to-alanine mutations and mutant
phenotypes
On the basis of the results of structural studies (Skiniotis et al,
2004; Hirose et al, 2006; Kikkawa and Hirokawa, 2006;
Neumann et al, 2006; Sindelar and Downing, 2007) and the
mutational analysis of kinesin (Woehlke et al, 1997), the
charged residues contained in the area of MT spanning H11,
the H11-12 loop including HIl’, and H12 in both o- and
B-tubulin were selected for mutagenesis to alanine (Figure 1).
Using the budding yeast, Saccharomyces cerevisiae, we had
previously developed an expression system for tubulin
dimers composed of single-sequence o- and p-tubulin,
Tublp and Tub2p (Uchimura et al, 2006). Using this expres-
sion system, analyses of tubulin mutations were performed.
When the mutated tubulins were expressed in the
yeast cells (a total of 36 mutant strains), four o-tubulin

A H11

mutants and four B-tubulin mutants were observed to be
haploid lethal, whereas three o-tubulin mutants and one
B-tubulin mutant resulted in the slow growth of yeast cells
(Figure 1A). The residues in tubulin that are critical for
interaction with kinesin are most probably included in
these 12 mutations, because kinesin superfamily proteins in
budding yeast are known to participate in mitotic spindle
function (Hildebrandt and Hoyt, 2000; Wu et al, 2006),
and the disruption of interaction between these kinesin
superfamily proteins and MTs through tubulin mutation
might affect the growth or the viability of yeast cells. Our
previous study showed that there is actually a correlation
between such yeast mutant phenotypes and the ability
of mutant MTs to interact with kinesin (Uchimura et al,
2006). These 12 residues are highly conserved across the
species (Little and Seehaus, 1988) and the majority were
negatively charged.

Kinesin interacts with MT at two independent sites

We next isolated tubulin from these 12 mutant strains and
assessed their ability to serve as tracks for kinesin in the
single-molecule motility assay using fluorescently labeled
two-headed kinesin (HK560-Cy3; Vale et al, 1996). To prepare
MTs from tubulin with lethal mutations, additional tubulin
harmless for yeast cells was co-expressed to rescue cell
inviability, and this additional tubulin was biochemically
separated from the target mutant tubulin in the process
of purification (Supplementary Figure S1).

The results of the single-molecule motility assay showed
that although kinesin moved processively along the wild-type
MTs (run length =455+ 30nm; mean*s.e.m.), it scarcely
moved along o-E415A, E416A, E418A, E421A, and B-E410A
and D417A MTs (Figure 2 and Supplementary Figure S2). The
frequency of kinesin-MT interaction showing movement for
more than 100 nm on these mutated MTs was lower than 7%
of that observed for the wild type. For other six mutants, the
effect of mutation on kinesin motility was either moderate or
undetectable.
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Figure 1 Design of mutants and their phenotypes. (A) The positions of the charged residues in the area of the MT spanning H11 and H12, in
both a- and B-tubulin, targeted for alanine mutagenesis. Each of the positively (red) or negatively charged (blue) residues was substituted with
alanine, which gave rise to 36 mutant strains in total. The resultant phenotypes of yeast mutant cells are marked by the letter L or S, indicating
haploid lethal or slow growth, respectively. (B) A ribbon diagram of a tubulin dimer viewed from the putative outside of the MT with its minus
end to the right (Lowe et al, 2001). The positions of the charged residues are marked by the same coloring scheme as in (A).
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Figure 2 Binding frequency, run length, and velocity of HK560-Cy3 measured with mutant MTs. The binding frequency, mean run length, and
velocity were calculated as described in Materials and methods section. NA stands for data not available and the error bars represent s.e.m.
values. The mutants B-E410A, D417A, and E421A were previously characterized in different assay condition (Uchimura et al, 2006). The

distributions of the raw data are available in Supplementary Figure S2.

In the molecular structure of a tubulin dimer (Lowe et al,
2001), residues critical for motility are located in two discrete
areas (Figure 6A). The critical residues in o-tubulin (E415,
E416, E418, and E421) are in a cluster, spanning the H11-12
loop and the N-terminal portion of H12. In contrast, the
critical residues B-E410 and D417 are located in H12 of
B-tubulin. The latter two residues have been characterized
in an earlier study (Uchimura et al, 2006) but these were
re-examined here to standardize the experimental conditions
with other mutants.

Both a- and B-tubulin contribute to stall force

To investigate in which chemical state of the kinesin-ATPase
cycle the interaction was perturbed in these mutants, we next
measured the force required to dissociate kinesin from the
mutant MTs (unbinding force) in three nucleotide conditions:
in the presence of ADP and 5-adenylylimidodiphosphate
(AMP-PNP), and in the absence of nucleotides (Kawaguchi
and Ishiwata, 2001; Uemura et al, 2002). In each nucleotide
condition, a single-headed kinesin (single-headed hetero-
dimer of Drosophila kinesin; Hancock and Howard, 1998)
attached to a polystyrene bead was made to interact with an
MT through the use of optical tweezers. An external load was
gradually applied to the kinesin-MT complex by moving the
stage of the microscope at a constant velocity toward the plus
or minus end of the MT until the bead dissociated. The
unbinding force, which reflects the stability of kinesin-MT
interaction, was calculated by multiplying the magnitude
of abrupt bead displacement during detachment with the
stiffness of the optical tweezers.

The results revealed that, in the ADP state, kinesin was
dissociated from the MTs by smaller forces in a-E415A, E416A
and E418A mutants, as compared to that from the wild-type
MT (Figure 3A). In several other mutants, including the
mutants in B-tubulin, a slight reduction in unbinding force
was detected.

©2010 European Molecular Biology Organization

In the nucleotide-free and AMP-PNP states, the stability of
the kinesin-MT complex was significantly reduced in both
o- and B-tubulin mutants (Figure 3B and C). Those mutants
showing poor motility in the single-molecule motility assay
(Figure 2) were apt to be dissociated from the MTs with
smaller forces in the nucleotide-free and AMP-PNP states.
However, the opposite case was not true; in nucleotide-free
and/or AMP-PNP conditions, the binding of kinesin to the
B-R380A and E421A MTs was less stable as compared to that
with wild-type MTs, yet these mutant MTs functioned nor-
mally as a track for kinesin, at least in terms of kinesin
velocity and run length. Taken together, the residues critical
for kinesin motility might have some specific roles in the
mechanism of kinesin motility by not only increasing the
stability of the interaction, but also by transmitting a signal to
kinesin through its tertiary structure. For simplicity, only the
unbinding force for minus-end loading is shown in
Figure 3A-C (for plus-end loading, see Supplementary
Figure S3A-C).

We next measured the stall force of kinesin in the presence
of ATP, to examine how tubulin mutation affects the force
generation of kinesin (Figure 3D and Supplementary Figure
S3D). The measurement results for the 12 mutants revealed
that Kkinesin produces a smaller force on those mutant MTs
with reduced stability of interaction as compared with the
wild-type MTs. When the stall force was plotted against the
unbinding force measured in the three nucleotide conditions,
it became clear that stall force is related to the unbinding
force in the nucleotide-free and AMP-PNP states, but not to
that in the ADP state (Figure 3E and Supplementary Figure
S4). Each mutation had a very similar effect on the unbinding
forces in the nucleotide-free and AMP-PNP states. The only
exception was the $-R380A mutant that showed a deviation
from the regression line representing the linear relationship
between the stall force and the unbinding force in the AMP-
PNP state. The most plausible interpretation of this result is

The EMBO Journal VOL 29 | NO 7 ] 2010 1169
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Figure 3 Unbinding force and stall force of kinesin measured using mutant
was measured with load applied toward the MT minus end (A) in the presence

MTs. (A-C) Unbinding force of single-headed kinesin
of ADP, (B) in the absence of nucleotides, and (C) in the

presence of AMP-PNP. The asterisks mark the mutants in critical residues. The distributions of the unbinding forces for each mutant for
both minus- and plus-end loadings are shown in Supplementary Figure S3A-C. The stiffness of the optical trap was 0.076 pN nm ™. The error
bars represent s.e.m. values. (D) Kinesin stall force for conventional, two-headed kinesin was measured using optical tweezers at trap stiffness
of 0.076 pNnm . Each bar represents the average stall force with s.e.m. value. The distributions of stall force are shown in Supplementary
Figure S3D. (E) The stall force plotted against the unbinding force for minus-end loading measured in three nucleotide conditions. The stall
force plotted against the unbinding force for plus-end loading is available in Supplementary Figure S4. Note that the absolute amount
of unbinding force depends on the loading rate and, therefore, cannot be equal to the stall force (Kawaguchi et al, 2003). The mutants
B-E410A, D417A, and E421A were previously characterized in different assay condition.

that, unlike the other 11 mutants, the residue p-R380 may
contribute to the stability of the kinesin-MT interaction only
in the nucleotide-free state. In summary, the results indicate
that the stall force is governed by the stability of the kinesin-
MT interaction in the strong binding state (the nucleotide-free
and AMP-PNP states), which are reliant upon both o- and
B-tubulin.

a- and B-tubulin have distinct roles in ATPase activation
The MT binding to kinesin is known to accelerate ADP
release and subsequent ATP binding, thereby accelerating
the overall rate of ATP hydrolysis (Kuznetsov and Gelfand,
1986; Hackney, 1988, 1994). To examine how each of the
mutations in the residues critical for motility («-E415, E416,
E418, E421, and B-E410 and D417) affects ATP hydrolysis, we
measured the MT-activated ATPase of two-headed kinesin
(HKS560) using the mutant MTs. Although the movement of a
single kinesin molecule was scarcely detected on those
mutant MTs (Figure 2), they were still capable of activating
the ATPase activity of kinesin (Figure 4 and Table I).
Interestingly, ATPase measurement revealed a clear differ-
ence between the two groups of mutants in o- and p-tubulin.
In the former group, the mutation did not significantly affect
Ko sMT, whereas their k., value was reduced to a variable
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Figure 4 Steady-state ATPase activity of kinesin (HKS560) with
mutant MTs. The data shown in this graph are a representative
example of the measurements for wild-type and mutant MTs. The
maximal turnover rate (k.,) and apparent Michaelis-Menten con-
stant (Ko sMT) were calculated by fitting the data to a hyperbola,
and the averages obtained from four to six sets of experiments are
shown in Table I.

extent depending on the site of mutation. The reduction in
kcar value was most prominent in the o-E415A mutant; a
five-fold reduction was observed as compared to that of the
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Table I Summary of ATPase measurement and MT gliding assay

MT-activated ATPase® MT gliding®

Construct

Ko sMT (uM)® kear (s™'head™)® Velocity (nms™)¢ n

WT 2.3%0.7 22.0+0.6 324%2 250
a-E415A 1.8£0.1 4.5+0.4 5+0 153
a-E416A 5.5+0.5 176+1.9 410£3 147
a-E418A 2.3%0.8 18.0+0.7 2922 240
a-E421A 42109 20.7£0.7 3913 201
B-E410A 14.7+3.9 26.7+2.4 531+£3 186
B-D417A 13.7£2.0 259+%1.2 540+ 4 166

“Both ATPase measurement and MT gliding assay were performed
using HK560.

PMean * s.d. from four to six independent experiments.

‘Mean £ s.e.m.

wild-type MTs. In contrast, mutations in B-tubulin resulted in
a lower affinity for kinesin; Ko sMT values for B-E410A and
D417A were more than five-fold higher than that for the wild
type. In these mutants, their k., value even increased,
opposite to the effect of mutations in a-tubulin. These results
demonstrate that it is the interaction mediated through
a-tubulin that has a crucial role in activating kinesin ATPase.

The results also suggest that kinesin should still be capable
of actively interacting with these mutant MTs if the effective
MT concentration is sufficiently high. In fact, when these MTs
were tested in the MT gliding assay, all mutant MTs were able
to glide on the kinesin-coated glass surface (Table I). Owing
to the simultaneous interactions of multiple kinesin mole-
cules with a single MT, the mutant MTs might be able to
maintain continuous contact with a surface coated with
kinesin; thus, they displayed a gliding movement over long
distances. The gliding speed varied from one mutant to the
next, with each velocity nearly proportional to the ATPase
rate (Kcat)-

The role of a-E415 in kinesin ATPase activation

The a-E415 residue seems to have a unique role; the impaired
motility caused by the mutation at this site was scarcely
compensated for by the high density of kinesin molecules
used in the gliding assay (Table I). In stall force measure-
ments, the velocity of kinesin along the «-E415A MT observed
at low load was extremely slow compared with the velocity
on the other mutant MTs (data not shown). These results
suggest the possibility that the «-E415 residue may be a key
residue crucial for coupling MT binding and ADP release
from kinesin.

To examine this possibility, the rate of dissociation of
mant-ADP was measured by stopped-flow assay, by mixing
the HK560 mant-ADP complex with the a-E415A MTs. The
rate of ADP dissociation, ks, Was obtained by exponential
fitting of the decay in fluorescence. A hyperbolic dependence
of kops 0N MT concentration gave a value for k.4 0f 26.6 £ 3.2
and 12.9 £ 1.2 57! for wild type and o-E415A mutants, respec-
tively (Figure S and Table II). The dissociation of ADP was
indeed slowed down in the a-E415A mutant. The apparent
rate constant for kinesin-MT association, calculated by the
ratio of kmax/KosMT (= kpiapp)), decreased roughly four-
fold in the mutant, indicating that the initial association of
kinesin to the MT was also disrupted in this mutant. The
residue o-E415 may be crucial for kinesin to recognize the MT

©2010 European Molecular Biology Organization
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Figure 5 Mictrotubule dependence of mant-ADP release from
HK560 kinesin. To determine the ADP release rate, mant-ADP-
loaded HK560 was mixed with MTs in a stopped-flow apparatus
at post-mixing concentrations of 1uM HKS560, 2uM mant-ADP,
0.25-10 uM wild-type or a-E415A MTs, and 1 mM ATP. The apparent
rate of ADP dissociation was derived by fitting the fluorescence
decay by double exponentials, giving fast- and slow-phase rates for
ADP release (see Materials and methods section for details). Fast-
phase rates (kops) are plotted as a function of MT concentration.
Slow-phase rates were low and independent of MT concentrations,
and are omitted from the graphic and analysis. MT dependence of
kops Was fit to a hyperbolic model, from which values for para-
meters kpax and Ko sMT were extracted (Table II).

Table II MT dependence of mant-ADP release from HK560

Construct KosMT (uM)? Kpax (5712 kpi (@M ~1s™1)
WT 3.2+09 26.6+3.2 8.3
o-E415A 6.1x1.0 129+1.2 2.1

“Errors indicate the errors in curve fitting.

and change its conformation to release ADP from the nucleo-
tide pocket.

When the rate of ADP release (Table II) and ATPase activity
(Table I) was compared in wild-type MTs (26.6+3.2 and
22.0+0.657 ', respectively), it seems that ADP release is the
rate-limiting step in the cycle of ATP hydrolysis. However,
with «-E415A MTs, their ADP release rate (kmax) was
12.9+1.2s7!, whereas their ATPase k., was 4.2+0.9s7};
the rate of ADP release is not rate limiting in the cycle of ATP
hydrolysis. This means that, in a cycle of ATP hydrolysis, in
addition to the chemical step of ADP release, other steps in
the cycle should also be slowed down, for example, ATP
binding, ATP hydrolysis, phosphate release, kinesin dissocia-
tion from the MT and so on. Considering the reported result
that MT binding accelerates the rate of ATP hydrolysis (Ma
and Taylor, 1995, 1997), this step could also be disrupted in
the o-E415A mutant.

The value for the ky; ratio (the ratio of the second-order
rate constant of MT-activated ATPase (Kpi(arpasey) and that of
MT-activated ADP release (kpiapp release)) Was 1.2 for both
a-E415A and wild-type MTs, indicating HK560 is not proces-
sive on both types of MTs. This contradicts our observation
that, in the single-molecule motility assay, each of the HK560
molecules can move along the wild-type MTs over a distance
of several hundred nm (Table I). This apparent discrepancy
may have arisen from the difference in the experimental
conditions used for the single-molecule motility assay and
that for kinetic measurement.

The EMBO Journal VOL 29 | NO 712010 1171
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Discussion

Kinesin-MT interaction through o-tubulin activates
the pathway for activation of kinesin ATPase

Using alanine-scanning mutagenesis of yeast tubulin, we
have identified charged residues critical for kinesin motility,
which are located in two discrete areas of tubulin (Figure 6A).
Those MTs with charged-to-alanine mutations at each of the
critical residues were further characterized for the stability of
their interaction with kinesin (Figure 3), and for their cata-
lytic properties as activators of kinesin ATPase (Figure 4 and
Table I). The results revealed that o- and B-tubulin have
distinct roles in the mechanism of motility.

The unbinding force measurement showed that in the
presence of ADP, the interaction of kinesin with the MT was
less stable compared with the interaction in the nucleotide-
free and AMP-PNP states (Figure 3). The stability of this
relatively weak interaction was reduced by the charged-to-
alanine mutation most prominently in o-tubulin (o-E415,
E416, and E418). In the nucleotide-free and AMP-PNP condi-
tions (Figure 3B and C), the stability of the kinesin-MT
complex was reduced in both a- and B-tubulin mutants.

In ATPase measurement, the mutation in o-tubulin
resulted mainly in a reduction of kinesin k.,,, with little or
no effect on MT affinity (KysMT), whereas the mutation in
B-tubulin resulted in a drastically lower KysMT value
(Figure 4 and Table I). The disruption of ATPase activity
was most remarkable with the «-E415A mutant, leading to a
five-fold reduction in k., value. These results suggest the
possibility that kinesin binding at «-E415 is directly coupled
to a chemical reaction in the ATP hydrolysis cycle, most
probably to the reaction of ADP release (Hackney, 1988,
1994). The stopped-flow measurement of the rate of ADP
dissociation demonstrated that, indeed, MT-dependent ADP
release from kinesin was slowed down in the o-E415A mutant
(Figure 5 and Table II).

On the basis of these observations and the results reported
in the literature, we propose a model in which the interaction
between kinesin and the MT occurs in two sequential steps,
with each step requiring a specific binding of kinesin to a
distinct tubulin site(s). Owing to the weak electrostatic inter-
action between the positive charges of the motor head and
the negatively charged C-terminal tail of tubulin, a kinesin
motor holding ADP will exhibit a diffusional motion along
the surface of the MT, along its long axis (Okada and
Hirokawa, 2000; Carter and Cross, 2005; Figure 6B). During
this diffusional search, an encounter of kinesin head with the
a-tubulin-binding site may allow the pair to make specific
binding. On formation of the kinesin-ADP-MT complex,
structural recognition at a-E415 will initiate a conformational
change in kinesin, leading to ADP release from its nucleotide
pocket (Figure 6C). Subsequent to this initial interaction at
the a-tubulin-binding site, the kinesin head is further locked
on the MT through the interaction mediated by «- and
B-tubulin-binding sites (Figure 6D), and the resultant kine-
sin-MT complex is responsible for sustaining load. Force
generation is coupled to the entire process of state transition
(Figure 6B-D), from the diffusional binding state to the
strong-binding, nucleotide-free state (Schief and Howard,
2001; Cross, 2004).

In this model, a-E415 plays a central role in inducing a
conformational change in kinesin to release ADP. Among the
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Figure 6 Structural basis for MT-dependent activation of kinesin
ATPase. (A) Two independent sites on the MT critical for kinesin
motility: the negatively charged residues spanning the H11-12 loop
and H12 of a-tubulin (highlighted in red and purple), and the
negatively charged residues in H12 of B-tubulin (orange). A tubulin
dimer is viewed from the putative outside of the MT tube with its
minus end to the right. (B-D) Schematic model for kinesin inter-
action with MTs in different nucleotide states. In the diffusional
binding state (B), kinesin, tightly holding ADP, is in search of the
next binding site through diffusion along the MT. Nonspecific
electrostatic interaction between the negatively charged C-terminal
tail of tubulin (CTT) and the positively charged interface of kinesin
contributes to this weak interaction. When the switch II helix/loop
of kinesin (red) encounters the H11-12 loop/H12 of a-tubulin (C),
kinesin changes its conformation and ejects ADP from the nucleo-
tide pocket. After, or concomitant with ADP release (D), kinesin is
further locked on the MT through the interaction between L8/a5 of
kinesin (orange) and H12 of B-tubulin. This stable interaction
enables kinesin to sustain load.

four negatively charged residues clustered in a-tubulin and
identified as critical for kinesin muotility, this is the only
catalytically critical residue (Table I). It is noteworthy that,
because multiple Glu (E) residues are successively aligned in
this area (EEGE), the local charge density around this site is
comparable to that of tubulin C-terminal tails. In one possi-
bility, this high density of negative charges, together with the
structural flexibility owing to the partial loop structure, may
help kinesin in the diffusional binding state find its target and
establish specific interaction. Although a-E415 gives kinesin a
crucial cue to eject ADP, the acidic residues adjacent to
«-E415 may also be important in leading kinesin to the target.
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Kinesin motility and MT-dependent ATPase in mutants
Using this model, results of the single-molecule motility assay
(Figure 2) and the MT gliding assay (Table I) can be con-
sistently explained. In the single-molecule motility assay,
mutations in the critical residues in a-tubulin may prevent
kinesin from switching from the diffusional binding state to
the ADP state (Figure 6C), whereas mutations in the critical
residues in B-tubulin may make the nucleotide-free state
unstable (Figure 6D). In both cases, single kinesin molecules
become less capable of initiating interaction with, and/or
moving processively along, the mutant MTs, resulting in
impaired motility.

However, such perturbation of kinesin-MT interaction by
tubulin mutation seems to be surmounted when motility is
examined in the MT gliding assay, in which multiple kinesin
molecules simultaneously interact with single MTs (Table I).
The observed gliding speed of the mutant MTs was similar to
or even higher than that of the wild type, except in the case of
the o-E415 mutant, which resulted in very slow movement
(5nms'). This result is parallel to that observed in stall
force measurements (Figure 3D); single kinesin molecules
could exert force on the mutant MTs when they were made to
interact with the MTs by manipulation with optical tweezers.
Consistent with the results of the MT gliding assay, those
mutant MTs were capable of activating MT-dependent kinesin
ATPase; the velocity of the MT gliding was nearly propor-
tional to the ATPase rate, k., (Table I).

Communication between MT-binding sites

and nucleotide pocket

Our model indicates that the interaction at a- and B-tubulin-
binding sites has a distinct function in the mechanism of
kinesin motility. However, which part of the kinesin motor
head would be the binding partner for each binding site in
o- and B-tubulin? It is not easy to answer this question on the
basis of the results of the structural analyses; first, because an
X-ray crystal structure is not available for the kinesin-MT
complex and, second, because the cryo-EM map of the
kinesin-MT complex has only a limited resolution. Despite
a lack of conclusive evidence, the recent cryo-EM map of the
kinesin-MT complex has succeeded in depicting, at least in
part, a view of the MT interaction site, in which the switch II
loop (L11) is extended towards a-tubulin, in proximity to H11’
and the N-terminal segment of H12 (Hirose et al, 2006;
Kikkawa and Hirokawa, 2006; Sindelar and Downing,
2007). Such an image is consistent with our results, which
showed that both kinesin motility and ATPase were critically
dependent upon the «-E415 residue located adjacent to the
N-terminus of H12. Interaction at this site could be a starting
point in the structural pathway of communication in kinesin
connected to its nucleotide pocket.

Previous experiments using mutants of the minus-end-
directed kinesin, Kar3, have indicated that the interplay
between switch I and II might be crucial for passing signals
from the MT-binding site to the nucleotide pocket (Yun et al,
2001). The mutations that block the formation of the salt
bridge between switch I and switch II resulted in the uncou-
pling of MT binding from the activation of kinesin ATPase.
Interestingly, in their analyses, the charged-to-alanine muta-
tion in R632 in switch II loop (equivalent to K237 in human
KIF5B) showed a significant reduction in the turnover rate of
MT-activated ATPase (kcar). This result is analogous to our
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observation that the «-E415A mutant displays a considerable
reduction in k., (Figure 4 and Table I). Considering this
result and the close proximity of R632 in switch II loop (and
its equivalent K237 in KIF5B) to the N-terminal portion of
a-tubulin H12, this residue could be a binding partner for
a-E415. The formation of the salt bridge between the pair may
trigger the chain of communication, that is, structural shifts
in switch II, switch I, and the P-loop, leading to the opening
of the nucleotide pocket (Kull and Endow, 2002; Sindelar and
Downing, 2007; Nitta et al, 2008). This hypothesis is worthy
of being examined in the future using a combination of
kinesin and tubulin mutants.

Parallel with such a plausible model in kinesin, in some of
the G-proteins, GDP release is triggered by the binding of the
guanine nucleotide-exchange factor (GEF) at the switch II
region (Sprang, 1997; Vetter and Wittinghofer, 2001). In
general, GEF-induced GDP release from a variety of G-pro-
teins could occur through three different routes: on binding of
GEF, GDP held in the nucleotide pocket becomes unstable
due to either the displacement of the switch I loop, distortion
of the switch II region, or perturbation of the binding site for
the nucleotide base, and ultimately, GDP is ejected from the
nucleotide pocket. It is possible that MT-dependent ADP
release from kinesin could be driven by similar mechanisms
(Kull and Endow, 2002; Sindelar and Downing, 2007; Nitta
et al, 2008).

With regard to kinesin-MT interaction through B-tubulin
H12, our results suggest that interaction at this site becomes
effective on ADP release, mainly to increase the mechanical
stability of the interaction (Figure 3). This interpretation is
consistent with the results of previous cryo-EM studies
showing that, upon ADP release, kinesin firmly bound to
the MT through the interaction of «4/L12/a5, L8 with
B-tubulin H12 (Skiniotis et al, 2004; Hirose et al, 2006).

Our results using the B-tubulin mutants, E410A and D417A,
revealed that disruption of kinesin-MT interaction at this site
resulted in the acceleration of both MT-gliding velocity and
ATPase k., (Figure 4 and Table I). This result could be due to
the accelerated dissociation of kinesin from the MT after ATP
hydrolysis. This observation contrasts with the results of
kinetic analysis; the latter demonstrated that the mutation
in kinesin L8, which effected a reduction in k., and Ky sMT
values, caused kinesin to become trapped in the MT rigor
complex (Klumpp et al, 2003). It is possible that the binding
interaction between kinesin L8 and B-tubulin H12 may have a
key role in the regulation of kinesin motility; while the loose
locking of kinesin to the MT in B-tubulin mutants accelerated
the dissociation of kinesin from the MT, the rigid locking of
mutant kinesin to the MT rendered kinesin trapped in the MT
rigor complex. In summary, both structural and kinetic data
seem to be consistent with our model, in which the kinesin-
MT interaction through B-tubulin H12 acts as a type of lock to
firmly attach kinesin on the MT (Figure 6D).

In the area of MT outside the target of our mutational
analysis (Figure 1), there may still be other residues critical
for ATPase activation. Recent structural and mutational stu-
dies on KIF1A suggested the possibility that the binding
interaction of KIF1A L7 with the residues R158 and E159 in
H4 of bovine B-tubulin (equivalent to R156 and E157 of yeast
B-tubulin, respectively) leads to ADP release from Kinesin
(Nitta et al, 2008). However, our preliminary experiment
showed charged-to-alanine mutation in B-R156 and E157
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had little effect on the MT-activated ATPase of HK560 kinesin
(data not shown), indicating that these residues are less likely
to be binding partners for L7, at least, in HK560 kinesin. It is
possible that the key structure in tubulin may differ among
kinesin families, depending on the functional demands
placed on each species of kinesin; although L7 may have a
crucial role in MT-dependent ADP release in KIF1A4, its role in
HK560 kinesin could be insignificant.

Using mutational analysis of tubulin, this study uncovered
the structural basis for MT-dependent activation of kinesin
ATPase, which proceeds in two steps. Binding of the residue
E415 in a-tubulin to kinesin gives kinesin a structural cue to
open its nucleotide pocket, and this conformational change in
kinesin is subsequently stabilized by the binding at the
B-tubulin-binding site. The property of the intermediate ADP
state seems to be unique; it requires a specific binding inter-
action, yet its mechanical stability is significantly lower than
that in the subsequent nucleotide-free state. Such a property
should be suitable for the role of mediating the MT-dependent
ADP release. This study has paved the way for forthcoming
analyses exploring the structural pathway of communication
between the MT binding site and the nucleotide pocket.

Materials and methods

Preparation of tubulin mutants and proteins

The plasmids and the yeast mutant strains were constructed as
described in Supplementary data and are listed in Supplementary
Table SI. Taxol-binding ability was introduced into a B-tubulin gene
by site-directed mutagenesis at five amino acids (Gupta et al, 2003),
and the gene tub2-A19K-T23V-G26D-N227H-Y270F thus obtained
was referred to as TUB2'™. The yeast strain expressing TUBI and
TUB2'™ was used as the wild type. Tubulin was purified from the
yeast cell lysate by following the previously developed protocol
(Uchimura et al, 2006) with modifications (Supplementary data for
details). Using the modified protocol, 300-500 pg of tubulin with a
purity >95% was purified from 61 of yeast culture. HK560 was
purified and labelled at its C-terminal cysteine residue with Cy3
(Vale et al, 1996; PA23031, GE Healthcare). Polarity-marked MTs
were produced using sea urchin sperm axonemes (Tanaka-
Takiguchi et al, 1998).

Single-molecule motility assay and MT gliding assay
The single-molecule motility assay was conducted as previously
described (Uchimura et al, 2006), with a couple of modifications.
First, MTs were observed by darkfield imaging using an evanescent
field (Supplementary Figure S5). Second, MTs were fixed on a glass
slide using an anti-tubulin antibody and the ionic strength of the
solution was twice increased (x2 MA buffer; 20mM piperazine-
N,N’-bis[2-ethanesulfonic acid] [PIPES], 10mM Kacetate, 4 mM
MgSO,, 2mM EGTA, 0.2mM EDTA; pH 6.8). These changes in
protocol made the assay much easier in comparison to the original
protocol. In brief, a flow chamber assembled from a glass slide and
a coverslip was first coated with an anti-tubulin antibody (0.3 mg/ml;
T-9026, Sigma) for 3min, and then washed with 30l of x2 MA
buffer. Subsequently, 15 pl of yeast MT solution (0.01 mg/ml in x2
MA buffer supplemented with 10 uM Taxol [T-7402, Sigma]) was
introduced to the chamber and incubated for another 10 min; in the
following process, 10 uM Taxol was consistently included in the
solution. The chamber was then incubated with 5mg/ml casein
solution (07319-82, Nacalai Tesque) for 1 min to block non-specific
binding of kinesin to the glass surface. Finally, an HK560-Cy3
solution (1 nM in x2 MA buffer) containing 1 mg/ml casein, 1 mM
ATP, and an oxygen scavenger (Harada et al, 1990), was introduced
into the chamber and motility was observed under a TIRF
microscope (Vale et al, 1996). The observation was made at 25°C.
For the MT gliding assay, we adapted a previously-reported
method (Howard et al, 1989), with the exception that the standard
buffer solution in the original assay was replaced by x2 MA buffer
and HK560 was used.
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Image analysis of single-molecule motility

The movements of the individual HK560-Cy3 molecules were
analyzed using tracking software (G-Track, G-Angstrom). To
measure binding frequency, the total number of binding events
occurring along a single MT, with its lower limit in the run length
set as >100nm, was counted for 5min, and this number was
divided by the MT length and observation time. For each mutant,
the mean value with s.e.m. was calculated from four to ten
independent measurements, and was normalized by the mean
value for WT (0.53 +0.04 pm ™' min™).

The mean run length was determined by non-linear least squares
fitting of the cumulative probability distribution of the data, as
previously described (Thorn et al, 2000), with the lower limit of the
run set being the same as above. Since the photobleaching rate of
Cy3 fluorophore was significantly lower than the detachment rate of
kinesin from MT (0.03-0.05s™" and 0.93-1.67 s!, respectively), run
length was not corrected for photobleaching. The mean velocity
was calculated by fitting the Gaussian distribution with errors
representing s.e.m.

Measurements of unbinding force and stall force

For unbinding force measurement, one-headed kinesin heterodi-
mers were prepared as described elsewhere (Hancock and Howard,
1998). For the measurement of stall force, conventional two-headed
kinesin was prepared from pig brains. Both unbinding force and
stall force measurements were performed according to procedures
previously described (Uchimura et al, 2006) with the following two
changes being made: (1) the MTs were fixed to the glass slide using
an anti-tubulin antibody, and (2) the ionic strength of the solution
was increased (x2 MA buffer). This was done to standardize the
experimental conditions with the ones used in the single-molecule
motility assay.

Steady-state MT-activated ATPase

The steady-state MT-activated ATPase of HK560 was measured
using a modified Malachite Green method (Kodama et al, 1986).
Reactions were performed in x2 MA buffer containing 0.1 pM
HKS560, varying concentrations of yeast MTs (0-20puM), 10puM
taxol, and 2 mM ATP at 25 °C.

Pre-steady state MT-activated ADP release

The kinetics of MT-activated ADP release was measured using the
fluorescent ADP analog, mant-ADP (N-methylanthranoyl ADP).
Before measurement, HK560 kinesin was incubated with mant-ATP
(M-12417, Invitrogen) at a ratio of 1:2 for 60 min on ice to allow the
exchange of ADP at the active site with mant-ADP. Pre-steady state
mant-ADP release was measured in an SX-20 Spectrometer (Applied
Photophysics, Surrey, UK), in which equal volumes (60 pul each) of
2 uM kinesin-mant-ADP are mixed with 0-20puM MTs and 2 mM
ATP (both in x2 MA buffer) at 25°C. An excess amount of ATP is
included in the reaction mixture to block rebinding of the mant-ADP
to kinesin. Fluorescence was excited at 360 nm and detected after
passing through a 395 LP filter. For the data measured using 0.5-
10 uM of wild-type MTs, and that with 2-10 uM of o-E415A MTs,
each time course of fluorescence intensity was fitted by double-
exponential curves using the Pro-Data Viewer software, with the
exponent for the fast phase giving the dissociation rate, kops. For the
data measured with 0.25uM of wild-type MTs and 0.25-1uM of
a-E415A MTs, the time course was fitted by a single exponential.
The rates thus calculated showed a hyperbolic dependence on the
MT concentration and were fitted according to the following
equation: kgps = kmax [MT]/ (Ko sMT + [MT]).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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