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Kinetics Processivity and the Direction of Motion of Ncd

E. Pechatnikova and E. W. Taylor
Department of Molecular Genetics and Cell Biology, The University of Chicago, Chicago, lllinois 60637

ABSTRACT The kinetic mechanism of the nonclaret disjunctional protein (Ncd) motor was investigated using the dimer
termed MC1 (residues 209-700), which has been shown to exhibit negative-end directed motility (Chandra et al., 1993). The
kinetic properties are similar to those of the monomeric Ncd motor domain (Pechatnikova and Taylor, 1997). The maximum
steady-state ATPase activity of 1.5 s~ is half as large as for the monomeric motor. Dissociation constants in the presence
of nucleotides showed the same trend but with approximately a two-fold decrease in the values: K values are 1.0 uM for
ADP-AIF,, 1.1 uM for ATPvS, 1.5 uM for ATP, 3 uM for ADP, and 10 uM for ADP-vanadate (in 25 mM NaCl, 22°C). The
apparent second-order rate constants for the binding of ATP and ADP to the microtubule-motor complex (MtMC1) are 2
wM~1 s~ 1. Based on measurements at high microtubule concentrations the kinetic steps were fitted to the scheme,

h=110s"! kr=20s"" ks=10s"1(—P) ky=6s""
MtN + T ~———— MtN-T ~———— MtN:D-P ———MIN‘-D ~——MtN + D,
k-4=200s"

where N refers to one head of the dimer and T, D, and P stand for ATP, ADP, and inorganic phosphate. k; and k_, are the
first-order rate constants of the transition induced by the binding of mant ATP and mant ADP respectively. ADP release is the
main rate-limiting step in the MtMC1 mechanism. The binding of the MC1-mant ADP complex to microtubules released less
than half of the mant ADP (alternating site reactivity). The second mant ADP is only released by the binding of nucleotides that
dissociate the MtMC1 complex (ATP and ADP but not AMPPNP). The apparent rate constant for dissociation of the second
mant ADP is four times smaller than the first and much smaller than the rate of dissociation of MtMC1 by ATP or ADP. These
results are explained by a model in which MC1-ADP is first dissociated from the microtubule by ATP, followed by rebinding
to the microtubule by the ADP-containing head. Ncd may follow a different reaction pathway than does kinesin, but the
differences in rate constants do not explain the opposite direction of motion. The kinetic evidence and the high ratio of motile

velocity to ATPase support a nonprocessive, low duty cycle mechanism for the Ncd motor.

INTRODUCTION

The nonclaret disjunctional protein (Ncd) is a member of
the group of microtubule-associated motors that have the
motor domain at the C terminal end of the protein and move
in the negative direction along the microtubule. The struc-
tures of the motor domains of conventional kinesin and Ned
are very similar (Sablin et al., 1996; Kull et al., 1996), yet
the motors move in opposite directions along a microtubule.
The velocity of microtubule movement produced by full-
length Ncd or dimeric constructs is more than five times
slower than kinesin, and the ATPase activity is more than
ten times smaller (Chandra et al., 1993). A further differ-
ence in properties is that the kinesin dimer shows a high
degree of processivity, whereas processivity has not been
demonstrated for Ncd by either the dilution assay or the
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single molecule assay (Chandra et al., 1993; Vale et al,,
1996; Case et al., 1997). We define the degree of mechan-
ical processivity as the number of movement steps per
encounter of the motor with the microtubule, and the degree
of kinetic processivity as the number of ATPase cycles per
head per encounter.

These findings raise a number of questions. Which prop-
erties of the proteins determine whether the behavior is
processive? Because processivity is a competition between
detachment of one head to take a movement step and
dissociation of both heads, the answer should be given by
determining the kinetic mechanism. Studies on the ATPase
mechanism showed that Ncd and kinesin share some essen-
tial features. In the absence of microtubules, the rate-limit-
ing step is ADP dissociation (Shimizu et al., 1995b). The
rate of the hydrolysis step is much larger than the steady-
state turnover rate, which gives rise to a phosphate burst
(Pechatnikova and Taylor, 1997). The binding Ncd to the
microtubule accelerates the rate of ADP release. A compar-
ison of the rate of dissociation of ADP with the maximum
ATPase rate for conventional kinesin, Ncd and Eg5, showed
the ratio to be a factor of 1.5 to 2 (Ma and Taylor, 1995;
Shimizu et al., 1995b; Lockhart et al., 1995; Lockhart and
Cross, 1996; Ma and Taylor, 1997a; Pechatnikova and
Taylor, 1997). It was proposed that this correlation is char-
acteristic of kinesin family motors. However, Gilbert et al.
(1995) obtained a much larger ratio and they concluded that
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ADP dissociation does not contribute to the rate-limiting
steps.

Despite these similarities, there are significant differ-
ences in the kinetic mechanisms of kinesin and Ncd. A
monomeric Ncd construct (amino acids 335-700) was pre-
viously investigated and compared to a monomer of con-
ventional kinesin (Pechatnikova and Taylor, 1997). The rate
constants for the hydrolysis and ADP release steps are ten to
twenty times smaller for Ned than for kinesin, but the rate
of dissociation of the MtNcd monomer by ATP or ADP is
similar to kinesin. In the ATPase cycle, the rate of dissoci-
ation of the MtNcd-ADP complex into Mt plus Ned-ADP is
larger than the rate of dissociation into MtNcd plus ADP. In
the case of kinesin, the rate of ADP dissociation is larger
than the rate of dissociation of the kinesin'ADP complex
from the microtubule; consequently, monomeric kinesin
exhibits kinetic processivity (Ma and Taylor, 1997a; Jiang
and Hackney, 1997; Moyer et al., 1998). Although this
comparison was made between monomers that are not me-
chanically processive, these differences in the reaction path-
way are expected to be significant in determining whether
or not a dimeric motor is processive.

The present work was undertaken to determine the kinetic
properties of a dimeric Ncd. Conventional kinesin showed
striking differences in kinetics between monomer and dimer
for the ATP and ADP binding and release steps (Ma and
Taylor, 1997a,b). These differences are explained by the
negative interaction between heads on the microtubule lat-
tice discovered by Hackney (1994). The binding of a
dimeric kinesin—ADP complex to a microtubule releases
ADP from only one head. The ADP is released from the
second head by the binding of ATP, or other nucleotides, to
the first head. This interaction tends to keep the ATPase
cycles partly out of phase on the two heads, and thus favors
processivity by having one or the other head strongly bound
throughout most of the cycle (Hackney, 1994; Ma and
Taylor, 1997b; Gilbert et al., 1998). An important question
is whether the Ncd dimer shows the same negative interaction.

Dimeric Ncd constructs were first prepared by Chandra et
al. (1993). These constructs, termed MC1 and MCS5, were
shown to produce microtubule gliding at rates comparable
to full-length Ncd. The studies reported here show that
MCI, like kinesin, releases only one ADP on binding to
microtubules, and the second ADP is released by reaction
with ATP. A comparison of the kinetic data on the monomer
and the dimer supports the conclusion that there is a nega-
tive interaction between heads of the dimer. However, MC1
and kinesin probably follow different reaction pathways for
the release of the second ADP.

Image reconstructions of microtubule—Ncd complexes in-
dicate that only one head is bound to the microtubule
(Hirose et al., 1996; Sosa et al., 1997). Although the two
heads are identical before interaction with the microtubule,
the bound head is expected to have altered affinity for
nucleotides. Kinetic studies are in agreement with the struc-
tural evidence. The kinetic behavior is consistent with a
mechanism in which only one head is bound to the micro-
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tubule, and the attached and detached heads have different
affinity for ATP and ADP.

An intriguing problem is the opposite direction of motion
of kinesin and Ncd. Recent studies have shown differences
in structure in the neck region (Kozielski et al., 1997; Sablin
et al., 1998). The Ncd head, connected to the kinesin neck,
moves slowly in the positive direction (Henningsen and
Schliva, 1997; Case et al., 1997, 1999), whereas the kinesin
head joined to the Ncd neck moves very slowly in the
negative direction (Endow and Waligora, 1998). Kinesin
and Ncd also show significant differences in the relative
values of rate constants for some steps in the reaction, which
could alter the pathway. The kinetic evidence allows a
discussion of the question whether differences in the reac-
tion pathway contribute to determining the direction of
motion.

MATERIALS AND METHODS
Expression and purification of proteins

The MC1 motor domain, R209-K700 plus a Gst domain at the N terminal,
was prepared from BL21 (DE3) host cells transformed by the recombinant
plasmid pGEX-MC1, provided by Y. Y. Toyoshima. Protein was purified
as described previously for the Ncd monomer (Shimizu et al., 1995b); the
clarified cell lysate was chromatographed on S-Sepharose FF using a
gradient of 50 mM to 400 mM NaCl in 10 mM sodium phosphate buffer,
pH 7.4, 2 mM MgCl,, | mM EGTA, 4°C. The fractions containing MC1
were pooled, ATP was added at a 1:1 molar ratio, and the protein was
precipitated with 50% ammonium sulfate. The protein pellet was resus-
pended in a small volume of standard buffer (25 mM PIPES, pH 6.9, 2 mM
MgCl,, 1 mM EGTA) and 75 mM NacCl, and 2 mM ATP were added. The
solution was dialyzed overnight at 4°C against the standard buffer plus 75
mM NaCl. Ten percent sucrose and one mole ATP per mole MC1 were
added, and the protein was stored at —80°C. The purity, based on
SDSPAGE, was generally higher than 85%. In some experiments, a mi-
crotubule-MC1 complex was pelleted and resuspended to remove unbound
MCI1. The relative molecular weight per site is 83,400 based on the
sequence (Chandra et al., 1993).

The purification of tubulin from porcine brain and the preparation of
microtubules were described in Ma and Taylor (1995). Microtubules were
sedimented through a 30% glycerol cushion at 37°C to remove free GTP
and GDP, resuspended, and subjected to a low-speed spin to remove large
aggregates. Taxol at a concentration of 15 uM was present in all solutions
of microtubules. *H-MC1 was obtained by reaction with N-succinimi-
dyl[2,3->H]propionate (Amersham, ) as described in Ma and Taylor (1995).

A nucleotide-free MCl—microtubule complex was obtained by treat-
ment with apyrase (Grade VII, Sigma, ) in standard buffer plus 50 mM
NaCl. An apyrase concentration of 0.003 mg/mL was sufficient to release
all bound ADP in 40 min at room temperature from 40 uM MCIl—
microtubule complex as assayed by the decrease in fluorescence of bound
mant ADP. The solution was diluted with buffer or buffer plus microtu-
bules just before use. Hydrolysis of ATP or ADP by this concentration of
apyrase can be neglected in most of the transient kinetic experiments. In
some cases the MCl-microtubule complex was sedimented and resus-
pended to remove apyrase and free phosphate.

The mutant phosphate-binding protein (A197C) was prepared from
Escherichia coli strain ANCC75 containing the plasmid pSN5182/7. The
strain was provided through the courtesy of M. R. Webb, MRC, Mill Hill,
London. The protein was purified and labeled with MDCC, (N-[2-(1-
maleimidyl)-7-(diethylamino)coumarin-3-carboxamide]) (obtained from
Molecular Probes, ) by the method of Brune et al. (1994).
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Binding of MC1 to microtubules

The binding was measured by a sedimentation method using *H-MC1 (Ma
and Taylor, 1995). The labeled MC1 was centrifuged for 15 min at
maximum speed in a Beckman airfuge to remove any aggregates. Nucle-
otide and microtubules were added to the MC1 and the solution was
centrifuged for 15 min at 22°C. For each series of experiments at different
microtubule concentrations, one centrifugation was carried out in 1 mM
AMPPNP. The binding runs in different experiments were normalized to
the binding in the presence of AMPPNP.

Transient kinetic experiments

Nucleotide binding and dissociation were measured using fluorescent
substrate analogs, 2'(3)-O-(N-methylanthraniloyl) ATP and ADP, which
were prepared by the method of Ma and Taylor (1995). The purity of the
various samples was checked by thin layer chromatography on silica plates
in 1-propanol/NH,OH/H,0, 6:3:1 by volume plus 0.5 g/L EDTA.

An MCl-mant ADP complex was prepared by overnight dialysis of
MCI1 against mant ATP at 4°C at a ratio of total nucleotide to protein sites
of 20. A 90 to 95% exchange of mant ADP for ADP was obtained. Free
mant ADP was removed by sedimentation over a G-25 spin column at 4°C
just before the experiments. The MC1 had at least 0.8 moles of mant ADP
bound per mole of MCI sites, determined by measurement of the fluores-
cence intensity after displacement of mant ADP by excess ATP. The
fluorescence enhancement ratio is defined as the fluorescence intensity per
mole bound mant ADP divided by the fluorescence intensity per mole free
mant ADP. The value is 1.8 £ 0.1 measured in the fluorimeter at 22°C.

Stop-flow and chemical quench-flow measurements were made as de-
scribed previously (Ma and Taylor, 1995). Slow reactions of mant ADP or
mant ATP were measured in a Perkin-Elmer MPF 44A fluorimeter (exci-
tation, 365 nm; emission, 440 nm). In stop-flow experiments, the same
wavelengths were obtained using interference filters. ATPase activity was
determined using [y-**P]ATP. The reaction was stopped by mixing with
HCl at a final concentration 0.7 N. The [**P] P, produced by hydrolysis was
separated from unreacted nucleotide on charcoal columns. The fractional
hydrolysis was calculated from the ratio of sample counts to total counts as
described previously (Ma and Taylor, 1995). At least three time points
were taken for steady-state rate measurements.

The kinetic mechanism was simulated using the KINSIM program.

RESULTS
Steady-state properties of MC1

MC1 has a very small ATPase activity of 0.001 s ' per site.
The rate constant of ADP dissociation was determined using
the fluorescence enhancement of bound mant ADP, which
decreased when mixed with ATP, with a rate constant of
0.0014 s~'. The same rate constant was obtained using
apyrase to degrade free mant ADP. The results confirm
previous studies with monomeric Ncd showing that ADP
release is the rate-limiting step. The turnover rate is 3 times
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larger than for monomeric Ncd (Pechatnikova and Taylor,
1997).

In the presence of microtubules, the maximum rate per
site (V,), obtained by fitting the dependence on microtu-
bule concentration to a hyperbola, is 1.5 s~ ' in 25 mM NaCl
and 20°C. The tubulin dimer concentration at half maxi-
mum rate, K,,(Mt), is 6 uM. The maximum rate decreased
to 0.7 s~ in 50 mM NaCl and the K, (Mt) increased
markedly when the ionic strength was increased. The values
are in the range reported for MC-5 (Lockhart et al. 1995).
The steady-state ATPase of MtMC1, as a function of ATP
concentration, measured at 30 uM Mt in 50 mM NacCl gave
a Ky (ATP) of 35 uM, which is the same as for monomeric
Ncd. The steady-state properties are summarized in Table 1.

The affinity of MC1 for microtubules was measured with
the microtubule site concentration in large excess to avoid
effects of lattice occupancy. In the absence of free ADP or
in the presence of | mM AMPPNP, the maximum binding
of the MC1 was higher than 80% for the preparations used
in the experiments. The unbound fraction consists of some
impurities and inactive protein. For most experiments, the
MtMC1 complex was sedimented and resuspended to re-
move impurities. The maximum binding of the recycled
material approached 100% in the presence of AMPPNP.

The binding of various MCl-nucleotide complexes to
microtubules was measured in standard buffer pH 6.9, 25
mM NaCl, 22°C. Binding curves (Fig. 1) in the presence of
0.5 mM ATPyS or ADP-AIF, (2 mM ADP plus 2 mM
AlF,) extrapolated to a maximum of 0.95 to 1.0 with dis-
sociation constants (Ky) of 1.1 uM and 0.8 uM, respec-
tively. However, in the presence of 5 mM ATP or 5 mM
ADP, the binding extrapolated to 0.6, and the value was
even lower for ADP-vanadate (2 mM ADP plus | mM
vanadate). The high ATP concentration was used to ensure
that the substrate was not depleted during sedimentation of
the complex, and binding was measured at the same ADP
concentration for comparison. The use of higher concentra-
tions of MgCl, and nucleotide increases the ionic strength,
but measurements at 2 mM ADP were not significantly
different. A smaller value for the maximum binding of
weakly bound complexes was also observed for monomeric
Necd (Pechatnikova and Taylor, 1997). MC1 was sedi-
mented with microtubules in the presence of ADP and used
for a second binding experiment. The maximum binding
was essentially unchanged, which indicates that the expla-
nation is not that the MC1 is heterogeneous.

TABLE 1 Steady-state rate constants and dissociation constants of Mt-MCI*
Va 37H Ky (Mt) Ky (ATP) K, [ATP] K, [ADP] K, [ATPyS] K, [ADP-AIF,] K, [ADP-Vanadate]
1.5 6 uM 40 uM 1.5 uM 3 uM 1.1 uM 1.0 uM 10 uM

*Dissociation constants are expressed as tubulin dimer concentration. Ky,(Mt), tubulin dimer concentration for half-maximum ATPase activation; Vy,,
extrapolated maximum ATPase rate per MCI site; K, dissociation constant of Mt-MCl in the presence of a nucleotide or nucleotide analog. Data given
are averages of three or four measurements per point fitted to a hyperbola. Conditions: 25 mM PIPES, pH 6.9, 1 mM EGTA, 2 mM MgCl,, 25 mM NaCl,
22°C. ATPase was measured in 0.5 mM MgATP (0.5 mM ATP plus 0.5 mM MgCl,). The binding in the presence of ATP or ADP was measured in 5 mM
MgATP or 5 mM MgADP; the binding in the presence of analogs was measured in 0.5 mM ATP%S, in 2 mM MgADP plus | mM sodium vanadate or
in 2 mM MgADP plus 2 mM AIF, (2 mM AICl;, 10 mM NaF, NaCl concentration reduced to 15 mM).
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FIGURE 1 Binding of MC1 to microtubules in the presence of nucleo-

tides. The binding of [°’H] MC1 was measured by a sedimentation assay.
Each curve is the unconstrained fit of binding data to a hyperbola. Error
bars refer to standard deviations of three or four measurements. (V¥), 2 mM
MgADP plus 2 mM AlF,; (V), 0.5 mM ATPy S; (@), 5SmM MgATP; (O),
5 mM MgADP. Conditions: 25 mM PIPES, pH 6.9, 25 mM NaCl, 1 mM
EGTA, 2 mM MgCl,; 1 uM MCI1, 22°C. Dissociation constants are given
in Table 1.

The dissociation constants obtained from an uncon-
strained fit (Table 1) may reduce the actual difference
between strongly and weakly bound complexes. However,
the general trend in dissociation constants is clear: the same
ordering of the magnitudes of the dissociation constants was
obtained previously for monomeric Ned and conventional
kinesin (Ma and Taylor, 1995). The results are also in
general agreement with those of Crevel et al. (1996).

The MC1-ATP+S complex, which may be an analog of an
ATP complex, is strongly bound. The MC1-ADP complex is
relatively weakly bound, and the affinity is further reduced
by the presence of vanadate. However, the results for the
ADP-AIF, and ADP-vanadate complexes are difficult to
interpret.

Both complexes could be analogs of an ADP—phosphate
complex. Because phosphate dissociates MtMC1-ADP, the
binding of MC1-ADP-phosphate to microtubules is expected
to be weaker than MC1-ADP (Foster et al., 1998). However,
kinesins may be more closely related to G proteins than to
myosin in terms of the interaction of their nucleotide com-
plexes with microtubules. The nucleoside triphosphate state
is strongly bound while the diphosphate state is weakly
bound to the microtubule. The MC1-ADP-AIF, complex
may be an analog of the triphosphate state, just as the
GDP-AIF, complex is a triphosphate analog in the case of G
proteins. The weak binding of MC1 to microtubules in the
presence of ADP plus vanadate requires further investiga-
tion because there is no evidence that vanadate binds at the
active site to form a stable complex. The addition of 1 mM
vanadate to MC1-mant ADP did not affect the rate of release
of the mant ADP by the addition of microtubules plus ATP.
The corresponding experiment with MC1-mant ADP-AIF,
gave a 2.5-fold smaller rate of mant ADP dissociation,
which is a change in the expected direction.
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The dissociation constants increased markedly with in-
creasing ionic strength. The values in 50 mM NaCl are
approximately two times larger than in 25 mM NaCl.

Kinetic studies of the microtubule-MC1
ATPase mechanism

Kinetic studies require the strongly bound ADP to be re-
moved from MC1, but treatment with EDTA or apyrase led
to precipitation and denaturation. The protein is marginally
stable in a nucleotide-free form when bound to microtu-
bules, as was noted previously for monomeric Ncd. As
described in the section on ADP dissociation, less than half
of the bound ADP was released from MCI1 on forming a
complex with microtubules. The presence of some bound
ADP complicated the transient kinetic behavior because the
ADP is slowly released in competition with the binding of
fluorescent or radioactive nucleotides. In most experiments,
the bound ADP was removed by treatment with apyrase, but
this treatment does lead to some loss in nucleotide binding
sites. Sedimentation and resuspension of the nucleotide-free
complex led to the loss of some MC1 that may have been
denatured during the treatment.

The fluorescence enhancement ratio per nucleotide bind-
ing site is 1.8 measured in the fluorimeter and 1.6 to 1.7 in
the stop-flow apparatus. Before apyrase treatment of the
MtMC1 complex, the MCI typically binds 0.8 to 0.9 M
nucleotide per mole of MCI1 sites. The expected fluores-
cence enhancement ratio is 1.5, but the maximum enhance-
ment ratio obtained in transient kinetics experiments is 1.4,
expressed relative to the original MCI1 site concentration,
which indicates some loss of binding sites by treatment with
apyrase.

Binding of mant ATP to MtMC1

The fluorescence enhancement for the binding of mant ATP
is illustrated in Fig. 2 a for a mant ATP concentration of 40
uM (15 uM microtubules, 15 uM MCI, standard buffer
plus 50 mM NaCl, 22°C). The signal fitted one exponential
term with a rate constant of 59 s~ .

The increase in fluorescence relative to the value at zero
time is plotted on an arbitrary scale that is proportional to
photomultiplier output voltage. The enhancement ratio is
obtained from (AV/V,.)[mant ATP]/[MC1] where V is
photomultiplier output voltage and [mant ATP]/[MCI1] is
the concentration ratio.

Measurements over a wide range of concentrations gave
complex results. At low substrate concentrations, the fluo-
rescence signal fitted two exponential terms. The smaller
rate process contributed approximately 50% of the signal at
2 uM mant ATP, but the contribution decreased with con-
centration and this step was not detected for concentrations
greater than 30 to 40 wM. Both rate constants are plotted in
Fig. 2 b. The smaller rate constant increased with concen-
tration to about 10 s~ ', but the maximum rate is probably



Pechatnikova and Taylor

3.0 T T T T T

(a)
2.5+t

2.0+ 4

Relative Fluorescence

0.0 I 1, A i i
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Time (second)

120

100

80

60

Rate (sec"1 )

40

20

0 1 1
¢ 20 40 60 80 100 120 140

[mant—ATP] (uM )

FIGURE 2 (a) Time course of the fluorescence enhancement for the
reaction of mant ATP with the MtMC1 complex. The jagged curve is the
fluorescence signal for the binding of mant ATP at a concentration of 40
M. The smooth curve is the fit to one exponential term; the rate constant
is 59 s~ !. Conditions: standard buffer, 50 mM NaCl, 22°C, 15 uM MCl,
15 uM microtubules (tubulin dimer concentration). In all stop-flow exper-
iments, protein and nucleotide concentrations are final concentrations after
mixing 1:1 in the apparatus. The microtubule-MC1 complex was treated
with 1 unit per mL of apyrase for 40 min just before the experiment.
Fluorescence is plotted on an arbitrary scale; the increase in fluorescence
emission is 15% relative to the value at zero time. (b) Concentration
dependence of the apparent rate constants for the binding of mant ATP to
the MtMC1 complex. The apparent rate constants were obtained by fitting
the data to two exponential terms at low mant ATP concentration and to
one exponential at concentrations greater than 30 uM. The process with the
larger rate constant (@) fitted a hyperbolic dependence on mant ATP
concentration that extrapolated to a maximum rate of 110 s~'; the initial
slope is 2 uM ™' s~'. The smaller rate process (O) probably increased to at
least 10 s~ ! but the signal became too small to fit before the maximum was
reached. Error bars refer to the range of three to five measurements.
Conditions: standard buffer, 50 mM NaCl, 22°C.

larger. The process with the larger rate constant increased to
a maximum of 100 to 120 s~ ' with an initial slope of 2
uM ™! s7!. The concentration for half maximum rate is 35
to 40 uM, which is the same as the value for K,(ATP).
The total fluorescence enhancement also increased with
concentration in the range from 2 to 10 uM, which indicates
a site with an effective dissociation constant of about 5 wM.
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A plausible explanation of the kinetic behavior can be
given in terms of two classes of nucleotide binding sites
corresponding to detached and attached heads. The de-
tached head, with high affinity for mant ATP, dominates the
fluorescence signal at very low substrate concentrations and
contributes only to the larger rate constant. The attached
head, with lower affinity for mant ATP, is expected to give
a biphasic fluorescence signal and to contribute to both rate
processes. A detailed treatment of the mechanism is given in
the Conclusions section.

The binding of mant ADP to MtMC1 gave results that
were essentially the same as for the MtNcd monomer com-
plex. The signal was biphasic at low concentrations, but
fitted a single rate constant at high concentrations. The rate
constant of the main signal showed a hyperbolic depen-
dence on concentration with an initial slope of 1.8 uM !

s ! and a maximum rate of 200 s~ !,

Hydrolysis and phosphate dissociation steps

The MtMC1 complex that had been pretreated with apyrase
exhibited a phosphate burst phase (Fig. 3). Under the ex-
perimental conditions of a microtubule concentration of 30
M in 50 mM NaCl, the complex should remain largely
associated during the transient phase. The data were fitted to
one exponential plus a linear term. Measurements were
continued for several seconds using the quench-flow appa-
ratus to determine the linear (steady-state) rate. The steady-
state rate was also measured by mixing by hand. The
hydrolysis of ATP by apyrase, measured under the same
conditions, contributed approximately 20% to the steady-
state rate. In 75 uM ATP, the rate constant of the transient
phase was 20 = 3 s~ ' and the amplitude was 0.4 + 0.03

Pi/Site

0.00 1 A 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Time (second)

FIGURE 3 Phosphate burst phase of MtMC1 complex. The early time
course of ATP hydrolysis by MtMC1 was measured in a quench-flow
apparatus. Phosphate formation is expressed per MC1 site. Data are plotted
for the first second, but measurements were continued for several seconds.
The MtMC1 complex was treated with 1 unit per mL apyrase for 40 min
just before starting the experiment. The data points are averages of three or
four measurements. The steady-state rate is 1.2 s '; the transient rate
constant is 23 s~ '; the burst size is 0.4 (psi plot program, data fitted to one
exponential plus a linear term). Conditions: standard buffer, 50 mM NaCl,
10 uM MC1, 30 uM Mt, 75 uM [y-*2P] ATP, 25°C.
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(average of four experiments). The corrected steady-state
rate was 1 s~ "

The rate constant of the burst phase was slightly larger
than the value of 15 s~ ! obtained for the monomer, but the
values agree within experimental error. The burst phase was
measured at 100, 150, and 250 uM ATP concentrations.
The rate constants were not significantly larger than in 75
M ATP, although the error was larger at higher concen-
trations because the fractional hydrolysis during the tran-
sient phase was smaller. The maximum rate for saturating
ATP was 23 s~ '. In 150 mM NaCl, a burst phase was still
obtained with a rate constant of 20 s~ '. At this ionic
strength, the MtMC1 complex was almost completely dis-
sociated at the end of the transient phase.

The size of the phosphate burst was measured for a range
of ionic strengths and ATP concentrations. In the quench-
flow apparatus the burst was less than one per site. In some
experiments the transient phase was better fitted by two
exponential terms, but in general the errors were too large to
justify fitting an additional rate constant. The burst size,
obtained by extrapolation of the steady-state rate, measured
by mixing by hand, gave a value of 1.1 = 0.2 (5 measure-
ments) at high ionic strength (150 mM NaCl). In 25 mM
NaCl, the burst amplitude was 1.5 £ 0.3.

Because the values were not corrected for loss of active
sites by apyrase treatment, the size of the burst may be
underestimated. If the complex was not treated with
apyrase, the size of the burst measured in the quench-flow
apparatus was less than 0.5, but extrapolation from the
steady state gave 0.8 (in 150 mM NaCl). On the basis of the
results for mant ADP dissociation described below, less
than half of the ADP would be released by binding to
microtubules at the concentration of MC1 used in these
experiments. The dissociation of the remainder of the ADP
at a rate that is larger than the steady-state turnover rate
would increase the size of the burst, as measured by extrap-
olation from the steady state.

The rate of phosphate dissociation was measured using
the phosphate-binding protein of Brune et al. (1994). A
burst of phosphate release was obtained at low ionic
strength and high microtubule concentration, conditions that
favor association of the MtMC1 complex (Fig. 4). At an
ATP concentration of 100 wM, the rate constant of the burst
obtained by fitting to one exponential plus a linear term was
8 = 15!, and the amplitude was 0.15 + 0.03 M per mole
of sites. The results are average values for two preparations
of MC1.

The MtMC1 complex was not treated with apyrase and
the fraction of ADP-free sites is expected to be 0.3 to 0.4.
There was a lag phase, but it was too small to obtain a
reliable fit to two exponential terms. A lag is expected
because the rate of the hydrolysis step is only 20 s~ .
Sedimentation and resuspension of the MtMC1 complex to
remove free ADP and any MC1 that did not bind to micro-
tubules increased the burst size but did not affect the rate
constant.
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FIGURE 4 Dissociation of phosphate during the transient phase. The
MtMCI1 complex was reacted with ATP in the presence of the fluorescent
phosphate binding protein. Conditions: standard buffer, 25 mM NaCl, 4
uM MC1, 25 uM microtubules, 100 uM ATP, concentrations after mix-
ing. Both syringes contained 10 uM phosphate binding protein, 200 mM
methylguanosine, 0.1 units per mL nucleoside phosphorylase. The MtMC1
complex was not pretreated to remove bound ADP. Rate constant of the
initial phase is 8.7 s~'; burst amplitude 0.12; steady-state rate 0.36 s~ '.
The amplitude of the fluorescence change was converted to phosphate
concentration by comparison with the fluorescence change for the reaction
of the phosphate binding protein with inorganic phosphate in the stop-flow
apparatus.

Measurements were also made on monomeric Ncd under
the same conditions of low ionic strength and high micro-
tubule concentration. At 100 uM ATP, the rate of the burst
phase was 8 to 10 s~ ' with an amplitude of 0.15 to 0.2 per
site. These results support the conclusion that the burst is
obtained from the head, which is strongly bound to the
microtubule.

Despite the high microtubule concentration, there is some
dissociation of MC1 by ATP with a rate constant of at least
10 s~ ! that complicates the interpretation of the burst phase.
A part of the phosphate could be released after dissociation
of MC1:ADP-P. At 150 mM NaCl and 2 uM microtubules,
the system dissociates during the transient phase. A phos-
phate release burst was observed with rate of 5 s~ ! but the
amplitude was reduced by a factor of two. Therefore, partial
dissociation may lead to an underestimation of the rate
constant of phosphate dissociation from MtMC1-ADP-P.
The results for MC1 are in contrast to processive kinesin,
which has a large extra burst of phosphate release (Gilbert
et al., 1995; Moyer et al., 1998).

The rate of dissociation of the MtMC1 complex

The MtMC1 complex was dissociated by ATP and ADP at
higher ionic strength (100 mM NaCl) or lower protein
concentration. The rate of dissociation was measured by the
decrease in 90° light scattering. A typical signal is plotted in
Fig. 5a (2.5 uM tubulin, 5 uM MCI1 heads, 0.5 mM ATP,
concentrations after mixing). The particular curve has a
small deviation from a single exponential term, although
some traces give a satisfactory fit to a single exponential.
This small slow process with rate constant less than 1 s~'
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FIGURE 5 (a) Dissociation of the MtIMC1 complex by ATP. MtMCl1
complex, 5 uM MCI, 2.5 uM Mt, was reacted with 500 uM ATP. The
jagged curve is the 90° light scattering signal at 295 nm and the smooth
curve is the best fit to two exponential terms with rate constants of 8.7 s~
and 0.73 s~'. (b) Dissociation of MtMCI complex by ADP. Protein
concentrations are the same as in (a). MtMC1 was reacted with 500 uM
ADP. The smooth curve is the best fit to two exponential terms with rate
constants of 81 and 7.1 s~!. Conditions: standard buffer, 100 mM NaCl,
21°C. MtMC1 was pretreated with apyrase to remove bound nucleotide.
Light scattering is plotted on an arbitrary scale; the decrease in scattering
intensity is 14% for the reaction with ATP and 17% for reaction with ADP

may arise from baseline drift. The rate constant of dissoci-
ation was 9 = 1 s~ ! The rate constant was independent of
ATP concentration for concentrations greater than 0.1 mM.

These measurements were made with MCI1 heads in
excess of microtubule sites. The occupancy of the microtu-
bule was approximately one head per tubulin dimer based
on the sedimentation assay. The fractional change in light
scattering, —AV/V, .. Was typically 0.15. After correction
for scattering from the buffer, the fractional change is at
least 0.3. If light scattering is roughly proportional to mass
per unit length a decrease of 0.45 is expected. Therefore, the
signal amplitude is the range expected for the dissociation
of the MtMC1 complex.

The rate of dissociation was essentially the same at an
occupancy of 0.5 heads per dimer, although the signal
amplitude was reduced by 40%. In 50 mM NaCl, the rate of
dissociation was 12 s~ ', but the amplitude was reduced
further because the complex was not completely dissoci-
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ated. This increase in the observed rate is consistent with a
contribution from the rate of reassociation.

In these experiments the MtMC1 complex was treated
with apyrase to remove bound ADP. Omission of the
apyrase treatment reduced the amplitude of the light scat-
tering signal, but it was still fitted by a single exponential
term with rate constant of 11 *= 1s™".

The rate constant of dissociation of the MtMC1 complex
by ATP is essentially the same as for the MtNcd monomer
complex, within experimental error (Pechatnikova and Tay-
lor, 1997). The MtMC1 complex that was not treated with
apyrase has at least one ADP bound per dimer, as described
in the next section. The results are consistent with MCl1
being bound to the microtubule by only one head; conse-
quently, the rate of dissociation does not depend on whether
the second head is occupied by ADP.

The dissociation by ADP of an MtMC1 complex with one
MCI head per tubulin dimer, gave a biphasic signal (Fig.
5 b). The larger rate constant of 90 = 15 s~ ' contributed
60% to 70% of the signal. The slower process with rate
constant of 8 + 3 s~ ' is in the same range as the rate
constant for dissociation by ATP. The larger rate process
was also observed at one-half occupancy of microtubule
sites; therefore, the large value is not attributed to repulsive
interaction between dimers. The significance of the biphasic
signal is not clear. It is unlikely that the larger rate process
measures some change in orientation of the two heads of the
dimer, because the change in light scattering should be
determined mainly by the mass per unit length. A larger rate
of dissociation by ADP versus ATP was also observed for a
microtubule—kinesin monomer complex (Ma and Taylor,
1997a). We cannot rule out a change in microtubule aggre-
gation as a source of the fast process until dissociation can
be measured by another technique such as fluorescence
energy transfer, which is under investigation. ADP appears
to dissociate the MtMC1 complex at least as fast as ATP
and probably much faster.

The ADP dissociation step

It has been shown for monomeric Ned and for the MC5
dimer (Lockhart et al., 1995) that the rate constant of
mant ADP release from the microtubule complex is slightly
larger than the steady-state rate. The apparent rate constant
of mant ADP dissociation was measured by mixing
MC1'mant ADP with microtubules in the absence of ATP
or in the presence of ATP to block mant ADP rebinding.
The decrease in fluorescence is shown in Fig. 6 at a micro-
tubule concentration of 10 wM. In the absence of ATP, the
amplitude of the decrease in fluorescence was only about
30% as large as in the presence of ATP. However the
apparent rate of the process appears to be larger because the
fit to one exponential term gave a rate constant of 4 s~ ' in
the absence of ATP and 0.7 s~ in the presence of ATP. In
Fig. 6, relative fluorescence is plotted on an arbitrary scale
that is proportional to photomultiplier output voltage. The
fractional change in fluorescence in the presence of ATP,
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FIGURE 6 Dissociation of mant ADP from MC1 by binding to micro-
tubules. The MC1'mant ADP complex at a concentration of 4 uM was
reacted with 10 uM microtubules (final concentrations) in the absence or
presence of ATP. Curve 1, microtubules alone; Curve 2, microtubules plus
1 mM ATP. Approximately 30% of the mant ADP was released in the
absence of ATP. The rate constant is 4 s~ ! in the absence of ATP compared
to 0.7 s~ ! in the presence of ATP, based on fitting to one exponential term.
Conditions; standard buffer, 50 mM NaCl, 22°C.

—AVIV iias 18 0.35. The expected value for complete dis-
sociation of mant ADP is 0.38 for a fluorescence enhance-
ment ratio of 1.6; consequently, the signal measures the
release of mant ADP from both heads of the dimer.

The fluorescence transient for the reaction of
MC1'mant ADP with microtubules in the absence of ATP
was fitted by one exponential term plus a linear term, which
contributed less than 15% of the signal amplitude. The rate
of the linear phase was essentially independent of microtu-
bule concentration, and this signal probably is the result of
photobleaching because there was a slow loss of intensity
over the same time range when MC1'mant ADP was mixed
with buffer. The apparent rate constant is plotted in Fig. 7.
The value increased with microtubule concentration with an
initial slope &* = 0.5 uM ' s~' and reached a maximum
value of at least 9 s~ '. The smooth curve in Fig. 7 is the fit
to a hyperbola, which gives a rate constant of 125~ "

The fluorescence signal for the reaction of
MC1-mant ADP with microtubules plus ATP could only be
fitted approximately by one exponential plus a linear term.
The maximum rate constant was only 1.4 s~ ' and the
dependence on concentration gave a &* < 0.1 uM ™' s7'.
These values are not consistent with the results obtained in
the absence of ATP. The large rate of dissociation of the
first molecule of mant ADP should be the same whether or
not ATP is present.

The signal-to-noise ratio of the fluorescence signal is
high, which justifies fitting the data to two exponential
terms plus a linear term. The contribution of the linear term
was at most 10% of the total signal, and the rate did not
depend on microtubule concentration. An example of the fit
of the fluorescence transient by two exponential terms is
shown in Fig. 8 for a microtubule concentration of 60 uM.
The two apparent rate constants are plotted versus microtu-
bule concentration in Fig. 7. The values obtained at the
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FIGURE 7 Dependence of the rate of dissociation of mant ADP on
microtubule concentration. The fluorescence transient, in the absence of
ATP (O) was fitted to one exponential plus a linear term that is attributed
to photobleaching. In the presence of 500 uM MgATP, the transient was
fitted to two exponential terms (@, V) plus a linear term. The process with
the larger rate constant contributed 25% of the signal amplitude at 2 uM
microtubule site concentration and 35% at 60 wM. Conditions as in Fig. 6,
except that the MC1'mant ADP concentration ranged from 1 uM for the
lowest microtubule concentration to 2.5 wM at higher microtubule con-
centrations. The smooth curves are hyperbolas fitted to the data by a
nonlinear least squares program (sigma plot).

highest microtubule concentrations are 6 s~ ' for the larger
rate constant and 1.5 s~ ' for the smaller. The larger rate
process contributed 25% of the signal amplitude at the
lowest microtubule concentration, which increased to 35%
at the highest concentration. The fit of the data to a hyper-
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FIGURE 8 Rate of Dissociation of mant ADP by microtubules in the
presence of ATP. The MC1-mant ADP complex was mixed with microtu-
bules plus ATP. The fit of the fluorescence decrease to two exponential
terms is illustrated by the smooth curve. The rate constants are 6 and 1.4
s~'. An additional linear decrease equal to 10% of the total change in
fluorescence is caused by photobleaching. Conditions; standard buffer, 50
mM NaCl, 2.5 uM MCl'mant ADP, 60 uM microtubules, 500 uM
MgATP.



Pechatnikova and Taylor

bola gives rate constants of 8 s~! and 2.3 s~ ' for the two
processes. However the kinetic scheme discussed in the
Conclusions section need not yield a hyperbolic dependence
on microtubule concentration, and the processes are com-
pared in terms of the observed values.

It is evident that the larger rate constant agrees with the
rate constant obtained in the absence of ATP, at least over
the range from low-to-moderate microtubule concentra-
tions. The maximum rate of mant ADP dissociation in the
absence of ATP is significantly higher than the larger rate
process in the presence of ATP. However, the observed rate
constant in the absence of ATP includes a contribution from
the rate of rebinding of mant ADP because the process does
not go to completion. Also, the fit to two exponentials plus
a linear term involves six parameters, and the values of the
rate constants are affected by the choice of this function to
represent the data. It is concluded that the two measure-
ments of the rate constant of dissociation of the first man-
t ADP are in reasonable agreement.

The behavior of MtMC1 is similar to conventional kine-
sin (Hackney, 1994; Ma and Taylor, 1997b). The dimer
binds to the microtubule by one head, and mant ADP dis-
sociates from the attached head. The second head cannot
interact with the microtuble, and the binding of ATP to the
first head is required to release mant ADP from the second
head. Therefore, the dissociation of the two molecules of
mant ADP is a sequential process.

Although the results are similar to dimeric kinesin, there
are significant differences in the kinetic behavior. In the
kinesin case, the rate of dissociation of mant ADP from the
MtK-mant ADP complex by the binding of ATP to the other
head is an order of magnitude larger than the rate of disso-
ciation of kinesin from the microtubule. Therefore, a direct
interaction between the heads is necessary to explain the
results (Ma and Taylor, 1997b). In the MtMCI case, the
observed rate of dissociation of the second mant ADP is
much smaller than the rate of dissociation of the MC1 from
the microtubule by ATP. Therefore, the dissociation of
mant ADP from the second head could proceed by an indi-
rect pathway. After release of the first mant ADP, the
MtMC1'mant ADP complex is dissociated by ATP into Mt
plus MCl-mant ADP-ATP. This complex can rebind to the
microtubule by the mant ADP-containing head, followed by
the dissociation of the mant ADP. Further experiments were
carried out to distinguish between the direct and indirect
pathways.

The pathway of dissociation of the second mant ADP

The critical difference between the direct and indirect path-
ways is that the latter requires the dissociation and rebinding
of MC1-mant ADP to accelerate the rate of release of mant
ADP. First, it is necessary to determine the rate of the
spontaneous dissociation of mant ADP from the detached
head in the absence of ATP. When MCl'mant ADP is
mixed with microtubules, less than half of the mant ADP is
released. This result suggests that a fraction of the mant
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ADRP is still bound to the attached head, in addition to the
mant ADP that is strongly bound to the detached head. To
distinguish between the two complexes, we compared the
rates of dissociation of mant ADP from the MtMC1- man-
t ADP complex by ATP versus apyrase. Measurements
were made in a fluorimeter because the rate of dissociation
of mant ADP from the detached head is too small to mea-
sure in a stop-flow apparatus.

The addition of 5 uM microtubules to 1 uM MCI:
mant ADP dimer reduced the fluorescence by 25 to 30%
compared to the total change observed in the presence of
excess ATP (Fig. 9). The final fluorescence level compared
to the fluorescence of 1 uM mant ADP showed that, ini-
tially, 0.8 M mant ADP were bound per MC1 site. The
number is not corrected for impurities, inactive MCI1, or
incomplete exchange of mant ADP for ADP. Essentially,
the MC1 dimer bound 2 M mant ADP. Therefore, binding
of the MC1'mant ADP complex to the microtubule released
0.5 to 0.6 M mant ADP per mole of dimer. Addition of 20
units per mL of apyrase to the complex released an addi-
tional 0.4 to 0.5 M mant ADP per dimer by a fast process
that was not tracked by the fluorimeter, while the remainder
of the mant ADP dissociated at a rate of 0.003 s~'. The
value ranged from 0.003 to 0.005 s~ ' in several experi-
ments. Therefore, one mant ADP is bound very tightly to the
MtMC]1 dimer (dissociation constant of 10~® M calculated
from the rate constants of mant ADP binding and dissociation).

The rate of the fast process obtained by the addition of
apyrase to an MtMCl-mant ADP complex was also mea-
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FIGURE 9 Comparison of the rates of dissociation from the two classes
of mant ADP binding sites. | uM MC1-mant ADP was mixed with 5 uM
microtubules (final concentrations) and then with 1 mM ATP or 10 units
per mL apyrase. Because of the long time interval, measurements were
made by hand mixing using an MPF-44A fluorimeter. The addition of
microtubules released 25 to 30% of the mant ADP. All of the remaining
mant ADP was released by ATP by a fast process. In a second experiment,
apyrase was added instead of ATP. The trace starts at the same level but it
was displaced along the time axis to separate it from the ATP trace.
Apyrase released the remainder of the weakly bound mant ADP by a fast
process. The second mole of mant ADP dissociated at a rate of 0.003 s
from the strongly bound site. Conditions; standard buffer, 50 mM NaCl,
22°C. Fluorescence is plotted on an arbitrary scale; the total change in
fluorescence corresponds to a 40% decrease relative to the value at zero
time.
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sured in the stop-flow apparatus. A rate constant of 2 s
was obtained by mixing MtMC1'mant ADP with apyrase at
a concentration of 10 units/mL and a rate constant of 5 s~
at 20 units/mL, which indicates that the fast step is at least
5 s !. The same experiment done with ATP gave a rate
constant of 5 to 10 s~ ! for the fast phase. The remainder of
the mant ADP was released at a rate of 0.5 s~ . Therefore,
the fast process shown in Fig. 9 for the addition of apyrase
is the spontaneous dissociation of the remainder of the
mant ADP bound to the attached head.

The behavior of MtNcd monomer was compared with
that of the MtMC1 dimer. At an Ncd monomer-mant ADP
concentration of 4 uM, 75% of the mant ADP was released
by mixing with 10 uM microtubules. The remainder of the
mant ADP was dissociated by either ATP or apyrase at a
rate of 1.5 to 2 s~ '(data not shown).Therefore part of the
mant ADP bound to MtMC1 and all of the mant ADP that
remained bound to the MtNcd monomer is in equilibrium
with free mant ADP with a dissociation constant in the uM
range. The slow mant ADP dissociation step obtained with
the MC1 dimer, but not with the monomer, corresponds to
release of mant ADP from the second head, which is prob-
ably detached because the rate constant of mant ADP dis-
sociation is only three or four times larger than for free
MCI1.

The direct mechanism for mant ADP release from the
second head by the binding of ATP predicts that the rate of
dissociation of the mant ADP is independent of microtubule
concentration. An MtMCIl'mant ADP complex, formed
from 2 uM MCIl-mant ADP and 2 uM microtubules, was
mixed 1:1 with | mM ATP plus increasing concentrations
of microtubules. The fluorescence signal was fitted by two
exponential terms. The smaller rate constant, which corre-
sponds to the release of the second mant ADP, increased
with microtubule concentration essentially as shown in Fig.
7. An objection to the design of the experiment is that, in
forming the complex of MC1'mant ADP with microtubules,
some MCl'mant ADP remains dissociated from microtu-
bules in the presence of a low concentration of free man-
t ADP. The rebinding of this dissociated MCI-mant ADP
could partly account for the dependence of the rate constant
on microtubule concentration.

A better test of the reaction pathway was made by deter-
mining the effects of AMPPNP and ADP on the release of
the second mant ADP using the experimental protocol de-
scribed in Fig. 9. The addition of 5 uM microtubules to 2
uM MCl'mant ADP released approximately 30% of the
bound mant ADP. The addition of 1 mM AMPPNP gave the
same result as the reaction with apyrase shown in Fig. 9.
After a relatively fast release of some mant ADP, which is
weakly bound, the second mant ADP dissociated very
slowly with a rate constant of 0.004 s~ '. AMPPNP does not
dissociate the protein complex, and it appears to act simply
as a competitor to block mant ADP rebinding. The results
suggest that dissociation of the MCl-mant ADP complex
from the microtubule is a necessary step for the release of
the mant ADP. In the kinesin case, AMPPNP released the
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second mant ADP by the direct pathway at a rate of 30 s~
(Ma and Taylor, 1997b).

The experiment was repeated with ADP, and all of the
mant ADP was released by a relatively fast process whose
rate was too large to measure in the fluorimeter. Stop-flow
measurements of the reaction of MC1-mant ADP with mi-
crotubules plus 1 mM ADP gave results that were the same
as for ATP. The fluorescence signal fitted two exponential
terms with maximum values of 10 and 1s™".

In the kinesin case, the rate of dissociation of the second
mant ADP by ADP was only 2 to 3 s ' compared to more
than 100 s~ ' by ATP. Because ADP rapidly dissociates the
MtMCI1 complex, the results are consistent with the indirect
pathway. The slow release of mant ADP by ADP in the
kinesin case can also be explained by the indirect pathway.

CONCLUSIONS

The objective of this study is to determine the steps in the
microtubule-MC1 ATPase mechanism and to compare the
scheme with that of a monomeric Ncd motor domain. Mea-
surements were made at high microtubule concentrations
compared to the K, for microtubule activation or to the K,
in the presence of ATP. Although a small fractional disso-
ciation cannot be prevented, the rate constants refer to the
associated MtMC1 complex. The structural evidence, as
well as the kinetic evidence presented here, indicates that
MCI is bound to the microtubule by only one head. A
kinetic scheme is proposed for the attached head, which is
consistent with most of the evidence. We then consider how
the scheme is to be modified to take account of the detached
head.

k=110s"! Jo=20s"!
MtN + T ~———— MtN‘T ~——— MtN:D-P
k-1
k3=10s"1(=P) ka=6s""1

MtN-D MtN + D

k-4=200s"!

Scheme 1

where T, D, and P refer to nucleoside triphosphate, nucle-
oside diphosphate, and inorganic phosphate, respectively.
MtN refers to the complex of one head of the MC1 dimer
with a microtubule binding site. ATP and ADP bind to the
complex with an apparent second-order rate constant of 2
uM ™' s ! which is typical of nucleotide binding reactions.
A weakly bound collision complex is formed in the reaction,
but this step is omitted for simplicity; &k, and k_, refer to the
maximum rate of the isomerization step induced by binding
of the nucleotide.

Values assigned to k,, k3 and k, are based on measure-
ments of the phosphate burst, phosphate dissociation, and
mant ADP dissociation steps, but the values are partly de-
pendent on a model. The rate of the phosphate burst is 23
s~ !. This rate is equal to k, plus the effective rate of product
release (ksk,/(ky + k,). Because the effective rate is 2 to 3
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s~ !, the value of &, is slightly larger than 20 s~ '. This value
agrees with that for monomeric Ncd and therefore refers to
the attached head.

The rate constant of phosphate dissociation (k;) is af-
fected by partial dissociation of the protein complex, which
occurs at a rate of 10 s~ '. The measured rate of 9 s~ ' may
slightly underestimate &, and a value of 10 s~ ' is assigned
to this step.

The rate of dissociation of mant ADP (k,) was obtained
from the reaction of MC1l-mant ADP with microtubules in
the absence of ATP, and also from fitting the transient in the
presence of ATP to two exponential terms. Values for
different preparations were in the range of 8 to 10 s~ ' and
6to 7 s ' for the two methods. It is concluded that the rate
constant of mant ADP dissociation is at least 6 s~ '.

The rate constants k, and k_, for the isomerization in-
duced by binding of mant ATP and mant ADP respectively
were obtained using nucleotide-free Ncd. In the case of
mant ADP, the Ncd monomer and the MC1 dimer gave the
same values for k_, and the apparent second-order rate
constant £”; consequently, these rate constants must be
similar for the attached and detached heads of the dimer.
The difference is in the rate of mant ADP dissociation,
which is 6 s~ ! for the attached head and 0.004 + 0.001 s~ '
for the detached head.

The monomer and dimer showed different kinetic behav-
ior for the binding of mant ATP, which requires an expla-
nation in terms of the two heads. The increase in fluores-
cence fitted two exponential terms at low substrate
concentrations (Fig. 2 b), but the amplitude of the term with
the smaller rate constant decreased with substrate concen-
tration. The detached head is expected to have a higher
affinity for mant ATP than the attached head; consequently
it will dominate the fluorescence signal at very low sub-
strate concentrations. However the value of £* is very sim-
ilar for monomer and dimer. Therefore, the binding step is
similar for attached and detached heads of the dimer and the
difference is in a larger value of k_;.

A lower affinity for mant ATP of the attached head is
indicated by the value of K}(ATP) of 25 uM and a value of
V/Km(ATP) of approximately 0.1 uM ™' s™!. Scheme 1
for the attached head predicts two exponential terms for the
fluorescence transient at low substrate concentrations. If the
concentration of substrate is similar to the dissociation
constant for the first step, k_,/k", the binding site is not
saturated in the first step, and the transition from MtN-T to
MtN-D-P will yield a further increase in fluorescence. This
qualitative explanation is supported by simulation of the
mechanism. The rate equations can also be solved by mak-
ing the approximation k, = k3k,/(ky + k,) where k_ is the
effective rate constant of product release (Ma and Taylor,
1995). The rate constants assigned to Scheme 1 and the
values of k_, in the range 30 to 50 s~ ' account for the
dependence of the smaller rate constant on concentration of
substrate and also for the decrease in amplitude of the signal
at higher substrate concentrations.
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Other lines of evidence are consistent with binding of the
dimer to the microtubule by a single head. The dissociation
constants of the MtMC1 complex in the presence of ATP,
ADP, and other nucleotides are reduced by approximately a
factor of two compared to monomeric Ned. A factor of at
least two is expected for a dimer that can bind by either
head; consequently, the second head is contributing little or
nothing to the binding affinity. Also, the rate of dissociation
of the MtMC1 complex by ATP or ADP has no lag phase,
and it is essentially the same as the rate for the monomer.

MCI1 exhibits the same property as kinesin in that only
one ADP is released on binding to the microtubule, whereas
the second ADP is dissociated by the addition of ATP.
However the kinetic behavior is significantly different. The
rate constant for the dissociation of the second mant ADP is
only 1.5 s~' compared to at least 6 s~ ' for the rate of
dissociation of the first mant ADP. The evidence suggests
that the main pathway for the dissociation of the second
mant ADP involves dissociation and rebinding of the
MC1-mant ADP complex to the microtubule. It is proposed
that the pathway is

—D, +T
MtD-N-D MtT-N-D MtDN'T — MIN-T +D
) N /!
D-N-D DN-T
Scheme 2

The symbols MtT:N-D and MtD-N-T indicate that the dimer
is bound through the T- or D-containing head, respectively.
The scheme requires that the rate constant of ADP dissoci-
ation is the same for the release of the first and second
molecules of ADP. The mechanism was simulated for a
range of rate constants using KINSIM (dissociation of ADP,
8 s~ !: dissociation of T-ND bound by T-head, 5 to 10 s~ ',
equilibrium dissociation constant, 5 uM; dissociation of
D-N-T or D'N'D bound by D-head, 20 to 50 s~ ', equilibrium
dissociation constant, 10 uM). The simulated curves fitted
two exponential terms, and the rate constants increased with
microtubule concentration to maximum values of 8 s~ ' and
1to2s '. The term with the larger rate constant contributed
30 to 40% of the signal over the range of microtubule
concentrations in agreement with the experimental results.
Intuitively, D-N-T could rebind by either head, but only the
MtD-N-T complex releases ADP and the observed rate
constant must be less than half the actual rate constant. If a
direct pathway is included, that is MtT-N-D ~— MN-T +
D, the rate constant of this step must be less than 1to 25~ ".
Otherwise the scheme will not explain the amplitude of the
term with the smaller rate constant.

The results are consistent with an alternating head mech-
anism. The maximum ATPase rate per head was less than 2
s~ ! per MCI site, which is approximately half as large as
the rate for the Ncd monomer. The rate constants assigned
to Scheme 1 give a maximum steady-state rate of 3 to 4 s~
per head. Because only one head of the dimer cycles at a
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time, the observed rate is 1.5 to 2 s~ ' for an alternating head
mechanism.

The reaction pathway and processivity

Motility measurements have not demonstrated processive
motion for dimeric Ncd. It is less than the lower limit of five
steps, detectable by the single molecule assay (Case et al.,
1997). Three tests have been used for kinetic processivity.

The apparent second-order rate constant obtained from
the ratio of k., /Ky(Mt) is larger than 10° M~' s ! for
processive kinesin, which indicates many ATPase cycles
per encounter (Hackney, 1995).The value for MC1 is less
than 10° M~ ' s ! in the present work. A larger value was
obtained by Crevel et al. (1997) at a lower ionic strength,
but the authors also concluded that the motor has low
processivity.

A second measure of processivity is the ATPase turnover
rate divided by the rate of dissociation of the microtubule-
motor complex by ATP. The ratio is less than one in 50 mM
salt, which indicates low processivity.

A third measure is the size of the phosphate burst under
conditions such that the microtubule-motor complex is
largely dissociated when the steady state is reached (Gilbert
et al., 1995; Ma and Taylor, 1997a; Jiang and Hackney,
1997; Moyer et al., 1998)). Based on the intercept of the
steady-state rate plot at zero time, a burst of at most 1.5
phosphate per site was obtained.

In addition, models of processive motion require the
binding of ATP to the attached head to release ADP from
the second head without dissociation of the dimer from the
microtubule (Ma and Taylor, 1997b). The results on MC1
showed that dissociation of the dimer by ATP or ADP
followed by rebinding to the microtubule was the main
pathway for release of mant ADP from the detached head.

The various lines of kinetic evidence show that MC1 has
little or no processivity.

The kinetic pathway and the direction of motion

The differences in relative values of the rate constants for
Necd and kinesin raise the possibility that the reaction path-
way is different for the two motors. Are these differences in
rate constants important in determining the direction of
motion, or do they reflect some other property that distin-
guishes between these two motors? Motion is generated by
a change in structure in a transition between two attached
states that must be reversed at some other step to complete
the ATPase cycle. The reversal is expected to occur between
detached states to obtain efficient coupling of the hydrolysis
cycle to motion. Reversal of direction could be obtained
kinetically if one motor followed the pathway shown by the
dashed arrows and the other followed the pathway shown by

Biophysical Journal

Volume 77 August 1999

the solid arrows

A+ A-
MN + T =3 MIN-T ~-----» MN-DP —>MN-D T2 MIN +D
oo
A+ [ A- !
N-T N N-D-P - ~ N-D
-P)

A positive structural change A+, is defined as a transition
that can be coupled to a step in the positive direction along
the microtubule. The kinetic mechanism requires ADP re-
lease to take place in an attached state, which is followed by
ATP binding to the attached state. Because these steps are
common to both pathways, the structural changes can only
be assigned to the hydrolysis and phosphate release steps in
a model that seeks to give a kinetic-pathway explanation of
the direction of motion.

Kinesin could follow the pathway indicated by the dashed
arrows; ATP binding to MtK, hydrolysis (a positive
change), dissociation of the K:D-P state, phosphate release
(a negative change), and binding of K-ADP to the microtu-
bule. This pathway corresponds to one of the pathways
proposed by Gilbert et al. (1995). A reasonable criterion for
the choice of a particular path is a ratio of ten for the rate
constants at a branch point. The rate constant of the hydro-
lysis step of kinesin is at least ten times larger than the rate
constant of dissociation of kinesin from the microtubule
by ATP.

The only remaining choice to obtain kinetic-reversal of
direction for Ncd is the pathway shown by the solid arrows.
The rate of dissociation of MtMCI by ATP is 10 s~ !,
whereas the rate constant of the hydrolysis step is only 20
s~'. In part, MtMC1 could follow the pathway of dissoci-
ation by ATP followed by hydrolysis. A burst of phosphate
release was obtained for MtN-D-P, but the rate of dissocia-
tion of phosphate from N-D-P is not an order of magnitude
smaller than from MtN-D-P. Also, the N-D-P state is prob-
ably weakly bound to microtubules and it’s rate of dissoci-
ation from the microtubule is comparable to the rate of
phosphate dissociation from MtN-D-P. The ratios of rate
constants at the branch points are too small to support the
proposal that the main pathway for Ncd is that shown by the
solid arrows. It is concluded that the direction of motion is
not determined by differences in the reaction pathways of
Ncd and kinesin.

The direction of motion appears to be related to differ-
ences in structure of the neck region and its interaction with
the catalytic core that positions the free head to the positive
(kinesin) or negative (Ncd) side of the bound head relative
to the polarity of the microtubule (Hirose et al., 1996; Sosa
et al., 1997; Hoeniger et al., 1998). However the evidence is
not conclusive in the case of kinesin.

It is still necessary to explain how this asymmetry is used.
Monomeric kinesin moves with low efficiency in the posi-
tive direction (Berliner et al., 1995; Young et al., 1998),
which implies that there are intrinsic structural changes in
the cycle. A small structural change of the monomer, to-
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gether with the asymmetry of the dimer, probably biases
attachment of the second head to give an 8§-nm step.

The direction of motion, in this view, is determined by an
opposite change in structure for the same step in the kinetic
scheme or by the structural change occurring at a different
step in the cycle. The differences in the kinetic behavior still
suggest a difference in the mechanisms of Ncd and kinesin.
A useful parameter for characterizing motor mechanisms is
the ratio of the mechanical velocity (U) to the maximum
ATPase turnover rate (V) per head, U/V, = D, where D
has the dimensions of distance traveled per ATP hydrolyzed
per head. The value of D for myosin is 300 to 400 nm based
on measurements using myofibrils (Ma and Taylor, 1994).
A large value of D is characteristic of a nonprocessive
motor that spends a small fraction of its cycle time in a
force-generating state. This fraction is termed the duty-
cycle ratio R. We define R as, R = d/D where d is the step
size for unloaded motion. This definition is equivalent to
that of Uyeda et al. (1990). The relationship of R to the
actomyosin kinetic scheme has been treated in Ma and
Taylor (1994).

Kinesin has a D value of approximately 15 nm (Romberg
et al., 1998). The step size is 8§ nm for the movement of the
center of mass, but possibly 16 nm for the step size per head
(Hua et al., 1997; Schnitzer and Block, 1997), which means
the duty-cycle ratio is close to one. A value near unity is
expected of a highly processive motor that spends most of
the cycle time exerting a force (Howard, 1997; see also
Young et al., 1998).

Necd has a velocity of 100 to 200 nm s~ ' (Chandra et al.,
1993; Schimizu et al., 1995a) and an ATPase of 1.5 sL.D
is approximately 100 nm and R is 0.08 to 0.16, depending
on whether Ncd takes an 8- or 16-nm step per head. There-
fore, Ncd appears to behave like a nonprocessive motor with
a relatively low duty-cycle ratio.

The kinetic scheme is capable of explaining the velocity
of Necd. The step in the cycle that is coupled to force or
motion is unknown. We assume it is ADP dissociation or
the fast transition that is induced by ATP binding. Because
the N-ADP state dissociates rapidly from the microtubule,
the MtN-ADP complex would exert only a small drag. The
steps are: binding of N-D by a single head, ADP release and
ATP binding that generates the force or movement, and
hydrolysis, which is followed by rapid dissociation to ter-
minate the force.

657! 20s~! fast

MN-T — M{N-D-P — Mt + N-D (P)

MtN-D

D, +T

Multiple nonprocessive motors generate a maximum veloc-
ity U = kg, where k; is the rate constant of the force-
terminating step (Ma and Taylor, 1994). k;is 20 s~ ', and d
is assumed to be 8 nm because the system takes only one
step. These values give U = 160 nm s~ '. The single head
has a turnover rate of 3 s~ !, therefore R = 0.15, which
agrees with the experimental results.
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