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Loop L5 of kinesin is located near the ATPase site, in common with kinesins of various
animal species. The rice plant-specific kinesin K16 also has a corresponding loop that is
slightly shorter than that of mouse brain kinesin. The present study was designed to
monitor conformational changes in loop L5 during ATP hydrolysis. For this purpose,
we introduced one reactive cysteine into the L5 of rice kinesin and modified it with
fluorescent probes. The cysteine in L5 was labeled with a fluorescent probe 2-
(40(iodoacetamide) anilino-naphthalene-6-sulufonic acid sodium salt) [IAANS]. IAANS
was incorporated into L5 at an almost equimolar ratio in the absence of nucleotides.
In contrast, the incorporated amount was reduced to 0.62 and 0.32 mol IAANS/mol
motor domain in the presence of ATP and ADP, respectively. Upon nucleotide addition,
thefluorescent intensity of IAANS incorporated intoL5was significantly reduced to 63%
and 51% for ATP and ADP, respectively. These results suggest that L5 of rice kinesin
significantly changes its conformation during ATP hydrolysis.

Key words: chemical modification, conformational change, fluorescent probe,
kinesin, loop.

Abbreviations: DTT, dithiothreitol; EDTA, ethylendiaminetetraacetic acid; EGTA, ethylene glycol bis(b-
aminoethyl ether)-N,N,N0,N0-tetraacetic acid; IAANS, 2-(40(iodoacetamide)anilino-naphthalene-6-sulfonic
acid sodium salt; IAANS-Q101C, Q101C labeled with IAANS; IAANS-WT, WT labeled with IAANS; K-16,
rice-specific kinesin; MKH350, mouse brain kinesin motor domain; L5, loop 5; L12, loop12; Mant-8N3-ADP,
30-O-(N-methylanthraniloly)-2-azido-ADP; MT, microtubule; Ni-NTA, nickel nitrilotriacetic acid; Q101C, rice
kinesin mutant (glutamine-to-cysteine substitution at residue 101); Pi, phosphate; SDS-PAGE, sodium dodecyl
sulphate polyacrylamide gel electrophoresis; WT, wild type.

Kinesin is a motor protein that plays a significant role in
intracellular transport, mitosis, meiosis, and axonal flow in
the nervous system along microtubules, converting chemi-
cal energy from ATP into mechanical force. Kinesin is com-
posed of two heavy chains and two light chains. The
N-terminal 340 amino acid residues of the heavy chain
form the globular domain, which contains the microtubule-
and ATP-binding sites. The head domain of kinesin can be
subdivided into the core of the catalytic domain of approxi-
mately 325 residues (which contains the microtubule- and
ATP-binding sites), a linker region of 325–340 residues,
and a connection to the neck region of 340–370 residues.
Recent crystallographic studies have shown that kinesin
(1–4) has striking structural similarity to the core of the
catalytic domain of myosin and G-protein (5, 6). This simi-
larity suggests that these motor proteins and molecular
switches, which convert energy from ATP into force pro-
duction for motility and switching, use a similar conforma-
tional strategy at the first stage of energy transduction. On
the other hand, kinesin has several unique loops, L5 and
L12 (4). L5 is located near the ATP-binding site, and L12 in
the microtubule-binding site (Fig. 1) (4). Similarly, myosin

has several unique loops: loop B (aa 320–327), M (aa
677–689), and N (aa 127–136), in the region of the ATP-
binding cleft, which are not present in kinesin (4). The
precise function of these loops remains unclear; however,
they may determine the characteristic properties of motor
proteins, such as mediating the interaction between ATP-
and microtubule-binding sites or ATP- and actin-binding
sites.

We demonstrated previously that a fluorescent-labeled
photoreactive ADP analogue, Mant-8-N3-ADP, specifically
crosslinks to loop M of skeletal muscle (7). The fluorescent
ADP derivative was used as a probe to monitor actin-
induced conformational changes in loop M (7). Analysis
of actin-induced changes in Mant-group fluorescence polar-
ization, acrylamide-induced quenching, and fluorescence
energy transfer confirmed that actin binding induces con-
formational changes in loop M that result in the displace-
ment of Mant-8-N3-ADP from the ATP-binding cleft (8).

We observed that point mutations in mouse brain kine-
sin at Pro 103 and Leu 105 in L5 (96–106) significantly
affect ATPase activity (unpublished data). On the other
hand, the kinesins point mutated at Leu 100 and His
101 retained normal ATPase properties. Moreover, the
fluorescence spectrum of Trp-substituted Leu 100 in L5
was significantly altered in a nucleotide-dependent man-
ner reflecting the physiological conformational change
during ATP hydrolysis (unpublished data). Therefore, it is
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thought that the anterior half of the loop does not influence
the ATPase cycle, but the posterior half of the loop, which is
closer to the ATPase site, does influence the ATPase cycle.
Comparative studies on primary kinesin structures
derived from several different species revealed that the
bulge loop L5 of the plus-end directed kinesins is generally
longer than that of minus-end directed kinesins (9). We
recently expressed the motor domain of rice specific kinesin
K-16 and characterized its properties (10). Rice kinesin
also has a conserved L5 that is slightly shorter than
that found in mouse brain kinesin.

The aim of the present study was to investigate the con-
formational change of L5 that may be related to kinesin-
specific motile function. For this purpose, we introduced a
reactive cysteine residue into L5, and used cysteine labeled
with the environmentally sensitive fluorescent probe,
IAANS, which has been widely used for protein structural
studies (11–13). Studies of fluorescent spectra, fluorescent
polarization, and fluorescent quenching of the probe in L5
clearly demonstrated that L5 changes its conformation
during ATP hydrolysis.

MATERIALS AND METHODS

Expression and Purification of Rice Kinesin Mutant
Q101C—The Q101C rice kinesin mutant plasmid was con-
structed by introducing a single amino acid change in the
wild-type (WT) rice kinesin K16 plasmid (Accession No.
AK068672), which was supplied by the National Institute
of Agrobiological Science (Tsukuba, Japan). The glutamine-
to-cysteine substitution at residue 101 was verified by
DNA sequencing. DNA sequencing was confirmed by the
dideoxy chain termination method with a SQ-5500 sequen-
cer (Hitachi, Tokyo) using the Genetyx program (Software
Development). The Q101C plasmid and WT rice kinesin
plasmid were transformed into Escherichia coli BL21

(DE3) pLysE for expression. The Q101C and WT rice kine-
sin were purified by Ni-NTA metal affinity chromatography
according to the method of Shibuya et al. (14). Purity was
assessed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), which revealed a single
band on Coomassie-stained gels. Samples were dialyzed
against 120 mM NaCl, 30 mM Tris-HCl, pH 7.5, and 1
mM dithiothreitol (DTT), and stored at -80�C until use.
Tubulin was purified from porcine brain as described by
Hackney (15).
Chemicals—Restriction enzymes and other enzymes

were purchased from Toyobo (Tokyo) unless otherwise
stated. Oligonucleotides were synthesized by Sawady
(Tokyo). The nickel-chelating column was purchased
from Sigma (St. Louis, MO). E. coli BL21 (DE3) pLysE and
pET21a vector were purchased from Novagen (Madison,
WI). All chemicals were purchased from Wako Pure
Chemicals (Osaka, Japan) unless otherwise stated. ATP
and ADP were purchased from Oriental Yeast (Osaka).
2-(40(iodoacetamide) anilino-naphthalene-6-sulfonic acid
sodium salt) (IAANS) was purchased from Molecular
Probes (Eugene, OR). BCA protein concentration assay
was from Pierce (Rockford, IL).
Measurement of Fluorescence—Fluorescence was mea-

sured with an RF-5000 spectrofluorophotometer (Shi-
madzu, Tokyo) and F-2500 spectrofluoro-photometer
(Hitachi, Tokyo). Unless otherwise stated, all fluorescence
measurements were carried out in a buffer containing
120 mM NaCl, 30 mM Tris-HCl, pH 7.5, and 2 mM
MgCl2 at 25�C. Excitation and emission wavelengths
were 330 nm and 450 nm, respectively.
Fluorescence polarization: Fluorescence polarization

was measured with an RF-5000 spectrofluorophotometer
(Shimadzu, Tokyo) and F-2500 spectrofluorophotometer
(Hitachi, Tokyo) attached polarizer. Steady-state polarized
light was used to excite IAANS-rice-kinesin; the intensity
of emitted fluorescence was measured at both horizontal
(Ih) and vertical (Iv) angles to the incident polarized plane.
The excitation wavelength was 330 nm (band width,
10 nm); fluorescent emission was detected at 450 nm
(band width, 20 nm). Fluorescence polarization (P) was
calculated from the following equation: P = (Ih – Iv)/(Ih + Iv)
Acrylamide quenching: Acrylamide (0–100 mM) quench-

ing of IAANS fluorescence was analyzed according to Stern
and Volmer (16, 17). The Stern-Volmer quenching constant
(KSV) was calculated from the following equation: F0/F = 1 +
KSV [Q], where F0 and F are fluorescence intensities in the
absence and presence of the quencher, respectively, and
[Q] is the concentration of acrylamide.
Fluorescence Labeling of Q101C Kinesin and WT Rice

Kinesin with IAANS—Q101C kinesin and WT kinesin
motor domains (10 mM) were incubated with 80 mM
IAANS for 30 min at 25�C in a buffer comprising
120 mM NaCl, 30 mM Tris-HCl, pH 7.5, and 2 mM
MgCl2. The reaction was stopped by addition of 2 mM
DTT. Unbound IAANS was removed by centrifugal gel fil-
tration on a Sephadex G-50 spin column equilibrated with
120 mM NaCl and 30 mM Tris-HCl, pH 7.5. The amount of
incorporated IAANS was estimated using the absorption
coefficient at 326 nm of 27,000 M-1·cm-1 for the IAANS
group (18).
ATPase Assay—Rice kinesin (1 mM) and MKH350 (1 mM)

were preincubated for 5 min in 10 mM imidazole-HCl,

Fig. 1. Location of L5 in the crystal structure of kinesin
motor domain. The L5 is shown in black in the cartoon model
of the kinesin motor domain. The ADP and L12 (one of the
microtubule-binding sites) are represented in the space-filling
model and stick model, respectively. The structure was prepared
using the molecular graphic program Ras Mac v2.6 using the coor-
dinate data (rattus norvegicus kinesin: 2KIN) in the protein data
bank database.
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pH 7.0, 50 mM KCl, 3 mM MgCl2, 0.1 mM ethylene-
diaminetetraacetic acid (EDTA), 1 mM ethylene glycol
bis (beta-aminoethyl ether)-N,N,N0,N0-tetraacetic acid
(EGTA), 1 mM b-mercaptoethanol, and 5 mM microtubules.
The ATPase reaction was initiated by the addition of 2 mM
ATP at 25�C. The reaction was stopped by the addition of
10% trichloroacetic acid, and the released Pi measured by
the method of Youngburg and Youngburg (19).

RESULTS

Preparation of a Rice Kinesin Mutant with Cysteine
in L5—The wild-type rice kinesin K-16 motor domain has
two intrinsic cysteines at positions 214 and 301. We con-
firmed first that the cysteine residues were scarcely reac-
tive with SH-reactive reagents. Therefore, we constructed
a cDNA encoding motor domain rice kinesin, in which
Gln101 corresponding to Leu100 of mouse brain kinesin
was replaced by Cys, without removing the intrinsic
cysteines. The constructed cDNA was transformed into
E. coli BL21 (DE3) pLysE. The expressed Q101C rice kine-
sin was purified by Ni-NTA metal affinity chromatography,
and kinesin mutant ATPase activity was measured in the
presence of various concentrations of microtubules to
determine whether the mutant retained normal enzymatic
properties. As shown in Fig. 2, the basal steady-state
ATPase activity in the absence of microtubules and the
pattern of microtubule-stimulation of the ATPase activity
of Q101C were similar to those of the WT rice kinesin K16
motor domain. The mutant Q101C retained native enzy-
matic properties. The maximal ATPase activity and the
microtubule concentration for half maximal stimulation
of the kinesins were estimated from Fig. 2. Vmax and
KMT of Q101C were 0.99 s-1 and 4 mM, respectively,
which were almost identical to those of WT. These re-
sults indicate that the mutant retains native enzymatic
properties.
Labeling of the Cysteine Residue in L5 by Fluorescent

Probe—In order to determine the optimal conditions for
specific labeling of the cysteine residue in L5, we conducted
time-course studies of the reaction- and concentration-
dependency of IAANS. Figure 3A shows the time-course
labeling of Q101C and WT kinesin motor domain with
IAANS, performed at 25�C with an 8-fold excess of
IAANS over kinesin. The amount of incorporated IAANS
was estimated using the absorption coefficient at 326 nm of
27,000 M-1·cm-1 for the IAANS group (18). The cysteine
residue additionally incorporated into L5 by molecular bio-
logical technique was highly reactive and labeled almost
stoichiometrically by SH group specific reactive fluorescent
probe IAANS. As shown in Fig. 3A (solid circles), the time-
course incorporation of IAANS was biphasic. The first
phase rapidly reached a stoichiometric amount, and the
second phase increased slowly corresponding to WT incor-
poration. Subtracting the values of open circles from the
closed circles at each reaction time showed a saturated
incorporation of IAANS at the stoichiometrical molar
ratio. However, the ATPase activity of Q101C was not sig-
nificantly affected by modification of IAANS. Furthermore,
basal and MT-activated ATPase were slightly reduced, at
less than 10–20%, even at long reaction time when 101C
in L5 was almost fully modified by IAANS, suggesting
retention of the native enzymatic properties.

As shown in Fig. 3B, incorporation of IAANS into the
cysteine residue in L5 was saturated at lower concentra-
tions of IAANS than the corrected value obtained by sub-
tracting the data of WT from the corresponding value of
Q101C. These results suggest that at lower concentration
of IAANS and for short reaction times, incorporation of
IAANS into the two intrinsic cysteines is negligible, and
only the cysteine residue in L5 of Q101C is specifically
labeled by IAANS.

Interestingly, the presence of nucleotides significantly
affected the binding of IAANS into the cysteine in L5.
As shown in Fig. 3C, the amount of incorporated IAANS
in the presence of ATP and ADP was reduced to 70% and
50%, respectively. Binding of IAANS into the intrinsic
cysteine of WT was not affected by the addition of nucleo-
tides. These results indicate that the region of the cysteine
residue in L5 changes its conformation during ATP
hydrolysis.
Nucleotide-Induced Fluorescence Changes in IAANS-

Q101C—Next, we examined the effect of nucleotides on the
emission spectra of IAANS-Q101C. As shown in Fig. 4A,
ATP reduced the fluorescence intensity of IAANS-Q101C
by 38%. This decrease was accompanied by a blue shift of
the emission maximum from 449 to 446 nm. Interestingly,
the fluorescence intensity further decreased in the
presence of ADP by 47% and produced a blue shift of the
emission maximum to 444 nm. The spectral change upon
the addition of ADP indicated that the ATPase site of the
IAANS-Q101C was vacant. To confirm this, the IAANS-
Q101C was treated with EDTA to remove entrapped
ADP from the ATPase site. As shown in Fig. 4A (line 4),
upon the addition of ADP, fluorescence intensity of
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Fig. 2. Microtubule concentration dependence of the
ATPase activity of the rice kinesin Q101C mutant. The
ATPase assay was 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 0–60 mM microtubule. The
ATPase reactions were started by adding 2 mM ATP. For K16WT
(closed circles), the estimated maximum rate and [Km (MT)] were
0.99 s-1 and 4 mM, respectively. For K16 Q101C (open circles), the
maximum rate and [Km (MT)] were 0.97 s-1 and 4 mM, respectively.
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EDTA-treated IAANS-Q101C decreased relatively to the
same level as that of before treatment with EDTA, indicat-
ing that the kinesin does not contain ADP. Further
confirmatory experiments to show that kinesin does not
contain ADP were performed using ultrafiltration. ADP
was incubated with equimolar Q101C and the solution
was passed through an ultrafiltration filter to remove
the high molecular weight kinesin. As shown in Fig. 5
(broken line), no absorption was observed at 260 nm of
ADP in the filtrate resulting from ADP binding to Q101.
In contrast, ADP did not bind to heat-denatured Q101C
(Fig. 5, dotted line). These results clearly demonstrated
that the rice kinesin motor domain prepared in the absence
of MgATP as described in ‘‘MATERIALS AND METHODS’’ has a
vacant ATPase site and does not contain ADP. We have
also prepared the MgADP-bound rice kinesin motor
domain in the presence of Mg and ATP, and compared it
with MgADP-free kinesin. Interestingly, the nucleotide-
free kinesin showed almost the same stability as the
nucleotide-bound kinesin. The kinesin purified in the pre-
sence of MgATP showed almost the same MT-dependent
ATPase activities as shown in Fig. 6A. Moreover, the sta-
bility of MgADP-free kinesin upon long-term incubation at
25�C was almost the same as that of Mg-ADP bound kine-
sin. As shown in Fig. 6B, the microtubule-dependent
ATPase activity was almost 100% even after 12 h of incu-
bation. Therefore, it was clearly demonstrated that the
nucleotide free rice kinesin motor domain is as stable as
the Mg-ADP bound rice kinesin.

Fluorescence of IAANS bound to WT was negligible
(Fig. 4A, lines 5 and 6). IAANS is an environmentally sen-
sitive fluorescent probe that is covalently linked to the
cysteine residue in L5, and the fluorescent changes reflect
changes in hydrophobicity around the probe due to changes
in conformation. Hence, changes in fluorescence derived
from IAANS bound to 101C in L5 resulted in conforma-
tional change of L5 induced by nucleotide binding. We also
observed similar results for L5 of mouse brain kinesin
MKH350. Prior to fluorescent measurement, the MKH350
mutant H101C was treated with EDTA to remove ADP
entrapped in the ATPase site. As shown Fig. 4B, upon
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Fig. 3. A: Time course of incorporation of IAANS into the
L5 of the rice kinesin. Rice kinesin Q101C or rice kinesin WT
(each 10 mM) was modified with an 8-fold molar excess of IAANS
at 25�C in a buffer of 120 mM NaCl and 30 mM Tris-HCl,
pH 7.5. The reaction was stopped by the addition of 2 mM
DTT. Unbound IAANS was removed by centrifugal gel filtration
on Sephadex G-50 column equilibrated with 120 mM NaCl and
30 mM Tris-HCl, pH 7.5. The amount of incorporated IAANS was
estimated by using the absorption coefficient at 326 nm of 27,000
M-1·cm-1 for the IAANS group. Q101C, solid circles; rice kinesin
WT, open circles; Q101C-WT, asterisk. B: Concentration-
dependent incorporation of IAANS into the L5 of the
rice kinesin. 10 mM rice kinesin was reacted with 20, 80, 160
and 320 mM IAANS at 25�C in a buffer of 120 mM NaCl and
30 mM Tris-HCl, pH 7.5, for 30 min. Subsequent procedures
were performed as described in the legend of (A). C: Nucleotide-
dependent incorporation of IAANS into the L5 of the rice
kinesin. Rice kinesin (10 mM) was reacted with 20, 40, 80 and
160 mM IAANS at 25�C in a buffer of 120 mM NaCl, 30 mM
Tris-HCl, pH 7.5, and 3 mM MgCl2, in presence or absence
2 mM nucleotide for 30 min. Subsequent procedures were
performed as described in the legend of (A).
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addition of nucleotides, the fluorescence of IAANS-labeled
H101C showed similar reduction to that of rice kinesin
Q101C. We also examined the effect of the ATP analogues,
ATPgS and AMP-PNP. It is known that ATPgS is
hydrolyzed slowly by ATPase, while AMP-PNP is a non-
hydrolyzable ATP derivative. Fluorescence intensities of
IAANS-kinesin in the presence of ATPgS and AMP-PNP
were slightly higher than that in the presence of ADP as
shown in Fig. 4C. However, no significant difference in the
spectra between ATPgS and AMP-PNP was observed.
Acrylamide Quenching of IAANS-Q101C Fluorescence—

As described above, the IAANS fluorophore bound to 101C
sensed different environments in L5 induced by nucleo-
tides. To obtain further details about the different envir-
onments, we examined the accessibility of the IAANS
fluorophore in L5 from the extent of fluorescence quench-
ing by solute quencher. Fluorescence of IAANS-Q101C was
measured in the presence of various concentrations of acry-
lamide as a quencher. Data were analyzed by calculation of
Stern-Volmer quenching constants (Ksv) from the plots of
relative fluorescence versus acrylamide concentration
(Fig. 7). The value of Ksv for IAANS-Q101C in the absence
of nucleotide was 2.6 M-1. In contrast, in the presence of
1 mM ATP and 1 mM ADP, the values of Ksv for
IAANS-Q101C increased to 3.6 M-1 and 3.5 M-1, respec-
tively. These results suggest that the fluorophore is more
accessible in the presence of nucleotides than in their
absence. However, there were no significant differences
in accessibility between ATP and ADP.
Fluorescence Polarization of IAANS-Q101C—Fluores-

cence polarization was used to measure the effects of
nucleotides on the mobility of IAANS attached to 101C
in L5. Fluorescence polarization was significantly
increased when IAANS attached to 101C (Fig. 8, bar 3),
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Fig. 4. A: Fluorescence emission spectra of rice kinesin
labeled at loop 5 with IAANS. IAANS-Q101C and IAANS-WT
were prepared as described in ‘‘MATERIALS AND METHODS.’’ Fluores-
cence emission spectra of rice kinesin labeled at loop 5 with IAANS
were monitored in a solution of 120 mM NaCl, 30 mM Tris-HCl
pH 7.5, 2 mM MgCl2, 1 mM rice kinesin-IAANS at 25�C. IAANS was
excited at 330 nm, and the emission spectra were measured at
400–500 nm. (1) 1 mM rice kinesin IAANS-Q101C. (2) 1 mM rice
kinesin IAANS-Q101C + 1 mM ATP. (3) 1 mM rice kinesin
IAANS-Q101C + 1 mM ADP. (4) 1 mM rice kinesin IAANS-Q101C
(EDTA treated) + 1 mM ADP. (5) 1 mM rice kinesin IAANS-WT.
(6) 1 mM rice kinesin IAANS-WT + 1 mM ATP. Fluorescence emis-
sion maxima of IAANS-Q101C in the presence of nucleotides were
as follows: 449.5 nm (no nucleotide), 446.0 nm (presence 1 mM
ATP), 444.0 nm (presence 1 mM ADP). B: Fluorescence emis-
sion spectra of mouse kinesin MKH350 mutant H101C
labeled at loop 5 with IAANS. The mouse kinesin MKH350
labeled at loop 5 with IAANS was treated with EDTA to remove
entrapped ADP completely prior to fluorescence measurement.
Fluorescence emission was measured as described in the legend
of (A). (1) 1 mM IAANS-H101C. (2) 1 mM IAANS-H101C + 1 mM
ATP. (3) 1 mM IAANS-H101C + 1 mM ADP.C:Effect ofAMP-PNP
and ATPcS on the fluorescence spectra of rice kinesin
labeled at L5 with IAANS. Fluorescence emission spectra
were measured under the same conditions as described in (A).
(1) 1 mM Q101C-IAANS + 1mM ATP. (2) 1 mM Q101C-IAANS +
1 mM ATPgS. (3) 1 mM Q101C-IAANS + 0.5 mM AMP-PNP. (4)
1 mM Q101C-IAANS + 1 mM ADP. Fluorescence emission maxima
of IAANS-Q101C in the presence of nucleotides were as follows:
446.0 nm (ATP), 443.5 nm (ATPgS), 443.5 nm (AMP-PNP),
444.0 nm (ADP).
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compared with free IAANS (Fig. 8, bar 1). This increase in
polarization reflected the large reduction in rotational
mobility of the probe resulting from its incorporation
into a macromolecule of protein. The addition of 1 mM
ADP slightly increased fluorescence polarization (Fig. 8,
bar 5), and the addition of 1 mM ATP resulted in a slight
and further increase in fluorescence polarization. These
results suggest that the nucleotides induced a conforma-
tional change at L5 that results in decreased probe mobi-
lity. As a control, we measured the fluorescence
polarization of guanidine-HCl–denatured IAANS-Q101C
(Fig. 8, bar 2). These results showed very low polarization,
confirming that the polarization measurements reflect the
mobility of the IAANS-group in L5.

DISCUSSION

The aim of the present study was to investigate the
conformational change of L5 that may be related to the
kinesin-specific motile function. Recent studies suggested
the potential roles of the loops from functional proteins.
Cooperative swinging of the paired loops of the mitochon-
drial ATP/ADP carrier appears to mediate the protein’s
transport function (20). A similar loop structure may be
involved in ion channel function in colicin Ia (21). These
findings suggest that L5 of kinesin, uniquely located in the
vicinity of the ATP-binding site (Fig. 1), may also deter-
mine the characteristic properties of motor activity. Point

mutations in the region of the posterior half of the L5
change the ATPase activity and microtubule interactions
(our unpublished data). Therefore, the L5 may have an
important function in kinesin. However, the molecular
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and 0.2 mM DTT, and then subjected to ultra-filtration (Ultrafree-
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cules of less than 10,000 in molecular weight. The absorption
spectra of the ultrafiltration permeates were measured. (1) 20 mM
ADP, (2) 20 mM ADP + heat denatured 20 mM K16, (3) 20 mM ADP +
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Fig. 6. A: Microtubule dependent ATPase activity of the
ADP-free ricekinesin andADP-bound ricekinesin.ADP-free
K16MD and ADP-bound K16MD were prepared in the presence or
absence of 0.1 mM MgATP. The ATPase assay was 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 0–50 mM
microtubules. The ATPase reaction was started by adding 2 mM
ATP. For the ADP-free K16MD (closed circles), the maximum rates
and [Km (MT)] were about 0.8 s-1 and about 4 mM, respectively. For
the ADP-bound K16MD (open circles), the maximum rate con-
stants and [Km (MT)] were about 0.81 s-1 and 4 mM , respectively.
B: Stability of the ADP-free rice kinesin. ADP-free K16MD
(open circles) and ADP-bound K16MD (closed circles) were incu-
bated in 120 mM NaCl, 30 mM Tris-HCl pH7.5, 0.1 mM MgCl2,
(0.1 mM ATP) for 0, 3, 5 and 12.5 h at 25�C. The ATPase assay was
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 10 mM microtubules. The ATPase reaction was started
by addition of 2 mM ATP.
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nature of L5 conformational changes related to function
remains unclear.

In the present study, we used a fluorescent probe to
monitor nucleotide-induced conformational changes in
L5. We employed the environmentally-sensitive fluorescent
probe IAANS, which specifically attaches to the sulfhydryl
group of the cysteine residue. The fluorescence intensity,
and to a lesser extent, the emission wavelength of the
conjugate, tend to be very sensitive to substrate binding,
folding and unfolding of protein (12, 22), and association of
the labeled protein with other protein (11). IAANS has been
widely used for protein structural studies, particularly of
contractile proteins (13, 23, 24). As expected, IAANS suc-
cessfully detected conformational changes in L5 of kinesin.
IAANS attached to 101C of rice kinesin detected L5 con-
formational change based on changes in its fluorescence
intensity and fluorescence maximum. The maximum fluor-
escence was blue-shifted. From the known general proper-
ties of IAANS, it was presumed that the environment
around the fluorescent probe becomes to more hydrophobic
upon binding of nucleotides. In confirmation of this
assumption, the fluorescent polarization, which reflects
the mobility of the fluorescent probe, was found to increase
slightly in the presence of nucleotides, indicating a reduc-
tion of the rotational mobility of probes. On the other hand,
the fluorescence intensity was significantly reduced follow-
ing the addition of nucleotides. Moreover, fluorescence
quenching experiments suggested that the fluorescent
probe moved to a region which is more accessible for acry-
lamide upon addition of nucleotides. These results were
inconsistent with the experimental data of fluorescence
polarization and blue-shifed fluorescence maximum. One

possible explanation for the incompatibility might involved
the fluorescence from another IAANS bound nonspecifi-
cally to kinesin. The fluorescence from the two IAANS
molecules bound to different sites may show different char-
acteristics. Indeed, IAANS slightly bound to the intrinsic
cysteine residue or other amino acids residues in addition to
the destination cysteine 101C. However, this possibility is
excluded by the fact that the fluorescence from the nonspe-
cific binding of IAANS is negligibly small, as shown in Fig.
4A. Another possibility, based on our recent unpublished
crystallographic analysis of the rice kinesin motor domain,
is that nucleotide binding may induce a conformational
change of L5 that allows the bound IAANS to make contact
with the side chains of neighboring amino acids, thereby
quenching the fluorescence intensity and reducing quan-
tum yield. For IAANS, the side chains of basic amino acids
are candidates. Indeed, the basic amino acids residues of
Arg 102, Arg 61 and Lys 112 are located within 2–8
angstrom from Gln 101 (unpublished data). It is possible
that nucleotide binding induces the conformational change
of L5, and the sulfonic acid of IAANS bound to 101C in
L5 makes a salt bridge with the neighboring basic amino
acid side chain. The salt bridge would significantly affect
the quantum yield of IAANS and also restrict the move-
ment of the fluorophore. This is quite consistent with the
results of fluorescence intensity and fluorescence polariza-
tion. Moreover, the aliphatic side chain of lysine or arginine
in the salt bridge would make the environment of IAANS
hydrophobic, resulting in the blue-shift of fluorescence
maximum.

Our results demonstrated that L5 of rice kinesin changes
its conformation upon addition of nucleotides. Moreover,
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IAANS-Q101C was prepared as described in ‘‘MATERIALS AND
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330 nm and 450 nm, respectively. Solid circles: 1.5 mM IAANS-
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there was a difference in the magnitude of fluorescence
intensity change between ADP and ATP, reflecting the
formation of a kinesin·ADP state and the equilibrium
state of multiple ATPase intermediates. The results sug-
gest that L5 changes its conformation during ATP hydro-
lysis. We performed the same examination of mouse brain
L5 kinesin. IAANS attached to H101C in L5 of mouse
kinesin also showed apparent fluorescence decrease
upon addition of nucleotides as shown in Fig. 4B. More-
over, the magnitude of the fluorescence change was almost
the same or slightly more substantial. Although the L5 of
rice kinesin is three amino acids shorter than that of mouse
brain kinesin, it is plausible that it changes its conforma-
tion in a similar manner during ATP hydrolysis. Moreover,
we demonstrated previously that the fluorescence spec-
trum of Trp 100 in L5 of mouse brain kinesin changed
significantly in a nucleotide-dependent manner (unpub-
lished data). On the other hand, the point mutation of
Leu 105 to Trp had a significant affect on ATPase activity.
Therefore, loop L5 seems to be an important region in the
motor domain of kinesin and appears to determine the
enzymatic characteristics.
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