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Summary 

Dynein, the force-generating enzyme that powers the 
movement of cilia and flagella, has been characterized 
biochemically, but no simple system has been avail- 
able for examining its motile properties. Here we de- 
scribe a quantitative in vitro motility assay in which 
dynein adsorbed onto a glass surface induces linear 
translocation of purified bovine microtubules. Using 
this assay, we show that both 228 and 148 dyneins 
from Tetrahymena cilia induce movement but have dis- 
tinct motile properties. A unique property of 148 
dynein, which has not been described for other motil- 
ity proteins, is its ability to generate torque that 
causes microtubules to rotate during forward translo- 
cation. In the axoneme, 148 dynein-induced torque 
may induce rotation of central-pair microtubules and 
may play an important role in generating three- 
dimensional ciliary beating patterns. 

Introduction 

Ciliary movement, which was first observed and studied 
by Leeuwenhoek in the 17th century, is the best character- 
ized of all forms of microtubule-based motility. Cilia and 
flagella are composed of nine outar doublet microtubules 
and a central-pair of singlet microtubules. A variety of finer 
structures link outer doublet microtubules to one another 
and outer doublets to the central-pair. The outer and inner 
arms, two such structures that are attached to the "A" sub- 
fiber of each outer doublet microtubule and project toward 
the neighboring "B" subfiber, are composed of:ATP 
hydrolyzing proteins, termed dyneins, that are thought to 
be the molecules responsible for performing mechanical 
work (Gibbons and Rowe, 1965; Gibbon, 1981). By anal- 
ogy to the sliding filament theory of muscle contraction, 
it has been hypothesized that dynein interacts in a cyclic 
fashion with B subfiber microtubule to produce a force that 
moves two adjacent outer doublets relative to one another. 
Indeed, sliding of outer doublets is observed in trypsin- 
treated axonemes after ATP addition (Summers and Gib- 
bons, 1971). In the intact axoneme, this sliding movement 
is converted into a three-dimensional beating pattern 
(Sleigh, 1974) that is characteristic of cilia in many cells, 
including Tetrahymena, although the mechanism by 
which this process takes place is unknown. 

Tetrahymena cilia have provided a rich source of dynein 

for biochemical and enzymatic characterization. At least 
two types of dynein, termed 228 dynein and 148 dynein 
based upon their sedimentation coefficients, are ex- 
tracted from Tetrahymena cilia by low ionic strength (Gib- 
bons, 1966; Mabuchi and Shimizu, 1971) or high salt solu- 
tions (Mitchell and Warner, 1980; Porter and Johnson, 
1983). The larger 228 dynein has been more extensively 
studied than 148 dynein; it is composed of three 400-500 
kd polypeptide chains as well as several other polypeptide 
chains between 20-100 kd (Porter and Johnson, 1983), 
and it appears by electron microscopy as a structure with 
three globular heads that are connected by stalks to a 
common base (Johnson and Wall, 1983; Goodenough 
and Heuser, 1984; Toyoshima, 1987). The base of this 
dynein is thought to contain the ATP-insensitive microtu- 
bule binding site that attaches to the A subfiber, while the 
heads are believed to have ATPase activity and interact 
with the B subfiber in an ATP-dependent manner. The ki- 
netic steps of 228 dynein ATP hydrolysis suggest an enzy- 
matic mechanism that is similar to myosin (Johnson, 
1985). Motility of isolated 228 Tetrahymena dynein has not 
been demonstrated directly; however, an analogous 
dynein from sea urchin sperm flagella (218 dynein) can re- 
bind to salt-extracted flagellar axonemes and increase 
their frequency of ATP-induced beating (Gibbons and Gib- 
bons, 1979). 

The biochemical properties of 148 dynein have not 
been as well defined as 228 dynein, although this dynein 
seems to be composed of only one high molecular weight 
(>400 kd) polypeptide and appears as a single-headed 
molecule by electron microscopy (Toyoshima, 1987; Goode- 
nough et at., 1987). 148 dynein rebinds poorly to axo- 
nemes (Shimizu, 1975) and bovine microtubules (Porter 
and Johnson, 1983), and it is not known whether it is capa- 
ble of producing movement. The location of Tetrahymena 
148 dynein in the axoneme has also not been established. 

Characterizing the molecular properties of dynein- 
induced microtubule movement is necessary not only for 
understanding the mechanism of ciliary motility, but for 
understanding other forms of microtubule-based move- 
ment such as organelle transport (Paschal et al., 1987a; 
Pratt et al., 1986) and mitosis (Hisanaga et al., 1987) that 
may use dynein-like molecules. However, little is known of 
the motile properties of ciliary and flagellar dyneins, 
largely because of limitations of existing assay systems. 
Although it is possible to reactivate flagellar (Gibbons and 
Gibbons, 1972) and ciliary (Naitoh and Kaneko, 1972) 
beating in detergent-extracted cell models, such motility 
involves several structural components and possibly sev- 
eral forms of dyneins. Outer doublet sliding in trypsinized 
axonemes (Summers and Gibbons, 1971; Yano and Miki- 
Noumura, 1980) is a somewhat simpler and more direct 
assay of dynein-induced force; however, motility cannot 
be observed for extended periods of time, since outer 
doublets slide apart within a few seconds. 

Since a direct demonstration of dynein-induced motility 
has not been made, we sought to develop an in vitro assay 



Cell 
460 

in which movement of purified microtubules could be ob- 
served in the presence of purified dyneins. Similar assays 
have already been developed for other force-generating 
proteins such as kinesin (Vale et al., 1985a), myosin (Kron 
and Spudich, 1986), and recently described microtubule 
motors from nematode (Lye et al., 1987) and bovine brain 
(Paschal et al., 1987a). We describe here that dynein ab- 
sorbed onto a glass surface induces linear translocation 
of bovine microtubules. We have used this assay to dem- 
onstrate that 22S and 14S dyneins both produce forward 
translocation and that 14S dynein has the unusual prop- 
erty of inducing microtubule rotation during forward move- 
ment. This latter finding indicates that 14S dynein 
produces torque, which has not been described for other 
force-generating molecules, and suggests that this dynein 
plays an important role in generating the three-dimen- 
sional waves of ciliary beating. 

Results 

An In Vitro Motility Assay for Dynein 
Dyneins were extracted from Tetrahymena axonemes with 
0.6 M NaCI and further purified by velocity sedimentation 
on 5%-25% sucrose gradients. Two peaks of ATPase ac- 
tivity were obtained, one that contained 22S dynein and 
one which contained 14S dynein, as previously described 
(Gibbons, 1966; Mitchell and Warner, 1980; Porter and 
Johnson, 1983). For assaying motility, 14S or 22S dynein 
was first adsorbed onto the glass surface of a simple per- 
fusion chamber consisting of parallel spacers of silicon 
grease sandwiched between a glass slide and coverslip. 
Unbound dynein was removed by perfusing a buffer con- 
taining bovine serum albumin through the chamber. A so- 
lution of taxol-stabilized microtubules, polymerized from 
phosphocellulose-purified bovine brain tubulin, and 1 mM 
ATP was then introduced into the chamber, and move- 
ment of microtubules was examined in real time by dark 
field microscopy. This assay system has the advantage 
that a chamber with dynein bound to the glass can be per- 
fused several times to examine movement under different 
conditions. 

Using the assay procedure described above, 22S and 
14S dynein adsorbed to the glass were both capable of 
translocating microtubules along the glass surface in 
an ATP and magnesium-dependent manner (Figure 1). 
Movement of microtubules induced by 22S dynein was 
unidirectional and occurred in random directions on the 
glass, similar to the results reported for kinesin-induced 
microtubule movement on glass (Vale et at., 1985a). In the 
presence of 22S dynein, movement of short microtubules 
(<5 I~m in length) was often discontinuous; microtubules 
would move rapidly for 1-5 seconds and then would slow 
down or stop completely before commencing transloca- 
tion at maximum velocity. Movement of longer microtu- 
bules (>20 p.m) was generally smooth and continuous. 

Microtubules generally moved in random directions on 
14S dynein-coated glass slides as well, although occa- 
sionally microtubules would move in parallel along appar- 
ent "paths" on the glass surface (not shown). 14S dynein 
generally induced smooth and continuous movement of 
both short and long microtubules. 

Figure 1. Microtubule Movement along Glass Induced by Ciliary 
Dynein 
This sequence of images obtained by dark field microscopy shows bo- 
vine microtubules moving along a glass slide coated with 22S dynein, 
The times (in seconds and hundredths of seconds) are indicated at the 
upper right, and the direction of microtubule movement is indicated by 
the arrows. The asterisk indicates a stationary marker on the coverslip. 
The width of this field is 23 p,m. Similar microtubule movement on glass 
is also observed with 14S dynein. 

Velocity and ATP Concentration Dependence 
of Dynein-lnduced Movement 
Optimal movement of microtubules was obtained at dy- 
nein concentrations of 50-150 I~g/ml (concentration dur- 
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Figure 2. Velocity Histograms of 14S and 22S Dynein-lnduced Micro- 
tubule Movement 
Velocities of microtubule movement were analyzed under optimal con- 
ditions for 14S dynein-induced movement (100 p~g/m114S dynein dur- 
ing a 2 rain adsorption to the glass; microtubule movement assayed 
in low ionic strength buffer) and 22S-dynein induced movement (100 
I~g/ml 22S dynein during a 2 min adsorption; microtubule movement 
assayed in K-acetate buffer). Eighty-three and 80 mierotubule veloci- 
ties were measured for 14S and 22S movement, respectively. The 
mean velocities and standard deviations are indicated at the upper 
right of the graphs. 

ing a 2 min adsorpt ion onto glass). The opt imal  buffer 
for 22S dynein- induced movement  was a K-acetate buffer 
(100 mM K-acetate, 3 mM MgSO4, 1 mM EGTA, 10 mM 
Tris-Acetate [pH 7.5], whi le  a low ionic strength buffer 
worked best with 14S dynein (5 mM KCI, 3 mM MgSO4, 
1 mM EGTA, 5 mM Tris-HCI [pH 7.5]). The average veloci ty 
of microtubule movement  induced by 22S dynein in the 
presence of 1 mM ATP was 8 pm/sec, and veloci t ies as 
high as 9-10 #m/sec were measured (Figure 2). The aver- 
age veloci ty of 148 dynein movement  was somewhat  
s lower (4.2 #m/sec), a l though some microtubules dis- 
p layed veloci t ies has high as 5 -7  i~m/sec. The veloci t ies 
of dynein- induced movement  are substant ial ly h igher 
than those reported for movement  in vi t ro by kinesin 
(0.4-0.7 i~m/sec; Vale et al., 1985a; Vale et al., 1985b; Por- 
ter et al., 1987; Cohn et al., 1987) or cytoplasmic dynein-  
l ike molecules (1-2 i~m/sec; Lye et al., 1987; Paschal et al., 

1987a). 
The ATP concentrat ion dependence  of 14S and 22S 

dynein- induced microtubule movement  was examined in 
the presence of an ATP regenerat ing system in K-acetate 
buffer (Figure 3). The veloci ty  of movement  decreased as 
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Figure 3. ATP Concentration Dependence of 148 and 228 Dynein- 
Induced Microtubule Movement 
14S or 22S dynein (100 #g/ml solution) was adsorbed onto the glass, 
and microtubule movement was assayed in K-acetate buffer with the 
indicated concentration of ATP and an ATP regenerating system con- 
sisting of 0.5 mg/ml creatine kinase and 2 mM phosphocreatine. Veloci- 
ties of 15-30 micretubules translocating along the glass ceverslip were 
measured at each concentration (error bars indicate the standard devi- 
ations). 

concentrat ion of ATP was lowered. Movement  was ob- 
served at ATP concentrat ions as low as 2 I~M. 

Inhibitors of Movement 
The effects of dynein  ATPase inhibitors on 14S and 22S 
dynein- induced movement  of bovine microtubules on 
glass were also examined. Vanadate (1 #M), which inhibits 
the ATPase activi ty of dyneins at submicromolar  concen- 
trations (Gibbons et al., 1979), complete ly  inhibited 22S 
and 14S dynein- induced moti l i ty (Table 1). Erythro-9-[-3-2- 
(Hydroxynonyl ) ]adenine (EHNA; 1 raM), another inhibitor 
of dynein ATPase activi ty (Penningroth et al., 1982), re- 
duced the veloci ty of microtubule movement  by 6 5 % -  
75%, but did not complete ly  stop movement .  Exposure of 
e i ther 22S or 14S dyneins to 1 mM N-ethyl-maleimide 
(NEM), a sulfhydryl  a lky lat ing reagent, also inact ivated 
dynein moti l i ty (Table 1). 

Table 1. Inhibitors of Dynein-lnduced Motility 

Agent 228 Dynein 14S Dynein 

None 4.3 _+ 0.7 2.2 -+ 0.3 

N-Ethylmaleimide -- -- 
(1 raM) 

Vanadate -- -- 
(i ~M) 

EHNA 1.5 _ 0.3 0.6 _+ 0.1 
(1 mM) 

22S or 14S dynein (100 p.g/ml) was adsorbed onto coverslips, and 
microtubule movement was assayed in K-acetate buffer/1 mM ATP 
alone (none) or in the same buffer containing vanadate or EHNA. The 
effects of NEM were tested by incubating dynein with 1 mM NEM for 
10 rain on ice. DTT (10 mM) was then added to inactivate the NEM. 
Velocities of 15-20 microtubules were determined, and the mean and 
standard deviations are indicated. The dash (--) indicates that microtu- 
bule movement was not observed. 



Cell 
462 

A 

Figure 4. Polarity of Microtubule Movement Induced by 14S and 22S Dynein 
(A) Microtubules were polymerized selectively from the plus ends of axonemes or outer doublets with a equimolar mixture of NEM-modified and 
unmodified tubulin. 20,000x. 
(B) Examination of the radial spoke triplet spacing on outer doublets (indicated by lines: $1 to $2 is 32 nm; $2 to $3 is 24 nm) confirms that microtu- 
bules grow from the plus ends of outer doublets. 112,000x. 
(C) An axeneme with a microtubule polymerized from the plus end moving across the glass. For both 14S and 22S dynein-induced movement, the plus 
ends of microtubules lead in the direction of movement, which indicates movement of dynein toward the minus end of the microtubule. The asterisk 
shows a stationary marker on the glass. 

Polarity of Movement 
Microtubules are asymmetric structures with distinct ends 
that are termed "plus" and "minus" (faster rates of tubulin 
polymerization occur at the plus end). All microtubules in 
the axoneme have the same polarity: the minus ends are 
anchored to the basal body and plus ends are oriented to- 
wards the tip of the cilia. The polarity of outer doublet slid- 
ing in trypsinized axonemes was studied by Sale and Satir 
(1977) and in outer arm-depleted, trypsinized axonemes 
by Fox and Sale (1987). The conclusion of their studies is 
that dynein-induced force slides the adjacent outer dou- 
blet microtubule away from the base. This direction of 
movement indicates that dynein moves toward the minus 
end of the microtubule. 

To determine the direction of dynein-induced microtu- 
bule movement on glass, microtubule polarity was identi- 
fied by polymerizing microtubules selectively from the 

plus ends of axonemes using an equimolar mixture of 
NEM-modified and unmodified tubulin. We confirmed by 
light and electron microscopy that >95% of the axonemes 
had microtubules polymerized from only one end (Figure 
4). To prove that these microtubules were polymerized 
from the plus end, the radial spoke projections of outer 
doublets were examined by negative stain electron mi- 
croscopy. The spacing of radial spoke triplets ($1-$2 = 
32 nm; $ 2 - $ 3  = 24 nm), which provides a reference 
marker for the tip and base of the axoneme (Goodenough 
and Heuser, 1985), indicated that microtubule growth only 
occurred at the plus ends in the presence of NEM-tubulin 
(Figure 4). 

Both 22S and 14S dynein moved microtubules with their 
plus ends leading and the axonemes trailing (Figure 4). 
Since dynein is attached to the glass, this direction indi- 
cates that dynein moves toward the minus end of the 
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Figure 5. 14S Dynein Induces Rotation of Microtubules during For- 
ward Translocation 

This dark field sequence shows rotation of the curved end of an axo- 
neme during forward translocation. The camera gain was set at low 
contrast in order to obtain good definition of the curvature of the axo- 
neme. The microtubule polymerized from the plus end that is trans- 
locating on the glass is not visible at this contrast setting. During this 
sequence, the axoneme undergoes four rotations (indicated by num- 
bers in the upper right). The second and fourth photographs of each 
rotation sequence show the curved portion pointing toward and away 
from the glass, respectively. The sequence indicates that the direction 
of rotation is clockwise when viewed from the minus end. The axoneme 
shown here is 6 ~m in length and speed of forward translocation is 1.87 
i~m/sec. The rotational speed was slower than normally observed be- 
cause of contact between the curved end of the axoneme wi~h the 
glass. This is particularly evident in the first and second photographs 
of rotation 4 where rotation is temporarily blocked. The microtubule 
continues to translocate forward when rotation is blocked. 

microtubule, conf i rming the results obta ined by examin ing 

outer doublet  sl iding (Sale and Satir, 1977; Fox and Sale, 

1987). 

Rotation of Microtubules Induced by 14S Dynein 
During the polari ty assay, many axonemes  dissociated 

into individual outer doublets  that had a single microtu- 

bule polymer ized from the plus end. The intact axonemes  

and dissociated outer doublet  were often curved. This cur- 

vature provided an asymmetr ic  marker a long the axis of 

B 
= 

4 -  
"O 
G} 

v • =1 • • • =  • n o ", , . ,  • 

I~" | ' • |  =1= • • 

1 ~ "  • "=~==" 

i i 
0 1 2 

V e l o c i t y  
(t~rn/sec) 

Figure 6. Relationship between 14S Dynein-lnduced Microtubule Ro- 
tation and Forward Translocation 

(A) shows a histogram of the number of rotations per ~m of forward 
movement measured for 100 microtubule-outer doublets whose rota- 
tion was unhindered by interactions of outer doublets with the glass. 
Experiments were performed in the presence of 1 mM ATP in K-acetate 
buffer. 
(B) shows the relationship between rotational speed and velocity of for- 
ward movement. Translocation velocity (p.m/sec) and rotational speed 
(rotations per sec; Hz) were determined in the presence of 10, 25, 50, 
75, 100, 250, or 1000 p.M ATP and an ATP regenerating system. Reduc- 
ing the ATP concentration was used as a means of decreasing the 
speed of forward movement. Data points show the velocity and rota- 
tional speed of individual microtubules. 

the microtubule (Figure 5). Dur ing 14S dynein- induced 

translocat ion of the microtubule, the trai l ing outer doublet  

or axoneme rotated about  its axis, as detected by observ- 

ing the posit ion of the curved end (Figure 5). The rotating 

outer doublet  or axoneme was general ly  not at tached to 

the glass, hence interact ions between 14S dynein on the 

glass and the singlet microtubule were most l ikely respon- 

sible for producing rotation. Rotation of s ingle microtu- 

bules polymer ized in the absence  of axonemes or outer  

doublets also has been observed  in a few instances when 

an a large asymmetr ic  object was bound at the end of a 

microtubule. NEM-reacted tubul in in the microtubule poly- 

mer also did not cause or af fect rotation, s ince rotation 
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was observed with micmtubules polymerized entirely 
from unmodified tubulin subunits. 

Rotation of axonemes or outer doublets was not ob- 
served during microtubule translocation produced either 
by 22S dynein or squid kinesin (data not shown) under the 
same assay conditions. 

The direction of microtubule rotation induced by 14S 
dynein was always clockwise when viewed from the minus 
end of the outer doublet, as determined by focusing the 
objective slightly above the glass surface and observing 
the curved end of the outer doublet come in and out of fo- 
cus during rotation (also seen with the in-focus image in 
Figure 5). The curved end of some outer doublets occa- 
sionally sterically blocked rotation when it contacted the 
glass. While rotation was blocked, the curve of the outer 
doublet pointed to the right of the axis of forward move- 
ment (viewed from the minus end) (Figure 5, rotation num- 
ber 4). This observation is consistent with rotation in a 
clockwise direction. 

Rotation required forward translocation of the microtu- 
bule, but forward movement still occurred when rotation 
was blocked by steric interference of the outer doublet or 
axoneme with the glass. It was not possible to ascertain, 
however, whether the singlet microtubule at the plus end 
was rotating and then untwisting during the period when 
rotation was blocked. The Velocities of forward transloca- 
tion of microtubules that were freely rotating or were 
blocked from rotating were approximately the same. 

In order to quantitate the speed of rotation, microtubule- 
outer doublet complexes whose rotation was unhindered 
were selected for analysis. The number of microtubule ro- 
tations was tightly coupled to the distance of forward trans- 
location (1.85 +_. 0.45 rotations for every gm of forward 
movement)(Figure 6A), and outer doublets and axonemes 
of different sizes and shapes rotated at approximately the 
same rate (not shown). The relationship between rota- 
tional speed and forward translocation velocity was also 
examined by decreasing the ATP concentration in order 
to reduce velocity of forward translocation (Figure 3). The 
results of these experiments showed that the rotation 
speed (Hz) increased in a linear fashion with the velocity 
of forward translocation (Figure 6B), indicating that the 
number of rotations per gm of forward movement remains 
constant over a 10-fold range of microtubule translocation 
velocities. 

Tracking of Microtubule Paths 
Rotation of microtubules induced by 14S dynein suggests 
that this force-generating molecule may have a power 
stroke that has a component perpendicular to the axis of 
the microtubule. A force vector perpendicular to the 
microtubule axis could also produce lateral translocation 
of the micmtubule. If microtubules roll while rotating, for 
example, one would predict lateral translocation of the 
microtubule by an amount equal to the circumference of 
the microtubule (80 nm) per rotation. Considering that 
microtubules rotate once per 0.54 gm of forward move- 
ment, a sideward displacement of 1 gm for every 7 t~m of 
forward movement would be expected. 

To examine whether microtubules translocated side- 

ways as well as forward, the positions of translocating 
microtubules (without associated outer doublets or axo- 
nemes) were tracked over distances of 20-100 gm. Many 
microtubules, however, were perturbed and their paths 
suddenly deflected, possibly because of collisions with ob- 
jects on the glass. Visual inspection of the tracking data 
from microtubules that were not obviously perturbed sug- 
gested that most microtubules followed straight paths and 
did not undergo continuous lateral movement. The paths 
of microtubules were also analyzed by determining the an- 
gle (0) between the line defined by the axis of the microtu- 
bule at its initial position and a line defined by the rear 
position of the microtubule before and after forward trans- 
location (Figure 7). The predicted angle, if the microtubule 
translocated sideway by a distance equal to its circumfer- 
ence for every 0.54 gm of forward displacement, is 8.4 ° 
(arctan 80 nm/540 nm). The analysis of all the data, how- 
ever, revealed only a very slight deviation from a linear 
path (+1 ° __ 0.5°[SEM]). 

Discussion 

An In Vitro Assay for Dynein Motility 
Purified Tetrahymena dynein adsorbed onto glass retains 
motile activity and is capable of translocating microtu- 
bules. Addition of purified dynein to salt-extracted axo- 
nemes, which causes an increase in beat frequency (Gib- 
bons and Gibbons, 1979), or sliding velocity of outer 
doublets (Yano and Miki-Noumura, 1981), was previously 
used as an assay of motile activity. These assays, however, 
have not been suitable for a molecular characterization of 
dynein-induced force generation, as many proteins that 
generate or modulate motility remain on salt-extracted 
axonemes. Dynein-induced microtubule movement along 
glass is an improvement over existing motility assays, 
since only purified dynein and microtubules are required; 
the assay is simple, rapid, and reproducible and requires 
very small quantities of protein; velocities of microtubule 
movement are easily measured; motility can be observed 
over a long time period (an hour or more); and dynein- 
coated glass chambers can be perfused several times 
and exposed to different test solutions. We have found 
that dynein prepared from sea urchin sperm flagella also 
induces microtubule translocation along glass, and a 
similar motility assay for Chlamydomonas dynein has also 
been recently reported (Paschal et al., 1987b). These 
findings suggest that this type of assay can be used to ex- 
amine the motile properties of dyneins from a variety of 
organisms. 

Comparison with Other Microtubule Motor Proteins 
Kinesin (Vale et al., 1985a; Vale et al., 1985b), myosin and 
its subfragments (Kron and Spudich, 1986; Toyoshima et 
al., 1987), and cytoplasmic dynein-like molecules (Lye et 
al., 1987; Paschal et al., 1987a) can also be adsorbed onto 
glass surfaces and translocate actin filaments or microtu- 
bules. Since all of these motor proteins can be assayed 
in a similar manner, comparisons of their motile properties 
are possible. 

Several properties of dynein-induced movement in vitro 
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Figure 7. Tracking of Microtubule Translocation on Glass as a Test for 
Sideward Displacement of Microtubules during Forward Translocation 
Movement of taxol-polymerized bovine microtubules by 14S dynein 
bound to the glass was recorded at lower magnification than normally 
used for the motility assay by using a 25x Plan-neofluor objective and 
a 10x eyepiece to the SIT camera. The position of the front and rear 
of a microtubule was marked using an IBM AT computer-based pro- 
gram (shown in the top figure). After microtubule translocation, the rear 
position was marked and the distance traveled by the microtubule was 
measured. The angle between the lines defined by the front and rear 
positions of the microtubule in its starting position and the line defined 
by the rear positions of the microtubule before and after translocation 
were measured. This method was used to assess whether microtu- 
bules (total of 100) were displaced to the left (negative values) or right 
(positive values) relative to their initial direction of movement. The final 
position of the microtubule was not always perfectly parallel to its origi- 
nal position. The graph plots the angle of displacement versus dis- 
tance traveled by the microtubule. 

are distinct from kinesin-induced movement. The velocity 
of dynein-induced microtubule movement along glass, for 
example, is 10- to 20-fold greater than the velocity ob- 
served with kinesin (0.5 ~m/sec; Vale et al., 1985a, Vale 
et al., 1985b; Porter et al., 1987; Cohn et al., 1987).~ Fur- 
thermore, kinesin produces movement toward the plus 
ends of microtubules (Vale et al., 1985c), whereas 14S and 
22S dynein both induce movement in the opposite direc- 
tion. The effects of pharmacological inhibitors on move- 
ment are also different. NEM, low concentrations of vana- 
date (<10 p.M) and EHNA have little or no effect on 
kinesin-induced motility (Vale et al., 1985a; Porter et al., 
1987; Vale, unpublished data [for EHNA]), whereas 14S or 
22S dynein motility is completely or partially inhibited by 
these agents. 

Cytoplasmic forms of dynein that resemble ciliary or 
flagellar dynein also have been identified. These mole- 
cules contain a high molecular weight polypeptide, have 
ATPase activity that is inhibited by vanadate and bind 
to microtubules in a nucleotide-dependent manner (re- 
viewed by Pratt, 1984). Recently, cytoplasmic dynein- 

like proteins that induce microtubule movement on glass 
have been purified from mammalian brain (MAP 1C; 
Paschal et al., 1987a) and nematode (Lye et al., 1987). The 
velocity of microtubule movement induced by cytoplasmic 
dynein (1-2 lim/sec), however, is slower than the velocities 
we have observed with ciliary dynein. The polarity of 
movement of MAP 1C (Paschal and Vallee, 1987) is the 
same as ciliary dynein, whereas nematode cytoplasmic 
dynein produces movement in the opposite direction (Lye 
et al., 1987). 

14S and 22S Dyneins Are Distinct Motility Proteins 
The distinct polypeptide compositions of 14S and 22S 
dynein, revealed by SDS polyacrylamide and SDS-urea 
gel electrophoresis, suggest that they are different pro- 
teins and that 14S dynein is not derived from 22S dynein 
by proteolysis (Porter and Johnson, 1983; Vale and 
Toyoshima, unpublished data). The in vitro motility assay 
has also enabled a partial characterization and compari- 
son of the motile properties of the three-headed 22S 
dynein and the single-headed 14S dynein. The ability of 
22S dynein to induce microtubule movement in vitro was 
not surprising, since this protein has microtubule-acti- 
vated ATPase activity (Omoto and Johnson, 1986) and 
comprises the outer arm of axonemes, a structure known 
to play an important role in ciliary movement (Gibbons, 
1981). Whether 14S dynein is a force-generating protein 
was less certain, since it was reported not to bind to micro- 
tubules in vitro (Porter and Johnson, 1983) and since 
microtubule activation of its ATPase activity has not been 
shown. Our results show, however, that 14S dynein as well 
as 22S dynein generates force along microtubules. 

Both 14S and 22S dynein produce microtubule move- 
ment toward the microtubule minus end and are inhibited 
in a similar manner by vanadate and EHNA. These two 
proteins are not identical motility proteins, however, and 
produce different maximal velocities of movement in vitro. 
The maximal velocities of 22S dynein-induced movement 
(8-10 pm/sec) are in the same range as the sliding velocity 
of outer doublet microtubules in trypsinized sea urchin 
axonemes (14 lim/sec; Yano and Miki-Noumura, 1980). The 
optimal ionic conditions for movement and Kms for ATP- 
induced movement are different for the two dyneins (Vale 
and Toyoshima, unpublished data). The most notable 
difference, however, is the ability of 14S dynein to produce 
microtubule rotation, a phenomenon that is not observed 
with 22S dynein. 

14S Dynein-lnduced Torque 
The rotation of bacteria flagella, structures unrelated to 
eukaryotic flagella or cilia, is produced by a complex of 
proteins in the bacterial membrane that utilize energy de- 
rived from an electrochemical gradient of protons to 
generate torque (Berg et al., 1982). Torque generated by 
actin or microtubule-based force-generating enzymes, 
however, has not been described. The rotation of microtu- 
bules described here appears to be induced by dynein 
and not by viscous forces exerted upon moving outer 
doublets or axonemes, since the degree of curvature or 
size of outer doublets or axonemes does not determine 
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the speed of rotation, and the curvature of Tetrahymena 
outer doublets and axonemes is either planar or follows 
a helix whose pitch is significantly greater than the pitch 
of rotation (Takasaki and Miki-Noumura, 1982; our unpub- 
lished data). Furthermore, while 14S dynein, 22S dynein, 
and kinesin all induce microtubule translocation under the 
same assay conditions, rotation of rnicrotubules is only 
observed in the presence of 14S dynein. This result indi- 
cates that rotation is caused by a unique interaction be- 
tween 14S dynein and microtubules. 

14S dynein must exert a force perpendicular to the 
rnicrotubule axis in order to produce rotation. Since the 
speed of rotation increases linearly with the velocity of for- 
ward translocation, this perpendicular force appears to be 
coupled to the axial force that generates forward move- 
ment. Such findings could be explained by a tangential 
power stroke with a force vector directed along the 
microtubule axis (to produce forward movement) and per- 
pendicular to the axis (to produce torque). A tangential 
force applied to a microtubule, however, should produce 
lateral movement of the microtubule in addition to rotation. 
Although a single crossbridge cycle would be expected to 
produce only a small lateral displacement, such events 
should be cumulative, and a detectable displacement 
should be produced after many interactions between 
dynein molecules and a microtubule. Our tracking mea- 
surements, however, could not detect a significant lateral 
displacement during forward movement. 

The absence of a large sideways displacement could be 
explained by a force, such as viscous drag, that opposes 
lateral but not rotational movement. In the case of viscous 
drag, the viscous resistance force for lateral movement 
would have to be greater than that for rotational movement 
and would also have to be larger than the lateral force ex- 
erted by dynein. Calculations of the viscous drag forces 

subunits. Since the position of dynein remains fixed in its 
position on the glass, rotation of the microtubule without 
sideways movement could be produced by such a mecha- 
nism. One clockwise rotation of the microtubule per 0.54 i~rn 
of forward movement induced by 14S dynein corresponds to 
a helical pitch of 0.54 ~rn with a right-handed screw angle 
of 81.4 ° This pitch, however, is significantly larger than the 
24 rim, 40 nm, and 64 nm helix pitches of the principal 
3-, 5-, and 8-start helices that comprise 13 protofilament 
microtubules (Amos and Klug, 1974) and is also smaller 
than the 2-6 I~m pitch of the protofilarnent supertwist 
(Mandelkow and Mandelkow, 1985). Thus, it is unlikely 
that a helical path of tubulin subunits on the microtubule 
lattice plays an important role in the mechanism of 14S 
dynein-induced rotation. 

In conclusion, neither viscous resistance to a dynein- 
induced power stroke tangential to the microtubule axis 
nor processive movement of dynein along a helical path 
of tubulin subunits provides a satisfactory explanation for 
the rotational behavior of microtubules. Rotation without 
lateral movement may therefore reflect an unusual se- 
quence of the mechanical events underlying the process 
of dynein force generation that induces rotation and for- 
ward translocation while constraining lateral movement. 

Possible Functions of 14S Dynein-lnduced Torque 
In Vivo 
The ability of 14S dynein to produce torque in vitro sug- 
gests that this molecule has an important and distinct role 
from 22S dynein in generating ciliary movement. The find- 
ing that central-pair microtubules rotate during ciliary 
beating in Paramecium (Omoto and Kung, 1980), in a 
uniflagellate marine alga (Ornoto and Whitman, 1981), 
and in Chlamydomonas (Karniya, 1982; Hosokawa and 
Miki-Noumura, 1987) may be potentially related to the rota- 

(see Experimental 
this is not the case for microtubules translocating and 
rotating at the rates measured in the in vitro assay. The 
viscous resistance force experienced by a 10 ~m microtu- 
bule moving laterally at 0.29 p.m/sec (a rate that is one- 
seventh the velocity of forward microtubule translocation) 
is approximately 0.006 pN, while the resistance force ex- 
perienced by a microtubule rotating at 4 Hz is 0.039 pN. 
These forces are also 20-fold smaller than the forces 
thought to be produced by single dynein molecules 
(Kamimura and Takahashi, 1981). Thus, viscous drag 
forces alone can not explain the absence of lateral move- 
ment during microtubule rotation. 

Lateral movement could also be restricted if several 14S 
dynein molecules interact simultaneously with a microtu- 
bule. While one dynein molecule undergoes a power 
stroke, for example, other dynein molecules may bind to 
the rnicrotubule in a manner that allows it to rotate and 
move forward but not move laterally. 

Rotation without lateral displacement could also be ex- 
plained by processive movement of dynein along a helical 
path of tubulin subunits on the microtubule lattice. For ex- 
ample, dynein may direct a power stroke along the 
microtubule axis to produce forward movement and then 
recock by processive movement along a helix of tubulin 

Procedures), however, suggest that ..... tion of microtubules observed in vitro. The direction of rota- 
tion of the central-pair (clockwise when viewed from the 
base of the axoneme) is the same as that produced by 14S 
dynein in vitro. It therefore is tempting to speculate that 
14S dynein-induced torque is responsible for rotation of 
central-pair microtubules. Since the directions of rotation 
in vivo and in vitro are the same, a direct interaction be- 
tween 14S dynein and the central-pair would be expected. 
Whether 14S dynein-induced torque could be transmitted 
directly or indirectly to the central-pair is not known, how- 
ever, since the location of 14S dynein and its interactions 
with other structures in the axoneme are not well estab- 
lished. The role of central-pair rotation in ciliary movement 
is also not known, although it is thought perhaps to be in- 
volved in determining the ciliary beat pattern. The recent 
observation that beating of Chlamydomonas axonemes 
changes from an asymmetric pattern to a symmetric one 
after partial extrusion of the central-pair from the axoneme 
(Hosokawa and Miki-Noumura, 1987) is consistent with 
this hypothesis. 

Although speculative at the present time, the possible 
connection between 14S dynein-induced torque in vitro 
and central-pair rotation in vivo suggests the intriguing 
possibility that this force-generating enzyme may play an 
important mechanical role in generating or regulating 
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asymmet r i c  beat ing pat terns of cil ia, The  abi l i ty  to s tudy 

14S dyne in- induced mic ro tubu le  rotat ion in vi tro wil l pro- 

v ide an oppor tun i ty  to fu r ther  character ize th is p rocess  at 

a mo lecu la r  level and wil l pe rhaps  a lso prov ide insight into 

how 14S dyne in- induced to rque is ut i l ized in the axoneme.  

Experimental Procedures 

Materials 
Taxol was a generous gift from Dr. Matthew Suffness at the National 
Cancer Institute, EHNA and sodium orthovanadate were purchased 
from Burroughs Wellcome and Fischer, respectively. All other reagents 
and enzymes were obtained from Sigma Chemical Co. 

Preparation of Dynein from Tetrahymena 
Tetrahymena thermophila (strain b) was cultured and dynein prepared 
according the procedure outlined by Johnson (1986) with a few modifi- 
cations. Two 3 liter cultures of Tetrahymena were grown in 6 liter flasks 
with aeration provided by an aquarium pump. Cells were collected by 
centrifugation at 3500 rpm in a Sorvall RC-3B centrifuge. Axonemes 
were prepared from the cells, and dyneins were extracted from the axo- 
nemes in 2.25 ml of a solution containing 0,6 M NaCI, exactly as de- 
scribed by Johnson (1986). Axonemes were separated from extracted 
dynein first by centrifugation at 30,000 x g for 10 rain at 4°C and then 
centrifugation of the supernatant at 100,000 x g for 30 min at 4°C to 
ensure removal of all axonemes. One milliliter aliquots of the dynein- 
containing supernatant were then applied to two 11 ml linear 5%-25% 
sucrose gradients (prepared in 0.1 M NaCI, 10 mM HEPES [pH 7.4], 
4 mM MgSO4, 0.1 mM EGTA, 0.2 mM PMSF, 1 mM DTT) and cen- 
trifuged for 16 hr at 27K (4°C) in a SW41 rotor. Twenty-one 0.55 ml frac- 
tions were collected by puncturing the tube from the bottom and col- 
lecting drops by gravity. 

The peaks of 22S dynein (usually fraction 8) and 14S dynein (usually 
fraction 14) were determined either by protein measurement or ATPase 
activity. These peak fractions were stored on ice and used for motility 
assays. Experiments with dynein were generally performed within 48 
hr of preparation, although 14S dynein maintained motile activity for 
2 weeks when stored on ice. 

Preparation of Tubulin and Microtubuies 
Tubulin was prepared from bovine brain and separated from microtu- 
bule associated proteins by phosphocellulose chromatography, as pre- 
viously described (Weingarten et al., 1975). N-Ethylmaleimide (NEM)- 
modified tubulin was prepared for the polarity assay by incubating a 
4 mg/ml tubulin solution with 1 mM NEM for 5 min on ice. Unreacted 
NEM was subsequently inactivated with 10 mM DTT for 15 rain on ice. 

Microtubules were prepared by polymedzing tubulin in assembly 
buffer (80 mM PIPES [pH 6.9], 1 mM MgCI2, 1 mM EGTA) in the pres- 
ence of 1 mM GTP and 10% DMSO for 30 min at 37°C. Polymerized 
microtubules were subsequently stabilized by addition of 20 I~M taxol. 

Dark Field Microscopy 
Microtubules on the slide surface were examined by dark field micros- 
copy using a Zeiss IM-35 inverted microscope equipped with a 100 
watt mercury light source, a heat filter, a monochromatic green fil- 
ter, an Olympus 1.2-1.33 N. A. dark field condenser and a Zeiss 40x 
planapochromatic objective lens with a 0.8 to 1 N. A. adjustable aper- 
ture. The image was projected onto the target of a Hamamatsu C1000 
SIT camera with a 20x eyepiece lens, and recordings were made 
using a VHS 1/2" AG6300 Panasonic tape recorder. The still images 
shown in this paper were obtained by photographing a Sony color mon- 
itor with a 35 mm camera equipped with a macro lens. 

Dynein In Vitro Motility Assay 
A simple perfusion chamber was prepared by placing two parallel lines 
of Coming vacuum grease and spacers of #0 coverglass fragments on 
a glass slide (Clay Adams, Gold Seal) and placing a coverglass (18 x 18 
ram; #1 Coming) on top. The total volume of the chamber was approxi- 
mately 15-20 p.l. 22S or 14S dynein (100 ~.g/ml) was applied to the flow 
cell and adsorbed onto the glass for 2 min at 23°C. The unabsorbed 
dynein was removed by perfusing 50 p.I of BSA-containing buffer (0.5 
mg/ml BSA in 0.1 M NaCI, 10 mM HEPES [pH 7.4], 4 mM MgCI2, 0.1 

mM EGTA, and I mM DTT) at one end of the chamber and adsorbing 
fluid at the opposite end with #2 Whatman filter paper. After a 1 rain 
incubation with BSA, 50 ~1 of a solution containing taxol-stabilized bo- 
vine microtubules (20 I~g/ml) and ATP (1 raM) was applied. The solu- 
tions used to assay microtubule movement in the experiments re- 
ported here are: K-acetate buffer (100 mM K-acetate, 3 mM MgSO4, 
1 mM DTT, 1 mM EGTA, 10 mM Tris-acetate [pH 7.5]; an optimal buffer 
for 22S dynein) and low ionic strength buffer (5 mM KCI, 3 mM 
MgSO4, 1 mM DTT, 1 mM EGTA, 5 mM Tris-HCI [pH 7.5]; an optimal 
buffer for 14S dynein). Movement of microtubules was then examined 
by dark field microscopy. 

Velocities of microtubules that translocated in a continuous manner 
for at least 10 I~m were measured using an interactive IBM AT based 
program developed by Dr. Steve Block (described in Sheetz et al., 
1986). 

Polarity Assay for Microtubule Translocation on Glass 
Microtubules were grown selectively from the plus ends of Tetra- 
hymena axonemes, as suggested to us by Tim Mitchison based upon 
his unpublished studies. Tetrahymena axonemes (4 mg/ml) were in- 
cubated with 1 mg/ml each of unmodified and NEM-modified tubulin 
and 1 mM GTP for 10-15 rain at 37°C. Polymerization was terminated, 
and microtubules were stabilized by diluting the mixture 20- to 50-fold 
into K-acetate assay buffer (see above) containing 10% DMSO or 33% 
glycerol. The axonemes and outer doublets with microtubules poly- 
merized from the plus ends were applied to 14S or 22S dynein coated 
slides that were prepared as described above. 

ATPase Assay and Protein Determination 
ATP hydrolysis was measured using the sensitive colorimetric assay 
of Kodama et al. (1986). For the ATPase assay, 5 i~1 of the sucrose gra- 
dient fractions was diluted into 0.3 ml of gradient buffer without sucrose 
but containing 1 mM ATP. After a 10 rain incubation, which is within the 
linear range of ATP hydrolysis of the peak dynein fractions, the reaction 
was stopped by addition of 0.6 M perchloric acid (0.3 ml). For examining 
ATP concentration dependence, a regenerating system consisting of 
0.5 mg/ml creatine kinase and 2 mM phosphocreatine was added to 
the ATPase reaction mixture. Protein concentration was determined 
using the BioRad Bradford reagent using bovine serum albumin as a 
standard. 

Electron Microscopy 
Aliquots of axonemes with polymerized microtubules (8 p.I) were ap- 
plied to a carbon coated grid and stained with 1% uranyl acetate. Spec- 
imens were examined in a Phillips EM 400 operated at 100 kV at a 
nominal magnification of either 17,000x or 32,000x. 

Calculation of Viscous Drag Forces on Moving Microtubules 
The following equations were used to estimate the viscous resistance 
forces experienced by a moving cylinder, as described and derived in 
Happel and Brenner (1965): 

Movement along the cylinder axis: F= 2~p.vi/[In(l/r) - 0.72J 
Movement perpendicular to the cylinder axis: F = 4~p~vl/[In(l/r) + 0.5] 
Rotation of the cylinder: F = 4~l~rlw 

where ~. is the viscosity of the medium (1 cP for an aqueous solution), 
v is the velocity of forward translocation (2 ~m/sec) or lateral transloca- 
tion (assumed as one-seventh the velocity of forward movement (0.29 
~_mlsec)), I is the length of the cylinder (10 I~m on average for the 
microtubules in these experiments), r is the radius of the cylinder 
(about 12,5 nm for microtubules), and w is the angular velocity (8 ~/sec 
for microtubules rotating at 4 Hz). 
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