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ABSTRACT The outer dynein arm (ODA\) is a molecular complex that drives the beating mo-
tion of cilia/flagella. Chlamydomonas ODA is composed of three heavy chains (HCs), two ICs,
and 11 light chains (LCs). Although the three-dimensional (3D) structure of the whole ODA
complex has been investigated, the 3D configurations of the ICs and LCs are largely unknown.
Here we identified the 3D positions of the two ICs and three LCs using cryo—electron tomog-
raphy and structural labeling. We found that these ICs and LCs were all localized at the root
of the outer-inner dynein (OID) linker, designated the ODA-Beak complex. Of interest, the
coiled-coil domain of IC2 extended from the ODA-Beak to the outer surface of ODA. Further-
more, we investigated the molecular mechanisms of how the OID linker transmits signals to
the ODA-Beak, by manipulating the interaction within the OID linker using a chemically in-
duced dimerization system. We showed that the cross-linking of the OID linker strongly sup-
presses flagellar motility in vivo. These results suggest that the ICs and LCs of the ODA form
the ODA-Beak, which may be involved in mechanosignaling from the OID linker to the HCs.
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INTRODUCTION

Cilia and flagella are conserved motile organelles that play impor-
tant roles in cellular motility and development of vertebrates
(Gibbons, 1981; Hirokawa et al., 2006). The beating motions of cilia
and flagella are driven by the outer and inner dynein arms (ODAs
and IDAs, respectively). The Chlamydomonas ODA is an ~2-MDa
protein complex composed of three heavy chains (HCs), two ICs,
and 11 light chains (LCs; Sakato and King, 2004). The three-dimen-
sional (3D) structure of the ODA complex and the nucleotide-de-
pendent conformational changes in the HCs have been intensively
studied by cryo—electron microscopy and tomography (Nicastro
etal., 2006; Ishikawa et al., 2007; Oda et al., 2007; Movassagh et al.,
2010; Ueno et al., 2012; Lin et al., 2014), and the molecular interac-
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tions among ICs and LCs have been investigated using genetics and
chemical cross-linking (King et al., 1991, 1995; Mitchell and Kang,
1993; Dibella et al., 2004, 2005). However, the 3D architecture of ICs
and LCs remains to be fully elucidated. Although we roughly deter-
mined the 3D positions of IC1 and IC2 in the ODA-microtubule
cross-bridging complex in a previous study (Oda et al., 2013), it is
necessary to locate the ODA subunits in situ in order to determine
the precise molecular architecture of ODA in cilia and flagella.

In this study, we found that the ICs and LCs constitute the root of
the outer—inner dynein (OID) linker, using cryo—electron tomography
and structural labeling. We also investigated the molecular mecha-
nisms responsible for OID linker-mediated regulation of flagellar
motility using the rapamycin-based cross-linking of FK506-binding
protein 1A (FKBP) and FKBP-rapamycin binding domain (FRB). Our
results suggest a possible mechanosignaling pathway from the OID
linker to the HCs through a complex of ICs and LCs.

RESULTS AND DISCUSSION

Biotinylation tagging of ICs and LCs

To investigate the 3D configuration of ODA ICs and LCs, we labeled
four positions in IC1, three positions in IC2, two positions in LC2,
and one position in LC7a and LC10 with acetyl-CoA carboxylase
biotin carboxyl carrier protein (BCCP) tags (Figure 1A and Table 1;
Furuta et al., 2009; Oda et al., 2013; Oda and Kikkawa, 2013).
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FIGURE 1: BCCP-tagging of ICs and LCs. (A) Domain organization of ICs and LCs. Arrowheads
indicate positions of BCCP tags. Numbers indicate amino acid residues. Both IC1 and IC2 have
WD repeat domains (WD), and the C-terminal domain of IC2 is predicted to form a coiled-coil
(Lupas et al., 1991). Colors of arrowheads correspond to colors of label densities in Figure 2B.
(B) Immunoblots of axonemal proteins separated by SDS-PAGE and probed with various
antibodies. All BCCP-tagged proteins were properly expressed and biotinylated.

Positions of the tags on ICs were determined based on the domain
organization; IC1 is divided into the amino-terminal (N-terminal)
domain and carboxyl-terminal (C-terminal) WD-repeat domain
(King et al., 1995; Wilkerson et al., 1995), and IC2 is divided into
the N-terminal domain, the middle WD-repeat domain, and the
C-terminal coiled-coil domain (Mitchell and Kang, 1991; Ogawa
et al.,, 1995; DiBella et al., 2005). Biotinylation of and streptavidin-
binding to BCCP tags were confirmed using immunoblotting and
immunofluorescence (Figure 1B and Supplemental Figure S1A).
The varied signal intensities of the immunoblots and immunofluo-
rescence among the rescued strains suggest substoichiometric
expression and/or labeling of tagged ICs and LCs (Figure 1B and
Supplemental Figure STA). However, wild-type motility of the res-
cued strains (Table 1) suggests that the expression of tagged ICs
and LCs functionally restored defects of IC- and LC-missing
mutants.

ICs and LCs form the ODA-Beak complex

Next we identified the 3D positions of the BCCP tags on ICs and
LCs, using cryo—electron tomography and structural labeling (Figure
2, Aand B; Oda et al., 2013; Oda and Kikkawa, 2013). Surprisingly,
all of the ICs and LCs were located around the root of the OID linker

1052 | T Oda etal

(Figure 2C, green). We designated this re-
gion the ODA-Beak complex, based on the
bouquet structure of the isolated ODA
(Figure 2, D and E, modified from Figure 2a
of Goodenough and Heuser, 1984).

The position of IC1 is of interest be-

LC7a ——1% cause IC1 reportedly binds to the outer
doublet microtubules (DMTs; King et al.,
1991, 1995). Although we were unable to
LC10 1|:1|03 detect densities bridging bgtween the IC1
A and DMT (Supplemental Figure S2A and
Supplemental Movie S1), the label densi-
ties of IC1-M248 were located on the
DMT-facing side of the ODA-Beak (Figure
2B, IC1, yellow). Because the junction be-
tween the N-terminal domain and WD-re-
peat domain of IC1 has been proposed to
be a possible DMT-binding region (King
et al., 1995), the ODA-Beak can be con-
nected to DMT via the middle segment of
IC1, which is not visible on our electron
density map probably because the DMT-
binding domain of IC1 is either flexible or
thin.

The N-terminal domain of IC2 is re-
ported to be essential for the assembly of
LC2, LCh, and LC9, as the odab-r88 mutant,
which has a sequence alteration in residues
31-54 of IC2 (Mitchell and Kang, 1993),
forms an ODA that lacks the three LCs
(DiBella et al., 2005). In agreement with
these previous biochemical and genetic
analyses, labels on LC2 were located in
close proximity to the N-terminus of 1C2
(Figure 2B, Supplemental Movie S2, IC2,
red; Oda et al.,, 2013; Oda and Kikkawa,
2013). Considering the LC deficiency in
odaé-r88 (DiBella et al., 2005), our results
suggest that the ODA-Beak is composed of
IC1,1C2, LC2, LC6, LC7a, LCY, and LC10.

In contrast, the densities of IC2-M549 were located away from
the ODA-Beak and were observed on the outer surface of the ODA
(Figure 2B, IC2, yellow). Because the C-terminal domain of IC2 is
predicted to form a coiled-coil (Lupas et al., 1991; DiBella et al.,
2005), the C-terminal domain of IC2 is likely to take an extended
conformation from the ODA-Beak to the tail domains of o and P
HCs (Figure 2, C and D; Movassagh et al., 2010; Lin et al., 2014).
This model is intriguing because the OID linker was previously
shown to modulate ODA activity (Oda et al., 2013). Our results sug-
gest that the ODA-Beak transmits signals from the OID linker to HCs
via the C-terminal coiled-coil domain of IC2.

We attempted to investigate the role of the C-terminal domain
of IC2 by generating a partial deletion mutant of IC2, but we were
unable to rescue the motility and ODA-assembly defects of the
odaé (IC2-deficient mutant) strain by expressing the coiled-coil-de-
leted IC2 (unpublished data), suggesting that the C-terminal coiled-
coil of IC2 is essential for ODA assembly.

Because one ODA contains one copy of IC1,1C2, LC2, and LC7a
and two copies of LC10 (King and Witman, 1989; King and Kamiya,
2009; King, 2011; Bowman et al., 1999; DiBella et al., 2004), there
should be at least four label densities within one 96-nm repeat of
DMT (e.g., labels on IC2 in Figure 2B). However, some labels on IC1

1 136
LC2
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Swimming

Beat

ODA

Mutated Missing speed frequency occupancy

Strain Abbreviation gene structure (pm/s) (Hz) (%) Reference

Wild-type CC-125 174.8+12.4 60+7 98.9

oda4-s7 BHC 65.3+8.1 35+4 ND

(truncated)

odaé IC2 ODA 60.9+5.6 29+3 0 Kamiya (1988),
Mitchell and Kang
(1991)

oda9 IC1 ODA 62.1+6.4 30+4 ND Kamiya (1988),
Wilkerson et al.
(1995)

odal2-1 LC2, LC10  ODA (reduced) 64.9+4.2 31+4 ND Pazour et al.
(1999), Furuta
et al. (2009)

odal2-2 LC2 ODA (reduced) 81.5+6.1 40 ND Pazour et al. (1999)

odalb LC7a ODA (reduced), 73.8+5.8 36+ 192 DiBella et al.

IDA f (reduced) (2004)

idaé DRC2 N-DRC (partial) 77.6+4.7 7118 ND Kato et al. (1993)

0da%-IC1-M31BCCP  IC1-M31 170.2 £15.1 60+7 99.3

0da9-IC1-M125BCCP IC1-M125 176.4+13.3 60+6 99.0

0da9-IC1-M248BCCP IC1-M248 175.1+15.9 61+6 99.5

0da9-IC1-M648BCCP IC1-Mé48 171.7 £19.2 60+7 99.1

odab-IC2-NBCCP IC2-N 98.1+10.6 74+7 99.4 Oda et al. (2013)

0dab-IC2-M482BCCP  IC2-M482 169.5+14.2 60+5 99.0

0dab-IC2-M549BCCP  IC2-M549 171.3+15.5 60+5 99.3

0dal12-2-LC2-NBCCP LC2-N 167.8+11.4 59+6 98.8

0da12-2-LC2-CBCCP LC2-C 170.9 +£18.7 61+5 99.3

odal5-LC7a-CBCCP  LC7a-C 178.0+12.4 60+5 99.1

oda12-1-LC2-LC10-  LC10-C 170.6 +16.4 60+5 99.4

CBCCP

odaé-IC2-NFRB IC2-NFRB 120.7+£11.0 65+6 ND

ida6-DRC2-MFKBP DRC2-MFKBP 181.0+19.7 60+5 ND

0dab-IC2-NFRB idaé- IC2-NFRB/ 116.9+13.9 6516 ND

DRC2-MFKBP DRC2-MFKBP

oda6-IC2-NFKBP IC2-NFKBP/ 115.6 £10.2 65+ 6 ND

ida6-DRC2-MFKBP DRC2-MFKBP

Swimming speed: means = SEM were calculated from 20 cells. Beat frequency: means + SEM were calculated from >500 cells. ODA occupancy: presence of ODAs
along DMTs was examined in tomograms, and ODA occupancy was calculated as (number of ODA)/(number of ODA + number of ODA-missing gaps). The total of

>5-pm-long axonemes was examined for each strain. ND, not determined.

20ODA occupancy of oda15 was estimated from the biochemically determined value in DiBella et al. (2004).

TABLE 1: Strains used in this study.

and LCs were invisible in a subset of ODAs, which seems to depend
on the relative position to OID linkers (Figure 2B). For example, the
label densities of IC1-M31 (Figure 2B, IC1, red) and LC2-N (Figure
2B, LC2, red) appeared on the distal side of the ODA-Beaks that
were not connected to OID linkers. On the other hand, the label
densities of LC2-C (Figure 2B, LC2, yellow) appeared on the proxi-
mal side of the ODA-Beaks that were connected to the OID linkers.
The label densities of LC7a-C and LC10-C (Figure 2B, LC7a, LC10,
yellow) appeared only on the distal side of the ODA-Beak that were
connected to the ODA-IDA f linker (the OID linker 1; Bui et al.,
2012).
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To examine whether these variations in labeling result from sub-
stoichiometric expression of tagged IC and LC and, we quantified
the occupancy of ODAs along DMTs of wild-type and rescued
strains (Table 1). Because absence of IC and LC results in ODA as-
sembly defects (Kamiya, 1988; Mitchell and Kang, 1999; Wilkerson
et al., 1995; Pazour et al., 1999; DiBella et al., 2004), insufficient ex-
pression of tagged ICs and LCs must be detected as gaps in the
arrays of ODAs in tomograms. However, we observed few gaps in
the rescued strains, as well as in wild-type cells. These results sug-
gest that tagged ICs and LCs were sufficiently expressed to rescue
ODA assembly defects.

Structure and function of ODA ICLC complex | 1053



ODA-Beak

FIGURE 2: Structural labeling of ICs and LCs. (A) The 3D structures of the axoneme. Left,
tip-to-base view of the 9+2 structure. Right, enlarged view of one of the DMTs. The 90°-rotated
views of the DMT are shown on the left of B. (B) The 3D localizations of the labels on ICs and
LCs. Arrowheads indicate positions of slices on the right. Colored densities indicate positions

of streptavidin labels. Colors of the label densities correspond to colors of arrowheads in

Figure 1A. Position of IC2-M549 differed from that in our previous result (Oda et al., 2013). We
believe that our previous localization of the C-terminus of IC2 was an artifact due to flexibility of
the ODA-microtubule complex. N-DRC and IC-LC complex of IDA f are indicated (gray).

(C, D) Structural configuration of ODA and N-DRC. (C) Approximate positions of a, B, and y HCs
(orange) based on previous reports (Nicastro et al., 2006; Ishikawa et al., 2007; Oda et al., 2007;
Movassagh et al., 2010; Ueno et al., 2012; Lin et al., 2014). Ovals and lines indicate head and tail
domains of HCs, respectively. Arrowhead indicates one of the OID linkers (OID linker 3a)
bridging between ODA and N-DRC (pink). (D) Possible 3D configuration of ICs and LCs. Red
structure represents IC2, composed of WD repeat (yellow frustum) and coiled-coil (yellow rod).
Yellow structure behind IC2 represents IC1, composed of WD repeat (red frustum) and the
N-terminal domain (red rod). Three small ovals below IC2 represent LCs. (C, D) ICs and LCs form
the ODA-Beak complexes (green). (E) Diagram modified from Figure 2a of Goodenough and
Heuser (1984), showing the bouquet structure of the isolated ODA. Annotations of subunits
were taken from the same figure, except for assignments of the o, B, and y HCs.

grams. Precise positions of the unlabeled
domains of ICs and LCs remain to be deter-
mined with other methods.

Cross-linking of ODA-Beak and nexin-
dynein regulatory complex using the
FKBP-rapamycin-FRB system
To investigate the role of the ODA-Beak in
the regulation of flagellar motility, we fo-
cused on the OID linker between ODA-Beak
and nexin—dynein regulatory complex (N-
DRC; Figure 2C, arrowhead, OID linker 3a;
Bui et al., 2012). We examined our previous
electron microscopy data and found that the
N-terminus of IC2 is located in close proxim-
ity to the middle segment of DRC2 (Figure
3A; Oda et al., 2013, 2015; Oda and Kik-
kawa, 2013). We hypothesized that we could
manipulate the signal transmission from N-
DRC to ODA-Beak in vivo if we cross-linked
IC2 and DRC2 using rapamycin-based cross-
linking of FKBP and FRB (Rivera et al., 1996).
We inserted human FKBP (Harding et al.,
1989) after His-245 of DRC2 and added the
FRB of human rapamycin target 1 (RAPTT;
Chiu et al., 1994) to the N-terminus of IC2.
We generated the IC2-NFRB/DRC2-MFKBP
strain, in which rapamycin cross-links 1C2
and DRC2. As a negative control, we also
generated the [C2-NFKBP/DRC2-MFKBP
strain, which has FKBP tags on both IC2 and
DRC2, so that rapamycin treatment does not
cross-link IC2 and DRC2 (Figure 3B and
Table 1). To verify that ODA and N-DRC
were cross-linked by the FKBP-rapamycin-
FRB ternary complex (Choi et al., 1996), we
extracted ODAs after cross-linking 1C2-
NFRB and DRC2-MFKBP with rapamycin
(Figure 3, C and E, and Supplemental Figure
S3A). We found that one ODA every 96 nm
remained attached to the DMT (Figure 3D,
arrowheads), and cryo—electron tomography
confirmed that the remaining ODA is lo-
cated adjacent to N-DRC (Figure 3D, arrow-
head). These results indicate that we suc-
cessfully cross-linked ODA-Beak and N-DRC
by IC2-NFRB-rapamycin-DRC2-MFKBP
heterodimerization.

In vivo cross-linking of ODA-Beak and
N-DRC suppressed flagellar motility

We examined the effects of ODA-Beak
and N-DRC cross-linking on cell motility
by treating live cells of IC2-NFRB/DRC2-
MFKBP with rapamycin (Figure 4A). Al-
though rapamycin is known to suppress the
growth of Chlamydomonas (Crespo et al.,
2005), it did not affect the motility of wild-
type and IC2-NFKBP/DRC2M-FKBP cells

We suppose that these variations in labeling can be attributed to  within 5-30 min of observation (Figure 4A). Of interest, rapamycin
flexibility of the labeled domains, substoichiometric labeling caused  treatment suppressed the motility of IC2-NFRB/DRC2-MFKBP cells
by steric hindrance, and/or limited signal-to-noise ratio of tomo-  in a dose-dependent manner. At 1 pM rapamycin, swimming speed
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FIGURE 3: Cross-bridging of ODA-Beak and N-DRC using FKBP-rapamycin-FRB system.

(A) Positions of N-terminus of IC2 (red) and middle segment of DRC2 (blue) reported previously

(Oda et al., 2013, 2015). ODA-Beak and N-DRC are colored green and pink, respectively.

(B) Immunoblots of axonemal proteins probed with various antibodies. Lane 1, wild-type; lane 2,

IC2-NFRB/DRC2-MFKBP; and lane 3, IC2-NFKBP/DRC2-MFKBP. Both IC2 and DRC2 were
properly tagged with either FRB or FKBP. (C) Schematic of verification of cross-linking between

ODA and N-DRC. Axonemes were treated with 1 uM rapamycin to cross-link ODA-Beak (green)
and N-DRC (pink). Red diamond represents cross-linking with rapamycin between IC2-NFRB and

DRC2-MFKBP molecules. Next most ODAs were extracted with 0.6 M KClI, but one-fourth of
ODAs were expected to remain anchored to DMTs via NFRB-rapamycin-FKBP ternary

complexes. Decreasing ionic strength to 50 mM potassium acetate allowed reattachment of
anchored ODAs to DMTs (Takada et al., 1992). (D) Tomogram slices showing ODAs on DMTs

(top) In untreated axonemes, ODAs were aligned along DMTs with 24-nm periodicity. Center, in

IC2-NFRB/DRC2-MFKBP axonemes, rapamycin treatment followed by 0.6 M KCl extraction
removed most ODAs, but a subset of ODAs remained attached to DMTs with ~96-nm
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anti-IC2

anti-DRC2

anti-Rib72

and beat frequency decreased by 65 and
55%, respectively. The half-maximal inhibi-
tory concentrations of rapamycin on the
swimming speed and beat frequency were
~360 and ~460 nM, respectively. Rapamy-
cin-dependent decreases in beat frequency
suggest that cross-linking between ODA-
Beak and N-DRC affected ODA activity
(Kamiya and Okamoto, 1985; Brokaw and
Kamiya, 1987). Next we analyzed the flagel-
lar waveforms of IC2-NFRB/DRC2-MFKBP
cells and found that rapamycin-treatment
decreased the amplitude of beating (Figure
4B), suggesting that the cross-linking also
affects IDA activity (Brokaw and Kamiya,
1987). These results agreed with our previ-
ous results that the OID linker works as a
hub controller for ODA and IDA activities
(Oda et al., 2013). We suppose that the in-
teraction between ODA-Beak and N-DRC
needs to be dynamic in order to allow con-
stitutive cross-linking of the two structures
to disrupt the regulation of ODA and IDA
activities.

Note that the N-terminal tagging of IC2
alone reduced the swimming speed by 33%
and slightly increased beat frequency by 8%
(Figure 4A, IC2-NFRB), probably due to
changes in the interaction between ODA
and N-DRC (Oda et al., 2013). We analyzed
the effects of rapamycin on ATPase and mi-
crotubule-sliding activities of IC2-NFRB/
DRC2-MFKBP axonemes, but both activities
were up-regulated, regardless of rapamycin
treatment (Figure 4, C and D, and Supple-
mental Figure S3B; Oda et al., 2013). These
results suggest that the effects of cross-link-
ing between the ODA-Beak and N-DRC are
detectable in in vivo live-cell experiments,
but, in contrast, the effects are masked by
hyperactivation of ODA activity caused by
the N-terminal tagging of IC2 on in vitro
biochemical assays.

Remaining questions about the
DMT-binding region of ODA
Localization of IC1, IC2, LC2, LC7a, and
LC10 in ODA-Beak indicates that the rest
of the ODA subdomains are composed of

periodicity (red arrowheads). Bottom, in
IC2-NFKBP/DRC2-MFKBP axonemes,
rapamycin treatment followed by 0.6 M KCI
extraction removed all the ODAs, as
rapamycin does not induce homodimerization
of FKBP. (E) Averaged subtomograms of
axonemes treated with rapamycin and KCI.
Top, DMT structure of IC2-NFRB/DRC2-
MFKBP axonemes showed densities of ODA
anchored to N-DRC (red arrowhead). In
IC2-NFKBP/DRC2-MFKBP axonemes, all
ODAs were dissociated from DMTs.
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density on the averaged subtomogram
of DMT (Oda et al., 2016). In addition,
Ichikawa et al. (2015) recently reported that
LC1 locates at the stalk head domain of y
HC. Considering the low molecular weights
of other LCs, it is likely that most of the re-
maining ODA subdomains are composed
of the three HCs. The approximate posi-
tions of the head domains of HCs have
been defined based on their characteristic
ring-shaped structure (Burgess et al., 2003;
Nicastro et al., 2006; Movassagh et al.,
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B D WT + Rapamycin

WT IC2-NFRB / DRC2-MFKBP
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1 uM rapamycin

rapamycin (nM)

=== |C2NFRB

2010; Lin et al., 2014). However, the posi-
tions of HC tail domains are not well de-
fined, particularly their N-terminal seg-
ments. We observed the oda4-s7 axoneme,
which lacks the head domain of B HC
(Sakakibara, 1993), and found a distinct
DMT-binding region (Supplemental Figure
S2, blue), which may correspond to the
“density B” found in the mouse respiratory
cilia structure (Ueno et al., 2014). We be-
lieve that this DMT-binding region is mainly
composed of the HC tail domain, based on
the assumption stated earlier. It is of great
interest which HCs/LCs comprise the DMT-
binding site (Supplemental Figure S2, B
and C, arrowheads).

100 1000 10000

DRC2M

IC2-NFRB / DRC2-MFKBP

Pi release
N

(umol Pi /min / mg axoneme)

o
o

0
1uM Rapamycin =~ = + - + - +
WT FRB FKBP
IC2-N / DRC2-MFKBP

Effects of cross-linking between ODA-Beak and N-DRC. (A) Motility analyses of live
cells. Only IC2-NFRB/DRC2-MFKBP cells showed rapamycin-dependent decreases in motility.
Means + SEM were calculated from 20 cells. (B) Waveforms of wild-type and IC2-NFRB/
DRC2-MFKBP cells after dimethyl sulfoxide (DMSO) and rapamycin treatments. Rapamycin
treatment reduced wave amplitude (red lines) compared with DMSO-treated control. (C) ATPase
activities of axonemes. In accordance with previous results (Oda et al., 2013), addition of tags to
the N-terminus of IC2 alone caused hyperactivation of axonemal ATPase activities. Rapamycin

DMSO

MATERIALS AND METHODS

Strains and reagents

Chlamydomonas reinhardtii wild-type strain
CC-125 cells were grown in Tris-acetate-
phosphate (TAP) medium. To screen trans-
formants, cells were grown on TAP agar
supplemented with paromomycin (10 pg/ml;
Sigma-Aldrich, St. Louis, MO) or hygromy-
cin B (20 pg/ml: Nacalai Tesque, Kyoto,
Japan). The C. reinhardltii strains used in
this study are listed in Table 1. Anti-IC2 an-
tibody 1869A was purchased from Sigma-
Aldrich, anti-DRC3 antibody was generated
in a previous study (Oda et al., 2015), and
anti-Rib72 was a kind gift from R. Kamiya
(Gakushuin University, Tokyo, Japan; lkeda
et al., 2003). cDNA sequence encoding
the amino acids 1-261 of IC1 was inserted
into the pGEX-6p-2 plasmid, and poly-
peptides were expressed in Escherichia
coli cells. Anti-IC1 rabbit polyclonal anti-
bodies were then raised against the puri-
fied proteins.

treatment did not affect elevated ATPase activities. Means + SEM were calculated from 10

measurements. (D) Sliding disintegration assays. Axonemes were disintegrated by incubation
with 1 mM ATP and 0.3 pg/ml nagarse for 1 min. In accordance with previous results (Oda et al.,
2013), addition of tags to the N-terminus of IC2 enhanced sliding disintegration. Rapamycin

treatment (1 pM) did not affect DMT sliding activity.

the remaining LCs, three HCs, and docking complex (DC).
Although DC is reportedly to form a 24-nm-long, oval-shaped
structure (Owa et al., 2014), our recent results suggest that DC
takes on a flexible conformation and does not create a clear
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Preparation of axonemes

Chlamydomonas cells were deflagellated
with dibucaine-HCI (Wako Pure Chemical
Industries, Tokyo, Japan), and axonemes
were collected by centrifugation (Piperno
et al., 1977). Flagella were demembranated with 1% Nonidet P-40
in HMDENa buffer or HMDEK buffer composed of 30 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-NaOH, pH 7.2,
5 mM MgCl,, 1 mM dithiothreitol, T mM ethylene glycol tetraacetic
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acid, 50 mM NaCl or 50 mM CH3COOK, and 1x Protease Inhibitor
Cocktail (Nacalai Tesque).

Electrophoresis and immunoblotting

Axonemal proteins were resolved by SDS-PAGE on 5-15% poly-
acrylamide gradient gels (Nacalai Tesque) and blotted onto polyvi-
nylidene difluoride membranes. Blots were probed with streptavidin
conjugated with horseradish peroxidase (Thermo Scientific, Rock-
ford, IL) or the indicated primary antibodies.

Construction of the expression vectors

Expression plasmids for IC2, DRC2, and IC2-NBCCP were as de-
scribed previously (Oda et al., 2013, 2015). Fragments spanning
from the start codon to immediately before the stop codon for
genes encoding IC1, LC2, LC7a, and LC10 were amplified with ge-
nomic PCR using genomic DNA from the wild-type strain CC-125
and then inserted into plC2 plasmids (Oda et al., 2015). We inserted
the tag sequence corresponding to amino acids 141-228 of
Chlamydomonas BCCP in the middle of the sequences of IC1
(between lle-31 and Pro-32, Asp-125 and Met-126, Val-248 and
Pro-249, and Pro-648 and Glu-649) and IC2 (between Thr-482 and
Gly-483, and Thr-549 and Thr-550) and added tags to the N-termi-
nus of LC2 and the C-termini of LC2, LC7a, and LC10. For expres-
sion plasmids of IC2-NFRB and IC2-NFKBP, we added the codon-
optimized cDNA sequence of human FKBP and FRB domain of
human RAPT1 (residues 2021-2113), respectively, to the N-terminus
of IC2. For expression plasmid of DRC2-MFKBP, we inserted the
codon-optimized cDNA sequence of FKBP between His-245 and
Arg-246 of DRC2. At the junctions between the DRC2 and FKBP-
tag sequence, we inserted eight-amino acid linker sequences (Lys-
Gly-Ser-Gly-Ser-Gly-Ser-Gly and Lys-Ser-Ala-Lys-Ala-Ser-Ala-Ser).

Fluorescence microscopy detection of axonemes

For fluorescence staining using streptavidin, demembranated
axonemes were attached to glass slides and blocked with
1 mg/ml bovine serum albumin (BSA) in HMDEK buffer. Axo-
nemes were incubated with 1 ug/ml Alexa Fluor 546-conjugated
streptavidin (Invitrogen, Carlsbad, CA) for 1 min. Labeled axo-
nemes were washed three times with HMDEK buffer and ob-
served using a fluorescence microscope (IX60; Olympus, Tokyo,
Japan). Images were recorded using a charge-coupled device
(CCD) camera (ORCA-R2; Hamamatsu Photonics, Hamamatsu,
Japan).

Sample preparation for cryo-electron tomography
Streptavidin—cytochrome c labeling of BCCP-tagged axonemes was
carried out as described previously (Oda et al., 2014). Demembra-
nated axonemes were incubated with 0.05 mg/ml streptavidin for
15 min at 4°C in HMDENa buffer. Axonemes were then washed with
HMDENa buffer and incubated with 0.05 mg/ml biotinylated cyto-
chrome c for 15 min at 4°C in the presence of T mg/ml BSA. Next
axonemes were washed and again incubated with streptavidin. La-
beled or unlabeled axonemes were resuspended in HMDEK buffer
at a concentration of 0.02 mg/ml and mixed with an equal amount
of 15-nm colloidal gold suspension conjugated with BSA (Aurion,
Wageningen, Netherlands).

For rapamycin cross-linking experiments, axonemes were incu-
bated with 1 pM rapamycin (Wako Pure Chemicals) in HMDEK for
10 min. Treated axonemes were centrifuged and resuspended in
HMDE plus 0.6 M KCl buffer and incubated for 30 min. Axonemes
were then centrifuged and resuspended in HMDEK plus 0.1 pM
rapamycin.
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Home-made holey carbon grids were glow-discharged for 20 s.
Suspended axonemes plus colloidal gold (5 pl) were loaded onto
the grids and plunge-frozen in liquid ethane at —180°C with a Leica
EM GP automated plunge-freezing device (Leica Microsystems,
Wetzlar, Germany).

Image acquisition

Grids were transferred to a JEM-3100FEF transmission electron mi-
croscope (JEOL, Tokyo, Japan) with a Gatan 914 high-tilt liquid ni-
trogen cryo-transfer holder (Gatan, Pleasanton, CA). Tilt series im-
ages were recorded at —180°C using a TemCam-F416 CMOS
camera (TVIPS, Gauting, Germany), and automated acquisition was
performed using the EM-TOOLs program (TVIPS). The angular
range of the tilt series was from —60 to 60° with 2.0° increments. The
total electron dose was limited to ~100 e/A2. Images were recorded
at 300 keV, with 6- to 9-pym defocus, at a magnification of 25,700x
and a pixel size of 6 A. An in-column omega energy filter was used
to enhance image contrast in the zero-loss mode with a slit width of
20 eV.

Image processing
Image processing for subtomogram averaging of DMT structures
was carried out as described previously (Oda and Kikkawa, 2013;
Oda et al., 2014). Tilt series images were aligned and back-pro-
jected to reconstruct 3D tomograms using the IMOD software pack-
age (Kremer et al., 1996). Tomograms of intact axonemes with a
high signal-to-noise ratio were selected and used for subtomogram
averaging of the 96-nm repeats of DMTs. Alignment and averaging
of subtomograms were conducted using custom Ruby-Helix scripts
(Metlagel et al., 2007) and the PEET software suite (Nicastro et al.,
2006). The numbers of DMT subtomograms averaged were as fol-
lows: 755 for wild type; 848 for IC1-M31; 1104 for IC1-M125; 984 for
IC1-M482; 504 for IC1-M648; 940 for IC2-M482; 1168 for IC2-M549;
1160 for LC2-C; 720 for LC7a-C; and 948 for LC10-C. The effective
resolutions determined by Fourier shell correlation with a cutoff
value of 0.5 were within 4.5-5.0 nm (Supplemental Figure S1B).
Surface renderings were generated using UCSF Chimera
(Pettersen et al., 2004). The electron microscopy maps of averaged
DMT are available at the EM Data Bank (www.emdatabank.org) un-
der the accession numbers EMD-6515-6524.

Statistical analysis

To identify statistically significant differences, we applied Student’s t
test to compare wild-type and streptavidin-labeled axonemes as
described previously (Oda and Kikkawa, 2013; Oda et al., 2014).
First, wild-type and streptavidin-labeled subtomograms were ran-
domly divided into three data sets. Subtomograms for each data set
were aligned and averaged, and a total of six averaged subtomo-
grams were created. We calculated the t value for each voxel and
presented it as a single t-value map. The isosurface threshold values
were t>7.17, with a one-tailed probability of <0.1%.

Measurements of swimming velocity and beat frequency

The swimming velocity of Chlamydomonas cells was recorded using
an inverted CKX41 microscope (Olympus) at a total magnification of
100x. A red filter with a cutoff wavelength of 630 nm was inserted
before the condenser lens to suppress the cellular response to light.
The beat frequency of flagella was measured as described previ-
ously (Kamiya, 2000). Briefly, fluctuations in the intensity of micro-
scopic images of swimming cells were analyzed using a photodetec-
tor, and spectra were generated using fast Fourier transform (FFT).
The position of the peak was considered to be the average value,
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and the SD was obtained from the shape of the peak, fitted with a
Gaussian curve. In a typical experiment at a total magnification of
100x, ~500-1000 cells contributed to one FFT spectrum.

Waveform analysis

Chlamydomonas cells were observed using a dark-field microscope
(BX53; Olympus), and images were captured using a high-speed
digital camera (EXILIM EX-F1; Casio, Tokyo, Japan) at 600 frames/s.
Cells whose flagella were clearly in focus were selected, and the
shapes of flagella were manually traced using lllustrator (Adobe).

ATPase assay

The rate of phosphate release by axonemes was measured using
Biomol Green reagent (Enzo Life Sciences, Farmingdale, NY). Axo-
nemes (0.1 mg/ml) were incubated for 5 min in HMDEK buffer in the
presence of T mM ATP. Released phosphate concentrations were
calculated based on changes in absorbance at 620 nm.

Sliding disintegration of the axoneme

Axonemes were absorbed onto a glass slide, and sliding disintegra-
tion was initiated with HMDEK buffer containing 1 mM ATP and
0.3 pg/ml nagarse. Sliding of doublet microtubules was observed
using a dark-field microscope (BX53; Olympus) equipped with a
40x oil-immersion objective lens and a 100-W mercury lamp. Image
sequences were recorded using an electron multiplying CCD
(ADT-33S; FLOVEL, Tokyo, Japan).
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