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RESEARCH ARTICLE

Chlamydomonas FAP70 is a component of the previously
uncharacterized ciliary central apparatus projection C2a
Yuqing Hou1,‡, Lei Zhao1,*,‡, Tomohiro Kubo2, Xi Cheng1, Nathan McNeill1, Toshiyuki Oda2,§ and
George B. Witman1,§

ABSTRACT
Cilia are essential organelles required for cell signaling and motility.
Nearly all motile cilia have a ‘9+2’ axoneme composed of nine outer
doublet microtubules plus two central microtubules; the central
microtubules together with their projections are termed the central
apparatus (CA). InChlamydomonas reinhardtii, a model organism for
studying cilia, 30 proteins are known CA components, and ∼36 more
are predicted to be CA proteins. Among the candidate CA proteins is
the highly conserved FAP70 (CFAP70 in humans), which also has
been reported to be associated with the doublet microtubules. Here,
we determined by super-resolution structured illumination
microscopy that FAP70 is located exclusively in the CA, and show
by cryo-electron microscopy that its N-terminus is located at the base
of the C2a projection of the CA. We also found that fap70-1 mutant
axonemes lack most of the C2a projection. Mass spectrometry
revealed that fap70-1 axonemes lack not only FAP70 but two other
conserved candidate CA proteins, FAP65 (CFAP65 in humans) and
FAP147 (MYCBPAP in humans). Finally, FAP65 and FAP147 co-
immunoprecipitated with HA-tagged FAP70. Taken together, these
data identify FAP70, FAP65 and FAP147 as the first defining
components of the C2a projection.

KEYWORDS: Flagella, Axonemal central apparatus, FAP65, FAP147,
CFAP70, MYCBP, MYCBPAP, FAP174, ASH domains

INTRODUCTION
Cilia and flagella (terms used interchangeably here) are important
organelles required for motility and signal transduction. Defects
in cilia cause a constellation of diseases collectively termed
ciliopathies (Anvarian et al., 2019; Brown and Witman, 2014).
Defects specifically affecting ciliary motility cause primary ciliary
dyskinesia (PCD) (Legendre et al., 2021; Wallmeier et al., 2020).
Most motile cilia have a typical 9+2 axoneme comprised of nine
outer doublet microtubules (DMTs) plus two central microtubules.
Attached to the DMTs are substructures, including outer and inner

dynein arms, nexin-dynein regulatory complexes and radial spokes.
Attached to the two central microtubules is a complex array of
interconnected projections; the central microtubules together with
their projections are termed the central apparatus (CA). The DMT
substructures and the CA work together to generate and regulate
ciliary motility.

To date, much of our knowledge of the structure, function and
composition of axonemes of motile cilia has come from the model
organism Chlamydomonas reinhardtii (Grossman-Haham et al.,
2021; Gui et al., 2021; King, 2018; Ma et al., 2019; Witman, 2009).
A 2005 proteomics analysis of the Chlamydomonas cilium revealed
that its axoneme contains about 400 proteins (Pazour et al., 2005), of
which fewer than 100 had previously been characterized at the
molecular level. Most of these proteins are conserved in other
organisms, including humans, and much research since then has
been aimed at determining where in the axoneme the previously
uncharacterized proteins are located and what their functions are.

One such highly conserved axonemal protein that is of
considerable interest, but which has received attention only
recently, is FAP70. Chlamydomonas FAP70 is a 111-kDa protein
that is removed from the axoneme by treatment with 0.6 M KCl
(Pazour et al., 2005). The mammalian ortholog is CFAP70. Shamoto
et al. (2018) detected CFAP70 mRNA in numerous mouse tissues
that have motile cilia, but not in tissues with only non-motile cilia;
immunofluorescence localization of the CFAP70 protein in these
tissues confirmed that it is present in epithelial cilia and sperm
flagella. Shamoto et al. (2018) demonstrated that CFAP70, like
Chlamydomonas FAP70, is an axonemal protein solubilized
by treatment with 0.6 M KCl, a property shared with outer arm
dynein and some inner arm dyneins. To further investigate the
function of this protein, Shamoto et al. (2018) used insertional
mutagenesis to create FAP70 null mutants ( fap70-1 and fap70-2) in
Chlamydomonas; compared to controls, swimming speed of the
fap70 cells was reduced by ∼60% and ciliary beat frequency was
reduced by about the same amount, with little effect on ciliary
waveform. This phenotype, which demonstrated that FAP70 is
important for ciliary motility, was similar to that previously observed
for mutants with defects in the outer dynein arms. Shamoto et al.
(2018) then used cryo-electron tomography (cryo-ET) to investigate
the location of FAP70 within the axoneme. Close examination of the
fap70 DMTs found no obvious changes. However, when the mutant
was rescued by expression of FAP70 fused to biotin carboxyl carrier
protein (FAP70-N-BCCP), which forms a tight complex with
streptavidin that can be detected by cryo-ET (Oda and Kikkawa,
2013), streptavidin signal was present at the base of the outer dynein
arm, as well as associated with the nexin-dynein regulatory complex.
Taking all of the above into consideration, they concluded that FAP70
is located on the DMTs, at the base of the outer arms.

However, more recently, FAP70 was identified as a candidate CA
protein in two separate proteomic studies of the Chlamydomonas
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CA (Dai et al., 2020; Zhao et al., 2019). Prior to these studies, 22
proteins had been identified as components of the CA; the
proteomics analyses identified over three dozen additional
proteins, including FAP70, as candidate CA components. The two
central microtubules, which are held together by ‘bridge’ structures
and can be distinguished from each other by their projections and
stability properties, are termed C1 and C2. Cryo-ET has revealed that
C1 has six highly interconnected projections termed C1a to C1f (see
Fig. 4A) (Carbajal-González et al., 2013); to date, approximately
two dozen proteins have been localized to specific projections of the
C1 microtubule (Brown et al., 2012; DiPetrillo and Smith, 2010;
Dutcher et al., 1984; Fu et al., 2019; Mitchell et al., 2005; Mitchell
and Sale, 1999; Wargo et al., 2005; Zhang and Mitchell, 2004; Cai
et al., 2021 preprint). The C2 microtubule, which in isolated
axonemes is less stable than C1 and can be selectively solubilized
by 0.6 M KCl (Dutcher et al., 1984; Lechtreck and Witman, 2007;
Mitchell and Sale, 1999), has five projections termed C2a to C2e. To
date, only three proteins have been localized to specific C2 projections
(Bernstein et al., 1994; Lechtreck and Witman, 2007; Rao et al.,
2016; Yokoyama et al., 2004). The proteomics studies did not
definitively localize FAP70 in the CA, but based on mutant analyses
and protein solubility studies, it was predicted to be associated with
the C2 microtubule (Dai et al., 2020; Zhao et al., 2019).
Resolution of where in the axoneme FAP70/CFAP70 is located is

very important. First, that information is needed to understand the
fundamental role of the protein in ciliary motility. Second, its
localization is of clinical relevance for the diagnosis of patients who
have mutations in CFAP70, because disruption of a protein
associated with the DMTs is likely to result in a different clinical
presentation than disruption of a protein associated with the CA.
Specifically, patients with a defect in a CA-specific protein would
not be expected to have laterality defects, which are a key indicator
for the screening of potential PCD patients (Shapiro et al., 2018;
Zhao et al., 2019).
To resolve the question of where in the axoneme FAP70 is located,

as well as to learn more about the protein, we have re-examined its
location by immunofluorescence microscopy, conventional
transmission electron microscopy (TEM) and cryo-ET. Our results
show that FAP70 is a subunit of theC2a projection and that its absence
greatly affects the integrity of the C2a projection, with lesser effect on
other nearby projections of the C2 microtubule. Furthermore, we
compared the proteome of the fap70-1 null mutant axoneme with that
of wild-type axonemes by label-free quantitative mass spectrometry
(MS) and identified two additional proteins, FAP65 (CFAP65 in
humans) and FAP147 (MYCBPAP in humans), which are greatly
reduced in fap70-1 axonemes. These two proteins previously were
designated candidate CA proteins (Dai et al., 2020; Zhao et al., 2019);
interestingly, they both contain ASH domains, which have been
proposed to have a microtubule-binding function (Ponting, 2006).
We also found that these same two proteins were specifically
co-immunoprecipitated with hemagglutinin (HA)-tagged FAP70
expressed in a fap70-1 null background. We conclude that FAP65
and FAP147 are associated with FAP70 in the C2a projection, making
C2a at least the fifth projection known to be associated with an ASH-
domain protein. This is the first time that components of this projection
have been identified. The fact that the fap70mutation reduces flagellar
beat frequency with little effect on waveform (Shamoto et al., 2018)
raises the possibility that the C2a projection has a specific role in the
regulation of the outer dynein arms. Finally, the confirmation that
FAP65, FAP70 and FAP147 are CA proteins will facilitate molecular
genetic testing to diagnose suspected PCD patients that may have
defects in the human homologs of these proteins.

RESULTS
FAP70 localizes exclusively to the CA
As an initial step to determine the location of FAP70 in the
axoneme, we treated demembranated cell models of the fap70::
FAP70-N-BCCP-HA strain [ fap70-1 cells rescued with a construct
expressing FAP70 tagged with biotin carboxyl carrier protein
(BCCP) and HA] to induce partial axonemal fraying, and then
immunolabeled the specimens with antibodies against HA and
against polyglutamate side chains (anti-polyE), which are present
only on the B-tubule of the DMTs (Kubo et al., 2010; Lechtreck and
Geimer, 2000). Labeling by anti-polyE revealed numerous cells in
which one or both axonemes had frayed into two or more bundles of
microtubules (Fig. 1). In all cases, only one of the bundles was
labeled by anti-HA, suggesting that FAP70 is associated either with
a small subset of DMTs or with the CA.

To distinguish between these two possibilities, we next isolated
axonemes from wild-type and fap70::FAP70-N-BCCP-HA cells,
labeled them with anti-HA and anti-acetylated tubulin antibodies
and examined them by super-resolution structured-illumination
microscopy (Fig. 2). The antibody to the HA tag labeled a thin
structure that is centered in and runs the entire length of the fap70::
FAP70-N-BCCP-HA axoneme (column B in Fig. 2); no HA signal
was detected in wild-type control axonemes (column A in Fig. 2).
Next, the CA was completely (column C in Fig. 2) or partially
(column D in Fig. 2) extruded from the axoneme by addition of
ATP, followed by immunolabeling (Lechtreck and Witman, 2007;
Mitchell and Nakatsugawa, 2004; Zhao et al., 2019). In this case,
the HA signal was clearly associated with the CA, but not with the
DMTs in the portion of the axoneme from which the CA had been
extruded. Therefore, within the axoneme, FAP70 is located
exclusively in the CA.

Loss of FAP70 disrupts the C2a projection
To determine how loss of FAP70 affected axonemal structure, we first
compared intact flagella of fixed cells of the wild-type and fap70-1
strains by conventional TEM (Fig. 3A,B, respectively). The ring of
nine DMTs appeared normal in the fap70-1 cells, consistent with the
observations of Shamoto et al. (2018); in addition, both central
microtubules were present in all cross-sections of both wild-type
(n=47) and fap70-1 flagella (n=55). To more clearly observe minor
structural changes, we also examined isolated demembranated
axonemes, which lack the flagellar matrix that tends to obscure
structural details in TEM. Almost all cross-sections of wild-type
axonemes (Fig. 3I) contained both C1 and C2microtubules (96%had
two microtubules, 4% had zero microtubules, n=271). However, one
or both central microtubules were more frequently absent from cross-
sections of purified fap70-1 axonemes: among 236 cross-sections
scored, 56% had both CA microtubules, 15% had one and 29% had
none (Fig. 3J-L, respectively). As viewed in cross-section, the C1
microtubule has larger projections than the C2 microtubule (Fig. 3C).
When fap70-1 axonemal cross-sections with both CA microtubules
were closely compared with wild-type axonemal cross-sections, the
former appeared to be lacking the C2a projection (cf. Fig. 3M,N).
This was confirmed by averaging images of the wild-type and
fap70-1 CA (Fig. 3O,P, respectively). The difference is illustrated
diagrammatically in Fig. 3C,D. As best as can be assessed by
conventional TEM, the other projections of the C2 microtubule were
unaffected. Therefore, the assembly of C2a is dependent on FAP70.

The observation that both central microtubules are present in
whole flagella but only in about half of isolated axonemes of fap70-
1 indicates that loss of the central microtubule(s) is an artifact
that arises during axonemal isolation. However, close examination

2

RESEARCH ARTICLE Journal of Cell Science (2021) 134, jcs258540. doi:10.1242/jcs.258540

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



of in situ flagella of fap70-1 revealed that the C2a projection was
missing even in intact flagella (Fig. 3E-H). Apparently, loss of the
C2a projection destabilizes the C2 microtubule and then the C1
microtubule, possibly through a domino effect propagated through
connections between C2a and C1a, C2b and C1b, and the bridges
between the two microtubules (Fig. 3C). A similar loss of one or
both central microtubules in axonemes but not whole flagella has
been observed for the mutant pf16, which lacks the C1a projection
(Dutcher et al., 1984; Fu et al., 2019).

Localization of FAP70 within the CA
To more clearly determine the effect of loss of FAP70 on the C2
microtubule, we compared isolated axonemes of fap70-1 and wild
type by cryo-ET (Fig. 4; Movies 1, 2). Owing to the structural
heterogeneity of the C2 projections, we aligned the C1 microtubule
and the C2a, C2b, C2e plus C2c, and C2d projection regions
separately, and generated a composite map by merging the five
structures (Fig. S1). In the fap70-1 mutant, there was substantial
structural loss in the outermost regions of C2a (Fig. 4), in good
agreement with our observations on fixed material. In addition,
slight structural changes were apparent in C2e and C2c, suggesting

instability or abnormal flexibility of these projections due to the
absence of FAP70.

To determine where in the CA FAP70 is located, we treated wild-
type and fap70::FAP70-N-BCCP-HA axonemes with streptavidin
and biotinylated cytochrome c (Oda et al., 2015), and then compared
them using cryo-ET. Surface rendering of the difference map put the
densities of the streptavidin label adjacent to the base of C2a, beneath
the arcade of C2e, with a repeat of 16 nm (Fig. 4, right; Movie 3).
This localization of the FAP70 N-terminus is consistent with the
structural defects in the fap70-1 CA.

Proteins missing or reduced in fap70 axonemes
To identify proteins missing in fap70-1 axonemes, we used label-free
quantitative MS to compare the axonemal proteome of the mutant
with that ofwild type in three biological replicates (Table S1). Among
the proteins that in wild type had an abundance greater than one-tenth
that of FAP70, we identified three proteins that in fap70-1were either
missing or reduced to less than 15% of their wild-type levels
(Table 1). One was FAP70, which was not detected in any of the
fap70-1 samples, consistent with fap70-1 being a null mutant
(Shamoto et al., 2018). The other proteins were FAP65 and FAP147,

Fig. 1. FAP70 localizes to only one microtubule bundle
in frayed axonemes. fap70::FAP70-N-BCCP-HA cells
were double labeled with anti-HA antibody and anti-polyE
antibody, which exclusively labels DMTs. The upper row
shows cells with intact axonemes; the other rows show cells
with frayed axonemes. In the merged images, green is anti-
polyE labeling, and magenta is anti-HA labeling. As
reported previously, there is a gradient of polyE labeling of
intact axonemes, with the base being more strongly labeled
than the tip (upper row); this is less apparent in frayed
axonemes (Kubo et al., 2010). Anti-HA labeling is more
uniform; in those frayed axonemes in which it is brighter
toward the tip (third row), it may reflect partial extrusion of the
CA, or increased antibody accessibility to the tip region,
where axonemal fraying begins. The anti-HA antibody
brightly labels only one microtubule bundle in each frayed
axoneme (white arrowheads).
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which previously were identified as candidate CA proteins, and were
predicted to be associated with the C2 microtubule (Dai et al., 2020;
Zhao et al., 2019). These results indicate that FAP65 and FAP147 are
dependent on FAP70 for assembly into the CA.

Interacting partners of FAP70
We next used immunoprecipitation coupled with MS to identify
possible interacting partners for FAP70. Briefly, axonemes from
wild type (control) and the fap70::FAP70-N-BCCP-HA strain

were isolated and extracted with 0.6 M KCl to solubilize
most CA proteins (Zhao et al., 2019). The extracts were subjected
to immunoprecipitation with anti-HA antibodies, and the
immunoprecipitates analyzed by label-free quantitative MS. In two
biological replicates, a sum of 188 proteins were identified by
MS (Table S2). For each protein detected, the specificity of
co-immunoprecipitation was assessed based on the abundance
of the protein relative to FAP70, and on the enrichment of the
protein in the FAP70-N-BCCP-HA immunoprecipitate relative

Fig. 2. FAP70 localizes exclusively to the CA, as demonstrated by super-resolution structured-illumination microscopy. (A-D) Axonemes from wild-type
(WT, column A) or fap70::FAP70-N-BCCP-HA (columns B to D) cells were double labeled with anti-acetylated tubulin antibody (upper row, A-D) and anti-HA
antibody (middle row, A′-D′). The lower row (A″-D″) shows merged images with labeling by anti-acetylated tubulin in magenta and anti-HA in green. In column A,
wild-type axonemes are intact with the CA still inside the axonemes. As expected, the acetylated tubulin label covers the entire width of the axoneme, and there is
no HA signal. (Column B) Two intact fap70::FAP70-N-BCCP-HA axonemes. TheHA signal colocalizes with the acetylated tubulin signal but is thinner, suggesting
that it emanates from the CA. (ColumnC) fap70::FAP70-N-BCCP-HA axoneme (arrow in panel C) fromwhich the CA has been completely extruded, and a nearby
extrudedCA (arrowhead in panel C). TheHA signal is associated exclusively with the CA.Only the edges of the axoneme are labeled by the antibody to acetylated
tubulin, revealing the void that was formerly occupied by the CA. (Column D) fap70::FAP70-N-BCCP-HA axoneme (arrow in panel D) from which the CA
(arrowhead in panel D) has been partially extruded. Anti-HA strongly labels the extruded CA but not the DMTs in the portion of the axoneme fromwhich the CA has
been extruded. Therefore, FAP70 is located exclusively in the CA. Scale bars: 5 µm.
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to the wild-type immunoprecipitate. Using as criteria (1) an
abundance of at least 1/100 of FAP70 in the FAP70-N-BCCP-HA
immunoprecipitate, and (2) an enrichment of at least 100-fold
in the FAP70-N-BCCP-HA immunoprecipitate compared with the
wild-type immunoprecipitate, the proteins BCC1, FAP65 and
FAP147 were specifically co-immunoprecipitated with FAP70-N-
BCCP-HA (Table 2). BCC1 is acetyl-CoA biotin carboxyl carrier
protein, which is the BCCP tag in the FAP70-N-BCCP-HA protein.
This result shows that FAP70, FAP65 and FAP147 are in the same
complex and likely associated with each other in the C2a projection.

DISCUSSION
FAP70 is located exclusively in the CA and is a C2a protein
Our immunofluorescence localization of tagged FAP70, in both
frayed axonemes and axonemes from which the CA had been
partially or completely extruded, revealed that FAP70 is located
exclusively in the CA, and not on the DMTs. This is consistent with
previous MS analyses comparing wild-type and CA-less axonemes
(Dai et al., 2020; Zhao et al., 2019). Specifically, in a comparison of
axonemes of wild type and the CA-less mutant pf18, FAP70, which
in wild type is present at a level similar to that of other CA proteins,
was present in pf18 at only 0.1-0.2% of its wild-type levels (Zhao
et al., 2019). Such a great reduction in the ‘9+0’ axonemewould not
be expected if FAP70 were located in both the CA and DMTs, even
if it were present in only one of the nine DMTs. Therefore, within
the axoneme, FAP70 is specific to the CA.
In our conventional TEM comparison of wild-type versus fap70-1

flagella and axonemes, the C2a projection appeared to be absent from
both in situ flagella and isolated axonemes. In good agreement with

this, cryo-ET showed that C2a was severely truncated in fap70-1
axonemes, with lesser structural changes – possibly rearrangements –
observed in the C2e and C2c projections. Therefore, FAP70 is
required for the assembly of a complete C2a projection. Our
conventional TEM analysis also showed that loss of FAP70 results in
destabilization of the C2 microtubule, so that C2 is frequently lost
from isolated axonemes of fap70-1 but not wild type. The structural
changes to the C2e and C2c projections in the absence of most of C2a
could be caused by changes in the interactions between the highly
interconnected projections of the C2 microtubule. A similar
phenomenon has been observed for projections on the C1
microtubule, where loss of portions of the C1b projection causes
reduced occupancy and positional flexibility in the adjacent and
interacting C1f projection (Cai et al., 2021 preprint). Alternatively,
the changes observed in the C2e and C2c projections of the fap70-1
axonemes could reflect an early stage in the destabilization of the C2
microtubule as a result of axoneme preparation.

Within the CA, the N-terminus of FAP70-N-BCCP-HA
was localized by cryo-ET to the C2 microtubule, at the base of
the C2a projection, but also close to the C2e projection. This
localization, plus the severe effect of loss of FAP70 on the C2a
projection, strongly argue that FAP70 is a C2a protein. However,
FAP70 is a relatively large protein (1104 amino acids), so it easily
could extend from C2a to C2e or further. If so, it could explain the
structural changes to C2e and C2c in the absence of FAP70.
Additional experiments, such as localization of the C-terminus of
FAP70 or higher resolution single-particle cryo-electron
microscopy, will be necessary to delimit FAP70 within the C2
microtubule.

Fig. 3. Loss of FAP70 causes ablation of the
C2a projection. (A,B) Representative cross-
sections of intact in situ flagella of wild-type (WT)
and fap70-1 cells, respectively, as imaged by
conventional TEM. All flagella of both strains had
axonemes with nine DMTs and two central
microtubules. (C,D) Diagrams of cross-sections of
CAs of wild type and fap70-1, respectively,
illustrating the C1 and C2 microtubules connected
by bridge structures and with major projections
(C1a, C1b, C2a, C2c and C2b) normally visible by
conventional TEM labeled. The fap70-1 CA
appears to lack the C2a projection (arrow in D).
(E,F) Enlargement of CAs from panels A and B,
respectively. The C2a projection appears to be
absent from the fap70-1 CA (arrow in F).
(G,H) Image averages based on six wild-type (G)
and six fap70-1 (H) CAs of intact in situ flagella
showing the apparent absence of the C2a
projection in the fap70-1 flagellum (arrow in H). (I-L)
Representative cross-sections of isolated
axonemes from wild type (I) and fap70-1 (J-L).
Some cross-sections of fap70-1 axonemes lacked
one (K) or both (L) central microtubules. (M,N)
Enlargement of CAs from panels I and J,
respectively. The C2a projection appears to be
absent from the fap70-1 CA (arrow in N). (O,P)
Image averages based on six wild-type (O) and six
fap70-1 (P) CAs of isolated axonemes showing the
apparent absence of the C2a projection in the
fap70-1 axoneme (arrow in P). Scale bars: 100 nm.
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FAP65 and FAP147 interact with FAP70 and are dependent
on FAP70 for assembly into the axoneme
Our comparison of isolated axonemes of wild type versus fap70-1
by MS revealed only three proteins that were greatly reduced in the
later: FAP70, FAP65 and FAP147. Therefore, assembly of FAP65

and FAP147 into the axoneme is dependent on FAP70. Moreover,
when FAP70-N-BCCP-HA was immunoprecipitated from an
axonemal extract by anti-HA antibodies, FAP65 and FAP147
were the only proteins that met our criteria for being specifically
co-immunoprecipitated. Therefore, FAP70, FAP65 and FAP147

Table 1. Proteins absent or greatly reduced in fap70-1 mutant axonemes

Name NCBI accession numbera JGI accession number Mass Average ratio ( fap70-1/WT)b Human homolog

FAP70 XP_001692552.1 Cre07.g345400 114 kDa 0.00 CFAP70
FAP147 XP_001692304.1 Cre04.g224250 97 kDa 0.02 MYCBP-associated protein
FAP65 XP_001702074.1 Cre07.g354550 220 kDa 0.06 CFAP65
aXP_001692552.1 and XP_001692304.1 are sp|A8ITV9.1|CFA70_CHLRE and EDP04254.1, respectively, in Table S1.
bAverage of three biological replicates. See Table S1 for data for each experiment.

Fig. 4. Cryo-electron tomography confirms
ablation of the C2a projection in fap70
axonemes and localizes FAP70 within the CA.
(A-C) Averaged subtomograms of the CA. Wild-
type (WT) and fap70-1 CAs are shown in cross-
sectional (A, left and middle subtomograms,
respectively) and longitudinal (B and C, left and
middle subtomograms, respectively) views. In A,
the CA is viewed from base to tip. In B and C, the
proximal end of the CA is at the bottom. Most of the
C2a projection is absent in the fap70-1 CA. Red,
C2a; yellow, C2e; green, C2c; cyan, C2d; and blue,
C2b. Eye symbols indicate the directions of the
views in B and C. (A-C, right) Three-dimensional-
localization of the N-terminus of FAP70-N-BCCP-
HA. Tag densities (red, arrows) were visualized by
comparing the streptavidin-treated wild-type and
streptavidin-labeled fap70::FAP70-N-BCCP-HA
CAs. The N-terminus of FAP70 is located at the
base of the C2a projection below the C2e arcade.
The top row of panel B shows seven 16-nm repeat
units of the C2a, C2e and C2c projections. The
bottom row of panel B shows magnified views of
three of the repeat units. Panel C shows seven 16-
nm repeats of the C2d and C2b projections.

6

RESEARCH ARTICLE Journal of Cell Science (2021) 134, jcs258540. doi:10.1242/jcs.258540

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.258540
https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.258540


are interacting proteins and part of the same complex. Given that
the greatest structural defect in fap70-1 axonemes is loss of a large
part of the C2a projection, it is likely that FAP65 and FAP147 also
are components of C2a. The mass of the C2a projection has
been estimated to be 1750 kDa based on calculations of volume as
determined by cryo-ET (Carbajal-González et al., 2013), whereas
the sum of the masses of FAP70 (111 kDa), FAP65 (220 kDa)
and FAP147 (97 kDa), as predicted from their sequences, is
431 kDa. However, this comparison should be taken warily,
because calculation of mass by cryo-ET can be difficult (Oda,
2017), and the stoichiometries of the subunits in C2a cannot be
determined from low-resolution cryo-ETs. Other methods, such as
high-resolution single-particle cryo-electron microscopy, will be
necessary to determine how many copies of each protein identified
here are contained in each C2a projection, and what additional
proteins contribute to the architecture of C2a.
It is of interest that FAP65 and FAP147 are both ASH-domain

proteins. The Chlamydomonas flagellum contains a total of eight
ASH-domain proteins (Zhao et al., 2020). Six were previously
known to be CA components; the current work, by confirming that
FAP65 and FAP147 also are CA proteins, shows that all eight are
localized to the CA. This suggests that ASH domains have special
significance for CA assembly or function. It has been proposed that
ASH domains function in microtubule binding (Ponting, 2006), and
there is experimental evidence to support this (Schou et al., 2014). It
may be relevant that at least five CA projections are associated with
an ASH-domain protein (Fu et al., 2019; Zhao et al., 2020).
It should be noted that a few additional proteins were substantially

reduced in fap70-1 axonemes in one or two of our biological
replicates (Table S1), but did not meet our stringent requirement that
a protein had to be reduced to less than 0.15 of the wild-type level in
all three experiments. This variability could reflect different degrees
of disintegration of the C2 microtubule in the different preparations.
One of these is KLP1, a known C2c protein (Bernstein et al., 1994;
Yokoyama et al., 2004). Therefore, proteins with abundances
similar to that of other CA proteins and substantially reduced in one
or more of our preparations of fap70-1 axonemes are strong
candidates for being C2 proteins.

The FAP70 complex may include FAP174
Our finding that FAP65, FAP70 and FAP147 are in a complex
associated with the C2a projection ties together and sheds new light
on several previous observations. The human homolog of FAP147
is MYCBPAP, which binds MYCBP (Yukitake et al., 2002), a
small protein of 12 kDa; these proteins were implicated in
spermatogenesis but their functions were not determined. The
Chlamydomonas homolog of MYCBP is FAP174, a similarly small
protein (Rao et al., 2016). Rao et al. (2016) showed by blot overlay
assays that FAP174 binds a protein then known as AKAP240
(Gaillard et al., 2001) and subsequently predicted to be FAP65

(Zhao et al., 2019). Based on mutant analysis, both FAP174 and
AKAP240 were predicted to be associated with the C2 microtubule
(Gaillard et al., 2001; Rao et al., 2016), although they were not
localized to a specific projection. In our experiments to identify
proteins that interact with FAP70, FAP174 was enriched over 105-
fold in one of our FAP70-N-BCCP-HA immunoprecipitates, but
was enriched only 98-fold in the other immunoprecipitate, and so
just failed to meet our criterion that a protein had to be enriched at
least 100-fold in both experiments to be considered a FAP70
interactor (see ‘Interacting partners of FAP70’ above and Table S2).
Nevertheless, considering all of the above, it seems likely that
FAP174 is located in the C2a projection, in contact with both
FAP65 and FAP147. Intriguingly, Zhao et al. (2019) reported that
FAP174 was associated with the C1b projection, so it may be
located in more than one place in the CA. If it is present in multiple
locations in the CA, it would explain the only modest decrease of
FAP174 in fap70-1 axonemes relative to wild-type axonemes
(Table S1). Further studies will be necessary to confirm the
localization of FAP174 to these projections.

Function of the C2a projection
The fap70mutant has a slow-swimming phenotype resembling that
of outer dynein arm-less mutants, suggesting that FAP70 is
important for the regulation of outer arm dyneins (Shamoto et al.,
2018). Further evidence that FAP70 is involved in the control of
outer arm activity comes from observations that a double mutant of
fap70 and oda2 (lacking all outer arms) has a flagellar beat
frequency identical to that of the oda2 parent, and that a double
mutant of fap70 and ida4 (lacking several inner arm dyneins) is
completely immotile, a phenotype observed when both outer
and inner arms are defective (Kamiya et al., 1991; Shamoto
et al., 2018). Our finding that FAP70 is a component of the C2a
projection requires consideration of how it might function in
such control.

Chlamydomonas mutants completely lacking the CA generally
have paralyzed flagella (Mitchell, 2009), emphasizing the importance
of the CA to flagellar motility. However, under certain conditions,
these flagella or their isolated axonemes can be induced to beat,
indicating that the DMTs contain all of the machinery necessary for
coordinated flagellar movement (Huang et al., 1982; Yagi and
Kamiya, 2000; Yagi and Nishiyama, 2020). Therefore, the CA likely
overrides the regulatory elements located in the DMTs to add another
layer of control. This is believed to be accomplished, at least in part,
by non-specific mechanical interactions between the CA and the
radial spoke heads, generating signals that are then relayed via the
radial spokes to the DMTs to control the activity of the dynein arms,
which must be turned on and off on subsets of DMTs at regular times
in the flagellar beat cycle (Oda et al., 2013).

In Chlamydomonas, the CA rotates during flagellar beating, so
that the same CA projections are apposed to different radial spoke

Table 2. FAP65 and FAP147 are in the same complex as FAP70, as shown by MS analysis of immunoprecipitates

Protein
name

Accession numbera iBAQ from experiment 1 iBAQ from experiment 2

NCBI JGI Mass Wild type (WT) FAP70HA Ratio (HA/WT) Wild type FAP70HA Ratio (HA/WT)

FAP70 XP_001692552.1 Cre07.g345400 114 kDa 1b 2.73E+06 2.73E+06 1b 2.29E+08 2.29E+08
BCC1 XP_001700442.1 Cre17.g715250 24 kDa 1b 2.91E+05 2.91E+05 1b 8.50E+07 8.50E+07
FAP147 XP_001692304.1 Cre04.g224250 97 kDa 1b 4.06E+05 4.06E+05 1b 8.47E+07 8.47E+07
FAP65 XP_001702074.1 Cre07.g354550 220 kDa 1b 7.17E+05 7.17E+05 1b 7.52E+07 7.52E+07
aXP_001692552.1, XP_001700442.1 and XP_001692304.1 are sp|A8ITV9.1|CFA70_CHLRE, EDO98131.1, and EDP04254.1, respectively, in Table S2.
bNot detected in the sample. In order to calculate the ratio, the iBAQ value was arbitrarily set at 1.
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heads at different times in the beat cycle (Kamiya, 1982; Mitchell,
2003). Moreover, because the Chlamydomonas CA also is twisted
(Mitchell, 2003), C2a projections at different locations along the
length of the axoneme have the potential to send signals to different
subsets of DMTs at any given time in the beat cycle. In cross-
sections of the CA, each projection extends just far enough from the
microtubule so that the profile of the CA is round with a relatively
smooth circumference, as appropriate for a CA that rotates, and in
contrast to the profile of the sea urchin CA, which does not rotate
and is more oval in cross-section (Carbajal-González et al., 2013).
In our cryo-ETs, the C2a projection extends to within ∼1 nm of the
circumference of a circle centered on the CA and just touching the
majority of the C1 projections (Fig. S2), which are separated from
the radial spoke heads by a gap of∼5 nm (Oda et al., 2014). Because
of this slightly larger gap, it is possible that C2a interacts with radial
spoke heads less forcefully than projections such as C2c that extend
further out (Fig. S2), thus modulating the signal sent to the DMTs.
In this case, C2a would generate a localized mechanical signal that
could regulate the outer arms on different subsets of DMTs at
different times in the flagellar beat cycle.
In outer arm-less mutants, flagellar beat frequency is reduced to

∼0.3 that of wild type, whereas in the fap70 mutant flagellar beat
frequency is reduced to only∼0.6 of wild type (Shamoto et al., 2018).
This is consistent, in the fap70mutant, with an abnormal uncoupling
of outer arm activity from motility in only a subset of the DMTs that
are actively generating force, as would be expected if interaction of
C2awith specific radial spoke heads produced a localizedmechanical
signal at specific times in the flagellar beat cycle.
Another Chlamydomonas mutant, cpc1, which lacks the C1b

projection, also exhibits a reduction in flagellar beat frequency to
∼0.6 of wild type, with no major effect on flagellar waveform
(Mitchell and Sale, 1999). In this case, most of the reduction in
flagellar beat frequency has been attributed to reduced intraflagellar
ATP concentration due to loss of enolase, which is a subunit of the
C1b projection (Mitchell et al., 2005; Zhang and Mitchell, 2004).
This is unlikely to be the case for the fap70mutant, as we found that
axonemal enolase was only modestly reduced in fap70-1 relative
to wild type (Table S1). Moreover, the cpc1 mutation causes a
similar reduction in beat frequency in a wild-type background (30%
reduction) and in the mutant pf28 lacking outer dynein arms (30%
reduction), suggesting that the reduced beat frequency is not due
solely to an effect on outer arm dynein activity (Mitchell and Sale,
1999).
Recent cryo-electron microscopy studies have shown that the

radial spoke head surface facing the CA is negatively charged
(Grossman-Haham et al., 2021; Gui et al., 2021), and it has been
proposed that if the projections of the CA are similarly negatively
charged it would prevent sticking of the radial spokes to the CA
projections when the two collide (Grossman-Haham et al., 2021). It
may be relevant that all three of the C2a proteins, like the radial
spoke head proteins (Yang et al., 2006), are acidic proteins.

C2a proteins and PCD
Our finding that FAP70 and its interacting partners are CA proteins
suggests certain challenges for the identification of patients that have
defects in the genes encoding the human homologs of these proteins.
Mutations in at least three genes encoding CA proteins are known to
cause PCD (Legendre et al., 2021; Wallmeier et al., 2020), but
patients with suspected PCD who have mutations in such genes can
be difficult to confirm by traditional approaches. When present, one
of the most important clinical manifestations of PCD is the
presence of left-right laterality defects (Shapiro et al., 2018). Such

defects arise from faults in the nodal cilia, the beating of which
initiates left-right asymmetry in the early embryo. However, nodal
cilia are unusual among motile cilia in that they lack the CA; hence
defects in the CA do not affect them and do not cause laterality
abnormalities (Bustamante-Marin et al., 2019; Cindric ́ et al., 2020;
Olbrich et al., 2012). In the absence of this characteristic clinical
feature, a diagnosis of PCD is often based on the finding of
ultrastructural defects in the ciliary axoneme of respiratory epithelial
cells; however, defects in CA projections may not be readily detected
by conventional TEM, thus rendering less useful this tool that for
many decades was the ‘gold standard’ for PCD diagnosis. High-
speed video microscopy to assess ciliary beat frequency and
waveform of respiratory epithelial cells also may be helpful for
diagnosis of PCD, but so far mutations in known CA components
cause subtle changes in ciliary beating that require specialized
equipment and training to document (Horani and Ferkol, 2018;
Legendre et al., 2021; Wallmeier et al., 2020), and this is also
expected to be the case for CFAP70 (Shamoto et al., 2018).
Immunofluorescence microscopy using antibodies against specific
axonemal proteins can be a rapid and very sensitive tool for
diagnosing PCD by demonstrating that a protein, or axonemal
structure containing that protein, are missing from cilia or sperm
flagella of patients (Wallmeier et al., 2020). Antibodies against
CFAP65 and CFAP70 are commercially available (Sigma-Aldrich,
HPA055156, and Sigma-Aldrich, HPA037582, respectively);
however, at the present time this approach is better suited for the
confirmation of a suspected loss of a protein or structure than
determining which one of hundreds of axonemal proteins might be
missing in a patient. Thus, at present, molecular genetic testing may
be the most efficient and accurate means for identifying patients that
have mutations in genes encoding the C2a proteins.

Indeed, whole-exome sequencing of a large cohort of patients
with multiple morphological abnormalities of the sperm flagellum
(MMAF) characterized by severe asthenozoospermia recently
identified two unrelated patients with apparently deleterious
homozygous mutations in the CFAP70 gene (Beurois et al.,
2019). Other than primary infertility due to MMAF, neither patient
exhibited clinical features that would support a PCD diagnosis. In
the first patient, the mutation altered a consensus splice acceptor site
of CFAP70. Immunofluorescence microscopy using the Sigma-
Aldrich anti-CFAP70 antibody detected CFAP70 in the flagella of
control sperm but not in sperm of the patient. Interestingly,
immunofluorescence microscopy also revealed that the sperm
flagella of the patient lacked SPAG6 (a component of the C1a
projection) and lacked, or had reduced amounts of, DNAI2 (an outer
arm dynein intermediate chain), consistent with previous reports
that defects in CA proteins that have minor effects on respiratory
cilia can have major effects on sperm flagella (Lee et al., 2008;
McKenzie et al., 2015; Sapiro et al., 2002; Sironen et al., 2011;
Teves et al., 2014), possibly through a quality control mechanism
that triggers the abortion of spermiogenesis when the spermatids are
defective (McKenzie et al., 2015). The second patient had a
missense variant in the CFAP70 gene that was predicted to be
deleterious; limited sample availability from this patient precluded
analysis by immunofluorescence microscopy. Unfortunately, also
owing to the low number of sperm cells, it was not possible to
examine the sperm of either patient by TEM.

Whole-exome sequencing also has identified mutations in
CFAP65 in patients with MMAF (Li et al., 2020; Wang et al.,
2019; Zhang et al., 2019). In one of the studies, six patients with bi-
allelic null mutations in CFAP65 were identified in a cohort of 88
Han Chinese probands with MMAF but no other symptoms of PCD
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(Zhang et al., 2019). In another study, three patients with bi-allelic
loss-of-functionmutations inCFAP65were identified in a studyof 47
Chinese men with severe asthenozoospermia; two of the patients had
typical PCD symptoms (Wang et al., 2019). Importantly, in both
studies, cross-sections of sperm flagella of patients with CFAP65
mutations lacked the CA when examined by conventional TEM.
As additional patients with mutations in CFAP65 and CFAP70

are identified, it will be of interest to determine how the
ultrastructure of their cilia and flagella are affected, and whether
they have clinical features of PCD despite the absence of laterality
defects. In light of the above findings, MYCBPAP, the human
homolog of Chlamydomonas FAP147, should also be considered a
candidate disease gene for PCD and MMAF.

MATERIALS AND METHODS
Strains and culture conditions
The C. reinhardtii wild-type strain used in this study was CC-125
(Chlamydomonas Resource Center, www.chlamycollection.org/). The
fap70-1 (containing an insert in FAP70 exon 1) and fap70::FAP70-N-
BCCP-HA strains were generated previously (Shamoto et al., 2018) and are
available from the Chlamydomonas Resource Center. Cells were grown in
modified Mmedium I (Witman, 1986) at 23°C with aeration of 5% CO2 and
a light/dark cycle of 14/10 h.

Flagella preparation and fractionation
Flagella were isolated as described previously (Witman, 1986), and
demembranated by resuspension in HMDEK (30 mM HEPES, 5 mM
MgSO4, 1 mM DTT, 0.5 mM EGTA, 25 mM KCl) containing 0.5% NP-40
(Calbiochem) for 10 min at 4°C. The resulting axonemes were collected by
centrifugation (30,000 g for 20 min) at 4°C.

Immunofluorescence microscopy and conventional TEM
For analysis of frayed axonemes, immunofluorescence microscopy was
carried out according to Sanders and Salisbury (1995) with a slight
modification. Because the presence of a cell wall often causes strong
autofluorescence, the cells were treated with autolysin for 60 min to remove
the cell wall. Autolysin-treated cells were adhered to a polyethylenimine-
coated 8-well slide and treated with 1 mM ATP to induce disintegration of
the axonemes. Then the cells were fixed with −20°C methanol and acetone
for 5 min each. Fixed cells were incubated with primary antibodies
[mouse monoclonal anti-HA antibody, Sigma-Aldrich clone 12CA5, 1:200;
rabbit polyclonal anti-polyglutamylated tubulin antibody (polyE), 1:200
(Kubo and Oda, 2017)], followed by incubation with secondary antibodies
[goat anti-mouse IgG Alexa Fluor 594 (Invitrogen A-11005)/goat anti-
rabbit IgG Alexa 488 (Invitrogen A-27034)]. The cells were mounted in an
antifade mountant (SlowFade Diamond, Thermo Fisher Scientific)
and examined with an Olympus BX53 microscope equipped with a 100×
UPlan FL N 1.30 numerical aperture objective. Images were obtained
with an ORCA-Flash4.0 sCMOS camera (Hamamatsu) and analyzed by
ImageJ.

Central pair extrusion; labeling of samples with rat monoclonal anti-HA
antibody, 1:150 (Roche Holding AG, clone 3F10, 11 867 423 001) and
mouse monoclonal anti-acetylated tubulin antibody, 1:1000 (Sigma-
Aldrich, clone 6-11B-1, T-6793); and structured illumination microscopy
were carried out as described previously (Zhao et al., 2019).

Whole cells and isolated axonemes were fixed and embedded
for conventional TEM as described by Hoops and Witman (1983) and
Zhao et al. (2019), respectively. TEM was performed in the Electron
Microscopy Facility of the University of Massachusetts Medical School
(UMMS).

Immunoprecipitation
Immunoprecipitations from 0.6 M KCl extracts of fap70::FAP70-N-BCCP-
HA and wild-type axonemes were carried out using anti-HA antibody as
described previously (Zhao et al., 2019), except that 40 µg instead of 77 µg
of total proteins were used for each immunoprecipitation.

Mass spectrometry
Sample preparation and liquid chromatography (LC)-MS/MS for comparison
of wild-type versus mutant axonemes, and for analysis of immunoprecipitates
were performed as described previously (Zhao et al., 2019). LC-MS/MS was
performed in the Mass Spectrometry Facility of UMMS.

Label-free MS quantification
MS data loaded in Scaffold (version 4.8; Proteome Software) were filtered
with the peptide false discovery rate set at 1%, number of peptides identified
for each protein set at two or more, and protein threshold set at 90%. Proteins
thus identified together with their iBAQ values (Schwanhäusser et al., 2011)
were exported to Microsoft Excel for further analysis.

To identify proteins missing or greatly reduced in fap70-1 axonemes, we
performed MS analysis on three sets of biological samples using iBAQ
values without normalization. All the proteins identified from each
biological sample set were filtered using two criteria: (1) the iBAQ value
of the protein in the wild-type sample must be greater than 10% of that of
FAP70 in the wild-type sample, and (2) the ratio of the iBAQ value of the
protein in the fap70-1 sample to that of the same protein in the wild-type
sample must be less than 0.15. Only proteins that met both criteria in all three
biological sample sets were considered positive results.

To identify proteins that were specifically immunoprecipitated from the
fap70::FAP70-N-BCCP-HA axonemal extract by the anti-HA antibody, we
carried out two independent sets of immunoprecipitation experiments
coupled with MS analysis using iBAQ values. All the proteins identified by
each experiment were filtered using two criteria: (1) the iBAQ value of the
protein in the fap70::FAP70-N-BCCP-HA immunoprecipitate must be
greater than 1/100 that of FAP70 in the same sample, and (2) the iBAQ value
of the protein in the fap70::FAP70-N-BCCP-HA immunoprecipitate must
be 100× greater than that of the same protein in the wild-type control
immunoprecipitate. In cases in which a protein was not detected in the wild-
type immunoprecipitate, or no value was reported (e.g. because protein
abundance was too low for quantification) for the wild-type control, the
protein in that sample was arbitrarily assigned an iBAQ value of 1 for
calculation purposes. Only proteins that met both criteria in both
immunoprecipitation experiments were considered positive results.

Sample preparation for cryo-electron tomography
For localization of the FAP70 N-terminus, isolated wild-type and fap70::
FAP70-N-BCCP-HA axonemes were incubated with 0.05 mg/ml
streptavidin for 15 min at 4°C in HMDEK supplemented with 1 mg/ml
bovine serum albumin. After washing in HMDEK three times, axonemes
were incubated with 0.05 mg/ml biotinylated cytochrome c. This sequence
was repeated once.

In all cases, axonemes were resuspended in HMDEK at a concentration of
0.02 mg/ml, and mixed with cytochrome c-stabilized 15-nm colloidal gold
(BBI Solutions, Cardiff, UK) to serve as fiducial markers. Both sides of
homemade holey carbon grids were glow-discharged for 1 min. Suspended
axonemes were loaded onto the grids and plunge-frozen in liquid ethane at
−180°C using a Vitrobot Mark IV (Thermo Fisher Scientific, Waltham,
MA, USA).

Image acquisition
Grids were transferred to a JEM-3100FEF TEM (JEOL, Tokyo, Japan) with a
Gatan 914 high-tilt liquid nitrogen cryo-transfer holder (Gatan Inc.,
Pleasanton, CA, USA). Tilt-series images were recorded using a Gatan K2
Summit direct detector. Automated acquisition was performed using
SerialEM software (Mastronarde, 2005) in the range of ±60 degrees with
2° increments. The total electron dosewas∼100 e−/Å2. Images were recorded
at 300 keV, with 6-8 µm defocus at a magnification of 7100 and a pixel size of
7 Å, using an in-column omega energy filter with a slit width of 40 eV.

Image processing
Tilt-series images were aligned and back-projected using IMOD software
(Kremer et al., 1996). Subtomogram averaging was conducted using custom
Ruby-Helix scripts (Metlagel et al., 2007) and the PEET software suite
(Nicastro et al., 2006). As C1 and C2 projections are structurally uncoupled
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from one another, we aligned the C1 microtubule and the C2a, C2b, C2c
plus C2e, and C2d projections separately by making Gaussian-smoothened
masks (Fig. S1A). The numbers of subtomograms averaged were as follows:
934 (wild type); 1022 ( fap70-1); and 1196 ( fap70::FAP70-N-BCCP-HA).
The effective resolutions were estimated to be 3.3-3.9 nm by Fourier shell
correlation with a cutoff value of 0.5 (Fig. S1B). For identification of the
label densities, we applied Student’s t-test to compare streptavidin- plus
cytochrome c-treated wild-type and fap70::FAP70-N-BCCP-HA axonemes
(Oda and Kikkawa, 2013; Oda et al., 2014). The isosurface threshold values
were t>9.8, with a one-tailed probability of <0.1%. The maps of the
averaged subtomograms are available at the EM Data Bank under the
following accession numbers: EMD-31143 and EMD-31144.
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