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Abstract

Motile cilia (also interchangeably called “flagella”) are conserved organelles extending from the
surface of many animal cells and play essential functions in eukaryotes including cell motility and
environmental sensing. Large motor complexes, the ciliary dyneins, are present on ciliary outer-
doublet microtubules and drive movement of cilia. Ciliary dyneins are classified into two general
types; the outer dynein arms (ODAs) and the inner dynein arms (IDAs). While ODAs are
important for generation of force and regulation of ciliary beat frequency, IDAs are essential for
control of the size and shape of the bend, features collectively referred to as waveform. Also,
recent studies have revealed unexpected links between IDA components and human diseases. In
spite of their importance, however, studies on IDAs have been difficult since they are very
complex and composed for several types of IDA motors, each unique in composition and location
in the axoneme. Thanks in part to genetic, biochemical and structural analysis of Chlamydomonas
reinharaltii, we are beginning to understand the organization and function of the ciliary IDAs. In
this review, we summarize the composition of Chlamydomonas IDAs particularly focusing on
each subunit, and discuss the assembly, conservation, and functional role(s) of these IDA subunits.
Further, we raise several additional questions/challenges regarding IDAs, and discuss future
perspectives of IDA studies.
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1. Introduction

Motile cilia (also called flagella) are antenna-like organelles protruding from many
eukaryotic cells. For the single-celled eukaryotes such as Paramecium and Euglena, these
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organelles are essential for both swimming and sensing the external environments
(Vincensini et al., 2011). For the multicellular eukaryotes including vertebrates, these
organelles play indispensable functions in organ homeostasis, development and fertility
(Fliegauf et al., 2007; Satir & Christensen, 2007). The basic structure of these motile
organelles is highly conserved among eukaryotes, most all containing the “9+2” axoneme.
The axoneme cross section is built from a total of 233 tubulin protofilaments, in which 9
outer doublet microtubules surround 2 central pair microtubules [233 = 23x9 (outer
doublets) + 13x2 (a central pair); 13 and 233 are Fibonacci numbers (Mughal & Weaire,
2017; Swinton & Ochu, 2016)]. This elegant ciliary axonemal structure has attracted the
attention of cell biologists for several decades.

The mechanism of repetitive bending motion of motile cilia had been a mystery until
Gibbons and Rowe found a motor protein potentially generating force for ciliary motility
(Gibbons & Rowe, 1965). They named this motor protein “dynein” after the unit name of
force, dyne. Ciliary dyneins are classified into two groups based on their location in the
axoneme; ODAs protruding outward from doublet microtubules and IDAs protruding inward
from doublet microtubules (Figure 1a, 1b; Table 1, 2). Subsequently, Satir provided
experimental and structural evidence for a sliding microtubule model for ciliary bending
(Satir, 1968; Satir et al., 2014). Then, Summers and Gibbons succeeded in directly observing
axonemal microtubule sliding /n vitro (Summers & Gibbons, 1971). This result directly
supported a dynein-driven, sliding microtubule model for ciliary bending. Consistently,
Shingyoji et a/ (Shingyoji et al., 1977) and Brokaw (Brokaw, 1991) demonstrated that ciliary
microtubules slide during bending. Ciliary microtubule sliding was further confirmed using
the Tetrahymena ciliary axonemes as a model (Sale & Satir, 1976, 1977).

Ciliary motility is required for normal human development and health in adults. In 1976,
Afzelius analyzed cilia from human patients displaying bronchitis, sinusitis, male infertility
and situs inversus, and found that the cilia were immotile in many cases and the ciliary
dynein arms were missing (Afzelius, 1976). This disease was called “immotile cilia
syndrome” and is now referred to as “primary cilia dyskinesia” or “PCD” (Brown &
Witman, 2014; Horani et al., 2016; Knowles et al., 2016). Since this original report, there
has been much focus on PCD, and additional diseases that result from failure in assembly of
the immotile sensory cilia called the primary cilia (Brown & Witman, 2014; Reiter &
Leroux, 2017). Further advances in understanding PCD will require more detailed analyses
and understanding of conserved axonemal components including IDAs.

Since the importance of ciliary motility in human health was revealed, research has
intensified on discovery of conserved components and mechanisms of assembly of the
cilium. To this end, Chlamydomonas reinhardltii is a particularly powerful model genetic
organism for discovery of conserved genes and mechanisms (Dutcher, 2014; Kamiya &
Yagi, 2014; Ostrowski et al., 2011). Notable advances using Chlamydomonas include
discovery of intra-flagellar transport (IFT)(Kozminski et al., 1993), definition of the
cytoplasmic “preassembly” of ciliary dyneins (Fowkes & Mitchell, 1998), identification of
the molecular basis of the 96-nm ciliary axonemal repeat (Oda et al., 2014), and a high-
resolution structure of the meshwork of inner proteins of doublet microtubules (Ma et al.,
2019). Chlamydomonas mutants have also revealed the conserved components of the
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axonemal radial spokes (Gui et al., 2021; Pigino et al., 2011; Poghosyan et al., 2020), nexin-
dynein regulatory complex (N-DRC)(Bower et al., 2013; Heuser et al., 2009), calmodulin
spoke complex (CSC)(Dymek et al., 2011; Dymek & Smith, 2007) and central pair complex
(Loreng & Smith, 2017). In addition, Chlamydomonas has contributed to understanding of
the basal bodies/centrioles (Dutcher & O’Toole, 2016) and the function of the Bardet-Biedl
Syndrome (BBS) proteins in cilia (Lechtreck et al., 2013; Li et al., 2004; Liu & Lechtreck,
2018; Nachury et al., 2007).

Ciliary dynein composition and regulatory mechanism(s) have also been extensively studied
in this organism (Alford et al., 2012; Kamiya & Yagi, 2014; King, 2016; Wakabayashi,
2012; Yagi & Kamiya, 2012), and in Chlamydomonas all of the heavy chain (HC) genes of
the dynein family were identified in the genome (Hom et al., 2011; Merchant et al., 2007;
Mitchell, 1994; Porter et al., 1996; Yagi et al., 2009). Chlamydomonas has also revealed that
each dynein heavy chain plays a specialized role in control of ciliary movement [reviewed in
(Kamiya, 2002; Kamiya & Yagi, 2014)]. For example, by comparing the ciliary motility
between mutants deficient in ODAs or IDAs, Brokaw and Kamiya showed that ODAs are
particularly important for control of ciliary beat frequency, while IDAs control normal
ciliary waveform (Brokaw & Kamiya, 1987). In addition, mutants lacking all ODASs (o0da
strains) can still move albeit at reduce beat frequency (Kamiya, 1988; Mitchell &
Rosenbaum, 1985). In contrast, failure in assembly of multiple IDAs (e.g. the pf23 mutant)
results in paralyzed cilia or in defective motility (Huang et al., 1979; Yamamoto et al., 2017;
Yamamoto et al., 2020). Notably, most of the proteins associated with IDAs, including IDA
subunits, are conserved in eukaryotic organisms that bear motile cilia (Wickstead & Gull,
2007), and recent studies revealed unexpected links between IDAs and human diseases [e.g.
(Ben Khelifa et al., 2014; Bustamante-Marin et al., 2020)].

In this review, we discuss the organization of IDAs in Chlamydomonas focusing on each
subunit, and also discuss potential functions of these IDA subunits in other eukaryotes.
Chlamydomonas IDAs are very complex including multiple IDA species distinct in
composition and location in the axoneme (Figure 1, Table 1), thus we first list and review the
subunits identified to date in Chlamydomonasin an itemized style in the next section
(Section 2)(Figure 2, 3; Table 2), and in the later sections (Sections 3 and 4) discuss
remaining questions/challenges, future direction and perspective of IDA studies.

2. Subunits of IDAs identified in Chlamydomonas, their potential
functions, and homologues/orthologues in other eukaryotes

In this section, we categorize Chlamydomonas IDA subunits into four groups (dynein heavy
chains (DHCs), intermediate chains (ICs), light chains (LCs), and accessary subunits), and
discuss their potential function(s) in ciliary assembly and regulation.

2-1. DHCs

DHCs are essential subunits of ciliary dyneins since they convert chemical energy of ATP to
mechanical force to drive ciliary motility. Based on DHC composition and location in the
axoneme, Chlamydomonas |DAs were first classified into five groups, 11, 12, 12’, 13, 13’
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(Huang et al., 1979; Piperno et al., 1990)(Figure 1a, 1b). 11 dynein was shown to contain
two DHCs (HCa and HCP, two-headed/dimeric dynein), while other species were each
shown to contain one DHC (single-headed/monomeric dynein)(Goodenough et al., 1987;
Piperno et al., 1990). Using ion-exchange chromatography, Kagami and Kamiya later found
that IDASs consist of seven major types (IDA species “a” to “g”), each containing one or two
distinct DHCs and total of eight distinct DHCs (Kagami & Kamiya, 1992). In addition, four
minor types have also been identified: three of the DHCs are specifically located in the
proximal end of the axoneme (Bui et al., 2012; Yagi et al., 2009)(Figure 1a, 1b, 2; Table 1).
Notably, the minor IDAS replace specific major types of IDAs in the 96-nm axonemal repeat
(Bui et al., 2012; Kamiya & Yagi, 2014). Currently the major IDAs are referred to as IDAs
a, b, c, d, e, f/lland g (Kamiya & Yagi, 2014; Yagi & Kamiya, 2012).

Among the sixteen DHC genes present in Chlamydomonas genome (Merchant et al., 2007;
Porter et al., 1996; Wickstead & Gull, 2007; Yagi et al., 2009), twelve genes (DHCI -
DHC12) encode IDA HCs (Figure 2; Table 1, 2). Of the twelve DHC genes for IDAs, eight
DHC genes encode the major IDA types (DHCI for 11/fa, DHCZ2for d, DHC5 for b, DHC6
for a, DHC7for g, DHC8 for e, DHC9for ¢, and DHC10for 11/f3)(Hom et al., 2011; Yagi
et al., 2005; Yagi et al., 2009)(Figure 1a, 1b, 2). The minor DHCs are encoded by DHC3,
DHC4, DHC11, and DHCI12 (Figure 1a, 1b, 2)(Hom et al., 2011; Kamiya & Yagi, 2014;
Yagi et al., 2005; Yagi et al., 2009). Of the remaining four DHC genes, three encode ODA
DHCs (DHC13- DHC15)(Hom et al., 2011; Liu et al., 2008; Sakakibara et al., 1991;
Sakakibara et al., 1993) and one encodes the DHC responsible for retrograde IFT (DHC16)
(Engel et al., 2012; Pazour et al., 1999).

Distinct localization of these IDAs was determined by structural comparison of wild-type
and mutant axonemes defective in assembly of specific IDA species and revealed the precise
location of each IDA in the axoneme 96-nm repeat (Bui et al., 2008, 2009; Bui et al., 2012;
Heuser, Barber, et al., 2012; Mastronarde et al., 1992; Nicastro et al., 2006; Piperno et al.,
1990; Porter et al., 1992; Yagi et al., 2005; Yamamoto et al., 2010)(Figure 1a, 1b). In
addition, asymmetric localization of IDAs across the axonemes was observed, and such
asymmetry is predicted to contribute to the asymmetric ciliary bending pattern (Bui et al.,
2009; Bui et al., 2012; King et al., 1994; Lin et al., 2019; Piperno & Ramanis, 1991). The
minor IDA species (DHC3, DHC4, and DHC11) are located at the proximal axoneme where
they replace major IDAs (Bui et al., 2012; Yagi et al., 2009)(Figure 1a, 1b). It has been
postulated that the minor IDASs located at the proximal axoneme play a role in ciliary bend
initiation. Localization of the remaining minor IDA species, DHC12, has not been
determined.

Each IDA species exhibits distinct mechanical and enzymatic properties as assessed by cell
movement, /n vitro motor assays and ATPase activity. For example, motility analysis of a
mutant lacking IDA f/11 HC (/dal/pf9lacking DHC1 or /daZlacking DHC10)(Figure 2;
Supporting Table S1) reveals slower cell motility and altered ciliary waveform compared to
wild-type (Kamiya et al., 1991; Kotani et al., 2007; Myster et al., 1997; Perrone et al., 2000;
Toba et al., 2011). The slow swimming and altered waveform indicate that the IDAs function
to regulate ciliary waveform (also discussed later in the 1C138 section). Intriguingly, mutants
lacking IDA f/11 also show reduced phototactic ability compared to wild-type, suggesting
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some role(s) of this dynein species in the phototactic response/signaling pathway (King &
Dutcher, 1997; Okita et al., 2005; VanderWaal et al., 2011). A mutant lacking IDA ¢ (/da9
lacking DHC9)(Figure 2; Supporting Table S1) shows only slight swimming defect in
normal conditions but greatly reduced swimming ability in viscous media, suggesting the
role of IDA c is to generate force under viscous conditions (Yagi et al., 2005).

Genetic defects in humans leading to a loss of specific ciliary IDA DHCs can result in
defective sperm flagellar assembly or defective sperm motility. For example, defects in
human DNAHI gene, a potential orthologue of Chlamydomonas DHC2 (IDA d)(Figure 2)
(Kollmar, 2016; Morris et al., 2006) are linked to infertility with anomalies of the sperm
flagella including dysplasia of the sperm fibrous sheath (Ben Khelifa et al., 2014; Imtiaz et
al., 2015; Wang et al., 2017). Also, human DNAHZ gene, a potential orthologue of
Chlamydomonas IDA /11 HC (DHC10)(Kollmar, 2016) is a candidate gene of one type of
the teratozoospermia, multiple morphological abnormalities of the sperm flagella (MMAF)
(Lietal., 2019). In addition, defects in human DNAH6 gene, a potential orthologue of
Chlamydomonas DHCT7 (IDA g) or minor IDA DHC3 (Bustamante-Marin et al., 2020;
Kollmar, 2016) have been reported to cause azoospermia, suggesting the important role of
IDA g in spermatogenesis and sperm motility (Gershoni et al., 2017; Y. Li et al., 2016).

Three IDA ICs discussed below, all subunits of IDA /11, have been identified in
Chlamydomonas. All these ICs are important for either assembly or regulation of IDA f/I1.

a. IC140 (DIC3/IDA7)—IC140, also called DIC3 or IDA7, is one of the three ICs of IDA
/11, having seven WD40 repeats in the C-terminal half of its structure (Perrone et al., 1998;
Yang & Sale, 1998)(Figure 3; Table 1, 2). The mutant missing this IC, iga7, shows slower
swimming velocity and altered waveform compared to wild-type (Perrone et al., 1998)
(Supporting Table S1). Importantly, in /da7 IDA f/11 fails to assemble in the ciliary
axoneme, strongly suggesting the roles of IC140 in assembly or docking of IDA f/I1
(Perrone et al., 1998). Consistently, IDA f/11 fails to preassemble in the cytoplasm of /ida7
cells (Viswanadha et al., 2014). Based on chemical crosslinking, 1C140 and another IC of
IDA /11, 1C138 (see below), are thought to directly interact with tubulin (Hendrickson et al.,
2013). A potential mammalian orthologue of 1C140, WDR63 (Table 3), is not required for
fertility in mice (Young et al., 2015). However, a recent study showed a potential and
intriguing relationship between an intragenic deletion of WDR63 and occipital
encephalocele in humans (Hofmeister et al., 2018)(Table 3).

b. 1C138 (DIC4/BOP5)—IC138, also called DIC4 or BOPS, is the second IC of IDA
/11, and like 1C140, contains seven WDA40 repeats in the C-terminal half of its structure
(Hendrickson et al., 2004)(Figure 3; Table 1, 2). Unlike 1C140, IC138 is not essential for
axonemal assembly of the IDA /11 complex (Hendrickson et al., 2004; VanderWaal et al.,
2011). However, IC138 is required for assembly of the 1C138 subcomplex containing at least
four subunits of IDA f/11, including 1C138, 1C97, LC7b, and FAP120 (Bower et al., 2009;
Hendrickson et al., 2004; Heuser, Barber, et al., 2012; lkeda et al., 2009). In addition, 1C138
was shown to be a phospho-protein important for regulation of ciliary motility (Elam et al.,
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2011; Gokhale et al., 2009; King & Dutcher, 1997; VanderWaal et al., 2011; Wirschell et al.,
2007). Analyses of bop5 alleles lacking 1C138 show phenotypes similar to mutants lacking
the entire IDA /11 complex (idal/pf9and ida2) with slower motility and altered waveform.
These observations suggest a regulatory role of IC138 in IDA f/I1 activity (Hendrickson et
al., 2004; VanderWaal et al., 2011)(Supporting Table S1).

A model of regulation for IDA f/I1 has been proposed, where IDA f/11 activity correlates
with 1C138 phosphorylation (Wirschell et al., 2007). The key axonemal kinase/phosphatase
that phosphorylates/de-phosphorylates IC138 are currently not determined, but casein kinase
1 (CK1) and protein phosphatase 2A (PP2A)(Supporting Table S1) have been proposed as
strong candidates since they are located in the axoneme (Elam et al., 2011; Gokhale et al.,
2009). Recently, CK1 has been shown to be stabilized by the IDA f/11 “tether” structure,
which intriguingly binds ciliary microtubule and /11 heads (Fu et al., 2018)(Supporting
Table S1). Also, an axonemal complex that appears to support and determine the relative
position of IC138 and these kinase/phosphatase in cilia has been reported as the “modifiers
of inner arms (MIA) complex” (King & Dutcher, 1997; Yamamoto et al., 2013)(Supporting
Table S1). The core of the MIA complex consists of two coiled-coil axonemal proteins,
flagellar-associated protein 100 (FAP100) and FAP73 (Yamamoto et al., 2013). Intriguingly,
potential mammalian homologues of FAP100 and FAP73, coiled-coil domain containing 37
(CCDC37), CCDC38, and CCDC42a/b are all implicated in some aspects of the chronic
obstructive pulmonary disease (COPD) and/or the lung cancer, suggesting the importance of
IC138 and IDA f/11 in normal lung function (Aravind Kumar et al., 2018; Kwon et al., 2012;
Menche et al., 2014; Soler Artigas et al., 2011; Tessema et al., 2015; Tian et al., 2017; Wain
et al., 2014). A potential mammalian orthologue of 1C138, WDR78 (Table 3), was identified,
suggesting ciliary 1C138 function is conserved from Chlamydomonasto multi-cellular
eukaryotes. WDR78 is strongly expressed in testis and thymus, while the expression is weak
in brain (Young et al., 2015). A recent study has revealed that WDR78 is indispensable for
ciliary motility and ciliary IDA f/11 assembly in mammals, confirming the conserved
importance of this IDA subunit/species (Zhang et al., 2019). An alternative splicing form of
WDR78 is reported to be influenced by zinc-finger Ran-binding domain containing protein 2
(ZRANB?2), a human splicing factor (Yang et al., 2013).

c. 1C97 (DlI6/FAP94)—IC97, also called DI16 or FAP94, is the third IC of IDA f/11 and
contains the Cancer Susceptibility Candidate 1, N-terminal (Cascl_N) domain (Wirschell et
al., 2009)(Figure 3; Table 1, 2). IC97 is a component of 1C138 subcomplex of IDA f/I1 and
possibly functions in concert with 1C138 to regulate IDA f/11 (Bower et al., 2009; Heuser,
Barber, et al., 2012). In the bop5 mutant deficient in 1C138 (Supporting Table S1), IC97 fails
to assemble in the axoneme, indicating 1C138 is required for 1C97 stability in cilia
(Hendrickson et al., 2004; Heuser, Barber, et al., 2012; VanderWaal et al., 2011). IC97 was
also shown to bind a.- and B- tubulins directly in axonemes (Wirschell et al., 2009).
However, to date, no detailed analysis of Chlamydomonas ic97 mutant has been reported.
Since meta-insertional mutant library projects (Chlamydomonas Library Project :CLiP) have
been completed and the mutants having deficient in the /C97 gene seem to be available on
request (https://www.chlamylibrary.org/)(X. Li et al., 2016), it would be interesting to
determine the exact role(s) of IC97 in regulation of IDA /11 and ciliary motility. A potential
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mammalian orthologue of 1C97, CASC1 (Table 3), was reported to be involved in or related
to pulmonary adenoma (Liu et al., 2006).

Chlamydomonas has large variety in the LC composition between the two-headed IDA f/11
and other remaining single-headed IDAs. Among the LCs we present in this subsection
below, first five LCs (TCTEX1, TCTEX2b, LC7a, LC7b, and LC8) are all LCs of IDA f/I1,
while the others (actin, NAP, p28 and centrin) are LCs of single-headed IDAs.

a. TCTEX1 (DLT3)—TCTEXY, also called DLT3, is a LC of IDA f/I1 that contains the
Tctex-1 domain in its structure (Harrison et al., 1998)(Figure 3; Table 1, 2). This protein was
first identified as a cytoplasmic dynein LC, but later was revealed to be also an IDA f/11
component (DiBella et al., 2001; Harrison et al., 1998). The structure of the TCTEX1 dimer
was solved by the nuclear magnetic resonance (NMR) and revealed its similarity to the LC8
(described below) dimers (Wu et al., 2001; Wu et al., 2005). To date, no fcfexI mutant in
Chlamydomonas has been reported. Thus, the function of this LC is unclear. In mammals,
TCTEX1 (also called DYNLT1)(Table 3) is a potential candidate of the distorter/sterility
factor in the non-Mendelian transmission of mouse t-haplotypes (King et al., 1996; Lader et
al., 1989). TCTEX1/DYNLT1 has also been implicated in ciliary resorption (Li et al., 2011).

b. TCTEX2b (DLT4)—TCTEX2b, also called DLT4, is an IDA f/I1 LC and contains a
Tctex-1 domain in its structure (DiBella, Smith, et al., 2004)(Figure 3; Table 1, 2).
TCTEX2b co-purifies with IDA f/11 (DiBella, Smith, et al., 2004). TCTEX2b is not required
for IDA f/11 assembly in the axonemes, but the stability of the IDA f/11 complex is reduced
when axonemes are suspended in high-salt buffers (DiBella, Smith, et al., 2004). Analysis of
the double mutant pf16-D2, deficient in both PF16 and TCTEX2b, revealed a role for the
TCTEX2b in regulation of IDA /11 activity and ciliary motility (DiBella, Smith, et al.,
2004; Hom et al., 2011)(Supporting Table S1). A potential mammalian orthologue of
TCTEX2b, TCTEX1D2 (Table 3), is implicated in its association with short-rib polydactyly
syndrome (SRPS) proteins (Gholkar et al., 2015; Mukhopadhyay, 2015). Mutations in
TCTEX1DZ2 gene was also shown to cause Jeune asphyxiating thoracic dystrophy in humans
by impairing the retrograde IFT machinery (Table 3), suggesting TCTEX1D2 is an
important component of IFT dynein (Schmidts et al., 2015).

c. LC7a (DLR1/ODA15)—LC74a, also called DLR1 or ODA15, isa LC of IDA f/I11 and
ODAs, and contains the Roadblock/LC7 (Robl_LC7) domain in its structure (Pazour &
Witman, 2000)(Figure 3; Table 1, 2). A mutant lacking LC7a, oda15, assembles only ~ 30%
of ODAs compared to wild-type in cilia (DiBella, Sakato, et al., 2004)(Supporting Table
S1). This result suggests LC7a plays a role in docking or stability of ODAs. In addition,
odal5shows assembly defect in IDA /11, suggesting LC7a also plays a role in docking and
stability of IDA f/11 (DiBella, Sakato, et al., 2004)(Supporting Table S1). Potential
mammalian homologues of LC7a, DYNLRB1 and DYNLRB2 (Table 3), are both subunits
of human cytoplasmic dynein-1 and dynein-2 (Jiang et al., 2001). DYNLRB1 has been
shown to interact with Rab6 family small GTPases and to possibly modulate their GTPase
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activities (Wanschers et al., 2008). DYNLRB2 has been implicated in its involvement in
leukemia virus infection in mice (Opazo et al., 2017).

d. LC7b (DLR2)—LCT7b, also called DLR2, is a LC of IDA /I1 and ODAs, and contains
the Robl_LC7 domain in its structure (DiBella, Sakato, et al., 2004)(Figure 3; Table 1, 2).
LC7b is a component of the 1C138 subcomplex of IDA f/I1 (Bower et al., 2009). The bop5
allele expressing a C-terminally truncated form of 1C138 (bop5-1) fails to assemble LC7b,
suggesting the C-terminal region of 1C138 is essential for stability of LC7b in cilia
(Supporting Table S1). In contrast, LC7a is assembled in the bgp5-1 axoneme (Hendrickson
et al., 2004). Thus, despite the high sequence homology between these two LCs, they seem
to serve different functions. To date, no mutant lacking LC7b has been reported, and the
exact function of LC7b is unclear. However, a null allele of 1C138 (bgp5-2) lacks 1C138
subcomplex (IC138, 1C97, FAP120 and LC7b) but still assembles IDA f/11 in ciliary
axoneme, suggesting LC7b is dispensable for IDA f/11 assembly (Bower et al., 2009;
Heuser, Barber, et al., 2012; lkeda et al., 2009)(Supporting Table S1). Thus, LC7b is
predicted to have some regulatory role for IDA /11 activity.

e. LC8 (DLL1/FLA14)—LCS8, also called DLL1 or FLA14, isa LC of IDA f/11, ODAs
and the IFT dynein (cytoplasmic dynein 2)(DiBella et al., 2001; Pazour et al., 1998)(Figure
3; Table 1, 2). LC8 is also a component of ciliary radial spokes involved in the assembly of
radial spoke structures (Gui et al., 2021; Gupta et al., 2012; Yang et al., 2001; Yang et al.,
2009). LC8 contains a “Dynein light chain type 1 (Dynein light)” domain in its structure,
and LC8 sequence/structure has been studied in detail (Barbar, 2008; King & Patel-King,
1995). Because of the molecular versatility in ciliary function, a mutant of LC8, f/aZ4,
shows very short immotile cilia due to the impaired IFT, also having defects in radial spokes,
ODAs, IDAs, and ciliary beak-like structures (Gupta et al., 2012; Pazour et al., 1998; Yang
et al., 2009)(Supporting Table S1). A mutant pf14-3 (also called pf5) expresses LC8 with an
extension at the C-terminus (Yang et al., 2009). pf14-3 cells have short cilia that show
paralyzed or sporadic-twitching motility (Yang et al., 2009). Two minor radial-spoke
proteins (RSP13 and RSP15) are missing in pf14-3axonemes. In addition, 1C97 (described
before) is lacking in pfi14-3axonemes, suggesting a structural interaction between 1C97 and
LC8 (Yang et al., 2009).

LC8 is highly conserved with mammalian homologues DYNLL1 and DYNLL?2 (Table 3).
The LC8 proteins are regarded “hub” proteins (Barbar, 2008), and have been implicated in
various cellular functions including nuclear transport, apoptosis and mitosis (Rapali et al.,
2011).

f. Actin (DlIl4/IDA5)— Chlamydomonas has one conventional actin gene, /DA5 also
called D//4 (Kato-Minoura et al., 1997; Kato-Minoura et al., 2003)(Figure 3; Table 1, 2).
Surprisingly at the time, researchers identified an actin-like protein in cilia (Behnke et al.,
1971; Piperno & Luck, 1979, 1981). Subsequent studies revealed that actin is a subunit of
nearly all of the single-headed IDA species including IDAs a, b, c, d, e, and g, and most
likely DHC3, DHC4, DHC11, and DHC12 (Kagami & Kamiya, 1992; Kamiya & Yagi,
2014; LeDizet & Piperno, 1995b; Piperno, 1988; Yagi et al., 2009). A mutant having defect
in the ACTIN gene, ida5 shows slower cell motility and altered ciliary waveform. The
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motility phenotype is due to failure in assembly of IDASs g, ¢, d and e (Kato et al., 1993;
Kato-Minoura et al., 1997)(Supporting Table S1). Thus, actin is indispensable for axonemal
docking of these IDA species. Actin interacts with an additional IDA LC, p28 or centrin
(LeDizet & Piperno, 1995b; Yanagisawa & Kamiya, 2001). Recently, it was determined that
the elongated axonemal proteins FAP59/CCDC39 and FAP172/CCDCA40 define the ciliary
axonemal 96-nm repeat structure in Chlamydomonas (Oda et al., 2014). Since actin is
required for docking of a subset of single-headed IDAs, it is possible that actin interacts with
the FAP59/FAP172 for localization of these IDAs (Figure 1a, 1b). This model has not yet
been tested, and this would be an interesting future challenge (discussed later in Section 3).
Further, surprisingly, polymerized actin filaments have recently been shown to form in
primary cilia and possibly function in ciliary disassembly (Kiesel et al., 2020; Phua et al.,
2017). Predictably, actin or actin-like (e.g. observed in dynactin) filaments will be found in
motile cilia.

g. NAP (DII5)—Analysis of the actin mutant /ga5 has revealed a novel actin-like protein
(NAP) replaces actin as a LC of IDAs b and g (Kato-Minoura et al., 1997; Kato-Minoura et
al., 1998)(Figure 3; Table 1, 2). NAP contains an actin domain (Figure 3), but has only 65%
identity and 80% similarity to Chlamydomonas conventional actin. Moreover, NAP is only
weakly expressed under normal conditions in wild-type cells. However, when the
conventional actin gene is disrupted in /da5, expression of NAP is strongly up-regulated, and
NAP substitutes for actin in docking IDAs b and g (Hirono et al., 2003; Kato-Minoura et al.,
1998)(Supporting Table S1). From the biochemical analyses, NAP has a low ability to
polymerize (Kato-Minoura, 2011). However, NAP can provide “f-actin” functions /n vivo
(Onishi et al., 2016), and can partially replace conventional actin for successful ciliogenesis
(Jack et al., 2019). The homologues of NAP have been only found in some volvocine algae
such as Volvoxand Gonium, which are phylogenetically close to Chlamydomonas (Kato-
Minoura et al., 2003).

h. p28 (DII1/IDA4)—p28, also called DII1 or IDA4, isa LC in IDAs a, ¢ and d, and most
likely of DHC11 and DHC12 (Kamiya & Yagi, 2014; LeDizet & Piperno, 1995a, 1995b;
Piperno et al., 1992)(Figure 3; Table 1, 2). p28 and centrin (described below) each bind to
separate single-headed IDASs in a complementary manner (Kagami & Kamiya, 1992;
LeDizet & Piperno, 1995b; Yanagisawa & Kamiya, 2001). Cilia from the mutant lacking
p28, ida4 (Supporting Table S1), fail to assemble IDASs a, ¢ and d, indicating a role of p28 in
the axonemal docking (LeDizet & Piperno, 1995a). p28 directly interacts with the N-
terminal fragments of the DHCs of these IDAs and also with actin (described above). From
the stoichiometric analysis, two p28 molecules were thought to interact with one actin
monomer and bind to each one of the DHCs (IDAs DHC6/a, DHC9/c, DHC2/d, and most
likely DHC11 and DHC12)(Kamiya & Yagi, 2014; Yanagisawa & Kamiya, 2001). Recently,
a p28 homodimer interacting with DHC9 and actin was identified in cilia (Gui et al., 2021).
A mammalian orthologue of p28, DNALI1 (Table 3), is also a LC of axonemal dyneins
(Rashid et al., 2006).

i. Centrin (DLE2/VFL2)—Centrin, also called DLE2 or VFL2, isa LC of IDAs b, e and
g, and most likely of DHC3 and DHC4 as well (Kamiya & Yagi, 2014; Piperno et al., 1992;
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Taillon et al., 1992)(Figure 3; Table 1, 2). Centrin contains four EF-hand domains (Figure 3).
In Chlamydomonas centrin is found in the nucleus-basal body connector, the distal striated
fiber between basal bodies, and in the ciliary transition zone (Dutcher & O’Toole, 2016;
Ruiz-Binder et al., 2002; Salisbury et al., 1988; Sanders & Salisbury, 1989; Wright et al.,
1989). A null mutant of centrin in Chlamydomonas is not available. However, a mutant
expressing mutated centrin (v//2) displays various numbers of cilia ranging from 0 to 6 with
aberrant swimming patterns (Hayashi et al., 1998; Taillon et al., 1992)(Supporting Table S1).
Thus, along with its role as a subunit in a subset of IDAs, centrin plays important roles in
ciliogenesis and normal basal-body positioning (Dutcher & O’Toole, 2016). From
stoichiometric analysis, a centrin monomer is predicted to directly interact with actin and the
N-terminal fragment of a subset of the IDA DHCs (IDAs DHC5/b, DHC8/e, DHC7/g, and
most likely DHC3 and DHC4)(Kagami & Kamiya, 1992; Yagi et al., 2009; Yanagisawa &
Kamiya, 2001). A mammalian orthologue of centrin, CENT2 (Table 3), has been shown to
play a role in cilia, and CENT2 deficient mice show ciliopathic phenotypes including
dysosmia and hydrocephalus (Ying et al., 2014). CENT?2 has also been reported to regulate
ciliogenesis of primary cilia (Prosser & Morrison, 2015).

2-4. Accessary subunits

In addition to DHCs, ICs and LCs described above in this section, some IDA species have
unique accessary subunits (FAP120 and MOT?7 for IDA /11, and p44 and p38 for IDA d)
that are weakly associated to these IDAs and/or not present in other similar Chlamydomonas
IDA species.

a. FAP120 (DII7)—FAP120, also called D117, is an accessary subunit of IDA f/I11, with
four ankyrin (ANK) repeats in the N-terminal half and a coiled-coil domain in the C-
terminal half (Ikeda et al., 2009)(Figure 3; Table 1, 2). Although FAP120 does not co-elute
with IDA f/11 in ion-exchange chromatography, FAP120 is absent or greatly reduced in the
axonemes from mutants lacking IDA f/11 (idall pf9, idaZ, and ida7). This result strongly
suggests that FAP120 is an IDA f/I1 component (Heuser, Barber, et al., 2012; Ikeda et al.,
2009). In addition, analyses of bop5 mutants (/ic138alleles) revealed that the level of
FAP120 reduction in axonemes correlates with loss of 1C138, further supporting that
FAP120 is a component of the IC138 subcomplex (Ikeda et al., 2009). The bop5allele
expressing a C-terminal truncated 1C138 (bop5-1) lacks FAP120 in their axonemes (Ikeda et
al., 2009). Thus, the C-terminal fragment of 1C138 missing in bgp5-1 mutant seems to be
required for axonemal localization of FAP120.

Due to the presence of ANK repeats in its structure, an exact orthologue of FAP120 in
mammals is difficult to determine (Table 3). By the basic local alignment search tool
(BLAST) analyses using FAP120 protein sequence as a query on human non-redundant
protein sequences in the national center for biotechnology information (NCBI) database, the
most homologous protein to FAP120 in humans is ANK2, an ankyrin-2 protein. However,
from the expression pattern and molecular size, this protein does not seem to be the exact
orthologue of FAP120 in humans, and further study will be needed to determine the human
orthologue of FAP120. The cDNA sequence of FAP120 has been deposited in DNA Data
Bank of Japan (DDBJ) under the accession No. AB818238.
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b. MOT7—An orthologue of Chlamydomonas MOT7, a dynein-associated BLUF-
domain-containing protein (DYBLUP), has recently been identified as a subunit of IDA f/11
in Ciona intestinalis (sea squirt)(Kutomi et al., 2021). An intriguing feature of DYBLUP is
the presence of the “sensors of blue-light using FAD (BLUF)” domain, which senses blue
light using the flavin adenine dinucleotide (FAD) or flavin mononucleotide (FMN) as a co-
factor, although the prediction value of the BLUF domain varies depending on the organisms
(Gomelsky & Klug, 2002; Park & Tame, 2017). In Ciona, DYBLUP is predicted to bind the
head of IDA f/11’s HCP. One idea under investigation is that IDA f/11 can be regulated
directly by light through DYBLUP, an entirely novel mechanism of regulation of dynein
motor activity. In Chlamydomonas, although the BLUF domain is not predicted in the
MOT?7 molecule with high probability like in Ciona DYBLUP (Figure 3), MOT7 was shown
to interact with FAP44, an IDA f/l1-head interacting protein, strongly suggesting MOT7
interacts with an IDA f/11’s head in Chlamydomonas cilia, connecting the f/I1’s head and
the f/11-tether complex (Kutomi et al., 2021)(Figure 3; Table 1, 2). Since Chlamydomonas
mutants lacking IDA f/11 components or the MIA complex (/idallpf9, idaz, bops, mot7,
mial, and mia2)(Supporting Table S1) display abnormal phototaxis and/or photoshock
response, IDA f/11 is thought to function in phototaxis/photoshock responses (King &
Dutcher, 1997; Okita et al., 2005; VanderWaal et al., 2011). One idea, yet to be tested, is that
MOT?7 is a light-sensing protein involved in the dynein regulation and/or in signaling
pathway of phototaxis/photoshock responses in Chlamydomonas as a subunit of IDA f/11. A
potential mammalian orthologue of DYBLUP/MOT7, C70rf62/TEXA47 (Table 3), has been
reported to have potential link to hypothyroidism (Eriksson et al., 2012).

C. p44 (DlI3)—p44, also called DII3, is an accessary subunit of IDA d (Yamamoto et al.,
2008)(Figure 3; Supporting Figure S1; Table 1, 2). p44 has a small coiled-coil region near
the N-terminal end and several tetratricopeptide repeat (TPR) motifs in middle to C-terminal
half of its structure. p44 was first identified as a 44-kDa protein co-purified with IDA d
(Kagami & Kamiya, 1992; Kato et al., 1993), and the identity of the protein was revealed
based on the domain structure (Yamamoto et al., 2008). Since no mutant having defect in the
DI/3gene is available in Chlamydomonas, the exact function of p44 is unclear. However, it
has been proposed that p44 plays a role in docking IDA d in the axoneme (Yamamoto et al.,
2008). Recently, re-analysis of the Chlamydomonas p44 cDNA (Yamamoto et al., 2008),
based on the newest Chlamydomonas genome database (Phytozome v5.5), filled a small gap
in the sequence near the C-terminus region (Supporting Figure S1). The p44 cDNA/protein
sequence was updated accordingly in DDBJ (Accession No. AB353122.2). A potential
mammalian orthologue of p44, TTC29/NYD-SP14 (Table 3), is expressed primarily in the
spermatocytes in testis in rats, and the expression of TTC29/NYD-SP14 is reported to be
regulated by follicle-stimulating hormone (Ohta et al., 2012). TTC29/NYD-SP14 is also
reported to possibly function in the IFT machinery (Brooks, 2014). In addition, recent
studies of human/mouse TTC29/NYD-SP14 show that defects in this protein cause the male
infertility with the asthenoteratospermia/asthenozoospermia, suggesting this protein is
important for ciliary motility and/or ciliogenesis (Liu et al., 2019; Lores et al., 2019)(Table
3).
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d. p38 (DII2/FAP146)—p38, also called D112 or FAP146, is an accessary subunit of IDA
d, and p38 does not display obvious motifs or domains (Yamamoto et al., 2006)(Figure 3;
Table 1, 2). Together with p44, p38 was first identified as a 38-kDa protein that co-purified
with IDA d (Kagami & Kamiya, 1992; Kato et al., 1993). Like p44, the axonemal amount of
p38 in mutants lacking IDA d (/aa4 and ida5) was greatly reduced compared to wild-type
(Yamamoto et al., 2006, 2008). The exact function of p38 is unclear, but a complex of p44
and p38 was proposed to play a role in docking IDA d on the axoneme (Yamamoto et al.,
2008). p38 was shown to be localized in cilia and also near the basal-body region in
Chlamydomonas (Lechtreck et al., 2009; Yamamoto et al., 2006). Knockdown of a potential
Trypanosoma orthologue of p38, TAX-1 (Th09.211.1790), has been shown to cause both
motility and growth defects in bloodstream (Broadhead et al., 2006). A potential mammalian
orthologue of p38, ZMYND12 (Table 3), has also been identified (Yamamoto et al., 2006).

3. Remaining questions and challenges

In this review we focused on the subunit composition and the potential function(s) of each
subunit of ciliary IDAs in Chlamydomonas. Although many aspects of IDAs, including
potential function(s) of each subunit in ciliary assembly/regulation, have been revealed by
studies using Chlamydomonas, various key questions remain.

3.1 What is the regulatory mechanism(s) of single-headed IDA species?

While the regulatory mechanism of IDA /11 has been extensively studied in
Chlamydomonas and functional models have been proposed (Wirschell et al., 2007), few
reports have described regulatory mechanism(s) of the single-headed IDAs. Recently, it was
reported that DRC3 connected N-DRC to IDA g for control of ciliary motility (Awata et al.,
2015). Also, the CSC complex is located near the base of IDAs d and g, and thought to
stabilize and regulate these IDAs (Dymek et al., 2011; Heuser, Dymek, et al., 2012).
Similarly, FAP57/IDA8/BOP2 (Supporting Table S1) is important for axonemal stability of
IDAs d and g on specific doublet microtubules (Lin et al., 2019). In addition, FAP206, a
novel ciliary protein, has been identified as a possible docking adapter for radial spoke 2,
also interacting with IDA c. FAP206/CSC may regulate and stabilize IDA c, potentially
transmitting a regulatory signal from radial spoke to IDA c to regulate ciliary motility
(Vasudevan et al., 2015). However, how the various single-headed IDAs coordinate their
activities with each other and with ODAs remains a challenging and open question.

3.2 What is the high-resolution/atomic structure of the individual IDA motors?

Presumably the axonemal dyneins will display similar motor structures to cytoplasmic
dyneins (Carter et al., 2011; Kon et al., 2012), but currently we do not know if this is really
the case. Although axonemal dynein structures have been resolved by cryo-electron
tomography at the resolution of ~ 20A [e.g. (Bui et al., 2008, 2009; Bui et al., 2012; Nicastro
etal., 2006; Oda et al., 2014)], however, to date only detailed high-resolution structures of
ODA s have been reported (Mali et al., 2021; Walton et al., 2021). Such structural data of
IDAs is essential for further definition of the regulation and mechanism of IDAs.
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3.3 What determines the localization of IDAs on axonemal doublet microtubules?

Although recent studies have revealed part of the molecular basis for the axonemal 96-nm
repeat and IDA docking in Chlamydomonas (Awata et al., 2015; Dymek et al., 2011; Heuser
etal., 2009; Lin et al., 2019; Ma et al., 2019; Oda et al., 2014), how each IDA is localized
and docked in the 96-nm repeat is not fully understood. One interesting observation is that
among the major single-headed IDA species, those with p28 (IDAs a, ¢ and d) and with
centrin (IDAs b, e and g) as a subunit are always located side by side in the axonemes (IDAs
aand b, IDAs c and e, and IDAs d and g)(Figure 1a; Table 1). Thus, the p28 and centrin
subunits may play a role in docking these single-headed IDAs in the axoneme. Additionally,
it has been proposed that the p28 and centrin bearing single-headed IDAs potentially form
pseudo-dimers that function as dimers in cilia (Bui et al., 2012). This “pseudo-dimer”
hypothesis is partially supported by the /n vitro observation that the motility of the isolated
IDA c is facilitated by mixing with isolated IDA e, which are located adjacent to each other
in the axoneme (Shimizu et al., 2014)(Figure 1a). Also, IDA species causing the clockwise
microtubule translocation /n vitro at a right angle to the direction of translocation include
only IDAs d and g, which are located next to each other in the axoneme (Kikushima &
Kamiya, 2008)(Figure 1a). However, tests of these ideas require additional work, and the
binding site(s) on microtubules of these LCs of the single-headed IDAs, as well as of
ICs/LCs of the two-headed IDA /11 must both be biochemically and structurally analyzed.
Predictably, high-resolution/atomic structure(s) of IDA docking sites on doublet
microtubules observed by the single-particle cryo-electron microscopy [like (Gui et al.,
2021; Ma et al., 2019)] will reveal IDA docking mechanisms.

3.4 Are there any functional/compositional differences of IDAs among eukaryotes?

Although function and composition of IDAs have been extensively studied in
Chlamydomonas, as described above, conservation of IDAs between Chlamydomonas and
other eukaryotes with motile cilia are not yet fully understood. Recent studies revealed some
unexpected and unique features of IDAs in other eukaryotes compared to Chlamydomonas.
For example, in 7rypanosoma axonemes, the IC/LC complexes of IDA f/I1 seem to be much
larger than those in Chlamydomonas, and these large IDA /11 IC/LC complexes apparently
extend to the adjacent doublet microtubules like N-DRC complexes (Imhof et al., 2019).
Also, in cilia from Drosophila chordotonal neurons, IDAs f/11 and g may not assemble,
while other IDAs can assemble properly (Zur Lage et al., 2019). In addition, a recent report
indicated that sperm cilia from two species of Ephemeroptera (mayfly), Ecdyonurus venosus
and Cloeon dipterum lack ODAs and bear a unique arrangement of IDAs (Mencarelli et al.,
2014). These sperm cilia have an unusual “9+9+0” axonemal organization that contains
accessory microtubules, but lacks a central pair complex (Mencarelli et al., 2014).
Predictably, these cilia generate lower beat frequency compared to Chlamydomonas. In
addition, the axonemes from these sperm display a 32-nm periodicity rather than a 96-nm
repeat along the outer doublet microtubules. Moreover, these axonemes appear to contain
one species of DHC suggesting Ephemeroptera has only one species of IDA. If this is true,
then one type of IDA can drive progressive motility and rhythmic beating in these sperm
axonemes (Mencarelli et al., 2014). It will be important to identify the IDA DHCs in
Chlamydomonas and vertebrates, that is homologous to the insect dynein.
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3.5 What are the evolutionary origins of IDAs?

One approach is to determine the IDA structure of the last eukaryotic common ancestor
(LECA), which is thought to possess cilia (Mitchell, 2017; Satir et al., 2008). The
Chlamydomonas mutant lacking most of IDAs is paralyzed (Huang et al., 1979; Yamamoto
etal., 2017; Yamamoto et al., 2020), while mutants lacking all ODAs can still produce
ciliary movement at reduced beat frequency (Kamiya, 1988; Mitchell & Rosenbaum, 1985).
One interesting idea is that IDA and ODA have evolved together to amplify the efficiency
and power for ciliary beating. However, there are exceptions: the motile cilia of some
organisms/organs, including the eel sperm and Physcomitrella, only assemble IDAs, whereas
those of some other organisms (e.g. in the diatom 7halassiosira) only assemble ODAs (Desai
et al., 2015; King, 2012; Kollmar, 2016; Wickstead & Gull, 2007; Woolley, 1997). In recent
analyses of DHCs across various eukaryotes, a step-wise evolution of ciliary dyneins in
LECA was proposed in which: 1a) ODA was duplicated to generate IDA f/11; or Ib) IDA f/I1
was duplicated to generate ODA,; Il) duplication of IDA /11, or one DHC of IDA f/11,
generated the adjacent single-headed IDA(s); and I11) duplication of the single-headed IDA
generated other single-headed IDA(s)(Kollmar, 2016). Investigators have also suggested that
LECA expressed only three subgroups of single-headed IDAs in addition to ODA and IDA
f/11 (Kollmar, 2016; Rajagopalan & Wilkes, 2016; Wickstead & Gull, 2007). In addition, it
has been proposed that the N-terminal regions of several Chlamydomonas IDA DHCs
[DHC5 (IDA b), DHCS8 (IDA ¢), and DHC4 (minor IDA)] were swapped or recombined to
generate tail regions capable of interacting with centrin, whereas the paralogous DHCs in
other ciliated organisms have the tail regions interacting with p28 (Kollmar, 2016).

4. Conclusions and perspective

In this review, we summarized our current knowledge of Chlamydomonas IDAs focusing on
each subunit, discussed their molecular function(s), and raised some future questions. For
more than 40 years, Chlamydomonas served as an outstanding organism for study of the
molecular function, composition, regulation and structure of IDAs. Chlamydomonas will
continue to play an important role in our understanding of IDAs as essential components of
ciliary motility. The remaining questions of IDAs described in this review await hew work
by cell biologists, biophysicists and clinicians.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Potential arrangements of IDAsin Chlamydomonas cilia
(a) (top) Drawings of a Chlamydomonas cell and ciliary axonemal cross-section. (bottom)

Hypothesized models of IDA arrangements on surface-rendering images of the 96-nm
repeats of Chlamydomonas ciliary doublet microtubules (DMTS). The images are the results
of sub-tomogram averages from reconstructed cryo-electron tomograms. Surface-rendering
images of the proximal and central/distal regions of DMT1 and other averaged DMTSs
(DMTs 2-8 or 2-9) are shown. In Chlamydomonas, DMT1 totally lacks ODAs, and also has
particularly interesting features including the arrangement of IDAs (Bui et al., 2012; Hoops
& Witman, 1983). In the proximal region of ciliary axonemes, the arrangement of IDAs
differs from that in the central/distal region, lacking IDA b (DHC5) and possibly minor
IDAs replacing some major IDAs (Bui et al., 2012). Approximate locations of ODAs, IDAs,
the IC/LC complex of IDA f/I1, N-DRC, radial spokes and the 1-2 bridges are shown in
water blue, old-rose red, yellow, green, purple, and light brown, respectively. A light pink
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arrowhead indicates the missing IDA b location in the proximal portion of the DMT2-9
average. Mi, minor IDA; Un, unknown density likely an IDA species (Bui et al., 2012). The
tomograms were reconstructed and published in the previous publication (Bui et al., 2012),
and refined for this review. The accession IDs of the density maps (Bui et al., 2012) in
EMDataBank (http://www.emdatabank.org/) used to make this figure are as follows: DMT1
proximal region, EMD-2119; DMT1 central region, EMD-2113; DMT2-9 proximal region,
EMD-2131; DMT2-8 central/distal region, EMD-2132. (b) A summary of proposed
arrangements of IDAs in Chlamydomonas cilia. The figure is adapted/refined from (Bui et
al., 2012). Chlamydomonas cilia have heterogeneity in the arrangement of IDAs among
DMTs, and this heterogeneity could contribute to generation of proper ciliary waveform.
IDA d and e may be partially replaced by minor IDAs DHC11 and DHC4 in the proximal
portion of the axonemes (Bui et al., 2012). Also, replacement of IDA g by DHC3 was
proposed in (Bustamante-Marin et al., 2020). DMT1 has unique organization of IDAs
throughout the axonemes (Bui et al., 2012; Hoops & Witman, 1983). P, Proximal; D, Distal.
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Figure 2. Domain structure of IDA HCsin Chlamydomonas
Domains/motifs in DHCs of Chlamydomonas ciliary IDAs. “Dynein heavy chain, N-

terminal region 1 (DHC_N1)”, “dynein heavy chain, N-terminal region 2 (DHC_N2)”, and
“microtubule-binding stalk of dynein motor (MT)” domains were predicted using the pfam
analyses (https://pfam.xfam.org/)(Punta et al., 2012). Appropriate locations of 6 “ATPases-
associated-with-diverse-cellular-activities (AAA)” domains/rings in the IDA DHCs were
predicted by aligning the IDA sequences with the 7ripneustes gratilla ODAP DHC
[X59603.1 (NCBI)](Mocz & Gibbons, 2001). Note that two minor IDAs, DHC3 and
DHC12, have longer molecular length than other IDAs. The accession Nos/IDs in the
Phytozome Chlamydomonasv5.5 (https://phytozome.jgi.doe.gov/pz/portal.html#!info?
alias=Org_Creinhardtii) used for these domain predictions were as follows: DHC1/PF9/
IDAL, Crel2.9484250.t1.1; DHC2, Cre09.g392282.t1.1; DHC3, Cre06.9265950.t1.1;
DHC4, Cre02.g107350.t1.1; DHC5, Cre02.9107050.t1.1; DHCS, Cre05.9244250.t1.2;
DHC?7, Crel4.9627576.t1.1; DHCS, Crel16.9685450.t1.1; DHC9/IDAY, Cre02.9141606.t1.1;
DHC10/IDA2, Crel4.9624950.t1.1; DHC11, Cre12.9555950.t1.2; DHC12,
Cre06.9297850.t1.1.
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Figure 3. Domain structure of I DA |1Cs/L Cs/accessary subunitsin Chlamydomonas
Domains/motifs in ICs/LCs/accessary subunits of Chlamydomonas ciliary IDAs were

predicted using the SMART analyses (http://smart.embl-heidelberg.de/)(Letunic et al., 2021;
Schultz et al., 1998) with the default setting and outputs with scale modification were
shown. The green thin lines indicate the coiled-coil regions, and the pink thin lines indicate
the low-complexity regions. While seven WD repeats were identified in the original
descriptions both for the IC140 and 1C138 molecules (Hendrickson et al., 2004; Yang &
Sale, 1998), fewer repeats were predicted by SMART analyses in this figure due to the
threshold. The domain structures of FAP120 and p44 were re-analyzed from (Ikeda et al.,
2009; Yamamoto et al., 2008). The accession Nos/IDs in NCBI (https://
www.nchi.nlm.nih.gov/) or Phytozome Chlamydomonasv5.5 (https://
phytozome.jgi.doe.gov/pz/portal.html#!info?alias=0rg_Creinhardtii) used for these domain
predictions were as follows: 1C140/DIC3/IDA7, XP_001695786.1 (NCBI); 1C138/DIC4/

200 a.a
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BOP5, XP_001696921.1 (NCBI); 1C97/DI16/FAP94, ACN22075 (NCBI); TCTEX1/DLT3,
Cre01.9004250.11.2 (Phytozome); TCTEX2b/DLT4, DAA05278 (NCBI); LC7a/DLR1/
ODA15, Cre08.9376550.t1.2 (Phytozome); LC7b/DLR2, Crel2.9546400.t1.2 (Phytozome);
LC8/DLL1/FLA14, Cre03.9181150.t1.1 (Phytozome); Actin/DI14/IDAS5,
Crel3.9g603700.t1.2 (Phytozome); NAP/DII5, Cre03.g176833.t1.1 (Phytozome); p28/DII1/
IDA4, CAA88139 (NCBI); Centrin/DLE2/VFL2, Crel1.9468450.t1.2 (Phytozome);
FAP120/DI113, BAN15819 (NCBI); p44/DI13, AB353122.2 (NCBI); p38/DII2/FAP146,
BAG07147 (NCBI); MOT7, Cre01.g038750.t1.2 (Phytozome).
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Composition of IDAs in Chlamydomonas reinhardltii

Table 1.

Page 32

IDA Composition of Chlamydomonas rei nhardtii®

Species a b c d e fl11 g DHC3 DHC4 DHC11 DHC12
IDA Major Major Major Major Major Major Major Minor Minor Minor Minor
type
Head Single-  Single-  Single-  Single-  Single- Double- Single- Single- Single- Single- Single-
type headed headed headed headed  headed headed headed headed headed headed headed
MT + - + + + b + c N/A N/A N/A
rotation = N/A
MT - - - + - - + N/A N/A N/A N/A
bending
HCgene DHC6 DHC5 DHC9 DHC2 DHC8 DHC1 DHC7 DHC3 DHC4 DHC11 DHC12
(/DAY (PFY/ (DHC1a)
IDAI)
DHCI10
(IDA2)
Other 12° 13 12A 12° 12B None 13 None None None None
name
ICsLCs 1C140
1C138
1C97
p44
Actin Actin Actin Actin Actin Actin -] (Actin) (Actin) (Actin)
d (NAP) (Actin)
(NAP)
p38
FAP120
p28 p28 p28 (p28) (p28)
MOT7
Centrin Centrin Centrin ~ (Centrin)  (Centrin)
TCTEX1
TCTEX2b
LC7a
LC7b
LC8

aThis table is based on (Hom et al., 2011; Kagami & Kamiya, 1992; Kamiya & Yagi, 2014; Kikushima & Kamiya, 2008; Piperno, 1995; Yagi et al.,

2009).

bNeingibIe rotation at high IDA f/11 densities, while erratic rotation was observable at low IDA f/I1 densities (Kotani et al., 2007).

cNot analyzed previously.

dNAP serves as a subunit of IDAs b and g in the absence of actin [in the /da5 mutant (Kato-Minoura et al., 1998)].

eParentheses for LCs of minor IDAs mean that they are not fully experimentally determined (Kamiya & Yagi, 2014).
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Table 2.

Subunits of IDAs in Chlamydomonas reinhardtii

Page 33

IDA subunits of Chlamydomonas rei nhardtii®

Name Description Predicted pI/MWb Domain/M atif° Chromosomed Accession No/I D€
DHC
DHC1/PF9/IDA1  HC of IDA f/I1 5.33/522885.80 AAA/Coiled-coil 12 Phytozome:
Crel2.9484250.t1.1
DHC2 HC of IDAd 5.46/467004.81 AAA/Coiled-coil 9 Phytozome:
Cre09.9392282.t1.1
DHC3 HC of minor IDA 6.20/585030.81 AAA/Coiled-coil 6 Phytozome:
Cre06.9265950.t1.1
DHC4 HC of minor IDA 6.13/524768.01 AAA/Coiled-coil 2 Phytozome:
Cre02.9107350.t1.1
DHC5 HCof IDAb 5.81/463901.76 AAA/Coiled-coil 2 Phytozome:
Cre02.9107050.t1.1
DHC6 HC of IDA a 5.51/477687.67 AAA/Coiled-coil 5 Phytozome:
Cre05.9244250.11.2
DHC7 HCof IDAg 5.42/468333.64 AAA/Coiled-coil 14 Phytozome:
Crel4.9627576.t1.1
DHC8 HC of IDA e 5.56/470226.38 AAA/Coiled-coil 16 Phytozome:
Crel6.9685450.t1.1
DHCY/IDA9 HCof IDAc 5.62/464742.71 Coiled-coil 2 Phytozome:
(AAA)f Cre02.9141606.t1.1
DHC10/IDA2 HC of IDA f/I1 5.95/510666.80 AAA/Coiled-coil 14 Phytozome:
Crel4.9624950.t1.1
DHC11 HC of minor IDA 5.58/517580.00 Coiled-coil (AAA) 12 Phytozome:
Crel2.9555950.t1.2
DHC12/DHC1a Probable minor HC of IDA 6.17/653333.60 AAA/Coiled-coil 6 Phytozome:
Cre06.9297850.t1.1
IC
1C140/DIC3/ IC of IDA f/I1 4.84/109816.66 WDA40/Coiled-coil 16 NCBI: XP_001695786.1
IDA7
1C138/DIC4/ IC of IDA f/11 5.62/111159.34 WD40 12 NCBI: XP_001696921.1
BOP5
1C97/DI16/FAP94  IC of IDA f/11 5.46/81498.37 Coiled-coil 14 NCBI: ACN22075
LC
Actin/DI14/IDA5  LC of most likely all the 5.30/41836.06 Actin 13 Phytozome:
single-headed IDAs Crel13.9603700.t1.2
Centrin/DLE2/ LC of IDAs b, e, g and 4.70/19458.94 EF hand 11 Phytozome:
VFL2 probably of DHC3 and Crell.9468450.t1.2
DHC4
LC7a/DLR1/ LC of IDA f/11 and ODA 6.91/11927.71 Roadblock/LC7 8 Phytozome:
ODAI15 Cre08.9376550.t1.2
LC7b/DLR2 LC of IDA /11 and ODA 5.40/11118.70 Roadblock/LC7 12 Phytozome:
Crel2.9546400.t1.2
LC8/DLL1/ LC of IDA f/11, ODA, and 6.89/10321.77 Dynein light chain 3 Phytozome:
FLA14 the IFT dynein type 1 Cre03.9181150.t1.1
NAP/DII5 Replace actin in ida5 for 5.52/41553.34 Actin 3 Phytozome:

IDAsband g
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IDA subunits of Chlamydomonasrei nhardtii®

Name Description Predicted pI/MWb Domain/Motif® Chromosomed Accession No/ID®
p28/DII1/IDA4 LC of IDAs a, ¢, d and 6.68/28652.72 Coiled-coil 12 NCBI: CAA88139
probably of DHC11 and
DHC12
TCTEX1/DLT3 LC of IDA /11 5.25/12668.45 Tetex-1)9 1 Phytozome:
( ) Cre01.9004250.t1.2
TCTEX2b/DLT4  LCof IDAf/I1 5.67/13693.37 (Tctex-1) 9 NCBI: DAA05278
Accessary
subunits
FAP120/DIN7 Accessary subunit of IDA 4.94/31861.12 Ankyrin repeat / 2 NCBI: BAN15819
i1 Coiled-coil
MOT7 Accessary subunit of IDA 4.91/26212.92 BLUF h 1 Phytozome:
11 (BLUF) Cre01.g038750.t1.2
p44/DI I3i Accessary subunit of IDA d 5.46/46091.86 TPR/Coiled-coil 8 NCBI: AB353122.2
p38/DII2/FAP146  Accessary subunit of IDA d 5.29/40923.19 None 3 NCBI: BAG07147

aThis table is based on (Hom et al., 2011; Kamiya & Yagi, 2014; Yagi et al., 2009).

bCaIcuIated by ExPASYy algorithm (http://web.expasy.org/compute_pi/)(Wilkins et al., 1999).

cPredicted by SMART analysis (http://smart.embl-heidelberg.de/)(Letunic et al., 2021; Schultz et al., 1998).

dThe localizing chromosome of each subunit is based on Phytozome Chlamydomonas reinhardtiivs.5.

61Protein ID/accession number in NCBI or Phytozome Chlamydomonas reinhardtii v5.5.

fln some dynein sequences, AAA motifs were not detected in the default SMART settings but predicted in the pfam analyses (https://
pfam.xfam.org/)(Punta et al., 2012).

chtex-l family was predicted in the pfam analyses (https://pfam.xfam.org/)(Punta et al., 2012).

A potential orthologue of MOT7 in Ciona intestinalis, DYBLUP, has a BLUF domain in its sequence (Kutomi et al., 2021).

IBased on the updated p44 cDNA/protein.
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Table 3.

BLAST best-hit search of Chlamydomonas IDA IC/LC/accessary subunits in human genome

BLAST comparismna

Chlamydomonas reinhardtii . b Potential related/associated diseasein humans
Homo sapiens

Actin/DI14/1DA5 ACTG1 (O.O)C’ a Various

Centrin/DLE2/VFL2 CETN2 (2e-55) -

FAP120/DII7 N/AE -

1C140/DIC3/IDA7

WDR63/DNAI 3 (6e-55)

Occipital encephalocele (Hofmeister et al., 2018)

1C138/DIC4/BOP5

WDR78/DNAI4 (2¢-68)

1C97/DI16/FAP94 CASC1/CFAPY4 (2e-11) Pulmonary carcinoma (Galbiati et al., 2006)
LC7a/DLR1/ODA15 DYNLRB2 (1e-40) -

LC7b/DLR2 DYNLRB2 (3e-20) -

LC8/DLL1/FLA14 DYNLL2 (2e-56) -

MOT7 TEXA47 (6e-14) Hypothyroidism (Eriksson et al., 2012)
NAP/DII5 N/Af -

p28/DII1/IDA4

DNALI1 (1e-93)

1duosnuey Joyiny

1duosnuen Joyiny

p38/DII2/FAP146 ZMYND12 (1e-19) -

p44/DI113 TTC29 (2e-13) Asthenoteratospermia/Asthenozoospermia (Liu et al., 2019; Lorés et al.,
2019)

TCTEX1/DLT3 DYNLT1 (2e-42) -

TCTEX2b/DLT4 TCTEX1D2/DYNLT2B (5e-35) Jeune asphyxiating thoracic dystrophy (Schmidts et al., 2015)

aFor the presence/absence of the potential homologous DHCs of Chlamydomonas IDAs in humans, see the previous papers (Hom et al., 2011;
Kollmar, 2016; Morris et al., 2006). For potential links between human IDA DHCs and diseases, see Section 2-1 in the main text.

b . . .
Blast search using the Chlamydomonas sequences as queries against the Ensembl genome browser 102 human database (http://www.ensembl.org/
Homao_sapiens/Info/Index).

c .
Gene names and BLAST e-Values are shown in the columns.

Letters in bold in human proteins mean that the reciprocal BLAST search against Chlamydomonas Phytozome genome database (v5.5) identified
the corresponding dynein subunit as the best hit in Chlamydomonas reinharaltii.

e . . .
Because of the presence of ANK repeats, the exact human orthologue(s) of FAP120 in humans is hard to determine (lkeda et al., 2009).

f . . . .
From the detailed phylogenetic analyses, homologues of NAP/DII5 are only present in algae phylogenetically close to Chlamydomonas (Kato-
Minoura et al., 2003; Kato-Minoura et al., 1998).
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