










FIGURE 2 Longitudinal thin section through the anterior end of a reactivated cell model fixed in RS + 10 p,M vanadate. Head 
rotation has caused the shear zone (arrowheads) to become constricted to the width of the axostyle (ax) between the posteriormost 
coil of the Golgi apparatus (g)  and the anterior rim of the cup-shaped group of endosymbiot ic bacteria (bc) (see Fig. 3 e, f). Note 
numerous vesicles and membrane protrusions in the vicinity of the shear zone. Axostyle microtubules (rnt) run alongside the 
nucleus (n) and continue into the head. Coils of the helical Golgi apparatus and underlying parabasal f i lament (p f ) ,  here cut 
transversely, are wrapped around the nucleus and trunk of the axosty[e. Note that the anterior rim of the bacterial cup is closely 
applied to the surface of the broadened "shoulders" of the cell body. The termination of the microfi lamentous sheath (mr) 
surrounding the axostyle microtubules is evident wi th in the bacterial cup. X 18,000. For comparison to in v ivo structure, see 
reference 42, Fig. 3, and reference 38, Fig. 2. 

Permeability of  Cell Models 

Living flagellates, prelabeled with fluorescein, rapidly lost 
fluorescence when placed in ES. The release of intracellular 
fluorescein (mol wt, 332) indicates a rapid increase in mem- 
brane permeability to small molecules after ES treatment. 

The dyes erythrosin B (mol wt, 880) and patent blue V (mol 
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wt, 1,159) did not enter living cells in saline but entered 
extracted models. Two FITC-dextrans, molecular weights 
17,500 and 67,600, failed to enter either living ceils or cell 
models, as did FITC-goat anti-rabbit immunoglobulin. These 
macromolecules were unable to enter models during extraction, 
or during subsequent reactivation. Under fluorescence optics 
the cells and models appeared as black silhouettes against a 
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bright green background. However, if various detergents were 
included in the ES or RS, or added to ES or RS, cell models 
became permeable to these labels, but rotational motility 
stopped (even in the absence of  the FITC-dextrans). This effect 
occurred at very narrow detergent thresholds, e.g., between 
0.04% and 0.05% Nonidet P-40. Detergents also caused the cell 
membrane to appear jagged and rough, in contrast to the 
smooth rounded appearance of  membranes in standard ES 
containing glycerol. 

Ultrastructure of Cell Models 

The ultrastructure of cell models fixed in RS or in RS + 10 
/zM vanadate is identical and is similar to that of living cells in 
several respects (Figs. t and 2). Most cell models have an intact 
axostyle complex, including the microtubular spiral, micro- 
filamentous sheath, and surrounding cytoplasmic girdle (Fig. 
1). The plasma membrane of  models also appears intact: no 
holes or visible disruptions in unit membrane morphology were 
detected. This evident integrity of  the plasma membrane in 
electron micrographs conceals the permeability of models to 
small molecules (see above) but accurately reflects their im- 
permeability to larger molecules. 

Ectosymbiotic bacteria are irregularly distributed on the 
surface of models, in contrast to their orderly arrangement on 
living cells (40). In addition, membrane blebs and whorls are 
often associated with the surface of cell models, but not living 
cells. This is particularly evident at the constricted shear zone 
between the head and body of many models (Fig. 2). 

The cytoplasm, which in living cells contains numerous 
granules and membranous elements, appears mostly devoid of 
these inclusions in cell models (Fig. 1). The cytoplasm of 
extracted cells is noticeably less dense and more homogeneous 
in appearance compared with living cells and often contains 
large vesicles derived from the plasma membrane (Fig. 1 b). 

DISCUSSION 

We report here success in obtaining glycerinated cell models of 
a rotary axostyle which, upon addition of ATP, undergo reac- 
tivation and exhibit rotational movements similar to those 
observed in living flagellates. The ability to experimentally 
manipulate the chemical and ionic environment of  the torque- 
generating machinery enables the mechanism underlying this 
remarkable motility to be analyzed by dynamic, functional 
criteria. In addition, the flagella of the models provide an 
internal control for comparing the axostylar rotary motor to 
dynein-based motile systems. 

The various patterns of rotational motility obtained in reac- 
tivated models indicate that relative torque is generated be- 
tween the axostyle and the surrounding cytoplasmic girdle, 
confirming previous laser microbeam experiments on living 
devescovinids (38). Most models behaved like living cells, in 
which active rotation of  the axostyle within the cell body turns 
organelles (nucleus, Golgi apparatus, flagella) connected to its 
anterior end, thereby causing clockwise rotation of the head. 
In other models, where cytoplasmic connections anchoring the 
bacterial cup and granules of  the outer girdle are presumably 
broken, either or both of  these structures revolve counterclock- 
wise around the axostyle. Such examples of reactive torque 
have been seen in living cells, with the exception of  rotation of 
the bacterial cup (38). In most models, the bacterial cup appears 
connected to the plasma membrane just posterior to the shear 
zone and does not rotate. However, in cases where the bacterial 

cup is separated from the membrane (i.e., in "headless" 
models), it often does turn. Since the microfilamentous sheath 
of the axostyle extends partially into the bacterial cup (38) 
(Fig. 2), some rotation of  this structure might be expected (see 
below). 

With regard to energy requirements, the rotary axostyle is 
similar to actomyosin and tubulin-dynein based motile systems, 
in that ATP hydrolysis is necessary for chemomechanical 
transduction. The eukaryotic rotary motor is fundamentally 
different in this respect from the rotary motor driving bacterial 
flagella, which uses protonmotive force, not ATP directly, as 
the energy source (21, 25, 26). The axostylar rotary motor is 
also unlike the spasmoneme-myoneme system of ciliates, where 
Ca ++ alone triggers coiling of 20 ,~ filaments, without any 
direct involvement of ATP (2). 

The insensitivity of rotational motility to vanadate and 
EHNA clearly distinguishes the rotary axostyle from the cell's 
flagella and indicates that a dynein-like ATPase is not involved 
in the rotary motor. However, this conclusion remains tentative, 
because the flagella may not be a valid control for comparing 
effects of dynein ATPase inhibitors on the rotary motor. Be- 
cause the axostyle is located inside the cell body, it may be less 
accessible to vanadate and EHNA than are the flagella. This 
possibility seems unlikely, however, since molecules larger than 
these inhibitors, i.e., ATP, can readily enter the models and 
reach the axostyle. In addition, EHNA freely penetrates living 
cells (6). 

Another possible reason for the insensitivity of rotational 
motility to vanadate and EHNA, besides lack of involvement 
of dynein ATPase, is the fundamentally different structure and 
type of motility of the axostyle complex compared to flagella. 
For example, the axostylar motor may operate by a dynein- 
based mechanism but be more efficient than flagella, i.e., the 
number of dynein-catalyzed interactions required to produce 
rotation may be considerably less than that necessary to gen- 
erate bends in flagellar axonemes. Rotational motility would 
then appear relatively insensitive to vanadate and EHNA, yet 
the motor could still involve dynein. Finally, a potential axo- 
style "dynein" might not contain vanadate or EHNA-sensitive 
sites and thus may be different from the flagellar dynein of the 
devescovinid. 

Nevertheless, the present findings are consistent with our 
previous suggestion, based entirely on ultrastructural evidence, 
that the rotary axostyle operates by an actomyosin rather than 
a tubule-dynein mechanism (37, 38). The filaments surround- 
hag the microtubular coil are similar in size to actin filaments 
and run in the direction of rotation, i.e., parallel to the expected 
direction of force generation. If  the microfilaments contain 
actin and are firmly attached to the microtubule rod, they 
could be actively sheared by a myosin framework in the 
surrounding girdle, thereby causing unidirectional rotation of 
the axostyle. 

Thus, the unusual rotational motility of  the devescovinid 
may be generated by a conventional actomyosin sliding fila- 
ment mechanism, but with a circular arrangement of interact- 
ing elements. A remarkably similar type of  mechanism drives 
the rotation of actin filament rings isolated from Nitella endo- 
plasm (16). 

Because the reactivated models described here are not 
permeable to large molecules, we have not been able to test 
specific inhibitors of  actin-myosin vs. tubulin-dynein interac- 
tions, such as NEM-modified HMM or $1 (28), or antibodies 
against these contractile proteins. However, the fmding that 
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rotation continues in reactivated models which are torn open 
offers an approach for using these probes to analyze the 
molecular basis of the rotary motor. 
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FIGURE 3 Phase contrast micrographs showing rotational moti l i ty of reactivated cell models in RS ( b -  I). (a) Unextracted flagellate 
freshly removed from termite gut and fixed in OsO4 vapor. Appearance is identical to that of the l iving cell. Note bacterial cup 
(be), helical Golgi apparatus (g),  and axostyle (ax). Paired arrowheads indicate the location of the shear zone between head and 
body. Refractile wood chips fil l much of the body cytoplasm. (b) Reactivated "headless" cell model in which the bacterial cup 
(be) and segment of the outer girdle (og) revolve around the axostyle in a counterclockwise direction (bracket and arrow). 
Although the cell is swollen in several different regions, the plasma membrane appears smooth and rounded; wood chips are 
concentrated in the mid-region of the model. ( c - l )  Pairs of micrographs showing rotating structures of reactivated models at two 
extreme positions differing by 180 °. (c, d) Reactivated model undergoing clockwise rotation of the head (arrow); recurrent 
flagellum appears on opposite sides as the head turns (arrowheads). (e, f) Clockwise rotation of bowed axostyle (arrowheads) and 
head. The shear zone (paired arrowheads in e) is constricted to the width of the axostyle between the Golgi apparatus and the 
bacterial cup. Electron micrograph through this region in another model is shown in Fig. 2. (g, h) Reactivated "headless" model 
in which the bowed axostyle (arrowheads), Golgi apparatus, and nucleus are rotating as a unit in a clockwise direction. The 
flagella (arrows) are pushed around through the plasma membrane at the anterior end. (i, j )  Model  in which the shear zone 
(paired arrowheads in j )  is displaced posterior to the bacterial cup; the head, bacterial cup, and addit ional cytoplasm rotate 
clockwise (bracket, arrow in i). (k, I) "Headless" model in which the axostyle does not rotate, but particles surrounding the 
axostyle revolve around it in a counterclockwise direction (arrow). Particles appearing on left side of the axostyle in k have rotated 
180 ° to the right side of the axostyle in I (arrowheads). Bar, 10 #m. x 500. 
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