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ABSTRACT Studies were conducted to determine whether the microtubules present within native
spindles isolated from eggs of the surf clam, Spisula solidissima, could bind dynein obtained from
axonemes of Tetrahymena thermophila . SDS gel electrophoresis revealed that the high molecular
weight polypeptides that make up dynein cosedimented with the isolated spindles . Moreover, the
ATPase activity of dynein bound to the spindle microtubules was stimulated approximately sevenfold .
The birefringence retardation of spindles incubated without dynein decreased from 1 .4 nm to an
undetectable level within 45 min, whereas that of spindles incubated for the same period of time
with dynein was 1 .0 nm, "̂70% of its initial value, thereby indicating that dynein stabilized spindle
birefringence. Ultrastructural analysis revealed that each spindle microtubule was decorated with four
to seven dynein arms attached by their "B" end, that which cross-bridges the B-subfiber within native
axonemes . In addition, the polarity of the spindle microtubules could be determined by the orientation
of the bound dynein arms . The results of these studies suggest that the half-spindle is composed of
microtubules possessing the same polarity .

Microtubules possess structural polarity, a property which may
be involved in their ability to elicit directional, intracellular
movements. Within the axoneme, microtubule doublets are of
the same polarity, with their assembly or "plus" end located
distal to the cell body (1, 5, 7) . The dynein arms on the A-
subfiber ofone microtubule doublet cyclically cross-bridge the
B-subfiber of the adjacent doublet (15), causing it to slide
toward the distal end of the axoneme (44) . Accordingly, the
direction of microtubule sliding may be a manifestation of
intrinsic microtubule polarity .

It has been proposed that, during mitosis, sliding between
microtubules of opposite polarity occurs and results in the
separation of the mitotic poles (31, 34, 38) and in the procession
of the chromosomes to the poles (34, 38) . Recent studies
involving serial sections and subsequent microtubule recon-
struction of the central spindle of Diatoma vulgare during
metaphase and anaphase demonstrate a change in microtubule
profile, indicating that two groups of interdigitating, antipar-
allel microtubules may slide with respect to each other and
result in spindle elongation (32, 33, 35) .

Microtubule sliding within the mitotic apparatus would re-
quire the presence of a force-generating protein, and evidence
exists for the participation ofa dyneinlike ATPase in generating
mitotic movements . For example, spindles isolated from sea
urchin eggs contain both Mg"-stimulated ATPase activity and
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proteins with electrophoretic mobilities similar to those of
dynein (41). In addition, the chromosomes within lysed mam-
malian cells continue anaphase motions if ATP is present (10) .
These motions are inhibited by the addition of vanadate (11),
an inhibitor of dynein ATPase (11, 19) . Similarly, antibody
directed against dynein inhibits chromosome motion in isolated
sea urchin mitotic apparatuses (43) .
We have previously demonstrated that flagellar dynein can

bind to in vitro assembled microtubules and induce their ATP-
dependent cross-bridging. Significantly, the binding of dynein
to these microtubules revealed their structural polarity . Re-
cently, the polarity of microtubules has also been investigated
by measuring the rate and direction of microtubule assembly
onto chromosomes and centrosomes (6, 25, 47) and by deco-
rating spindle microtubules with in vitro assembled microtu-
bule hooks (12, 24).
We have now conducted experiments seeking to determine

whether dynein obtained from Tetrahymena ciliary axonemes
can bind to the microtubules present within the meiotic spindles
isolated from eggs of the surf clam Spisula . These studies
demonstrate that the microtubules do, in fact, bind dynein and
also stimulate its ATPase activity . Furthermore, observations
of the orientation of the dynein arms on the meiotic microtu-
bules suggest that the half-spindle is composed of microtubules
of the same polarity .
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MATERIALS AND METHODS

Isolation of Meiotic Spindles
Eggs were obtained from fertile females of the surf clam, Spisula solidissima,

by mincingthe gonads in seawater and filtering the resulting suspension through
cheesecloth. The eggs were washed three times in seawater and activated by the
addition of36 mM KCl (2) . Meiotic spindles were normally observed 13-17 min
after activation . The eggs were then collected by centrifugation at 100 g for 2 min
and resuspended in 1 M glycerol and 1 mM sodium phosphate, pH 8.0 (37, 42).
They were immediately sedimented as before and resuspended in 5 mM EGTA,
0.5% Triton X-100, 1 M hexylene glycol, and 5 mM MES (2-[N-morpho-
linolethanesulfonic acid) at pH 6.2 (37) . The resulting suspension of lysed eggs
was centrifuged at 1000 g for 5 min, and the pellet containing meiotic spindles
was resuspended either in the above solution without Triton X-100 or in a
solution containing or lacking dynein .

Dynein Preparation
Dynein was obtained from cilia of Tetrahymena thermophila by low ionic

strength dialysis of axonemes (17) . Cells were collected at 1,500 g for 5 min,
washed in 0.5 mM CaC12 and40 mM HEPES, pH 7.4, and deciliated by addition
of 1 mM dibucaine. The cell bodies were sedimented at 1,000 g for 5 min, and
cilia remaining in the supernate were collected at 10,000 g for 10 min at 4°C.
Axonemes were prepared as previously described for Chlamydomonas (23) and
then dialyzed at 4°C for 20 h in 0.1 mM EDTA, 1 mM dithiothreitol, I mM
HEPES, pH 7.4, to extract dynein. The suspension was then centrifuged at 10,000
g for 15 min, and the supernate containing dynein was clarified by centrifugation
as before . The resulting supernate containing dynein was adjusted to 1 .0 mM
EDTA, 0.5 mM MgS04 , 20 mM PIPES at pH 6.9 and again clarified by
centrifugation . This final supernate constituted the dynein preparation used in
these studies .

Dynein Binding to Meiotic Spindles
The pellets of meiotic spindles were resuspended at 18°C in the presence or

absence of dynein in 1 .0 mM EGTA, 0.5 MM MgS0,, 20 mM PIPES, pH 6.9 .
The MgSO, concentration was immediately increased to 2.5 mM and the suspen-
sion incubated at 18°C for periods up to 60 min. The spindles were again
collected at 1,000 g for 5 min and prepared for ATPase analysis, gel electropho-
resis, or electron microscopy .

Microscopy
P0LARIZAT10N MICROSCOPY :

	

Thepresence of spindles in activated eggs
and their isolation, purification, and stability were monitored in a Zeiss polari-
zation microscope . Photographs were taken on Kodak Plus X film exposed for
0.5-3 .0 s and developed in Rodinal. Birefringence retardation was measured
midway between a pole and the equatorial plate of the isolated spindles, using a
Zeiss photomicroscope kindly provided by Dr. E. D. Salmon and equipped with
a X 20 Nikon rectified polarization objective (45) .

ELECTRON MICROSCOPY :

	

Pellets of spindles, obtained by sedimentation at
1,000 g for 5 min, were overlayed with 2% glutaraldehyde in 1 mM EGTA, 2.5
MM MgS0,, 20 mM PIPES, pH 6.9, and then centrifuged at 11,500 g for 10 min
in order to form a tight pellet. The material was fixed in the glutaraldehyde for
a total of 2 h, rinsed, and then overlayed with I% tannic acid in 20 mM sodium
phosphate, pH 7.0, for 1 h (4). After several washes with 20 mM sodium
phosphate, the spindles were postfixed for I h at 4°C in 1% OS0, in 20 mM
sodium phosphate, rinsed, and then stained for 1 h in 1% uranyl acetate . The
material was subsequently dehydrated and embedded in Epon-Araldite .

Other Procedures
ATPase assays were initiated by addition of 1 mM ATP to the spindle and/or

dynein preparations in 5 MM MgS04, 0.5 mM EDTA, 1 .0 mM dithiothreitol, 25
mM KCI, and 10 mM HEPES, pH 7.4 . The release of inorganic phosphate was
measured bya one-step colorimetric method (29) . Electrophoresiswas performed
in 8% SDS polyacrylamide gels (28) .

RESULTS

ATPase Analysis
ATPase activity that cosedimented with meiotic spindles was

monitored as an indication of dynein binding to the spindle
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microtubules . The specific ATPase activity of the Tetrahymena
dynein preparation was 0.22 umol of Pi/mg-min, whereas that
of Spisula spindles was 0.018 pmol of Pi/mg-min, a value
similar to that reported for spindles isolated from sea urchin
eggs (41) . After incubation of the spindles for 45 min in a
solution lacking dynein, the ATPase activity sedimentable at
1,000 g decreased to an average value of 0.005 pmol of Pi/mg .
min . No detectable ATPase activity pelleted at 1,000 g after
dynein was incubated in the absence of spindles. When the
spindles were incubated for 45 min with dynein, however, the
sedimentable ATPase activity increased. For example, when
the spindles and dynein were incubated at a protein ratio of
2.5 :1, respectively, the ATPase activity that cosedimented with
the spindles was 0.15 l,mol of Pi/mg -min, a value expected if
the dynein had, in fact, bound to the spindle microtubules.
When incubated at a protein ratio of 0.5 :1, the resulting spindle
pellet had a specific ATPase activity of 0.25 ttmol of Pi/mg .
min, greater, in fact, than that of the dynein preparation alone
and, therefore, indicative of an activation of the dynein's
ATPase activity . Estimates of the amount of dynein sediment-
ing with the spindles suggested that its ATPase activity was
stimulated sixfold to eightfold upon binding to the spindles .

Electrophoretic Analysis
Electrophoresis also indicated that dynein bound to the

meiotic spindles (Fig . 1) . Shown in lane A are axonemes
prepared from the sperm of Spisula. For reference, note the
positions of tubulin and the high molecular weight dynein
polypeptides . In the adjacent lane are the isolated Spisula
meiotic spindles in which the major component is not tubulin
but, instead, a protein migrating between ci- and a-tubulin
(lane B) . In addition to containing numerous other proteins,
the spindle contains several high molecularweight polypeptides
that have an electrophoretic mobility similar to that of axone-
mal dynein (see lane A) . That these bands are, in fact, dynein-
like proteins has been suggested in a recent study of mitotic
apparatuses isolated from sea urchin eggs (41) . The Tetrahy-
mena dynein preparation used in these studies is shown in lane
C. Spindles incubated for 45 min in the absence of dynein and
then sedimented (lane D) appear to be qualitatively similar to
the original spindle preparation (lane B) although tubulin may
make up a smaller percentage of the total spindle proteins.
Spindles that were incubated for 45 min in dynein and collected
by centrifugation contain the high molecular weight bands that
make up the Tetrahymena dynein in addition to those proteins
normally present in the spindles (lane E) . Furthermore, the
relative amount of dynein to tubulin in these spindles was
greater than that within native axonemes (see lane A) . These
observations are consistent with the hypothesis that large
amounts of dynein had sedimented with the isolated spindles .

Stability of Spindle Birefringence
That the sedimentation of axonemal dynein with the meiotic

spindles did not represent nonspecific trapping but, in fact,
reflected microtubule binding was suggested by the observation
that the dynein preparation stabilized spindle birefringence .
Spindles maintained in the isolation medium containing hex-
ylene glycol appeared birefringent for long periods of time
(Fig. 2 a) . When these spindles were then incubated in solutions
lacking dynein, the birefringence remaining after 45 min was
barely discernible (Fig . 26) . In contrast, spindles incubated for



45 min in the same solution but in the presence of dynein
retained much of their original birefringence (Fig . 2 c) .

Quantitation ofthe retardation of light by individual spindles
verified that dynein did, in fact, preserve spindle birefringence .
At various times of incubation in solutions containing or

FIGURE 1

	

SIDS polyacrylamide gel of Spisula spindle and Tetrahy-
mena dynein preparations . Lane A, 45 hg of axonemes obtained
from Spisula sperm . Lane B, 45 gg of isolated meiotic spindles . The
bands corresponding to a- and ,Q-tubulins in the spindle can be
identified by their positions within the axoneme (see lane A) . Note
also the presence of several high molecular weight polypeptides
that have electrophoretic mobilities similar to those of the axonemal
dynein . Lane C, 17 hg of Tetrahymena dynein preparation. Lane D,
40 Wg of a pellet of meiotic spindles obtained after a 45-min
incubation in a solution lacking dynein . Lane f, 40 gg of a pellet of
meiotic spindles obtained after a 45-min incubation of 5 mg of
spindles with 0.85 mg of dynein . Note that the ratio of dynein to
tubulin in these spindles is greater than that in native axonemes
(see lane A) . dyn, Dynein ; tub, tubulin.

lacking dynein, samples of the spindle preparation were fixed
with 2% glutaraldehyde. In the absence of dynein the average
retardation of light within a spindle decreased from an initial
value of 1 .44 nm to a level of no measurable birefringence
within 45 min . In the presence of dynein, however, spindle
birefringence was retained for longer periods, and at 45 min
the retardation of light was 1 .00 nm, -70% of its initial value .
That the retardation observed 10 min after addition of dynein
to the spindles increased from 1 .44 nm to 1 .52 rim may reflect
a contribution to the birefringence by the dynein as it decorated
the meiotic microtubules .

Electron Microscopy
Ultrastructural analysis confirmed that dynein not only

bound to the spindle microtubules but also revealed their
structural polarity . Microtubules present in isolated spindles
appeared relatively free of adhering material, although occa-
sional projections could be observed (Fig. 3 a) . After incubation
with dynein, however, each spindle microtubule became dec-
orated with four to seven dynein arms (Fig . 3 b), and at least
one such arm could be observed to project at an angle relative
to a line drawn normal to the wall of the microtubule (see
arrows, Fig . 3 b) . Not all of the dynein arms that bound to a
single microtubule lay within the same plane of sectioning .
Nevertheless, those that could be clearly discerned had the
same orientation (Figs . 3 b and 4a) . The morphology and
orientation of the arms could be reinforced by Markham
rotation of the micrograph, and the decorated microtubule then
appeared like a pinwheel or rotary saw blade (Fig . 46) .

Dynein arms present in the outer row on the A-subfiber of
axonemes have an asymmetric morphology. The arm attaches
to the A-subfiber by its narrower end and broadens into a
hooked structure at its distal end, that which cross-bridges the
B-subfiber (see Fig. 2 ofreference 3) . We designate these ends
of the dynein arm as its "A" and "B" ends, respectively .
Analysis of the morphology of the arms attached to spindle
microtubules revealed that dynein, similar in morphology to
the outer arm in axonemes, bound by its broader, or B, end .
These observations suggest that a rigorlike state (18) existed
between the dynein and spindle microtubules (Figs . 3 b and 4
a and b) .
Every microtubule within the spindle became decorated with

dynein, but only -90% of the microtubules contained one or

FIGURE 2

	

Polarization micrographs of spindle preparations . (a) Spindles isolated from meiotic Spisula eggs and maintained in a
solution containing hexylene glycol . (b) Spindles incubated for 45 min in a solution lacking dynein . These spindles have lost most
of their original birefringence. (c) Spindles incubated for 45 min in a solution containing dynein . The birefringence of these
spindles appears similar to that of the original preparation (Fig . 3 a) . Bar, 10 Am .
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more dynein arms whose orientation could be clearly discerned
(Fig. 5) . It has been previously shown that when an axoneme
is viewed from its base, or "minus," end toward the distal, or
"plus," end, the dynein arms are oriented clockwise around the
axoneme (21) . Observed in this orientation, the hooklike pro-
jection on the dynein arm points clockwise around each micro-
tubule doublet (22; see Fig . 4 reference 23) . The convention of
using the orientation ofdynein to indicate microtubule polarity
should be reversed when the dynein arm is bound it its B end .
Based on the clockwise orientation of the hooks of the dynein
arms bound not by their A but by their B end, it can be inferred
that the microtubules in Fig. 5 are oriented with their plus end
toward the observer. The pitch of dynein arms bound to 419
microtubules in >10 spindles has been scored . In any given
section of the spindle, 96% of the microtubules contained
dynein arms ofthe same orientation, either clockwise or coun-
terclockwise, thereby suggesting that a half-spindle is composed
of parallel microtubules .

DISCUSSION
Results of this study demonstrate that dynein isolated from
Tetrahymena cilia binds to the microtubules present within the
meiotic spindles of Spisula . We have defined the two morpho-
logically and functionally distinguishable ends of the dynein
arm according to its orientation within native axonemes as its
A and B ends, which bind to the A and B subfibers, respec-
tively . The spindle microtubules become decorated with four
to seven arms, all ofwhich are bound by their B end. Moreover,

FIGURE 3

	

Electron micrographs of microtubules present in isolated

meiotic spindles incubated in the absence (a) or presence (b) of
dynein . The microtubules in b are decorated with 4-7 dynein arms .

The arrows indicate some of the dynein arms that project at an

angle relative to a line drawn normal to the microtubule. The dynein

arms point counterclockwise around all the microtubules except the

one in the center of the micrograph . Bar, 50 nm .

376

	

RAPID COMMUNICATIONS

FIGURE 4

	

(a) Spindle microtubule decorated with six dynein arms .
(b) Markham rotation of microtubule in a photographically rein-
forces the appearance of the dynein arms . The arms are bound to
the microtubule by their "B" end, that which cross-bridges the B-
subfiber within native axonemes, and are pitched counterclockwise
around the microtubule. Bar, 25 nm .

the ATPase activity of the dynein is activated upon binding to
the spindle microtubules, and the dynein either stabilizes or
contributes to the birefringence . Furthermore, the orientation
ofthe bound dynein arms reveals intrinsic microtubule polarity
within the spindle .

Initial studies on the time-course of dynein binding revealed
that an interaction occurred immediately upon addition of
dynein to the meiotic spindles . This observation and the fact
that the dynein arms attached to the spindle microtubules by
their B end suggest an association analogous to that of rigor
within the axoneme (16, 18) . Previous recombination studies
have shown that dynein arms attached to the B-subfiber of
axonemes were released upon addition of ATP (36, 48) . Ac-
cordingly, we are currently studying the effects of ATP upon
dynein attached to spindle microtubules .

Interestingly, the ATPase activity of dynein bound to the
spindle microtubules was stimulated sixfold to eightfold. Other
experiments have shown that dynein ATPase could also be
activated by various microtubule preparations although no
binding was demonstrated (26, 27, 39) . More recent work has
revealed that the ATPase activity of latent activity dynein
reattached to the A-subfiber of axonemes (20, 40) or bound to
in vitro assembled brain microtubules (40) was also stimulated
severalfold. The present study demonstrates that the B end of
the dynein arm bound to microtubules and resulted in an
activation of ATPase activity, a situation analogous to the
stimulation ofmyosin ATPase by actin (30) . These observations
support data suggesting that energy production within the
axoneme may be coupled to cross-bridging, and, therefore, to
motility (8, 9, 14) .
Dynein cross-bridged adjacent in vitro assembled microtu-

bules (23), but no such cross-bridging was observed between
the spindle microtubules . Because dynein bound to and sur-
rounded the spindle microtubules immediately upon incuba-
tion, cross-bridging may then have been prevented because all
available dynein binding sites on the microtubules were occu-
pied. Alternatively, spindle microtubules may not be free to
move close enough together to permit cross-bridging, or, once
bound by its B end, a dynein arm may be constrained from
attaching to another microtubule by its A end .
The birefringence of meiotic spindles was maintained in the

presence of dynein . It might, therefore, be expected that the
dynein had stabilized the microtubules present within the
spindles. However, both gel electrophoresis and electron mi-
croscopy indicated that the amount oftubulin and the number
ofmicrotubules were similar in spindle preparations incubated



FIGURE 5 Section through an isolated Spisula meiotic spindle incubated in dynein . The majority of the microtubules are
surrounded with clockwise-oriented dynein arms . The chromatin (CH) indicates that this section passes through the equatorial
region of the spindle. Bar, 0.25 jm .

in the presence or absence of dynein . Possibly, the binding
itself of dynein arms to the microtubules contributed to the
form birefringence ofthe spindle. The maintenance of birefrin-
gence of spindles incubated in dynein provides a convenient
assay to determine that dynein has bound to spindle microtu-
bules.

It is interesting that the spindle microtubules bound such
large amounts of dynein . Previous studies have demonstrated
that, several hours before ciliogenesis, cleaving sea urchin
embryos contained a pool of axonemal proteins including
dynein (46) . Nevertheless, within these cells the dynein appar-
ently does not bind to the mitotic microtubules . A cell, there-
fore, must possess some mechanism to ensure that dynein binds
only to the appropriate axonemal microtubules . That this may
be the case is supported by preliminary studies in which dynein
isolated from Spisula sperm did not bind to Spisula meiotic
spindles.
We have previously shown that the longitudinal tilt and

cross-sectional orientation of Chlamydomonas dynein revealed
polarity when bound to in vitro assembled microtubules . The
outer dynein arm of Chlamydomonas axonemes has a distinc-
tive morphology with an easily discernible, hooklike projection
located at its B end . The orientation of this hook provided a
definitive marker for the determination ofmicrotubule polarity
(23) . Tetrahymena dynein, however, lacks such an obvious

projection, but the overall asymmetry of the arm could still be
used for polarity studies. That cross sections of spindles incu-
bated in dynein often contained chromatin (e .g., Fig . 5) con-
firmed that the microtubules in that section were in the region
of the equatorial plate within the half-spindle and not within
one of the asters . In the absence of any discernible chromatin,
however, the specific location of a given microtubule within
the spindle could not be determined . Nevertheless, 96% of the
microtubules examined in any section, either containing or
lacking chromatin, were of uniform polarity.

Longitudinal sections of the isolated spindles revealed mi-
crotubules emanating from both chromosomes and poles, and
accordingly, we have inferred that the microtubule profiles
observed in any given cross section containing chromatin rep-
resent both classes of spindle microtubules . That six to seven
rows of dynein arms surrounded the spindle microtubules
precluded a clear visualization of the tilt of these arms in
longitudinal sections because of the subsequent overlap . To
overcome this problem, we are currently undertaking experi-
ments using lower dynein concentrations, resulting in a single
row of dynein arms bound per microtubule . By analyzing the
tilt of these individual dynein arms, it will then be verifiable
that the polarity of a microtubule emanating from a kineto-
chore is the same as that ofone emanating from the pole within
the same half-spindle . Initial observations have revealed that
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dynein arms or microtubules projecting from a pole tilt toward
that pole . Because Tetrahymena dynein arms on doublet mi-
crotubules tilt toward the base or "minus" end of the axoneme
(36, 44, 48), the "plus" end ofthese spindle microtubules should
be located distal to the pole, as has been previously shown by
other studies (6, 25).

Euteneuer and McIntosh (personal communication) have
serially sectioned mitotic apparatuses decorated with in vitro
assembled microtubule hooklike structures and have demon-
strated that the microtubules within the half-spindle of PtKI

cells possess the same polarity (13) . Taken together, their work
and the current investigation suggest that the chromosomes
may not approach the poles by sliding of microtubules of
opposite polarity .
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