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Abstract
Assembly and Transport of the Ciliary Inner Dynein Arm, I1 Dynein
By
Rasagnya Viswanadha

Motile cilia are essential for the development and for function of many organs in
the adult. Large ATPase complexes called dyneins drive motility of cilia. Defects in the
assembly of ciliary dyneins result in diseases including Primary Ciliary Dyskinesia
(PCD). However, we are only beginning to understand the mechanisms of dynein
assembly. To determine how ciliary dyneins are assembled, I focused on the
Chlamydomonas inner dynein arm, I1 dynein. I1 dynein precursors in the cytoplasm
assemble as a 20S complex similar to the 20S I1 dynein complex isolated from the
axoneme. The intermediate chain subunit, IC140 (IDA7), and heavy chains (IDA1, IDA2)
are required for 20S I1 dynein precursor assembly in the cytoplasm. Taking advantage of
cytoplasmic complementation in zygotes, I determined that the Il dynein complex is
transported to the distal tip of the cilium before incorporating in the axoneme. In addition,
cytoplasmic complementation in dikaryons using the conditional kinesin-2 mutant, flal0-
1, revealed that transport of the I1 dynein precursor complex is dependent on kinesin-2
activity. Thus, I1 dynein assembly depends upon IFT and at least one additional factor,
IDA3, for transport to the ciliary distal tip prior to docking in the axoneme. Together,
these data indicate that ciliary axonemal dyneins assemble in a stepwise fashion beginning
with precursor complex assembly in the cytoplasm followed by entry to the ciliary
compartment and transport by IFT within the cilium before docking in the axoneme.
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Chapter 1 - Introduction and Hypothesis



Overview

The overall objective of this dissertation is to determine the mechanisms of
assembly of eukaryotic motile cilia/flagella. Cilia are generally classified as either
immotile/primary/sensory or motile structures. Each plays essential roles in both
vertebrate development and in a variety of functions of organs in the adult
(Eggenschwiler and Anderson 2007; Hildebrandt et al. 2011; Drummond 2012; Oh and
Katsanis 2012; Satir 2012). In this dissertation, I focus on the assembly of motile cilia
that, in humans, are critical for embryonic development, sperm motility and movement of
fluid in the airway, oviducts, and brain ventricles (Fig.1.1, (Satir and Christensen 2007,
Brooks and Wallingford 2012; Satir et al. 2014). I am particularly interested in
understanding how large and complex ciliary dynein motors, required for generating
power and controlling ciliary motility, are assembled. The axoneme is a conserved
microtubule scaffold that is comprised of several distinct dynein motors (Kikkawa 2013;
Kamiya and Yagi 2014). The axoneme also harbors structures including the central pair
(CP) apparatus (Goduti and Smith 2012), radial spokes (RS) (Pigino and Ishikawa 2012),
Nexin-Dynein Regulatory Complex (N-DRC) (Porter 2012) and the calmodulin- and
spoke-associated complex (CSC) (DiPetrillo and Smith 2013) that are responsible for

regulating dyneins and ciliary motility (Fig. 1.4).

While significant progress has been made in understanding the composition and
structure of the axonemal dyneins, we are only beginning to understand the mechanisms
of assembly of the dyneins complexes. A collection of genetic disorders (such as Primary
Ciliary Dyskinesia (PCD)) that result from defective assembly and function of motile

cilia, have been linked to mutations in genes responsible for assembly of the axonemal



dyneins (Zariwala et al. 2011; Kobayashi and Takeda 2012; Knowles et al. 2013a;
Kurkowiak et al. 2015). Although we have discovered only a small number of the genes
responsible for PCD thus far, it is notable that the majority of the known mutations are in
genes whose products contribute to assembly of axonemal dyneins (reviewed in
(Zariwala et al. 2011; Hjeij et al. 2014). Thus, the central question of this dissertation is a
crucial one: How are the ciliary axonemal dynein motors assembled? I include a brief

review of a number of topics relevant to my thesis.

In this introduction, I will discuss: (1) the significance of cilia in human health
and disease and will define (2) the structure of the motile axoneme, which is comprised
of more than 400 proteins including at least 8 different dyneins each precisely positioned
in the axoneme (Bui et al. 2012; Kamiya and Yagi 2014). I will discuss (3) the steps that
lead to assembly of dyneins in the axoneme beginning with formation of the precursors in
the cytoplasm (described in the literature as “preassembly”) before transport and docking
in the axoneme (Omran et al. 2008; Kobayashi and Takeda 2012). In addition, I will
discuss (4) the highly conserved transport system in the ciliary compartment called
Intraflagellar Transport (IFT) required for assembly of the primary and motile cilia
(reviewed in (Scholey and Anderson 2006; Pedersen and Rosenbaum 2008; Ishikawa and

Marshall 2011; Bhogaraju et al. 2013b; Scholey 2013b).

Here, I test the hypothesis that axonemal dynein complexes, as cargoes, depend
on IFT for transport into and within the cilium before docking to the axoneme (Fig. 1.9).
To achieve these aims, I focus on one axonemal inner dynein arm called I1 dynein (also
known as dynein f; (Wirschell et al. 2007a), and I will explain the basis of using I1

dynein as model for defining assembly of axonemal dyneins. Based on my studies, 11



dynein assembly in the axoneme occurs in a stepwise fashion including: assembly of the
dynein precursors complex in the cytoplasm; entry into the ciliary compartment; directed
transport within the cilium by IFT and docking to precise positions in the ciliary axoneme

(Fig. 1.9).

My work takes advantage of the model genetic organism, Chlamydomonas
reinhardtii (Harris 2009). Chlamydomonas offers numerous genetic and biochemical
advantages for the study of I1 dynein, and has been instrumental in defining conserved
genes and mechanisms of ciliary assembly (Silflow and Lefebvre 2001; Ostrowski et al.
2011; Avasthi and Marshall 2012; Dutcher 2014). For example, IFT was discovered in
Chlamydomonas (Kozminski et al. 1993), and this discovery alone has led to the
identification of a large number of human diseases associated with cilia (Rosenbaum and
Witman 2002; Scholey and Anderson 2006; Marshall 2008; Gerdes et al. 2009; Davis and
Katsanis 2012; Drummond 2012; Oh and Katsanis 2012). Chlamydomonas has provided
an informative series of mutant cells defective in I1 dynein assembly (Wirschell et al.
2007a; Wirschell et al. 2009) and has allowed me to test the hypothesis that I1 dynein is
transported by IFT to the distal tip of the cilium before assembly in the axoneme.
Additionally, experiments using Chlamydomonas have revealed the role of individual 11
dynein subunits and potential interacting partners of 11 dynein required for the assembly
in the axoneme. For instance, our work revealed the identity of a new gene, IDA3, which
appears to encode a protein specifically required for I1 dynein transport into the ciliary
compartment (W. Sale lab., in preparation). The mutant ida3, and the gene IDA3 are
featured in Chapters 2 and 3 and additional analysis of ida3 is presented in a recent

publication (Viswanadha et al. 2014).



Significance of Cilia and Dyneins

We have experienced a surge in understanding of the importance of cilia in
development and organ function (Smith and Rohatgi 2011). The discovery of IFT twenty
years ago (Kozminski et al. 1993) has enabled an entirely new view of the primary
cilium, a non-motile cilium responsible for cell signaling and sensory functions (Satir et
al. 2010), as well on the importance of motile cilia in development and organ function
(Drummond 2012; Brooks and Wallingford 2014). Evidence gathered in the last decade
has revealed that mutations in genes encoding conserved IFT components, or associated
proteins, result in developmental defects and failure in organ functions thus defining a
class of diseases called ciliopathies (Marshall 2008; Veland et al. 2009; Hildebrandt et al.
2011; Davis and Katsanis 2012; Drummond 2012; Kim and Dynlacht 2013). In this
introduction, I focus primarily on the PCD class of ciliopathies that is directly associated

with defective assembly and function of motile cilia.

I also include brief discussion of a few landmark studies that contributed to our
current view of the functional roles of cilia. Notable advances include: (1) analysis of
mutations in the IFT genes in the mouse leading to the recognition that primary cilia are
required for normal kidney function and (2) the discovery that failure in assembly of
primary cilia results in polycystic kidney disease (PKD) (Pazour 2004; Yoder 2007,
Lehman et al. 2008; Zhou 2009; Takiar and Caplan 2011; Huang and Lipschutz 2014).
This second advance began with a pioneering study carried out by Pazour and colleagues
who analyzed a hypomorphic mutation in IFT88, a component of the IFT complex, in the
mouse (Pazour et al. 2000). Among the key observations was that these transgenic mutant

mice (Tg737) died shortly after birth due to polycystic kidney disease (Pazour et al. 2000;



Taulman et al. 2001; Yoder et al. 2002). Pazour et al. observed that, in contrast to the
kidneys from the control mice, which displayed a primary cilium on the apical surfaces,
the assembly of the primary cilium was defective in Tg737 mice, presumably associated
with the cystic kidneys. In addition to cystic kidneys, these mice also displayed
pathologies in other organs that likely resulted from defective ciliary function (Taulman
et al. 2001; Pazour et al. 2002a; Zhang et al. 2003). Genetic screens in C. elegans
revealed major membrane proteins, PKD1 and PKD2, that are critical to normal kidney
function, are localized to the primary cilia (Qin et al. 2001; Jauregui et al. 2008). These
studies led to the recognition that proper targeting of the PKD proteins to the ciliary
membrane is critical for normal functioning of primary cilia (Qin et al. 2001; Pazour et
al. 2002b; Yoder et al. 2002; Nauli et al. 2003). Thus, studies such as these established
the vital roles that primary cilia play in normal kidney function and began a completely

new understanding of diseases in the kidney.

Another important advance comes from the forward genetic screens in the mouse
by Anderson and colleagues that revealed that the primary cilium is also critical to the
development of the central nervous system in vertebrate embryos (Caspary et al. 2002;
Garcia-Garcia et al. 2005). Other investigators also discovered that components of the
Hedgehog signaling, a highly conserved pathway critical for organism development are
localized to primary cilia and that Hedgehog signaling also depends on IFT (Corbit et al.
2005, Haycraft et al. 2005, Huangfu et al. 2003, Liu et al. 2005 and reviewed in Scholey
and Anderson 2006; Wang et al. 2006; Goetz and Anderson 2010). Additional mutants
from the screen revealed that additional proteins important for the Hedgehog pathway,

such as the small GTPase Arl13b, localized to the cilium and are critical for normal



development (Larkins et al. 2011). These pioneering studies led to a new view of the
primary cilium as an organizing center for signaling proteins critical in vertebrate
development, organ homeostasis (see review by (Goetz and Anderson 2010; Satir et al.
2010) and for further function of sensory cells including photoreceptor cells (Insinna and
Besharse 2008; Malicki and Besharse 2012; Scholey 2012; Thomas et al. 2014; Wheway
et al. 2014). Additional studies in the mouse and in other vertebrates have also
demonstrated a role for the primary (Jones et al. 2008) and motile cilia in establishing
planar cell polarity (PCP)(Marshall and Kintner 2008; Mitchell et al. 2009; Marshall

2010; Wallingford and Mitchell 2011; Wallingford 2012; Werner and Mitchell 2012).

Relevant to my thesis was the discovery that motile cilia are required for left-right
pattern formation in early vertebrate development and important for body organization
and heart morphogenesis during early development (McGrath and Brueckner 2003; Basu
and Brueckner 2008; Drummond 2012; Hirokawa et al. 2012; Larkins et al. 2012;
Wallingford 2012; Babu and Roy 2013; Komatsu and Mishina 2013; Koefoed et al. 2014;
Yoshiba and Hamada 2014). It had been postulated that motile cilia play a key role in
early development since it was recognized that patients with PCD (characteristic of
defects in motile cilia and previously cited as “immotile cilia syndrome” or “Kartegener’s
syndrome”) also exhibited a high probability of situs inversus (Afzelius 1981).
Subsequently, the role of motile cilia at the embryonic node was confirmed in studies of
transgenic mice in which a component of kinesin-II (Kif3), responsible for anterograde
IFT was knocked out (Nonaka et al. 1998; Marszalek et al. 1999; Takeda et al. 1999).
The mice had a high incidence of defects in neural tube closure and general problems of

normal pattern formation, including defective heart morphogenesis. The authors also



directly observed motile cilia on the epithelial cells of the embryonic node. Thus, the
discovery of the motile cilia on the node gave rise to new ideas for how asymmetry is
established in the early vertebrate embryo. In addition, Brueckner and colleagues
determined that an axonemal dynein called “left-right dynein (Ird)” is defective in the
“inversus viscerum” mouse, also indicating a role for motile cilia in normal left-right

patterning (Supp et al. 1997).

Other studies showed that motile cilia on the embryonic node are required to
generate fluid flow across the epithelia during early phases of vertebrate development
(reviewed in (Hirokawa et al. 2006). One of the most impressive and interesting
experiments conducted by Nonaka and colleagues, directly demonstrated that fluid flow
across the node is a key trigger for breaking symmetry in the developing mouse (Nonaka
et al. 1998). In addition, Brueckner went on to determine that along with the motile cilia,
primary cilia are also present at the node (McGrath et al. 2003). Brueckner proposed that
primary cilia act as mechano-sensors that measure directed fluid flow generated by the
motile cilia and translate this mechanical stimulus to downstream signals required in
asymmetric growth and differentiation in the embryo (Basu and Brueckner 2008). Part of
the foundation for Bruckner’s proposal was based on evidence from other studies had
demonstrated that primary cilia act as mechanosensors (Praetorius and Spring 2003b;

Praetorius and Spring 2003a; Nauli et al. 2013).

Based on additional studies, the fluid flow generated by the motile cilia is also
thought to move morphogens across the embryonic node and normal embryonic
development (Tanaka et al. 2005). However the precise nature and role of the

morphogens (discussed in (Tanaka et al. 2005) at the embryonic node is not understood.



What is understood is that proper assembly and function of the motile cilia is required for
directed fluid flow across the embryonic node and normal development. One of the most
severely affected organs in mice with defective motile cilia is the heart (Brueckner 2012;
Keady et al. 2012; Larkins et al. 2012; Koefoed et al. 2014; Rao Damerla et al. 2014).
Since this discovery, researchers studying heart development have focused much of their
efforts on further understanding the role of cilia in early development (Larkins et al.

2012; Yuan et al. 2013; Koefoed et al. 2014).

The importance of normal assembly of ciliary dyneins is also well illustrated in
mammals with PCD (Sharma et al. 2008; Zariwala et al. 2011). PCD manifests not only
as developmental abnormalities, such as defective left-right pattern formation, but also
with chronic respiratory infection and infertility in males (Kennedy et al. 2007; Zariwala
et al. 2011; Knowles et al. 2013a; Horani et al. 2014). In some cases, defective motile
cilia also result in hydrocephaly, presumably due to a failure in movement of the cilia on
ependymal cells in the brain ventricles (Lechtreck et al. 2008; Olbrich et al. 2012). In
many cases, PCD results from a failure in normal assembly of the outer dynein arms
(ODA) (reviewed in (Knowles et al. 2013a). The diseases have revealed mutations in
genes that encode ODA subunits and revealed additional novel conserved genes required
for ODA assembly. For example, as indicated above and discussed in further detail
below, ciliary dyneins including the ODA appear to be first assembled in the cytoplasm
before transport to the cilium (Kobayashi and Takeda 2012). The assembly of the ODA
complex in the cytoplasm requires a number of additional conserved proteins, which,
when defective, result in a failure in ODA assembly in the axoneme and consequent

problems of PCD (Hornef et al. 2006; Zariwala et al. 2006; Loges et al. 2008; Omran et
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al. 2008; Loges et al. 2009; Horani et al. 2012; Kobayashi and Takeda 2012; Mitchison et
al. 2012; Panizzi et al. 2012; Austin-Tse et al. 2013; Horani et al. 2013; Knowles et al.
2013b; Knowles et al. 2013c; Moore et al. 2013; Onoufriadis et al. 2014). In other
studies, ODA fails to assemble in the axoneme due to defective docking proteins (Hjeij et
al. 2014; Owa et al. 2014). Thus, studies of PCD in humans and in other mammals, has
complemented and extended genetic analysis using model organisms such as
Chlamydomonas, the mouse, zebrafish, Tetrahymena, etc. for study of the motile ciliary

axoneme and assembly of the dyneins.

The dynein motors were discovered by lan Gibbons in the 1960s while studying
cilia from Tetrahymena, a ciliated protozoan and also an excellent genetic model for the
study of ciliary biology (Gibbons 1963; Gibbons and Rowe 1965). In this pioneering
work, Gibbons combined biochemical fractionation of the axoneme with electron
microscopy to reveal the dynein ATPase complexes, and that these large ATPase
complexes comprise arm-like structures that project from each outer doublet microtubule
(Gibbons 1963). The term ‘dynein’ comes from the root terms, ‘dyne’ which means
forces and ‘in” which refers to a protein (Gibbons and Rowe 1965). Common features of
all dyneins include the heavy chains (HC) that contain a large conserved motor domain
with a series of P-loops in a ring-configuration (Carter and Vale 2010; Cho and Vale
2012; Ishikawa 2012; King 2012; Carter 2013; Kikkawa 2013). Also common to all
dyneins are the intermediate and light chains (called the IC/LC complex) that associate
with the heavy chains. Based on solving the structure of the motor domains (Carter et al.
2011; Kon et al. 2011; Kon et al. 2012; Redwine et al. 2012) and biophysical approaches

to single motor domain activity (Reck-Peterson et al. 2006), we currently have a good
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working model for how dyneins use ATP and generate force (Redwine et al. 2012). The
IC/LC subunits are typically thought to mediate the dynein-“cargo” interaction where
cargoes are the organelles or proteins carried by the dynein (Encalada and Goldstein
2014; Fu and Holzbaur 2014; Fu et al. 2014; Maday et al. 2014; Schroeder et al. 2014).
Microtubules are not only the tracks upon which the dynein motors move (the B-
microtubule), but are also cargos (A-microtubules) onto which axonemal dyneins are
docked (Fig. 1.2). However, with the exception of the ODAs (Takada et al. 2002; Casey
et al. 2003a; Wirschell et al. 2004; Owa et al. 2014) we have little understanding how

dyneins are targeted and docked to cargo in the cell and on the axonemal microtubules.

Since the late 1980s, when the cytoplasmic dynein was definitively identified
(Paschal et al. 1987), dyneins motors have been shown to perform a wide range of
interesting and essential cellular functions (reviewed in (Kikkawa 2013; Roberts et al.
2013) including control of ciliary motility, “retrograde” movement of organelles and
protein cargo in axons and within cilia (IFT), assembly and function of the Golgi,
assembly and function of the mitotic spindle, transport and localization of mRNAs and
transport of viruses and transcription factors (Karki and Holzbaur 1999; Vallee et al.
2004; Oiwa and Sakakibara 2005; Hook and Vallee 2006; Ori-McKenney et al. 2012;
Encalada and Goldstein 2014; Fu and Holzbaur 2014; Schroeder et al. 2014). Thus,

proper assembly of the dynein motors is critical to the cell functions listed here.

In this dissertation, I focus on a subset of dyneins localized exclusively to the
ciliary axoneme (Kamiya and Yagi 2014). My goal is to understand how dyneins, as
“cargoes”, are transported and assembled in the ciliary axoneme (Fig. 1.2). My study is

timely because of the growing list of mutations in PCD patients with defects in genes
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encoding ciliary dyneins or factors necessary for the assembly of ciliary dyneins
(Zariwala et al. 2007; Knowles et al. 2012). Additionally, the axoneme is an excellent
model for the study of targeting of dyneins within the cell. This is because each of the 8
different dyneins is targeted to a unique position in the axoneme (see Fig. 1.4 and
(Kamiya and Yagi 2014)). Thus, understanding targeting in the axoneme may reveal
general principles for how the dyneins are targeted to diverse cellular locations and
docked to cargo in general. In the next sections, I will review the structure of the motile
cilia and discuss a few of the experimental advantages of Chlamydomonas for study of

the axoneme.

Structural organization of motile cilia

In vitro reactivation studies have revealed that all components necessary for cilia
movement are physically built into the structure of the axoneme (Gibbons and Gibbons
1972). Thus, biochemical and structural studies using isolated axonemes have identified
many components required for the generation and regulation of ciliary motility. Defining
the structural organization of the axoneme by electron microscopy has been essential for
understanding the mechanism of ciliary bending (Satir et al. 2014). Key technical
advances in electron microscopy include thin sectioning of axonemes embedded in
plastic (Satir 1998), negative stain of whole-mount axonemes and purified dyneins
(Burgess et al. 2003), computational approaches and image averaging (Kamiya et al.
1991; Mastronarde et al. 1992) and rapid-freeze, deep-etch rotary shadow electron
microscopy (Goodenough and Heuser 1982; Goodenough and Heuser 1985c¢).

Most recently, high-resolution structural analysis using cryo electron tomography

(cryo-ET) of axonemes and intact cilia has revealed an entirely new resolution of
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structures in the axoneme (Nicastro et al. 2006; Bui et al. 2009; Nicastro 2009; Bui and
Ishikawa 2013). For example, recent studies using cryo-ET revealed the MIA complex, a
protein complex associated with I1 dynein and important for regulation of Il dynein
activity (Fig. 1.4 and (Yamamoto et al. 2013). In addition, the introduction of tagged
proteins in the axonemes coupled with cryo-ET has shown much promise in defining the
location of any subdomains or protein in the axoneme (Oda and Kikkawa 2013). For
instance, Oda and Kikkawa expressed a tagged radial spoke protein to determine the
location of the tagged domain in the radial spoke structure with the surprising result that
the radial spoke protein 3 (RSP3) extends from its anchored position on the outer doublet
microtubules to the spoke head, interacting with the central pair (Oda et al. 2014b). In an
exciting new paper by Oda et al. (Oda et al. 2014a), a complex of two axonemal proteins,
FAP59 (CCDC39) and FAP172 (CCDC40) form a 96 nm long complex. The authors
used a range of additional approaches to definitively demonstrate that the
FAPS59/FAP172, complex is the ‘molecular ruler’ for establishing the 96 nm repeat. Thus,
structural basis of the 96 nm repeat, one of the most important problems in understanding
ciliary assembly, now appears to be resolved. Predictably, the continued combination of
cryo-ET with tagged proteins will result in a complete map of proteins and protein
domains in the axoneme.

When examined in cross section, motile cilia are characterized by a “9+2”
axoneme consisting of nine outer doublet microtubules and a central apparatus built on
two central pair singlet microtubules and their associated projections (Fig. 1.3). Each
outer doublet microtubule is composed of a complete A tubule made up of 13

protofilaments, and the B microtubule, which is a partial structure, made of 10
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protofilaments (Linck and Stephens 2007; Linck et al. 2014). Each outer doublet appears
to be associated with the adjacent outer microtubule by connecting structures called the
nexin interdoublet links. The nexin structure has recently been identified as a component
of the Dynein Regulatory Complex (DRC), now called the N-DRC as described above
(Fig. 1.4 and (Heuser et al. 2009). The dynein arm structures attached to the A tubule are
categorized in two rows — the outer dynein arms (ODA) and the inner dynein arms (IDA;
Fig. 1.4). The outer and inner rows of dyneins are structurally and functionally distinct:
the ODAs are homogenous in composition and structure, whereas, the IDAs are more
complex, composed of at least 7 distinct dynein isoforms (a-g) each localized in a fixed
pattern related to the 96 nm axonemal repeat (Fig. 1.4 and (Kamiya and Yagi 2014)).
Also clearly observed in the cross section are the radial spokes structures that are attached
to the A tubule of the outer doublet microtubules and they project toward the two central
pair microtubules.

The axoneme has an axis that is fixed relative to the bending plane and bend
direction (Fig. 1.3). In Chlamydomonas, for instance, doublet #1 lacks the outer dynein
arm (Hoops and Witman 1983) and other doublets, #2 through #9 are numbered in the
direction the dynein arms point. Based on electron microscopic reconstruction, the
bending plane passes through doublet #1 (Fig. 1.3) and between #5 and #6 (Bui et al.
2009; Heuser et al. 2009; Bui et al. 2012; Heuser et al. 2012). The central pair structure
appears in random orientation in any given cross section. This is because in some
organisms, including Chlamydomonas, the central pair structure rotates relative to the
outer doublets 1-9 and this rotation appears to have a significant role in control of

bending (Omoto and Witman 1981; Mitchell and Yokoyama 2003; Mitchell and



15

Nakatsugawa 2004). The central pair interacts with specific outer doublets through the
radial spoke structures. The reader is referred to several recent publications for
information on the radial spokes and central pair (Smith and Yang 2004; Pigino et al.
2011; Barber et al. 2012; Alford et al. 2013; Lechtreck et al. 2013; Nakazawa et al. 2014;
Oda et al. 2014b).

When the outer doublet microtubules are examined in the longitudinal section, a
96 nm repeat pattern is observed in the cilia of all organisms (Warner and Satir 1974;
Goodenough and Heuser 1985b). In Fig. 1.4, the outer doublet from Chlamydomonas is
oriented with the proximal end to the left and the distal end to the right. In addition to the
dyneins, each 96 nm repeat contains a pair of radial spokes (RS), the CSC (calmodulin
spoke associated complex) and the N-DRC (nexin-dynein regulatory complex). All of the
components in the 96 nm repeat in Chlamydomonas axoneme have a fixed stoichiometry
and periodicity (Fig. 1.4). For example, each 96 nm repeat contains 4 copies of the ODAs
(Fig. 14), and a single copy of each of the 7 different IDAs. This includes the inner
dynein arm, I1 (dynein f) that is located at the proximal end of the 96 nm repeat, and is
the focus of this dissertation.

Another prominent feature of the 96 nm repeat is that each of the components are
localized to very precise positions, a feature that makes the axoneme ideal for image
analysis and cryo-ET approaches (Nicastro 2009; Bui and Ishikawa 2013). Mutant cells
that fail to assemble specific structures have been instrumental in defining these
positions. For example, mutant cells defective in the assembly of I1 dynein results in a
gap in the structure that repeats once every 96 nm (Fig. 1.4b and (Piperno et al. 1990;

Porter et al. 1992; Yamamoto et al. 2013). This result indicated that I1 dynein is targeted
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to a unique position on the outer doublet microtubule and assembles independent of the
other IDAs. Consistent with this interpretation, in vitro reconstitution of IDAs with
axonemes lacking a specific subset of inner arm structures also demonstrated that each
IDA type is targeted to a unique position in the axonemal 96 nm repeat (Smith and Sale
1992; Yamamoto et al. 2006). However, the basis for such precise targeting is not
understood. The recent discovery of the FAP59/172 protein complex that is responsible
for establishing the 96 nm repeat pattern in the axoneme may provide new, testable
models for how each IDA is targeted. For example, one hypothesis is that the
FAPS59/FAP172 ruler also contains docking domains for the IDAs (See Fig. 6 in
Supplemental in (Oda et al. 2014a).

Critical to my dissertation is an understanding of the location and mechanisms of
assembly of the 8 different axonemal dyneins (Kamiya and Yagi 2014). The ODAs are
the best characterized of all dyneins in terms of structure, composition and assembly, and
the ODAs are required for control of beat frequency of motile cilia (King and Kamiya
2009). The ODA is attached to the A microtubule towards the periphery of each doublet
microtubule (Fig. 1.3). The subunit composition of the outer dynein arms in
Chlamydomonas and humans is listed in Table 1; (Hom et al. 2011). This includes
axonemal proteins required for the localization of the ODA and docking in the axoneme —
the outer dynein arm-docking complex (ODA-DC) (Dean and Mitchell 2013; Owa et al.
2014). Although the ODA is not the main focus of my dissertation, many of the studies
using ODA have been helpful in designing experiments to define I1 dynein assembly. For
example, recent studies have revealed the ODA is assembled as a 23S complex in the

cytoplasm before transport to the cilium (Kobayashi and Takeda 2012). As discussed in
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Chapters 2, I also found that I1 dynein is preassembled in the cytoplasm before entry to

the cilium.

Compared to the ODAs, which are relatively homogeneous in structure and
composition, the IDAs are heterogeneous, organized into seven dynein structures and
referred to as dyneins a, b, ¢, d, e, f/I1 and g (Fig. 1.4, Kamiya and Yagi, 2014). I1 dynein
is the only IDA subspecies constructed with two distinct dynein heavy chains (DHCs)
organized into a two-headed dynein structure (Fig. 1.5 and (Smith and Sale 1991; Toba et
al. 2011). Based on motility analysis of Chlamydomonas mutants missing single IDAs,
the IDAs appear to each contribute to regulation of bending waveform (Brokaw and
Kamiya 1987; Kamiya 1991; Kamiya et al. 1991; Porter et al. 1992; Yagi et al. 2005;
VanderWaal et al. 2011; Kubo et al. 2012; Bayly et al., 2010). Moreover, as indicated
above, each IDA is distinct in composition and each is targeted to a unique position in the
axonemal 96 nm repeat (Goodenough and Heuser 1985a; King and Kamiya 2009; Bui et
al. 2012).

Based on a number of experimental advantages discussed below, the IDAs are
excellent models for the study of how each dynein is targeted and docked on the outer
doublet microtubules. In my dissertation I will focus on one of the IDAs, I1 dynein that is
present on every outer doublet microtubule (Fig. 1.3) and targeted to a unique position at
the proximal end of the 96 nm repeat (Fig. 1.4 and (Bui et al. 2009; Heuser et al. 2012;
Yamamoto et al. 2013). As illustrated in Fig. 1.5, I1 dynein a large complex composed of
11 different subunits including two heavy chains (DHC lo and DHC 1), three
intermediate chain subunits (IC140, IC138, IC97), a light-intermediate chain (FAP120)

and five light chains (LC7a, LC7b, Tctex 2a, Tctex 2b, LC8) (Wirschell et al. 2007b;
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Kamiya and Yagi 2014). Each of these subunits appears to have a special role in

assembly and for regulating I1 dynein activity.

Chlamydomonas reinhardtii as a model genetic organism and discovery of IFT

Chlamydomonas has been on the forefront for defining conserved mechanisms of
ciliary assembly and genes that, when defective, result in a wide range of diseases and
developmental abnormalities in humans (reviewed in (Pazour and Witman 2003; Brown
and Witman 2014)). Researchers have exploited the experimental advantages of
Chlamydomonas to study ciliary motility and assembly. A few examples of important
studies include: the work of J. Rosenbaum, G. Witman and colleagues in understanding
the mechanisms of ciliary assembly and discovery of IFT in Chlamydomonas; D. Luck,
B. Huang and colleagues in use of “dikaryon rescue”, analysis of dyneins and discovery
of extragenic suppressor mutants that restore motility to paralyzed ciliary mutants; U.
Goodenough and W. Snell in analysis of differentiation of gametes and mating between
plus (+) and minus (-) cells and R. Kamiya and colleagues in definition of the
composition, functional role and regulation of the axonemal dyneins. Listed below are a
few properties of Chlamydomonas that have been critical for my study of dynein
assembly. Other experimental advantages of Chlamydomonas not discussed here, are
mentioned in later chapters. These advantages include the amenability of
Chlamydomonas to efficient genetic analysis, mapping of genes, introduction of
exogenous DNA and rescue of mutant phenotypes, availability of a comprehensive
nuclear genome database and a ciliary proteome and the ease of isolating pure cilia in

large quantities. The nomenclature for mutants and mutant alleles is similar to that used
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for yeast: the gene is indicated in all caps, italicized (/DA3 — inner dynein arm mutant 3);
mutant strains are indicated in lower case, italicized (ida3) and the protein is indicated in
all caps (IDA3). In addition, an older nomenclature also appears in the databases and

literature such as pfi4 (paralyzed flagella 14) or flal0 (flagellar assembly 10).

As illustrated in Fig. 1.6, each Chlamydomonas cell contains two cilia that are
~10 um in length. Structural, genomic and proteomic studies have demonstrated that the
axoneme is highly conserved in organisms that assemble cilia (Avidor-Reiss et al. 2004;
Li et al. 2004). For example, comparative genomics have revealed conserved genes
required for basal body (a microtubule-based organelle that serves as a template for the
formation of all cilia) and ciliary assembly and function (Li et al. 2004). These studies
also revealed that genes encoding the Bardet-Beidl syndrome (BBsome) proteins are
associated with cilia (Zaghloul and Katsanis 2009). Notably, in Chlamydomonas the cilia
are not required for viability. Thus, mutagenesis can result in viable cells defective in
assembly or motility of cilia. The ciliary mutants can be isolated by simple motility
(Kamiya 1991) or phototaxis screens (Horst and Witman 1993; Moss et al. 1995; Pazour
et al. 1995; King and Dutcher 1997; Okita et al. 2005). Such screens have resulted in the
identification of structural proteins of the axonemal dyneins as well as proteins required

for the regulation, assembly and docking of axonemal dyneins.

Of particular relevance to my project are mutants defective in genes that encode
structural proteins that constitute an inner dynein arm called I1 dynein and at least two
additional genes required for Il dynein assembly in the axoneme (IDA3; PF23).
Examination of the I1 dynein mutants has allowed me to test the role of individual I1

subunits in the different steps of the assembly process. For example, ida7 is defective in
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the gene that encodes the I1 dynein intermediate chain IC140 and as discussed in Chapter
2 and 3, IC140 is required for I1 dynein assembly both in the cytoplasm as well as in the
axoneme (Perrone et al. 1998). The availability of conditional mutants in
Chlamydomonas has also been vital for my studies. In particular, mutants that contain a
temperature-sensitive allele of the IFT motor, kinesin-1II, called flal0 (Walther et al.
1994; Kozminski et al. 1995; Piperno et al. 1996) has allowed me to test the hypothesis
that I1 dynein, as a cargo, depends on IFT for transport within the cilium. This
experiment is featured in Chapter 3. Additional mutant strains that are defective in

assembly of the dyneins and used in this study are listed in Table 3.

In order to study the assembly of axonemal dyneins, I have taken advantage of an
important stage of the Chlamydomonas life cycle called the “quadraflagellate dikaryon™.
The Chlamydomonas dikaryon is a zygote, resulting from the fusion of two opposite
mating type gametes during sexual reproduction (Pan and Snell 2000; Lin and
Goodenough 2007; Dutcher 2014). Like the yeast, Chlamydomonas is a haploid organism
that can reproduce vegetatively or sexually (See Fig. 1.6 — Chlamydomonas life cycle).
Vegetative cells can be differentiated into gametes by culturing the cells in nitrogen-

(13

deficient media. Mixing of the + and — mating type gametes (either a “+” or a mating
type) results in the formation of the dikaryon and includes a series of steps initiated by
adhesion of the flagella by agglutinins and eventually leading to cell fusion (Ferris et al.
2005). The dikaryon has two nuclei, a shared cytoplasm and four cilia (i.e.
quadraflagellate). The quadraflagellate dikaryon stage is temporary and lasts for 2.5

hours before cilia are resorbed and the cell completes meiosis and cell division (Fig. 1.6).

During the 2.5-hour time period, mutant phenotypes, in certain cases, can be rescued by a
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process referred to as “dikaryon rescue” (reviewed in (Dutcher 2014)). For example, in
dikaryons formed by mating of wild-type cells with a paralyzed, radial spoke-deficient
mutant such as pfI4, cytoplasmic complementation resulted in the rescue of both motility
and radial spoke assembly in the formerly paralyzed pfi4 cilia (Fig. 1.7, (Luck et al.
1977)). An important feature of this experiment is that rescued radial spoke assembly
occurs on the otherwise full length and assembled ciliary axoneme (reviewed in (Dutcher
2014)). As discussed in depth in Chapter 3, and illustrated in Fig. 1.7, I also employed
dikaryon rescue in other experiments to show that during the rescue process, the addition
of axonemal subunits first occurs at the distal tip of the mutant cilium. Thus, I1 dynein
complexes are transported to the distal tip of the cilium prior to docking to the axoneme.
Diverse studies have shown that during ciliary formation, the addition of ciliary
precursors occurs at the distal end of the growing axoneme (Lefebvre and Rosenbaum
1986). For instance, original studies by Witman and colleagues using pulse labeling with
[’H] acetate followed by autoradiography, showed that majority of silver grains,
(representative of newly synthesized proteins), appeared at the distal tip of the
regenerating cilium ((Witman 1975). More recently, Johnson and Rosenbaum examined
the incorporation of tubulin in regenerating cilia (Johnson and Rosenbaum 1992). Using a
combination of ciliary regeneration and dikaryon rescue, they observed that new addition
of tubulin subunits exclusively occurred at the distal end of cilia during ciliogenesis. In
the same paper, the authors examined dikaryons formed between wild-type and radial
spoke deficient mutant, pf/4 to show that during rescue, the assembly of the radial spokes
first occurred at the distal tip of mutant cilia in dikaryons. These experiments, illustrated

in Fig. 1.7, corroborated Witman’s earlier observations and indicated that ciliary
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axonemal building blocks must be transported to the distal cilium before incorporation in
the axonemes — analogous to constructing a skyscraper starting at the foundation. The
authors predicted that a transport system was required to move ciliary precursors (e.g.
tubulin dimers, radial spokes, dyneins etc.) from the cell body to the tip of growing cilia.
Moreover, since there was no evidence of protein synthesis machinery such as the
ribosomes or mRNA in the cilium, fully synthesized proteins had to be transported from
the cytoplasm to and within the cilium. The important question is how the axonemal
precursors reach the distal tip during ciliogenesis. One idea proposed by these researchers
was that an active transport system, similar to that observed in neuronal axons is present
in the cilium.

In 1992, a graduate student in Joel Rosenbaum’s laboratory, Keith Kozminski
working with Paul Forschner at Yale University, used video microscopy to examine the
Chlamydomonas cilium. In doing so, they observed a rapid and bidirectional movement
of particles along the entire length of the Chlamydomonas cilia (Kozminski et al. 1993).
This bidirectional transport mechanism appeared strikingly similar to anterograde and
retrograde movement in axons (see (Allen et al. 1982; Brady et al. 1982) for pioneering
use of video microscopy to visualize axonal transport). Kozminski and Rosenbaum
postulated that this movement served the purpose of transporting ciliary precursor protein
components along the cilium and he called it “Intraflagellar Transport (IFT)”. IFT
appeared to be processive and the rate of movement was ~2.0um/sec in the anterograde
direction and ~3.5um/sec in the retrograde direction. These velocities nearly matched the
velocity of anterograde and retrograde organelle movement in axons (Kozminski et al.

1993). The discovery of Intraflagellar Transport (IFT) 20 years ago has provided answers
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to how some axonemal precursors reach the distal tip during ciliogenesis (Kozminski et
al. 1993; Kozminski et al. 1995; Kozminski et al. 1998; and reviewed in Cole 2003;
Scholey and Anderson 2006; Pedersen and Rosenbaum 2008; Scholey 2008; Ishikawa
and Marshall 2011; Kozminski 2012; Bhogaraju et al. 2013b).

Kozminski also combined video microscopy with electron microscopy to reveal
particle “trains”, electron dense complexes sitting between the axonemal microtubules
and the ciliary membrane. Kozminski postulated that these trains comprised of IFT
complexes and associated proteins (ciliary precursors) in transit. As indicated above, one
of the chief advantages of Chlamydomonas is the isolation of pure cilia in large quantities
(Craige and Witman, 2013). Two labs were able to isolate the IFT protein complexes
from the detergent soluble “membrane matrix” (MM) fraction, obtained from isolated
cilia (Piperno and Mead 1997; Cole et al. 1998; Behal et al. 2009; Richey and Qin 2013).
Careful analysis of the membrane matrix fraction and biochemical isolation of the IFT
complexes revealed that the IFT particles are composed of two conserved complexes:
Complex A and B (Table 4 and Cole et al. 1998, Piperno et al. 1997, Piperno et al. 1998).

Based on models of axonal transport, it was postulated that cilia also contain
kinesin-like proteins that interact with and move the IFT complexes. Diverse studies in
several experimental systems revealed kinesin-like proteins in cilia (Fox et al. 1994;
Verhey et al. 2011; Hirokawa et al. 2012; Scholey 2013b). Further investigation led to
the discovery that the FLAI0 locus in Chlamydomonas encodes the motor subunit of the
heterotrimeric kinesin, kinesin-2 (Walther et al. 1994). The flal0 mutant is a temperature-
sensitive allele of kinesin-2 that abolishes kinesin motor activity at restrictive temperature

(Kozminski et al. 1995). Kozminski took advantage of the flal0 cells to test the
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hypothesis that IFT is driven by kinesin-2. When the fla/0 mutant was switched to
restrictive temperature, IFT movement completely ceased. This was consistent with the
role of kinesin-2 in the movement of IFT particles (Fig. 1.8). Subsequent analysis of
sensory cilia in C. elegans (Scholey et al. 2004; Snow et al. 2004) and biochemical
analysis revealed direct role of kinesin in IFT (Cole et al. 1998). In addition, genetic and
biochemical analysis in Chlamydomonas also revealed that the IFT retrograde motor is a
cytoplasmic dynein (Pazour et al. 1998; Porter et al. 1999; Scholey 2008). Thus, we now
know most or all of the components of the IFT complex (Table 4) and that the IFT
movement is driven by kinesin-2 in the anterograde direction and cytoplasmic dynein in
the retrograde direction.

While significant advances have been made in understanding the IFT machinery,
we know little about the interactions that exist between cargoes (e.g. ciliary precursors)
and IFT complexes. In theory, any ciliary protein precursor is a candidate IFT cargo. This
could include both axonemal complexes and ciliary membrane components. Powerful
approaches to the problem of IFT-cargo interaction include live-cell imaging of sensory
cilia in C. elegans showing that tubulin, for example, is a cargo for IFT (Scholey 2013a).
Supporting these data, recent biochemical approaches have revealed a direct interaction
of tubulin with specific IFT components (Bhogaraju et al. 2013a; Bhogaraju et al. 2013b;
Bhogaraju et al. 2014). In an outstanding study by Wren et al. (Wren et al. 2013), a large
axonemal structure known as the Nexin-Dynein Regulatory Complex (N-DRC) was used
as a model axonemal cargo to test the hypothesis that axonemal complexes are
transported by IFT. In this case, live-cell imaging using Total Internal Reflection

Fluorescence Microscopy (TIRF-M) was used to demonstrate that the N-DRC is a bona
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fide cargo of IFT. Critical to this study was the recognition that the cilium is ideally
suited for study by TIRF microscopy (Engel et al. 2009a; Lechtreck 2013). In addition,
the Chlamydomonas cells have a natural tendency to stick to glass cover slips without the
need of special adhesives (Bloodgood 1977; Bloodgood 1995). Moreover, since the
diameter of the flagella is ~200 nm, they fit perfectly within the restricted evanescent
field of the TIRF, allowing for visualization of fluorescently labeled proteins such as IFT
complexes and associated cargo. Due to the exceptionally high signal to noise ratio
achieved by TIRF, it is possible to visualize proteins that are otherwise difficult to

visualize by wide-field or confocal microscopy.

Wren et al. (2013) performed imaging of single complexes and could show the
entire transport cycle of IFT and attached N-DRC complexes within the cilium and
during ciliary assembly. This included clear observations and detailed analysis of the
processive movement of N-DRC complexes that were coincident with IFT complexes.
This observation indicated that N-DRC is associated with IFT during transport in the
cilium. Other important advances included that IFT is required for N-DRC entry to the
ciliary compartment. They also observed “unloading” of the N-DRC from the IFT
complex, and upon unloading from IFT, the N-DRC began diffusion until either docked
to the axoneme in an empty N-DRC site or re-associating another IFT complex for
further processive transport. Unloading from IFT and diffusion always occurred before
the N-DRC became docked in the axoneme consistent with a combination of IFT
transport and diffusion for assembly (See also Ye et al., 2013 e Life for discussion of
diffusion of membrane proteins in cilia). These outstanding studies provide the model for

future live cell imaging of IFT mediated transport of other cargoes, such as the axonemal
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dyneins, and ciliary assembly. In Chapter 4, I will discuss my own preliminary studies

using TIRF microscopy to observe movement of I1 dynein in live cells.

Although these new studies by Wren et al. (2013) indicate that IFT is required for
axonemal precursor entry to the ciliary compartment, it is not known how axonemal
complexes such as the N-DRC are targeted to the base of the cilium. One idea is that
axonemal precursor complexes such as the dyneins, radial spokes or the N-DRC are
loaded onto and carried on membrane vesicles destined to the cilium (Wood and
Rosenbaum 2014). In this study, axonemal cargoes were localized to a subset of
membrane vesicles near the basal body. In addition, the authors isolated the vesicles and
demonstrated that the vesicles contained axonemal proteins associated with the vesicle
surfaces. Another important, related question is the nature of the barriers that separate the
cytoplasm from the ciliary compartment (Nachury et al. 2010). Evidence indicates that
barriers exist at the ciliary transition zone that regulates the composition of the ciliary
membrane and is also critical for control the entry of soluble, axonemal complexes into
the cilium (Craige et al. 2010; Dishinger et al. 2010a; Hu et al. 2010; Kee et al. 2012;
Awata et al. 2014; Takao et al. 2014). The questions include, how do large axonemal
complexes such as dyneins pass a ciliary barrier? Below, I provide a rationale for using I1
dynein as a model to study dynein assembly and I will define the hypotheses tested in this

dissertation.

11 dynein Assembly: Hypotheses and Experimental Predictions

The studies included in my dissertation are the first to examine the mechanisms of

assembly of the inner dynein arms (IDAs). As discussed above, failure in the assembly of
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axonemal dyneins result in severe impairment of ciliary motility and can adversely affect
the developmental processes and function of organ systems that rely on normal
functioning of motile cilia. Using I1 dynein as a model to study axonemal dynein
assembly, the questions I have investigated include: Where is the I1 dynein complex
assembled? That is, do the individual I1 dynein subunits enter the cilium independently
and then assemble in situ into a complex on the outer doublet microtubules?
Alternatively, does the I1 complex assemble into an intact complex in the cytoplasm
before being transported to the cilium? How is I1 dynein trafficked to the base of the
cilium? This difficult question of trafficking to the ciliary base has not been adequately
addressed (for discussion, see Wood and Rosenbaum, 2014). However, recent studies
have provided insight for how membrane proteins are targeted to the cilium (Follit et al.
2010; Kim et al. 2014; Malicki and Avidor-Reiss 2014; Mourao et al. 2014). How do
large axonemal complexes such as I1 dynein enter the cilium? This is a timely question
since several labs are focused on an understanding of the ciliary barrier (Hu and Nelson
2011; Reiter et al. 2012) that controls the entry of both “soluble” complexes, such as
axonemal precursors, as well as membrane proteins. While there is evidence indicating
that IFT is involved in the entry of soluble axonemal precursors (Wren et al. 2013), the
movement of membrane proteins into and within the cilia may be independent of IFT
(Belzile et al. 2013; Ye et al. 2013). Also, there is no data addressing how extremely
large axonemal dynein complexes such as the ODAs or the IDAs enter the cilium. Based
on studies of the N-DRC (Wren et al., 2013), it is reasonable to postulate that the entry of

ODAs or IDAs relies on IFT. Thus, future studies in several labs will focus upon testing
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this hypothesis. Following entry, how is I1 dynein transported within the cilium? This
question is addressed in Chapter 3.

Why was I1 dynein selected as a model to study axonemal dynein assembly?
Firstly, I1 dynein is highly conserved (Wickstead and Gull 2007; Song et al. 2015) and is
required for normal ciliary motility (reviewed in Wirschell, 2007). Thus, understanding
the mechanisms of Il dynein assembly may provide general principles of axonemal
dynein assembly and reveal new, conserved genes required for assembly. This in turn
may be crucial for additional understanding the basis for PCD. The I1 dynein complex
can be purified from the axoneme as an intact 20S complex containing all the 11 subunits
and can be used for biochemical assays. Notably, the 20S I1 dynein complex can restore
IT dynein structure and function in vitro reconstitution studies (Smith and Sale 1992;
Yamamoto et al. 2006). Thus, the axonemal 20S 11 complex is the functionally active
form of the 11 dynein complex. While the 20S complex extracted from the axoneme is
functionally active, it is possible that this 20S complex isolated lacks at least one or more

subunits.

The genes encoding I1-dynein subunits have been cloned, and, in most cases, the
subunits have been biochemically characterized (reviewed in Wirschell et al., 2007,
Alford et al., 2012 Dynein book). In addition, the Sale lab has either made or obtained
antibodies to each of the I1 dynein subunits. In particular, antibodies to intermediate
chain subunits, IC140, IC138 and IC97 have been valuable for a range of biochemical
analyses and have worked for immunofluorescence localization (Yang and Sale, 1998;
Hendrickson et al., 2004; Wirschell et al., 2009). As demonstrated in Chapters 2-4 below,

the antibody to the intermediate chain subunit IC140 has been used as a marker of I1
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dynein and has been tremendously useful in localizing I1 dynein at various steps during
the assembly process. Antibodies to the heavy chains and light chains have also been
employed for biochemical analyses of 11 assembly as detailed in Chapter 2 below. Thus,
all of the reagents to test ideas for I1 dynein assembly were available for my immediate

experimentation.

The I1 dynein structural mutants have also been instructive in providing detailed
information on the roles of individual subunits in assembly of the I1 complex and/or
function of I1 dynein in ciliary motility (Bower et al. 2009a; Wirschell et al. 2009; Toba
et al. 2011; VanderWaal et al. 2011; Heuser et al. 2012). For instance, most mutations in
genes that encode 1o and 13 heavy chains or the intermediate chain subunit IC140 result
in a complete failure in I1 dynein assembly, leaving a gap in every 96 nm repeat (Fig.
1.4b and (Piperno et al. 1990; Kamiya et al. 1991; Porter et al. 1992; Myster et al. 1997,
Perrone et al. 1998; Myster et al. 1999; Perrone et al. 2000). Notably, loss of the I1
dynein does not affect the assembly of other inner dynein arms, radial spokes, outer arm
dyneins, N-DRC or the MIA complex, indicating that the targeting and assembly of 11
dynein is independent of other axonemal components (Piperno et al. 1990; Kamiya et al.
1991; Porter et al. 1992; Perrone et al. 1998; Bui et al. 2012; Heuser et al. 2012;
Yamamoto et al. 2013). Therefore, interpretation of motility and assembly phenotypes in
I1 mutants (Brokaw and Kamiya 1987; Bayly et al. 2010; VanderWaal et al. 2011) is not
further complicated by failure of assembly of additional axonemal components. The

mutants used this study are listed in Table 3.

In addition to mutants that completely lack I1 dynein in the axoneme, a number of

mutations in other I1 dynein genes result in partial assemblies of the I1 dynein complex
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in the axoneme (Perrone et al. 1998; Hendrickson et al. 2004b; Bower et al. 2009a;
Wirschell et al. 2009). For example, phenotypic analysis of the bop5 mutant has revealed
that the IC138 complex regulates I1 dynein activity and controls axonemal bending
(VanderWaal et al. 2011). In the bop5 mutant, mutation in the gene that encodes the
IC138 intermediate chain subunit, assembles a partial I1 dynein complex in the axoneme
containing only the heavy chains and IC140, but fails to assemble IC138 and associated
proteins (Hendrickson et al. 2004b; Bower et al. 2009b; VanderWaal et al. 2011). The
mutant has revealed that the IC138 regulatory complex also contains IC97, FAP120 and
LC7b subunits. This and other partial assembly mutants have been valuable in revealing
protein interactions within the I1 dynein complex (Heuser et al. 2012) as well as with
neighboring axonemal structures such as the MIA complex (Yamamoto et al. 2013). An

interaction map of I1 dynein is illustrated in Fig. 1.5.

Based on the observation that I1 dynein isolated from the axoneme sediments as a
20S complex and contains a full complement of known subunits, an important question is
where the assembly of the 20S complex occurs. I hypothesized that 20S I1 dynein
complex assembles in the cytoplasm before being transported to the ciliary compartment.
In order to test this hypothesis, and as described in Chapter 2, I fractionated cytoplasmic
extracts from wild type and select 11-dynein mutant cells. I found that I1 dynein
assembles as a 20S complex in the cytoplasm. Upon entry into the ciliary compartment, |
hypothesized that the 11 complex, first assembled as a 20S precursor in the cytoplasm, is
transported to the distal tip of the cilium before docking in the axoneme. To test this
hypothesis, I examined the site of rescue of I1 assembly in dikaryons formed between

wild-type and mutant cells lacking I1 dynein (Chapter 3). As postulated, I found that 11
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dynein first appears at the distal tip of the axoneme during dikaryon rescue. I then
postulated that I1 dynein is transported to the distal end of the cilium by IFT. To test this
hypothesis, once again, I took advantage of dikaryon rescue. In this case, I generated
dikaryons between a kinesin-II mutant, fla/0 and an 11 dynein mutant, to test whether
kinesin-2 is required for transport (Chapter 3). As predicted, I1 dynein transport requires
kinesin-2 activity and IFT. I will also discuss the identification of a new gene, IDA3,
required for I1 dynein assembly (Chapter 4). Although we do not yet know the exact
function of IDA3, one idea is that IDA3 is an adapter that selectively links I1 dynein, as a
cargo, to the IFT machinery. Others in the Sale lab are currently testing this hypothesis
(Fig. 1.9). This is an important project testing the general idea that each large axonemal
complex (i.e. dyneins, radial spokes, N-DRC) is associated with a specific-adapter that is

required for IFT-cargo interaction.

Figures for Chapter 1
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Figure 1.1. Locations of motile cilia in the human. Motile cilia play diverse roles
during development and organ homeostasis in the adult. Motile cilia are present on the
embryonic node epithelia and are responsible for generating fluid flow critical for
establishing asymmetry during early development. Motile cilia are also required for heart
morphogenesis. Functions of motile cilia in the adult include the movement of
cerebrospinal fluid in the brain ventricles, fluid movement in the oviducts and mucus in
the respiratory tract. In the male, the sperm flagellum (a long cilium) is required for
propelling the sperm cell and fertilization. Defects in the assembly or function of the
motile cilia can result in development diseases, particularly congenital heart

abnormalities and in some cases, hydrocephaly, infertility and Primary Ciliary Dyskinesia

(PCD).
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Figure 1.2. Role of dyneins in three cellular contexts. Common features of all motors
include large motor domains that contain the ATPase activity (shown here as blue and
green circles), and several light and intermediate chain subunits mainly responsible for
associating with cargo, presumably through adapters (yellow). The dynein motors shown
in navy blue can be broadly categorized into two types: cytoplasmic dyneins and
axonemal dyneins. (A) The cytoplasmic dyneins are responsible for transporting a variety
of cargo including organelles, vesicles, mRNA, viruses etc. on microtubules tracks within
the cell. (B) The axonemal dyneins are anchored to the axonemal microtubule cargo, and
the motor domains cause the translocation of the adjacent outer doublet microtubules
during sliding. (C) In this dissertation, I focus on studying the axonemal dyneins as a
cargo, and I do not focus on I1 dynein motor activity. I tested the hypothesis that one of
the axonemal dyneins, I1 dynein is transported in the cilium by IFT and kinesin (green)
as a cargo. | further postulate that a specific adapter protein (yellow) mediates the

interaction between I1 dynein and IFT.
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Figure 1.3. Cross-section of an axoneme from Chlamydomonas. lllustrated in the inset
is the forward (green) and reverse (blue) bends. In the cross section, doublet #1 is defined
as the doublet lacking the ODAs. The other doublets are numbered in the direction the
dyneins point. The ODAs are shown in black and the IDAs are shown in orange. Other
features illustrated and required for normal movement include the radial spokes, central
pair apparatus and the projections of the central pair. Signals from the central pair are
transmitted by the radial spokes to the dynein arms (red arrow). The black line passing
through doublet #1 and between doublets #5 and #6 represents the plane/axis of bending.
According to the switching model, when dyneins on one side of the axis are active (i.e.
on doublets #2,3 and 4), microtubule sliding can occur and generate the bend in the
effective or forward direction (green in inset). When the direction of bending reverses,
the dyneins on blue doublets #2,3 and 4 are inactivated and dyneins on doublets #6,7 and
8 are switched on to generate the recovery or reverse bend (blue in inset). Detailed

discussion of the sliding microtubule/switching model can be found in (Satir et al. 2014).
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Figure 1.4. Longitudinal section of a single outer doublet microtubule illustrating
the 96 nm repeat. (A) Schematic of the 96 nm repeat comprising of 4 copies of the
ODA, single copy of each of the IDAs (a-g), a pair of radial spokes (RS1 and RS2) and
several other regulatory protein complexes including the MIA complex, Nexin-Dynein
Regulatory Complex (N-DRC) and the Calmodulin and Spoke-Associated complex
(CSC). The I1 dynein complex, also known as dynein f is the only IDA with two motor
head domains. For simplicity, the individual subunits of all the other single headed IDAs
are not shown. The blue and red arrows indicate the parallel signaling pathways
associated with the RS1 and I1 dynein-MIA complex and the RS2, CSC and N-DRC.
Although we do not fully understand the regulatory mechanisms, genetic and functional
analysis indicate signals from the central pair are transduced to the outer doublets for
control of dyneins. (B) Cryo ET renderings of the 96 nm repeat from WT (pWT) and pf9-
1/idal (I1 dynein-deficient) mutant axonemes. The I1 dynein complex (shown here in
red) is precisely localized at the proximal end of the 96 nm repeat. The absence of I1
dynein in the pf9-1 axonemes leaves a gap in the structure (Adapted from (Yamamoto et

al. 2013).
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Figure 1.5. Protein associations within I1 dynein and with non-I1 dynein
components. The inset illustrates the structure of 11 dynein and arrangement of subunits
(Wirschell et al., 2009, Bower et al., 2009). In the interaction map, the solid lines
represent experimentally determined protein-protein interactions based on biochemical
and/or structural analysis of I1 dynein assembly mutants. The dashed lines indicate
predicted interactions based on the analysis of 11 assembly mutants. I1 dynein contains
two distinct heavy chain domains (HCla and HC1p), a cargo-binding region composed
of three intermediate chains (IC140, IC97 and IC138), and five light chains (Tctexl,
Tctex 2b, LC8, LC7a and LC7b). The stem regions of the heavy chains interact with
IC140 (#1, Myster et al., 1997, #2, Perrone et al. 2000, #3, Bower et al, 2009, #4, Toba et
al., 2010, #5, Vanderwaal et al. 2011 and #6, Perrone et al., 1998). Cryo-ET analysis
identified a structure tethering the la to the A-tubule (#7, Heuser et al., 2012).
Crosslinking evidence indicates that IC97 directly interacts with 1C140, IC138 and o/f
tubulin (#8, Wirschell et al., 2009); and that IC140 and IC138 bind tubulin (#9,
Hendrickson et al. 2013). IC138 in complex with IC97, FAP120 and LC7b forms the
IC138-regulatory subcomplex and is the key regulator of I1 dynein activity (#3, Bower et
al, 2009, #5, Vanderwaal et al. 2011, #10, Ikeda et al., 2009; #11, Dibella et al., 2004).
LC7a appears to mediate a stable interaction between LC7b and I1 dynein components
(#11, Dibella et al., 2004). The IC140 subunit, required for the assembly of the Il
complex (#6, Perrone et al., 1998), may interact with a predicted adapter protein, IDA3
for transport by IFT (#12, Viswanadha et al., 2014). The light chains, Tctex1, Tctex 2b

and LCS are part of the I1 complex (#13, Wu et al., 2005; #14, Harrison et al., 1998 and
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15. Yang et al., 2009). The MIA complex has shown to directly interact with the IC138

subunit to regulate I1 dynein activity (#16, Yamamoto et al., 2013).
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Figure 1.6. Overview of Chlamydomonas life cycle and quadraflagellate dikaryon
zygote. Chlamydomonas cells are haploid and can reproduce sexually or asexually. In the
sexual reproduction cycle, vegetative cells (that are either + or — mating types) can be
differentiated into gametes by culturing in nitrogen-deficient media. Upon mixing the
gametes of opposite mating types, the agglutinins present on the flagella cause flagellar
adhesion followed by a series of defined steps and fusion of the cytoplasm. The resulting
zygote is called the dikaryon and contains a shared cytoplasm with two nuclei and four
flagella (two of which belong to each parent). The dikaryon is a temporary stage that lasts
for 2.5 hours. During this time period, the dikaryons formed between wild-type and
mutant cells can reveal valuable information regarding ciliary assembly and function. As
discussed in Chapter 3, I have taken advantage of dikaryons to rescue Il dynein
assembly. The dikaryon cell then undergoes meiosis, giving rise to four haploid progeny

that can either proliferate asexually (i.e. mitosis) or can enter the sexual lifecycle.
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Figure 1.7. Diagram illustrating the rescue of ciliary precursors in Chlamydomonas
dikaryons formed between WT and an I1 dynein mutant cell. In certain cases,

dikaryons can be used to restore (rescue) structures missing on the otherwise fully
assembly axoneme. In the case illustrated here, wild type cells (mating type +) were
mated with a mutant that fails to assemble I1 dynein (mating type -). The prediction was
that wild type copy of the mutant I1 dynein component would complement and restore 11
dynein (shown in red). Using antibodies to I1 dynein subunits (e.g. IC140), and as
predicted, I1 dynein was restored to the mutant axoneme. The surprise was that I1 dynein
first appeared at the distal tip of the mutant axoneme. This result is discussed in Chapter
3 and is part of the foundation of my dissertation work. Evidently, the Il dynein
precursors (Chapter 2) are targeted to the distal end of the cilium (Chapter 3) before
docking in the axoneme. Similar dikaryon experiments also determined that other
axonemal precursors are targeted to the distal end of the cilium prior incorporation in the

axoneme (Johnson and Rosenbaum 1992; Piperno et al. 1996; Wren et al. 2013).
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Figure 1.8. Diagram illustrating the IFT-mediated assembly of ciliary precursor
complexes. In this dissertation, I propose that the assembly of axonemal precursors such
as the dynein motors or the radial spokes occurs in a step-wise manner, starting with the
preassembly in the cytoplasm (Step 1). After preassembly (Step 2), the axonemal
precursor cargo is loading on IFT and enters the ciliary compartment (Step 2). Upon
entry, I then propose that the cargo is transported to the distal tip of the cilium by IFT
(Step 3). At the tip, the cargo is unloaded from the IFT machinery (Step 4a) followed by
diffusion and docking to the axoneme (Step 4b). Although not addressed in this study,
axonemal turnover products maybe recycled to the cytoplasm by retrograde IFT mediated

by a cytoplasmic dynein.
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Figure 1.9. Hypothetical steps leading to I1 dynein assembly in the axoneme. In my
dissertation, I tested the hypotheses that I1 dynein: (1) preassembles in the cytoplasm; (2)
the preassembled 11 complex is transported to the distal tip of the cilium by IFT; (3) 11
dynein is unloaded at the tip and (4) I1 dynein is docked in the axoneme. In the ida3
mutant, I1 dynein fails to enter the ciliary compartment. I also indicate that IDA3 is an
adapter required for I1 dynein entry and transport by IFT. As discussed in Chapter 4, the
exact function of IDA3 is not known. The postulated barrier between the cytoplasm and

the ciliary compartment is shown as black boxes.
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Introduction:

To date we know little about the mechanisms of assembly of the inner dynein
arms (IDAs). Understanding the mechanisms of assembly and discovery of the genes
involved in assembly is an important goal because the IDAs are essential for normal
ciliary motility. Predictably, the genes involved in the IDA assembly are conserved, and
when defective, can lead to PCD. I address how I1 dynein is assembled and discuss the
genes involved in the assembly process.

Early studies revealed that a pool of axonemal precursor protein complexes exist
in the cytoplasm that can be mobilized to rapidly build new cilia (Rosenbaum et al. 1969;
Stephens 1994). In Chlamydomonas, the cytoplasmic precursor pool is sufficient to build
two half-length flagella even in the presence of a protein synthesis inhibitor (Rosenbaum
et al. 1969). Thus, key questions include: What is the state of these cytoplasmic
precursors? For example, are large structures fully formed in the cytoplasm for
immediate delivery to and incorporation in the axoneme? Or, are the individual subunits
transported separately to the cilium for assembly in situ, subunit by subunit? Two large
axonemal complexes, the radial spokes (RS) and the outer dynein arms (ODAs) have
been shown to be partially or completely assemble in precursor form in the cytoplasm
before transport to the ciliary compartment (Qin et al. 2004; Ahmed and Mitchell 2005;
Ahmed et al. 2008; Diener et al. 2011). To date, the ODAs and the RSs are the only
axonemal complexes that have been examined for precursor assembly in the cytoplasm
before transport to the cilium and docking in the axoneme.

The mechanism of assembly of the RSs and the ODAs differ in important ways.

The radial spokes (RS) are “T” shaped structures composed of 23 proteins (Yang et al.
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2006; Pigino et al. 2011; Lin et al. 2012; Pigino and Ishikawa 2012; Nakazawa et al.
2014; Oda et al. 2014b). When extracted from the axoneme, the radial spoke proteins
sediment together as a 20S complex (Yang et al. 2001; Smith and Yang 2004; Yang et al.
2006; Kelekar et al. 2009). In vitro reconstitution analysis revealed that the 20S RS
complex, derived from the axoneme, is competent to form radial spoke structures on the
axoneme following reconstitution (Yang et al. 2001; Diener et al. 2011). This result
indicated that the 20S RS complexes are the functional form of the radial spoke.
However, examination of the radial spoke proteins from the cytoplasm revealed that the
RSs exist as partial precursor complexes containing a subset of RS subunits that sediment
at 12S (Qin et al. 2004; Diener et al. 2011). The 12S radial spoke precursor complex
enters the cilium, is transported to the distal tip by IFT (Qin et al. 2004) and associates
with other RS proteins to form the mature 20S complex prior to docking in the axonemes.
The mature 20S radial spoke is then localized very precisely in the 96 nm repeat (Smith
and Yang 2004; Yang et al. 2005; Diener et al. 2011; Gopal et al. 2012; Gupta et al.
2012). Furthermore, final steps of RS assembly appear to occur at the distal tip of
axoneme (Johnson and Rosenbaum 1992; Yang et al. 2005; Diener et al. 2011). In
contrast to the 20S complex, the 10-12S sub-complexes from the cytoplasm are
incompetent to bind axonemes in vitro (Diener et al. 2011; Alford et al. 2013). Thus, the
radial spoke is partially assembled in the cell body and assembly is completed in the
ciliary compartment prior to docking in the axoneme.

In contrast to the RSs, the ODAs appear to assemble in the cytoplasm as a
complete 23S that are then transported to the ciliary compartment and axoneme as intact

structures. The ODAs can be extracted from the axoneme and purified as a 23S complex
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by ion-exchange chromatography or by velocity sedimentation on sucrose gradients
(King and Kamiya 2009; King 2013). The 23S complex is composed of 16 subunits in
Chlamydomonas. These subunits include three heavy chains, two intermediate chains and
several light chains (King and Kamiya 2009; Hom et al. 2011; King 2013). Fractionation
of the cytoplasmic extracts revealed that 23S ODA complex is assembled and contains all
the known subunits before entering the cilium (Fowkes and Mitchell 1998; Ahmed and
Mitchell 2005). The cytoplasmic assembly of the ODA also requires a number of
additional conserved proteins, not part of the ODA complex, which when defective result
in a failure in ODA assembly in the axoneme and in many cases results in PCD (Hornef
et al. 2006; Zariwala et al. 2006; Loges et al. 2008; Omran et al. 2008; Loges et al. 2009;
Horani et al. 2012; Kobayashi and Takeda 2012; Mitchison et al. 2012; Panizzi et al.
2012; Austin-Tse et al. 2013; Horani et al. 2013; Knowles et al. 2013b; Knowles et al.
2013c; Moore et al. 2013; Onoufriadis et al. 2014). For example, the mutant pf13/ktu is
defective in ODA cytoplasmic assembly, and defects in PF13/KTU in humans’ results in
PCD (Omran et al. 2008). PF13/KTU is one of the several factors required for ODA
assembly (see also (Mitchison et al. 2012; Panizzi et al. 2012). Notably, the assembled
23S complex can rebind ODA deficient axonemes in vitro (Dean and Mitchell 2013) and
is capable of rescuing function (Takada et al. 1992).

These data demonstrate that the 23S ODA complex in the cytoplasm is likely that
complete ODA complex found in the axoneme. Since the 23S ODA is first assembled in
the cytoplasmic compartment, there must be a transport mechanism that delivers ODA
complexes to and within the cilium for docking to the axoneme. Additional studies have

revealed that the ODA is transported as a cargo by IFT within the cilium. Phenotypic
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analysis of a mutant deficient in the IFT46 subunit revealed an absence of ODA in the
cilium, suggesting that IFT46 may be required for ODA assembly (Hou et al. 2007). IFT
mediated transport of the ODA complex requires an additional factor, ODA16, thought to
mediate the IFT-ODA interaction (Ahmed and Mitchell 2005; Ahmed et al. 2008).
Consistent with the studies by Hou et al. on the role of IFT46 in ODA assembly, evidence
from yeast two hybrid experiments showed a possible interaction between IFT46 and
ODA16 (Ahmed et al. 2008). However, the evidence that the ODA is transported by IFT
is still indirect. No live cell studies of ODA assembly have been published.

To date, there have been no studies investigating the steps of assembly of other
large axonemal complexes including the inner dynein arms (IDAs). To address questions
of assembly of the IDAs, I focused on the I1 dynein (Piperno et al. 1990; Kagami and
Kamiya 1992; Wirschell et al. 2007a). When isolated from the axoneme, I1 dynein is a
20S complex that contains two distinct heavy chains, la and 1 (Myster et al. 1997;
Myster et al. 1999; Perrone et al. 2000) that also differ in function (Kotani et al. 2007,
Toba et al. 2011). Most relevant to this chapter, the axonemal 20S Il dynein can be
isolated and will rebind I1-deficient axonemes, restoring I1 dynein to its original position
in the 96 nm repeat (Smith and Sale 1992) and also restoring 11 dynein function
(Yamamoto et al. 2006). These important studies revealed that the 20S I1 dynein
complex, derived from the axoneme, is the intact, functional form of I1 dynein. How is I1
dynein assembled? The 20S I1 dynein complex may fully assemble in the cytoplasm
before entry to the cilium. Alternatively, the I1 dynein complex may assemble by a
stepwise addition of subunits on the axoneme, or like the RS, I1 dynein may partially

assemble in the cytoplasm with final steps of assembly occurring in the cilium.
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To distinguish these possibilities, I fractionated cytoplasmic extracts from wild-
type and Il dynein mutant cells. The experimental strategy is shown in Fig. 2.1. As
presented in Fig. 2.2, my observations include the following: [1] I1 dynein is assembled
into a 20S complex in the cytoplasm; [2] the 20S I1 complex appears to have similar
composition as the axonemal 20S I1 dynein; [3] the cytoplasmic assembly of I1 dynein is
dependent upon the heavy chains and IC140. However, unlike the 20S I1 dynein derived
from the axoneme, the cytoplasmic 20S I1 dynein fails to rebind isolated axonemes
lacking 11 dynein (Fig. 2.6). [4] Analysis of the cytoplasmic extracts from ida3, a mutant
that fails to assemble I1 dynein in the axoneme (Table 3), revealed that the 20S 11 dynein
complex is assembled in the cytoplasm (Fig. 2.2B). This result appears to eliminate the
possibility that IDA3 encodes a factor required for the cytoplasmic assembly of the 20S
I1 dynein complex. Instead, this result supports a hypothesis that IDA3 encodes a protein
required for the modification of I1 dynein before transport or an adapter for transport of
I1 dynein to the ciliary compartment (Fig. 1.9, and Chapter 4 for additional discussion of

ida3).

Results
I1 dynein assembles as a 20S complex in the cytoplasm

Axonemal I1 dynein is a multisubunit complex that, when fully assembled,
sediments at 20S (Piperno et al. 1990; Smith and Sale 1991; Porter et al. 1992). To test
the hypothesis that I1 dynein assembles as a 20S complex prior to transport to the cilia
and axoneme, I fractionated cytoplasmic extracts from wild-type cells by velocity

sedimentation on sucrose gradients (Fig. 2.1). Similar to the axonemal I1 dynein,
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cytoplasmic I1 dynein sediments at 20S, suggesting the complex is assembled in the
cytoplasm before entering the cilium (Fig. 2.2A). Axonemal and cytoplasmic fractions
were probed with antibodies to various I1 subunits to determine the subunit composition
in the 20S complexes. The 20S complex from the both the axoneme and cytoplasm
contain the heavy chains (HCla and HC1p) (Fig. 2.2A) and three intermediate chains
(IC138, IC140 and IC97) (Fig. 2.2A). Immunoblots of the cytoplasmic 20S I1 dynein
also revealed the presence of the light chains TcTex1, TcTex 2b, LC7a, LC7b and LCS in
the complex. However, since many of the light chains are also present in other axonemal
structures, the presence of the light chains in the 20S fractions cannot be definitively
assigned to the I1 dynein complex without further purification of the I1 complex.

Wild type cytoplasmic extracts contain both a 12S radial spoke (RS) precursor
complex and an intact 20S radial spoke (Diener et al. 2011). Further studies revealed the
20S RS in the cytoplasm is a recycled component from the cilium (Qin et al. 2004;
Diener et al. 2011). That is, the presence of the intact 20S RS in the cytoplasm is a result
of retrograde movement of the intact RS from the cilium to the cytoplasm — “recycled”
(See Fig. 1.8). Based on this observation, it was possible that the 20S 11 dynein complex
observed in the cytoplasm is also a recycled ciliary product. To test this idea, an
aflagellate mutant, bldI (stands for “bald”) (Brazelton et al. 2001), which lacks cilia due
to a mutation in IFT52, a component of the IFT complex B required for ciliary assembly
was used (Deane et al. 2001). Cytoplasmic extracts from bldl were fractionated and
examined for the presence of the 20S 11 complex. The prediction was that if the 20S I1
dynein complex was present in extracts from bld1, then the 20S I1 dynein complex is not

a recycled “ciliary” product. The sedimentation profile from bldI extracts shows that the



58

20S I1 dynein complex forms as in wild-type extracts (Fig. 2.2B). This result indicated
that the cytoplasmic 20S I1 dynein complex is not a recycled ciliary component, but
rather is formed in the cytoplasm before transport to the cilium.

Studies of Chlamydomonas mutants idal and ida2, lacking the heavy chains la and
1B, respectively, and the mutant ida7, lacking the intermediate chain, IC140 have
revealed that the assembly of I1 dynein in the axoneme is dependent on the heavy chains
(Myster et al. 1997; Myster et al. 1999; Perrone et al. 2000) and IC140 (Perrone et al.
1998) (See Table 3). Based on these results, I hypothesized that HC1a, HC1p and IC140
are also required for the cytoplasmic assembly of the 20S I1 dynein complex. To test this
hypothesis, I examined I1 dynein assembly in cytoplasmic extract fractions from idal,
ida? and ida7. As predicted, the 20S I1 dynein complex failed to assemble in
cytoplasmic extracts from idal, ida2 (Fig. 2.3) and ida7 (lower panel, Fig. 2.2B).
Therefore, both the heavy chains and IC140 are required for 20S I1 complex assembly in
the cytoplasm. Smaller sub-complexes (~10-12S) appear in the extracts from idal, ida2
and ida7. These results indicate that I1 dynein preassembly occurs in a stepwise manner
and begins with a single heavy chain and one of the intermediate chains (See Fig. 2.9 and
discussion). However, definitive tests of the steps of I1 complex assembly will require
purification of sub-complexes by higher resolution fractionation.

Similar to the idal, ida2 and ida7 mutants, the ida3 mutant is also defective in the
assembly of I1 dynein in the axoneme (Kamiya et al. 1991). I reasoned that failure in
assembly in the ida3 axoneme is a consequence of defective 20S Il dynein complex
assembly in the cytoplasm. To test this idea, I compared wild-type and ida3 cytoplasmic

fractions for the presence of the 20S I1 complex. Immunoblot analysis indicated that 11
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dynein from ida3 cytoplasmic extracts forms a 20S complex that co-sediments with the
I1 dynein complex from wild-type extracts (Fig. 2.2B). Thus, the ida3 mutant does not
appear to be defective in assembly of the 20S Il complex in the cytoplasm. The
assembled I1 complex in the ida3 cytoplasm appears to have the same subunit
composition as wild-type. However, since fractionation on sucrose gradients by velocity
sedimentation is a relatively low-resolution method of fractionation, it is possible that the
20S complex in the ida3 cytoplasm differs from that in the wild type cytoplasm. A higher
resolution fractionation method such as ion-exchange chromatography will be required to
accurately compare the composition of the 20S I1 complex in the ida3 and wild-type
extracts.

Previous structural and biochemical studies of axonemes from mutants defective in
the light chain, LC8 and intermediate chain IC138 revealed the presence of partial
assemblies of 11 dynein in the axoneme (Fig. 2.3A and (Bower et al. 2009a; Wirschell et
al. 2009). That is, in the absence of LC8 and IC138 components, I1 dynein still assembles
the Il structure in the axoneme, but as partial complexes. Furthermore, these partial
assemblies of 11 dynein derived from the axoneme, sedimented in the 15-18S range. The
question was whether the partially assembled I1 dynein complexes are also assembled as
partial I1 complexes in the cytoplasm. I predicted that fractionation of cytoplasmic
extracts derived from the LC8 mutant, fla/4-3 and IC138-null mutant, bop5-3, would
reveal I1 dynein complexes similar in size (~15-18S) to the I1 dynein complex derived
from the flal4-3 and bop5-3 axonemes. As predicted, the fractionation profiles of the
cytoplasmic extracts showed the presence of I1 dynein complexes sedimenting in the 15-

18S range (Fig. 2.3B). Therefore, as long as the heavy chains and IC140 were present, 11
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dynein complexes were able to assemble as partial precursor complexes in the cytoplasm

before transport to the cilium and docking in the axoneme.

The cytoplasmic 20S I1 dynein complex is incompetent to bind I1-deficient
axonemes in vitro.

Previous studies carried out by demonstrated that the 20S 11 dynein isolated from the
axoneme could rebind I1-deficient axonemes in vitro and restore function in the presence
of ATP (Smith and Sale 1992; Yamamoto et al. 2006). Since I1 dynein assembles as a
20S complex in the cytoplasm (Fig. 2.2A), I hypothesized that the 20S I1 dynein from the
cytoplasm assembles in a form competent to bind axonemes lacking I1 dynein. To test
this possibility, I first repeated the in vitro reconstitution assays performed in Smith and
Sale (1992) (Fig. 2.5). As shown in Fig. 2.6A, 11 dynein isolated from the axoneme
reconstituted I1-deficient ida7 and ida3 axonemes. To determine if the cytoplasmic 11
dynein complex can bind axonemes, I isolated cytoplasmic extracts from oda2 that
contains wild-type 20S I1 dynein, but does not contain the intact ODA complexes that
have been previously shown to interfere with I1 dynein rebinding to the axoneme (Smith
and Sale 1992). I combined the cytoplasmic extracts with a fixed amount of ida3 or ida7
axonemes in the presence of ATP (See illustration in Fig. 2.5A and Toba et al. 2011;
Yamamoto et al. 2006). In contrast to isolated axonemal I1 dynein (Fig. 2.7A),
cytoplasmic I1 dynein, from the oda2 cytoplasm, failed to reconstitute I1 dynein with
either ida3 or ida7 axonemes (Fig. 2.7B). In addition, I1 dynein complexes derived from

ida3 cytoplasmic extracts also failed to rebind isolated axonemes. The same results were
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obtained using the antibody to IC138 to assess in vitro reconstitution (Fig. 2.7C). Thus,

the cytoplasmic 20S I1 dynein is not competent to bind the axoneme.

In vitro reconstitution analysis revealed that the ida3 mutant is not defective in an I1
dynein docking mechanism.

Given that ida3 assembles the 20S I1 dynein in the cytoplasm (Fig. 2.2B) but fails to
assemble it in the axoneme (Kamiya et al. 1991), I tested the possibility that ida3 is
defective in docking I1 dynein in the axoneme. For example, although a docking complex
for I1 dynein has not yet been identified, docking of the ODA complex in the axoneme
requires a complex of proteins called the ODA-docking complex (ODA-DC) (Takada and
Kamiya 1994; Casey et al. 2003a; Casey et al. 2003b). Mutations in the ODA-DC results
in failure of ODA docking in the axoneme. As illustrated in Fig. 2.7A, immunoblot
analysis revealed that I1 dynein from oda2 axonemal high salt extracts (HSE) is capable
of rebinding equally to ida3 and ida7 (control) mutant axonemes (Fig. 2.7A, P). In both
cases, I1 bound the axonemes to saturation (Fig. 2.5), indicating that I1 is binding to
specific sites along the axoneme. Therefore, ida3 axonemes are able to support I1 dynein

docking in the axoneme, and IDA3 is not likely an axonemal docking component.

The cytoplasmic 20S I1 dynein complex is absent in the ida3 ciliary compartment
Since ida3 is neither deficient in cytoplasmic assembly of 20S I1 dynein (Fig. 2.2B)

nor in in vitro docking of axonemal I1 dynein (Fig. 2.7A), I tested whether 11 dynein is

capable of entry into the ciliary compartment in ida3. 1 first confirmed that the

cytoplasmic 20S I1 complexes were present at a similar concentration in ida3 and wild-
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type cytoplasmic extracts (Fig. 2.8A). Next, as expected, I1 dynein was significantly
reduced in ida3 cilia and axonemes compared to wild type (Fig. 2.8B). I then examined
the membrane plus matrix fractions, the ciliary fraction that can be obtained by
solubilizing isolated cilia with non-ionic detergents such as Nonidet (See Methods). The
membrane plus matrix fraction contains IFT complexes and associated cargoes (Piperno
and Mead 1997; Cole et al. 1998; Qin et al. 2004). Thus, the membrane plus matrix
fractions from WT and ida3 cilia were compared and analyzed by immunoblots for the
presence of I1 dynein (Fig. 2.8B). I1 dynein is present in the wild-type membrane plus
matrix fraction, indicating that the cytoplasmic I1 dynein complex is able to enter the
ciliary compartment (Fig. 2.8A). In contrast, at the same protein concentration, I1 dynein
is missing in membrane plus matrix fraction from ida3 (Fig. 2.8, top right panels). The
same results were obtained using a freeze-thaw method (See Methods), and as an
alternative to using detergent, to generate the membrane plus matrix fraction (Behal and
Cole 2013). Thus, compared to wild-type, the 20S I1 dynein complex does not appear to

enter the ciliary compartment in ida3 mutant cells.

Discussion

The overall goal of this work is to study the mechanisms of assembly and transport of
I1 dynein by exploiting the considerable experimental advantages of I1 dynein and
Chlamydomonas. From the axoneme, the 11 dynein complex is found as a 20S complex
(Fig. 2.2A and (Piperno et al. 1990; Smith and Sale 1991). However, until this study very
little was known about the process of 20S I1 dynein complex assembly. In this chapter, I

addressed questions regarding I1 dynein assembly in the cytoplasm. I also used a mutant,
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ida3 to understand various steps of Il dynein assembly. The ida3 mutant fails to
assemble I1 dynein in the axoneme, but assembles the 20S I1 complex in the cytoplasm.
The conclusions from the data presented in this chapter include: the 20S I1 complex
is assembled in the cytoplasm; assembly of the cytoplasmic 20S I1 complex requires the
heavy chains and intermediate chain IC140; the 20S I1 dynein complex in the cytoplasm
is not a recycled product of the axoneme. I also determined that the cytoplasmic 20S I1
dynein complex is not competent to bind I1-deficient axonemes in in vitro reconstitution
assays. Moreover, the ida3 mutant is not defective in the cytoplasmic assembly and
docking of the 20S I1 dynein complex. The data presented in this chapter, and Chapters 3
and 4, support the hypothesis that the ida3 mutant is most likely defective in the entry
and/or transport of I1 dynein into the cilium (See Fig. 1.9, Chapters 3 and 4 for further

discussion).

The steps of cytoplasmic assembly of I1 dynein

Examination of the sedimentation profiles of cytoplasmic extracts derived from
wild type and I1 dynein mutant cells revealed the presence of 10-12S I1 dynein sub-
complexes (Fig. 2.2A). While the cytoplasmic 20S 11 dynein complex represents the
nearly complete complex, the 12S fractions contain smaller sub-complexes are postulated
to be intermediates in the preassembly process (Fig. 2.4). The detailed molecular
composition of the smaller I1 dynein sub-complexes remains undefined. One idea is that
10-12S fractions contain an assortment of different 12S I1 dynein precursors, each
composed of a heavy chain and an intermediate chain and any of the several light chains

(illustrated in Fig. 2.4). Based on the presence of the 12S sub-complexes in mutants



64

lacking the heavy chains and IC140, and along with the presence of partial complexes in
the range of 15-18S in the flal4-3 and bop5 mutants (Fig. 2.3), the simplest model is that
the assembly of I1 dynein takes place in a step-wise manner. The first step involves the
association of one of the heavy chains with either or both IC140. Presumably, the next
step is the association of two 12S complexes and addition of the remaining I1 dynein
subunits to eventually form the intact “two headed” 20S I1 dynein complex (See Fig.
29).

Tests of the Il dynein assembly process require alternate, higher resolution
biochemical fractionation. Approaches will include tagging the intermediate chains,
IC140 and IC138 and resolution of the 10-12S and 15-18S sub-complexes by ion-
exchange chromatography, and blue native gels. These approaches will reveal the exact
I1 dynein subunit composition in the sub-complexes and the sequence of the steps of
preassembly. As a bonus, identifying the specific I1 dynein subunit composition in the
12S sub-complexes will define key protein interactions within the I1 dynein complex.
These biochemical results would complement and extend high-resolution structural
analysis by cryo-ET (see (Heuser et al. 2012) and biochemical analysis by chemical cross
linking (Hendrickson et al. 2004b; Wirschell et al. 2009). With the recent success of
coupling cryo-ET with tagged proteins (Oda and Kikkawa 2013; Oda et al. 2014a; Oda et
al. 2014b; Song et al. 2015), it is possible that this approach can be used to define

domains within the I1 dynein complex.

The LCS8 subunit may play an important role in I1 dynein assembly
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Examination of the sedimentation profile of the LC8 mutant allele, fla/4-3 (Fig.
2.3) shows a slight shift in sedimentation of the I1 dynein complex derived from the
cytoplasm. Based on this result, and previous studies of LC8, dimerization of 10-12S sub-
complexes (Fig. 2.4), to form the two-headed 20S I1 dynein complex may require the
light chain, LC8. LC8 is a particularly interesting protein required for the assembly of a
range of large protein complexes including cytoplasmic dynein (Barbar 2008), ODA
(DiBella et al. 2001; Tanner et al. 2008), I1 dynein (Wirschell et al. 2009; Yang et al.
2009), RS (Gupta et al. 2012), etc. The idea proposed by Barbar (2008) is that the LC8
dimer forms a platform essential for the assembly of large, dimeric complexes such as the
dyneins and radial spokes. For instance, Gupta et al., (2012) showed that the LC8 dimer
plays a critical role in the assembly of the mature 20S RS complex in the cilium, bringing
together the two 12S sub-complexes. In the case of Il dynein, the LC8 dimer may be
responsible in bringing together the heavy chain-containing sub-complexes to form the
dimeric 20S 11 dynein complex (Fig. 2.9). Further studies of the LC8 mutant alleles are

required to test this hypothesis.

The cytoplasmic and axonemal 20S I1 dyneins differ in their ability to bind
axonemes

One of the surprising observations in this study is the failure of the 20S I1 dynein
from the cytoplasm to reconstitute I1-deficient axonemes (Figs. 2.6 and 2.7). All of the
in vitro reconstitutions were carried out in the presence of ATP, to ensure that rebinding
of Il dynein was occurring by the docking domains and not the motor domains. In the

absence of ATP, I1 dynein from the cytoplasm rebound axonemes, most likely by the
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motor domains (Fig. 2.6 and see Toba et al. 2011). However, in the presence of ATP, I1
dynein complex from the cytoplasm did not bind axoneme. In contrast, I1 dynein derived
from the axoneme specifically restores I1 dynein to I1 dynein-depleted axonemes (Fig.
2.7A and (Smith and Sale 1992; Yamamoto et al. 2006). One possible explanation for
the failure in binding is that the cytoplasmic 20S I1 complex lacks one of the light chains
necessary for docking in the axoneme. Refined purification of the cytoplasmic I1 dynein
(e.g. (Toba et al. 2011) is required to test this idea and to definitively determine the light
chain composition of the cytoplasmic complex.

It is equally possible that the I1 complex must be modified for docking onto the
axoneme. For example, before docking on the axoneme, the radial spokes undergo
additional assembly and modification in the ciliary compartment involving additional
protein assembly and altered phosphorylation of key radial spoke assembly proteins, LC8
and RSP3 (Yang et al. 2005; Diener et al. 2011; Gupta et al. 2012). Similarly,
modification of I1 dynein may occur in the ciliary compartment before the complex is
competent to dock to the axoneme. For example, as a starting point, I would focus on the
IC140 subunit as a candidate. The IC140 subunit is required for the assembly of Il
dynein in the cytoplasm and the C-terminal WD-repeat domain of IC140 is required for
assembly of the I1 dynein complex in the axoneme (Perrone et al. 1998; Yang and Sale
1998). In addition, 2D gel analysis published by Lin et al. (Lin et al. 2011) revealed
multiple isoforms of IC140 in the axonemes, suggesting that IC140 is modified.
However, the nature of this modification that leads to multiple isoforms is not currently
known, but could include different phosphorylation states that are important for docking

to the axoneme. One approach to test the idea that modification of IC140 involves
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phosphorylation, is to treat the cytoplasmic and ciliary extracts with kinase or
phosphatase inhibitors and examine whether I1 dynein can bind to axonemes by the in

vitro reconstitution assay illustrated in Fig. 2.5.

The ida3 mutant maybe defective in entry and/or transport of the I1 dynein complex

Despite not knowing the function of IDA3, the ida3 mutant has proven to be
informative in understanding the process of I1 dynein assembly. The key observation is
that the 20S 11 complex assembles in the ida3 cytoplasm (Fig. 2.2B). The simplest
interpretation of this result is that IDA3 is not required for Il dynein cytoplasmic
assembly. However, higher resolution biochemical analysis of the 20S I1 dynein complex
in ida3 is necessary to definitively determine whether minor subunits are missing.
Another possibility is that IDA3 encodes an axonemal protein required for docking I1
dynein, analogous to ODA-DC proteins (Takada et al. 2002; Casey et al. 2003a;
Wirschell et al. 2004; Dean and Mitchell 2013; Ide et al. 2013; Owa et al. 2014).
However, our in vitro reconstitution analysis (Fig. 2.7A) does not support this model and
indicates that the ida3 axoneme is not defective in I1 dynein docking.

Based on our observation that I1 dynein assembles in the ida3 mutant cytoplasm
but not in the axoneme, the simplest model is that IDA3 is required for the entry/transport
of I1 dynein into the ciliary compartment (Fig. 1.9). Consistent with this model, the I1
dynein complex does not appear in the membrane plus matrix fraction of ida3 cilia (Fig.
2.8B). While the absence of Il dynein in the ida3 ciliary compartment supports my
hypothesis that IDA3 encodes a protein required for entry and transport of I1 dynein in

the ciliary compartment, alternate hypotheses for the function of IDA3 exist. As
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illustrated in my model (Fig. 1.9), one hypothesis is that IDA3 may be an adapter that
selectively links I1 dynein to IFT for entry and transport within the ciliary compartment.
The adapter model is founded on studies of ODA16 as an adapter that mediates
interaction between the ODA and IFT46 (Hou et al. 2007; Ahmed et al. 2008).
Additionally, new evidence indicates IFT, and associated axonemal cargoes (such as the
Il dynein), are carried with membrane vesicles destined to the cilium (Wood and
Rosenbaum 2014). A novel idea, consistent with the model proposed by Wood and
Rosenbaum, is that IDA3 links the 20S I1 complex onto the membrane vesicles destined
to the base of the cilium. Tests of this model would include identification of IDA3,
localization of IDA3 by microscopic approaches and biochemical approaches to isolate or
enrich IDA3/I1 dynein-bound vesicles. Based on studies of N-DRC (nexin-dynein
regulatory complex) transport (Wren et al. 2013), IFT is required for both entry into and
transport within the ciliary compartment (Fig. 2.9).

An alternative to the adapter model is that the IDA3 protein is a modifier, such as
a protein kinase, that is required for selectively controlling the interaction between the 11
complex and IFT and entry into the cilium. Definitive tests of these ideas require the
identification of IDA3 and characterization of the IDA3 protein. The Sale lab members
are testing the idea that IDA3 is a cytoplasmic protein required for I1 dynein entry to the
cilium. Notably, the function of IDA3 is specific to I1 dynein. In ida3, the cilia are
normal length and with the sole exception of 11 dynein, remaining axonemal components

are assembled at wild-type levels.
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Figure 2.1. Illustration of the fractionation method used to isolate I1 dynein in this
study. Fractionation of cytoplasmic or axonemal extracts by velocity sedimentation on
sucrose gradients is a very effective method to study large axonemal complexes such as
the I1 dynein (King 2009, Inaba and Mizuno 2009). In order to determine the assembly
state of the I1 dynein in the cytoplasm, I isolated the cytoplasmic extracts from wild-type
and Il mutant cells (1), fractionated by velocity sedimentation and examined each
fraction by immunoblots. As a positive control, I prepared axonemal extracts (See
Methods) from wild-type cells (1). The general method is: Application of cytoplasmic
and axonemal extracts to a 5-20% sucrose gradient followed by a high-speed (36,000
rpm, 16 hour) spin; (2) Twenty-one 0.5mL fractions were collected (3); the fractions
analyzed by western blots (4). The S-values of the complexes were established using
standard proteins and method (Smith and Sale 1991). The fully assembled I1 dynein
complex derived from the axoneme sediments at 20S (Piperno et al. 1990; Smith and Sale

1991). I predicted that a “preassembled” I1 dynein complex would also sediment at 20S.
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Figure 2.2. I1 dynein assembles in the cytoplasm as a 20S complex. (A) Immunoblots
of fractions from velocity sedimentation of axonemal high salt extracts (HSE) and
cytoplasmic extracts (CE) were analyzed. The Il dynein subunits IC140, IC138 and
IC97 co-sediment at fraction 5 (arrows) in both axonemal high salt extracts and
cytoplasmic extracts from wild-type cells. Similar to the 20S complex from the axoneme
(Piperno et al. 1990), the 20S complex in the cytoplasm contains both heavy chains (HC
1 a and HC 1 ). (B) Cytoplasmic extracts derived from bld1, idal, ida3 and ida7 were
fractionated by velocity sedimentation and analyzed by immunoblots using IC138 or
IC140 as a marker of I1 dynein. Cytoplasmic I1 dynein from bldI and ida3 cosediment
with wild-type 20S I1 complex. The 20S I1 complex is missing in the I1 dynein heavy
chain mutant idal and ida2 (Fig.2.3) and in the IC140-null mutant ida7. Relevant to the
study of ida3 (Chapter 4), the 20S I1 dynein preassembly is intact. This indicates that in

ida3, 11 dynein entry or transport to the cilium is defective (see Fig. 2.8 below).
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Figure 2.3. Mutations in specific I1 dynein subunits result in either the absence or
partial assembly of the I1 dynein complex in the cytoplasm. (A) Axonemal I1 dynein
is partially assembled in an allelic LC8 mutant, fla/4-3 and IC138 null allele, bop5-3. (B)
In order to determine whether these partial 11 dynein complexes also preassemble, I
fractionated cytoplasmic extracts from the fla/4-3 and bop5-3 mutants. As shown in
Figure 2.2, I1 dynein fully assembles as a 20S complex in the wild-type cytoplasm.
However, in the flal4-3 and bop5-3 mutants’ cytoplasm, partial complexes in the 15-18S
range can form. Since the heavy chains are required for preassembly, their absence in the
idal (HClo-null) or ida2 (HCI1f-null) results in the complete absence of the 20S
complex. Here, I used an antibody to the IC140 subunit as a marker of I1 dynein. The
12S fractions may contain subcomplexes of 11 dynein predicted to contain an assortment

of I1 dynein subunits and be intermediates in the preassembly process (See Fig. 2.4).
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Figure 2.4. Summary of preassembly of I1 dynein: 20S complex and 12S
subcomplexes. In WT, the 20S complex preassembles in the cytoplasm and contains the
heavy (HCla and HC1f), intermediate (IC140, IC138 and IC97), and the light chains
(LCs). The 12S fractions are predicted to contain several intermediate complexes shown
in the last three columns. The I1-dynein structural mutants provide valuable tools for
assessing the sub-complexes—e.g. possible 12S complexes are shown for three 11-dynein
mutants (idal, ida7 and bop5-3) and for probing protein interactions between the I1
dynein subunits. The preassembled subcomplexes indicate that cytoplasmic assembly of
I1 dynein occurs in a stepwise manner. The "minimal" I1 dynein (that is the dynein
subcomplex that assembles in the axoneme) in bop5-3 contains both heavy chains and
IC140. This partial preassembled 11 dynein complex is competent of pre-assembly,
transport to the cilium and docking in the axoneme, thus supporting our hypothesis that

the heavy chains and IC140 is required for all three steps of I1 dynein assembly.
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Figure 2.5. Strategy for in vitro reconstitution of I1 dynein onto I1-deficient
axonemes. The questions addressed in this experiment include: (1) Whether the 20S 11
dynein complex from the cytoplasm will bind axonemes and (2) and if so, whether
rebinding is specific, and (3) whether the ida3 mutant is defective in docking I1 dynein in
the axoneme. (A) Axonemal high-salt extracts (HSE) or cytoplasmic extracts (cyt.)
containing I1 dynein were prepared (1a and 1b). Then varying ratios of extracts were
mixed with a fixed amount of I1 dynein-deficient axonemes in the presence of ImM ATP
(2). Next, each combination is spun to separate the supernatant (S) containing unbound
I1, and pellet (P) fractions containing I1 dynein bound to the axonemes (3). The S and P
fractions can be analyzed by western blots to examine 11 dynein binding to the axoneme.
(B) To test for specificity of I1 dynein binding, saturation of binding was examined. For
example, when the number of Il dynein complexes added are less than the available
binding sites (e.g. 0.3:1 ratio), predictably all I1 dynein binds to the axoneme and can be
found exclusively in the pellet (P) fractions. In contrast, when the number of I1 molecules
added exceeds the number of available binding sites, the unbound I1 can be detected in
supernatant fractions. Predictably, if cytoplasmic I1 dynein binds axonemes and
saturates, then that would indicate a specificity of binding. As shown in Fig. 2.6,
cytoplasmic I1 dynein does not bind axonemes. In addition, the reconstitution experiment
can also be used to assess whether 11 dynein mutant cells are defective in an I1 dynein
docking mechanism. In this case, this reconstitution experiment was used to test the

hypothesis that ida3 is defective in an I1 dynein-specific docking protein.
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Figure 2.6. Immunoblot showing in vifro reconstitution of cytoplasmic extracts (CE)
containing I1 dynein onto salt-extracted I1 dynein-deficient ida3 axonemes in the
presence and absence of ATP. Varying ratios of cytoplasmic extracts containing 11
(CE) to extracted axonemes (I1: Axonemes) were combined in an ATP-containing buffer,
incubated on ice for 30 min and probed with IC140 as a marker for I1 dynein in
immunoblots analysis. Each mixture was centrifuged to separate the supernatant (S =
unbound I1 dynein) and pellet (P = bound I1 dynein) fractions. I1 dynein derived from
the cytoplasm binds I1-deficient axonemes in the absence of ImM ATP as indicated by
the presence of I1 dynein in the pellet (P) fractions. However, in the presence of ATP, 11
dynein from the cytoplasm is not found in the P fractions in the ratios examined,
indicating that cytoplasmic I1 dynein (cyt.) does not bind to the axoneme as indicated by
I1 presence in the supernatant (S) only. A small amount of IC140 is present in the ida3

axonemes most likely due to the incomplete extraction of the ida3 axonemes.
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Figure 2.7. Immunoblot showing the in vitro reconstitution results: (1) I1 dynein
derived from the cytoplasm does not bind I1-deficient axonemes; (2) The ida3
mutant is not defective in docking of I1 dynein to the axonemes in vitro. (A) High salt
extracts (HSE) containing 11 dynein from oda2 axonemes were reconstituted onto salt-
extracted I1-deficient ida3 and ida7 axonemes in the presence of ImM ATP. Varying
ratios of axonemal I1 (HSE) to extracted axonemes (I1: Axonemes) were combined in an
ATP-containing buffer, incubated on ice for 30 min and probed with IC140 as a marker
for I1 dynein in immunoblots analysis. Each mixture was centrifuged to separate the
supernatant (S = unbound Il dynein) and pellet (P = bound Il dynein) fractions.
Axonemal I1 (HSE) reconstituted onto both ida3 and ida7 axonemes results in I1 dynein
binding to the axonemes to saturation (P = pellet/bound I1). This result indicated that the
ida3 mutant is not defective in a docking mechanism. (B) Il dynein-containing
cytoplasmic extracts (cyt.) from oda2 were added to ida3 and ida7 axonemes in the
presence of ATP. Notably, cytoplasmic I1 dynein (cyt.) does not bind to the axoneme as
indicated by I1 presence in the supernatant (S) only. (C) The same results were obtained

using the IC138 antibody.
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Figure 2.8. The 20S I1 dynein assembled in the ida3 mutant cytoplasm is defective in
entry to the ciliary compartment. (A) Immunoblots comparing 11 intermediate chains,
IC138 and IC140, in wild-type and ida3 cytoplasmic extracts. NAB1 was used as a

marker and loading control [Mussgnug et al.,2005] (B) Immunoblots of ciliary (Cil),
axonemal (Axo) and membrane + matrix (M+M) fractions were analyzed using

antibodies to the IC138 and IC140 subunits of I1 dynein. For detection of axonemal
subunits (IC69, IC140, IC138), the M+M was loaded at five times the relative amount of
cilia and axonemes. Analysis showed a significant reduction in ciliary and axonemal 11
dynein in ida3 compared to wild-type. In addition, M+M fractions show that I1 dynein is
absent inida3 compared to wild-type indicating inefficient entry into the ciliary
compartment. The M+M samples from WT and ida3 were also examined by
immunoblots at twice the protein load (data not shown), and I1 dynein subunits were
never present in ida3. The outer arm component, IC69, is present in equivalent amounts
in WT and ida3 M+M and serves as a control for IFT cargo. The IC69 immunoblot also

validates that the defect in ida3 is specific to I1 dynein. IFT46 serves as a positive control

for M+M fractionation. CBB = Coomassie Brilliant Blue loading control.
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Figure 2.9. Schematic showing steps of I1 dynein preassembly prior to transport to
the ciliary compartment. In this model, the preassembly of I1 dynein in the cytoplasm is
dependent on IC140 and the heavy chains that recruit other subunits to eventually form
the 20S subcomplex. Predictably, IC140 first recruits one of the heavy chains (HCs) to
form a 12S subcomplex (1). In an order that is unknown, indicated by “?” and dashed
arrows, the second HC, and the intermediate chains (IC138, IC97 and FAP120) and light
chains (LC8, LC7a, LC7b, Tctex1 and Tctex2) get recruited to form the 20S 11 dynein
complex (2). Once I1 dynein is preassembled, the predicted adapter, IDA3, mediates the

interaction between I1 and IFT for entry into and transport within the cilium (3).



Chapter 3: I1 dynein is transported to the distal tip by IFT
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Introduction

Fractionation of cytoplasmic extracts from wild-type cells revealed that the I1
dynein assembles as a 20S complex prior to entry and transport to the ciliary
compartment (Fig. 2.2). Upon entry into the cilium, where does the 20S I1 dynein
complex begin assembly in the axoneme? One possibility is that assembly begins at the
proximal end of the axoneme immediately after entry into the ciliary compartment and
then proceeds towards the distal tip. However, diverse evidence has indicated that the
assembly of ciliary precursors begins at the distal end of the growing axoneme (Lefebvre
et al. 1978; Lefebvre and Rosenbaum 1986). For example, original studies by Witman
and colleagues using pulse labeling with [H]-acetate followed by autoradiography,
showed that majority of silver grains, (representative of newly synthesized proteins),
appeared at the distal tip of the regenerating cilium (Witman 1975). More recently,
Johnson and Rosenbaum (Johnson and Rosenbaum 1992) examined the incorporation of
tubulin in regenerating cilia and observed that new addition of tubulin subunits occurred
exclusively at the distal end of cilia during ciliogenesis. Thus, I predicted that the
addition of cytoplasmic 20S I1 dynein, like tubulin and the radial spoke, also occurs at
the distal end of axoneme during ciliogenesis.

Based on the successful use of dikaryon rescue to study axonemal protein
assembly by (Johnson and Rosenbaum 1992), (Alford et al. 2013) and (Wren et al. 2013),
I took advantage of dikaryon rescue (Fig. 3.1) to test the hypothesis that assembly of 11
dynein begins at the distal tip of the cilium before docking in the axoneme. While the
quadraflagellate dikaryon stage lasts for only 2.5 hours before cilia are resorbed, the 2.5-

hour time period is sufficient to observe the rescue of mutant ciliary phenotypes in certain
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cases (reviewed in Dutcher, 2014; Fig. 3.1). For example, in dikaryons formed by mating
of wild-type cells with a paralyzed, radial spoke-deficient mutant such as pfi4,
cytoplasmic complementation resulted in the rescue of both motility and radial spoke
assembly in the formerly paralyzed, pfi4 cilia (Fig. 1.7 and (Luck et al. 1977)). In
another example, Johnson and Rosenbaum (Johnson and Rosenbaum 1992) used
dikaryon rescue to show that radial spoke proteins, like tubulin, were added to the distal
tip of mutant axonemes in dikaryons formed between WT and a RS-deficient mutant,
pfl4. Most recently, Wren et al. (Wren et al. 2013), used live cell imaging and directly
observed that the N-DRC complex is also transported to the distal tip of the axoneme
prior to unloading from IFT, diffusion and docking in the axoneme.

Together, these results indicated that axonemal proteins must first be transported
to the distal end of the cilium before assembly in the axoneme. Thus, the dikaryon rescue
approach provides important and unique means to examine the site of assembly of
axonemal precursors in an otherwise fully assembled axoneme. Based on past successes,
the question I first addressed whether dikaryon rescue be used to examine 11 dynein
assembly in the cilium. In particular, can cytoplasmic complementation of the
preassembled I1 dynein precursors restore 11 dynein assembly in the full-length mutant
cilium? In the event rescue occurs in the dikaryon, I asked where I1 dynein begins to
incorporate in the axoneme. I have illustrated all the possible outcomes in Fig. 3.2.

In this chapter, I also explored how the large 11 dynein complex is transported
within the ciliary compartment. Studies focused on the transport of the N-DRC, ODA and
radial spoke revealed that IFT is responsible for transporting these axonemal protein

complexes in the cilium (Bhogaraju et al. 2013b). For instance, one of the IFT
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components, IFT46 and a predicted IFT adapter, ODA16, are necessary for transporting
the ODA complexes into and within the ciliary compartment (Ahmed and Mitchell 2005;
Hou et al. 2007; Ahmed et al. 2008). In the case of the radial spoke complexes,
anterograde IFT is directly involved with the transport of the preassembled complexes to
the site of assembly at the distal tip of the cilium (Qin et al. 2004). In addition, live cell
imaging has also revealed that tubulin is transported by IFT (Craft et al. 2015). Consistent
with this idea, Bhogaraju et al. demonstrated that tubulin forms a complex with IFT
proteins indicating that tubulin is a cargo for IFT (Bhogaraju et al. 2013a; Bhogaraju et
al. 2013b; Bhogaraju et al. 2014). Based on these studies, I hypothesized that transport of

the I1 dynein complex to the distal tip requires IFT.

In order to test the hypothesis that I1 dynein is transported to the distal tip by IFT,
I took advantage of dikaryon rescue involving an I1 dynein assembly mutant, ida3 (Table
3) and the flal0” mutant. The flal0" mutant contains a temperature-sensitive allele of the
FLAIO locus that encodes the motor subunit of the heterotrimeric kinesin, kinesin-2
(Walther et al. 1994). In the flal0® mutant, kinesin motor activity is abolished at
restrictive temperature (32°C), resulting in the cessation of anterograde IFT (Kozminski
et al. 1995). I predicted that when the kinesin motor and IFT are functional at permissive
temperature, the transport of I1 dynein to the distal tip of the ida3; flal0-1" axoneme
would occur normally in dikaryons formed between flal0” and ida3; flal0-1°. However,
upon switching these dikaryons to restrictive temperature, I1 dynein transport to the distal
tip would be completely inhibited, indicative of IFT-dependent transport of I1 dynein
transport. The experimental design is illustrated in Fig. 3.5.

In this chapter, I present the following results: In dikaryons formed between WT
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and I1 dynein mutant cells, the addition of I1 dynein complexes first occurs at the distal
tip of the cilia. The assembly of I1 dynein then proceeds towards the proximal end of the
axoneme. This result is consistent with the transport of I1 dynein to the distal tip for
assembly during ciliary generation. In dikaryons generated from flal0-1" and ida3; flal0-
1" gametes, IFT-dependent transport of I1 dynein is completely inhibited at restrictive
temperature (Fig. 3.6). This result strongly indicates that IFT is required for the transport
of the I1 dynein complex as a cargo before assembly in the axoneme. An additional and
important observation from this data is that a functional copy of IDA3 is required for
transporting 11 dynein into or within the cilium. One possibility is that IDA3 is an adapter

required to link I1 dynein to IFT. I provide further discussion of IDA3 in Chapter 4.

Results
I1 dynein is transported to the distal tip of the cilium prior to docking onto the
axoneme

Since IFT typically transports cargo to the distal tip of the cilium prior to docking
onto the axoneme (Wren et al. 2013), we performed dikaryon rescue experiments to
determine the pattern of I1 dynein assembly (Johnson and Rosenbaum 1992; Piperno et
al. 1996; Bower et al. 2013); reviewed in (Dutcher 2014). Wild-type and I1-deficient
(idal, ida3 and ida7; Table 3, Chapter 1) cells were mated to allow for cytoplasmic
complementation in temporary dikaryons. Resulting dikaryons were fixed at 30, 60 and
90 minutes for immunofluorescence with an antibody to IC140 as a marker for I1 dynein

(Fig. 3.3). By 30 minutes, I1 dynein assembly began at the distal tip of the ida7 axoneme
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and proceeded toward the proximal end (Fig. 3.3A, yellow arrows). I1 dynein assembled
along the entire length of the axoneme in less than 90 minutes (Fig. 3.3A, bottom panels).

To estimate the rate of assembly, I measured I1 dynein assembly along the axoneme
from tip to base by generating fluorescence intensity profiles of individual cilia
undergoing I1 dynein rescued-assembly at each time point (Fig. 3.3B). The length of I1
dynein assembly along the axoneme was measured from the distal tip to a point defined
when the normalized fluorescence intensity dropped below the established threshold of
0.2 AU (Fig. 3.3B, dashed lines; see Methods in (Alford et al. 2013). Quantification of 11
dynein staining from the tip revealed that assembly occurred progressively starting at the
distal tip and proceeding to proximal end of the axoneme (Fig. 3.3C, blue line).
Therefore, 11 dynein is transported to the distal tip of the mutant cilium before
incorporation into the axoneme, and then proceeds towards the proximal axoneme.

I also tested whether cytoplasmic complementation could rescue the assembly of 11
dynein in ida3 axonemes. Dikaryons between wild-type and ida3 were generated and
fixed for immunofluorescence to determine the site of assembly of I1 dynein. The wild-
type x ida3 dikaryons illustrated rescue in the same tip to base assembly pattern
compared to wild-type x ida7 dikaryons (Fig. 3.3C, compare black circle and triangle
line). Similar to wild-type x ida7 and wild-type x ida3 dikaryons, rescue of axonemal 11
dynein assembly was seen in ida3 x idal dikaryons (Fig. 3.3C, black triangle line). In
addition, in ida3 X idal and ida3 x ida7 dikaryons, the rate of rescue of I1 dynein
assembly was synchronous in all four mutant cilia. However, in contrast to other
combinations, the rate of I1 axonemal assembly is delayed in ida3 x ida7 dikaryons

relative to other dikaryon combinations examined (Fig. 3.3 C, red line).
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I hypothesized that the delay in rescued assembly of I1 dynein in the ida7 x ida3
dikaryon required new protein synthesis. To test the hypothesis that the delay is due to
the requirement of new protein synthesis, I repeated dikaryon rescue in the presence of
the protein synthesis inhibitor cycloheximide (CHX) (Fig. 3.4). In wild-type x ida3,
wild-type x ida7, and ida3 x idal dikaryons, axonemal I1 dynein assembly occurred at
the same rate and in the same tip to base assembly pattern irrespective of the presence
(Fig. 3.4A, lower panel and Fig. 3.4B) or absence (Fig. 3.4A, upper panel and Fig. 3.4B)
of cyclohexamide. In contrast to other dikaryon combinations tested in the presence of
cycloheximide, rescue of 11 dynein assembly was blocked in ida3 x ida7 dikaryons (Fig.
34A, yellow circles in bottom panel; 3.2B, red line and boxes). Thus, the delay in rescue
of I dynein assembly is due to a requirement for new protein synthesis in the ida3 x ida7
dikaryon. One interpretation of these results is that IC140 and IDA3 form a complex that
requires the presence of one or both proteins for complex formation, stability and entry

and/or within the ciliary compartment (Fig. 3.5 and see Discussion).

Transport of I1 dynein requires the IFT anterograde motor, kinesin-2

Based on our observations that I1 dynein is transported to the distal tip before
docking to the axoneme in dikaryons, and recent evidence showing axonemal
components such as the N-DRC are transported by IFT (Wren et al. 2013), I proposed
that I1 dynein transport to the distal tip is mediated by IFT. To test this idea, I took
advantage of the conditional mutant, flal0-1", a temperature-sensitive allele of the KHP1
locus encoding the heterotrimeric kinesin-2 motor required for anterograde IFT (Walther

et al. 1994; Kozminski et al. 1995). An ida3; flal0-1" double mutant was recovered from
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non-parental tetrads and was used for cytoplasmic complementation in dikaryons. The
design of the experiment and potential outcomes are illustrated in Fig. 3.5.

I analyzed flal0-1" x ida3; flal0-1" dikaryons at permissive (21°C) and restrictive
(32°C) temperatures for rescue of axonemal I1 dynein assembly from the distal tip.
Dikaryons were fixed at two time-points post-mixing for immunofluorescence with the
IC140 antibody. As described before (Piperno et al. 1996; Pan and Snell 2002), the
number of zygotes formed at restrictive temperature (32°C) was reduced. At restrictive
temperature, IFT is inactivated and cilia begin to resorb. Since cilia are required to
initiate the mating process, resorption of cilia at restrictive temperature may result in the
reduction in mating and zygote formation. However, sufficient numbers of flal0-1" x
ida3; flal0-1* dikaryons were formed for analysis. At permissive temperature (21°C), I1
dynein assembly was observed at the distal tip of ida3; flal0-1 mutant cilia in the
dikaryon (Fig. 3.6A, arrows) and progressed towards the proximal end of the axoneme
(Fig. 3.6B, blue line). Complete rescue of 11 assembly along the length of ida3; flal0-1"
cilia was seen within 90 minutes. In contrast, at restrictive temperature (32°C) rescue of
I1 assembly did not occur in the ida3; flal0-1" mutant cilia (Fig. 3.6A, dashed circles;
Fig. 3.6B, red line). This result provides strong evidence that I1 dynein transport to the
distal tip of the cilium requires functional kinesin-2 and IFT.

To control for secondary effects of temperature variation on dikaryon rescue, flal0-1"
X ida3 and wild-type x ida3 dikaryons were also analyzed by immunofluorescence for
rescued I1 dynein assembly at permissive and restrictive temperatures. Similar to the
dikaryons observed in Fig. 3.3 and as expected, I observed rescue of I1 dynein in the

dikaryons formed between flal0-1" x ida3 and WT x ida3 at both temperatures. Rescue
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of Il dynein assembly occurred at comparable rates from tip to base, indicating that
increase in temperature had no effect on the function of the wild type proteins, FLA10
and IDA3 (Fig. 3.6B). As an additional essential control, ida3 x ida3; flal0-1" dikaryons
(lacking IDA3) were analyzed. I predicted that in this combination of control dikaryons,
rescue of I1 dynein assembly will not occur at either temperature. Consistent with this
prediction, ida3 x ida3; flal0-1" dikaryons do not rescue I1 dynein assembly in any of
the four ciliary axonemes at either temperature (Fig. 3.6B, black dashed lines). Together,
these results indicate that that kinesin-2/IFT is required for I1 dynein transport to the

distal tip of the axonemes.

Discussion

The main objectives of the experiments presented in this chapter were to
determine the site of incorporation of the 20S I1 dynein in the ciliary axoneme and to test
the hypothesis that I1 dynein is transported in the cilium by IFT. In order to achieve these
goals, I took advantage of the zygote or the dikaryon stage in the Chlamydomonas life
cycle with the idea that assembly in a fully established axoneme is representative of the
transport and distal assembly of axonemal precursors in a growing cilium. I determined
that I1 dynein transport to the tip can be rescued in a dikaryon. I present evidence
showing that I1 dynein is transported to the distal tip before incorporated in the mutant
axoneme. I also show that I1 dynein transport to the distal tip is dependent on IFT, and

that rescue of I1 dynein assembly requires IDA3.

I1 dynein is transported to the distal tip by IFT



97

Cilia assemble by addition of tubulin and protein complexes at the distal end of
the growing axoneme (Witman 1975; Johnson and Rosenbaum 1992). Analysis of
rescued assembly of I1 dynein in the cilia of Chlamydomonas quadraflagellate dikaryons
has been a powerful approach demonstrating many proteins are transported to the distal
tip of the cilium for incorporation in the axoneme (Johnson and Rosenbaum 1992;
Piperno et al. 1996; Bower et al. 2013; Wren et al. 2013); reviewed in (Dutcher 2014).
Consistently, analysis of dikaryons, generated using 11 dynein assembly mutants such as
idal, ida3 or ida7, revealed that the 11 dynein complex is transported to the ciliary distal
tip before incorporation in the axoneme (Fig. 3.3). Furthermore, quantification of
assembly as a function of time demonstrated that assembly begins at the distal axoneme
and then proceeds progressively toward the proximal axoneme until rescue is complete
(Fig. 3.3C). With the exception of one dikaryon combination, ida3 x ida7, which
displayed a delayed rescue of I1 dynein assembly, the relative rate of tip to base rescue
was uniform across several different dikaryon combinations (Fig. 3.3C, wild-type x ida3;
wild-type x ida7; idal x ida3). Furthermore, the rate of rescue of Il dynein was
synchronous for both cilia in dikaryons made from complementary I1 dynein assembly
mutants (e.g. idal X ida3; idal x ida7). This result indicated that there is no difference in
the rate of rescue of I1 dynein assembly between the ida mutants (in complementing
dikaryon combinations such as idal x ida7 or ida3 X ida7), suggesting that the

mechanism of rescued assembly is the same in each of the ida mutants.

My data also resolved a delay in rescue in I1 dynein assembly in the ida3 x ida7
dikaryons (Fig. 3.5B, red boxes). I determined that the delay in I1 dynein assembly in the

axonemes from the ida3 x ida7 dikaryon combination is due to a requirement of new
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protein synthesis (Fig. 3.5). In contrast, in the time course examined, new protein
synthesis was not required for I1 dynein assembly in axonemes from the ida3 x idal
dikaryon (Fig. 3.4B). Therefore, the delay in rescue appeared to be unique to the ida3 x
ida7 dikaryon combination. One interpretation of these results is that IC140, the gene
product of IDA7, and the IDA3 protein form a complex, and that this interaction cannot
be complemented in the ida3 x ida7 dikaryon without new protein synthesis. I have
illustrated one model to explain this result in Fig. 3.5. In this model, I propose that the
stability of IDA3 depends on the presence of IC140 in the cytoplasm. This idea is
consistent with a hypothesis that IDA3 interacts with IC140 as an adapter required for 11
dynein transport into the ciliary compartment (Fig. 1.9). However, to test these ideas, the
identification and characterization of IDA3 is necessary and is the highest priority in the

Sale lab (see Chapter 4).

Upon entry into the cilium, the 20S I1 dynein is transported to the ciliary tip by
IFT. This conclusion is based on the failure of rescue of Il dynein assembly upon
inactivation of the IFT anterograde motor kinesin-2 at restrictive temperature (see
Methods and (Kozminski et al. 1995; Piperno et al. 1996). Additionally, failure of 11
dynein rescue in the ida3 and ida3; flal0-1 dikaryons (Fig. 3.7) revealed that a functional
copy of IDA3 is essential for I1 assembly in the axoneme. Once I1 is unloaded from the
transport complex, I postulate that I1 dynein may diffuse towards the base (dashed arrow,
Fig. 1.9), in a manner similar to DRC4, before incorporation into the axoneme at
unoccupied I1 dynein docking sites (Wren et al. 2013). This result also indicates that the
majority of the Il dynein complex remains associated with IFT until reaching the distal

tip where unloading of cargo presumably occurs. This interpretation is consistent with
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the live cell imaging study of Wren et al., (Wren et al. 2013) in which the majority of the
N-DRC is transported as a cargo to the distal tip of the axoneme prior to release and
diffusion towards the base for incorporation in the axoneme. However, diffusion of I1
dynein, prior to docking in the axoneme, cannot be assessed by the assays I employed in
this paper. Live cell imaging will be required for further tests of how I1 dynein enters the
ciliary compartment and to determine the sites of loading, rate of assembly and diffusion
after unloading from IFT. In Chapter 4, I have elaborated on progress using live cell

imaging to observe IFT-dependent movement of GFP-tagged I1 dynein.

Figures for Chapter 3
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Figure 3.1. During dikaryon rescue, cytoplasmic complementation can lead to the
rescue of the mutant phenotype. A dikaryon resulting from the fusion of the WT and
mutant cell has a shared cytoplasm and four flagella, each of which is derived from the
parental cells. The quadraflagellate dikaryon stage lasts for ~2.5hours before the cilia are
resorbed and meiosis proceeds. Axonemal precursor components (blue spheres) from WT
cytoplasm can enter the mutant ciliary compartment, resulting in the rescue of the mutant
phenotype (structure and function). I used dikaryon to test whether I1 dynein could be
restored by mating WT and mutant cells defective in I1 dynein (e.g. idal, ida2, ida3, ida7

and bop5-3). 1 have illustrated the potential outcomes of this experiment in Figure 3.2.
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Figure 3.2. Complementation of cytoplasmic I1 dynein precursors in dikaryons
generated between WT and I1 dynein mutants. At the start of these studies, I
envisioned three possible outcomes of rescue of I1 dynein assembly in dikaryons formed
between WT and I1 dynein mutant cells. The first potential outcome in which I1 dynein
assembly begins at the distal tip of the mutant cilium. This was the expected outcome
since cilia grow by addition of subunits at the distal end. The second potential outcome
was that I1 dynein begins to incorporate in the axoneme at the proximal end immediately
after entry into the ciliary compartment. Lastly, it was possible that cytoplasmic
complementation in the dikaryon will not result in the rescue of I1 dynein assembly in the
mutant cilium. Such cases have been reported, and in these cases, ciliary regeneration in
the dikaryon is required for rescue to occur (Dutcher 2014). The data from this

experiment is presented in Figure 3.3.



104

A. B.
Z
2
£
30m =
8
©
E
o
z
60m
12 !
g |
2 |
60m £ 08 !
B 06
2 o4 |
Té’ ! |
£ 02 A
S \\/\—j\"\/\
0 2 4 6 8 10
Tip Length of Cilium (um) Base
90m
12 :
g 1
S |
£ 08 |
90m § 0.6 |
= 0.4 |
£ 0.2
2 o Ul
0 2 4 6 8 10
Tip Length of Cilium (um) Base
C.

—@— WT x ida3
- @ WT x ida7
{ & jda3 xida1l
] —®—jda3 xida7

m)

-
o
1

Distance of |1 recovery from the distal tip (u

0 20 40 60 80 100

Time after mating (mins)



105

Figure 3.3. Dikaryon rescue of I1 dynein assembly occurs from the distal tip.

(A) Immunofluorescence of IC140 in ida7 x wild-type (WT) dikaryons. Cytoplasmic
complementation in WT and I1-deficient dikaryons results in the rescue of I1 dynein
assembly (arrows) and rescue began from the distal tip and then proceeded towards the
base in the ida7 mutant cilia. Scale bar = 2ym. (B) Quantification of I1 dynein staining
along the cilia of I1 mutants at various time points post mating. Normalized fluorescence
intensity is plotted against the distance of rescue from the tip for one rescuing mutant
cilium of the WT x ida7 dikaryon shown in part A (See Methods, Appendix I). The
length of I1 assembly at the ciliary tip (vertical dotted line) increased progressively over
time: 2.5 ym at 30m, 5.25 ym at 60m, and 8.75 ym at 90m. (C) Comparison of dikaryon
rescue rates of Il assembly in various mutant combinations. The length of 1C140
staining at the distal end of the cilium is plotted versus time. WT x ida3 (blue circles, n =
83) and WT x ida7 (black circles, n = 29) dikaryons demonstrate progressive rescue of
axonemal 11 dynein assembly with complete recovery at 90m. Dikaryons between ida3
and idal show this same pattern of rescue along all four cilia (black triangles, n = 59).
However, rescue of axonemal I1 dynein assembly is delayed in ida3 x ida7 dikaryons
(red squares, n = 30), but occurs from the distal tip like other dikaryon combinations.

Thus, the delay in rescue only occurred in a single combination of 11 dynein mutants.
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Figure 3.4. Dikaryon rescue of axonemal I1 assembly requires protein synthesis of
IC140 and/or IDA3. I tested the hypothesis that delay in I1 dynein rescue in the ida3 x
ida7 dikaryons was due to a requirement for new protein synthesis. (A)
Immunofluorescence of IC140 in ida3 x ida7 dikaryons 60 minutes after mixing gametes.
Rescue of axonemal I1 dynein assembly is seen at the distal end as in Figure 3.3A
(arrows, top panel). In contrast, in the presence of the protein synthesis inhibitor,
cyclohexamide (CHX), the recovery of I1 dynein is not seen in the cilia (dotted circle,
bottom panel). Scale bar = 2um. (B) Quantification of IC140 staining from the distal tip
of Il-deficient cilia as in Fig. 3.3B in the presence of CHX. Axonemal I1 dynein
assembly occurs progressively from the distal tip to base in WT x ida3 (blue circles, n =
25), wild-type x ida7 (black circles, n = 25) and ida3 x idal (black triangles, n = 22)
dikaryons. In contrast, I1 dynein is not assembled on the axoneme in ida3 x ida7

dikaryons (red squares, n = 29).
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Figure 3.5. Design of dikaryon rescue experiments to examine whether IFT is
required for I1 dynein assembly using the temperature sensitive mutant, flal0-1".
Since I1 dynein is transported to the distal cilium before assembly in the axoneme, I
tested the hypothesis that IFT is required for transport of I1 dynein. The details of the
time and temperature controls are described in the Methods. Critical features of this
experiment included recovery of the double mutant, ida3; flal0-1 (from a non-parental
tetrad), exact regulation of temperature and timing of the temperature shift to maximize
mating efficiency for dikaryon formation. Predicted outcomes at permissive and
restrictive temperatures are illustrated. In ida3; flal0-1"* x flal0-1* dikaryons generated
at permissive temperature (21°C), the kinesin-2 motor is functional and assembly of I1
dynein is predicted to occur at the distal tip of the ida3; flal0-1 * mutant axoneme. In
contrast, at the restrictive temperature (32°C), the lack of functional kinesin-2 will block
the rescue of 11 dynein assembly in the mutant cilia (Potential Outcome 1). This outcome
would be consistent with my hypothesis that I1 dynein (red dots) is transported to the
distal tip by IFT/kinesin-2 before docking in the axoneme. However, if rescue of Il
dynein assembly is observed at the restrictive temperature (Potential Outcome 2), then
this result would support an alternate hypothesis that I1 dynein transport to the tip is
independent of IFT/kinesin-2. The actual data from this experiment is presented in Fig.

3.6.
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Figure 3.6. I1 Transport of I1 to the tip of the cilium requires kinesin-2.

(A) Immunofluorescence of IC140 in flal0-1 x ida3; flal0-1 dikaryons 60 minutes after
mixing gametes. At the permissive temperature (21°C), recovery of axonemal I1 dynein
assembly occurs from the distal end of ida3 cilia (arrows). At the restrictive temperature
(32°C), I1 dynein assembly on the axoneme is not seen in ida3; flal0-1 cilia (dotted
circles). Scale bar = 2um. (B) Quantification of IC140 staining at the distal end of I1-
deficient cilia at permissive (21°C) and restrictive (32°C) temperatures. Axonemal 11
dynein assembly occurs progressively from the distal tip to base in wild-type x ida3 (n =
19) and flal0-1 x ida3 (black diamonds and black circles, n = 39) dikaryons at both
permissive and restrictive temperatures. While I1 assembly at the distal tip is seen at the
permissive temperature in flal0-1 x ida3; flal0-1 dikaryons (blue circles, n = 52), 11
assembly at the tip does not occur at restrictive temperature (red circles, n = 19). As a
control, ida3; flal0-1 x ida3 dikaryons were tested for a lack of I1 axonemal assembly at
both temperatures (black dotted triangles and squares, n = 46). These data support a
model in which I1 dynein is transported as a cargo, by IFT to the distal end of the cilium

for docking in the axoneme.
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Figure 3.7. Hypothetical steps leading to I1 dynein assembly in the axoneme. Based
on the evidence presented in my dissertation, I1 dynein assembly in the axoneme appears
to occur in a stepwise manner: (1) preassembly in the cytoplasm; (2) transport to the
distal tip of the cilium in an IDA3 and IFT-dependent manner; (3) unloading from IFT at
the tip and (4) docking in the axoneme. In the ida3 mutant, I1 dynein fails to enter the
ciliary compartment. I also indicate that IDA3 is an adapter required for I1 dynein entry
and transport by IFT. As discussed in Chapter 4, the exact function of IDA3 is not
known. The postulated barrier between the cytoplasm and the ciliary compartment is

shown as black boxes.
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Figure 3.8. One model to explain the delayed rescue of I1 dynein assembly in ida3 x
ida7 dikaryons. Since protein synthesis is required for rescue of I1 dynein in the ida3 x
ida7 dikaryons, one hypothesis is that either of both gene products, IDA3 and IC140
(IDA7) must be synthesized before I1 dynein can be assembled. One possibility is that
IC140 is required for the stability of IDA3. Thus, in the IC140-null mutant, ida7, the
wild-type copy of IDA3 is unstable and degraded in the absence of IC140/I1 dynein
complex. When the ida3 x ida7 dikaryon forms, the rescue of I1 dynein assembly in the
mutant cilia fails to occur unless new copies of IDA3 (orange) are synthesized. The time
required for new protein synthesis can justify the delay in rescue of 11 dynein assembly in
the ida3 x ida7 dikaryon. In the presence of a protein synthesis inhibitor such as
cycloheximide, since no new copies IDA3 can be produced, rescue of I1 dynein assembly

in the cilia is blocked.
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Introduction

Studies using motility mutants in Chlamydomonas, along with biochemical and
structural approaches, have revealed that the axoneme bears at least eight different types
of dyneins that are distinct in composition and function (Kamiya and Yagi 2014). The
axonemal dyneins are organized into the outer dynein arms and inner dynein arms (Porter
and Sale 2000; Gokhale et al. 2009; King and Kamiya 2009). Each dynein is targeted to a
specific position in the axoneme and contributes uniquely to the generation and control of
ciliary motility (Kamiya and Yagi 2014). Despite the advances in understanding the
structural organization and function of these dyneins, we know little about the molecular
mechanisms by which dyneins and other large axonemal complexes are assembled,
targeted and docked in the ciliary axoneme. Mutations in genes that encode dynein
subunits, or components required for the assembly, transport or docking of the axonemal
dyneins, result in a wide range of developmental defects and ciliopathies that are
generally referred to as primary ciliary dyskinesia (PCD). In most cases, PCD results in
defective assembly of axonemal dyneins (Zariwala et al. 2007; Horani et al. 2014). Thus,
the major questions that motivated my dissertation work on axonemal dynein assembly
included where are the dyneins assembled, how are the dyneins transported to and within
the ciliary compartment and what is the mechanism by which the dyneins are docked in

the axoneme.

In an attempt to answer these questions, I selected I1 dynein as a model (Fig. 1.5).
I1 dynein was selected, in part, because the complex can be isolated, the genes encoding
the structural proteins are known and informative mutants in Chlamydomonas reinhardtii

that fail to assemble 11 dynein are available (Table 3). As described in Chapters 2 and 3
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of this dissertation, my work has made key contributions to the understanding I1 dynein
assembly. Using a variety of biochemical approaches, I demonstrated that I1 dynein is
assembled as a 20S precursor complex in the cytoplasm prior to transport to the ciliary
compartment. This result provided the foundation for further questions. One major
question I have not yet directly addressed is how a large complex such as I1 dynein can
enter the ciliary compartment. Presumably, the process of entry requires IFT, but tests of
this idea will require new studies using live cell imaging (see below and (Wren et al.

2013)).

Upon entry into the ciliary compartment, I1 dynein is transported to the distal tip
of the cilium by IFT before docking to the axoneme. These conclusions are based on the
study of dikaryon rescue in quadraflagellate zygote and the use of a conditional mutant in
kinesin-2, called flal0-1. I determined that the IFT-dependent transport of 11 dynein to
the cilium requires IDA3. In the novel Il dynein mutant, ida3, the 20S I1 dynein is
assembled in the cytoplasm and is similar in composition to the axonemal I1 dynein, but
does not appear to enter the cilium. One potential explanation for this observation is that
IDA3 is an adapter protein, analogous to ODA16, a predicted adapter protein that is
required for ODA transport (Ahmed and Mitchell 2005; Ahmed et al. 2008). IDA3 may
facilitate an interaction between the preassembled I1 dynein and IFT for transport in the
ciliary compartment. While alternate hypotheses for the role of IDA3 exist, as a working
model, I currently favor the idea that IDA3 is an adapter that mediates an interaction
between the I1 dynein complex and the IFT. Based on this one hypothesis, the discovery

of IDA3 may define a new family of genes that are conserved and encode proteins
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responsible for mediating an interaction and between specific cargos, such as I1 dynein,

and IFT.

Several new questions arise from my dissertation work. What is the function of
IDA3? Does IDA3 interact with the IC140 subunit of 11 dynein? Does the localization of
IDA3 change during ciliogenesis or in a dikaryon during the rescue process? Does IDA3
interact with any of the IFT components? Members of the Sale lab are pursuing these
questions. They have now successfully cloned IDA3, and confirmed the gene by
transformation rescue of ida3 mutant. As a first test, lab members are in the process of
generating a rescue strain expressing an epitope-tagged IDA3 for localization and protein
interaction studies. The lab is also in the process of generating an antibody to IDA3. With
these tools, IDA3 can be localized and interacting proteins (e.g. IC140 or IFT proteins)

can be identified.

I have also made progress on the construction of GFP-tagged I1 dynein for
examination of IFT-dependent transport by live-cell imaging. Although my progress on
live cell imaging was limited, continued focus on live cell imaging of I1 dynein transport
may address the questions of how this large dynein complex enters the cilium. Live cell
imaging may also reveal how Il dynein is unloaded from IFT at the distal tip of the
cilium, and reveal subsequent diffusion of I1 dynein until docking occurs in the axoneme.
The final step in assembly of 11 dynein is docking in the axoneme. Although I did not
directly address the questions of targeting and docking of I1 dynein, with discovery that
CCDC39/CCDC40 (PF7/FAP172 and PF8/FAPS59 in Chlamydomonas) complex that

forms the 96 nm axonemal “ruler” (Oda et al. 2014a), it is possible to test the hypothesis
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that the FAP172/FAP59 complex is also responsible for I1 dynein localization and

docking within the axoneme.

What have I learned from the study of the ida3 mutant?

The ida3 mutant was originally discovered by Kamiya et al. in a screen to isolate
mutants defective in the inner dynein arms (Kamiya 1991; Kamiya et al. 1991). This
important screen involved mutagenesis of cells lacking the ODA and recovery of new
mutants that: (1) lack cilia (bald mutant), (2) bear paralyzed cilia or (3) swim more
slowly than ODA cells. Following backcross to restore the ODA, the cells were further
examined for slow swimming revealing among other mutations, ida3. Compared to WT,
ida3 has a reduced swimming velocity with defective ciliary waveform, similar to other
ida mutants (Fig. 4.1 and (Brokaw and Kamiya 1987; Bayly et al. 2010; Elam et al.
2011). In addition, like other I1 dynein mutants, ida3 cells fail to perform phototaxis
(Elam et al. 2009; Elam et al. 2011). The failure in phototaxis is due to defective
regulation of ciliary waveform and control of the direction of swimming. Failure in
phototaxis has also been used to successfully screen for mutants defective in I1 dynein
(King and Dutcher 1997; Okita et al. 2005). The ida3 mutant lacks 11 dynein in the
axoneme, but the genetic defect does not reside in any known I1 dynein structural genes
(Kamiya et al. 1991); Fig. 4.1B and C). However, it is critical to note that ida3 cells bear
full-length cilia and with the exception of I1 dynein, the ida3 axonemes are fully
assembled including assembly of all other dyneins, radial spokes, N-DRC and central pair
structures. Thus, the ida3 mutant appears to have a mutation that specifically affects I1
dynein assembly. Based on these observations, I reasoned that the defect in the ida3

mutant lies in a gene required for cytoplasmic assembly of I1 dynein, transport of 11
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dynein by IFT, or for docking I1 dynein in the axoneme. In Chapter 2, using biochemical
approaches, I presented evidence likely eliminating IDA3’s role in precursor assembly
and docking (Figs. 2.2 and 2.6). Like WT, the ida3 mutant assembles the 20S 11 dynein
complex in the cytoplasm indicating that that ida3 is not defective in a assembly factor.
However, at this stage we cannot rule out that the 20S Il dynein complex in ida3 is
missing a small subunit. In addition, data from in vitro reconstitution experiments
demonstrated that I1 dynein, derived from axonemes, bind ida3 axonemes in a manner
similar to other I1 dynein mutant axonemes (e.g. idal and ida7). This result indicated
that /DA3 is not an axonemal I1 dynein-docking factor. Therefore, the defect in ida3 most
likely resides in the transport of I1 dynein from the cytoplasm to and/or within the ciliary
compartment. Consistent with this hypothesis, compared to WT, the membrane-matrix
fraction of ida3 lacked I1 dynein. This result demonstrated that ida3 may be defective in
the entry of 11 dynein to the ciliary compartment. To test this idea more directly, it is

necessary to identify /DA3 and characterize IDA3.

Mapping by the Kamiya lab (University of Tokyo) revealed that IDA3 is located
close to the centromere on chromosome 3 (Fig. 4.3). IDA3 was independently mapped to
the same region of chromosome 3 by the Dutcher lab (Wash University, St. Louis). This
region is ~300,000 bp in size and contains a number of predicted genes that could
correspond to IDA3. Due to close proximity to the centromere, the candidate region in
Chromosome 3 was not accurately assembled in recent genomic maps. Thus,
identification of the mutation in ida3 by whole genome sequencing had proved to be
challenging. My approach for identifying /DA3 was to use transformation-rescue of ida3

using overlapping BAC clones that were predicted to span the mapped region predicted
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to contain the /DA3 gene (Fig. 4.3). Thus, the strategy was to identify the /DA3 gene by
transforming the ida3 mutant with BAC clones with the goal of rescuing motility and I1

dynein assembly in the ida3 mutant cells.

To facilitate screening of rescued (i.e. swimming) cells, [ used a paralyzed double
mutant, ida3;odal, that was isolated in a non-parental tetrad from a cross between ida3
and odal. The idea was that successful DNA-mediated transformation would restore
swimming to the double mutant. For example, if BAC16C10 contains the /DA3 gene, the
paralyzed ida3;odal mutant that had been transformed successfully would display an
odal swimming phenotype. Rescued clones (i.e. swimmers) would then be assessed for
I1 dynein assembly by immunoblots of isolated axonemes. Sub-cloning and
transformation-rescue could then identify the IDA3 gene. However, I was not successful
in using the BACs that map to the IDA3 locus for transformation and rescue of the ida3
mutant. My method of transformation was not a problem since positive controls for
transformation-rescue of a paralyzed radial spoke deficient mutant, pf/4 with the RSP3

gene was successful.

While the BAC transformations were underway, the assembly of the genome was
improved based on additional sequencing and specialized algorithms for sequence
assembly (http://genome.jgi-psf.org/chlamy/chlamy.home.html). Thus, the release of the
newer version of the genome database permitted a more accurate assignment of ida3
candidate region. Consequently, Dr. Susan Dutcher (Washington University, St. Louis)
used whole genome sequencing to successfully identify the mutation in ida3. The
mutation has since been confirmed in the Sale laboratory, and analysis of IDA3 has

become the focus of the lab. This is a major advance for the Sale laboratory since we can
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now potentially define the role of IDA3 in Il dynein assembly. Lab members have
confirmed that I1 dynein is fully assembled in the rescued ida3;odal cells. In addition,
discovery of IDA3 revealed why I was unsuccessful with my BAC transformation
strategy. Due to the inaccurate assembly of the genome in chromosome 3, the BACs

used in my earlier study were mapped to regions that did not contain /DA3.

Despite my not knowing the IDA3 gene, the ida3 mutant has proven to be
informative in revealing important aspects of I1 dynein assembly. For instance, the
presence of the 20S I1 dynein in the cytoplasm, but the absence of I1 dynein in the
membrane-matrix strongly indicated that I1 dynein requires the gene product of IDA3 for
entry to the cilium (Fig. 2.7, Chapter 2). Furthermore, in control dikaryons formed
between ida3 and ida3,flal0-1,1 did not observe rescue of I1 dynein assembly in the cilia
(Fig. 3.6, Chapter 3). Thus, the lack of rescue of I1 dynein assembly in the control
dikaryon (formed between ida3 x ida3;flal0-1) further indicated that IDA3 is required
for entry and transport of I1 dynein. The simplest hypothesis at this time is that IDA3
functions as an adapter to specifically link I1 dynein to IFT (Fig. 3.7, Chapter 3). The
formation of the I1 dynein-IDA3-IFT complex would therefore be a prerequisite for entry
and transport within the cilium. Consistent with IDA3 being an adapter, I presented
indirect evidence that IDA3 may physically interact with the IC140 subunit of 11 dynein.
With the discovery of the gene and successful transformation with the HA-tagged IDA3,
further biochemical analysis can now test the idea that IDA3 and IC140 interact. As an
additional benefit, these biochemical studies may reveal protein-protein interactions

between [1-dynein subunits as well as with non-dynein proteins; possibly including IFT
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subunits. Predictably, IDA3 as well as additional genes discovered by these studies will

be conserved, and thus when defective in the human, will result in PCD.

Live Cell Imaging of I1 dynein transport using TIRF-M

The main goal of the experiments described in this final section is to directly test
and visualize IFT-dependent transport and diffusion of I1 dynein. One approach is to
image fluorescently tagged Il dynein in live cells using Total Internal Reflection
Fluorescence Microscopy (TIRF-M) (Engel et al. 2009a; Engel et al. 2009b; Lechtreck et
al. 2009; Lechtreck 2013; Wren et al. 2013). For example, Wren et al. used live-cell
imaging to demonstrate that the N-DRC is a bona fide cargo of IFT. This work was
founded upon the demonstration that the N-DRC assembly can be rescued in dikaryons
formed between WT and N-DRC mutants and that N-DRC mutants can be rescued by
DRC4-GFP (Bower et al. 2013). Subsequently, Wren et al. (Wren et al. 2013) showed
that the entry of DRC4 into the ciliary compartment requires IFT. To my knowledge, this
was the first evidence that that entry of axonemal precursors from the cytoplasm to the

ciliary compartment is IFT dependent.

Another highlight of the Wren et al. (2013) study is that while the majority of
DRC4 is transported to the distal tip of the cilium for unloading, a minor fraction of
DRC4 unloads from IFT before reaching the distal tip (i.e. unloading from IFT can occur
while in transit). After unloading, DRC4 appears to diffuse to the available axonemal N-
DRC docking sites for incorporation in the axoneme or reloaded on IFT for further
processive movement to the distal tip of the cilium. These are the first data that

distinguish IFT dependent processive movement from diffusion of axonemal cargoes.
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Thus, with the successful use of TIRF-M to examine DRC entry and transport, Wren et
al. established the groundwork for live cell imaging of any tagged protein destined to the

ciliary axoneme.

For live cell imaging of I1 dynein transport, two experimental strategies were
designed that attempt to avoid background fluorescence signal from GFP-IC140
incorporated into the axoneme. The first approach was to examine the transport of I1
dynein in full-length cilia that have been photo bleached. The diffusion and/or transport
of newly synthesized I1 dynein, presumably in an IFT-dependent manner, could then be
directly examined without interference from axonemal fluorescence. As discussed below,
the same approach can be used during ciliary regeneration. Studies have shown that there
is an increased occurrence of IFT-dependent transport of ciliary cargoes during the
regeneration process due to increased cargo loading (Avasthi and Marshall 2012; Engel et
al. 2012; Ludington et al. 2013; Wren et al. 2013; Avasthi et al. 2014; Craft et al. 2015).
A complementary approach is to examine the transport of I1 dynein during the rescue
process in a dikaryon formed between cells expressing a GFP tagged IC140 and an I1
dynein mutant cell (illustrated Fig. 4.8). My prediction was that during the rescue
process, 1 dynein transport would be revealed as a processive, IFT-dependent transport
combined with unloading at the distal tip, diffusive movement and docking in the

axoneme.

The first step was to generate a fluorophore-tagged I1 dynein construct. Amongst
the I1 dynein subunits, I chose the IC140 subunit to tag with a fluorophore for several
reasons. First, the Sale lab cloned IC140 (IDA7) and characterized the protein (Yang and

Sale 1998). Thus, the clone was immediately ready to work with. Second, an IC140-null
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mutant, ida7, is available for transformation with genes encoding tagged IC140 (Perrone
et al. 1998). Third, Perrone et al. (1998) determined that the N-terminal region of IC140
is not required for the assembly of I1 dynein in the axoneme. The C-terminal WD-repeat
region of IC140 is necessary and sufficient for I1 dynein assembly in the axoneme.
Therefore, it was logical to insert the GFP (or other tags) at or in the N-terminus of IC140
(illustrated in Fig. 4.4). I used a modified GFP containing a specific mutation to enhance
folding and fluorescence. The “superfolded”-GFP (sfGFP) was codon optimized for
expression in Chlamydomonas and the clone was obtained from Karl Lechtreck (UGA).
Lechtreck is an expert in live cell imaging of Chlamydomonas cells using TIRF-M
(Lechtreck et al. 2009; Lechtreck 2013) and has successfully imaged a number of ciliary
proteins including BBS proteins, N-DRC and tubulin in live cells. The coding region of
sfGFP was sub-cloned in frame into exon 1 of the /C/40 gene located within a 11.5kb
genomic fragment (containing all the necessary upstream regulatory elements required
for expression in Chlamydomonas) using a specific combination of unique restriction

enzymes (Kpnl and EcoR1).

The next step was to transform the ida7 cells with the GFP-IC140 construct and
recover a transformant expressing GFP-IC140 that rescued of 11 dynein assembly and
function. To facilitate the screening of positive transformants, the ida7 mutant was
crossed to odab6 to recover an ida7;0da6 double mutant that is paralyzed. Double mutants
successfully transformed and rescued by IC140-GFP would regain motility and display
an oda6 swimming phenotype. Transformation of the ida7;0da6 double mutant cells with
the IC140-GFP construct yielded four independent clonal isolates (B10-1, B10-2, B10-3,

B10-4) that displayed the oda swimming phenotype. Further biochemical analysis of
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axonemes isolated from these transformants demonstrated that I1 dynein was restored in
the axonemes and the GFP-IC140 fusion protein was migrating at the expected size (Fig.

4.5).

As a complementary test, I examined the rescue of I1 dynein assembly in the
axoneme by immunofluorescence by using antibodies to IC140 and to GFP (Fig. 4.6).
Thus, the IC140-GFP rescued I1 dynein assembly and motility. The most relevant test
was to examine in live cells whether in the ida7;0da6::1C140-GFP transformants, the
axonemal IC140-GFP was detectable by TIRF-M. As shown in Fig. 4.7, the B10-4
transformant expressed the IC140-GFP fusion protein and was detectable by TIRF-M
indicating that IC140-GFP was stably incorporated in the axoneme and visible in live
cells. The question was whether I could also view I1 dynein transport or diffusion in the

ida7;0da6::1C140-GFP cells.

As a positive control, I observed IFT in cells expressing kinesin-GFP (Fig. 4.7
and (Mueller et al. 2005)). Using this positive control, I was successful in using TIRF-M
in both the Lechtreck (UGA) and Zheng (Cell Biology, Emory) labs to observe IFT in
live cells. However, despite extensive work with Karl Lechtreck and the members of the
Zheng lab, I was not successful in observing IC140-GFP transport or diffusion in the
ida70da6::1C140-GFP transformants. From my discussions with Karl Lechtreck, it was
possible, that either too little IC140-GFP is targeted to the fully assembled cilia or that an
insufficient amount of properly folded IC140-GFP was present in this particular
transformant. To address these issues, one approach is to repeat the imaging in
regenerating cilia due to the increased amount of IFT-mediated cargo transport (Wren et

al. 2013). In order to perform this experiment, the ida7o0da6::1C140-GFP cells will be de-
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flagellated by pH shock (Alford et al. 2013) followed by photobleaching of the entire
regenerating cilium to eliminate background signal from the incorporated, axoneme-
bound I1 dynein. The prediction is that IC140-GFP transport (i.e. I1 dynein transport) or
diffusion could then be visualized, since, predictably, a greater amount of IFT and cargo

are moved into the ciliary compartment during ciliary regeneration (Wren et al. 2013;

Craft et al., 2015).

As an alternate approach, a brighter flourophore may be required to visualize
IC140 in live cells. From my discussions with Karl Lechtreck and Pinfen Yang
(Marquette University), they advised the use of a new and improved yellow-green
florescent protein tag called the mNeonGreen (Shaner et al. 2013). While the
experiments involving ciliary regeneration are underway, a new IC140 construct tagged
with mNeonGreen will be generated for transformation of the ida7;0da6 cells. Based on
the success that Karl Lechtreck and Pinfen Yang have had with imaging the mNeonGreen
tagged proteins (e.g. EB1, tubulin), I predict that the IC140-mNeonGreen will yield

brighter fluorescence during the course of imaging.

In addition to examining I1 dynein transport in regenerating flagella, IFT-
dependent transport or diffusion of I1 dynein may also be examined during the rescue
process in a dikaryon formed between ida70da6::1C140-GFP and ida7 cells. As outlined
in Fig. 4.8, the transformant expressing IC140-GFP will be mated to ida7 cells of the
opposite mating type to generate dikaryons for immediate imaging by TIRF. Similar to
DRC4, I predict that IC140-GFP will move in a processive manner along the ida7 mutant
cilia during the rescue process. Additional critical questions about transport of axonemal

precursor proteins could be answered. How does I1 dynein enter the ciliary
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compartment? Is I1 dynein association with IFT required for entry into the ciliary
compartment? Where along the cilium is I1 dynein unloaded from IFT? Thus, live cell
imaging of I1 dynein addressing these unresolved questions is a high priority in the Sale

lab.

Figures for Chapter 4
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Figure 4.1. The ida3 mutant is a slow swimmer and lacks I1 dynein in the axoneme.
(A) Quantitative analysis of swimming velocities revealed that the ida3 mutant swims at
approximately half the velocity of wild-type cells. The slow swimming phenotype of ida3
is similar to mutants that are defective in the regulation of I1 dynein activity, such as pf4.
(B) Electron microscopy of axonemal cross sections from wild type and ida3 reveal that
compared to wild-type, inner arm density is decreased on every outer doublet
microtubule of ida3 axonemes (top panel). The bottom panel shows a single outer doublet
microtubule and the red circle points to the missing density in ida3 axonemes, due to the
lack of I1 dynein. (C) Western blot of axonemes isolated from wild-type, ida3 and ida7
probed with an antibody to the IC140 subunit of I1 dynein. In contrast to wild-type, 11

dynein is absent in ida3 and ida7 (negative control) axonemes.
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Figure 4.2. Hypothetical steps leading to I1 dynein assembly in the axoneme. In my
dissertation, I demonstrated that I1 dynein preassembles in the cytoplasm (1) and the
preassembled 11 complex is transported to the distal tip of the cilium by IFT (2 and 3). 1
also hypothesize that IDA3 is an adapter required for I1 dynein entry and transport by
IFT. As discussed in Chapter 4, the exact function of IDA3 is not known. IDA3 has been
recently cloned and its role in I1 dynein assembly is currently being determined in the
Sale lab. The postulated barrier between the cytoplasm and the ciliary compartment is

shown as black boxes.
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Figure 4.3. Physical map illustrating the mutation in IDA3. Traditional mapping by
the Kamiya (University of Tokyo) and Dutcher (Washington University, St. Louis)
laboratories revealed that the mutation in ida3 lies within a candidate region (green)
between a defined set of marker genes and the centromere on Chromosome 3.
Examination of the BAC library has revealed that several overlapping BACs span the
candidate region and I predicted that transformation of the ida3 mutant with a BAC
containing /DA3 would rescue the ida3 mutant phenotype. Whole genome sequencing of
DNA isolated from ida3 revealed that the mutation (indicated by an “*”’) maps to a gene
(navy blue) within the candidate region (green) estimated to be 4.2kb. As mentioned in
Chapter 4, IDA3 has been cloned from the rescuing BAC and the mutation revealed by

whole genome sequencing has been confirmed.
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Figure 4.4. Plasmid map of the IC140-GFP construct used for transformation of
ida7;0da6 cells. The IC140 gene was cloned into the pBluescript KSII vector by Yang
and Sale (1998) and was used for transformation-rescue of ida7 cells by Perrone et al.,
(1998). Since the N-terminal region of the IC140 protein was shown to be dispensable for
rescue of I1 dynein assembly in the axoneme, a codon-optimized version of GFP for use
in Chlamydomonas (CrGFP) was inserted in Exon 1 (i.e. N-terminus) of the /C/40 gene.
A paromomycin resistance cassette (AphVIII) was also subcloned into the vector

backbone for selection of transformants.
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Figure 4.5. Western Blot of axonemes isolated from WT, ida7 and ida7;0da6::1C140-
GFP cells. The IC140 antibody detects IC140 in wild-type and not in the ida7 (IC140-
null) mutant axonemes. In the ida7;0da6::1C140-GFP rescue strain, IC140-GFP migrates
at the expected size of ~165kDa. As expected, the GFP antibody also detects the IC140-
GFP fusion protein at ~165kDa. The ponceau stain in the bottom panels serves as a

loading control.
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Figure 4.6. Immunofluorescence of ida7;0da6 cells expressing IC140-GFP. Using the
IC140 antibody, the IC140-GFP fusion protein is detected along the entire length of the
cilia. Immunofluorescence analysis using the GFP antibody also indicates that the IC140-

GFP fusion protein is localized along the entire length of the cilium.
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Figure 4.7. TIRF images of a control cell expressing KAP-GFP (A) and IC140-GFP
(B). Using the TIRF-M in the Zheng lab (Cell Biology, Emory University), the KAP-
GFP cells were used as a positive control. Movement of KAP-GFP, which is
representative of IFT, was detected and recorded in real time in both flagella using a
100X objective. (B) TIRF imaging of the ida7oda6::1C140-GFP cell using the TIRF-M
in the Lechtreck lab (UGA), indicated that IC140-GFP is expressed and is localized along
the entire length of the cilium. However, as discussed in Chapter 4, no movement of
IC140-GFP was detected. This image has modified using specialized software to subtract

background fluorescence to show only the cell body and the cilia.
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Figure 4.8. Experimental strategy involving dikaryon rescue to examine transport
and/or diffusion of IC140-GFP. The first step is to transform ida7;oda6 cells with a
plasmid containing GFP inserted in exon 1 of the IC140 gene (1). Initial screening of
transformants was carried out using a motility assay described in Methods (Appendix I).
Candidate transformants were examined for the assembly of IC140-GFP containing I1
dynein in the ciliary axoneme (data shown in Fig. 4.5 and 4.6). The next step is to mate
ida7;0da6::1C140-GFP with ida7 gametes of the opposite mating type (2) to generate
dikaryons (3). The goal is to image the movement of IC140-GFP in the ida7 cilia during

the rescue process using TIRF-M (4).
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Appendix I : Materials and Methods

Cell Strains and Culture

Chlamydomonas strains used in this study were wild-type (CC-125, CC-124, CC-
620 and CC-621), ida3 (CC-2668, CC-2669), ida7 (CC-3921 5b10; ida7-1), flal0 (CC-
1919, CC-4617), ida3; flal0-1 (this study), idal (CC-2664) and ida2 (CC-2666). All
strains except for ida3, flal0-1 were obtained from the Chlamydomonas Resource Center
(University of Minnesota, St. Paul, MN). Cells were grown in tris-acetate-phosphate
(TAP) medium with aeration on a 14:10h light/dark cycle. Dikaryons between wild type
and I1-deficient cells were generated by mixing gametes produced by differentiating each
cell type for 4 hours in M-N medium (Harris 1989). The ida3, flal0-1 double mutant was
generated by crossing flal0-1 (-) and ida3 (+) followed by screening progeny based on
the ida3 motility and ciliary resorption at 32°C. PCR and Sanger sequencing confirmed

the selected candidates for the fla/0-1 mutation (Vashishtha et al. 1996).

Preparation of Axonemes and Membrane + Matrix

Cells were grown to mid-log phase and deciliated by treating the cells with 25mM
dibucaine (Witman 1986) followed by centrifugation to separate the cilia and cell bodies.
To prepare axonemes, the isolated cilia were demembranated by 1% Nonidet P-40
(Darmstadt, Germany) in HMDE + 25mM NaCl (10mM Hepes, SmM MgSO4, 1mM
DTT, 0.5mM EGTA, pH 7.4) and the axonemal pellet was resuspended/dissolved in
HMDE + NaCl (10mM Hepes, 5SmM MgSO,, ImM DTT, 0.5mM EDTA, 25mM NacCl
and protease inhibitors, pH 7.4) and fixed with Laemmli sample buffer at a concentration

of Img/mL. The membrane+matrix (M+M) fraction was obtained by demembranating
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the pelleted cilia with 1% Nonidet-P40 in HMDE + 25mM NaCl buffer and fixed with
Laemmli sample buffer for immunoblotting. For detection of axonemal subunits (IC69,
IC140, IC138), the M+M was loaded at five times the relative volume of cilia and

axonemes.

Preparation and Fractionation of Axonemal and Cytoplasmic Extracts

Axonemal Extracts: Wild type and Il1-deficient axonemes were isolated as
described above. Axonemes were then treated with HMDE + 0.6M NaCl for 30 minutes
to solubilize the dyneins. The extracted dyneins in the high-salt extract (HSE) were
dialyzed against HMDE + 25mM NaCl for 2 x 30mins. Cytoplasmic Extracts from wild
type and I1-deficient whole cells were prepared at using the method described in (Alford
et al. 2013). Cells were lysed by mechanical agitation by glass beads at room
temperature. The axonemal HSE and cytoplasmic extracts were fractionated by velocity
sedimentation on 5-20% sucrose gradients as described in Alford et al. 2013 or utilized

for reconstitution experiments as described below.

In vitro Reconstitution

Varying amounts of extracts isolated as described above were mixed with a fixed
amount of extracted I1-dynein deficient axonemes in the presence of ImM ATP. The
final volumes of all the reconstitutions were equalized with buffer. The reconstitution
mixtures were separated by centrifugation into supernatant (S, unbound I1) and pellet (P,
bound I1) fractions. The axonemal pellets were resuspended to the original volume and

fixed for SDS-PAGE.

Antibodies and Immunoblots
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SDS-PAGE and immunoblotting were performed using standard procedures.
Primary antibodies used in this study include the following: mouse monoclonal against
IC69 (clone 1869A hybridoma, Sigma, St. Louis, MO); rabbit polyclonal antibodies
against IC140 (Yang and Sale 1998), IC138 (Hendrickson et al. 2004a), IC97 (Wirschell
et al. 2009) and IFT46 clone 17600 (Hou et al. 2007). The secondary antibodies (goat
anti-mouse or rabbit) used in immunoblots were purchased from BioRad (Hercules, CA).
The secondary anti rabbit or goat conjugated with Alex Fluor 488 or 555 were purchased

from Invitrogen (Eugene, OR).

Immunofluorescence microscopy and quantification

For immunofluorescence of whole cells, cells were allowed to adhere for 5 min to
poly-L-lysine coated cover slips, excess cells were wicked off, and the cover slips were
submerged in -20°C methanol for 5 min. The cover slips were then air-dried, rehydrated
with 1X PBS, blocked for 30 min at room temperature with blocking solution (6% fish
skin gelatin, 1% BSA, and 0.05% Tween-20 in PBS, pH 7.0), incubated with primary
antibodies (4°C overnight), washed 3X with blocking solution, washed 3X, incubated
with secondary antibodies (Alexa Fluor—conjugated IgG; 1:1000; Invitrogen, Eugene,
OR) for 30 min at RT, washed 3x with PBS, then mounted with ProLong Antifade Gold
(Invitrogen, Eugene, OR). Images were captured using a BX60 wide field microscope
(Olympus, Tokyo, Japan) under a 60x objective, and with a digital camera (Orca-ER,
Hamamatsu, Bridgewater, NJ) and Slidebook software (Intelligent Imaging Innovations,
Denver, CO). Quantifying I1 dynein assembly from the tip of mutant cilia in dikaryons
was performed as described in Alford et al., (Alford et al. 2013). All the image analysis

was performed using Image J (FIJI, National Institutes of Health, Bethesda, MD). For
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each combination of dikaryons (Ex. WT x ida3, ida3 x ida7), the fluorescence signal
(Arbitrary units, AU) starting from the tip of the rescuing cilia was measured as function
of distance (ym). The fluorescence intensity values corresponding to every pixel along
the length were normalized to the brightest intensity value in the data set and plotted
against the length of the cilium (xm) as illustrated in the line scan (Figure 5B). A
threshold value of 0.2 was established, and distance at which the normalized fluorescence
intensity value dropped and stayed below 0.2 for at least three consecutive data points
was recorded as the absolute distance at which the IC140 staining from the tip ended
(um). The progressive rescue of I1 dynein assembly from the tip as a function of time
after mixing the gametes was plotted using Kaliedograph (Reading, PA). The standard

error and p-values were calculated in MS Excel (Redmond, WA).

Dikaryon rescue using the flal0-1 mutants was performed as described (Piperno
et al. 1996). Briefly both gametes, ida3; flalO-1 and flal0-1 were preincubated at the
restrictive temperature, 32°C, for at least 38 minutes prior to mixing in order to inactivate
the kinesin. Secondly, the dikaryons involving flal0-1 and ida3; flal0-1 double mutant
gametes could be analyzed for I1 assembly for a maximum time of 60 minutes after

mixing, after which dikaryons began to lose their cilia due to resorption.

Mapping of IDA3

In the traditional method of mapping genes by tetrad analysis, haploid parent
strains (i.e. mutant and S1 D2 cells) are crossed resulting in a ‘tetrad’ that contains 4
meiotic progeny. Each of the 4 progeny can be classified based on the phenotype.

Generally, three types of tetrads can be obtained from a cross: parental ditype (PD) i.e.
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progeny exhibiting the same phenotype as the parents; nonparental ditype (NPD) i.e.
progeny exhibiting recombinant phenotypes or wild-type; and tetratype (T) i.e. progeny
exhibiting both parental and recombinant phenotypes. The relative ratios of these three
types of tetrads indicate whether or not the mutant gene is linked to the given marker (i.e.
on the same chromosome) or unlinked (i.e. on the same chromosome but distant or on
different chromosomes). For example, in this study, the mutant gene in a novel dynein
mutant, ida3, was mapped to chromosome 3 and additional mapping placed IDA3 closed
to the centromere. Having known the general location of IDA3, in collaboration with Dr.
Susan Dutcher (Wash U), we were able to perform further mapping and to identify the
mutation in the IDA3 by whole-genome sequencing (WGS). Further discussion of the

mutant and the phenotype are presented in Chapters 2-4.



Appendix 11: Tables (Attached at the end of the document)

Table 1: ODA and associated proteins

Table 2: IDA and associated proteins

Table 3: List of mutants used in this study

Table 4: IFT and associated proteins
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Table 1: Outer Dynein Arms (ODAs) and Associated Proteins

Outer Dynein Protein and aliases® Chlamydomonas Gene Mutant strains Chlamydomonas Human Gene Properties References’
Arms (ODA) (Original) Gene (Current)
Heavy Chains HCla ODAIl odall DHCI3 - ATPase/Microtubule motor Kamiya (1988), Mitchell and
Brown (1994; 1997)
HCIf ODA4 oda4 DHCI14 DNAH9,11,17 ATPase/Microtubule motor Kamiya (1988), Mitchell and
Brown (1994)
HCly ODA2 P28 DHCI5 DNAHS,8 ATPase/Microtubule motor Kamiya (1988), Mitchell and
Rosenbaum (1985)
Wilkerson et al. (1994)
Intermediate IC1,1C78,1C80 ODA9 oda9-1, oda9-2 (V5), pIci DNAII ‘WD-repeat protein, binds a- Kamiya (1988), Wilkerson et al.
chains oda9-3 (V8), oda9-4 tubulin, associates with (1995)
(V24), oda9-5 (V27) multiple LCs
1C2,1C69,1C70 ODA6 oda6-1, oda6-2 DIc2 DNAI2 ‘WD-repeat + coiled-coil Kamiya (1988), Mitchell and Kang
protein, associates with (1991)
multiple ICs
Light Chains LC1 - DLUI DNALI Leucine-rich repeat, binds y Patel-King and King (2009)
HC motor domain
LC2 ODAI2 odal2-1°,0dal2-2 DLT2 TCTE3 Homologue of Tctex2, Pazour et al. (1999)
required for outer arm
assembly
LC3 - DLX1 - Thioredoxin, associates with Dibella et al. (2004), Wakabayashi
P and y HCs and LC7b and King (2006)
LC4 - DLE] - Ca’ binding, yHC-associated Sakato et al. (2007)
LCs - DLX2 - Thioredoxin, associates with a ‘Wakabayashi and King (2006)
HCs

LC6 ODAI3 odal3 DLL2 - LC8 homologue, dimer King and Patel-King (2005)

interacts with ICs and LC2

LC7a ODAIS odal5 DLRI DYNLRBI Roadblock homologue, Dibella et al. (2004a)

interacts with ICs

LC7b - DLR2 DYNLRB2 Roadblock homologue, Dibella et al. (2004a)

interacts with DC2 and LC3

LC8 FLAI4 flal4-1,2,3 DLLI DYNLLI Highly conserved, dimer King and Patel-King (1995),

interacts with ICs, also Pazour et al. (1998)
present in inner arm I1/f and

radial spokes, retrograde IFT

motor

LC9 (Tctex1 -like) - DLTI DYNLTI® Tectex1 homologue, dimeric, Dibella et al. (2005)

interacts with IC1 and IC2

LC10,MOT24 ODAI2 odal2-1" DLL3 DNAL4 Tctex2, interacts with ICs and Patel-King et al. (1997)

LC6
LC8 homologue, dimeric
Docking DC1 ODA3 oda3-1-> oda3-5 Dcci - Docking complex, coiled-coil Kamiya (1988), Takada and
Complex protein Kamiya (1994), Koutoulis et al.
1997)
DC2 ODAI odal Dcc2 CCDC114 Docking complex, coiled-coil Kamiya (1988), Takada and
protein Kamiya (1994), Takada et al.
(2002)

DC3 ODAI4 odal4-1(V06), DLE3 - Docking complex, binds Ca2+ Koutoulis et al. (1997), Pazour et
odal4-2 (V16), in a redox-sensitive manner al. (2003), Casey et al. (2003a)
odal4-3 (F28),
odal4-11

Assembly DCC3 ODAS oda5-1, oda5-2 DCC3 CCDC63 Coiled-coil protein, required Wirschell et al. (2004)
Factors for outer arm assembly
ODA7 ODA7 oda7 DAUI DNAAF1 Leucine-rich repeats, purifies Freshour et al. (2007)
(LRRC50) with the outer arm in the
absence of I1/f; Putative
ODA-I1 linker, required for
the assembly of outer arms
ODAS ODAS8 oda8 DLU2 LRRC56 Leucine-rich repeat protein, Kamiya (1988), Kamiya (1995)
required for outer arm
assembly
ODAI10 ODAIO Odal0 - Coiled-coil protein, required Kamiya (1988), Dean and Mitchell
for outer arm assembly (2013)

ODAI16 ODAI6 odal6 DAWI WDR69 ‘WD-repeat, required for outer Ahmed and Mitchell (2005)

arm transport to the cilium

PF13 PFI13 pf13-12pf13-3 DAPI DNAAF2 PIH domain-containing, Omran et al. (2008)

required for preassembly of
outer arms and a subset of
inner arms
PF22 PF22 P22, pf22A DABI DNAAF3 Required for outer arm Huang et al. (1979); Mitchison et
assembly al. (2012)
- - TXNDC3 Thioredoxin-nucleoside Dureiz et al. (2007)
(Spirx2)* diphosphate kinase, Partial

lack of ODA

“The current preferred protein name is indicated first in bold type

"The DLT2 and DLL3 genes are adjacent; both are completely deleted in odal2-1

‘Human patients containing a mutation in this gene demonstrate a wide range of ciliopathies including PCD

dUnless cited in the text, these references are not included in the reference list




Table 2: Inner Dynein Arms (IDAs) and Associated Proteins

Inner Dynein Protei Chlamyd Chl d Gene Mutant Human Gene Properties References
Arms (IDA) n and nas Gene (Current) strains
aliase (Original)
&
I1/f Heavy HCla IDAI DHCI1 idal-1 DNAHI0 ATPase/Microtubule motor Kamiya et al. (1991), Piperno et al. (1990),
Chains Didal-6/pf9- Myster et al. (1997), Myster et al. (1999),
12pf9-4/pf30 Porter et al. (1992)
HCI1p IDA2 DHCI10 ida2- DNAH2 ATPase/Microtubule motor Kamiya et al. (1991), Perrone et al. (2000)
1Dida2-6
ity 1C140 IDA7 DIC3 ida7 WDR63 ‘WD-repeat protein, Perrone et al. (1998); Yang and Sale (1998)
Intermediate associates with tubulin and
Chains other ICs
IC138 BOPS5 DIC4 bop5- WDR78 ‘WD-repeat protein involved King and Dutcher, (1997); Hendrickson et
1->bop5-6 in phosphorylation-based al. (2004a); Bower et al. (2009a); Bower et
regulation, forms a complex al. (2009b); Tkeda et al. (2009),
with IC97, FAP120 and VanderWaal et al. (2011)
LC7b
1C97, - DII6 - LASI" Interacts with IC140,IC138, Wirschell et al. (2009)
IC110 and tubulin
FAP1 - D7 - - Present in the IC138 Ikeda et al. (2009)
20° subcomplex
I1/f Light Tetex - DLT3 - DYNLT3 Dimeric, LC9 homologue Harrison et al. (1998), Dibella et al. (2001),
Chains 1 (rp3) Dibella et al. (2004a)
Tetex - DLT4 pfl16(D2)" TCTEXID2 LC2 homologue Dibella et al. (2004b)
2b
LC7a, ODAIS5 DLRI odal5 DYNLRBI Shared with outer arm Dibella et al. (2004a)
LC7 dynein
LC7b - DLR2 - DYNLRB2 Shared with outer arm Dibella et al. (2004a)
dynein and interacts with
1C138
LC8 FLAI4 DLLI flal4-1, DYNLLI, Shared with outer arm Wirschell et al. (2009)
flal4-2 DYNLL2 dynein, dimeric
e FAP7 MIAI MIAT mial - Associates with FAP100 in King and Dutcher (1997) and Yamamoto et
Associated 3 the MIA complex and with al. (2013)
proteins 1C138
FAP1 MIA2 MIA2 mia2 - Associates with FAP73 in King and Dutcher (1997) and Yamamoto et
00 the MIA complex and with al. (2013)
1C138
Monomeric DHC6 DHC6 DHC6 - DNAHI2 ATPase/microtubule motor, Porter et al. (1996)
inner dynein monomeric species a
arm Heavy DHCS5 DHCS5 DHCS - DNAH7 ATPase/microtubule motor, Porter et al. (1996), Bui et al. (2012)
Chains monomeric species b
DHC9 IDA9 DHC9 ida9 - ATPase/microtubule motor, Porter et al., (1996), Yagi et al. (2005),
monomeric species ¢
DHC2 DHC2 DHC2 - DNAHI, 6 ATPase/microtubule motor, Porter et al. (1996), Bui et al. (2012)
monomeric species d
DHC8 DHCS8 DHCS8 - DNAHI4 ATPase/microtubule motor, Porter et al. (1996), Kato et al. (1993)
monomeric species e
DHC7 DHC7 DHC7 - - ATPase/microtubule motor, Porter et al. (1996)
monomeric species g
DHC4 DHC4 DHC4 - DNAH3 ATPase/microtubule motor, Porter et al. (1996), Yagi et al. (2009)
minor monomeric species of
unknown composition
DHC1 DHCI11 DHC11 - - ATPase/microtubule motor, Porter et al. (1999), Yagi et al. (2009)
1 minor monomeric species of
unknown composition
DHC3 DHC3 DHC3 - - ATPase/microtubule motor, Porter et al. (1996), Yagi et al. (2009)
minor monomeric species of
unknown composition
Monomeric Actin IDAS DII4 (ACTI) ida5 Actin’ Essential for the assembly of Kato-Minoura (1997)
inner dynein species a, ¢, f, e and one
arm minor dynein
Associated NAPI NAPI DII5 (ARP12) - - Novel actin-related protein Hirono et al. (2003)
proteins that can functionally replace
actin for species b and g
assembly
p28 IDA4 DIIl ida4- DNALII Essential for assembly of Kamiya et al. (1991), LeDizet and Piperno
1ida4-3 species a, ¢, and d; dimeric (1995a)
and binds N-terminal region
of HC
Centri VFL2 DLE2 (CNTI) vfl2-1, vfl2- CETNI, Ca2+ - binding protein, Huang et al., 1988; Sanders and Salisbury
n RI1vfI2- CETN2, associates with N-terminal (1989), Yanagisawa and Kamiya (2001)
R5vfI2-RS8, CETN3 portion of heavy chain and
vfI2-R10, actin
vfi2-R11,
vfl2-R13
p38 - DII2 - ZMYNDI12 Associates with species d Yamamoto et al. (2006)
only
p44 - DII3 - TTC28 Associates with species d ‘Yamamoto et al. (2008)
only
Monomeric MOT IDAI0 DAP2 idal0-1 PIHIDI PIH protein, required for the ‘Yamamoto et al. (2010)
inner dynein 48 preassembly of a subset of

arm
Assembly
Factors

inner arms




“The current preferred protein name is indicated first in bold type

*Related to vertebrate Las1

‘FAPI120 is listed here as an intermediate chain subunit

“pf16(D2) lacks both the DLT4 and PF16 genes; the latter encodes a component of the central pair apparatus

‘For organisms which express multiple actin isoforms, it has not been determined which isoform(s) is present in the cilia/flagella



Table 3: List of strains used in this study

Mutant

Mutated
Gene (s)

Description of Gene
Product

I1 assembly Phenotype

Cytoplasm | Axoneme

WT

+ +

idal

HC1 alpha

Required for preassembly
of the 20S 11 complex in
the cytoplasm, and for
assembly in the axoneme.

idaZ2

HC1 beta

Required for preassembly
of the 20S 11 complex in
the cytoplasm, and for
assembly in the axoneme.

ida7

1C140

Required for preassembly
of the 20S 11 complex in
the cytoplasm, and for
assembly in the axoneme.

ida3

IDA3

Predicted IFT adapter

bld-1

IFT52

Required for ciliogenesis

bop5-3

IC138

Phosphoprotein required
for control of normal
waveform

fla14-3

LC8

Required for complete
assembly of 20S I1 dynein

fla10-1ts

FLA10

Encodes kinesin II
required for anterograde
[FT. Kinesin Il is fully
functional at permissive
temperature (21°C) but is
inactivated at restrictive
temperature (32°C).

fla10;ida3%

FLA10, IDA3

Lacks IDA3 and kinesin II

at restrictive temperature.

“-“: No assembly of the 20S I1 dynein
“+”: Assembly of the 20S I1 dynein
“-/+": Assembly of partial 11 dynein complexes in the 10-18S range




Table 4: IFT and associated proteins

Chlamydomonas Domain structure Known/Predicted References
Protein Function in
Chlamydomonas
Kinesin-II FLA8 Kinesin-II motor Anterograde IFT Miller et al., 2005
FLA10 Kinesin-II motor Anterograde IFT Kozminski et al,, 1995
FLA3 Kinesin-II associated Anterograde IFT Mueller et al., 2005
Dynein 2b cDHC1b Dynein heavy chain Retrograde IFT Pazour et al,, 1999
D1bLIC Coiled-coil Retrograde IFT Hou et al,, 2004
IFT Particle IFT172 WD401, TPR? Interacts with EB1 at Pederson et al.,, 2005
Complex B the tip and controls
assembly and
disassembly of
components at the tip.
IFT88 TPR Required for flagellar Pazour et al,, 2000
assembly
IFT81 Coiled-coil! N-terminus interacts Bhogaraju et al., 2013
with IFT74 to form a
tubulin-binding
module
IFT80 WD40 -
IFT74/72 Coiled-coil N-terminus interacts Bhogaraju et al., 2013
with IFT81 to form a
tubulin-binding
module
IFT57/55 Coiled-coil - Lucker et al., 2005
IFT54 - - -
IFT52 GIFT domain Required for flagellar Deane et al., 2001
assembly
IFT46 - Transport of ODA Hou et al,, 2007; Ahmed
etal, 2008
IFT22 Small GTPase Controls pool size of Silva et al,, 2012
IFT A and B particles
IFT25 Ca2+ binding Transport of Keady et al., 2012
Hedgehog signals
IFT27 Small GTPase Required for cargo Huet et al, 2014
loading onto
retrograde IFT
IFT20 GTPase Traffics membrane Follit et al,, 2006
proteins from Golgi to
cilium
IFT70 - Predicted to be Pathak et al.,, 2007, Dave
required for the etal, 2009
polyglutamylation of
axonemal tubulin
IFT Particle IFT144 WD40 Retrograde IFT2 Piperno etal.,, 1998
Complex A IFT140 WD40, TPR Retrograde IFT2 Piperno et al., 1998
IFT139 - Retrograde IFT2 Piperno etal.,, 1998
IFT121 WD40, TPR Required for flagellar Behal etal,, 2011
assembly and for
stability of IFT
complex A
IFT122 WD40 Required for flagellar Behal etal,, 2011
assembly and for
stability of IFT
complex A
IFT43 - Retrograde IFT2 Piperno etal.,, 1998

FAP259

TPR, coiled-coil

Merchant et al., 2007




Other putative
IFT proteins

FAP259 TPR, coiled-coil - Merchant et al., 2007
FAP66 WD40, TPR - Merchant et al., 2007
FAP22 Coiled-coil - Pazour et al., 2005
TTC26/DYF13/IFT | - Transport of specific Ishikawa et al., 2014
56 IDAs

FAP118 WD-40 - Merchant et al., 2007

WD repeats, tetratricopeptide (TPR) and coiled-coils are protein-protein interaction motifs. Such motifs may faciliate
formation of the multi-subunit IFT particle complexes and/or be involved in associating cargoes to IFT complexes.

2Mutants defective in IFT 144, 140, 139 and 43 subunits demonstrate distinct bulging of the flagellar membranes, decrease in
IFT Complex A components in the flagella, and decreased retrograde velocities of IFT; suggesting their role in retrograde IFT.
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