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Dynein-ADP as a Force-Generating Intermediate Revealed by a Rapid
Reactivation of Flagellar Axoneme

Tomomi Tani and Shinji Kamimura
Department of Biology, Graduate College of Arts and Sciences, University of Tokyo, Komaba, Meguro-ku 3-8-1, Tokyo 153-8902, Japan

ABSTRACT Fragmented flagellar axonemes of sand dollar spermatozoa were reactivated by rapid photolysis of caged ATP.
After a time lag of 10 ms, axonemes treated with protease started sliding disintegration. Axonemes without protease digestion
started nanometer-scale high-frequency oscillation after a similar time lag. Force development in the sliding disintegration
was measured with a flexible glass needle and its time course was corresponded well to that of the dynein-ADP intermediate
production estimated using kinetic rates previously reported. However, with a high concentration (~80 wM) of vanadate,
which binds to the dynein-ADP intermediate and forms a stable complex of dynein-ADP-vanadate, the time course of force
development in sliding disintegration was not affected at all. In the case of high frequency oscillation, the time lag to start the
oscillation, the initial amplitude, and the initial frequency were not affected by vanadate, though the oscillation once started
was damped more quickly at higher concentrations of vanadate. These results suggest that during the initial turnover of ATP
hydrolysis, force generation of dynein is not blocked by vanadate. A vanadate-insensitive dynein-ADP is postulated as a

force-generating intermediate.

INTRODUCTION

The movement of flagella is coupled with ATP turnover by
the axonemal dynein. The relationship between the beat
frequency of reactivated flagella and ATP concentration
shows a good fit to the Michaelis-Menten equation (Brokaw
and Benedict, 1968; Gibbons and Gibbons, 1972). Based on
the model for the actin-myosin system (Lymn and Taylor,
1971), the pre-steady state kinetics of ATP turnover by
Tetrahymena outer dynein has been analyzed (Johnson,
1983; Porter and Johnson, 1983; Holzbaur and Johnson,
1989a,b). It has been revealed that ATP binds to dynein and
is hydrolyzed rapidly. Release of the products (phosphate
and ADP) is relatively slow, with the release of ADP being
the rate-limiting step. Because the acceleration of this step
occurs on rebinding of dynein to microtubules (Omoto and
Johnson, 1986), the dynein-ADP intermediate is assumed to
be related to the interaction with microtubules and force
generation. However, little evidence has been reported
about the direct relationship between the force generation
and intermediate states within the ATPase cycle, mainly
because of the difficulties in measuring the force generation
by dynein.

When fragmented flagellar axonemes are treated with
protease, they show sliding disintegration after the applica-
tion of MgATP (Summers and Gibbons, 1971). Fragmented
flagellar axonemes without proteolytic digestion do not
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slide or bend, but show oscillatory sliding along the length
of the axonemes with amplitudes of several nanometers and
with frequencies of ~300 Hz in the presence of ATP
(Kamimura and Kamiya, 1989, 1992).

We describe here experiments regarding the kinetics of
force generation on the sliding disintegration and the high
frequency oscillation in fragmented flagellar axonemes after
a rapid photolysis of caged ATP. We also examine the
kinetics in the presence of vanadate, a potent inhibitor of
dynein (Kobayashi et al., 1978; Gibbons et al., 1978) that
forms a stable complex with the dynein-ADP intermediate
after phosphate is released from the dynein-ADP-P;
(Shimizu, 1981; Shimizu and Johnson, 1983). From the rate
of force generation and inhibition by vanadate after the
photolysis of caged ATP, we infer which intermediate of
dynein ATPase is responsible for the force generation.

MATERIALS AND METHODS
Preparation of demembranated sperm flagella

Spermatozoa from the sand dollar, Clypeaster japonicus or Scaphechinus
mirabilis, were demembranated as described by Gibbons et al. (1982), with
some modifications. Dry sperm taken from the sand dollar were suspended
in 10 volumes of filtered natural sea water. The suspension was mixed with
10 volumes of extracting solution containing 0.04% (w/v) Triton X-100,
0.2 M potassium acetate, 2 mM MgCl,, 0.5 mM EGTA, 0.1 mM EDTA,
2 mM dithiothreitol (DTT), and 10 mM Tris-HCI (pH 8.0). The mixture
was gently swirled for 30—60 s at room temperature (25°C). After extrac-
tion, the suspension of demembranated sperm axonemes was diluted in 10
volumes of reactivation solution containing 0.2 M potassium acetate, 2 mM
MgCl,, 0.5 mM EGTA, 0.1 mM EDTA, 4 mM DTT, and 40 mM Hepes-
KOH (pH 8.0). The suspension was transferred into an homogenizer with
a Teflon pestle tube and subjected to 10—15 strokes to fragment the
flagellar axonemes into 5- to 20-um lengths. The fragmented axonemes
were then introduced into a flow chamber. The flow chamber was made by
putting a square frame made of stainless steel (5 X 5 X 1 mm) between two
pieces of coverslip treated with 3-aminopropyltriethoxysilane (Shin-Etsu,
Tokyo). After 5 min, the chamber was perfused with reactivation solution
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to wash out floating fragments. For the experiments to observe sliding
disintegration, axonemes fixed on coverslips were pre-treated with 10 pg
ml ™" elastase (Type 111, Sigma Chemical, St. Louis, MO) in the reactiva-
tion solution for 2.5-3.0 min at room temperature (25°C). Finally, the
reactivation solution containing caged ATP (lot: CL002, Dojindo, Kum-
amoto) and 20 wg ml~ ' apyrase (grade VII, Sigma) was introduced into the
chamber. Apyrase was used to remove contaminating ATP and/or ADP
derived from caged ATP solution. All the experiments were carried out at
room temperature (25°C).

Force measurements

Forces exerted by axonemes were measured as described in previous
reports (Yoneda, 1960; Kamimura and Takahashi, 1981; Oiwa and Taka-
hashi, 1988) with some modifications and improvements. A glass needle
was made by attaching the end of a glass rod to a heated platinum wire and
pulling the melted glass out from the wire. After treating with 3-aminopro-
pyltriethoxysilane, the glass needle (tip diameter, 0.5-1.0 uwm; length, ~50
um) was introduced into the chamber using a micromanipulator (ULTRA
line, Newport Corp., Irvine, CA) so that the tip of the glass needle was
attached to an axoneme at a right angle. The elastic coefficient of each
needle was measured by cross-calibration with a needle of known elastic
coefficient (Yoneda, 1960). The needles with elastic coefficients of 0.5-20
pN nm™! were chosen for the experiments. Mechanical compliance be-
tween the axonemes and the glass surfaces (needles and chambers) was
negligible in our experiments because of the tight adhesion due to the
aminopropyl-silane coating.

Optical components

Fig. 1 is a schematic diagram of the experimental setup. A 100W mercury
arc lamp (UI-100, Ushio Electric, Tokyo) was used as a source of ultra-
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FIGURE 1 A schematic diagram of the experimental system. See text for
further details.
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violet light for the photolysis of caged ATP. An electromagnetic shutter
(No. 0 model, Copal, Tokyo) and filters (U-330 and UV-300, HOYA
Optics, Tokyo) were placed between the arc lamp and a dichroic mirror
(Asahi Spectra Co., Tokyo). Through the objective lens (D-Apo UV 100X,
Olympus, Tokyo), the axonemes were irradiated with ultraviolet light
under Koehler illumination conditions. The irradiated area was approxi-
mately 150 wm in diameter. The electromagnetic shutter was open for 10
ms. The percentage of photolysed caged ATP present in the solution after
one ultraviolet light pulse was estimated from the beat frequency of
reactivated flagellar axonemes to be approximately 50%. Images of frag-
mented axoneme and the glass needle were observed under the bright field
illumination from a 50W tungsten-halogen lamp. To reduce the ultraviolet
light from the tungsten-halogen lamp, sharp cut filters (SC 50, FUJI Photo
Film Corp., Tokyo) were placed in the light path between the lamp and the
condenser.

The bright field image of the needle’s tip was focused onto a quadrant
photo detector (S 1557, Hamamatsu Photonics Co., Hamamatsu, Japan).
The photo-sensing area was 1 mm in diameter. The final magnification of
the image was 560 X. The intensity of light coming into each divided area
was measured with current-voltage converters (OPA-111, Burr-Brown,
Tucson, AZ) with feedback resistors of 2 G ohm. The range of measurable
displacement was <500 nm, depending on both the diameter of the glass
needle and the intensity of illumination. By using the apparatus described
above, the displacement of the needle along the axonemal axis was mea-
sured with a spatial and temporal resolution of better than 1 nm and 1 kHz,
respectively (Kamimura, 1987). The output signal of the needle displace-
ment was recorded on MO disks through an A-D converter (Canopus
Electronics, Kobe, Japan) in a personal computer (9801-FX, NEC, Tokyo)
with a sampling rate of 20 kHz. Calibrations of the needle displacement
and the photosensor output were carried out after each experiment as
follows. The position of the photosensor was displaced in the direction
perpendicular to the needle axis by a micrometer (MHM, Mitsutoyo,
Tokyo) and the output voltage of the photosensor was measured. The
displacement of the sensor corresponding to the output of 1V was divided
by the magnification of the microscope image to obtain the final relation-
ship between the displacement of the glass needle and the sensor output.
Typically, a 1 V sensor output was obtained per 10—50 nm displacement.

Estimation of photo-released ATP concentration
in the reactivation solution

The time course of ATP release from caged ATP was inferred from the rate
of the characteristic transmission change of 406 nm light (McCray et al.,
1980), as described previously (Tani and Kamimura, 1998). The ATP
concentration was expected to exceed a threshold level for the reactivation
of motility within a few ms, and reached 90% of the maximal concentration
(approximately 1 mM) in 100 ms when a reactivation solution with 2 mM
caged ATP was used.

RESULTS

Force development during sliding disintegration
after the photolysis of caged ATP

Using flagellar axonemes digested with elastase, the time
course of force generation during sliding disintegration after
the rapid application of ATP was examined. When an ax-
oneme in the reactivation solution containing 0.2 M potas-
sium acetate, 2 mM MgCl,, 0.5 mM EGTA, 0.1 mM EDTA,
4 mM dithiothreitol (DTT), 40 mM Hepes-KOH (pH 8.0),
20 g ml~! apyrase, and 2 mM caged ATP was irradiated
with ultraviolet light (wavelength, 330—400 nm) for 10 ms,
the tip of the attached needle was observed to be displaced
along with the sliding disintegration of the axoneme after a
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time lag of approximately 10 ms from the beginning of the
ultraviolet light pulse. A typical example of the needle’s
displacement is shown in Fig. 2A. The motion of the needle
ceased within 50—60 ms when the maximal force exerted by
the axoneme was assumed to be balanced by the elastic
force produced by the glass needle. The maximal displace-
ment of the needle (20200 nm) varied with each trial,
presumably depending on both the length of fragmented
axoneme (5-20 wm) and the elastic coefficient of the glass
needle used (0.5-20 pN nm ™~ '). However, the time course of
the displacement was almost the same in each case. The
maximal forces measured were within a range of 100250 pN.

All the data obtained were normalized so that the maxi-
mal force developed was equal to 1.0. The averaged time

A
- 160 N A g papa I A
£ M
c
= 120
s
80 |
8 40
o
] 120 pN
T 0
0 100 200 300 400 500
Time (ms)
B o
0 9
E
<]
2 38
'2 0.6 g °
'g 0.4 3 ;
= 4 <L
X (1) Dynein-ATP N T
T {02 g3
(2) Dynein-ADP-Pi =~
; 0 =
(3) Dynein-ADP =
1 1 L 1 1 1 g

0 20 40 60 80 100 120 140 160

Time (ms)

FIGURE 2 4: Time courses of force development measured with a glass
needle with an elastic coefficient, 1.2 pN nm~'. Shaded part indicates the
time when 10 ms-ultraviolet light pulse was applied. B: Time course of
averaged force development in sliding disintegration and the simulated
time course of the production of dynein ATPase intermediates. An aver-
aged time course of seven independent sets of data measured on different
axonemes with different glass needles (elastic coefficients of 0.5-20 pN
nm~ ') is shown. Simulated time courses of increase in the normalized
population of dynein-ATP (1), dynein-ADP-P; (2) and dynein ADP (3) are
superimposed on the same figure. The rate constants for ATP binding,
k., =4s'uM 'andk_, = 0.15s"'; for ATP hydrolysis, k,, = 50 s~"
and k_, = 3 s~ '; phosphate release, k.5 = 70 s~ ' and k_; = 8000 s~ '
M™!; ADP release, k,, = 40 s ' and k_, = 0.015 s~ uM ™" (Holzbaur
and Johnson 1989a; Omoto and Johnson, 1986) were used for the calcu-
lation. Shaded part indicates the time when 10 ms ultraviolet light pulse
was given. All the curves were normalized by adjusting the maximum
value to 1.0.
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course of force development was then compared with the
estimated population change of dynein in each intermediate
(dynein-ATP, dynein-ADP-P; and dynein-ADP) after the
photolysis of caged ATP (Fig. 2 B). Because there have
been no reported kinetic rate constants of ATP turnover in
sea urchin/sand dollar axonemal dynein, we employed those
of purified Tetrahymena 22S dynein ATPase (dynein outer
arm) that were reported by Johnson and coworkers (Holz-
baur and Johnson, 1989a), although we realize that the rates
could be somewhat different from those of echinoderm
dynein. The time course of photolytic release of ATP in our
optical setup and acceleration of ADP release in the pres-
ence of microtubules (Omoto and Johnson, 1986; Shimizu
et al., 1989; Holzbaur and Johnson, 1989b) were also taken
into account. Differential equations involving [dynein-
ATP], [dynein-ADP-P,] and [dynein-ADP] were solved by
using Mathematica 3.0 (Wolfram Research Inc., Cham-
paign, Illinois).

As shown in Fig. 2 B, the estimated time course of the
increase of the dynein-ADP intermediate closely fits the
averaged time course of force development. This is the first
demonstration of the pre-steady state transient of force
generation by dyneins in situ.

High frequency oscillation after the photolysis of
caged ATP

When the fragmented axonemes had not been digested by
elastase, nm-scale high frequency oscillation of the axon-
eme was observed (Kamimura and Kamiya, 1989, 1992)
after the photolysis of 2 mM caged ATP. Concomitantly
with the start of oscillation (amplitude, ~5 nm), in many
cases, displacements of the glass needle in one direction of
up to 50 nm (a, in Fig. 3) were observed. Such motion was
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FIGURE 3 Starting transient of high-frequency oscillation after the pho-
tolysis of 2 mM caged ATP. Typical examples of displacement after the
first (a) and second (b) applications of ATP in the same axoneme measured
by the same glass needle are shown. Shaded part indicates the time when
10 ms ultraviolet light pulse was applied. Asterisks indicate the stepwise
shifts of the center line during the oscillation.
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observed only on the first application of ATP and became
smaller or was not observed at all with the following appli-
cation of ATP (b, in Fig. 3). The direction of the displace-
ment, if any, was the same in the repeated experiments
using the same axoneme. In some cases, the center line of
the oscillation shifted in a stepwise manner as indicated by
asterisks in Fig. 3.

As in the time course of force development during sliding
disintegration (Fig. 2, 4 and B), the onset of high frequency
oscillation had a time lag of approximately 10—15 ms (Fig.
4 A). The amplitude (Fig. 4 B) reached a maximum (4.8 =
0.9 nm) within 20 ms, which was constant throughout the
oscillation, and did not vary with the length of fragmented
axonemes (5—20 um) or the elastic coefficient of the glass
needle used for the measurements. This indicates that the
major factor determining the amplitude of this oscillation is
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FIGURE 4 A: A typical example showing a transient of the oscillation
frequency after the photolysis of 2 mM caged ATP. B: Time course of
change in the amplitude of oscillation. The peak-to-peak distance is mea-
sured and plotted against the time after the beginning of ultraviolet light
pulse. Results of four measurements obtained from the same axoneme are
superimposed on the same figure. C: Time course of change in the
frequency of oscillation, the inverse of the peak-to-peak period of the
oscillation, is plotted against time. Results of four measurements obtained
from the same axoneme are superimposed. Shaded part indicates the time
when 10 ms ultraviolet light pulse was applied.
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not the elasticity of the glass needle, but the internal struc-
ture of the axoneme. The frequency of oscillation exceeded
200 Hz within 20 ms of the ultraviolet light pulses (Fig. 4
(). The frequency gradually decreased after it reached a
maximum, possibly due to the depletion of ATP either by
diffusion or by hydrolytic activity of dynein and/or apyrase.

Effects of vanadate on high frequency oscillation
after the photolysis of caged ATP

For a more detailed investigation of the intermediate of
dynein, which is important for the force generation, the
effect of vanadate on the starting transient of high-fre-
quency oscillation was examined. Vanadate is a potent
inhibitor of dynein that is assumed to act as a phosphate
analogue and bind to the dynein-ADP intermediate
(Shimizu, 1981; Shimizu and Johnson, 1983).

Fragmented axonemes were pre-incubated in the reacti-
vation solution containing 2 mM caged ATP, 20—-80 uM
vanadate, and 80 ug ml~ ' apyrase. Starting transients of the
oscillation in axonemes after the photolysis of caged ATP in
the presence and absence of vanadate are shown in Fig. 5
(4, without vanadate; B, 20 uM vanadate; C, 80 uM van-
adate). The axoneme started oscillation within 10—15 ms
from the beginning of the ultraviolet light pulse at a fre-
quency as high as 200 Hz, independently of the concentra-
tion of vanadate we examined. The timing of the initiation
of oscillation was essentially the same irrespective of the
presence (Fig. 5, B and C) or absence (Fig. 5 4) of vanadate.
However, vanadate finally quenched the motion under the
experimental condition, that is, axonemes completely
ceased oscillation within 100—150 ms when the concentra-
tion of vanadate in the solution was 80 uM (Fig. 5 C). In the
solution containing apyrase, activity of the oscillation was
recovered within 1-2 min, and the same experiment could
be repeated using the same axoneme. The duration of os-
cillation tended to be shortened gradually after repeated
trials for unknown reasons. Therefore, only the data of the
first or second measurement of each axoneme was used for
further analyses.

As in the case of the oscillation amplitude, the time
course of the frequency change showed that vanadate had
little effect on the starting transient of oscillation (Fig. 5 D,
without vanadate; Fig. 5 £, 20 uM vanadate; Fig. 5 F, 80
M vanadate). Although oscillation ceased earlier with a
higher concentration of vanadate, the initial oscillation fre-
quencies were almost the same, independent of the concen-
tration of vanadate. In the presence of a lower concentration
of vanadate (20 uM), the frequency of oscillation gradually
decreased (Fig. 5 E), with prolonged intervals between
successive downward displacements (Fig. 6 4). However,
the amplitude and the maximal sliding velocity (calculated
from the maximal slope of displacement, ~7 um s~ ') were
almost constant until the oscillation stopped completely
(Fig. 6 B).
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FIGURE 5 Effects of vanadate on the nm-scale oscillation of fragmented axonemes. 4-C: starting transients of oscillation in a solution without vanadate
(4), with 20 uM vanadate (B) and 80 uM vanadate (C) after a rapid reactivation by the photolysis of 2 mM caged ATP. The initial displacements of needles
as stated in Fig. 3 were observed. D-F: time courses of change in the frequency of oscillation in a solution without vanadate (D), with 20 uM vanadate
(E) or 80 uM vanadate (F) after the photolysis of caged ATP (data from four different axonemes were plotted against the time after the ultraviolet light

pulses). Shaded part indicates the time when 10 ms ultraviolet light pulse was applied.

Effects of vanadate on the force development
during sliding disintegration after the photolysis
of caged ATP

Digested axonemes in a reactivation solution containing 2
mM caged ATP and 80 uM vanadate were irradiated with
ultraviolet light for 10 ms. As observed in the absence of
vanadate, the tip of the needle started to move simulta-
neously with the sliding disintegration of the axoneme after
a time lag of approximately 10 ms from the beginning of the
ultraviolet light pulse. It ceased to move within 60 ms,
which was similar to the time course observed without
vanadate. A typical example is shown in Fig. 7 4. The
maximal forces measured were within a range of 40—-140
pN. As in the case of high frequency oscillation, the activity
was recovered completely within 1-2 min in the solution
containing apyrase and the same experiment could be re-
peated using the same axoneme.

To compare the time courses of force development with
and without vanadate, averaged and normalized data in both
experiments are shown in Fig. 7 B. Except for a short delay
(~10 ms) shown in the presence of vanadate, both time
courses were observed to be similar. This result indicates
that the initial transient of force generation after the rapid
application of ATP is affected little by the presence of 80
1M vanadate.

Strangely, although dynein activities were assumed to be
completely blocked in ~150 ms when exposed to 80 uM
vanadate (Fig. 5, C and F), no backward recovery motion of
the glass needles was observed in many cases (~ 70%) after
they ceased to move at the point that the forces were
balanced.

DISCUSSION
Dynein-ADP as a force-producing intermediate

Caged ATP was used to examine the time course of force
generation by axonemal dynein in situ, and the relationship
between the ATPase cycle and the force generation of
dynein was investigated. In the case of sliding disintegra-
tion, the time course of force development after the photol-
ysis of caged ATP fits well with that of the increase of the
computer-estimated dynein-ADP intermediate. This esti-
mate was based on the rate constants of 22S dynein ATPase
activity determined by Johnson and coworkers (Holzbaur
and Johnson, 1989a), with an assumption of a 10-fold
acceleration of the ADP release (from 4 s~ ! to 40 s~ ') by
microtubules (Omoto and Johnson, 1986). Provided that the
force produced by axonemes is proportional to the number
of force-generating dynein molecules in the axoneme, this
result can be regarded as the first direct evidence that dynein
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FIGURE 6 The inhibitory effects of vanadate on high frequency oscil-
lation. 4: High-frequency oscillation reactivated by the photolysis of 2 mM
caged ATP in the presence of 20 uM vanadate. B: Detail of the transient
of vanadate inhibition which corresponds to the area indicated by the
dotted rectangle in A.

generates the sliding force while it is in the state of a
dynein-ADP intermediate.

Caged ATP has been used for many studies of chemo-
mechanical coupling of motor proteins, especially for actin-
myosin systems (McCray et al., 1980; Goldman et al., 1982;
Hibberd et al., 1985). However, it is also known to work as
a competitive inhibitor in an actin-myosin system (Thirlwell
et al., 1995) and a microtubule-kinesin system (Higuchi et
al., 1997). In the case of axonemal dynein, caged ATP was
shown to lower the beat frequency of reactivated flagella,
and the estimated Ki was 1.0—1.4 mM (Tani and Kamimura,
1998). Even if caged ATP competes with ATP to bind to
dynein with a similar binding constant, it would cause
further delay of as short as 5 ms in the estimated increase of
the dynein-ADP intermediate. It should be noted that the
increase of the dynein-ADP-P; intermediate could not be
fitted to the increase of force production with any arbitrary
rate constants of caged ATP binding and ADP release.

Another possibility that can lead to an incorrect simula-
tion is if inner dynein arms, which have different motile and
enzymatic activities from outer dynein, are involved in the
initial onset of motility after ATP application. However,
from the velocity analyses of microtubule sliding in high-
salt treated axonemes of sea-urchin spermatozoa (Yano and
Miki-Noumura, 1980) and in Chlamydomonas mutants
(Kagami and Kamiya, 1992; Yagi et al., 1994), it has been
suggested that the sliding activity observed in intact axo-
nemes mainly depends on the outer dynein arms. These
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FIGURE 7 4: Time course of force development during sliding disinte-
gration after the photolysis of 2 mM caged ATP in the presence of 80 uM

vanadate. A glass needle with elastic coefficient of 0.42 pN nm ™' was

used. Shaded part indicates the time when 10 ms ultraviolet light pulse was
given. B: Comparison of the time course of averaged force development in
sliding disintegration between with (+vanadate) and without (—vanadate)
vanadate (80 uM). Twelve sets of data (+vanadate) and seven sets of data
(—vanadate) were used for the averaging. Shaded part indicates the time
when 10 ms ultraviolet light pulse was applied.

reports explain why we have assumed that outer dyneins are
mainly responsible for the production of sliding forces in
elastase-treated echinoderm sperm axonemes.

One of the most characteristic features of the 3 heavy
chain of outer dynein is that it has four nucleotide-binding
sites (Gibbons et al., 1991; Ogawa, 1991). Under our ex-
perimental conditions ATP/ADP concentration was kept
very low with the presence of 20 wg/ml apyrase (260 units
mg '). In these conditions, all the binding sites were as-
sumed to be free from nucleotides, and such a state could
affect the binding affinity of the catalytic nucleotide-bind-
ing site. However, apyrase ranging from 20 to 400 pg/ml
did not cause any significant effects on the onset of sliding
disintegration. Because we have no positive evidence of any
physiological significance for non-catalytic binding sites for
ATP, further detailed analyses will be required. Experi-
ments using fluorescent ATP analogues (Inaba et al., 1989;
Omoto, 1992; Mocz et al., 1998) might provide us with
more insight into this problem.

In our series of experiments, we used echinoderm sperm
flagella instead of Tetrahymena cilia, which had been pre-
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viously used for the kinetics studies. Using echinoderm
sperm flagella in our experiments provided several advan-
tages. First, there are several reports of physiological studies
on the velocity and force production during sliding disinte-
gration (Kamimura and Takahashi, 1981; Takahashi et al.,
1982; Oiwa and Takahashi, 1988). In addition, after treating
with elastase, microtubule sliding is known to occur mostly
between only two sets of doublet bundles (Shingyoji and
Takahashi, 1995). In the case of reactivated Tetrahymena
cilia, on the contrary, “piggy-backing.” which is thought to
be caused by multiple sliding among the nine doublets, can
often be observed after protease treatment, which makes the
results of force production more complicated.

Nanometer-scale high frequency oscillation
reflects the activity of a small fraction of dynein

We examined a starting transient of nanometer-scale high
frequency oscillation in the axoneme after the photolysis of
caged ATP. The oscillation started after a time lag (~10 ms)
similar to that shown in the case of sliding disintegration.
However, the time courses for the amplitude and frequency
to reach plateaus were as fast as 20 ms, which were far
faster than those of the force development during sliding
disintegration and the estimated increase in the dynein-ADP
intermediate. This indicated that each back-and-forth shear
motion of the oscillation would not be the result of the
synchronized behavior of thousands of dynein arms con-
tained in one fragmented axoneme and that each oscillatory
motion could be executed by a relatively small fraction of
dynein arms. It is most likely that the amplitude of oscilla-
tion reflects the unitary distance of motion, and the fre-
quency reflects the intrinsic rates of dynein attachment/
detachment to microtubules.

The large displacement of the needle by up to 50 nm
along with the initiation of oscillatory motion was an inter-
esting but unexpected phenomenon, since the fragmented
axoneme should never disintegrate without protease treat-
ment and the amplitudes of steady-state oscillation are re-
stricted to within several nanometers (Kamimura and Ka-
miya, 1989). However, such a large displacement in
axonemes would not be unreasonable, because doublet mi-
crotubules in intact flagella were actually shown to slide out
each other with amplitudes larger than 100 nm during
beating (Brokaw, 1989) as is also expected from bend
angles (Gibbons, 1982). When demembranated sea urchin
sperm flagellar axonemes with rigor waves (Gibbons and
Gibbons, 1974) are reactivated by rapid photolysis of caged
ATP, flagella resume bending movements as if they had
been beating in steady state without any pause (Tani and
Kamimura, 1998). It might be possible to assume that a
certain switching mechanism which controls tubule sliding
up to ~100 nm depends on the waveforms, and could still
be working even after the rigor axonemes are fragmented (a,
in Fig. 3). Such a switching mechanism may be reset once
the axonemes are reactivated with ATP (b, in Fig. 3).
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Onset of force generation by dynein is not
affected by the presence of vanadate

The effects of vanadate on the onset of high frequency
oscillation of fragmented axonemes were examined. It was
revealed that the amplitude, the length of time lag before the
onset and the initial frequency were not affected by the
presence of vanadate in the range of 20—80 uM (Fig. 5).
The oscillation decayed in a concentration-dependent man-
ner, i.e., the motion ceased in 300-500 ms at 20 uM
vanadate and ~150 ms at 80 uM vanadate. It should be
noted that during inhibition, frequency of oscillation de-
creased without a change in amplitude or in maximal sliding
velocity. The oscillations only became less regular, with
longer and more variable intervals between their downward
spikes (Fig. 6). This observation supports the idea that each
back-and-forth oscillation reflects the activity of different
sets of a small number of dynein arms being activated in
turn, which is blocked by vanadate in an almost all-or-
nothing manner.

In addition, we investigated the effects of vanadate on the
force production during the sliding disintegration of pro-
tease-treated axonemes. Pre-incubation with 80 uM vana-
date had little effect on the time course of force develop-
ment (Fig. 7). This indicates that during the initial starting
transients, the force generation by dynein is not blocked by
vanadate.

Two different kinds of dynein-ADP intermediates
are involved in the ATPase cycle

On the bases of the data described above, we simulated the
change in the population of active dynein in the presence of
vanadate. Although no quantitative measurement of the rate
of association of vanadate to dynein has been reported, the
rate is estimated to be faster by a factor of 10° than that for
the corresponding steps with myosin (Goodno and Taylor,
1982; Shimizu and Johnson, 1983), and the second-order
rate constant of vanadate binding to the dynein-ADP inter-
mediate was thought to be within a range of 10°-107 s~ !
M~' (Shimizu, personal communication). The kinetic
scheme of vanadate inhibition is shown by the following
scheme, which was reported by Shimizu and Johnson
(1983):

k+3 k+4
Dynein-ADP-Pi == Dynein-ADP == Dynein
k-3 k-4
kfv TJ/ k+v

Dynein-ADP-Vanadate

(Scheme I)

By employing the simulation as shown in Fig. 2 B, the
inhibition constant of vanadate to dynein (10 nM, Shimizu,
1981) and the possible second-order rate constant of vana-
date binding to the dynein-ADP (k) (from 10%*s™' M " to
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107 s=' M), we calculated how the population of the
dynein-ADP intermediate was lowered in the presence of
vanadate (Fig. 8, 4 and B). If the rate of binding is as low
as 10* s7' M ™!, the decrease in the population of dynein-
ADP is too slow to change the rate of production of dynein-
ADP and, in the case of 80 uM vanadate, more than 80% of
dynein is estimated to still be active even after 500 ms from
the photolysis of caged ATP (Fig. 8 B). This seems to be
consistent with our observation that the rate of force pro-
duction during sliding disintegration was not lowered by
vanadate (Fig. 7). However, obviously this can not be the
case since the high frequency oscillation was shown to be
blocked within ~150 ms at 80 uM vanadate (Fig. 5 C).
If the rate of binding is as high as 10° s' M, the
production of dynein-ADP is completely blocked within
200 ms after the application of ATP, which shows good
coincidence with the time course of inhibition of oscillation
as shown in Fig. 5 C. However, this leads to another
question of why the time course of force production during
sliding disintegration was not altered by vanadate, since the
production of the dynein-ADP intermediate is expected to
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FIGURE 8 Simulated time course of [dynein-ADP] in the presence of 20
uM vanadate (4) and 80 uM vanadate (B). The second-order rate constant
of vanadate binding to dynein-ADP (k) ranged from 10* s~' M~! to 107
s~ ' M, and an inhibition constant of 10 nM (Shimizu, 1981) were used
for the simulation. Other rate constants used are the same as those in Fig.

2 B. Dotted lines represent the cases in the absence of vanadate.

Dynein-ADP as a Force-Generating Intermediate

1525

be greatly reduced to less than 25% of that without vanadate
and the plateau of the production comes within 40 ms (Fig.
8 B), which is far faster than that of force production during
sliding disintegration.

Therefore, we postulate that there are at least two differ-
ent states of the dynein-ADP intermediate with different
binding affinities to vanadate (Scheme II) and that force
production occurs at the state of dynein-ADP that has a low
affinity to vanadate, dynein-ADP,,, before it turns into the
intermediate that has a high affinity to vanadate, dynein-
ADP,). A similar kinetics scheme with two different dy-
nein-ADP states was also suggested by biochemical studies
(Holzbaur and Johnson, 1989a,b).

k3 kit ka4
Dynein-ADP-Pi == Dynein-ADP;, == Dynein-ADP,) == Dynein
k-3 k¢ k-4

k -V /N/ k +v
Dynein-ADP,-Vanadate

(Scheme 1I)

In this scheme we assumed that dynein-ADP,,), which is a
state with high binding affinity to vanadate, would be pro-
duced after the conformational change of dynein accompa-
nied with force generation. Preliminary simulation on the
basis of Scheme I showed that the concentration change of
dynein-ADP,, fitted better than that simulated based on
Scheme I if we chose the rate of transition from dynein-
ADP ) to dynein-ADP,,, (k. ¢) as 20—40 s~ ' and the rate
of binding between vanadate and dynein-ADP,, to be
10°s™' M~

So far, several possibilities have been discussed about the
force-generating intermediate of dynein. Many ultrastruc-
tural studies have revealed a difference between the confor-
mations of dynein with and without ATP, especially in the
presence of vanadate (Witman and Minervini, 1982; Good-
enough and Heuser, 1982; Tsukita et al., 1983; Burgess,
1995). From the kinetic analysis of the dynein ATPase
pathway, a change in conformation is thought to occur
during the dynein-ADP state (Holzbaur and Johnson,
1989a).

Based on the analyses of proteolytic digestion, Inaba and
Mohri (1989) assumed that the dynein-ADP-P; intermediate
is in a state with a conformation which is different from
nucleotide-free dynein. They discussed the idea that the
conformational change involving force generation occurred
at the state of the dynein-ADP-P; intermediate, because the
conformation of the dynein-ADP-vanadate complex had
been assumed to mimic that of the dynein-ADP-P; interme-
diate (Shimizu and Johnson, 1983). However, from our
present results, it is more likely that this conformational
change occurs with the transition from dynein-ADP,, to
dynein-ADP ,, which is thought to correspond to the step of
force generation.
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Cross-links between dynein-ADP-vanadate
complex and microtubules

The dynein-ADP-vanadate complex has been shown to be
in weakly bound to microtubules. For example, Sale and
Gibbons (1979) observed that trypsin-treated flagellar ax-
onemes immersed in a solution containing vanadate were
split into a few groups of curved doublet microtubules
instead of showing linear sliding disintegration after the
addition of MgATP. Okuno (1980) showed that the stiffness
of axonemes incubated with vanadate and ADP was 15-fold
lower than that of rigor axonemes. Microtubules on a glass
slide covered with purified 22S dynein showed Brownian
motion predominantly along the length of microtubule in
the presence of vanadate and ATP (Vale et al., 1989).

However, the result obtained in our experiments was
inconsistent with these observations. In most cases, in the
presence of vanadate and ATP, once doublet tubules
showed active sliding, they did not return to their original
position by the elastic force of the glass needles even after
force generation was thought to be completely blocked (Fig.
7, A and B). So far we do not have a plausible explanation
for this ratchet-like behavior of sliding in the axoneme. It
might be possible that some of the inner dynein heavy
chains form rigor-like cross-links to microtubules at the
state of enzyme-ADP-vanadate complex.

The combination of caged ATP with vanadate is a unique
experimental system to reveal the relationship between the
ATPase cycle and the motility of dyneins because the as-
sociation/dissociation rates of vanadate with axonemal dy-
nein are expected to be far faster than those with myosin
(Goodno and Taylor, 1982) and presumably with kinesin
(Vale et al., 1985). This combination is useful for the
identification of active sites along the axonemes in beating
flagella and cilia, as well as the kinetic study of force
generation in a single dynein molecule.
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