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Recent crystallographic studies of motor proteins showed that the structure of the
motor domains of myosin and kinesin are highly conserved. Thus, these motor proteins,
which are important for motility, may share a common mechanism for generating
energy from ATP hydrolysis. We have previously demonstrated that, in the presence of
ADP, myosin forms stable ternary complexes with new phosphate analogues of alumi-
num fluoride (AIF,") and beryllium fluoride (BeF,), and these stable complexes mimic
the transient state along the ATPase kinetic pathway [Maruta et al. (1993) J. Biol. Chem.
268, 7093-7100]. In this study, we examined the formation of kinesin-ADP-fluorometals
ternary complexes and analyzed their characteristics using the fluorescent ATP ana-
logue NBD-ATP (2'(3)-0O-[6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoyl]-ADP).
Our results suggest that these ternary complexes may mimic transient state intermedi-
ates in the kinesin ATPase cycle. Thus, the kinesin-ADP-AIF,” complex resembles the
kinesin-ADP state, and the kinesin-ADP-BeF, complex mimics the kinesin-ADP-P, state.
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Kinesin is an ATP-driven motor protein that plays impor-
tant physiological roles in intracellular transport, mitosis
and meiosis, control of microtubule dynamics and signal
transduction. Recent structural analyses of kinesin (I-4)
have shown that it is strikingly similar in structure to the
catalytic domains of myosin and G-protein (5, 6). This simi-
larity suggests that the motor proteins and molecular
switches, which convert energy from ATP into force produc-
tion for motility and switching, use a similar conforma-
tional strategy at the first stage of energy transduction.
However, the motility properties of the microtubule-kine-
sin system are significantly different from the actomyosin
system. Kinesin was found to be a highly processive motor
molecule that moves a microtubule in more than 100 con-
secutive 8-nm steps before dissociating (7, 8). In contrast,
myosin executes a single stroke and immediately dissoci-
ates from actin (9, 10). These distinctions suggest that the
mechanochemical coupling of kinesin may be somewhat dif-
ferent from that of myosin. Various kinetic studies have
demonstrated that the microtubule-kinesin and actomyosin
mechanisms appear to follow different pathways. Dissocia-
tion of the kinesin occurs after the hydrolysis step, whereas
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dissociation occurs before hydrolysis for actomyosin (11).
These kinetic differences may indicate the coupling of a dif-
ferent step to generate force.

For the motor proteins to produce forward motion, the
ATPase cycle must be linked to a conformational change in
the cycle. However, it is not clear how the two motor pro-
teins change their conformation during the ATPase cycle, a
process directly related to energy transduction. Since inter-
mediates in the ATPase cycle are transient, with only a
limited lifetime, identification of stable analogues corre-
sponding to these intermediates would be useful. Biochemi-
cal studies have demonstrated that in the presence of Mg*-
ADP and certain fluorometals, aluminum fluoride (AlF,")
(12, 13), beryllium fluoride (BeF,) (12-14), scandium fluo-
ride (ScF,) (15), gallium fluoride (GaF,) (16), and magne-
sium fluoride (MgF,) (17, 18), myosin forms stable my-
osin-Mg?**-ADP-fluorometal ternary complexes. Each of
these stable complexes mimics specific steps in the ATPase
kinetic pathway. Recent crystallographic studies (19, 20)
have also identified differences between the ternary com-
plexes (AlF,-, BeF,, V) in the conformation of the COOH-
terminal segment of the truncated myosin head from Dicty-
ostelium discoideum myosin II (S-1 Dc). The ternary com-
plexes for G-proteins induced by fluorometals of AlF,” and
BeF, also work in a manner similar to myosin to form G-
protein-GDP-AlF,~ or BeF, ternary complexes that mimic
GTPase transient intermediates, resulting in G-protein ac-
tivation (21-24). Therefore, it is of interest to determine
whether kinesin also forms ternary complexes with ADP
and fluorometals that may mimic the transient intermedi-
ates of the kinesin ATPase kinetic pathway in a manner
similar to that of myosin and G-proteins.

In the present study, the fluorescent ADP analogue NBD-
ADP was employed to monitor the formation of kine-
sin-ADP-fluorometal ternary complexes. Because the for-
mation of the myosin-ADP-fluorometal ternary complexes
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could be monitored successfully by use of the ADP ana-
logue, the stability and interaction of microtubules with the
ternary complexes were also examined to determine wheth-
er the complexes mimic the transient steps in the microtu-
bule-activated kinesin kinetic pathway.

MATERIALS AND METHODS

Materials—Restriction enzymes and other enzymes were
purchased from Toyobo (Tokyo) unless otherwise noted. Oli-
gonucleotides were synthesized by Sawady (Tokyo). The Ni-
chelating column was from Sigma (St. Louis, MO). Chemi-
cals were purchased from Wako Pure Chemicals (Osaka)
unless otherwise described. ATP, ADP, dithiothreitol (DTT),
beryllium sulfate (BeSO,), aluminum chloride (AICL),
vanadium (V)), and sodium fluoride (NaF) were purchased
from Wako Pure Chemicals. Tubulin was purified from por-
cine brain as described by Hackney (25).

Cloning of the KIF5A Motor Domain ¢cDNA—The 5'-
primer of the motor domain was the same as the 5-primer
for the full-length ¢cDNA. A 3"-primer (5-AGAGGATCCT-
TAATTCACTGAGGCAGTGTTCT-3") was used to introduce
a stop codon (underlined nucleotide triplet) next to Ala
(334) and a BamHI site 5" to it. The 3,081 bp full-length
PCR-amplified fragment was purified by 1% agarose gel
and used as a template primer for PCR amplification. PCR
was carried out with KOD-plus under the following condi-
tions: 1 cycle at 94°C for 2 min, follow by 35 cycles of 94°C
for 30 s, 55°C for 15 s, and 68°C for 3.5 min with QT-II. A
single band of 1,002 bp was observed by agarose gel electro-
phoresis. The 1,002 bp BamHI fragment was cloned into a
BamHI site of pBluscript SK- as described above. The 1,002
bp BamHI fragment was then subcloned into a BamHI site
of an expression vector pET15b (pET15b:MKH350). The
c¢DNA sequence was confirmed by the dideoxy chain termi-
nation method with a SQ-5500 sequencer (Hitachi, Tokyo)
using the Genetyx program (Software Development).

Expression of Kinesin—Escherichia coli BL21(DE3)
strain was transformed with pET21a::MKH350 for large-
scale expression of the recombinant kinesin protein. Trans-
formants were selected on L-plates with 100 pg/ml ampicil-
lin. For purification of protein, E. coli was grown at 37°C for
18 h in 500 m! of L-broth with 100 pg/ml ampicillin to an
absorbance at 600 nm of 1.5, then 0.1 mM of IPTG and 0.1
mM DTT were added, and incubation was continued at
37°C for 3 h. Cells were collected by centrifugation and
stored at —80°C until use. The frozen cells were thawed and
suspended with 5 ml of sonication buffer with 0.1 mM DTT
and sonicated for 15 min at 5 of micro tip limit at 40% of
duty cycle in an Ultras Homogenizer VP-30S (Taitec). The
sample was clarified by ultra-centrifugation for 45 min, and
the supernatant was stored at 4°C until use.

Purification of Recombinant Kinesin Motor Domain—
The stored supernatant was loaded on Ni<helating column
which had been equilibrated with native buffer (30 mM
Tris-HCl pH 7.8, and 300 mM NaCl). The column was
washed with native buffer, then with native buffer contain-
ing 50 mM imidazole. The desired protein was eluted with
100 mM imidazole in native buffer, and the fractions con-
taining kinesin were pooled. Purity was assessed by so-
dium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE), which revealed a single band on Coomassie-
stained gels. Samples were dialyzed against 120 mM Tris-
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HCI, 30 mM NaCl, and 1 mM DTT, pH 7.5, and stored at
—80°C until use.

ATPase Assays—The ATPase assay was performed for 1
pM MKH in the presence of 2 mM ATP, 50 mM KCl, 50
mM imidazole-HCI, pH 6.7, 3 mM MgCl,, 0.1 mM EDTA, 1
mM EGTA, 1 mM B-mercaptoethanol, and in the presence
or absence of 5 pM microtubule.

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 discontinuous
buffer system of Laemmli (26). Peptide bands were visual-
ized by staining with Coomassie Brilliant Blue. Molecular
masses of the peptide bands were estimated by comparing
their mobility with markers of known molecular weight.

Fluorescence Measurement and Formation of Kinesin-
NBD-ADP-Fluorometal Ternary Complexes—Fluorescence
was measured at 25°C with a F-2500 spectrofluorometer
(Hitachi). The fluorescent ADP analogue, NBD-ADP, was
synthesized according to Maruta et al. (27), with slight
modification of the method described by Guillory and Jeng
(28). The change in fluorescence intensity of 0.3 pM NBD-
ADP in the presence of 1.5 uM MKH on addition of nucle-
otides or P, analogues (1 mM AlF,-, 1 mM BeF,, or 1 mM
V) was monitored in a solution of 20 mM NaCl, 30 mM
Tris-HCl, pH 7.5, and 2 mM MgCL,. The excitation and
emission wavelengths were 475 and 535 nm, respectively.

MT Pelleting Assays—The pelleting assays were per-
formed according to Logkhart et al. (29). To 4 uM of kinesin
motor domain in a buffer of 20 mM MOPS, pH 7.2, were
added 1 mM DTT, 5 mM MgCl,, 25 mM NaCl, 1 mM ATP, 1
mM ADP, 1 mM ADP + 1 mM fluorometals or no nucle-
otide, and the mixture was allowed to stand for 10 min at
25°C. Subsequently 6 puMMTs was added and the solution
was gently mixed, then incubated for 10 min at 25°C, and
centrifuged at 80,000 rpm for 20 min at 25°C (himac
RP100ATS3, Hitachi). The supernatants and pellet were run
on SDS slab gel and stained with Coomassie Brilliant Blue.

RESULTS

Preparation of Mouse Brain Kinesin Head Domain—The
DNA fragments encoding the N-terminal 350 amino acids
of mouse brain. kinesin head domain (MKH350) were gen-
erated by PCR as,described in “MATERIALS AND METHODS.”
The DNA fragment was ligated to the vector pET-15b,
which had been digested with BamHI. This chimeric plas-
mid generates a fusion protein in which the kinesin insert
is fused at the N-terminus to a sequence of six histidine
residues, which allows for affinity purification by Ni-NTA
agarose. As shown in Fig. 1A, MKH350 was eluted as peak
C from Ni-NTA agarose columns by addition of 100 mM
imidazole. Its separation from the other proteins of E. coli
was analyzed by SDS-PAGE, which showed that the frac-
tions of peak C contain only highly pure kinesin (Fig. 1B).
Amino acid sequence analysis showed that the purified pro-
tein has, following the 6-His tag in its N-terminal region,
an identical sequence to mouse brain kinesin (1-20 amino
acids analyzed).

ATPuase in the Presence and Absence of Microtubules—In
the absence of MTs, the basal steady-state ATPase activity
of MKH350 was very low (2.52 P, mol/site mol/min). The
value was similar to that of bovine brain kinesin (2.40 P,
mol/site mol/min), suggesting that the activity was in the
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normal range. The addition of microtubules markedly in-
creased the ATPase activity-of MKH350 (114.5 P, mol/zite
mol/min), as seen in native kinesins.

Formation of the Kinesin-ADP-Fluorometal Ternary Com-
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Fig. 1. Affinity purification of MKH350 protein by Ni-NTA agar-
ose. (A) After loading the sample, the column was washed for 1 h at
0.8 ml/min with native buffer (30 mM Tnis-HCI, pH 7.8, and 300 mM
NaCl) and subsequently with 50 mM imidazole-containing native
buffer. The desired protein was eluted with 100 mM imidazole in na-
tive buffer. Two-milliliter fractions were collected, and ultraviolet-
absorbing fractions of peak C were pooled. (B) Purity was assessed
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis, which
revealed a single band on Coomassie-stained gels.
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Fig. 2. Structural formula of 2'(3")-O-{6-(N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)amino)hexanoyl}-ATP (NBD-ATP).
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plexes—We employed the fluorescent ATP analogue, 2/(3')-
O-{6<(IN(7-nitrobenz-2-oxa-1,3-diazol4-yl)amino)hexanoyl}-
ATP (NBD-ATP), to monitor the ternary complexes of
MKH350 with ADP and P, analogue of fluorometals. As
shown in Fig. 2, NBD-ADP carries NBD fluorophore at the
2 or 3 position of ribose via an aminohexanoic spacer,
which is highly environmentally sensitive. Upon addition of
1.5 uM MKH350 to 0.3 pM NBD-ATP, the fluorescence
intensity at 535 nm rapidly increased by 3-fold (Fig. 3).
Subsequently, the fluorescence decreased slightly due to
hydrolysis of NBD-ATP to NBD-ADP and plateaued. How-
ever, the fluorescence intensity fell to the level before addi-
tion of MKH350 upon addition of 100 uM ATP. These re-
sults suggest that enhancement of NBD-ATP fluorescence
reflects the binding of NBD-ATP to the ATPase site of
MKH350, and distinguishes the states of kinesin-:ADP and
kinesin-ATP. The rapid initial binding was also analyzed by
stopped flow and compared with the results of Mant-ATP
reported by Ma and Taylor (30). The apparent second-order
rate constant for NBD-ATP was 11 pM' 57!, similar to that
for Mant-ATP (9 puM1g™).

Using NBD-ATP, we then monitored the formation of
kinesin-ADP-fluorometal ternary complexes. After the com-
plete hydrolysis of NBD-ATP to NBD-ADP, phosphate ana-
logues were added to start formation of the ternary com-
plexes. Upon addition of 1 mM BeF, the fluorescence was
reduced by 25% as shown in Fig. 4B. Subsequently, the
addition of 60 pM ATP restored the fluorescence to the
same level before addition of MKH350, due to the release of
NBD-ADP from the ATPase site. These results suggested
that the ternary complex is not as stable as myo-
sin-ADP-fluorometals, which are not decomposed by excess
ATP (12). For V,, a similar decrease in fluorescence was
observed, but the degree of reduction (by 40%) was higher
than that of BeF, (Fig. 4C). Furthermore, the addition of
excess ATP almost completely released NBD-ADP from the
ATP binding site. Inset of Fig. 4B shows the linearity of the
fluorescence change depending on the amount of NBD-ADP
bound to MKH350, resulting in formation of MKH350-
NBD-ADP-BeF, ternary complex. In contrast with BeF,
and V, upon addition of AlF,-, the fluorescence intensity

1 1 Il

Time ( sec )

Fig. 3. Serial changes in MKH350-NBD-ADP fluorescence on
addition of ATP. The change in fluorescence intensity of MKH350-
NBD-ADP on addition of nucleotides was monitored in a solution of
120 mM NaCl, 30 mM Tris-HC], pH 7.5, 2 mM MgCl, containing 0.3
pM NBD-ATP and 1.6 pM MKH350 at 25°C. The excitation and
emission wavelengths-were 475 and-535 nm, respectively. -
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Fig. 4. Serial changes in NBD-ADP fluorescence on binding to
MEKH350 and dissociating from MKH350 upon addition of ex-
cess ATP. The change in fluorescence intensity of MKH350-NBD-
ADP on addition of nucleotides or P, analogues (A: AlF,-, B: BeF, C:
V,) was monitored in a solution of 120 mM NaCl, 30 mM Tris-HC],
pH 7.5, and 2 mM MgCl, containing 0.3 uM NBD-ATP and 1.5 pM
MKH350 at 25°C. The excitation and emission wavelengths were
475 nm and 535 nm, respectively. Inset of Fig. 4B: Fluorescence
change depending on the concentration of MKH350 in the presence
of BeF,. To 1 uM NBD-ADP in the solution of 120 mM NaCl, 30 mM
Tris-HCI pH 7.5, 2 mM MgCl, and 1 mM BeF,, -5 uM MKH350
was added at 25°C.

TABLE I. Rate constants of formation of MKH350-NBD-
ADP-fluorometal ternary complexes. Values of rate constants (k)
were determined under the following conditions: 120 mM NaCl, 30
mM Tris-HC], 2 mM MgCl,, 5 mM DTT, pH 7.5, 25°C for 1.5 pM
MKH350 in the presence of 1 mM BeF, (MKH350-ADP-BeF,); 1
mM AlF,- (MKH350-ADP-AlF,); or 1 mM sodium vanadate
(MKH350-ADP-V).

k(81
Sampl
pie ADP-AIF,- ADP-BeF, ADPW,
Myosin 0.0023 0.07 0.012
MKH350 — MTs 0.12 0.022 0.059
MKH350 + MTs 0.096 0.028 0.034

H. Shibuya et al.

increased to the same level as that induced by initial bind-
ing of NBD-ATP (Fig. 4A). These results suggest that the
fluorophore NBD-ADP bound to the ATPase site with AlF,”
is in a different state from that in the complexes of BeF,
and V.. Moreover, despite the addition of excess ATF, 25% of
the fluorescence enhancement was still seen, indicating the
formation of a stable kinesin-ADP-AlF,- ternary complex.
The rate constants for formation of kinesin-ADP-fluoro-
metal ternary complex, which were estimated from the
time course of the fluorescence change, fitted an exponen-
tial profile after the addition of fluorometals. The rate con-
stants obtained are summarized in Table I and compared
with the rate constants for the formation of myosin-ADP-
fluorometal ternary complexes measured under similar
conditions. For the BeF, and V, complexes, there were no
significant differences between the rate constants for kine-
sin and myosin. We have previously shown that the forma-
tion of myosin-ADP-AIF,- is very slow (12), as shown in
Table I. In contrast, the formation of the ternary complex
with AlF,~ is approximately 50-fold faster for kinesin than
for myosin.

Release of NBD-ADP from the Ternary Complexes by
Chasing with ATP—To confirm the formation of the kine-
sin-ADP-fluorometal ternary complexes, ATP concentra-
tion dependency of ADP release from the terndary com-
plexes was examined. The dissociation of ADP from the
complexes was monitored as fluorescence change of NBD-
ADP. The time-course of fluorescence decrease fitted an
exponential profile, yielding rate constants. Figure 5 is a
plot of the rate constants of dissociation of the bound NBD-
ADP in the ternary complexes against concentration of
ATP. In the absence of fluorometals, ATP released the
NBD-ADP at a maximum rate of 0.1 s™.. In the presence of
fluorometals, the maximum rates were reduced to 0.07 s
for BeF,, 0.06 s7! for V,, and 0.04 s for AlF,", reflecting the
formation of kinesin-ADP-fluorometals ternary complexes.

As shown in Fig. 6, microtubules accelerated the release
of NBD-ADP, and the maximum rate in the absence of fluo-

0.125
MKH350
0.100 ——
0.075 BeFn
x u —
/ A 4
] % a v
0.050 -1 Py
L~ L3 4
A/ AlF&
0.025 -
0 T T T T T T
0 10 20 30 40 50 60 70

ATP (um)

Fig. 5. Release of NBD-ADP from MKHS350-NBD-ADP-fluoro-
metals ternary complexes, ATP concentration-dependent rate con-
stants of release of NBD-ADP from MKH350-NBD-ADP-P, ana-
logues ternary complexes were measured by monitoring fluorescence
change of NBD-ADP. The £ values were determined under the fol-
lowing conditions: 0.3 pM NBD-ATP, 1.5 pM MKH350, 120 mM
NaCl, 30 mM Tris-HCI, 2 mM MgCL,, 5 mM DTT, and 1 mM fluoro-
metals, pH 7.5 at 25°C.
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rometals was 4-fold greater in the presence of microtubules.
Release of NBD-ADP in the presence of fluorometals was
also accelerated, but the maximum rate for AlF,- was one
half of those for BeF, and V..

In Fig. 7, the rates of dissociation of the bound NBD-ADP
in the ternary complexes are related to microtubule concen-
tration. The release of NBD-ADP in the presence of BeF,
and V, was accelerated with increased concentration of mi-
crotubules. For the BeF, complex, the dependence fitted a
hyperbola with a maximum rate of 0.5 s and the concen-
tration for half-maximum rate of 1.2 pM. Likewise, the
release of NBD-ADP in the presence of V, showed similar

0.5
® MKH350
0.4 / A x Vi
/A e T
¢ () hd
./A BeFn
0.3+ .’/A
x ./ R " AIFs
0.2 /’ * ¢ "
0.1
] T T T
0 25 50 75 100

ATP (M)

Fig. 6. Release of NBD-ADP from MKH350-NBD-ADP-fluoro-
metals ternary complexes in the presence of microtubules.
ATP concentration-dependent rate constants (&) of release of NBD-
ADP from MKH350-NBD-ADP-P, analogues ternary complexes
were measured by monitoring NBD-ADP fluorescence changes. The
k values were determined under the following conditions: 120 mM
NaCl, 30 mM Tris-HCl, 2 mM MgCl, and 5 mM DTT, pH 7.5, 0.3
pM NBD-ATP, 1.6 uM MKH350, 1.5 pM microtubules, and 1 mM
fluorometals at 25°C.
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values. In contrast, in the presence of AlF,, the release was
independent of the concentration of microtubules. Thése
results may suggest that microtubules do not readily bind
with MKH350-ADP-AIF,” complex. On the other hand, mi-
crotubules readily bind to the other complexes, thereby
accelerating the release of ADP.

To confirm this, the binding stoichiometries of MKH350:
ADP-fluorometals ternary complexes were measured using
the microtubule pelleting assay. The contents of MKH350
dissociated from microtubules was estimated from the pro-
tein bands in SDS-PAGE shown in Fig. 8A using an image
analyzer, and the results are summarized in Fig. 8B. Under

0.8
MKH350
]
0.6 -
[ ] Befn

[Microtubule] (M )

Fig. 7. Release of NBD-ADP from MKH350-NBD-ADP-fluoro-
metals ternary complexes in the presence of microtubules. Mi-
crotubule concentration-dependent rate constants of release of
NBD-ADP from MKH350-NBD-ADP-P; analogues ternary com-
plexes were measured by monitoring NBD-ADP fluorescence
changes. The k values were determined under the following condi-
tions: 120 mM NaCl, 30 mM Tris-HCl, 2 mM MgCl,, and 5 mM DTT,
pH 7.5, 25°C for 1.5 uM MKH350, 0.3 pM NBD-ADP, and 0-6 pM
microtubules.

Fig. 8. A: Coomassie Blue-stained SDS gels
of microtubule (MT) pelleting assays. To 4
1M of MKH350 in the presence of 1 mM ATP, 1
i mM ADP, no nucleotide or 1 mM ADP + 1 mM
| P, analogues, 6 uM MTs was added. After cen-
trifugation, the supernatant and pellet were
subjected to SDS-PAGE. B: Rate of dissoci-
— ated MKH350 from MT-MKH350. Dissocia-
tion constants (%) = (The concentration of
MKH350 in supernatant in the absence or pres-
ence of nucleotide and ADP-P; analogues)(The
concentration of MKH350 in supernatant in the
absence of nucleotide and MT) x 100. Band in-
tensities were analyzed with an Image ana-
lyzer.

2102 ‘62 Jequisides uo A1sieAiun pezy diwes| e /B1o's[eunopioyxo-qlj/:dny wouy papeojumoq


http://jb.oxfordjournals.org/

578

ce

Fl

Wavelength (nm)

Fig. 9. Fluorescence emission spectrum of MKH350-NBD-ADP-
P, analogues ternary complexes. (1) 1 mM AIF,~ + 0.3 oM NBD-
ADP in buffer A (1.5 uM MKH350, 120 mM NaCl, 30 mM Tris-HC},
pH 7.5, and 2 mM MgCL). (2) 0.3 uM NBD-ATP in buffer A. (3) 0.3
uM NBD-ADP in buffer A. (4) 1 mM BeF, + 0.3 uM NBD-ADP in
buffer A. (5) 1 mMV, + 0.3 pM NBD-ADP in buffer A. The excitation
was at 475 nm.

these conditions in the absence of nucleotide, 80% MKH350
was found in pellet with microtubules. In the presence of
nucleotides, 87% and 50% of MKH350 for ADP and ATP,
respectively was found in the supernatant free of microtu-
bules. These results are consistent with previous reports
suggesting that kinesin dissociates from microtubules in
the kinesin-ADP state but not the kinesin-ATP state. In the
presence of ADP and AIF,~, 90% of MKH350 was in the
supernatant, suggesting that the MKH350-ADP-AIF,” com-
plex is in a similar state to MKH350-ADP. In the presence
of ADP and BeF, or V,, 62-63% of MKH was free of micro-
tubules.

Fluorescence Spectra of Kinesin-NBD-ADP-Fluorometal
Ternary. Complexes—Fluorescence spectra of MKH350-
NBD-ADP-AIF,, BeF, or V, complexes were measured (Fig.
9). Fluorescence emission maximum of the MKH350-NBD-
ADP-AIF,” was 530 nm, which was identical to that of
MKH-ADP. In contrast, the fluorescence maximum of the
MKH350-NBD-ADP-AIF,~ and MKH350-NBD-ADP-V, com-
plexes showed a slight red-shift at 533 nm as seen in the
presence of NBD-ATP. Although differences in the spectra
were not significant, the results demonstrated that the
MKH350-NBD-ADP-AIF,- complex has a slightly different
environment around the bound nucleotide from the other
complexes, but a similar kinesin-ADP.

DISCUSSION

To determine the molecular mechanism by which ATP
chemical energy is transmitted to the mechanical motility
energy of kinesin, we investigated the sequential conforma-
tional change of the kinesin motor domain during ATP
hydrolysis that may be directly related to energy transduc-
tion. Previous kinetic studies demonstrated that during
ATP hydrolysis, kinesin forms a series of intermediates (25,
30-32). In this study, we used fluorometals (AlF -, BeF,) as
known phosphate analogues to form stable kinesin-ADP-
fluorometal ternary complexes, which may mimic the tran-
sient intermediate complexes in the kinesin ATPase cycle.
We have previously demonstrated that, in the presence of
Mg-ADP, myosin forms stable ternary complexes with fluo-
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rometals, and the complexes mimic the transient interme-
diates in the ATPase kinetic pathway (12, 16, 18). Recent
crystallographic studies have shown that the structures
of the motor domains of myosin and kinesin are highly
conserved (2—4, 33). Thus, these motor proteins may share
common mechanisms for generating energy for motility
from ATP hydrolysis. Therefore, we reasoned that, as
for myosin, kinesin-ADP-fluorometals ternary complexes
should be formed which mimic intermediates in the kinesin
ATPase cycle. Actually, the formation of kinesin-ADP-AIF -,
kinesin-‘ADP-BeF,, and kinesin-ADP-V, was monitored us-
ing fluorescence and the ADP analogue NBD-ADP (Fig. 4).
Indeed, it is of interest to compare the properties of kine-
sin-ADP-fluorometal ternary complexes with myosin-ADP-
fluorometal ternary complexes. We found that the kinesin
complexes were much less stable than the complexes of
myosin-ADP-fluorometals, which have lifetimes of several
days. The unusual stabilities for myosin-ADP-fluorometals
ternary complexes may be due to the presence of several
unique loops in myosin at the entrance of the ATP-binding
cleft, which have not been observed in kinesin (4). The
more rapid formation of kinesin'ADP-AlIF,” complexes
(Table ) may also be explained by the lack of these extra
loops. Actually, we have demonstrated that conformation of
one of the unique loops of myosin, loop M containing Lys
681, changes during the ATPase cycle, suggesting that the
loop acts as a signal transducer mediating communication
between the ATP- and actin-binding sites (34, 35). More-
over, the point mutation at the unique loop L5 of kinesin
significantly changes ATPase activity (our unpublished
data).

The fluorescent properties of NBD-ATP for kinesin were
significantly different than those for myosin. As shown in
Fig. 4, when NBD-ATP bound to kinesin, the fluorescence
intensity was increased by 3-fold. In contrast, NBD-ATP
bound to myosin showed a 40% decrease of fluorescence
intensity. These results suggest that the NBD fluorophore,
which is known to be highly environmentally sensitive (36),
reflects the precise conformational differences around the
ATP-binding cleft between kinesin and myosin, even
though the structures of the motor domains of myosin and
kinesin are highly conserved. The differences may affect
the formation and stability of the ternary complexes.

The microtubule-kinegin mechanism shows a different
pathway from that of actomyosin. Gilbert et al. (37) demon-
strated that dissociation of the kinesin occurred after the
hydrolysis step, while dissociation occurs before hydrolysis
for actomyosin. Therefore, it is of interest to determine the
steps in the microtubule-kinesin ATPase cycle that mimic
the kinesin-ADP-fluorometals ternary complex. We have
previously demonstrated that the myosin-ADP-AIF,- and
myosin‘ADP-BeF, complexes mimic, respectively, the M™
ADP-P, and M"-ATP states, in which myosin dissociates
from actin (12). As shown in Fig. 8B, the interaction of
kinesin-ADP-fluorometal complexes with microtubules sug-
gests that the kinesin-ADP-AIF,” complex may mimic the
kinesin-ADP state, in which kinesin dissociates. In con-
trast, kinesin':ADP-BeF, may mimic the kinesin-ADP-P,
state, in which kinesin associates with microtubules. This
is also suggested by the fluorescent emission maximum
(530 nm) of the kinesin-ADP-AIF,", which is identical in
value to that of kinesin in the presence of NBD-ADP, which
was apparently blue-shifted from that of kinesin-NBD-
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ADP-BeF, and kinesin in the presence of NBD-ATP. Inter-
estingly, the temary-complex using vanadate, which is also
known as a phosphate analogue, mimics the kinesin-ADP-
P, state, similar to the BeF, complex (38). Although these
two phosphate analogues form distinct complexes, they
each mimic a different state in the myosin ATPase cycle.
The formation of the kinesin-ADP-AlF,~ complex was con-
firmed by chasing with an excess of ATP the NBD-ADP
from the ternary complex (Figs. 5 and 6), indicating a slow
release rate constant.

In conclusion, we demonstrated in the present study that
kinesin formed ternary complexes (kinesin-ADP-fluoromet-
als) with new phosphate analogues of fluorometals in the
presence of Mg-ADP. The fluorescence spectra and interac-
tions of the ternary complexes with microtubules suggest
that the ternary complexes mimic the transient state in the
kinesin ATPase kinetic pathway. Thus, kinesin-ADP-AIF,-
and kinesin-ADP-BeF, complexes correspond to the kine-
sin-rADP and kinesin'ADP-P, states, respectively. Finally,
our data suggest that the kinesin-ADP-fluorometal ternary
complexes may be useful for studying the molecular mecha-
nism of energy transduction for kinesin.
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