Biophysical Journal Volume 77 August 1999 1003-1016 1003

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,

ki=110s1 ko=20s1 ks=10s"4(—P) ks=6s5"1
MtN + T ————MItN‘T ——— MIN:-D:-P ———MIN:-D ——MiN + D,
k-4=200s1

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 s 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 ofsingle molecule assay (Chandra et al., 1993; Vale et al.,
the group of microtubule-associated motors that have th&996; Case et al., 1997). We define the degree of mechan-
motor domain at the C terminal end of the protein and movecal processivity as the number of movement steps per
in the negative direction along the microtubule. The struc-encounter of the motor with the microtubule, and the degree
tures of the motor domains of conventional kinesin and Ncdf kinetic processivity as the number of ATPase cycles per
are very similar (Sablin et al., 1996; Kull et al., 1996), yet head per encounter.

the motors move in opposite directions along a microtubule. These findings raise a number of questions. Which prop-
The velocity of microtubule movement produced by full- erties of the proteins determine whether the behavior is
length Ncd or dimeric constructs is more than five timesprocessive? Because processivity is a competition between
slower than kinesin, and the ATPase activity is more thardetachment of one head to take a movement step and
ten times smaller (Chandra et al., 1993). A further differ-dissociation of both heads, the answer should be given by
ence in properties is that the kinesin dimer shows a higldetermining the kinetic mechanism. Studies on the ATPase
degree of processivity, whereas processivity has not beemechanism showed that Ncd and kinesin share some essen-
demonstrated for Ncd by either the dilution assay or thdial 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-
Received for publication 3 August 1998 and in final form 18 May 1999. state turr_]over rate, which gives rise to a p_hOSphate burst
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ADP dissociation does not contribute to the rate-limitingtubule, and the attached and detached heads have different
steps. affinity for ATP and ADP.

Despite these similarities, there are significant differ- An intriguing problem is the opposite direction of motion
ences in the kinetic mechanisms of kinesin and Ncd. Aof kinesin and Ncd. Recent studies have shown differences
monomeric Ncd construct (amino acids 335-700) was prein structure in the neck region (Kozielski et al., 1997; Sablin
viously investigated and compared to a monomer of conet al., 1998). The Ncd head, connected to the kinesin neck,
ventional kinesin (Pechatnikova and Taylor, 1997). The raténoves slowly in the positive direction (Henningsen and
constants for the hydrolysis and ADP release steps are ten ®chliva, 1997; Case et al., 1997, 1999), whereas the kinesin
twenty times smaller for Ncd than for kinesin, but the ratehead joined to the Ncd neck moves very slowly in the
of dissociation of the MtNcd monomer by ATP or ADP is negative direction (Endow and Waligora, 1998). Kinesin
similar to kinesin. In the ATPase cycle, the rate of dissoci-and Ncd also show significant differences in the relative
ation of the MtNceADP complex into Mt plus NCAADP i yajues of rate constants for some steps in the reaction, which
larger than the rate of dissociation into MtNcd plus ADP. Incqu1d alter the pathway. The kinetic evidence allows a
the case of kinesin, the rate of ADP dissociation is largefjiscussion of the question whether differences in the reac-

than the rate of dissociation of the kine#iBP complex {jon pathway contribute to determining the direction of
from the microtubule; consequently, monomeric Kinesinggtion.

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 pattMATERIALS AND METHODS
way are expected to be significant in determining whetherE
or not a dimeric motor is processive.

The present work was undertaken to determine the kineti¢he MC1 motor domain, R209-K700 plus a Gst domain at the N terminal,
properties of a dimeric Ncd. Conventional kinesin showedvas pl_’epared from BL21 (DE3) host cells transformed by Fhe recompinant
striking differences in kinetics between monomer and dimef'23Md PGEX-MCL, provided by Y. Y. Toyoshima. Protein was purified

L s described previously for the Ncd monomer (Shimizu et al., 1995b); the
for the ATP and ADP b|nd|ng and release steps (Ma anc\illariﬁed cell lysate was chromatographed on S-Sepharose FF using a

Taylor, 1997a,b). These differences are explained by thgradient of 50 mM to 400 mM NaCl in 10 mM sodium phosphate buffer,
negative interaction between heads on the microtubule lajpH 7.4, 2 mM MgCl, 1 mM EGTA, 4°C. The fractions containing MC1
tice discovered by Hackney (1994)_ The binding of awere pooled, ATP was added at a 1:1 molar ratio, and the protein was
dimeric kinesin—ADP complex to a microtubule re|easesprecipitated 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

ADP from Only one h.ea.d' The ADP is released frqm theMgCIz, 1 mM EGTA) and 75 mM NaCl, and 2 mM ATP were added. The
second head by the b|nd|ng of ATP, or other nucleotides, t%olution was dialyzed overnight at 4°C against the standard buffer plus 75
the first head. This interaction tends to keep the ATPasénm NaCl. Ten percent sucrose and one mole ATP per mole MC1 were
cycles partly out of phase on the two heads, and thus favorsided, and the protein was stored -a80°C. The purity, based on
processivity by having one or the other head strongly boun®$DPSPAGE, was generally higher than 85%. In some experiments, a mi-
throughout most of the Cycle (Hackney, 1994: Ma andcrotubule—MCl t?omplex was peIIeFed and re§uspended to remove unbound
Tavlor. 1997b: Gilbert et al 1998) An important question MCL1. The relative molecular weight per site is 83,400 based on the
. ylor, ! A ! ’ P - _q . sequence (Chandra et al., 1993).
is whether the Ncd dimer shows the same negative interaction. g purification of tubulin from porcine brain and the preparation of

Dimeric Ncd constructs were first prepared by Chandra emicrotubules were described in Ma and Taylor (1995). Microtubules were
al. (1993). These constructs, termed MC1 and MC5, wereedimented through a 30% glycerol cushion at 37°C to remove free GTP
shown to produce microtubule gliding at rates comparablémd GDP, resuspended, and subjected to a low-speed spin to remove large
to fuII-Iength Ncd. The studies reported here show thafa\ggregates. Taxol at a concentration ofydd was present in all solutions

. . . L. of microtubules.®H-MC1 was obtained by reaction witN-succinimi-

M_Cl’ like kinesin, releases Only ong ADP on bmdmg tp dyl[2,3-*H]propionate (Amersham, ) as described in Ma and Taylor (1995).
microtubules, and the second ADP is released by reaction’ a nycleotide-free MC1-microtubule complex was obtained by treat-
with ATP. A comparison of the kinetic data on the monomerment with apyrase (Grade VI, Sigma, ) in standard buffer plus 50 mM
and the dimer supports the conclusion that there is a neg&aCl. An apyrase concentration of 0.003 mg/mL was sufficient to release
tive interaction between heads of the dimer. However, MC2!l bound ADP in 40 min at room temperature from 404 MC1-

and kinesin probably follow different reaction pathways for microtubule complex as assayed by the decrease in fluorescence of bound
the release of the second ADP 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
Image reconstructions of microtubule—Ncd complexes iNpyrase can be neglected in most of the transient kinetic experiments. In

dicate that only one head is bound to the microtubulesome cases the MCl-microtubule complex was sedimented and resus-

(Hirose et al., 1996; Sosa et al., 1997). Although the twapended to remove apyrase and free phosphate.

heads are identical before interaction with the microtubule, The mutant phosphate-binding protein (A197C) was prepared from

: . scherichia colistrain ANCC75 containing the plasmid pSN5182/7. The
the bound head is expected to have altered affinity fOIJsEtrain was provided through the courtesy of M. R. Webb, MRC, Mill Hill,

nucleotides. Kinetic studies are in agreement with the struc;,.4on The protein was purified and labeled with MDCGH[2-(1-

tural evidence. The kinetic behavior is consistent with amaeimidyl)-7-(diethylamino)coumarin-3-carboxamide]) (obtained from
mechanism in which only one head is bound to the micro-Molecular Probes, ) by the method of Brune et al. (1994).

xpression and purification of proteins
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Binding of MC1 to microtubules larger than for monomeric Ncd (Pechatnikova and Taylor,

1997).
The binding was measured by a sedimentation method deifgC1 (Ma | zh f microtubul th . t
and Taylor, 1995). The labeled MC1 was centrifuged for 15 min at n the presence of microtubules, the maximum rateé per

maximum speed in a Beckman airfuge to remove any aggregates. Nucl&ite V), obtained by fitting the dependence on microtu-
otide and microtubules were added to the MC1 and the solution wadule concentration to a hyperbola, is 1.5 &n 25 mM NaCl
centrifuged for 15 min at 22°C. For each series of experiments at differengnd 20°C. The tubulin dimer concentration at half maxi-
microtubule conc_en?ratlons, ‘one‘centrlfugatlor_\ was carried out in 1 mMmum rate,KM(Mt), is 6 M. The maximum rate decreased
AMPPNP. The binding runs in different experiments were normalized to 1 - .
the binding in the presence of AMPPNP. to 0.7 s~ in 50 mM .NaCI and thel_(M(Mt) increased
markedly when the ionic strength was increased. The values
. o . are in the range reported for MC-5 (Lockhart et al. 1995).
Transient kinetic experiments The steady-state ATPase of MtMC1, as a function of ATP
Nucleotide binding and dissociation were measured using fluorescer€Oncentration, measured at g Mt in 50 mM NaCl gave
substrate analogs, (3")-O-(N-methylanthraniloyl) ATP and ADP, which a K,(ATP) of 35 uM, which is the same as for monomeric
were prepared by the method of Ma and Taylor (1995). The purity of theNcd. The steady-state properties are summarized in Table 1.
various samples was checked by thin layer chromatography on silica plates - ; :
in 1-propanol/NHOH/H,O, 6:3:1 by volume plus 0.5 g/L EDTA. h The_ aﬁml:)y |0f N.ICl for mlcrou.JbUI.eSI was measured Wlth.d
An MC1-mant ADP complex was prepared by overnight dialysis oft e microtu L_je site concentration In large excess to avol
MC1 against mant ATP at 4°C at a ratio of total nucleotide to protein sites€ffects of lattice occupancy. In the absence of free ADP or
of 20. A 90 to 95% exchange of mant ADP for ADP was obtained. Freein the presence of 1 mM AMPPNP, the maximum binding
mant ADP was removed by sedimentation over a G-25 spin column at 4°Gyf the MC1 was higher than 80% for the preparations used
just before the experiments. The MC1 had at least 0.8 moles of mant ADP

bound per mole of MC1 sites, determined by measurement of the ﬂuoresl—n the experiments. The unbound fraction consists of some

cence intensity after displacement of mant ADP by excess ATP. Thémpurltles and inactive protein. For most experiments, the
fluorescence enhancement ratio is defined as the fluorescence intensity pbftMC1 complex was sedimented and resuspended to re-
mole bound mant ADP divided by the fluorescence intensity per mole fregmove impurities_ The maximum binding of the recyc|ed
mant ADP. The value is 1.8 0.1 measured in the fluorimeter at 22°C.  aterial approached 100% in the presence of AMPPNP.
Stop-flow and chemical quench-flow measurements were made as de- The binding of various MC1-nucleotide complexes to
scribed previously (Ma and Taylor, 1995). Slow reactions of mant ADP or ;
mant ATP were measured in a Perkin-Elmer MPF 44A fluorimeter (exci-Microtubules was measured in standard buffer pH 6.9, 25
tation, 365 nm; emission, 440 nm). In stop-flow experiments, the samemM NaCl, 22°C. Binding curves (Fig. 1) in the presence of
wavelengths were obtained using interference filters. ATPase activity wag,5 mM ATPyS or ADP-AIF, (2 mM ADP plus 2 mM
determined usingy-32PJATP. The reaction was stopped by mixing with A|F4) extrapolated to a maximum of 0.95 to 1.0 with dis-

HCI at a final concentration 0.7 N. Th&?P] P, produced by hydrolysis was S
separated from unreacted nucleotide on charcoal columns. The fractioné_lomatlon ConStantSK(i) of 1.1 V“M and O'SMM’ respec-

hydrolysis was calculated from the ratio of sample counts to total counts aively. However, in the presence of 5 mM ATP or 5 mM
described previously (Ma and Taylor, 1995). At least three time pointsADP, the binding extrapolated to 0.6, and the value was

were taken for steady-state rate measurements. even lower for ADP-vanadate (2 mM ADP plus 1 mM

The kinetic mechanism was simulated using the KINSIM program. vanadate). The high ATP concentration was used to ensure

that the substrate was not depleted during sedimentation of

RESULTS 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,
MC1 has a very small ATPase activity of 0.001'per site.  but measurements at 2 mM ADP were not significantly
The rate constant of ADP dissociation was determined usindifferent. A smaller value for the maximum binding of
the fluorescence enhancement of bound mant ADP, whickwveakly bound complexes was also observed for monomeric
decreased when mixed with ATP, with a rate constant ofNcd (Pechatnikova and Taylor, 1997). MC1 was sedi-
0.0014 s'. The same rate constant was obtained usingnented with microtubules in the presence of ADP and used
apyrase to degrade free mant ADP. The results confirnfor a second binding experiment. The maximum binding
previous studies with monomeric Ncd showing that ADPwas essentially unchanged, which indicates that the expla-
release is the rate-limiting step. The turnover rate is 3 timesation is not that the MCL1 is heterogeneous.

Steady-state properties of MC1

TABLE 1 Steady-state rate constants and dissociation constants of Mt-MCI*
Vu (57 Ku(Mt) Ku(ATP) Kq [ATP] Kq4 [ADP] Kqy [ATPYS] K4 [ADP-AIF,] K4 [ADP-Vanadate]
15 6 uM 40 pM 1.5 uM 3 uM 1.1 uM 1.0 uM 10 uM

*Dissociation constants are expressed as tubulin dimer concentritjgMt), tubulin dimer concentration for half-maximum ATPase activatigpy,
extrapolated maximum ATPase rate per MCI sKg; dissociation constant of Mt-MCI 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 mEREMgZINaCl,

22°C. ATPase was measured in 0.5 mM MgATP (0.5 mM ATP plus 0.5 mM MgCThe 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 mMM3\Ti®2 mM MgADP plus 1 mM sodium vanadate or

in 2 MM MgADP plus 2 mM AIF, (2 mM AICI;, 10 mM NaF, NaCl concentration reduced to 15 mM).
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1.2 : y T T T 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

Binding

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
0 10 20 30 40 50 60 stable in a nucleotide-free form when bound to microtu-
Tubulin Concentration (uM) bules, as was noted previously for monomeric Ncd. As
FIGURE 1 Binding of MC1 to microtubules in the presence of nucleo described in the section on ADP dissociation, ess than half
tides. The binding OQ:‘:’[H] MC1 was measured by a szdimentation assay. of the bour_]d ADP was released from MC1 on forming a
Each curve is the unconstrained fit of binding data to a hyperbola. Erropomplex with microtubules. The presence of some bound
bars refer to standard deviations of three or four measuremai2 mM  ADP complicated the transient kinetic behavior because the
MgADP plus 2 mM AIF;; (V), 0.5 mM ATPy S; (@), 5mM MgATP; ©),  ADP is slowly released in competition with the binding of
5 mM MgADP. Conditions: 25 mM PIPES, pH 6.9, 25 mM NaCl, 1 mM - fjyorescent or radioactive nucleotides. In most experiments,
EGTTa'?)’I :f]M MgCL; 1 uM MC1, 22°C. Dissociation constants are given y,  py ;14 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 MCL1 that may have been
The dissociation constants obtained from an uncondenatured during the treatment.
strained fit (Table 1) may reduce the actual difference The fluorescence enhancement ratio per nucleotide bind-
between strongly and weakly bound complexes. Howeveling site is 1.8 measured in the fluorimeter and 1.6 to 1.7 in
the general trend in dissociation constants is clear: the sanibe stop-flow apparatus. Before apyrase treatment of the
ordering of the magnitudes of the dissociation constants wakltMC1 complex, the MC1 typically binds 0.8 to 0.9 M
obtained previously for monomeric Ncd and conventionalnucleotide per mole of MC1 sites. The expected fluores-
kinesin (Ma and Taylor, 1995). The results are also incence enhancement ratio is 1.5, but the maximum enhance-
general agreement with those of Crevel et al. (1996). ment ratio obtained in transient kinetics experiments is 1.4,
The MCLATPyS complex, which may be an analog of an expressed relative to the original MC1 site concentration,
ATP complex, is strongly bound. The M&IDP complexis  Which indicates some loss of binding sites by treatment with
relatively weakly bound, and the affinity is further reduced apyrase.
by the presence of vanadate. However, the results for the

ADP-AIF, and ADP-vanadate complexes are difficult to
interpret. Binding of mant ATP to MtMC1

Both complexes could be analogs of an ADP—phosphatghe fluorescence enhancement for the binding of mant ATP
complex. Because phosphate dissociates MtMOP, the s jjustrated in Fig. 2a for a mant ATP concentration of 40
binding of MCZADP-phosphate to microtubules is expected uM (15 uM microtubules, 15uM MC1, standard buffer
to be weaker than MCADP (Foster et al., 1998). However, piys 50 mM NaCl, 22°C). The signal fitted one exponential
kinesins may be more closely related to G proteins than tarm with a rate constant of 59°%
myosin in terms of the interaction of their nucleotide com-  The increase in fluorescence relative to the value at zero
plexes with microtubules. The nucleoside triphosphate statgme is plotted on an arbitrary scale that is proportional to
is strongly bound while the diphosphate state is weaklyphotomultiplier output voltage. The enhancement ratio is
bound to the microtubule. The M@IDP-AIF, complex  obtained from AV/V,, . )[mant ATP)/[MC1] whereV is
may be an analog of the triphosphate state, just as thghotomultiplier output voltage and [mant ATP]/[MC1] is
GDPAIF, complex is a triphosphate analog in the case of Ghe concentration ratio.
proteins. The weak binding of MC1 to microtubules in the Measurements over a wide range of concentrations gave
presence of ADP plus vanadate requires further investigacomplex results. At low substrate concentrations, the fluo-
tion because there is no evidence that vanadate binds at thiescence signal fitted two exponential terms. The smaller
active site to form a stable complex. The addition of 1 mMrate process contributed approximately 50% of the signal at
vanadate to MCinant ADP did not affect the rate of release 2 M mant ATP, but the contribution decreased with con-
of the mant ADP by the addition of microtubules plus ATP. centration and this step was not detected for concentrations
The corresponding experiment with M@lant ADPAIF,  greater than 30 to 4QM. Both rate constants are plotted in
gave a 2.5-fold smaller rate of mant ADP dissociation,Fig. 2b. The smaller rate constant increased with concen-
which is a change in the expected direction. tration to about 10 s, but the maximum rate is probably
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3.0 T , T T . A plausible explanation of the kinetic behavior can be
(a) given in terms of two classes of nucleotide binding sites
v 25+t corresponding to detached and attached heads. The de-
5 tached head, with high affinity for mant ATP, dominates the
§ 2.0+ ] fluorescence signal at very low substrate concentrations and
5 contributes only to the larger rate constant. The attached
E 1.5 ¢ 1 head, with lower affinity for mant ATP, is expected to give
© a biphasic fluorescence signal and to contribute to both rate
2 10r ' processes. A detailed treatment of the mechanism is given in
% the Conclusions section.
e 0.5 1 The binding of mant ADP to MtMC1 gave results that
. N ' ) were essentially the same as for the MtNcd monomer com-
0'8 00 0 62 004 006 0.08 0.10 o0.12 Plex. The signal was biphasic at low concentrations, but
' ' ' ™ fitted a single rate constant at high concentrations. The rate
ime (second) o .
constant of the main signal showed a hyperbolic depen-
dence on concentration with an initial slope of u®&*
120 s ' and a maximum rate of 200°S.
100 Hydrolysis and phosphate dissociation steps
{‘ 80 The MtMC1 complex that had been pretreated with apyrase
2 o exhibited a phosphate burst phase (Fig. 3). Under the ex-
iy perimental conditions of a microtubule concentration of 30
5 40 uM in 50 mM NaCl, the complex should remain largely
associated during the transient phase. The data were fitted to
20 one exponential plus a linear term. Measurements were
continued for several seconds using the quench-flow appa-

0 1 1 . .
o 20 40 50 80 100 120 140 ratus to determine the linear (steady-state) rate. The steady-

[mont=ATP] (M) state rate was also measured by mixing by hand. The

hydrolysis of ATP by apyrase, measured under the same

FIGURE 2 @) Time course of the fluorescence enhancement for theconditions, contributed approximately 20% to the steady-
reaction of mant ATP with the MtMC1 complex. The jagged curve is the state rate. In 7uM ATP, the rate constant of the transient

fluorescence signal for the binding of mant ATP at a concentration of 405h9se was 26 3 st and the amplitude was 0 0.03
nM. The smooth curve is the fit to one exponential term; the rate constan

is 59 s *. Conditions: standard buffer, 50 mM NaCl, 22°C, 451 MC1,
15 uM microtubules (tubulin dimer concentration). In all stop-flow exper-

iments, protein and nucleotide concentrations are final concentrations after 1.75 . . . .

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. 1.50 + ]
Fluorescence is plotted on an arbitrary scale; the increase in fluorescence

emission is 15% relative to the value at zero timis) Concentration 1.25 ¢ i
dependence of the apparent rate constants for the binding of mant ATP to & yo0l |
the MtMC1 complex. The apparent rate constants were obtained by fitting n

the data to two exponential terms at low mant ATP concentration and to E 0.75 + 4

one exponential at concentrations greater thap0The process with the
larger rate constant®) fitted a hyperbolic dependence on mant ATP 0.50 r ]
concentration that extrapolated to a maximum rate of 110 the initial

slope is 2uM 1 s™1. The smaller rate procesS) probably increased to at 025 ¢ |
least 10 §* but the signal became too small to fit before the maximum was 0.00 L L : .

reached. Error bars refer to the range of three to five measurements. 0.0 0.2 0.4 0.6 0.8 1.0
Conditions: standard buffer, 50 mM NacCl, 22°C. 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
larger. The process with the larger rate constant increased {@paratus. Phosphate formation is expressed per MC1 site. Data are plotted
a maximum of 100 to 120°$ with an initial slope of 2  for the first second, but measurements were continued for several seconds.

MMfl s~ 1 The concentration for half maximum rate is 35 The MtMC1 complex was treated with 1 unit per mL apyrase for 40 min
to 40 uM, which is the same as the value IQ{,,(ATP). just before starting the experiment. The data points are averages of three or

The total fluorescence enhancement also increased .four measurements. The steady-state rate is 12 the transient rate
u : wi nstant is 23'st; the burst size is 0.4 (psi plot program, data fitted to one

Concent_ration in the_ range from 2 to b4, which indicates  exponential plus a linear term). Conditions: standard buffer, 50 mM NaCl,
a site with an effective dissociation constant of aboui\s. 10 uM MC1, 30 pM Mt, 75 uM [y-32P] ATP, 25°C.
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(average of four experiments). The corrected steady-state 0.5 ~ T T '
rate was 1s%.

The rate constant of the burst phase was slightly larger 0.4
than the value of 15 obtained for the monomer, but the
values agree within experimental error. The burst phase was
measured at 100, 150, and 25 ATP concentrations.
The rate constants were not significantly larger than in 75
uM 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 5. In 150 mM NaCl, a burst phase was still 00 T o2 04 o8 08 10
obtained with a rate constant of 20’s At this ionic Time (second)

strength, the MtMC1 complex was almost completely dis- o ) ,
sociated at the end of the transient phase. FIGURE 4 Dissociation of ph_osphate_ during the transient phase. The
. MtMC1 complex was reacted with ATP in the presence of the fluorescent
The. size of the phosphate burst was _measured fora ran%ﬁosphate binding protein. Conditions: standard buffer, 25 mM NaCl, 4
of ionic strengths and ATP concentrations. In the quenchym MC1, 25 uM microtubules, 100uM ATP, concentrations after mix-
flow apparatus the burst was less than one per site. In somieg. Both syringes contained 30M phosphate binding protein, 200 mM
experiments the transient phase was better fitted by tW@ethylguanosme,O.l units per mL nucleoside phosphorylase. The MtMC1

exponential terms. but in general the errors were too large tcomplex was not pretreated to remove bound ADP. Rate constant of the
p ! 9 9€ Witial phase is 8.7 s%; burst amplitude 0.12; steady-state rate 0.36. s

justify fitting an additional rate constant. The burst size,the ampiitude of the fluorescence change was converted to phosphate
obtained by extrapolation of the steady-state rate, measuredncentration by comparison with the fluorescence change for the reaction
by mixing by hand, gave a value of 1 0.2 (5 measure- ©f the phosphate binding protein with inorganic phosphate in the stop-flow

ments) at high ionic strength (150 mM NacCl). In 25 mM aPparatus.

NacCl, the burst amplitude was 1750.3.

Because the values were not corrected for loss of active Measurements were also made on monomeric Ned under

sites by apyrase treatment, the size of the burst may b% u S W . Ic u
: ... the same conditions of low ionic strength and high micro-

underestimated. If the complex was not treated with .

) . tubule concentration. At 10@M ATP, the rate of the burst

apyrase, the size of the burst measured in the quench-flow, ) .

. hase was 8 to 10°$ with an amplitude of 0.15 to 0.2 per

apparatus was less than 0.5, but extrapolation from thsite These results support the conclusion that the burst is

steady state gave 0.8 (in 150 mM NaCl). On the basis of th% :

results for mant ADP dissociation described below, Iessmbi(t:?l)r][sgutéom the head, which is strongly bound to the

thgn Pagf IOf thtetﬁ\DP WOUI? t;_e relia&%dl by bd'n_dmt?] to Despite the high microtubule concentration, there is some
microtubuies 'Ia'lh def concentra lfor;] N ) duse ; 'E AeDsgjissociation of MC1 by ATP with a rate constant of at least
experiments. he Issociation of the remainder of the 10 s ! that complicates the interpretation of the burst phase.
at a ra}te that is Iarger than the steady-state turnover ratg part of the phosphate could be released after dissociation
would increase the size of the burst, as measured by extrapgs Mc1-ADP-P. At 150 mM NaCl and 2M microtubules
olation from the steady state. = _the system dissociates during the transient phase. A phos-
The rate of phosphate dissociation was measured using,aie release burst was observed with rate of Stait the
the phosphate-binding protein of Brune et al. (1994). Aympjitude was reduced by a factor of two. Therefore, partial
burst of phosphate release was obtained at low ionigjissociation may lead to an underestimation of the rate
strength and high microtubule concentration, conditions thagonstant of phosphate dissociation from MtMSDP-P.
favor association of the MtMC1 complex (Fig. 4). At an The results for MC1 are in contrast to processive kinesin,

ATP concentration of 10QM, the rate constant of the burst \yhich has a large extra burst of phosphate release (Gilbert
obtained by fitting to one exponential plus a linear term wasgt al., 1995; Moyer et al., 1998).

8 = 1 s 1 and the amplitude was 0.15 0.03 M per mole

of sites. The results are average values for two preparations o
of MC1. The rate of dissociation of the MtMC1 complex

The MtMC1 complex was not treated with apyrase andThe MtMC1 complex was dissociated by ATP and ADP at
the fraction of ADP-free sites is expected to be 0.3 to 0.4higher ionic strength (100 mM NaCl) or lower protein
There was a lag phase, but it was too small to obtain @&oncentration. The rate of dissociation was measured by the
reliable fit to two exponential terms. A lag is expected decrease in 90° light scattering. A typical signal is plotted in
because the rate of the hydrolysis step is only 28.s Fig. 5a (2.5 uM tubulin, 5 M MC1 heads, 0.5 mM ATP,
Sedimentation and resuspension of the MtMC1 complex t@oncentrations after mixing). The particular curve has a
remove free ADP and any MCL1 that did not bind to micro- small deviation from a single exponential term, although
tubules increased the burst size but did not affect the ratsome traces give a satisfactory fit to a single exponential.
constant. This small slow process with rate constant less than™l s

0.3

Pi/Site

0.2 r
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2 ated. This increase in the observed rate is consistent with a
(x) 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-
A tering signal, but it was still fitted by a single exponential
term with rate constant of 1+ 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-

i 1 1 lor, 1997). The MtMC1 complex that was not treated with
0.000 0.500 1.000 1.500 2.000 apyrase has at least one ADP bound per dimer, as described
Time (second) in the next section. The results are consistent with MC1
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.
2 The dissociation by ADP of an MtMC1 complex with one
MC1 head per tubulin dimer, gave a biphasic signal (Fig.
5b). The larger rate constant of 96 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
1 L t L interaction between dimers. The significance of the biphasic
0.000 0.100 0.200 0.300 0.400 0.500 signal is not clear. It is unlikely that the larger rate process
Tirne (second) measures some change in orientation of the two heads of the
dimer, because the change in light scattering should be
FIGURE 5 @) Dissociation of the MtMC1 com.plex by ATP. MIMC1  jetermined mainly by the mass per unit length. A larger rate
complex, 5uM MC1, 2.5 uM Mt, was reacted with S0BM ATP. The ¢ yicsneiation by ADP versus ATP was also observed for a
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 microtubule—kinesin monomer complex (Ma and Taylor,
and 0.73 s (b) Dissociation of MtMC1 complex by ADP. Protein 1997a). We cannot rule out a change in microtubule aggre-
concentrations are the same asaj MtMC1 was reacted with 500M gation as a source of the fast process until dissociation can
o o oL 7T Coions Sanie oot 103 ot e Mmeasured by anor techigue such a5 fuorescence
21°C. MtMC1 was pretreated with apyrase to remove’ bound nucleoti’deenergy tranSfer’ which is under investigation. ADP appears
Light scattering is plotted on an arbitrary scale; the decrease in scatterinEP dissociate the MtMC1 complex at least as fast as ATP

intensity is 14% for the reaction with ATP and 17% for reaction with ADP and probably much faster.

Light Scattering

Light Scattering
T

may arise from baseline drift. The rate constant of dissoci-T he ADP dissociation step

ation was 9+ 1 s * The rate constant was independent ofIt has been shown for monomeric Ncd and for the MC5
ATP concentration for concentrations greater than 0.1 mMdimer (Lockhart et al., 1995) that the rate constant of
These measurements were made with MC1 heads imant ADP release from the microtubule complex is slightly
excess of microtubule sites. The occupancy of the microtukarger than the steady-state rate. The apparent rate constant
bule was approximately one head per tubulin dimer basedf mant ADP dissociation was measured by mixing
on the sedimentation assay. The fractional change in lightiC1-mant ADP with microtubules in the absence of ATP
scattering,— AV/V,,iia» Was typically 0.15. After correction or in the presence of ATP to block mant ADP rebinding.
for scattering from the buffer, the fractional change is atThe decrease in fluorescence is shown in Fig. 6 at a micro-
least 0.3. If light scattering is roughly proportional to masstubule concentration of 1QM. In the absence of ATP, the
per unit length a decrease of 0.45 is expected. Therefore, tr@mmplitude of the decrease in fluorescence was only about
signal amplitude is the range expected for the dissociatiod0% as large as in the presence of ATP. However the
of the MtMC1 complex. apparent rate of the process appears to be larger because the
The rate of dissociation was essentially the same at afit to one exponential term gave a rate constant of 4is
occupancy of 0.5 heads per dimer, although the signahe absence of ATP and 0.7in the presence of ATP. In
amplitude was reduced by 40%. In 50 mM NacCl, the rate ofFig. 6, relative fluorescence is plotted on an arbitrary scale
dissociation was 1279, but the amplitude was reduced that is proportional to photomultiplier output voltage. The
further because the complex was not completely dissocifractional change in fluorescence in the presence of ATP,
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FIGURE 6 Dissociation of mant ADP from MCL1 by binding to micro-
tubules. The MCimant ADP complex at a concentration ofpdM was
reacted with 1QuM 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 0 10 20 30 40 50 60

absence of ATP. The rate constant is 4 & the absence of ATP compared Tubulin Concentration (uM)

to 0.7 s *in the presence of ATP, based on fitting to one exponential term.

Conditions; standard buffer, 50 mM NaCl, 22°C. 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
—AVIV,ia1, IS 0.35. The expected value for complete diS-t_O photobleaching. In.the presence of 5,&)ﬂl' MgATP, the transient was
sociation of mant ADP is 0.38 for a fluorescence enhanceflted © two exponential termd, V) plus a linear term. The process with
. f16: | h . | hthe larger rate constant contributed 25% of the signal amplitudepal 2
ment ratio of 1.6; consequently, the signa measures t Ricrotubule site concentration and 35% at@d. Conditions as in Fig. 6,
release of mant ADP from both heads of the dimer. except that the MGinant ADP concentration ranged fromuM for the
The fluorescence transient for the reaction oflowest microtubule concentration to 28V at higher microtubule con-
MC1-mant ADP with microtubules in the absence of ATP centrations. The smooth curves are hyperbolas fitted to the data by a
was fitted by one exponential term plus a linear term, which'o"inear least squares program (sigma plot).

contributed less than 15% of the signal amplitude. The rate
of the linear phase was essentially independent of microwhighest microtubule concentrations are @ or the larger
bule concentration, and this signal probably is the result ofte constant and 1.5°% for the smaller. The larger rate

photobleaching.because there was a slow loss of i_mensnéfrocess contributed 25% of the signal amplitude at the
over the same time range when M@ant ADP was mixed  |o\vest microtubule concentration, which increased to 35%

with buffer. The apparent rate constant is plotted in Fig. 7 5¢ the highest concentration. The fit of the data to a hyper-
The value increased with microtubule concentration with an

initial slopek® = 0.5 uM ! s and reached a maximum
value of at least 9s'. The smooth curve in Fig. 7 is the fit 4 - T T
to a hyperbola, which gives a rate constant of 12 s

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'sand the
dependence on concentration gavk®a< 0.1 uM s,
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 Pt chaatn bt bt
not ATP is present. 0

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 termriGURE 8 Rate of Dissociation of mant ADP by microtubules in the
was at most 10% of the total signal, and the rate did nopresence of ATP. The MGhant ADP complex was mixed with microtu-
depend on microtubule concentration. An example of the fitoules plus ATP. The fit of the fluorescence decrease to two exponential
of the fluorescence transient by two exponential terms iéﬁr{ns is iIIus_trated t_)y the smooth curve. The rate constants are 6 and _1.4

. . . . s *. An additional linear decrease equal to 10% of the total change in

shown in Fig. 8 for a microtubule concentration of 'E'Mj fluorescence is caused by photobleaching. Conditions; standard buffer, 50
The two apparent rate constants are plotted versus microtyw nacl, 2.5 uM MC1l-mant ADP, 60 uM microtubules, 500uM
bule concentration in Fig. 7. The values obtained at thewgATP.

Relative Fluorescence
[N
T
.

Time (second)
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bola gives rate constants of 8%sand 2.3 s for the two ~ ADP is still bound to the attached head, in addition to the
processes. However the kinetic scheme discussed in thmant ADP that is strongly bound to the detached head. To
Conclusions section need not yield a hyperbolic dependenadistinguish between the two complexes, we compared the
on microtubule concentration, and the processes are comnates of dissociation of mant ADP from the MtMQhan-
pared in terms of the observed values. t ADP complex by ATP versus apyrase. Measurements
It is evident that the larger rate constant agrees with thevere made in a fluorimeter because the rate of dissociation
rate constant obtained in the absence of ATP, at least oveaf mant ADP from the detached head is too small to mea-
the range from low-to-moderate microtubule concentrassure in a stop-flow apparatus.
tions. The maximum rate of mant ADP dissociation in the The addition of 5uM microtubules to 1uM MC1-
absence of ATP is significantly higher than the larger ratemant ADP dimer reduced the fluorescence by 25 to 30%
process in the presence of ATP. However, the observed ramompared to the total change observed in the presence of
constant in the absence of ATP includes a contribution fronexcess ATP (Fig. 9). The final fluorescence level compared
the rate of rebinding of mant ADP because the process dods the fluorescence of LM mant ADP showed that, ini-
not go to completion. Also, the fit to two exponentials plustially, 0.8 M mant ADP were bound per MC1 site. The
a linear term involves six parameters, and the values of thaumber is not corrected for impurities, inactive MC1, or
rate constants are affected by the choice of this function tcncomplete exchange of mant ADP for ADP. Essentially,
represent the data. It is concluded that the two measurghe MC1 dimer boud 2 M mant ADP. Therefore, binding
ments of the rate constant of dissociation of the first man-of the MCZXmant ADP complex to the microtubule released
t ADP are in reasonable agreement. 0.5 to 0.6 M mant ADP per mole of dimer. Addition of 20
The behavior of MtMCL1 is similar to conventional kine- units per mL of apyrase to the complex released an addi-
sin (Hackney, 1994; Ma and Taylor, 1997b). The dimertional 0.4 to 0.5 M mant ADP per dimer by a fast process
binds to the microtubule by one head, and mant ADP disthat was not tracked by the fluorimeter, while the remainder
sociates from the attached head. The second head canmaftthe mant ADP dissociated at a rate of 0.003.sThe
interact with the microtuble, and the binding of ATP to the value ranged from 0.003 to 0.005 sin several experi-
first head is required to release mant ADP from the secondnents. Therefore, one mant ADP is bound very tightly to the
head. Therefore, the dissociation of the two molecules oMtMC1 dimer (dissociation constant of I®M calculated
mant ADP is a sequential process. from the rate constants of mant ADP binding and dissociation).
Although the results are similar to dimeric kinesin, there The rate of the fast process obtained by the addition of
are significant differences in the kinetic behavior. In theapyrase to an MtMCinant ADP complex was also mea-
kinesin case, the rate of dissociation of mant ADP from the
MtK-mant ADP complex by the binding of ATP to the other 120 . ' T . T T T

head is an order of magnitude larger than the rate of disso- Mt
ciation of kinesin from the microtubule. Therefore, a direct o 100 —m::ﬁm ¥
interaction between the heads is necessary to explain theg ATP Apyrase
results (Ma and Taylor, 1997b). In the MtMC1 case, the & 89} W 1
observed rate of dissociation of the second mant ADP is §
much smaller than the rate of dissociation of the MC1 from & 50 |
the microtubule by ATP. Therefore, the dissociation of $ w0k
mant ADP from the second head could proceed by an indi- s
rect pathway. After release of the first mant ADP, the & 4|
MtMC1-mant ADP complex is dissociated by ATP into Mt
plus MCZXmant ADPATP. This complex can rebind to the 0 L . L : . L .
0 2 4 6 8 10 12 14 16

microtubule by the mant ADP-containing head, followed by
the dissociation of the mant ADP. Further experiments were
carried out to dIStlnngh between the direct and Indlrec:‘iZIGURE 9 Comparison of the rates of dissociation from the two classes
pathways. of mant ADP binding sites. LM MC1-mant ADP was mixed with 5M
microtubules (final concentrations) and then with 1 mM ATP or 10 units

) o per mL apyrase. Because of the long time interval, measurements were
The pathway of dissociation of the second mant ADP made by hand mixing using an MPF-44A fluorimeter. The addition of

. . . - icrotubul leased 25 to 30% of th t ADP. All of th ini
The critical difference between the direct and indirect path—mlcro PUES Te1ease 0 Zov ot the man ol 'ne remaining

. . . C =" mant ADP was released by ATP by a fast process. In a second experiment,
ways is that the latter requires the dissociation and rebindingpyrase was added instead of ATP. The trace starts at the same level but it
of MC1:mant ADP to accelerate the rate of release of mantvas displaced along the time axis to separate it from the ATP trace.
ADP. First, it is necessary to determine the rate of theApyrase released the remainder of the weakly bound mant ADP by a fast
spontaneous dissociation of mant ADP from the detachegrocess. The second molg of mant _ApP _dlssomated at a rate of 07603 s
head in the absence of ATP. When M@ant ADP is rom the strongly bognd site. Cond|t|0ns,_standard buffer, 50 mM NaCI,_

. . . . 22°C. Fluorescence is plotted on an arbitrary scale; the total change in
mixed with microtubules, less than half of the mant ADP iSfyorescence corresponds to a 40% decrease relative to the value at zero
released. This result suggests that a fraction of the maniine.

Time (minute)
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sured in the stop-flow apparatus. A rate constant of 2 s second mant ADP by the direct pathway at a rate of 30 s
was obtained by mixing MtMCinant ADP with apyrase at (Ma and Taylor, 1997b).
a concentration of 10 units/mL and a rate constant of5s  The experiment was repeated with ADP, and all of the
at 20 units/mL, which indicates that the fast step is at leastmant ADP was released by a relatively fast process whose
5 s 1. The same experiment done with ATP gave a rateate was too large to measure in the fluorimeter. Stop-flow
constant of 5 to 10" for the fast phase. The remainder of measurements of the reaction of M@ant ADP with mi-
the mant ADP was released at a rate of 0.5 §herefore, crotubules plus 1 mM ADP gave results that were the same
the fast process shown in Fig. 9 for the addition of apyrases for ATP. The fluorescence signal fitted two exponential
is the spontaneous dissociation of the remainder of théerms with maximum values of 10 and 1's
mant ADP bound to the attached head. In the kinesin case, the rate of dissociation of the second
The behavior of MtNcd monomer was compared withmant ADP by ADP was only 2 to 3¢ compared to more
that of the MtMC1 dimer. At an Ncd monomerant ADP  than 100 5 by ATP. Because ADP rapidly dissociates the
concentration of M, 75% of the mant ADP was released MtMC1 complex, the results are consistent with the indirect
by mixing with 10 uM microtubules. The remainder of the pathway. The slow release of mant ADP by ADP in the
mant ADP was dissociated by either ATP or apyrase at &inesin case can also be explained by the indirect pathway.
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 CONCLUSIONS
with free mant ADP with a dissociation constant in o The objective of this study is to determine the steps in the
range. The slow mant ADP dissociation step obtained withpijcrotubule-MC1 ATPase mechanism and to compare the
the MC1 dimer, but not with the monomer, corresponds toscheme with that of a monomeric Ncd motor domain. Mea-
release of mant ADP from the second head, which is probsyrements were made at high microtubule concentrations
ably detached because the rate constant of mant ADP digompared to thé,, for microtubule activation or to thi,
sociation is only three or four times larger than for freein the presence of ATP. Although a small fractional disso-
MC1. ciation cannot be prevented, the rate constants refer to the
The direct mechanism for mant ADP release from theassociated MtMC1 complex. The structural evidence, as
second head by the binding of ATP predicts that the rate ofyell as the kinetic evidence presented here, indicates that
dissociation of the mant ADP is independent of microtubulemC1 is bound to the microtubule by only one head. A
concentration. An MtMCinant ADP complex, formed (inetic scheme is proposed for the attached head, which is
from 2 uM MC1-mant ADP and 2uM microtubules, was  consistent with most of the evidence. We then consider how

mixed 1:1 with 1 mM ATP plus increasing concentrationsthe scheme is to be modified to take account of the detached
of microtubules. The fluorescence signal was fitted by twohead.

exponential terms. The smaller rate constant, which corre-

sponds to the release of the second mant ADP, increased .\, ¢ % o o
with microtubule concentration essentially as shown in Fig. ks

7. An objection to the design of the experiment is that, in

forming the complex of MC:mant ADP with microtubules, ks=10s1(~P) k=651

some MCimant ADP remains dissociated from microtu- MtN-D MtN + D

bules in the presence of a low concentration of free man- ka=200s

t ADP. The rebinding of this dissociated M@iant ADP
could partly account for the dependence of the rate constant
on microtubule concentration. where T, D, and P refer to nucleoside triphosphate, nucle-
A better test of the reaction pathway was made by detereside diphosphate, and inorganic phosphate, respectively.
mining the effects of AMPPNP and ADP on the release ofMtN refers to the complex of one head of the MC1 dimer
the second mant ADP using the experimental protocol dewith a microtubule binding site. ATP and ADP bind to the
scribed in Fig. 9. The addition of M microtubules to 2 complex with an apparent second-order rate constant of 2
uM MC1-mant ADP released approximately 30% of the uM ' s~ %, which is typical of nucleotide binding reactions.
bound mant ADP. The addition of 1 mM AMPPNP gave the A weakly bound collision complex is formed in the reaction,
same result as the reaction with apyrase shown in Fig. %ut this step is omitted for simplicit, andk_, refer to the
After a relatively fast release of some mant ADP, which ismaximum rate of the isomerization step induced by binding
weakly bound, the second mant ADP dissociated venof the nucleotide.
slowly with a rate constant of 0.0045 AMPPNP does not Values assigned tk,, k; andk, are based on measure-
dissociate the protein complex, and it appears to act simplynents of the phosphate burst, phosphate dissociation, and
as a competitor to block mant ADP rebinding. The resultsmant ADP dissociation steps, but the values are partly de-
suggest that dissociation of the M@tant ADP complex pendent on a model. The rate of the phosphate burst is 23
from the microtubule is a necessary step for the release of . This rate is equal tk, plus the effective rate of product
the mant ADP. In the kinesin case, AMPPNP released theelease K:k,/(k; + k,). Because the effective rate is 2 to 3

Scheme 1
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s 1, the value ok, is slightly larger than 20°s". This value Other lines of evidence are consistent with binding of the
agrees with that for monomeric Ncd and therefore refers talimer to the microtubule by a single head. The dissociation
the attached head. constants of the MtMC1 complex in the presence of ATP,

The rate constant of phosphate dissociatiky) (s af- ADP, and other nucleotides are reduced by approximately a
fected by partial dissociation of the protein complex, whichfactor of two compared to monomeric Ncd. A factor of at
occurs at a rate of 10°$. The measured rate of 95may  least two is expected for a dimer that can bind by either
slightly underestimatk,, and a value of 108" is assigned head; consequently, the second head is contributing little or
to this step. nothing to the binding affinity. Also, the rate of dissociation

The rate of dissociation of mant ADR,J was obtained of the MtMC1 complex by ATP or ADP has no lag phase,
from the reaction of MC:mant ADP with microtubules in and it is essentially the same as the rate for the monomer.
the absence of ATP, and also from fitting the transient in the MCL1 exhibits the same property as kinesin in that only
presence of ATP to two exponential terms. Values forone ADP is released on binding to the microtubule, whereas
different preparations were in the range of 8 to 16 and  the second ADP is dissociated by the addition of ATP.
6 to 7 s * for the two methods. It is concluded that the rate However the kinetic behavior is significantly different. The
constant of mant ADP dissociation is at least8.s rate constant for the dissociation of the second mant ADP is

The rate constantk, andk_, for the isomerization in- only 1.5 s* compared to at least 6 $ for the rate of
duced by binding of mant ATP and mant ADP respectivelydissociation of the first mant ADP. The evidence suggests
were obtained using nucleotide-free Ncd. In the case othat the main pathway for the dissociation of the second
mant ADP, the Ncd monomer and the MC1 dimer gave thenant ADP involves dissociation and rebinding of the
same values fok_, and the apparent second-order rateMClmant ADP complex to the microtubule. It is proposed
constantk® consequently, these rate constants must béhat the pathway is
similar for the attached and detached heads of the dimer.

The difference is in the rate of mant ADP dissociation, pjtD-N-D o MtT-N-D MIDNT — MIN-T +D
which is 6 s * for the attached head and 0.0840.001 s * 0 N K
for the detached head. N'D D-N-T

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 substrateThe symbols MtTN-D and MtDN-T indicate that the dimer
concentrations (Fig. B), but the amplitude of the term with js bound through the T- or D-containing head, respectively.
the smaller rate constant decreased with substrate concemhe scheme requires that the rate constant of ADP dissoci-
tration. The detached head is expected to have a highejtion is the same for the release of the first and second
affinity for mant ATP than the attached head; consequentimolecules of ADP. The mechanism was simulated for a
it will dominate the fluorescence signal at very low sub- range of rate constants using KINSIM (dissociation of ADP,
strate concentrations. However the valuekdfs very sim- 8 s 1: dissociation of IN-D bound by T-head, 5 to 10°$,
ilar for monomer and dimer. Therefore, the binding step isequilibrium dissociation constant, BM; dissociation of
similar for attached and detached heads of the dimer and thB-N-T or D-N-D bound by D-head, 20 to 508, equilibrium
difference is in a larger value &f ;. dissociation constant, 1@M). The simulated curves fitted

A lower affinity for mant ATP of the attached head is two exponential terms, and the rate constants increased with
indicated by the value dfy,(ATP) of 25uM and a value of  microtubule concentration to maximum values of 8 and
Vu/Kn(ATP) of approximately 0.3uM~* s™. Scheme 1  1to 2 s *. The term with the larger rate constant contributed
for the attached head predicts two exponential terms for thg0 to 40% of the signal over the range of microtubule
fluorescence transient at low substrate concentrations. If theoncentrations in agreement with the experimental results.
concentration of substrate is similar to the dissociationintuitively, D-N-T could rebind by either head, but only the
constant for the first stegs_,/k% the binding site is not MtD-N-T complex releases ADP and the observed rate
saturated in the first step, and the transition from Mtid  constant must be less than half the actual rate constant. If a
MtN-D-P will yield a further increase in fluorescence. This direct pathway is included, that is MHI:D ~—— MtN-T +
qualitative explanation is supported by simulation of theD, the rate constant of this step must be less than 1 02 s
mechanism. The rate equations can also be solved by maldtherwise the scheme will not explain the amplitude of the
ing the approximatiork, = ksk,/(k; + k,) wherek, is the  term with the smaller rate constant.
effective rate constant of product release (Ma and Taylor, The results are consistent with an alternating head mech-
1995). The rate constants assigned to Scheme 1 and tlamism. The maximum ATPase rate per head was less than 2
values ofk_; in the range 30 to 508 account for the s per MC1 site, which is approximately half as large as
dependence of the smaller rate constant on concentration tie rate for the Ncd monomer. The rate constants assigned
substrate and also for the decrease in amplitude of the signtd Scheme 1 give a maximum steady-state rate of 3 {0'4 s
at higher substrate concentrations. per head. Because only one head of the dimer cycles at a

Scheme 2
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time, the observed rate is 1.5 to 2'dor an alternating head the solid arrows

mechanism.
A+ A-
MIN + T == MIN-T ------» MtN-D-P —>MtN-D == MtN + D
H
. P T
1 1
The reaction pathway and processivit A+ % A
b Y b Y N-T N N-DP - ~N-D
Motility measurements have not demonstrated processive -P)

motion for dimeric Ncd. It i; less than the lower limit of five A positive structural changa +, is defined as a transition
steps, detectable by the single molecule'ass.ay (Case et %at can be coupled to a step in the positive direction along
1997). Three tests have been used for kinetic pro'cesswlt){he microtubule. The kinetic mechanism requires ADP re-
The .apparent secono!-order rate COHStant_ ;)bt_allned frofase to take place in an attached state, which is followed by
the ratio of k.a{Ky(Mf) is larger than M stfor  aTp binding to the attached state. Because these steps are
processive kinesin, which indicates many ATPase _Cyde%ommon to both pathways, the structural changes can only
per encounter (Hackney, 1995).The value for MC1 is lese assigned to the hydrolysis and phosphate release steps in
than 16 M~* s~ in the present work. A larger value was a model that seeks to give a kinetic-pathway explanation of
obtained by Crevel et al. (1997) at a lower ionic strengththe direction of motion.
but the authors also concluded that the motor has low Kinesin could follow the pathway indicated by the dashed
processivity. arrows; ATP binding to MtK, hydrolysis (a positive
A second measure of processivity is the ATPase turnoveghange), dissociation of theB:P state, phosphate release
rate divided by the rate of dissociation of the microtubule-(a negative change), and binding ofA0P to the microtu-
motor complex by ATP. The ratio is less than one in 50 mMbule. This pathway corresponds to one of the pathways
salt, which indicates low processivity. proposed by Gilbert et al. (1995). A reasonable criterion for
A third measure is the size of the phosphate burst undethe choice of a particular path is a ratio of ten for the rate
conditions such that the microtubule—motor complex isconstants at a branch point. The rate constant of the hydro-
largely dissociated when the steady state is reached (Gilbelysis step of kinesin is at least ten times larger than the rate
et al., 1995; Ma and Taylor, 1997a; Jiang and Hackneyconstant of dissociation of kinesin from the microtubule
1997; Moyer et al., 1998)). Based on the intercept of thedy ATP.
steady-state rate plot at zero time, a burst of at most 1.5 The only remaining choice to obtain kinetic-reversal of
phosphate per site was obtained. direction for Ncd is the pathway shown by the solid arrows.
Inaddition, models of processive motion require the The rate of dissociation of MtMC1 by ATP is 10°%
binding of ATP to the attached head to release ADP fromvv_hlereas the rate constant of the hydrolysis step is only 20
the second head without dissociation of the dimer from thé - In Part, MtMC1 could follow the pathway of dissoci-

microtubule (Ma and Taylor, 1997b). The results on Mc1ation by ATP followed by hydrolysis. A burst of phosphate
showed that dissociation of the dimer by ATP or ADP release was obtained for MiD+P, but the rate of dissocia-

followed by rebinding to the microtubule was the maintlon of phosphate from #-P is not an order of magnitude

pathway for release of mant ADP from the detached head: maller than from MIND>-P. Also, the ND-P state is prob-
. ) L : ably weakly bound to microtubules and it's rate of dissoci-
The various lines of kinetic evidence show that MC1 has__. ; :
little of No processivit ation from the microtubule is comparable to the rate of
P Y- phosphate dissociation from M#¥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
The kinetic pathway and the direction of motion solid arrows. It is concluded that the direction of motion is

The diff in relati | f th ‘ not determined by differences in the reaction pathways of
e differences in relative values of the rate constants fof;.4 and kinesin.

Ncd and kinesin raise the possibility that the reaction path- The direction of motion appears to be related to differ-
way is different for the two motors. Are these differences iNgnces in structure of the neck region and its interaction with

rate constants important in determining the direction Ofihe catalytic core that positions the free head to the positive
motion, or do they reflect some other property that distin-(yinesin) or negative (Ncd) side of the bound head relative
guishes between these two motors? Motion is generated Ry the polarity of the microtubule (Hirose et al., 1996; Sosa

a change in structure in a transition between two attachegh 1., 1997; Hoeniger et al., 1998). However the evidence is
states that must be reversed at some other step to compleigt conclusive in the case of kinesin.

the ATPase cycle. The reversal is expected to occur between |t js still necessary to explain how this asymmetry is used.
detached states to obtain efficient coupling of the hydrolysisionomeric kinesin moves with low efficiency in the posi-
cycle to motion. Reversal of direction could be obtainedtive direction (Berliner et al., 1995; Young et al., 1998),
kinetically if one motor followed the pathway shown by the which implies that there are intrinsic structural changes in
dashed arrows and the other followed the pathway shown bthe cycle. A small structural change of the monomer, to-
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gether with the asymmetry of the dimer, probably biasedVe wish to thank Aldona Rukuiza for expert technical assistance. We also
attachment of the second head to give an 8-nm step. thank T. Shimizu for helpful discussion of the relation of the velocity of
The direction of motion, in this view, is determined by an ™°tion to the ATPase activity of Ned.
opposite Change in structure for the same step in the kinetithis work was funded by a grant from the National Institutes of Health
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