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Kinesin is an ATP-driven motor protein that plays important physiological roles in
intracellular transport, mitosis and meiosis, control of microtubule dynamics, and signal
transduction. The kinesin family is classified into subfamilies. Kinesin species derived
from vertebrates have been well characterized. In contrast, plant kinesins have yet to
be adequately characterized. In this study, we expressed the motor domain of a novel rice
plant-specific kinesin, K16, in Escherichia coli, and then determined its enzymatic
characteristics and compared them with those of kinesin 1. Our findings demonstrated
that the rice kinesin motor domain has different enzymatic properties from those of well
known kinesin 1.

Key words: fluorescence, kinesin, kinetics, motility, plant.

Abbreviations: DTT, dithiothreitol; EDTA, ethylendiaminetetraacetic acid; EGTA, ethylene glycol
bis(b-aminoethyl ether)-N,N,N0,N0-tetraacetic acide; HEPES, 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethane
sulfonic acid; IPTG, isopropyl-b-D-thiogalactopyranoside; K16, rice-specific kinesin; K16MD, rice-specific
kinesin motor domain; KIFs, kinesin superfamilies; MKH350, mouse kinesin head domain; MOPS, 3-(N-
morpholino)propanesulfonic acid; MT, microtubule; NBD-ATP, 20(30)-O-[6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)hexanoic]-ATP; Ni-NTA, nickel nitrilo triacetic acide; ORF, open reading frame; PCR, polymerase
chain reaction; Pi, phosphate; PIPES, 1,4-piperazinediethanesulfonic acid; PMSF, phenylmethylsulfonyl
fluoride; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.

Kinesins constitute a superfamily of ATP-driven microtu-
bule motor proteins (KIFs) found in all eukaryotic organ-
isms. Kinesins perform many diverse cellular functions
such as in the transport of organelles and vesicles, spindle
formation and elongation, chromosome segregation during
cell division, microtubule dynamics, and morphogenesis
(1–5). A common characteristic of KIFs of eukaryotic
phyla is a highly conserved motor domain (30–40% iden-
tity) of approximately 350 residues, which contains an
ATP-binding site and a microtubule-binding site. Outside
the motor domain, KIFs show less sequence homology
(1, 4, 6–9). However, it has been shown that interactions
occur in a region outside the motor domain. Moreover,
Hirokawa et al. demonstrated that several KIFs become
attached to specific cargoes through interactions with
adaptor proteins in these regions (9–13). Therefore, it is
thought that these regions are related to individual
distinguishing functions of each kinesin.

Kinesin superfamilies in animals have been well studied,
especially those in mouse and human (9, 11, 13–16). The
identification of all KIFs was confirmed by a database
search of the total human genome, 45 KIFs being found
(16). In contrast, only a few kinesins have been character-
ized in plants, including in Arabidopsis thaliana (17–21).
The complete sequencing of the Arabidopsis genome led
to the identification of 61 kinesin-like genes which is the

largest number of kinesins that have been sequenced
among all eukaryotic genomes (22). Phylogenetic analysis
of Arabidopsis kinesin motor domain sequences with other
motor domain sequences revealed that some of them do not
belong to any known family, and that some subfamilies are
unique to Arabidopsis and maybe to plants. These plant-
specific kinesins may participate in specific plant functions,
including the formation of phragmoplasts evident at cell divi-
sion, morphogenesis of the leaf trichome, flower morphogenesis,
and rapid movement of Golgi stacks seen in plants. Kinesins
found in the tobacco pollen tube have also been characterized at
the biochemical (23) and molecular (24) levels.

Recently, the genome sequences of both the rice
japonica and indica sub-species have been completed using
the random-fragment shot gun sequence method (25, 26). It
is of interest to determine whether rice kinesins also
belong to subfamilies unique to rice and other plants. Our
preliminary analysis of the rice genome sequence revealed
that rice has a similar number of kinesins to Arabidopsis.
We focused on kinesins specifically found in the rice
genome. In the present study, we searched for plasmids
encoding rice-specific kinesins in a cDNA library of rice,
and obtained 6 rice kinesin cDNAs from the National
Institute of Agrobiological Sciences (NIAS). One of these
kinesins, kinesin K16, was expressed in E. coli and its
enzymatic characteristics studied. Rice kinesins appar-
ently showed different characteristics, especially in the
affinities for ADP and microtubules, from those of conven-
tional kinesins, suggesting rice-specific properties. To
our knowledge, this is the first report describing the
characterization of a rice kinesin.
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MATERIALS AND METHODS

Chemicals—Restriction enzymes and other enzymes
were purchased from Toyobo (Tokyo) unless otherwise
stated. Oligonucleotides were synthesized by Sawady
(Tokyo). The Ni-chelating column was from Sigma
(St. Louis, MO). Escherichia coli BL21(DE3)pLysE and
the pET21a vector were from Novagen (Madison, WI).
Chemicals were purchased from Wako Pure Chemicals
(Osaka) unless otherwise described. ATP and ADP were
purchased from Oriental Yeast (Osaka). The BCA protein
concentration assay reagent was from Pierce (Rockford, IL).

Molecular Biology—Polymerase chain reaction (PCR)
was carried out with a PROGRAM TEMP CONTROL
SYSTEM PC-700 (ASTEC), PROGRAM TEMP CONTROL
SYSTEM PC-800 (ASTEC), or QUICK THERMO II
(Nippon Genetics, Tokyo). Gel electrophoresis, transforma-
tion, and restriction enzyme digestion were performed as
described in Molecular Cloning (Cold Spring Harbor
Laboratory Press, 2001). The recovery of DNA fragments
from agarose gels was carried out with a DNA Gel Extrac-
tion Kit (Millipore, Bedford, MA). DNA ligation was per-
formed with a DNA Ligation Kit Ver.2 (Takara Shuzo,
Ohtsu, Japan) according to the manufacture’s instructions.
E. coli DH5a was used for transformation for plasmid DNA
preparation.

Cloning of the Rice Kinesin Motor Domain—The K16
plasmid (accession No. AK068672) was supplied from
the National Institute of Agrobiological Sciences (NIAS).
A DNA fragment encoding amino acids 77–419 of the
predicted 343 residue K16MD was synthesized by PCR
from the LambdaFLC-K16 plasmid using forward and
reverse primers 50-CAAAGCTAGCGACCCGGCGCCCAA-
GGAGAATGTCA-30 and 50-CAAACTCGAGCTTTATTA-
AAGATTTTTCATCTATAA-30, respectively. The 50-PCR
oligonucleotide consisted of NheI and corresponded to
eight amino acids (D77–V84) of the K16 protein. The 30-
PCR oligonucleotide consisted of 24 bases corresponding to
amino acids I412–K419 of the K16 protein followed by a
XhoI site. Four extra bases were added to each primer at
the restriction site to enhance binding at NheI and XhoI
restriction sites. The gel-purified PCR fragment was cloned
into the pET21a expression vector using NheI and XhoI
restriction sites. The cDNA sequence was confirmed by the
dideoxy chain termination method with a SQ-5500 sequen-
cer (Hitachi, Tokyo) using the Genetyx program (Software
Development).

Kinesin Expression—E. coli BL21(DE3)pLysE was
transformed with pET21a::K16MD for large scale expres-
sion of the recombinant kinesin protein. Transformants
were selected on L-plates with 100 mg/ml ampicillin. For
protein purification, E. coli was grown at 37�C and 200 rpm
for 5 h in 6 liter L-broth containing 100 mg/ml ampicillin to
an absorbance value at 600 nm of 1.2, 0.1 mM IPTG and
0.1 mM DTT were added, then incubation was continued at
37�C for 4 h. These cells were centrifuged at 4,700 · g for
20 min in a Rotor 30 (HITACHI Himac CR22G) and then
suspended in HEM buffer (10 mM HEPES, pH 7.2,
1 mM MgCl2, 1 mM EGTA, 25 mM NaCl, and 1 mM DTT)
prior to storage at –80�C until use. The frozen cells were
thawed and suspended in 20 ml lysis buffer for a Ni-column
(100 mM Tris-HCl, pH 7.8, 300 mM NaCl, 0.1 mM leupep-
tin, 0.1 mM PMSF, and 0.1 mM DTT) and then sonicated

for 5 min (5 times, sonication for 30 s and on ice for 30 s) at
Micro tip limit 5 and Duty cycle 40% with an ULTRAS
HOMOGENIZER VP-30S (TAITEC). The sample was
clarified by centrifugation at 200,000 · g for 1 h in a
70Ti (BECKMAN L8-70M Ultra-centrifuge, Beckman,
Fullerton, CA). The supernatant was stored at 4�C until use.

Purification of Recombinant Rice Kinesin Motor Domain
(K16MD)—The stored supernatant was loaded on a
Ni-NTA column, which had been equilibrated with native
buffer (300 mM NaCl, 100 mM Tris-HCl, pH 7.5, and
0.2 mM b-mercaptoethanol). The column was washed
with native buffer, and then with native buffer containing
50 mM imidazole-HCl, pH 7.5. The desired protein was
eluted with 100 mM Imidazole-HCl, pH 7.5, in native
buffer, and the fractions containing kinesin were pooled.
Purity was assessed by sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE), which gave a
single band on Coomassie-stained gels. Samples were
dialyzed against 120 mM NaCl, 30 mM Tris-HCl, pH7.5,
and 1 mM DTT, and stored at –80�C until use.

Preparation of MKH350—The expression plasmid for
the pET15b::MKH350 was constructed by PCR, and its
sequence was confirmed by the dideoxy chain termina-
tion method with a SQ-5500 sequencer (Hitachi, Tokyo)
using the Genetyx program (Software Development) (14).
The expression plasmid was transformed into E. coli
BL21(DE3). Bacterially expressed protein was purified
as described above.

SDS-PAGE—Protein analysis was performed in 7.5–
20% polyacrylamide gradient slab gels in the presence
of 0.1% SDS at a constant voltage (200 V) in the discontin-
uous buffer system of Laemmli (27). Peptide bands were
visualized by staining with Coomassie Brilliant Blue. The
molecular masses of the peptide bands were determined
by comparing their mobilities with those of markers of
known molecular weight.

Purification and Polymerization of Tubulin—Tubulin
was purified from porcine brain as described by Hackney
(28). To polymerize the tubulin (in 100 mM Pipes, pH 6.8,
1 mM EGTA, 1 mM MgCl2, and 1 mM GTP), it was incu-
bated for 30 min at 37�C, and then taxol was added to a
final concentration of 10 mM. The taxol-stabilized microtu-
bules (MTs) were pelleted by centrifugation at 200,000 · g
for 15 min at 37�C (HITACHI Himac CS120GX), the super-
natant was aspirated off, and the MT pellet was carefully
washed with buffer (100 mM Pipes, pH 6.8, 1 mM EGTA,
1 mM MgCl2, 1 mM GTP, and 10 mM taxol). For MT pellet-
ing assays, the MTs were suspended in buffer (20 mM
MOPS, pH 7.0, 1 mM DTT, 5 mM MgCl2, 25 mM NaCl,
and 20 mM taxol). All MT concentrations described below
are the concentrations of tubulin heterodimers.

ATPase Assay—1 mM K16MD and 1 mM MKH350 were
pre-incubated for 5 min in 10 mM imidazole-HCl, pH 7.0,
50 mM KCl, 3 mM MgCl2, 0.1 mM EDTA, 1 mM EGTA,
1 mM b-mercaptoethanol and 5 mM microtubules. The
ATPase reaction was initiated by the addition of 2 mM
ATP at 25�C and terminated by the addition of 10% tri-
chloroacetic acid. The released Pi was measured by the
method of Youngburg and Youngburg (29).

MT Pelleting Assays—Pelleting assays were performed
according to the method described by Lockhart et al. (30).
Briefly, 7 mM K16MD in buffer (20 mM MOPS, pH 7.2,
1 mM DTT, 5 mM MgCl2, 25 mM NaCl, and 20 mM
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taxol) was mixed with 5 mM ATP and 5 mM ADP, and then
the mixture was allowed to stand for 10 min at 25�C. Sub-
sequently, 0–35 mM MTs was added, and the solution was
gently mixed prior to incubation (10 min, 25�C) and cen-
trifugation (200,000 · g, 20 min, 25�C) (Himac RP100AT3,
Hitachi). The supernatants and pellet were applied to
SDS slab gels and stained with Coomassie Brilliant Blue.

Fluorescence Measurement of Rice Kinesin-NBD-ATP—
Fluorescence was measured at 25�C with a spectrofluorom-
eter F-2500 (HITACHI, Tokyo). The fluorescent ATP ana-
logue, NBD-ATP was synthesized according to Maruta
et al. (31). Changes in the fluorescence intensity of
0.3 mM NBD-ATP in the presence of 1.5 mM K16MD on
the addition of nucleotides were monitored in a solution
comprising 30 mM Tris-HCl, pH 7.5, 120 mM NaCl, and
2 mM MgCl2. The excitation and emission wavelengths
for NBD-ADP were 475 nm and 535 nm, respectively.

Fluorescence Stopped-Flow Measurements—
Fluorescence stopped-flow measurements were carried
out with an SX-18MV (Applied Photo Physics) stopped flow
apparatus with an excitation wavelength of 475 nm at
20�C. For the emission, a cut-off filter of 525 nm was
used. The nucleotide to protein ratio was kept at 5. The
buffer conditions were as follows: 40 mM NaCl, 20 mM
Tris-HCl, pH 7.5, and 1 mM MgCl2.

RESULTS

Nucleotide and Deduced Amino Acid Sequences of K16—
The nucleotide and deduced amino acid sequences of
K16 are shown in Fig. 1. The full-length cDNA comprised
3,316 bp with an open reading frame (ORF) starting at
nucleotide position 92 and ending with a stop codon at
nucleotide 1735. The predicted protein comprised 547
amino acid residues with an estimated molecular weight
of approximately 60 kDa. A search of sequence databases
with the predicted amino acid sequence using BLAST
searches revealed that a region of approximately 340
amino acids in full-length K16 is a motor domain. The
motor domain of K16 (K16MD) comprises 343 amino
acid residues with an estimated molecular weight of
approximately 38 kDa and contains several regions that
exhibit almost complete conservation of amino acid seq-
uences among all known kinesin family members, i.e.,
L1 (RXRP), which interacts with the base, the phosphate-
binding loop (GXXGXGKT/S), the switch I region
(NXXSSRSH), the switch II region (DLAGXE), and the
microtubule-binding site (32). The amino acid sequence
of K16MD showed approximately 43.2% similarity with
that of the motor domain of mouse kinesin. However,
the region other than the motor domain exhibited no
similarity with other kinesin-family members.

Preparation of K16 Motor Domain—To study the proper-
ties of the K16 motor domain, a polypeptide corresponding
to amino acids D77–K419 was expressed in E. coli and
purified. A DNA fragment encoding the 343 amino acids
of K16MD was generated by PCR as described. A DNA
fragment was ligated to the vector pET21a, which had
been digested with NheI and XhoI. The resulting chimeric
plasmid generates a fusion protein in which the kinesin
insert is fused at the C-terminus to a sequence of six
histidine residues, which permits affinity purification on
Ni-NTA agarose. As shown in Fig. 2, K16MD was eluted as

peak C from the Ni-NTA agarose column on the addition of
100 mM imidazole. Its separation from the other proteins
of E. coli was analyzed by SDS-PAGE, which showed that
the peak C fractions only contained highly pure kinesin
(Fig. 2). Approximately 30 mg of pure K16MD could be
prepared from 6 liters of culture by the procedure described
above. As shown in Fig. 2B, SDS-PAGE gave a single band
corresponding to approximately 38 KDa, which was con-
sistent with the molecular mass of K16MD calculated from
the deduced amino acid sequence.

ATPase Activity—The basal ATPase activity and
microtubule-activated ATPase activity of K16MD and
the mouse kinesin head domain (MKH350) were measured.
As shown Table 1, in the absence of MTs, the basal
steady-state ATPase activity of K16MD was slightly
lower (1.62 Pi mol/site mol/min) than that of MKH350
(2.52 Pi mol/site mol/min) and that of bovine brain kinesin
(2.40 Pi mol/site mol/min). In the presence of MTs, the
ATPase activity of K16MD was enhanced by approximately
ten-fold. However, the magnitude of the enhancement of
K16MD ATPase activity by MTs was much lower than that
for mouse brain kinesin. These results suggest that the
interaction of K16MD and microtubules is weaker than
that of mouse brain kinesin.

Therefore, the MT concentration dependency of the
ATPase activity of K16MD was examined. The ATPase
activity was activated by microtubules in a concentration-
dependent manner (Fig. 3). The maximum activity was
approximately 51.5 mol/site mol/min (i.e., more than
30-fold activation) and the half-maximum ATPase activa-
tion [Km (MT)] was about 5 mM in the low ionic strength
buffer [30 mM Tris-HCl, pH 7.5, 3 mM MgCl2, 0.1 mM
EDTA, 1 mM EGTA, 1 mM b-mercaptoethanol, and 1 mM
K16MD]. Thus, K16MD has a lower Vmax and higher Km

(MT) than mouse kinesin.
The ionic and pH dependence of the ATPase activity of

K16MD were investigated in the presence and absence
of microtubules. The degree of activation was sensitive
to the ionic concentration, 0–150 mM NaCl, as shown in
Fig. 4. As to pH dependency, K16MD exhibits maximum
basal ATPase activity at pH 5.5 at 25�C, but the maximum
microtubule-activated ATPase activity was observed at
pH 6.0 (Fig. 5).

MT Pelleting Assays—To investigate the interaction of
K16MD and MTs, microtubule pelleting assays were per-
formed. In equilibrium binding experiments, 7 mM K16MD
was incubated with various concentrations of micro-
tubules (0–35 mM) in the presence or absence of nucleo-
tides. The results were compared with those for MKH350.
The levels of K16MD and MKH350 bound to microtubules
were estimated from the SDS-PAGE protein bands. As
shown in Fig. 6, in the absence of nucleotides, approxi-
mately 75% of MKH350 found in the pellet contained
15 mM microtubules. In the presence of nucleotides, appro-
ximately 65% and 55% of MKH350 for ATP and ADP,
respectively, was found in the pellet. In contrast, about
60% of K16MD was found in the pellet in the absence of
nucleotides. In the presence of nucleotides, approximately
45% and 25% of K16MD for ATP and ADP, respectively,
was found in the pellet. From the data in Figure 6, the
maximum occupancy and the dissociation constants
(KMT) in the presence and absence of nucleotides for the
kinesins were also estimated. The maximum occupancy (%)
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Fig. 1. Nucleotide and deduced amino acid sequences of rice
kinesin K16. (A) Nucleotide and deduced amino acid sequences of
rice kinesin K16. The nucleotide sequence is shown on the upper
line and the deduced amino acid sequence on the lower line. The
pair of primers is underlined. (B) Sequence homology of rice kinesin
with mouse kinesin (MKH350). Identical amino acids are indicated
by asterisks and similar amino acids by dots. Gaps are indicated
by dashed lines. A pair of arrows shows the motor domain region of

rice kinesin. The deduced rice kinesin amino acid sequence is shown
on the upper line and the deduced MKH350 amino acid sequence on
the lower line. A sequence homology search revealed that the rice
kinesin motor domain (77–419 aa) xhibits 43.2% homology to that
of MKH350 at the amino acid level. A homology search was
performed using the GENETYX-MAC software (Software
Development, Tokyo).
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and KMT for K16MD in the absence of nucleotides, and in
the presence of ATP and ADP were (99%) 14.3 mM, (70%)
22.5 mM, and (60%) 25 mM, respectively. On the other hand,
The values for MKH350 were (100%) 8.7 mM, (95%) 10.9 mM,
and (90%) 19.6 mM, respectively. These results clearly indi-
cate that the interaction of K16MD and microtubules is
weaker than for MKH350, which is consistent with the
results for microtubule-enhanced ATPase activity.

Interaction of K16MD with NBD-ADP-K16MD—
We employed a fluorescent ATP analogue, 20(30)-O-{6-(N-
(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoic}-ATP
(NBD-ATP), to monitor the formation of the transient

Table 1. ATPase activity of K16MD and MKH350. 1 mM K16MD
and 1 mM MKH350 were preincubated for 5 min in 10 mM
imidazole-HCl, pH 7.0, 50 mM KCl, 3 mM MgCl2, 0.1 mM EDTA,
1 mM EGTA, 1 mM b-mercaptoethanol, and 5 mM microtubules.
The ATPase reactions were started by adding 2 mM ATP at 25�C.

Hydrolysis (Pi-mol/kinesin-mol/min)
–MTs +MTs

K16MD 1.62 16.2

MKH350 2.52 114.5
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Fig. 2. Affinity purification of rice kinesin protein on Ni-NTA
agarose. (A) After loading of the sample, the column was washed
for 1 h at 2 ml/min with native buffer (120 mM NaCl, 30 mM
Tris-HCl, pH 7.5, and 0.2 mM b-mercaptoethanol) and subse-
quently with 50 mM imidazole-HCl, pH 7.5, in native buffer.
The desired protein was eluted with 100 mM imidazole-HCl,
pH 7.5, in native buffer. Fractions (3 ml) were collected and the
ultraviolet-absorbing fractions of peak C were pooled. (B) Purity
was assessed by SDS gel electrophoresis, which gave a single band
on Coomassie-stained gels. Lane 1, molecular weight markers;
lane 2, precipitate of lysate; lane 3, one fraction of peak A in A;
lane 4, one fraction of peak B; lanes 5–16, whole fractions of peak C.
The arrow indicates the rice kinesin motor domain, 38 kDa.
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1 mM EGTA, 1 mM b-mercaptoethanol, and 1 mM K16MD, in the
absence (open circles) or presence (closed circles) of 5 mM micro-
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Fig. 3. Microtubule concentration dependence of the
ATPase activity of K16MD. ATPase assays were carried out
at 25�C in 30 mM Tris-HCl, pH 7.5, 3 mM MgCl2, 0.1 mM
EDTA, 1 mM EGTA, 1 mM b-mercaptoethanol, 1 mM K16MD,
and 0–40 mM microtubules. The ATPase reaction was started by
adding 2 mM ATP.
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intermediate of K16MD ATPase. NBD-ATP carries a
NBD fluorophore at 20 or 30 of ribose via an aminohexanoic
spacer, which is highly sensitive to environmental condi-
tions. Upon the addition of 1.5 mM K16MD to 0.3 mM
NBD-ATP (under single-turnover conditions), the fluores-
cence intensity at 535 nm resulted in an immediate
increase of approximately three-fold in NBD fluorescence
(Fig. 7). Subsequently, the fluorescence intensity did not
significantly change due to the hydrolysis of NBD-ATP to
NBD-ADP. The fluorescence intensity completely
recovered to the initial level on the addition of 1 mM
ATP. These results suggest that enhancement of NBD-ATP
fluorescence reflects the binding of NBD-ATP to the ATP
binding site of K16MD.

Stopped-Flow Experiments on NBD-ATP Binding to
K16MD—The first phase of binding of NBD-ATP to
K16MD under pseudo first order conditions with
[NBD-ATP] > [K16MD] was examined by stopped-flow
measurement. The nucleotide to protein ratio was kept
at 5 as a compromise between achieving strictly first-order
kinetics and maintaining a measurable fluorescence
change relative to the background signal. NBD-ATP bind-
ing resulted in increasing NBD-ATP fluorescence intensity
(Fig. 8). The time course of the increase in NBD-ATP fluor-
escence was identical for successive pushes in the stopped-
flow apparatus. The data best fitted a double exponential
curve. The biphasic behavior of NBD-ATP binding may be
due to the presence of the 20- and 30-isomers of the ATP
analogue in the solution (31). Similar biphasic behavior
was reported previously for the interaction of kinesin 1
with a mixture of the 20 and 30-isomers of Mant-ATP
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(33). The second phase of NBD-ATP binding was slower
than the first phase. For K16MD, with 5 mM NBD-ATP, the
rate constants of the first and second phases were 19.60
and 4.65 s–1, respectively. In contrast, for MKH350, with 5
mM NBD-ATP, the rate constants of the first and second
phases were 28.13 and 1.34 s–1, respectively. With low
NBD-ATP concentrations (<5 mM), the observed rates of
the first and second exponential phases increased linearly
as a function of the NBD-ATP concentration. The data gave
second order rate constants for the first phase for K16MD
and MKH350 of 4.35 and 5.88 mM–1 s–1, respectively. More-
over, the second order rate constants for the second phase
for K16MD and MKH350 were 0.88 and 0.28 mM–1 s–1,
respectively. These data suggested that the affinity of
NBD-ATP for K16MD is lower than that for MKH350.

Release of NBD-ADP from K16MD—Subsequently, we
examined the kinetics of NBD-ADP release from K16MD.
The dissociation of ADP from K16MD was monitored by
measuring the fluorescence change of NBD-ATP. After
complete hydrolysis of 0.3 mM NBD-ATP to NBD-ADP
with 1.5 mM K16MD, the addition of 1 mM regular ATP
resulted in a decrease in the fluorescence of NBD-ADP
(Fig. 9), suggesting that NBD-ADP was released from
the active site of K16MD through chasing with excess reg-
ular ATP. For K16MD, with 10 mM ATP, the rate constant
was 0.035 s–1. Figure 9B shows a plot of the rate constant
of the dissociation of NBD-ADP from K16MD against the
ATP concentration. The rate constant increased depending
on the ATP concentration. In the absence of microtubules,
the maximum rate constants of K16MD and MKH350
were 0.177 and 0.074 s–1, respectively. Note that the

maximum rate constant of K16MD was much higher
than that of MKH350. This suggested that the affinity of
NBD-ADP to K16MD is much lower than that of MKH350.
Moreover, in the presence of microtubules, the maximum
rate constants of K16MD and MKH350 were 0.214 and
0.155 s–1, respectively. The maximum rate constant of
MKH350 in the presence of microtubules was two-fold
higher than that in the absence of microtubules. In
contrast, for K16MD, the maximum rate constant in the
presence of microtubules was slightly higher than that in
the absence of microtubules.

DISCUSSION

The aim of the present study was to characterize a plant
kinesin specifically found in the rice genome. Recently,
draft sequences from both the japonica and indica
sub-species were completed using the random-fragment
shotgun sequence method (25, 26). Furthermore, the inter-
national rice genome-sequencing project declared comple-
tion of the rice genome using a mapped clone sequencing
strategy. Therefore, it was quite timely to search for
kinesins in the rice genome. Kinesins are involved in
diverse cellular functions. It is strongly expected that
the kinesins found in the rice genome also have important
cellular roles. In support of this notion, genomic studies of
Arabidopsis thaliana revealed that Arabidopsis has at
least 61 kinesin-like (kinesin-related) proteins and some
of them do not fall into known subfamilies, and thus may be
plant-specific (22). Interestingly, it has been revealed that
Arabidopsis-specific kinesins are involved in the formation
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observed upon addition of excess
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the stopped-flow apparatus. The buffer
conditions were as follows: 40 mM NaCl,
20 mM Tris-HCl, pH7.5, and 1 mM MgCl2
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least mean squares fits to a double exponen-
tial curve. The reaction was monitored as to
NBD fluorescence intensity. The fit of the
data to a double exponential function pro-
vided the initial rapid phase (first phase) of
fluorescence enhancement at 19.6 s–1 and
the slower second phase at 4.65 s–1. (B)
The exponential rate constants of
the first and second phases increased
linearly as a function of the NBD-ATP
concentration from 0–5 lM NBD-ATP.
For K16MD, the data provided the
second order rate constant for NBD-ATP
binding, the initial fast phase at
4.35 mM–1 s–1 (open circles), and the second
slow phase at 0.88 mM–1 s–1 (open triangles).
For MKH350, the data provided the second
order rate constant for NBD-ATP binding,
the initial fast phase at 5.88 mM–1 s–1 (closed
circles), and the second slow phase at
0.28 mM–1 s–1 (closed triangles).
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of the phragmoplasts seen on cell division (34, 35), morpho-
genesis of the leaf trichome (20, 36), and rapid movement of
Golgi stacks (20).

We selected six cDNAs encoding rice-specific kinesins
from the cDNA library of rice prepared by NIAS and
selected one, K16, for expression. The motor domain of
K16 exhibited 87.4% homology with that of Arabidopsis
plant–specific kinesin AtT·21B14.15. Although
AtT·21B14.15 is an N-terminal motor domain kinesin
and its full length comprises 956 amino acids, the tail
domain of K16 is much shorter than that of
AtT·21B14.15, resulting in a length of 547 amino acids.

Moreover, in the N-terminal region outside of the motor
domain, the sequence of NRKLYNQVQDLKGS, which
matches that of the consensus neck motif found among
kinesins toward the minus-end of microtubules (37, 38),
was not observed. In addition, K16 does not have a neck
linker, which has been shown to be specifically located in
a plus-end directional kinesin (39–41). Therefore, it is
strongly suggested that the primary structure of K16 is
unique and that K16 may be a rice plant–specific kinesin.

As the motor domain of K16 exhibited 43.2% homology
with that of mouse brain kinesin, it is expected that the
enzymatic characteristics may be conserved. However, the
expressed motor domain of K16 showed different ATPase
activity and interaction with microtubules from in the case
of mouse brain kinesin. K16 showed less microtubule-
activated ATPase activity indicating lower affinity of
microtubules to the binding site in the kinesin motor
domain. Indeed, the KMT value (5 mM) of K16 estimated
from the data was approximately ten-fold higher than
those of kinesin 1 (42, 43). This may be explained by the
observation that loop L12 in K16, which is one of the
microtubule-binding sites, showed less similarity in
amino acid sequence compared with in other kinesin 1.
We also observed differences in loop L5 of K16 from
those of kinesin 1. L5 (96–106) is one of the unique loops
located in the vicinity of the ATP binding site of kinesin
(44, 45). We observed that point mutations in mouse brain
kinesin, e.g., at Leu 105 in L5, significantly affect ATPase
activity (unpublished data). Moreover, the fluorescence
spectrum of Trp-substituted Leu 100 in L5 was sig-
nificantly altered in a nucleotide-dependent manner
(unpublished data). Comparative studies on primary
kinesin structures, derived from several different species,
revealed that plus-end directed kinesins have longer L5
loops than minus-end directed kinesins (44). Therefore,
loop 5 may play a key role in the direction and energy
transduction of kinesin, similar to the important role in
energy transduction played by loop M of myosin (46). Loop
L5 of K16 is shorter than that of kinesin 1 suggesting
that it might determine the direction of motility. Therefore,
K16 might be a minus-end directed kinesin with different
characteristics as to ATPase from kinesin 1.

We used a fluorescent ATP analogue, NBD-ATP, to study
the conformational differences in the ATP binding site of
K16 from those of other kinesins. In our previous study
on mouse brain kinesin, upon the addition of kinesin to
the solution of NBD-ATP, the fluorescence intensity of
NBD-ATP increased rapidly by approximately 4-fold,
reflecting the formation of a mouse brain kinesin*

NBD-ATP complex (14). With regard to the C. elegans kine-
sin UNC-116 motor domain, the fluorescence intensity of
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rate constants in the presence (closed circles) and absence (open
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In contrast, for MKH350, the maximum rate constants in the
presence (closed triangles) and absence (open triangles) of micro-
tubules were 0.155 and 0.074 s–1, respectively.
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NBD-ATP also increased, but the magnitude of the
enhancement was only one-tenth of that in the case of
mouse brain kinesin (unpublished data). In contrast, for
skeletal muscle myosin subfragment-1 (S-1), upon binding
to the ATPase site, the fluorescence intensity of NBD-ATP
decreased by 40% (47). Therefore, it was revealed that the
NBD-ATP fluorophore is highly environmentally sensitive
(48) and reflects the precise conformational differences
around the ATP binding site among motor proteins (48).
In this study, we observed 3-fold enhancement of the
fluorescence intensity of NBD-ATP upon binding to the
ATPase site of K16MD, which was similar in magnitude
to that in the case of mouse brain kinesin. Therefore, it
is thought that the conformation of the ATP binding site of
K16MD is similar to that of mouse brain kinesin. In line
with this observation, our recent crystallographic study of
K16MD showed that the ATP binding site of K16 was
extremely similar to those of kinesin 1 (unpublished data).

In conclusion, kinesin K16 has a unique primary struc-
ture and distinct enzymatic properties from other kinesins.
K16 may be one of the kinesins specifically found in the
rice plant. Further studies on the physiological charac-
teristics of K16 in order to clarify their role in the plant
are necessary.

We wish to thank Dr. Taiho Yamamoto (Graduate School of
Science, Osaka University) for the excellent assistance in the
kinetic studies with a stopped-flow apparatus.
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