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Abstract

Radial spokes are ubiquitous components of matile cilia and flagella and play an essential role in
transmitting signals that regulate the activity of the dynein motors, and thus ciliary and flagellar
motility. In some organisms the 96 nm axonemal repeat unit contains only a pair of two spokes,
RS1 and RS2, while most organisms have spoke triplets with an additional spoke RS3. The spoke
pair in Chlamydomonas flagella has been well characterized, while spoke triplets have received
less attention. Here, we used cryo-electron tomography and subtomogram averaging to visualize
the 3D structure of spoke triplets in Strongylocentrotus purpuratus (sea urchin) sperm flagella in
unprecedented detail. Only small differences were observed between RS1 and RS2, but the
structure of RS3 was surprisingly unique and structurally different from the other two spokes. We
observed novel doublet specific features that connect RS2, RS3 and the nexin-dynein regulatory
complex, three key ciliary and flagellar structures. The distribution of these doublet specific
structures suggests that they could be important for establishing the asymmetry of dynein activity
required for the oscillatory movement of cilia and flagella. Surprisingly, a comparison with other
organisms demonstrated both that this considerable radial spoke heterogeneity is conserved and
that organisms with radial spoke pairs contain the basal part of RS3. This conserved radial spoke
heterogeneity may also reflect functional differences between the spokes and their involvement in
regulating ciliary and flagellar motility.
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INTRODUCTION

The general architecture of motile cilia and flagella is highly conserved, such as the nearly
universal “9+2” arrangement of the microtubules in the axonemal core. Each of the
peripheral 9 doublet microtubules (DMTSs) that surround the two central single microtubules
of the central pair complex (CPC) is built from a 96 nm long unit that repeats along the
length of the axoneme. The dynein motors are arranged in two rows, the inner and outer
dynein arms, along the length of the A-tubule of each DMT and can “walk” along the B-
tubule of the neighboring DMT to generate sliding motion between the doublets. The nexin-
dynein regulatory complex (N-DRC), which connects neighboring DMTs [Heuser et al.,
2009; Nicastro et al., 2006; Porter and Sale, 2000], is thought to restrict this sliding motion
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and, thus, to convert sliding into the bending motion of the axoneme [Satir, 1968; Summers
and Gibbons, 1971]. For effective beating and to generate the propagating, oscillatory
motions typical of beating cilia and flagella, let alone to vary beating patterns and
waveforms in response to environmental signals, the action of the tens of thousands of
dynein motors in a single organelle must be precisely controlled. Genetic, structural and
biochemical studies of Chlamydomonas flagella suggest that several axonemal components
are involved in this regulation. The CPC, the radial spokes (RSs) [Warner and Satir, 1974;
Piperno et al., 1981; Diener et al., 1993; Smith and Lefebvre, 1997; Mitchell and Sale, 1999;
Smith and Yang, 2004], the 11 inner dynein arm [Porter and Sale, 2000; Wirschell et al.,
2007; Wirschell et al., 2009] and the N-DRC [Heuser et al., 2009; Rupp and Porter, 2003]
are all thought to transmit mechanical and/or chemical signals that control dynein activity
and, thus, ciliary and flagellar bending movement.

The RSs are anchored to the DMT and project toward the CPC, where the spoke heads
transiently interact with the CPC projections [Goodenough and Heuser, 1985; Mitchell and
Sale, 1999; Omoto et al., 1999; Smith and Lefebvre, 1997; Warner and Satir, 1974].
Depending on the species, the RSs repeat in pairs (e.g., Chlamydomonas, Sarcophaga) or
triplets (e.g., Tetrahymena, Trypanosoma, sea urchins, mammals) every 96 nm along the
DMTs, with highly conserved intervals of 32 nm between RS1-RS2, and then either 64 nm
between RS2-RS1 for RS pairs, or 24 nm between RS2-RS3 and 40 nm between RS3-RS1
for RS triplets [Warner, 1970; Dentler and Cunningham, 1977; Goodenough and Heuser,
1985; Koyfman et al., 2011; Nicastro et al., 2005; Nicastro et al., 2006; Olson and Linck,
1977]. In Chlamydomonas and other organisms, mutations that cause RS defects result
usually in ciliary and flagellar paralysis [Afzelius, 1985; Afzelius and Eliasson, 1979;
Witman et al., 1978]. Several studies of human respiratory disease or Primary Ciliary
Dyskinesia (also called immotile cilia syndrome) showed that the RSs were shorter or
missing in the patient cilia [Afzelius, 2004; Plesec et al., 2008; Sturgess et al., 1979]. In
addition, a recent study linked mutations of human spoke head proteins to Primary Ciliary
Dyskinesia [Castleman et al., 2009]. Therefore, it is important to understanding how RSs are
involved in the regulation of dynein activity and ciliary maotility, and how RS malfunction
relates to human disease.

Biochemical studies have identified at least 23 radial spoke proteins in Chlamydomonas
flagella, including proteins that play essential roles in signal transduction, such as
calmodulin, the EF hand-containing proteins and the A-kinase anchor protein [Patel-King et
al., 2004; Yang et al., 2006]. Several lines of evidence suggest that the RSs serve as
mechano-chemical transducers that transmit signals from the CPC to the dynein arms to
regulate dynein-driven movement, which generates the cilia and flagella waveform [Smith
and Yang, 2004]. However, a complete understanding of the mechanism by which the RSs
control this motility will require detailed knowledge of both the 3D structure and the subunit
organization of the RSs and an understanding of how these components interact with other
axonemal complexes to facilitate regulatory signal transduction.

Previous classical electron microscopy studies described the RSs as T-shaped structures
composed of a thin stalk that attaches to the A-tubule of the DMTs and a “T-bar”-shaped
head that is adjacent to the central pair projections [Chasey, 1972; Chasey, 1974; Curry and
Rosenbaum, 1993; Goodenough and Heuser, 1985; Warner, 1970; Warner and Satir, 1974].
Our recent cryo-electron tomography (cryo-ET) study of the RS pair in Chlamydomonas
flagella revealed the detailed 3D structure of RS1 and RS2 [Barber et al., 2011]. Major
findings of this investigation included: i) the visualization of direct connections between the
RS bases and inner dynein arms (IDAs) and the N-DRC, respectively, ii) the ultrastructure
of the two spoke heads and interactions between them, and iii) the observation of a short
structure, termed the Radial Spoke 3 Stand-in (RS3S), that occupies the site where a third
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spoke, RS3, would be found in organisms with radial spoke triplets. RS3S, however, did not
resemble any part of the two radial spokes, RS1 and RS2 [Barber et al., 2011]. It is unknown
why some organisms have motile cilia and flagella with only two radial spokes, such as
Chlamydomonas, while most have triplets, including mammalian cilia [Olson and Linck,
1977], but because most of our knowledge about the RSs originates from studying
Chlamydomonas flagella, little is known about RS3.

In this study, we used cryo-ET and image processing to analyze the ultrastructure of RS
triplets. Our 3D subtomographic averages of sea urchin sperm flagella show unprecedented
detail and allowed two surprising discoveries. First, they revealed significant structural
heterogeneity between RS3 and the other two RSs, not only in sea urchin, but also in
protists. Second, our results showed structural similarities between RS3 and the RS3S
complex in Chlamydomonas flagella, suggesting that RS3S is the basal part of RS3 in an
organism that was thought to contain only a radial spoke pair. RS3 also shows doublet
specific features, indicating that RS3 may play a unique role in regulating ciliary and
flagellar bending.

Cryo-ET reveals the overall arrangement of the RS triplets in sea urchin flagella

We used cryo-ET to determine the 3D structure of RS triplets from flagella of the sea urchin
Strongylocentrotus purpuratus. Eight tomograms of intact, frozen-hydrated sea urchin sperm
flagella were selected for subtomographic averaging (for sample tomogram see Supporting
Information Fig. S1A and S1B). We aligned and averaged 1300 axonemal repeats from all
nine DMTs, resulting in a subtomographic average with a relatively uniform resolution of
3.6 nm in the center of the 96 nm repeat unit and corrected missing wedge (Supporting
Information Fig. S1C and S1D). To obtain the best possible 3D images of each RS, local
alignments with smaller subtomographic volumes were calculated centered on each RS
individually. The final resolutions for locally aligned and averaged structures of RS1, RS2
and RS3 were 3.8 nm, 3.6 nm and 3.8 nm, respectively (Fig. 1E-1P; Supporting Information
Fig. S1D).

The subtomographic average of the 96 nm repeat unit allows the visualization of all major
axonemal complexes, such as the DMTSs, the rows of inner and outer dynein arms, the N-
DRC and RSs at — for sea urchin flagella — unprecedented detail (Figs. 1 and 2). As
previously reported [Goodenough and Heuser, 1985; Nicastro et al., 2005], the spokes RS1-
RS3 were arranged in triplets with the typical intervals of 32, 24 and 40 nm distance
between RSs (Fig. 1A and 1B).

Three-dimensional structure of RS1 and RS2

The overall shapes of RS1 and RS2 were very similar, with a length of 42 nm measured
from the A-tubule towards the CPC and a width that varied from 3—7 nm along the stalk to a
maximum of 24 nm across each RS head measured along the DMT axis (Fig. 1A-1D).
Based on their electron densities in the 3D averages, RS1 and RS2 each have an estimated
mass of ~2.5 MDa. Their stalks can be divided into three distinct subregions: an 8 nm long
spoke base that anchors the RSs to the DMT, a 15 nm stem in the middle, and a 12 nm arch
that connects to the 7 nm thick spoke head (Fig. 1E-1L; Supporting Information Movie S1).
A constriction, termed the waist, was present at the stem-arch intersection (Fig. 1E-L, white
arrows).

The head and arch regions of RS1 and RS2 appeared structurally identical and had estimated
masses of 900 KDa for the head and 600 KDa for the arch. Each head of RS1 and RS2
consists of two apparently identical halves that are connected in the head center (Fig. 1C-
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1D; Supporting Information Movie S1). The two pillars of the arch link the two halves of
each RS head to the stem (Fig. 1E-1L; Supporting Information Movie S1). In longitudinal
views of the DMTSs, the pillars line up behind each other, so that the stalk and head give RS1
and RS2 their typical T-shaped appearance (Fig. 1F, 1H, 1J and 1L), but in cross-sectional
view the spokes are shaped like stirrups due to the arch (Fig. 1E, 1G, 11 and 1K). We
observed no connection between the heads of RS1 and RS2.

While the overall structures of RS1 and RS2 was very similar, we also observed small
structural differences between these two RSs, especially in their basal regions (Supporting
Information Movie S1). RS2 has two small additional densities attached to the stem region
and the back prong of the base; latter density connects the RS2 base to the N-DRC (Figs. 1K
and 2G). RS1 has a U-shaped attachment to only one protofilament, A3* of the A-tubule,
while the base of RS2 has two prongs that connect to protofilaments A2 and A3 (Figs. 1G,
1K; 21 and 2J; Supporting Information Movie S2).

Three-dimensional structure of RS3 and conserved RS heterogeneity

RS3 bears no structural resemblance to RS1 and RS2. The length of RS3 is 43 nm, only
slightly longer than RS1 and RS2, but its width varied from 3-16 nm along the stalk to a
maximum of 26 nm across the RS3 head when viewed longitudinally (Fig. 1A-1D).
Although the estimated mass of RS3 is with 2.8 MDa only 300 kDa larger than the other
spokes, RS3 is structurally unique. The wide RS head still conveys an overall T-shape
appearance (Fig. 1N and 1P), explaining why previous studies with lower resolution could
not detect this RS heterogeneity. We refer to this widest part of RS3 still as the RS head
region, despite of its structural differences compared to the heads of RS1 and RS2 (see
below). However, based on the 3D structure we could not correlate the subregions of the
RS3 stalk to the base, stem and arch region of RS1 and RS2. To reflect this structural
uniqueness of the RS3 stalk we gave its two subregions new names: first, the RS3 stand,
which encompasses a 1.3 MDa large, 21 nm long, complex density that reaches from the
docking site at the DMT to a constriction at about half the length of the RS; second, the RS3
post, which connects between the RS3 stand and head (Fig. 1LM-1P; Supporting Information
Movie S1). There are several small, wing-like protrusions along the RS3 post (Fig. 1P). The
head of RS3 is asymmetrically shaped and the narrower, proximal part seems to connect to
the front half of the RS2 head (Fig. 1C and 1D).

The RS3 stand is attached to protofilaments A2 and A3 of the A-tubule through three
connections that align along the longitudinal axis of the DMT (Fig. 21 and 2J). This is in
contrast to RS2, which attaches to the same protofilaments, but the two prongs of the RS2
base align in a plane perpendicular to the DMT axis (Fig. 21 and 2J). The RS3 stand contains
three major domains: 1) a small bow-shaped density links the two proximal DMT docking
sites along the DMT length (Figs. 1A and 2G), 2) followed by a bulbous core that extends to
the central constriction of the stalk (Figs. 10, 1P and 2G), and 3) a large arm that starts at
the most distal docking side of the RS3 and projects forward to connect to the core and the
DMT docking site of the tail domain of dynein inner arm A6 (dynein a/d) (Fig. 2G, 2H and
2L).

This RS heterogeneity was also observed in Tetrahymena (Supporting Information Fig. S2),
a protist with cilia that contain radial spoke triplets. Cryo-ET and subtomogram averaging of
Tetrahymena axonemes revealed RS structures that were very similar to those observed in
sea urchin flagella, including the distinct structure of RS3, i.e. the small bow-shaped density

*The protofilaments were numbered according to the most widely accepted protofilament numbering system [Linck and Stephens,
2007] (Fig. 1G, 1K and 10).
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which docks the spoke to the DMT and the bulbous core extending away from the
microtubule (Supporting Information Fig. S2).

RS3 contains or connects to doublet specific structures

To generate the mainly planar waveform of undulating sea urchin sperm flagella [Woolley
and Vernon, 2001], dynein activity and interdoublet sliding must be limited to subsets of
DMTs, rather than all nine DMTs [Hayashi and Shingyoji, 2008]. Therefore, structural
heterogeneity between complexes on different (subsets of) DMTSs, so called doublet specific
structures, are of great interest, because they could contribute to the non-uniform,
asymmetric distribution of dynein activity and microtubule sliding. With the RSs being key
regulators of dynein activity we therefore asked the question whether the spokes contained
or connected to doublet specific features. We calculated doublet specific averages for each
DMT by first determining the doublet numbering in each tomogram based on the location of
the 5-6 bridge that forms permanent links between doublets 5 and 6 [Afzelius, 1959]; then
we averaged the same DMTs from each tomogram into doublet specific averages (DMT 1-9
in Supporting Information Fig. S3). These doublet specific averages confirmed the overall
architecture of the RSs that is present on all nine DMTS, but also revealed striking doublet
specific differences in structures connecting to RS3 (Fig. 3; Supporting Information Fig.
S3).

All observed doublet specific differences related to RS3 are limited to a region that reaches
from the back of the RS3 stand to the base of RS2. The comparison of doublet specific
averages revealed a ~450 kDa mass that is only present on DMTs 3,4,7-9 and that is
suspended between RS3 and RS2 like a “joist” (termed here Radial Spoke Joist (RSJ);
magenta arrows and density in Fig. 3C, 3G and 3K; Supporting Information Fig. S3). String-
like densities connect the central mass to the back of RS3 close to the tip of the bulbous core
and to the base of RS2, as well as to the base plate of the N-DRC (Fig. 3G and 3K). The
same region around RS3 on DMT 2 shows a much larger, “spur”-like structure with an
estimated mass of ~800 kDa and the following two major parts: a connection between the
back of RS3 and the N-DRC base plate — similar to the RSJ, but located closer to the DMT
and without the central globular mass, and second a cone-shaped projection that starts in the
same region like the RSJ density, but extends ~20 nm backwards perpendicular to the RS3
stalk (Fig. 3D, 3H and 3L; Supporting Information Figs. S3 and S4). Neither the RSJ nor the
spur structures were detected on DMTs 1, 5 and 6 (Fig. 3B, 3F and 3J; Supporting
Information Figs. S3). Therefore, in an average of all 9 DMTs only a weak density of the
RSJ remains visible of the doublet specific structures (Fig. 3A, 3E and 3lI).

RSs interact directly with IDAs and the N-DRC

The mechanism how RS signals reach the dyneins and regulate the motor proteins’ activity
is not clear. Shedding light on this, our cryo-ET averages revealed two interesting types of
connections of the RSs with other axonemal complexes: for one several IDAs connect with
their tail domains directly to the bases of RS1 and RS2, and the stand of RS3; in addition,
both RS2 and RS3 seem to connect directly to the base plate of the N-DRC, a known, major
regulatory hub that coordinates dynein activity (Figs. 2 and 3; Supporting Information
Movie S2). Specifically the tails of the dynein arm 1A2 (dynein a/d) and the doublet specific
arm ldaX (dynein b/g) [Nicastro, 2009; Bui et al., 2009] were anchored to the front of RS1
(Figs. 1G, 2A, 2B and 2I-2L), and 1A3 (dynein c) was attached to the front prong of the base
of RS2 (Fig. 2C, 2D, 2I-2L), while the back prong extended distally to connect to the N-
DRC (Fig. 2G). We also observed 3 connections between inner dyneins and the arm domain
of the RS3 stand. Two dynein arms, 1A5 (dynein b/g) and 1A6 (dynein a/d), contacted the
RS3 stand through their tails, but in case of the 11  heavy chain (f dynein) the connections
were directly to the dynein motor domain (Fig. 2E, 2F, 2H, 2K and 2L). The doublet specific
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connections of RS3 to the N-DRC through the RSJ (Fig. 3C, 3G and 3K) or spur structure
(Fig. 3D, 3H and 3L) have been described above. The borders between the dynein tails and
the RS structures are only approximations based on previously published images showing
the size and shape of the inner dynein heavy chain c¢ with full length tail domain (1A3)
[Burgess et al., 2004].

DISCUSSION

The comparison between Strongylocentrotus, Tetrahymena and Chlamydomonas cilia and
flagella shows conserved RS heterogeneity and the presence of the basal part of RS3in
Chlamydomonas

Previous EM studies have described all RSs uniformly as T-shaped structures [Chasey,
1972; Chasey, 1974; Curry and Rosenbaum, 1993; Dentler and Cunningham, 1977,
Goodenough and Heuser, 1985; Hopkins, 1970; Warner, 1970; Warner and Satir, 1974;
Nicastro et al., 2005]. In addition, classical EM studies of Chlamydomonas mutants
indicated that mutations in RS genes caused the same structural defects in both RS1 and RS2
[Curry and Rosenbaum, 1993; Diener et al., 1993; Huang et al., 1981]. Even though the
distance between RS1 and RS2 is different from the distance between RS2 and RS3 in
organisms with RS triplets, and despite the fact that studies of RSs in mussel gill cilia
showed different tilting of RS3 compared to RS1 and RS2 [Warner and Satir, 1974], RSs
were generally thought of as homogeneous structures.

Our recent comparative study of Chlamydomonas WT flagella and several RNA-
interference mutants lacking parts of the conserved Calmodulin and Spoke-associated
Complex (CSC) [Dymek and Smith, 2007] showed that in the knockdowns many of the
axonemal repeat units were specifically missing RS2, while RS1 was always present
[Dymek et al., 2011]. These results strongly suggested heterogeneity among spokes and that
the CSC is located at or near the base of RS2 [Dymek et al., 2011]. Our most recent cryo-ET
study of the 3D structures of RSs in WT and RS mutant axonemes of Chlamydomonas
revealed small structural differences between the basal regions of RS1 and RS2, and thus
confirmed minor spoke heterogeneity between RS1 and RS2 [Barber et al., 2011]. These
structural differences between Chlamydomonas RS1 and RS2 were very similar to
differences observed in the present study for RS1 and RS2 in sea urchin flagella. However,
in sea urchin flagella we found two additional differences between RS1 and RS2: RS1 has a
single docking site to the A-tubule, but forms connections with two IDAs, while the RS2
attachment is 2-pronged with one IDA connecting to the front prong (Fig. 21-2L), which is
very similar to the arrangement of RS2 in Chlamydomonas [Barber et al., 2011].

A comparison of the subtomogram averages of Strongylocentrotus (sea urchin) flagella and
Tetrahymena cilia revealed a highly similar organization of the spoke triplets in these two
species, including the unique structure of RS3. In place of RS3, Chlamydomonas flagella
contain a shorter structure [Bui et al., 2008], termed Radial Spoke 3 Stand-in (RS3S), that
lacks structural similarities with spokes RS1 and RS2 and therefore its relationship to RSs
had remained unclear [Barber et al., 2011]. Here we found that the 3D structure of the
Chlamydomonas ~18 nm long RS3S [Barber et al., 2011] correlates remarkably well with
the structure of the basal half of RS3, the 21 nm long RS3 stand, in sea urchin and
Tetrahymena axonemes (Fig. 4; Supporting Information Fig. S2). Both RS3 and RS3S are
attached to the protofilaments A2 and A3 of the A-tubule through 3 connections and have
contact with the tail domain of the inner dynein arm IA6 (dynein a or d). The specific
locations of RS3 and RS3S within the 96 nm axonemal repeat, their highly similar, yet
complex and unique structures in organisms reaching from protists to sea urchins suggests
both that RS3S is the basal part of RS3, and that radial spoke heterogeneity of RS3 vs. RS1
and RS2 is highly conserved across species.
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The proteome of the RS triplet

RSs are large, multi-subunit complexes with at least 23 radial spoke proteins (RSP1-23) in
Chlamydomonas [Patel-King et al., 2004; Piperno et al., 1977; Piperno et al., 1981; Yang et
al., 2001; Yang et al., 2006]. RSP1-17 were identified by 2D gel analysis of the
Chlamydomonas WT compared to the pfl4 mutant, which contains a mutation in RSP3 and
lacks any identifiable RS structure in classical EM images [Piperno et al., 1977; Piperno et
al., 1981]. RSP18-23 were later identified from purified Chlamydomonas RS fractions
[Yang et al., 2001; Yang et al., 2006; Patel-King et al., 2004]. Although Chlamydomonas is
the only organism in which comprehensive proteomic studies of the RS proteins have been
conducted, evidence exists that several of the spoke proteins are conserved, e.g., members of
the ‘RSP3’ superfamily have been identified in 14 species [Ralston et al., 2006; Marchler-
Bauer et al., 2009]. However, with the mounting evidence for radial spoke heterogeneity, to
some degree between RS1 and RS2 [Dymek et al., 2011; Barber et al., 2011], but especially
between RS3/RS3S and the remaining spokes, the question arises as to how complete our
current understanding of the proteome of the RS triplets is. The observed structural RS
heterogeneity will likely be reflected in a different protein composition of the RSs.
Therefore most known RS proteins probably correspond to the proteome of RS1 and RS2,
because Chlamydomonas flagella lack a full length RS3 and our preliminary structural data
of the spokeless Chlamydomonas pfl4 mutant indicates that RS3S is still present in these
mutant axonemes [data not shown].

While no proteomics data are available for RSs in sea urchin flagella, studies of two
organisms with cilia and flagella containing RS triplets, Trypanosoma and Ciona, have been
conducted. Recent studies of Ciona sperm flagella have detected 15 RS proteins, of which
11 proteins were identified by mass spectrometry [Padma et al., 2003; Satouh and Inaba,
2009; Satouh et al., 2005]. However, in these studies, spokes were isolated by
immunoprecipitation with an anti-RSP3 antibody. It is possible that in contrast to RS1 and
RS2, RS3 might not contain RSP3 protein, in which case RS3 would not have been
immunoprecipitated and RS proteins unique to RS3 not been detected in this study. RSP3
knockdown mutants in Trypanosoma, have reduced numbers of spokes, although the number
of remaining RSs seen in EM cross-sections and the degree of rudimentary flagellar motility
were higher than expected based on the dramatic reduction of rsp3 transcripts [Ralston et al.,
2006]. While the presence of two-thirds of the RSs could be due to incomplete knockdown
of RSP3, it is also possible that RSP3 is not essential for assembly and DMT docking of
RS3.

The structure of RS1 and RS2 seemed overall well conserved between Chlamydomonas and
sea urchin flagella (Fig. 4A-4D). The most obvious differences in the RS1 and RS2
structure between these two species were seen in the RS heads. Although they all consist of
two rotationally symmetric halves, the RS halves in sea urchin flagella were considerably
smaller in size (~50% based on our mass estimations) and lacked the RS1-RS2 connection
between the RS heads (Figs. 1C, 1D and 4A-4D), that was observed in Chlamydomonas
flagella [Barber et al., 2011]. The Chlamydomonas spoke heads contain at least 5 RSPs
(RSP1, 4, 6, 9 and10) [Yang et al., 2006]. In Ciona flagella only 3 homologues of
Chlamydomonas head proteins were identified so far [Padma et al., 2003; Satouh and Inaba,
2009; Satouh et al., 2005]. The sizes of the RS1 and RS2 heads in Tetrahymena axonemes
appear similar to that of the Chlamydomonas RS heads, but at the current resolution it is
unclear if the RS1-RS2 connection is also present [data not shown]. Future studies that can
correlate current and new proteomics data with RS structure, are required for a more
comprehensive understanding of the RS triplet proteome.
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The role of the doublet specific structures connected to RS3

For effective beating and to generate the complex oscillatory motions typical of beating cilia
and flagella the action of the tens of thousands of dynein motors in a single organelle must
be spatiotemporally controlled. In most cilia and flagella, including those of sea urchins, the
CPC is positioned so that the plane that includes both central microtubules is perpendicular
to the plane of the principal bend (Fig. 3N) [Sale, 1986]. Using the standard humbering
convention for sea urchin flagella, doublets 5 and 6 are permanently linked by the 5-6
bridge, which is thought to prevent significant interdoublet sliding between these two DMTs
[Afzelius, 1959]. In a typical axoneme, doublets 5 and 6 are opposite to doublet 1, and a
plane running through DMT 1 and the 5-6 bridge is usually perpendicular to the plane
running through both CPC microtubules. Doublets 2—-4 and 7-9 are arranged on opposite
sides of the beating plane and are believed to contribute most of the force required for the
bending motion [Brokaw, 1989; Holwill and Satir, 1994; Lindemann and Lesich, 2010;
Nakano et al., 2003; Shingyoji et al., 1977; Wargo et al., 2004]. Dyneins are minus-end-
directed motor proteins [Sale and Satir, 1977; Vale and Toyoshima, 1988], and this
unidirectionality means that the cyclical bending in alternating directions requires
alternating the activity of dynein arms between the two sides left and right of the beating
plane. A well accepted model for asynchronous dynein arm activity, known as the switch
point hypothesis, explains the cyclic beating in the light of unidirectional inter-doublet
sliding [Lindemann and Lesich, 2010; Satir, 1989; Satir and Matsuoka, 1989].

Remarkably, the here observed doublet specific features that connect RS3 to both RS2 and
the N-DRC, are limited to exactly those subsets of doublets, DMTs 2—-4 and 7-9, that are
crucial for generating the driving forces for axoneme bending [Brokaw, 1989; Holwill and
Satir, 1994; Lindemann and Lesich, 2010; Nakano et al., 2003; Shingyoji et al., 1977;
Wargo et al., 2004]. This distribution in two DMTSs groups on opposing sides would agree
well with the switch point hypothesis. The RSJ structure was observed on doublets 3, 4 and
7-9, while a larger, spur-like structure locates to roughly the same region on doublet 2 (Fig.
3). These structures could be involved in transmitting signals that are important for
establishing dynein activity localized to specific DMTs in the axoneme. They are also
currently the only known structures that form a triad junction between RS3, RS2 and the N-
DRC, possibly allowing signal integration, feedback or cross talk between these three major
complexes in cilia and flagella. The complex “spur” structure on doublet 2 seems to break
the otherwise symmetrical distribution of doublet specific structures into two opposing
groups of DMTs.

Here we established that the presence of a third RS, as full-length RS3 or remnant RS3S, as
well as RS heterogeneity are highly conserved features of cilia and flagella. This lays a
crucial foundation for future studies that will determine a more comprehensive
understanding about the subunit composition of individual RSs and their functions for
regulating ciliary and flagellar motility.

MATERIALS AND METHODS

Specimen Preparation

Live sea urchins (Strongylocentrotus purpuratus purchased from Monterey Abalone Co.
Monterey, California) were kept in the laboratory at 4°C for up to 3 weeks in artificial
seawater. Spawning was induced by the injection of 1 to 2 ml of 0.5 M KCl into the
perivisceral cavity [Gibbons, 1982]. Sperm samples were collected and kept on ice without
dilution in artificial seawater to prevent sperm activation [Gatti and Christen, 1985]

Tetrahymena thermophila (strain B2086) cells were grown to a density of approximately
3x10%/ml in 250 ml of SPP medium (1% proteose peptone, 0.1% yeast extract and 0.2%
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glucose) at 30°C. The cilia were isolated as previously described [Wloga et al., 2008], with
minimal modification. Briefly, cells were collected by centrifugation, washed with 10 mM
Tris pH 7.5 and resuspended in 20 ml of 10 mM Tris, 50 mM sucrose, 10 mM CaCl, with
protease inhibitors, pH 7.5. Cilia were detached from the cells by adding 350 pl of 0.5 M
acetic acid. After 1 min, 180 pl of KOH were added. The cilia-containing supernatant was
separated from the cell bodies and debris by two centrifugation steps at 1,860 x g for 5 min.
Then the cilia were collected by centrifugation at 10,000 x g for 15 min, and were
demembranated during a 30 min incubation in HMEEK buffer (30 mM HEPES, 25 mM
KCI, 5 mM MgSOy, 0.1 mM EDTA, 1.0 mM EGTA, pH 7.4) with 0.2% Triton X-100. The
axonemes were collected by centrifugation at 10,000 x g for 10 min and were resuspended
in HMEEK buffer without Triton X-100.

Quantifoil holey carbon grids (Quantifoil Micro Tools GmbH, Jena, Germany) were glow
discharged and then coated with 10 nm colloidal gold (Sigma-Aldrich, St. Louis, MO).
Grids were loaded in a self made plunge freezer. 3 ul of sea urchin sperm diluted in artificial
seawater or 3 pl of Tetrahymena axonemes were added to the grid followed by 1 ul of a
tenfold concentrated 10 nm colloidal gold solution. The grid was blotted from the front side
with a filter paper for 2 s and immediately plunge frozen in liquid ethane. The vitrified
sample was then stored in liquid nitrogen until data collection.

Cryo-electron tomography

EM images were collected using a Tecnai F30 transmission electron microscope (FEI,
Eindhoven, NL) equipped with a field emission gun and a postcolumn energy filter (Gatan,
Pleasanton, CA). Cryo-samples were transferred into the microscope with a cryo-holder
(Gatan) and kept below the devitrification temperature (~ —140°C) at all times. Samples
were imaged at 300 keV, with —8 pum defocus, under low dose conditions and in the zero-
loss mode of the energy filter (20 eV slit width). Several tilt-series of images were recorded
automatically from approximately —65 to +65° with 1.5 — 2.5° angular increments, using the
SerialEM image acquisition software [Mastronarde, 2005]. The cumulative electron dose
was limited to ~100 e/A2. All images were recorded on a 2k x 2k charge-coupled device
camera (Gatan) at a magnification of 13,500x, resulting in a pixel size of ~1 nm.

Image processing

Cryo-electron tomograms were reconstructed using the IMOD software package [Kremer et
al., 1996] with fiducial marker alignment and weighted back projection. Only tomograms of
intact and non- or only mildly compressed flagella and axonemes were used for further
image processing. Subtomograms containing the 96 nm long axonemal repeats were
extracted from eight tomograms of sea urchin sperm flagella and three tomograms of
Tetrahymena axonemes, aligned and averaged in 3D using the PEET (Particle Estimation for
Electron Tomography) software [Nicastro et al., 2006]. In addition, subtomogram averages
from five tomograms of Chlamydomonas axonemes that were previously published in
[Heuser et al., 2009; Barber et al., 2011] were used for comparison. Averaging repeats from
DMTs with different orientations relative to the tilt axis allowed for the compensation of the
missing wedge, resulting in relatively uniform resolution [Nicastro et al., 2006]. Two
different aligning strategies were employed: a) to optimize the alignment accuracy either for
the entire 96 nm axonemal repeat using global alignment with relatively large particle
volumes (Figs. 1A, 2 and 4A,; Supporting Information Fig. S2); or b) to resolve the structure
of a specific complex of interest at the highest possible detail; in this case we used smaller
subtomographic volumes for local alignments that were calculated centered on the structure
of interest, e.g. on RS1-RS3. The resulting averages of each RS local alignment resolved the
RSs at a slightly higher level of detail (Figs. 1B-1P, 3, 4C, 4E, 4F, 41 and 4J). For the
doublet specific analysis of axonemal structures in sea urchin flagella first the DMT
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numbers were identified in all tomograms based on the location of the 5-6 bridge, a
permanent link between doublets 5 and 6 [Afzelius, 1959]. Then doublet specific averages
were generated by combining all axonemal repeats from the same doublet number from all
tomograms (Supporting Information Fig. S3). When a doublet specific feature was present
on a subset of doublets, these doublet specific averages could be combined into a class
average to increase the signal-to-noise ratio and thus resolution of the specific feature (Fig.
3). The UCSF Chimera package [Pettersen et al., 2004] was used for 3D visualization by
isosurface rendering and for volume size measurements. Mass estimations were calculated
using an average protein density of 1.43 g/cm3 [Quillin and Matthews, 2000]. The resolution
was estimated in a (20 nm)?3 sub-volume in the center of all averages using the Fourier shell
correlation method [Harauz and Van Heel, 1986]. All aligned repeat units were divided into
two groups (odd and even numbers) and the Fourier shell at which a correlation value of 0.5
was reached was used to estimate the resolution (Supporting Information Fig. S1D).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 3D structure of sea urchin RSs

Tomographic slices (A, C, E, F, 1, J, M and N) and isosurface renderings (B, D, G, H, K, L,
O and P) show the averaged axonemal repeat in longitudinal views (A-D, F, H, J, L, N and
P), from the front (A-B, F, H, J, L, N and P), the bottom (C and D) (looking from the central
pair towards the DMT) and in cross-section (E, G, I, K, M and O). (A-D) Overview of the
RS arrangement. Red dotted lines in (A) indicate the locations of the tomographic slices
shown in (C, E, I and M). Note that both heads of RS1 and RS2 consist of two rotationally
symmetric halves, while the RS3 head has an irregular shape (C and D); the narrow part of
the RS3 head points proximal and connects to the front half of the RS2 head (white
arrowhead in C and D). The front, back, proximal (prox) and distal (dist) sides of the
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average are indicated in (C) for easier orientation in relation to the front view shown in (A).
(E—P) Details of the RS structures. Both RS1 (green) and RS2 (blue) can be separated into
four regions: the base, the stem, the arch and the head domain closest to the central pair (E-
L). RS1 and RS2 have a very similar overall structure, but also some small differences
(black asterisk in K). RS1 has a single attachment site to protofilament A3 of the A-tubule
(At 3) (E and G), while the two-pronged RS2 base is attached to protofilaments, A2 and A3
(At 2, 3) (I and K). The RS3 structure (orange) is distinct from RS1 and RS2 and can be
separated into three regions: stand, post and head; none of these regions resemble parts of
the RS1 or RS2 structure. Note the peanut shaped density (O and P; black arrowhead); a
doublet specific analysis (see Figure 3) revealed that this density, the radial spoke joist
(RSJ), is only present in some DMTs (Figure 3K) and thus is in the here shown average of
all doublets only partially visible. RS3 is also attached to the A-tubule protofilaments A2
and A3 (A; 2, 3), but differently orientated compared to RS2 (compare K and O). Red dotted
lines in (E, I and M) indicate the locations of the tomographic slices shown in (F, J and N),
respectively. Base, stem and arch together, or stand and post together respectively, represent
the portion of the RS called stalk” in previous publications. White arrows indicate the
waist, a narrow region that separates the stem and arch (E-L). Other labels: B-tubule (By),
inner dynein arm (IDA 1o, 15, 2-6 and x; rose) [Nicastro et al., 2009], Nexin-Dynein
Regulatory Complex (N-DRC, yellow) [Heuser et al., 2009], outer dynein arm (ODA,
purple). Structure color coding is preserved in all following figures. Scale bars are 25 nm;
scale bar in (M) is applicable to (E, F, I, J, M and N).
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Figure 2. Connections between the RSs and neighboring structures

(A-L) Tomographic slices (A, C, E, I and K) and isosurface renderings (B, D, F-H, J and L)
of the averaged axonemal repeat from sea urchin flagella show several connections
originating from the RSs’ bases. Cross-sections from proximal (A-F) and distal (H), and
longitudinal bottom views (I-L; cut through the base of the RSs as indicated by red dotted
lines in H) reveal connections between IDA tails and the RSs: dynein I1A2 and IdaX connect
with the front of the RS1 base (A, B and I-L); dynein 1A3 connects to the front of the RS2
base (C, D and I-L); and the dynein arms A5, A6 and I1f connect with the front region of
the RS3 stand (E, F and H-L). (G) A longitudinal view from the back reveals the three
docking points of RS3 to the A-tubule and a connection between RS2 and the N-DRC (white
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arrow). Also note the protrusion termed RSJ (black arrowhead), which is only present in
some DMTs and connects to the N-DRC (see Fig. 3 for more details). The proximal (prox)
and distal (dist) sides of the average, as well as the A- and B-tubules (A, By) are indicated
for easier orientation. (I and J) The DMT attachments are different between the three RSs:
RS1 has one attachment site to the A-tubule; RS2 has two attachment sites, and RS3 docks
at least at three points to the A-tubule. Scale bars are 12.5 nm in (E), applicable for (A, C
and E), and 25 nm in (1), applicable for (I and K).
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Figure 3. Doublet specific differences in the RS3 structure

(A-L) Tomographic slices (A—H) and isosurface renderings (I-L) of averaged axonemal
repeats from sea urchin flagella viewed from the proximal (A-D) and back side (E-L) show
doublet specific features that connect RS3 to RS2 and the N-DRC. Averages of repeats from
all nine DMTs (A, E and I) are compared to class averages that include the following groups
of doublets: DMTs 1, 5 and 6 (B, F and J), DMTs 3, 4, 7-9 (C, G and K) and DMT 2 (D, H
and L). Magenta arrows in (A, C, E and G) point to a density called RSJ (colored in magenta
in (I, K)). Brown arrowheads in (D and H) highlight another density called spur (colored in
brown in (L)). Both densities protrude from the back of RS3 and connect with the N-DRC
but are distinct from each other. Averages of each individual doublet are shown in Fig. S3.
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Scale bar: 25 nm (valid for A-H). (M and N) Schematic models of RS3 (M) and an entire
axoneme (N) from sea urchin flagella viewed in cross-section from proximal. The consensus
part of RS3 that seems consistent among all individual doublets is colored in turquoise; the
RSJ present on DMTs 3, 4 and 7-9 is colored magenta; the spur present only on DMT 2 is
colored brown. Note the position of the 5-6 bridge between DMTs 5 and 6. Red arrows
indicate the flagellar beating plane. Previous studies showed that the bending is
perpendicular to the plane that contains both microtubules of the central pair complex
(CPC); DMTs 2-4 and 7-9 are thought to be critical for flagella motility [Lindemann and
Lesich, 2010]. These are the same doublets that have the doublet specific structures, the RSJ
and the spur, connecting RS3 to RS2 and N-DRC.
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Figure 4. Comparison of the Strongylocentrotus RS triplet and Chlamydomonas RS pair with
special emphasis on RS3 and RS3S

(A-L) Tomographic slices (A, B and E-H) and isosurface renderings (C, D and I-L) from
averaged axonemal repeats of Strongylocentrotus (sea urchin) (A, C, E, F, I and J) and
Chlamydomonas (algae) (B, D, G, H, K and L), viewed from the front (A-D), back (F, H, J
and L) and in cross-section from distal (E, G, | and K), show that the structure of RS3S in
Chlamydomonas closely resembles the RS3 stand in Strongylocentrotus. Red dotted lines in
(A and B) indicate the locations of the tomographic slices shown in (E and G). The white
asterisks in (I and J) highlight parts of the RSJ structure that is attached to the back of RS3.
The post and head region of RS3, as well as the RSJ structure are not present in
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Chlamydomonas. The labels for these regions are faded in (G and K) for easier comparison.
Panels A and C are the same as Figure 1A and 1B, and panel D is reproduced from Barber et
al. [2011] Figure 3A with minor modifications. Scale bars are 25 nm (scale bar in A valid
for B; scale bar in E valid for F-H).
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