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Molecular motors move along actin or microtubules
by rapidly hydrolyzing ATP and undergoing changes
in ®lament-binding af®nity with steps of the nucleotide
hydrolysis cycle. It is generally accepted that motor
binding to its ®lament greatly increases the rate of
ATP hydrolysis, but the structural changes in the
motor associated with ATPase activation are not
known. To identify the conformational changes under-
lying motor movement on its ®lament, we solved the
crystal structures of three kinesin mutants that decou-
ple nucleotide and microtubule binding by the motor,
and block microtubule-activated, but not basal,
ATPase activity. Conformational changes in the struc-
tures include a disordered loop and helices in the
switch I region and a visible switch II loop, which is
disordered in wild-type structures. Switch I moved
closer to the bound nucleotide in two mutant struc-
tures, perturbing water-mediated interactions with
the Mg2+. This could weaken Mg2+ binding and accel-
erate ADP release to activate the motor ATPase. The
structural changes we observe de®ne a signaling path-
way within the motor for ATPase activation that is
likely to be essential for motor movement on microtu-
bules.
Keywords: ATPase activation/decoupling mutants/
kinesin microtubule motors/structural changes

Introduction

Molecular motor proteins use the energy from ATP
hydrolysis to move along cytoskeletal ®laments, either
actin or microtubules, producing work that can be used to
contract muscles (Cooke, 1986), transport organelles and
vesicles (Hirokawa, 1998; Brown, 1999), assemble spin-
dles and move chromosomes (Endow, 1999) or drive
cytokinesis (Goldberg et al., 1998). The mechanism by
which motor proteins generate force and move on actin or
microtubules is not yet understood. The ATPase activity of
the motor is believed to increase greatly upon binding of
the motor to its ®lament, enabling the motor to move along
the ®lament, but the conformational changes associated
with activation of the motor ATPase, and therefore
required for motor movement, are not known.

Molecular motors undergo transitions between several
distinct conformations that correspond to different nucleo-
tide states as they hydrolyze ATP (reviewed in Cooke,
1986), e.g. a Mg´ATP prehydrolysis state, a Mg´ADP-Pi

transition state and a Mg´ADP + Pi post-hydrolysis state.
Workers anticipate that these nucleotide states and tran-
sitions between them will be detectable by spectroscopic
or other analytical methods, or observed in crystal
structures. Binding to actin or microtubules is expected
to further change motor structure by causing structural
changes in the ®lament-binding interface that are trans-
mitted to the nucleotide-binding cleft, resulting in the
greatly elevated ATPase activity that is observed when
actin or microtubules are added to motors in ATPase
reactions. For myosin, the structural changes associated
with ATPase activation by actin are predicted to accelerate
dissociation of ADP or Pi, the rate-limiting step in ATP
hydrolysis (Lymn and Taylor, 1971), whereas for the
kinesin motors, the structural changes induced by binding
to microtubules should enable the motor to overcome the
rate-limiting step, under non-saturating microtubule con-
centrations, of ADP release (Hackney, 1988).

Three different conformations of myosin have been
observed in proteins crystallized with no nucleotide, a
transition state analog or Mg´ADP (Rayment et al., 1993;
Fisher et al., 1995; Dominguez et al., 1998; Houdusse
et al., 1999). The models, interpreted to represent the
motor in different states of the ATP hydrolysis cycle, have
allowed workers to identify structural elements that
undergo conformational changes during nucleotide hydro-
lysis (Fisher et al., 1995; Houdusse et al., 1999). In
addition to a dramatic rotation of the lever arm, the
`switch I' and `switch II' regions, which are structurally
analogous to G protein elements that change in conform-
ation upon nucleotide hydrolysis and exchange (Sablin
et al., 1996), undergo movements that change the structure
of the active site. The crystal structures of the kinesin
motors have been less informative than those of myosin
because, to date, they all contain Mg´ADP, despite
attempts to crystallize the motors with different nucleo-
tides or nucleotide analogs to obtain motors in different
states. Comparisons of the available models have revealed
only small differences (Sack et al., 1999), which are too
small to classify the structures as distinct conformations.
The kinesin crystal structures have therefore yielded little
information thus far about the elements of the motor that
move or change in conformation during nucleotide
hydrolysis.

Identifying the conformational changes that convert the
motor into a ®lament-activated state will be critical to
understanding the mechanism of motility of the myosins
and kinesins. Although the elevated ATPase produced
by adding actin or microtubules to ATPase assays has
been well documented, the mechanism by which the
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enhancement of nucleotide hydrolysis occurs is not
known. Recently, the relationship between the basal and
microtubule-activated ATPase of the kinesin motors has
been elucidated with the report of a mutant that separates
the two activities by decoupling nucleotide and micro-
tubule binding by the motor, preventing activation of the
motor ATPase by microtubules (Song and Endow, 1998).
The decoupling mutant binds tightly to both ADP and
microtubules, unlike wild-type kinesin proteins, which
bind weakly to microtubules in the presence of ADP,
indicating that communication between the nucleotide-
and microtubule-binding regions of the motor is disrupted.
The change of a single amino acid residue in the mutant
blocks activation of its ATPase by microtubules but does
not block its basal ATPase activity, demonstrating that the
basal and microtubule-activated ATPase activities of
the motor can be separated from one another. Separation
of the basal and microtubule-stimulated ATPase of the
motor could occur by preventing structural changes that
are required for ATPase activation and occur when the
motor binds to microtubules.

Here we report the crystal structures of three kinesin
mutants that block the microtubule-stimulated ATPase of
the motor by decoupling nucleotide and microtubule
binding by the motor, but do not block the basal ATPase
activity of the motor. We interpret the decoupling mutants
as destabilizing the ADP conformation and/or stabilizing
conformations required to convert the motor into the
microtubule-activated state. The structures show the ®rst
major changes in conformation of the kinesin motors to be
observed in crystal structures. The structural changes
that we observe identify elements of the motor that
undergo movements during activation by microtubules
and transmit the changes between the nucleotide- and
microtubule-binding regions of the motor. The structural
elements affected by the mutants de®ne a signaling
pathway for activation of the kinesin motor ATPase by
microtubules.

Results

Mutants that block the microtubule-stimulated
ATPase activity of the motor
The three mutants analyzed in this study were selected or
designed to affect the microtubule-activated ATPase of the
motor. The residues that were mutated are shown in the
model of wild-type Kar3 (Figure 1). One of the mutations,
Kar3 N650K, was found in a previous study to disrupt
interactions between the microtubule- and nucleotide-
binding regions of the motor (Song and Endow, 1998), as
described above. The Kar3 N650K mutation completely
blocks the microtubule-stimulated ATPase of the motor
and prevents motility in gliding assays. The other two
mutations, Kar3 R598A and Kar3 E631A, were designed
to prevent formation of a salt bridge between the
conserved switch I (SSRSH) and switch II (DLAGSE)
regions of the motor, which has been observed in some,
but not all kinesin crystal structures (Sack et al., 1999).
Mutation of the corresponding salt-bridge residues in
myosin inhibits or blocks ATPase activation by actin
(Onishi et al., 1998; Furch et al., 1999).

The kinesin motors show a low basal ATPase activity,
which is greatly stimulated by binding of the motor to

microtubules, the cytoskeletal ®laments along which the
motors move. The ATP hydrolytic activity of wild-type
Kar3 increases with increasing microtubule concentration
(Figure 2A). As noted above, the Kar3 N650K decoupling
mutant shows basal ATPase activity but, strikingly, shows
no microtubule-stimulated ATPase activity in steady-state
assays and methyl-anthraniloyl-ADP (mant-ADP) release
was not accelerated by microtubules, in contrast to wild-
type Kar3 (Song and Endow, 1998). When we analyzed
the salt-bridge mutants, Kar3 R598A and Kar3 E631A, we
found that neither mutant showed microtubule-activated
ATPase activity in steady-state assays (Figure 2A),

Fig. 1. Wild-type Kar3 and mutated residues. (A) The conserved
switch I (SwI, green) and switch II (SwII, cyan) residues are indicated
in Kar3+N11 together with helices a3 and a4 (gray). The switch II
loop between R632 and the end of helix a4 (dotted line) is disordered
and is not present in the model. Residues mutated in the Kar3 N650K
uncoupling mutant (gray), Kar3 SwII R632A mutant (gray) and Kar3
salt-bridge mutants (R598A, green; E631A, cyan) are shown space-
®lled and enlarged in (B). (B) N650 of the Kar3 N650K uncoupling
mutant interacts with R632 of SwII in wild-type Kar3. The salt bridge
forms between R598 of SwI and E631 of SwII in wild-type Kar3. ADP
(black) and Mg2+ (red) are shown as ball-and-stick models. Figure
produced using RIBBONS (Carson, 1997).
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although both mutants showed basal ATPase activity
similar to that of wild-type Kar3 (not shown).

The kinesin motors bind weakly to microtubules in the
presence of Mg´ADP and tightly in the absence of
nucleotide (Crevel et al., 1996), changing in binding
af®nity for microtubules during the ATP hydrolysis cycle.
Unlike wild-type Kar3, the Kar3 N650K mutant binds
tightly to microtubules even in the presence of Mg´ADP;
the N650K mutation thus decouples nucleotide and
microtubule binding by the motor (Song and Endow,
1998). The Kar3 R598A and Kar3 E631A mutants showed
opposite effects to one another: Kar3 R598A bound
weakly to microtubules in the presence of ADP or absence
of nucleotide, whereas Kar3 E631A bound tightly. Under
strong binding conditions (no added nucleotide), the
dissociation constant (Kd) of Kar3 R598A from micro-
tubules was higher than wild type (Kar3 R598A, Kd =
1.82 6 0.66 mM; wild type, Kd = 0.37 6 0.10 mM),
and under weak binding conditions (+Mg´ADP) the Kd

of Kar3 E631A was lower than wild type (Kar3 E631A,
Kd = 0.27 6 0.15 mM; wild type, Kd = 1.10 6 0.49 mM).

Relative binding by wild-type Kar3, Kar3 R598A and
Kar3 E631A without added nucleotide is shown in
Figure 2C.

Mutations were also made in the kinesin motor protein
Ncd. Wild-type Ncd shows enhanced ATPase activity with
increasing microtubule concentrations, but Ncd RA and
Ncd EA showed no microtubule-activated ATPase activity
(Figure 2B), like Kar3 R598A and Kar3 E631A. In
microtubule pelleting assays, Ncd RA bound weakly to
microtubules compared with wild type, whereas Ncd EA
bound tightly (Figure 2C), paralleling the effects of Kar3
R598A and Kar3 E631A. These results demonstrate that
the effects of mutating the salt-bridge residues are not
speci®c to Kar3, as was also shown for the Kar3 N650K
decoupling mutation (Song and Endow, 1998). This
implies that a common pathway for ATPase activation
by microtubules exists in the kinesin motors, coupled to
changes in motor binding af®nity for microtubules.

A high-resolution wild-type Kar3 motor
domain structure
Wild-type Kar3+N11 contains 11 more amino acids at its
N-terminus than Kar3 of the structure reported previously
(Gulick et al., 1998) and behaves like a monomer in
solution (Song and Endow, 1996). The structure of
Kar3+N11 bound to Mg´ADP was determined to 1.5 AÊ

resolution (Figure 1; Table I). Superposition of Kar3+N11
on the previous model showed an overall similarity (r.m.s.
deviation of 0.7 AÊ ). An unexpected ®nding was a
conformational difference that caused helix a3 to be
offset by 14° in the two structures, despite their identical
crystallization conditions and space groups. A difference
in helix a3 was observed previously in comparisons
between kinesin and Ncd (Sablin et al., 1996; Sack et al.,
1999) or Kar3 (Sack et al., 1999). Helix a3 thus appears to
be inherently ¯exible, bending or moving at its C-terminus
(Sack et al., 1999). Kar3+N11 also differed from the
previous structure in the length of helix a4, which was
three residues (approximately one turn) shorter, indicating
that helix a4, together with the adjacent loop L11, which
was disordered in both Kar3+N11 and the previous Kar3
structure, undergoes movement and can change in con-
formation.

Structure of the Kar3 N650K decoupling mutant
The structure of the Kar3 N650K decoupling mutant was
determined to 1.7 AÊ resolution (Table I) and was found to
be almost identical to wild type (r.m.s. deviation of 0.2 AÊ ).
The only difference was at the site of mutation in helix a4,
where the side chains of N650 and R632 interact in wild-
type Kar3, but the change of N650K in the mutant
eliminated this interaction. R632 is present in the switch II
loop, L11, adjacent to E631, which forms the salt bridge
with R598 (Figure 1B). Disruption of the N650±R632
interaction could decouple microtubule and nucleotide
binding, and block activation of the motor ATPase by
disrupting transmission of the microtubule-binding signal
to the active site. To test this idea, we mutated R632 to A
and assayed the mutant motor for ATPase activity. The
Kar3 SwII R632A mutant showed microtubule-stimulated
ATPase activity that was reduced ~4-fold at 1 mM motor +
2 mM microtubules, compared with wild-type Kar3. The
reduced activity provides evidence that the interaction of

Fig. 2. ATPase activity and microtubule binding by salt-bridge
mutants. Wild-type and mutant (A) Kar3 and (B) Ncd steady-state
ATPase activity in the presence of microtubules; 1 mM motor protein +
0±2 mM microtubules. Wild type (WT; ®lled circles, Ð), RA (open
circles, Ð), EA (3, - - -). (C) Microtubule binding by wild-type and
mutant Kar3 and Ncd proteins. Coomassie Blue-stained motor protein
in the supernatant (unbound) and pellet (microtubule-bound); 1 mM
motor protein + 2 mM microtubules, no added nucleotide.
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N650 with R632 is involved in transmitting the micro-
tubule-binding signal to the active site. But the failure of
the mutant to completely block microtubule-stimulated
ATPase activity indicates that an alternative pathway must
exist to transmit the signal from N650 when this pathway
is disrupted.

Structures of the salt-bridge mutants
The structure of the switch I salt-bridge mutant, Kar3
R598A, was determined to 1.3 AÊ resolution. The structure
was similar to wild-type Kar3 but showed two major
differences (Figure 3). First, loop L9 in the switch I region
and the C-terminus of the adjacent helix a3, which interact
with Mg2+, were completely disordered. The N-terminus
of the switch I helix a3a, which follows loop L9, was
partially disordered. R598A was displaced toward loop L9
and helix a3 by 0.3 AÊ in Kar3 R598A compared with
Kar3+N11, destabilizing loop L9, helix a3 and helix a3a.
Secondly, loop L11, disordered in wild-type Kar3 struc-
tures, was visible. Three water molecules occupied the
region of the missing side chain of R598. The carboxyl
group of E645 of helix a4 moved by 1.3 AÊ to interact with
E631 via the water molecules, stabilizing the N-terminus
of helix a4 and loop L11. Mutation of R598A in Kar3
R598A thus destabilized the conformation surrounding
switch I and stabilized the switch II loop±helix.

Crystals of the switch II mutant, Kar3 E631A, contained
two identical molecules in an asymmetric unit. The Kar3
E631A structure, which was determined to 2.5 AÊ reso-
lution, showed disordered switch I and switch II loops, L9
and L11. The N-terminus of the switch I helix a3a was
disordered, whereas helix a3 was ordered (Figure 4).

Unlike Kar3 R598A, R598 in Kar3 E631A maintained
interaction with the switch II loop L11 by forming a new
hydrogen bond to the carbonyl oxygen of G629. This
suggests that complete disruption of interactions between
the switch I and switch II loops is required to destabilize
both loop L9 and the C-terminus of helix a3, as in Kar3
R598A. Loop L8 of Kar3 E631A was displaced by 2.3 AÊ

compared with Kar3+N11 (Figure 4). Because loop L8 is
implicated in microtubule binding (Woehlke et al., 1997;
Alonso et al., 1998; Hirose et al., 1999; Kikkawa et al.,
2000), it is possible that this structural change contributes
to the tighter binding to microtubules by Kar3 E631A
compared with wild type.

Discussion

The salt bridge between switch I and switch II
Previous crystal structures of the kinesin motors are
complexed with Mg´ADP and have been interpreted to
represent the ADP state of the motor. Slight differences
exist between the structures (Sack et al., 1999), indicating
that the structures could represent different intermediates
in the ADP state. One of these differences is the presence
or absence of a salt bridge between two highly conserved
residues: the switch I R (SSRSH) and switch II E
(DLAGSE). The salt bridge is present in four of the
previous seven crystal structures of the kinesin motors, but
it is absent in three of the structures: monomeric KHC
(Kull et al., 1996) and Ncd (Sablin et al., 1996), and
dimeric Ncd (Kozielski et al., 1999). Instead of the R±E
salt bridge, the monomeric KHC and Ncd structures show
movement of the R residue away from the E. The dimeric

Table I. X-ray diffraction data collection and re®nement statistics

Motor protein WT Kar3+N11 Kar3 N650K Kar3 R598A Kar3 E631A

Space group P21 P21 P21 P43

Cell dimensions
a (AÊ ) 43.6 43.6 43.9 62.9
b (AÊ ) 78.8 78.0 77.4 ±
c (AÊ ) 47.2 47.3 47.7 153.6
b (°) 105.0 105.1 105.9 ±

Data collection
resolution (AÊ ) 20.0±1.5 20.0±1.7 20.0±1.3 20.0±2.5
measured re¯ections 793 427 309 408 929 216 265 649
unique re¯ections 47 889 31 822 70 750 20 874
completeness (%, > ±3s)a 97.3 (94.9) 93.5 (89.5) 94.0 (87.8) 96.0 (66.9)
Rsym (%)b 7.4 7.0 4.6 8.5
average I/s(I) 16.2 17.5 41.7 18.8

Re®nement
Rwork

c 0.213 0.217 0.218 0.230
Rfree (%)c 0.243 0.266 0.242 0.276
number of re¯ections [F > 2s (F)] 41 892 27 632 67 836 18 420
number of protein atoms 2 393 2 444 2 470 4 746
number of non-protein atoms 317 237 424 191
r.m.s.d.d bond length (AÊ ) 0.006 0.006 0.006 0.009
r.m.s.d.d bond angles (°) 1.20 1.19 1.22 1.42
average B factors (AÊ 2, main chain/side chain) 19.6/22.3 22.3/24.6 15.2/17.8 42.3/44.8

aLast shell values are in parentheses. The last shell includes the resolution between 1.53 and 1.50 AÊ in Kar3+N11, 1.73 and 1.7 AÊ in Kar3 N650K,
1.32 and 1.3 AÊ in Kar3 R598A, and 2.59 and 2.5 AÊ in Kar3 E631A.
bRsym = Shkl[Si |Ihkl,i ± <Ihkl>|]/Shkl,i<Ihkl>, where Ihkl,i is the intensity of an individual measurement of the re¯ection with Miller indices h, k and l, and
<Ihkl> is the mean intensity of that re¯ection.
cRwork = S||Fobs| ± |Fcalc||/S|Fobs|, where |Fobs| and |Fcalc| are observed and calculated structure factor amplitudes, respectively. Rfree is equivalent to
Rwork except that 10% of the total re¯ections were set aside to test the progress of re®nement.
dR.m.s. deviation from ideal geometry.
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Ncd structure of Kozielski et al. (1999) contains two
dimers in the asymmetric unit, each with the salt-bridge
residues in the two heads in close proximity to one
another, but with missing ionic bonds between the
residues. Interestingly, one of the heads of dimeric KHC
(Kozielski et al., 1997) contains a salt bridge, but the other
does not.

The salt bridge is also observed in the myosins, where it
again forms between highly conserved switch I R
(SSRFG) and switch II E (DIXGFE) residues. In the
myosins, the salt bridge is thought to stabilize the `closed'
conformation of the motor (Geeves and Holmes, 1999) in
which the nucleotide cleft is closed around the bound
nucleotide. In the closed conformation, the g-phosphate of
the bound nucleotide is hydrogen bonded to the invariant
switch II G, and coordinated by the Mg2+ ion and the
invariant P loop K, e.g. myosin S1 complexed with
ADP´vanadate (Smith and Rayment, 1996). Mutation of
the salt-bridge residues severely reduces the basal ATPase
of the motor and inhibits or blocks activation of myosin by
actin (Onishi et al., 1998; Furch et al., 1999). These effects
can be attributed to stabilization by the salt bridge between
switch I and switch II of the closed conformation, which is
thought to be essential for nucleotide hydrolysis (Geeves
and Holmes, 1999).

The nucleotide binding cleft in the kinesins is exposed
to the surface of the protein rather than enclosed between
two domains of the protein, as in myosin, and it is
therefore not certain that a state exists in the kinesin
motors that is analogous to the closed conformation of
myosin. Despite this, our results show that mutation of the
corresponding salt-bridge residues in two kinesin motors,
Kar3 and Ncd, blocks activation of the motor by
microtubules. This indicates that an intact salt bridge
between the switch I and switch II regions of the motor is
required for activation of the kinesin motors by micro-
tubules, as it is for activation of myosin by actin. We
further show that mutation of the salt-bridge residues in
Kar3 causes conformational changes that trap the motor in
a weak (Kar3 R598A) or strong (Kar3 E631A) micro-
tubule-binding state. Results from proteolytic mapping
experiments (Alonso et al., 1998), alanine-scanning
mutagenesis (Woehlke et al., 1997) and cryo-electron
microscopy (Hirose et al., 1999; Kikkawa et al., 2000)
implicate helix a4 and loops L11 and L8 in interfacing
with the microtubule. Stabilization of loop L11 and the
N-terminus of helix a4 in Kar3 R598A could prevent tight
binding of the motor to the microtubule and cause the
weak binding to microtubules observed for the Kar3
R598A mutant. The strong binding to microtubules by
Kar3 E631A may be due to the displacement of loop L8
compared with wild type. Remarkably, these changes in
motor binding af®nity for microtubules are caused by
mutations of single residues, which may not themselves

Fig. 3. Structural changes in Kar3 R598A. Kar3 R598A (purple) differs
from wild-type Kar3+N11 (gray) in helices a4, a3a and a3, and loops
L11 and L9. These structural elements de®ne a signaling pathway that
extends from helix a4 and loop L11 of switch II at the putative motor-
microtubule binding interface (Woehlke et al., 1997; Alonso et al.,
1998; Hirose et al., 1999; Kikkawa et al., 2000) to helix a3a and loop
L9 of switch I, and helix a3, adjacent to the bound ADP (black) and
Mg2+ (red). The disordered loop L9, N-terminus of helix a3a and
C-terminus of helix a3 cause switch I to move towards the bound
nucleotide and disrupt interactions with Mg2+, which probably
destabilizes the Mg2+ and accelerates release of ADP. Figure made
with RIBBONS (Carson, 1997).

Fig. 4. Structural changes in Kar3 E631A. Kar3 E631A (magenta)
differs from wild-type Kar3+N11 (gray) in loops L9 and L8. Loop L11
is disordered in both wild type and Kar3 E631A, and is not shown in
the model. The disordered switch I loop L9 causes switch I to move
towards the bound nucleotide. ADP, black; Mg2+, red. Image prepared
using RIBBONS (Carson, 1997).
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interact directly with tubulin. The Kar3 N650K mutant
also shows tighter binding to microtubules than wild-type
Kar3, like Kar3 E631A, but this can be attributed at least in
part to the nature of the mutation: a change of N650 to a
positively charged K in helix a4, an element that is
thought to interface directly with tubulin, would be
predicted to cause the motor to bind more tightly to
microtubules.

Structural changes in the mutants
All three of the Kar3 mutant structures we report are
complexed with Mg´ADP, like the previous kinesin crystal
structures, but Kar3 R598A and Kar3 E631A show
changes that differ from the ADP conformations reported
previously. A major change in Kar3 R598A, not observed
previously in other kinesin crystal structures, is the partial
melting of helix a3. Furthermore, loop L9 and the
N-terminus of helix a3a are disordered in both Kar3
R598A and Kar3 E631A, causing switch I to be displaced
towards the bound nucleotide and Mg2+ ion (Table II),
which perturbs interactions with the Mg2+. In wild-type
Kar3, the Mg2+ is coordinated in a tetragonal bipyramidal
or octahedral geometry by a b-phosphate oxygen, the
hydroxyl group of T481, and four water molecules that
also interact with D626 of switch II, R585 and T587 of
loop L9, and N593 of helix a3a (Figure 5). A water-
mediated hydrogen bond between R585 and D626
stabilizes the side chain of D626 that interacts with the
Mg2+. The water-mediated interactions of the Mg2+ with
R585, T587 and N593 are disrupted in Kar3 R598A and
Kar3 E631A because loop L9 and the region of helix a3a
that contains N593 are disordered. Disruption of these
interactions probably causes the Mg2+ to be more weakly
bound in the mutants than in wild-type Kar3. Movement of
R585 is likely to have a dual effect on the binding of the
Mg2+ by (i) disrupting its own water-mediated interactions
with the Mg2+ and (ii) destabilizing D626, which also
indirectly coordinates the Mg2+ via a water molecule.
Release of the Mg2+ is predicted to accelerate release of
ADP, the rate-limiting step in kinesin nucleotide hydro-
lysis under non-saturating microtubule concentrations
(Hackney, 1988), activating the motor ATPase.

In addition to these structural changes in the switch I
region, Kar3 R598A shows changes in the switch II region
of the motor compared with wild-type Kar3. The changes
include stabilization of loop L11 and the N-terminus
of helix a4, the switch II loop±helix. In Kar3 R598A,

helix a4 begins at G640 instead of R644, as in wild-type
Kar3, extending the length of helix a4 by one turn. This
is not substantially different from the length of helix a4
in the previous wild-type Kar3 model, however, where
helix a4 begins at R641 (Gulick et al., 1998). The Kar3
R598A and wild-type Kar3 models demonstrate that
helix a4 can undergo changes in length of as much as a
turn by melting of residues at its N-terminus. Helix a4
therefore appears to be intrinsically unstable. The switch II
loop L11 is visible in Kar3 R598A, differing from its
disordered state in wild-type Kar3 structures and in Kar3
E631. Stabilization of loop L11 may be the basis of the
weak binding by Kar3 R598A to microtubules compared
with wild type or Kar3 E631A, as noted above.

The disordering or melting of helix a3 (Kar3 R598A)
and helix a3a (Kar3 R598A, Kar3 E631A), and the
changes in the length of helix a4 (Kar3 R598A cf. wild-
type Kar3) resemble the melting of the SH1 helix in
myosin. In myosin the disordered SH1 helix causes a
marked change in angle of the lever arm, which may play
an essential role in the contractile cycle (Houdusse et al.,
1999). Helix melting thus occurs in at least three helices of
Kar3, as well as in myosin, and appears to represent a
common mechanism used by the kinesin and myosin
motors to move domains to enable motor function.

The structures we observe for Kar3 R598A and Kar3
E631A differ from previous structures reported for the
kinesin motors. The dramatic structural changes in the
proteins compared with previous models cause us to
believe that they are not merely due to inherent ¯exibility
of the switch I and switch II regions. It is possible that the
structures correspond to kinetic intermediates of the ADP
state detected by others using spectrophotometric methods
(Xing et al., 2000), or they may represent previously
unobserved ADP®ATP transition states. Binding of the
motor to microtubules is likely to cause even more
extensive changes that involve the same structural elem-
ents as those we have identi®ed here to undergo move-
ments. The changes in Kar3 R598A and Kar3 E631A that

Table II. Distance from the bound nucleotide and Mg2+ to switch I
residues

Motor protein Pa to S596 S597 R598

WT Kar3+N11 10.45 9.33 12.99
Kar3 R598A 10.58 9.16 12.84
Kar3 E631A 9.66 8.93 12.58

Mg2+ to S596 S597 R598
WT Kar3+N11 6.23 5.64 9.08
Kar3 R598A 6.23 5.32 8.86
Kar3 E631A 5.52 4.95 8.50

Distances are in angstroms and were measured using the program O
(Jones et al., 1991). Kar3 N650K is almost identical to wild-type
Kar3+N11 and is therefore not shown.

Fig. 5. Coordination of the Mg2+ ion in wild-type Kar3. The bound
Mg2+ of wild-type Kar3 has a tetragonal bipyramidal or octahedral
coordination due to the Pb oxygen, the hydroxyl group of T481 and
four water molecules that also interact with D626 of switch II (cyan),
R585 and T587 of loop L9, and N593 of helix a3a. R585 is hydrogen
bonded by a water molecule to the D626 side chain that interacts with
the Mg2+.

M.Yun et al.

2616



probably underlie activation of the ATPase involve
movement of switch I toward the bound nucleotide,
resulting in weaker binding of the Mg2+ and accelerated
ADP release. This differs from the movements that occur
in myosin during conversion of the motor from the closed
to the open form. The closed state, thought to be required
for nucleotide hydrolysis, undergoes transition to the open
form, proposed to be associated with actin binding and Pi

release, by movement of the switch II region out of the
active site (Fisher et al., 1995; Geeves and Holmes, 1999).

A pathway for activation of the motor by
microtubules
The Kar3 R598A and Kar3 E631A salt-bridge mutants and
the Kar3 N650K mutant (Song and Endow, 1998) show
basal ATPase activity in steady-state assays similar to that
of wild-type Kar3. The kinetics of mant-ADP release by
the Kar3 N650K mutant in the absence of microtubules
was also found to be close to that of wild-type Kar3 (Song
and Endow, 1998). The Kar3 R598A and Kar3 E631A
salt-bridge mutants were not analyzed using transient
methods in the present study. Further analysis of the salt-
bridge mutants, as well as the Kar3 N650K uncoupling
mutant, may reveal changes in the basal ATPase (Rice
et al., 1999) that are detectable only using single-turnover
or transient methods. The ®ndings relevant to the work
presented here are that the salt-bridge and uncoupling
mutants can hydrolyze nucleotide and bind to micro-
tubules, but they fail to show enhanced ATPase activity in
the presence of microtubules. This indicates that nucleo-
tide and microtubule binding by the motor are decoupled
in all three mutants. The mutants decouple nucleotide and
microtubule binding by disrupting transmission to the
nucleotide-binding cleft of changes that occur in the motor
upon binding to microtubules. The mutant effect of
blocking activation of the motor by microtubules and the
structural elements the mutants affect de®ne a pathway
within the motor for activation by microtubules that
extends from helix a4 at the putative motor±microtubule
binding interface to the nucleotide-binding cleft (Figures 1
and 3). We propose that, upon binding to microtubules, the
signal for activation of the Kar3 ATPase is transmitted
from N650 of helix a4 to R632 of L11, then to the E±R salt
bridge and from the salt bridge to the active site
(Figure 1B).

This pathway is supported by evidence that helix a4 of
the kinesin motors interfaces with the microtubule
(Woehlke et al., 1997; Alonso et al., 1998; Hirose et al.,
1999; Kikkawa et al., 2000) and by the complete block in
ATPase activation of the mutants. Mutation of Kar3 R632
to A reduced, but did not abolish, microtubule-enhanced
ATPase activity, indicating that an alternative pathway of
activation must exist in Kar3. N650 of Kar3 helix a4 is
invariant in the known kinesin proteins, but Kar3 R632 is
replaced by K in KHC and by S in Ncd. Structures of both
KHC (Sack et al., 1997) and Ncd (Kozielski et al., 1999)
show the N of helix a4 hydrogen bonded to the salt bridge/
switch I R, which is also invariant in the kinesin motors,
indicating that the microtubule-binding signal is transmit-
ted directly to the salt bridge via the conserved switch I R
in KHC and Ncd. This could serve as an alternative
pathway in Kar3, and would consist of transmission of the
microtubule-binding signal from N650 of helix a4 to

switch I R598 and the E±R salt bridge, and from the salt
bridge to the active site.

The E±R salt bridge in the kinesin motors thus provides
a direct means of communication between switch I and
switch II to enable the signal for microtubule binding to be
transmitted to the active site. The effect of the Kar3
R598A and Kar3 E631A mutants in completely blocking
the microtubule-activated ATPase of the motors provides
evidence that direct interactions between switch I and
switch II are required for activation of the kinesin motors
by microtubules. The pathway of structural changes that
we observe in the Kar3 motor identi®es changes in the
switch I and switch II regions that the motor undergoes
during activation of its ATPase by microtubules. These
changes are likely to be essential for motor movement
along microtubules and will therefore be critical to
understanding the structural basis of kinesin motor-based
transport in the cell.

Materials and methods

Protein expression, puri®cation and biochemical assays
Plasmids encoding the RA and EA mutants were made by PCR (Ho et al.,
1989) and con®rmed by DNA sequencing. Kar3 mutant proteins
corresponded to residues 383±729 and Ncd proteins to residues
333±700 of the full-length protein. Protein puri®cation and biochemical
tests were as described (Song and Endow, 1996, 1998). Kar3 E631A was
expressed with or without His6 at its N-terminus. Tests of the His6 protein
gave Kd values in microtubule-binding assays that overlapped those of the
non-tagged protein and His6-Kar3 E631A showed basal ATPase activity
but no microtubule-stimulated ATPase activity in nucleotide hydrolysis
assays. Basal ATPase activity was assayed using Mg´[g-32P]ATP and
activated charcoal binding of unhydrolyzed nucleotide (Chandra et al.,
1993). Microtubule-binding assays for Kd determination were performed
in 10 mM HEPES pH 7.2, 50 mM NaCl, 1 mM EGTA and 1 mM
MgCl2; the assays in Figure 2C were in 50 mM Tris±acetate pH 7.5,
50 mM NaCl, 1 mM EGTA, 1 mM MgCl2 and 100 mg/ml bovine serum
albumin (Hackney and Stock, 2000). Two or more ATPase or
microtubule-binding experiments with wild-type Kar3 or Ncd controls
were performed for each mutant (Kar3 R598A, Kar3 E631A, Kar3 SwII
R632A, Ncd RA, Ncd EA) protein.

Crystallization and structure determination
Crystals were grown at 18°C (Kar3+N11, Kar3 N650K) or 4°C (Kar3
R598A, His6-Kar3 E631A) in hanging drops consisting of 2 ml of protein
(15 mg/ml) + 2 ml of well solution containing 20±26% PEG2000ME and
0.2 M NaCl as precipitants, and 50 mM HEPES buffer pH 7.0±8.0
(Gulick et al., 1998). Diffraction data were collected at Brookhaven
National Synchrotron Light Source beamline X4A using a Brandeis Q4
CCD detector operating at 100°K, and processed using HKL (Otwinowski
and Minor, 1997). The structure of native Kar3+N11 was determined by
re®ning the previous model of the Kar3 motor domain (Gulick et al.,
1998) using the Kar3+N11 data at 1.5 AÊ resolution. From the resulting
electron density map, we were able to build the side chains of residues
that were built as alanines in the previous model. The structures of Kar3
N650K and Kar3 R598A were determined by re®ning the ®nal model of
Kar3+N11 using diffraction data at 1.7 and 1.3 AÊ resolution, respectively.
X-PLOR (BruÈnger, 1992) was used for crystallographic re®nement and
the model was built in the programs O (Jones et al., 1991) and XtalView
(McRee, 1998). The Kar3 R598A mutant contained Mg´ADP bound to
the active site even in crystals grown in the presence of AMP´PNP. In
addition to the Mg´ADP bound to the P loop, the model for Kar3 R598A
shows a second ADP bound to a cleft between helix a1 and strand b8.
This is probably an artifact due to a spurious ionic interaction, since the
Mg2+ was missing and the site was not fully occupied. The structure of
Kar3 E631A was determined by molecular replacement using the re®ned
Kar3+N11 as a search model at 2.5 AÊ resolution. The cross-rotation and
translation functions and Patterson correlation re®nement were calculated
using X-PLOR. The two best solutions for the rotation search
corresponded to two molecules of the Kar3 motor domain in the
asymmetric unit. After the relative translation between the two molecules
was determined, the model containing both molecules was subjected to
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rigid body re®nement, resulting in an R factor of 38.0%. Several iterations
of re®nement and model building improved the structure (see Table I).
Non-crystallographic symmetry restraints were applied throughout the
re®nement.

Accession numbers
The atomic coordinates (accession codes 1F9T, 1F9U, 1F9V and 1F9W)
have been deposited in the Protein Data Bank.
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