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Motile cilia and flagella beat rhythmically on the surface of cells to power the flow

of fluid and to enable spermatozoa and unicellular eukaryotes to swim. In humans,
defective ciliary motility can lead to male infertility and a congenital disorder called
primary ciliary dyskinesia (PCD), in which impaired clearance of mucus by the cilia
causes chronic respiratory infections’. Ciliary movement is generated by the
axoneme, amolecular machine consisting of microtubules, ATP-powered dynein
motors and regulatory complexes?. The size and complexity of the axoneme has so
far prevented the development of an atomic model, hindering efforts to understand
how it functions. Here we capitalize on recent developments in artificial intelligence-
enabled structure prediction and cryo-electron microscopy (cryo-EM) to determine
the structure of the 96-nm modular repeats of axonemes from the flagella of the alga
Chlamydomonas reinhardtii and human respiratory cilia. Our atomic models provide
insights into the conservation and specialization of axonemes, the interconnectivity
between dyneins and their regulators, and the mechanisms that maintain axonemal

periodicity. Correlated conformational changes in mechanoregulatory complexes
with their associated axonemal dynein motors provide amechanism for the
long-hypothesized mechanotransduction pathway to regulate ciliary motility.
Structures of respiratory-cilia doublet microtubules from four individuals with PCD
reveal how theloss of individual docking factors can selectively eradicate periodically

repeating structures.

The prototypic axoneme of a motile cilium consists of a cylindrical
arrangement of doublet microtubules (DMTs) surrounding a central
apparatus comprising two singlet microtubules. DMTs are organized
into 96-nm repeating units, which cryo-electron tomography (cryo-ET)
studies have shown to be alandscape of interconnected dynein motors
and regulatory complexes?. In total, there are 11 dynein motorsina
single 96-nm repeat unit, and they are classified according to their
location (inner and outer) and the number of heavy chains (HCs) they
have. Each HC contains an ATPase ‘head’ domain and a helical ‘tail’
domain that associates with intermediate-chain (IC) and light-chain
(LC) subunits. Ina96-nmrepeat, there are six different single-headed
inner dynein arms (IDAa-IDAe and IDAgZ), one double-headed inner
dynein arm (IDAf) and four identical multi-headed outer dynein arms
(ODAs). These ODAs, numbered 1-4 in the proximal to distal direction®,
are organized with 24-nm periodicity in a linear array with extensive
head-to-tail interactions*®. During ciliary beating, axonemal dyneins
docked onto one DMT interact and pull against asecond, neighbouring
DMT through their motor domains. ODAs provide most of the pulling

power, and the six single-headed IDAs are thought to provide torque
between DMT pairs”°. Axonemal dynein activity switches between
specific DMTs on opposite sides of the axoneme' through a hypoth-
esized mechanoregulatory pathway involving the central apparatus,
DMT-bound T-shaped radial spokes (RSs), the nexin-dynein regulatory
complex (N-DRC) and IDAf™.

Despite extensive genetic and tomographic data, the detailed struc-
tures of axonemes, and hence their interactions and mechanoregula-
tory mechanisms, remain poorly understood. We used single-particle
cryo-electron microscopy (cryo-EM) and integrative modelling to
build atomic models of the 96-nm modular repeats of axonemes from
Chlamydomonas reinhardetiiflagella and human respiratory cilia.

TheC. reinhardtiiaxoneme

To determine the structure of the modular repeat of the C. reinhardtii
axoneme, we reconstructed cryo-EM maps of DMTs from splayed
axonemes (Methods and Supplementary Fig.1). Computational limits
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imposed by the large size of the repeat meant that we focused on indi-
vidual axonemal complexes by particle subtraction, refinement and
classification before reconstituting the full 96-nmrepeatinsilico. For
some regions, this approach led to structures with resolutions better
than 4 A, whereas other regions had lower resolution because of flex-
ibility thatimpaired the ability to successfully align the particles, loss
of molecular complexes during sample preparation and averaging
of asymmetric features (Supplementary Figs. 1-9). The resolution of
these maps exceeds what has been achieved previously (about 25 A)
by cryo-ET of C. reinhardtii axonemes™.

Tointerpret the maps and create atomic models, we used an integra-
tive approach that combined de novo modelling, artificial intelligence
(Al)-based structure prediction (Supplementary Figs.10-12), cryo-ET
studies of C. reinhardtiimutants and previous cryo-EM-derived models
of doublet microtubule inner proteins (MIPs), RSs™ and the ODA?
(Methods). Together with a structure of the central apparatus®, we
generate the most complete atomic model of an axoneme thus far
(Fig.1and Supplementary Video 1). For all complexes, the subunits
identified are provided in Supplementary Table 1 and the rationale
for their placement is in Supplementary Table 2. Model statistics are
provided in Extended Data Table 1.

Structures of axonemal dyneins

The model includes all three classes of axonemal dynein: the
triple-headed ODA, the regulatory double-headed IDAf and all six
single-headed IDAs (IDAa-IDAe and IDAg). Although we previ-
ously reported® a structure of the ODA, the improved accuracy of
Al-enabled structure prediction and an atomic model® of the ODA
from the unicellular ciliate Tetrahymena thermophila allowed us to
identify two thioredoxin-like subunits (LC3 and LC5) and a second,
algal-specific Kelch-like B-propeller domainin the a-HC tail (Extended
DataFig. 1a). We also built an atomic model of IDAf (Fig. 2a), which
has two ATPase motor domains (fa and f3) but displays no or little
motility in vitro'* 8, Despite their differences in activity, our struc-
ture demonstrates that the IDAf core (defined as the tails of the HCs
and the ICs and LCs with which they associate) closely resembles the
ODA core’® (Extended Data Fig. 1b). Both have an IC-LC block con-
taining two B-propeller-containingICs, aheterodimer of LC7a-LC7b,
three LC8-like dimers and a heterodimer of the TCTEX family. Two
IDAf-specific subunits, IC97 (ref.19) and FAP120 (ref. 20), expand this
region compared with the ODA (Extended Data Fig. 1b). Relative to
the core, the motor domains of IDAf are rotated and displaced com-
pared with those of the ODA (Extended Data Fig. 1c), probably allowing
IDAfto bind the neighbouring DMT from its unique position in the
96-nm repeat.

Multipartite docking of IDAf

IDAfis attached to the DMT through a multipartite docking mecha-
nism involving four different anchors (Fig. 2a,b). The first anchor,
which links to ODA1, will be described in detail later (Outer-inner
dynein links section). The second anchor corresponds to Modifier
of inner arms (MIA), a heterodimeric coiled coil of FAP73 and FAP100
(FAP73/100; ref. 21) with two separate attachments to the DMT sur-
face (Extended Data Fig. 2a,b). MIA bisects the HC tails of IDAfand
therefore resembles the DC1-DC2 (DC1/2) coiled coil of the ODA dock-
ing complex (ODA-DC), which bisects the y- and B-HCs of the ODA®
(Extended DataFig. 2c). Because IDAfhas multiple attachment points,
MIA is not essential for docking IDAfto DMTs?, but DC1/2 is required
for the docking of ODAs?. The third anchor of IDAf corresponds to a
dimer of FAP57 or a member of the FAP57 family®*. The FAP57 dimer
forms astack of four B-propellers that contacts the fa tail (Fig. 2aand
Extended DataFig. 2d), consistent with the proposed location of FAP57
based on subtomogram averaging®. The fourthand final anchor is the
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Fig.1|Atomic model of the modular repeat of the C. reinhardtii axoneme.

a, Alongitudinal section of an atomic model of a fully decorated DMT showing
the96-nmrepeatboxed. b, Cross-sectional model of the C. reinhardtii axoneme
composed of nine copies of the 96-nm repeat revealed by our study and the C1
and C2microtubules of the central apparatus (PDB: 7SQC and 7SOM)". The
model combines datafrom multiple sources and provides a consensus view
that does not fully capture the asymmetries observedin vivo.

tether—tetherhead (T/TH) complex***, astellate structure formed by
the entwining of two structurally similar proteins, FAP43 and FAP44
(Extended Data Fig. 3a,b). Dimerization of FAP43 and FAP44 explains
why genetic ablation of either factor leads to the loss of the other from
mutantcilia®. MOT7,a proteinreported to regulate C. reinhardtii IDAf
activity in response to blue light?, occupies the centre of the stellate
structure (Extended Data Fig. 3c,d). The N terminus of FAP44 binds
the fa motor through a pair of 3-propellers (Extended Data Fig. 3a)
and its C terminus forms a coiled coil with FAP43 across the DMT sur-
face, terminating at the inner junction between the A and B tubules
(Extended Data Fig. 3e). The T/TH-mediated connection between
IDAf and the DMT probably constrains IDAf mobility during the pow-
erstroke cycle’* and undergoes a conformational change in actively
beating cilia™.

N-DRC forms electrostatic DMT links

Our atomic model shows that the 11-subunit N-DRC is built around
long, bifurcated coiled coils that are joined together at a ‘bulb’ on the
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Fig.2|Structures of mechanoregulatory complexes fromthe C. reinhardtii
axoneme. a, Atomic model depicting the multipartite tethering of IDAf by
the MIA complex (FAP73/100), a FAP57 homodimer and T/TH. Coiled coils

of CCDC39/40 and FAP189 interact with T/TH and MIA, respectively.b, A
conceptual schematic, inthe style of aLondon Underground map, showing
theinterconnectivity between axonemal complexesina96-nmrepeat. Circles

microtubule-bound baseplate and fork at the N-terminal leucine-rich
repeat (LRR) domain of DRC3 (Fig. 2¢,d and Extended Data Fig. 4a,b).
After thefork, coiled coils of DRC1-DRC2 and DRC4-DRC4 curve proxi-
mally, providing sequential binding sites for DRC7, DRC5 and DRCI1.
These positions agree with subtomogram averages of C. reinhardtii
mutant axonemes? lacking DRC7 and DRC11 (Extended Data Fig. 4c-e)
and structural-labelling approaches® that positioned DRC1, DRC2,
DRC4 and DRCS. The elongated architecture orients six N-DRC subu-
nits with lysine-rich regions in either flexible loops or termini at the
interface with the neighbouring DMT. Three of these subunits, DRC2,
DRC4 and DRC11, form a cluster on the proximal tip of the N-DRC that
contains at least 60 lysine residues (Fig. 2e). On the distal tip, the ter-
mini of DRC6, DRC9 and DRC10 point anadditional 26 lysine residues
towards the neighbouring DMT. These positively charged side chains
probably interact electrostatically with negatively charged polygluta-
mylate post-translational modifications of the neighbouring B-tubule
protofilaments® to form a physical link with its neighbouring DMT?°.
Molecules of calmodulin (CaM) and/or the calmodulin-like DRC8 subu-
nitbound to 1Q motifs on DRC9 to DRC11 near the interface (Fig. 2c,e)
suggest that calcium may also regulate the interaction between
neighbouring DMTs.

Outer-inner dynein links (OIDLs)

Aswellas making contact with their neighbouring DMT, both IDAfand
the N-DRC interact with ODAs and IDAs, forming multiple OIDLs that
have a proposed regulatory function to coordinate axonemal dynein
activity across the 96-nm repeat unit. IDAf contacts both ODA1 and
ODA2,and N-DRC contacts ODA3 (ref. 3; Fig. 3a). The OIDL in each case
is mediated by the TCTEX heterodimer (LC2-LC7) of the ODA core,
implicating this region as a critical regulatory contact point. ODA1
connectsto IDAfthrough the B-propeller domain of IC140 and nearby
helical bundles of fB (Fig. 3b). This connection has been observed in
all axonemes studied thus far, including those with double-headed
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represent axonemal complexes, coloured lines represent the path of
docking factors and alternating grey zones represent protofilaments. DP,
distal protrusion. ¢, Composite cryo-EM map and model of the N-DRC. CaM,
calmodulin.d, The position of DRC3 at a fork in the N-DRC structure.
e,DRC2,DRC4 and DRC11 position flexible, lysine-rich regions towards the
neighbouring DMT. Individual lettersindicate amino acids.

ODAs!%*2 The second OIDL involves a helical segment of FAP100 that
branches off MIA (Fig. 3c). Without MIA, C. reinhardtii mutants swim
slowly with a low flagellar beat frequency®>*, Whether lower motility
is due to reduced IDAf anchoring or the loss of OIDL2 remains to be
investigated. OIDL3 involves the LRR domain of the N-DRC subunit
DRC7 (Fig.3d). Mammalian homologues of DRC7 lack the LRR domain
(Fig. 3d), suggesting that this OIDL is specific to algae. We did not
observe a connection between ODA4 and the adjacent distal protru-
sion?, a155-A-tall armadillo repeat protein that we identify as FAP78
(Extended Data Fig. 5a-d).

We also observed that the N-DRC specifically contacts IDAgthrough
DRC3, consistent with earlier subtomogram averages of drc3 mutant
axonemes™*. Specifically, a three-helix bundle of DRC3 contacts the
linker of the IDAg motor (Fig. 3e). The linker of dynein motors bends
duringthe powerstroke cycle, suggesting that the interaction between
DRC3and IDAg may regulate dynein activity. Alternatively, this interac-
tion may also help position or rotate the IDAg motor toalteritsbinding
tothe neighbouring DMT, as proposed for the regulation of IDAc by RS2
(ref. 14). For IDAf, we did not observe a direct interaction with IDAa,
although the TCTEX heterodimer of IDAf comes close to the linker
of its motor domain, suggesting that they could interact in a beating
axoneme.

OIDLs break inter-ODA contacts

During our analysis of OIDLs, we observed multiple conformations
of IDAfand N-DRC, consistent with their proposed roles as mecha-
noregulators of axonemal dynein activity. The core of IDAf rotates
6° relative to the DMT (Supplementary Video 2), whereas the N-DRC
linker tilts by 9° (Supplementary Video 3). Preservation of the OIDLs
during the movement of IDAf and N-DRC draws the IC-LC block and
y-HC motor of their partner ODAs forwards by similar amounts (about
20 A) (Fig. 3f). This movement results in the breaking of inter-ODA
contacts between the y-HC motor and the tail domains of its proximal
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Fig.3|Regulatory complexes modulateinter-dyneininteractions.
a,Selected atomic models and their cryo-EM densities showing the longitudinal
arrangement of ODA1-ODA4 and their adjacent complexes on the axoneme. Each
ODA existsin open and closed conformations, as revealed by 3D classification
ofthecryo-EM dataset. Odds ratios for the co-occurrence of open and closed
states between ODA pairs are shown above the bidirectional arrows. Odds
ratios were calculated using 160,444 particles for ODA1,162,179 particles for
ODA2,214,203 particles for ODA3 and 177,762 particles for ODA4. Scale bar,

8 nm (thelength of a tubulin heterodimer) with microtubule polarity indicated.

neighbourintoanopenstate (Supplementary Videos 2 and 3) and also
favours separation between the y- and 3-HC tails near the OIDL. We
considered that breakinginter-ODA contactsin one complex may send
alongitudinal signal that favours the breaking of inter-ODA contactsin
adjacent ODA complexes. In support of this hypothesis, we calculated
odds ratios between 2.1and 3.6 for all neighbouring ODA complexes
(Fig. 3a, top), indicating that ODA conformation is influenced by the
neighbouring ODA. The open and closed states of ODA1 and ODA2
are highly correlated, with an odds ratio of 3.6 (Fig. 3a), probably
through their connections to IDAf. However, the conformations of
ODA3 and ODA4 with their adjacent ODA complexes are also corre-
lated without a mechanoregulator physically linking them (Fig. 3a).
We therefore propose that longitudinal signals caused by the break-
ing of inter-ODA contacts may activate clusters of ODAs during the
propagation of the waveform from the proximal to the distal end of
the cilium.

The modular repeat of the human axoneme

Toinvestigate species-specific differences between axonemes, we used
our cryo-EM approach to determine a structure and atomic model
of the 96-nm modular repeat of human DMT isolated from ciliated
2D organoids resembling the respiratory epithelium (Fig. 4a,b and
Supplementary Figs. 13 and 14). The model clarifies the composi-
tion of human RS1and RS2 (Supplementary Tables 3 and 4), reveal-
ing simpler spoke heads, necks and bases (in the case of RS1) thanin
C. reinhardtii (Fig. 4c). The simpler architectures of RS1and RS2 may
be compensated by a full-length RS3, which we show is built on a base
of CFAP61, CFAP91 and CFAP251 (Fig. 4c and Extended Data Fig. 6a).
The homologues of this triumvirate were previously assigned to the
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b, OIDL1between the TCTEX of ODAland IDAfsubunits 1C140 and fP.c, OIDL2
betweenthe TCTEX of ODA2 and MIA subunit FAP100.d, Models of human
(left) and C. reinhardctii (right) DRC7 with the domains coloured in different
shades of blue. Human DRC7 lacks the B-propeller and LRR domains that mediate
OIDL3inC. reinhardtii. MORN, membrane occupation and recognition nexus.
e, Interaction between the three-helix bundle of DRC3 and the linker of IDAg.

f, Overlay of the two major conformational states of N-DRC. Arrows denote
movement fromthe closed tothe openstate.

calmodulin- and spoke-associated complex®?¢, which we show form
the stubby, headless RS3 stand-in (RS3S) in C. reinhardtii (Extended
Data Fig. 6b,c). Further investigation is required to identify the pro-
teins that bind CFAP61, CFAP91 and CFAP251 to form the rest of RS3
in humans.

Our model demonstrates that human IDAfand the ODA are even more
structurally similar thanin C. reinhardtiibecause there are fewer addi-
tional subunits, including the a-HC and equivalents of LC5and FAP120.
One difference is the direct contact between the TCTEX heterodimer
of human IDAfand the linker of the IDAa motor domain, potentially
providing an additional signal-transduction pathway between axone-
mal dyneins. Unlike ODAs, which have structurally distinct docking
complexes in mammals and algae>¥, the docking machinery for IDAf
is highly conserved. The only difference is the absence of a MOT7
equivalent at the centre of the T/TH stellate structure, even though
the human genome encodes a potential homologue (TEX47). The site
adjacent to ODA4, which is occupied by the distal protrusion in the
C. reinhardtiiaxoneme, is vacant (Extended DataFig. Se,f), as expected
from cryo-ET* and the restricted taxonomic distribution of FAP78
homologues (Extended Data Fig. 5g).

Species-dependent IDA organization

Anunexpected difference between the axonemes of C. reinhardtii and
humans is the composition and arrangement of the six single-headed
IDAs (Fig. 5a,b). In C. reinhardtii,the molecularidentity of each HC that
forms the IDAs was previously known®?, butin humans, the identities
of only IDAf(DNAH2 and DNAH10), IDAd (DNAH1) and IDAg (DNAH6)
had been confidently deduced on the basis of sequence conserva-
tion*?, By distinguishing structurally distinct HC tails from the cryo-EM
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Fig.4|Atomicmodel ofthe 96-nmrepeat ofahuman axoneme.
a, Longitudinal section of the 96-nmrepeat of ahuman respiratory-ciliaDMT.
b, Cross-section ofahuman DMT. ¢, Atomic model of human RSs coloured by

density, we have now confirmed those HC assignments*®and also dis-
covered that IDAa is DNAH12, IDAc is DNAH3, and IDAb and IDAe are
both DNAH?7 (Fig. 5c,d).

IDAa, IDAc, IDAd and IDAg are similar in both organisms. IDAa
and IDAc both have actin and p28/DNALI1 subunits and are directly
associated with the microtubule-bound bases of RS1and RS2, respec-
tively. IDAd and IDAg are unusual among single-headed IDAs because
their N-terminal tails and auxiliary subunits are amalgamated into a
single complex that associates with RS3 and ZMYND12/TTC29 com-
plexin humans or the equivalent RS3S and p38/p44 in C. reinhardtii
(Fig. 5b,e). Thus, the most-conserved IDAs are those that associate
with RSs. By contrast, human IDAb and IDAe differ from their C. rein-
hardtii counterparts in that they have HCs encoded by a single gene,
interact with a DNALI1 homodimer instead of centrin and dock onto
different sites on the DMT surface. In C. reinhardtii, IDAb binds at
the distal end of IDAfon top of the L-shaped molecular ruler (a dimer
of the FAP189 family), and IDAe binds beside the bulb of the N-DRC
over protofilament AO4. In humans, IDAb and IDAe are positioned
in line with, and closer to, IDAa and IDAc (Fig. 5b), where they inter-
act directly with the tubulin surface of protofilament AO3 through
the DNALI1 subunit (Fig. 5f), rather than with a regulatory complex
or docking factor. Despite the different binding location, human
IDAe still interacts with the N-DRC bulb, which has uncoupled from
the baseplate and shifted distally (Extended Data Fig. 4f,g). IDAe is
lost in C. reinhardtii mutants that lack DRC1 or DRC2 (ref. 41), but
whether the N-DRC is required for the docking of human IDAe is
unknown.

= SPA17

3 DYNLLA1

RS2

Unassigned
DNAJB13 ¥

i
b

RSPH14

$ CFAP61

CCDC96/113
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subunit. The inset shows the symmetric head of RS1viewed from above. Only
the composition of the base of RS3 is known; the rest of the complexis shown as
adensitymapinaandc.

Cryo-EM analysis of mutant axonemes

Wethenused our cryo-EM approach toinvestigate how PCD-associated
mutations affect human axonemal structure. We prepared axonemes
from ciliated organoids derived from four individuals diagnosed
with PCD using standard diagnostic criteria (Methods and Extended
Data Table 2) and carrying sequence-verified homozygous variants
(Extended Data Fig. 7a) selected to disrupt either the 24-nm repeat
(by targeting the ODADI1 subunit of the ODA-DC) or the 96-nm repeat
(by targeting the CCDC39-CCDC40 (CCDC39/40) coiled coil). All four
mutations have been either shown*? or predicted to create null alleles
owing to frameshift or nonsense-mediated degradation, leading to
total protein loss. The positions of the affected proteins in the wild-type
(control) axoneme are depicted in Fig. 6¢.

Each mutation caused immotile cilia (more than 90% for ODADI and
between 50% and 60% for CCDC39 and CCDC40), with any beating cilia
displaying low beat frequency and amplitude (Fig. 6a) and abnormal
waveforms (Fig. 6b, Extended DataFig. 7b and Supplementary Video 4).
Clinical transmission electron microscopy (TEM) analysis showed that
ODADI mutations caused ODA loss, whereas CCDC39 and CCDC40
mutations caused disorganized cross-sections with IDA-deficient DMTs
and microtubule transposition (Extended Data Fig. 7c). To better under-
stand how these mutations affect axonemal structure beyond what
can be visualized by thin-section TEM, we used cryo-EM to generate
structures of their DMTs. For the two ODADI mutants (from patients
IDO1 and ID02) we could determine structures of only their 8-nm
repeats owing to the limited recovery of cilia (Fig. 6d). Comparison
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Fig.5|Species-specificcompositions and positions of single-headed IDAs.
a, Atomic model of the six single-headed IDAs as they appear on the C. reinhardtii
DMT. EachIDAis associated withactinand either centrin orap28 homodimer;
p38and p44 are specific docking factors for IDAd. b, Cropped image showing
the DMT-bound bases of the human single-headed IDAs. Compared with those
of C. reinhardtii,IDAb and IDAe have different subunit compositions and
docking positions. ¢,d, Cryo-EM density of the dynein tail domains was used to

with awild-type DMT structure reconstructed from a similar number
of particles to the same resolution and periodicity demonstrated a
completeloss of the ODA-DC. Internal MIP structures and the external
96-nm repeat seemed to be unaffected. The structures of the DMTs
fromthe CCDC39 and CCDC40 mutants (from patients IDO3 and ID04)
couldberesolved to higher resolution and 48-nm periodicity, the maxi-
mum possible, given the complete absence of any recognizable 96-nm
repeat, including the CCDC39/40 coiled coil (Fig. 6e). In the absence
of regular 96-nm periodicity, RSs are imported into the axoneme as
usual but bind DMTs only sporadically (Extended Data Fig. 7d). Inboth
structures, ODA-DCs and the 24-nm repeat were unaffected but minor
defects in the composition of the MIP tektin network were observed.

Collectively, these DMT structures from patients with PCD demon-
strate that the loss of docking factors can lead to the complete loss of
external periodicities, even when the components (such as RSs) are pre-
sentinthecilium. Thestudies also reveal that the 24- and 96-nm external
periodicities of the axoneme are independent, as one canbe lost without
affecting the other, which is consistent with previous observations*
in C. reinhardtii. Furthermore, the loss of external structures had only
minor effects on MIP organization, indicating that the establishment
of the internal 48-nmrepeat is independent of the 96-nm repeat.
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identify the HC of IDAa as DNAH12 (c) and that of IDAcas DNAH3 (d). e, Cryo-EM
map and model showing the molecular environment of IDAgand IDAd and its
connectionwith RS3Sin C. reinhardtii. A similar arrangement is found at the
base of humanRS3.f, The DNALI1homodimer of human IDAeinteracts directly
withthe tubulininterdimerinterface. Similarinteractions with tubulin are
observed for humanIDAaq, IDAb and IDAc and their equivalentsin C. reinhardtii
(through the equivalent p28 homodimer).

Discussion

Our ability to create atomic models of the 96-nm axonemal repeats
from two different organisms (C. reinhardtii and Homo sapiens) dem-
onstrates the strength of combining cryo-EM with Al-based structure
prediction for building models of complicated, dynamic cellular
machinery. The resulting atomic models reveal that although the axo-
nemeis structurally conserved, there are species-specific differences
presentinevery axonemal complex. The similarities reveal fundamental
mechanismsinvolved in the periodic docking of axonemal complexes
onto microtubules and the engagement and manipulation of dyneins by
mechanoregulatory sensors. Onthe other hand, the differences reveal
species-specific factors and regulatory mechanisms that fine-tune
ciliary waveforms.

Structural diversity of axonemal dyneins

This study comprehensively resolves the structural diversity of
axonemal dyneins. We show that multi-headed ODAs and IDAf share
many structural features, consistent with their proposed evolution by
duplication*®. MIA and the coiled coil of the ODA-DC may have similar
evolutionary origins given their apparent functional equivalence as
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Fig. 6 |Structures of DMTs from individuals with PCD. a, Beating amplitude
isplotted against ciliary beat frequency (CBF) for primary brushing samples
from human nasal epithelia for 11 people without PCD and patients with PCD
carrying biallelic ODADI (splice site (s) and nonsense (n)), CCDC39 and CCDC40
mutations. b, Schematic models of the corresponding ciliary waveforms
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PCD (control). ¢, Cross-section of the atomic model of the human 96-nm DMT
repeat depicting the position of ODAD1 and the CCDC39/40 coiled coil. The
proteins are coloured accordingto their periodicity in theaxoneme.d,e, Cross
and longitudinal sections through cryo-EM maps reconstructed from DMTs

heterodimeric dynein-docking factors. The differencesin the subunit
composition and binding sites of the single-headed axonemal dyneins
highlight the role of these IDAs in the diversification of axonemal struc-
ture and the species-specific fine-tuning of ciliary motility. We show
that their divergent N termini are responsible for their localization to
specificaxonemal substructures, explaining why IDAs are not function-
allyinterchangeable and cannot be substituted by other homologues®®.
Our structural information will aid the investigation of dynein HCs in
other species because dyneins with structurally conserved N termini
are expected to bind to similar positions in the axoneme.
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isolated from pseudostratified respiratory epithelia cultured fromeithera
healthy individual (control) or nasal brushings from patients with PCD. Map
densities are coloured accordingto the repeatlength with tubulinshownin
grey.d, Mutationsin ODADI cause complete loss of the ODA-DC (green), which
repeats with 24-nm periodicity. e, Mutations in CCDC39 and CCDC40 cause
complete loss of the 96-nm repeat (mauve). Apart from tektins, which had
reduced occupancy, most MIPs (blue) are unaffected. Control maps are
reconstructed from similar numbers of particles at a similar resolutionand
periodicity to the mutant maps for direct comparison.

Multipartite docking mechanisms

Our findings provide insights into the complex mechanisms that
generate and maintain periodicities across the axoneme. In contrast
to previous studies that reinforced theidea that axonemal complexes
have single dedicated docking machineries (such as the ODA-DC*¥),
we demonstrate that multipartite docking mechanisms exist for other
axonemal complexes, including IDAf (Fig. 2a,b). These docking factors
can span large distances and contribute to the binding of multiple
axonemal complexes. For example, two of the IDAf docking factors,
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FAP57 and the C-terminal FAP43/44 coiled coil of T/TH, also function
in the multipartite docking of IDAg and IDAd (Fig. 2b, Fig. 5e, and
Extended Data Fig. 6d), which explains the partial loss of IDAg and
IDAd in fapS7 mutants®. The physical interlocking of shared dock-
ing factors seems to provide a robust mechanism to maintain the
precise organization and periodicity of the 96-nm repeat over many
micrometres. This type of interlocking is also observed for CFAP91,
which begins at the base of RS2, interacts with the N-DRC™ and then
links the RS3 subunits CFAP251 and CFAP61 (Fig. 4c).

Insights into axonemal asymmetry

In C. reinhardtii, variations in the identity of the coiled-coil docking
factors may provide a mechanism for establishing the longitudinal
and radial asymmetry of axonemes. We observed that two surface-
bound coiled coils, FAP57 and the L-shaped FAP189, have paraloguesin
C. reinhardtii (Extended Data Fig. 8). Our maps probably represent aver-
ages of these paraloguesinwhich the quality of the density is determined
by sequence conservationamong paralogues (Extended DataFig. 8b-g).
We propose that these paralogues are distributed asymmetrically across
the axoneme toregulate IDA composition and function. Consistent with
this hypothesis, loss of FAP57 results in partial loss of IDAg and IDAd
fromonly DMT1and DMT5-DMT9 (ref. 23). The functionalimportance
of different paralogues to C. reinhardtii motility is seen in the mbo2
mutantstrain thatlacks MBO2 (a paralogue of FAP189) and the ability to
convertbetween asymmetrical and symmetrical waveforms*. Asimilar
mechanism for establishing asymmetry may operate in humans, who
have two orthologues of FAP189 (CFAP58 and CCDC146).

A mechanoregulation mechanism for ODA regulation

By mining our particle dataset for conformational changes, we present
astructure-based model for how IDAfand N-DRC could regulate ODA
activity. In this model, the extensive head-to-tail inter-ODA contacts
in the post-powerstroke state constrain dynein conformation, such
that this state must be relaxed before ATP turnover and transition to
the pre-powerstroke state®, which has a remodelled set of inter-ODA
interactions®. Local deformation of the inter-ODA contacts could there-
foreacttoregulate ODA activity by lowering the energy barrier for ATP
hydrolysis and facilitating the transition to the pre-powerstroke state,
whereas inter-ODA stabilization would be inhibitory. Genetic studies in
C. reinhardtiifavour inhibition. N-DRC and IDAf mutations partly sup-
pressthe ‘paralysed flagella’ phenotype caused by lack of RSs or the cen-
tral apparatus*®*’, and loss of IDAfrestores the velocity of ODA-driven
microtubule disintegrationin mutants that lack the central apparatus*.
However, high-resolution cryo-ET of rapidly frozen, actively beating
ciliawillbe needed to correlate conformational changes in the N-DRC
and IDAfwith dynein activity to determine whether inhibitionis relieved
by microtubule bending. Our atomic models will help inthe interpreta-
tion of these cryo-ET studies.

The observed correlation between neighbouring ODA conforma-
tions (Fig. 3a) suggests a mechanism for propagating longitudinal
signals through the ODA array to create a proximal-to-distal waveform.
Crucially, this signal is not dependent on each ODA being directly con-
nected to a mechanoregulator. Connections that are not conserved
outside algae, such as the DRC7-mediated OIDL3 (Fig. 3d), may rep-
resent a gain of function that provides a supplemental or redundant
mechanism of regulating the ciliary waveform.

Aswellasregulating ODA behaviour, the N-DRC seems to modulate
IDAg activity through its conserved interaction with DRC3 in C. rein-
hardtii (Fig. 3e) and humans (Extended Data Fig. 4h). As the N-DRCtilts,
the IDAg linker and DRC3 form a closer connection (Supplementary
Video 3), which could constrain IDAg conformation or activity. The
functionalimportance of thisinteraction can be seenin C. reinhardtii
drc3mutants, which have an altered flagellar waveform despite having
an otherwise fully assembled N-DRC**, and the formation of hydro-
cephalus and male infertility in a point mutation of the mouse drc3
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homologue®. Overall, our results support a mechanism whereby the
N-DRC transmits amechanical signal through its electrostatic interac-
tion with the neighbouring DMT (Fig. 2e) through a conformational
change to ODA3 and IDAg.

Cryo-EM as aclinical tool

Our human DMT model contains around 25 proteins linked to PCD and
20 othersassociated with either PCD-like phenotypes or male infertility
(Supplementary Table 5). The model therefore represents a valuable
clinical resource for evaluating the likely effect and pathogenicity of
disease mutations and identifying new disease candidates for unsolved
PCD cohorts. We recommend expanding clinical genetic screening for
PCD and maleinfertility to include all the genes that encode structurally
verified proteins of the axoneme. We anticipate that this expansion may
help to account for the 20-25% of PCD cases that cannot currently be
explained genetically.

Furthermore, our ability to resolve cryo-EM structures of DMTs
fromindividuals provides an experimental approach to examine the
impact of PCD-causing mutations on axonemal structure. We have
shown that the translational potential of this approachis particularly
powerful when combined with molecular genetics. Compared with
cross-sectional TEM and even 3D tomography, the higher resolution
provided by single-particle cryo-EM allows the detection of minor
structural changes, such as perturbation of the tektin network. Cryo-EM
could therefore serve as auseful tool to analyse the 30% of PCD casesin
which theaxonemal ultrastructure seems tobe normal by clinical TEM*.
Alternatively, by applying our approach to detect variations in cilia
across different tissues, we may gain new insights into the molecular
basis for the varying susceptibility to dysfunction caused by mutations
in specific genes.
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Methods

Humansubjects

Peripheral blood samples for genetic screening and respiratory epi-
thelial cells, collected from the inferior nasal turbinate by nasal-scrape
brushing, were obtained from affected individuals and healthy vol-
unteers under ethical approval granted through the Health Research
Authority London Bloomsbury Research Ethics Committee (REC 08/
HO0713/82; IRAS 103488) and Living Airway Biobank, administered
through the UCL Great Ormond Street Institute of Child Health
(REC19/NW/0171,IRAS 261511, Health Research Authority North West
Liverpool East Research Ethics Committee). Informed written con-
sent was obtained fromall participants before enrolmentin the study.
Affectedindividuals were diagnosed with PCD according to European
Respiratory Society (ERS) diagnostic guidelines®.

Human genetic analysis

Genetic screening in patients with PCD was performed as previously
described* forindividual IDO1and by using a targeted next-generation
sequencing panel** for individuals D02, ID0O3 and IDO4. A definitive
genetic diagnosis was obtained according to ERS diagnostic guide-
lines®, involving the identification of biallelic pathogenic variants
(foundinahomozygous statein each case) in single PCD genes consist-
ent for each defect observed by TEM.

The first individual (IDO1) is homozygous for a previously reported
¢.853G>A substitution in ODADI that causes an intronic insertion that
ultimately resultsinadownstream nonsense codon (p.Ala248Thrfs52*)*,
The second individual (ID02) carries a homozygous c.448C>T substi-
tution that introduces a premature stop codon in ODADI (p.Argl150*)
and has previously been associated with PCD*, The third individual
(ID03) has a homozygous exon 1-3 deletion in CCDC40, and the
fourth individual (ID04) has a homozygous 5-base-pair deletion
(c.1964_1968delCTCTT) in CCDC39 that introduces a premature stop
codon through a frameshift (p.Glu655Glyfs*23).

Clinical TEM

TEM of nasal epithelial cells was performed at the University of Leices-
ter, UK. Cells obtained by nasal brushing were fixed in 2.5% glutaral-
dehyde in either Sorenson’s phosphate or 0.05 M sodium cacodylate
buffer for more than 24 h. Samples were subsequently incubated in1%
osmium tetroxide before embedding in 2% agar. Samples were dehy-
drated usinganalcohol seriesthatincluded increasing concentrations
of ethanol/methanol and propylene oxide before embedding in epoxy
resin. Ultrathin sections were cut and stained with uranyl acetate and
Reynold’s lead citrate.Images were acquired using aroom-temperature
JEOL 1400+ transmission electron microscope. Representative exam-
ples are provided in Extended Data Fig. 7c.

Ciliabeat analysis

Videos of ciliated respiratory epithelium were acquired by high-speed
video microscopy and analysed using a program designed in MATLAB
R2022a (MathWorks) based on previous publications***. In brief, posi-
tions at the base and tips of cilia at the beginning and end of an active
phase of abeat cycle wererecorded. Ciliary beat frequency was calcu-
lated by fast Fourier transform and video-kymography. This analysis
allowed the calculation of ciliary beat pattern parameters, such as
cilium length, angle of beating and beating amplitude. Ciliary beat
amplitude per second (beating amplitude x ciliary beat frequency)
has previously been described as the best approach to discern between
individuals with and without PCD%. We analysed 104 videos from 11
individuals without PCD as a control.

Epithelial disruption scores
Epithelial disruption scores were calculated from videos of nasal-scrape
brushings as described previously*®. In brief, epithelial edges were

identified in each sample, investigated for protrusions or abnormali-
ties, and scored from 1to 4, where lindicates anormal ciliated edge, 2
indicates a ciliated edge with minor projections, 3 indicates a ciliated
edge with major projections, and 4 is for single, unattached, ciliated
cells.

Respiratory epithelial culture and ciliaisolation

Cells obtained from nasal-scrape brushings (of both a healthy individual
and fourindividuals with PCD) were seeded into collagen-coated wells
(PureCol, Sigma-Aldrich, 5006-15MG) containing PneumacCult-Ex Plus
medium (STEMCELL Technologies, 05040). The cells were passaged
twice: onceintoaT25flask and then onto12 Transwell inserts, each with
asurface area of 1.12 cm? (Corning, CLS3460) at a density of around
0.5-1.0 million cells per insert. Cells were cultured in PneumaCult-Ex
Plus medium until confluent, at which time the medium in the basal
chamber was replaced with PneumacCult-ALI medium (STEMCELL
Technologies, 05001) and the apical surface was exposed to provide
anair-liquidinterface (ALI). All media contained Primocin (InvivoGen,
ant-pm-05) and penicillin-streptomycin (Thermo Fisher Scientific,
15070063) to prevent the growth of bacteria. Ciliation was observed
4-6 weeks after transition to the ALIL During differentiation, the baso-
lateral medium was refreshed every 2-3 days and the apical surfaces
were washed with PBS to remove mucus.

Before deciliation, differentiated ALI cultures were washed twice
with PBS for 5 min to remove cell debris and mucus. Ice-cold PBS was
then added to both compartments of the culture dish and the dish
was placed onice. After 5 min, the PBS solution was removed and 50 pl
ice-cold deciliation buffer (10 mM Tris pH 7.5,50 mM NaCl, 10 mM CaCl,,
1mMEDTA, 0.1% Triton X-100, 7 mM 3-mercaptoethanol, 1% protease
inhibitor cocktail; Sigma-Aldrich, P8340) was added to the cells of each
well. After incubation for 2 min without shaking, the cilia-containing
solution was transferred to a microcentrifuge tube. This process was
repeated six times to ensure that all dissociated cilia were collected.
Cellular debris and mucus were removed by centrifugation at1,000g
for1minat4 °C. Axonemes were collected by centrifugationat 15,0008
for5minat4 °C. The axonemal pellet was resuspended in buffer (30 mM
HEPES pH 7.3,1 mM EGTA, 5 mM MgS0O,, 0.1 mM EDTA, 25 mM NacCl,
1 mM dithiothreitol, 1% protease inhibitor cocktail), flash-frozen in
liquid nitrogen and stored at —80 °C until use.

Sample preparation for cryo-EM

Splayed C. reinhardtii axonemes. C. reinhardtii (CC-1690) algae were
cultured in standard Tris acetate phosphate medium at room tem-
perature in12 h:12 h light:dark cycles. Flagella were extracted from
C. reinhardtii using the dibucaine method®, as described previously®.
After removing the cell bodies, the detached flagella in the superna-
tant were collected by centrifugation at 3,000g for 15 min. Freshly
isolated flagella were splayed into DMTs as described previously®.
In brief, flagellar membranes were first removed in fresh HMDEKP
(30 MM HEPES, 25 mMKCl, 5 mMMgSO,, 0.5 mM EGTA, Protease Arrest
(G-Biosciences)) by adding 1% NP-40 at 4 °C while rotating for 30 min.
After washing away the detergent and other soluble proteins, axonemes
were splayed at a final concentration of 0.5 mg ml™ by treatment with
10 mM Mg?*ATP* and 750 pM CaCl, in HMDEKP while being rotated at
room temperature for 1 h. Splayed axonemes were concentrated by
centrifugation at 2,500g and immediately used to prepare cryo-EM
grids. Then 2.5 pl of splayed axoneme sample at 16-26 mg ml™ was
appliedtoglow-discharged C-Flat1.2/1.3-4Cu grids (Protochips) inside
a Vitrobot Mark IV (Thermo Fisher Scientific) kept at 100% humidity.
The cryo-EM samples were then incubated 10 s, blotted for 10 s and
plunged into liquid ethane cooled by liquid nitrogen.

Human respiratory-ciliaaxonemes. Human axonemes (3 pl) withan
absorbancereading at 280 nm of 5.8 were applied to glow-discharged
Quantifoil holey carbon grids (R2/1, copper, 400 mesh, Quantifoil



Micro Tools, Q410CR1). The grids were blotted for 10-11 s with ablot
force of 10 in 100% humidity before being plunged into liquid ethane
using a Vitrobot Mark IV (Thermo Fisher Scientific).

Cryo-EM data collection and processing for splayed

C. reinhardtiiaxonemes

Atotal of 36,918 micrographs of splayed C. reinhardtii axonemes were
collected using SerialEM as described*® on a Titan Krios microscope
(Thermo Fisher Scientific) under conditionsidentical to our previous
study’. Microscope settings are summarized in Extended Data Table 1.

All image processing was done using RELION-3.1 (ref. 59) or
RELION-4.0 (ref. 60) unless otherwise stated. The dose-fractionated
image stacks were aligned and dose-weighted using MotionCor2
software®’. CTFFIND4 was used to estimate the parameters of the con-
trast transfer function (CTF)®2. A total of 31,275 micrographs survived
quality control on the basis of the absence of ice contamination, the
quality ofthe Thon rings and the presence of splayed axonemes in the
micrographs. Microtubules (including DMTs and singlet microtubules)
were manually picked on each micrograph by defining their start and
end coordinates in RELION. Overlapping microtubules were avoided.
The selected microtubules were computationally divided into over-
lapping boxes (200 x 200 pixels, bin 2) with an 82-A non-overlapping
region (step size) between adjacent boxes, corresponding to the
approximate length of the tubulin o/-heterodimer. A total of 8,546,747
8-nm particles were extracted and aligned by multiple rounds of 2D clas-
sification, with the 106,857 particles that fell into poorly defined classes
being discarded. The remaining 8,439,890 particles were analysed
using botha DMT-centred approachand an ODA-centred approach®
(Supplementary Figs.1-3).In the DMT-centric method, the 8-nm parti-
clesunderwent 3D refinement and classificationto select 2,058,898 par-
ticles with well-resolved DMT density. These particles were re-extracted
without downscaling in 600-pixel boxes, 3D-refined, CTF-refined, pol-
ished and CTF-refined again. In the ODA-centric method, the 8-nm
particles underwent 3D refinement and classification to yield three
ODA-bound classes. These three classes corresponded to ODA centred
in the map and two shifted by +8 nm from the centre. The off-centre
classes were re-extracted to centre the ODA in the map to generate a
24-nm particle’ set. To maximize particle number, we extracted new
particles 24 nm and 48 nm from this set. A second round of 3D refine-
mentand classification yielded1,028,81524-nm particles with a centred
ODA. These particles were then re-extracted without downscaling in
600-pixel boxes, 3D-refined, CTF-refined, polished and CTF-refined
forasecond time.

Forboth the DMT-and ODA-centric approaches, maps of the48-nm
repeat were obtained by 3D classification using amask on the lumen of
A-tubule protofilaments AO8-A13 where MIPs have 48-nm periodicity®.
For the DMT-centric approach, this yielded six different registries of
the 48-nm repeat, and for the ODA-centric approach, two registries
from the previously determined 24-nm repeat maps were identified.
We then obtained 96-nm maps by a second round of 3D classification
using a custom mask over the external axonemal complexes, includ-
ing RSs, the N-DRC baseplate and IDAf to yield a total of 12 different
registries from the DMT-centric approach, and 4 different registries
from the ODA-centric approach.

To overcome conformational heterogeneity and loss of individual
complexes during sample preparation, each axonemal complex was
analysed by 3D classification and refinement following the subtraction
of signal outside the area of interest (Supplementary Figs. 4-9). Where
appropriate, maps were obtained by combining subtracted particles
from different registries and from both the DMT- and ODA-centric
approaches. When combining particles, strict controls were used to
prevent particle duplication.

Focused maps of individual axonemal complexes were positioned on
the DMT using unmasked box 600 reference maps from 3D refinement
containing IDAs, ODAs and the N-DRC. Because of the low resolution,

the motor domains of IDAb and IDAe are copies of IDAg, the other
centrin-containing IDA. The maps were then combined into a single
composite map that covered a 96-nm section of the DMT using the
‘vop maximum’ command in ChimeraX®. The initial composite map
was then cropped using the subregion selection tool of Chimera to
remove empty regions and reduce the file size.

Cryo-EM data collection and processing for humanrespiratory
DMTs

Atotalof 37,071 micrographs of humanrespiratory DMTs were acquired
using a Titan Krios microscope (Thermo Fisher Scientific) under con-
ditions identical to our previous study®*. Microscope settings are
summarized in Extended Data Table 1. The videos were motion- and
CTF-corrected using MotionCor2 (ref. 61) and CTFFIND4 (ref. 62),
respectively. 16,933 micrographs survived quality control. Microtu-
bule start and end points were selected from the micrographs using
RELION manual picking. 2,582,833 8-nm particles were extracted from
the micrographsin 512-pixel boxes, downscaled to 256-pixel boxes to
accelerate computation. 2D classification was done to check image
quality, not to exclude particles.

A15-A-resolution map of the bovine respiratory DMT (EMD-24664)*
was used as aninitial reference for 3D refinement, followed by 3D clas-
sification withoutimage alignment to exclude bad particles. Toincrease
the number of retained particles, we repeated the process and merged
all the good particles while excluding duplicates. In total, 1,903,665
8-nm particles were retained and re-extracted without binning. Then
16-nm particles were generated from the 8-nm particles using 3D clas-
sification with a cylindrical mask on 16-nm repeating MIPs near the
inner junction. Subsequently 48-nm particles were generated from
the 16-nm particles using 3D classification with a cylindrical mask on
48-nm repeating MIPs near the seam of the A tubule. Finally, 96-nm
particles were generated from the 48-nm particles using 3D classifica-
tionwitha cylindrical mask on 96-nm repeating axonemal proteins on
protofilaments AO2-A03. This resulted in two parts of the 96-nm repeat
with 90,482 and 87,789 particles. Local refinements using 60 different
cylindrical masks, each corresponding to al6-nmlongitudinal section
of 2 or 3 protofilaments, were then performed to improve the resolu-
tion of the protofilaments and closely associated microtubule-binding
proteins. The resolution within each maskimproved to3.3-3.8 A. The
map quality of the external axonemal complexes was improved using
particle re-centring, 3D classification, mask-focused local refinement
and multi-body refinement. The resulting maps and their nominal
resolutions (based on the FSC = 0.143 criterion) are listed in Supple-
mentary Fig.14. Only 13,340 ODA-containing particles were observed,
which prevented analysis of different conformational states, as done
for our C. reinhardtii dataset. Maps were postprocessed using Phe-
nix_autosharpen and merged in ChimeraX to generate a composite
map. A schematic of the processing scheme is provided in Supple-
mentary Fig.13.

Cryo-EMdata of respiratory DMTs from human patients with muta-
tions in CCDC39 and CCDC40 were collected on a Titan Krios micro-
scope under conditions identical to those for the wild type, yielding
3,423 and 3,483 micrographs, respectively. Cryo-EM data of respiratory
DMTs from human patients with ODADI mutations were collectedona
Talos Arcticamicroscope (Thermo Fisher Scientific) equipped witha K3
detector (Gatan), yielding 56 and 146 micrographs of the ODADI non-
sense mutant and the splice mutant, respectively. Datawere collected
with a defocus range between —1.0 pm and -2.2 pm and at a nominal
magnification of x36,000, yielding a pixel size of 1.1 A. Each micro-
graphwas fractionated into 50 video frames with a total dose of 52.562
electrons per A2. Data processing followed the scheme established for
the wild-type dataset (Supplementary Fig. 13). For data processing of
the CCDC39 and CCDC40 mutants, around 280,000 8-nm particles were
randomly selected and used to generate 48-nmmaps. The same number
of wild-type particles were processed in the same way to generate a
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matched control. The three 48-nm maps were lowpass filtered to 8 A
for comparisonin Fig. 6e. For data processing of the ODADI mutants,
12,884 and 35,541 8-nm particles were extracted for the ODADI non-
sense mutant and splice mutant, respectively. Only 8-nm maps were
generated because of the limited particle numbers. ODADI mutant
mapsand an 8-nmwild-type map (from the above-mentioned 280,000
particles) were lowpass filtered to 12 A for comparison in Fig. 6d.

Model building and refinement

Maps of the C. reinhardtii DMT were interpreted by combining
previous structures, Al-guided structural predictions®, cryo-ET
studies>***#16¢-8 and de novo modelling using Coot®. Previous struc-
tures were used to model the DMT and its associated MIPs (PDB: 6U42)",
RS1and RS2 (PDB: 7JTS, 7JTK and 7JU4)", the N-DRC baseplate (PDB:
7JU4)* and the ODA with its docking complex (PDB: 7KZM and 7KZO)?
and LC1 subunit (PDB: 6L4P)”°. Models of the C1 (PDB: 7SQC)* and C2
(PDB: 7SOM)"® microtubule were used to make Fig. 1b. Structure pre-
dictions of other axonemal proteins were obtained using AlphaFold2
(ref. 71) using primary sequences from Phytozome v.13 and UniProt.
Homology models of the dynein motor domains (including the linker,
AAA+modules, stalk and microtubule-binding domain) were generated
in the post-powerstroke state using SWISS-MODEL", as they were too
large to be modelled by AlphaFold2. Protein—-proteininteractions were
modelled using AlphaFold2 multimer”. Examples of subcomplexes
modelled using AlphaFold2 multimer are shown in Supplementary
Figs.10-12. Axonemal complexes were assembled from modelled pro-
teins and subcomplexes by positioning themin the cryo-EM maps using
ChimeraX®®or Coot®. The subtomogram average of the 96-nm repeat
from C. reinhardtii (EMD-6872)** was used to help position the motor
domains of IDAb and IDAe. Multiple rounds of AlphaFold2 multimer
prediction were used toimprove theinterfaces between neighbouring
proteins. Finally, all chains were merged into a single PDB file using
Coot and given a unique chain ID. Proteins identified in this study are
provided in Supplementary Table 1and the rationale for their place-
ment is given in Supplementary Table 2.

Our splaying method of sample preparation causes axonemal
dyneinsto lose their connection with the neighbouring DMT. As aresult,
we do not observe density for the microtubule-binding domains of the
axonemal dyneins, but weincluded themin our models for complete-
ness. Homology models of motor domains were positioned by fitting
into the observed cryo-EM densities for the linker, individual AAA+
modulesand, where possible, the base of the stalk. Loss of connection
to the neighbouring DMT may have also caused subtle changes in the
conformation of the dynein motorsrelative tointactcilia. Small adjust-
ments of the model may therefore be needed to model subtomogram
averages of intact axonemes. In addition, although we observed two
different conformational states for the C. reinhardtii -HC, as described
previously’, we have modelled only the orientation in which the stalks
extend towards the proximal end, because this conformation is most
common in ODA structures from intact axonemes’*.

To construct the model of the axoneme’s 9 + 2 architecture (Fig. 1b),
we used subtomogram averages of DMT1 (EMD-2113), DMT2-8 (EMD-
2132), DMT9 (EMD-2118)*and the central apparatus (EMD-31143)”, and
EMD-6756 (ref. 29) was used to guide the placement of DMTs relative
to one another.

The map of the human 96-nm repeat was initially fitted with two
copies of the pre-existing model of the human DMT 48-nm repeat
(PDB: 7UNG)®. This revealed an additional MIP, RIBC1, which had
beenincorrectly assigned as RIBC2 in the 48-nm repeat. Building of
the external axonemal complexes was then guided by the model of the
C. reinhardtii96-nmrepeat and published models of the bovine ODA-DC
(PDB: 7RR0O)* and mouse RS head (PDB: 7DMP)’. Human homologues
of C. reinhardtii axonemal proteins were identified from the results
of BLAST searches (available from http://chlamyfp.org/)””. Subcom-
plexes of the human proteins were predicted by AlphaFold2 multimer

and placed in the cryo-EM density. A full list of positioned proteins is
provided in Supplementary Table 3. The rationale for the placement
of proteins without clear homology is givenin Supplementary Table 4.

Forbothstructures, fit-to-map was optimized using real-space refine-
mentimplemented in Coot, Namdinator’® and Phenix”. The computa-
tional memory requirements needed to refine the 96-nm-long atomic
model of the C. reinhardtiiDMT meant that all-atom refinement could
notbe performed. Instead, three subregions were refined individually
before being merged into a final PDB file. The smaller human model
wasrefined asasingle PDB file in Phenix. Atomic displacement factors
forboth models were refined using Phenix”. Side chains of asparagine,
glutamine and histidine residues were automatedly flipped toimprove
hydrogen-bonding networks. Model statistics for the 96-nm modular
repeat were generated using phenix.molprobity*®and are providedin
Extended Data Table 1.

Figures

Figure panels and videos displaying cryo-EM maps or atomic models
were generated using ChimeraX®. Maps coloured by local resolution
were generated using RELION. Multiple-sequence alignments and
phylogenetic trees were calculated using Clustal Omega®'. Graphs
were plotted in GraphPad Prism (GraphPad Software). Odds ratios
(Fig. 3a) were calculated using R v4.0.3. Software used in the project
was managed by SBGrid®.

Materials availability

Genomic samples and sequencing data obtained from patients are
stored at University College London. Airway cells are biobanked in
the UCL Living Airway Biobank administered through the UCL Great
Ormond Street Institute of Child Health.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

A composite cryo-EM map of the 96-nm repeat unit of DMTs from
C. reinhardtii flagella has been deposited to the Electron Microscopy
DataBank (EMDB; https://www.ebi.ac.uk/pdbe/emdb/) with the acces-
sioncode EMD-40220. The atomic model of the C. reinhardtii DMT has
been depositedinthe Protein Data Bank (PDB; https://www.rcsb.org/)
with accession code 8GLV. A composite cryo-EM map of the 96-nm
repeat unit of DMTs from human respiratory cilia has been deposited
in the EMDB with accession code EMD-35888. The atomic model of
the human DMT has been deposited in the PDB with accession code
8J07.For both EMD-40220 and EMD-35888, half maps of the individual
axonemal complexes and the masks used for focused refinement have
beendeposited as additional maps associated with the entries. Source
data are provided with this paper.

Code availability

Data and code used to calculate the correlation between open and
closed states of the ODA are available at https://doi.org/10.5281/
zen0do.6908250.
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Extended DataFig.1|Structural comparison ofinner dyneinarmf(IDAf)
and outer dyneinarm (ODA) from C. reinhardtii. a, Atomic model showing
outer dyneinarm1(ODA1) and inner dynein armf(IDAf) bound toadoublet
microtubule (DMT, gray). Dynein subunits are colored based upon their
structural or functional similarity and listed in the table. Non-shared subunits
arelabeled. All other external complexes have been removed for clarity.

b, Comparisonofthe cores of ODA (left) and IDAf (right). Paralogous subunits
inthese two structures occupy similar positions. IDAf-specific subunits 1C97
and FAP120 bind the LC tower, whereas the ODA-specific LC4 binds y-HC.

ODA

B-HC
IC1
IC2

LC6/8/10
LC2/9

¢, Comparison of motor domain orientationinIDAfand ODA. The ODA, faded
and outlined by adashed line, is overlaid by IDAf. The atomic models were
aligned by superposingtheir cores. a-HC of ODA is omitted for clarity. Compared
to ODA, the helical bundles of IDAfbetween the coreregion and the motors are
less curled, resulting in rotation of the motors by 45-65° and displacement by
10 nm. These conformations differ from the active state of cytoplasmic dynein®?,
suggesting that the connection between the core and the motor may help
specialize each dynein for distinctroles.
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Extended DataFig.2|TheC.reinhardtiiMIA complex contributes to the DMT surface. ¢, Comparison of the binding of docking complex subunits
dockingofinner dyneinarm f(IDAf) to the doublet microtubule (DMT). DC1/2to ODA and MIA to IDAf. Both coiled coils bisect the helical bundles of
a,MIA (aheterodimer of FAP73/FAP100) interacts with protofilament AOS of thedynein heavy chains withinthe dynein cores.d, Cryo-EM map showingthe
the DMT through a C-terminal helix of FAP100 beneath the fB heavy chain tail. interaction between the fo tail, MIA, and the 3-propeller domains of a FAP57

Unmodeled density of FAP100 is also shown. b, The N-terminus ofthe MIAcoiled  homodimer.
coilinteracts with a FAP189 family member near the site of its 90°bend on the
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Extended DataFig.3|Structure of the C. reinhardtiitether/tetherhead
(T/TH) complex. a, Composite cryo-EM map colored by T/TH subunitand the
motor domains of inner dynein arm (IDA) fa and fB. The doublet microtubule
surfaceisshowningray. The N-terminal pair of B-propellers of FAP44 interact
withthe AAA1, AAA6, and C-terminal domains of the fa motor. b, Domain
organization of T/TH subunits FAP43, FAP44,and MOT7. Both FAP43 and
FAP44 contain an N-terminal pair of B-propellers, followed by a helical stellate
structure,and a microtubule-associated coiled coil (CC). MOT7 contains a
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400 600 800

stellate cC -

B-propeller B-propeller

BLUF domain that is proposed to sense blue light'. ¢, Schematiciillustrating
thesix-armed stellate structure of T/THwith MOT7 at the center.d, Reverse
side of the stellate showing the position of MOT7 and its BLUF domain (bright
red) within the cryo-EM map. The resolution is too low to observe any flavin
cofactors. On theleft, the N-terminal pair of B-propellers from FAP43 bind arm
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Extended DataFig. 4 |Integrative modeling of the nexin-dyneinregulatory
complex (N-DRC) from C. reinhardtiiand H. sapiens. a, Domain architecture
of C. reinhardtiiN-DRC subunits. b, Architecture of the N-DRC “bulb” in
C.reinhardtii.c,Model of the N-DRC linker in the cryo-ET subtomogram
average of the wildtype C. reinhartii axoneme (EMD-20338)”. Small differences
betweenour modelandthe cryo-ET map are likely due to the loss of interactions
withtheneighboring doublet microtubule (DMT) in our splayed axoneme cryo-
EMsample.d, Model of the N-DRC linker in the subtomogram average of the
drc7 mutant axoneme (EMD-20339)%. The DRC7 subunit resides outside of the
cryo-ET density, consistent with the loss of DRC7 in the mutant axonemes.

Reduced density of the distal lobe, containing the C-termini of DRC9 and 10,
suggest analtered or weakened interaction between DRC9/10 and the
neighboring DMT in this mutant. e, Model of the N-DRC linker in the
subtomogram average of the drc1I mutant axoneme (EMD-20340)%.

Reduced density of the proximal lobe is consistent with the position of DRC11.
f, Orthogonal views of the atomic model of human N-DRC. The bulb of human
N-DRC (DRC1/9/10) is uncoupled from the baseplate unlike in C. reinhardtii.

g, Interactionbetween the bulb and the N-terminal tail domain of DNAH7 (IDAe).
h, Interactionbetween the 3-helix bundle of DRC3 and the linker of DNAH6
(IDAg).
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http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-20339
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-20340
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Extended DataFig. 6 | Radial spoke 3 (RS3).a, Modeland cryo-EM map showing
thebase of humanRS3 anditsassociation with IDAd/g. Coiled coils from
CCDC96/113 and CFAP57 are docking factors for RS3. CFAP43/44 (components
ofthe T/TH complex) are docking factors for IDAd/g. b, Model and cryo-EM map
of C. reinhardtiiRS3S. ¢, Domain organization of RS3S subunits. Theboxes on
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FAP9lindicate consecutive bindingsites for RS2, the N-DRC and RS3S. Both the
oxidoreductase-like domain of FAP61and the calmodulin (CaM)-like domain of
FAP25linteract with FAP91.d, Atomic model of the docking factors for RS3Sin
C.reinhardtii.
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Extended DataFig.7|Primary ciliary dyskinesia (PCD) patientinformation.

a, Integrative Genomics Viewer (IGV) snapshot illustrating the homozygous
exonl-3deletioninthe CCDC40 gene of patientID03.b, Analysis of high-speed
video datafrom PCD patients showing defectsin epithelia consistency, cilia
beat frequency, beatangle, and amplitude compared to healthy, non-PCD
controls. Theboxrepresentstheinterquartile range, the center represents the
median, and the whiskers represent minimum and maximum measurements.
Statistical significance was determined by one-way ANOVA (non-parametric
Kruskal-Wallis), with*P<0.05,*P<0.01, **P<0.001and ***P<0.0001. The
number of movies used for the analysis were 104 (control); 3 (ODADI s); 8
(ODADI n); 8 (CCDC40),and 6 (CCDC39). For each mutation, the movies came
fromthe same patient. ODADI (s) refers toindividual IDO1 with asplice
mutation,and ODADI (n) refers to individual IDO2 withanonsense mutationin

ODADI. ¢, Representative clinical transmission electron microscopy (TEM)
images selected froma minimum of >100 screened cross-sections showing
axoneme cross sections fromanon-PCD control (with axonemal complexes
labeled), two individuals with mutationsin ODADI (IDO1and ID02), anindividual
with amutationin CCDC40 (ID03), and anindividual with a mutationin CCDC39
(ID04).Red arrows mark the absence of outer dynein arms (ODAs). Orange
arrows mark microtubule (MT) transposition. Yellow arrows mark the absence
ofinner dyneinarms (IDAs). Purple arrows mark an abnormal central apparatus
(CA).d, Comparedtoanon-PCD control, radial spokes (blue arrows) attached
todoublet microtubulesinindividual IDO3 (witha CCDC40 mutation) are
intermittently bound, consistent with the loss of strict 96-nm periodicity.
These micrographs sections were selected fromatotal of 37,071 non-PCD
control micrographs, and 3,483 CCDC40 micrographs.
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Extended DataFig. 8| Coiled-coil docking factors potentially contribute to
axonemal asymmetry. a, Atomic models of the FAP189 and FAP57 homodimers.
Other axonemal complexes are omitted for clarity. FAP189 forms an L-shaped
coiled coil that occupies the interprotofilament cleft between protofilaments
A04and AOS. b, Fit of FAP189 atomic modelinto the cryo-EM map. Labeled
aminoacids are denoted below by bold font in the multiple sequence alignment
of FAP189 withiits paralogs FAP58 and MBO2. The conserved sequence
ALSXXLENP, highlightedinred, corresponds toresidues thatinteract with
FAP100 of the MIA complex (see Extended Data Fig. 2b). ¢, Agreement of

cryo-EMssidechain density with the atomic model of FAP57. Residues labeled in
the model are denoted by bold font in the multiple sequence alignment below.
d, Domain architecture of FAP189, FAP58,and MBO2. e, Phylogenetic tree
showing the relationship between FAP189, FAP58,and MBO2. FAP189 and
FAP58share 80% sequence identity. f, Domainarchitecture of FAP57, FBB7 and
FAP331, whichare composed of tandem N-terminal B-propellersand along,
helical C-terminal region. g, Phylogenetic tree showing the relationship
between FAP57,FBB7, and FAP331.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

96-nm repeat of the C. reinhardtii
flagella axoneme

(EMD-40220)

(PDB 8GLV)

96-nm repeat of the H. sapiens
respiratory cilia axoneme
(EMD-35888)

(PDB 8107)

Data collection and processing
Facility

Harvard Cryo-EM Center for Structural

Harvard Cryo-EM Center for Structural

Biology Biology

Microscope Titan Krios 2 (Thermo Fisher Titan Krios 1 (Thermo Fisher Scientific)
Scientific)

Energy filter BioQuantum K3 Imaging Filter witha  BioQuantum K3 Imaging Filter with a
slit width of 25 eV (Gatan) slit width of 25 eV (Gatan)

Detector K3 (Gatan) K3 (Gatan)

Magnification 64,000 64,000

Voltage (kV) 300 300

Electron exposure (e—/A?) 61-62 60

Exposure time (s) 3.7-3.8 3.76

Defocus range (um) -0.5t0 -2 -0.8t0 -2

Pixel size (A) 1.36 1.37

Symmetry imposed Cl Cl

Movie stacks (and after quality 36,918 (31,275) 37,071 (16,933)

control)

Initial 8-nm particle images (no.) (and 8,546,747 (8,439,890) 2,582,833 (2,582,833)

after quality control)

Final particle images (no.) Variable Variable

Map resolution range (A) 3.2t016.7 33t013.6

FSC threshold 0.143 0.143
Refinement*

Initial model used (PDB code)

PDBs: 6U42, 7JTS, 7JTK, 7JU4,
7KZM, 7KZO, 6L4P

PDBs: 8GLV, 7UNG, 7DMP

Resolution limit set in refinement (A) 5 5
Map sharpening B factor (A%) Variable Variable
Correlation coefficient (CCmask) 0.66 0.57
Model composition
Chains 1,177 976
Non-hydrogen atoms 3,968,237 3,163,619
Protein residues 503,117 396,235
Ligands 1,009 859
B factors (A?)
Protein 149.0 162.1
Ligand 78.2 58.2
R.m.s. deviations
Bond lengths (A) 0.004 0.005
Bond angles (°) 1.02 1.14
Validation
MolProbity score 1.92 1.67
Clashscore 14.1 591
Poor rotamers (%) 0.12 0.03
Ramachandran plot
Favored (%) 96.09 96.59
Allowed (%) 3.88 3.35
Disallowed (%) 0.03 0.06

*Refinement and validation statistics for the 96-nm repeat of the C. reinhardtii flagella axoneme are the average (mean) of values generated after splitting the model into three regions and
running each separately through Phenix.real_space_refine. Attempts to calculate statistics for the intact complex failed because of insufficient memory. The human 96-nm repeat is smaller and
was refined as a single model.



Extended Data Table 2 | Genetics and diagnostic results for all four PCD cases

IDO1 1D02 1D03 1D04

Sex M M M M

Age 17 22 40 9

Gene ODADI ODADI1 CCDC40 CCDC39

GRCh38 chr19:g. 48303953:C:T chr19:2.48312029:G:A N/A chr3:2.180631499:CTCTTCT

C:.CTC

Transcript NM _001364171.2 NM_001364171.2 NM 017950.4 NM_181426.2

cDNA c.853G>A c.448C>T exon 1-3 deletion c.1964 1968delCTCTT

Protein p-Ala285Thr p.Argl50* N/A p.Glu655Glyfs*23

dbSNP rs147718607 1s752269093 N/A N/A

ClinVar VCV000039637.10 VCV001324024.5 N/A VCV001070026.4

nNO (ppb) 10.5 7.7 7.0 n.d. (too young to measure)

TEM Missing ODAs Missing ODAs Lack of IDAs; 16% cross Lack of IDAs; 21% cross

sections show disorganized sections show disorganized
and damaged MTs and damaged MTs

Clinical Recurrent chest infections, Recurrent chest infections, Recurrent chest infections, Recurrent chest infections,
continuous wet productive continuous wet productive continuous wet productive continuous wet productive
cough, persistent rhinorrthoea,  cough, wheeze, persistent cough, intermittent cough, wheeze, persistent
situs inversus totalis, rhinorrhoea, situs inversus. rhinorrhoea, bronchiectasis, rhinorrhoea.
transposition large vessels. azoospermia.
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www.ebi.ac.uk/pdbe/emdb/) with the accession code EMD-40220. The atomic model of the C. reinhardtii DMT has been deposited in the Protein Data Bank (PDB;
https://www.rcsb.org/) with accession code 8GLV. A composite cryo-EM map of the 96-nm repeat unit of DMTs from human respiratory cilia has been deposited in
the EMDB with accession code EMD-35888. The atomic model of the human DMT has been deposited in the PDB with accession code 8J07. For both EMD-40220
and EMD-35888, half maps of the individual axonemal complexes and the masks used for focused refinement have been deposited as additional maps associated
with the entries. Data and code used to calculate the correlation between open and closed states of the ODA is available at https://doi.org/10.5281/
zen0do.6908250.
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Reporting on sex and gender Sex or gender was not considered in the study design. All human cilia samples were obtained from males.

Population characteristics Nasal brushings were collected from four individuals with PCD. These individuals were aged 9, 17, 22, and 40. All individuals
were determined to have PCD using standard diagnostic tests. All had recurrent chest infections, continuous wet productive
coughs and persistent rhinorrhoea.

Recruitment The samples with genotypes of interest were obtained retrospectively from patients recruited as part of ongoing genetic
research projects.

Ethics oversight Peripheral blood samples for genetic screening, and respiratory epithelial cells collected from the inferior nasal turbinate by
nasal scrape biopsy, were obtained from affected individuals and healthy volunteers under ethical approval granted through
the Health Research Authority London Bloomsbury Research Ethics Committee (REC 08/H0713/82; IRAS 103488) and Living
Airway Biobank, administered through the UCL Great Ormond Street Institute of Child Health (REC 19/NW/0171, IRAS
261511, Health Research Authority North West Liverpool East Research Ethics Committee). Informed written consent was
obtained from all participants prior to enrollment in the study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size 1. For cilia beat analysis, movie recordings from 11 non-PCD controls and 4 PCD patients were used. Number of movies = 104 (control); 3
(ODAD1 splice); 8 (ODAD1 nonsense); 8 (CCDC40), and 6 (CCDC39). No methods were used to predetermine sample size.
2. For cryo-EM processing, no methods were used to predetermine sample size. Final structures of the C. reinhardtii and H. sapiens 96-nm
repeat were calculated from a total of 31,275 and 16,933 micrographs, respectively. The final number of micrographs was determined to be
sufficient as they provided structures of doublet microtubules to better than 4 Angstrom resolution.
3. Sample size for odds ratio calculations were determined by unsupervised 3D classification using RELION software to generate 160,444
particles for ODA1, 162,179 particles for ODA2, 214,203 particles for ODA3, and 177,762 particles for ODA4.

Data exclusions 1. For the cilia beat analysis, static cilia were excluded from the analysis.
2. The algorithms used for single particle image processing may down-weight or exclude particles as part of their refinement strategy.

Replication 1. Multiple cryo-EM datasets were collected for the wild-type doublet microtubule structures. Their reconstructions were consistent, and
merged.
2. For the ciliary beat analysis, between 3 and 104 different movies were analyzed (see Sample Size above).

Randomization  For calculation of the Fourier Shell Correlation (FSC), cryo-EM particles were randomly split into two halves using the RELION software.

Blinding 1. The initial diagnostic assessment was blinded, as these tests were done before a confirmed genetic result. As up to 80% of patients referred
for diagnostic testing are found not to have PCD, there should not be any bias to influence these results.
2. Blinding was not used for the cilia beat analysis. However, the methods are objective and should not introduce bias or impact the
measurements.
3. Blinding was not used for the cryo-EM studies; the researchers were aware of the identity of the samples. However, similar processing
steps were used for the wild-type and PCD samples.
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