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Does Axonemal Dynein Push, Pull, or
Oscillate?
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Dynein is the molecular motor that provides motive force in cilia and flagella. Dynein
is anchored to the A-subtubule of the outer doublets by a club-shaped extension called
the stem, which supports the large globular head of the molecule. Dynein forms an
attachment or cross-bridge to the B-subtubule of the adjacent outer doublet through a
slender appendage extending from the head that is called the stalk or alternately the
B-link. It is generally thought that the B-link mediates the interdoublet transfer of
force that bends the flagellum. This requires that energy released at the site of ATP
hydrolysis, located in the globular head, be transferred as mechanical work to the
microtubule binding site at the tip of the B-link. It has been proposed that this is
accomplished by a sideways or rotational translocation of the B-link caused by a
rotation of the globular head. An estimate of the stiffness of the B-link and stem
derived from the recently published data of Burgess et al. [2003: Nature 421:715–718]
yields a maximum stiffness of 0.47 pN/nm for the B-link and 0.1 pN/nm for the stem.
The B-link stiffness would allow transfer of 3.8 pN of force in response to an 8-nm
displacement of the B-link tip. However, if as proposed the globular head of the
dynein heavy chain is supported by the stem, the B-link and stem elasticity are in
series. Thus, the flexibility of the stem would limit the force that can be transferred
laterally by the entire dynein heavy chain to 0.6 pN at 8 nm displacement. This force
is insufficient to support flagellar motility. So, if the stem were the only support for the
globular head, then force would have to be transmitted linearly along the axis defined
by the stem and B-link. Because this configuration is never observed, the hypothesis
that dynein generates force by lateral displacement of the B-link is more attractive, but
requires that the globular head of the dynein is stabilized by an additional means of
support during the power stroke. We propose that the microtubule affinity of the tip of
the B-link is independent of the ATP-dependent powerstroke, and that detachment
from the B-subtubule is regulated by tension. A dynein cross-bridge cycle that
incorporates an anchored head, together with a ratchet-like mechanism for microtu-
bule translocation by the B-link, would have distinct advantages. This mechanism
may reconcile dynein oscillation and interdoublet sliding within one cross-bridge
mechanism. Cell Motil. Cytoskeleton 56:237–244, 2003. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

Dynein is the largest and most morphologically
complex of the biological motor proteins. Gibbons and
Rowe [1965] first identified and named dynein as the
major ATPase of cilia. The dynein of cilia and flagella
are localized to the A subtubule of the outer doublets and
form projections called the arms [Gibbons, 1965; Gib-
bons and Fronk, 1972], which are actually groupings of
dynein heavy, light, and intermediate chains. Each arm is
composed of multiple dynein molecules, and it remains
an open question whether the arm works as a complex
machine, as has been suggested [Avolio et al., 1984], or
each heavy chain is competent as an independent force
generator.

The preponderance of evidence now favors the
view that each dynein heavy chain is a functional motor.
Each dynein appears to attach to the adjacent doublet
only by a slender projection from the globular head. This
slender appendage is variously referred to as the stalk or
B-link. The term B-link will be used in this report be-
cause the terms stem and stalk are easily confused. Since
the B-link is the only attachment to the adjacent doublet,
all of the force generated by the dynein motor must be
transmitted through this linkage.

The B-link consists of a rod-like portion that is an
alpha-helical coiled-coil, and a tubulin binding domain
located at the globular tip [Koonce and Tikhonenko,
2000]. Furthermore, the ATP hydrolysis site has been
well studied and is located in the P-loop of the first AAA
domain of the globular head of the heavy chain molecule
[for reviews see King, 2000; Asai and Koonce, 2001].
This site is approximately 20 nm from the B-subtubule
binding site at the tip of the stalk, which in molecular
terms is a great distance.

This poses a mechanical problem: how does the
hydrolysis of ATP at a site so distant convey force to the
B-subtubule? Gee et al. [1997] first proposed that the
globular head of the heavy chain might rotate in response
to ATP hydrolysis and thereby rotate the B-link laterally,
leading to a translocation of the adjacent doublet. A
recent and elegant study published by Burgess et al.
[2003] supports this hypothesis; electron microscopy of
isolated dynein C heavy chains suggests rotation of the
B-link when the dynein ADP-vanadate complex is com-
pared with dynein in the absence of nucleotide. Burgess
et al. [2003] present an illustration of the putative cross-
bridge cycle. It shows the rotation of the globular head
conveying force to the B-subtubule through the B-link,
which is portrayed as a rigid projection.

This view of the dynein power stroke is appealing
since it explains how a relatively small rotation produced
in the globular head by the hydrolysis of ATP can be
amplified by the B-link to produce the substantial move-

ments needed for microtubule translocation [Asai and
Koonce, 2001]. If this conception is correct, the dynein
heavy chain must be fairly rigid so that stress that devel-
ops is predominantly transferred to the next doublet
rather than being relieved by internal compliances. As
will be explained, this hypothesis is only tenable if both
the B-link is rigid and the globular head is held firmly in
position during the power stroke.

The report by Burgess et al. [2003] is currently the
best source of information on the flexibility of the B-link
and stem of the dynein heavy chain. We have used their
data to derive an estimate of the stiffness of the stem and
B-link of the heavy chain of dynein C. The results of our
analysis are used to evaluate the feasibility of various
mechanisms for interdoublet force transmission.

ANALYSIS

T.E.M. images of isolated dynein adsorbed to mica
flakes, freeze-etched and rotary replicated with platinum,
show a molecular structure with one or more globular
“heads” each attached to a stem [Gee et al. 1997]. The
B-link projecting from each dynein head allows the ori-
entation of the individual heads in the cluster to be seen.
The heads appear to have substantial freedom of motion
on the stems, as the orientation of each head varies
considerably from image to image, giving the impression
that the stem is a highly flexible structure. Recently,
Burgess et al. [2003] published a series of striking mi-
crographs of purified dynein C heavy chain, a single-
headed inner arm dynein from Chlamydomonas. The
individual molecules were adsorbed to carbon grids and
negatively stained. The images clearly show that each
molecule has a globular portion with two appendages.
The longer appendage is club-shaped and approximately
25 nm in length and is the stem of the heavy chain; the
second projection is more rod-like and is approximately
15 nm in length with a slightly bulbous tip. This append-
age is identified as the portion of the heavy chain that
constitutes the B-link (stalk). The B-links are generally
held to be the connectors that bind the B-subtubule of the
adjacent outer doublet in flagella, and the tip is the site of
the microtubule binding domain [Koonce and Tik-
honenko, 2000].

The flexibility of the heavy chain molecule is
clearly apparent in the micrographs, as each individual
dynein heavy chain exhibits a different angle of projec-
tion of the stem and B-link. Burgess et al. [2003] provide
an extensive accounting of the range of positions of the
stem and B-link observed in a large number of images.
They show that the conformation of the molecule
changes depending on the prior treatment of the dynein
with either ADP-vanadate or no nucleotide. The confor-
mational change that they report gives us the first direct
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look at the configuration of dynein in what are, presum-
ably, the pre- and post-powerstroke states. The confor-
mational range of the stem and B-link in each of these
states gives us a first look at the mechanical properties of
the heavy chain itself.

The range of conformations for the dynein heavy
chain molecules in solution depends on the distribution
of thermal energy; from the equipartition theorem the
average energy stored in any bending mode is expected
to be equal to 1/2kbT, where kb is the Boltzmann constant
and T is the absolute temperature. This fundamental
concept is the basis of analyses of Brownian motion that
have been used to deduce the mechanical properties of
macromolecules, such as kinesin [Hunt and Howard,
1993], actin, and microtubules [e. g., Gittes et al., 1993].
The images of individual dynein molecules that have
adhered to a carbon-coated grid represent a two-dimen-
sional snapshot of the molecule at the instant of capture
on the carbon grid. Assuming that the molecule is not
largely distorted upon adhering to the grid, a large num-
ber of such snapshots allow the reconstruction of the
Gaussian distribution of thermal displacements. Burgess
et al. [2003] provide data on a large sample of individual
molecules and their plotted data are consistent with a
Guassian distribution for the lateral displacements of the
stem and B-link, which is predicted by the Boltzmann
distribution for linearly elastic elements. Although sur-
face tension and drying may flatten the molecule on the
surface, this would not be expected to introduce a sys-
tematic bias in the angular positions of the stem and
B-links in the plane of attachment. Furthermore, the fact
that the angular positions of the stem and B-links exhibit
a Guassian distribution supports the assumption that the
positions on the grid reflect the range of motion of the
free molecules.

The standard deviation of the angular range of
motion of the B-link is given in the report: for the ADP
vanadate-bound (Vi) configuration it is 20 degrees (0.35
radian) and for the nucleotide free (Apo) configuration it
is 11 degrees (0.19 radian). The length of the B-link is
15.5 nm so the tip displacement using a small angle
approximation is 5.4 nm for the Vi condition and 2.9 nm
for the Apo condition. This makes the variance 29 nm2 in
the Vi condition and 8.7 nm2 in the Apo condition.
Applying the equipartition theorem to a linear elastic
element gives:

Variance � kbT/K (1)

Where kb is the Boltzmann constant, K is the stiffness,
and T is the absolute temperature. Assuming the samples
were applied to the grids at room temperature, kT is
approximately 4.1 � 10-21 N m; this yields values for the

stiffness of the B-link of 0.14 pN/nm in the Vi configu-
ration and 0.47 pN/nm in the Apo configuration.

The angular change in the orientation of the B-link
relative to the stem in the transition from Vi to Apo is 24
degrees (0.42 radian). If the rotation occurs about the
centroid of the head, as suggested by the micrographs,
then the lever arm that will determine the tip displace-
ment of the B-link is from center of the head to the tip of
the stalk. This distance is approximately 20 nm. There-
fore, the tip displacement that is caused by the head
rotation is very close to 8 nm. Suggestively, this is the
same as the length of a tubulin dimer, and the measured
step size for isolated dynein [Hirakawa et al., 2000].
Multiplying the tip displacement by the stiffness of the
B-link gives a force of 1.1 pN in the Vi condition and 3.8
pN in the Apo condition. The force that can be generated
in the Apo condition could account for most of the � 5
pN dynein force that has been reported by direct mea-
surement [Shingyoji et al., 1998; Sakakibara et al., 1999;
Hirakawa et al., 2000].

There is a further complication that must be con-
sidered. The stem of the dynein molecule is also flexible.
The base of the stem is the anchor for the dynein mole-
cule on the A-subtubule of the outer doublets; therefore,
the stiffness of the stem and B-link are in series. The
stiffness of the stem can also be found from the position
data given in Burgess et al. [2003]. The variance of the
mean angle between the stem and B-link is given and is
17 degrees (0.3 radian) in the Apo condition and 25
degrees (0.44 radian) in the Vi condition. This yields a
variance for the stem-B-link angle of 0.09 (Apo) and 0.19
(Vi). Subtracting the variance of the B-link angle from
these values yields an angular variance for the stem angle
alone of 0.05 (Apo) and 0.07 (Vi). These values corre-
spond to a standard deviation of angular stem displace-
ment of 0.22 radian for the Apo condition and 0.26 radian
for the Vi condition. The stem length is 25.7 nm. There-
fore, the standard deviation of the tip displacement is 5.6
nm (Apo) and 6.7 nm (Vi). These figures are not signif-
icantly different, and so we average them to arrive at 6.2
nm for the standard deviation of the stem position. Ap-
plying equation 1, as was done for the B-link, yields a
stiffness for the stem of 0.1 pN/nm.

Since the stem and B-link stiffness are in series, we
must add the inverse of each number to find the inverse
of the total stiffness. This gives the total stiffness of 0.08
pN/nm in the Apo condition and 0.05 pN/nm in the Vi
condition. Given the 8 nm-step size of dynein this yields
a force delivery of 0.6 pN in the Apo condition, which is
too low. Therefore, we can be relatively certain that a
rotation of the globular head cannot deliver sufficient
force if the stem is the only support for the head, as
suggested by figure 4b in Burgess et al. [2003].
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This leaves two possibilities for the mechanism of
force delivery by the power stroke of dynein. The sim-
plest is that force is delivered by tension developed by
shortening of the entire molecule along the axis that runs
through the tip of the stem and B-link. Burgess et al.
[2003] reported a 5-nm shortening of the total length of
the heavy chain from the tip of the stem to the tip of the
B-link. This could be the source of tension if the entire
molecule forms a taut bridge between the A-subtubule of
one outer doublet and the B-subtubule of the adjacent
outer doublet. This scheme is illustrated in Figure 1A.

This is mechanically feasible, but not likely for a
number of reasons. The most compelling is that nothing
like this is observed in electron micrographs of the ax-
oneme. The distance between the doublets is only 20–25
nm in relaxed axonemes, and decreases further to 15–20
nm in rigor axonemes suggesting that dynein pulls the
doublets together [Gibbons and Gibbons, 1973]. Thus, all
of the 5-nm shortening would be accounted for by mov-
ing the doublets together, rather than shearing them past
each other. Furthermore, a dynein molecule is 45 nm
long, so if the molecule was bound in this manner the
expectation is that the cross-bridges should be long and
diagonal to the axis of the doublets. This is never seen.

If most of the stem were anchored to the A-subtu-
bule, instead of just the tip, it might make the cross-
bridge cycle shown in Figure 1A somewhat more accept-
able in terms of the interdoublet distance, but would not
change the mechanism of force transmission. The micro-
graphs of three-headed outer arm dynein shown by Gee
et al. [1997], and also those of Burgess et al. [2003] for
dynein C, show that most of the flexibility of the stem is
near the junction with the head. Consequently, unless
nearly all of the stem was anchored, force transmission
would still be limited to linear tension along the mole-
cule.

As noted above, the interdoublet gap is a much
better fit with the dimensions of the head and B-link than
with the dimensions of the entire heavy chain. If the head
and B-link form the mechanical bridge between the ad-
jacent doublets it would reconcile a great number of
observations and would also solve the mechanical prob-
lem of delivering sufficient force laterally through the
B-links. Side-on electron micrographs of the axoneme
generally show B-links that are perpendicular to the long
axis of the doublets and attached to globular structures
resting on the A-subtubule [Goodenough and Heuser,
1985, 1989; Burgess, 1995; Woolley, 2000]. The recon-
struction of an outer doublet from electron micrographs
presented by Woolley [2000] shows globular structures
on the surface of the doublet with slender projections
pointing outward. If these images are a true representa-
tion of the intact structure, then it is possible that the
globular heads are affixed to the A-subtubule. Effective

force delivery during the power stroke could be accom-
plished by lateral rotation of the B-link if the globular
head is well anchored on the A-subtubule during the
power stroke. A possible cross-bridge cycle based on
such an anchoring mechanism is illustrated in Figure 1B.

DISCUSSION

Molecular mechanical analysis of the data collected
by Burgess et al. [2003] suggests that the heavy chain of
dynein C is extremely flexible, particularly in the stem
relative to the globular head. Stem flexibility is only
slightly less in the Apo configuration of the molecule,
which likely corresponds to the post-powerstroke state.
The B-link of the heavy chain is also flexible though less
so than the stem, and intriguingly is much stiffer in the
Apo configuration. These results are based on the as-
sumption that the electron micrographs are a true repre-
sentation of the free molecules in solution, and therefore
some uncertainty will remain until more direct physical
measurements are performed.

The best evidence indicates that the stem forms the
attachment of the heavy chain molecule with the proteins
of the docking complex on the A-subtubule [Takada et
al., 2002]. Therefore, the stem elasticity and B-link elas-
ticity are arranged in series between the A-subtubule and
B-subtubule binding sites. The overall length of the
heavy chain is 45-50 nm, and the interdoublet distance of
a relaxed axoneme is 20-25 nm. Given these dimensions
and mechanical parameters, the interdoublet cross-bridge
formed by dynein C should look something like the
illustration in Figure 1 A.

If Figure 1A is correct, the flexibility of the stem
and stalk would require a linear transfer of tension along
the extended heavy chain as illustrated. Furthermore, the
conformational shift produced by ATP that is seen in the
micrographs of Burgess et al. [2003] should result in a
power stroke where tension along the axis of the mole-
cule increases in response to the net decrease in length
from the stem to the B-link. While this mechanism for
the power stroke is mechanically possible, it would pro-
duce cross-bridges that slant at greater than 45 degrees to
the axis of the doublets and have the globular heads
located midway in the interdoublet space. This is not
what has been seen in the electron micrographs produced
by multiple techniques. Tension may not be preserved in
fixed material so it is still possible that the slanted con-
figuration is lost in most specimens examined by TEM.
Techniques that use quick frozen specimens to produce
metal replicas have the best chance of preserving the
effects of tension [Goodenough and Heuser, 1985], yet
micrographs produced this way also show the B-links
perpendicular to the doublet axis.
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Based on molecular structure and electron micros-
copy images, Gee et al. [1997] proposed that a rotation of
the dynein head could displace the B-link laterally and
apply force to the adjacent doublet. The structural tran-
sition observed in the heavy chain of dynein C by Bur-
gess et al. [2003], taken with the mechanical properties
we infer from the variance in these structures, supports
this mechanism as the best explanation for the power
stroke. The elasticity of the B-link is sufficient to support
this mechanism up to a limit of about 3.8 pN, at which
point rotation of the B-link would produce zero displace-
ment (the motor is stalled). Measurements of the dynein

force by laser trap [Shingyoji et al., 1998; Sakakibara et
al., 1999; Hirakawa et al., 2000] and estimates from
whole flagella [Schmitz et al., 2000] suggest that the
maximum force per dynein is approximately 5 pN per
head. Therefore, most of the force could be generated by
lateral displacement of the B-links. It is quite likely that
force in excess of 3.8 pN could also be conveyed as
tension along the axis of the B-link, as has been sug-
gested [Lindemann, 2003].

The real limitation in generating force by lateral
rotation of the B-link is that the head is held on a flexible
stem that can not support lateral stress. This means that
without a second means of anchoring the head, the head
rotation mechanism collapses to the same condition as
shown in Figure 1A. Lateral transmission of force
through the B-link requires that the head of the molecule
remains in a fixed position relative to the A-subtubule.
The simplest way to do this is by a second anchor point,
as shown in Figure 1B.

This would reconcile the structural data and the
mechanical properties of the dynein heavy chain. How-
ever, the best evidence on the anchoring of dynein on the
A-subtubule does not include such a direct interaction of

Fig. 1. Two possibilities for the mechanics of the dynein power
stroke. The conventional view of dynein is that the stem anchors the
heavy chain to the A-subtubule and the B-link (or stalk) forms the
connection to the adjacent B-subtubule. Two possible configurations
of attachment are illustrated for dynein C, a single-headed dynein. The
B-link of dynein C is fairly flexible and the stem is extremely flexible.
Therefore, the molecule would be expected to assume the configura-
tion shown in A. The ATP-dependent transition discovered by Burgess
et al. [2003] should produce the power stroke labeled “Apo.” A 5-nm
shortening of the stem to B-link length would supply the tension along
the cross-bridge, as indicated by the diagonal paired arrows. The
flexible cross-bridge would assume a relatively linear conformation in
response to the applied tension. This power stroke is mechanically
possible, but is not consistent with the observed interdoublet bridges.
Transfer of force by a lateral rotation of the head and B-link (as
proposed by Gee et al. [1997] and Burgess et al. [2003]) is much more
consistent with observation. However, given the flexibility of the stem
of the heavy chain, this mechanism of force generation would be
possible only if the globular head of the molecule were anchored. One
such anchoring scheme is illustrated in B. The ATP-dependent con-
figuration change is converted to a rotation of the head as the stem-
head junction moves closer to the stalk-head junction. Stabilization of
the head by a second point of attachment (arrows) causes the head to
rotate and provides the triangulation necessary to achieve up to 3.8 pN
of lateral force by flexion of the B-link. The anchoring scheme illus-
trated is hypothetical. It is not the only way that the dynein head might
be anchored, but without some anchoring mechanism the lateral rota-
tion of the B-link will not transfer sufficient force. In the proposed
cross-bridge cycle shown in B, the B-link detaches from the B-
subtubule when sliding causes the attachment to release due to geo-
metric strain at the binding site. C: A way that strain might be
generated at the binding site due to sliding. Return to the pre-power-
stroke configuration, and rebinding, repositions the molecule for fur-
ther doublet translocation.
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the head with tubulin or with a protein on the A-subtu-
bule [King and Witman, 1989; Takada et al., 2002].
Other equally plausible schemes could accomplish the
same outcome. The dynein head may be tightly bound to
the stem and the stem bound to the A-subtubule at
multiple sites along its length. Alternately, the heads in
multi-headed arms might bind to each other in the way
that has been suggested by Holwill et al. [1995] to
accomplish a triangulation based on several stems and
heads mechanically linked to each other to form a com-
plex bridge.

An interesting set of experiments recently reported
by Imai and Shingyoji [2003] also favors the second
view shown in Figure 1B. They find that outer arm
dynein that has been digested with trypsin and lacks the
end of the stem that is thought to anchor the molecule,
will still contribute force to sliding when added back to
elastase digested axonemes. This is strong evidence
against the power stroke shown in Figure 1A. That power
stroke requires the anchor of the dynein stem for force
transmission. This result is the most direct evidence that
the head and B-link are the functional bridge for force
production, and also that there is a second anchoring
mechanism to hold the head, as proposed in Figure 1B. If
this is true, the anchor at the base of the stem may be one
of multiple tethers to assure dynein doesn’t misplace its
head; we can all sympathize with that.

Another possibility needs to be considered in the
search for a dynein cross bridge cycle that is compatible
with all the experimental evidence. It is possible that the
ATP dependent power stroke, as reported by Burgess et
al. [2003], may be entirely independent of the status of
the B-link attachment to the B-subtubule. It is difficult to
envision how the ATP hydrolysis site and the tubulin
binding site, which are �20 nm separated by the narrow
B-link, have any means of communication other than the
mechanical strain imparted by the powerstroke. There-
fore, it is quite possible that the dynein powerstroke
could repeat through multiple cycles without disrupting
the link to the B-subtubule as long as the relative posi-
tions of the dynein and the B-subtubule oscillate along
with the bridge stroke. This might explain some of the
unusual behaviors of the dynein motor that have been
noted previously [Hunt, 1998]. Single dyneins have been
observed to produce oscillation in laser traps [Shingyoji
et al., 1998] and the doublets of immobilized axonemes
undergo a high-frequency oscillation [Kamimura and
Kamiya, 1989, 1992] with amplitudes reflecting the size
of tubulin repeats. Indeed, dynein may rarely detach from
the B-tubule at all unless it encounters a substantial load.

Translocation of the doublets to generate large slid-
ing displacements that are needed for flagellar and ciliary
beating require cycles of attachment and detachment of
dynein. This may occur by a process at the tip of the

B-link that is semi-independent of ATP hydrolysis. The
B-link might release purely because the tubulin attach-
ment is stressed, rather than releasing due to a confor-
mational change of the binding site as is the case for
myosin and kinesin. This could occur as the result of a
change in the orientation of the binding site on the
ball-like tip of the B-link as sliding proceeds, as illus-
trated in Figure 1C. It could also occur in response to
transverse tension between the doublets as suggested in
the Geometric Clutch model of flagellar beating [Linde-
mann, 1994a,b].

While it is known that the affinity of microtubule
binding can be modulated by ATP, it has been speculated
that this modulation could serve to induce high- or low-
affinity states at a second microtubule-binding regulatory
site [Kinoshita et al., 1995; Koonce and Tikhonenko,
2000], which could be independent of the powerstroke.
Kinoshita et al. [1995] and more recently Silvanovich et
al. [2003] have presented substantial evidence for the
existence of a nucleotide binding site with a regulatory
function that is separate from the mechanochemical ac-
tive site. The fact that the ATP hydrolysis rate is in-
creased in the presence of tubulin could be explained by
positive cooperativity between the two sites as has been
proposed by Omoto et al. [1991]. A second functional
ATP binding site, which could subserve such a role, has
recently been identified in the third P-loop domain of
cytoplasmic dynein heavy chain [Silvanovich et al.,
2003].

In the cross-bridge cycle proposed here, release at
the tip of the B-link occurs as a consequence of sliding
translocation and tension, rather than as a consequence of
the ATP cycle status at the mechanochemical site. After
detachment, the B-link would redock at the next acces-
sible binding site, possibly requiring a return to the
pre-powerstroke configuration.

This proposed sequence of events has many of the
features described in the “thermal ratchet model” of
single motor function as put forth by Córdova et al.
[1992]. This approach to understanding dynein, and par-
ticularly the oscillating behavior of dynein, has been
explored by Brokaw [2000, 2001] for a two-headed
model. It may be that the dynein molecule itself, due to
segregation of binding and unbinding from ATP hydro-
lysis, creates a unique situation where even a single-
headed motor can oscillate. It would certainly be com-
patible with the hydrolysis of multiple ATP molecules
without relocation of the B-links [Silvanovich et al.,
2003].

This view would reconcile a collection of seem-
ingly contradictory observations into one model. It would
explain why the B-links always appear to be attached in
TEM micrographs of the axoneme [Goodenough and
Heuser, 1989]. The only time that the B-links would be
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free is during the very brief recoil/redocking of the B-link
to a new binding site. This is too transient and strain-
dependent to be captured in micrographs.

CONCLUSIONS

Two principal ideas emerge from analysis of recent
data on the dynein molecule:

1. The B-link of the dynein heavy chain is fairly
stiff in the activated state, but the stem-head
junction of the molecule is very flexible. This
means that most of the force for interdoublet
sliding could be transmitted by lateral rotation
of the B-link, but only if the head is provided
with additional mechanical support.

2. B-link release and reattachment to tubulin bind-
ing sites may be an independent process from
ATP hydrolysis and conformational changes at
the dynein head. This would make it possible to
understand the phenomenon of dynein oscilla-
tions in a way that is still consistent with inter-
doublet sliding. In this view, B-link release from
the tubulin binding site would be controlled by
interdoublet tension and/or steric tension caused
by rotation of the microtubule binding site rel-
ative to the B-subtubule. This would be fol-
lowed by recoil/redocking to engage a new
binding site.
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