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Effects of the Central Pair Apparatus on Microtubule Sliding Velocity
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ABSTRACT. To produce oscillatory bending movement in cilia and flagella, the activity of dynein arms must
be regulated. The central-pair microtubules, located at the centre of the axoneme, are often thought to be in-
volved in the regulation, but this has not been demonstrated definitively. In order to determine whether the
central-pair apparatus are directly involved in the regulation of the dynein arm activity, we analyzed the
movement of singlet microtubules that were brought into contact with dynein arms on bundles of doublets
obtained by sliding disintegration of elastase-treated flagellar axonemes. An advantage of this new assay sys-
tem was that we could distinguish the bundles that contained the central pair apparatus from those that did not,
the former being clearly thicker than the latter. We found that microtubule sliding occurred along both the
thinner and the thicker bundles, but its velocity differed between the two kinds of bundles in an ATP con-
centration dependent manner. At high ATP concentrations, such as 0.1 and 1 mM, the sliding velocity on the
thinner bundles was significantly higher than that on the thicker bundles, while at lower ATP concentrations the
sliding velocity did not change between the thinner and the thicker bundles. We observed similar bundle
width-related differences in sliding velocity after removal of the outer arms. These results provide first evi-
dence suggesting that the central pair and its associated structures may directly regulate the activity of the in-
ner (and probably also the outer) arm dynein.
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he aim of this study is to test the hypothesis

I that the motile activity of dynein in the flagel-
lar axoneme is regulated by the central-pair
microtubules. This hypothesis is based on previous
studies indicating that the central pair/radial spoke
complex may be involved in the rotation as well as de-
termination of the flagellar beat plane, and the oscilla-
tory bending. Thus, in the sea urchin and other ani-
mals, the central pair has been suggested to determine
the planarity of flagellar (or ciliary) beating (4, 6, 7, 35,
47). Rotation of the central pair has been found in
Paramecium, Micromonas, and Chlamydomonas (13,
19, 26, 27, 28). The rotatability of the beating plane in
sea urchin sperm flagella under imposed head vibration
is thought to be related to the rotation of the central
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pair microtubules, and this probably supports the idea
that the central pair microtubules may possibly be in-
volved in determining the beating plane (8, 39). It is
thought that as the central pair rotates, a signal regulat-
ing the activity of dynein is transmitted from the cen-
tral pair to the dynein arms via the radial spokes. In
Chlamydomonas, mutants lacking the central pair or
the radial spokes have paralyzed flagella, although their
dynein arms are normal and can generate sliding of
outer doublets in enzyme-treated axonemes (44, 51).
The analysis of suppressor mutations which restore
beating to the paralyzed mutants without restoring
missing structures (central pair or radial spokes) has in-
dicated that the central pair regulates microtubule slid-
ing in a pathway involving the radial spokes (3, 15, 30,
31, 32, 33).

The role of the radial spoke in the regulation of
phosphorylation of the inner dynein arms, which may
be related to the control of dynein-driven microtubule
sliding (a decrease in the sliding velocity), has been
shown by using radial spoke-deficient mutants of



Chlamydomonas (9, 14, 44). The central pair may regu-
late the radial spokes. To generate normal oscillatory
bending movements, in intact axonemes, both the cen-
tral pair and the radial spokes must always be function-
al in regulating the activity of dynein. This, however,
cannot be confirmed in beating flagella, because it is
difficult to evaluate the activity of dynein in the pre-
sence and absence of the signal from the central pair
apparatus. One way to overcome this difficulty is to
measure the sliding activity of the dynein arms on the
doublets in the presence and in the absence of the cen-
tral pair under conditions that preserve the regulatory
mechanisms of the axoneme as much as possible. In the
conventional procedure to analyze the sliding activity,
axonemes are treated with an enzyme, such as trypsin
(45). Trypsin-treated axonemes, however, are incapa-
ble of bend formation and oscillation, which indicates
that the mechanism regulating the activity of dynein is
not preserved (40). We have previously shown that elas-
tase-treated flagellar axonemes of the sea urchin sperm
are still capable of bend formation and oscillation when
reactivated locally by ATP-iontophoresis (40). Further-
more, the clastase-treated axonemes slide apart into a
pair of thinner and thicker bundles of doublets in the
presence of 1 mM ATP and 104 M Ca?* and only the
thicker bundles contain the central pair microtubules
(Shingyoji et al., in preparation). In this respect, these
thinner and thicker bundles are uniquely suited for the
study of the regulation of the activity of dynein by the
central pair.

In this study, we developed a new assay system for
microtubule sliding by modifying previous methods in
which singlet microtubules were made to interact with
dynein arms on isolated doublets (42, 52). In our new
assay system, we used, instead of individual doublets,
doublet bundles with or without the associated central
pair microtubules. By adding singlet microtubules to
these bundles and analyzing their sliding movement
caused by the activity of the dynein arms on the bun-
dles, we found that the presence or absence of the cen-
tral pair significantly affected both the frequency of oc-
currence and the velocity of sliding movement. This
effect of the central pair on the sliding velocity was ob-
served in the bundles from which the outer arms had
been removed as well as in the bundles in which both
the outer and the inner arms were intact. In either case,
however, the effect of the central pair was observed
only at high ATP concentrations. Our results show for
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the first time that the sliding activity of the inner (and
probably also the outer) dynein arms are directly regu-
lated by the central pair apparatus.

Materials and Methods

Axonemes and microtubules

Sperm of the sea urchin Pseudocentrotus depressus and
Clypeaster japonicus were suspended in the same volume
of Ca2*-free artificial sea water (465 mM NaCl, 10 mM KCl,
25 mM MgS0,, 25 mM MgCl,, and 2 mM Tris-HCl, pH 8.0)
and demembranated with 15 volumes of demembranating
solution containing 0.04% (w/v) Triton X-100, 0.15M K-
acetate, 2 mM MgSO,, 2mM EGTA, 1 mM dithiothreitol
(DTT), 10 mM Tris-HCI, pH 8.0 for 45 seconds at 20-23°C
(Pseudocentrotus) or 24-27°C (Clypeaster). This suspension
was diluted with 16 volumes of reactivating solution (Tris)
containing 0.15 M K-acetate, 2 mM MgSO,, 2 mM EGTA, 1
mM DTT, 2% (w/v) polyethyleneglycol (MW 20,000) and 10
mM Tris-HCI, pH 8.0 without ATP. For Clypeaster, 20 mM
HEPES (pH 7.8) was used instead of Tris (pH 8.0) in both
demembranating and reactivating solutions. Preparations
that showed less than 90% reactivation at 1 mM ATP were
discarded.

The demembranated sperm suspension was pelleted at
11,000 g and labelled with 15-40 ¢M tetramethylrhodamine
(Molecular Probes, C-1171) in reactivating solution (contain-
ing 20 mM HEPES instead of Tris; without ATP) for 4 min
(on ice). The rhodamine-labelling was stopped by 0.1 M Tris-
HCI (pH 8.0). The labelled sperm was pelleted at 17,000 g, re-
suspended in reactivating solution (HEPES; without ATP)
and homogenized to obtain axonemal fragments. Sperm
heads were removed by centrifugation at 2,000 g, the superna-
tant containing axonemal fragments was centrifuged at 17,000
g and resuspended in reactivating solution (HEPES; without
ATP).

To remove outer arms, demembranated sperm were ex-
tracted with 60 volumes of 0.6 M KCl (in reactivating solu-
tion without ATP) for 4 min before labelling with rhoda-
mine. The beat frequency in 1 mM ATP of the outer-arm-de-
pleted sperm of Pseudocentrotus depressus and Clypeaster ja-
ponicus were about 50% lower (Pseudocentrotus, 13.5+1.6
Hz, n=39; Clypeaster, 22.9+3.9 Hz, n=12) than that of
the intact sperm (Pseudocentrotus, 27.3+2.8 Hz, n=54;
Clypeaster, 39.4+2.9 Hz, n=10), indicating >80% extrac-
tion of the outer arms (5, 53).

Singlet microtubules were assembled by mixing bovine tu-

Fig. 1.

Video images showing paired bundles and sliding of a microtubule. A: A pair of bundles indicated by a filled arrowhead consists of a

thinner bundle (left) and a thicker bundle (right). B and C: A microtubule attached to the thinner of the paired bundles and slid along it to-
wards the right at a speed of 1.4 pm/secin 0.02 mM ATP. The interval between B and C was 5.7 sec. A white arrowhead indicates the leading end
of the microtubule. Bar, 10 zm. D: Schematic diagram showing paired bundles consisting of a thinner and a thicker bundle. In this configura-
tion microtubules are expected to interact with the dynein arms on the thinner bundle which is attached to the glass surface. The thicker bun-

dle contains central pair microtubules.
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bulin and tetramethylrhodamine-labelled tubulin with GTP
and were stabilized with 40-100 #M taxol. The mean length of
the microtubules used was 2.1£2.0 zm (n=240; range, 0.4-
16.4 pm). In order to distinguish rhodamine-labelled singlet
microtubules from the disintegrated bundles of axonemal
doublets which were also labelled with rhodamine, we
used weakly labelled axonemes and brightly labelled
microtubules.

Observation of microtubule sliding

We constructed a 5-z1 chamber using a glass slide and a cov-
erslip with 10 pm-thick polyester sheets as spacers. The space
between the coverslip and the slide was sealed on two sides
with enamel. A suspension of axonemal fragments was intro-
duced into the chamber and treated with elastase (5 pg/ml
elastase, Sigma type III and 5 p#g/ml trypsin inhibitor, Sigma
type I-S, in the reactivating solution containing 10=4 M Ca?™
without ATP) for 1-1.5min. The elastase treatment was
stopped with ovoinhibitor (50 gg/ml ovoinhibitor, Sigma
type IV-O, in reactivating solution containing 10~4M Ca?*
without ATP), and followed by perfusion with casein (1 mg
/ml in reactivating solution containing 10~4 M Ca?* without
ATP). The perfusion of reactivating solution containing
10~4M Ca?* and 1 mM ATP then induced sliding disintegra-
tion of the axonemal fragments into two parts. As a next step
to reduce the Ca?t concentration, first the assay buffer (see
below) without EGTA and then the assay buffer containing
various concentrations of ATP were perfused. The micro-
tubules were suspended in the assay buffer to which 2% (v/v)
B-mercaptoethanol, 40 mM glucose, 430 pg/ml glucose oxi-
dase, 70 pg/ml catalase, 10 ¢M taxol and various concentra-
tions of ATP had been added. The assay buffer contained 70
mM K-acetate, 5mM Mg-acetate, 20 mM HEPES, 2 mM
EGTA, 0.1 mM EDTA and 1 mM DTT, pH 7.8. Since previ-
ous findings suggest that certain aspects of flagellar move-
ment may change depending on whether the ATP concentra-
tion is above or below about 0.1 mM (21, 41, 48), we used
0.02 and 0.05 mM as lower ATP and 0.1 and 1 mM as higher
ATP concentrations. The concentration of Ca?* in the solu-

Table 1.
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tion used for the observation of microtubule sliding was
about 107° M (295).

Microtubule sliding was observed under a fluorescence
microscope (Olympus, BX60) with a x 100 oil-immersion ob-
jective lens (Olympus PlanApo, NA=1.4) and recorded on
video tape using a high-sensitivity silicon-intensified target
camera (SIT camera, Hamamatsu Photonics, C2400-08) and a
VHS video cassette recorder. To analyze the sliding velocity,
the video images were traced by hand from the screen of a
video monitor onto a sheet of transparent film. The sliding
velocity was determined from the time measured by counting
the number of video fields and the distance of microtubule
movement measured on the traced images.

Results

Behaviour of microtubules on the doublet bundles

Application of 1mM ATP to the elastase-treated
axonemal fragments induced sliding disintegration
which split each fragment longitudinally into two
microtubule bundles of unequal thicknesses. These
bundles will be referred to as the thicker and the thin-
ner bundles. They were usually found in close pairs and
were casily distinguished from one another under the
fluorescence microscope (Fig. 1A). When a suspension
of singlet microtubules was applied in the presence of
ATP, some microtubules were observed to move along
the bundles. Figure 1B and 1C show an example of a
microtubule sliding on a thinner bundle. The move-
ment was most probably caused by “exposed” dynein
arms on one of the doublets in the bundle (Fig. 1D).
Among the pairs of bundles, more than about 30%
showed microtubule sliding along either the thinner
or the thicker bundles (Table I). About half of the
microtubules that came close to the bundles attached
themselves to the bundles and showed either a unidirec-
tional sliding movement (about 30%) or back-and-
forth movements (about 20%) along the bundles. The
remaining microtubules that came close to the bundles

NUMBER OF PAIRED BUNDLES THAT SHOWED MICROTUBULE SLIDING

ATP concentration

Number of paired bundles

(mM) Total Sliding observed

Outer and inner High 1 282 103 (36%)
arms intact 0.1 54 33 (61%)
Low 0.05 27 11 (41%)

0.02 75 30 (40%)

OQuter arms High 1 167 52 (31%)
removed 0.1 54 21 (39%)
Low 0.05 69 16 (23%)

0.02 79 32 (41%)
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Fig. 2. Time courses of microtubule movement at 1 mM (A, C) and 0.02 mM (B, D) ATP. A and B show back-and-forth motion of microtu-
bules. C and D each show three examples of microtubule sliding., Some microtubules showed smooth sliding (filled circles in C and D) while

Time (s)

others showed interrupted sliding (open circles and crosses in C and D).
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attached themselves to the bundles and remained sta-
tionary. These behaviours of the microtubule did not
change when the ATP concentration was changed. Re-
moval of the outer arms did not affect these characteris-
tics of microtubule sliding along the bundles.

Figure 2 shows examples of back-and-forth (A, B)
and sliding (C, D) movements of microtubules in the
presence of 1 mM (A, C) and 0.02 mM (B, D) ATP. In
the back-and-forth motion, the distance of each single
movement was less than 0.5 gm. The frequency of
the oscillation was a few Hz and did not depend on
the ATP concentration. Apparently there was no regu-
larity in the movement. The oscillating microtubules
sometimes moved gradually towards one end of the
bundle, as shown in Figure 2B (towards the upper di-
rection in this figure). In contrast to the back-and-
forth movement, the unidirectional sliding movement
continued for several micrometres. We have previously
confirmed the polarity of microtubule sliding in a simi-
lar axonemal preparation as used here (42), i.e., the
movement of the sliding microtubules is always to-
wards their plus ends, indicating that it is caused by
dynein. Sometimes, the sliding of microtubules was in-
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terrupted by periods of pause (Fig. 2C, D). Both the
number (from zero to several times) of pauses during a
course of sliding movement and the duration (from
about 30 msec to several sec) of each interruption were
variable. Also there seemed to be no fixed region of the
bundle where the interruption occurred. Some micro-
tubules that were attached to the bundle and were sta-
tionary on the bundle began to move after several sec-
onds of quiescence. Similar interruption of sliding was
observed at different ATP concentrations and on both
the thicker and thinner bundles. Thus, ATP concentra-
tion and the type of bundles did not qualitatively affect
the basic features of microtubule behaviour on the bun-
dles.

Effects of central pair and ATP concentration on the
frequency of occurrence and the velocity of micro-
tubule sliding

We found that both the frequency of occurrence and
the velocity of sliding depend not only on the concen-
tration of ATP but also on the type of the bundle. As
described above, microtubule sliding occurred along

[ATP]
(mM)
Outer
and 0.1
inner arms
intact 0.05
0.02
1
Outer 0.1
arms
removed 0.05
0.02

1 2

Sliding on thinner bundles / sliding on thicker bundles

Fig. 3. Ratio of the number of occurrences of microtubule sliding observed on the thinner bundies to that on the thicker bundles. Upper col-
umns and lower columns indicate the bundles with outer and inner dynein arms and the outer arm-depleted bundles, respectively.
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Fig. 4. Distribution of microtubule sliding velocities on thinner (filled bars) and thicker (open bars) bundles. A: sliding velocities in the dou-
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thicker bundles were lower than those on the thinner bundles.
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about 309 of the paired bundles examined. However,
it did not take place equally on the thinner and thicker
bundles. Figure 3 shows the ratio of the number of the
thinner bundles on which microtubule sliding was ob-
served to the number of the thicker bundles on which
sliding was observed. It is interesting that the ratio was
higher than 1 at high ATP concentrations and lower
than 1 at low ATP concentrations. This indicates that
sliding occurs more frequently on the thinner bundle at
high ATP concentrations but on the thicker bundle at
low ATP concentrations. This is also observed in the
outer arm-depleted bundles.

In addition to the frequency of occurrence, the veloc-
ity of sliding was also affected by the ATP concentra-
tion and the type of the bundle. We determined the
sliding velocity during smooth movements of micro-
tubules (Fig. 2). The sliding velocities at any ATP con-
centration did not show a Gaussian distribution, but
showed a broad distribution with a peak at around the
middle and a longer tail towards higher sliding veloci-
ties (Fig. 4). Statistical differences between the sliding
velocities on the thinner and the thicker bundles at 0.02
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mM, 0.1 mM and 1 mM ATP in the doublet bundles
with both the outer and the inner arms (Fig. 4A) and in
the outer arm-depleted bundles (Fig. 4B) were exam-
ined by using Mann-Whitney U-test. We found that in
either case the sliding velocity on the thinner bundles
and that on the thicker bundles were not different at
0.02 mM ATP but were significantly different (p <0.05)
at higher ATP concentrations (0.1 and 1 mM in the
doublet bundles with outer and inner dynein arms, and
0.1 mM in the outer arm-depleted bundles). Figure 5
summarizes the mean sliding velocities for all condi-
tions studied. We confirmed that the sliding velocities
on the thinner and the thicker bundles were significant-
ly different only at ATP concentrations higher than 0.1
mM (indicated with asterisks in Figure 5; since the dis-
tribution of the velocity was not Gaussian, standard de-
viation was not shown). Thus, at high ATP concentra-
tions, the sliding velocity on the thicker bundles were
significantly lower than that on the thinner bundles.
These ATP-dependent changes in velocity as well as
frequency of occurrence of sliding did not depend on
the length of the microtubules interacting with the bun-

[ATP]
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wi' 0L
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Fig. 5. Mean sliding velocity on thinner (filled bars and dotted bars) and thicker (hatched bars and open bars) bundles at various ATP con-
centrations. Asterisks indicate groups in which the sliding velocities on the thinner and those on the thicker bundles are significantly different by
Mann-Whitney U-test (p <0.05). The number of paired bundles used for each condition is shown in Table I.
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dles (data not shown).

In the doublet bundles with outer and inner dynein
arms as well as in the outer arm-depleted bundles, the
mean sliding velocity decreased with the decrease in
ATP concentration (Figs. 4, 5). Unexpectedly, the slid-
ing velocities were not changed by the removal of the
outer arms. At any ATP concentration the mean slid-
ing velocities in the bundles with outer and inner arms
and in the outer arm-depleted bundles were similar,
except at 0.05 mM ATP where there was a slight de-
crease.

Discussion

Previous studies have indicated that the central pair/ra-
dial spoke complex plays a role in the regulation of the
activity of dynein arms in cilia and flagella. For exam-
ple, many cilia and flagella beat in the plane perpendic-
ular to the plane that includes the two microtubules of
the central pair (4, 6, 7, 35, 47). Lack of the central
pair or the radial spokes in Chlamydomonas paralyzes
the flagella, even though the dynein arms of these mu-
tants flagella are functional and can generate sliding
disintegration of enzyme-treated axonemes (44, 51). In
Chlamydomonas the radial spokes regulate the activity
of dynein (probably of the inner arms) through sup-
pression of a cAMP-mediated mechanism (9, 10, 11,
14, 44). Regulation of the activity of dynein arms by the
central pair/radial spoke complex seems to be related
to the ATP concentration. For example, axonemes iso-
lated from radial-spoke or central-pair defective mu-
tants of Chlamydomonas could be reactivated in low
ATP concentrations (<0.05 mM) although they were
paralyzed in high ATP concentrations (=0.1 mM) (29).
The central pair apparatus is supposed to be a kind of
“distributor” to regulate the activity of dynein in the
axoneme, but this has not been directly shown.

The present study of microtubule sliding in the pre-
sence and absence of a central pair apparatus provides
first experimental evidence that the central pair may di-
rectly regulate the activity of dynein arms to modify
both the probability of occurrence and the velocity of
microtubule sliding. Our results indicate that the cen-
tral pair apparatus suppresses the dynein-driven sliding
activity. Furthermore, they implicate the inner arms as
a regulatory component, which directly receives a sig-
nal from the central pair through radial spokes. Sever-
al lines of evidence support this conclusion. First, slid-
ing was observed less frequently in the presence than in
the absence of the central pair. Second, the sliding ve-
locity was significantly lower in the presence than in the
absence of the central pair. Third, these effects of the
central pair were observed only at ATP concentrations
higher than 0.1 mM while at lower ATP concentra-
tions neither the occurrence of sliding nor the sliding
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velocity was affected by the presence of the central
pair. Finally, the removal of outer arms did not affect
these central pair-associated changes. The dependence
on the ATP concentration of the effects of the central
pair apparatus strongly indicates that the present find-
ings reflect the regulation of the activity of dynein in
vivo. It is interesting that certain other properties of
dynein, as well as the pattern of ATP-driven sliding
disintegration of the axoneme, depend on whether the
ATP concentration is above or below approximately
0.1 mM (21, 29, 41, 48). It is possible that different
mechanisms regulate the activity of dynein in the two
ATP concentration regimes.

The separation of the axonemal fragments into a
pair of thinner and thicker bundles was unique to the
elastase-treated sea urchin sperm flagellar axonemes.
We have shown by electron microscopy that the thin-
ner bundle consists of three (or four) doublets without
the central pair microtubules and the thicker bundle
consists of six (or five) doublets with the central pair
microtubules (Shingyoji ef al., in preparation). The
central pair is present only in the thicker bundles, while
the radial spokes were present on all doublets in both of
the bundles. Thus, the central pair and not the radial
spokes must be responsible for the low frequency of
observed sliding and the low sliding velocity in the
thicker bundles. The central pair apparatus could act as
a structural obstacle to microtubule sliding on the in-
ner dynein arms of the bundle. But this is rather unlike-
ly to occur because the shortest distance between the
central pair and the inner dynein arms is twice as large
as the diameter of a singlet microtubule (25 nm). Thus,
the observed effect of the central pair is probably not an
artifact caused by the preparation of the bundle but a
genuine representation of the regulation of the activity
of dynein.

Presumably the regulatory signal from the central
pair apparatus is mediated by the radial spokes. In
Chlamydomonas, it is suggested that the radial spokes
activate the sliding activity of the inner dynein arms by
dephosphorylation of one of the intermediate chains of
the inner arm (9, 10, 11). The motility of Chlamydomo-
nas flagella is inhibited by cAMP-dependent phospho-
rylation (12). In contrast, in sea urchin sperm the motil-
ity of demembranated fiagella is activated by phospho-
rylation, and inhibited by dephosphorylation, of cer-
tain protein components (16, 24, 46). At the present
time, we cannot explain these different responses in the
two species. Our present results using the doublet bun-
dles with and without the central pair microtubules sug-
gest that this preparation may also be useful in eluci-
dating the role of the radial spokes in the mechanism
regulating the activity of dynein, particularly the func-
tional relationship between the central pair and the ra-
dial spokes.



There has been no in vitro study of microtubule slid-
ing along both the rows of outer and inner dynein arms.
Although experiments have been carried out using a
single doublet (42, 52), microtubules may not be able to
interact with both the outer and the inner arms of the
single doublets in these experiments since the dynein
arms are not always standing upright. However, since
we used bundles of more than three doublets in the pre-
sent study, dynein arms were exposed along the dou-
blet that formed one of the two edges of the bundle.
They were thus pointing upwards in most cases so that
a microtubule was able to interact with both rows of
dynein arms. There are three possible ways in which
the two rows of dynein arms are involved in the
microtubule sliding: 1) both the outer and the inner
arms interact simultaneously with the microtubule,
2) the outer and the inner arms interact with the
microtubules independently, 3) cither the outer or the
inner arms interact with the microtubule. The distribu-
tion of sliding velocities in doublet bundles having both
outer and inner arms was not Gaussian but showed a
peak with a long tail. This result seems to be consistent
with two of the possibilities: namely, both the outer and
the inner arms may be able to interact simultaneous-
ly and cooperatively with a microtubule, or, alterna-
tively, the outer and the inner arms may move the
microtubules independently but at a similar velocity.
Since the distribution of sliding velocity in the outer
arm-depleted bundles was similar to that of the dou-
blet bundles with both the outer and inner dynein arms
(for example, at 1 mM ATP, the mean velocity was
about 5 #m/sec), we cannot completely rule out the
third possibility that only the inner arms were active in
the doublet bundles with both the outer and inner arms.
However, we should be cautious about such an argu-
ment based on the assumption of different sliding ve-
locities between the outer and the inner dynein arms.
The sliding velocities of one of the inner arms (C/A
dynein, about 4 #m/sec) of the sea urchin sperm flagel-
la determined by in vitro motility assay were similar to
those of the outer arms (4-6 pm/sec) (22, 36, 54, 55).
Inner and outer dyneins of other species, such as Tetra-
hymena (14S dynein and 22S dynein) and Chlamydo-
monas (I2 and I3, and «f subparticle of the outer
dynein; subspecies of inner arm dynein) also showed
similar sliding velocities (about 4-5 gm/sec at 1 mM
ATP) in in vitro motility assay (18, 21, 34, 38, 43, 49).
Thus, it is possible that the sliding speeds of singlet
microtubules driven by the inner and the outer dynein
arms are similar. The microtubule sliding velocity in in
vitro motility assay is apparently very different from the
sliding velocity in axonemal disintegration in the pre-
sence and absence of outer arms. Microtubule sliding
during sliding disintegration of protease-treated axo-
nemes with both the outer and inner dynein arms (mean
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velocity: 10-25 pm/sec) is twice to five times as fast as
that of an outer arm-depleted axoneme (5-7 pm/sec)
(20, 53). Also, the sliding velocity in disintegrating axo-
neme with both the outer and inner dynein arms (10-25
pm/sec) has been shown to be much higher than that
measured in in vitro system (4-6 pm/sec). The reason
for these differences is not clear. In the axoneme the
dynein arms interact with the B-tubule of adjoining
doublet microtubule, but in in vitro motility assay and
also in our present assay system, singlet microtubules
assembled from tubulin were used instead of doublets.
Post-translational modification of tubulin of axonemal
doublet microtubules has been known; in particular,
polyglycylation and detyrosination of tubulin in B-
tubule have been suggested to be involved in the regula-
tion of flagellar motility in Paramecium, Chlamydo-
monas and sea urchin sperm (1, 2, 17, 23). The above
difference in the sliding velocity may be caused by the
difference in the microtubules. Using the present new
assay system, quantitative analysis of the motile prop-
erties of outer and inner dynein arms and also the
effects of different states of microtubules on the activi-
ty of dynein could be carried out in future.

The back-and-forth motion of microtubules we ob-
served on the bundles is similar to the behaviour of
microtubules observed by Vale ef a/. (1989) (50) in their
in vitro assay of microtubule behaviour. This indicates
that the oscillatory motion in the present preparation
may also have been caused by thermal diffusion associ-
ated with a weak binding state of microtubule with
dyneins. The interrupted sliding motion was clearly
different from the back-and-forth motion. The inter-
ruption occurred randomly but the sliding motion be-
tween interruptions was always definitively clear and
distinct from the back-and-forth motion. The interrup-
tion may have been caused by some damaged dynein
arms. But the resumption of sliding after a certain peri-
od of pause, as well as the repetition of sliding and qui-
escence, may indicate cyclic activation of dynein arms
on the doublets. If this is the case, the interrupted slid-
ing may reflect the regulation of the activity of dynein.

The present finding of the effect of the central pair
appartus on the activity of dynein is important for un-
derstanding the mechanism of fiagellar beating. The
regulation of sliding velocity by the central pair may be
involved in the so-called switching mechanism in beat-
ing flagella (37). We expect that the present assay sys-
tem using thinner and thicker bundles of doublets will
be useful for further experiments to elucidate not only
the roles of the regulatory components such as the cen-
tral pair apparatus and radial spokes but also the na-
ture of dynein itself.
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