3 November 1972, Volume 178. Number 4060

Flagellar Movement:
A Sliding Filament Model

An explanation is suggested for the spontaneous

prbpagation of bending waves by flagella.

The movements of cilia and flagella
have fascinated many generations of
microscopists. In the last 20 years, ad-
vances in techniques for the photo-
graphic recording of flagellar move-
ment, electron microscopy, and bio-
chemical studies have provided a wealth
of new data on cilia and flagella. Out
of this a reasonable working model is
now appearing which brings us to a
level of understanding that approaches
our understanding of the contractile
mechanisms of muscle. In this article
I survey this progress and discuss some
of the problems which remain.

Only the cilia and flagella of eukary-
otic cells are considered; the much
smaller and very different flagella of
bacteria remain very much a mystery.

The focus of this article is the
“simple” flagellum, exemplified by the
tail of a sea urchin spermatozoon.
These flagella generally occur alone or
in small numbers, and may be em-
ployed for the propulsion of small cells,
such as spermatozoa and small pro-
tozoa, or the production of fluid cur-
rents, as in sponge choanocytes. Their
movement is generally characterized by
the propagation of undulatory bending
waves along the length of the flagellum,
so that a propulsive thrust is developed
more or less along the line of the
flagellum. Their internal structure,
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shown by the electron microscope,
almost always consists of an axoneme

“containing the familiar “9 4 2" pattern

of filaments running along the length
of the flagellum. The two central fila-
ments appear to be typical micro-
tubules, while the nine filaments of
the outer ring appear to be microtubu-
lar doublets (I, 2).

Cilia are similar in structure to
simple flagella, but commonly occur in
large numbers on a surface and gener-
ate a flow of fluid parallel to the sur-
face. They may be used for locomotion,
as in ciliated protozoa or flatworms; or
they may cause movements of fluids
over a ‘‘stationary” surface, as in the
movement of mucus by cilia in the
esophagus. The movements of cilia are
often very asymmetrical, and are co-
ordinated with the movements of
neighboring cilia to produce metach-
ronal waves. These features make their
movements considerably more difficult
to observe and photograph than the
movements of simple flagella, but some
significant progress has been made in
recent years (3, 4). ’

Mammalian spermatozoa are the
best-known examples of what may be
called “complex” flagella, in which the
9 + 2 axoneme of simple flagella is
supplemented by additional components
within the flagellar membrane. In mam-
malian spermatozoa, the axoneme is
typically supplemented by nine “outer
fibers” which are electron-dense and
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much larger than microtubules (5). In
insect spermatozoa, an additional ring
of nine microtubules is commonly
found outside the axoneme (6). Other
types of complex flagella are com-
mon among amphibian spermatozoa.
The functions of these supplementary
components are still unknown.

Flagella, and other structures that
move like flagella, have also been
found which do not have the typical
9 + 2 axoneme. Variations in the num-
ber of central microtubules within the
ring of nine microtubular doublets have
been described in spermatozoa of in-
sects (6) and flatworms (7). Other in-
sect spermatozoa have been found with
more than nine microtubular doublets
(8), and others with only singlet micro-
tubules (9). Undulatory bending is also
generated by the microtubular arrays
forming the axostyles of several species
of termite symbionts (10).

From all of these studies, one can
conclude that the ability to generate
propagated bending waves is not ex-
clusively -associated with a particular
structural pattern. The 9 + 2 pattern
may be particularly advantageous, but
is not essential. Although cilia and
flagella can generate a wide variety of
patterns of bending movements, at-
tempts to correlate these variations in
movement pattern with variations in in-
ternal structure have so far been con-
spicuously unsuccessful.

Movement of a Simple Flagellum

The movements of cilia and flagella
can be recorded by high-speed cine-

" matography or, more simply, by mul-

tiple-exposure dark-field photomicrog-
raphy, as illustrated by Fig. 1. This
photograph of a swimming sea urchin
spermatozoon was taken with four
flashes of light from a lamp flashing at
100 flashes per second. The sperma-
tozoon is swimming close to the surface

- of the microscope slide, which prevents

it from rotating and keeps the plane
of bending of its flagellum in the plane
of optical focus. The bending waves of
sea urchin sperm flagella are easy to
study because they are uniform, planar,
and nearly symmetrical, and because
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the spermatozoa can be easily observed
in isolation from the effects of the
movement of other spermatozoa.

Photographs such as Fig. 1 show that
undulatory bending waves are propa-
gated along the sperm flagellum at a
uniform velocity of nearly 1 millimeter
per second. These waves are not sinus-
oidal waves such as those which can
be produced on a vibrating string. The
bends, or bent regions, of the bending
waves have a much more constant cur-
vature than the bent regions of sinus-
oidal waves. Flagellar bending waves
can be closely approximated by waves
constructed of circular arcs and
straight lines (/1) or by “sine-gener-
ated” waves, in which the curvature of
the flagellum is a sinusoidal function of
distance along the flagellum (/2). These
are waves which are defined “biologi-
cally” as a function of distance mea-
sured along the flagellum, rather than
as a function of distance along a
hypothetical x-axis.

Bending Mechanisms

The old idea that cilia and flagella
might be passive cellular appendages,
which are waved back and forth as a
result of active processes located with-
in the cell, has now been soundly re-
jected. Such a mechanism cannot ex-
plain the ability of flagella to swim
around with nearly normal movements,
when completely separated from a cell
body (11, 13). Theoretical calculations
(14) and experimental observations (I5)
have also demonstrated that the propa-
gated waves which can be ‘generated
by oscillating one end of a passive
elastic filament immersed in a viscous
medium will rapidly decrease in ampli-
tude. The bending waves which can
be propagated along flagella with essen-
tially constant amplitude must be main-
tained by active processes distributed
along the flagellum.
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Fig. 1. A multiple-
flash  photomicro-
graph of a sperma-
tozoon from the sea
» urchin, Lytechinus

i pictus, obtained with

four light flashes
separated by 10-mil-
lisecond intervals.
This is a negative
print of a photo-
micrograph obtain-
ed by dark-field il-
lumination.

Flagella which have had their sur-
face membranes damaged or removed
can be reactivated by adenosine tri-
phosphate (ATP) (16), and in favorable
cases, the reactivated movements are
very similar to those shown by normal
flagella (13, 17). Flagella, like muscle,
appear to contain a mechanochemical
mechanism that converts the chemical
energy of ATP into movement, and
this mechanism appears to be distrib-
uted fairly uniformly along the flagel-
lum. Adenosine triphosphate can ap-
parently be supplied to the flagellum
at a sufficient rate by simple diffusion
through the interior of the flagellum,
from a source within the cell (18).

The active mechanochemical process
in flagella might take the form of a
localized contraction at the sides of the
flagellum, which would cause bending
if other parts of the flagellum can resist
compression (I4, 15). The bending
movements used for swimming by
many higher organisms, such as worms,
eels, or snakes, originate in this man-
ner. A “local contraction” mechanism
of this sort has the property that the
bending observed at a particular point
along the length of the flagellum is a

- direct reflection of the active mechano-

chemical processes occurring within
the flagellum at that point. A propa-
gated bending wave is associated with
a propagated wave of contraction, and
both waves have the same phase.

Alternatively, flagellar bending could
arise from a shearing or “sliding fila-
ment” mechanism. Figure 2 illustrates
the relationship between shear and
bending in a simple two-filament model
of a flagellum (19). If these two fila-
ments lie in a plane and are separated
by a constant distance, r, and if the
filaments are completely resistant to
changes in their length, the relation-
ship between bending and shear can be
formulated as

du/ds = rd8/ds = rx (§8)

The shear displacement of one filament
relative to the other is measured by u,
the curvature of the filaments is
measured by k, s is a measure of posi-
tion along the filaments, and § is a
measure of the angle of bend of the
filament. For a more generalized flagel-
lum containing an arbitrary number and
arrangement of inextensible filaments, it
is useful to use a parameter o to indicate
the amount of internal shear without
reference to a particular arrangement of
internal filaments. Then,

do/ds = « 2)

In the sliding filament model suggested
for muscle, the filaments are intercon-
nected in a large array, so that there
must be uniform shear along the fila-
ments (do/ds=0) and no bending oc-
curs. A sliding filament process similar
to that suggested for muscle could
cause flagellar bending, if there are no
structural constraints which require uni-
form shear along the length of the
flagellum. In that case, a propagated
bending wave will be associated with
a propagated wave of shear, but as re-
quired by Eq. 2, these two waves will
differ in phase by a quarter of a cycle
(Fig. 3). With a sliding filament mecha-
nism, the bending observed at a partic-
ular point on the flagellum is not the
direct reflection of a local mechano-
chemical process, but is the result of
shear processes distributed throughout
adjacent regions of the flagellum.

Evidence for a Sliding
Filament Mechanism

A sliding filament mechanism for
flagellar bending originates, of course,
from the suggestion by Hanson and
Huxley (20) that muscle contraction
might be explained by a sliding filament
mechanism. This explanation for mus-
cle contraction has now become widely
accepted. Speculation that a similar
mechanism might be responsible for
the movements of cilia and flagella be-
gan soon after the discovery of the
“arms” projecting from the outer micro-
tubular doublets (7).

Direct evidence for sliding of ciliary
filaments was first provided by a series
of electron microscope studies by Satir
(21). He developed techniques for the
fixation of molluscan gill cilia in dif-
ferent positions of bending, so that the
ultrastructure of the cilia could be com-
pared between these states. By a care-
ful analysis of the termination of the
ciliary filaments (the outer microtubular
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doublets) he was able to obtain evi-
dence that the filaments retained con-
stant relative lengths during the bending
cycle, so that bending was accompanied
by interfilament sliding, rather than by
contraction or elongation of the fila-
ments.

Supplementary evidence for interfila-
ment sliding in cilia was provided by
Horridge’s study (22) of the ultrastruc-
ture of the macrocilia found on a
ctenophore, Beroé. These macrocilia
contain several thousand axonemes
within a single membrane. Examination
of the ultrastructure of bent macrocilia
indicates that interfilament sliding must
occur within the macrocilium. The loca-
tion of cross-bridges between the outer
microtubular doublets of adjacent ax-
onemes implies that interfilament slid-
ing is likely to occur within the ax-
onemes, in addition to or instead of
between the axonemes.

A mechanism for generating bending
by active sliding between filaments is
particularly attractive for cilia, because
a cilium is usually overcoming the
greatest viscous resistance to bending
during its effective stroke, when its
bending. is restricted to a relatively
short region near its base. A local con-
traction mechanism would require an
unreasonably high, localized, conver-
sion of chemical to mechanical work
in the bending region, while a sliding
filament mechanism allows this conver-
sion to occur throughout most of the
length of the cilium (4).

Evidence for interfilament sliding in
sperm flagella was first provided by an
observation of the movement of sea
urchin spermatozoa in solutions con-
taining thiourea (/7). One of the ef-
fects of this inhibitor is a selective in-
hibition of the distal end of the sperm
flagellum, so that it no longer bends
either actively or passively, and ap-
pears stiff. At the same time, the move-
ments of the active, proximal, portion
of the flagellum are restricted so that
they occur without altering the angle
between the basal and distal ends of
the flagellum. Photographs such as Fig.
1 show that this restriction is not a
feature of normal movement. The
spermatozoa inhibited by thiourea be-
have as if they contain a bundle of
filaments of constant length which are
tightly tied together at the base and in
the tip region of the flagellum, but
which are free to slide, and generate
bending, in the active region.

Much more direct and substantial
cvidence for an active sliding process
in flagella has been provided by obser-
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Fig. 2. Relationship between shear and
bending in a simple flagellar model con-
sisting of two inextensible filaments. The
total angle of bend in the bent region
is 6. The dashed lines illustrate shear
strain imposed on material between the
filaments, measured by the shear displace-
ment, #. A dimensionless measure of
shear is denoted by o, the curvature of the
flagellum by «, and position along  the
filaments by s.

vations by Summers and Gibbons (23).
They isolated sea urchin sperm flagella,
and used the detergent Triton X-100
to remove the flagellar membranes so
that bending wave movements could
be reactivated by addition of ATP.
After a brief treatment with trypsin,
the addition of ATP caused a disinte-
gration of the flagellar axoneme into
isolated microtubular doublets. The dis-
integration process was observed with
dark-field microscopy, and was seen to
involve the extrusion of filaments from
the axoneme by a gradual sliding proc-
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Fig. 3. A sine-generated wave form, and
its generating functions, which show the
distribution of curvature and shear as
functions of distance, s, measured along
the length of the flagellum. If the waves
are propagating from left to right,
di/dt and ds/dt will be given by the
dashed curves, as indicated.

ess. The ATP requirement and ionic
specificity of these results closely
matched the requirements for normal
movements and ATP dephosphoryla-
tion activity. Their observations also
indicated that the presence of the
normal basal end of the flagellum
interfered with sliding apart of the
filaments, and thus confirmed the as-
sumption that the flagellar filaments are
normally connected together at the base
of the flagellum.

Control Mechanisms

In addition to a mechanism for
bending, flagella and cilia must contain
control mechanisms that generate a
rhythmic cycle of bending and main-
tain phase differences between the
bending of different parts of the flagel-
lum, in order to generate propagated
bending waves. The control mechanisms
must also be an intrinsic part of the
flagellum, since they appear to operate
nearly normally in isolated and demem-
branated flagella (13, 17). It seems
unlikely that each element of the flagel-
lum is controlled by signals from a
central computer, and rather more
likely that the system operates by local
feedback processes (74).

A bending wave on a flagellum can
be conveniently described by a “wave
generating function,” which is simply
a function giving the curvature, k, as
a function of length measured along
the flagellum (/2). An example is
shown in Fig. 3, where the wave gen-
crating function is a sinusoidal wave.
The wave form that results from this
wave generating function is known as
a “sine-generated” wave. It is the curve
of minimum energy for bending of an
elastic filament, and has been used to
describe the form of river meanders
(24). It is also a close approximation
to the wave forms found on flagella
(12). :

If a sine-generated wave is being

.propagated uniformly along a flagellum,

the rate of bending of the flagellum,
dk/dt, must vary according to the
dashed curve shown in Fig. 3. This is
simply another sinusoidal function
which is displaced a quarter.of a cycle
ahead of the curvature. A feedback
mechanism in which the rate of bend-
ing is controlled by the curvature could
provide a control mechanism for flagel-
lar bend propagation if it included
some means for introducing the quar-
ter-cycle phase difference between «
and d«/dt.
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Machin (14, 25) was the first to
describe a control mechanism of this
type for flagellar movement. In his pro-
posal, the phase shift was provided by
a time delay in the feedback loop be-
tween the measurement of negative
curvature and the active process which
generated a positive dx/dt. If = is the
magnitude of this time delay, the beat
frequency of the flagellum must be
1/4r. Any experimental variable that
causes a change in the beat frequency
must therefore change the time delay.
Since it is difficult to see how an exter-
nal variable such as the viscosity of the
surrounding fluid, which causes large
changes in the beat frequency, could
alter the internal time delay, this con-
trol mechanism has not been consid-
ered satisfactory (26). This difficulty
was circumvented by a rather different
mechanism for introducing a phase dif-
ference between « and dx/dt, suggested
by Brokaw (27). He suggested that the
active process which caused dk/dt was
activated by the passive bending which
would result from internal shear near
an abrupt change in curvature; this
mechanism has been developed further
by Lubliner and Blum (28). Both of
these mechanisms, in which the active
process is assumed to be equivalent to
a local contraction process, have diffi-
culty in explaining the uniform velocity
at which bends are propagated along a
flagellum (29). A sliding filament
mechanism appears to offer a more at-
tractive possibility for introducing the
necessary phase shift into the control
process.

With a sliding filament process, the
rate of shearing or sliding, rather than
the rate of bending, can be controlled
by the curvature of the flagellum (/9).
A linear relationship which expresses
this control process is:

do/dt = —ux (3).

where u is a constant characteristic of
the control process. Inspection of Fig.
3 shows that Eq. 3 represents the rela-
tionship between shear ratc and curva-
ture which is required for propagation
of a sine-generated bending wave. More
generally, from Egs. 2 and 3 we get:

dr/dt = d(des/ds) /dt
=d(de/dt) /ds
= —udx/ds (4)
A general expression for propagation
of a wave of bending in the positive
direction along s is one in which « is
a periodic function of (s—vt), where
v is a propagation velocity. In such a
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case, dx/dt=— vdk/ds, which is equiv-
alent to Eq. 4. Consequently Eq. 3 will
always generate the rate of bending that
is required to propagate bending waves.
In other words, the sliding filament
mechanism automatically introduces a
quarter-cycle phase shift, independent
of the beat frequency, into the feedback
loop involving x and dk/dt. Rhythmic
bending waves will therefore be gener-
ated automatically by a control process
in which active sliding is a function of
the curvature of the flagellum. This
feature of the sliding filament model
overcomes most of the objections that
have been raised to simple control sys-
tems based on local contraction models
for the mechanism of active bending
(19).

Control of Bending Moments

The mechanism suggested for- the
control of bend propagation by a slid-
ing filament model for flagella, as ex-
pressed by Eq. 3, is incomplete, because
it involves the unreasonable assumption
that the rate of sliding generated by the
active process is determined only by the
control function, and not by the re-
sistance, or load, encountered in trying
to bend the flagellum. It seems much
more reasonable to expect that the rate
of active sliding will decrease if the
viscous loading on the flagellum is in-
creased. A more realistic model can be

developed by assuming that the force

generated by the active process, rather
than the rate of movement, is deter-
mined by the control process. This ap-
proach was used by Machin in his
original analysis of a control mecha-
nism for bend propagation by a local
contraction model of a flagellum.
Machin’s proposal was equivalent to
stating that the active bending moment
at a particular point on the flagellum,
M, (s), was controlled by the curvature
of the flagellum at that point (/4).
The time delay of a quarter cycle was
then required to cause the phase of the
active bending moment to match the
phase of the bending moment resulting
from viscous resistances to movement
of the flagellum. )

With the sliding filament model, the
local curvature of the flagellum can
control the intensity of the sliding
forces generated at each point along
the length. These forces can be mea-
sured by a variable, m, which repre-
sents the active moment generated per
unit length of flagellum. The total ac-

tive bending moment ‘at any point,
M,(s), is then obtained by adding up
all the moment produced by active
sliding processes along the flagellum,
or,

dM./ds = —m = mox (5)

where m, is a characteristic constant
for the active process for the case of
a linear control process. If « is a sinus-
oidal function of length, as in Fig. 3,
Eq. 5 indicates that M (s) will also be
a sinusoidal function of s, but will be
displaced by a quarter cycle, so that it
will match the dashed curve for dk/dt
in Fig. 3.

For small-amplitude bending waves
on a long flagellum, the bending mo-
ment resulting from the resistance of
the external viscous medium to move-
ment of the flagellum will be propor-
tional to dk/dt, and will therefore be
in phase with M, (s). The quarter-cycle
phase shift introduced into the control
process by the sliding filament process
makes it possible for the viscous bend-
ing moment to be exactly balanced by
the active bending moment, at any beat
frequency (79).

The flagellum is also likely to have
elastic resistances to bending which will
vary in phase with x. These must also
be overcome by the active bending
moment. This can be accomplished if
there is a small time delay in the rela-
tionship between x¢ and —m, so that
M, is phase shifted and can be resolved
into two components, one in phase with
the viscous bending moment and the
other in phase with the elastic bending
moment (/9).

These relationships between active
and resistive bending moments can be
calculated for small-amplitude bending
waves on a long flagellum, where a
simple sinusoidal function is a reason-
able approximation for the viscous
bending moments. For real flagella,
which generate large-amplitude bending
waves and are short enough so that the
viscous bending moments are strongly
influenced by end effects, the computa-
tion of viscous bending moments is
more difficult, but can be carried out
numerically (29). Examination of the

" bending moments appropriate for real

flagella suggests that the sliding filament
mechanism should be able to provide
the proper match between active and
resistive bending moments (19), but a
conclusive demonstration that the
mechanism will work depends on the
methods that are outlined in the next
section.
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Computer Simulation
of Flagellar Movement

Because the distribution of viscous
bending moments on a moving flagel-
lum is a complicated function of the
bending of the flagellum, a detailed
analysis of the balance of active and
resistive bending moments in a sliding
filament model for a flagellum is diffi-
cult. The problem can be approached
more conveniently by building a model
flagellum, in the form of a computer
program that simulates the movement
of the flagellum. Results from such a
program have already demonstrated the
power of this approach and confirmed
that the sliding filament model for a
flagellum can explain the generation of
propagated bending waves in a very
simple manner (30).

Models constructed of 25 to 35
straight segments have been found to
give sufficient accuracy with minimum
computing cost. The model is allowed
to bend at each of the joints between
the straight segments. At each of these
joints, an equation is set up for the
balance of active, viscous, and elastic
bending moments, in terms of the un-
known values for the rate of bending
at each joint, the known initial values
for the angle of bend at each joint, and
several constant parameters. Viscous
bending moments are obtained by nu-
merical integration, starting with the
simple hydrodynamic assumptions that
have been used for most recent analy-
ses of flagellar movement (29). After
addition of the unknowns and equations
required to satisfy boundary conditions
at the ends of the model, a set of simul-
taneous linear equations is obtained,
which can be solved to obtain the rate
of bending at each joint. A forward
time integration step is then performed,
in which the rate of bending at each
joint is used to find a new value for
the angle of bend at that joint after a
small time interval. The whole process
is then repeated to generate successive
images of the model over an extended
time period.

Results obtained from computations
with the simplest form of the model
are illustrated by the example in Fig.
4a. For these computations, the model
contained 32 straight segments of equal
length, and 24 ‘time integration steps
were performed for each beat cycle.
The model generates propagated bend-
ing waves and swims forward through
its hypothetical viscous environment
until the computer run is terminated.
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Fig. 4. Examples of stable movement
patterns generated by the computer pro-
gram which simulates the movement of
the sliding filament model for a flagellum.
Each pattern shows one beat cycle, at
quarter-cycle intervals.

The parameters of the stable, periodic
bending pattern illustrated in Fig. 4a
are independent of the starting con-
figuration (30).

In order to obtain the stable move-
ment illustrated in Fig. 4, two additions
to the model were required (30). Cubic
nonlinearities were incorporated into
the internal elastic resistance, in order
to stabilize the amplitude of bending.

An internal viscous bending resistance

was included to restrict the movements
of the ends of the model, since the ex-
ternal viscous resistance near the ends
approaches zero more rapidly than the
active bending moments. The relation-
ship between internal and external
viscosities has been found to determine
the wavelength at which the movement
stabilizes. The beat frequency of the
movement is determined by the rela-
tionship between the characteristic
parameter for the active process, m,,
and the internal and external viscosities.

The computer simulation approach
is a powerful method for studying the
relationship between the internal pa-
rameters of a flagellum and the param-
eters of movement, regardless of the
particular model used. The results illus-
trated have been obtained from a model
that incorporates the two basic features
of the sliding filament model: first, that
the active bending moment is obtained
by integration of the moment gener-
ated by the active sliding process along
the length of the flagellum, and second,
that the magnitude of the active sliding
process is proportional to the local
curvature of the flagellum. These as-
sumptions are therefore sufficient to
explain both the initiation and the
propagation of bends by flagella.

By varying the internal parameters

of the model, a variety of wave patterns
of different wavelength, amplitude, and
frequency can be obtained, -and any
particular set of movement parameters
from real flagella ‘can be matched.
However, there are some minor differ-
ences between the movements of the
model illustrated in Fig. 4a and the
movements of real flagella. The most
importance difference is found near the
basal end, where, as shown in Fig. 1,
real flagella form bends of a smaller
radius of curvature, which then enlarge
to the radius of curvature that is main-
tained along most of the flagellum. No
combination of internal parameters
which are constant along the length of
the model will cause the model to re-
produce the behavior of real flagella
in the basal region. More realistic bend-
ing behavior near the base of the model
can be obtained if a region of reduced
internal viscosity is introduced near the
base. This modification, and the intro-
duction of asymmetry into the relation-
ship between m and «, leads to the
generation of swimming patterns, such
as that illustrated in Fig. 4b, which
more nearly resemble the movements
of real sperm flagella. Further study
of these factors, and comparison be-
tween the behavior of the model and
the behavior of real flagella under vari-
ous experimental conditions, has been
carried out (37).

Internal Organization of a Flagellum

In speculation about the generation
of flagellar bending by a sliding fila-
ment process it is most often assumed
that the “arms” that extend from each
outer microtubular doublet are in some
way analogous to the arms or bridges
of heavy meromyosin which, in striated
muscle, are believed to generate sliding
by interaction with actin filaments. This
assumption has been supported by evi-
dence that the arms contain a high-
molecular-weight protein which appears
to be the major ciliary adenosine tri-
phosphatase (32). The arms could
interact with the adjacent microtubular
doublet, or with some other fibrillar

" structure such as the “secondary fila-

ments,” or with the matrix or core sur-
rounding the central pair of micro-
tubules. The observations of Summers
and Gibbons (23) have now provided
some direct evidence for interaction
between adjacent microtubular doublets.
The active sliding which they observed
after adding ATP to trypsin-treated and

459



demembranated flagella could some-
times cause extrusion of filaments to a
total length equal to or greater than
five times the original length. This re-
sult would not be expected if all the
filaments were interacting with a com-
mon core or matrix, instead of with
each other.

The generation of planar bending
waves by the sliding filament model
requires that at each point along the
flagellum, active sliding can occur in

either direction, depending on the cur-

vature of the flagellum. This could
mean that each active site (each arm?)
can slide actively in either direction,
depending on the curvature. A more
likely possibility, which is more con-
sistent with our knowledge of the prop-
erties of the active sites in striated
muscle, is that the active sites are polar-
ized and only slide actively in one
direction, and that the sites differ in
their orientation with respect to the
plane of bending. Curvature in one di-
rection would activate the sliding of
one set of sites, and curvature in the
other direction would activate the slid-
ing of the other set of sites.

In any event, the overall bending of
the flagellum would appear to be the
result of the activity of several inter-
filament sliding systems, oriented at

various angles. Generation of planar

bending waves implies some degree of
coordination between these pairs of
sliding filaments. In a completely linear
system, each pair of interacting fila-
ments would generate its own pattern
of bending independently of the other
pairs, and some form of supplementary
control system would be required to
coordinate them to produce a particular
overall movement. However, the sys-
tem must contain nonlinearities that
limit the amplitude of bending or slid-
ing or both. In a nonlinear system,
interactions between the pairs of fila-
ments will tend to cause synchronization
between their movements. This syn-
chronization is formally equivalent to
the synchronization that occurs between
two spermatozoa swimming close to
each other (25). If there is a sufficient
degree of interaction between the pairs
of filaments, they will probably become
synchronized so that their bending
movements add up to generate a planar
bending wave. Other things being equal,
the bending plane might be the plane
of least resistance defined by the ori-
entation of the central pair of micro-
tubules. Attempts to correlate the
orientation of the central pair, as seen
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Fig. 5. Tracings from a multiple-exposure
photograph of a Tubularia spermatozoon
during a chemotactic response. The time
interval between each image corresponds
to approximately two beat cycles. The
images have been separated for Cclarity.
[From Miller and Brokaw (43)]

in electron micrographs, with the bend-
ing plane have supported this sugges-
tion. Under other conditions, the inter-
actions between filament pairs might
produce a metachronal coordination, in
which there is a phase difference be-
tween the bending of adjacent filament
pairs, with the result that a three-di-
mensional pattern of bending may be
maintained.

The computer model for simula-
tion of flagellar movement can be ex-
tended to deal with the interactions
between two or more sliding filament
systems, so that the conditions for syn-
chronization between their movements
can be studied. This approach should
provide additional information about
the factors that determine the form of
flagellar bending waves, and perhaps
help us to find an explantion for the
ability of some flagella to make either

" planar or helical bending waves, de-

pending on the conditions (/7).

Characteristics of the Active Process

A complete understanding of the
sliding filament model for generating
flagellar bending waves must include an
understanding of the mechanochemistry
of the active sites at the molecular
level. The basic mechanochemical
process by which energy from ATP
dephosphorylation is used to produce
mechanochemical work may be very
similar to the active sliding process
responsible for the contraction of mus-
cle. The second part of the model, in-
volving the activation of the mechano-
chemical process by bending the
flagellum, may be closely related to the
stretch activation which may be a gen-
eral property of striated muscle (33)
and -which has been developed into a
mechanism for an autonomous rhythm

of contraction in insect fibrillar flight
muscle. Further progress toward a
molecular understanding of flagellar
movement will rely heavily on progress
in understanding the mechanochemical
events in muscle at the molecular level,
but it is possible that studies on cilia
and flagella may offer some unique in-
sights into these mechanochemical
mechanisms. '

Some information has been accumu-
lated about the chemical characteristics
of the active process in flagella. The
beat frequency of the ATP-reactivated
movements of glycerinated sea urchin
spermatozoa varies with ATP concen-
tration, according to Michaelis-Menten
kinetics, with a Michaelis constant near
0.4 millimolar ATP (34). This suggests
that at low ATP concentrations the
reaction between ATP and a specific
binding site is a rate-limiting step in
the mechanochemical process.

Silvester and Holwill (35) used abso-
lute reaction rate theory to calculate
that, at low ATP concentrations, the
collision frequency between ATP mole-
cules and an active site could be no
more than two or three times the beat
frequencies observed with ATP-reacti-
vated flagella. This calculation implies
that it would be impossible for each
active site to turn over many molecules
of ATP during the fraction of the beat
cycle in which it was contributing to
active sliding. Silvester and Holwill
proposed a molecular model for the
behavior of the active site in which
they assumed that reaction between
ATP and an active site occurred dur-
ing an inactive portion of the beat
cycle, to convert the site to an “acti-
vated” site. A mechanical signal asso-
ciated with the propagated bending
wave would then turn on the active
process which converts the potential
energy of the “activated” site into
movement. With this model, each active
site would probably use only one ATP
molecule per beat cycle.

This model has been supported by
measurements of the adenosine triphos-
phatase activity of the ciliary adeno-
sine triphosphatase, dynein (34, 36),
by measurements of the movement-
coupled ATP dephosphorylation of
suspensions of glycerinated sea urchin
spermatozoa (37), and by measure-
ments of the movement-coupled metab-
olism of Ciona spermatozoa (38).
These measurements suggest that there
is a relatively tight coupling between
movement and ATP dephosphorylation,
and that the average number of ATP
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molecules dephosphorylated by a flagel-
lum per beat cycle is approximately
equal to the estimated number of dy-
nein molecules, or arms on the micro-
tubular doublets, in a flagellum.

The assumption that each active site
uses one ATP molecule per beat cycle,
irrespective of the parameters of the
propagated wave, is somewhat difficult
to reconcile with the assumption of a
linear controlling relationship between
curvature and the active process. How-
ever, computer simulation experiments
have shown that stable bending waves
can also be generated by a model in-
corporating a nonlinear controlling re-
lationship (30). In this model, the
maximum active moment generated by
the sliding process was turned on by
relatively small amounts of curvature,
and remained constant during the ac-
tive phase of the beat cycle. The bend-
ing waves generated by this model had
bent regions of more constant curva-
ture, which may more closely resemble
the bent regions in real flagellar bend-
ing waves. Further study of the compu-
ter simulation of the movement of fla-
gellar models containing various forms
for the active process may provide
some additional information about the
active process. However, this approach
is at present limited by the low resolu-
tion of methods for measuring the
curvature of flagellar bending waves.

Extrinsic Control

“In the mechanism for the control of
bend propagation by a sliding filament
model for flagella, described in this
article, each active site along the flagel-
lum contributes equally to the autono-
mous rhythm of propagated bending.
No special process is required for ini-
tiation of bends at the base of the
flagellum, and there is little indication
that the boundary conditions at the
base of the flagellum can have a major
influence on the movement. However,
there are numerous observations which
suggest that this is too simple a view,
and that some additional mechanisms
may be involved in the control of
movement in cilia and flagella. A com-
prehensive review of extrinsic control
of ciliary movement has been published
(39); only a few observations will be
mentioned here. ‘

1) Rikmenspoel and Sleigh (40)
analyzed the distribution of bending
moments during a ciliary beat cycle,
and concluded that a simultaneous ac-
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tivation of the active sliding process
throughout a cilium would be required
at the beginning of the effective stroke.
They suggested that a rapidly propa-
gated signal would be required to acti-
vate all of the cilium simultaneously.
2) Some flagella can propagate bend-
ing waves in either direction along their
length (41). According to the control
mechanism described here, a reversal
of the propagation direction would re-
quire a reversal of the sign relationship
between — m and « (Eq. 5), through-
out the entire flagellum. There is at the
moment no obvious mechanism which
could explain such a reversal, although

. possibly such a mechanism would be

easier to see if we had a detailed mo-
lecular model for the activation of the
sliding process by curvature of the
flagellum.

3) There are many indications that
the initiation of the beat cycle in cilia
can be determined by external factors.
Most cilia beat in a metachronal
rhythm. Although much of the coordi-
nation implied by such rhythms may
simply result from mechanical and hy-
drodynamic interactions between adja-
cent cilia there is evidence which sug-
gests that additional control mechan-
isms are involved (42).

4) Some cilia and flagella can alter
their pattern or direction of beating in
response to external stimuli. For ex-
ample, the spermatozoa of the hydroid,
Tubularia, are chemically attracted to
the eggs (43). Their chemotactic re-
sponse involves changes in the pattern
of beating of the sperm tail, illustrated
in Fig. 5, which are superimposed on
the basic pattern of bending which con-
tinues at its normal frequency.

5) When sea urchin sperm flagella
are irradiated near their base with a
laser microbeam, the distal portion of
the flagellum continues to propagate
the bends which have already formed,
but does not initiate any new bends
(44). Application of target theory to
data from experiments on the radia-
tion sensitivity of bull spermatozoa has
suggested the presence of a rather small
“control center” which was much more
sensitive to radiation damage than the
flagellum as a whole (45). These re-
sults, and some other observations,
point to the presence of some form of
specialized control region, probably at
the base of the flagellum, which might
be involved in the normal initiation of
the beat cycle in some flagella.

Taken together, these observations
indicate that, even though a simple

feedback relationship between curva-
ture and the active process might form
the fundamental basis for the rhythmic
generation and propagation of bends
along cilia and flagella, there remain
many unanswered questions about the
control of bending in cilia and flagella.
Additional work, involving both experi-
mental study of real flagella and con-
tinued analysis of theoretical models by
the computer simulation method, will
be required before these questions can
be resolved.

Summary

A sliding filament mechanism ap-
pears to provide the most satisfactory
basis for a simple feedback mechanism
for the control of bend propagation
and bend initiation by flagella, and is
supported by strong experimental evi-
dence. A computer simulation of the
movements of a flagellar model based
on the sliding filament mechanism dem-
onstrates that this mechanism offers a
sufficient explanation for the automatic
generation of flagellar bending waves.
Further computer simulation studies
may provide insight into questions such
as the applicability of the sliding fila-
ment mechanism to the generation of
the more complicated asymmetrical
bending patterns of cilia, and the con-
trol of the bending pattern by inter-

" action between several sliding filament

systems within a flagellum.

Unanswered questions remain in two
important areas. Very little is known
about the detailed molecular mechan-
isms which are responsible for active
sliding and its control by flagellar
bending, although these mechanochem-
ical processes are assumed to be closely
related to those occurring in muscle,
A variety of evidence points to the
presence in flagella of control processes
in addition to the basic mechanism
suggested for spontaneous bend initia-
tion and propagation; further work is
required before mechanisms for these
additional control processes can be
suggested.
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M. Schidler,

Metallocarboranes That Exhibit
Novel Chemical Features

A virtually unlimited variety of structural and dynamic

features are observed in metallocarborane chemistry.

M. Frederick Hawthorne and Gary B. Dunks

In 1964 it was reported (/) that
icosahedral 1,2-dicarba-closo-dodecabo-
rane-12  (hereafter referred to as
1,2-B;,CsH,,) and its carbon-substi-
tuted derivatives, formed in the reac-
tion of an acetylene with B;,H;, in the
presence of a ligand catalyst, could be
degraded with base to form anions
having the general formula B,C,H;\R,~
(where R stands for hydrogen, alkyl,
or aryl). Later work (2) proved that
the more thermodynamically stable
1,7-dicarba-closo-dodecaborane-12 (1,7-
B;,C.H;.), a carbon atom position iso-
mer of 1,2-B,,C,H;, formed by thermal
rearrangement (3) of the 1,2- isomer,
was degraded under similar conditions
to yield an isomeric B4C,H,,— ion.
Both reactions proceed by the formal
extraction of a BH2+ vertex from the
corresponding isomeric B{,C.H,, icosa-
hedral carboranes followed by proton
addition to the resulting B,C,H,;2—

Dr. Hawthorne is a professor of chemistry
and Dr. Dunks is a research associate at the Uni-
versity of California, Los Angeles 90024,
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ion. The removed vertex proved to be
one of two equivalent 3- or 6-BH ver-
tices located as nearest neighbors of
the two CH vertices of both B;,C,H;,
isomers (Fig. 1). At the time, it was
suspected that the twelfth, or one
“extra,” hydrogen atom present in the
isomeric B4yC,H,,~ ions was bonded to
the open pentagonal face of the icosa-
hedral fragment formed by BH=2+ re-
moval. The mode of such bonding has
probably been established (4) by 'H
and 1'B nuclear magnetic resonance
and selective deuteration experiments.
Thus, the “extra” hydrogen atom (Fig.
1) is present in one (1,7- isomer) or
two equivalent (1,2- isomer) B-H-B
bridge positions accompanied by rapid
equilibration in the latter isomer.

With these results, the stage was set
for the discovery of an entirely new
class of extremely stable organometal-
lic complexes, now known as metallo-
carboranes. The ligands present in these
new complexes were formed by the re-
moval of the “extra” B-H-B bridge hy-
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drogen atom from the (3)-1,2- and
(3)-1,7-B,C,H,,~ ions as a proton,
thus producing a new type of ligand, the
ions (3)-1,2- and (3)-1,7-B,C,H,,2—,
respectively [where (3) indicates the
vacant position in the icosahedron].
Each B,C,H,,?— ligand is capable of
donating six delocalized electrons to a
transition metal electron acceptor as in
the well-known case of ferrocene, (-
C;H;) ,Fe, which has two similarly dis-
posed C;H;— ligands. The first report
of this new transition metal bonding
scheme appeared in 1965 (5), and the
general scope of metallocarborane
chemistry is still expanding at a rapid
rate. The initial research developed
syntheses of the transition metal com-
plexes [(B,C,H,;),M"]"—* (Fig. 2),
where n—4 denotes the charge of the
complex and M represents a transition
metal ion such as formal Fe(Il),
Fe(IIl), Co(ll), or Co(IIl) complexed
with a pair of (3)-1,2- or (3)-1,7-
ByC.H,,®>~ ions (6), hereafter termed
“dicarbollide ions.”

An early x-ray diffraction study (7)
proved that the iron atom in [(3)-1,2-
ByC.H,,;1(C;H;)Fell was symmetri-
cally located between the open face of
the (3)-1,2-B,C,H;,2>~ ligand and the
w=-bonding face of the C;H;— ligand,
thus completing the icosahedron. Many
other structural studies with a variety
of transition metal dicarbollide ion
complexes have proved this to be the
general mode of ligand to metal bond-
ing. Facial “sandwich” bonding of the
ByC.H,,>— ligand with transition metal
moieties such as M(CO), metal car-
bonyl and M(#-C;H;) metal cyclopen-
tadienide units suggests that the metal
bonding orbitals of the ByC,H,;2~
ligands (6, 8) closely resemble those
found in the simple metallocenes de-
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