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Coordinated beating is crucial for the function of multiple cilia.
However, the molecular mechanism is poorly understood. Here,
we characterize a conserved ciliary protein CYB5D1 with a heme-
binding domain and a cordon-bleu ubiquitin-like domain. Muta-
tion or knockdown of Cyb5d1 in zebrafish impaired coordinated
ciliary beating in the otic vesicle and olfactory epithelium. Simi-
larly, the two flagella of an insertional mutant of the CYB5D1
ortholog in Chlamydomonas (Crcyb5d1) showed an uncoordinated
pattern due to a defect in the cis-flagellum. Biochemical analyses
revealed that CrCYB5D1 is a radial spoke stalk protein that binds
heme only under oxidizing conditions. Lack of CrCYB5D1 resulted
in a reductive shift in flagellar redox state and slowing down of
the phototactic response. Treatment of Crcyb5d1 with oxidants
restored coordinated flagellar beating. Taken together, these data
suggest that CrCYB5D1 may integrate environmental and intracili-
ary signals and regulate the redox state of cilia, which is crucial for
the coordinated beating of multiple cilia.
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ilia and flagella are highly conserved organelles that project

from the surface of most eukaryotic cells and perform sen-
sory, secretory, and motile functions (1, 2). The single motile
flagellum of spermatozoa propels cell body movement, whereas
the two flagella of the green alga Chlamydomonas reinhardtii
mediate oriented swimming. Coordinated beating of multiple
cilia on epithelial surfaces, for example, in the trachea, oviduct,
and brain ventricles of vertebrates, is crucial for mucus clearance
in the airway, ovum transport in the oviduct, and cerebrospinal
fluid circulation in the brain ventricles (3). Impairment of co-
ordinated beating of these multiple cilia in humans can result in
ciliopathies such as chronic respiratory problems, infertility, and
hydrocephalus (4).

The beating of individual cilia/flagella depends on axonemal
dyneins, which are AAA* enzymes that convert ATP (adenosine
triphosphate) hydrolysis into mechanical force, resulting in the
sliding of doublet microtubules (5). The activity of dyneins is
spatiotemporally controlled by various regulatory pathways in-
cluding changes in Ca®*, phosphorylation, and redox state (5).
Recent Cryo-EM (cryo-electron microscopy) studies have revealed
that these dyneins are generally in a force-balanced state in straight
axonemal regions, and that the initiation and formation of a ciliary
bend by microtubule sliding may depend on an inhibitory signal
that is propagated from the base-to-tip to disrupt the force-
balanced state (6). To achieve coordinated beating, the activity
of multiple cilia must be synchronized by both intrinsic and ex-
trinsic factors including hydrodynamic coupling, axonemal me-
chanical feedback, connective structures in the basal body
region, and Ca®* signaling (7-10). The hydrodynamic hypothesis
is supported by the observation that when two sperm or two
micropipette-held somatic cells of Volvox carteri were placed in
close proximity under hydrodynamic| flow, the beating of two
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flagella was spontaneously synchronized (8, 10). However, mul-
tiple cilia can still maintain coordinated beating when fluid flow
disappears (11), suggesting that other mechanisms are also involved.

The mechanical feedback system was proposed based on the
study of light chain 1 (LCI) from Chlamydomonas. LC1 contains
six leucine-rich repeats that form an elongated barrel (12) and
binds to the microtubule-binding domain of the y-HC (y heavy
chain) specifically (13). LC1 mutant proteins expressed in wild
type Chlamydomonas resulted in uncoordinated flagellar beating
(14). Knockdowns of LC1 in planaria also led to the loss of meta-
chronal synchrony in the ventral cilia (7). As a conformational switch,
LC1 may sense changes in axonemal curvature imposed by hydro-
dynamic flow and thereby modulate the activity of outer dynein arm
to coordinate flagellar beating. This model is also supported by re-
cent structural data on the LC1-y-HC microtubule-binding domain
complex (15).

Coordinated beating of algal flagella is also achieved by basal
coupling through filamentary connections between basal bodies
(10). These connectors control basal body alignment and cilia
orientation in multiciliated cells and may also participate in co-
ordinated beating by integrating the chemical or mechanical signals
among cilia (9). However, the nature of these signals remains un-
known. Ca®* is a common second messenger in cilia and may also
participate in coordinated beating. Knock-down of the components
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of the calmodulin-associated complex, such as CaM-IP2, CaM-
IP3, PF6, and PCDP1, resulted in uncoordinated flagellar beat-
ing in Chlamydomonas (16-18). However, the coordination de-
fect may be a secondary effect since motility-related structures
such as the central pair and radial spokes exhibit structural al-
terations in these mutants. The two flagella of Chlamydomonas
respond differently to changes of Ca®* concentration at the low
puM range, which alters flagellar coordination and results in pho-
totactic turning (19, 20). Therefore, Ca®* functions in modulating
flagellar coordination during these processes.

Recent studies have shown that redox state also participates in
regulating ciliary/flagellar beating in Chlamydomonas and mam-
mals. The beat frequency of flagella was reduced when Chlamy-
domonas cells were treated with oxidizing agents (21). Redox
poise also regulates the sign of phototaxis in Chlamydomonas (22).
When multiple cilia on airway epithelial cells were exposed to
oxidants, the mucociliary transport was inhibited (23). In addi-
tion, several redox-sensitive components have been identified in
flagellar motility-related complexes, such as LC3, LCS, y-HC,
and outer dynein arm-docking complex protein 3 (DC3) in
Chlamydomonas (24-26). Disruption of human TXNDC3 and
TXNDC6, which contain modules orthologous to the thioredoxin-
like LC3 and LCS5 proteins in Chlamydomonas, results in respi-
ratory disease (27, 28). Taken together, these findings suggest that
redox plays a vital role in coordinating ciliary beating; however,
the molecular mechanisms and pathways that mediate the redox
response are unknown.

Here, we identify a highly conserved ciliary protein cytochrome
b5-like/heme-binding domain (CYBS5D1), which is required for
the coordinated beating of multiple cilia in zebrafish and Chia-
mydomonas. Furthermore, our results indicate that this heme-
binding protein may function in a redox signaling pathway to
coordinate ciliary beating.

Results

Cyb5d1 Is a Ciliary Protein Required for Otolith Formation in Zebrafish.
Using an initial whole-mount in situ hybridization and gene ex-
pression screen, we identified cyb5d! as a candidate ciliary gene.
Zebrafish cyb5dl is selectively expressed in motile cilia-rich organs,
including Kupffer’s vesicle, otic vesicle, floor plate, pronephric duct,
and olfactory placode (Fig. 1 A and B). To clarify the role of this
protein during zebrafish development, we further generated a mu-
tant allele carrying a 13 bp deletion in the target region using the
CRISPR/Cas9 system (Fig. 1C). The cyb5dI mutants were able to
survive to adulthood. Interestingly, mutant embryos constantly de-
veloped three otoliths in the otic vesicle at 24 hours postfertilization
(hpf) and recovered to two during later development (Fig. 1 D and
E). Similarly, knockdown of cyb5d1 with morpholino oligonucleo-
tides also produced large numbers of embryos with otolith defects
(81 Appendix, Fig. S1 A-D).

Since otolith develop via the accumulation of numerous pre-
cursor particles facilitated by motile cilia movement (29), we eval-
uated ciliary movement in the otic vesicle using a high-speed video
microscope. In wild type embryos, most cilia beat in a clockwise
direction (Movie S1). In contrast, cyb5d! mutants displayed ab-
normal ciliary beat patterns, with the beating direction of some
cilia changing from clockwise to counterclockwise occasionally
and some cilia beating intermittently (Movie S2). Similarly, the
rhythmic beating of multiple cilia bundles on the olfactory epi-
thelia was also severely affected in cyb5dI morphant zebrafish
(Fig. 1F and Movies S3 and S4). Although the beat frequency of
otic vesicle motile cilia remained largely unchanged, multiple
cilia displayed significantly higher beat frequency in the olfactory
pit of cyb5d1 morphants (Fig. 1 G and H). Noticeably, cilia de-
veloped normally in both the otic vesicle and olfactory pit (S
Appendix, Fig. S1 E-H), and there are no laterality defects in
these mutants; the KV cilia beat normally even though cyb5dI
is highly expressed in Kuffer’s vesicle (S7 Appendix, Fig. S1P).
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We further examined cilia development in other organs and
found that the length and number of cilia were grossly normal in
all tissues investigated (SI Appendix, Fig. S1 I-O). These results
suggest that Cyb5d1 is essential for the coordinated beating of
motile cilia, but not for cilia formation.

Deletion of CYB5D1 in Chlamydomonas Causes Motility Defect. To
further explore the function of CYB5D1 in ciliary motility, we
used the biflagellate green alga Chlamydomonas as a model or-
ganism. The ortholog of CYBS5D1 in Chlamydomonas is FAP198
(GenBank PNM78294). FAP198 is predicted to encode a 230
residue polypeptide (26.6 kDa) with 66% sequence similarity and
50% identity to zebrafish CYB5D1. FAP198 hereafter is referred
to as CrCYB5D1. CYB5D1 contains two conserved domains: a
cytochrome b5-like/heme-binding domain and a cordon-bleu
ubiquitin-like domain (COBL1) (SI Appendix, Fig. S2). From
about 40,000 mutants, one putative insertional allele (Crcyb5d1)
was obtained from an insertional mutant library (30). Sequence
analyses revealed that the AphVIII expression cassette was inser-
ted into the fourth exon of CrCYB5DI (Fig. 24). A PCR product
from the Crcyb5dl mutant was about 4.8 kb containing the 2.7 kb
AphVIII expression cassette and 2.1 kb CrCYB5DI genomic DNA,
which was larger than the PCR product amplified from parental
strain HS211 (Fig. 2B). RT-PCR was also used to amplify cDNA
of CrCYB5DI in HS211 and Creyb5dl, respectively. The full-length
CrCYB5DI coding sequence was obtained from HS211, while it was
absent in the Crcyb5dl mutant (Fig. 2C). Taken together, these
results confirmed that the Crcyb5d] mutant is functionally null
for CrCYB5D1.

Considering that the Cyb5d1 mutation caused ciliary beating
defects in zebrafish, we first determined whether cell motility was
affected in the Crcyb5d1 mutant using a 20X objective lens. Ap-
proximately, 92% of HS211 cells showed rapid directional move-
ment (Movie S5); the swimming paths were long and smooth
(Fig. 2E), and the average forward swimming velocity was about
161 pm/s (Fig. 2G). In contrast, movement was not detectable in
60% of Crcyb5d1 cells (Fig. 2E) because these cells were rocking
in place (Movie S6); only 40% of Crcyb5d1 cells exhibited for-
ward swimming, albeit, in short and kinked tracks (Fig. 2 E and
F). The average forward swimming velocity was dramatically
reduced to 32 pm/s in Creyb5dI (Fig. 2G). Taken together, these
results demonstrate that cell motility is severely defective in the
Creyb5d] mutant. The percentage of flagellated cells and the
average flagellar length of Crcyb5d1 cells were similar to HS211
(81 Appendix, Fig. S3 A-C). These results indicate that the motility
defect of Crcyb5d1 is not due to abnormal flagellar assembly.

Coordinated Flagellar Beating Is Disrupted in the Crcyb5d1 Mutant.
To further analyze the motility defect in the Crcyb5d1 mutant,
the waveform of flagellar beating was observed and recorded in
real-time using a high-speed video microscope. The two flagella
of most HS211 cells beat in-phase (IP state) (31, 32), in which the
power stroke or recovery stroke of the two flagella coincided
synchronously, resembling breaststroke swimming (Fig. 34 and
Movie S7). The area encompassing the beat envelope of the cis-
and trans-flagella was almost the same (Fig. 3 D and E), and the
cell body moved forward without a change in orientation (Fig. 3F,
box-marked line).

In contrast, the two flagella of most Crcyb5dI cells exhibited
beating in a slip phase (Slip) (Fig. 3B) or antiphase state (AP)
(Fig. 3C) (Movie S8) (31, 32). In the Slip state, when the two
flagella finished the recovery stroke, the trans-flagellum began a
power stroke, but the cis-flagellum was drawn back to the cell body
immediately with a curled shape (Fig. 3 B and D). This flagellar
beat waveform made the cell body turn in the direction of the cis-
flagellum (Fig. 3F, round-marked line), so in the continuous Slip
state, the cell body exhibited rotation in the direction of the cis-
flagellum. In the AP state, while one flagellum was undergoing its
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Phenotypes of zebrafish cyb5d7 mutants. (A and B) Whole-mount in situ hybridization results showing cyb5d1 expression in 14 somite (14 s) and

24 hpf embryos. OV, otic vesicle; KV, Kupffer's vesicle; FL, floor plate; PD, pronephric duct; OP, olfactory placode. (C) Diagram showing the protein and
genomic structures of zebrafish Cyb5d1. The corresponding nucleic acid sequences of wild type (wt) and mutant alleles are shown at the bottom. The target
sequence of the sgRNA is underlined, and the PAM sequence is indicated in red. Arrow points to the truncation site of Cyb5d1 in the mutant. (D) Phenotypes
of otoliths in the OV of wt and cyb5d1 mutants at different stages as indicated. Arrowheads indicate otoliths in the OV of 24 hpf embryos. (Scale bar, 100 pm.)
(E) Bar graphs showing the percentage of embryos with two (normal; N) or three otoliths (three separate, 3S; three with two fused together, 3F) in different
groups of embryos as indicated. Examples of embryos with 3S or 3F otoliths are shown in S/ Appendix, Fig. S1. n = 447 for cyb5d1 mutants and n = 449 for wild
type larvae. (F) Kymographs showing the beating pattern of multiple cilia bundles in the olfactory pit of wild type (cMO) and cyb5d7 morphants (cyb5d7 MO)
in 72 hpf. (G) Beat frequency of otic vesicle motile cilia in wild type and cybd57 mutant embryos at the 23 somite stage. (H) Beat frequency of olfactory cilia in
wild type (cMO) or cyb5d1 morphants (cyb5d7 MO) at 72 hpf. n.s., not significant; ***P < 0.001. Error bars are SDs for the means.

power stroke, the other one was undergoing its recovery stroke,
like freestyle swimming (Fig. 3C). This flagellar beat waveform
made the cell body rotate toward the cis-flagellum or the trans-
flagellum (Fig. 3F, triangle-marked line). The area encompassing
the beat envelope of the Crcyb5d1 trans-flagellum was about double
that of the cis-flagellum in the Slip state (Fig. 3E). For Slip beating
observed in wild type cells, the beat frequency of the trans-flagellum
is higher than that of the cis-flagellum (33); however, the Slip beating
of Creyb5dl is different because the beat frequency of the trans-
flagellum and cis-flagellum is similar (SI Appendix, Fig. S6A).

In total, there were only 7% of Slip and 5% of AP states in the
beat cycles of HS211 while 88% of beat cycles were in the IP
state. In contrast, for the mutant Crcybd51, the percentage of Slip
states increased to 48%, and AP states increased to 29% (Fig. 3G).
The percentage of different beat states observed using a red filter
was similar to that without the filter (SI Appendix, Fig. S4), sug-
gesting the change of waveform in Crcybd51 did not result from
photoshock.

As nearly 90% of beating cycles in HS211 cells were in the IP
state in our free-swimming cell assay, the IP state was defined as
coordinated beating, and both AP and Slip states were catego-
rized as uncoordinated beating. Using this standard, we found
that about 90% of HS211 cells exhibited coordination, but in the
Creybd51 mutant, only 20% of cells showed coordination (Fig. 3H).
In addition, the number of nonplanar beat cycles, which occurs
when flagellar beating is uncoordinated, increased in Crcybd51
mutant compared to HS211 (SI Appendix, Fig. S5).

Beat frequency of the cis- and trans-flagella was the same not
only in the IP and AP states but also in the Slip state (SI Ap-
pendix, Fig. S6A4), suggesting that uncoordinated flagellar beating
does not result from a difference in the beat frequency of the two
flagella. The beat frequency of the AP state was higher than that
of the IP and Slip states (S Appendix, Fig., S64), which makes
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the mean frequency of Crcybd51 significantly higher compared to
HS211 (SI Appendix, Fig. S6B). The dominance of flagella ac-
tivity in demembranated and reactivated cells revealed that the
trans-axoneme constantly showed dominance in Crcybd51 cell
models regardless of changes in the Ca** concentration (Fig. 31).
This result is consistent with the Slip waveform of Crcybd51 in
which the cis-flagellum exhibits a smaller bend envelope than the
trans-flagellum (Fig. 3 D and E). Thus, a defect in the cis-flagellum
resulted in the uncoordinated beating of Crcyb5d1.

To remove possible second-site insertions, original Crcyb5d1
mutant was crossed with wild type strain CC124; paromomycin
resistant progeny also shows the defect of coordinated flagellar
beating as the original mutant (S Appendix, Fig. S7). In addition,
the wild type CrCYB5D1 gene tagged with mCherry at the N ter-
minus was expressed in Crcyb5dl. Two of the mCherry-positive
strains, named Crcyb5dl mC:CrCYB5D1 1# and Creyb5dl
mC::CrCYB5D1 2#, were selected for further analysis. The
coding sequence of mCherry-tagged CrCYB5DI was transcribed
and translated in these two strains (Fig. 2 C and D). The swimming
paths, percentage of motile cells, velocity of forward swimming,
percentage of coordinated flagellar beating, and flagellar beat
frequency in these two strains were similar to that of HS211 (Figs.
2 E-G and 3H and SI Appendix, Fig. S6B). Collectively, the above
results confirmed that the loss of coordinated flagellar beating in
the Creyb5d1 strain was due to mutation of the CrCYB5DI gene.

CrCYB5D1 Is an Axonemal Protein. To determine the localization of
CrCYBS5D1 in Chlamydomonas, the fluorescence of mC::CrCYB5D1
in Creyb5d1 mC::CrCYB5DI cells was observed using 3D-SIM (three
dimensions structure illumination microscopy). The mC::CrCYB5D1
exhibited a strong and continuous signal in the flagella, which
was surrounded by the signal from coexpressed IFT46::YFP (Fig. 44).
As IFT46:YFP is a marker of the flagellar matrix and present in
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Fig.2. CrCYB5D1 is essential for normal motility in Chlamydomonas. (A) Schematic diagram of the genomic structure of CrCYB5D1 illustrating the location of
the insertion in the Crcyb5d7 mutant. The AphViil expression cassette is inserted into the fourth exon. (B) PCR analyses of CrCYB5D1 using genomic DNA of
HS211 and Crcyb5d1 as templates, using the primers shown in A. (C) Transcriptional analysis of CrCYB5D1 in the indicated strains using RT-PCR. (D)
Immunoblot of whole-cell lysates from the indicated strains using antibody against mCherry; a-tubulin served as a loading control. (E) The swimming tracks of

individual cells from the indicated strains were recorded for a 5 s period using a

micro image analyzer (Olympus). The red and green lines indicate the straight

and curved motion tracks, respectively; dark blue dots are nonmotile cells. (Scale bars, 100 pm.) (F) Bar graph showing the percentage of forward swimming
cells in the indicated strains. (G) The forward swimming velocity of cells in the indicated strains. For F and G the number of cells (n) measured is indicated.

***P < 0.001.

intraflagellar transport trains (34), this result suggested that
CrCYBS5D1 might be an axonemal protein. Immunoblot analysis
of isolated flagella and deflagellated cell bodies of Crcyb5dI
mC::CrCYB5D also confirmed that CrCYB5D1 was present in
the cell body and notably in the flagella, similar to the radial spoke
protein RSP1 (Fig. 4B). When isolated flagella were separated
into membrane plus matrix and axoneme fractions, CrCYB5D1
was predominately present in the axonemal fraction, similar to
RSP1 but unlike the flagellar membrane protein FMG1 (Fig. 4C).
Collectively, the above results indicate that CrCYB5D1 is an
axonemal protein.

Numerous motility-related complexes are associated with the
axoneme, including the central pair (CP), radial spokes (RSs), outer
dynein arms (ODAs), and inner dynein arms (IDAs). To determine
if CrCYB5D1 was associated with any of these complexes, the ax-
onemes from Crcyb5dl mC::CrCYB5D1 were fractionated into
soluble fractions and remnants using 0.6 M NaCl, and subsequently
0.5 M KI (potassium iodine) extraction. Immunoblot analysis of
these fractions showed ‘that the majority of CrCYB5D1 was
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resistant to NaCl extraction, but was soluble in the KI solution,
similar to RSP1 and PF20 (Fig. 4D). Furthermore, mC::CrCYB5D1
was expressed in the pf20 strain (lacks the central pair microtubules)
(35) and in the pf28pf30 strain (missing inner arm I1 and outer
dynein arms) (36). Immunoblot analysis revealed that CrCYB5D1
was present in the flagella of both pf20 and pf28pf30 (Fig. 4 E and
F), suggesting that CrCYB5D1 does not associate with the central
pair or outer dynein arms or inner arm I1.

CrCYB5D1 Localizes to the Radial Spoke Stalk. Each radial spoke con-
sists of a base, stalk, and head. To identify which region CrCYB5D1
associates with, mC::CrCYB5D1 was expressed in the mutant pf17
(missing the radial spoke head) (37) and FLAG::CrCYB5D1 was
expressed in the mutant pfI4 (missing the radial spoke head and
stalk) (38). Both mC:CrCYB5D1 and FLAG:CrCYB5D1 can
complement the mutation of CrCYB5DI and can be transported
into the flagellum and assemble into the axoneme (Fig. 2 C-G and
SI Appendix, Fig. S8). mC::CrCYB5D1 was present in the flagella of
pfl7 (Fig. 54); however, FLAG::CrCYB5D1 was absent in the
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Fig. 3. CrCYB5D1 is responsible for controlling cis-trans flagellar dominance. Real-time images and schematic diagrams of the flagellar beat waveforms in IP
(HS211 or Crcyb5d1) (A), Slip (Crcyb5d1) (B), and AP (Crcyb5d1) (C) states: IP, in-phase; Slip, phase slip; AP, antiphase. The schematic diagrams at right show the
principle for comparing the waveforms of cis- and trans-flagella using the rotating angle of the cell body. The green line was set between the base of the two
flagella, bisects the cell body, and changed over time. The red line is perpendicular to the green line at 0.000 s and was fixed during the analysis. The angle (6)
between the red and green lines was used to monitor the rotation of the cell body and was 90° at 0.000 s. Images were taken at 500 frames per second using a
high-speed video microscopy. The time of each image is indicated. (Scale bars, 5 pm.) (D) Typical sequential flagellar bending patterns in a single beat cycle
were reconstructed from the waveforms in A, B, and C. (E) Dot graph showing the ratio of bend envelope area between the trans- and cis-flagellum. All values
are shown as the mean + SD. (F) Comparing the angle (0) of each beating waveform over time in HS211 and Crcybd57: IP, Box-marked line; AP, Triangle-
marked line; Slip, Round-marked line. (G) Comparison of the percentage of IP, Slip, and AP states in beat cycles of HS211 and Crcyb5d1. The number of cycles is
indicated. (H) Percentage of coordinated beat cycles in the indicated strains. All values are shown as the mean + SEM of three independent experiments.
**%P < 0.001. () The effect of Ca®* concentration on the dominance of cis- and trans-axonemes in H5211 and Crcybd51. Each point shows the average and the
SD from three experiments. The number of cells counted in each experiment was larger than 150.

flagella of pfi4 (Fig. 5B), indicating that CrCYBS5D1 is localized
to the stalk. In addition, immunogold-labeled flagella showed
that 64% of gold particles were distributed along the stalk of the
radial spokes in flagella of Crcyb5d1 mC::CrCYB5D1; in contrast,
only a few gold particles were observed in the Crcyb5d1 flagella and
were distributed randomly (Fig. 5 C and D). These results dem-
onstrate that CrCYB5D1 is located in the stalk of the radial spoke.

To further confirm that CrCYB5DI1 is a radial spoke stalk
protein, fractions enriched in radial spoke complexes from HS211
and Creyb5d1 were prepared by sequential 0.6 M NaCl and 0.5 M KI
extractions (39) and proteins present in the 0.5 M KI extract were
compared using mass spectrometry. All the previously known radial
spoke components as well as CrCYB5D1 were identified in flagella of
HS211 (SI Appendix, Table S1). However, CrCYB5D], along with
RSP20 and RSP12 were not found in flagella of Crcyb5d1, whereas all
other radial spoke proteins were identified, with an abundance ratio
of these proteins in the two strains close to 1 (SI Appendix, Table S1).
These data confirm that CrCYB5D1 is a component of the radial
spoke stalk and suggest that it may associate with and affect the in-
corporation of RSP20 and RSP12. This speculation is supported by
the recently published radial spoke structural model in which
CrCYBS5DL1 interacts with RSP12 spatially (40).

The radial spoke complex first assembles into a “7”- or “L”
-shaped 12S precursor in the cell body and is then incorporated
into the axoneme as a mature T-shaped 20S spoke (41, 42). To

Zhao et al.

Heme-binding protein CYB5D1 is a radial spoke component required for coordinated ciliary

beating

determine when CrCYBS5D1 was incorporated into the radial
spokes, a whole-cell lysate of Crcyb5d1 mC::CrCYB5D1 was frac-
tionated by sucrose density gradient centrifugation. The majority
of mC::CrCYB5D1 sedimented at 6S and 20S. In contrast, RSP1
and RSP2 signals peaked at 6S, 20S, and 12S (Fig. 5E), which is
characteristic of most radial spoke proteins in sucrose density
gradients. 20S complexes in the cytoplasm come from the disas-
sembly of flagella during the cell cycle, whereas the 12S complexes
are strictly preassembly forms (43). CrCYB5D1 cosedimented
with RSP1 and RSP2 only at 20S, but not 12S, indicating that the
assembly of CrCYB5D1 into the mature radial spokes is inde-
pendent of the 128 precursor. To further confirm this conclusion,
the membrane plus matrix of isolated flagella from Crcyb5dI
mC:CrCYB5DI cells was fractionated using sucrose density gradi-
ent centrifugation. We found that CrCYB5D1 also cosedimented
with RSP1 and RSP2 only at 208, but not 12S (Fig. 5F), confirming
that the assembly of CrCYB5D1 into the mature radial spokes is
independent of the 12S precursor. Thus, CrCYB5D1 may be
transported into flagella separately.

A cell lysate of Crcyb5d1 was also fractionated in a sucrose
density gradient; immunoblot analysis of each fraction revealed
that RSP1 and RSP2 peaked at 6S, 12S, and 20S (SI Appendix,
Fig. S94), which was similar to the distribution of these proteins
in Creyb5dl mC::CrCYB5DI cells (Fig. 5E). The amount of
RSP1, RSP2, and RSP3 in flagella was similar in HS211, Creyb5d1,
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and IFT46::YFP in the flagella of Crcyb5d7 mC::CrCYB5D1 using 3D-SIM. (Scale

bars, 2 pm.) (B) Immunoblot analysis of equal amounts of protein from whole-cells (WC), cell bodies (CB), and isolated flagella (Fla) of Crcyb5d1 mC::CrCYB5D1
probed with antibodies against RSP1, mCherry, and a-tubulin. (C) Immunoblot analysis of flagella, axonemes, and membrane plus matrix isolated from
Crcyb5d1 mC::CrCYB5D1 probed with antibodies against FMG-1, RSP1, mCherry, and a-tubulin. FMG-1 is a flagellar membrane marker and RSP1 acts as a
radial spoke marker. (D) Immunoblot analysis of a NaCl extract and subsequent Kl extract of axonemes from Crcyb5d1 mC::CrCYB5D1 probed with antibodies
against PF20, 1C2, RSP1, and mCherry. PF20 was used as a central pair marker and IC2 as an outer arm dynein marker. Immunoblot analysis of equal amounts
of protein from whole-cells, cell bodies, and isolated flagella of pf20 mC::CrCYB5D1 (E) and pf28pf30 mC::CrCYB5D1 (F) probed with antibodies against

mCherry and a-tubulin.

and Creyb5dl mC::CrCYBS5DI strains (SI Appendix, Fig. S9B),
which is consistent with the mass spectrometry results (SI Ap-
pendix, Table S1). The base, stalk, and head of the radial spokes
in Creyb5dl appeared normal under thin-section transmission EM
and were indistinguishable from those in flagella of HS211 (SI Ap-
pendix, Fig. S9C). Collectively, these data suggest that CrCYB5D1 is
not an essential structural component of the radial spoke complex,
and its deficiency does not affect the assembly or gross organization
of the radial spoke. Thus, it may play a regulatory role.

CrCYB5D1 Binds Heme. The Cyt-b5 domain at the N terminus of
CYBS5D1 potentially binds heme as it does in CYB5D2 (44). To
test this hypothesis, an LC-MS/MS (liquid chromatography tandem
mass spectrometry/mass spectrometry) method (45) was modified
to determine the amount of heme in flagella. Heme was identified
in flagella of both HS211 and Creyb5d1 (SI Appendix, Fig. Sl()g; the
heme concentration in Creyb5d1 flagella is 1.18 + 0.23 x 107 mol
heme/g flagella and in which HS211 flagella is 1.34 + 0.11 x 107'°
mol heme/g flagella (Fig. 64). These results suggested the presence
of heme-binding proteins in flagella and that CrCYB5D1 may be
one of them.

Subsequently, a whole-cell lysate of HS211 expressing CrCYBSD1.::-
Strep was incubated with hemin-agarose (hemin is heme con-
taining ferric iron with coordinated chloride), and hemin-bound
proteins were eluted with Tris buffer containing SDS and
B-mercaptoethanol. Immunoblot analysis revealed that about 90%
of CrCYB5D1::Strep adhered to the hemin—-agarose (Fig. 6B). To
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further confirm this, freshly purified CrCYB5D1::Strep was in-
cubated with hemin—agarose; about 80% CrCYB5D1::Strep ad-
hered to the hemin—agarose (Fig. 6C). Hemin exhibits a maximum
absorbance (An.x) at 382 nm (Fig. 6D red line). When CYB5D1
was added to the hemin solution, the A,.x shifted to 402 nm
(Fig. 6D, green line), which is a typical characteristic of heme-
binding proteins (44, 46). Then, increasing concentrations of
hemin were added to a fixed concentration (3 pM) of CrCYBS5DI.
When the molar ratio of hemin to CrCYB5D1 reached 1:1, the
absorption increasement at 402 nm plateaued (Fig. 6E). Thus,
CrCYB5D1 binding to hemin is saturable and occurs at a 1:1
stoichiometry.

Heme Binding by CrCYB5D1 Is Redox Sensitive. CrCYB5D1 contains
four cysteine residues (amino acids 26, 76, 101, and 147) that
may form disulfide bonds and affect heme-binding. To deter-
mine whether the thiols present in CrCYB5D1 were in reduced
or oxidized form, 4-acetamido-4-maleimidylstilbene-2,2'-disulfonic
acid (AMS), which reacts only with reduced thiols and adds 490 Da
per modified thiol, was used (21). Purified CrCYB5D1::Strep from
whole cells was incubated in an oxidizing buffer containing GSSG
(oxidized glutathione), reducing buffer containing DTT (dithio-
threitol), or Tris buffer without any redox reagents (NT) for 30 min,
and then fixed with TCA (trichloroacetic acid). Subsequently, re-
duced thiol groups were alkylated with AMS. Immunoblot analysis
revealed that most of CrCYB5D1 was in an oxidized state following
GSSG treatment, while DTT treatment fully reduced CrCYBSDI1.
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Fig. 5. CrCYB5D1 localizes to the radial spoke stalk. Inmunoblot analysis of equal amounts of protein from whole-cells, cell bodies, and isolated flagella of
strains pf17 mC::CrCYB5D1 (A) and pf14 FLAG::CrCYB5D1 (B) probed with antibodies against mCherry and FLAG, respectively. (C) Representative immunogold
electron micrograph of CrCYB5D1 localized at the stalk of the flagellar radial spoke using anti-mCherry antibody and a gold-conjugated secondary antibody.
(Scale bar, 100 nm.) (D) The percentage of gold particles localized to different axoneme-associated components including the central pair (CP), radial spoke
(RS) head, stalk and base, and the doublet microtubules (DMs). (E) Proteins from a whole-cell lysate of Crcyb5d1 mC::CrCYB5D1 were separated using sucrose
density gradient centrifugation and collected in 24 fractions. Each fraction was subject to immunoblot analysis using antibodies against PF20, 1C2, RSP1, RSP2,
and mCherry. (F) Proteins from a flagellar membrane-matrix fraction of Crcyb5d1 mC::CrCYB5D1 were separated using sucrose density gradient centrifu-
gation and collected in 20 fractions. Each fraction was subject to immunoblot analysis using antibodies against RSP1, RSP2, and mCherry.

The purified untreated CrCYB5D1 sample contained about 50%
oxidized form in vitro (Fig. 6F and SI Appendix, Fig. S11A4). These
results suggest that purified CrCYB5D1 contains at least one re-
duced and one oxidized form.

To determine which form of CrCYBS5D1 binds heme, purified
CrCYBS5D1:Strep was first treated with or without DTT and then
incubated with hemin. Since hemin promotes the peroxidase reac-
tion, if a protein binds hemin, a chemiluminescent signal will appear
at the location of this protein band on the PVDF (polyvinylidene
fluoride) membrane. Signal was only detected in CrCYBS5D1 samples
that had not been treated with DTT (Fig. 6H, lane 4), indicating
that only the oxidized form of CrCYB5D1 binds heme groups
specifically.

Redox Regulates the Coordinated Flagellar Beating. To determine
whether CrCYB5DL1 in flagella also has reduced and oxidized
forms, flagella from HS211 cells expressing CrCYBS5D1::Strep
were isolated and treated with DTT or H,O, for 1 min, and the
redox state of CrCYB5D1 was determined using the AMS la-
beling assay. The ratio of reduced to oxidized CrCYBSD1 was
about 19:1 in flagella without any treatment. DTT treatment
resulted in more reduced CrCYB5D1, and the ratio increased to
33:1; in contrast, H,O, treatment increased the oxidized form of
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CrCYB5D1 and the ratio decreased to 10:1 (Fig. 74 and
SI Appendix, Fig. S11B).

Since there are four cysteines in CrCYB5D1, parallel reaction
monitoring (PRM) mass spectrometry was used to determine
which two of them can form a disulfide bond in flagella. The disulfide
bond between C26 and C76 was detected in untreated flagella. In
DTT-treated flagella, an additional disulfide bond between C101 and
C147 was found. In H,O,-treated isolated flagella, a third disulfide
bond between C76 and C101 was detected (Fig. 7B and SI Appendix,
Fig. S12). The Peptide-Spectrum Matches (PSMs) number increased
to 9 in the H,O,-treated flagella from 5 in NT flagella when the
same amount of protein was used for analysis, which is consistent
with the AMS-labeling result (Fig. 74). CrCYB5D1 from H,0O,-
treated or nontreated flagella could be purified on hemin-agarose;
in contrast, CrCYBS5DI1 could not be purified from DTT-treated
flagella (Fig. 7C). These results suggest that at least two forms of
CrCYBS5DI exist in flagella—oxidized (heme-binding) and reduced
(non-heme-binding)—and their dynamic balance can be modulated
by environmental factors.

Since the binding of heme to CrCYB5D1 is redox dependent,
defects in coordinated flagellar beating in the Crcyb5d!I strain
may be due to alterations in flagellar redox state. To test this hy-
pothesis, we used a redox-sensitive outer arm dynein component
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600 nm were collected for 3 pM CrCYB5D1::Strep, 50 pM hemin, and 50 pM hemin mixed with 3 uM CrCYB5D1::Strep. (E) The maximum absorbance (A,,,) at
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munoblot analysis. (G) Detection of heme-promoted peroxidase activity using purified CrCYB5D1::Strep. The top shows Coomassie blue staining; the second
panel indicates peroxidase activity of the CrCYB5D1-hemin complex; the third panel shows peroxidase activity with free hemin, and the bottom shows

immunoblot analysis of samples probed with Strep antibody.

LC3 as a marker to compare the redox state in flagella of HS211
and Creyb5d1. Oxidized and reduced LC3 are present in flagella,
and the reduced form generally predominates (21). The flagella
of HS211 and Creyb5dl cells were isolated after treated with
1 mM DTT and 1 mM H,O, for 1 min and alkylated with AMS.
Immunoblot analysis of these samples with LC3 antibody showed
that LC3 was nearly fully reduced in the flagella from HS211 and
Creyb5dl, or DTT-treated HS211 and Crcyb5d1. When the cells
were treated with H,O,_ the ratio of reduced versus oxidized LC3
was 1.3:1 in flagella of HS211, but 1.8:1 in flagella of Creyb5d1
(Fig. 7D and SI Appendix, Fig. S11C), suggesting that the redox
state of Crcyb5d1 flagella is more reductive than in HS211.

To determine whether this enhanced reductive state resulted
in uncoordinated flagellar beating, the flagellar waveforms of
HS211 and Creyb5d1 cells were compared after treatment with
the reducing agents DTT and membrane-permeable 4-hydroxy-2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPOL) or with the oxidizing agents
H,0, and tertiary butyl hydroperoxide (t-BOOH) (21, 47, 48).
The percentage of coordinated flagellar beating in HS211 decreased
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after 1 mM DTT (Movie S9) and 40 mM TEMPOL treatments
(Movie S11) (Fig. 7E); in contrast, the low level of flagellar co-
ordination in Crcyb5d1 was unaffected (Fig. 7F and Movies S10
and S12). Interestingly, the percentage of Crcyb5dI coordinated
flagellar beating increased following treatment with 2 mM H,0O,
(Movie S14) and 0.5 mM ~BOOH (Movie S16) (Fig. 7F), but
there was no effect when HS211 cells were treated with H,O,/
t-BOOH (Movies S13 and S15) (Fig. 7E). Thus, the uncoordi-
nated flagellar beating in Crcyb5d1 cells could be mimicked by
the treatment of HS211 cells with reducing agents. Furthermore,
coordinated beating could be restored in Crcyb5dI cells by treating
them with oxidizing agents. Taken together, these results suggest
that flagellar redox state modulates coordinated beating.

The effect of redox state on flagellar beat frequency was also
analyzed. Treatment with the reductants DTT or TEMPOL did
not change the beat frequency of either HS211 or Creyb5d1 (SI
Appendix, Fig. S13). Similarly, #-BOOH treatment also did not
affect the beat frequency of either strain (SI Appendix, Fig. S13).
However, H,O, treatment decreased the beat frequency in both
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Fig. 7. CrCYB5D1 participates in redox-dependent regulation of coordinated flagellar beating. (A) Assessment of the redox state of CrCYB5D1::Strep in
isolated flagella treated with 1 mM H,0, or 1 mM DTT; NT indicates no treatment. (B) Summary of identified disulfide bonds from the samples in A by PRM
MS. The number of peptide spectral matches (PSMs) are indicated. (C) Comparison of heme-binding activity of CrCYB5D1::Strep from the flagella of DTT- or
H,0,-treated cells using hemin-conjugated agarose;. NT indicates no treatment. “P,” the soluble fraction of the flagella before incubation with hemin-
conjugated agarose beads; “E,” the bound fraction eluted with SDS and p-mercaptoethanol. (D) Immunoblot analysis of flagellar samples from HS211 and
Crcyb5d1 cells treated with 1 mM DTT or 1 mM H,0, using antibody against outer arm dynein LC3; a-tubulin served as a loading control. (E and F) Percentage
of HS211 and Crcyb5d1 cells exhibiting coordinated flagellar beating upon treatment with 1 mM DTT, 40 mM TEMPOL, 0.5 mM t-BOOH, or 2 mM H,0,. The
number of beat cycles is indicated. All values are shown as the mean + SEM of three independent experiments. ***P < 0.001. n.s., not significant.

HS211 and Creyb5dl1 (SI Appendix, Fig. S13). This likely reflects
the higher concentration of H,O, used compared to t--BOOH. As
the decrease in flagellar beat frequency was similar in both strains,
changes in frequency are not responsible for the rescue of the
uncoordinated beating phenotype in Crcyb5d1.

Flagellar coordination is tightly coupled to the phototaxis path-
way (19), which is also regulated by redox (22). To determine
whether the change of redox state in flagella of Crcyb5dl also af-
fected phototaxis, low intensity (~1 umol photon - m=2 - s™') or high
intensity (10 pmol photons m~2 - s—') green LED light was used in a
phototaxis assay as described previously (22). Both HS211 and
Creyb5dI cells showed positive phototaxis under low intensity light
and negative phototaxis under high intensity light; however, in both
cases, the Crcyb5d1 mutant accumulated more slowly compared to
HS211 (SI Appendix, Fig. S14 A and B). When the cells of HS211
and Crcyb5d1 were treated with oxidizing agents, both cells exhibi-
ted positive phototaxis, and negative phototaxis was observed when
cells were treated with reduced agents (SI Appendix, Fig. S14C),
which agrees with the previous report (22). In both cases, Creyb5d1
phototaxis was slower compared to HS211; however, the photo-
tactic defect in Creyb5dl was partially rescued when cells were
treated with oxidizing agents (SI Appendix, Fig. S14 D and E). This
result suggests that the reductive shift in flagella of Creybd51 slows
down phototaxis and that this slow down resulted from the increase
in uncoordinated flagellar beating.
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Discussion

In this study, we combined two classical ciliary research models,
zebrafish and Chlamydomonas, to dissect the role of CYB5D1 in
coordinated ciliary beating. CYBSD1 is a conserved radial spoke
protein and located in the stalk of the radial spoke. In Chlamy-
domonas, disruption of CYBSD1 results in a beating defect of
the cis-flagellum. Only the oxidized form of CYB5DI1 can bind
heme, which may regulate flagellar redox state and modulate the
ciliary beating.

CYB5D1 Maintains the Flagellar Redox State through Binding Heme.
Heme (iron—protoporphyrin IX) is a prosthetic group of hemo-
proteins. When it binds proteins, it performs a wide range of bi-
ological functions, including oxygen delivery, iron storage, electron
transfer, and substrate oxidation (49). However, free heme, which
has ferric iron bound, exerts redox toxicity in biological tissues
mainly through the oxidative reactions of iron (50). Iron can cycle
between ferrous and ferric states via Fenton chemistry and the
Haber-Weiss reaction, yielding a regenerating supply of reactive
oxygen species (ROS) (51). Our work reveals that heme is present
in flagella (S Appendix, Fig. S10) and can be used to generate ROS.
ROS-generating enzymes such as nitric oxide synthase 1 (NOSI)
(52) and dual oxidase 1 (DUOX1) (53) have also been character-
ized in motile cilia in mammals. Furthermore, ROS scavengers such
as thioredoxins (Trxs), glutaredoxins (Gpxs), and peroxiredoxins
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(Prxs) have been identified in flagella (25, 54, 55). Flagella of the
Crcyb5d1 mutant contains an amount of heme (Fig. 64) and has
a more reduced flagellar redox state as assessed using the redox-
sensitive thioredoxin-like LC3 of outer arm dynein as a marker
(Fig. 7D and SI Appendix, Fig. S11C). Thus, CYB5D1 may reg-
ulate the redox state of flagella by binding heme. Specifically,
when ROS levels increase, the flagellar redox state would be-
come more oxidative, leading to oxidation of CYB5D1 which can
then bind free heme to decrease ROS levels. Conversely, when
ROS decreases, the redox shifts to a more reductive state, CYB5D1
becomes reduced, releasing heme which can then generate ROS.

CYB5D1 May Integrate Environmental and Intraciliary Redox Signals
to Coordinate Ciliary Beating. Flagellar motility is regulated by
alterations in redox state (21), and flagella contain several
motility-related redox-sensitive components. For example, the
catalytic subunit C of protein phosphatase type 1 (PP1C) local-
izes to the central pair complex (56), and its activity can be en-
hanced by H,O, (57). Protein phosphatase type 2A (PP2A) locates
near inner dynein arm I1 and requires DTT for enzyme reactivation
(57). Two subunits of the outer dynein arm (LC3 and LCS) contain
thioredoxin redox-sensitive motifs and are specifically eluted from a
phenylarsine oxide matrix with p-mercaptoethanol (25), while the
outer arm docking complex protein DC3 is a redox-sensitive cal-
modulin homolog that binds calcium only in the reduced state (24).
Furthermore, outer arm dynein ATPase activity is activated by
sulfhydryl oxidation; this response is mediated through the y-HC
(26). A central pair protein (PF20), three radial spoke proteins
(RSP1, RSPY, and RSP5), inner dynein arm subunits p28 (IDA4),
actin (IDAS), the o (ODA11) and  (ODA4) HCs, and IC2 in-
termediate chain (ODAG6) of the outer dynein arm have been
identified in the thioredoxin interactome of Chlamydomonas
(58); cells defective for these components exhibit altered swim-
ming behavior (59-62). Collectively, these data suggest that
these redox-related and/or redox-sensitive proteins may form a
redox signaling pathway and regulate coordinated flagellar beat-
ing; CYB5D1 is an essential regulator of this pathway since it can
sense and integrate environmental and intraciliary redox signals
(Fig. 7 A and B).

However, how loss of CYB5D1 results in a waveform change
in the cis-flagellum remains an unanswered question. Based on
our data and published results, we propose a working model for
redox control of coordinated ciliary beating. The redox state in
the flagella of Chlamydomonas is relatively oxidizing, which is
essential for the concerted activity of dyneins to coordinate
beating of the two flagella; CrCYB5D1 is indispensable for main-
taining this oxidative state by binding or releasing heme. When
CrCYBS5DL is disrupted, the redox state in the trans and cis-flagella
shift to a more reductive state (Fig. 7D and SI Appendix, Fig. S11C).
If the cis-flagellum is more sensitive to this reductive state, a de-
fective waveform would result and the coordination of flagellar
beating lost in Creyb5d!1 (Fig. 3). Reductant treatments also induced
a reductive shift, so coordinated flagellar beating breaks down in
wild type (Fig. 7E). When the redox state becomes more oxidizing
in Creyb5d1 following oxidant treatment, the redox shift removes
the defect in the cis-flagellum, and so coordinated beating is
restored in Crcybd51 (Fig. 7F). This model is based on the hy-
pothesis that there is an asymmetry between the two flagella in
which the cis-flagellum is more sensitive to reductant than the
trans-flagellum. There are several lines to support such an asym-
metry; the cis- and trans-flagellum have different sensitivities to
calcium in vitro (19). The difference between the cis- and trans-
flagellum beat frequencies is not observed in mutants lacking the
outer arm docking complex (odal and oda3) or in the odall
mutant lacking the outer dynein arm o heavy chain (63, 64). The
defect in coordination of the trans and cis-flagella in Crcybd51 is
mainly due to changes in the intrinsic behavior of the cis-
flagellum; the lack of coordinated beat is‘a secondary effect.
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Calcium, Redox, and Phototaxis. The cis- and trans-axonemes of
demembranated, reactivated wild type Chlamydomonas cell
models respond differently to submicromolar levels of calcium:
the cis-axoneme is more active at Ca®>* concentrations below
10~® M, whereas the trans-axoneme was more active at higher
Ca** concentrations (19). However, in the Creyb5d1 mutant, the
trans-axoneme is constantly active and the cis-axoneme is inac-
tive regardless of changes in the concentration of Ca**. This is
different to the previously characterized mutants, Isp and ptxl,
in which the cis- and trans-axonemes are not sensitive to Ca**
concentrations ranging from 0 to 107° M (65).

Mutants with defects in Ca®*-dependent flagellar dominance
such as Isp1, ptxl, and Crcyb5d1 also show phototaxis defects (ref.
65 and this study). As an initial signal of phototaxis, light induces
an inward current at the eyespot and depolarizes the membrane
(66, 67), resulting in a Ca>" influx and concomitant increase in
intraflagellar Ca** concentration (68, 69). These data clearly dem-
onstrated that Ca>* play an important role in phototaxis. However,
the sign of phototaxis (i.e., positive or negative) is regulated by redox.
Cells always exhibited positive phototaxis after being treated with
ROS and always displayed negative phototaxis after treatment with
ROS quenchers (22). The positive phototaxis of Crcybd51 was more
defective than its negative phototaxis (SI Appendix, Fig. S14 A and B),
which may result from a reductive shift in the flagella (Fig. 7D). These
data further suggest that redox poise plays a critical role in controlling
the direction of phototaxis.

Coordinated responses to changes in redox poise and Ca®*
may be mediated by differentially modifying the activity of the
ODA in the cis- and trans-flagella, as the two flagella beat at
almost the same frequency in cell models of the odal mutant that
lack the outer dynein arms (70). ODA light chains such as LC3
and LC5 are closely related to thioredoxin (25), and redox poise
modulates the motility of flagella through the ODA during
photokinesis (21). In addition, Ca** binding to LC4 changes the
conformation of the N-terminal domain of the y-HC and alters
interactions between microtubules and the motor domain(s) of
the outer dynein arm (71). Furthermore, the Ca®*-binding loop
of docking complex protein DC3 contains a vicinal dithiol, and
only the reduced form can bind Ca** in vitro (62). Thus, outer
dynein arms may integrate redox and Ca®" signals (72), and
mediate transitions between coordinated and uncoordinated beat-
ing of the two flagella during phototaxis.

In conclusion, we have described here CYB5D1 as a regulator
of coordinated ciliary beating. It is a conserved radial spoke stalk
protein that binds heme in a redox-sensitive manner. Our data
suggest that intraciliary redox signaling and environmental sig-
nals are integrated by CYB5D1 to modulate coordinated ciliary
beating. Several redox-related or redox proteins such as TXNDC3
and TXNDC6 have been identified as new PCD genes (28). As a
newly identified redox protein, CrCYB5D1 is required for coor-
dinated flagellar beating, and is conserved in humans (SI Appen-
dix, Fig. S2). Thus, we suggest it be considered as a candidate
PCD gene.

Materials and Methods

The full procedures for bioinformatic analysis; in situ hybridization and im-
munohistochemistry; zebrafish mutants and morpholinos; high-speed video
microscopy of zebrafish; algal cell culture and strains; screening and rescue
of the Crcybd51 mutant; flagella isolation and fractionation; swimming track
recording and assessment of swimming velocity; analysis of flagellar swim-
ming behavior and beat frequency; SDS-PAGE and immunoblotting; sucrose
density gradient centrifugation; superresolution microscopy (3D-SIM); elec-
tron microscopy and immunogold labeling; heme detection using LC-MS/MS;
purification of CrCYB5D1; assay of hemin binding to CrCYB5D1; detection of
heme-catalyzed peroxidase activity; assessment of the redox state of LC3
and CrCYB5D1 in flagella, phototaxis assays, cell model generation and
reactivation; label-free mass spectrometry-based protein quantification; and
assignment of the disulfide bonds by PRM mass spectrometry are provided in
the S/ Appendix.
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