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ABSTRACT:. To probe the structural changes within kinesin molecules, we made the mutants of motor
domains of two-headed kinesin{411 aa) in which either all the five cysteines or all except Cys45 were
mutated. A residual cysteine (Cys45) of the kinesin mutant was labeled with an environment-sensitive
fluorescent probe, acrylodan. ATPase activity, mechanical properties, and fluorescence intensity of the
mutants were measured. Upon acrylodan-labeled kinesin binding to microtubules in the presence of 1
mM AMPPNP, the peak intensity was enhanced by 3.4-fold, indicating the structural change of the kinesin
head by the binding. Substitution of cysteines decreased both the maximum microtubule-activated ATPase
and the sliding velocity to the same extent. However, the maximum force and the step size were not
affected; the force produced by a single molecule wa6.6 pN, and a step size due to the hydrolysis of

one ATP molecule by kinesin molecules was about 10 nm for all kinesins. This step size was close to a
unitary step size of 8 nm. Thus, the mechanical events of kinesin are tightly coupled with the chemical
events.

Kinesin moves along microtubules to the plus end, utilizing filaments (3—15), which suggests a looser coupling of the
the energy of ATP hydrolysisl( 2). Drosophila kinesin mechano-chemical reaction, although some data showed a
contains two heads, each of which includes a catalytic shorter step size of411 nm (6, 17).
domain (N-terminal +340 aa) and an-helical stalk (356 In an attempt to probe structural changes that occur within
975 aa) B). The catalytic domain, which has ATP binding a two-headed kinesin molecule{411 aa) 8), we have been
and microtubule binding sites, is highly conserved among substituting existing cysteine residues with other amino acids
kinesin family members4). Recently, the three-dimensional and putting new cysteines at the desired positions to be
atomic structure of the catalytic domain was obtained by labeled. In this study, we prepared kinesin mutants to
X-ray crystallography%). Microtubule binding sites on the  determine if these mutants retained the characteristics of
catalytic domain were identified by alanine scanning mu- kinesin. We substituted all cysteines or all except Cys45 by

tagenesisf). the other amino acids and labeled the residual cysteine with
The motility of single kinesin molecules has been inves- the fluorescent dye aclyrodan. These mutants resulted in a
tigated using optical trapping nanometry—9). Kinesin proportionate decrease in the sliding velocity of single

moves with a step of 8 nm in the fashion of a hand-over- molecules and the ATPase rate. The step size, calculated as
hand mechanism/( 9, 10. Analysis of the step dwell time  the ratio of the sliding velocity to the ATPase rate, as well
suggested that each kinesin head moves with a step of 16€as the force generated were the same for all kinesins studied.
nm, or a kinesin molecule, center of mass of two heads, These results suggest that modification of cysteine does not
moves with a step of 8 nnB). Statistical analysis of step  affect the basic process of force generation and the step size
intervals and ATPase activity was consistent with an 8 nm per ATP molecule hydrolyzed.

step per hydrolysis of one ATP molecule by kinesin 11,

12). Thus, one mechanical step of 8 nm is coupled to one MATERIALS AND METHODS

ATP hydrolysis cycle; that is, there appears to be a tight  construction of pGEX-DK411-BDTCThe coding se-
coupling between mechanical and chemical reactions. Thisguences for the 411 N-terminal residues Dfosophila
contrasts with the long step size per one ATP hydrolysis inesin heavy chain (DKH4411) and biotinylated peptide
cycle (longer than 20 nm) produced by myosin on actin i g, colifor a segment coding a part of the 1.3S subunit of

Propionibacterium shermaniranscarboxylase (BDTC) were
* Correspondence should be addressed to this author at the Depart- P Y ( )

ment of Metallurgy, Graduate School of Engineering, Tohoku Univer- obtained from th&Sadl —Eag fragment of pBS 1-218) and
sity, Sendai 980-8579, Japan. Telephone and Fag1)-22217-7365.  the Sal—Smd fragment of pinpoint Xa-1 (Promega),

E-Taili higuchi@material.tohoku.ac.jp. respectively. These fragments were constructed in tandem
§8§g||22 nggg'Medical School into the Xhd site of pGEX-4T-1, which is the glutathione
I Japan Science and Technology Corp. Stransferase (GST) expression vector (Pharmacia Biotech).
U Tohoku University. This GST kinesin fusion plasmid was designated pGEX4T-
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Ficure 1: Positions of cysteines on the three-dimensional atomic structure and purity of kinesin mutants. (a and b) Space-filling models
of the kinesin motor domain oriented on the ADP binding side (a) and its backside (b). Positions of cysteine residues 17C, 45C, 309C,
310C, and 338C obrosophilakinesin correspond to these of 13C (green), 39V (red), 303C (blue), 304C (yellow), and 332S (cyan) of rat
kinesin, respectively27). Magenta balls indicate ADP. (c) SB®AGE of kinesin mutants. Left lane, molecular mass markers, with
masses shown on the left. Moth, mother mutants (DKH411-BDTC) of kinesin heavy chain with BDTC; Free, cysteine-free DKH411-
BDTC; Cys45, cysteine 45 containing DKH411-BDTC.

sonication for 8 s 3 times, and the lysate was centrifuged
at 2000@ for 20 min to remove insoluble materials. One
milliliter of 50% glutathione-agarose suspension (G-4510,

Table 1: Mutants of Kinesin

no. of amino acids

17 45 309 310 338 Sigma) in Pipes solution [50 mM Pipes, pH 6.8, 150 mM
QOthfef \C/ g TC VC SC NaCl, 1 mM MgCh, and 25uM AMPPNP (3-adenylyl
C))g;lgee v c T v 2 imidodiphosphate)] was added to the supernatant to adsorb

the GSTFkinesin. A slurry of the glutathione was poured

DKH411-BDTC. The DKH411-BDTC protein, named mother Nt0 & chromatography column (polyprep column, Bio-Rad)
kinesin, contains five cysteine residues at positions 17th, a.nd yvashed thoroughly with the_ Pipes sol_ut|on. Cys45
45th, 309th, 310th, and 338th (Figure 1). A mutant in which Kinesin (2uM) was labeled for 60 min at 23C with 40uM

all cysteines are substituted (C17V, C45A, C309T, C310v, &crylodan (A-433, Molecular Probes) in Pipes solution (a
and C338S), referred to as Cys-free kinesin, and a mutant/2P€led Cys4s kinesin), and the unreacted dye was washed
in which all but Cys45 are substituted (C17V, C309T, out with the Pipes solution containing 1 mM DTT. Then

C310V, and C338S), referred to as Cys45 kinesin (Table thrombin (30 units after addition) and CaGk mM after
1), were made by the LA PCR in vitro Mutagenesis Kit addition) were added to kinesin solution in the resin. After

(TAKARA), using specific oligonucleotide primers. The incubation for 60 min at 28C, GST-free kinesin was eluted
correctness of the PCR-derived fragments was confirmed byWith the Pipes solution. Affinity purification of the mutants
double-stranded DNA sequencing using the high chemilu- was (_jone Wlth_ta_ixol-stablllzed bovine brain mlcro'gubules in
minescent DNA sequencing kit (Toyoba). This construct was Solution containing 0.1 mM AMPPNP, 80 mM Pipes (pH
designated pGEXAT- DKH411cf-BDTC. 6.8),1 mM EGTA, and 2 mM MgQI(?O). After incubation
Expression and Purification. E. cdlil-18 was transformed ~ foF 10 min at 25°C, microtubule-kinesin complex was
with pGEX4T-DKH411-BDTC and pGEX4T-DKH4lle- pelleted by Centrlfuggtlon at 355@&” 10 min. Kln_%ln
BDTC for expression of GST-DKH411-BDTC and GST- Was released _from microtubules in sqlutlon containing ATP
DKH411cf-BDTC, respectively. Cells were grown with [250 mM sodium acetate, 80 mM Pipes (pH 6.8), 1 mM
shaking at 25C in 500 mL of LB media (10 g of tryptone, EGTA, 2 mM MgCh, and 0.5 mM ATP]. Then 15 uM
5 g of yeast extract, @5 g of NaCl per liter) supplemented ~ Purified kinesin mutants (mother, Cys-free, Cys45, and
with ampicillin (0.05 mg/mL) until ORes= 1.0. To express  'abeled Cys45 kinesins) was collected from the supernatant
these fusion proteins, isopropg#o-thiogalactoside (IPTG)  after centrifugation at 3550q0or 5 min.
was added to the culture media at a final concentration of 1 ~ Microtubule used in the present study was obtained by
mM and incubated for 10 h. The cells were chilled and polymerization of bovine brain tubulin. Protein concentra-
collected by centrifugation at 3560for 10 min and tions of kinesin and microtubule were determined with
suspended with 8 mL of cold lysis buffer (16 mM MO, Coomassie Brilliant Blue G-250 staining (Tonein TP; Ootuka
4 mM NaHPO, 150 mM NaCl, 1 mM EGTA, 1 mM Co., Japan), using BSA as a standard. The molar concentra-
p-APMSF, 1 mM DTT). The cells (2.5 g) were lysed by tions of the kinesin mutants and microtubules were calculated
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using their molecular masses of 120 kDa for two-headed 4
kinesin and 110 kDa for tubulin dimer. Cys4s-s-$
Fluorescence Emission Spectrufie fluorescence spec- "
trum of acrylodan labeled to cysteine 45 of Cys45 kinesin
was recorded using a Spex Fluorolog-2 spectrofluorometer
(Fluorolog, Edison, NJ): 15@L of 20—100 nM Cys45
kinesin in solution containing 80 mM Pipes, 1 mM EGTA,
and 2 mM MgC} in the absence and presence of microtubule
and AMPPNP (final concentrations of &M and 1 mM,
respectively) was excited at a wavelength of 365 nm at 25

C. ) . 200 4.:50 5(I)0 5|50 G(I)O 650
ATPase AssayMg-ATPase and microtubule-activated Wavelength (nm)

ATPase assays of kinesins were carried out atQ&sing . .
dified Malachite Green method9). The ATPase FIGURE 2: Fluorescence spectrum of acrylodan-labeled Cys45 in
a mo : the presence and absence of microtubule. Excitation wavelength,

activities (P released per second per head) were measuredgs nm. Two-headed kinesin (uM) was mixed with microtubule
at 25°C in a solution (80 mM Pipes, 1 mM EGTA, 2 mM (1 «M) in the presence of 1 mM MgAMPPNP.

MgCl,, 0.2 mg/mL casein, 40 mM taxol) containing-30
nM kinesin, 10uM—1 mM ATP, and 50 nM-4 uM tubulin
dimer.

Kinesin
+ Microtubule

Relative Intensity

Kinesin

to unreacted probe, the fluorescence intensity was enhanced
by about 10 times and the peak position was shifted about
10 nm from 530 nm. Upon binding to microtubules in the

Optical Trapping Ngnometr)MotiIity assay of kinesin- resence of 1 mM AMPPNP, the peak further shifted from
bound beads was carried out by laser trapping nanometry as;»( 1 470 nm with a 3.4-fold increase in the peak intensity

described previously20, 2J). Briefly, fluorescently labeled (Figure 2). The binding of ATP dissociated kinesin from the

gwg:_lr_cg:tukbules_ were bbour:jd on the s_l,(ljr_face of dabCO\c’jers_:_'ﬁ' microtubules and reversed the fluorescence change. Thus,
-Kinesin was bound to streptavidin-coated beads. The, o qemonstrated that it is possible to monitor a local change

bgads were trappgd and brought into contact with the ;, the protein with the probe that attached to the residual
microtubules. The displacement of beads was detected by 6Cys45.

quadrant photodiode. Trap stiffness was estimated to be 0.045 ATPase Assaylo study if these substitutions of cysteine

\F/)v':/s m;e:fr:))%égeinegu;%?tﬁligﬁncghnetgirr?i%(gcj)) . Tl\;]ePiapl)SeSsa)(/pH residues and the labeling affect the properties of this protein,
we measured the chemical and mechanical properties of these
6.8), 1 mM EGTA, 2 mM MgCj}, 10xM—1 mM ATP.’ 10 proteins. In the absence of microtubules, the ATPase rates
mM glucose, ug/mL catalase, 5ag/mL glucose oxidase, ¢ 4| kinesins examined were<0.1 s. Microtubules
0.5% 2-mercaptoethanol, and 48 taxol at 25°C. activated the ATPase of kinesins. To determine the affinity
RESULTS of kinesin to microtubules and ATP and the maximu_m
ATPase ratef), the ATPase rate was measured as a function
Purification and Labeling of KinesinsThe catalytic of the concentrations of both microtubules and ATP. ATPase
domain of Drosophila conventional kinesin contains five rates of kinesin mutants per two heads increased with tubulin
cysteines. All five cysteines and four cysteines except Cys45 concentration (Figure 3a) and with ATP concentration in a
were substituted to prepare Cys-free kinesin and Cys45hyperbolic manner (Figure 3b). The ATPase rakgsyere
kinesin, respectively. The expression and purity of mother fit to Michaelis-Menten curves:
(DKH411-BDTC), Cys-free, and Cys45 kinesins were con- 1 1
firmed with SDS-PAGE (Figure 1a). The purity of kinesins V=VnadMTI(Kyr + [MT]) “[ATP](Karp + [ATP])
was about 90%. The molecular mass of these kinesin heads (1)
was estimated to be 60 kDa from SBBAGE, in agreement  where Vi is the ATPase rate at infinite concentrations of
with the value calculated from the amino acid sequence (46 microtubules and ATP, [MT] and [ATP] are the concentra-
kDa for DK411 + 14 kDa for BDTC). Biotinylation of tions of microtubules and ATP, arldyr andKarp are the
BDTC was also detected with streptavidialkaline phos-  microtubule and ATP concentrations at whighs half of
phatase and bromochloroindolyl phosphate/nitro blue tetra- v, respectivelyKyr andKare are measures of the affinities
zolium as substrate (BCIP/NBT2). Cys-free and Cys45  of kinesin to microtubules and ATP; the higher the value,
kinesins were labeled with a fluorescent probe, acrylodan. the lower the affinity. The values Ofma Kur, and Karp
Acrylodan labeling per kinesin head, which is determined obtained for each kinesin are summarized in Table 2. For
from the absorbance of labeled kinesin at a wavelength of mother kinesinVmax Was 68 s?, similar to another report
365 nm, was<0.1 and 1.0, respectively. Cys-free kinesin (24). The substitution of four cysteines except Cys45 reduced
was not labeled, indicating that the labeling with acrylodan v, to 40 s, 0.55 of mother kinesin. Further substitution
is specific to cysteine residues. Thus, we confirmed that we of Cys45 did not chang¥max The labeling at Cys45 with
had successfully constructed and labeled these proteins. acrylodan further decreas&th. to 26 s, 0.32 of mother
Fluorescence Properties of Labeled Kinesktrylodan kinesin (Table 2). The affinities of kinesin for microtubules
attached to Cys45 kinesin was used to probe its microenvi- and ATP were reduced by mutation and labeling in a similar
ronmental change, since this dye is known to be sensitive tomanner. Thus, th¥max and the affinity for microtubule and
the environmentZ3). The emission fluorescence spectrum ATP were decreased by substitution of cysteines and labeling.
exhibits a peak at 520 nm, indicating that the probe is  Motility of Recombinant Kinesind:he motility of single
relatively exposed to the solvent (Figure 2). As compared molecules of recombinant kinesins was measured using laser
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Ficure 3: Microtubule-activated ATPase of kinesin mutants. (a) 50
ATPase rate per two heads as a function of the concentration of
1

tubulin dimers in microtubule at a fixed concentration of MgGATP 5 . 5 3 7 <
of 1 mM. (b) ATPase rate as a function of the concentration of ]

MgATP at a fixed concentration of microtubule ofu. Mother Time (s)

kinesin molecule @); cysteine-free kinesin4); kinesin with
cysteine 45[(); and acrylodan-labeled Cys45 kinesi) ( Best-fit
curves shown by solid lines were calculated from the modified
Michaelis—-Menten equation (eq 1 in the text).

FiIGURE 4: Force generation of single molecules of kinesin mutants.
Mother kinesin (a), Cys-free (b), Cys45 (c), and acrylodan-labeled
Cys45 (d). BDTC of kinesin mutants was bound on avidin-coated
bead. The displacement of a bead was detected by a quadrant
photodetector. The forces were obtained as a product of bead
Table 2: Microtubule-Activated ATPase Activity per Two Heads of  displacement and trapping stiffness of 0.045 pN/nm.

Kinesin Mutants

Viax (51 Kur M)  Katp(uM) Vi ate(sTY)? 8 a.

mother 68 0.093 48 64 T . . .
Cys-free 40 0.45 153 34 6F L
Cys45 38 0.44 185 32 = st
labeled Cys45 26 0.80 247 20 % al

2V atpis the ATPase rate at 1 mM MgATP and infinite concentra- S sl
tion of microtubule present. w AL
trapping and nanometry. BDTC fused at the C-terminus of T
recombinant kinesins was bound to streptavidin that was 0 . : —— :
linked to beads. The displacement of bead was measured b-
with a quadrant photodiode with nanometer precision. Figure N 081 .
4 shows the bead-displacement and the force exerted by £ oeh t
kinesins. The displacement of the bead increased in a S
stepwise fashion until it was saturated (Figure 4). A stall g 0.4f i
force, defined as a force when beads stayed for a period < 3
longer than 0.5 s, was similar for all kinesins. The stall force > 02t i
of all kinesin mutants was 6:86.5 pN (Figure 5a). In
contrast to the force at saturation, the rise time was slower 0 - N P
than that of mother kinesin, depending on mutation and 2 £ § 22
labeling. The velocity at low force was obtained from the 3 3 © § é’

slopes of the displacement transients between a force of 0.5 ) ) -
and 1.5 pN by taking into account the attenuation factor of Ficure 5: Force and velocity of single molecules of kinesin

. mutants. Force was measured at maximum and stalling for a period
1.3 due to the compliance of bead-to-glass 20. The longer than 0.5 s. The velocity at 6:3.5 pN force was calculated

velocity of mother kinesin was 670 nni’s The velocities  from the bead displacement multiplied by the attenuation factor

of Cys-free, Cys45, and labeled Cys 45 were reduced to 0.61,(1.3) of the compliance of beadinesin linkage. Bars, standard

0.49, and 0.27 of that of mother kinesin, respectively (Figure errors at sample numbers of 184 (a) and 2630 (b).

5b). The decrease was similar to that for the ATPase

decrease. the relation between the velocity at about 1 pN force and
Step Size of Cysteine-Modified Kinedfinom the ATPase  the ATPase rate under the same condition. The velocity of

rate and the velocity, we could calculate a step size producedtwo-headed kinesins at 1 pN was reported almost the same

by hydrolysis of a single ATP molecule. Figure 6a shows as at no loadq, 20. The sliding velocity was basically
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The major result of this study is that substitution of the
cysteine residue of the molecular motor kinesin does not
affect its force and step size, and these cysteine-free mutants
can be used to study the structtifenction relationship of
kinesin. The catalytic domain @rosophilakinesin contains
five cysteines. All five or four except Cys45 were substituted
by other amino acids using site-directed mutagenesis. The
step size produced by hydrolysis of a single ATP and the
force produced by a single molecule are the same for these

001620 30 40 S0 60 70 80 mutants. Also, these values were not affected when they were
ATPase Rate (s ') labeled with a fluorescent probe, acrylodan. The step size
15 estimated from the ratio of the velocity to the ATPase was
b. 9—-12 nm for all kinesins. This value is close to the
+ elementary mechanical step size reported for the native

kinesin head (8 nm)7 9). These results are also consistent
with recent resultsq, 11, 12, 2Qthat an 8 nm step of kinesin
molecules occurs during hydrolysis of one ATP molecule
(tight coupling mechanism).

The stall force obtained was—%.5 pN for all kinesins.
This value is similar to that of native bovine kinesin of 6.7
0 T T pN (21). The work done by our kinesin mutants, which

¢ AT;(;segte iﬁ-x)“ oo moves by a step of 8 nm at 6 pN, is 8 nm6 pN = 48 x

. o . _ 1072%J. If an 8 nm step is produced during one ATP molecule
FiGurRe 6: Step size of kinesin mutants. (a) Motile velocity was

taken from data shown in Figure 5a. ATPase activity per two heads hydrolysis, the energy effICI'ency of kinesin is about 6.0%’
was calculated from the eq 1 at 1 mM MgATP and infinite compared with the energy liberated from the hydrolysis of
concentration of microtubule. Bars, SD. (b) The step size per ATP, 80 x 10721 J (25). Therefore, the energy efficiency of
hydrolysis of one ATP molecule by the kinesin molecule or two kinesin mutants is almost the same as that of native kinesin.
heads was estimated by dividing the motile velocity by the ATPase  pegpite invariant numbers of force and step size, the
activity. Bars, SD. Lines, linear regression lines. ATPase activity and motile veIOCity depended on the

proportional to the ATPase activity. The ATPase rafe, mutation and labeling. Both the ATPase activity and the

aTp (the last column in Table 2), was calculated using eql motile velocity of Cys-free and Cys45 kinesin were about
with the Kyr and Kare values obtained above (Table 1) half those of mother kinesin. Their affinities for microtubules

[ATP] = 1 mM at which the motility assay was carried out and ATP were 49 times lower than those of mother kinesin
and [MT] = infinite because the tubulin concentration around (T@ble 2). A single substitution of Cys45 did not affect these

kinesin heads during movement in the assay is expected to"Umbers. Cys4s irbrosophila kinesin is not conserved
be very high. among kinesin families. Thus, it may not be important

The linear relation (Figure 6a) indicates that the step size Whether the position is occupied by cysteine. However, the
per ATP molecule hydrolyzed is independent of kinesin labeling at this position further decreased the ATPase rate
mutants. The step size per hydrolysis of a single ATP @nd motile velocity. _
molecule by a two-headed kinesin was estimated as the ratio 1he affinity for microtubule decreased by 9 times after
of the motile velocity to the ATPase activity (Figure 6b). the mutation and labeling (Table 2), which may affect the
The kinesin molecule moves with a step size efl2 nm processability of single kinesin molecules. The traveling
(10.3 nm on average for four kinesins) independent of kinesin distance of mother and single labeled Cys45 kinesins was
mutants. Thus, the modification and the labeling did not longer than 450 nm measured at a lower trap stiffness of

affect the step size per ATP molecule hydrolyzed of kinesin. 0.02 pN/nm, less than half of that in Figure 4, by taking
into account the attenuation factor of 1.3 due to the

DISCUSSION compliance of bead-to-glass (data not shown). This indicates
The catalytic domain obrosophilaconventional kinesin  that the labeled Cys45 kinesin has a high processability. This
contains five cysteines. Three of them, the 17th, 309th, and S consistent with the result that human kinesin K560, for
310th, were conserved among the conventional kinesinWhich theKyr (1.14M) is higher than that (0.8@M) of
families @). To exchange the cysteine residue, 309th and labeled Cys45 kinesin, is processiv). (
310th, for another amino acid while preserving the activity ~ Thus, the kinetic rate of the ATPase cycle and the
of kinesin, we referred to the corresponding sequence interaction with microtubules and nucleotides are affected
(threonine and valine) of the other kinesins of XIEg5, by the mutation and the labeling. However, the mechanical
SpoCut7, ScKipl, and LcKindj. In the beginning of the  events remain tightly coupled with the chemical processes,
experiment, we exchanged the 17th, 45th, and 338th cysteineand the mechanical force is produced in the same way. This
for serine because of similarity in size and polarity. However, finding reinforces the nature of the tight coupling of kinesin.
these exchanges induced proteolysis of kinesin during Fluorescently labeled Cys45 kinesin was used to detect
purification. This suggests that changes of cysteine to serinechanges in the microenvironment around Cys45. The fluo-
induced structural change. To prevent the proteolysis of rescence emission spectrum of acrylodan was shifted to lower
kinesin, cysteines 17 and 45 were exchanged for valine andwavelength with an increase in the intensity upon the binding
alanine. These are hardly proteolysed as shown in Figure 1.of kinesin to microtubule. Acrylodan at Cys45 is in a more

&

Step Size (nm)
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hydrophobic environment when kinesin interacts with mi-
crotubule. This change indicates that the structural changes
around Cys45 are induced by the binding of microtubule at
sites away from Cys45. The microtubule binding domains
are around loop 12 and loop 7, opposite the site of Cys45

(6). Cooke and colleagues detected that the Cys670 on the 14

Ncd molecule, which corresponds structurallybumsophila
kinesin 334 aa in the neck region, changes by the binding
of microtubule 26). The kinesin structure may change around
the neck region and Cys45 by the binding of microtubules.

The cysteine residues can be specifically labeled with
many different probes, e.g., fluorescence dyes, organic
compounds, proteins, and gold. By introducing cysteine
residues to the desired position of Cys-free kinesin and
labeling them with various probes, we will be able to monitor
the local environmental changes that occur due to confor-
mational changes, the binding to microtubules, or the binding
of ligand, or the state changes due to bound nucleotide. Since
kinesin without cysteine retains the basic mechanical proper-
ties, this approach could be promising.
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