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Abstract
Cilia and flagella are the bending organelles responsible for motility among many
eukaryotic cells and flow of the extra cellular fluid. Defects in motility of cilia/flagella
can cause lethal diseases. Dynein motors, responsible for the force generation of flagella,
are gigantic proteins composed of two to three heavy chains, each of which, has an AAA
ring, a coiled coil stalk, and an N-terminal tail. Dyneins generate force by hydrolyzing
ATP for the movement of cilia/flagella which is essential for many eukaryotic cells. The
nucleotide-induced structural change of dynein heavy chains (the ATP driven motors) has
been proved in vitro. However, for an in depth understanding of the flagellar bending
mechanism, in situ visualization of the structural change of dynein heavy chains is
required. With the help of cryo electron tomography, this research has revealed
nucleotide-induced structural changes of outer dynein arms in situ (from the nucleotidebound form to the apo-form). This work introduces insights and explanation for the
flagellar bending mechanism.

In this project, the global conformational changes of inner and outer dynein arm (ODA)
complexes were shown to be generated by the shifts of the AAA rings of individual
dynein heavy chains toward the distal end of the flagellum. This shift has been
experimentally characterized to be induced by the release of ATP hydrolysis products.
Moreover, the fixed orientation of the stalk within the flagellar axoneme (tilted toward
the proximal end) supports the idea that the AAA ring does not rotate, but shifts toward
the distal end of the axoneme. The shift of the AAA-ring by one power stroke has been
quantified to be 8nm (which corresponds to the periodicity of microtubules).

Moreover, with the help of an image classification procedure, it has been demonstrated
that the ODAs exhibit a structural heterogeneity along the doublets of flagella even under
saturating amounts of nucleotides. ODAs belonging to each class have been proven to
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make clusters. Cluster formation is believed to be the underlying mechanism for bending
of flagella by disturbing the homogeneity of particles along each doublet.

Zusammenfassung
Zilien und Flagellen sind die Biege-Organellen verantwortlich für die Motilität von
vielen eukaryotischen Zellen und den Fluss von extrazellulärer Flüssigkeit. Defekte in der
Motilität der Zilien / Flagellen können letale Krankheiten verursachen. Dynein-Motoren,
die an der Kraftentwicklung der Geiseln massgeblich beteiligt sind, sind gigantische
Proteine aus zwei bis drei schweren Ketten zusammengesetzt, von denen jede einen
AAA-Ring, einen anti-parallel coiled coil Stiel und einen N-terminalen Schwanz haben.
Dyneine erzeugen durch Hydrolyse von ATP Kraft für die Bewegung der
Flimmerhärchen / Geiseln, die unerlässlich für viele eukaryotischen Zellen sind. Der
Nukleotid-induzierte Strukturwandel der schweren Ketten von Dynein (die ATP
angetriebene Motoren) wurde in vitro nachgewiesen. Jedoch ist für ein detailiertes
Verständnis des Flagellenbiegemechanismus in situ Visualisierung der
zugrundeliegenden strukturkonformeren Veränderung von Dynein-schweren-Ketten
erforderlich. Mit Hilfe der Kryo-Elektronentomographie hat diese Untersuchung
Nukleotid-strukturelle Veränderungen der äußeren Dyneinarme in situ (aus der
Nukleotid-gebundenen Form zur apo-Form) gezeigt. Diese Arbeit gibt Einblicke und
Erläuterungen für den Flagellenbiegemechanismus.

In diesem Projekt wurde gezeigt, dass die Konformationsänderungen der inneren und
äusseren Dynein-Arm-Komplexe (ODAs) durch die Verschiebungen der AAA-Ringe von
einzelnen Dynein schweren Ketten zum distalen Ende des Flagellum generiert werden.
Diese Verschiebung wurde experimentell charakterisiert, dass sie durch die Freisetzung
von ATP-Hydrolyse-Produkte hervorgerufen wird. Darüber hinaus unterstützt die feste
Ausrichtung des Stiels in den Flagellen Axonem (in Richtung des proximalen Ende
geneigt) die Hypothese, dass sich der AAA-Ring nicht dreht, sondern sich in Richtung
des distalen Ende des Axonem verschiebt.Die Verschiebung des AAA-Ring durch einen
Krafthub wurde mit 8nm quantifiziert, entsprechend der Periodizität der Mikrotubuli.
[4]

Desweiteren hat sich mit Hilfe einer Bildklassifizierungsprozedur gezeigt, dass die ODAs
eine strukturelle Heterogenität entlang der Dubletts von Flagellen unter sättigenden
Mengen an Nukleotiden aufweisen und dass sich die ODAs von der gleichen Klasse zu
Clustern zu formen. Von dieser Cluster-Formation wird angenommen, dass sie der
zugrunde liegende Mechanismus für das Biegen von Flagellen durch Unterbrechung der
Homogenität der Teilchen entlang jedes Dublett ist.

[5]
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1 Introduction
Motile cilia and flagella are bending organelles of eukaryotic cells which protrude from
the cell body and perform motility functions, or induce flow of extracellular fluid. The
term “cilia” is used for multiple short, tail-like features in each cell, whereas the term
“flagella” is used when referring to long, single or double, tail-like features. The terms
“cilia” and “flagella” are used interchangeably in this thesis since their basic structure is
almost identical. The term “flagella” is used throughout unless cilia are specifically
mentioned. The motility of these organelles is dependent on ATPase motor proteins such
as dynein. Flagella have the “9+2” axonemal structure, where nine “outer doublet”
microtubules surround two singlet microtubules. Each outer doublet is made up of an „A‟
tubule and a „B‟ tubule. Dyneins are anchored on the A tubules with specific periodicity
(Fig. 1b). All these features are common for cilia as well. Dyneins form two complexes;
inner dynein arms (IDAs) and outer dynein arms (ODAs). IDAs are responsible for
waveform of the flagella, and are composed of eight heavy chains, whereas the ODAs are
responsible for the force generation, and are made of two to three heavy chains
depending on the species.

One dynein heavy chain (motor domain) has 4500 amino acids corresponding to an AAA
ring, an N-terminal tail domain and a coiled coil stalk (Fig. 1c). Due to the large, complex
configuration of dynein, very little has been elucidated about its structure, the nature of
motility, and force production. No atomic resolution information regarding the motor
domain of dynein is available as crystallization of the AAA ring domain has not been
achieved to date.

Based on in vitro electron microscopy analysis, dyneins have been shown to undergo
structural changes as they hydrolyze ATP (1). Kinetic studies define the structure of
purified dynein heavy chain in the presence of ATP and vanadate as the pre-power stroke
state. The post-power stroke state is associated with the structure of the dynein heavy
chain in the absence of nucleotides (2). A significant number of diseases related to
primary ciliary dyskinesia (PCD) results from defects in the axonemal structure and
[10]

motility, which are often due to mutations in dynein itself (8). Dynein structure has thus
become of considerable interest among scientists. Moreover, a detailed understanding of
the bending mechanism during the power stroke of dynein arms could contribute to an
understanding of the cause of PCD diseases such as male infertility and respiratory tract
infections that are directly related to defects in the motility of flagella and cilia.

3D, in situ visualization of dynein power stroke could clarify the underlying nature of
axonemal motility. So far, this knowledge has been limited to 2D in vitro studies. Cryo
electron tomography has become the method of choice for in situ visualization of the
motor domains of the large dynein complex, and has proven to be successful for in situ
analysis of the outer dynein arms in the absence of nucleotides (3, 4). For our
tomography studies, sets of two dimensional projections are acquired by rotating the
sample from -60 degrees to +60 degrees in two degree steps. By backprojecting the
acquired micrographs, the three dimensional volume of the dynein complex can be
reconstructed. This methodology has limitations such as the problem of missing
information due to the mechanical limitations of the microscope as well as limitations
due to radiation damage (5). Thickness and cryo freezing conditions of the sample are
factors that directly affect the contrast of the micrographs or the signal to noise ratio, and
therefore define the resolution limitations. Here, using 3D particle alignment and
averaging, we were able to quantify the length of the outer dynein arm power stroke with
a resolution better than 4 nm.

Based on the single particle analysis of purified and negatively stained dynein, the
Burgess (1) and Shingyoji (6) laboratories have proposed two different models to explain
the power stroke of the dynein heavy chain. The first model is based on the rotation of the
AAA rings where the stalk acts as a lever arm to amplify structural changes, whereas the
second model refers to winching by dynein. Our work sheds light on the appropriateness
and accuracy of the two models based on in situ 3D structural analysis of outer dynein
arm heavy chains. Such structural studies of dyneins in the presence of nucleotides has
not been performed previously in situ and information on dynein in the presence of
nucleotides has been limited to 2D analysis either from flagella by 2D quick-freezing,
[11]

deep-etching at low resolution (7) or to reconstituted dynein/microtubule assemblies by
positive cryo staining (6) techniques.

This chapter first explains the details of the model organism used in this study,
Chlamydomonas reinharddtii, and presents some biological and structural aspects of this
species. The structure of some components of Chlamydomonas flagella will be discussed
in detail due to their involvement in the motility of flagella. This will lead to a discussion
of the structure of dynein and, more specifically, of outer dynein arms, which is the main
subject of this work. Dynein is then introduced as a member of a larger family, called
motor proteins, and a rather preliminary functional and structural comparison among the
members of this family will be provided to illustrate the biological relationship of dynein
to kinesin and myosin. Dynein will be further categorized, and to emphasize the
relevance of this research some of the diseases associated with axonemal and cytoplasmic
dynein will be discussed.

1.1 The Model Organism, Chlamydomonas reinharddtii
Chlamydomonas is a unicellular green algae and can survive diverse and rather harsh
environments and has been found in many places from soil to snow on mountaintops (9).
Its main components are a cell wall, a chloroplast, an eye spot for detection of light and
two tail like flagella about 15 µm long. Because of the ease of culturing, Chlamydomonas
has been widely used for studies of flagellar function and assembly.

C. reinhardtii, one of many different species of Chlamydomonas, is used in this work as
well as in many other laboratories due to its ability to grow non- photo-synthetically with
acetate as its main carbon source (9). Very first mutants of C. reinhardtii were isolated
due to their abnormal motility. Many mutants are now available and can be obtained
easily from the Chlamydomonas centre (http://www.chlamy.org/). Although in this work
we did not use any mutants, further studies could look at mutants lacking each heavy
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chain of the outer dynein arm to reveal the importance and role of each head with respect
to the mechanism and magnitude of the power stroke.

b)

a)

c)
Tail
Coiled
coil stalk
MT
binding
domain

Fig. 1 One Chlamydomonas cell (a), schematic representation of flagellar cross section (b), and
schematic representation of dynein heavy chain(c)
Taken from Movassagh et al (67)
a: One cell of Chlamydomonas showing its two tail-like flagella. b: cross section of one flagellum showing
outer dynein arm (ODA , green), inner dynein arm (IDA ,orange), Radial spokes (RS, blue), B tubule and A
tubule of two doublets, and (central pair) C1/C2. C: One dynein heavy chain is shown including six AAA
domains, coiled coil stalk, microtubule binding domain and the tail.

[13]

1.2 Flagella
Flagella, the tail like features of Chlamydomonas are about 10 to 15 µm in length and
extend out of a specific region in the cell wall. Flagellar morphology shows the so-called
9+2 axonemal structure, in which nine outer microtubule doublets surround two interior
single microtubules (Fig. 1b) (10). Flagella are the bending organelles that facilitate the
swimming of the cells towards the light (Fig. 1a).

This section discusses flagellar proteins involved with either flagellar bending and
motility, or flagellar assembly and maintenance. These include central pairs, radial
spokes, and dyneins which will be reviewed in detail. These proteins will be explained in
the order of their appearance, from the centre of the axoneme (central pair) to the outer
most components, which are the outer dynein arms, and the main focus of this research
(details in section 1.2.6).

1.2.1 Central Pair (CP)

Central pair apparatus regulates the motility of flagella through its interactions with radial
spokes (Fig. 1). This regulation is directly based on the regulation of the dynein activity
(11). Absence of these conserved complexes results in paralyzed flagella (12). How the
structure of the central pair relates to activation of dynein and the bending mechanism is
not known. Interestingly, a twist of the central pair has been identified in actively beating
flagella (13).

The two singlet microtubules of the CP are not symmetric in terms of their structure. Also,
biochemically, they have been shown to be distinct where each tubule is associated with
protrusions known as central sheaths (Fig. 2 arrows) (14). This suggests a communication
pathway from the centre of the flagella to the outer most components such as outer
dynein arms (Fig. 3 arrows).

[14]

Fig. 2 Electron micrographs of isolated axonemes of wild-type Chlamydomonas (14)
© G. B. WITMAN et al., 1978. Originally published in JOURNAL OF CELL BIOLOGY. VOL: 76
729-747
The central tubule central sheath complex is shown. Black arrows indicate the central sheaths. Brackets
indicate the radial spokes located on the A tubule of one doublet and showing a 96nm repeating unit.

In mutants lacking radial spokes, central sheaths can be observed more clearly (14). They
are shown to be composed of a protrusion from each singlet (Fig. 3 arrows).

Fig. 3 Electron micrograph of an isolated axoneme of mutant pf-14 (14)
© G. B. WITMAN et al., 1978. Originally published in JOURNAL OF CELL BIOLOGY. VOL: 76
729-747
A pair of projections per central pair is shown (arrows). In the absence of radial spokes, it is clearly seen that
the two projections are of different lengths.

[15]

1.2.2 Radial Spokes (RS)

Another conserved structure of the axoneme of motile cilia and flagella is the radial
spoke (Figs. 1 and 4). Radial spokes repeat in pairs or triplets, depending on the organism,
every 96 nm along the A tubule of each outer doublet microtubule. Visualized by
negative staining, a thin filament is shown to connect pairs of radial spokes at the position
of their heads (Fig. 4, arrows) (14).

Fig. 4 Electron micrograph of negatively stained material (14)
© G. B. WITMAN et al., 1978. Originally published in JOURNAL OF CELL BIOLOGY. VOL: 76
729-747
Pairs of radial spokes repeating with a 96nm unit are indicated with black arrows. Spoke heads, spoke stalks,
and thin fiber connecting pairs of radial spokes, are clearly seen.

A thin „stalk‟ and a 'spoke head' are the main features of the radial spokes (Fig. 4). Radial
spoke stalks are positioned on the A microtubule adjacent to the inner dynein arms and
project from the outer doublets towards the center of the axoneme (Figs. 1 and 8). Spoke
heads, positioned at the tip of spoke stalks, interact with the central sheath of the
microtubules (14). The localization of spokes makes them a feasible communicator
between the central pair and dynein arms (Fig. 2). Mutants lacking spokes either perform
abnormal motility or are completely paralyzed (14).

[16]

1.2.3 Intraflagellar Transport (IFT)

The growth of eukaryotic flagella takes place at the tip of this organelle. The axonemal
subunits are transported to the tip of the axoneme by IFT particles for the purpose of
assembly. Thus, growth of axonemes depends on IFT continuously supplying fresh
proteins and disposing of used proteins. This movement takes place between the axoneme
and the plasma membrane, and is carried out by two different microtubule based motors,
kinesin-2 and cytoplasmic dynein 1(Fig. 5) (17).

Fig. 5 Electron micrograph of IFT (17)
IFT particles are shown with black arrows. These micrographs present the IFT trains with different length
performing anterograde and retrograde transportation.

Under the Permission of Copyright Clearance Center’s Rights-link
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1.2.4 Dynein Arms

The inner and outer dynein arms in cilia and flagella are the ATPase motors responsible
for force production, causing sliding motion between adjacent outer-doublets. This
sliding results in the bending of the flagella. The shape and the size of the waveform are
determined by the inner arms, whereas outer dynein arms act as force generators to
increase the beat frequency (18). The mechanism that converts microtubule sliding into
the bending movement of axonemes has not yet been established.

1.2.5 Inner Dynein Arm (IDA)

Inner dynein arms are composed of 8 heavy chains (detailed explanation is in section
1.2.7) arranged into seven distinct isoforms (Fig. 7). One two-headed and six singleheaded isoforms are arranged within 96nm repeat unit along the A tubule doublets of
axonemal flagella (Figs. 6 and 8). The arrangement of inner dynein arms is mediated
through interactions between various intermediate (IC) and light chains (LC) (15) (Fig. 6,
red arrow). The arrangement of inner dynein arms on the doublets is very complex and is
the subject of research in our lab (Figs. 6 and 8).

Fig. 6 The arrangement of the IDAs and other structures on the A-tubule (15)
Taken from Bui et al (2008)
© H. BUY et al., 2008. Originally published in JOURNAL OF CELL BIOLOGY. VOL: 183
923-932

[18]

The complex arrangement of inner dynein arms and the orientation of each isoform are shown within one
96nm repeat. The proximal end is to the left and the distal end is to the right of the figure. Heavy chains are
indicated with green rings and labeled with green letters accordingly. Red arrow indicates the LC-IC
complex, while the blue arrow indicates the dynein regulatory complex. Length of scale bar is 20nm.

Motility and wave generation of flagella is due to distinct isoforms of inner dynein arms.
Each isoform has a unique contribution to force generation and bend formation in flagella
(19), and a tight coordination and cooperation among the heavy chains of inner dynein
arms is necessary.
The double-headed inner arm dynein f isoform has two DHCs (fα and fβ, Fig. 6), three
ICs (97, 138, and 140kD), and three LCs (8, 11, and 14 kD) (20). It is located adjacent to
the first radial spoke and composes the 96-nm repeat (15) (Fig. 6).

Fig. 7 Fractionation of high-salt extract from oda1 axonemes by HPLC on a monoQ column (21)

Seven different species of single or double-headed inner arm dynein (a-g) are extracted under high salt
condition.

Although the role of the double-headed dynein f with respect to the wave formation has
been shown to be significant, the other six isoforms also define the characteristics of the
[19]

waveform and torque generation of flagella (20). They can translocate and/or rotate
microtubules with a certain velocity (21).

The six single-headed isoforms can be categorized with respect to their interactions with
two different light chains. Three of these heavy chain isoforms are associated with an
actin intermediate chain and a light chain of about 28kD (p28). The other three dynein
heavy chains are associated with an actin intermediate chain and a light chain of about
19kD. This light chain (also referred to as centrin) has the ability to bind calcium (20).

Using cryo-electron tomography to reconstruct the three-dimensional structure of inner
dynein arms, and mutational analysis of Chlamydomonas reinhardtii, Bui et al (2008)
identified and localized all the eight rings of inner dynein heavy chains and their
corresponding N-terminal tails in one 96-nm periodic repeat (Fig. 6) (15).

Fig. 8 Schematic diagram of the arrangement of the inner (based on Bui et al (15))
and outer dynein arms.
Taken from Movassagh et al. (67)
All the components within one 96nm repeat along the A tubule are shown. Outer dynein arms have a 24nm
periodicity (green rings). The three heavy chains of one ODA complex are labeled (α, β, γ). All of the
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subspecies of inner dynein arms are shown (orange rings). One pair of radial spoke is also shown in light
blue. IC/LC represents the intermediate light chain complex. DRC stands for dynein regulatory complex.

1.2.6 Outer dynein Arm (ODA)

The focus of this research, the outer dynein arm from flagella of the green alga
Chlamydomonas reinhardtii is a microtubule-based molecular motor. The outer dynein
arm consists of 16 different components each of which plays an important role for the
formation of ODAs onto the microtubule doublets (Table 1). In total, the outer dynein
arm has a mass of 2MDa (23, 24).

Protein

Mass (kDa)

Mutant

Properties

α HC

504

oda11

ATPase/motor; not essential for assembly

βHC

520

oda4

ATPase/motor; essential for assembly

γHC

513

oda2

ATPase/motor; essential for assembly

IC1

76

oda9

WD-repeat protein; interacts directly with α-tubulin and required for assembly

IC2

63

oda6

WD-repeat protein; regulatory and required for assembly

LC1

22

–

Leucine-rich repeat protein associated with γ-HC motor domain

LC2

16

oda12

Tctex2-related protein; essential for assembly

LC3

17

–

Thioredoxin homologue associated with the β-HC

LC4

18

–

Ca2+-binding EF hand protein associated with N-terminal domain of γ HC

LC5

14

–

Thioredoxin homologue associated with the α-HC

LC6

14

oda13

LC8 homologue; not apparently required for outer arm assembly

LC7

12

oda15

Related to the cytoplasmic dynein LC roadblock; required for assembly

LC8

10

fla14

Highly conserved dimeric protein found in many multimeric complexes.

DC1

83

oda3

Docking complex coiled coil protein.

DC2

62

oda1

Docking complex coiled coil protein.

DC3

21

oda14

Docking complex EF–hand protein.

Tab. 1 Components of the Outer Dynein Arm (24)
Under the Permission of Copyright Clearance Center’s Rights-link

ODAs are responsible for force generation and the acceleration of the flagella. The
motor domain of Chlamydomonas reinhardtii ODA complex is made of three AAA
(ATPases associated with cellular activities) domain heavy chains which are known as γ,
[21]

β, and α (Fig. 8). Each heavy chain is about 510kDa, and contains an N-terminal tail
domain. The three heavy chains interact with one another through this tail domain. The
tail domain as well interacts with the intermediate and light chains (ICs and LCs). The
IC/LC complex, together with three docking complexes is required for attachment of
ODA to the A microtubule of each doublet (24).

In the dynein motor domain six AAA domains come together to form a hexameric ring
(35). This in turn means that these AAA domains must communicate as the dynein goes
through its ATPase cycle. Each, of the 500 kDa motors must be specifically regulated
and controlled as ATP is being hydrolyzed and force is being generated. This has been
studied by systematic comparison of in vitro motility properties among Chlamydomonas
wild type and mutant outer dynein arms lacking one of the three heavy chains. In this
regard, Furuta et al (60) showed that mutations within each of the heavy chains (either α,
β or γ) alter the gliding velocity of ODA along the microtubules as well as the ATPase
activity of the dynein complex. This suggests a high degree of coordination, cooperation
and communication not only among the AAA domains of one ring but also among the
three motors. To visualize AAA domains clearly, data at 20 Å resolution or higher is
required. Such high resolution imaging is out of the reach of tomography. The structural
analysis of regulation and synchronized ATP binding and hydrolysis within one motor
and among the three motors therefore cannot be addressed in this work.

1.2.7 Dynein Heavy Chain (DHC)

DHC N-terminal tail domain is composed of 1300 amino acids (3). The C-terminal
portions of the HCs comprise the motor unit (Fig. 9), which contains six AAA ATPbinding modules (Fig. 10). These domains are arranged in hexameric ring-shaped
configuration with the microtubule-binding stalk located between AAA numbers 4 and 5
(Fig. 10) (26).

[22]

Microtubule binding
domain
Fig. 9 Schematic diagram of one dynein heavy chain
Taken from Movassagh et al. (67)
One hexameric heavy chain of ODA is shown as an arrangement of six AAA domains. Tail and stalk
protrude from the ring.

Fig. 10 Domain structure of the outer dynein heavy chain (26)
Under the Permission of Copyright Clearance Center’s Rights-link
A linear map of the γ HC from the Chlamydomonas outer dynein arm is shown. The position of the six AAA
domains, the microtubule binding domain and assigned segment of the N-terminal region are indicated.

1.3 Molecular Motors
The Dynein heavy chain belongs to a super-family of molecular motors which are
responsible for the dynamism of living organisms by converting the chemical energy of
ATP into mechanical motion. Biologically important molecular machines include motor
proteins such as myosin and kinesin (29). Having an ATPase domain and a filament-
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binding site within the motor domain is a common feature of myosins and kinesins
suggesting a high structural resemblance between these two motors (29, 30).

1.4 Comparison of Dynein to other Molecular Motors
Size of dynein is one hurdle for achieving high resolution structural analysis. Kinesin and
myosin are much smaller and have a simpler molecular arrangement (29). Except for the
microtubule binding domain at the tip of the stalk (34), no other atomic resolution
information has been gained for dynein so far. Most laboratories including ours
investigate dynein by use of electron tomography and/or single particle analysis (1, 3, 4,
6, 15).

1.5 Cytoplasmic Dynein
Dynein heavy chains can be classified into two categories; cytoplasmic and axonemal
(36). Our work is based on axonemal dynein which is further divided into inner and outer
heavy chains. The name axonemal corresponds to the functional relation of dyneins as
part of the cilia and the flagella. The second class, cytoplasmic dynein participates in a
variety of activities such as mitosis, vesicular and nuclear transport, and “intraflagellar
transport (IFT)” in cilia and flagella (36). IFT motility is explained in section 1.2.3.

1.6 Diseases Associated with primary ciliary dyskinesia
Primary ciliary dyskinesia (PCD) in humans has been shown to result from abnormal
motility of cilia and flagella due to defective axonemal configuration (38). Male
infertility and recurrent respiratory tract infections are among many known diseases that
have been directly related to the primary ciliary dyskinesia syndrome. Another disease
related to PCD is situs inversus. Patients with situs inversus may suffer from a revered
localization of their organs such as the heart (36). Mutational analysis of a dynein heavy
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chain in mice showed the direct relation between dynein heavy chain and the reversed
left-right asymmetry (32).

1.7 A Widely Accepted Hypothesis on the Mechanism of the Power
Stroke
So far, there have been no studies on the power stroke mechanism of dynein arms, which
are high-ordered complex of heavy, intermediate and light chains. Our mechanistic
knowledge is limited to in vitro analysis of a single and purified dynein heavy chain.
Purified inner arm dynein c has been shown to take two different conformations in the
presence of ADP.vanadate form and the apo state. With the help of negative staining and
2D single particle analysis, the angle between the emergence points of the stalk with
respect to the tail was shown to be wider in the ADP.Vi form (160˚) than the apo state
(136˚) (Fig. 11a red and blue arrows) (1).
15nm

a)

b)

Fig. 11 Power stroke of purified inner arm dynein c, modified from (1)
Under the Permission of Copyright Clearance Center’s Rights-link
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a) Micrographs of averaged particles in the ADP.Vi form (left) and the APO state (middle). The difference in
the mean position of the stalks between the two states was measured to be 15nm (right). b) Cartoon
representing how the rotation of one motor domain corresponds to the power stroke based on the “rotation
hypothesis”. Our data rejects this model (Figs. 24 and 36).

Based on these results, Burgess et al proposed a model in which the assumption is that
the tail is fixed and the stalk acts as a lever arm to generate force as the ring rotates due to
the power stroke. According to this widely accepted “ring rotation hypothesis”, the
orientation of the stalk with respect to the proximal and the distal ends of the microtubule
must be different during the power stroke (Fig. 11b).

1.8 This Study
To fulfill our goal of understanding the power stroke of axonemal outer dynein arms in
situ, and the communication between each dynein motor domain (α, β, γ) and the B
tubule of the adjacent doublet, it is necessary to identify and study the sliding and
bending mechanisms. Communication between dynein and the neighboring microtubule
is known to be mediated through the microtubule binding domains located at the tip of
the stalks of each heavy chain.

Based on our in situ analysis of the outer dynein arm, we support a model in which shift
of the rings is shown to be the underlying mechanism of force generation. We proved that
the orientation of the stalks is fixed between the two nucleotide states, and always
towards the proximal end of the flagella. Furthermore, based on our data the shift of the
rings is mediated by structural changes in the neck region of the tail domain (Figs. 9 and
24). We quantified this shift to be 8nm, corresponding to the periodicity of microtubules
and different from 15nm proposed previously (1).

Through the use of a 3D classification program, we observed cluster formation of outer
dynein arms along the doublets of flagella. We propose a model in which outer dynein
arms make clusters of different classes (two in our case) to break the homogeneity of
particles along the doublets. We suggest this inhomogeneity transforms the sliding
motion of the doublets into flagellar bending.
[26]

2 Results

2.1 Chlamydomonas Culture
At the beginning of this project, flagella were shipped from Japan. This meant that the
flagella were on ice for about three to four days before they were used for the
experiments. This resulted in very poor tomographic data in the presence of nucleotides.
Outer dynein arms had not maintained the 24nm periodicity but were found in disordered
aggregates. Moreover, to fulfill the scope of this project, it was very important to use
flagella that could show a high percentage of activity, which could only be fulfilled with
freshly purified flagella. To establish the culturing of Chlamydomonas and purification of
functional flagella in our lab, we optimized the methodology straight from “The
Chlamydomonas Sourcebook” by Elizabeth H. Harris (39).

Gorman-Levine Tris-acetate-phosphate (TAP) media was our first and only choice,
among a variety of culture media, during the course of this project (Table. 2). Culturing
with TAP media uses glacial acetic acid as a source of carbon, and eliminates the need
for light. However, we discovered that illumination increases the percentage of active
flagella following their separation from the cell bodies and therefore we used “coolwhite” florescent lamps to illuminate the flasks of liquid culture (Fig. 43). Cells were
illuminated with a cycle of 14 hours light and 10 hours darkness. This alternating
light:dark cycles is used for achieving synchronously dividing cultures. For liquid
cultures a magnetic stirrer was used for aeration and avoidance of shading on the bottom
of flasks.
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component
Salts (g/L)
MgSO4.7H2O
CaCl2.2H2O
K2HPO4
KH2PO4
Tris
Other components
Glacial acetic acid
Trace elements (ml)
Final pH

TAP
0.4
0.1
0.05
0.108
0.056
2.42
0 ml
1B
7.0

Tab. 2 Components of Culture Media for Freshwater Chlamydomonas Species

2.2 Flagella Purification
Two liter cultures (2-4 days old) were used for flagella purification. To have a higher
percentage of active flagella it was important to have active cells to start with. Therefore,
before use, cultures were checked by light microscopy using phase optics to be sure that
they are axenic and relatively free of cell debris, and that the cells are single, flagellated,
and, if wild-type, motile. We used the methodology described by George Witman (39) as
a guide for flagella purification (section 4.2.2).

2.3 Details about Vanadate and ADP Treatment
Vanadate is known to have potent inhibitory effect on dynein ATPase pathway. Binding
of vanadate to dynein is non competitive with respect to ATP. However, after the first
ATP turnover cycle, dynein makes a complex with ADP.Vi. The complex of
dynein.ADP.Vi reaches dead end kinetics. Therefore, vanadate could be used as an
analogue of phosphate. The structure of dynein in the presence of ATP and vanadate is,
therefore, representative of the dynein.ADP.Pi state (65). Most of the structural studies of
dynein with nucleotide have been performed using ADP.vanadate (6, 1). For these
reasons we used ADP.vanadate for the research reported in this thesis. To avoid
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polymerization of vanadate a solution of 0.1M sodium metavanadate was prepared in
0.1M NaOH and boiled for about 10 minutes until the solution became transparent. This
solution was then titrated and stored at pH10 (66).

Flagella were extracted from cultures of Chlamydomonas reinharddtii, strain137c. The
flagella were used for the experiments only when they showed at least 60% activity after
extraction from the cell body. The reactivation process and visualization will be
discussed in detail in section 4.2.4.

Using the technique of cryo-electron tomography, 15 flagella that had been treated with
ADP. vanadate were analyzed. Due to the size of the CCD camera used in this work, we
could observe only about 1.4µm sections of a flagellum, corresponding to approximately
50 outer dynein arms (24 nm periodicity) per doublet. In total since 8 out of 9
microtubule doublets of each flagellum have outer dynein arms, the15 flagella yielded
6097 particles under the ADP.Vi condition analyzed in this work. Each particle was
extracted and aligned three dimensionally with respect to a reference. The computational
analysis will be described in chapter 4.

ODA structures were also analyzed with ADP state (in the absence of vanadate). The cell
culture, flagella purification /activation and computational analysis were identical as for
the vanadate state. Here, 1663 particles were extracted, aligned and averaged. In this
case, ADP was purified from its ATP contaminants by the help of ion exchange
chromatography (details in sections 4.3). The collected fractions were lyophilized and
ADP powder was stored at -20˚ C. The presence of adenylate kinase within the flagella
can catalyze the production of ATP and AMP from ADP (2 ADP ↔ ATP + AMP).
Therefore, to make sure that we have a pure ADP state, P1,P5-Di(adenosine-5′) pentaphosphate penta-sodium salt (Ap5A), a potent inhibitor of adenylate kinase, was added at
the same time as the ADP. In our experimental setup 10µM of this inhibitor was used
with 2mM ADP.
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Judging by the surface-rendered models of the final average of all the particles classified
into each class (APO, ADP, ADP.Vi) (Fig. 12), one can observe overall structural
differences of the stacked outer dynein arms among ADP.Vi, ADP and the APO (3)
states.

Fig. 12 Surface representation of ODAs on the A-microtubule under the different nucleotide
conditions
Taken from Movassagh et al (67)
Surface rendered models of three outer dynein arms anchored on a microtubule doublet are shown in the
ADP.Vi (top) ADP (middle) and apo (bottom) states. The left panels show the view of the doublet from the
inside of the axoneme and right panels show the doublets seen from outside of the axoneme.
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2.4 ADP.Vi Form
By computational 3D image classification (detailed description in chapter 4), at least two
structures were proved to coexist within all nucleotide conditions. Averaging of all the
6097 outer dynein arms in the ADP.Vi state provided a primary total structure. This
structure was used as a primary reference and representative of the ADP.Vi structure.
Moreover, based on the work of Ishikawa et al (3), we also had a reference for the APO
state (bottom row in Fig. 12.).

Having the above described two references allowed us to start a classification process for
each outer dynein arm particle along the doublets of every flagellum. Based on the cross
correlation coefficients, each ODA under the ADP.Vi condition was classified as either
representing the apo state structure (blue) or the ADP.Vi state structure (red) (Fig. 13b).
The precision of the classification is shown in Fig. 13c. The red line corresponds to cross
correlation coefficients with respect to the ADP.Vi template, whereas the blue line
corresponds to cross correlation coefficients with respect to the APO template. The two
lines are well separated for the doublet presented in Fig. 13c and allow an unequivocal
assignment of the particles.

This resulted in two subgroups of particles obtained in the ADP.Vi form. These two
conformations are referred to as the ADP.Vi form and the apo form. Particles classified
into the ADP.Vi form were then averaged together and used as the reference for a further
round of classification. Our classification therefore involved an iteration process in which
the reference and the final averaged ADP.Vi structure were updated in each cycle. We
stopped the iteration process after the number of the particles classified into each
subgroup remained constant (four cycles).
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a)

b)

c)

Fig. 13 ODAs classified into apo (blue) and ADP.Vi state (red)
Taken from Movassagh et al (67)
a) Surface rendered model for ADP.Vi (red) and APO (blue) structures. b)classification along three doublets
are shown, red stars indicate particles classified into ADP.Vi and blue circles indicate particles classified into
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the apo state. Bar indicates 50nm. C) Comparison of cross correlation coefficients with respect to the two
templates along one doublet.

In Fig. 13 and everywhere else in this work, the colour blue represents the apo structure
and the colour red represents the ADP.Vi structure.

Based on the cross correlation coefficients, 52% of the ODA particles under the ADP.Vi
condition showed a structure similar to the ADP.Vi reference and the other 48% of the
particles showed the apo structure (Table 3). The averaged 3D structure of the 52% of the
ODA particles that was classified as the ADP.Vi structure after the final round of
iteration is shown in the top row of Fig. 12. This structure was used for the detailed
analysis of the rings, tails, and stalks under the ADP.Vi condition, and showed significant
differences from the structure of ODA from flagella in the absence of nucleotides (the
apo form) (Fig. 12, bottom).

100μM ATP +
50μM vanadate
(ADP.Vi form)
2mM ADP
w/o nucleotides
2mM ATPS

ADP⋅Vi form
3170

apo-form
2785

Not classified
142

total
6097

475
656
284

1120
5161
841

68
197
38

1663
6014
1163

Tab. 3 Statistics of classification of ODAs
Taken from Movassagh et al (67)

Our classification procedure further revealed cluster formation of ODAs along each
doublet. As seen in figure 13, the ODA states (apo or ADP.Vi) group up to make clusters
of varying lengths. This suggests cooperativity among outer dynein arms and will be
discussed in detail in section 2.11. The length of the clusters varies from doublet to
doublet. Figure 13b shows three examples. The top panel shows a long (~0.6μm) cluster
of consecutive outer dynein arms in the ADP⋅Vi form. The middle panel represents an
example in which the outer dynein arms in the apo form (blue) show one long cluster
together with several shorter clusters. The bottom panel is an example with a few shorter
clusters of ADP⋅Vi and apo forms.
[33]

After the last iteration of the classification, the distribution of states along each doublet of
every flagellum was plotted. Figure 14 demonstrates such plots for 8 microtubule
doublets belonging to seven flagella. The cluster formation, with significant length
variations, among ODAs of each class is clearly seen. From this graph, it became evident
that the cluster formation within one flagellum is not uniform.

We expected that the length and the number of clusters belonging to each subclass along
doublets of each flagellum to vary depending on the location of the doublet with respect
to the curvature of the flagellum. However, this kind of analysis was not done in this
study due to the fact that straight flagella were always used for tomography. More
sophisticated alignment software is required for image analysis of curved flagella, which
is of great interest for understanding the mechanism of bending.

[34]

Fig. 14 Classification Plots for Seven Flagella

To demonstrate of cluster formation of states on each doublet of every flagellum, classification plots for
seven flagella are presented here. It is clear that lengths of the clusters are variable among the doublets.

[35]

In cryo-electron microscopy, the resolution of a structure is typically measured by the
Fourier shell correlation (FSC). To measure the FSC, the data needs to be separated into
two groups. Most publications quote the FSC 0.5 cutoff, which refers to when the
correlation coefficient of the Fourier shells is equal to 0.5. Using this methodology, the
resolution of ADP.Vi data was calculated to be 39.2 angstroms (Fig. 15), 37 angstroms
resolution for the apo state (15).

39.2 Å

Fig. 15 Fourier Shell Correlation
Based on the 0.5 criteria for the Fourier shell correlation analysis, the resolution of the ODA ADP.Vi
structure was calculated to be 39.2 Å.

2.5 Shift of AAA rings of IDAs toward the distal end induced by
product release
For the 3D structure of inner arm dyneins, we averaged 393 and 1402 particles
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(96nm repeating units) extracted from tomograms of flagella in the presence of ADP⋅Vi
and in the absence of nucleotides, respectively. Similarly to ODA, we averaged imaged
particles in the presence of ADP⋅Vi after classification based on the structure of the inner
arm dynein c.

The three-dimensional reconstruction of a flagellum obtained through averaging with a
96nm periodicity clearly showed the structural changes of inner dynein arms associated
with the different nucleotide states (Fig. 16). Since kinetics studies suggested that release
of hydrolysis products is coupled with the power stroke of outer arm dyneins (2), the
structure with and without ADP⋅Vi can be considered as pre- and post power stroke
states, respectively.

Fig. 16 Surface-rendering representations of IDAs, ODAs and RS on A-microtubules
Taken from Movassagh et al (67)
The alpha ring of the outer dynein arm (α) as well as the inner arm dyneins c and e (c,e) are shown in red for
the ADP.Vi form (a) and in blue for the apo state(b). Radial spokes are shown in yellow (RS1 and RS2).
Scale bar indicates 20nm

[37]

We aligned structures in the ADP⋅Vi form and those in the apo form based on the
positions of the origin of the radial spokes, which are believed not to change their
positions on A-microtubules. Distinct differences are found in the heads of dynein c and
dynein e (those dyneins were identified by mutant analysis (15)). Both heads (marked as
“c” and “e” in Fig. 16a,b) are shifted toward the distal end of the flagellum following
product release (i.e. ADP and phosphate). The head of dynein c moves inwards
perpendicular to the microtubule axis as well, toward radial spoke 2 and away from the
outer dynein arms.

Since so far there has been no atomic structure of the dynein AAA ring, we fitted a
simple ring shape to the density of the dynein c heads by cross correlation to localize the
position of the AAA rings (Fig. 17). The density of the ring is connected to the Amicrotubule by a continuous, narrow path of density, suggestive of the N-terminal tails
(red and blue lines in Fig. 17). According to this modeling, the head ring moves toward
the distal end and the outside of the axoneme, while the base of the tail is fixed at the
same position on the A-tubule irrespective of nucleotide states.
Proximal

ADP.Vi

Distal

Proximal

APO

Fig. 17 AAA rings (green) and tails (red and blue) of dynein c
Taken from Movassagh et al (67)

[38]

Distal

Ring shaped models are fitted and tails are traced in the density map of dynein c. Inner arm dyneins c and e
are marked as well as the radial spokes (RS1, RS2)

2.6 Shift of AAA rings of ODAs toward the distal end of microtubules
The ADP⋅Vi (Fig. 12, top), ADP (Fig. 12, middle) and apo (Fig. 12, bottom) forms of
outer dynein arms were averaged, utilizing the 24nm periodicity of their repeat along
each doublet, and were further refined by image classification.
Basic features such as three stacked AAA rings (α, β, γ) and tilted slender rods (Nterminal tails) (3), are common among all different nucleotide states. To allow a
computational fitting to reveal positions and orientations of these components a reference
map is needed, but no crystal structure of the dynein head ring has yet been reported.
Based on the high primary sequence homology in the head domains (40) the density map
of dynein c (in the apo form) (15) was used to assign the positions and orientations of the
AAA rings of ODA (green rings in Fig. 18a, b).

proximal

distal

Fig. 18 Surface rendering representations of ODAs
Modified from Movassagh et al (67)
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Outer dynein arm AAA rings (α, β, γ) are fitted to the density map by rotational and translational searches
between dynein c and ODA based on cross correlation in the ADP.Vi (a) and apo (b) forms.

The N-terminal tail of the α heavy chain (red and blue curves in Fig. 18a,b) and the neck
regions of the β and γ heavy chain could also be traced. The three-dimensional
conformations of these AAA rings and tails show major differences between the ADP⋅Vi
form and the apo form (Fig. 18), indicating structural changes of outer arm dyneins
induced by product release in situ. The distance from the center of each AAA ring and
the tail extending toward the distal end is ~8nm shorter in the apo form than in the
ADP⋅Vi form (Fig. 19).

Fig. 19 Horizontal Sections of ODA Averaged Tomograms. ADP.Vi (top) Apo (bottom)
Modified from Movassagh et al (67)
The distance from the center of each AAA ring (green arrowhead) and the tail extending toward the distal
end is ~8nm shorter in the apo form (d,e,f) than in ADP⋅Vi form (a,b,c). This 8nm difference can be observed
through the difference in the length of the yellow arrows in horizontal sections. Bar indicates 10nm.

Therefore, we can conclude that the AAA rings of dynein shift 8nm towards the distal
end of the flagellum during the power stroke. This can further induce the dragging of the
B-microtubule, connected to the AAA rings of dynein by their coiled-coil stalks, toward
the distal end of the flagellum (Fig. 26).

[40]

This experimental observation of the shift of the AAA ring of dynein in situ directly
supports a “winching hypothesis” of B-microtubules by the stalk of dynein as proposed
based on electron microscopy of negatively stained dynein with (6) and without (1, 44)
microtubules, as well as x-ray crystallography of the microtubule-binding domain of
dynein, and site-directed mutagenesis of the stalk (34).

2.7 Tilt of the ODA β ring with respect to the microtubule axis and
shift of the α ring perpendicular to the microtubule
According to our averaged tomogram, there is a transverse shift of the AAA rings of the
α heavy chain perpendicular to the microtubule during product release. In other words,
the AAA rings of the α heavy chains shift towards the interior of the flagellar axoneme
during product release. This brings the AAA ring of the α heavy chain closer to the
adjacent microtubule doublet. Moreover, the β ring likely tilts ~15degrees around the axis
parallel to the microtubule when compared to the ADP⋅Vi form (red and blue solid lines
in the transverse sections (Fig. 20a, b)).

Fig. 20 Tilt of beta ring and shift of alpha ring
Modified from Movassagh et al (67)
Outer dynein AAA rings (α, β, γ) are shown in the ADP.Vi (a) and apo (b) forms. Bar indicates 10nm. The
adjacent B-microtubule is to the bottom right of each doublet shown by green arrow in (a) and (b).
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The α ring moves closer to the adjacent B-microtubule (to the right in Fig. 20b) in the apo
form compared to the ADP⋅Vi form. This motion allows the α heavy chain to be closer to
the B-microtubule and corresponds to the transition from weak binding to strong binding
of dynein to the B-microtubule, which can explain the mechanism to make flagella
immotile and rigid when nucleotides are removed (41). The tilt of the β ring may drive
the transverse motion of the α ring.

2.8 Orientations and conformations of the stalk and the tail in the
pre- and post-power stroke states

The shift of AAA rings coupled with product release is accompanied by conformational
changes of the N-terminal tails. The neck region of the tail of inner arm dynein c emerges
from the AAA ring horizontally (in the plane of the AAA ring) both with and without
ADP⋅Vi (Fig. 21). However, the dynein c tail bends sharply toward the A-microtubule in
the apo form (blue in Fig. 21 right panel), whereas it gradually curves in the ADP⋅Vi
form (red in Fig. 21 left panel).
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c

e
c

c

e

c

e

e

Fig. 21 The orientation and conformation of the N-terminal tails of dynein c in the
ADP⋅Vi form (left panel) and in the apo form (right panel)
Modified from Movassagh et al (67)
Inner dynein ring c is fitted (green ring) and tails are traced in the density map of the ADP.Vi form (left panel,
red color) and apo state (right panel, blue color). Inner arm dyneins c and e are marked. Each row
represents a different view angle for the tail visualization

The same tendency is observed in the tail of the α heavy chain of the outer dynein arm
(Fig. 22a, b). In the longitudinal sections of the β heavy chain, the bend of the tail is
sharper in the apo form (orange arrowhead in Fig. 23b) than in the ADP⋅Vi form (orange
arrowhead in Fig. 23a). Whether this change in conformation is the cause or the result of
the motion is not known at this point and needs to be further investigated. The shift of the
AAA ring could push the tail, the N-terminus of which is fixed on the A-tubule, and bend
it. Alternatively this conformational change could be triggered by the reorganization of
the linker region (interface between the ring and the tail) and could cause the shift of the
ring. In this case the N-terminus of dynein is not simply a flexible tail, but should have a
rigid structure and play an active role during the power stroke by a structural change.
[43]

Indeed, a structural change of the N-terminal tail has been reported (42), although it is
due to calcium, and not nucleotides.

a)

b)

Looking from
inside of the
axoneme

Looking from
outside of the
axoneme

Fig. 22 The orientation and conformation of the N-terminal tails of ODAs in the
ADP⋅Vi form (panel a) and in the apo form (panel b)
Modified from Movassagh et al (67)
The outer dynein alpha tail is shown. ADP.Vi form (a) and apo state (b). The top row represents a view of
ODAs from inside of the axoneme, whereas the second row represents viewing of the ODAs from outside of
the axoneme.

Fig. 23 Horizontal section of beta ring
Modified from Movassagh et al (67)

[44]

The beta heavy chain is shown in the ADP.Vi form (a) and apo form (b). Green arrow head: AAA ring. Red
arrowhead: the emergence point of the neck region of the tail. Orange arrow head: the bending angle of the
beta tail.

In the nearly horizontal sections (Fig. 24a-d), linear densities were found to connect the
AAA rings and the B-microtubules (red and blue dotted lines protruding from the ring
shaped densities). They are likely the stalks. The fact that the stalks seen in most of our
averaged tomograms are always tilted to the proximal end supports the hypothesis that
the shift and not the rotation of the AAA ring pulls the B-microtubule toward the distal
end.

Fig. 24 Nearly horizontal sections to visualize stalks of β (a, b) and γ (c, d) heavy chains
Taken from Movassagh et al (67)
Stalks are shown with dashed lines and tails are shown with solid lines for beta (a, b) and gamma
(c, d) heavy chain in the ADP.Vi form (a, c red) and apo form (b, d blue). Bar indicates 10nm.
Please refer to Fig. 36 for the corresponding cartoon.

[45]

Previous structural studies on purified inner arm and cytoplasmic dyneins suggest that the
linker (the region between the N-terminal tail and the first AAA domain) docks at
different positions of the AAA ring in the presence and absence of ADP⋅Vi (1, 43).

Assuming fixed orientation of the stalk, a conformational change of the linker during the
power stroke transports the neck (a part of the N-terminal tail which emerges from the
ring) along the periphery of the ring (1, 44). Indeed, in our tomograms, the necks of the β
and γ dynein heavy chains emerge at different positions in the ADP⋅Vi form and in the
apo form (red and blue solid lines in Fig. 24a, b).
A protrusion from the AAA ring extends in the distal direction (3 o‟clock position as
shown by red solid lines in the center of Fig. 24a) in the ADP⋅Vi form, while the same
protrusion is found moved ~45degrees clockwise in the absence of nucleotides (4-5
o‟clock position shown by a blue solid line in Fig. 24b). A shift of similar magnitude
between the attachment point of the neck with respect to the stalk was reported in
previous in vitro observations of inner arm dynein (1) (Fig. 25).
APO
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Fig. 25 Averaged images of purified inner arm dynein with and without ADP⋅Vi (1)
Modified from Burgess et al (2008) (1)
The tail of the purified inner arm dynein c is shown with solid lines in the ADP.Vi form (red) and apo form
(blue). Stalks are shown with dashed lines in the ADP.Vi form (red) and apo form (blue).

The difference in the absolute angular separation of the attachment points could be
explained either by the fact that the in vitro results were obtained with untethered dynein
or by artifactual dislocation caused by the negative staining technique.

[46]

This work demonstrates directly for the first time that the power stroke occurs by a shift
rather than a rotation of the AAA rings in situ. A schematic representation of the
structural change of dynein and the associated movement of the B-microtubule based on
our observations is presented in Fig. 26.

Fig. 26 Schematic representation of the power stroke
Taken from Movassagh et al (67)
An 8nm shift of one outer dynein heavy chain is shown. Red represents the pre-power stroke and blue
represents the post-power stroke configurations. The A and B-microtubule are labeled. Stalks are drawn
with dashed lines and tails are shown with solid lines.

[47]

2.9 ADP Form
We repeated the identical procedure of 3D image classification and averaging for ODAs
in the presence of ADP. 1663 images were extracted from tomograms of flagella
embedded in amorphous ice after addition of ADP and di-adenosine-5-phosphate, AP5A,
(we call this condition ODA in the presence of ADP), aligned three dimensionally,
classified and averaged (Fig. 12 middle).

In this condition, independent sets of experiments were performed. First, unpurified 2mM
ADP was applied to demembranated flagella and the mixture was incubated for two
hours on ice. Averaged tomography with this treatment represented the pre-power stroke
(red) structure (Fig. 13a). In terms of the distance between the centre of each ring and the
beginning of the tail, the ADP data (without addition of AP5A) resembled the ADP.Vi
condition (yellow arrows in Fig. 28). Also, the tilt of the beta ring and shift of the alpha
ring in the vertical sections, viewing perpendicularly to the axis of microtubule doublets,
(Fig. 29) are identical between this ADP sample and the ADP.Vi sample. The importance
of this shift and tilt has been discussed in section 2.7. Indeed, 2mM ADP reactivated the
flagella, and bending of flagella was induced, as visualized by light microscopy. In a
second set of experiments10µM of AP5A was added in addition to 2mM ADP. This
inhibited the bending of the flagella, and the final average of the tomograms of this setup
represents the post-power stroke (blue) structure (Fig. 12 middle).

Finally, in addition to AP5A, an ion exchange chromatography purification step was run
for ADP to completely abolish the ATP contaminants. This experimental setup changed
the final averaged structure and again represented the post-power stroke structure (Figs.
27 and 30). This demonstrates the importance of ADP purification and blocking of ATP
regeneration for this experiment.

[48]

Fig. 27 View perpendicular to the axis of the microtubule doublet
Three stacked rings of outer dynein arms are shown and labeled as (α,β,γ). The left panel represents ODAs
in the absence of nucleotides and right panel represents the purified ADP state. The two structures are very
similar.

Fig. 28 Horizontal sections of ADP.Vi (top) and unpurified ADP (bottom) data
Alpha (a,d), beta (b,e) and gamma (c,f) heavy chains in the presence of ADP.Vi (top row) and unpurified
ADP(bottom row), Arrow heads indicate the rings and double arrows represent the distance between each
heavy chain and the tail. View angle is parallel to the microtubule doublet.

[49]

Fig. 29 View perpendicular to the axis of the microtubule doublet in the ADP.Vi and unpurified ADP
forms
Three stacked heavy chains of ODA are shown in the ADP.Vi form (left) and unpurified ADP form (right)
panels.

The coexistence of at least two different structures was again found. ~70% of ODA
particles (Table 3) showed a similar structure to that in the absence of nucleotides (the
apo form). The positions of the AAA rings of the three outer arm dyneins in the average
of this 70% of the particles are similar to those in the apo form (Fig. 30), indicating that
the structure of most ODAs in the presence of ADP belong to the same “post-power
stroke” conformation as the apo form.

Figure 30a,b,c show the horizontal sections of averaged images of the 70% of the outer
dynein arms in flagella in the presence of ADP that have been classified as the apo state.
Figure 30d, e, f show the horizontal sections of averaged images from the work of
Ishikawa et al (3). The lengths of the yellow arrows (the distance between the center of
the rings and the tail domains) are similar in the two forms. The remaining ~30% of
ODAs from flagella in the presence of ADP showed a structure similar to the ADP⋅Vi
form (Table 3), suggesting structural heterogeneity of ODAs in the presence of ADP.

The similarity between the ADP-bound form and the apo form suggests that the power
stroke of dynein occurs at phosphate release or during the ADP-bound state. A previous
FRET study showed that the distance between the tail and the AAA2 of cytoplasmic
dynein is similar for the apo and the ADP forms (45). Furthermore, 380kDa motor
[50]

domain fragments of cytoplasmic dynein with ADP are digested by tryptic proteolysis in
a similar way to dynein fragments in the apo form (46). These observations support the
hypothesis that Pi release correlates with the power stroke (section 1.7), although there is
a possibility that the functional mechanisms of axonemal and cytoplasmic dyneins may
differ. A difference in the regulatory mechanism of the ATP hydrolysis cycle by the three
AAA domains (AAA2-4) has been reported for axonemal (150) and cytoplasmic dyneins
(47).

Previous kinetics studies with dyneins showed that the ADP release is the rate limiting
step of the ATP-hydrolysis cycle in the absence of microtubules (48) and indicated the
existence of two coexisting ADP-bound states (49), which may suggest that the power
stroke occurs between the two ADP-bound states. In our classification, the minor
proportion of ODAs (~30%. Table 3) in the presence of purified ADP and AP5A shows a
similarity to the ADP⋅Vi form, which may suggest another ADP-bound state.

Fig. 30 Horizontal sections of averaged images of outer dynein arms
Alpha rings (a, d), beta rings (b, e) and gamma rings (c, f) are shown. The top panel presents horizontal
sections of averaged micrographs of the major class (70%) of the particle in the purified ADP sate. The
bottom panel is from the work of Ishikawa et al (3) representing particles in the absence of nucleotides.

[51]

2.10 Structure of ODA in the presence of ATP γ S
ATPS was also used as an ATP analogue to evaluate the results from the vanadate data,
and to observe perhaps a clearer nucleotide structure. ATPS was purified from its ATP
and ADP contaminants as explained in section 4.3. Two hours incubation on ice of
flagella with 2mM ATPS resulted in structure identical to the apo form (Fig. 31).

a
b

c

d

Fig. 31 Overall average and horizontal sections of outer dynein arms in the ATPγS form
Overall average of outer dynein arms in the ATPγS form (a). Alpha heavy chain (b), beta heavy chain (c),
and gamma heavy chain (d) are shown

It has been shown that the hydrolysis of ATPS and ATP by dynein is mutually
competitive (50). Moreover, Shimizu et al showed that the rate of ATPS turnover is 4-8
fold slower that ATP turnover; therefore, the rate limiting step was assigned to be due to
the release of thiophosphate and not ADP (50).

Our averages showing the apo structure under saturating amounts of ATPS could be due
to the presence of microtubules in our experiments. Microtubules are known to enhance
the rate of product release from dynein (64) and therefore the release of thiophosphate
would be facilitated. Also, the incubation time of 2 hours can be the underlying reason
for our results. Shorter incubation time must be experimentally analyzed. A very short
incubation time might result in a completely new structure. The minority of the particles
being assigned to the ADP.Vi form could represent the dynein structure with ATPS
(ATP), but due to the low resolution data we could not identify any differences in the
structure of these particles with respect of the previously determined ADP.Vi form.
[52]

2.11 Cooperative switching of outer arm dyneins in situ
By 3D image classification of outer dynein arms using structures of ADP.Vi-bound
and apo forms as templates (Fig. 13a), at least two forms coexisting in the tomograms of
flagella in the presence of nucleotides were detected (Fig. 13b). Although the possibility
of three or more forms cannot be excluded, no other forms were detected. A recent
electron microscopic study of purified cytoplasmic dynein demonstrated the coexistence
of two different distributions of the orientation of N-terminal tails emerging from the
AAA ring, one of which is similar to that of the apo form (43) however, this work is the
first to reveal a heterogeneity of axonemal dynein in the presence of nucleotides.

Subaverages of the minor population of classified 3D images in the presence of
nucleotides (48% in the ADP⋅Vi form, Table 3) are similar to the averaged 3D structure
in the absence of nucleotides (Fig. 32) (15, 3) .

Fig. 32 Horizontal sections of the minor group in ADP.Vi (top) compared to apo (3) (bottom)
Bottom row is modified from Ishikawa et al (3)
Alpha (α) beta (β) and gamma (γ) heavy chains are shown for the average of apo form particles in the
presence of ADP.Vi form (top) and for the apo state (Ishikawa et al, 3) (bottom). Blue lines indicate the tails.
Yellow double arrows indicate the distance from the centre of the rings to the tails. Green arrow heads
indicate the AAA rings.

[53]

Within this minor population, the distance between the AAA rings and the N-terminal
tails of β and γ heavy chains is rather similar to that of the apo form (Fig. 32 yellow
arrows), indicating that this population of outer dynein arms maintains the apo form even
in the presence of nucleotides (blue circles in Figs .13b and 14). These outer dynein arms
may bind nucleotide but remain structurally in the apo form, or they may not bind to the
nucleotides at all. Either explanation could be due to spatial restriction or intermolecular
interactions in the complex molecular arrangement of the axoneme.

The distribution of the two coexisting forms along each microtubule was plotted in
Fig.14. Interestingly, they do not show up randomly, but form clusters. Along one
microtubule doublet, on which ~50 outer dynein arms are observed in this experimental
setting, there are areas abundant with outer dynein arms similar to the “ADP⋅Vi” form
(red stars in Fig. 13b) and areas dominated by those classified into the “apo” form (blue
circles in Fig. 13b). The length of the clusters is variable. Seven of 50 doublets we
studied have clusters longer than 20 consecutive outer dynein arms in one form. The
probability of having such a long cluster by chance in one doublet is only 2.1 x 10 -5 and
the probability of having seven of 50 doublets with such clusters is only 1.4 x 10 -22
(according to calculations by Huy Bui, see Appendix). These extremely low probabilities
for the observed clustering clearly demonstrate the presence of cooperativity between
adjacent outer dynein arms along each microtubule doublet.

This result is consistent with previous studies including an ATPase assay of Tetrahymena
outer arm dyneins (52) and an assay of sliding displacements (referred to as a
metachronal model) (53), showing positive cooperativity in the presence of microtubule
doublets. Binding of the outer dynein arms on A-microtubules is also known to be
cooperative (54, 55). The presence of both types of clusters along each microtubule can
provide an explanation for the mechanism of bending motion. If all the outer dynein arms
change their structure from the apo to the nucleotide-bound form simultaneously, two
adjacent microtubules will only slide past each other. When two different structures

[54]

coexist along one doublet, non-uniform forces can lead to the bending of the axoneme
(Fig. 33).

The clustering we observed may also be demonstrating the function of the outer dynein
arm as a mechanosensor: geometrical constraints could affect conformation of dynein
arm complexes. Such a function for dynein was proposed previously (57). The form of
the outer dynein arm could be affected by the adjacent outer dynein arms. Indeed,
mechanical stimulation applied to the base of a sea urchin sperm flagellum initiates
bending formation and bend propagation in the presence of very low concentrations of
ATP (flagella are normally motionless under these condition) (58).

Interestingly, the cluster formation observed in this study does not exhibit the 96nm
periodicity of inner dynein arms and radial spokes, indicating that the cooperative
switching of outer dynein arms occurs by a mechanism independent of inner dynein arms.
If the cooperative conformational changes were visualized for both ODAs and IDAs
along full-length flagellum (which would be enabled by such technical improvements as
larger detectors for cryo tomography), we could reveal the mechanism of flagellar/ciliary
bending and regulation at the molecular level.

Fig. 33 One hypothesis to generate bending
Taken from Movassagh et al (67) in press

[55]

Schematic representation of a bending mechanism due to cluster formation of ODAs along the microtubule
doublets

3 Discussion
Based on our data, the neck (a part of the N-terminal tail which emerges from the ring
and precedes the tail) of the motor domains has been shown to play an essential role in
the shift of the heavy chains toward the distal end, as a result of the product release. The
neck region of α (Fig. 22) and β (Fig. 23) outer dynein arms as well as the inner dynein
arm c (Fig. 21) could be clearly seen in our data. The neck domain is shown to be more
extended in the ADP.Vi state of inner dynein arm c (Fig. 21, left panel) as well as the
ADP.Vi state of the α heavy chain of the outer dynein arm (Fig. 22, left panel). This
could be explained by the conformational changes within the linker domain (connection
between the tail and the AAA ring).This result is consistent with a previous 2D, positive
cryo staining, structural analysis of sea urchin outer arm dynein (6) and single particle
analysis of negatively stained inner dynein arm c (44).

[56]

Fig. 34 Coordinates of the tail (top) and the ring (middle) with respect to the radial spokes (bottom)
To prove that the motion occurs in the ring and not in the tail, longitudinal sections of averaged tomograms
of flagella with ADP.Vi (left panel) or in the apo form (right panel) are shown. Red arrows indicate positions
of the tails. Green arrows indicate the top edges of the gamma AAA ring. Blue arrows indicate the positions
of the radial spokes. In the left panel protein is white and the background is black. In the right panel protein
is black and the background is white.

However, whether, the tail induces the shift by a mechanical pushing of the rings or it
mediates the shift through the flexibility of its linker is to be further analyzed (perhaps by
studying mutants where the tail cannot move). In both hypotheses, the tail must change
its conformation in the neck region, which is indeed confirmed by our data for both α
(Fig. 22) and β (Fig. 23) outer dynein arms as well as inner dynein arm c (Fig. 21). Our
data clearly shows a smoother curve of the α neck (Fig. 22) and the dynein c neck (Fig. 21) in
the ADP.Vi state versus the sharp fish hook shaped neck of the apo structures. Structural
changes due to variation in the calcium levels (42) of the N-terminal tail have been also
reported previously.

It is not surprising that our observation of such small structural changes in outer dynein
arms in situ in the presence of ADP and of ADP⋅Vi (8nm) has not been detected before
by microscopy of plastic embedded sections or freeze-fracture-deep etch. On the other
hand, the large heterogeneity in the apo condition, reported in previous work using
freeze-fracture-deep-etch electron microscopy (56) was not observed in our work.

For the first time, this work precisely quantified the shift of the AAA rings to be of 8nm.
This was made possible by using radial spokes as markers in in situ tomograms. We
[57]

aligned structures in the ADP.Vi form and those in apo form based on the positions of
origin of radial spokes, which don‟t contain motor proteins and maintain a fixed position
on A-microtubules (Fig. 34 bottom panel). Due to structural variability of the tails of the
previous work done on sea urchin outer dynein arms (6), it was difficult to determine the
precise amount of the shift. The positions of the cross (Z values) at the tip of the tails in
both apo and nucleotide states are identical (Fig. 34 top row); however, the z values differ
for the two states when the cursor is held at the centre of the rings (Fig. 34 middle row).
The difference is 11 pixels, which corresponds to about 80 angstroms in our settings. The
position of the radial spokes is fixed in both states (Fig. 34 bottom row). Therefore, we
conclude that the 8nm shift is due to the shift of the AAA ring and not the tail.

The shift of the AAA ring of dynein can as well explain the oriented hand-over-hand motion
of cytoplasmic dynein toward the proximal minus end of the microtubule (59). Cytoplasmic
dynein binds to the fixed microtubule (corresponding to the B-microtubule) via the stalk.
Rearrangement of the linker on the AAA ring, which causes the shift of the AAA ring in
axonemal dynein, could swing the N-terminal tail to propel the other dynein monomer toward
the proximal end in cytoplasmic dynein (Fig. 35).

Fig. 35 Schematic representation of the power stroke of cytoplasmic dynein
The red complex represents the pre-power stroke configuration and the blue complex represents the postpower stroke configuration. Rearrangement of the linker domain is shown with the green arrow.

The fixed orientation of the stalks towards the proximal end at both pre-and post-power
stroke states, shown in our data (Figs. 24 and 36) supports the winching model for the
outer arms versus the model which proposes the rotation of the ring and the stalk due to
the product release.
[58]

Fig.36 Cartoon representation of dynein heavy chain showing the stalk orientation.
A) Orientation of the stalk is fixed towards the proximal end between pre power stroke (red) and post power
stroke (blue), which corresponds to our data presented in Fig. 24. B) Orientation of the stalks are different
between the pre power stroke (red) and the post power stroke (blue), which presents the rotation hypothesis.

Visualization of the stalks in the presence of nucleotides was very difficult in our data.
This has been correlated with the flexibility of the stalks in the ADP.Vi state. Moreover,
heterogeneity of the stalk positions in the ADP.Vi form has been also reported previously
(6). Ueno et al observed three different classes of ODAs in the ADP.Vi state
corresponding to a single ring, a double ring and an intermediate conformation. In the
case of the double ring population, stalks of the rings were no longer superimposed onto
their 2D averages, making stalk visualization more difficult. This indicates the high
flexibility of the stalks. We succeeded in visualizing, in 3D, the stalks by averaging
ODAs along one microtubule and avoiding the heterogeneity of the stalks among
different microtubules. In the work of Ueno et al (6), a double ring sub population was
observed. This represented a translational shift of one heavy chain of the double head sea
urchin outer dynein arm towards the upper right corner of the first ring. However, they
could not identify the rings. Our 3D analysis, for the first time, showed in situ motion of
the alpha heavy chain toward the B-microtubule and perpendicular to the axis of the
microtubule upon product release (Fig. 20). Dyneins are known to have a tighter binding
[59]

to the B-tubules in the absence of nucleotides comparing to the ADP.Vi form. Therefore,
the shift of the α heavy chain suggests an important role of this ring for rigor binding of
dynein to the adjacent microtubule in the absence of nucleotides. It is also consistent with
a previous report on ATPase and microtubule sliding assays (60). A previous study using
quick-frozen deep-etch replicas of axonemes visualized “two spherical feet” structures in
the presence of ATP, which are hidden behind in the micrograph of axonemes without
ATP (7). This previous report can be explained by viewing three outer arm dyneins in our
averaged tomogram from the external side of the axoneme (Fig. 37).
We also observed a tilt of about 15 degrees of the β ring and believe that such a tilt can
also induce the shift of the α ring (Fig. 20). Therefore, we strongly propose heterogeneity
among the AAA rings of each ODA in the presence of nucleotide. In principle,
considering only two templates (apo and nucleotide) and having three heavy chains
within one ODA complex, each ODA could be classified into at least 8 (2x2x2) different
subclasses (each of three heavy chains can have two conformations). However, due to
resolution limitations of this work, classification of each single heavy chain is impossible.
Higher quality tomograms and image analysis software are required for such a detailed
and precise classification of ODAs.

a)

b) APO
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Fig. 37 Viewing ODA heavy chains from the external side of the axoneme
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The left panel (a) represents the pre-power stroke and the right panel (b) represents the post-power stroke
conformations of one ODA, viewing perpendicular to the microtubule axis.

Our classification results further showed two distinct classes of particles, making clusters,
along each doublet of every flagellum. The importance and relevance of such cluster
formation for the bending mechanism has been explained in the results section and
pictorially shown in Fig. 26. We could show that the two classes, based on cross
correlation coefficients, are distinct and well separated (Fig. 38).

Fig. 38 Cross correlation coefficients for classified particles: apo (blue) and ADP.Vi (red)
The blue curve shows the cross correlation coefficients of each particle along one doublet with respect to the
apo template. The red curve shows the cross correlation coefficients of each particle along one doublet with
respect to the ADP.Vi template. The two curves are well separated for this doublet.

This work has shown graphically the arrangement and length of the clusters of the pre
power stroke and the post-power stroke configuration at saturating concentration of ATP
[61]

and vanadate (Fig. 14). However, since all the flagella used for tomography in this work
have been either straight or slightly curved, a quantitative analysis of sharply bent flagella
is lacking. Moreover, the slight curve of the flagella used in this work could be due to
active dynein in the ADP.Vi form or to passive mechanical deformation during freezing
which is irrelevant to the physiological motion. We could not see significant correlation
between the conformation of ODA and the local curvature of the microtubule doublet
(Fig. 40), suggesting a complex mechanism to generate bending (details of the analysis
are in section 5.2).

The resolution of our ADP.Vi data ( 39angstroms (Fig. 15)) is slightly better than apo for
the structure (45 angstroms) shown by Ishikawa et al (Fig. 39). This is due to use of about
three-fold larger number of particles as well as utilization of better image analysis
software. In this work, particle picking along doublets was done semi automatically,
improving the accuracy of the alignment significantly comparing to manual picking done
in previous work (3). Moreover, here the non-isotropy of simple single particle averaging
has been solved by incorporation of the weight of the missing wedge. This results in
much more uniform structural features in density maps and surface rendering models.

Fig. 39 Fourier Shell Correlation for apo data (3)
Modified from Ishikawa et al (3)
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45 angstroms resolution was reported by Ishikawa et al (3) for the structure of the outer dynein arms in the
absence of nucleotides. The 0.5 criteria was used for the Fourier shell correlation.

Less than 1mM of ATP in combination with pre incubation with about 1-4mM of ADP
can result in very active flagella, where sharp bends can be achieved (51). Our current
image analysis software is incapable of examining such bent flagella. Development of
more sophisticated alignment, particle picking, and classification software is necessary
for further analysis of flagella in the presence of ATP. We expect to have different cluster
lengths and arrangements on doublets localized on opposite sides of the bend, so called
principal and recovery bends. We also expect to have signification correlation between
cluster formation and the curvature of the doublets. Such analysis still needs to be done.

Fig. 40 Correlation between the conformation of ODA and the local curvature
Taken from Movassagh et al (67)

[63]

Red portion of each bar represents the number of particles classified into ADP.Vi form, and the blue portion
represents the number of particles classified into the apo state. The lengths of the red and blue portions are
shown to be similar regardless of the curvature.

In one subset of our ADP data, we realized that even though the overall structure
represents almost entirely the apo structure, there exists an additional blob (red dotted
circles in Fig. 41) within the final average of the ADP data that is not present in the apo
structure and the rest of our ADP structures. Whether this structural change (Fig. 41) is
significant or just an artifact should be further analyzed by addition of many more
particles and improvement of the signal-to-noise ratio.

Moreover, in our classification, the minor population of ODAs (~20%) in the presence of
ADP shows structural similarity to the ADP⋅Vi form, which may also suggest two or
more ADP-bound states. Previous analysis of the ATPase pathway with free dynein
suggested the possibility of having two D.ADP states (D stands for dynein) (2). Our
observed structural heterogeneity within the ADP state can support this possibility.

APO

ADP

α
β
γ

[64]

Fig. 41 Subset of ADP data showing additional blob
Right panel represents a subset of ADP data showing an additional blob in their structure with respect to the
apo data. This blob is encircled by red dashed circles, viewing perpendicular to the axis of the microtubule
(top) and viewing along the axis of the microtubule (bottom).

4 Methods
4.1 Cell Culture
For experiments involving wild-type cells we used Chlamydomonas strains 137c. Cells
were initially grown on 0.9% Difco-Agar plates (Fig. 42), and then transferred into 300500 ml of pre-culture. It was necessary to wrap the plates with Parafilm to avoid
contamination, although this also reduces the aeration. Transfer of the cells was done by
simply scooping them out of the plates inside a sterile hood. As long as the inoculation of
the cells was done inside the hood, no contamination occurred and there was no need for
antibiotics. However, at the beginning of this project due to the lack of experience in
handling of the equipment and sterilizing of the hood, minimum 1mM of Ampicillin was
used. As ampicillin is known to have no effect on Chlamydomonas cells even higher
concentrations could be used.

Five liter Erlenmeyer flasks were used for culturing of at most 1 liter Chlamydomonas
(Fig. 41).This increased the surface area of the cells being exposed to air and direct light,
and helped the activity of flagella.

[65]

Fig. 42 Chlamydomonas plate culture
A Chlamydomonas plate culture is shown. Plates are sealed with Parafilm to avoid contamination.

Fig. 43 Chlamydomonas liquid culture
A Chlamydomonas liquid culture is shown. Pre-cultures were prepared in small (500ml-1L) flasks (far left).
5L flasks were used for culturing of 1L of cells.

Preparation of TAP medium required TAP salts, phosphate and Hutner trace element
stock solutions, each of which can be stored at 4ᵒC for few months. In fact, the phosphate
and the Hutner stock solutions were stored for almost four years. However, the Hutner
trace element solution was filtered using 0.45 µm Millipore filter paper to eliminate the
metal precipitants. The TAP salt solution was renewed every two to three months due to
visible fungal contamination. Below is the composition and required ingredients for each
of these solutions.
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1. TAP salts
NH4Cl (15g)
MgSO4.7H2O (4.0g)
CaCl2.2H2O (2.0g)
Water to one liter
2. Phosphate solution (1M potassium phosphate, pH 7.0)
K2HPO4 (28.8g)
KH2PO4 (14.4g)
Water to 100ml
3. Hutner trace elements
Na2EDTA (50 g/l)
ZnSO4.7H2O (22g/l)
H3BO3 (11.4g/l)
MnCl2.4H2O (5.06 g/l)
FeSO4. 7H2O (4.99 g/l)
CoCl2.6H2O (1.61 g/l)
CuSO4.5H2O (1.57 g/l)
(NH4)6Mo7O24.4H2O (1.1 g/l)
KOH (16 g/l)
In order to make one liter of TAP media, 2.42g Tris, 25ml of TAP salts, 0.375 ml of
phosphate solution, 1.0ml of Hutner trace elements, and 1.0ml glacial acetic acid was
required. To avoid any contamination, 5 liter flasks were first autoclaved with distilled
water. Then the media and the magnetic stirrers were autoclaved together. The culture
room was maintained at about 23 °C. We have installed “cool-white” florescent lamps
equipped with an automatic switch for the light/dark illumination cycle.

4.2 Flagella Purification
4.2.1 Harvesting of Cells

The process of cell harvesting was carried out at room temperature (20°c). Cultures of up
to 2.5 liters in volume were conveniently harvested by centrifugation for 5-8 min at 1100
g (Rorvall RC 26 PLUS centrifuge, 2550 rpm, SLA 3000 swinging bucket rotor with
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500-ml DRY-SPIN centrifuge bottles). The rotor was allowed to come to a stop with
braking. The supernatant was removed by simply decanting.

Cells were resuspended in room temperature HMDS solution (10 mM HEPES, 5 mM
MgSO4, 1 mM dithiothreitol (DTT), 4% sucrose, pH 7.4) to a total volume of 2.5 times
the packed cell volume. If the packed cell volume was less than 4 ml, cells were
resuspended to a total volume of 10 ml.

4.2.2 Dibucaine Treatment

10-ml aliquots of the cell suspension were placed into 50-ml graduated conical
polycarbonate centrifuge tubes, and deflagellated by adding 2 ml 25 mM dibucaine to
each tube, and vigorously pipeting the suspension in each tube up and down using a 1ml
pipetman.

Vigorous pipeting is a very subjective description. At the beginning of the project, there
was a problem with very low yield of the flagella, which was due to the use of ice cold
HMDS at the cell resuspension step and also too gentle pipeting of cells and dibucaine.
Later, a much higher yield was achieved by pipeting very vigorously for 30 seconds and
incubation without pipeting for another 30 seconds.

28 ml ice cold HMDS containing 0.5 mM EGTA was added to each tube to stop the
activity of dibucaine. To ensure that this step can be carried out quickly, the HMDSEGTA solution was prepared and measured out ahead of time; it could then be poured
directly into the tubes in which the deflagellation was carried out. 28-ml aliquots cold
HMDS were placed into clean 50-ml conical polycarbonate tubes and 140µl of 0.1 M
EGTA was added to each tube, which was then placed on ice. The number of these priory
prepared HMDS-EGTA aliquots was equal to the number of tubes containing 10ml cell
suspensions.
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4.2.3 Flagella Purification

After addition of HMDS-EGTA the suspension was centrifuged at 1800g using a Hettich
Rotanta 46 R centrifuge for 8 minutes at 4ᵒ to remove the cell bodies. The supernatant
containing the flagella was collected and further centrifuged using the same equipment
for 1 hour at 5000g at 4ᵒ.

Flagella which appeared as a white creamy layer in the pellet was collected and
resuspended in 140 µl of ice cold HMDEKP (30 mM HEPES, 5 mM MgSO4, 1 mM
DTT, 0.5 mM Na2EDTA, 25 mM KCI, 0.5% polyethylene glycol, MW 20,000, pH
7.4)

4.2.4 Flagella Reactivation

To make sure that the quality of the flagella was sufficient for EM-data collection, the
bending motion of the flagella were reactivated and observed under a light microscope.
Flagella were only used for data collection if at least 60% showed active bending.

After purification, flagella were washed with 0.2%-0.4% Nonidet P-40 (Shell Chemicals,
Inc.). NP-40 removes the flagellar membrane, which in turn allows the accessibility of
the nucleotides to dynein arms for binding. At this point a centrifugation process can be
used to remove the membrane from the membrane-free flagella axonemes. However, this
step was not required for checking the flagellar activity, and was almost never carried
out. 1mM ATP was then added to the membrane-free flagella and the suspension was
incubated on ice for less than 2 minutes. Activity could be clearly observed using dark
field phase contrast light microscope (Axioplan from Zeiss, West Germany). To avoid the
attachment of the flagella, cover slips and glass slides were all siliconized using
dimethyldichlorosilane solution.

The process of siliconization was as follows. Clean cover slips and glass slides were
placed in racks, were immersed in siliconizing solution for 10 seconds, and were air dried
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for 5 minutes. They were then immersed in absolute ethanol for 10 seconds and again air
dried for 5 minutes, followed by baking at 60ᵒC in an oven for 2 hours. After baking,
they were immersed in milliQ water for 10 seconds, air dried for 5 minutes, immersed in
ethanol for 10 seconds and baked at 60ᵒC oven for another 2 hours.

4.3 Nucleotide Purification

Both ATPS and ADP were purified using ion exchange and gel filtration
chromatography (According to the protocol of Dr. Wolfgang Kress). The nucleotides
were dissolved in about 3ml of 250 mM HEPES at pH 7.0, then run on a ResourceQ 6ml
column at a flow rate of 2ml/min and maximum pressure of 1.5 MPa. They were washed
with 20-30 mL buffer A (10 mM HEPES pH 7.0) followed by a gradient of 0-70% buffer
B (10 mM HEPES pH 7.0; 1M KCl) over 25 column volumes. ATPS elutes from 2029% B (Fig. 44). All the fractions containing nucleotides were pooled and flash frozen in
N2 (liquid) and lyophilized for about 20 hours. The following day, nucleotides were
dissolved in 1.2 mL of buffer A and applied to a 100mL Superose 12 column. 2 mL
fractions were collected at a flow rate of 1 ml/min and maximum pressure of 0.7MPa.

Fig. 44 ResourceQ ion exchange chromatography
According to the protocol of Dr. Wolfgang Kress
Elution profile for ATPγS using ResourceQ ion exchange chromatography.
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ATPS elutes at 35-91 mL and KCl elutes at 83-95.5 mL (Fig. 45). All fractions
containing the nucleotides were pooled, flash frozen in N2 (l) and lyophilized for about
30 hours.

Fig. 45 Suprose 12 100 mL
Elution profile for ATPγS using Sprose12 100mL column

According to the protocol of Dr. Wolfgang Kress

ATPS concentration was measured at 260nm using Ɛ260nm=15.4 mM-1cm-1 (according to
the protocol of Dr. Kress Wolfgang).

4.4 Electron cryo-tomography
Either Quantifoil Holey Carbon Films of 1.5-2 µm hole size or Lacey carbon grids were
used for this project (Fig. 46a). Before application of the specimen, the grids were treated
with 10 nm gold particles ( igma, 0.75 A520 units/mL) , which are used as markers for
the purpose of alignment and image analysis. 3.5 µl of gold solution was applied onto
both sides of the grid and blotted gently with filter paper. The grid then was left to air dry
for about a minute. Finally, 3.5 µl of gold solution was applied only onto the carbon side
of the grid and blotted very gently from the side of the grid (where tweezers and the grid
come into contact).

The grid was then transferred as quickly as possible into the humidity chamber
(minimum of 70%) of the Vitrobot (Fig. 46 b, c). 3.5 µl of the specimen was applied onto
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the carbon side from an opening on the side of the humidity chamber and vitrified in
liquid ethane, at -170 ᵒC , using the Vitrobot (FEI, Oregon, USA, blotting offset of -5
and blotting time of 3seconds). Grids were transferred to the cryo-holder (626, Gatan,
USA) at liquid nitrogen temperature (Fig. 46).

b)

c)

a)

Fig. 46 Freezing procedure. Mesh of a grid (a) mounting the tweezers (b) Vitrobot (c)
Photographs were taken by Dr. Ishikawa
(a) One mesh of a carbon grid is shown with one hole of a mesh is shown diagrammatically below. Orange
particles represent the protein embedded in ice. (b) A grid is shown at the tip of the tweezers that is mounted
onto the Vitrobot. (c) Plunging of tweezers into liquid ethane is shown.

Images were collected using a Tecnai F20 transmission electron microscope (FEI) (Fig.
47) equipped with a field emission gun, a GIF Tridiem energy filter (Gatan) and a 2k x 2k
CCD camera (Gatan) at an accelerating voltage of 200kV, a magnification of x19,303,
and an underfocus of 2-4 μm. Tomographic image acquisition from -60 degrees to 60
degrees (2 degree increment angle) was carried out by Explore3D (FEI).

[72]

b

a

c

Fig. 47 Tecnai F20 transmission electron microscope (FEI)
Photographs were taken by Dr. Ishikawa
(a)Cryo holder, the tip of which is cooled down using a cryo station shown in (c) and is inserted into the
electron microscope shown in (b).

4.5 Image analysis
The tomograms were reconstructed by fiducial alignment of the micrograph stacks and Rweighted back projection using IMOD (59) and a matlab-based software created in house
(Bui et al, 15). Subtomograms of size 200 x 200 x 200 pixels were boxed out threedimensionally by Bsoft (61) and aligned along the doublet by SPIDER (62). After that,
the sub-average for each doublet was aligned with the apo map (3) using SPIDER (62)
and the TOM software toolbox (63). The first averaged map was used to replace the apo
map as the reference in the above step.

The total averaged map was de-convoluted by dividing the Fourier transform by the
weight of the contributions of the missing wedges for all the particles and then inverse
[73]

Fourier transformed. All the alignment parameters in each step were recorded in
document files. Each aligned particle was then classified into either the apo or vanadate
class using two references (supervised classification, details below): the apo map (3) and
the total averaged vanadate map. For convergence, four iterations of classification were
done with the references updated each time.

4.6 Details of classification
Supervised classification was started with two references, the non-nucleotide map (3) and
the total average map from our ADP⋅Vi dataset as the ADP⋅Vi map. The classification
algorithm and programs were developed in our group (Bui et al, 15).

The classification was focused inside a mask covering only the central outer dynein arm
of the aligned subtomogram. The cross correlation coefficients were calculated between
each aligned particle and the references convoluted with the missing wedge of that
particle. Each particle was then assigned to either the apo or ADP⋅Vi class based on the
higher cross correlation coefficient. At the end of each iteration, the ADP⋅Vi map was
updated with only those particles assigned to the ADP⋅Vi class in that iteration and used
as the vanadate reference for the next iteration. After the fourth round of classification,
the number of particles assigned to each class converged and the final ADP⋅Vi map was
calculated. In the case of ADP, two rounds of iterations were sufficient.

5 Appendix
5.1 Evaluation of the significance of clustering by H.Bui

1) We calculated the significance of clustering of two forms of ODAs in the presence
of ADP⋅Vi by the following calculation. In our tomograms, 3170 and 2785 particles
were classified into ADP⋅Vi form and apo form, respectively.
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pRed = 3170/(3170+2785) = 0.5323 (APD:Vi form)
pBlue = 1 – pRed = 0.4677 (APO form)
Mean length of doublet contains 50 ODAs.

Question: What is the probability of getting consecutive sequence of at least 20 red
balls in a sequence of 50 red and blue balls by chance.

P(x, y): probability of at least x red balls in y balls
Q(x, y) probability of at least x red balls at the start of y balls. (pRed^x)
P(x, y) will include 3 probabilities:

- 1 blue ball first and then x red balls in y-1 balls (pBlue*P(x, y-1))
- x red balls immediate at the start of y balls (Q(x, y))
- 1 red ball first, then not followed directly by (x-1) red balls
pRed*(pBlue*P(x, y-2) + pBlue*pRed*P(x, y-3) + … + pBlue*pRed^(x-2)*P(x, y –x)
P(x, y) = pBlue*P(x, y-1) + Q(x, y) +pRed*pBlue(P(x, y-2) + pRed*P(x, y-3) +
pRed^2*P(x, y-4) + ... + pRed^(x-2)*P(x, y-x))

In our case:
x = 20
y = 50

Calculate iteratively (using Matlab)

P(20, 20) = pRed^20
P(20, 21) = pBlue*P(20,20) + Q(20, 21) = pBlue*pRed^20 + pRed^20
P(20, 22) = pBlue*P(20, 21) + Q(20, 22) + pRed*pBlue*P(20, 20)
…
P(20, 50) = 2.1513e-5
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2) In our data, there are 7 datasets containing more than 20 consecutive ODAs in the
ADP⋅Vi form.

Question: What is the probability of 7 or more out of 50 datasets having > 20
consecutive ODAs in the ADP⋅Vi form?
P = Sum of P(20, 50)^k*(1 – P(20,50))^(n – k)*n!/(k!(n-k)!) with k ≥ 7 ≥ 50
= 1.4065e-22

5.2 Correlation analysis of ODA conformation to the local doublet
curvature by H.Bui
To estimate curvature at a specific ODA particle, an additional ODA before and after that
particle along the microtubule doublet are selected. A circle is fitted to the coordinates
of these three ODAs. The local curvature was defined as the inverse of the radius of
that circle. For a robust fitting against small errors the coordinates of the ODAs involved,
the ODAs before and after are selected to be 120nm away from the middle ODA.
Outliers are excluded from the analysis by detecting particles with an abrupt change of
curvature along the length of the microtubule doublet.
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