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ABSTRACT Previously (Hines, M., and J. J. Blum 1983, Biophys. J., 41:67-79), a method was developed that allowed
one to compute curvature and twist for a three-dimensional sliding filament model. In that formalism it was difficult to
specify the shear and bending moments arising from moment-bearing interfilament links such as fixed 5-6 bridges or
dyneins. Euler’s equation offers a straightforward method for computing these bending and shear moments when the
potential energy stored in the links as a function of axonemal shape is specified. We used this approach to examine the
effect of 56 bridges on curvature and twist for several distributions of internal shear moments. Twist changes the angle
that a link makes with a doublet and thus in some circumstances may reduce the potential energy stored in those links.
Twist is a second-order effect proportional to the square of the distance between an outer doublet and the neutral axis.
Fixed links will not generate twist if they are symmetrically located around the axoneme.

INTRODUCTION

In a previous paper (Hines and Blum, 1983) kinematic
techniques were introduced to analyze the twist and shape
of an axoneme composed of filaments arranged in three
dimensions (such as the 9 + 2 configuration) and con-
strained to move according to a sliding filament model. To
solve the problem of what shape the axoneme would take
under the action of an external force and any given
distribution of internal shear forces between adjacent
filaments, a general bending-moment equilibrium equation
was introduced. Examination of this equation indicated
that there were essentially only three classes of internal
structures that needed to be described: the filaments
themselves, which contribute a bending resistance term;
pinned links that can be stretched but cannot support or
transmit a bending moment (e.g., nexin links); and links
that may stretch and/or carry a bending moment, such as
5—6 bridges, dynein arms when attached, and, possibly,
radial bridges. In the preceding paper we derived expres-
sions suitable for characterizing the contribution of the
bending resistance of the filaments and that of pinned links
to the three-dimensional shape of an axoneme. Moment-
bearing links, however, resist not only stretch but also resist
a change in their angle to the filament. This makes it very
difficult to treat such links by directly trying to derive their
contribution to the bending-moment equilibrium equation.
Treatment of such links becomes much more straightfor-
ward if one considers the potential energy stored by the
links as a function of shape. The effective shear terms due
to this potential (which must be added to the equilibrium
equation) can then be immediately derived by applying
standard mechanical principles, i.e., a generalized force is
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the partial derivative of the potential with respect to a
generalized coordinate. In this paper we develop such a
formalism and use it to calculate the effect of a fixed 5-6
bridge on the shape of an axoneme with an active internal
shear stress in the absence of external forces.

POTENTIAL ENERGY OF THE AXONEME

The potential energy density due to bending of the filaments in an
axoneme can be written U, = 1/2E, kk;, where k; are the components of
the curvature in body coordinates, Ey, are the components of the bend
resistance matrix, also in body coordinates, and repeated indices are
summed over the coordinates i = 1, 2, 3. Because the components of a
bending-moment vector are

U
- 1
M, o, (1

the bending-moment components for an elastic filament are

M,

(1

= _;(Eb,k + Ey )k (2)

Thus from energy considerations, we see that the proportionality between
M, and k is necessarily a symmetric matrix; without loss of generality we
define E, to be symmetric and so obtain the usual form of the bending-
moment dependence on curvature,

M, = —E.k. )

Similarly, the shear force is obtained by differentiating the potential
energy with respect to shear, i.e.,

So- -2, @
47

Here, the shear, v, is defined via the relation dv,/ds = k; (in body
coordinates) and is related to the sliding of the gth (inextensible)
filament, u,, through the relation u, = (T x L,) - v, where T is the
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tangent to the axoneme at arc length s and L, is the vector (constant in
body coordinates) in the cross section of the axoneme from the neutral
axis at arc length s to the gth filament. This relation is correct to order L
and neglects sliding due to twist, which is proportional to L (the above is
given in detail in Hines and Blum, 1983).

An example of such a potential is that due to the stretching of a pinned
peripheral link connecting filaments pand p + 1

1

Up.p+l=§Ex(|up.p+lT+Lp,p+l|_|Lp.p+I|)2» (5)

where E, is the elastic resistance of the pinned link and T is the unit
tangent vector at arc length s. Because sliding between adjacent
filaments, u,,,,, is independent of k, up to third order in L, U,,., is
independent of twist for all reasonable axonemal shapes. Conversely,
twisting the flagellum does not store energy within pinned peripheral
links.

The fundamental equilibrium equation used in the preceding paper was
the derivative with respect to arc length of the moment balance equation.
A shear force, S, was shown to be associated with a moment, M, via the
relation dM;/ds = —S,, in body coordinates, for each component. Egs. 1
and 4 thus provide the terms

d {oU + U

ds\ok;] ~ ov/
which must be added to the equilibrium equation (Eq. 35 of Hines and
Blum, 1983) to account for the effects of a structural element having a

potential U.
In the present paper we wish to determine static equilibrium shapes in

the absence of external forces. In this context, all the forces that

determine shape are derivable from a potential. This allows the following
useful reformulation of the equilibrium problem: the equilibrium shape is
a shape of minimum total potential energy. Invoking this principle recasts
the problem in standard variational calculus form, i.e., we wish to find the
function v,(s) that minimizes the total potential energy of the axoneme

ﬁ‘ Ur(k,, v:, s)ds, subject only to the ciliary boundary condition that v;
(0) = 0. The integral is over the length of the flagellum (A) and Uy is the
potential energy density of all structural elements. This differs from the
more familiar variational problem in which both end points are fixed. It is
well known that for the ciliary boundary condition problem the total
potential energy is an extremum when y is a solution to the Euler
equation,

d (dUr;\ Uy
ak;

> -—L-0 (-=1,23), (6)

with the boundary conditions v,(0) = 0 and

oy

T R

s=A

A simple derivation of this result is given by Gelfand and Fomin (1963),
who also treat the variational problem for flagellar boundary conditions in
which both ends of the axoneme are free.

Several remarks are in order at this point. First, certain important
external forces, e.g., viscous forces, are derivable from a velocity-
dependent potential. The variational formulation can therefore in princi-
ple be extended to include the effect of viscosity on flagellar motion.
Whether this is preferable to directly deriving the viscous force terms to
be inserted into the equilibrium equation is a matter of relative conve-
nience.

Second, the choice of vy as the only independent variable describing the
shape of the axoneme automatically satisfies the constraints that main-
tain the cross-sectional integrity of the axoneme and it is unnecessary to
specify the nature of these constraints as long as their contribution to the
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energy stored in the axoneme does not depend on the shape of the
axoneme.

Third, a solution of the Euler equation (or the equilibrium equation) is
generally an extremum but not necessarily a shape of minimum potential
energy. One must therefore test any solution found for stability. In the
absence of external forces, however, the equilibrium equation is linear and
thus has a unique solution that is necessarily the shape of minimum
potential energy.

THE 5-6 BRIDGE

The procedure for adding terms to the equilibrium equa-
tion when the potential energy of a structure is known
introduces a way to analyze links that can transmit bend-
ing moments. The previous treatment showed that pinned
links could not generate twist in response to internal forces.
However, in many cilia and flagella there is an apparently
rigid 5-6 bridge whose function is unknown, but it appears
to prevent appreciable sliding between outer doublets 5 and
6. To assess the effect of such moment-bearing links on the
shape of a flagellum, we model the 5-6 bridge as a
structure whose energy of distortion depends on the angle,
¢, that the bridge makes with its doublets and we choose the
simplest form for its potential energy,

Usg = E5'652/2, 7

where ¢ is measured from the normal to the doublets (Fig.
1). If one considers the 5—6 bridge to be a relatively rigid
single rod connecting the two doublets, this choice of the
form of U, is an approximation valid only for small v,
because it assumes that no appreciable stretching of the
rod occurs. Therefore, we can only consider very stiff links
that do not allow significant sliding between doublets 5 and
6.

Before using Usq in the Euler equation, it must be
written in terms of v and k. The direction of a fixed link
connecting doublets 5 and 6 is (first order) given by the

FIGURE 1 The orientation of body coordinates relative to filaments in
an axoneme is shown. The unit vector & points from the neutral axis to
filament number 1. L; is the vector from filament 5 to filament 6 and is
in the negative § direction. The heavy line between filaments S and 6
represents a link. ¢ is the complement of the angle between this link and
the tangent to filament 5 at its insertion point s.
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vector us ;T + Ls¢, whereas the tangent vector to doublet 5
is given (also first order) by Ts = T + k x Ls. From the
definition that ¢ = 0 when the link and tangent are at right
angles, we have

(T +k x Ly)
|use T + Lsg||T + k x Ls|”

¥

sine = (us4 T + Lsg)
Keeping only the lowest-order nonzero terms in Eq. 8 gives,
for small €

‘- usg + Lsg « (k x Ls)
(“g‘s + L§_6)'/2

®

It is convenient to choose the body coordinate system so
that the vector from doublet 5 to doublet 6 is in the —y
direction (see Fig. 1). Then, because usq = (T x Lsg) - ¥
and k - (Ls x Ls¢)/Ls¢ = Lk, sin 70°, where L is the radial
distance of the outer doublets from the central axis, Eq. 9
becomes (because sin 70° ~ 1):

Y. + Lk,
€ =m. (10)
Forvy, « 1,
€=, + Lk, 11

The contributions of sliding and twisting to axonemal
distortion are shown in Fig. 2. To within the limits of
accuracy imposed by these approximations, the effective
shear force (cf. Eq. 4) developed in response to a small
relative sliding between doublets 5 and 6 is then

Sss = —Ese( v« + LE)X, (12)

and the moment developed by this fixed bridge is (cf. Eq.
1)

Qi+ o

i+ AR

FIGURE 2 Examples of link distortion caused by sliding and twisting are
shown. The middle panel shows an undistorted link between filaments i
and i + 1. The left panel shows that sliding causes a change in angle, ¢,
between the link and the ith filament corresponding to the amount of
sliding, «y,. The right panel shows that pure twist, although it does not
produce relative sliding, changes the angle between the link and the ith
filament; the change in ¢ is equal to Lk,, where L is the distance between
the filament and the neutral axis, designated by 0.
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M = —LE; (v, + Lk,)%, (13)

which is a pure twisting moment. It is this term that
couples shear strain in a moment-bearing link to twist.

Before investigating this case further, it is instructive to
calculate S and M in the presence of an additional set of
similarly rigid links located between doublets 1 and 2. In
that case the vector from doublet 1 to doublet 2 is
approximately in the +y direction (see Fig. 1) and L, is in
the +x direction, so e = —v, + Lk, and

Usg + Uy, = Esg(v: + L’k2). (14)
Then the shear force is
Sse + S12 = —2E54v,X, (15)
and the twisting moment is
M, + M, = —2L°E; (k3. (16)

A twisting moment now arises only if a twist of magnitude
k, is imposed on the axoneme, i.e., internal shear forces no
longer cause net twists. The presence of moment-bearing
links between doublets 5 and 6 and between doublets 1 and
2 almost completely' converts the behavior of the system to
that of an axoneme with pinned links and a slightly
increased twist resistance. Thus the coupling of shear
strain to twist is dependent on the asymmetrical placement
of peripheral moment-bearing links around the axoneme.

STIFFNESS OF 5-6 BRIDGE

Before computing the bending and twisting due to an
internal shear force, it is necessary to make an order of
magnitude estimate for the value of E; ;. If we consider the
bridge to be firmly tied to the doublet, then the bridge will
be deformed into an s shape because doublet 5 slides
relative to doublet 6, with the points of insertion remaining
at right angles. Recalling the definition of € as the deviation
from a right angle that the bridge makes with the 56
doublets, we locate € and the direction of the tangent to the
bridge at the midpoint of the bridge, where the distortion is
greatest. For a rigid rod of length R with bend resistance
ET acted on by external forces, ¢, moment equilibrium
requires that EI(d’«/dx?) + F, = 0, where (dF.,/dx) =
¢. In the absence of external forces, therefore d’a/dx* = 0
and o = 4x(R — x)¢/R% Of course the approximation
must hold that sliding is small enough so that the bridge
does not lengthen significantly. The curvature is then given
by

do 4¢(R — 2x)

k =
dx R?

a7

'To be exact, fixed links between doublets 1 and 2 and S and 6 are not
completely opposite one another, but make an angle of 160°. This leads to
a cancellation of only 65% of the shear dependence of the twisting
moment instead of the 100% if the 5,6 and 1,2 doublets were exactly
opposite.
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The energy of distortion of the bridge is

- (18)

El rr . 1(I6EI\,
2 b Kdx=3\3R [
The energy density per unit arc length contributed by the

5-6 bridges is then (cf. Eq. 11)

16
= ———FI Lk,)?, 19
U5.6 6dL5_6 ( Yx + z) ( )

where d is the separation between adjacent 5—6 bridges.
Comparison of Eq. 19 with Eq. 7 shows that

16ET7
Esq

- 20
" 3aL. (20)

The moment of inertia, 7, of a rigid rod of radius ris I =
wr®/2. Taking r = 10 nm, E = 10" pN/um’ (Hines and
Blum, 1983), d = 24 nm, and L; (the bridge length) = 40
nm, then E¢ ~ 10°pN.

An alternative calculation is based on an analogy of the
5-6 bridge to a dynein arm in rigor. Hines and Blum
(1979) estimated that a reasonable value for the force
generated by an attached dynein arm is 1.6 pN/nm - (x —
x,), where x — x, is a measure of dynein arm displacement.
The energy of distortion per dynein is then 0.8 pN/nm -
(x — x,)%. Replacing x — x, by Lss¢ and assuming that
bridges are separated by 24 nm, one obtains E s ~ 100 pN.
Thus E; is likely to range between 10% and 10° pN. From
Eq. 16 these two estimates imply that the effect of two
symmetrically located moment-bearing links would
increase the twist resistance of an axoneme from ~2 to 20
pN um?. According to the discussion in Hines and Blum
(1983), a reasonable estimate of the bend resistance of a
single doublet is ~10 pN um?, which may be identified
with component E,, of the bend resistance matrix. Because
the twist resistance, E,,, is 4.5-fold larger than E,, E,, for
an axoneme without moment-bearing links is ~45 per
doublet for a total of ~450 pN um’. Thus symmetrically
placed moment-bearing links will contribute little to the
twist resistance.

COMPUTER SIMULATIONS OF
FLAGELLAR SHAPE

Computer simulations of the effect of the 5—6 bridge on the
twist of an axoneme were carried out using the computer
program described in Hines and Blum (1983) with the
terms Es¢( v, + Lk,) and —(d/ds)LE;¢( v, + Lk,) added
to the x and z components of the equilibrium equation (Eq.
35 of that paper). The distal boundary condition was
modified to reflect the contribution of the 56 bridge to the
twisting moment according to Eq. 13. No external forces
were applied and bending was caused solely by an explicit
specification of active force, S, (derived from a potential,
Up = —Spv:). In the absence of external force the
equations are linear so no iterations are necessary.
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In Figs. 3-10, unless otherwise specified, the following
values are used: axonemal length = 40 um (divided for
purposes of computation into 30 segments), L = 100 nm,
and E; = 0 pN. The magnitude of E,,_was reduced in these
computations to make the otherwise small twisting effects
readily apparent. The active shear force is assumed to be
uniformly distributed along the length of the axonemes
unless otherwise stated. In Figs. 3-5, k, is zero at all s
values because S, = 0 for these simulations.

Fig. 3 shows the effect of varying the internal shear
force, Sp,, from 25 to 100 pN. This shear force, uniformly
distributed along the entire axoneme, tends to cause sliding
between doublets S and 6 and thereby generates a local
bend in the proximal portion of the axoneme (sliding is not
allowed at the proximal end). Because 4 is constant in the
distal portion, the rate of twist is also constant. Therefore
both bend angle and twist are proportional to the active
shear force.

The dependence of twist on the value of Es¢ is more
subtle and is displayed in Fig. 4 for an axoneme with
fourfold higher values for E, and E, and a 10-fold lower
twist resistance than for the axoneme shown in Fig. 3. The
left panel shows that for sufficiently low values of Esg,
twist vanishes as expected because M, is proportional to
E; ¢ and v, approaches a limiting value determined only by
the bending resistance of the filaments (Eq. 3). As Esg
increases, its shear resistance dominates the bending resis-
tance in balancing the (constant) active shear force. Thus
E¢ v, remains constant over a wide range of Es4 values
and therefore M, becomes constant over most of the length
of the axoneme. At extremely large values of E¢ the twist
resistance term L’E;¢ in Eq. 13 becomes dominant and k,
goes to zero. The right panel in Fig. 4 further illustrates
these effects by displaying the amount of twisting and of
sliding at the distal end as a function of Es.
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FIGURE 3 The effect of active shear force on components of the
curvature vector is demonstrated. Active shear moments (per unit
length), of magnitude 25, 50, and 100 pN, are applied uniformly (in the &
direction) along the length of the axoneme. The 5-6 bridge is stiff enough
to confine bending to the proximal end of the axoneme. Parameter values
are Egg = 100 pN; E,_ = E, = 500 pN um’; E,, = 100 pN um?; and
Sp, = 25, 50, and 100 pN as shown.

BIOPHYSICAL JOURNAL VOLUME 46 1984



=}
= e

8
-0.2 : é_
3
-0.3
£ 6
% 04 N
< K2 Z
3 o2 1000 <4
X w 100 2
P>

10

)

0 0?2 10 10t

Es(,(DN)

0
1 [ o 10

FIGURE 4 Effect of Es4 on bending and twist under uniform shear
moment per unit length is demonstrated. The magnitude of E¢ varies as
shown. The left panels show the components of the curvature vector along
the axoneme. The right panel shows the cumulative sliding (v,) and twist
(7.) at the distal end of the axoneme (s = 40 um) as a function of Esg.
Parameter values are E_ = E, = 2,000 pN pm’; E, = 10 pN gm’; and
Sp, = 20 pN.

Fig. S shows a stereoscopic view of flagellar shape for
E;¢ = 1,000 pN. The combination of a uniform active
shear force and a very stiff 5—6 bridge causes an essentially
pure uniform twist. If to this axoneme one now adds a
small additional active shear force in the y direction (S, =
1 pN), it now develops curvature in the y direction that
decreases uniformly from the proximal to the distal end
(Fig. 6). If the 5,6 bridges are treated as pinned links then,
of course, no twisting occurs (see the upper pair of stereo-
scopic views in Fig. 6).

The effect of having two opposite and equal local shear
forces in an axoneme with stiff 5,6 bridges and pinned
(nexin) links is shown in Fig. 7. Maximum twisting
curvature, k,, occurs at the center of each active region and
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FIGURE 5 The pattern of twist in an axoneme with a very stiff Eg¢
bridge and uniform active force are demonstrated. The right panel of this
figure shows a stereoscopic view of the axoneme. Bending is small
(v, = 0.1 radians at the distal end) and localized at the proximal end
whereas twisting is uniform along the axonemal length, reaching a value
of 3.9 radians at the distal end. Parameter values are Es¢ = 1,000 pN;
E,, E, . E,, = 500, 300, 100 pN um’, respectively; and Sp, = 100 pN.
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FIGURE 6 The bending and twisting in an axoneme with the active
shear forces in the x and y direction are demonstrated. The left shows the
variation of k,, k,, and k, along the axoneme, and the lower right panel
shows a stereoscopic view of the axoneme. Parameter values are Esq =
1,000 pN; Ey,_,, E,, , E,,, = 500, 300, 100 pN umm’, respectively; Sp, = 100;
pN;and Sp, = 1 pN. The upper right panel shows the effect of treating the
5,6 bridges as pinned links with a shear resistance of 1,000 pN.

vanishes rapidly where there is no active shear force. The
two regions of k,, however, have opposite signs so the distal
end of the axoneme has no twist. k, differs at the proximal
and distal ends because the boundary condition at the
distal end is that k, = O, whereas at the proximal end the
filaments are tied together and v, = 0.

DISCUSSION

In a preceding paper (Hines and Blum, 1983) we derived
expressions that could, in principle, be used to describe the
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FIGURE 7 The bending and twisting in an axoneme with stiff 5,6
bridges, pinned links between adjacent filaments, and equal and opposite
active shear forces in segments 5-9 and 20-24 is shown. The active shear
force in segments 5-9 is S, = 100 pN and S, = 20 pN; and in segments
20-24is Sy, = —100and Sy, = —20 pN. The parameters are Ey, = 1,000
pN, E_ = E, = 10 pN, and E,_, E, , E,_ = 500, 300, 100 pN pm’,
respectively. The left panels show the components of the curvature vector
along the axoneme. The lower right panels show a stereoscopic view of the
shape of the axoneme. The upper stereoscopic view shows the effect of
replacing the 5,6 bridges by pinned links, i.e., Ess = 0, E,_ = 1,010 pN and
E, =10pN.
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contribution of moment-bearing links (dyneins and, per-
haps, radial links) to the three-dimensional shape of an
axoneme. To do so, however, would require a highly
detailed model of the directions assumed by the dynein
heads at each stage of their mechanochemical cycle. Such
information does not even exist for myosin. Thus, in effect,
the previous treatment was limited to pinned links such as
nexin. The introduction of potential energies of structural
elements, however, provides a simple way to derive shear
forces and moments that, in the presence of twist, can not
be easily derived directly from Newton’s law.

Reformulation of the static equilibrium problem in
terms of an energy minimization principle has several
advantages. First, it is an elegant validation of the form of
the equilibrium equation (i.e., derivative of the moment
balance equation) that we have been using. Second, the
variational formulation does not require any assumptions
concerning the forces of constraint. Indeed, that concept no
longer appears and, instead, the geometrical constraints
(such as that the axoneme retain its internal geometry) are
taken care of by an appropriate choice of generalized
coordinates. Third, the most convenient way to specify the
dynein mechanochemical cycle is in terms of an energy vs.
distance diagram (Hill, 1974), as introduced by Brokaw
(1975) for studies of flagellar motility in a two-dimensional
model. In the present paper we have used the Euler
equation to investigate the effect of a fixed 5-6 bridge on
the bending and twisting pattern in axonemes with internal
point forces rather than with dyneins undergoing a speci-
fied mechanochemical cycle. It should be clear, however,
that it is now possible to introduce dyneins into the model
and, when their mechanochemical cycle is understood,
radial links, into an axoneme of any internal structure
(e.g,3 + 0,6 + 0,9 + 2, etc.). Furthermore, if one knew
the control systems operating, flagellar motion could be
simulated to within the limitations imposed by one’s knowl-
edge of the energy diagram for the dynein arms and radial
links.

In the preceding treatment (Hines and Blum, 1983) it
was shown that pinned links such as nexins could not
couple sliding to twist, although twist could arise from an
external force provided that the force was not directed
along one of the principal axes of the shear resistance
matrix. The present study shows that if a permanent 5-6
bridge is present it is possible to generate twist in response
to internal shear forces. However, because the coupling
between link deformation and twist is proportional to the
radius of the axoneme, relatively large shear forces are
required to generate appreciable twist. This accords well
with findings (Omoto and Brokaw, 1983) that the twist
that is observed in demembranated sperm tail axonemes is
almost entirely a result of external forces caused by
interaction of the axoneme with the substrate on which the
axoneme lies.

Although internal shear forces will not cause twist in an
axoneme with pinned links only, twist does arise when

564

shear resistance is a result of links that resist a change in
the angle they make with an outer doublet. Twist distorts
fixed links in a sliding filament model because the outer
doublets change their orientation relative to the neutral
axis, i.e., they no longer pass through the axonemal cross
sections at right angles but instead spiral around the
neutral axis. The angle that the outer filaments make with
respect to the axonemal cross section is proportional to
their distance from the neutral axis and link distortion due
to twist is therefore small relative to the change in link
angle caused by sliding.

In the present paper we have confined our attention to a
particular set of stiff links, the 5-6 bridges that occur in a
number of axonemes. These bridges are essentially parallel
to a line drawn between the two single tubules of the
central pair and thus tend to define the plane of bending in
conjunction with the extra stiffness in one direction due to
the central pair. Twisting curvature occurs in regions
where there is active moment tending to shear the 5-6
bridge (Fig. 7). Insight into the factors governing the
magnitude of the twist come from the following qualitative
considerations. The amount of twist, &, is proportional to
the twisting moment, M,, generated by the 5-6 bridge and
inversely proportional to the twisting resistance, Ey,_. M, in
turn, is proportional to the shear, v,, of the 5-6 bridge,
which is determined from a combination of axonemal bend
resistance, E, , 5-6 bridge stiffness, Esg, and the magni-
tude of the active shear force in the direction tending to
shear the 5-6 bridge.

In the previous paper it was shown that a slender
filament has a bending resistance to twisting resistance
ratio of ~3:5. For an E,_ value of 500 pN um’ used in the
current simulations, the expected value of E, would be
~800 pN um’. If this value of E,_ had been used, the twist
observed in Figs. 3—7 would have been reduced by a factor
of 8 and therefore ciliary shapes would have scarcely
deviated from planar. To appreciate the qualitative three-
dimensional effects of twist, we have chosen to perform
these simulations with a twist resistance of 100 pN um?
Therefore, the actual values of twist likely to occur in
axonemes as a result of the 5-6 bridge are about one-eighth
of those shown in Figs. 3-7. Even under uniformly distrib-
uted active shear along the entire length of the axoneme,
total twist is unlikely to accumulate above 0.7 radians.

Because the dynein arms in an active region of a
flagellum provide considerable internal shear force, it
might be anticipated that some twisting could occur within
the active region. Indeed, twisting has been observed near
each junction between a straight and a curved region in
rigor wave sea urchin sperm tails (Gibbons, 1975). Of
particular interest is the observation that twist put in at one
end of a straight region is unwound at the other end, so that
little or no twist accumulates over the whole length of the
axoneme. This is precisely the qualitative behavior
observed in Fig. 7 for an axoneme with 5-6 bridges having
opposite and equal local shear forces at two separate
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regions. Quantitative considerations, however, must wait
until the present analysis is extended to the case of
detachable dynein arms (Hines, M., and J. J. Blum,
manuscript submitted for publication).
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