














FmtlRE 4 Transverse sections through the axostyle complex at different levels in the same cell. (a) 
anteriormost part surrounded by bowl-shaped group of bacteria (b); Fig. 4 b and c, anterior and posterior 
regions, respectively, corresponding to levels marked in Fig. 1 a. rot; microtubular spiral; mr, microfda- 
ments; ig, inner girdle; m, membranous elements of inner girdle; og, outer girdle. Sections are viewed 
from the cell's anterior end (see text), x 35,300. 

segment. Some cells showed only an initial pause 
of several minutes, followed by resumption of 
head rotation (at speeds described below; cf. Fig. 
5); other cells remained stopped for as long as 
observed (up to 1 h). The latter cases were 
considered permanently stopped and are plotted 
as zero velocity in Fig. 6. 

The reason for temporary cessation of head 
rotation is apparently not breakage of the axostyle 
per se. It was possible to cause the head to stop 
rotating temporarily by irradiating a particle near 
the anterior end of the axostyle without actually 
breaking the axostyle. Such cells resumed head 
rotation a few minutes later at the same speed as 
before lasing. 

Nor is it likely that cessation of head rotation is 
due to general "trauma" or nonspecific injury to 
the cell as a result of lasing its anterior end. In 
ceils showing temporary as well as long-lasting 
stoppages of head rotation, the posterior segment 

of the axostyle did not stop turning, but instead 
speeded up (see above). 

Temporary cessation of head rotation thus 
seems to be a specific type of injury associated 
with lasing the cell at its anterior end. One possi- 
bility is that irradiation near the head induces a 
temporary gelation at the shear zone, resulting in 
an increase in resistive torque which blocks head 
rotation. 

The long-lasting stoppage of head rotation in 
other cells may simply represent a prolonged 
effect of this injury. On the other hand, irreversi- 
ble stoppage of head rotation might be a direct 
result of the short length of the anterior segment, 
as would be expected if the axostyle complex is 
the rotary motor. 

Cells with short anterior segments also experi- 
enced a time-dependent change in rotation speed 
of the head for a brief period after lasing. Initially, 
the rotation velocity of the head was extremely 
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FIGURE 5 Rotation velocity of the head as a function of time after lasing for anterior segments of 
different lengths. 12 cells with anterior segments ranging from 0.02 to 0.84 relative length (Aa - Ab/A - 
Ab) are shown, ts values (inverse of rotation velocity; see Materials and Methods) are plotted directly on 
the y-axis. Temporary stoppage of head rotation after lasing is denoted by "+" under column S of inset 
(see text). 

slow; it then increased gradually, until by 10-15 
min after irradiation the velocity reached a con- 
stant value which was maintained thereafter (Fig. 
5). This plateau velocity was always less than the 
speed before lasing, and was used whenever avail- 
able for calculating relative velocity (see below). 

This time-dependent change in head rotation 
speed after iasing was most dramatic in cells with 
the shortest anterior segments, becoming less no- 
ticeable at longer lengths (Fig. 5). It always fol- 
lowed cases of temporary cessation of head rota- 
tion, and also occurred in many, but not all, cells 
which showed no initial stoppage. As noted above 
for lased control cells with unbroken axostyles, 
head rotation resumed after temporary stoppage 
without a time-dependent change in speed. There- 
fore, the initial change in velocity after lasing 
probably does not represent a stage in recovery 
from stoppage, or a less severe injury effect. Its 
cause remains unknown at present. 

H E A D  R O T A T I O N :  L O N G  A N T E R I O R  

SEGMENTS: Cells with axostyles broken fur- 

f A a -  Ab > 0.20) ther posteriorly \ A -  Ab commonly 
/ 

showed neither cessation of head rotation nor 

time-dependent changes in rotation speed after 
lasing. Instead, the head usually began rotating at 
its maximum speed immediately after irradiation 
(Fig. 5). 

A n t e r i o r  Segment :  H e a d  Veloci ty  vs. L e n g t h  

Fig. 6 shows that rotation speed of the head 
depends on the length of the anterior segment of 
axostyle attached to it. At short lengths the veloc- 
ity of head rotation drops dramatically; but as 
length of the anterior segment increases, head 
speed also increases, until the initial velocity be- 
fore lasing is regained at lengths approaching the 
original length in the cell body. Velocity does not 
increase linearly with length; the rate of change in 
velocity is greatest at short lengths and progres- 
sively decreases with increasing length. 

The two methods used for determining relative 
length (Fig. 6 a vs. Fig. 6 b) differ mainly in the 
early part of the length-velocity curves. The 
method which uses the base of the Golgi apparatus 
as the anterior end of axostyle (Fig. 6 a) results in 
a length-intercept (at zero velocity) of approx. 
0.1. This suggests that the anteriormost 10% of 
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FmtJPa~ 6 Dependence of head rotation velocity on relative length of the anterior segment of axostyle, 
using the two methods for determining length (see text; Fig. 1). 

Curves are drawn by eye. Each point represents one cell. Bars indicate maximum limits of combined 
errors arising from accuracy of measuring methods and spread of individual values. Length errors due to 
invisibility of  broken ends (cf. Fig. 1 b)  are not included; their effect would be to displace the entire curves 
up to 0.1 to the left on the length axis (see Discussion). 
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the axostyle cannot by itself cause rotation of the 
head. 

The bacteria-enclosed region at the anterior end 
of the axostyle also represents about 10% of the 
length of the axostyle in the cell body. Since the 
second method for calculating relative length ex- 
cludes this region from consideration (Fig. 6b) ,  
the length-velocity curve now intercepts the length 
axis near the origin, i.e., velocity begins increasing 
almost immediately with length. 

Posterior Segment: Axostylar Projection 
Velocity vs. Length 

Unlike that of the head (anterior segment), the 
rotation speed of the axostylar projection (poste- 
rior segment) always increases after lasing. Fig. 8 
shows that at any given length the relative velocity 
of the axostylar projection varies from about 1.2 
to 1.8. However, the velocity scatter does not 
appear to change as a function of length. That the 
rotation speed of the axostylar projection is indeed 
independent  of the length of the posterior segment 
was confirmed by a linear regression treatment of 
the data. Assuming a straight line relationship 
between length and velocity, the analysis gave a 
slope of - 0 . 0 5 6  +- 0.078 (SD). This is consistent 
with a slope of zero, i.e., independence of velocity 
on length, and is indicated in Fig. 8 by a line 
drawn parallel to the length axis at the mean 
relative velocity of 1.47. 

FIGURE 7 Rotation of head and axostylar projection at 
different speeds after breaking the axostyle. Before 
lasing (not shown), both head and axostylar projection 
rotated at the same velocity (1 rotation/2.60 s). The 
axostyle was then broken near the anterior end (arrows). 
This series of prints from a cin6 film (time elapsed in s at 
upper left) shows that the rotation velocity of the head 
decreased by -1/2 after lasing (1 rotation/5.64 s). The 
papillar insertion of the anterior flagella (at) is used to 
count number of head rotations: one complete rotation 
occurs between the first and last prints. 

In contrast, the rotation velocity of the axostylar 
projection increased about 1.6 times after lasing (1 
rotation/1.64 s). Two sets of filamentous bacteria that 
adhere to the axostylar projection serve as markers; the 
time elapsed between successive rotations of each 
marker to the same position (black and white bars) is 
1.64 s. 

Both severed ends of the axostyle are visible (arrows), 
and appear cleanly cut with only a narrow gap between 
them. 25 fps, Kodak Plus-X film. (Reprinted with 
permission from Tamm [17]). 
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FmURE 9 Rotation of a third segment of axostyle, independent of the head and axostylar projection. 
Before lasing (a), head and axostylar projection rotated at the same speed (curved arrows). After breaking 
the axostyle near the anterior end (b), the rotation speed of the head decreased, while that of the axostylar 
projection increased. A second break made close to the axostylar projection created a third, middle 
segment (c). The axostylar projection then stopped turning, while the middle segment (and lased wood 
particle at the second break site) oscillated at a frequency greater than that of head rotation (see text). 
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When the axostyle is broken at the posterior 
end of the cell body, the axostylar projection 
always stops turning (cf. Fig. 9 c). 

Rotation o f  a Third, Middle Segment o f  the 
Axostyle 

In one experiment the axostyle was first broken 
a short distance from the anterior end (see Fig. 
9). As expected, the rotation speed of the head 
decreased, while that of the axostylar projection 
increased. A second break was then made in the 
posterior segment, close to the beginning of the 
axostylar projection. This created a third segment, 
not connected to the head or axostylar projection 
(Fig. 9 c). After the second dissection, the axosty- 
lar projection stopped rotating. The middle seg- 
ment and the lased particle at the second break 
wobbled periodically at a frequency greater than 
that of head rotation. Taking this oscillation as a 
sign of rotation, these results show that a segment 
of the axostyle which is physically isolated from 
the head and axostylar projection can rotate by 
itself. 

Electric Model o f  the Axostylar Rotary 
Motor 

Simulated laser experiments were performed on 
an electric model of the axostyle (Fig. 10). 

Comparison of the length-velocity curves for 
the model (Fig. 11) and the cells (Figs. 6 and 8) 
shows that the model behaves like the cells. For 
example, rotation speed of the model's head in- 
creases with the number of motors connected to 
it, i.e., axostyle length. Head velocity is not a 
linear function of the number of motors, however, 
but is maximal at first, and then slows down as 
additional motors are added. This relationship 
resembles the length-velocity curve for the ante- 
rior segment of lased cells (Fig. 6). 

The rotation speed of the model's axostylar 
projection remains equal to that of the free-run- 
ning motors, i.e., 2,500 rpm, regardless of the 
number of motors driving it (Fig. 11). The same 
independence of rotation velocity on length of the 
posterior segment was found in actual experiments 
(Fig. 8). 

DISCUSSION 

The laser experiments provide direct evidence that 
the axostyle complex generates the torque for 
rotational motility in a devescovinid flagellate. By 

demonstrating rotation of anterior and posterior 
segments of the axostyle regardless of the level of 
break, the present study also confirms indirect 
evidence (16) that the torque-generating mecha- 
nism is distributed along the length of the axostyle 
complex. A possible exception is the bacteria- 
enclosed part of the axostyle at the anterior end 
(see below). Although the distal part of the axos- 
tyle probably generates torque before the cells 
change shape in vitro, once this part becomes the 
axostylar projection, it can not be providing any 
torque. Not only does the entire axostylar projec- 
tion turn, but breaks near the axostylar projection 
cause it to stop rotating and do not result in a 
decrease in rotation speed of the head. The head 
and axostylar projection are therefore turned by 
the proximal part of the axostyle within the cell 
body. 

The dependence of head rotation velocity on 
length of the anterior segment (Fig. 6) indicates 
that the head offers a resistive torque, i.e., the 
head is a load on the rotary motor. The torque 
supplied by the anterior segment increases with its 
length, since the force-generating machinery is 
distributed along the axostyle. The resistive torque 
of the head is also evident from the increase in 
rotation speed of the axostylar projection after 
severing the posterior part of the axostyle from 
the head. Experiments are now underway to 
determine the relative contributions of external 
viscous drag and internal cytoplasmic resistance in 
the shear zone to the net resistive torque of the 
head. 

In contrast to the head, the resistive torque 
offered by the axostylar projection must be negli- 
gible, since its rotation velocity is independent of 
the length of the posterior segment, and the 
rotation speed of the head never increases after 
breaking the axostyle near the posterior end of 
the cell body. 

Structure-Function Relations 

The finding that the bacteria-enclosed part of 
the axostyle can not, by itself, turn the head may 
be due to inability of this region to generate 
torque. Alternatively, the bacteria-enclosed re- 
gion may be active, but not long enough to 
overcome the resistive torque of the head, i.e., 
subthreshold length. 

In view of the structural deficiencies found in 
this part of the axostyle complex (Figs. 2 and 4), 
these possibilities have important implications for 
identifying elements of the rotary motor. Inactiv- 
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FmtJv,~ 10 Electric model of axostylar rotary motor before (a) and after (b) "lasing." Five double- 
shafted DC motors (m) in series represent the axostyle in the cell body. The motors are electrically 
independent and are calibrated to the same free-running speed (2,500 rpm). Adjacent motors are 
mechanically coupled by pieces of rubber tubing (t). The anteriormost motor is connected to a flat 
cardboard "head;" the posteriormost motor is connected to the "axostylar projection" (axp), a striped 
rod with a velocity marker, resting in an almost frictionless Teflon bearing. 

Laser-induced dissection of the axostyle at a given level is simulated by removing the appropriate piece 
of tubing between adjacent motors (laserbolt in Fig. 10b). Rotation velocities of head and axostylar 
projection were measured as functions of number of motors, i.e., segment length; cf. Fig. 11. Bar, 7 cm. 
inches. 

ity of the bacteria-enclosed region would support 
our previous idea (15) that extra-microtubular 
components,  i.e., inner girdle and microfilaments, 
are the real motor ,  whereas the second possibility 
argues strongly for an active role of the microtu- 
bules themselves. 

We cannot decide between these alternatives at 
present. However ,  it should be noted that an 
active but subthreshold length of the axostyle 
could still exist even if the bacteria-enclosed re- 

gion were unable to generate torque. This is 
because segment lengths were commonly mea- 
sured to the apparent b~'oken ends at the edges of  
the irradiated particle (average diameter  = 6 /zm) .  
The measured lengths thus represent minimum 
values; actual lengths may be up to 10% longer. 
Thus, the length intercept in Fig. 6 b may really 
be closer to 0.1 than to the origin, leaving room 
for a subthreshold length posterior to the bacteria- 
enclosed region. 

Sn~NEV L. T~O~M Laser Microbeam Study of  Rotary Axostyle 89 

 on A
ugust 11, 2010

jcb.rupress.org
D

ow
nloaded from

 
Published July , 1978

http://jcb.rupress.org/


"~ i ..-I-'-I-[ ~ooo "7 

"7 0.9 g 

"~D 0.8 4000 

~ / 1 
ID 

" r  O.Z "b~-" 

0.6 3,000 (3- 

o.5 "~ 
~ 

N 0 4 /  aooo <: 

0.3 / . - -  ' ~  
"5 o.z ~,ooo 
-~ E 
n," o . i  c u  

i i i i 

0 ~ 2 3 4 

Number of Molors 
FIGURE 11 Length-velocity relationships for anterior 
and posterior segments of the electric model (of. Fig. 
10). Rotation speed of the head is expressed relative to 
speed before "lasing," while rotation speed of the axo- 
stylar projection is given in absolute rpm's. The number 
of motors driving the head or axostylar projection, 
multiplied by 0.20, corresponds to the relative length of 
the anterior or posterior segment. 

Length-Velocity Relationships: Anterior 
Segment 

One possible reason for the nonlinearity of the 
length-velocity curve for the anterior segment 
(Fig. 6) is that the force generated per unit length 
of the axostyle varies along the length, being 
greater near the anterior end. Alternatively, 
torque per unit length may be constant, but other 
factors may make the curve nonlinear. 

Several lines of evidence argue against the 
former explanation and for the latter. We could 
find no significant structural differences in the 
axostyle complex along its length (excluding, of 
course, the bacteria-enclosed part). Nevertheless, 
antero-posterior differences in unrecognized struc- 
tures, or rate-limiting molecules (enzymes, energy 
source), cannot be ruled out. 

The electric model of the axostyle shows how a 
nonlinear length-velocity curve can be obtained 
with constant force production per unit length, 
i.e., per motor. In this case, the shape of the curve 
is due to the relation between resistive torque of 
the model's head and its angular velocity (where 
external drag oc velocity2), and to the relation 
between angular velocity and torque for motors in 
series where torques are summed (D. Novotny, 
University of Wisconsin, personal communica- 
tion). 

Several discrepancies obviously exist between 

the model and the cells. The model operates at 
high Reynolds number, whereas viscous forces are 
more important than inertial ones for the proto- 
zoa. Also, the resistive torque of the model's head 
is due solely to external drag, but the devescovin- 
ids must experience internal cytoplasmic resist- 
ance as well. Therefore, the close similarity be- 
tween the length-velocity curves for the anterior 
segments of the model and the cells is probably 
coincidental. 

Nevertheless, the differences between the two 
systems are not crucial to the explanatory value of 
the model. For example, velocity-torque diagrams 
for the model show that the slope of its length- 
velocity curve still declines with length even when 
external drag is assumed to be a linear function of 
angular velocity (as would be the case for a 
rotating hemispherical surface at low Reynolds 
number, i.e., the head of the cells). The important 
point is that the model suggests a simple way to 
explain the nonlinear nature of the length-velocity 
curve without having to assume any differences in 
force production per unit length along the axos- 
tyle. The same kind of explanation may well 
account for the behavior of the anterior segment 
in actual cells, once the resistive effects of the 
head are understood. 

Length-Velocity Relationships: Posterior 
Segment 

The rotation speed of the model's axostylar 
projection is independent of the number of motors 
turning it, because the axostylar projection offers 
essentially no resistive torque, and each motor has 
the same angular velocity at zero external load. 
Rotation velocity depends solely on the free-run- 
ning speed of the motors themselves. The similar 
length-velocity relationship found for the posterior 
segment of lased cells can be explained in the 
same way. Thus, the rotation speed of the poste- 
rior segment, as indicated by the axostylar projec- 
tion, represents the speed of the free-running 
axostylar motor, i.e., under conditions of essen- 
tially no load. 

CONCLUSION 

This study has identified the axostyle complex as 
the rotary motor responsible for a remarkable 
kind of cell motility, and characterized several of 
its dynamic properties. The major question re- 
mains, however: How does the axostyle complex 
generate torque? 
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Many kinds of nonmuscle cell motility are be- 
lieved to work by active shearing between actin 
and myosin filaments, or between microtubules 
and dynein (5, 7, 10-14).  In both cases, ATP-  
powered cross-bridges are thought to provide the 
motive force for sliding. However ,  exceptional 
types of cell motility which do not operate by such 
a mechanism apparently exist (1-3,  6, 9). The 
question can therefore be asked: Does the axos- 
tylar rotary motor work by a cross-bridge driven 
shearing interaction between some of its compo- 
nents, or  is it another exception to this scheme? 

At  present,  consideration of this question must 
rely almost exclusively on what is known about 
the structure of the axostyle complex. The pres- 
ence of both microtubules and microfilaments in 
the axostyle provides at least some of the compo- 
nents required for models based on sliding. The 
microtubules, however,  run perpendicular to the 
direction that force must be exerted to turn the 
axostyle. Therefore,  sliding between microtubules 
seems an unlikely mechanism for causing rota- 
tional movements.  The microfilaments, on the 
other  hand, run parallel to the expected direction 
of force production, suggesting that they may be 
part of the rotary motor.  The possible role of the 
microfilaments in generating torque,  and the ap- 
plicability of an actin-myosin shearing mechanism 
to this motility are now under investigation. 
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Note Added in Proof." Flattening cells in the presence of 
polyene antibiotics (50 tzM amphotericin B or nystatin) 

often allows reactive torque to be expressed. In these 
cases, clockwise rotation of the head and axostyle is 
prevented, but cytoplasmic particles lying close to the 
axostyle rotate counterclockwise around it. Rotation 
speed of the particles does not vary significantly from 
anterior to posterior along the axostyle. The bowl- 
shaped group of bacteria surrounding the anterior part 
of the axostyle never rotates, even though particles 
immediately behind it turn. These findings confirm that 
force production per unit length is constant along the 
length of the axostyle, and they indicate that the bacte- 
ria-enclosed region does not generate torque. Thus, the 
electric model's explanation of the length-velocity curve 
for the anterior segment is supported, and the postulated 
role of microfilaments in rotational motility is 
strengthened. 
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