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Summary

The axoneme of motile cilia is the largest macromolecular machine of eukaryotic cells. In humans, 

impaired axoneme function causes a range of ciliopathies. Axoneme assembly, structure, and 

motility requires a radially arranged set of doublet microtubules, each decorated in repeating 

patterns with non-tubulin components. We use single-particle cryo-electron microscopy to 

visualize and build an atomic model of the repeating structure of a native axonemal doublet 

microtubule, which reveals the identities, positions, repeat lengths, and interactions of 38 

associated proteins including 33 microtubule inner proteins (MIPs). The structure demonstrates 

how these proteins establish the unique architecture of doublet microtubules, maintain coherent 

periodicities along the axoneme, and stabilize the microtubules against the repeated mechanical 

stress induced by ciliary motility. Our work elucidates the architectural principles that underpin the 

assembly of this large, repetitive eukaryotic structure, and provides a molecular basis for 

understanding the etiology of human ciliopathies.
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Abstract

Visualizing axonemal microtubules and the proteins that decorate them, on the outside and inside, 

points to how the underlying periodic architecture supports cilia function.

Introduction

Cilia (also known as flagella) protrude from the surface of almost all eukaryotic cells and 

have many diverse roles in human physiology. Motile cilia are involved in locomotion, for 

example propelling spermatozoa and coordinating directional fluid flow in the embryonic 

node, respiratory tract, fallopian tube, and brain (Zhou and Roy, 2015). Immotile (primary) 

cilia are involved in sensory perception and developmental and homeostatic signaling 

pathways (Singla and Reiter, 2006). A large group of clinically and genetically 

heterogeneous human diseases, known as ciliopathies, are associated with cilia dysfunction, 

leading to symptoms including chronic respiratory infections, laterality abnormalities, and 

infertility (Mitchison and Valente, 2017; Reiter and Leroux, 2017).

The elongated shape of the cilium is supported by a microtubule-based structure, the 

“axoneme”, which spans almost the entire length of the cilium. The axoneme shows 

remarkable evolutionary conservation (Li et al., 2004), and much of our current 

understanding of cilia structure and function comes from work with the unicellular alga 

Chlamydomonas reinhardtii (Ishikawa, 2017). In most motile cilia, including those of C. 
reinhardtii and humans, the axoneme has a 9+2 architecture in which nine doublet 

microtubules surround a central pair of singlet microtubules (Figure 1A). Each doublet 

microtubule has a distinctive structure with a complete ring of 13 protofilaments (the A 

tubule) and an incomplete ring of 10 protofilaments (the B tubule). Each protofilament is 

formed from α/β-tubulin heterodimers stacked head-to-tail with a guanine nucleotide bound 

between each monomer (Nogales et al., 1999). Protofilaments have intrinsic polarity, so that 

the microtubule plus end lies at the ciliary tip and the minus end is anchored to the basal 

body, a modified centriole at the base of the cilium. The axonemal doublet microtubules are 

contiguous with the A and B tubules of the triplet microtubules of the basal body with the 

proximal-most region of the axoneme referred to as the transition zone (Reiter et al., 2012).
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The doublet microtubules of the axoneme are tracks for intraflagellar transport (IFT), the 

molecular transport mechanism specific to cilia (Lechtreck, 2015; Nakayama and Katoh, 

2018). IFT is necessary to build and maintain cilia, and to establish cilium-dependent signal 

transduction pathways. During IFT, large protein assemblies including cargo proteins and 

motor complexes associate into linear arrays known as IFT trains, which traverse in both 

directions along the microtubule tracks (Jordan et al., 2018). Anterograde transport occurs 

along the B tubules and retrograde transport occurs along the A tubules (Stepanek and 

Pigino, 2016). This spatial segregation avoids collisions between anterograde and retrograde 

trains.

Regularly spaced along the A tubule of the doublet microtubule, following multiples of the 

8-nm repeat of the tubulin heterodimer, are large multi-subunit protein complexes known as 

the “axonemal complexes” (Figures 1A and 1B). These include the dynein arms that drive 

ciliary motility (Lin and Nicastro, 2018). The outer dynein arm (ODA) repeats every 24 nm 

(Nicastro et al., 2005) and seven different inner dynein arms (IDAs) occupy specific sites 

within the 96-nm repeat (Bui et al., 2008; Nicastro et al., 2006). The bending of the axoneme 

is regulated by the nexin-dynein regulatory complex (N-DRC), which connects adjacent 

doublet microtubules every 96 nm (Heuser et al., 2009) and regulates dynein activity (Huang 

et al., 1982), as well as by radial-spoke complexes that connect the doublet microtubules to 

the central pair of singlet microtubules. In C. reinhardtii each 96-nm axonemal repeat has 

two full-length radial spokes, RS1 and RS2, and a shorter complex, RS3S (Barber et al., 

2012). The regular spacings of these axonemal complexes along the length of the doublet 

microtubule are essential for efficient and coordinated ciliary movements (Oda et al., 2014). 

Periodicity must be preserved both along the length of each doublet microtubule and 

collectively among all doublet microtubules of the axoneme. Genetic studies of C. 
reinhardtii motility mutants have identified a “molecular ruler” — a proposed coiled-coil 

heterodimer consisting of CCDC39 and CCDC40 — that spaces the axonemal complexes 

with 96 nm repeat (Lin et al., 2015; Oda et al., 2014). However, a single molecular ruler 

cannot account for the different periodicities that coexist in the axoneme.

In addition to the large axonemal complexes, many smaller proteins, of hitherto unknown 

identity and function, bind the external and luminal faces of doublet microtubules. Proteins 

on the luminal surface, known as microtubule inner proteins (MIPs) (Nicastro et al., 2006), 

are believed to stabilize the axoneme, especially to resist the mechanical stress associated 

with ciliary beating (Ichikawa et al., 2017; Owa et al., 2019). In contrast to the overall 96-

nm repeat of the doublet microtubule exterior, the internal MIP architecture repeats every 48 

nm but in coherent register with the 96-nm repeat (Nicastro et al., 2006; 2011).

We report the structure of a native axonemal doublet microtubule isolated from C. 
reinhardtii, highly decorated with associated proteins. Our high-resolution (3.4-3.6 Å) 

reconstructions unambiguously establish the identities, positions, repeat lengths, structures, 

and interactions of 38 of the associated proteins, creating a direct link between structure and 

genetic data. The structure demonstrates how axonemal proteins establish the unique 

architecture of doublet microtubules, limit the protofilament tracks that can be used for IFT, 

determine the different repeat lengths of the individual axonemal complexes, and maintain a 

coherent global periodicity along the axoneme.
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Results

Exploiting the different periodicities of the complex, we have determined three-dimensional 

structures for the 96-nm repeating unit at 3.6 Å resolution and for the internal 48-nm 

repeating unit at 3.4 Å resolution by single-particle cryo-electron microscopy (cryo-EM) 

(Figures S1 and S2; Table S1). Docking our structures into subtomogram averages of the 

intact C. reinhardtii axoneme (Bui et al., 2012; Kubo et al., 2018) showed that many of the 

external axonemal proteins (including radial spokes and the baseplate of the N-DRC) and all 

discernable MIPs had been retained during purification (Figures 1 and S3).

The 96-nm external repeat structure

The positions of proteins bound to the external surface of the 96-nm repeat map, including 

several long coiled-coils, correspond with the locations of the axonemal complexes on the A 

tubule (Figures 1 and S3). The relative sparsity of proteins bound to the external surface of 

the B tubule may provide the axonemal dynein arms with unfettered access to the tubulin 

surface for the powerstroke that drives motility (Lin and Nicastro, 2018).

The longest coiled-coil is a 96-nm complex of CCDC39 and CCDC40 (CCDC39/40) that 

runs the entire length of the furrow between protofilaments A02 and A03 (Figure 1C, 

yellow). Periodic densities along the length of CCDC39/40 correspond to the bases of RS1, 

RS2, and the N-DRC (Figures 1A–1C and S3), consistent with the idea that CCDC39/40 is a 

molecular ruler that defines binding sites and periodicities of axonemal complexes (Lin et 

al., 2015; Oda et al., 2014). Binding across CCDC39/40 are coiled-coils that interact 

laterally with neighboring protofilaments (Figure 1C). The density does not yet allow 

identification of these proteins, which appear to act as “molecular staples” that fix the ruler 

in place. Two of them generate a unique binding site for RS3S (Figure S3C).

Interacting with the CCDC39/40 complex is a long, L-shaped coiled-coil that occupies the 

cleft between protofilaments A04 and A05 and turns roughly 90 degrees to bind laterally 

across protofilaments A02-A04 (Figure 1C, red). The positioning of this coiled-coil is 

compatible with a role in determining the periodic docking of the two-headed IDAs to 

protofilaments A03 and A04. Unlike CCDC39/40 and the filamentous MIPs (see later), this 

coiled-coil does not bind end-to-end and has a the 24-nm gap between repeats. This 

discontinuity suggests that its periodicity is not self-governed but depends on CCDC39/40.

Not all proteins bind the external surface with 96-nm periodicity. We identified that the ODA 

docking complex (ODA-DC) occupies the cleft between protofilaments A07-A08 and 

repeats every 24 nm (Figure 1D). As proposed, the ODA-DC consists of three proteins; 

DC1, DC2, and DC3 (Takada et al., 2002). Due to the local resolution of this region (Figure 

S2C), we built a partial atomic model of the heterotrimer (Figure S2D). The N-terminal 

halves of DC1 and DC2 form a microtubule-bound coiled-coil, while their poorly resolved 

C-terminal halves project from the surface of the doublet. DC3, which has a calmodulin-like 

domain, lies midway along the DC1/DC2 coiled-coil. Docking the model into the 

subtomogram average of the intact axoneme (Kubo et al., 2018) revealed that all three 

proteins contact the ODAs (Figure 1D).
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The 48-nm internal repeat structure

In the 48-nm map of the internal repeat, we could unambiguously identify and build atomic 

models for 33 MIPs (Figure 2; Table S2). Based on their morphologies and locations, we 

divide MIPs into three classes; globular MIPs that protrude into the microtubule lumen, 

single-helix filamentous MIPs (fMIPs) (Ichikawa et al., 2017) that bind the clefts between 

protofilaments, and extended MIPs that generally lack secondary structure. Previously, MIPs 

had been numbered based on their low-resolution features in cryo-EM maps (Ichikawa et al., 

2017; Maheshwari et al., 2015; Nicastro et al., 2006; 2011), but our analysis shows that the 

current MIP nomenclature failed to include all MIPs or distinguish the molecular boundaries 

between them. We therefore refer to MIPs by their protein names (Table S2).

Individual MIPs were identified in the reconstruction using a combination of prior 

information, automated fold recognition, and de novo tracing of the map density (STAR 

Methods and Data S1). For all proteins, the presence of well-defined sidechain densities 

allowed unambiguous protein assignment and accurate model building (Figures S2D–G and 

Data S1). As expected, all identified MIPs appear in the mass spectrometry analysis of the 

cryo-EM sample (Table S3).

Notably, two of the 33 detected MIPs were not previously annotated as ciliary proteins. We 

name these proteins RIB21 and RIB30 according to their molecular masses and their binding 

site on the “ribbon”, the three-protofilament arc (A11-A13) that partitions the lumens of the 

A and B tubules (Linck, 1976). The identification of proteins in the doublet-microtubule 

structure not previously associated with cilia indicates that the number of proteins in cilia 

may be higher than reported (Pazour et al., 2005).

To validate our protein identification strategy, we used single-particle cryo-EM to determine 

the structures of two mutants lacking either RIB72 or FAP166 to 3.9 and 4.0 Å resolution, 

respectively (Figure S4). RIB72 is a large, multidomain protein that spans seven 

protofilaments, whereas FAP166 was chosen as it is small and has the lowest exponentially 

modified protein abundance index score (emPAI; Ishihama et al., 2005) in our mass-

spectrometry analysis (Table S3). In both cases, the expected loss of the corresponding 

protein densities from the reconstructions confirm the protein assignment. In the rib72 
mutant, proteins FAP115, FAP222 and FAP252, which bind RIB72, are also lost (Figure 

S4). This observation is in agreement with a cryo-electron tomography study of 

Tetrahymena thermophila RIB72 knockout strains, which revealed simultaneous loss of 

several MIP densities (Stoddard et al., 2018), and a reported association between RIB72 and 

FAP252 in C. reinhardtii (Ikeda et al., 2007).

Due to averaging, our single-particle approach loses spatial information such as the radial 

asymmetry among the nine doublet microtubules (Hoops and Witman, 1983) and the 

longitudinal differences along the length of the axoneme (Bui et al., 2012). We observe only 

weak density for a “beak” projection in the B tubule (Figure S3E), which is reported to be 

restricted to doublets 1, 5 and 6 in vivo (Bui et al., 2012; Hoops and Witman, 1983). The 

beak density becomes more apparent after 3D classification of the local region (Figure S3F). 

We also lack additional copies of FAP182 (or an unknown MIP with similar size and 
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position to FAP182) on protofilament A06 that are present in proximal but not distal sections 

of the doublet microtubule (Bui et al., 2012) (Figures S3G and S3H).

MIPs form interconnected networks of different periodicities

Proteins that associate with doublet microtubules follow five different periodicities; 8, 16, 

24, 48, and 96 nm, which are multiples of the 8-nm length of a tubulin heterodimer. Proteins 

with 24 and 96 nm repeat length are specific to the external surface, whereas all fMIPs have 

48-nm periodicity, and globular and extended MIPs have repeat lengths of 8, 16 or 48 nm 

(Table S2). MIPs that bind with 8-nm periodicity follow the repeat of the tubulin 

heterodimer. Other periodicities are determined by proteins that have a physical footprint 

larger than a single copy of the tubulin heterodimer. For example, the globular protein 

FAP52 establishes a repeat length of 16 nm, and all 48-nm fMIPs span six copies of the 

tubulin heterodimer. By breaking the intrinsic 8-nm periodicity of the tubulin heterodimer, 

these large proteins generate novel binding sites for other MIPs.

MIPs with similar periodicities cluster together in intricate protein-protein networks (Figure 

3A). Proteins with 8-nm repeat length (FAP115, FAP252, and RIB72) occur predominantly 

on protofilaments A01-A05, whereas proteins with 16-nm repeat length cluster around the 

ribbon and the inner junction (where the A and B tubules join). The cluster of proteins with 

16-nm repeat include six MTPs (FAP52, FAP90, FAP106, FAP126, FAP222, and FAP276) 

and the N-terminus of RFB72. RIB72 is unusual among MIPs as its other domains show 8-

nm periodicity (Figure 3A). All MIPs with 16-nm repeat interact with each other in a 

network that crosses the junction between protofilaments A12 and A13, where FAP126 on 

the B tubule comes into direct contact with the N-terminus of RIB72 on the A tubule (Figure 

3B). FAP106 links the interactions occurring on the ribbon of the A tubule with FAP52 and 

FAP276 on the B tubule. Proteins with 48-nm periodicity coincide with the locations of 

fMIPs on both tubules.

MIPs modify the external surface and allow inside-outside communication

MIPs can indirectly affect the external surface of the tubulin lattice by either widening or 

constricting the angle between protofilaments (Ichikawa et al., 2017). We also notice a more 

direct effect. Many MIPs extend to the external surface of the doublet microtubule through 

openings in the lattice between neighboring protofilaments. For example, three MIPs with 

48-nm periodicity (FAP85, FAP129, and FAP182) penetrate the cleft between protofilaments 

A07 and A08 and contact the 24-nm repeat ODA-DC (Figure 3C). Of these proteins, 

FAP129 interacts both with the fMIP FAP127 on the inside of the A07/A08 cleft and the 

coiled-coil subunits of the ODA-DC on the exterior. A physical link between the external 

24-nm repeat with the luminal 48-nm repeat could ensure accurate alignment and explain 

why mutations in the mammalian equivalent of FAP127, MNS1, show defects in ODA-DC 

assembly (Ta-Shma et al., 2018; Zhou et al., 2012). Moreover, the observation that MIPs 

extend to the exterior and contact proteins bound there shows that MIPs can create novel 

binding sites that are recognized on the external surface.

Surface-exposed MIPs are also present at the seam of the A tubule (see later) and on the B 

tubule. The structure of the extended MIP, FAP90, on the B tubule almost belies its 
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annotation as a MIP, as half of its length lies at the external surface (at the cleft between 

protofilaments B08 and B09) and half internally between protofilaments B09 and B10 

(Figure 3D).

Maintenance of periodicity through end-to-end self-association

The external coiled-coils (CCDC39/40 and DC1/DC2) and the six internal fMIPs (RIB43a, 

FAP45, FAP53, FAP112, FAP127, FAP210) show end-to-end self-association (Figure 4). For 

example, RIB43a occupies the furrows between protofilaments A11-A12 and A12-A13, 

with an offset of 16 nm between the two fMIPs (Figure 4A). In each furrow, the N-terminus 

of RIB43a interacts with the C-terminus of the preceding RIB43a molecule to form an 

uninterrupted filament (Figure 4B). Bridging the two copies of RIB43a is FAP363, a non-

filamentous MIP that also shows end-to-end self-association (Figures 2B and 4B). FAP363 

has both a globular C-terminal HSP70-like substrate-binding domain and an extended N 

terminus. This N terminus acts like a HSP70 substrate and docks into the binding groove of 

the HSP70-like domain of the next copy of FAP363 (Figure 4B). All fMIPs follow the same 

end-to-end rule, although the interactions between termini differ greatly (Figure 4C–4G). 

End-to-end self-association provides a mechanism that allows axonemal proteins to maintain 

their own periodicities.

MIPs nonuniformly coat the luminal face

There are more MIPs inside the A tubule than the B tubule, with the highest density of MIPs 

occurring on the protofilaments of the ribbon (A11-A13) (Figure 2). Most MIPs form both 

lateral and longitudinal interactions with the tubulin protofilaments (Table S2), in contrast to 

classic microtubule-associated proteins such as tau (Kellogg et al., 2018), which form 

exclusively longitudinal interactions. Furthermore, many protofilaments bind multiple MIPs. 

For example, the ribbon features an interconnected network of 14 proteins (Figure 2B). The 

number and interconnectivity of MIPs correlates with resistance of protofilament segments 

to solubilization by Sarkosyl detergent in vitro, during which the ribbon is solubilized only 

after the sequential losses of the B and A tubules (Witman et al., 1972). Thus, networks of 

MIPs stabilize lateral and longitudinal interactions of the tubulin lattice to prevent 

depolymerization of the doublet microtubule.

The nonuniform coverage of the luminal walls by MIPs also raises the possibility that MIPs 

confer variable flexibility within the tubulin lattice. Using focused three-dimensional 

classification (see STAR Methods), we detected structural variations of different regions of 

the doublet microtubule within the dataset (Figure 5). Besides a common lateral 

displacement (in the cross-section plane) (Figure 5A), reflecting the bending of the doublet 

microtubules that is apparent from the cryo-EM images, we found that the longitudinal 

spacing between tubulin heterodimers also varied between 82.1 Å and 83.5 Å in most 

protofilaments (Figure 5B–C). In general, we found greater variation in longitudinal 

spacings in the A tubule than in the B tubule. The exception was the MIP-dense ribbon, 

which showed almost no lattice extension/compaction (Figure 5A and 5D). A similar range 

of longitudinal spacings distinguishes the GDP- and GMPCPP-bound states of cytosolic 

singlet microtubules (Alushin et al., 2014; Zhang et al., 2015) (Figures 5C and 5D), but the 

variation of longitudinal spacings in the doublet microtubule is not related to the nucleotide 
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state of the β-tubulin, as only GDP is present at the E site (Figure S5A). We also found that 

the helix of FAP127 underwent local straightening and unwinding when bound to a more 

extended tubulin lattice (Figure 5E). Structural plasticity of tubulin (Kueh and Mitchison, 

2009) and corresponding structural changes in the associated proteins likely allow doublet 

microtubules to tolerate both tensile and compressive stresses during ciliary beating.

MIPs at the outer and inner junctions

MIPs at the junctions between A and B tubules help create and maintain the unique 

architecture of the doublet microtubule. At the outer junction, where the first protofilament 

of the B tubule (B01) attaches to protofilaments A10-A11, horizontal α-helices belonging to 

three MIPs (FAP127, FAP53, and FAP141) intersect the three-way junction (Figure 6A), 

linking together the A and B tubules. The external cleft of the outer junction is bound by an 

unidentified axonemal protein with 24-nm repeat, potentially providing additional stability 

(Figure 3A). The α-helices from the three junction-spanning MIPs also interact with the 

seam of the A tubule, which is between protofilaments A09-A10 (Maheshwari et al., 2015) 

(Figures 6A and S6). The seam is unusual among interprotofilament interactions as it 

features heterotypic tubulin contacts and therefore represents a unique site on the 

microtubule. This physical link between the seam of the A tubule and the outer junction 

suggests that the location of the seam determines the site of B-tubule nucleation.

Besides the three α-helical proteins, the seam is also recognized by five extended MIPs 

(FAP68, FAP95, FAP107, FAP143, and FAP161) that extend from the luminal side to the 

external side of the doublet microtubule (Figure S6A). These extended MIPs also interact 

with the outer junction-spanning MIPs (FAP127, FAP53, and FAP141), potentially helping 

to anchor them at the seam (Figures S6B–S6D). The seam is also the binding site of FAP67, 

a nucleoside diphosphate kinase that binds twice within the 48-nm repeat, in which each 

copy exists in a different conformation due to the influence of neighboring MIPs (Figures 

6A and S5B–D). Thus, the seam of the A tubule is recognized by a variety of proteins. In 

contrast, no proteins that bind the seam of cytosolic microtubules have been identified so far.

At the inner junction, the A01 and B10 protofilaments are connected indirectly by a ladder 

of two alternating proteins; FAP20 and PACRG (Figure 6B), consistent with a recent cryo-

ET study (Dymek et al., 2019). FAP20 has a β-sandwich fold; PACRG has helical armadillo 

repeats. The interactions of FAP20 and PACRG with protofilament B10 are enhanced by 

helical elements from FAP276 (Figure 6C). Interestingly, the FAP20/PACRG ladder is not 

strictly continuous, as a copy of PACRG close to the N-DRC baseplate is absent every 96 

nm, forming an opening that was also observed by cryo-ET (Nicastro et al., 2011) (Figures 

6B and S3D). A role for the FAP20-PACRG ladder in stabilizing the doublet microtubule 

architecture is consistent with the observation that Chlamydomonas mutants that lack FAP20 

showed split or frayed axonemes (Yanagisawa et al., 2014).

FAP52, which has two 7-bladed β-propeller WD-40 domains, sits adjacent to the inner 

junction (Figure 6C). It has large footprint that spans three tubulin monomers (α/β/α) on 

two protofilaments (B09 and B10). The combined absence of FAP52 and FAP20 in 

Chlamydomonas results in a phenotype more severe than caused by the loss of FAP20 alone: 

the B tubules detach from A tubules and short paralyzed flagella assemble (Owa et al., 
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2019). These observations suggest that MIPs function synergistically to maintain the 

architecture of doublet microtubules.

MIPs bind sites of tubulin post-translational modifications

Axonemal microtubules undergo a range of post-translational modifications (PTMs) that 

accumulate as cilia assemble and mature and are unequally distributed over the surface of 

the doublet microtubule (Magiera et al., 2018; Wloga et al., 2017). In particular, the acidic 

C-terminal tails of α- and β-tubulin undergo polyglutamylation, polyglycylation, and 

tyrosination/detyrosination. Recent in vitro studies have linked these C-terminal tails to the 

inhibition of doublet microtubule formation leading to the proposition that MIPs sequester 

tubulin C-terminal tails at the outer junction to allow B-tubule nucleation (Schmidt-

Cernohorska et al., 2019). However, our structure shows that the C-termini of tubulin 

including those at protofilaments A10 and A11 lack clear density. The absence of density 

may reflect either disorder or cleavage by subtilisin A, which we used to prepare doublet 

microtubules (see STAR Methods) and can cleave tubulin C-terminal tails (Sackett et al., 

1985). We do, however, identify a role for the C-termini of β-tubulin in the closure of the B 

tubule at the inner junction. An additional ten residues of the C-terminal tail of β-tubulin on 

protofilament A01 binds the interface between FAP20 and PACRG (Figure 6C). Depletion 

of FAP20 in Drosophila melanogaster and human cell lines affects the extent and type of 

tubulin PTMs (Mendes Maia et al., 2014), suggesting that the positioning of axonemal 

proteins may help define which tubulin molecules are modified and the type of PTM by 

recruiting different enzymes. We also observe additional densities for the C-terminal tails of 

α- and β-tubulin on protofilament A12, which interact with FAP106 and an unidentified 

MIP.

In Chlamydomonas, the majority of axonemal α-tubulin is acetylated on residue K40 within 

a loop facing the microtubule lumen (Greer et al., 1985; LeDizet and Piperno, 1987). The 

role of microtubule acetylation is unclear, but makes microtubules more resistant to 

mechanical stress in vitro (Xu et al., 2017). In all previously determined structures of 

microtubules, the αK40 loop is poorly resolved regardless of acetylation status (Eshun-

Wilson et al., 2019; Howes et al., 2014; Zhang et al., 2015) indicating flexibility. In our 

structure around 40% of the αK40 loops in the A tubule and 10% in the B tubule are 

resolved in a wide range of conformations that interact with 13 different proteins (Figure 7). 

In particular, the αK40 loop is bound by the DM10 domain, which occurs in only two 

protein families (King, 2006), both of which are axonemal MIPs. The first DM10-containing 

MIP is the seam-binding kinase, FAP67 (Figure 7A), the second is RIB72, which has three 

sequential DM10 domains that recognize the αK40 loops on protofilaments A01, A03, and 

A05 (Figure 7B). In undecorated regions of the doublet microtubule, the αK40 loops are 

disordered (Figure 7H). At the current resolution of the map, we cannot distinguish the 

acetylation status of individual αK40 residues. Whether αK40 acetylation is required for 

MIP recruitment or prevented from occurring once shielded by MIPs remains to be tested.
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Discussion

A model for the origin and maintenance of axonemal periodicity

More than half of the MIPs present in our structure are annotated in the proteomes of 

centrioles and basal bodies (Hamel et al., 2017; Keller et al., 2009; 2005) (Table S2). 

Furthermore, several of these (FAP67, RIB72 and the beak) appear to be visible in the 

subtomogram averages of basal bodies from Chlamydomonas (Li et al., 2012; 2019b) and 

mammalian cells (Greenan et al., 2018) (Figure S7). The presence of proteins shared by the 

basal body and doublet microtubules raises the tantalizing possibility that the periodicity of 

the MIP structure could be a continuation of the A and B tubules of the triplet microtubules. 

However, there are two caveats to this model. First, the basal body has a reported periodicity 

of 8 or 16 nm (Li et al., 2012; 2019b), which is shorter than the 48 nm internal repeat of 

doublet microtubules and, second, among our identified MIPs only PACRG and RIB72 were 

found in the proteome of isolated transition zones (Diener et al., 2015). Therefore, it is 

possible that the internal 48-nm repeat arises together with the external 96-nm repeat, which 

forms only after the transition zone. Further structural studies will be needed to examine the 

relationship between the repeat structure of MIPs in the basal body and the axoneme in 

detail.

During ciliogenesis, our structure suggests a precise and sequential sequence of assembly in 

which the external coiled-coils and luminal filamentous MIPs likely co-assemble with 

tubulin and promote their own periodicity by end-to-end self-association (Figure 4). They 

then define the periodicity of other proteins either by creating new binding sites or shielding 

others. Consistent with this model, genes encoding these proteins are among the first to be 

transcribed following deflagellation and new flagellar assembly, as might be expected if they 

are needed for the periodicity of other structures (Albee et al., 2013).

The external 96-nm repeat (or 24-nm repeat in the case of the ODAs) and internal 48-nm 

repeat can be self-maintained through faultless end-to-end binding of external coiled-coils 

and internal fMIPs, respectively. However, we also observe direct communication between 

the external 24-nm repeat of the ODAs and the internal 48-nm repeat through a set of 

surface-exposed MIPs near the ODA-DC binding site (Figure 3C) that reinforce the 

alignment between these two regions. Collectively, interconnected networks of different 

periodicities would reduce the likelihood of the overall periodicity slipping out of register 

and disrupting the coordination of ciliary movement.

Diverse MIP functions

Many MIPs have architectural roles, including specifying the position of the B tubule 

adjacent to the seam of the A tubule (FAP53, FAP127, and FAP141) and connecting the two 

tubules at the inner junction (the FAP20-PACRG filament). Others stabilize doublet 

microtubules against the repeated mechanical stress induced by motility, as shown 

experimentally for FAP45, FAP52 (Owa et al., 2019) and RIB72 (Stoddard et al., 2018). 

Beyond the architectural and stabilizing roles, two MIPs have folds consistent with 

enzymatic functions. FAP182 has a nucleotidyltransferase domain and FAP67 is a 

nucleoside diphosphate kinase that catalyzes transphosphorylation between ATP and GDP 
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(Watanabe and Flavin, 1976). The presence of regular copies of FAP67 (Figure S5B) could 

keep local GTP-tubulin concentrations high during assembly to promote axonemal 

extension, since GTP is necessary for microtubule growth. In the mature cilium, high local 

GTP concentrations could promote microtubule self-repair and suppress catastrophe events 

(Schaedel et al., 2015).

We also note that EF-hand motifs are highly represented among MIPs; at least eight of the 

axonemal proteins contain them (Table S2). These EF-hand motifs bind directly to the 

microtubule surface (FAP85, FAP115, FAP161, FAP166, and RIB30) or to other proteins 

(DC3, RIB72, and FAP252). As EF-hand motifs undergo conformational changes upon 

calcium binding (Ikura, 1996) and calcium is sufficient to activate motility of isolated 

axonemes (Murakami and Eckert, 1972), we speculate that these EF-hand-containing 

proteins could respond to fluctuations in intraciliary calcium concentration. In particular, C. 
reinhardtii strains that lack the calmodulin-like DC3 subunit of the ODA-DC cannot swim 

backwards in response to photoshock, which is mediated by an increase in intraciliary 

calcium concentration (Tamm and Terasaki, 1994).

Implications for intraflagellar transport

Anterograde and retrograde IFT are mediated by different motors; ciliary kinesins power 

anterograde transport whereas dynein-2 powers retrograde transport (Lechtreck, 2015). 

Because the direction of transport is segregated between the two tubules of the doublet 

microtubule, the prevailing model is that the specific motors recognize the A and B tubules 

differently (Stepanek and Pigino, 2016). Not all protofilaments on the A-tubule are 

accessible to the motors. This is especially true for the A tubule, where the axonemal 

complexes and their docking apparatus spatially restrict dynein-2 to protofilaments A08-

A10. There are fewer obvious restrictions on the protofilaments available for anterograde 

transport. However, the requirement for IFT trains to associate with the ciliary membrane 

during transport (Stepanek and Pigino, 2016) would constrain kinesin to the protofilaments 

of the B tubule near the outer junction (B01-04). Thus, the arc of protofilaments available 

for IFT include the seam of the A tubule and the outer junction. The unique geometries of 

these sites, and the proteins bound there, could specialize protofilaments for recognition by a 

particular motor either through direct interactions or by recruiting enzymes that modify the 

tubulin C-termini. Consistent with the second model, PTMs are known to be variably 

distributed on the A and B tubules (Wloga et al., 2017) and have been shown to influence the 

velocity and processivity of human kinesin-II in vitro (Sirajuddin et al., 2014).

Relevance to human cilia and ciliopathies

Our structure of the Chlamydomonas doublet microtubule provides a reference for 

interpreting prior and future genetic, biochemical, and physiological data from different cell 

types and for understanding the etiology of human ciliopathies. Based on the sequences of 

the identified axonemal proteins, we collated a table of their human orthologs with their 

associated disease phenotypes (Table S4). This table is unlikely to be exhaustive as 

bioinformatic identification of orthologs of the EF-hand-containing and extended MIPs is 

challenging and, ultimately, high-resolution structures of mammalian doublet microtubules 

will be needed for a full and detailed comparison. Nevertheless, the table reveals that 
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external axonemal proteins and MIPs have distinct disease associations. Mutations within 

human orthologs of the external proteins are associated with primary cilia dyskinesia (PCD), 

a ciliopathy caused by defective ciliary motility and characterized by chronic respiratory 

infections and infertility (Noone et al., 2004). In contrast, mutations in human MTPs 

(including FAP52, FAP53, FAP67 and FAP106) are more often associated with laterality 

abnormalities such as situs inversus totalis and heterotaxy (which are also often associated 

with PCD). These laterality abnormalities originate in the failure of cilia-driven fluid flow 

within the embryonic node to correctly establish left-right asymmetry (Nonaka et al., 1998). 

The apparent vulnerability of nodal cilia to mutations in MTPs may be related to four key 

differences from other motile cilia; 1) nodal cilia have a 9+0 axonemal architecture and lack 

the central pair of singlet microtubules and radial spokes (Shinohara et al., 2015), 2) nodal 

cilia rotate in a clockwise direction rather than beat in a whip-like motion (Nonaka et al., 

1998), 3) nodal cilia are tilted and physically strike the cell surface during rotation (Nonaka 

et al., 2005) and 4) the density of nodal cilia is low (Shinohara et al., 2012). The mechanical 

stress of the rotary motion coupled to a less stable axonemal ultrastructure (Shinohara et al., 

2015) may place more importance on maintaining the integrity of the doublet microtubule.

In summary, we have determined the structure of the fully decorated native doublet 

microtubule and built an atomic model of its 48-nm repeat. The structure reveals the 

identities, binding sites, and periodicities of 38 proteins that bind the external and luminal 

faces of the doublet microtubules. The presence of MTPs at the seam of the A tubule, at sites 

of tubulin PTMs, and crossing microtubule walls, expands our knowledge of the repertoire 

of binding mechanisms used by microtubule-associated proteins learnt from cytosolic 

microtubules. The structure shows how these proteins, through end-to-end self-association, 

extensive interconnectivity and redundancy, contribute to establishing and maintaining the 

accurate register and coherent periodicities of components along the length of the cilium 

critical for ciliary function.

STAR Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Rui Zhang (zhangrui@wustl.edu). All unique/stable reagents 

generated in this study are available from the Lead Contact without restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We used either wild-type Chlamydomonas reinhardtii cells (CC-125) or insertional mutants 

from the CLiP collection (Li et al., 2016; Zhang et al., 2014) as sources for doublet 

microtubules. These mutants include LMJ.RY0402.238057 (fap166), LMJ.RY0402.040835 

(rib72-1), and LMJ.RY0402.153393 (rib72-2). The mutants were verified by PCR as 

described in the Method Details section.

Wild-type and mutant Chlamydomonas reinhardtii cells were spread onto 5 Tris-Acetate-

Phosphate (TAP) agar plates at a starting density of 8×106 cells/plate and grown for 2 days 

at 25°C to reach a final density of 1.28×108 cells/plate. Cells from the 5 plates were 
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resuspended in 80 mL of M-N/5 (Sager and Granick, 1954) medium and incubated at 25°C 

for 2 hrs to allow flagellar assembly.

METHOD DETAILS

RNA preparation—For RNA isolation, cells from two agar plates grown for 5 days were 

resuspended in 40 ml nitrogen-free medium (M-N/5) for 2 hrs at room temperature. The 

cells were then collected by centrifugation, and RNA extraction was performed with the 

RNeasy Mini Kit (Qiagen) according to the manufacturer’s recommendation. Two 

micrograms of RNA were used in a reverse transcription reaction with SuperScript III 

(Invitrogen) with random primers as previously described (Lin et al., 2010).

Verification of the rib72 and fap166 mutant strains—Because the parental strain 

(CMJ030) of the insertion mutants obtained from the CLiP collection has altered swimming 

and cell wall defects, each strain was crossed to wild type CC-124 or CC-125 sequentially at 

least two times. The presence of the insertion was monitored by resistance to paromomycin 

and by PCR using primers that flank the insertion. Primers are listed in the Table S5. The 

insertions in strains fap166, rib72-1, and rib72-2 showed cosegregation of these traits in 48, 

42, and 57 tetrads, respectively. The insertion in the FAP166 gene is in exon 5 (Figure S4A) 

and the insertions in the RIB72 gene are in exons 4 and 5 (Figure S4B). The fap166 mutant 

appears to be a null and has no mRNA (Figure S4C). Both rib72 mutants result in truncated 

mRNAs (Figure S4D).

To verify the absence of FAP166 in the mutant strain, we inserted a HA tag at the C-

terminus of FAP166 but found no stable tagged protein in over 500 transformations by 

immunoblot. Similarly, we made two constructs of RIB72 with HA and mNeonGreen tags at 

the C- and N-termini but found no stable tagged protein in over 500 transformants by 

immunoblots.

Doublet purification—Axonemes from wild-type and mutant strains were isolated 

following a published protocol (Craige et al., 2013). Briefly, cells were deflagellated with 25 

mM dibucaine (Sigma-Aldrich) in HMDS buffer (10 mM HEPES, 5 mM MgSO4, 1 mM 

DTT, 4% Sucrose, pH 7.4) and centrifugated at 1,800 × g for 5 min to remove cell bodies. 

The supernatant containing flagella was collected and laid over HMDS buffer containing 

25% sucrose. After centrifugation at 2,400 × g for 10 min, the supernatant containing 

flagella was collected down to the sucrose interface. To remove membranes and matrix from 

flagella, NP-40 (USB Chemicals) was added to flagella to a final concentration of 1% and 

centrifuged at 30,000 × g for 20 min. The white pellet at the bottom of tube (representing the 

axonemes) was resuspended with HMDEKP buffer (30 mM HEPES, 5 mM MgSO4, 1 mM 

DTT, 0.5 mM EGTA, 25 mM KCl, PH 7.4) containing 1x ProteaseArrest protease inhibitors 

(G-Biosciences). In the last step, axonemes (equal to 32 OD280) were mildly digested with 

10 μg/ml subtilisin A (Sigma-Aldrich) on ice for 30 min in the presence of 2 mM ATP in a 

total reaction volume of 10 μl before plunge freezing. ProteaseArrest protease inhibitors 

were present in the buffer to minimize the effects of subtilisin digestion.
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Mass spectrometry—Surplus sample from making the cryo-EM grids was spun down 

and sent for mass spectrometry analysis at the Keck Biotechnology Resource Laboratory at 

Yale University. The data are provided as Table S3.

Over 600 proteins were identified in the sample by mass spectrometry analysis. The proteins 

were ranked by the exponentially modified Protein Abundance Index (emPAI), which is a 

method of estimating protein abundances from peptide counts (Ishihama et al., 2005). 

Known contaminants and cytosolic proteins (for example human keratins and ribosomal 

proteins) were then removed from the ranked list. To further reduce the number of 

candidates on the list, we removed proteins that had previously been annotated as being 

components of known axonemal complexes. This included 54 components of the central pair 

of singlet microtubules (Zhao et al., 2019), 46 dynein components, 17 subunits of the radial 

spokes (Yang et al., 2006), 11 subunits of the nexin-dynein regulatory complex (Lin et al., 

2011), 5 subunits of the IFT complexes (Cole et al., 1998), 4 basal body proteins, 3 subunits 

of the CSC (Heuser et al., 2012), 3 subunits of the tether-head complex (Urbanska et al., 

2018), and the 3 subunits of the ODA-DC (Casey et al., 2003). The remaining proteins on 

the list were used to help identify MTPs in the cryo-EM map. All MTPs identified in our 

reconstruction appear in the first 104 proteins when ranked by emPAI. The remaining highly 

ranked proteins on this list may include unidentified MIPs (including components of the 

beak), proteins bound to the external surface of the 96-nm repeat (for example the molecular 

staples) or unknown components of other axonemal complexes.

Cryo-EM data collection—The samples were applied to Quantifoil or C-flat R1.2/1.3 

copper grids mounted in a Vitrobot Mark IV (Thermo Fisher Scientific) operated at 4°C and 

95% humidity. Following blotting for 4 seconds, the grids were plunge frozen in liquid 

ethane.

Data were collected over 5 cryo-EM sessions using a 300 keV Titan Krios microscope 

equipped with a Cs-corrector (Thermo Fisher Scientific) and a Bioquantum Energy Filter 

(Gatan) at the Center for Cellular Imaging (WUCCI) in Washington University in St. Louis 

(WUSTL). All data (8,314 micrographs in total) were collected using a K2 Summit direct 

electron detector (Gatan) in counting mode, with an exposure rate of 8.5 electrons/pixel/s on 

the detector camera. The images were recorded at a nominal magnification of 81,000×, 

corresponding to a calibrated pixel size of 1.403 Å. A total exposure time of 9 s, 

corresponding to a total dose of 38.9 electrons/Å2 on the specimen, was fractionated into 30 

movie frames. A defocus range from −1.0 to −3.5 μm was set during data acquistion. The 

data were collected automatically using EPU software (Thermo Fisher Scientific). The data 

collection statistics for doublet microtubules isolated from wild type cells are listed in Table 

S1. Statistics for the mutant strains can be found associated with their EMDB entries.

Data processing—Each movie stack was motion corrected using MotionCor2 (Zheng et 

al., 2017). The contrast transfer function (CTF) parameters for each motion-corrected 

micrograph were estimated using Gctf (Zhang, 2016). Following a protocol for processing 

microtubule data (Zhang and Nogales, 2015; Zhang et al., 2015), microtubules (including 

intact doublet microtubules and over-digested singlet microtubules) were manually selected 

from the micrographs using the APPION image-processing suite (Lander et al., 2009). The 
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selected microtubule segments were computationally cut into overlapping boxes (512 x 512 

pixels) with an 8-nm non-overlapping region (step size) between adjacent boxes 

(corresponding to the length of a tubulin heterodimer). We refer to these boxed images as 8-

nm microtubule particles. Initial alignment parameters and classification results for each 8-

nm microtubule particle were obtained via multi-reference alignment in EMAN1 (Ludtke et 

al., 1999), using one doublet microtubule and one singlet microtubule as reference models. 

Particles corresponding to doublet microtubules were selected and subjected to further 

refinement in FREALIGN v9 (Grigorieff, 2007), using the doublet microtubule structure 

from Tetrahymena thermophila (EMD-8528) (Ichikawa et al., 2017) as an initial model. 

Based on the similarity scores between the raw particles and the reference model, 

microtubule particles that were misaligned by 4 nm (corresponding to the length of a tubulin 

monomer) were identified and shifted into register with the other 8-nm particles at this step.

To determine the register of each 8-nm microtubule particle in the context of the 48-nm 

repeat for most of the MIPs (Ichikawa et al., 2017), we first imported their alignment 

parameters from FREALIGN to RELION-3.0 (Zivanov et al., 2018) and did a refinement 

using Refine3D in RELION-3.0. Only a local search of alignment parameters was performed 

in this step. After the Refine3D step, local CTF parameters for each 8-nm particle were 

refined using CTF refinement in RELION-3.0. Next, we performed 3D classification of all 

the 8-nm microtubule particles while keeping the alignment parameters from the previous 

Refine3D run. To ensure the classification was driven by the MIP densities, we signal-

subtracted the tubulin densities from the raw particle images using Particle subtraction in 

RELION-3.0, and performed 3D classification with a customized soft-edged binary mask 

covering protofilaments A08 to A13 (Figure S1C), which has many repetitive MIPs bound 

with 48-nm periodicity (Ichikawa et al., 2017; Nicastro et al., 2011). The 3D classification 

produces 6 major classes with roughly the same number of particles (Figure S1D). These 6 

classes correspond to the 6 possible registers of the 8-nm particles, agreeing with previous 

reports that the overall MIP structure has a 48-nm repeat (Ichikawa et al., 2017; Nicastro et 

al., 2011).

To compute the structure of the doublet microtubule with 48-nm repeat, we arbitrarily 

selected 1 of the 6 classes from the previous 3D classification result, reverted the signal-

subtracted particles to the original particles, which we refer to as 48-nm particles, and did a 

refinement with Refine3D in RELION-3.0. To improve the local resolution, we employed 

the strategy of “focused refinement” by restricting the refinement to only a small portion of 

the doublet microtubule structure each time. First, we used 10 cylindrical masks to divide 

the doublet microtubule into several subregions, each containing 2 or 3 protofilaments 

(Figure S1G). We further used short cylindrical masks to divide each subregion into three 

longitudinal sections, i.e. top, middle and bottom (Figure S1H). Using these methods, the 

resolution within the mask of each portion of the doublet microtubule is substantially 

improved. Finally, we stitched the reconstructions of all the 30 (10×3) portions together to 

generate a composite map for structural analysis and model building. In brief, the generation 

of the composite map involved two steps in Chimera (Pettersen et al., 2004): 1) aligning and 

resampling each of the 30 reconstructions to a common reference, which is the 48-nm map 

before focused refinement; 2) merging the resampled maps by taking the maximum density 

value at each voxel using the vop maximum command. We employed the same merging 
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strategy to generate the composite half maps, which were used to estimate the overall 

resolution (Figure S2A) and the B-factor for map sharpening, using Post-processing in 

RELION-3.0. The same half maps were also used to compute local resolution (Figure S2C), 

using the blocres function in the Bsoft package (Cardone et al., 2013). To examine the 

structural variations of the tubulin lattice across different regions, 3D classification was 

performed for each of the 10 subregions shown in Figure S1G using Class3D in 

RELION-3.0, while keeping the alignment parameters from the previous Refine3D run.

To obtain the structure of the doublet microtubule with 96-nm repeat, we signal-subtracted 

the tubulin densities from the original 48-nm particle stack using Particle Subtraction in 

RELION-3.0. Next, we performed 3D classification with a customized soft-edged binary 

mask that covers protofilaments A02 to A06 (Figure S1E). This region has many structural 

features with 96-nm periodicity, including the bases of the radial spokes and N-DRC. The 

3D classification produces 2 major classes with approximately equal number of particles, 

corresponding to the 2 possible registers of the 48-nm particles, each covering half of the 96-

nm repeat (Figure S1F). As we were unable to directly compute a 96-nm map because the 

required particle box size exceeded the capacity of our computational resources, we reverted 

the signal-subtracted particles to the original particles and refined each half of the 96-nm 

repeat map separately with Refine3D in RELION-3.0. The 96-nm map was then obtained by 

joining the two reconstructions together. To improve the local resolution, we employed the 

same strategy of focused refinement and map merging as we did for the 48-nm map to 

generate composite maps for each half of the 96-nm repeat map. The nominal resolution of 

the two 48-nm repeat composite maps was estimated to be 3.6 Å using Post-processing in 

RELION-3.0 (Figure S2B).

The 48-nm repeat structures of the two mutants (fap166 and rib72) were calculated in the 

same way as the wild type.

Model building—The process of assignment and model building for all proteins is 

provided in Data S1. All modeling was performed with Coot (Emsley and Cowtan, 2004). 

During real-space refinement in Coot, torsion, planar peptide and Ramachandran restraints 

were used.

To begin modeling the structure of the Chlamydomonas doublet microtubule, we first placed 

the model of the cytosolic microtubule from Bos taurus (Zhang et al., 2015) into the density 

of the A tubule and mutated the residues to match the sequences of C. reinhardtii α-tubulin 

(Uniprot ID: P09204) and β-tubulin (Uniprot ID: P04690). The models were adjusted to fit 

the density using real-space refinement. Protofilaments from the A tubule were subsequently 

used to model the B tubule. The αK40 loop and acidic C-terminus were modeled de novo 
for each tubulin molecule if density was present.

Models for the DC1 and DC2 subunits of the ODA-DC were built by assigning residues to 

idealized helices positioned in the map using Coot. No density was observed for the C-

terminal halves of either of these proteins. The DC3 subunit was modeled using a homology 

model generated from the iTASSER server (Zhang, 2008) as a template. The density for the 
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CCDC39/40 coiled coil was insufficient to build an accurate atomic model. Therefore, the 

CCDC39/40 complex is not included in the final deposited model.

The positions of three MIPs (FAP20, FAP52, and PACRG) had been well predicted based on 

biochemical and cryo-ET experiments (Owa et al., 2019; Yanagisawa et al., 2014) and could 

be placed manually using homology models generated from the iTASSER server (Zhang, 

2008). These homology models were then comprehensively rebuilt to fit the density in Coot. 

To identify other MIPs, we used different strategies depending on the class of MIP. The folds 

of large globular MIPs were identified by density-based fold recognition using the 

MOLREP-BALBES pipeline (Brown et al., 2015). In this approach, densities for individual 

MIPs were “cut” from the overall map to generate a library of map fragments each with a 

radius of 30 Å. Each unique domain present in the BALBES database was then fit to each 

map fragment using MOLREP and ranked on the basis of the contrast score. The fit to the 

density of the top 20 ranked hits were then inspected manually and the best solution (based 

on the visual consistency of the model to the map) was used to filter the mass spectrometry 

results. This approach identified the kinase domains of FAP67, the β-trefoil domain of 

FAP161, the DM10 domains of RIB72, the HSP70-like domain of FAP363, the transferase 

domain of FAP182, and multiple EF-hand motifs within the density. It should be noted that 

this process only identifies the most likely fold, definitive protein assignment in all cases 

was achieved based on sidechain density. In the case of FAP182, although the protein could 

be assigned based on the sidechain density of its extended C-terminus, the density for the 

transferase domain is less well resolved and is not included in the final deposited model. 

Filamentous MIPs were built de novo from poly(alanine) helices. Sequence was assigned to 

these poly(alanine) traces based on sidechain density and consistency with secondary 

structure predictions. The remaining MIPs were built de novo, starting from manually placed 

poly(alanine) helices. Sequences for the C. reinhardtii MIPs were obtained from UniProt and 

Phytozome, the plant comparative genomics portal (Table S2). A number of small proteins, 

or fragments of larger proteins, remain unassigned due to insufficient sidechain information 

to unambiguously identify them. These unassigned proteins are not included in the deposited 

atomic model, which only includes proteins that can be confidently assigned.

Refinement—The atomic model for the 48-nm repeat was refined against the 48-nm 

composite map using Phenix.real_space_refine v1.15 (Afonine et al., 2018). During 

refinement the resolution limit was set to 3.6 Å to limit overfitting. Secondary structure, 

local symmetry, Ramachandran and rotamer restraints were applied during refinement. As 

each refinement run took 130 hours, refinement was restricted to two rounds of refinement, 

each with three macrocycles. A round of manual model correction in Coot was performed 

between the rounds of refinement. The quality of the final model was analyzed by 

MolProbity (Chen et al., 2010). Model statistics can be found in Table S1 and Data S1.

Visualization—All figures were created using Chimera v.1.13 (Pettersen et al., 2004).

QUANTIFICATION AND STATISTICAL ANALYSIS

Resolution estimations of cryo-EM density maps are based on the 0.143 Fourier Shell 

Correlation (FSC) criterion (Rosenthal and Henderson, 2003). All statistical validation 
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performed on the deposited models (PDB: 6U42) was done using the PHENIX package 

(Table S1).

DATA AND CODE AVAILABILITY

The cryo-EM maps have been deposited in the Electron Microscopy Data Bank (EMDB; 

https://www.ebi.ac.uk/pdbe/emdb/): EMD-20631, EMD-20632, EMD-20633, EMD-20634, 

EMD-20635, EMD-20636, EMD-20637. The model of the 48-nm repeat of the doublet 

microtubule has been deposited in the Protein Data Bank (PDB; https://www.rcsb.org/): 

6U42.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cell highlights

1. High-resolution cryo-EM structure of a native axonemal doublet microtubule

2. Atomic model for the 48-nm repeat structure includes 38 proteins

3. Coherent register between different periodicities via interconnected networks

4. Insights into diverse MIP functions and roles in ciliopathies

Ma et al. Page 26

Cell. Author manuscript; available in PMC 2020 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Structure of the 96-nm Repeat of the Doublet Microtubule and Relationship to the 
Axoneme
(A) Left, schematic representation of the cross-section of the axoneme from C. reinhardtii 
showing nine doublet microtubules surrounding a central pair of singlet microtubules (grey). 

Attached to the doublet microtubules are the radial spokes (RS; blue), inner dynein arm 

(IDA; yellow), nexin-dynein regulatory complex (N-DRC; green) and outer dynein arm 

(ODA; red). Right, subtomogram average (EMD-6872) (Kubo et al., 2018) of the axoneme 

with our map of the 96-nm doublet microtubule repeat (grey) docked inside.

Ma et al. Page 27

Cell. Author manuscript; available in PMC 2020 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(B) Longitudinal view of the doublet microtubule docked into the subtomogram average of 

the axoneme (EMD-6872).

(C) Density map of the 96-nm repeat showing axonemal proteins decorating the external 

surface of the A tubule.

(D) The ODA-DC repeats every 24 nm and, based on fitting the structure into the 

subtomogram average (EMD-6872), is the main attachment point for the ODA. Inset, detail 

of the interaction between the ODA and ODA-DC.

In all panels, the minus (−) and plus (+) ends of the doublet microtubule are indicated at the 

ends of the scale bar.

See also Figures S1, S2, S3, S4 and Tables S1, S2, S3 and S4.
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Figure 2. The 48-nm Internal Repeat Structure
(A). Two slices through the doublet microtubule showing the microtubule inner proteins 

(MIPs), each uniquely colored. Protein labeling continues in panel B.

(B) Three longitudinal sections through the A tubule of the doublet microtubule. From left-

to-right: the first section shows protofilaments A10-A01, the second section shows 

protofilaments A03-A08, and the third section shows protofilaments A06-B01. In all panels, 

the minus (−) and plus (+) ends of the doublet microtubule are indicated and the seam of the 

A tubule is marked with an asterisk.
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See also Figures S1, S2, S4 and Tables S1, S2, S3 and S4.
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Figure 3. MTPs form Networks of Different Periodicities
(A) Slice through the doublet microtubule showing non-tubulin components colored by 

periodicity. Boxes represent regions highlighted in panels B and C.

(B) The cluster of proteins around the inner junction (IJ) with 16-nm repeat length. The 

RIB72 N-terminal domain (N-RIB72) is shown in orange as although it follows 16-nm 

repeat, the rest of the protein has 8-nm periodicity.

(C) Top, longitudinal view of the outer dynein arm docking complex (ODA-DC) bound in 

the external cleft between protofilaments A07 and A08. MIPs FAP85, FAP129 and FAP182 

protrude through the cleft of the microtubule and make contact with the ODA-DC. Bottom, 
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cross-sections showing the interactions between 48-nm repeat MIPs and the 24-nm repeat 

ODA-DC.

(D) Longitudinal view showing the N-terminal half of FAP90 occupying the external cleft 

between protofilaments B08 and B09.

See also Figures S4 and S7.
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Figure 4. Maintenance of Longitudinal Periodicity through End-to-end Self-association
(A) The positions of the fMIPs bound to the 48-nm doublet microtubule. There are two 

copies of RIB43a and FAP45.

(B) Overview of RIB43 and FAP363 bound to the ribbon showing end-to-end association.

(C-G) Details of the end-to-end self-association between molecules of (C) FAP45, (D) 

FAP53, (E) FAP210, (F) FAP112, and (G) FAP127. In all longitudinal sections the plus (+) 

end of the microtubule is facing upwards.
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Figure 5. Tubulin Lattice Variation for Different Regions of the Doublet Microtubule
(A) Left, protofilament A12 of the ribbon, with the right side facing the central axis of the A 

tubule. Right, vector display (Cα displacement for each residue of α- and β-tubulin) of 

protofilament A12 between the two most distinct classes (out of five) following 3D 

classification of protofilaments A11–13 shows a lateral movement in the cross-section plane.

(B) Left, protofilament A08, in the same orientation as (A). Right, vector display of 

protofilament A08 between the two most distinct classes from 3D classification of 
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protofilaments A06-A08 shows a longitudinal extension/compaction in addition to the lateral 

movement as seen in (A).

(C) Layer line profile for the 5 different classes from 3D classification of protofilaments 

A06-A08. The magnified section shows variable longitudinal spacings of tubulin 

heterodimers among the 5 different classes, from 82.1 to 83.5 Å, which is comparable to the 

difference between cytosolic microtubules bound with GMPCPP (84 Å, gold, mimicking the 

GTP-bound state) and GDP (81.6 Å, pink).

(D) Layer line profile for the 5 different classes from 3D classification of protofilaments 

A11-A13 (the ribbon region). The magnified section shows that the longitudinal spacings of 

tubulin heterodimers among the 5 different classes have a consistent value around 82.6 Å.

(E) FAP127 adopts different conformations when bound to different lattice dimensions of 

protofilaments A07-A08. To accommodate the longer lattice dimensions, a helical region of 

FAP127 straightens and unwinds.
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Figure 6. MIPs at the Junctions between Tubules
(A) Three slabs (labeled 1–3) through the doublet microtubule showing the locations of 

MIPs at the seam and outer junction (OJ). The OJ is penetrated by three MIPs; FAP127 

(shown in slab 1), FAP53 (slab 2) and FAP141 (slab 3). The seam is recognized by a number 

of MIPs including the kinase FAP67. See also Figures S5 and S6.

(B) Alternating copies of FAP20 and PACRG connect the A and B tubules at the inner 

junction (IJ). One copy of PACRG adjacent to the nexin-dynein regulatory complex (N-

DRC) is absent every 96 nm.
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(C) Details of the interactions among FAP20, PACRG and the tubulin heterodimer viewed 

from the microtubule lumen. Ten residues of the typically disordered C-terminal tail of β-

tubulin are resolved.

See also Figures S5 and S6.
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Figure 7. Interactions between the K40 Loop of α-tubulin and MIPs
(A-G) Interaction between the αK40 loop on (A) protofilament A01 and the DM10 domain 

of RIB72, (B) protofilament A09 and the DM10 domain of FAP67, (C) protofilament A13 

and RIB43a and an extended region of FAP363, (D) protofilament A07 and FAP127, (E) 

protofilament A12 and RIB30, (F) protofilament A11 and FAP95, (G) protofilament B09 

and FAP52.
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(H) The αK40 loop is unresolved in undecorated regions, such as on protofilament A02. In 

all panels, the αK40 loop is indicated with a red arrow and the K40 residue with a yellow 

star.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

SuperScript III Reverse Transcriptase Invitrogen 18080085

Dibucaine Sigma D0638

ProteaseArrest protease inhibitor cocktail G-Biosciences 786-108

Subtilisin A Sigma P5380

Critical Commercial Assays

RNeasy Mini Kit Qiagen 74104

Deposited Data

Composite cryo-EM density map of the 48-nm repeat of 
the doublet microtubule from wild-type Chlamydomonas 
reinhardtii

This paper EMD-20631

Composite cryo-EM density map of half 1 of the 96-nm 
repeat of the doublet microtubule from wild-type 
Chlamydomonas reinhardtii

This paper EMD-20632

Composite cryo-EM density map of half 2 of the 96-nm 
repeat of the doublet microtubule from wild-type 
Chlamydomonas reinhardtii

This paper EMD-20633

Composite cryo-EM density map of protofilaments A07-
A08 (extended lattice)

This paper EMD-20634

Composite cryo-EM density map of protofilaments A07-
A08 (compact lattice)

This paper EMD-20635

Composite cryo-EM density map of the 48-nm repeat of 
the doublet microtubule from Chlamydomonas 
reinhardtii rib72 mutant

This paper EMD-20636

Composite cryo-EM density map of the 48-nm repeat of 
the doublet microtubule from Chlamydomonas 
reinhardtii fap166 mutant

This paper EMD-20637

Atomic model of the 48-nm repeat of the doublet 
microtubule

This paper PDB: 6U42

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Chlamydomonas reinhardtii wild type cells (CC-125) Chlamydomonas Resource 
Center

N/A

Chlamydomonas reinhardtii fap166 (Li et al., 2016) LMJ.RY0402.238057

Chlamydomonas reinhardtii rib72-1 (Li et al., 2016) LMJ.RY0402.040835

Chlamydomonas reinhardtii rib72-2 (Li et al., 2016) LMJ.RY0402.153393

Oligonucleotides

Primers to assay mutants, see Table S5 This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Software and Algorithms

EPU version 1.9.0.30REL ThermoFisher https://www.fei.com/software/epu-
automated-single-particles-software-for-life-
sciences/

MotionCor2 (Zheng et al., 2017) https://msg.ucsf.edu/software

Gctf v1.06 (Zhang, 2016) https://www.mrc-lmb.cam.ac.uk/kzhang/
Gctf/

APPION (Lander et al., 2009) http://emg.nysbc.org/redmine/projects/
appion/wiki/Appion_Home

EMAN1 (Ludtke et al., 1999) https://blake.bcm.edu/emanwiki/EMAN1

FREALIGN v9 (Grigorieff, 2007) http://grigoriefflab.janelia.org/frealign

RELION-3.0 (Zivanov et al., 2018) https://www3.mrc-lmb.cam.ac.uk/relion/

Blocres (Cardone et al., 2013) https://lsbr.niams.nih.gov/bsoft/programs/
blocres.html

Chimera v.1.13.1 (Pettersen et al., 2004) https://www.cgl.ucsf.edu/chimera/

MOLREP v.11.6 (Vagin and Teplyakov, 2010) http://www.ccp4.ac.uk/html/molrep.html

Coot v0.8.9.1 (Emsley and Cowtan, 2004) https://www2.mrc-lmb.cam.ac.uk/personal/
pemsley/coot/

phenix.real_space_refine v1.15.2-3472 (Afonine et al., 2018) https://www.phenix-online.org/

phenix.molprobity v1.15.2-3472 (Chen et al., 2010) https://www.phenix-online.org/

JPred4 (Drozdetskiy et al., 2015) http://www.compbio.dundee.ac.uk/jpred/

DSSP (Kabsch and Sander, 1983) http://2struc.cryst.bbk.ac.uk/about/

Other
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