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ABSTRACT: The effects of microtubules on the phosphate-water oxygen exchange reactions catalyzed by 
dynein were examined in order to determine the mechanism by which microtubules activate the ATPase. 
Microtubules inhibited the rate of medium exchange observed during net ATP hydrolysis. Inhibition of 
the exchange reaction was proportional to the extent of microtubule activation of A T P  turnover with no 
effect on the partition coefficient. These data argue that microtubules do not increase the rate of release 
of phosphate from dynein; rather, they increase the rate of ADP release. Microtubules markedly inhibited 
medium phosphate-water exchange reactions observed in the presence of ADP and Pi. With increasing 
concentrations of ADP, the rate of exchange increased in parallel to the dissociation of dynein from the 
microtubules, suggesting that only free dynein and not the microtubuledynein complex catalyzes the exchange 
reaction. The rates of dynein binding to microtubules in the absence and presence of saturating ADP were 
1.6 X lo6 and 9.8 X lo5 M-' s-*, respectively. ADP inhibited the rate of the ATP-induced dissociation of 
the microtubule-dynein complex with an apparent Kd = 0.37 m M  for the binding of ADP to the micro- 
tubule-dynein complex. However, the rate of dissociation of ADP from the MmD-ADP complex was quite 
fast (- 1000 s-'). These data support the postulate of a high-energy dynein-ADP intermediate and indicate 
that microtubules activate the dynein ATPase by enhancing the rate of ADP release. 

D y n e i n  couples the energy of ATP hydrolysis to drive the 
sliding of adjacent microtubule doublets in the axonemes of 
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eukaryotic cilia and flagella [for reviews, see Gibbons (1981) 
and Johnson (1985)]. Pre-steady-state kinetic studies have 
defined the first two steps of the crossbridge cycle for the 
microtubule-dynein ATPase (Porter & Johnson, 1983b; 
Johnson, 1983). In Scheme I, which is similar to the Lymn- 
Taylor scheme for actomyosin (Lymn & Taylor, 1971; Taylor, 
1979), the binding of ATP induces the dissociation of the 
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Scheme I 
k; k; k: 

M . D + A T P  e M,D,ATP c3 M,D,ADP.P, t M.D,ADP d M,D + ADP 
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microtubule-dynein complex, and ATP is hydrolyzed on the 
free dynein head. The observation of a pre-steady-state 
phosphate burst implies that the rate-limiting step during 
steady-state turnover is product release. Accordingly, the 
observation of microtubule activation of steady-state turnover 
(Omoto & Johnson, 1986) demonstrates that microtubules 
complete the ATPase cycle by binding to the dynein-products 
complex. 

Phosphate-water oxygen exchange studies have recently 
identified ADP release, not phosphate release, to be the 
rate-limiting step during steady-state hydrolysis of ATP by 
dynein (Holzbaur & Johnson, 1989). In the studies described 
below, we have analyzed the effects of microtubules on the 
kinetics of oxygen exchange by dynein in order to investigate 
the hypothesis that microtubules activate the dynein ATPase 
by increasing the rate of ADP release. 

MATERIALS AND METHODS 
Preparation of Proteins and Nucleotides. Dynein was 

prepared according to the method of Porter and Johnson 
(1983a). Tetrahymena 22s dynein was purified on sucrose 
gradients and then dialyzed into 50 mM tris(hydroxy- 
methy1)aminomethane (Tris)' and 4 mM MgC12 for 3 h. 
Dynein concentrations were determined by the absorbance at 
280 nm using an extinction coefficient of 0.97 cm2/mg (D. 
Clutter, D. Stimpson, V. Bloomfield, and K. A. Johnson, 
unpublished results). A molecular weight for dynein of 750000 
per site (Johnson, 1983; Shimizu & Johnson, 1983) was used 
to calculate the molar active-site concentrations for the ex- 
periments described. 

Tubulin was isolated from the axonemes of Tetrahymena 
thermophila according to the method of Omoto and Johnson 
(1986). Axonemal tubulin purified in this manner was judged 
to be pure by analysis of overloaded sodium dodecyl sulfate- 
polyacrylamide gels. The tubulin was polymerized before each 
experiment in 100 mM PIPES/4 mM MgC12, pH 7.0, with 
1 mM GTP and 3% dimethyl sulfoxide at 35 "C. These 
conditions were determined to be optimal for microtubule 
polymerization, as judged by quantitation of the mass of 
polymer formed by sedimentation studies and by evaluation 
of the intact microtubule structure by electron microscopy 
(Holzbaur et al., 1986). After assembly, microtubules were 
stabilized by the addition of taxol at a concentration equimolar 
with tubulin (Schiff et al., 1979; Carlier & Pantaloni, 1983; 
Porter & Johnson, 1983a). The stabilized microtubules were 
centrifuged at 178OOOg in Beckman airfuge for 2 min and then 
resuspended into warm PIPES or Tris buffer. 

Tubulin concentrations were determined by the Lowry 
method with a bovine serum albumin standard. Molar con- 
centrations were calculated by using a molecular weight of 
100000 per tubulin dimer (Ponstingl et al., 1981; Krauhs et 
al., 1981). 

I Abbreviations: HEPES, N-(2-hydroxyethyl)piperazine-N'2- 
ethanesulfonic acid; MAP(s), microtubule-associated protein(s); PIPES, 
1,4-piperazinediethanesulfonic acid; Tris, tris(hydroxymethy1)amino- 
methane. 

ADP was purified by chromatography on DEAE-Sephadex 
eluted with a gradient of 0.3-0.6 M triethylammonium bi- 
carbonate. Nucleotide purity was verified by thin-layer 
chromatography on PEI-cellulose developed with 0.85 KH2- 
PO4, and by HPLC analysis on a CIS column with a mobile 
phase of 0.1 M K2HP04, 0.025 M tetrabutylammonium hy- 
drogen sulfate, and 18% methanol at pH 7.2. 

ATP Regeneration System. In some experiments, the ATP 
concentration was maintained by a regeneration system of 10 
units/mL of pyruvate kinase, 2 mM phosphoenolpyruvate, and 
25 mM KCl in 50 mM Tris/4 mM MgC12 buffer at pH 7.5. 
The pyruvate kinase concentration was shown to be sufficient 
to maintain the level of ATP at the highest concentration of 
dynein used. 

ATP hydrolysis rates were 
measured routinely by using the malachite green phosphate 
assay (Lanzetta et al., 1979) as described (Holzbaur & 
Johnson, 1986). Alternatively, 7 units/mL lactate de- 
hydrogenase and 0.2 mM NADH were added to the ATP 
regeneration system, and the disappearance of NADH was 
monitored as the decrease in absorbance at  340 nm. In some 
instances, the formation of [32P]Pi from [ Y - ~ ~ P I A T P  was 
measured as described previously (Johnson, 1983). 

Phosphate- Water Oxygen Exchange Studies. P1804 was 
prepared according to the procedure of Hackney et al. (1980), 
with an [180]oxygen enrichment of 97%. In order to avoid 
phosphate contamination, all exchange reactions were per- 
formed in acid-washed glassware. Deionized, distilled water 
was used, and the triethylamine, diazoethane, ethanol, and 
chloroform were distilled in acid-washed glassware. The ex- 
change reactions were performed at 28 "C in 50 mM Tris/4 
mM MgC12, pH 7.5. The adenylate kinase inhibitor diadenosin 
pentaphosphate was added at 1 p M  to block any possible 
contaminating activity from the tubulin preparation; although 
microtubules alone did not catalyze an observable extent of 
exchange over the reaction time course. Tris buffer was used 
to avoid interference of anionic buffers (for example, HEPES 
or PIPES) during isolation of the phosphate. 

At each time point, an aliquot was removed from the re- 
action and vortexed with chloroform to denature the enzyme. 
Phosphate was isolated from the aqueous phase by ion-ex- 
change chromatography on Bio-Rad AGl-X8 (100-200 mesh, 
C1- form) (Hackney et al., 1980). The purified phosphates 
were lyophilized and then derivatized with diazoethane. The 
diazoethane was prepared prior to use from N-ethy1-N'- 
nitroso-N-nitrosoguanidine from Aldrich Chemical Co. (Do- 
manico et ai., 1985). The derivatized phosphates were ana- 
lyzed by electron-impact gas chromatography-mass spec- 
trometry as described (Holzbaur & Johnson, 1988). The 
observed P1804 distributions were compared to theoretical 
distributions (Hackney, 1980). 

In experiments to measure the rate of medium exchange 
during net ATP hydrolysis, it was necessary to compensate 
for the production of unlabeled phosphate due to ATP hy- 
drolysis. The net increase in phosphate concentration was 
measured on aliquots of the reaction mixture over the time 
course. The isotopic distributions were then corrected for this 
increase in P1604 with time due to the hydrolysis of ATP. The 
fitting program iteratively approached a best fit to the observed 
distributions of the labeled phosphates while allowing the 
relative concentration of unlabeled phosphate to vary. This 
method allows the separation of the two pathways for the 
accumulation of PL604 arising from the exchange of water 
oxygens into the labeled phosphate, and from the hydrolysis 
of unlabeled ATP. The calculated distributions gave a good 
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fit to the exchange data and to the measured rate of ATP 
hydrolysis by the dynein. 

Gel Electrophoresis. Sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis was performed according to the 
procedure of Laemmli (1970) with the modifications of Porter 
and Johnson (1983a). Gradient gels of 5-15% acrylamide 
were run and then stained with the Coomassie blue dyes of 
Fairbanks et al. (1971). The stained gels were scanned with 
an LKB 2202 Ultrascan laser densitometer in order to quan- 
titate the relative amounts of dynein per lane. 

Stopped-Flow. Kinetics of the dissociation and formation 
of the microtubule-dynein complex were monitored by stop- 
ped-flow as described (Porter & Johnson, 1983b). Light 
scattering was measured a t  420 nm perpendicular to the in- 
cident beam, or in some experiments as the absorbance a t  420 
nm. All stopped-flow experiments were performed in a buffer 
of 50 mM PIPES/4 mM MgCI,, pH 7.0 at 28 OC. The 
tubules were sonicated 3 times for 1 s to reduce the average 
length of the microtubules (Porter & Johnson, 1983b). The 
use of axonemal tubulin resulted in some increase in the flow 
birefringence artifact over that observed with tubules polym- 
erized with protein isolated from bovine brains (Porter & 
Johnson, 1983b; Omoto & Johnson, 1986). However, the 
resulting traces could be fit sufficiently well by disregarding 
the artifacts in the early times of the traces. 

Data Fitting. Stopped-flow time courses were fit to a single 
exponential as described (Porter & Johnson, 1983; Johnson, 
1986), or by simulation using the KINSIM program (Barshop 
et al., 1983). The ADP concentration dependence of the 
dissociation of dynein from the microtubule and the rate of 
medium exchange (Figure 2) were fit to the equation: 
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K 3[ADP] 

1 + K[ADP] + K2[ADPI2 + K3[ADPI3 
8 =  

where K is the apparent binding constant for ADP and 8 is 
the fraction of dynein molecules with three sites occupied by 
ADP. Inhibition of the rate of ATP-induced dissociation by 
the binding of ADP to the microtubule-dynein complex was 
fit to the equation: kobs = k,[ADP]/(l + K[ADP]). In each 
case, the data were fit to the equation by nonlinear regression. 

RES u LTS 
Effect of Microtubules on Medium Exchange during Net 

ATP Hydrolysis. Our previous work demonstrated that dynein 
catalyzes medium phosphate-water oxygen exchange during 
net ATP hydrolysis, implying that ADP release was rate lim- 
iting during the steady state (Holzbaur & Johnson, 1988). To 
explore the mechanism by which microtubules activate the 
steady-state ATP turnover, we first examined the effect of 
microtubules on the medium exchange reaction during net 
ATP hydrolysis. 

Microtubules activate the dynein ATPase under two con- 
ditions (Omoto & Johnson, 1986). At  saturating ATP con- 
centration, a high concentration of microtubules is required 
to activate turnover in a reaction which is limited by the rate 
of binding of the dynein-products complex to the microtubules. 
At low ATP concentration, activation is less dependent upon 
microtubule concentration and is attributable to the reactions 
of individual heads of a dynein molecule transiently tethered 
to the microtubules. Because each effect of the microtubules 
should alter the rate-limiting step of the pathway, we examined 
medium exchange under each condition. 

The time courses of loss of the fully labeled phosphate 
species during ATP turnover a t  4 p M  ATP in the presence 
and absence of microtubules (7 p M  polymerized tubulin) are 
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FIGURE 1: Effect of microtubules on medium exchange during net 
ATP hydrolysis. (A) The time course of washout of l 8 0  from PI8O4 
( 1  mM) catalyzed by dynein (0.1 NM) is shown in the absence (0) 
and in the presence (A) of 0.7 mg/mL microtubules during the 
hydrolysis of 4 pM ATP. The ATP concentration was maintained 
by using the pyruvate kinase-phosphoenolpyruvate regeneration system 
in 50 mM Tris/4 mM MgCI,, pH 7.5, buffer at 28 "C. The observed 
isotopic distributions were corrected for the dilution of the phosphate 
pool due to the hydrolysis of unlabeled ATP. The curve shows the 
logarithm of the percent P1804 versus time of incubation. (B) The 
corrected exchange pattern for dynein (hatched bars) is compared 
to the theoretical distribution calculated from the best-fit partition 
coefficient of 0.30 (white bars). (C) The corrected exchange pattern 
for the microtubule-dynein complex (hatched bars) is compared to 
the theoretical distribution calculated from the best-fit partition 
coefficient of 0.32 (white bars). 

shown in Figure 1A. Microtubules activated the dynein 
ATPase by 2.2-fold under these conditions (data not shown), 
while the apparent rate of phosphate binding, as measured by 
the rate of loss of PI8O4, was inhibited 1.7-fold. 

The best fits to the partition coefficients are compared to 
the observed distributions in Figure lB,C. Exchange by dynein 
was adequately fit to a single partition coefficient of 0.30 in 
the presence or absence of microtubules. 

The measurement of medium exchange during net ATP 
hydrolysis was repeated several times a t  both 1 and 5 mM 
PI8O4, and at varying concentrations of microtubules. In all 
cases, activation of the dynein steady-state ATPase by mi- 
crotubules was accompanied by a proportional inhibition of 
the rate of exchange, while no significant alteration in the 
partition coefficient was noted. 

Microtubule activation of the dynein ATPase a t  saturating 
ATP (1 mM) was examined in the absence and presence of 
18.7 mg/mL tubulin (187 pM tubulin dimers). Under these 
conditions, microtubules enhanced the rate of ATP turnover 
1.4-fold and inhibited the rate of loss of the fully labeled 
phosphate species by 1.2-fold (data not shown). Microtubules 
had no effect on the partition coefficient of 0.3, in agreement 
with the results obtained at low ATP concentration (Figure 
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of the exchange reaction and analyzed to determine the 
fraction of dynein bound to microtubules. After 40 min of 
reaction, an aliquot of each reaction mixture was removed and 
was centrifuged to remove dynein bound to microtubules. 
Samples were analyzed by densitometry of Coomassie blue 
stained gels to quantitate the amount of dynein in the su- 
pernatant. The results shown in Figure 2 demonstrate that 
dynein was released from the microtubules as the ADP con- 
centration of the reaction increased (.). Moreover, the in- 
crease in the rate of exchange parallels the increase in con- 
centration of free dynein molecules in the reaction mixture. 
These data suggest that the microtubule-dynein complex does 
not catalyze the exchange reaction. Rather, the high con- 
centrations of ADP drive the dissociation of the dynein from 
the microtubule in the presence of phosphate, and the free 
dynein-ADP-P complex catalyzes the exchange reactions. 

It is possible that the dissociation of dynein from the mi- 
crotubules observed in the above experiment occurred due to 
the increasing ionic strength of the reaction solutions. To test 
this, microtubule-dynein binding was investigated as a function 
of ionic strength. At potassium acetate concentrations of up 
to 200 mM, the dynein did not dissociate from the microtu- 
bules (data not shown). 

Inhibition of the ATP-Induced Dissociation of the Micro- 
tubule-Dynein Complex by ADP. In order to estimate the 
binding constant of ADP for the microtubule-dynein complex, 
and to measure the rate of dissociation of the ADP from the 
M-DeADP ternary complex, we examined the effect of ADP 
in inhibiting the rate of ATP-induced dissociation of the 
microtubule-dynein complex. The microtubule-dynein com- 
plex was preincubated with varying concentrations of ADP 
from 0 to 4 mM and then mixed in the stopped-flow with ATP 
at a concentration of 50 pM. The ATP-induced dissociation 
of dynein from the microtubule followed a single exponential 
a t  every concentration examined (data not shown). 

We initially expected the dissociation kinetics to be biphasic, 
with a rapid ATP-induced dissociation of any free M-D, 
followed by a slower rate dependent upon the rate at which 
ADP dissociated from the M-D-ADP complex. If the disso- 
ciation of ADP from the M-D-ADP complex were rate lim- 
iting, the time course for ATP-induced dissociation would have 
been biphasic at concentrations of ADP comparable to the 
apparent Kd.  However, the observed kinetics could be fit to 
a single exponential a t  all concentrations of ATP and ADP 
examined, and the full amplitude of the dissociation reaction 
was always seen at a rate slower than expected for ATP-in- 
duced dissociation of M.D. 

The ADP concentration dependence of the rate of disso- 
ciation at a fixed ATP concentration is shown in Figure 3A. 
The data could be fit to a hyperbola with a half-maximal rate 
at 0.37 mM ADP and a rate asymptotically approaching zero 
at infinite ADP concentration. 

If the dissociation of ADP from M-D-ADP is fast such that 
the M.D.ADP t M-D + ADP reaction is assumed to be at 
equilibrium, then the observed rate of dissociation will be equal 
to the rate of ATP binding multiplied by the fraction of dynein 
sites without ADP bound. Substitution from the equilibrium 
expression yields the equation: kobs = k l  [ADP]/( 1 + 
K[ADP]). Thus, a plot of the observed rates of dissociation 
as a function of the ADP concentration should yield a hy- 
perbola with a half-maximal rate at the Kd for ADP binding 
to M.D. The data suggest that ADP binds in a rapid equi- 
librium with an apparent Kd = 0.37 mM. 

It can be seen that the fit deviates somewhat from the data 
at the higher concentrations of ADP. At 4 mM ADP, the fit 
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FIGURE 2: ADP concentration dependence of the rate of medium 
exchange. The rate of loss of P1804 as a function of the ADP con- 
centration for the medium exchange reaction catalyzed by 0.1 pM 
dynein in the absence (A) and presence (0) of 6 pM tubulin. The 
samples were incubated with 20 mM P1804 in 50 mM Tris and 4 mM 
MgCI2, pH 7.5 at 28 OC. The rates of loss of P1*04 are given in units 
of s-' X lo3. The curve for exchange by free dynein is hyperbolic 
with an apparent Kd = 0.48 mM. The curve for the exchange by 
dynein in the presence of microtubules is modeled as a function of 
the complete dissociation of dynein assuming three identical inde- 
pendent nucleotide binding sites with an apparent Kd = 10 mM. The 
fraction of dynein released from microtubules was determined by the 
cosedimentation assay quantitated by densitometry of Coomassie blue 
stained gels (m). The dashed curve (- - -) was calculated as the best 
tit to an equation giving the fraction of dissociated molecules assuming 
three identical and independent heads, each with an apparent Kd of 
13 mM. 

1). Although the activation is somewhat lower than is expected 
(Omoto & Johnson, 1986), possibly due to the high phosphate 
concentration, the results support the conclusion that micro- 
tubules do not alter the rate of phosphate release. Rather, the 
increase in steady-state turnover rate parallels the decrease 
in the apparent concentration of dynein-ADP as measured by 
the rate of loss of the P1804 label. 

Medium Exchange by the Microtubule-Dynein Complex. 
The effect of microtubules on medium exchange in the pres- 
ence of ADP was examined next. An initial experiment 
showed that a t  ADP concentrations of up to 10 mM, micro- 
tubules had a large inhibitory effect on the rate of exchange. 
These data suggested either that ADP (at millimolar con- 
centrations) does not bind to the microtubuledynein complex 
or that phosphate is unable to bind to the M-D-ADP complex 
in reactions to drive the synthesis of ATP. 

To further explore the basis for the inhibition of exchange 
by microtubules, the ADP concentration dependence of the 
observed rates of loss of the fully labeled phosphate species 
was measured in the presence and absence of microtubules 
(Figure 2 ) .  The exchange reactions were fit to a partition 
coefficient of 0.3 in the presence or absence of microtubules 
(data not shown), again arguing that the microtubules did not 
affect the rate of phosphate release. 

The ADP concentration dependence of the rate of exchange 
fit a hyperbola in the absence of microtubules, defining a Kd 
= 0.48 mM for ADP binding as described previously 
(Holzbaur & Johnson, 1989). In contrast, the concentration 
dependence in the presence of microtubules was sigmoidal, 
suggestive of a multiple binding reaction. These data could 
be fit to a third-order equation indicative of three independent 
sites with an apparent Kd = 10 mM, under the assumption that 
only the free dynein catalyzed the exchange reaction (see 
Materials and Methods). 

To test the postulate that only free dynein catalyzed the 
exchange reaction, samples were taken during the time course 
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of the reaction at saturating ATP concentration, must be 
-1000 s-I. This is an important observation indicating that 
ADP release from this M.D.ADP complex does not limit the 
rate of the maximum microtubule-activated ATPase. 

Effect of ADP on the Rate of Dynein Binding to Micro- 
tubules. The rate of binding of dynein to microtubules was 
determined in the absence and presence of ADP. The dynein 
concentration was maintained at a ratio of 0.3 mg of dynein 
to 1 mg of tubulin, giving a 10-fold molar excess of tubulin 
sites, as described by Omoto and Johnson (1 986). The re- 
sulting traces gave satisfactory fits to a single exponential (data 
not shown). The dependence of the rate of association on the 
concentration of tubulin defines the second-order rate constant 
for dynein binding to the microtubule. Values of 1.6 X I O 6  
and 9.8 X los M-' s-l were observed in the absence and 
presence of 4 mM ADP, respectively. Thus, only a small effect 
of ADP was observed on the rate of dynein binding to mi- 
crotubules. 

DISCUSSION 
We examined the effects of microtubules on the kinetics of 

medium exchange during net ATP hydrolysis catalyzed by 
dynein at a low ATP concentration. Microtubules inhibited 
the rate of exchange in proportion to their effect in stimulating 
the rate of steady-state turnover. Under the conditions of the 
experiment, dynein is only partially dissociated from the 
microtubules during the steady state such that the observed 
activation is due to the tethering of dynein to the microtubules 
via one or more of its heads (Omoto & Johnson, 1986). The 
rate of loss of P1*O4 is a function of the rate of phosphate 
binding and the concentration of the D-ADP intermediate. 
The data suggest that the rebinding of the DaADP complex 
to the microtubule leads to a decreased population of the 
DeADP by accelerating the rate of ADP release without af- 
fecting the rate of phosphate release. 

It is interesting to note that the other microtubule motor, 
kinesin, has an ATPase pathway more like dynein than myosin. 
Recent studies by Hackney (1988) demonstrated that mi- 
crotubules accelerate the rate of ADP release by kinesin, which 
is rate limiting in the steady state. 

Studies on the actomyosin ATPase have shown that the 
rebinding of the myosin-products complex to the actin stim- 
ulates the rate of phosphate release and with a corresponding 
change in the partition coefficient (Hackney & Clark, 1984). 
In the current work, the partition coefficient for phosphate- 
water oxygen exchange was not altered by the microtubules. 
The partition coefficient, which describes the probability of 
ATP synthesis, is equal to the rate of ATP synthesis divided 
by the sum of the rate of ATP synthesis plus the rate of 
phosphate release, P, = k-2/(k-2 + k3) ,  with rate constants 
defined according to Scheme I. It is unlikely that the rates 
of ATP synthesis and phosphate release changed equally to 
maintain a constant partition coefficient. Therefore, we 
conclude that the rate of ATP synthesis, k,, and the rate of 
phosphate release, k3, are not affected by microtubules, as they 
occur and contribute to the observed exchange reaction. 

One must be careful not to take these conclusions out of 
context. The available data indicate that the dynein does not 
catalyze the exchange reaction while it is bound to a micro- 
tubule and, accordingly, the microtubules must inhibit the 
synthesis of ATP at the active site. The partition coefficient 
is a function of the change in the distribution of observed 
phosphate species and therefore depends only upon those re- 
actions that do occur. The apparent inconsistencies between 
the conclusion that microtubules inhibit ATP synthesis and 
the failure to see any effect of microtubules on the partition 
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FIGURE 3: Inhibition by ADP of the ATP-induced dissociation of the 
M-D complex. The rate of ATP-induced dissociation of the micro- 
tubule-dynein complex (0.1 mg/mL tubulin, 0.25 mg/mL dynein) 
was determined by stopped-flow light-scattering measurements. In 
each case, the data could be accurately fit to a single exponential to 
estimate the rate. (A) ADP concentration dependence at fixed [ATP]. 
The microtubule-dynein complex was incubated with varying con- 
centrations of ADP and then mixed with 50 pM ATP with the 
stopped-flow. The concentration dependence of the rate of dissociation 
was fit to a hyperbola with a half-maximal rate at 0.37 mM ADP 
(smooth line) with the rate asymptotically approaching zero. (B) ATP 
concentration dependence at fixed [ADP]. The microtubule-dynein 
complex was mixed with varying concentrations of ATP in the presence 
of 4 mM ADP. The line represents the best fit to a hyperbola with 
a maximum rate of 970 s-' and a half-maximal rate at 2.8 mM ATP. 

predicts a rate which is twice the observed rate. This can be 
understood in terms of the multiple heads of the dynein. The 
KINSIM program (Barshop et al., 1983) was used to model the 
reaction both for a single-site model and for a three-headed 
model, and the light-scattering signal was interpreted as being 
due to the dissociation of each head (Holzbaur and Johnson, 
unpublished results). However, if dynein is bound to the 
microtubule by three heads, when a single head binds ATP 
and dissociates it has a finite chance of hydrolyzing the ATP 
and rebinding to the microtubule before the dissociation of 
the whole molecule. Inclusion of the rebinding step in the 
model results in a slower apparent rate of dissociation and 
accounts for the deviation of the data from the fit in Figure 
3A. 

We also examined the ATP concentration dependence of 
the rate of dissociation at a fixed ADP concentration. A 
concentration of 4 mM ADP was chosen as sufficient to 
saturate the M.D complex with ADP. The data (Figure 3B) 
could be fit to a hyperbola extrapolating to a maximum rate 
of - 1000 s-l at saturating ATP, with a half-maximal rate at 
2.8 mM. These data demonstrate that the rate of dissociation 
of ADP from the M.D.ADP complex, which limits the rate 
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coefficient can be easily reconciled: Only free dynein catalyzes 
the reversible synthesis of ATP as measured by the exchange 
reactions. 

This was further explored by examining the effect of mi- 
crotubules on the exchange reaction in the presence of ADP. 
Microtubules markedly inhibited the rate of exchange at 
concentrations of ADP sufficient to saturate the rate of ex- 
change catalyzed by free dynein (Figure 2). Increasing con- 
centrations of ADP led to increasing rates of exchange which 
paralleled the dissociation of dynein from the microtubule. The 
direct correlation argues that only free dynein catalyzes the 
exchange reaction, and therefore microtubules must inhibit 
either phosphate binding or ATP synthesis or both. 

The ADP concentration dependence of M.D dissociation and 
the rate of oxygen exchange could be fit to an equation based 
upon three independent and identical ATPase sites. According 
to this model, all three heads must bind ADP before the dynein 
can dissociate from the microtubule. The apparent Kd = 10-13 
mM for ADP binding to the M.D complex is much larger than 
the value estimated from the inhibition of ATP-induced dis- 
sociation (0.4 mM). To a certain extent, the weaker binding 
of ADP to the M.D complex reflects the change in free energy 
associated with the power stroke in the rebinding of dynein 
to the microtubule. However, ADP alone does not cause the 
dynein to dissociate from the microtubule, and the apparent 
Kd observed for the dissociation and exchange reactions must 
be a function of the phosphate concentration and the free 
energy of formation of the M-D complex. Therefore, the value 
of 10-13 mM is probably an underestimate of the Kd for the 
M-D-ADP ~i M.D + ADP equilibrium. 

ADP inhibited the rate at which ATP induced the disso- 
ciation of the microtubule-dynein complex. Analysis of the 
ATP and ADP concentration dependence of this reaction led 
to two important conclusions. The analysis of the competitive 
binding of ADP at the ATPase sites provided an estimate of 
the true Kd = 0.4 mM. Moreover, the kinetics demonstrated 
that the rate of release of ADP from the MeD-ADP complex 
was quite fast (k( N 1000 Recent studies on the acti- 
vation of the ATPase by cross-linking dynein to microtubules 
provided another estimate of the maximum rate of ATP 
turnover of 150 s-l (Shimizu and Johnson, unpublished results). 
Considering the potential for systematic errors in either of these 
estimates, it is possible that each provides a measurement of 
the same rate-limiting step that would control the maximum 
rate of force production during the crossbridge cycle However, 
it is also likely that the two experiments are a function of 
different steps in the reaction sequence. Analysis of the AT- 
Pase pathway with the free dynein suggested that there must 
be two DnADP states; one high-energy state is formed only 
upon phosphate release during ATP turnover and is distinct 
from the state formed by binding ADP from solution as shown 
in Scheme 11. Accordingly microtubules bind to the high- 
energy D.ADP* state and induce a conformational change at 
a rate of 150 s-l, perhaps accompanying crossbridge movement, 
which is then followed by a more rapid dissociation of ADP 
from an M-D-ADP state. 
Scheme II 
D + ATP s DaATP ~i D-ADPsPi 3 DeADP* s 

D-ADP s D + ADP 
This model also provides a quantitative explanation for the 

thermodynamic parameters governing ADP binding. The Kd 
for ADP binding to the microtubule-dynein complex (0.37 
mM) is comparable to the dissociation constant for the dy- 
nein-ADP complex (0.085 mM). The additional step from 
DeADP* - D-ADP provides the free energy change available 

to do work associated with ADP release. 
Support for this hypothesis comes from the microtubule 

binding experiments. The rates of binding of dynein to mi- 
crotubules were 1.6 X lo6 and 9.8 X lo5 M-' s-' in the absence 
and presence of ADP, respectively. Omoto and Johnson 
(1986) measured a second-order rate constant for the binding 
of the dynein-products complex to the microtubule of 1.2 X 
lo4 M-' s-I. Accordingly, it would appear that the rate of 
binding of the DaADP complex is 100-fold faster than the rate 
of binding to the D.ADP* complex, formed during ATP 
turnover. Although there is no direct evidence for the D.ADP* 
state, thermodynamic and kinetic arguments necessitate that 
there be an additional step (Holzbaur & Johnson, 1988). 

An analysis of the thermodynamics of the microtubule- 
dynein ATPase cycle provides insight into the mechanism of 
energy transduction in this system. The data are consistent 
with a model based on the general principles of free energy 
transduction in biological systems described by Eisenberg and 
Hill (1985) and by Jencks (1980). In the crossbridge cycle, 
ATP binding drives the dissociation of the dynein heads. A 
large free energy change for ATP binding is required to ov- 
ercome the tight binding of the microtubule-dynein complex. 
The overall AG for the reaction of M.D + ATP + M + 
D-ATP is small because it represents a small difference be- 
tween two large values. ATP hydrolysis occurs near equilib- 
rium at the active site of free dynein. However, in contrast 
to myosin, phosphate release is rapid, leading to formation of 
a high-energy D.ADP* state. These reactions conserve the 
free energy of nucleotide binding in the form of an activated 
state with ADP tightly bound. The D.ADP* complex then 
rebinds to the microtubule, and the stored free energy is lost 
upon ADP release and the re-formation of the microtubule- 
dynein complex. In vitro, the energy is dissipated to the so- 
lution, but in vivo, the free energy is coupled to the sliding of 
adjacent microtubules in the axoneme. 
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ABSTRACT: The microtubule-dynein complex consisting of 22.3 dynein from Tetrahymena cilia and MAP-free 
microtubules was subjected to treatment with various concentrations of 1 -ethyl-3- [3-(dimethylamino)- 
propyllcarbodiimide (EDC), a zero-length cross-linker, a t  28 OC for 1 h. Following cross-linking of the 
microtubule-dynein complex, nearly all of the ATPase activity cosedimented with the microtubules in the 
presence of ATP. Electron microscopic observation by negative staining revealed that, following treatment 
with 1 m M  EDC, the complex did not dissociate in the presence of ATP, although the dynein decoration 
pattern was disordered. The complex treated with 3 m M  EDC exhibited normal microtubule-dynein patterns 
even after the addition of ATP. The ATPase activity of the microtubule-dynein complex was enhanced 
about 30-fold by the treatment with 1-3 m M  EDC. These results indicate that the ATPase activation was 
caused by the close proximity of the dynein ATPase sites to the microtubules and provide further support 
for the functional interaction of all three dynein heads with the microtubule. The maximal specific activity 
was 12 pmol min-’ (mg of dynein)-’, corresponding to a turnover rate of 150 s-’, which may be the rate- 
limiting step at  infinite microtubule concentration and may represent the maximum rate of force production 
in the axoneme. 

A x o n e m a l  dynein from cilia or flagella couples the hy- 
drolysis of ATP to produce a force for microtubule sliding [for 
reviews, see Gibbons (1 98 1) and Johnson (1 9891. Recent 
work has demonstrated a related cytoplasmic dynein in nu- 
merous cell types (Hisanaga & Sakai, 1983; Asai & Wilson, 
1985; Paschal & Vallee, 1987; Pratt, 1986). Depending on 
the source of its isolation, dynein is composed of 2 or 3 po- 
lypeptides with a molecular weight of 400000 or more (Ma- 
buchi & Shimizu, 1974; Bell, 1983; Lee-Eiford et al., 1986), 
2 or 3 intermediate chains, and 8-10 low molecular weight 
chains. Tetrahymena dynein, used in this study, has three 
globular heads connected to a common base by three strands 
and a net molecular weight of 1.9 million (Johnson & Wall, 
1983). This dynein adenosine-5’-triphosphatase (ATPase)’ 
has been shown to have an ATPase mechanism similar to that 
of actomyosin (Johnson, 1985) and serves as the paradigm for 
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understanding the ATPase mechanism of all dyneins. 
One of the characteristics of dynein is its ATP-sensitive 

binding to microtubules (Haimo et al., 1979; Porter & 
Johnson, 1983a,b; Omoto & Johnson, 1986). This microtu- 
bule-dynein complex constitutes a simple model system for 
cilia or flagella, as actomyosin is for muscle. Omoto and 
Johnson (1986) have demonstrated activation of the dynein 
ATPase by a high concentration of the microtubules free from 
microtubule-associated proteins (MAPS) under physiological 
conditions. Their study indicated that activation of the dynein 
ATPase required a high concentration of the MAP-free mi- 
crotubules which could be rationalized in terms of the very 
high local concentration of microtubules in the axoneme. 
ATPase activation was also observed at low microtubule 
concentrations if the ATP concentration was sufficiently low 
to allow the dynein to remain transiently tethered to the 
microtubule by one of the three heads. For the current work, 
we reasoned that if dynein could be cross-linked to the mi- 

’ Abbreviations: ATPase, adenosine-5’-triphosphatase; EDC, 1- 
ethyl-3-[3-(dimethylamino)propyl]carbodiimide; HEPES, N-(2- 
hydroxyethyl)piperazine-N’-2-ethanesulfonic acid; MAP(s), microtu- 
bule-associated protein(s); PIPES, 1,4-piperazinediethanesulfonic acid; 
SDS, sodium dodecyl sulfate. 
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