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Abstract

Cilia and flagella are dynamic organelles of the eukaryotic cell that undergo cycles of
assembly/disassembly, in a manner that is coordinated in time with the cell cycle. Cilia are
composed by more than 600 peptides and their turnover occurs at the plus distal end of the
axoneme; since these organelles lack the machinery required for protein synthesis, a bidirectional
transport process known as the IntraFlagellar Transport (IFT) is required to provide flagellar
precursors and remove turnover products.

IFT is carried on by macromolecular complexes (the IFT particles) which are arranged in
polymers (the IFT trains) in the space between the microtubular doublets and the flagellar
membrane. IFT trains operate as platforms for cargoes and are moved bidirectionally by specific
molecular motors, kinesin-2 as the anterograde motor and dynein-1b as the retrograde motor.
Anterograde and retrograde IFT trains possess distinct architectures but, up to now, a high-
resolution 3D-model is available only for the anterograde trains, while much less is known on the
ultrastructure of retrograde trains.

At the distal tip of the organelle, the anterograde transport (from the cell body up to the
ciliary distal end or tip) is converted into the retrograde transport (from the tip back to the cell
body). Such a turnaround process is strictly required for the correct functioning of the IFT process.
So far, however, very little is known about the morpho-functional organization of the tip district,
where IFT turnaround takes place. In particular, nothing is known on the interactions that might
occur between IFT proteins and the distal tip structures.

This doctoral work has been aimed at contributing new information for the comprehension
of the IFT turnaround process in the model organism Chlamydomonas reinhardtii.

We started our studies from the observation that thin sections of flat-embedded flagella
often show anterograde IFT trains that contact the distal end of the central pair microtubules (CP),
suggesting the direct involvement of CP capping structures (terminal plates and the ring above) in
the IFT turnaround process. We confirmed the interaction of anterograde trains with the CP distal
end by electron-tomographic reconstruction of flat-embedded flagellar tips. This approach revealed
that anterograde trains split into three components after having reached the end of the A tubule,
with the outer part of the train that remains associated with the membrane, the inner part, closer to
the microtubule surface, that continues its travel and bends to contact the CP plates, and an
intermediate part that stops before reaching the tip. The latter region was interpreted as the part of
the train consisting of inactive dynein-1b, which is known to dissociate from the anterograde train

before its activation and recruitment for the retrograde transport.



Then, we sought to obtain further information on the ultrastructural organization of the
distal CP segment. We were able to identify a ladder-like structure (LLS) which is distinctive of this
region, is intercalated between the two CP tubules, and is resistant to the cold treatments used to
depolymerize tubulin.

In order to confirm the association between IFT anterograde trains and the capping CP
structures, whole cells were treated with inhibitors of Ca™'-dependent protein kinases before
flagellar demembranation and negative staining. These inhibitors block the release of kinesin-2
from the anterograde trains and, consequently, IFT turnaround at the tip. As expected, we observed
a massive accumulation of IFT particles around the CP terminus.

Successively, we analyzed by immunoelectronmicroscopy the specific distribution of the
three protein complexes present within the IFT particles. At this purpose, we carried out a series of
immunolabeling experiments on grid-absorbed demembranated cells or on sections of resin-
embedded samples, using antibodies directed against subunits of the IFT-A complex (IFT139), and
of the two IFT-B subcomplexes IFT-B1 (IFT74 and IFT81) and IFT-B2 (IFT172 and IFT57).

Our findings suggest that at the tip the IFT-A complex is closely associated with the
membrane. On the contrary, both IFT-B1 and IFT-B2 antibodies labelled the distal CP region,
though, interestingly, with distinct spatial distributions. IFT-B2 labeling was restricted to
approximately the distal 200 nm-segment of the CP, which contains the LLS, and gold particles
were never found more distally, above the terminal plates, while IFT-B1 labeling extend also to the
ring. The whole set of immunoelectronmicroscopy data indicates that the IFT-B1 and IFT-B2
subcomplexes differentially interact with the distal CP region and its capping structures, and
suggests that the IFT-B1 subcomplex might be a main component of the CP capping structures.
Accordingly, in our negatively stained samples the cap was shown to consist of thin elongated
elements, frequently with a sort of small knob at their mid region; these elements fit quite well with
the available IFT-B 3D model. The possibility that IFT-B1 proteins are involved in the formation of
the CP cap was confirmed by the analysis of a series Chlamydomonas mutants with defective IFT,
which related the presence of the CP cap to the establishment of a fully cycling IFT process.

Our data sustain a model of IFT turnaround in which i) the IFT-A complex turns around
quickly, remaining associated with the membrane, ii) IFT-B1 and IFT-B2 follow a more complex
pathway, during which they separate and differentially interact with the CP distal segment, iii) IFT-
B1 directly contribute to the formation of the CP cap. The LLS component, which is ectopically
assembled also in mutant strains devoid of the CP tubules, is likely to act as an anchoring structure

for IFT-B2 during IFT turnaround.



1. Introduction

1.1 Cilia and Flagella: an introduction

Cilia and flagella (homologous microtubule-based organelles) are thin thread-like
extensions protruding from the surface of most eukaryotic cells, in organisms ranging from protists
to humans.

These specialized organelles are optimized to interact with the space surrounding the cell:
they are structurally resilient but also flexible and dynamic, and they have peculiar lipid and protein
composition, differentiated from that of the cell body. These features enable them to perform
distinctive functions, including sensory reception, cell signaling, and motility.

From a historical perspective, cilia are among the earliest observed organelles; they were
discovered in the 17™ century by van Leeuwenhoek (1677) and noted for their remarkable motility
properties. In the late 1800s, the Swiss anatomist Karl Zimmermann supposed a sensory role for
these protrusions but, afterward his observations, studies on these organelles went through a long
stop. After a century, a revival of interest occurred when an immotile cilium was observed
emerging from the surface of mammalian cells, which was defined as the primary cilium (Sorokin,
1962, 1968).

The advent of electron microscopy (EM) provided new opportunities for the analysis of
ciliary architecture. In 1954, a comparative analysis carried out by Fawcett and Porter on thin
sections of samples from mollusks, amphibians, mice and humans revealed that cilia and flagella
share an internal cytoskeletal structure - the axoneme - built of a ring of nine doublet “filaments”
and a central pair of singlet “filaments” (fig.1). Also, this study showed that cilia originate from
complex elongated basal corpuscles, or basal bodies, from which ciliary rootlets (striated fibers)
extend downward into the cytoplasm, likely to anchor them (Fawcett and Porter, 1954). Since then,
most studies focused on motile cilia, which showed an obvious function. In contrast, the immotile
primary cilium was believed for a long time to be a vestigial organelle with dispensable role (Currie

and Wheatley, 1966; Wheatley, 1969).



Figure 1: Schematic of the ciliary architecture, as first proposed by Fawcett. In his electronmicroscopy studies, the
Author described the presence in cilia of nine longitudinal pairs of “filaments” arranged around two single filaments
located in the center of the structure (modified from Fawcett, 1954).

As a matter of fact, the primary cilium mediates several cellular processes, that are critical
for both the embryonic development and tissues homeostasis (reviewed by Satir and Christensen,
2007; Goetz and Anderson, 2010; Daems et al., 2020); however, this organelle acquired fame only
in the late 1990s, after the discovery of the IntraFlagellar Transport (IFT) by Kozminski and
Rosenbaum, in 1993. IFT was first described as an ongoing transport of particles occurring along
Chlamydomonas flagella, and was later shown to be a highly specialized, microtubule-dependent
transport system for the delivery of protein precursors to the flagellar compartment, a process that is
essential for the assembly and maintenance of all eukaryotic cilia, both motile and immotile (Cole et
al.,1998; Pazour et al., 1998).

As the relationship between ciliary structural anomalies and some human genetic diseases
became more and more evident, the crucial functional role of primary cilia was definitely
established.

The first evidence was reported by Pazour et al. (2000), who showed how the pathogenesis
of polycystic kidney disease is related to the assembly of shorter, defective primary cilia in the
kidney epithelial cell. This study paved the way to the comprehension of the molecular defects that

- affecting ciliary structure and function - underly several human diseases, now collectively known



as ciliophaties (Brown and Witman, 2014; Braun and Hildebrandt, 2017; Wallmeier et al.,
2020).This term defines a wide spectrum of diseases sharing a group of common clinical features,
such as blindness, obesity, cognitive impairment, skeletal anomalies, chronic respiratory problems,
infertility, situs inversus and polycystic kidneys. The number of established ciliopathies as well as
of the candidate genes involved therein are still rising (reviewed by Reiter and Leuroux, 2017),
adding further corroboration to the currently accepted view of cilia and flagella as “cellular
antennae” that mediate and integrate several signal transduction modules crucial for a variety of

cellular functions (Brown and Zhang, 2020).

1.2 Ciliary Organization

Regardless of the diversity that can be observed among the numerous known types of
specialized cilia, the overall ciliary architecture and a majority of ciliary protein components have
been highly conserved during eukaryotic evolution (reviewed by Satir et al., 2008).

At the ultrastructural level, cilia and flagella consist of three main segments, namely, the

basal body (BB), the transition zone (TZ), and the axoneme, enclosed by the ciliary membrane (fig.
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Figure 2: The cilium consists of three principal domains, the basal body, the transition zone and the axoneme (modified
from Wiegering et al., 2019).



1.2.1 The Basal Body (BB) and the Ciliogenesis

In 1954, Fawcett and Porter were the first to report centrioles and BB as two
ultrastructurally identical and related organelles, which convert each other during the cell cycle, so
that basal bodies are essentially membrane-docked centrioles. The centrosome of each cell contains
an older ‘mother’ centriole and a ‘daughter’ centriole that has been newly generated just before the
preceding mitosis; the two centrioles differ for the presence of two sets of appendages on the
mother centriole, the so-called distal and subdistal appendages (fig. 3) (Paintrand et al., 1992). In
quiescent or interphase (G1 phase) cells, the centrosome migrates to the cell surface; meanwhile,
the distal and subdistal appendages on the mother centriole act as sites for the anchoring of a
primary ciliary vesicle and, successively, assist with plasma membrane docking (fig. 3) (Sorokin,

1962; reviewed by Izawa et al., 2015).
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Figure 3: Scheme illustrating the different stages of early ciliogenesis. The M-centriole with its distal (DA) and
subdistal appendages (SDA) is shown (0). Early stages involve the docking of primary ciliary vesicles (PCVs) at the M-
centriole (1), while nearby secondary vesicles (V) are subjected to a subsequential fusion with the PCVs. Accumulation
of electron-dense material at the distal end of the M-centriole builds the so-called ciliary bud (CB), which invaginates
the PCV (2). The axonemal shaft (AS) grows out and the ciliary pocket (CiPo) forms (3). During the last event, the cilia
membrane fuses with the apical plasma membrane (PM) (4). M-centriole and axonemal shaft are illustrated in black,

and membrane structures are shown in red (modified from Schmidt et al., 2012).

Upon completion of these events, the mother centriole is structurally and functionally
transformed into the basal body of the cilium, but still remains connected to the daughter centriole
by filaments at its proximal end; thus, the daughter centriole is oriented roughly perpendicular to the
basal body (fig. 2) (Bahe et al., 2005). Once docked to the plasma membrane, the basal body
functions as the microtubule organizing center for the cilium, serving as a template for the assembly
of microtubular doublets. During this process, the basal body and its appendages (now named as the
transition fibers) are also involved in docking the protein components of IFT before their entering

into the ciliary compartment.



In addition, structures linking the BB to the plasma membrane control the exchange of
membrane and soluble proteins between the two compartments (reviewed by Garcia-Gonzalo and

Reiter, 2012).
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Figure 4: Structural organization of centrioles, barrel-shaped structures involved in ciliogenesis. The mother centriole
docks to the plasma membrane and originates the flagellum (from Megias et al., 2019).

Ciliogenesis is a finely regulated and elaborated process that involves several cellular
processes, from gene transcription and protein synthesis, to the delivery of ciliary precursors up to
the tip, from microtubule dynamics to signal transduction (reviewed by Santos and Reiter, 2008;
Ishikawa and Marshall, 2011; Kobayashi and Dynlacht, 2011).

There is a well-established link between ciliary dynamics and cell cycle progression; in
fact, in proliferating tissues, cilia are resorbed as cells enter the cell cycle (Tucker et al., 1979).

In most cells the cilium is resorbed before mitosis, allowing the two centriole pairs
(resulting from the duplication of the mother and the daughter centriole during the S phase) to
detach from the cell cortex and move to the spindle poles, which they help to organize and position
(Tucker et al., 1979). Cilia are then re-formed after re-entry of each daughter cell into the G phase,
when the BB is established by plasma membrane docking of the mother centriole (Anderson, 1972;
Ishikawa et al., 2005; Tanos et al., 2013). Some conditions, such as progression through G2 or
differentiation into an unciliated cell type, cause ciliary disassembly. However, the pathways

regulating cilium disassembly are less well characterized (reviewed by Wang and Dynlacht, 2018).



The main steps of centriole to basal body conversion, cilia elongation and resorption along

the cell cycle are schematized in fig. 5.
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Figure 5: Cilia and the cell cycle. Assembly and disassembly of primary cilia are tightly coordinated with the cell cycle
(from Pedersen et al., 2012).

1.2.2 The Transition Zone

The region comprised between the distal end of the basal body C-tubules and the beginning
of the axonemal central pair tubules is referred to as the transition zone (TZ), a ciliary subdomain
that plays a fundamental role in the compartmentalization of the cilium. The TZ operates as a gate
between the cell and the cilium and strictly controls inbound as well as outbound ciliary trafficking,
by selecting specific proteins for entry into the cilium and avoiding the entrance of others (reviewed
by Reiter et al., 2012; Jensens and Leroux, 2017).

The TZ architecture is characterized by the presence of microtubule-ciliary membrane
connectors, usually the Y-links, so called for their peculiar shape, and by the ciliary necklace, a
specialized membrane domain characterized by rows of membrane particles encircling the base of
the axoneme. In comparison to the basal body and the axoneme, the ultrastructure of the TZ may
present considerable variations in different species, and further additional components may occur

(Jana et al., 2018). Genetic interaction studies in C. elegans, along with the biochemical analysis of
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protein-protein interactions in mammalian systems, revealed the presence of three main TZ protein
modules, the MKS, NPHP and CEP290 modules. TZ modules are composed of soluble and
membrane-associated proteins which cooperate to the assembly and establishment of TZ gating
functions (fig. 6); each TZ module is composed of multiple proteins that can be co-purified and are
interdependent for their localization to the TZ (Chih et al., 2011; Garcia-Gonzalo et al., 2011; Sang
et al., 2011; Okazaki et al., 2020).
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Figure 6: The figure shows the protein modules present at the transition zone and their interactions. The ciliary
membrane is a specialized membrane domain, enriched in specific proteins (e.g. ARL13B) and lipid species (e.g.
PI(4)P) (from Gongalves and Pelletier, 2017).

Proteomic analysis of TZ isolated from the model organism C. reinhardtii identified most
of the components that had been previously described in other species (e.g., NPHP4 and CEP290)
and six proteins of the Endosomal Sorting Complexes Required for Transport (ESCRT), which
could function in membrane sealing during flagellar and TZ shedding (Diener et al., 2015). The role
of ESCRT proteins in ciliary membrane dynamics has been implicated also in the formation of

ciliary ectosomes (Diener et al., 2015; Long et al., 2015).
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The evolutionary conservation of the TZ proteins was analyzed in a subsequent study by
Dean et al. (2016) on Trypanosoma TZ proteome; these authors established that 34% and 36% of
TZ proteins have human or Chlamydomonas orthologs, respectively, and revealed that some of
these proteins play essential roles in flagellum biogenesis and motility.

Recently, the TZ has been shown to act also as a lipid gate, in maintaining a definite ciliary

membrane phosphoinositide (PI) composition (fig. 6; see also below).

1.2.3 The Axoneme

Eukaryotic cilia and flagella are essentially divided into two groups, motile or not motile,

that are characterized by distinct structural organization (fig. 7).
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Figure 7: The axonemal 9+2 and 9+0 architectural patterns. Compared with the ‘9+2’ organization, the ‘9+0’ axoneme
lacks the central pair as well as all the accessory structures required for motility, like the dynein arms and the radial
spokes (from Nakayama and Katoh, 2020).

Motile cilia are most commonly characterized by the so-called “9+2” axoneme, consisting
of 9 microtubular doublets (MTDs) that surround two central pair (CP) singlet microtubules; each
doublet consists of one complete microtubule (the A-tubule) and an incomplete one (the B-tubule).
In addition to the presence of the CP, motile cilia and flagella also exhibit a series of structural
components which are all involved in motility; these are the outer and inner dynein arms (ODAs,
IDAs), the associated nexin links (or dynein-regulatory complex), and the radial spokes (RS), all

located on the A-tubule, as well as projections on the two CP tubules. The whole set of projections
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is present along most of the axoneme, being missing only in its most distal region, where only the
A-tubules occur (fig. 8).

Motility is thought to be induced by a signal transduction pathway that originates from the
CP and is transmitted by the RS to IDAs, with ODAs being only a sort of accelerator, not essential
for the determination of bending waveform. In fact, mutants lacking the RS or the CP are all
paralyzed under physiological stimuli for beating conditions, and many IDAs mutants have
abnormal beating, or are unable to beat (reviewed by Kamiya, 2002), while mutants missing ODAs
swim slowly and with a reduced frequency, but show an almost normal flagellar waveform (Oda et
al., 2013).

The tubulin of the outer doublets is usually subjected to various post-translational
modifications, including acetylation, polyglutamylation, and polyglycylation, which are known to
be important for the assembly, stability and motility of cilia (Orback and Howard, 2019).

Non-motile cilia typically lack any structural component related to motility, including the
CP, and hence exhibit a “9+0” axonemal pattern. These organelles are also called “primary cilia”, a
term first coined by Sorokin (1968) in his studies on ciliogenesis during pulmonary development.

Primary cilia are essentially sensory organelles, which act as signaling centers for various
pathways, including Hedgehog, Notch, Wnt, and growth factor signaling (Falk et al., 2015).
Modified primary cilia are present in peculiar and highly specialized postmitotic cells; these
include, e.g., the connecting cilium of photoreceptors, which detects light, and olfactory cilia, which
detect odorants (reviewed by Berbari et al., 2009).

In their recent EM analysis, Kiesel et al. (2020) noticed that the “9+0” canonical
architecture of primary cilia is initially present at the proximal end of the organelle but, gradually,
microtubules migrate toward the center of the axoneme and between 2 and 5 um distal to the BB
most B-tubules terminate. Therefore, the distal three-quarters of the axoneme are composed of
singlets and the axoneme diameter reduces to about one half (Kiesel et al., 2020).

Although cilia had been historically classified as either motile or immotile sensory cilia,
several exceptions are known. In fact, many protists possess flagella that function in both motility
and sensory reception (reviewed by Fliegauf and Omran, 2006). Additionally, vertebrates have
partially motile 9+0 cilia paving the embryonic node, that retain a few dynein arms randomly
distributed along the doublets and are thus able to generate the fluid movement essential for left-
right body axis determination in developing embryos (Nonaka et al., 1998). Also, the mature
kinocilia occurring in the inner ear of mammals and fish are considered immotile, but have 9+2

structures (Flock and Duvall, 1965; reviewed by Dabdoub and Kelley, 2005).
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1.2.4 The Ciliary Tip

The ciliary tip is probably the most enigmatic flagellar district; yet, this compartment is the
site where several processes that are critical for cilia assembly and function occur.

Most cilia and flagella tend to narrow towards their distal end, presenting a slightly pointed
tip. This region is characterized by a progressive modification of the 9+2 or 9+0 axoneme pattern,
the peripheral microtubule doublets become singlets, due to the termination of the B-tubule, so that
the distal district contains only the A-tubules; all the different types of projections that are
associated with the A-tubules and the CP in 9+2 axonemes are missing at the ciliary tip.

The CP is usually observable until the end of the flagellum, and terminates in complex
capping structures, located between the CP and the membrane, that are still very poorly
characterised and may exhibit different structures in different cell types and animal species
(reviewed by Soares et al., 2019).

The ultrastructural characterization of the distal tip components has in fact encountered
several difficulties, so that, since the first observations carried out around 80s in the two protists
Chlamydomonas and Tetrahymena, no further accurate study has been reported and our knowledge
on this ciliary district has not been significatively improved.

The first electron microscopy images of the most distal region of Chlamydomonas flagella
were reported by Ringo (1967) in a detailed study of thin sections of resin-embedded samples. The
author reported the presence of an electrondense “tip sheet” intercalated between the two CP
tubules, as well as of components located between the CP and the tip membrane (figure 8);
however, these observations could not allow to clearly understand the structural organization of the
latter components. These could be more clearly visualized some years later by negative staining of
demembranated Chlamydomonas flagella (Dentler and Rosenbaum, 1977), and of Tetrahymena
cilia (Dentler, 1980). This methodological approach allowed the observation of the whole distal
domain components. The two protist species exhibit quite similar structures associated with the
distal CP tip, which were described by Dentler (1980) as composed of two plates oriented
perpendicularly to the microtubule longitudinal axis, and of an overlying spherical bead about 50
nm in diameter; thin links connect the two plates and other links anchor the bead to the membrane
(fig. 9). Also, the A-tubules of the outer doublets of the axoneme terminate in a pair of filaments,
known as distal filaments, emerging from a plug-like structure that is inserted into the lumen of the

A-tubule (fig. 9).
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Figure 8: Chlamydomonas flagellar tip ultrastructure. For images like the one shown in the top panel (left side) cells
were prepared by freeze-drying and shadowed with platinum-carbon. The bottom panel shows a thin section from a
resin-embedded sample, in which the peculiar organization of the flagellar tip is evident (modified from Ringo, 1967).

Figure 9: The capping structures occurring at the distal end of the CP microtubules (A) as schematized by Dentler
(1980); in B and C these are visualized after negative staining of demembranated Chlamydomonas flagella and
Tetrahymena cilia, respectively (modified from Dentler 1980, 1984).
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In other ciliary types, the distal structures have been observed only on sections of resin-
embedded samples, an approach that cannot provide a good resolution of the tip components;
essentially, some ciliary types from different organisms exhibit an amorphous electron-dense

material that encloses the distal ends of doublet and central microtubules (schematized in fig. 10).
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Figure 10: Schematic representation of known ciliary tip structures (from Soares et al., 2019).

In mammalian epithelial cilia, as those of oviduct and respiratory epithelia, the CP
amorphous cap is connected to a structure -the ciliary crown- constituted by a cluster of fibrils
emanating from the ciliary membrane at the very tip of the organelle (Dirksen and Satir, 1972;
Cordier, 1975; Jeffery and Reid, 1975). Similar structures occur in the cilia of other vertebrates and
invertebrates (reviewed by Soares et al., 2019). Interestingly, it was observed that the cilia crown
was absent from the mouse developing oviduct cilia, appearing only when their growth is complete
(Dirksen and Satir, 1972; Kuhn and Engleman, 1978). These findings may imply that the tip
structure modifies along ciliary maturation, and not only among mature cilia form different
organisms.

Primary cilia distal tips seem to lack cap structures or even any electron-dense material
(reviewed by Pedersen et al., 2012; Sun et al., 2019; Kiesel et al., 2020). In primary cilia of cultured
cells, the 9+0 architecture is restricted to the proximal ciliary segment, then is gradually replaced by
an unordered bundle of microtubules decreasing in number towards the tip, so that these cilia

progressively narrow to show only a few singlet microtubules at their distal tip (Kiesel et al., 2020).
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As to the function of CP capping components, it was proposed that they might be involved
in regulating the assembly of CP microtubules, or in providing further reinforcement to the
axoneme during flagellar beating (Dentler and LeCluyse, 1982).

Compared to other ciliary domains, very little is known about the molecular composition
of the tip. This limited knowledge is probably to be ascribed to the lability of these structures that
makes their purification and biochemical characterization difficult (Dentler and Rosenbaum, 1977;
Miller et al., 1990; reviewed by Fisch and Dupuis-Williams, 2011).

Proteins that have been assigned to the tip district have been all localized here by
immunofluorescence microscopy and have not been related to any defined structural component.
The first protein related to the tip was a Tetrahymena protein of 97 kDa, detected with
autoantibodies of patients with CREST (Calcinosis/Raynaud’s phenomenon/Esophageal
dysmotility/Sclerodactyly/Telangiectasis), used as kinetochore markers (Miller et al., 1990); these
first results suggested the hypothesis that caps and kinetochores might have similar regulatory
mechanisms for microtubule polymerization/depolymerization. However, the identity of the
Tetrahymena protein(s) recognized by these sera remains unknown.

A number of proteins resident at the ciliary tip have been identified and can be clustered in
distinct functional groups: 1) molecular chaperones, 2) regulators of microtubule dynamics at the
distal plus end, 3) kinesin proteins, 4) cap structural proteins (reviewed by Soares et al., 2019).

1. Molecular chaperones have been identified in the cilium compartment, some of which
accumulate at the tip; among these, Hsp70 (Heat shock 70 kDa protein) is present in
Chlamydomonas flagella (Bloch and Johnson, 1995), and TCP-1 (CCT) in Tetrahymena mature
cilia (Seixas et al., 2003, 2010). The evidence concerning CCT is in agreement with studies carried
out in sea urchin embryonic cells and rabbit tracheal cilia (Stephens and Lemieux, 1999). CCT is
involved in the correct folding a wide range of newly synthesized proteins including tubulin and
actin (Seixas et al., 2003). The occurrence of molecular chaperones at the flagellar tip supports the
hypothesis that the cap might be involved in axoneme assembly, and/or in protein quality control
during the turnover of ciliary proteins, including tubulin.

2. One class of proteins that play key role at the distal flagellar compartment is that of
microtubule plus-end tracking proteins (+TIPs), which accumulate at the growing end (+, plus end)
of microtubules to regulate their dynamics, and mediate interactions with other cellular components.
End-binding proteins (EBs) operate mainly as scaffolding proteins at the microtubule plus-end,
where they show a comet-like distribution and form a docking site for the association of other

+TIPs, thereby regulating local protein composition and microtubule dynamics.
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In Chlamydomonas, the EB1 orthologue (CrEB1) was found to localize to the tip of full-
length, growing and shortening flagella, and to the proximal part of basal bodies. At the flagellar
tip, CrEBI has been implicated in IFT turnaround, along with IFT172 (Pedersen et al., 2003).
Similarly, EB1 is also present at Giardia flagellar tips (Dawson et al., 2007). In metazoan, EB3
localizes at the tip of motile cilia (Schr@der et al., 2011; Larsen et al., 2013); it is also found in the
outer segment of isolated mouse photoreceptors, suggesting that it localizes to the tip of different
cilia types (Liu et al., 2007).

One of the main EB-interacting proteins is CEP104 (Centrosomal protein of 104 kDa). In
mammals, CEP104 is a multidomain protein with TOG and jelly-roll domains (Al-Jassar et al.,
2017; Yamazoe et al., 2020) that was identified as an EB-dependent microtubule plus-end-tracking
protein (+TIPs) (Rezabkova et al., 2016); CEP104 is crucial for the conversion of the mother
centriole to basal body (Satish-Tammana et al., 2013) and has been implicated in the initiation of
ciliary growth by interacting with and removing from the distal end of the mother centriole the
CP110-CEP97 complex, which prevents ciliary assembly (Jiang et al., 2012; Satish-Tammana et al.,
2013; Rezabkova et al., 2016; Al-Jassar et al., 2017). Once flagella are assembled, CEP104 moves
and localizes at the flagellar tip (Satish-Tammana et al., 2013). In Chlamydomonas, the orthologue
of CEP104 is FAP256, and its depletion results in structural abnormalities of the flagellar tip, due to
the absence of the singlet zone, with all the doublets and CP tubules ending together at the same
level, and the CP missing the usual terminal plates (Satish-Tammana et al., 2013). The tip of the
mutant strain appears blunt, more rounded, having lost the characteristic cone-shaped appearance
(Satish-Tammana et al., 2013).

Remarkably, also Tetrahymena FAP256/CEP104-KO cells present a similar phenotype,
with a reduction in the length of the distal segment due to the shortening of both the A-tubules and
the central pair regions (Louka et al., 2018). Thus, in both protists, the shortening of the CP region
is concomitant with the loss of the ciliary cap (Satish-Tammana et al., 2013; Breslow et al., 2018;
Kar et al., 2018; Louka et al., 2018).

Available data support the idea that FAP256/CEP104 1) positively control the A-tubule
length, and, when defective, induces the blunt tip phenotype of Chlamydomonas FAP256 mutants
and, ii) also acts as a platform for the assembly of the cap, probably through an interaction with EB
proteins.

3. Other tip-binding proteins that are likely to regulate microtubule dynamics at the distal
tip include kinesin-13, that causes a structural conformational change in the tubulin dimers
promoting their disassembly in an ATP dependent manner (Desai et al., 1999). In flagella of the

parasite protist Giardia intestinalis, kinesin-13 localizes with EB1 at the distal tip and a strain
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mutated in its coding gene shows a prominent increase in flagellar length (Miller et al., 1990). In
agreement, in Leishmania major, kinesin-13 overexpression induces flagellar shortening whereas its
knockdown yields long flagella (Blaineau et al., 2007). In Chlamydomonas, on the other hand,
kinesin-13 plays a role during flagellar regeneration and shortening but does not seem to be
involved in flagellar length control (Piao et al., 2009).

Another kinesin-like protein, KIF19 (KIF19A), a member of the kinesin-8 class, seems to
be involved in cilia length control; it possesses both a microtubule plus-end directed motility and a
microtubule depolymerizing activity that acts in a length-dependent mode (Gupta et al., 2006;
Varga et al., 2006). In the mouse, KIF19A localizes to ciliary tips and depolymerizes microtubules
from their plus ends, being a key regulator of motile cilia length (Niwa et al., 2012).

4. Until now, the only structural protein identified as a tip component is Sentan (Kubo et
al., 2008). As mentioned above, human respiratory and oviductal cilia have amorphous caps and a
ciliary crown. In these cilia, Sentan localizes exclusively between the ciliary membrane and the
peripheral singlet microtubules at the distal narrowed ciliary portion, suggesting that it is involved
in bridging singlets to the ciliary membrane. It is noteworthy that Sentan seems to be a specific
component of tracheal and oviductal motile cilia tips, since it is not detectable in kidney and RPE1
cells’ primary cilia, and it is not expressed in testis. Thus, the tip may also contain cell-type specific
proteins.

An interesting report by Satish Tammana et al. (2013), conducted on Chlamydomonas
flagella by using comparative, quantitative proteomics based on the fact that tip proteins will be
approximately twice as concentrated in half-length compared with full-length flagella, identified
some hypothetical tip proteins, including small GTP-ase proteins.

How proteins that show a very restricted tip localization, e.g. proteins like CEP104 that are
specifically associated only with singlets (the A-tubules or the CP tubules) recognize their
microtubule interaction site is not clear. It has been proposed that tubulin post-translational
modifications, that are differentially distributed among distinct microtubules (Kubo et al., 2008)
may provide specific binding sites within the axoneme. For example, glycylated tubulin isoforms
are excluded from mammalian ciliary tip (Dossou et al., 2007).

Molecular information on tip protein constituents is still extremely limited, and, in
particular, no information is available on proteins involved in the formation of the capping

structures.
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1.3 The IntraFlagellar Transport (IFT)

Cilia are composed by more than 600 proteins, the so called “ciliome” (Pazour et al., 2005;
Inglis et al., 2006; Ishikawa et al., 2012) and their turnover occurs at the plus, distal end of the
axoneme. These organelles lack the machinery required for protein synthesis, and a bidirectional
transport process known as the IntraFlagellar Transport (IFT) is required to provide flagellar
precursors and remove turnover products, thus ensuring assembly, disassembly and maintenance of
flagellar homeostasis (reviewed by Webb et al., 2020).

First discovered in the green alga Chlamydomonas reinhardtii (Kozminski et al., 1993,
1995) IFT is carried out by multi-megadalton polymers, termed IFT “trains”, which are moved
along the microtubule doublets, in the space between the axoneme and the flagellar membrane, by
the activity of two motor proteins, the anterograde (base to tip) kinesin-2 and the retrograde (tip to
base) dynein-1b (fig.11).

IFT trains act as platforms for cargo loading and transport. Initially named as “rafts”, they
were confirmed to be the vehicles of transport by correlative light and electron microscopy
(Kozminski et al., 1995). Each IFT train consists of multiple IFT particles, which in their turn are
formed by two multiprotein complexes, IFT-A and IFT-B, that arrange linearly to form structures
300-800 nm long (fig.11).

In vivo, IFT trains assemble at the flagellar base, near the transition fibers that connect the
BB to the membrane (Cole et al., 1998; Deane et al., 2001; Rogowski et al., 2013; Wood and
Rosenbaum 2014; reviewed by Wingfield et al., 2018). After this first stage of assembly, IFT trains
pass through the transition zone, a structural and functional filter operating as a gate or diffusion
barrier that keeps separated the cellular cytosol and the flagellar compartment (see above)
(reviewed by Nachury and Mick, 2019). Once they have reached the flagellar tip, the anterograde
trains are thought to dissociate and successively rearrange into retrograde trains (Pedersen et al.,
2006); at the same time, kinesin-2 is inactivated by an event of phosphorylation (Liang et al., 2014),
dynein-1b is activated and the cargoes are released (reviewed by Lechtreck, 2015) (fig. 11).

Studies of Chlamydomonas flagella by correlative microscopy techniques (the
combinatorial use of light fluorescence microscopy and electron microscopy) have shown that IFT
particles move along the B-tubules in the anterograde direction, whereas they move along the A-
tubules in the retrograde direction (Stepanek and Pigino, 2016; Vannuccini et al., 2016). Such a
direction-specific use of the two doublet microtubules is expected to avoid any collision between

trains traveling in opposite directions along MT doublets.
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Figure 11: Schematic drawing of the IntraFlagellar Transport Process; its main components and steps are shown, from
the initial docking at the BB, to the ciliary tip (anterograde trafficking) and vice-versa (retrograde trafficking) (modified
from Nakayama and Katoh, 2020).

This scenario may not be the rule, and some variations are known. In the trypanosome
flagellum, both anterograde and retrograde IFT transport takes place exclusively along two sets of
microtubule doublets (Bertiaux et al., 2018). In addition, a recent cryo-electron tomographic
analysis of mammalian primary cilia has shown that in the distal region of the axoneme, where the
B-tubules are no longer present, anterograde IFT trains can move also on the singlet A-tubules
(Kiesel et al., 2020).

Molecular size and complexity, along with the transient nature of the IFT machinery have
made the comprehension of IFT structural organization as well as of the mechanisms controlling
each step of the whole process a very demanding task. During last years a considerable information
has been accumulated on several IFT proteins, however, several important aspects of the IFT
process still remain unclear. We review in the next section the main molecular and structural data

currently available on IFT components.

1.3.1 Multiprotein complexes involved in the IntraFlagellar Transport: the IFT-A, IFT-B, and

BBSome complexes

Proteins participating in the assembly of IFT particles were first identified by comparing

the sedimentation behavior and -electrophoretic pattern of soluble flagellar extracts from
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Chlamydomonas wild-type and flal0 strains; the latter is a temperature-sensitive mutant carrying an
aminoacid substitution in the kinesin-2 FLA10 subunit (Piperno and Mead, 1997; Cole et al., 1998).

Subsequently, IFT particles were biochemically purified and analyzed in various
organisms, including C. elegans, zebrafish, and mammals, revealing a substantial level of
evolutionary conservation (reviewed by Taschner and Lorentzen, 2016; Table 1).

IFT particles purified from Chlamydomonas flagella have been shown to dissociate under
high ionic strength conditions, thus revealing the occurrence of two distinct multiprotein complexes,
named [FT-A and IFT-B (Cole et al., 1998). The IFT-B complex is composed of 16 subunits (Table
1) and is thought to mediate the anterograde trafficking driven by the kinesin-2 motor; in fact,
Chlamydomonas mutant strains defective in IFT-B subunits are no longer able to assemble flagella
(reviewed by Taschner and Lorentzen, 2016). Among the cargo proteins of the IFT-B complex, the
major one is the tubulin dimer, which is the building block of axonemal microtubules and is

therefore essential for ciliogenesis (Bhogaraju et al., 2014).

Alternative name in other organisms (if different)

Chlamydomonas Trypanosoma Caenarhabditis  Danio
Complex  General reinhardtii brucei elegans rerio Mammals
IFT-B
IFT-B1 IFT33 - - OSM-5 Polaris Polaris/Tg737
IFT81 - - - - -
IFT74 - - - - -
IFT70 FAP259 PIFTB2 DYF-1 Fleer  TTC30A/B
IFT56 DYF-13 PIFTC3 DYF-13 - TTC26
IFT52 BLD1 - O5M-5 - NGD5
IFT46 - - DYF-6 - -
IFT27 - - { Absent) - RabL4
IFT25 FAP232 - { Absent) - HS5PBE11
IFT22 EFAP9 - I[FTA-2 - RabL5
IFT-B2 IFT172 - - O5M-1 - S5LB
IFT80 - - CHE-2 - WDR56
IFT57 - - CHE-13 - Hippi
IFT54 FAPL16 - DYF-11 Elipsa Traf3IP1,/MIP-T3
IFT38 FAP22 PIFTAL DYF-3 Qilin  Cluapl
IFT20 - - - - -
IFT-A
Core IFT144 - - DYE-2 - WDR19
IFT140 - - CHE-11 - WDTC2
IFT122 FAPED - DAF-10 - WDE10
Noncore [IFT139 - - - - THMI1/TTC21B
IFT121 - PIFTD4 IFTA-1 - WDR35
IFT43 - - - - C140RF179

Table 1: Nomenclature of Chlamydomonas IFT subunits and their orthologues identified in other species (Taschner and
Lorentzen, 2016).
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The IFT-A complex is composed of 6 subunits plus the adaptor protein TULP3 (fig. 12);
it is believed to mediate retrograde trafficking driven by the dynein-1b complex (reviewed by
Ishikawa and Marshall, 2011; Sung and Leroux, 2013; He et al., 2017), although there is no
confirmed evidence for a direct interaction of IFT-A subunits with this motor.

Chlamydomonas IFT-A mutant strains are still able to assemble their flagella, though they
show a distinctive phenotype characterized by an enlarged tip caused by the accumulation of IFT
proteins (Piperno et al., 1998; lomini et al., 2009). In addition to its role in retrograde trafficking,
the IFT-A complex together with the adaptor TULP3 is also involved in the import of membrane
proteins across the ciliary gate (Mukhopadhyay et al., 2010; Hirano et al., 2017; Ye et al., 2018;
Han et al., 2019).
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Figure 12: Domain organization of Chlamydomonas IFT proteins (modified from Taschner et al., 2012).

Most IFT proteins contain well-known protein—protein interaction motifs, including
tetratricopeptide repeats (TPRs), WD-40 repeats, and coiled coils (Taschner et al., 2012); the
occurrence of these sequence motifs is consistent with their capability to form large

macromolecular complexes as well as to bind a variety of protein cargoes.
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Yeast two-hybrid analysis and bacterial coexpressions/pulldowns experiments have
clarified the specific protein-protein interactions occurring within the IFT-B and IFT-A complexes
(Lucker et al., 2005; Kobayashi et al., 2007; Follit et al., 2009; Wang et al., 2009; Fan et al., 2010;
Lucker et al., 2010; Bhogaraju et al., 2011; Zhao and Malicki, 2011; Howard et al., 2013; Swiderski
etal., 2014).

More recently, these data have been integrated by information obtained using a new-
developed visible-immunoprecipitation assay (VIP) (Katoh et al., 2015; Hirano et al., 2017; Takei
et al., 2018; Kobayashi et al., 2021; reviewed in Nakayama and Katoh, 2020). The whole set of
available data have allowed to design the overall architecture of the interactions occurring among
IFT proteins (fig.13).

The 16-subunit IFT-B complex has been shown in Chlamydomonas to consist of a salt-
stable subcomplex - the IFT-B1 core - which is based on substantial hydrophobic interactions and is
crucial for ciliogenesis, and of other peripheral subunits, arranged into the IFT-B2 subcomplex
(Taschner et al., 2014).

Several inter-subunit interactions have been mapped to specific protein domains of the
IFT-B1 core (Taschner et al., 2011, 2014). In particular, the two IFT74 and IFT81 subunits, which
are characterized by the presence of long alpha-helical domains able to form coiled coil structures,
organize into an heterodimer (Wachter et al., 2019); this event is a prerequisite for the successive
association of the IFT52/46 dimer and the IFT22 subunit (Taschner et al., 2014). IFT70 and IFT88,
two tetratricopeptide repeat (TPR)-containing superhelical proteins, wrap around a largely

unstructured, proline-rich region of IFT52 (Taschner et al., 2014) (fig. 13).
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Figure 13: IFT subunits, which form the IFT-A, IFT-B1, and IFT-B2 sub-complexes (modified from Webb et al.,
2020).
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The crystal structures of several IFT-B1 proteins are available, allowing a more detailed
knowledge of the IFT-B1 molecular organization (fig.14). Two sGTPases are part of this complex,
the atypical small GTPase IFT27, that forms a dimer with the IFT25 subunit (Bhogaraju et al.,
2011), and IFT22/RABLS. These sGTPases have been implicated not only in IFT trafficking in
cooperation with the other subunits of the IFT-B complex, but also in promoting the exit of
BBSome and associated cargoes from the cilium (IFT27; Liew et al., 2014) and in the recruitment
of the BBSome on the IFT trains at the ciliary base (IFT22; Xue et al., 2020).

Two organizational principles occur within the IFT-B1 sub-complex. First, the
heterodimeric coiled coil formed by IFT81/IFT74 (Wachter et al., 2019) scaffolds several domains
involved in cargo binding, including the calponin-homology domain of IFT81, mediating tubulin
binding (Bhogaraju et al., 2013a; Kubo et al., 2016); the Rab-like domains of IFT22 and IFT27 and
the jelly-roll fold of IFT25, involved in the BBSome pathway (Liew et al., 2014); and the
heterodimeric domains of IFT46 and IFT56 (implicated in axonemal dynein binding) (figg. 14, 15).

Second, IFT52 bridges multiple partners: its central region interacts with the
tetratricopeptide repeat proteins IFT70 and IFT88, while its C-terminal domain binds IFT46, and its
N-terminal GIFT domain associates with IFT-B2 (figg. 14, 15) (Taschner et al., 2014; 2016).

tubulin-binding
module

~

£

Figure 14: Schematic representation of IFT-B1 molecular organization; the precise positions of IFT27/25 and IFT52/46
on the C-terminal coiled-coil region of IFT81/74 are not known (from Taschner et al., 2014).

IFT2

The six “peripheral” IFT-B subunits form a second, stable protein complex, named IFT-
B2. in which the pairing of the two coiled coil proteins (IFT57/38) provides a central component
that directly interacts via the N-terminal calponin-homology domains with IFT172, IFT80, and
IFT54/20 (Katoh et al., 2015; Taschner et al., 2016) (figg. 13, 15). Within the IFT-B2 complex,
IFT172 is the more weakly attached subunit (Cole et al., 1998; Pedersen et al., 2005; Taschner et

al., 2016), suggesting that it might play a distinctive function.
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The interacting surface between IFT-B1 and IFT-B2 is provided by the contribution of
highly conserved residues occurring in the four subunits IFT88/IFT52 (on the IFT-B1 side) and the
IFT57/38 on the IFT-B2 side (fig. 15) (Taschner et al., 2016).

IFT-B
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Figure 15: Maps of the protein interactions occurring among the IFT-A, IFT-B and the BBSome complexes (from
Nakayama and Katoh, 2020).
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The position of ciliary cargo-binding sites within the IFT-B complex has been defined
only in very few cases. For instance, in Chlamydomonas IFT46 has been implicated in the specific
transport of outer dynein arms (ODAs) via its amino-terminal domain, which is not required for
IFT-B1 complex stability (Piperno et al., 1996; Qin et al., 2004; Taschner et al., 2014), while the
transport of IDA motor complexes appears to require IFT56 (Ishikawa et al., 2014). Tubulin
heterodimer - certainly the main IFT cargo that has to be transported for ciliary assembly - moves
anterogradely with IFT trains in both Chlamydomonas and C. elegans (Hao et al., 2011; Craft et al.,
2015) after its binding as a cargo to a module formed by the amino-terminal region of both IFT81
and IFT74, which contain, respectively, a calponin-homology (CH) domain, able to recognize
tubulin dimers through conserved surface-exposed basic residues, and a highly positively charged
amino terminus that strengthens dimer binding to the complex by forming electrostatic interactions
with the negatively charged carboxy-terminal tubulin tails (Bhogaraju et al., 2013). Deletion of the

amino-terminal region in either the IFT81 or the IFT74 subunit does not abolish ciliogenesis, but
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slows it down (Brown et al., 2015; Kubo et al., 2016). This observation suggests that IFT81/74 may
not be the only tubulin-binding site in the IFT complex. Recently, the CH domain of IFT54 has
been also shown to bind tubulin (Taschner et al., 2016).

Less information is available on the molecular organization and specific roles of IFT-A
subunits. Interestingly, four IFT-A subunits (IFT144, 140, 122, and 121) exhibit the same structural
organization of membrane coat proteins, consisting of an amino-terminal WD40 B-propellers and a
solenoid carboxy-terminal tail (reviewed by Taschner et al., 2012); on this basis, it has been
suggested that these IFT subunits might have evolved from a proto-coatomer protein (Jekely and
Arendt, 2006; van Dam et al., 2013). This observation is particularly remarkable in light of the close
apposition demonstrated for the IFT-A complex with the flagellar membrane (see below).

The IFT-A complex was shown to be important for the ciliary import of G-protein-
coupled receptors (GPCRs), mediated by the protein TULP3 (Mukhopadhyay et al., 2010, 2013), as
well as of the BBSome, which directly interact with the I[FT144 subunit in mammalian cells (Wei et
al., 2012). Accordingly, hypomorphic mutations in C. elegans IFT144/DYF-2 or BBS1, that disrupt
this interaction, result in BBSome exclusion from cilia and a defective return of IFT-B proteins
from the ciliary tip (Wei et al., 2012).

The third multiprotein complex involved in IFT is the above-mentioned BBSome, which
is comprised by eight proteins (fig. 15) (Nachury et al., 2007; Loktev et al., 2008; Jin et al., 2010;
Katoh et al., 2015) and move bidirectionally along axonemal microtubules in association with [FT
particles (Ou et al., 2005; Lechtreck et al., 2009; Wei et al., 2012; Williams et al., 2014; Xue et al.,
2020). Early studies suggested that this complex is required for the import of ciliary membrane
proteins (Mykytyn et al., 2004; Su et al., 2014), but more recent studies have shown that it
partecipates also in the export of ciliary membrane proteins, e.g. GPCRs, to the cytoplasm, by
linking them to IFT particles (Eguether et al., 2014; Liew et al., 2014; Klink et al., 2017; Liu and
Lechtreck, 2018; Wingfield et al., 2018; Ye et al., 2018; Nozaki et al., 2018, 2019).

The role of BBSome in membrane protein trafficking is also demonstrated by the
phenotype of Chlamydomonas mutants that are defective in one of the BBS subunits; these mutant
strains are in fact still able to assemble full-length motile flagella but have lost phototaxis and show
an abnormal amount of several signaling proteins (Lechtreck et al., 2009). On this basis, the
BBSome is generally considered to be a sort of adaptor for the transport of membrane proteins,
However, further evidences have suggested that in C. elegans it is also required for the integrity of
IFT particles, linking together IFT-A and IFT-B complexes (Ou et al., 2005), in the assembly of the
IFT machinery at the ciliary base (Blacque et al., 2004), in IFT turnaround at the ciliary tip (Wei et

27



al., 2012), and in the negative regulation of the shedding of ciliary extracellular vesicles (Akella et

al., 2020).

1.3.2 Molecular motors of IFT

The main IFT anterograde motor, the heterotrimeric kinesin-2, was first purified as a novel
plus end-directed microtubule motor required for the assembly of cilia in sea urchin embryos
(Morris and Scholey, 1997; Cole et al., 1998). Mutations in one of the ortholog motor subunits were
shown to cause a cessation of IFT in Chlamydomonas flagella (Walther et al., 1994; Kozminski et
al., 1995; Cole et al., 1998). The molecular architecture of kinesin-2 comprises two distinct motor
subunits, KIF3A and KIF3B, and a non-motor accessory protein (KAP) that may serve as a cargo
adaptor (Wedaman et al., 1996); in Chlamydomonas, these subunits are called respectively FLAS,
FLAT10, and FLA3, according to the name of the previously isolated mutant strains (Walther et al.,
1994; Kozminski et al., 1995; Cole et al., 1998). The two motor subunits share the classic kinesin
organization, with an N-terminal motor domain, coiled coil segments mediating heterodimerization,
and a putatively disordered C-tail (fig. 16). The KAP/FLA3 subunit contains armadillo repeats and
is dispensable for kinesin-2 motility in vitro but strictly required in vivo (Mueller et al., 2005);
recently, it has been shown to help in relieving the motor from autoinhibition (Sonar et al., 2020).

The heterotrimeric kinesin-2 may not be the only IFT anterograde motor in other
organisms. In fact, in C. elegans sensory cilia, it only drives IFT trains through the TZ and along
the doublet microtubules of the proximal/middle segment of the axoneme (reviewed by Scholey,
2013; Prevo et al., 2015), while a second kinesin-2, the homodimeric OSM-3, is implicated in IFT
transport along the singlet A-tubules of the distal segment (reviewed by Scholey, 2013; Prevo et al.,
2015).

During IFT turnaround at the distal ciliary tip, kinesin-2 detaches from the anterograde
train and is inhibited by folding of its tails onto the motor domain (Brunnbauer et al., 2010), to be
then recycled back to the cell body by diffusion (Chien et al., 2017). The regulatory mechanisms
that control the cyclic activation/inhibition of kinesin-2 are not yet completely clear, but are likely
to involve multiple phosphorylation events; in fact, residues in the tail region of mammalian KIF3A
and KIF3B are phosphorylated by the kinases ICK, PKA and CaMKII (fig. 16) (Chaya et al., 2014;
Ichinose et al., 2015; Oh et al., 2019).
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Figure 16: (A) Domain organization of human heterotrimeric kinesin-2, KIF3. Major phosphorylation sites in the
human subunits are reported (putative sites in parenthesis). (B) Schematic drawing of KIF3 and its interaction with
complex IFT-B (modified from Webb et al., 2020).
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In Chlamydomonas, the calcium-dependent protein kinase CDPK-1 phosphorylates the
conserved S663 residue on the motor subunit FLAS; phosphorylated FLA8 is no longer able to
interact with the IFT-B complex, thus blocking IFT entry at the flagellar base and inducing IFT-B
unloading at the flagellar tip (Liang et al., 2014). Therefore, FLA8 phosphorylation acts as a

molecular switch to control IFT entry and turnaround (fig. 17).
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Figure 17: Model of IFT, showing the regulation by FLAS8/KIF3B phosphorylation. At the ciliary base, the
phosphorylation state of FLAS is controlled by CrCDPK-1 and an unknown (till now) phosphatase (Liang et al., 2014).

Insights into the binding site of kinesin-2 to the IFT particles has been obtained using a

visible immunoprecipitation (VIP) assay (Funabashi et al., 2018). The results indicated that kinesin-
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2 interacts with the four-protein complex (IFT88/52/57/38) which provides the interface between
IFT-B1 and IFT-B2, and that the tail of KIF3B is important for this interaction.

The retrograde motor, dynein-1b (also known as dynein-2), was first identified as a
cytoplasmic dynein that is upregulated prior to ciliogenesis in sea urchin embryos (Gibbons et al.,
1994) and was subsequently shown to be required for retrograde IFT in Chlamydomonas and C.
elegans (Pazour et al., 1998; Porter et al., 1999; Signor et al., 1999). It consists of a large complex
formed in mammals by at least 8 different proteins and built around two different >4000 aminoacid
heavy chains, the N-terminal regions of which are involved in dimerization and binding of the
associated intermediate and light subunits, while the C-terminal ring-shaped AAA regions contain

the motor domains (reviewed by Hou and Witman, 2015) (fig.18).
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Figure 18: Human dynein-1b ultrastructural analysis. a. Negative staining class averages of the dynein-1b with the
corresponding cartoon. b-c. Overview of the dynein-1b subunits (c) and their stoichiometry in the structure (b), colored
according to the code in the upper left. The two copies of DHC2 are colored in different shades of blue for distinction.
ND: N-terminal domain (modified from Toropova et al., 2019).

A quite detailed information is currently available on the structure that dynein-1b assumes
when associated with the anterograde IFT trains (Toropova et al., 2019). This motor is transported
anterogradely as a cargo in its autoinhibited form (Toropova et al., 2017), before becoming active at
the tip for retrograde transport. In the inactive autoinhibited state, the two motor domains are
stacked against each other, with their stalks pointing away from the microtubule surface; this
conformation, which inhibits both the ATPase activity and motility, facilitates the transport of
dynein-1b, being strictly tailored to the repeat of the IFT-B polymer (fig. 19).

Dynein-1b has been shown to bind to the IFT-B complex, but the precise molecular
interactions involved are not completely clear. An intact IFT172 subunit is required for turnaround
in both Chlamydomonas flagella and Tetrahymena cilia (Pedersen et al., 2005; Tsao and Gorovsky,
2008); Interestingly, Chlamydomonas dynein-1b heavy chain immunoprecipitated with IFT172
migrates differently by SDS-PAGE compared to that from crude extract, suggesting that it could be
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differentially modified (Pedersen et al., 2005). In Trypanosoma, also the IFT27/IFT25 dimer is
essential for retrograde cargo transport (Huet et al., 2014, 2019).

Dynein-2 Tip

y_—|FT-B train
- Kinesin-lI
Microtubule

Figure 19: Dynein-1b structure matches the periodicity of the IFT anterograde train. Cartoon of the model of
inactivated dynein-1b as a cargo of the anterograde IFT train (1). Each dynein-1b molecule recognizes the IFT-B
periodicity in the train, spanning out every 7-8 repeats (2). Binding of one dynein-1b complex to the train creates extra
binding surface for the next (3), enabling cooperative loading of dynein-1b along the train, before the assembly is
completed and the train is imported into the cilium by kinesin-2 (4). (modified from Toropova et al., 2019).

Recently, new data have suggested an important role for the IFT54 subunit in both kinesin-
2 and dynein-1b binding (Zhu et al., 2020). While it seems likely that its interaction with kinesin-2
has a stabilizing effect and reinforces the association of the anterograde motor with the IFT-B1/IFT-
B2 connecting tetramer, the direct interaction of IFT54 with the dynein DIbLIC subunit occurs
through a short aminoacid sequence, the deletion of which impairs the association of autoinhibited
dynein-1b with the anterograde train and thus its transport to the ciliary tip.

It is thus likely that dynein-1b interacts with multiple IFT-B subunits. Indeed, cryo-ET data
have revealed how dynein-1b binds to IFT-B complex within the anterograde train spanning seven

to eight IFT-B repeats (Jordan et al., 2018; Toropova et al., 2019).
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1.3.3 Architecture of IFT trains

Since the first electron microscopy observations carried out in Chlamydomonas flagella,
IFT trains have been shown to exhibit distinct structural features on the basis of which two
categories of trains were initially identified, that is, the less compact, more electron-transparent
‘long’ trains (mean length of ~700 nm, 40 nm repeat), and the thicker, more electron-opaque ‘short’
trains (mean length of ~250 nm, 16 nm repeat) (Pigino et al., 2009). On the basis of their different
morphologies, the two classes of trains were suggested to play different functions. Given that long
trains are the only category of IFT trains detected in flal4 cells, where the function of the retrograde
motor dynein-1b is impaired but anterograde transport is normal (Pazour et al., 1998), these trains
were initially considered to be responsible for the anterograde trafficking, and the short trains had
been suggested to be the retrograde ones (Pigino et al., 2009).

Later, the analysis of the distribution of the two categories of IFT trains during
regeneration and resorption of Chlamydomonas flagella has revealed that the long trains are mainly
formed during the early stages of flagellar assembly, while short trains are almost the only one type
found in full-length flagella, suggesting that they are responsible for both anterograde and
retrograde transport; also, electron tomography revealed the occurrence of two subtypes of short
trains, each one with its own architecture (Vannuccini et al., 2016). This suggests that specific size
and ultrastructure constraints act during the assembly of each type of train and that the function of
each train is related to its specific ultrastructure.

The existence of two distinct types of short IFT trains, moving in opposite directions, was
confirmed by Stepanek and Pigino (2016) (fig. 20) by using a time-resolved correlative
fluorescence and three-dimensional electron microscopy approach (CLEM, Correlative Light
Electron Microscopy). They also showed that the two types of short trains move along different
microtubule tracks, the anterograde trains on the B-tubule and the retrograde ones on the A-tubule,
thus avoiding collision.

A detailed 3D model for Chlamydomonas anterograde trains was obtained by
cryoelectrontomographic analysis (Jordan et al., 2016), which confirmed them to be highly ordered
assemblies ~312 nm long and 50 nm wide, formed by three different polymer-like components
endowed with distinct periodicities, i.e., 6, 11 and 18 nm (fig. 21). Comparing the 3D models
obtained from wt and mutant strains lacking either IFT-A or dynein-1b, the authors could assign
IFT-A to the globular structures of the 11-nm repeat that are closely apposed to the membrane

(consistent with the role of this complex in membrane proteins transport), IFT-B to the underlying
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6-nm repeat structure, adjacent to the B-tubule surface, and the almost globular 18-nm repeat to

inactive dynein-1b (fig. 21).

anteragrade

refrogracda

Figure 20: Morphology of the anterograde and retrograde classes of IFT trains. On the left, cross sections (A, C) and,
on the right, longitudinal sections (B, D) of flat-embedded Chlamydomonas flagella. Trains are indicated by white
arrowheads. The anterograde trains appeared as compact electron-dense structures with clearly defined boundaries (B).
The structure of the retrograde trains appeared less condensed and less regular (C and D) (modified from Stephanek and
Pigino, 2016). Scalebar = 50 nm.

IFT-A is often absent from both ends of the train, where only IFT-B is present, extending
for ~9 nm. Thus, IFT-A may occur in substoichiometric amounts, while IFT-B represents the
structural core of the anterograde train, consistent with genetic evidence that IFT-B is critical for
IFT and cilium formation (Perkins et al., 1986; Cole et al., 1998; Pazour et al., 2000). IFT-B
connects to the B-tubule through an elongated bridge, presumably the kinesin-2 motor.

In the same organism, retrograde trains have been shown to consist of elongated particles
arranged to form a zig-zag pattern with a spacing of ~43 nm, associated with dynein-1b molecules
repeating every ~80-90nm (fig. 20); however, a detailed 3D model is not yet available for these

trains.

33



Dynain Dynain
mictor domain motor domain

Cwnain

tail domain

Figure 21: 3D model of the repeating units in the anterograde IFT train, obtained by Cryo-EM tomography.
Anterograde IFT trains are composed of three different types of repeating units, indicated by different colors and each
one endowed with its proper periodicity. Kinesin-2 is indicated by a pink broken line. Representative positions of a
microtubule doublet and the membrane are outlined in grey. View of the train structure from the membrane side
(looking towards the microtubule doublet) is on the right (modified from Jordan et al., 2018).

1.4 Ciliary Length Control

Once ciliogenesis takes place, cilia grow until they reach a predetermined canonical
length. The mechanisms controlling ciliary length are not well understood but involve a balance of
anterograde and retrograde traffic.

Also, the molecular pathways that sense length and regulate IFT injection in the flagellar
compartment are not known, but might be investigated by using genetics to select mutants that alter
the steady-state length.

In Chlamydomonas reinhardtii two genes have been identified that — when mutated - lead
to longer flagella; these genes encode a member of the cyclin-dependent kinase (CDK) protein
family, called LF2 (Tam et al., 2007), and a member of the mitogen-activated protein (MAP) kinase
family, called LF4 (Berman at al., 2003).

LF4 is the main candidate to regulate IFT injection, since the analysis of a null mutant of
the LF4 gene (which possesses twice longer than wild-type flagella) revealed that there is an
increment of both IFT recruitment at basal bodies and injection into flagella (Ludington et al.,
2013). LF2 is a cell cycle—related kinase that is required for LF4 phosphorylation. LF4 is likely to
be a constitutively active kinase that is regulated by LF2 (Wang et al., 2019). Mammalian cilia
show an apparently conserved genetic control of length (Omori et al., 2010; Ko et al., 2010).

Other studies have indirectly implied the glycogen synthase kinase 3 (GSK3p), and
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calcium-mediated signaling pathways in the control of ciliary length (Wilson and Lefebvre 2004;
Besschetnova et al., 2010). GSK3p might be the target of lithium, a flagellar length-increasing
compound, but this is still hypothetical (Wilson and Lefebvre, 2004).

All cells may lose their cilia by either resorption and/or deflagellation. Resorption is the
process by which the cilium is gradually disassembled, usually occurs before cell division and takes
place at the distal end of the organelle. Deflagellation instead consists of the shedding of flagella
that occurs at the distal end of the flagellar TZ in response to a wide range of stimuli (Blum, 1971;
Lewin and Lee, 1985 reviewed by Quarmby, 2004).

Experiments in cultured mammalian cells suggest that cilia disassemble in a biphasic
manner, with the first, major ‘wave’ occurring in the G1 phase shortly after mitogen stimulation of
quiescent cells and a second wave prior to mitosis (Tucker et al., 1979; Pugacheva et al., 2007).

These studies identified several key regulators of cilium disassembly: the scaffolding
protein HEF1 (also known as NEDD?9) and calcium—calmodulin activated Aurora A kinase, which
in turn phosphorylates and stimulates the histone deacetylase HDAC6, promoting the de-acetylation
of modified, stabilized tubulins within the axoneme (Pugacheva et al., 2007; Plotnikova et al.,
2012).

Cilium disassembly requires the destabilization and depolymerization of axonemal
microtubules, and two members of the Kinesin-13 family of depolymerizing kinesins, Kif2a and
Kif24, are involved in this process (Kobayashi et al., 2011; Kim et al., 2015; Miyamoto et al.,
2015).

Cilia can also be removed by severing mechanisms subsequent to the reception of a
number of stimuli. For example, in Chlamydomonas, the detachment of the axoneme from the basal
body is facilitated by the action of a microtubule-severing enzyme, katanin (Lohret et al., 1998;
Rasi et al., 2009). Chlamydomonas also loses its flagella in response to environmental or artificial
stresses, including acidification, heat and mechanical shearing (reviewed by Blum, 1971; Cheshire
and Keller, 1991). In addition to the mentioned stimuli the experiments conducted by Lohret et al.
(1998), and Sanders and Salisbury (1989, 1994), indicate that calcium too can activate the

deflagellation machinery.
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1.5 Ciliary Signaling and Ciliopathies

Since the first studies that correlated ciliary defects to the onset of diseases, it has become
widely accepted that vertebrate species use primary cilia to transduce a number of signaling
pathways (reviewed by Wheway et al., 2019). The mechanisms by which cilia participate in signal
transduction, however, are various and their specific details remain largely to be clarified.

At present, it is known that the primary cilium acts as an organelle with chemo- and
mechanosensory capabilities, that is able to transfer signaling information from the extracellular
environment to the inside of the cell to guarantee cell and tissue homeostasis.

The mechanosensory properties of the primary cilium regard its capability to sense
extracellular fluid flow or tissue deformation: bending of the cilium initiates downstream
mechanotransduction signaling cascades (McGlashan et al., 2006). Proteins like PC1, PC2, TRPV4,
and AC6, that are localized in the cilium, have been related to mechanotransduction (Nauli et al.,
2003; Kwon et al., 2010; Lee et al., 2015). The clearest example of such a role has been described
in kidney development and function, which are dependent on the capability of kidney epithelial cell
primary cilia to sense fluid flow through the developing nephrons and collecting ducts (Praetorius

and Spring, 2003).

As to the chemosensory role of cilia, the most studied and representative example is the
Hh signaling pathway that participates in the developmental patterning of many vertebrate tissues,
(schematized in fig. 22); several other signaling pathways involve the primary cilium, e.g. GPCR

signaling and Wnt signaling (reviewed by Anvarian et al., 2019).
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Figure 22: The mammalian Hh signaling pathway. (a) In the absence of the Hh ligand all of the events reported in the
figure ensure silencing of the Hh pathway. (b) The Hh ligand binds to its receptor Ptchl and co-receptors Boc/Cdon,
activating the Hh pathway and the transcription of the target genes in the nucleus (from Nozawa et al., 2013).
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Coherently into the nearly ubiquitous presence of cilia across tissues, and their crucial role
in organogenesis and maintenance, it is not surprising that alterations in ciliary organization and/or
function, consequent to genetic disorders, result in severe and invalidant diseases known as
‘ciliopathies’ (Brown and Witman, 2014). These are complex, inherited disorders that can affect
almost any organ (fig. 23) (reviewed by Waters and Beales, 2011; Brown and Witman, 2014;
reviewed by Powles-Glover, 2014; reviewed by Mitchinson and Valente, 2017), and manifest in a
spectrum of hallmark phenotypes with variable penetrance and expressivity (reviewed by Tobin and
Beales, 2009; reviewed by Reiter and Leroux, 2017). Although individually rare, there are 100
suspected or established cilia-related clinical synopses reported in the Online Mendelian Inheritance
in Man database (https://omim.org/) with a collective incidence of 1:1000, which is comparable to
the incidence of Down syndrome (reviewed by Davis and Katsanis, 2012).

Ciliopathies are usually classified into sensory (or primary) and motor ciliopathy
syndromes. However, a wide range of genetic and phenotypic overlap exists between sensory and
motor ciliopathy, with relevant genetic heterogeneity.

The first motor ciliopathy described in literature is Primary Cilia Dyskinesia (PCD)
(Afzelius, 1976; reviewed by Ferkol and Leigh, 2012). PCD is a genetically heterogeneous disorder
of motile cilia, caused by mutations of genes (mutations in at least 37 separate loci have been linked
to the syndrome) affecting dynein motor structure or assembly, or other components of the ciliary
axoneme (reviewed by Ferkol and Leigh, 2012; reviewed by Knowles et al., 2016; reviewed by
Mitchinson and Valente, 2017). PCD is associated with chronic upper and lower respiratory tract
disease, infertility, and organ laterality defects (usually situs inversus) in about 50% of cases
(Werner et al., 2015; reviewed by Knowles et al., 2016).

Sensory ciliopathies extend beyond defects in interpreting environmental cues and
comprise a spectrum of highly heterogeneous disorders (reviewed by Mitchinson and Valente,
2017). These were first thought to be organ-specific, but it is now clear that sensory ciliopathies
involve many systems, with renal and liver disease often observed (reviewed by Tobin and Beales,
2009; reviewed by Ferkol and Leigh, 2012; reviewed by Powles-Glover, 2014). Among sensory
ciliopathies, PKD (Polycistic Kidney Disease) is the most common and potentially lethal inherited
human disease, caused mostly by mutations in the PKD1 and PKD2 genes, encoding polycystin-1
and -2, respectively (reviewed by Paul et al., 2014).

As whole-genome sequencing proceeds it is expected that new mutations associated with
ciliopathies will be recognized. Baker and Beales predicted in 2009 that more than 72 syndromes
were possible ciliopathies and, since then, some of their candidates have been confirmed to be

indeed linked to ciliary dysfunction.
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Figure 23: Defects in motile and/or non-motile cilia cause ciliopathies that can affect most human organ systems. The
figure shows also the main phenotypic manifestations of the disease in each organ. NPHP, nephronophthisis; PKD,
polycystic kidney disease (from Reiter and Leroux, 2017).

1.6 Chlamydomonas as a reference organism

The unicellular flagellated green alga Chlamydomonas reinhardtii is an excellent
laboratory species: it grows vegetatively as a haploid cell, which allows mutant phenotypes to be
expressed immediately, and, under optimal conditions, grows so quickly that its numbers can
double approximately every 8 hours (Harris, 2001).

Chlamydomonas - from the Greek: chlamys, cloak or mantle, and monas, solitary - is the
generic term used for a group of unicellular flagellates. Specifically, Chlamydomonas (sensu
stricto) is comprised of three species (Proschold et al., 2018). The majority of the contemporary C.
reinhardtii laboratory strains were derived from a single zygote isolated from a potato field in
Massachusetts in 1945 (Harris, 2001).

Structurally, Chlamydomonas has an oval-shaped cell body with a diameter of 5-10 pm.
The two anterior flagella, with a 9+2 microtubule axonemal architecture, are critical for swimming

in water, gliding on substrate and for mating processes (Harris, 2001). A single cup-shaped
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chloroplast occupies a large proportion of the cell’s volume. This organelle houses the
photosynthetic machinery and contains the pyrenoid, a structure in which Rubisco is concentrated.
Close to the cell equator, at the edge of the chloroplast, is the eyespot. This primordial
visual system allows the cells to orient their swimming toward or away from the light (phototaxis).
Under hyposmotic conditions, the cytoplasmic water content is maintained by pumping water out of
the cell through contractile vacuoles positioned at the cell’s anterior (Komsic-Buchmann et al.,
2014). Other features of the cell include a centrally located nucleus, a proteinaceous cell wall, Golgi

bodies within the cup-shaped region formed by the chloroplast, and mitochondria (fig. 24).
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Figure 24: Drawing of a C. reinhardtii vegetative cell, reporting the structure of the cell body and its major features
(from Sasso et al., 2018).

C. reinhardtii uses flagella to optimize light exposure during photosynthesis and for cell-
cell recognition during mating. Forming zygotes likely allows cells to survive when conditions
become austere (Harris, 2001; Goodenough et al., 2007). In the laboratory, vegetative growth
occurs two mating types (mt" and mt’), dividing by mitosis (Harris, 2001; Goodenough et al., 2007).
Gametogenesis can be induced by nitrogen starvation (Treier et al., 1989) in specific light
conditions; when nitrogen is added back to the medium, the zygotes germinate in the light, undergo
meiosis and typically release four haploid cells that resume vegetative growth (fig. 25) (Harris,

2001).
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Figure 25: Life cycle of Chlamydomonas reinhardtii (from Sasso et al., 2018).

Studies on C. reinhardtii have provided many important results in different fields of the
cell biology of flagella; we remind here, as significative examples, the discovery of IFT, and most
part of the current knowledge on axonemal composition and function, including dyneins and the
mechanisms of flagellar motility.

The benefits provided by Chlamydomonas as a model organism have been further
increased by the advent of genetic transformation (Boynton et al., 1988; Remacle et al., 2006), the
establishment of a full nuclear genome sequence (Merchant et al., 2007), the construction of a
genome-wide library of mapped, indexed insertional mutants (Li et al., 2016) and by CRISPR-
mediated targeted gene disruptions (Ferenczi et al., 2017). The nuclear and chloroplast genomes
have been sequenced and annotated and organelles proteomes of Chlamydomonas are accessible.

Based on genome sequences, proteins found in ciliates, including C. reinhardtii, were compiled in

40



the “Cilia Cut” list, consisting of 200 proteins (Li et al., 2004; Merchant et al., 2007). One major
challenge will be to associate each protein with a function in cilia biogenesis and control, which
will be aided by the availability of large mutant libraries (Li et al., 2016; Cheng et al., 2017), such

as those deposited in Chlamydomonas Resource Center (chlamycollection.org).
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2. Material and Methods

2.1 Chlamydomonas reinhardtii cultures

Chlamydomonas reinhardtii wild-type strain 137cc mt+, mutant strains Roc22, CC-5159
(ift74-1), CC-1919 (fla10), CC-1920 (flall) were propagated on 2% agar (Bacto-Agar, Difco)
plates prepared in Tris Acetate Phosphate (TAP) buffer (Gorman and Levine, 1965). Cells were
then inoculated into liquid TAP medium for all experiments. The growth medium was prepared,

with a final pH of 7.0, using the recipe schematized in the below summary table:

Solution Components Molarity
Tris Base (Trizma® base) NH>C(CH20H)3 2,00-102M
TAP-salts (Beijerinck salts) NH4Cl 7,00-103M
MgSO4-7H20 8,30-104M
CaClz-2H20 4,50-104M
Phosphate Buffer 11 K2HPO4 1,65-103M
KH2PO4 1,05-103M
Hutner's trace elements NaEDTA-2H20 1,34-104M
ZnS04 7H,0 1,36-104M
H3BO3 1,84-104M
MnCl-4H20 4,00-10-5M
CoCl2:6H20 1,23-10-5M
CuSO4-5H20 1,00-10-5M
(NH4)6MoO3 4,44-10-6 M
FeSO2-7H20 3,29-10-5M
Glacial acetic acid CH;COOH 1,74-102M

The liquid cultures were grown at 20-24°C, exposed at a cycle of 14 h of light and 10 h of
dark, under a constant 5% CO, aeration (except for the strain CC-5159, which was grown without
aeration).

For the temperature-sensitive strain flal/0 and flall, the growth took place in medium at
permissive temperature (22°C), then an aliquote of the culture was exposed to restrictive

temperature (32°C) for 1,5 h.
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2.2 Preparation of support film

® single slot

For all the experiments reported in this study we utilized either Formvar
(copper), or 75 mesh (nickel), or 300 mesh (copper and nickel) grids depending on sample and type
of TEM analyses. Carbon-plastic (Formvar®) support films were produced by making — from a 2%
Formvar® solution in 100% chloroform — a thin plastic film on the surface of a clean glass
microscope slide. This plastic film was then released from the glass slide scratching its edges with a
blade, and then leaving it to float on distilled water. Grids were then positioned individually onto
the floating plastic sheet, with the opaque side of the grid facing down. The Formvar® film with the
adhering grids was subsequently picked up using a piece of Parafilm.

Before use, 75 mesh and 300 mesh Formvar®-coated grids were carbon coated using a
vacuum coating apparatus (Balzers’ Union model MED 010). The thin carbon film made
sample absorption on the grid more uniform, and improved the quality of the successive negative
staining, providing an even background. Just before use, 300 mesh grids were treated with a
solution of poly-L-lysine (MW 150-300 kDa, Sigma-Aldrich) to further improve the adhesion
of biological material. The Formvar® carbon-coated grids were transferred for ~20 min on a
small droplet (40 pl) of a solution of poly-L-lysine at a concentration of 2mg/ml, and

subsequently washed 10x10 sec in HyOgyq.

2.3 Negative staining and Immunolabeling

Suspensions of living cells of Chlamydomonas, harvested as described before and having
full-length flagella, were centrifuged for 10 min at 900xg, in order to wash away the culture
medium containing debris but, also, phosphate salts, which interfere with the use of uranyl salts.
Pelleted cells were then resuspended in 10 mM HEPES, pH 7.4, at a final concentration of about
2x10° cells/ml.

Chlamydomonas cells were left to adhere for 5 min onto Formvar® carbon-coated grids
previously treated with poly-L-lysine (see above).

The experiments were then conducted using two inhibitors, W7 (A3281, Sigma-Aldrich)
which inhibits Ca**/calmodulin-dependent protein kinases, and the 1294 compound (provided by
Dr. Wesley Van Voorhis, Department of Medicine, University of Washington) which specifically
inhibits protozoan CDPKs (Lendner et al., 2015). Both inhibitors were used in the presence of
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adenylyl-imidodiphosphate (AMP-PNP), a nonhydrolyzable analogue of ATP, which stabilizes
the binding of kinesin to MTs.

Cells, absorbed onto the grid, were exposed — by simply inverting the grid onto a drop of
the inhibitor solution — to SuM W7 (for a time of 30 sec), or to 5 uM 1294 (for 2 min); both
inhibitors were dissolved in a solution of 10mM Hepes, 2mM MgSO4, pH 7.4 (HM buffer),
containing 2 mM AMP-PNP.

Grids were then transferred for 30 sec onto a droplet of HM buffer containing the nonionic
detergent Nonidet P-40 (NP-40 0,1%), 2 mM AMP-PNP and S5uM W7 or 1294.

After 8x10 sec washes in HM buffer and 2x10 sec washes in H2Ogq the grids were
negatively stained with 2% uranyl acetate w/v in aqueous solution for 30 sec. During this
exposure, the heavy metal-containing salt permeated the aqueous compartments surrounding the
molecular components of the axoneme.

Excess staining solution was removed by gently blotting the edges of the grids with a piece
of filter paper, then the grid was left to air-dry. The thin amorphous film of stain deposited on the
grid by this procedure generated the differential electron scattering between the relatively
electron-transparent biological material and the electron-opaque stain generating the negative
contrast (Harris, 1997).

For the immunolabeling experiments, cells absorbed onto the grids were demembranated
and washed as described above, then the grids were fixed for 30 min in 0,2% glutaraldehyde, 4%
paraformaldehyde (IEM grade, diluted in the same buffer); grids were then washed again in HM
buffer for 5 min and transferred in phosphate-buffered saline (PBS: NaCl 0,137 M; KCl 0,0027
M; Na;HPO4 0,01 M; KH2PO4 0,0018 M, pH 7.4) for 5 min.

In order to reduce aspecific signals, grids were sequentially incubated in glycine (0,1 M
glycine, in PBS) for 15 min, and in Bovine Serum Albumin (0,1% BSA, in PBS) for 30 min, then
washed again 2x5 min in PBS.

Primary antibodies utilized in this study:

- mouse monoclonal antibody specific for the IFT139 subunit of the IFT-A complex;
- rabbit polyclonal antibody specific for the IFT74 subunit of the IFT-B1 complex;
- mouse monoclonal antibody specific for the IFT81 subunit of the IFT-B1 complex;
- mouse monoclonal antibody, specific for the IFT172 subunit of the IFT-B2 complex;
- mouse monoclonal antibody, specific for the IFT57 subunit of the IFT-B2 complex.
All these antibodies were kindly gifted by Prof. Joel Rosenbaum, Yale University (USA).
Grids were incubated on a droplet of the antibody solution for 2 h; Antibodies were used

at a 1:1 dilution. After the incubation with the primary antibody, the grids were washed 6x5 min
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in PBS, and then incubated for 2 h with the gold-conjugated secondary antibody, i.e., an anti-
rabbit and an anti-mouse antibody, respectively (10 nm gold-conjugated anti-rabbit IgG, Sigma
G7402, and 10 nm gold-conjugated anti-mouse IgG, Sigma G7527). Secondary antibodies were
used at a dilution of 1:20.

Finally, the grids were washed 6x5 min in PBS and 6x2 min in H2O,4, then negatively

stained with 2% uranyl acetate w/v in aqueous solution for 30 sec.

2.4 Sample preparation and Epoxy Resin Infiltration of Flat-Embedded and of Centrifuged
Cells (Pellet)

When Chlamydomonas cells are pelleted and then processed for transmission electron
microscopy observations on thin sections, the flagella orient randomly and it is extremely laborious
to find longitudinal sections over a long stretch of a flagellum. To circumvent this problem,
Mitchell and Nakatsugawa (2004) set up an adequate and successful protocol: the flat-embedding.

The flat-embedding protocol allows to obtain C. reinhardtii samples displaying straight
flagella on a flat surface, in order to facilitate their longitudinal sectioning.

All the following steps of the protocol were performed on glass coverslips treated with
poly-L-lysine as regards the flat-embedding. Another set of experiments finalized to obtain cross
sections of flagella was performed using cells pelleted in 2 ml-tubes. Samples for flat embedding
and for pellet, were washed in HEPES 10 mM pH 7.4, fixed in glutaraldehyde solution 2,5% and
incubated for 30 min at 4°C. The fixation was followed by 3 rinses with HEPES 10 mM pH 7.4.
After that, osmium tetroxide at 1% in H,O44 was added followed by 30 min incubation at 4°C. After
lipid stabilization and contrast by osmium postfixation, the samples were washed 3 times with
H,044.

Successively, samples underwent through a serial dehydration steps, using a rising series
of ethanol and they were then infiltrated with epoxy resin mixture (Glycid ether 100 cat. n°21045;
2-Dodecenylsuccinic-acid anhydride cat. n°20755; Methylnadic anhydride cat. n°29452;2-4,6 tris
dimethyl-aminomethyl phenol cat. n°36975 by Serva Electrophoresis).

Resin on the coverslips carrying the sample was polymerized upside-down on a layer of
Aclar film taking care of making a small chamber between Aclar and the coverslip to prevent cell
squashing. The sample was set free from the glass coverslip, in order to correctly visualize the

area of interest, and make possible the ultrathin sectioning at the ultramicrotome. Glass coverslip
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could be removed from the embedded sample using two methods: an hydrofluoric acid bath or a
freeze-shock with liquid nitrogen. After exposure to hydrofluoric acid the samples were
processed by a second resin polymerization step for 24 h at 65°C.

As to the pelleted cells, the pellet was split in small pieces and each one was fixed,

dehydrated, resin embedded and polymerized for 48h at 65°C in silicone molds.

2.5 Sample preparation- LW-Resin infiltration of Centrifuged Cells (Pellet)

In the post embedding immunogold-labeling technique, the biological material was first
fixed, dehydrated, and embedded in acrylic resin able to preserve the antigenicity of the epitopes
and the antibody reactions were performed on sectioned material.

The resin used for this experiment was the London White Resin (LWR), which is an
acrylic, hydrophilic low viscosity embedding medium.

Chlamydomonas wild-type strain cells were centrifuged and resuspended in HEPES 10
Mm pH 7.4. The pellet was then fixed in HEPES 10 Mm pH 7.4 containing 0,2% glutaraldehyde
and 4% paraformaldehyde (IEM grade), for 60 min at 4°C. Samples were rinsed with two, 5 min
each, passages in HEPES 10 Mm pH 7.4, and finally washed twice in H2Ogq.

Sample dehydration was performed by a graded series of ethanol, up to 90%. Pellet was
infiltrated with LR Gold, it was then split up in smaller fragments which in turn were incubated in
gelatin capsules.

Acrylic resins, as LRW, polymerization is inhibited by the presence of reacting oxygen
species. To prevent this inconvenience, the capsules containing the pelleted fragments in resin
were bubbled with gaseous nitrogen, paying attention to keep residual air bubble as small as
possible by overfilling the capsule with gaseous nitrogen and LRW to convexity before closing
the polymerization capsule.

Polymerization was then carried out at 25°C under UV light for at least 48 h and the

capsule was removed by dissolving it in H>Oga.
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2.6 Ultramicrotomy

Sections ~60 nm thick for standard TEM and 280/400 nm thick for tomography were cut
from both pelleted and flat-embedded samples. Sections were obtained with a Diatome diamond
knife type ultra 45°, mounted on an Ultracut-E Reichert-Jung ultramicrotome.

Sections, floating on H2O44, were collected on formvar-coated single slot copper grids (or
75 mesh nickel grids for the post-embedding in LWR) and stained with 1% uranyl acetate in
water and lead citrate (Reynolds, 1963).

For tomography, successively, a colloidal nanogold (10 nm) solution was applied for 60

sec on both sides of the resin slices.

2.7 Post-embedding Immunolabeling of LW-Resin Embedding Samples

After ultrathin sectioning of the LWR sample, sections harvested on 75 mesh grids were
rehydrated by incubating them in PBS, saturated with BSA 3% in PBS for 2 hours and with
Glycine 20 mM in PBS for 20 minutes, with the aim of avoiding non-specific antibody interactions
with the sample.

After these steps, the grids were incubated overnight, at 4°C, with the primary antibody, a
mouse monoclonal antibody specific for the IFT139 subunit of the IFT-A complex, diluted 1:1.

The next morning, the excess of antibody was removed with a wash in a droplet of PBS-
Tween20 0,5% for 10 minutes, followed by 5 washes, 10 minutes each, in PBS.

Grids were then incubated in the secondary antibody (10 nm gold-conjugated anti-mouse
IgG, Sigma G7527) used at a dilution of 1:20, for 2 hours at room temperature.

Finally, the grids were washed 5x10 minutes in PBS and 6x2 minutes in H2Og4,, then

stained with Reynolds method (see above).

2.8 Electron Tomography

Sections were observed and imaged by a Philips CM200 electron transmission microscope

(TEM) fitted with a Field emission Electron Source and operating at an electron accelerating
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voltage of 200kV. Imaging was performed by a CCD TVIPS F224HD camera. Series of
tomographic images were collected using TVIPS EMMenu and EMTool software.

Serial samples projections were recorded every 1° of axis tilt rotation, from -60° to +60°
(assuming as 0° the initial position of the sample), at magnification 27500x. After a first series was
recorded, the grid was extracted by the microscope, rotated by 90° and a second tilt series was
recorded along the orthogonal tilting axis.

IMOD software (http://bio3d.colorado.edu/imod/index.html) was used for image stakes
alignment and tomograms assembly (Kremer et al., 1996). The signal-to-noise ratio was increased
with mad_eed_3d software (Frangakis and Hegerl, 2001) from IMOD software.

The complete models were edited using UCSF Chimera (Pettersen et al., 2004).

2.9 Transmission Electron Microscopy of Thin sections

Samples were imaged by a FEI Tecnai G2 Spirit transmission electron microscope
operating at an electron-accelerating voltage of 100 kV and fitted with a CCD camera 2K x 2K
Veleta EMSIS, and ITEM software.
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3. Results

3.1 The distal ciliary region is an ultrastructurally specialized district of the axoneme

Since the very first studies on Chlamydomonas flagella ultrastructure it appeared evident
that the distal region of these organelles exhibits peculiar morphological features that distinguish it
from the axonemal shaft (Ringo, 1967). These features, that later on were shown to be common also
to cilia and flagella from other organisms (reviewed by Soares et al., 2019), essentially consist in
the absence of the B-tubules and of all the components related to the genesis and control of motility,
that is, the inner and outer dynein arms, the radial spokes and the central pair projections.

The level where the B-tubules terminate varies among individual doublets, and also the
single A-tubules terminate one-by-one at random distances from the flagellar tip, while the two
microtubules of the central pair persist almost to the very end of the flagellum. Hence, in about the
last micron of its length, the flagellum decreases in diameter to form a blunt or slightly pointed tip.
Concomitantly, an electrondense stripe of amorphous material — referred to as the “tip sheet” by
Ringo (1967) - intercalates between the two central pair microtubules above the level where they
have lost their projections. Located in the same district as the tip sheet, other authors have reported
the occurrence of an helicoidal filament that surrounds the CP microtubules and is visible in
negatively stained, demembranated Chlamydomonas flagella (Dentler and Rosenbaum, 1977).
These observations have been recently confirmed and integrated by Lechtreck et al. (2013) in an
accurate study on the de novo CP assembly along Chlamydomonas flagellar regeneration, that
showed how the so-called tip sheet forms a sort of barrel-like element perpendicular to the CP
plane, peculiar of the steady-state flagella but absent during early assembly stages.

We decided to start our investigations on the relationships that IFT components might
establish with tip-specific structures during the conversion from the anterograde to the retrograde
phase from an analysis ex novo of the organization of the distal region in Chlamydomonas flagella;
the results we obtained on epoxy resin-flat-embedded flagella are reported in fig. 26. Here, the
transition from the structural organization that is typical of the axonemal shaft, to that
characterizing the distal tip region can be appreciated in longitudinal sections as a quite abrupt
disappearance of the radial spokes (indicates by asterisks in A and B) and, consequently, to a clearer
appearance of the flagellar matrix surrounding the CP. Sequential cross sections from proximal to
distal flagellar regions (panels from C to F) illustrate, progressively, the disappearance of the B-

tubules, the successive reduction in the number of the A-tubules, and, at the very distal flagellar tip,
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the ends of the two CP tubules embedded in a plate of electrondense material. The “tip sheet”
becomes progressively thicker towards the tip in longitudinal sections, and, in cross sections,
appears as a barrel-like component with enlarged, often T-shaped ends protruding on both sides of
the CP plane (white arrowheads). In both longitudinal and transversal sections, IFT trains can be
identified as electrondense material located between the membrane and the doublet surface (black
arrowheads). When found in the most distal flagellar region, IFT trains often seem to split into two
components at a level approximately corresponding to the CP terminal plates (white arrows); the
inner part of the train, originally adjacent to the doublet surface, appears to bend and contact the CP
terminal plates, while the outer part of the train remains associated with the membrane even at
levels above the plates (black arrowheads and black arrows in panel B, respectively).

These images suggested us the possibility that IFT trains, or at least part of them, could

directly interact with the terminal CP capping structures.
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Figure 26: TEM micrographs of ultrathin sections of Chlamydomonas flagella. In A-B, the tip sheet is indicated by
white squared bracket, while asterisk marks the end of radial spokes (RS) between the doublets and the CP. In C-F,
distinct cross sections show the architectural modifications that occur along the flagellar length, from the very distal tip
(F) down to the doublet region (C). White arrowheads indicate the electrondense tip sheet intercalated between the two
microtubules of the central pair (D-E); black arrowheads in C indicate an electrondense IFT train and, more distally,
IFT-like material that is located between the membrane and the A tubules (E) or remains associated with the membrane,
distally to the terminal tip of the A tubules (black arrows in F). IFT trains, clearly visible in the longitudinal sections
shown in A-B (black squared brackets), appear to split up in at least two components (black arrows, continuous with
flagellar membrane and black arrowheads contacting the terminal plate of the central complex). The terminal plate of
the CP is indicated by white arrows in A-B; at this level, cross section also shows links between the dense material
underlying the membrane and the compact terminus of the CP (F).
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3.2 Electron tomographic analysis of the flagellar tip

Electron tomographic procedures and 3D modeling protocols along with imaging analysis
have provided a significant improvement and opened new possibilities for our understanding of the
morphofunctional organization of cilia and flagella. Indeed, this approach has been employed for
the study of several ciliary components, including dynein arms (Nicastro et al., 2006; reviewed by
Ishikawa, 2013), radial spokes (reviewed by Ishikawa, 2013), the central pair projections and, more
recently, for a detailed 3D reconstruction of doublet microtubules (Pigino et al., 2012).

Notwithstanding, the ciliary tip has till now escaped any analysis by means of advanced
3D electromicroscopy and computational approaches; this difficulty is probably due to the high
complexity and structural variability that characterizes this district, thus impeding the subtomogram
averaging required for the production of high-resolution ultrastructural data and 3D modeling.

To overcome this problem, we decided to perform our tomographic analysis on single flat-
embedded flagellar tips. This methodological approach, that avoids any subtomogram averaging
step, necessarily leads to a lower resolution but, even so, it can provide useful insights into the
spatial relationships existing in situ between IFT trains and the CP capping structure.

The 3D model we obtained from one of such double tilt axis electron-tomographic
reconstructions from thick sections of a flat-embedded flagellar tip is shown in fig. 27. This
tomogram was selected among others for the occurrence of two IFT trains in proximity of the tip,
which are indicated in figure 27A by brackets. The train on the left is about 50 nm wide and
exhibits a highly compact organization; on this basis, it has been interpreted as an anterograde train
(Pigino et al., 2009; Stepanek and Pigino, 2016). On the contrary, the train on the right shows a
looser structure and the typical zig-zag pattern (the repeat of which is indicated in fig. 27A by dots)
of the retrograde trains. The image substack shown in fig. 27B corresponds to the whole thickness
of the flat-embedded section (see the substack shown in fig. 27C) and suggests that both the
anterograde and the retrograde train establish a direct interaction with the distal end of the CP

tubules.
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Figure 27: Tomogram of a flagellar tip of Chlamydomonas reinhardtii. In A is shown the presence of two IFT trains,
indicated by the square brackets. The IFT train on the right, has the distinctive zig-zag periodicity of the retrograde train
(dots). In B-C is shown the end of the tubule A (arrow) and the point of connection between the anterograde train and
the CP (arrowhead). In D-E, the anterograde train is in pink, the retrograde one is in light blue. The two central tubules
are in light yellow, the tip sheet is in gold yellow. Membrane and A tubules are, respectively, in white and in two
alternated grey nuances. Bars in A and C = 50 nm.

The 3D model obtained by tomogram segmentation is shown in fig. 27D-E. It provides
several information. First, the anterograde train, here depicted in different pink nuances, is
confirmed to split at a level approximately corresponding to the end of the A-tubule; the outer part
(light pink) of the train remains associated with the membrane and merge with the dense material
that is sparcely with the membrane at the very distal tip district, the innermost one (hot pink) moves
closer to the CP and contacts its distal end, while a third, intermediate mass (in plum) seems to
terminate before reaching the very distal flagellar tip.

Second, the most distal tip district, which is located beyond the termination of the CP
tubules and is expected to contain the CP capping structures described previously (Dentler and
Rosenbaum, 1977; Dentler, 1980), appears to comprise multiple elongated elements (in dark green)

(fig. 27); it i1s shown at a greater magnification and under different vantage points in fig. 28.
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Figure 28 Tomogram analysis in details: the very distal tip components at a higher magnification, from different
vantage points. A series of elongated elements (in dark green) appear to be closely associated with the ring (arrows); in
light sea green are similar elements that are located on the side of the retrograde train.

The small elongated units are arranged roughly parallel each other in a sort of ribbon
converging towards a central ring-like component (in red), that might correspond to the “sphere”
described by Dentler (1980).

Third, the ring-like component and the innermost part of the anterograde trains contact the
same restricted area above the distal end of the tip sheet, from which also the retrograde train
emerges.

These data suggest that the terminal surface of the tip sheet might act as a hub for many

components and might play a direct role in the anterograde to retrograde conversion.

3.3 Ultrastructure of the tip sheet

The electrontomographic results drew our interest towards the tip sheet, a till now
uncharacterized flagellar component.

To get a better visualization, we looked for a procedure that could allow to expose the tip
sheet completely. Among axonemal microtubules, the CP tubules are the most susceptible to
depolymerization treatments. So, we treated whole Chlamydomonas cells, absorbed onto carbon-
coated formvar grids, with a non-ionic detergent to remove both the membrane and the soluble
matrix, and then, we exposed the demembranated cells to a cold temperature treatment (4°C, 1 hr).

After the sample was negatively stained, this protocol allowed us to visualize isolated
ladder-like structures (LLS, from here on) that still maintain a continuity with the cap (terminal
plates and the ring) (fig. 29) and are therefore likely to correspond to the tip sheet. LLSs consist of a

central amorphous axis with thin lateral projections emerging on both sides; this morphology also
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relates the LLS to the helicoidal filament reported to wrap around the distal CP region (Dentler and
Rosenbaum, 1977). The latters are grouped in modules consisting each one of four projections;
within each module, the first projection is separated from the second one by 10 nm, the second from
the third one by 12 nm, and the third from the fourth by 16 nm (dots in fig. 29f). The number of
modules observed in each LLS may vary from 1 to 3 with an interspace of about 25 nm between

adjacent modules; hence we observed LLSs with an overall length up to 200 nm.

Figure 29: The ladder-like structure of the axonemal central pair microtubules. Negative staining samples of
demembranated flagella. In a-b the structure, indicated by square brackets, is located transversally to the A tubules,
enwrapping them. In c,d,e the LLS is well visible and isolated by cold treatment from the tubules, revealing an intimate
connection within this structure and the capping structures. In f is reported the periodicity of the projections of the LLS.

These data induce to consider the electrondense tip sheet, or LLS, as a true component of
the distal specialized region of Chlamydomonas axoneme, comprised of two distinct regions, i.e., a
central amorphous axis and two lateral series of regularly arranged projections. It is interesting to
note that the LLS seems to be continuous with the cap, since the proximal terminal plate — which
does not consist of a unique plate, but rather is divided into two separated parts — is linked by thin
filaments to the LLS, on one side, and to the ring, on the other side. Also, these observations
exclude that the ring, or bead, derives from the membrane and has a lipidic composition, as was

previously hypothesized (Dentler and Rosenbaum, 1977).
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3.4 Protein kinase and protein phosphatase inhibitors block the dissociation of IFT particles

and determine their accumulation on the CP capping structures

In order to confirm the interaction of IFT particles with the CP capping structures that had
been suggested us by both electronmicroscopy of flagella flat-embedded thin sections and
electrontomographic analysis, we first decided to check the effect that addition of protein kinase
inhibitors might exert on the release of IFT particles during membrane removal.

The current information on the turnaround process, in fact, suggest that the molecular
motor kinesin-2 dissociate from IFT particles at the ciliary tip as a consequence of a
phosphorylation event, that in Chlamydomonas is mediated by the calcium-dependent kinase
CDPK-1 and occurs on the S663 residue of the FLAS8 subunit (Liang et al., 2014). The release of
kinesin-2 from the anterograde train is thus an early event of the turnaround process, and its
inhibition is expected to result in the block of the turnaround path at the flagellar tip. In addition, a
putative protein phosphatase has been involved in the control of kinesin-2 dissociation from the
anterograde train (Liang et al., 2014).

We tested two kinase inhibitors - W7, a general inhibitor for Ca"*-dependent kinases, and
1294, a synthetic compound specific for apicomplexan CDPK-1 that has been developed as a
potential therapeutic drug (Johnson et al., 2012) — and a cocktail of protein phosphatase inhibitors.
In our experiments, we added the inhibitor to the cell suspension briefly before detergent treatment
for membrane removal; the grid-absorbed, demembranated cells were then processed for negative
staining.

Both kinase and phosphatase inhibitors induce the accumulation of particles which
maintain their association all around the cap also after detergent treatment (fig. 30). These piles
contain both elongated and globular particles which, for their size and shape, might be reminiscent,
respectively, of the IFT-B and the IFT-A complex (Jordan et al., 2018); sometimes, ring-like
particles, reminiscent of dynein, can also be observed (E). It is possible to distinguish some
elongated elements that insert directly onto the terminal plates (fig. 30D, arrowheads); also, the
association of particles may not be limited to the cap region only, but may occur as well laterally,

along the CP (square brackets in A-B) (fig.30).
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Figure 30: Effects of protein kinase and protein phosphatase inhibitors on IFT turnaround. Both inhibitors block IFT
turnaround and induce the accumulation of IFT particles around the tip and the LLS (square brackets). Arrowheads
indicate elongated elements and the arrows indicated other components associated with IFT.

These observations indicated us that the presence of calcium-dependent kinase or
phosphatase inhibitors does not allow IFT particles to undergo a complete dissociation, and,
furthermore, suggest that IFT particles establish a transient association with the distal CP structures

during their anterograde to retrograde conversion.

3.5 IFT subcomplexes differentially interact with the distal CP district

We then performed a series of immunoelectronmicroscopy (IEM) observations on grid-
absorbed demembranated cells, aimed at confirming that [FT components actually interact with the

tip of the CP complex. These experiments were carried out in the absence of kinase or phosphatase
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inhibitors, in order to avoid the piling of particles around the tip and to obtain a clearer visualization
of the tip structures. We used antibodies for subunits of the complexes IFT-A (IFT139), IFT-B1
(IFT74, IFT81), and IFT-B2 (IFT172, IFT57). The results we obtained are reported in figg. 31-35.
Through repeated immunolocalization experiments carried out on demembranated cells, we
were never able to observe any reactivity with the IFT139 antibody. This finding suggested us that
the IFT-A complex might be solubilized by the detergent along with the membrane, and thus may
be part of the membrane-associated material colored in light pink in fig. 27D. To get support to this
hypothesis, we immunolocalized the IFT139 subunit on thin sections of LW-embedded cells, which
still preserve the flagellar membrane. In these samples, IFT139 was found to localize close to the
membrane (fig.31). These observations are in agreement with the position of the IFT-A complex
indicated in the 3D model proposed by Jordan et al. (2018) as strictly apposed to the membrane and
support the possibility that this complex is indeed completely solubilized during membrane

removal.

100 nm

Figure 31: IEM carried out on LW-R embedded flagella. Cross sections showing the detection obtained with the
IFT139 antibody (IFT-A complex), strictly localized to the membrane. Red arrows indicate the gold particles (10 nm).

On the contrary, all the antibodies against IFT-B1 and IFT-B2 subunits reacted positively
with demembraneted flagella and marked the distal CP region. Interestingly, the IFT-B1 and IFT-

B2 antibodies showed distinct spatial distributions. IFT172 revealed the most confined localization
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(fig. 32), which approximately coincides with the length of the LLS. Gold particles were never
found more distally to the terminal plates.

The peculiar IFT172 localization is in line with the reported interaction occurring between
this subunit and EB1 (Pedersen et al., 2005), a plus-end microtubule binding protein with a comet-
like distribution (Pedersen et al., 2003). Among IFT proteins, IFT172 is the only subunit the
contains in its sequence the SxIP motif, known to identify proteins able to bind EB1 (Buey et al.,

2012).

Figure 32: TEM micrographs of the distal portion of the CP complex, after immunolabeling with the IFT172 antibody
and negative stain. Black arrowheads indicate the gold particles. Scalebar = 100 nm.

59



A similar gold particle localization was observed with the IFT57 antibody (fig. 33); in this
case, however, the labeling was found to be much lower. This subunit has a direct role in the
assembly of the subcomplex IFT-B2 (Jiang et al., 2017), and might be less accessible to the
antibody.

Figure 33: TEM micrographs of the distal portion of the CP complex, after immunolabeling with the IFT57 antibody
and negative stain. Black arrowheads indicate the gold particles. Scalebar = 100 nm.

While the reactivity of the two antibodies for the IFT-B2 complex was restricted to the
LLS-containing region of the CP, the antibodies for the IFT74 and IFT81 subunits of the [FT-B1
complex, on the contrary, were found to label mainly the cap structures (terminal plates and ring)
(figg. 34-35). The overlapping labeling distribution observed with these two antibodies is in
agreement with the involvement of the two IFT74 and IFT81 subunits in the formation of a

heterodimer (Lucker et al., 2005).
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Figure 34: TEM micrographs of the distal portion of the CP complex, after immunolabeling with the IFT74 antibody
and negative stain. Black arrowheads indicate the gold particles. Scalebar = 100 nm.

Figure 35: TEM micrographs of the distal portion of the CP complex, after immunolabeling with the IFT81 antibody
and negative stain. Black arrowheads indicate the gold particles. Scalebar = 100 nm.

Fig. 36 reports the position of all the gold particles we have observed with each one of the
four antibodies, thus allowing to directly compare the labeling distribution obtained with our
antibodies.

The whole set of immunoelectronmicroscopy experiments clearly indicates that IFT-B1
and IFT-B2 differentially interact with the CP, with the latter interacting only with the LLS-

containing CP region and the former also localized distally to the terminal plates, at the ring level.
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Figure 36: Schematic distribution of the gold particles localization observed in the IEM experiments.

3.6 Mutant flal1” flagella exhibit a reduced binding of IFT172 to the LLS region of the CP

Among the various IFT proteins, IFT172 exhibits a peculiar behavior, in that it is the most
loosely associated subunit within the IFT-B complex (Lucker et al., 2005). It has been implicated in
the turnaround process through the analysis of flal1”, a mutant strain that carries a single-point
mutation resulting in the replacement of a conserved leucine with proline at residue 1615 of the
IFT172 molecule (Pedersen et al., 2005). This mutant possesses a temperature sensitive phenotype,
since at the restrictive temperature (32°C) it accumulates IFT proteins at the flagellar tip, a feature
indicative of a defective turnaround.

Using the same immunolocalization protocol reported above, we analyzed IFT172 labeling
in the flal1” mutant, at both the permissive and the restrictive temperature, and compared it with
that observed in wild type flagella. Labeling was quantified by calculating average of gold particles
found per CP; the results are reported in fig. 37, and show a significant reduction of labeling at the
restrictive temperature of 32°C (about 50% respect to the wild type), and an intermediate decrease
at the permissive temperature of 22°C. These values fit well with the restrictive and permissive

phenotype described by Pedersen et al. (2005).
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Figure 37: Average number of gold particles/CP found for each CP in wild-type and in flal1® flagella at permissive
and restrictive temperature.

3.7 Is the IFT-B1 complex a main component of the cap?

The strong labeling observed with the IFT74 and IFT81 antibodies distally to the terminal
CP plate suggested us the possibility that the IFT-B1 complex might be a main component of the
cap.

We thus decided to compare our results with the 3D model of the IFT-B complex recently
proposed by Jordan et al. (2018). In the anterograde train, the IFT-B complex is arranged as a series
of parallel, elongated structural elements, that are associated on one side with the inactive dynein-
1b; close to the flagellar tip, dynein dissociates from the train (Jordan et al., 2018).

We first compared the IFT-B 3D model (EMD-4303) with our tomographic results,
overlapping each other. We noted that the part of the train (in plum and indicated by an arrow in fig.
38) that terminates before reaching the very distal tip region, is likely to correspond to dynein-1b.
This correspondence can also underly the abrupt end of this part of the train, since the activation of
dynein at the tip is expected to involve also its dissociation from the anterograde train (Jordan et al.,
2018; Toropova et al., 2019). As a consequence, the part of the anterograde train that contacts the
terminal plate/LLS region should consist of the IFT-B complex only. Along with the
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immunoelectronmicroscopy findings, this observation indicates that only IFT-B, and specifically

the IFT-B1 subcomplex, associates with, or is part of the CP capping structures.

Figure 38: A. The model EMD-4303 (Jordan et al.,2018), which includes both the B complex (IFT-B) and inactive
dynein (D), as indicated. B-C. Fitting of the Jordan’s model into the distal part of our tomographic reconstruction of the
anterograde train shown in fig. 27. B: view from the membrane; C: side view.

Searching for further support to this hypothesis, we compared the Jordan’s IFT-B 3D
model with our negatively stained images of the capping CP structures. The latters are characterized
by a highly variable conformation (see for example the three conformations shown in fig.39), as it
can be observed also in the original papers by Dentler and Rosenbaum (1977) and Dentler (1980);
such variability may be further increased by the possible occurrence of other flagellar components
that occasionally remain associated with the cap after detergent treatment (see for example the
arrow 1in fig. 39A).

In our negatively stained samples, the cap was shown to consist of thin elongated elements,
frequently with a sort of small knob at their mid region (arrowheads in fig. 39A-C).

We verified the possible fitting of the IFT-B 3D model (EMD-4303) deposited in the
EMDB, to the capping structures. The dynein domain was removed from the model; the latter was
then curved and torqued to adapt it to the underlying cap. Fig.39A’-B’ shows three examples of
how the elongated structure of the IFT-B model might fit with at least part of the cap structures,
raising the possibility that part of this complex is indeed part of the cap.
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Figure 39: Overlapping of the IFT-B model (EMD-4303) deposited in the EMDB, on the capping structures. The three
different cap conformations shown in this figure were selected since they were frequently observed, and might represent
sequential steps leading to the ring-shaped cap. The black arrowheads indicate thin elongated elements, the arrow
indicates accessory components associated with the cap. Scalebar = 50 nm.

3.8 Flagella of the mutant if¢t74-1 do not show any cap structures

The above reported results suggest that - if in Chlamydomonas flagella the IFT-B1
complex is indeed part of the cap - the appearance of the capping structures might be linked to the
presence of a functional IFT system.

To check this hypothesis, we analyzed the Chlamydomonas ift74-1 mutant, which
expresses a truncated [FT74 subunit, lacking 196 residues at the N-terminus (Brown et al., 2015).
This mutant can assemble only half-length flagella which do not exhibit the cone-shaped tip typical
of wild-type flagella, but are instead characterized by a flat tip (fig. 40). Longitudinal sections show
that in this mutant the CP exhibits the same length as the doublets, and that the membrane is closely
lining over the axoneme end, indicative of the absence of any capping structure. Interestingly, this
phenotype is similar to that exhibited by the mutant Roc22, an insertional null mutant for
FAP256/Cep104, a protein localized at the plus end of both the CP and the A tubules (Satish-
Tammana et al., 2013) and reported to interact with [FT74 (Al-Jassar et al., 2017, fig S2).
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Figure 40: TEM micrographs of resin-embedded flagella from the Chlamydomonas ift74-1 mutants (left and central
panels) and the wild-type (right panel).

These findings support the requirement of an intact IFT-B1 subcomplex for the assembly

of the capping structures and for a functional turnaround process.

3.9 IFT disruption leads to the disappearance of the ring component of the cap

We reasoned that — if the presence of the ring is indeed related to the establishment of an
efficient IFT system — then the interruption of IFT transport should lead to the disappearance of the
ring. We investigated this possibility using the Chlamydomonas flal0 temperature sensitive mutant,
that carries a point mutation at residue 329 of the FLA10 motor domain; in this strain IFT transport
undergoes a complete cycle at the permissive temperature of 21°C, but is interrupted at the
nonpermissive temperature of 32°C due to the block of anterograde transport (Kozminski et al.,
1995).

The results we obtained clearly reveal that flal0 flagella exhibit distinct phenotypes at the

permissive or restrictive temperature (fig. 41).
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SENTITIVE TEMPERATURE (60MIN)

Figure 41: TEM micrographs of flat-embedded fla/0 mutant flagella. The top panel shows the phenotype observed at
the permissive temperature (22°C), which is similar to that of the wt flagella; the bottom panel shows the flat tip
phenotype observed at the restrictive temperature (32°C).

At the permissive temperature of 22°C, the tip of flal0 flagella is almost the same as the
tip in wild-type flagella, with the typical pointed shape. After flal0 cells are incubated at the
restrictive temperature (32°C) for 1 hr, IFT cycling is interrupted and flagellar resorption is just
beginning. In such experimental conditions, flagella display a flat phenotype, indicative of the
absence of the ring structure and the terminal plates are still present at the end of the CP.

As a whole, our results indicate that the ring disappears both in the case the defect occurs
in proteins that are likely to be involved in the interaction between IFT and the CP distal segment
(IFT74 in the IFT-B2 subcomplex, and Cepl04 on the CP) and in the case the IFT process is

disrupted due to a defective kinesin-2 motor.
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3.10 The LLS and the cap ring are associated structures that assemble even in the absence of

the CP

Our data indicate a close structural and functional association between IFT-B, the LLS (or
tip sheet) and the capping structures located at the plus end of the CP complex. In order to verify if
the assembly of the CP complex is an indispensable requisite for the presence of both LLS and the
cap, we analyzed the Chlamydomonas pf18 mutant strain; these cells are unable to assemble the CP
complex, which is replaced by an amorphous central core (Lechtreck et al., 2013).

Surprisingly, we observed in the pfi8 flagella the presence of an ectopically assembled
ladder-like structure, associated with one of the A tubules (stripes in fig.42A); also, ring-like
arrangements could be evidenced at the tip of negatively stained demembranated flagella (arrows in

fig. 42B).

Figure 42: TEM micrographs of pf18 mutant flagella. In panel A, resin-embedded flagella show an ectopic LLS; in
panel B, demembranated and negatively stained flagella still show ring-like components (arrows).

To confirm that IFT components interact with (or are part of) the ring-like structure and the
ectopic LLS of pf18 flagella too, we performed an immunolocalization study with the IFT74
antibody, in order to compare flagella from this mutant strain with wild type cells; the results
clearly indicate that the LLS, when ectopically formed, and the ring-like structures which are

associated with the ectopic terminal plates are indeed labelled by the IFT74 antibody (fig. 43).
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Figure 43: TEM micrographs of pfI8 mutants. The IFT74 antibody labels the ring-like structures and the ectopic LLS,
which are indicated by the white arrows and the white double-ended arrow respectively. Scalebar = 50 nm.

These findings suggest that the conversion of anterograde into retrograde IFT transport can
occur in this 9+0 mutant strain in a manner similar to that of wild type flagella, through the
involvement of tubules other than those of the CP complex. Thus, the turnaround process is not

strictly dependent on the presence of the CP tubules.
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4. Discussion

As a trafficking process moving ciliary precursors and turnover products between the cell
body and the ciliary compartment, the IFT process is continuously cycling between two terminals,
the transition zone (TZ) at the ciliary base — which acts as a gate for the inbound/outbound transit of
the IFT trains - and the ciliary tip, where the anterograde-to-retrograde conversion of IFT trains
occurs. A considerable amount of information has been accumulated over the last years on the
structural organization and the molecular composition of the transition zone (reviewed by
Gongalves and Pelletier, 2017; Okazaki et al., 2020). On the contrary, very little structural and
molecular evidence is available on the ciliary tip and the mechanism of IFT turnaround, though the
present knowledge on the architecture of anterograde and retrograde IFT trains indicate that a
significant remodeling of IFT components must occur once the trains reach the flagellar tip.

The current model for IFT turnaround is based on the results obtained by Pedersen et al.
(2006) (see fig. 11). On the basis of biochemical analyses carried out on a variety of
Chlamydomonas mutants, these authors proposed that IFT remodeling at the tip involves both the
dissociation of IFT complexes A and B and the release of the associated motors, in a model for IFT
turnaround consisting of three steps, i) the dissociation of IFT-A and IFT-B complexes and the
release of inactive dynein-1b, ii) the binding of the IFT-A complex to active dynein-1b, and iii) the
reassociation of the IFT-A and IFT-B complexes to form the retrograde train. The turnaround point
was suggested to be localized distal to the B-tubule end. According to this model, the tip district is
expected to contain soluble IFT components (the two A and B complexes, and the two motors
kinesin-2 and dynein-1b), while they are mostly bound to each other along the flagellar shaft,
associated into the assembled anterograde and retrograde trains. These events occur very rapidly,
because there is no build-up of IFT particles in the tips of wild type flagella.

This model has gained further support from studies on the in vivo dynamics of IFT
turnaround, which have confirmed both the dissociation of the two IFT complexes at the tip, and the
requirement of IFT-A for the retrograde transport. In C.elegans, single molecule fluorescence
microscopy revealed that IFT-A particles turn around quickly at the ciliary tip (600 ms) whereas
IFT-B particles linger longer as they reside at the tip for an average of 3 s before returning to the
base by retrograde IFT (Mijalkovic et al., 2017). Furthermore, in dyf2/I[FT144 worm mutants the
anterograde transport is regularly functioning and both IFT-A and IFT-B can reach the cilia tip;
however, only IFT-A can perform retrograde IFT, while IFT-B fails to reassociate with IFT-A prior
to retrograde IFT, and is accumulated at the tip (Wei et al., 2012). These results indicate that I[FT-A
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plays a crucial role for the assembly of the retrograde trains, while the association of IFT-B with
kinesin-2 only is strictly required for IFT entering the flagellum.

The regulatory mechanisms controlling the disassembly of IFT trains at the tip are not
completely clear, but, interestingly, the available information suggests that similar — but reverse -
molecular processes might be implicated for IFT turnaround at the tip and for IFT assembly at the
flagellar base.

At the tip, a FLAS8 phosphorylation event by the calcium-dependent kinase CDPK-1 has
been shown in Chlamydomonas to release kinesin-2 from the IFT-B complex (Liang et al., 2014);
similarly, other calcium-dependent protein kinases have been implicated in the phosphorylation of
KIF3B and in IFT turnaround in mammalian cells (Guillaud et al., 2008). Thus, kinesin-2
phosphorylation at a specific motor subunit site is likely to be an early event of IFT remodeling at
the tip occurring in evolutionarily distant organisms.

At the basis of Chlamydomonas flagella, IFT proteins are recruited and assembled
sequentially into anterograde trains, and bona fide IFT trains are only seen near the distal end of
basal bodies, just before they are released into the cilium upon completion. Assembly is a stepwise
process that commences with the arrival of IFT-A complexes, followed by the association of IFT-
B2, then IFT-B1, and finally the kinesin-2 motor, which is necessary for entering the TZ (Wingfield
et al., 2018). Hence, IFT proteins at the flagellar base are gathered as subcomplexes, rather than as
entire IFT particles. Accordingly with such a temporal pattern, IFT proteins show distinct
distributions at the basal body, with kinesin-2 and the IFT-B proteins located more distally along
the basal body axis, closer to the TZ, and IFT-A located deeper and at a more peripherally position.
Inactive IFT dynein, which is a cargo of anterograde IFT trains, is loaded just before the trains are
dispatched to the flagellum. Each of the nine basal body triplets with its associated structures might
assist to assemble complete IFT trains. The nascent trains move upwards along the triplet blades
combining with additional IFT subcomplexes, and queue in various stages of assembly for
sequential release into the cilium. There seems not to be any interdependence among IFT-A and
IFT-B recruitment during train assembly; in mutants knocked out for IFT-A subunits the IFT-B
complex is still able to bind kinesin-2 and enter the flagellum, though thereafter it accumulates at
the tip, due to the lack of retrograde traffic (Hirano et al., 2017).

As it occurs at the tip, the binding of kinesin-2 to IFT-B is regulated by phosphorylation at
the flagellar base too, where FLAS8 phosphorylation disrupts the interaction between kinesin-2 and
IFT-B and inhibits IFT entry (Liang et al., 2014). In fact, the phosphomimetic (S663D) mutated
FLAS subunit is not able to enter the flagellum, while the phosphodefective (S663A) FLA8 mutant
accumulated both IFT-B1 and IFT-B2 proteins at the tip, but not IFT-A, indicating that inhibition of
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FLAS8 phosphorylation at the flagellar tip prevents dissociation of IFT particles from kinesin-2 and
leads to an abnormal accumulation of IFT proteins. The whole set of data is therefore indicative that
FLAS phosphorylation acts as a molecular switch to control both IFT entry and turnaround.

It is interesting to note that the kinesin-2 binding site is located on the connecting tetramer
that constitutes the interface between the IFT-B1 core and the IFT-B2 peripheral subcomplex and
comprises the IFT52 and IFT88 subunits from the core subcomplex, and the IFT38 and IFT57
subunits from the peripheral subcomplex (Funabashi et al., 2018). The possibility that kinesin-2
might trigger the complete IFT-B assembly by clamping the two subcomplexes at the ciliary base is
therefore somewhat intriguing, though still devoid of experimental evidence.

Calcium-dependent kinases are not the only molecular actors that have been implicated in
IFT assembly at the ciliary base. Recently, the IFT-B holocomplex has been shown to be the
effector of the sGTPase RABL2 (Lo et al., 2012; Kanie et al., 2017; Nishijima et al., 2017).
Interaction mapping revealed that RABL2 binds to the IFT-B1 heterodimer IFT74/IFT81, and that
this binding is indispensable for initiating IFT; in fact, mice knocked out for RABL2 exhibit a
deficit in the number of trains entering the primary cilia (Kanie et al.,, 2017), and in
Chlamydomonas the disruption of the RABL2 gene leads to a non-flagellated phenotype (Nishijima
et al 2017). RABL2 is also present in the list of putative Chlamydomonas tip proteins proposed by
Satish-Tammana et al., (2013), and has been implicated in the outbound trafficking of GPCRs
(Dateyama et al., 2019; Duan et al., 2021).

In vivo analysis of IFT turnaround in Chlamydomonas flagella has revealed that a single
anterograde train gives raise to multiple retrograde trains at the tip and, also, that multiple
anterograde trains dissociate and mix up together to form retrograde trains (Chien et al., 2017).
Kinetic analysis of the tip resting time revealed also that disassembly of anterograde trains and
reassembly of the retrograde trains is a multistep process regulated by extracellular calcium and the
concentration of active dynein motors (Chien et al., 2017).

Due to this sort of “traffic jam” at the turnaround zone and the resulting ultrastructural
variability, how IFT trains are remodeled in the turnaround zone cannot be easily determined by
conventional imaging.

Our approach, combining electrontomographic and immunoelectronmicroscopy, allowed us to get
some insights into the IFT turnaround pathway in Chlamydomonas flagella, which are here below
discussed following a point-by-point order.

First, we obtained a clear evidence that in this model organism the turnaround process
occurs in the vicinity of the CP complex and directly involves its terminal district. This conclusion

is supported by both flat-embedded thin section observations and single-tip electron tomographic
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analyses, and is further confirmed by the piling up of IFT-like particles we observed around the CP
terminus in the presence of calcium dependent protein kinases inhibitors. We correlate this finding
with the peculiar ultrastructure exhibited by the terminal CP segment, which is clearly differentiated
from the CP architecture along the axonemal shaft. The two ultrastructurally differentiated regions
of the CP are assembled in distinct phases during ciliogenesis: an earlier phase during which the CP
microtubules are assembled along with their specific projections, but do not extend over the A
tubules, the flagellar tip is rounded and the electron-opaque tip sheet is still absent, and a later
phase, when the CP microtubules exceed the axoneme, the tip tapers and the LLS, or tip sheet, is
formed (Lechtreck et al., 2013). The latter phase begins when the flagellum is about half-length, a
critical time point at which the activity of some protein kinases implicated in flagellar assembly
shows significant changes (Pan et al., 2004; Luo et al., 2011; Wilson and Lefebvre, 2004), and the
number of IFT particles assembled in the short, moving IFT trains equals that of the long trains
(Vannuccini et al., 2016), that have been reported to be stationary trains (Stepanek et al., 2016). On
this basis, we can reason that a continuous, cycling IFT trafficking might be established only when
the regenerating flagellum reaches its half-lenght, a time coincident with the appearance of the LLS.

The LLS is shown here to consist not only of an amorphous, electrondense longitudinal
core, as previously observed in resin-embedded flagellar sections (Ringo, 1967; Lechtreck et al.,
2013), but to comprise also two lateral series of thin, T-shaped projections that are arranged in
regularly disposed repeats. Such a peculiar architecture could reasonably be related to a definite
function for LLS, which hence should not be considered as just the simple accumulation of material
in the space between the two CP tubules.

Second, our data indicate that, close to the end of the A-tubule, the anterograde train splits
into three parts, an outer part remaining associated with the membrane, an intermediate part that
soon interrupts, and an inner part that proceeds onwards and turns to contact the CP. Comparison of
our tomographic reconstruction with the 3D model obtained by Jordan et al. (2019) suggests that
these three branches of the train may be assigned, respectively, to the IFT-A complex, to dynein-1b,
and to the IFT-B complex. This conclusion is supported by the following considerations: 1) the
possibility that the membrane-associated branch consists of IFT-A is confirmed by the labeling
pattern we obtained on sections of resin-embedded samples as well as by the absence of any IFT-A
labeling found on detergent-treated flagella, in agreement with the strict association described
between this complex and the membrane (Jordan et al., 2018); ii) dynein-1b travels in an inactive
form as a cargo of anterograde IFT until the flagellar tip, where it is activated by an unknown
mechanism to initiate retrograde IFT. The inactive-to-active transition occurs through an

intermediate conformation (Toropova et al., 2017; Jordan et al., 2018); at the tip, dynein molecules
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in such an intermediate conformation have been observed completely disassociated from IFT trains
(Jordan et al., 2018), suggesting that dynein-1b may indeed become transiently soluble during its
activation and before it re-associates to the retrograde train.

The pathway followed at the tip by the IFT-B complex appears to be more complex and —
as suggested by our immunolabeling results — to involve both an interaction with the CP and the
split of IFT-B2 from IFT-B1.

IFT-B2 labeling is selectively localized in the distal 200 nm of the CP complex, a length
that approximately coincides with that of the singlet zone and of the LLS. Such observation is in
agreement with the finding that IFT172 can bind to the plus-end microtubule binding protein EBI,
since the two proteins can be coimmunoprecipitated (Pedersen et al., 2005); IFT172 is the only IFT
protein containing the EB1-binding motif SxIP (Buey et al., 2012). Only a soluble IFT172 pool that
is not complexed with the other IFT subunits IFT139 (IFT-A) and IFT81/74 (IFT-B1) was
immunoprecipitated by the anti-EB1 antibodies, suggesting that EB1 interacts with a fraction of
IFT172 that is not associated with other IFT polypeptides. However, in this study the presence of
other IFT-B2 subunits in the immunoprecipitate was not tested, thus leaving open the possibility
that the interaction with EBI1 involves the whole IFT-B2 subcomplex, rather than the single I[FT172
subunit.

Our data indicate the distal segment of the CP, including the LLS, as the site of IFT-B
dissociation into its two subcomplexes B1 and B2, and suggest that it might also act as an anchoring
site for IFT-B2, given that only the IFT-B1 subcomplex is found distally to the CP terminal plates.

We note that, in the flagella of mutants lacking the CP, this is always replaced by an
amorphous core, which was shown to contain IFT proteins (Lechtreck et al., 2013); these flagella
are about 60-70% in length with respect to the wild type, and are still able to undergo IFT
turnaround, though less efficiently than wild type flagella (Lechtreck et al., 2013). It seems likely
that in wild type flagella the accumulation of IFT-B proteins in the distal space between the two CP
tubules is part of, or is the consequence of, the normal turnaround process and that - in the absence
of the CP and with a defective turnaround — such a process proceeds to originate the amorphous
core that extends throughout the whole axonemal length.

This role of the terminal CP segment in IFT turnaround is further supported by the results
we obtained on the flall® mutant strain. flall" flagella exhibit an anterograde trafficking with
normal rate and frequency, a reduced frequency in the retrograde transport and the accumulation of
IFT proteins at the tip, indicative of a defective turnaround (Pedersen et al., 2005). This phenotype
is due to the expression of a mutated IFT172 protein, in which a conserved leucine residue at

position 1615 is replaced by proline (Pedersen et al., 2005). Our results reveal that, with respect to
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wild type, the efficiency of IFT172 binding to the LLS-containing segment of the CP is diminished
in flal1® flagella at the permissive temperature and reduced to about 50% at the restrictive
temperature. These observations confirm the involvement of IFT172 and its binding to the distal CP
segment in [FT turnaround and validate the accuracy of our experimental approach.

The whole set of data is coherent with the available evidence on the dynamics of IFT at the
tip, showing a different and quicker rate of turnaround for the IFT-A complex, while the IFT-B
complex turns around more slowly and dwells at the tip for a longer time, as it would be expected
for this complex to dissociate and interact with the CP.

Our immunolocalization results also suggest that the IFT-B1 subcomplex may be an
integral component of the CP capping structures. Among all the IFT proteins, the IFT74/81 coiled-
coil heterodimer constitutes the only structurally elongated component (Lucker et al., 2005), and
might well contribute to the assembly of the series of parallel rods that form part of the 6 nm IFT-B
repeat (Jordan et al., 2018). When we torqued the IFT-B 3D model from Jordan’s et al. (2018) and
overlapped it with images of negatively stained CP cap, we found quite a good fitting. It seems thus
possible that, during IFT turnaround, the ribbon formed by IFT-B1 subcomplexes interacts with the
distal CP ends, possibly at the level of the terminal plates, then folds on itself to give raise to the
ring. This hypothesis appears likely when we consider the phenotypes exhibited by the mutants
ift74-1 (Brown et al., 2015) and flal0”. Flagella of the ift74-1 strain, which expresses a truncated
IFT-74 protein and assembles very short flagella (< 4 mm), have a flat tip devoid of the CP ring. In
the fla10" strain, in which IFT stops after exposure at the restrictive temperature, the ring is also no
longer present at the CP terminus when cells are maintained at 32°C. These observations suggest
that the presence of the ring requires an intact IFT-B1 subcomplex, and that this structure of the CP
cap only forms when a cycling IFT system is established.

Our results are indicative for the implication of the CP capping structures in the
anterograde-to-retrograde IFT conversion. We can speculate that some flagellar-tip proteins may be
involved in regulating the dissociation/association of IFT-B subcomplexes at the flagellar tip. The
first event might be the detachment of kinesin-2 from the IFT-B complex, followed by the
interaction of the two IFT-B subcomplexes with some tip component. A possible candidate could be
CEP104, which is a plus-end protein with a TOG domain located at both the flagellar basis, where it
is involved in the initiation of flagellar assembly, and at the tip (Satish-Tammana et al., 2013; Al-
Jassar et al., 2017; Yamazoe et al., 2020); it is interesting that CEP104 deficient flagella also are
shorter and possess flat tips (Satish-Tammana et al., 2013). Another tip protein that might be a good
candidate for a regulatory role in this process is RABL2. It has been shown that this sGTPase

controls the assembly of the anterograde train at the flagellar base (Kanie et al., 2017; Nishijima et
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al., 2017), and that this process depends on IFT74 (Brown et al., 2015). Given that RABL2 has been
also localized at the flagellar tip (Satish-tammana et al., 2013), it may be that in this district is
involved in the reverse process.

Our results may suggest the hypothetical model of IFT turnaround shown in fig. 44, in
which we assume that the assembly of the retrograde train begins with the reassociation of IFT-A -
that has undergone its own pathway tethered to the membrane - to the now-activated dynein and to

the IFT-B complex coming out from the CP.

membrane
IFT-A

. IFT-B1

. IFT-B2

. dynein-2
retrograde IFT-A
retrograde IFT-B
retrograde dvnein-2
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Figure 44: This schematic proposes a provisional model for IFT turnaround in Chlamydomonas flagella based on the
results presented in this thesis.

This model, based on the presence of the CP complex, raises the question of how IFT
turnaround takes place in 9+0 cilia, e.g. in primary cilia. In this respect, we think that our
observations on flagella of the pfi/§ mutant cells, which are devoid of the CP, are particularly
relevant. We have documented in pf18 flagella the presence of ectopically-assembled structures that
closely resemble the LLS component of the CP but are instead associated with one of the A-tubules.
Ring-like structures can be evidenced by negative staining at the distal end of these axoneme too,
and, once again, these structures are labelled by IFT-B1 antibodies. On this basis, we retain likely
that in primary cilia the IFT turnaround process may occur at the end of each single A-tubule
sharing the same basic mechanism and molecular components as the 9+2 flagella of

Chlamydomonas flagella.
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