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Flagella/cilia are motile organelles with more than 400
proteins. To understand the mechanism of such complex
systems, we need methods to describe molecular arrange-
ments and conformations three-dimensionally in vivo.
Cryo-electron tomography enabled us such a 3D structural
analysis. Our group has been working on 3D structure of
flagella/cilia using this method and revealed highly ordered
and beautifully organized molecular arrangement. 3D
structure gave us insights into the mechanism to gener-
ate bending motion with well defined waveforms. In this
review, | summarize our recent structural studies on fla-
gella/cilia by cryo-electron tomography, mainly focusing
on dynein microtubule-based ATPase motor proteins and
the radial spoke, a regulatory protein complex.
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Introduction — flagella/cilia

Flagella and motile cilia in eukaryotes are bending orga-
nelles, which generate cellular motility (Fig. 1a) or flow of
extracellular fluid. In most of the eukaryotes, they share a
common “9+2” structure (Fig. 1b): two singlet microtubules
are surrounded by nine microtubule doublets (MTDs) (grey
in Fig. 1b and Fig. 2a). Although there are other types of fla-
gella/cilia, non-motile primary cilia and “9+0” motile cilia,
in this review I cover only the “9+2” structure. Proteomics
demonstrated that there are more than 400 proteins in fla-
gella/cilia', most of which have not been characterized and
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located. Between adjacent MTDs there are a number of
linkers. The most prominent are dynein motor proteins,
which were identified by Gibbons®. Dyneins are a family of
gigantic ATPase motors with more than 4,500 amino acids
with an N-terminal tail and a C-terminal head with six
AAA+ motifs, which forms a ring (Fig. 3b)*. According to
the recently revealed crystal structures*®, a coiled-coil stalk
extends from AAA4 and there is a microtubule binding
domain (MTBD) at the tip of the stalk (Fig. 3). In flagella,
dyneins are forming two structures: outer and inner dynein
arms (ODA and IDA) (red in Fig. 1b) anchored on one
MTD at their N-terminal tails and dynamically interact with
another MTD at MTBD. There is another linker (nexin)
connecting adjacent MTDs, but its function is unknown.
MTDs and the central singlet microtubules are connected by
radial spokes (RSs) (light blue in Fig. 1b). This “9+2” struc-
ture has been known since 50’s® by electron microscopy
(EM) of plastic embedded cross sections of flagella. In early
80’s, EM of longitudinally sectioned and freeze-fracture deep-
etched flagella/cilia proved the periodicity”®. ODAs form an
array with a 24nm periodicity, while IDA and RS make a
96 nm periodicity.

Cryo-electron tomography and subtomogram
averaging

The microtubule-based power stroke of dynein is sup-
posed to be a driving force of flagellar/ciliary bending.
However, both the mechanism of dynein power stroke and
the mechanism of bending by integrating individual dyneins
were unknown. How do various proteins cooperate together
to generate bending motion? How are conformational changes
of individual components integrated into a well orchestrated
waveform? To address these questions, we need 3D structural
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Figure 1

Flagella/cilia from eukaryotes. (a) Differential interference contrast micrograph of green algae Chlamydomonas. Two flagella are

seen. (b) 3D structure of Chlamydomonas flagellum seen from the tip (distal end) based on our tomography. Grey: microtubule doublets (MTD)
and central singlet microtubules. Red: inner and outer dynein arms (IDA and ODA). Light blue: radial spokes (RS). Structures which are not men-
tioned in this article are as follows. Green: nexin (on MTD) and central sheath (around singlet microtubules). Yellow: intermediate and light chains

of dynein f. Orange: central sheath.

analysis of molecules in vivo, i.e. in flagella/cilia instead
of as extracted in vitro. Recently developed cryo-electron
tomography technique’ is suitable method for such a study.

In cryo-electron tomography transmission electron micro-
graphs are recorded from specimen embedded in amorphous
ice and tilted in the stage of the microscope. The maximum
thickness of the specimen is limited at ~1 pm or ~0.5 um at
the accelerating voltage of 300kV or 200kV, respectively.
In fact flagella/cilia are suitable target for cryo-EM, since
their thickness is ~0.3 pm and isolated flagella/cilia keep
bending function. Since the tomographic acquisition requires
multiple illumination (in our case, we illuminated one spec-
imen 61 times — from —60 degrees to 60 degrees with 2
degrees of increment), the resolution is limited by radiation
damage, up to ~30 A resolution.

Due to the poor contrast between proteins and amorphous
ice under extremely low dose (~0.5¢/A? for each image),
we must improve signal-to-noise ratio by averaging volumes
extracted from tomograms, which suppose to have identical
structure. Such a volume is called a subtomogram. 96 nm
periodicity along MTD and pseudo-nine-fold arrangement of
nine MTDs enable us to average more than 1000 subtomo-
grams extracted from ~20 tomograms. However, subtomo-
grams extracted along MTDs, which are not perfectly straight,
must be aligned. The alignment is not possible by simple
cross-correlation, due to poor signal-to-noise ratio and miss-
ing information from limited tilt angles for tomographic
data acquisition. Furthermore, in the presence of nucleotides
we found heterogeneity in the conformation of dyneins. To
deal with structural heterogeneity we developed a method to
classify subtomograms based on 3D image analysis. The
detail of our subtomogram alignment, classification and aver-
aging are described elsewhere!.

Overall structure of flagella/cilia

After subtomogram averaging from tomograms of Chla-
mydomonas flagella (Fig. 2a), we found three large densities
stacking vertically (i.e. perpendicular to MTD) with 24 nm
periodicity (light blue in Fig. 2a) and eight along the MTD
(red in Fig. 2a). These densities have a ring shape and 12—
15nm diameter, indicative of dynein heads. Indeed when
we analyzed mutant lacking dynein isoforms some densities
were missing in the density map. By comparing 3D struc-
ture of such mutant flagella, we identified dynein isoforms
in the averaged subtomograms (Fig. 2b)!!. This basic struc-
ture is shared by other species such as sea urchin sperms'>'3,
Tetrahymena' and mouse respiratory cilia!4, except the num-
ber of dyneins in ODA.

Our structure gave insight into the conformation and
arrangement of outer and inner dyneins. Each dynein mole-
cule consists of a long N-terminal tail, a linker and the head
with six AAA+ domains. All the eleven (three outer and
eight inner) dyneins extend the N-termini (black dotted lines
in Fig. 3a,b,c,e) toward the (+) end of the MTD (the distal
end of the flagella) and the stalks toward the adjacent MTD
with slight tilt to the (—) end of the MTD (the proximal end
of the flagella) (yellow in Fig. 3d,e). This basic conformation
is common among all the axonemal dynein in our average.
Variation was found in the heads of inner arm dyneins. In
principle, they are parallel to the surface of MTD, similarly
to outer arm dyneins. However, the angles of the heads have
variation of ~30 degrees (Fig. 2a). Further variation appears
in the conformation of the N-terminal tails (Fig. 2b). Con-
formation of the N-terminus and the angle of the head might
be linked to each other and cause such specific performances
of dynein isoforms as velocity, torque and duty ratio'.



Ishikawa: Flagella/cilia by cryo-electron tomography 143

Figure 2 Molecular arrangement on MTD. (a) Averaged subtomograms to cover a 96 nm periodic unit. Grey: MTD. Light blue: ODA. Red:
IDA. Blue: RS. Green: nexin. Yellow: Light and intermediated chain of dynein f. (b) Diagram of dyneins based on (a) and 3D analysis of mutants.
Green: ATPase rings. Red: N-terminal tails. Dynein isoforms are indicated. Proximal and distal ends are left and right, respectively.
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Figure 3 Dynein. (a) Sequence of dynein. Six AAA+ domains are indicated by color. The N-terminal tail is shown as a dotted line. (b) Atomic
model of a dynein head (PDB ID: 3VKH). Six AAA+ domains form a ring. (¢) The atomic model was fitted to our averaged tomogram. (d) Cross
section and (e) longitudinal section of the averaged map. In (d)(e) six AAA+ domains are shown in the same color code as (b) and (c). The stalk is
shown as yellow lines. In (c), the proximal and the distal ends are left and right, respectively.

Circumferential and longitudinal asymmetry of
inner arm dyneins

Many flagella/cilia have asymmetric waveforms. Chla-
mydomonas flagella, under the low calcium condition, move
in a planar asymmetric waveform like breast-stroke. Tetra-
hymena cilia takes a similar planar asymmetric waveform.
There should be structural mechanism to generate asymmetric
and planar waveforms. By careful analysis, we revealed that

the apparent structural symmetry is broken in Chlamydomo-
nas flagella'®!?. Asymmetry exists both among nine MTDs
(circumferential asymmetry) and between the proximal and
central/distal regions (longitudinal asymmetry).

Some asymmetric molecular arrangements have been
known since the lack of ODA in one MTD (called MTD1)
which are apposed between two flagella of Chlamydomonas
as well as connections between MTD1 and MTD2 localized
at the proximal region were reported's. However, the asym-
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Figure 4 Circumferential asymmetry of IDA arrangement. Left: averaged subtomograms from nine MTDs of Chlamydomonas flagella. The
numbering of MTDs is shown in the bottom panel. The color code is the same as Figure 2a. Right: schematic diagram of inner arm dyneins based
on the left panels. In the six top panels, the proximal and distal ends are at left and at right, respectively. In the bottom panel, the positions of IDL2
and IDL3 are shown in red and purple lines, respectively. Modified from ref. 16.

metry of ODA cannot explain the asymmetric waveform,
because the odal mutant, which lacks the entire ODA and
thus has no asymmetry of ODA, keeps the intact asymmetric
waveform!'*%, We extracted subtomograms from individual
MTDs separately and averaged them'®. This analysis uncov-
ered the asymmetry of IDA and other linkers between adja-

cent MTDs. In MTD9, dynein b is missing (Fig. 4), while
seven MTDs (MTD2 to MTDS) bind all the eight dyneins in
IDA. MTD1 lacks not only ODAs but also some IDAs (they
might exist and be misfolded, judging from the density
close to the surface of MTD in Fig. 4). This result indicates
fewer dyneins, therefore less sliding force, at the internal



side (corresponding to MTDs9, 1, 2) of the two flagella of
Chlamydomonas, which could lead to the asymmetric wave-
form. We found another density between MTDs arranged in
the asymmetric way. One linker (we call them interdoublet
linker 2 (IDL2)) exists only between MTD9 and MTD1, and
between MTD4, MTDS5 and MTD6. The other linker (IDL3)
connects only between MTD1 and MTD2. These linkers
exist only along the bending plane. They could restrict the
sliding between MTDO, 1, 2, 4, 5 and 6. Weaker sliding at
these MTDs and stronger sliding at the other MTDs located
distantly from the plane would limit the flagellar motion in
the plane.

In Chlamydomonas, there are 16 dynein genes. One is
cytoplasmic dynein, while three are outer arm dyneins.
There should be 12 inner dyneins, whereas only eight were
purified biochemically?' and structurally!' identified. The
other unidentified four dyneins were called minor dyneins.
Newly developed antibodies of the minor dyneins and fluo-
rescent microscopy proved that minor dyneins are localized
at the proximal (within 2 um from the basal body) region®.
By combining 3D reconstruction of WT and mutants specif-
ically at the proximal region, we proved that minor dyneins
are replacing the other (major) dyneins at the proximal
region!’. This indicates modulated sliding at the proximal
region. Further characterization of the minor dyneins is
awaited.

Conformational change of dyneins induced by
nucleotide hydrolysis and cluster of dynein
conformational changes

To structurally characterize power stroke mechanism of
dynein we reconstructed tomograms of Chlamydomonas
flagella in the presence of ImM ADP and vanadate
(ADP.Vi)®. Vanadate mimics phosphate in dynein®** and
therefore in the presence of ADP.Vi dynein is supposed to
be trapped in the ADP.Pi state. We expected that all the
dyneins will be trapped in the ADP.Vi conformation, which
corresponds to the pre-power stroke state. However, inter-
estingly, we found heterogeneity in both outer and inner arm
dyneins in the presence of ADP.Vi®. The total average of
subtomograms was blurred in the presence of ADP.Vi. We
assumed that there coexist at least two structures, one in the
apo conformation and another in the ADP.Vi conformation.
We classified extracted subtomograms based on the aver-
aged subtomograms from flagella without nucleotides (in
the presence of apyrase) and the averaged subtomograms in
the presence of ImM ADP.Vi, as the templates representing
the apo and the ADP.Vi forms, respectively. After the initial
classification, subtomograms classified into the class of the
ADP.Vi form were averaged to generate the new ADP.Vi
template. We used this updated template and the same apo
template to iterate classification and averaging until the iter-
ation was converged (detail written elsewhere®). By this
analysis we obtained 3D structure of dyneins in the ADP.Vi
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form as well as the distribution of the two conformations.
Even more interesting is that the two conformations do not
appear randomly, but form clusters (Fig. 5a). Seemingly there
is a mechanism to generate positive and/or negative feed-
back between adjacent ODAs (Fig. 5b). Indeed we demon-
strated suppressed ATPase activity of dynein in flagella/
cilia®. While the length and frequency of the clusters varies,
the correlation between the pattern of the ODA clusters and
flagellar bending (for example, curvature of the flagella or
inside/outside of the curved flagella) is still unclear and
should be an important topic in the near future.

Classification enabled us to refine the dynein structure in
the ADP.Vi form (Fig. 5c). The dynein tail undergoes con-
formational changes induced by nucleotides. Concomitant to
this reconformation, the dynein head moves ~8§ nm toward
the (—) end (the proximal end of the flagella), when ADP.Vi
binds. We also reconstructed the structure of dynein in fla-
gella in the presence of ADP. The dynein structure with
ADP is similar to the apo conformation?. This suggests the
8nm shift of the dynein tail end toward the (-) end (the
proximal end of the flagella) upon Pi release to generate the
sliding between the adjacent MTDs. No rotation of dynein
heads was detected (Fig. 5c): the orientation of the stalk
emerging from the head is always the same. This result sup-
port the “winch” hypothesis, in which the dynein head
moves and drags the adjacent MTD, instead of rotating to
push the adjacent MTD (the “rotation” hypothesis), which
were a long-term debate using in vitro systems®”28,

Structure of the radial spokes

It is known that flagella change their waveform induced
by calcium ions®. The radial spoke includes calmodulin and
therefore is considered as a key component of the waveform
regulation. We reconstructed the 3D structure of the radial
spokes, which connect the central singlet microtubules and
the peripheral MTDs (Fig. 6). Ultrastructure of radial spokes
have been studied using freeze-fracture deep-etch electron
microscopy®® and was depicted as a “T” shape. Chlamy-
domonas flagella have two radial spokes within the 96 nm
periodic unit, while Tetrahymenas cilia have three. Although
this has been known since 80’s, we still do not know the
mechanism to cause this difference and the meaning in the
context of motility of these two organisms. 23 component
proteins were identified from Chlamydomonas radial spokes
(named RSP1-23)%!, while the localization and structure of
these proteins are unclear.

Our 3D reconstruction® provided more detailed structure,
beyond the “T” shape. In addition, by comparing three
mutants lacking different components, we located groups of
these components®2. RSP1, 4, 6, 9 and 10 belong to the head
region, the interface to the central singlet microtubules,
while RSP2, 16 and 23 form the neck region. Interestingly,
while other RSPs in the stalk region contain typical signal
transduction motifs, the head proteins do not have any par-
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Figure 5 Classification and averaging to find conformational change of dyneins induced by nucleotides. (a) Classification of ODA from two
tomograms of flagella in the presence of ADP.Vi. Red: ADP.Vi form. Blue: apo form. (b) Schematic diagram of dynein structural change in vitro
and in vivo. (¢) Averaged structure of ODA with (bottom) and without (top) ADP.Vi. (left) Wireframe representation with a molecular model fitted.
(right) Slices showing the head and the adjacent MTD linked by stalks. The heads are in green. The N-terminal tails are in blue and red. The stalks
are indicated by dotted lines. In (c) the proximal and distal ends are at left and at right, respectively. Modified from ref. 23.

ticular motif, except the MORN motif, which is known to
be associated with membranes (although no membrane has
been found at the interface between the radial spoke and the
central singlet microtubules). The radial spoke heads show
two-fold symmetry at this resolution (the black ellipsoid in
Figure 6c¢ indicate the two-fold axis). Since the central
microtubule has a polarity, there should be symmetry mis-
match.

Another important finding was on the third radial spoke
from Tetrahymena cilia (arrow in Fig. 6b). In our 3D recon-
struction, the first and the second radial spokes share almost
identical structure, while the third spoke demonstrates obvi-
ous difference. Interestingly Chlamydomonas flagella have
a short protrusion at the position of the third spoke of Tetra-
hymena. This short protrusion resembles the bottom part
of the third spoke (Fig. 6a), suggesting this protrusion has
the same components as the third spoke of Tetrahymena.
Chlamydomonas either stopped its development or degener-

ation occurred during the evolution. This short protrusion
stays intact even all the 23 RSPs are missing in a mutant of
Chlamydomonas. This fact and distinctive morphology indi-
cate that the third spoke consists of different proteins from
the other two spokes.

Outlook

Until now the number of proteins we located by cryo-
electron tomography is limited to less than 50. While we
have analyzed all the available dynein and radial spoke
mutants to locate their components, there are still more than
300 protein components from flagella/cilia to be located and
characterized. Since we cannot expect in vivo cryo-EM
imaging to reach enough resolution to identify protein
sequences, we need systematic labeling or tagging for pro-
tein identification.

For further analysis of the conformational change of dy-



Figure 6 Radial spoke structure. (a) Chlamydomonas. (b) Tetra-
hymena. RSs are seen from the adjacent MTD. The third spoke in (b)
and the protrusion with similar morphology in (a) are indicated by
arrows. (¢) Tetrahymena RS heads seen from the central singlet micro-
tubule. Left: proximal end. Right: distal end. In (c) the two-fold axis
within RS2 is shown by a black ellipsoid. Modified from ref. 32.

neins, we need higher resolution and more sophisticated
classification. Recently developed direct electron detec-
tors*® will help us to obtain data with higher resolution,
more contrast and less radiation damage. More computa-
tional resource will be required for objective (unsupervised)
classification such as the maximum likelihood method*.
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