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The radial spoke (RS) heads of motile cilia and flagella contact
projections of the central pair (CP) apparatus to coordinate motil-
ity, but the morphology is distinct for protozoa and metazoa. Here
we show the murine RS head is compositionally distinct from that
of Chlamydomonas. Our reconstituted murine RS head core com-
plex consists of Rsph1, Rsph3b, Rsph4a, and Rsph9, lacking Rsph6a
and Rsph10b, whose orthologs exist in the protozoan RS head. We
resolve its cryo-electron microscopy (cryo-EM) structure at 3.2-Å
resolution. Our atomic model further reveals a twofold symmetric
brake pad-shaped structure, in which Rsph4a and Rsph9 form a
compact body extended laterally with two long arms of twisted
Rsph1 β-sheets and potentially connected dorsally via Rsph3b to
the RS stalk. Furthermore, our modeling suggests that the core
complex contacts the periodic CP projections either rigidly through
its tooth-shaped Rsph4a regions or elastically through both arms
for optimized RS–CP interactions and mechanosignal transduction.
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The majority of motile cilia and flagella are composed of nine
dynein arm-containing peripheral doublet microtubules

(DMTs) surrounding a central pair (CP) of MTs (the “9+2”
axoneme). The radial spoke (RS) is a T-shaped protein complex
with an orthogonal head pointing toward the CP and a stalk
anchored on each A-tubule of the DMTs (1–5). It acts as the
mechanochemical transducer between the CP and axonemal
dynein arms to regulate flagellar/ciliary motility (6–11). The
flagella of Chlamydomonas reinhardtii, a widely used model or-
ganism, contain two full-size RSs (RS1 and RS2) in each 96-nm
repeat unit of the axoneme. In contrast, motile cilia/flagella of
Tetrahymena thermophila and metazoa possess triplet RSs (RS1
to RS3) (2–4, 11). The Chlamydomonas RS is composed of at
least 23 subunit proteins (RSP1 to RSP23) (2, 12, 13). Seventeen
of them have mammalian homologs (14). Mutations leading to
the loss of the entire RS or RS head result in immotile flagella in
Chlamydomonas (6–8) but in rotatory ciliary beat in mammals,
causing primary ciliary dyskinesia (PCD), a genetic syndrome
characterized by recurrent respiratory infections, situs inversus,
infertility, and hydrocephalus (4, 15–21).
The most striking morphological differences in the RS lie in

the RS head, the key structural domain that mediates the
mechanosignaling by directly contacting projections of the CP
(9–11). The heads of RS1 and RS2 consist of two structurally
identical, rotationally symmetric halves that differ largely from
that of RS3 (3, 4). Furthermore, their morphologies differ dra-
matically between protozoa and metazoa. In Chlamydomonas
and Tetrahymena, for instance, the heads of RS1 and RS2 are
rich in lateral branches that also form a connection between the
two heads (2, 4). In contrast, in sea urchin (Strongylocentrotus
purpuratus) and human, the heads of RS1 and RS2 resemble a
pair of ice skate blades with many fewer interfaces toward the CP
(3, 4). Despite the importance of the RS and RS head in cilia/

flagella motility, the structural details of the RS and the RS–CP
interactions remain poorly understood, especially in mammals.
The RS heads have probably been remodeled to comply with

both structural and functional alterations of the axoneme during
evolution. How the morphological changes occurred, however,
remains unclear. The Chlamydomonas RS head is composed of
RSP1, -4, -6, -9, and -10 and part (the C terminus) of the stalk
component, RSP3. Each of the symmetrical halves of the head
contains one copy of these components (2, 10, 22). All the head
components have mammalian orthologs (Rsph1, -4a, -6a, -9, -10b,
and -3b) (11, 14). In sharp contrast to the markedly reduced surface
area of metazoan RS heads, the peptides of human RSPH4A, -6A,
and -10B are longer than their Chlamydomonas orthologs by 1.5-,
1.3-, and 4-fold, respectively (11). Only RSPH1 (309 amino acids
[aa]) is shorter than RSP1 (814 aa) (11). The lengths of mouse RS
head proteins are also similarly changed as their human counter-
parts (SI Appendix, Fig. S1A). Furthermore, while murine Rsph4a
is essential for the head formation of RS1 to RS3 in motile mul-
ticilia of the trachea, ependyma, and oviduct (15), Rsph6a is
specifically expressed in sperm for their normal flagellar formation
(23). RSP4/Rsph4a and RSP6/Rsph6a are paralogs: RSP4 and
RSP6 share 48% sequence identity (24), whereas murine Rsph4a
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is 63% identical to Rsph6a (SI Appendix, Fig. S1B). Sea urchin and
Ciona, however, have only one ortholog (11, 25). These results
suggest that, unlike the protozoan RS heads, the metazoan ones
may not simultaneously contain Rsph4a and Rsph6a. The general
shapes of the RS structure in axonemes have been determined by
conventional electron microscopy (EM) (26–28) and cryo-electron
tomography (cryo-ET) (2–5). Recently, a 15-Å-resolution RS struc-
ture of Chlamydomonas was resolved by cryo-EM single-particle
analysis (29). The resolutions, however, do not suffice for the
delineation of the locations of individual RS subunits.
In the present study, by biochemical and structural analyses,

we show the murine RS head is both compositionally and mor-
phologically distinct from that of Chlamydomonas. Our study
suggests that the RS head has experienced profound remodeling
to probably comply with both structural and functional alter-
ations of the axoneme during evolution for coordinated ciliary or
flagellar motility.

Results
Mouse Rsph1–Rsph3b–Rsph4a–Rsph9 Can Form a Stable RS Head Core
Complex. We first examined whether all the mouse homologous
RS head proteins (Rsph1, -4a, -6a, -9, and -10b) and RSP3
(Rsph3b) localize in the axoneme of motile cilia in multiciliated
mouse ependymal cells (mEPCs) (30, 31). All these subunits
except Rsph6a, which is homologous to Rsph4a (SI Appendix,
Fig. S1B), were detected in the cilia of mEPCs (Fig. 1A). Rsph6a
was also not detected in the mEPC lysate, though; consistent
with a previous report (23), it was readily detected in mouse
sperm lysate through immunoblotting and sperm flagella through
immunostaining (SI Appendix, Fig. S1 C and D). Surprisingly,
Rsph4a was undetectable in mouse sperm in both immunoblot-
ting and immunostaining (SI Appendix, Fig. S1 C and D). These
results suggest that, unlike in protozoa, mammalian Rsph4a and
Rsph6a are, respectively, expressed in multiciliated cells and
sperm and do not coexist in the same axoneme.
To elucidate the interaction network of the RS head subunits, we

performed coimmunoprecipitation (co-IP) assays. We expressed
Flag-tagged Rsph3b together with Rsph1, -4a, -6a, -9, and -10b in
HEK293T cells and used anti-Flag beads to pull down the complex.
Glycerol gradient ultracentrifugation indicated a complex formation
among Rsph1, -3b, -4a, and -9 (Fig. 1 B and C). In contrast,
although Rsph6a and Rsph10b were highly expressed in the cells,
they were only weakly detected in the complex (Fig. 1 B and C). Co-
IP further revealed that Rsph4a was able to form a stable binary
complex with Rsph3b, -1, or -9 and a putative ternary complex with
-1 and -9 (SI Appendix, Fig. S1E), in addition to the quaternary
complex with -1, -3, and -9 (Fig. 1 C and D and SI Appendix, Fig.
S1E). When Flag-Rsph6a was expressed for co-IP, it immunopre-
cipitated Rsph1 and -9 or Rsph1, -3, and -9 (SI Appendix, Fig. S1E),
implying formation of ternary and quaternary complexes as well.
Altogether, our data suggest that mammalian Rsph4a and Rsph6a
form dually exclusive complexes with Rsph1, -3b, and -9 to function
in multicilia and sperm flagella, respectively. As Rsph4a is known to
be an essential RS head subunit in multiple types of multicilia (15),
we chose to focus on the Rsph1–Rsph3b–Rsph4a–Rsph9 complex
in the following experiments.

Architecture of the Mouse RS Head Core Complex Revealed by
Cryo-EM. We purified the Rsph1–Rsph3b–Rsph4a–Rsph9 com-
plex and validated the existence of all the subunits by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and mass spectrometry analysis (Fig. 1D and SI Appendix, Fig.
S1F). We then carried out a cryo-EM study on the RS head core
complex (SI Appendix, Figs. S2 and S3). Our initial reconstruc-
tion suggested a preferred-orientation problem associated with
the RS head core complex (highly preferred “top” orientation
but lacking side views; SI Appendix, Fig. S2C). To overcome this

problem, we adopted the recently developed tilt stage strategy in
data collection with additional data collected at 30 and 40° tilt
angles (32). This allowed us to obtain a cryo-EM structure of the
RS head core complex at 3.2-Å resolution without imposing any
symmetry, revealing the uncharacterized architecture of the
mammalian RS head core complex (Fig. 2A and SI Appendix,
Figs. S2 and S3 and Table S1). After overcoming the preferred-
orientation problem, the structural features of the map were very
well resolved without distortions, especially for that of the side
view (SI Appendix, Fig. S2D). The map appears to be ∼225 Å in
height, ∼85 Å in length, and 82 Å in width (Fig. 2A). This complex
has a compact body with two arms stretching out. The two arms
are both ∼80 Å in height and resemble each other very well
(Fig. 2A). Moreover, when visualized from the top, the map ap-
pears to have a central canyon dividing the map into two portions
highly similar to each other (Fig. 2A), even though we did not
impose any symmetry in the reconstruction process. Interestingly,
the front side of the map appears to have a serration shape with a
groove in the middle (side view in Fig. 2A).

Subunit Identification by Subunit Deletion and PA–NZ-1 Epitope
Labeling Strategy. To unambiguously locate individual subunits
within the complex, we performed cryo-EM analysis on subunit-
deleted or epitope-labeled RS head core complexes based on our
previously developed subunit PA–NZ-1 tag–Fab labeling strategy
(33–35). To determine the location of Rsph1, we first expressed
the complex without Rsph1 (termed RSHΔ1). Our reference-free
two-dimensional (2D) analysis and 3D reconstruction on RSHΔ1

both showed that the compact body remained while the two
stretching arms disappeared in comparison with the wild-type
core complex (Fig. 2B and SI Appendix, Fig. S2B). This result
suggests that there are two copies of Rsph1 in the RS head core
complex, and each locates in one of the arm positions. We then
sought to locate Rsph9 in the map by adopting our PA–NZ-1
epitope labeling strategy (33–35). We inserted a dodecapeptide
PA tag into the C terminus of Rsph9 and expressed the PA-
labeled core complex (termed RSH9-PA). RSH9-PA then formed
a complex with the Fab fragment of the NZ-1 antibody, termed
RSH9-PA

–NZ-1. Subsequent reference-free 2D analysis and 3D
reconstruction on RSH9-PA

–NZ-1 both showed an obvious extra
density exposed outside the lower portion of the body and ad-
jacent to the arm, most likely corresponding to the NZ-1 Fab,
indicating that Rsph9 may locate in the body close to an arm
(Fig. 2B). Taken together, these structural analyses suggest that
there are two copies of Rsph1 residing in the two arms, with
Rsph9 in the body close to an arm (Fig. 2B).

Ab Initio Model Building and the Twofold Symmetric Nature of the RS
Head Core. So far, template information of mammalian RS head
proteins for homology model building is extremely limited. Only
Rsph1 has a homologous template structure (Protein Data Bank
[PDB] ID code 6JLE) (36), with ∼41% sequence coverage of the
subunit. We then performed ab initio model building using the
Coot software package (37) based on our 3.2-Å-resolution cryo-
EM map combined with secondary structure element (SSE)
prediction by Phyre2 (SI Appendix, Fig. S4) (38). In our density
map, the two arms, predicted to be Rsph1 by subunit deletion
analysis (Fig. 2B), appear to consist of a cluster of β-stranded
structures (Fig. 2 A and C). Also, for Rsph1, the homology model
shows an overall β-structure feature (SI Appendix, Fig. S4A) that
matches the central portion of the arm well. Based on this initial
fitting, we conducted ab initio model building for the remaining
portion of Rsph1 using Coot software, and this Rsph1 model fits
into the density map of the two arms very well (Fig. 3 A and B).
Subsequently, based on the approximate Rsph9 C-terminal location
determined through our epitope labeling strategy, and especially the
side-chain information revealed in our map combined with the SSE
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prediction, we carried out ab initio model building for Rsph9
(Fig. 3C). For the remaining density, based on the side-chain infor-
mation and SSE prediction, we allocated Rsph4a in this region and
performed ab initio model building for Rsph4a (Fig. 3D). After
combining the subunit models together and further refinement, we
achieved an atomic model of the RS head core complex that fits in
the map very well (Fig. 3 and Movie S1). Still, several long loops
(i.e., Q292 to S309, E378 to E404, G505 to R518, and K563 to I584
for Rsph4a, and L116 to E129 and I194 to F213 for Rsph9), the
N-terminal region of Rsph4a (before L277), and the C-terminal re-
gion of Rsph1 (L203 to D301) appear to be disordered in our density
map, possibly due to the intrinsic dynamic nature of those regions.
In this configuration, Rsph4a and Rsph9 form a compact body,

whereas Rsph1 is an elongated and twisted β-sheet constituting a

stretching arm of about 80 Å (Fig. 2 C and D). Rsph1 contains a
motif known as a membrane occupation and recognition nexus
(MORN) (39). In other proteins, MORN repeats have been
suggested to be responsible for membrane association or stabili-
zation of protein complexes (40, 41). It is noteworthy that there
are two copies for each of these three subunits in the core com-
plex, forming a dimer of trimers. Therefore, the quaternary
structure assembly appears to have a twofold symmetric nature
(Fig. 2 C and D).

Subunit Interaction Network of the RS Head Core Complex. To better
understand the molecular basis of the complex assembly and the
allosteric network of the core complex, we inspected the subunit
interaction interfaces. Surprisingly, in the twisted β-sheet of

A

B C D

Fig. 1. Rsph1–Rsph3b–Rsph4a–Rsph9 can form a stable RS head core complex and be purified. (A) Immunofluorescence of mEPCs showed that Rsph1, Rsph3b,
Rsph4a, Rsph9, and Rsph10b, but not Rsph6a, localize in ciliary axonemes. Acetylated (Ace)-tubulin served as a ciliary axoneme marker. (B and C) Flag-tagged
Rsph3b pulled down a complex abundant in Rsph1, -4a, and -9, but not -6a and -10b. The indicated proteins were coexpressed in HEK293T cells and coimmu-
noprecipitated with anti-Flag resins. The immunoprecipitates were subjected to a 10 to 30% glycerol gradient ultracentrifugation. Fractions collected from top to
bottom were separated by SDS-PAGE, and followed by silver staining (B) and immunoblotting (C). Note that Rsph6a and Rsph10b were highly expressed in the
input but poorly detected in the complex (C, fractions 5 to 7). (D) Purification of the Rsph1–Rsph3b–Rsph4a–Rsph9 complex by immunoprecipitation. The indicated
proteins, in which Rsph3b and Rsph1, respectively, carried a Flag tag and a 6×His tag, were coexpressed in HEK293T cells and immunoprecipitated by using anti-
Flag beads. The complex was detected by Coomassie blue staining after SDS-PAGE. This purification was repeated more than three times with similar results.
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Rsph1, there appears to be a central positively charged pocket,
which has been perfectly matched by the extended loop (N657 to
S683) of Rsph4a with a negative electrostatic potential covering
throughout the Rsph1 central pocket (Fig. 4 A and B). This in-
teraction could greatly stabilize the binding between Rsph4a and
Rsph1, substantiating the notion that the MORN motif could
contribute to complex stabilization and assembly (40, 41). In ad-
dition, Rsph4a has another loop (L405 to R422) extending from
the compact body with its end adjacent to the G78-to-W94 β-
hairpin of Rsph1 and appearing like an adjustable string (Figs. 2
and 3D). This, together with the extremely long loop (N657 to
S683) of Rsph4a, forms a triangle between the body and the arm
(Figs. 3D and 4 A–C). This sophisticated allosteric network
designed by nature could potentially adjust the movement of the
arms relative to the body, leading to inherent plasticity of the RS
head. Moreover, in the canyon between the two protomers, there
appears to form a strong interaction network between Rsph4a/
Rsph9 of one protomer and Rsph4a from the other protomer
(Fig. 4 C, 1 and 2 and SI Appendix, Table S3), indicating efficient
coordination between the two symmetric protomers of the complex.
Within the protomer, we also observed rich H-bond/salt-bridge in-
teractions between Rsph9 and Rsph4a, suggesting a strong binding

between the neighboring Rsph4a and Rsph9 subunits (Fig. 4 C, 3
and 4). Although relatively rare interactions between Rsph1 and
Rsph9 were identified in our structure (Fig. 4 C, 5), the disordered
C-terminal portion of Rsph1 (L203 to D301) may also locate in this
position and contribute to the interaction.
The two Rsph1 arms take up ∼70% of the height of the

complex, resulting in a stretched-out configuration of the RS
head complex, which may serve as a spacer between consecutive
RSs and also enlarge the interaction of the RS with the appa-
ratus of the CP (discussed below). Moreover, Rsph4a is the
largest subunit localized on the top surface of the complex
interacting with all the other subunits (Fig. 2 C and D). For in-
stance, its remaining N-terminal region embraces and wraps
around Rsph9 and its two extended loops attach to Rsph1 (Figs.
2 C and D and 4 A and B); it is also heavily involved in the in-
teractions between the two symmetric protomers (Fig. 4 C, 1 and
2). This is substantiated by our co-IP assay results showing that
Rsph4a interacts with all the other three subunits (SI Appendix,
Fig. S1E). Thus, Rsph4a may serve as a scaffold for the proper
assembly of the complex. It also forms two tooth-shaped struc-
tures hooking to the two stretched-out arms of Rsph1 (Figs. 2, 3,
and 4), possibly for optimized RS–CP interaction.

BA

C D

Fig. 2. Architecture of the mouse RS head core complex. (A) Local resolution estimation of the cryo-EM map of the RS head core complex, with the resolution
color bar shown (Right). (B) Determination of subunit location by cryo-EM analysis on subunit-deleted or PA–NZ-1 epitope-labeled samples. Reference-free 2D
analysis and 3D reconstruction showed that RSHΔ1 (lacking Rsph1) retains a compact body but misses the two arms (indicated by two yellow arrowheads).
RSH9-PA

–NZ-1 shows an obvious extra density exposed adjacent to an arm (indicated by an arrowhead in 2D analysis and a density in blue in 3D recon-
struction), corresponding to the NZ-1 Fab attached to the PA tag inserted into Rsph9. (C) Subunit arrangement of the RS head core complex. Rsph1 is in royal
blue, Rsph4a is in gold, and Rsph9 is in deep pink. The color scheme is followed throughout. The remaining N-terminal region of Rsph4a is indicated by a black
arrow (in the side view). (D) Atomic model of the RS head core complex.
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We should mention that we used Flag-tagged Rsph3b for af-
finity purification of the head core complex and that the exis-
tence of Rsph3b has also been detected by SDS-PAGE, co-IP,
and mass spectrometry analyses (Fig. 1D and SI Appendix, Fig.
S1 E and F). Also, as suggested by our cross-linking mass spec-
trometry (XL-MS) analysis, Rsph3b was cross-linked with other
subunits (Fig. 4D and SI Appendix, Table S2). Furthermore, al-
though Rsph3b is undetectable in our RS head core complex
map rendered at higher threshold, our reference-free 2D analysis
implies that there is extra weak density in the back of the com-
pact body (SI Appendix, Fig. S5A), and this extra density can be
visualized in our 3D map rendered at lower threshold (SI Ap-
pendix, Fig. S5B). Indeed, this extra density appears more obvi-
ous in a 3D reconstruction from a smaller dataset after multiple
rounds of 3D classification (SI Appendix, Figs. S3 and S5C).
Collectively, these data suggest that very likely Rsph3b resides in
the back of the compact body and is adjacent to the flexible
N-terminal region of Rsph4a (Fig. 4E). Considering the SSE
prediction that Rsph3b contains a long α-helix bundle (∼D154 to
F278) (SI Appendix, Fig. S5D), it is possible that connected to the
flexible N-terminal region of Rsph4a, this Rsph3b helix swings in
the back of the compact body and is thus difficult to be captured
(Fig. 4E). We propose that the core complex also contains two
copies of Rsph3a (Fig. 4E) but the actual stoichiometry remains
to be elucidated.

Mapping of PCD-Related Mutations on Our RS Head Core Complex.As
multiple pathogenic patient mutations of the RS head complex have
been documented (16, 18, 42), resolving the atomic model of the
complex has enabled us to map the mutations on the complex struc-
ture (Fig. 4F). As discussed before, the long C-terminal extended loop
of Rsph4a is embraced by the MORN repeat β-sheet of Rsph1,
forming strong interactions through complementary electrostatic in-
teractions (Fig. 4A andB). The pathogenic G103Dmutation of Rsph1
(18), in which the hydrophobic G103 without a side chain is replaced
with the charged hydrophilic acidic D (Fig. 4F), might interfere with
normal RS head formation by disturbing the original interaction net-
work. The K268del mutation in Rsph9 (16) is located in the interface
between Rsph9, Rsph1, and Rsph4a and may disturb the interaction
among these subunits (Fig. 4F). The loss-of-function H251R mutation
in Rsph9, which abolishes the ciliary localization of Rsph9 (42), is
located in a β-sheet of Rsph9 near Rsph4a and the protomer interface
and may thus disturb the interaction with Rsph4a and the protomer
association (Fig. 4F). The pathogenic A368P mutation in Rsph4a is
located in the core position near a β-sheet. Furthermore, the G463E
mutation in Rsph4a, which abolishes the RS complex assembly (42),
resides near the Rsph4a L465-to-G477 loop and may disturb the loop
interaction with the G148-to-F163 β-hairpin of Rsph1 (Fig. 4F).

Conformational Dynamics of the RS Core Complex Determined by
Multibody Refinement. The local resolution analysis suggested
that overall the two Rsph1 arms show slightly lower local
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resolution especially in the distal ends, implying relative dy-
namics between the two protomers of the complex (Fig. 2A). To
better delineate the conformational space of the RS head core
complex, we performed multibody refinement in Relion 3.1
(Fig. 5) (43). Principal-component analysis of the movement
revealed that ∼50% of the movement of the core complex can be
described by the first two eigenvectors representing relative
motions in distinct directions between the two protomers
(Fig. 5A). Eigenvector 1 describes an open–close motion be-
tween the two protomers with an angular range of 16.8° (Fig. 5B
and Movie S2). Eigenvector 2 corresponds more to the swing
combined with open–close motions between the two protomers
with an angular range of 18.8° (Fig. 5C and Movie S2). More-
over, histograms of the amplitudes along the two eigenvectors
are unimodal, indicating the two motions are continuous
(Fig. 5D). Collectively, our multibody analysis suggests a com-
bined continuous open–close with slight swing motions between
the two protomers of the complex.

The Cryo-EM Map of the RS Head Core Complex Fits Well with the RS1
and RS2 Head Envelope Density from a Previous Cryo-ET Human Cilia
Structure.We then fitted our RS head core cryo-EM map into the
head region of the T-shaped RS density from the previous cryo-
ET map of human airway cilia (Electron Microscopy Data Bank
[EMDB] ID code EMD-5950) (4). The cryo-ET density of each
head of RS1 and RS2 is able to hold two copies of our RS head

core cryo-EM map very well (Fig. 6A). In our fitting, the RS head
core complexes are oriented with the serration-shaped Rsph4a
side facing the CP and the Rsph9 side connected to the RS stalk.
In contrast, our RS head core structure does not match the head
density of RS3 (SI Appendix, Fig. S6), suggesting that RS3 may
not contain exactly the same head components as RS1 and RS2,
although all three of them share Rsph4a (15). Chlamydomonas
could accordingly lack a certain RS3-specific component(s) and
is therefore only able to assemble a stalk-like structure at the
supposed position of RS3 in the flagella (2–4).

The Core Complex-Fitted RS1 and RS2 Heads Match Geometries of
Periodic CP Projections. The CP projections that interact with
the RS heads are evolutionarily conserved proteinous structures
(44, 45). They are named 1a to 1f and 2a to 2e according to their
locations on the two central (C1 and C2) MTs and arranged
along the CP in 16- or 32-nm periodicity (44). To gain insights
into the CP contact sites of the RS head and their contact pat-
terns, we incorporated the RS head core complex-fitted DMT
(Fig. 6A) and the cryo-ET maps of sea urchin CP (ID code
EMD-9385) (44) into a 9+2 axoneme by matching the densities
of their RS in a cross-sectional view (Fig. 6 B–D and Movie S3).
We found that, except the one facing projection 1d, the
remaining eight RS heads are located at or close to the junctions
of neighboring projections (Fig. 6D). The two heads at the 1c–1d
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and the 2c–2d junctions appear to be the closest ones to the
projections (Fig. 6E and Movie S3).
When we slightly adjusted the position of each DMT along the

CP to properly match the cryo-ET densities of the RS in both the
DMT and CP, we generated longitudinal views for the possible
CP contact sites of each RS head at a static state. Five of the
positions, namely those at the projections of 2a–2e, 2c–2d, 1d,
1e–1a, and 1a–2a (Fig. 6E), are likely reliable due to the exis-
tence of clearly visible RS head densities in the cryo-ET CP maps
(Fig. 6B, arrows), while the remaining four positions could be
relatively ambiguous (Fig. 6E). We noticed striking complemen-
tary geometries of the CP projections to the heads: the periodic

projections formed structures that appear to be able to firmly hold
either the Rsph4a teeth or both arms of each RS head core
complex when they contact during the ciliary beat (Fig. 6E). Such
CP–RS relationships would lead to “rigid” or “elastic” contact
(Fig. 6F), respectively, because mechanical pressures on the teeth
are expected to strengthen the contact, whereas pressures on both
arms are expected to induce motions between the two protomers
of the RS head core complex (Fig. 5 and Movie S2). Furthermore,
the dual-core complexes in each head assumed contact modes that
appear to be both elastic (e.g., those at the 2d–2b junction), both
rigid (e.g., those at the 1a–2a junction), or combinatory (e.g., those
at the 2c–2d junction). The complicated geometries of projections

F

E

DCBA

Fig. 6. Proposed model of interactions between RS heads and CP projections. (A) Longitudinal view of the cryo-ET map of an RS triplet from the wild-type
human DMT (transparent gray; ID code EMD-5950) fitted with our cryo-EM map of the RS head core complex (in color, for RS1 and RS2), and magnified views
of RS2 fitted with our map in different orientations. The ice skate blade-shaped RS head density (please see Top) appears to hold two copies of our RS head
core complex very well. In this fitting, the core complex is oriented with the Rsph4a side up to face the CP and the Rsph9 side down to be connected to the RS
stalk. (B–D) Coordination of the RS head core complex-fitted human DMT (A) and the previous cryo-ET map of sea urchin CP (ID code EMD-9385) (B) into the
framework of a 9+2 axoneme (C and D). The locations of the outer dynein arm (ODA) and inner dynein arm (IDA) are indicated (C and D). Positioning of the RS
(C) and the RS head core complex (D) relative to the CP projections was mostly based on the remaining RS densities of the CP (B, arrows). Please also refer to
Movie S3. (E) Longitudinal views of locations of the dual-core complexes of the RS head relative to the indicated periodic CP projections. Note that portions of
the RS heads are visible at the 2c–2d and especially the 1c–1d junctions in the cryo-ET maps of the CP projections. (F) Based on this fitting, we proposed two
modes of RS–CP interactions (illustrated in the cartoon diagram), including a rigid contact mode with the periodic projections of the CP (in green) appearing
to be able to firmly hold the Rsph4a teeth, and an elastic contact mode with the periodic projections of the CP contacting the two arms of the RS head.
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at and around each presumed contact site (Fig. 6E) might accordingly
facilitate the formation of asymmetric planar beat patterns of cilia (9).

Discussion
We demonstrate that the head of mouse RS1/RS2 is composi-
tionally distinct from the Chlamydomonas one. The mouse RS
head core complex in multicilia consists of Rsph1, -3b, -4a, and
-9 (Fig. 2), lacking -6a and -10b, whose orthologs exist in the
Chlamydomonas RS head (2, 10, 22). This is supported by the
fact that sea urchin has RS heads highly similar in morphology to
mammalian ones but contains only one ortholog of Rsph4/6 (4,
11). In addition, our results suggest that Rsph1, -3b, -6a, and -9
may also form a head complex specific for sperm flagella (Fig. 1A
and SI Appendix, Fig. S1), though the structural details are still
unclear. It is possible that the Rsph4a-based RS head complex in
multicilia controls the generation of a planar beat (15, 21),
whereas the Rsph6a-based one functions in male germ cells for
flagellar elongation and motility (23). Why the head complex
lacks Rsph10b is unknown. In contrast to the small size of RSP10
(216 aa in Chlamydomonas and 227 aa in Tetrahymena), meta-
zoan Rsph10b somehow becomes quite large (870 aa in human
and 876 aa in mouse) (11). Although Rsph10b was readily ob-
served in ependymal multicilia (Fig. 1A), it was only faintly de-
tected in the core complex according to the ultracentrifugation
results (Fig. 1 B and C). It might only weakly associate with the
core complex in vitro and thus be prone to dissociation. Alter-
natively, it might be specifically involved in the head formation of
RS3. The head of RS3 is morphologically distinct from that of
RS1/RS2 throughout evolution but its components are still
poorly understood (3, 4, 11). While Rsph4a is a common com-
ponent of the RS triplet (15), Rsph1 is only essential for the head
of RS1/RS2 but dispensable for that of RS3 (4). Rsph10b might
thus replace Rsph1 in RS3 because both proteins contain the
MORN motif (12). Furthermore, as studies in Ciona intestinalis
suggested the existence of metazoan-specific RS components
(25, 46), future investigations are required to clarify whether
metazoan RS heads contain extra subunits.
We resolved the cryo-EM structure of the mammalian RS

head core complex (Rsph1–Rsph3b–Rsph4a–Rsph9) at 3.2-Å
resolution (Figs. 2, 3, and 4). Through subunit deletion and
PA–NZ-1 epitope labeling strategies, especially based on the
side-chain densities resolved in our cryo-EM map, we located the
subunits and built the atomic model of the complex (Figs. 2 and
3). We further delineated the subunit interaction network by
combined information from the structural model, XL-MS, and
co-IP analyses (Fig. 4 and SI Appendix, Fig. S1). The structure is
characterized by multiple surprising architectural features: 1)
there are two copies of Rsph1, -4a, and -9 in the complex,
forming a dimer of trimers (Fig. 2) capable of open–close mo-
tions between the two protomers (Fig. 5 and Movie S2); 2)
Rsph4a and Rsph9 form a compact body, with Rsph4a inter-
acting with all the other subunits and forming two tooth-shaped
structures facing the CP (Figs. 3 and 4); 3) the twisted β-sheets of
Rsph1 stretch out to form the two arms of the RS head (Figs. 2,
3, and 4); 4) two loops of Rsph4a protrude throughout the sheets
of Rsph1 to probably function as pulling strings to strengthen the
arms and adjust the movement of the two protomers (Figs. 2 and
5); and 5) Rsph3b may locate at the back (Rsph9 side) of the
core region to bridge the RS head with the stalk (Fig. 4E and SI
Appendix, Fig. S5), similar to RSP3 (10). Although we used
Rsph3b to pull down the core complex, we were unable to clearly
extract its structural information, suggesting the requirement of
other stalk components to stabilize its conformation. This may
also be related to the evolutionary changes of the Rsph3b pro-
tein. RSP3 is rod-like, with its C terminus locating in the RS head
and its N terminus protruding toward the base of the RS stalk
(10), while Rsph3b is shorter by more than 200 aa at the C
terminus as compared with RSP3 (11), and potentially forms a

contact with the RS head instead of being able to protrude into
the RS head. Such a compact, intricate RS head structure also
explains why the entire head is disassembled when either protein is
depleted or inactivated (4, 15, 17, 31). In addition, we found that
multiple pathogenic mutations occur at sites potentially critical for
the proper formation or stabilization of the complex (Fig. 4F).
Although RS–CP interactions are known to be critical for

ciliary/flagellar motilities (9–11), how they contact is unclear.
Based on the fitting of our cryo-EM map into the framework of
DMT–CP density of previous cryo-ET studies (Fig. 6 and Movie
S3) (4, 44), we propose that the dual-core complexes in each RS
head resemble a pair of brake pads pressed from the DMT to-
ward the CP through the RS stalk. The capabilities of the
open–close motion and lateral swing of the two protomers rel-
ative to each other in each core complex (Fig. 5 and Movie S2)
probably enable optimal contacts with various geometries of the
CP projections during ciliary beats (Fig. 6). The two “neck”
structures that connect each core complex to the stalk (Fig. 6A)
(3, 4) might allow each “brake pad” to shift individually for
optimal function. Our modeling also suggests that, when contacts
occur, the periodic CP projections (44) are able to firmly hold
the RS heads (Fig. 6E). As different mechanical pressures
exerted on the arms through elastic contact (Fig. 6 E and F) are
expected to induce corresponding motions between the two
protomers, the elastic contacts would allow changes in the dis-
tance according to mechanical pressures. In rigid contacts
(Fig. 6 E and F), on the other hand, the Rsph4a teeth would bite
into the CP projections to tighten the RS–CP interaction and
also keep a persistent DMT–CP distance. These distinct modes
of contacts would in turn sense and transmit the mechanical
pressures differentially to DMTs to coordinate axonemal dynein
activities (10, 11, 47). As metazoan cilia beat perpendicularly to
the C1–C2 plane of the CP (9), the two RS heads positioned
close to the 1c–1d and the 2c–2d projections (Fig. 6E and Movie
S3) might function to restrict the beat plane, whereas the others
would facilitate the generation of detailed beat patterns. Appar-
ently, future research is required to achieve comprehensive knowl-
edge on these elegant regulatory machineries of ciliary motility.

Materials and Methods
Protein Expression and Purification. To express and purify the RS head com-
plex, HEK293T cells were transiently transfected with plasmids of radial spoke
components using polyethyleneimine (Polysciences) when reaching 80 to
90% fluency. The harvested cells were lysed by sonication on ice and cen-
trifugation at 20,000 × g for 1 h, and the supernatants were collected, fol-
lowed by the addition of anti-Flag M2 affinity resins (Sigma) and incubation
for 3 h at 4 °C. The resins were rinsed three times with wash buffer (20 mM
Hepes, pH 7.5, 150 mM KCl, 10% glycerol, and protease inhibitors). The
bound proteins were eluted with wash buffer plus Flag peptide (1 mg/mL).
The eluted protein complexes were cross-linked with 0.1% glutaraldehyde
(Sigma) for 3 h at 4 °C and neutralized by adding glycine (pH 7.5) to a final
concentration of 50 mM for 1 h at 4 °C. After concentration, the sample was
subjected to a 10 to 30% glycerol gradient ultracentrifugation.

Cryo-EM Sample Preparation and Data Collection. Freshly purified RS head core
complex (0.4 mg/mL) was placed onto plasma-cleaned grids (Quantifoil R1.2/
1.3 200-mesh Cu grids) and plunge-frozen into liquid ethane, cooled with
liquid nitrogen, using a Vitrobot Mark IV (Thermo Fisher Scientific). The
vitrified RS head core complex showed an obvious preferred-orientation
problem. To overcome this problem, we tried several vitrification condi-
tions, including using graphene oxide supports, grids coated with polylysine
(35, 48, 49), or sample with an added trace amount of detergent n-Octyl-β-D-
glucopyranoside (OG) or n-Dodecyl-β-D-Maltopyranoside (DDM), which
allowed a slightly improved broader orientation distribution of the complex.
For the PA tag-inserted RS head core complex, the sample was incubated
with NZ-1 Fab at a molar ratio of 1:2 (RS head core vs. NZ-1 Fab) on ice for
30 min, and then prepared for vitrification as described.

Selected grids were imaged on a Titan Krios transmission electron mi-
croscope (Thermo Fisher Scientific) operated at 300 kV at liquid nitrogen
temperature. A total of 6,917 nontilt movies and 2,295 tilt movies (including
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1,932 movies at 30° tilt and 363 movies at 40° tilt) were collected with a
nominal magnification of 22,500×. The images were recorded on a K2
Summit direct electron detector (Gatan) operated in superresolution mode,
yielding a pixel size of 1.02 Å after binning two times. Each frame was ex-
posed for 0.2 s, with an accumulation time of 7.6 s for each movie, leading to
a total accumulated dose of 58 e−/Å2 on the specimen.

More detailed procedures for methods are provided in SI Appendix,
Materials and Methods.

Data Availability. All data presented in this study are available within the
figures and the supplementary information. A cryo-EM map has been de-
posited in the EMDB (ID code EMD-30766), and the associated model has
been deposited in the PDB (ID code 7DMP).
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