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Abstract (English)

Cilia and flagella are tentacle-like cellular appendages that are the biological basis for
cellular motility and have existed since the last eukaryotic common ancestor. The
cytoskeleton of cilia and flagella is the axoneme, a microtubule-based (MT) structure that
consists of a complete 13- protofilament A-tubule and a partial 10- protofilament B-tubule.
Motor proteins and various protein linkages generate force and sliding between doublet
microtubules (DMTs) that lead to bending and maitility. In the lumen of DMTs are a
network of microtubule inner proteins that act as a stabilizing sheath against the
mechanical stresses induced by the dynein motor arms and ciliary bending.

Here, | show that the 48-nm repeat of the native Tetrahymena thermophila DMT contains
at least 28 evolutionarily conserved microtubule inner proteins, 13 microtubule inner
proteins unique to parasitic ciliates, and filamentous microtubule-associated proteins on
the outer surface. Sample preparation and mapping the architecture of the DMT was a
team effort of which | was heavily involved. | then performed structural analyses and
literature review to discover that the evolutionarily conserved CFAP77 and species-
specific OJ2 proteins stabilize the outer junction region (OJ) of the axonemal DMT. Based
on the results | gathered, collaborators performed molecular dynamics simulations on the
OJ of the DMT, as well as genetic engineering to knock out CFAP77 in Tetrahymena. |
then performed cryogenic electron tomography sample preparation, data collection,
tomographic reconstructions, and subtomogram averaging of DMTs from wild-type and

mutant strains. | analyzed the results and discovered that CFAP77 stabilizes the



axonemal DMT but is not necessary for assembly or motility. Loss of CFAP77 results in
shorter cilia that beat and swim slower.

| also present several interesting areas with which to continue this research. Analysis of
the reconstructed tomograms revealed that loss of CFAP77 resulted in an increase in
tubulin polyglutamylation and the appearance of additional densities at the OJ of the
axonemal DMT. This raises fundamental questions about the role of tubulin post-

translational modifications in the constitution of the DMT and the axoneme.



Abstract (French)

Les cils et les flagelles sont des appendices cellulaires ressemblant a des tentacules qui
constituent la base biologique de la motilité cellulaire et existent depuis le dernier ancétre
commun des eucaryotes. Le cytosquelette des cils et des flagelles est I'axonéme, une
structure a base de microtubules (MT) qui se compose d’un tubule A a 13 protofilaments
complet et d’'un tubule B, incomplete, a 10 protofilaments. Des protéines motrices et
diverses liaisons protéiques générent une force et un glissement entre les doublets de
microtubules (DMT) qui entrainent la flexion et la motilité. Dans le centre des DMT se
trouve un réseau de protéines internes des microtubules qui agissent comme une gaine
de stabilisation contre les contraintes mécaniques induites par les bras moteurs de la
dynéine et la flexion ciliaire.

Ici, je montre que 'unité de répétition de 48 nm du DMT natif de Tetrahymena thermophila
contient au moins 28 protéines internes des microtubules conservées sur le plan évolutif,
13 protéines internes des microtubules uniques aux parasites ciliés, ainsi que des
protéines filamenteuses associées a la surface externe des microtubules. La préparation
des échantillons et la cartographie de I'architecture du DMT ont été réalisées grace a un
effort d’équipe auquel jai largement participé. J’ai ensuite effectué des analyses
structurales et une revue de la littérature pour découvrir que les protéines CFAP77 sont
conservées sur le plan évolutif et que la protéine OJ2 est spécifique chez Tetrahymena
et stabilise la région de la jonction externe (OJ) du DMT axonémal. Sur la base des
résultats que j'ai obtenus, mes collaborateurs ont réalisé des simulations de dynamique

moléculaire sur 'OJ du DMT, ainsi que de I'ingénierie génétique pour éliminer CFAP77



chez Tetrahymena. J'ai ensuite préparé des échantillons pour la tomographie
électronique cryogénique, collecté des données, reconstruit les tomogrammes et obtenu
la moyenne des sous-tomogrammes de DMTs provenant de souches sauvages et
mutantes. J’ai analysé les résultats et découvert que CFAP77 stabilise le DMT axonémal
mais n’est pas nécessaire pour 'assemblage ou la motilité. La perte de CFAP77 entraine
des cils plus courts qui battent et nagent plus lentement.

Je présente également plusieurs domaines intéressants pour poursuivre cette recherche.
L’analyse des tomogrammes reconstruits a révélé que la perte de CFAP77 entrainait une
augmentation de la polyglutamylation de la tubuline et Papparition de densités
supplémentaires au niveau de 'OJ du DMT axonémal. Cela souléve des questions
fondamentales sur le réle des modifications post-traductionnelles de la tubuline dans la

constitution du DMT et de 'axonéme.
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Preface

Contributions to original knowledge

| contributed to both published and unpublished work included in this thesis. The

published work is found in the two following publications:

I Black CS, Dai DC, Peri K, Ichikawa M, Bui KH. Preparation of Doublet Microtubule
Fraction for Single Particle Cryo-electron Microscopy. 2021 Bio-protocol 11(11):
10.21769/BioProtoc.4041.

Il Kubo S, Black CS, Joachimiak E, Yang SK, Legal T, Peri K, Khalifa AAZ,
Ghanaeian A, McCafferty CL, Valente-Paterno M, De Bellis C, Huynh PM, Fan Z,
Macotte EM, Wloga D, Bui KH. 2023. Native doublet microtubules from
Tetrahymena thermophila reveal the importance of outer junction proteins. Nat
Commun 14: 2168.

In the first manuscript, | changed and optimized several methodologies that have since
been adopted by several other groups in the field. | designed a more efficient and effective
workflow for the growth and harvesting of Tetrahymena thermophila strains. | optimized
the conditions for the purification of intact, membranated cilia from Tetrahymena cells; the
purification of intact, crosslinked axonemes from cilia; and the purification of intact doublet
microtubules (DMTs) from axonemes. | also optimized the sample preparation and data
collection for both single particle cryogenic electron microscopy and cryogenic electron
tomography. This effort has helped improve the workflow for all groups studying
Tetrahymena thermophila cilia, and the peer-review process made it clear that it was

useful.
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In the second manuscript, | performed all the cryo-EM and cryo-ET sample preparation,
and with the assistance of FEMR, | participated in data collection. In parallel with my
supervisor Dr. Khanh Huy Bui, | actively processed all the cryo-EM and cryo-ET data. In
parallel with my supervisor Dr. Khanh Huy Bui and postdoctoral fellow Dr. Shintaroh
Kubo, | actively modeled and helped identify several microtubule inner proteins. In this
way, | contributed to our understanding of the molecular architecture of the Tetrahymena
DMT. | performed structural analyses to find structural evidence that the microtubule inner
proteins CFAP77 and OJ2 stabilize the outer junction region (OJ) of the DMT. | also
contributed toward data analyses, discussion points, literature review, bioinformatics, and
manuscript writing.

In that manuscript, | made several contributions to original knowledge. | contributed to
several findings in the manuscript including modeling and identifying novel microtubule
inner proteins. It was previously unknown what, if any, proteins were present at the OJ of
DMTs in cilia and flagella. | showed that there were two of them in Tetrahymena

thermophila and that one of them is evolutionarily conserved.
Detailed contributions of each author

| actively participated in all aspects of the experiments, excluding molecular dynamics
simulations conducted by postdoctoral fellow Dr. Shinataroh Kubo (Bui lab, McGill
University); in situ crosslinking mass spectrometry conducted by the laboratory of Dr.
Edward M. Marcotte (University of Texas, Austin, USA); and the genetic engineering and
related quantification of Tetrahymena knockout strains conducted by the laboratory of Dr.

Dorota Wloga (Nencki Institute of Experimental Biology, Poland).
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simulations. Thibault Legal and Avrin Ghanaeian contributed to the processing and
analysis of the cryo-ET data and subtomogram averaging. Katya Peri contributed to the
sample preparation and analysis of mass spectrometry data. Ahmad Khalifa previously
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processing and wrote some of the scripts used in data processing. Melissa Valente-
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advised, analyzed data, and contributed toward cryo-EM data processing and protein
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method development. Daniel Chen Dai and Katya Peri contributed toward some of the
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List of abbreviations and terms used in this thesis.

ADP

ATP

Axoneme

CFAP
Cilia
Cryo-EM
Cryo-ET
DMT

GTP

IFT
FAP
Flagella
MAP
MIP

MT

oJ

PF

PTM

Adenosine diphosphate. In the context of inner and outer dynein arms, the ADP-
bound state represents a microtubule-bound state after hydrolysis and phosphate
release. Also used during purification of doublet microtubules from intact
axonemes.

Adenosine triphosphate. In the context of inner and outer dynein arms, the ATP-
bound state represents a microtubule-bound state prior to hydrolysis. Also used
during purification of doublet microtubules from intact axonemes.

Cytoskeleton of the cilia that includes 9 DMTs connected by nexin linkers, inner
and outer dynein arms, nexin-dynein regulatory complexes, radial spoke
proteins, and central pair microtubules.

Cilia and flagellar associated protein.

Hair-like organelle that beats and generates maotility or fluid flow.

Cryogenic electron microscopy.

Cryogenic electron tomography.

Doublet microtubule.

Guanosine triphosphate. In the context of microtubules, GTP is hydrolyzed by -
tubulin during polymerization of B-and a-tubulin heterodimers into microtubules.
Also used in the in vitro polymerization of microtubules.

Intraflagellar transport.

Flagellar associated protein.

Hair-like organelle that beats and generates motility or fluid flow.

Microtubule associated protein (external to microtubule).

Microtubule inner protein (internal to microtubule).

Microtubule

Outer junction region (of the axonemal doublet microtubule).

Protofilament

Post-translational modification
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Introduction, rationale and research objectives

Introduction

Cilia and flagella are tentacle-like cellular appendages found across the tree of life and
have existed since the last eukaryotic common ancestor." These organelles are
functionally motile or nonmotile. Motile cilia and flagella allow unicellular organisms to
swim and multicellular organisms to generate fluid flow. Nonmotile or primary cilia are
integral to cell signaling, mechanosensing, and breaking left-right symmetry during
embryonic development.’-3

Defects in cilia are known as ciliopathies and are associated with diseases throughout
the human body, including brain malformation, hearing loss, hepatic disease, infertility,
mental retardation, organ laterality defects, respiratory diseases, retinal dystrophy, and
skeletal anomalies.* There are hundreds of different molecules in every cilium and
flagellum.> Understanding how those molecules interact will provide fundamental insight
into evolutionary adaptations of motile organisms and provide a model for ciliopathies.
Inside the ciliary membrane is a microtubule-based cytoskeleton known as the axoneme.
The axoneme consists of nine doublet microtubules (DMTs) arranged in rings that are
connected by flexible linkers and that surround two singlet microtubules (MTs) in the
center. Several other protein complexes and motor proteins are attached to the DMTs
that generate shear force, sliding of DMTs, and bending of DMTs that are all part of
motility.

The DMT resembles a figure-eight and consists of a complete 13- protofilament (PF) A-

tubule and a partial 10-PF B-tubule attached to the A-tubule at two sites. The DMT has
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two junctions connecting the two tubules, which are the two structurally weak points.6
Thus, the stability of DMT is dependent upon the stability of the two junctions. Inside the
lumen of both the A- and B-tubules are networks of interconnected microtubule inner
proteins (MIPs) that stabilize the DMT against mechanical stresses.58

Cryogenic electron microscopy (cryo-EM) and data processing techniques have
advanced tremendously over the last decade. Cryo-EM has been used to obtain
countless cryo-electron microscopy density maps of macromolecular assemblies in their
native and biologically active state. A cryo-EM density map is then used to build models
of the atomic structures of the various components of the macromolecular assembly. The
2017 Nobel Prize in chemistry was awarded to Jacques Dubochet, Joachim Frank and
Richard Henderson for their contributions to the field. In 2020, two separate research
groups used cryo-EM on well-studied protein complexes to demonstrate that the
technique is capable of producing density maps that have atomic resolution
information.®'® The only other techniques capable of providing that level of structural
resolution were X-ray crystallography and electron crystallography.’" Cryo-EM has been
employed with great success for the identification and structure determination of multi-
megadalton dynamic protein complexes that include the nuclear pore complex,!?
ribosomes’314, and spliceosomes.’® Cryo-EM has also been used to determine various
structures of axonemal DMTs from Chlamydomonas reinhardtii flagella,'® Tetrahymena

thermophila cilia,’”-'® and mammalian respiratory cilia'® and sperm.2°

-16 -



Rationale

Cryo-EM studies of DMTs in the axonemes of cilia and flagella have so far provided an
incomplete architecture of MIPs inside DMTs. In addition, we lack knowledge on the
molecular mechanism behind DMT assembly. Conventional electron microscopy studies
of basal body assembly in paramecia showed that the A-tubule is first assembled, and
then the B-tubule begins to form on the A-tubule where the A-tubule faces towards the
ciliary membrane.?! This region corresponds to the outer facing junction of the DMT.
Tetrahymena thermophila is a parasitic ciliate and has been an effective model organism
for chromosome and chromatin biology, programmed genome rearrangement, secretion,
cytoskeletal research, and more.?? | chose to study Tetrahymena because it is amenable
to genetic engineering,?22® it is evolutionarily distinct from both green alga and
mammals,?* it shares thousands of orthologs with humans, and it is abundant in cilia.?*
Accordingly, | wanted to use cryo-EM and complementary approaches to try to explain
the molecular mechanism of DMT assembly using Tetrahymena as a model organism.
My hypothesis was that there are proteins important for formation of the DMT and that

these proteins are located at the OJ.
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The research objectives of this thesis are as follows:

I Obtain a high resolution cryo-EM map of the doublet microtubule from axonemes
of Tetrahymena cilia.

Il Model the molecular architecture of the Tetrahymena DMT, compare
the Tetrahymena DMT with DMTs from other species, and identify proteins
at the outer junction region of the DMT.

I Study one or two outer junction MIPs to understand their function in cilia.
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Chapter 1: Literature Review

1.1 Cilia and flagella

Cilia and flagella are tentacle-like cellular appendages found across the tree of life and
have existed since the last eukaryotic common ancestor.! They can be largely separated
into two groups: motile and nonmotile. Cilia and flagella have been integral to the success
and evolution of almost all eukaryotic organisms. There have been ciliary/flagellar loss
events multiple times across the tree of life, but those instances are incredibly rare.?®
Some unicellular organisms swim by using their one or two “flagella” that generate an
undulating, wave-like motion.26 “Cilia” typically refer to abundant surface extensions on
protists and eukaryotes that are either motile or nonmotile.?” Motile cilia generate a
beating, whip-like waveform to either drive fluid flow or to drive cellular motility.?®
Nonmotile or primary cilia serve as chemical or mechanical sensors and function in the
transduction of Hedgehog signaling.29-3°

In mammals, there are several cell types throughout the body that have cilia or flagella.
In early developing mammalian embryos, motile cilia at the node cavity generate leftward
flow of extra-embryonic fluid that is sensed by immotile cilia of peri-nodal crown cells.3"
Bending of the mechanoresponsive crown cilia activates a signal cascade that leads to
symmetry breaking on the left-right axis and subsequent left-right asymmetric
development.3? In the brain ventricular system3334 and central canal of the spinal cord,3®
ependymal cilia drive cerebrospinal fluid flow. The circulation of cerebrospinal fluid
throughout the brain and spinal cord is integral to the development and migration of stem

cells and general nervous system homeostasis.?¢-38 In the epithelium of the mammalian
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middle ear, multiciliated cells clear mucus from the middle ear cavity to the nasal
cavity.3940 |n the respiratory tract, ciliated epithelial cells beat in a metachronal pattern to
clear gases, particulates and pathogens that have been dissolved or entrapped in
mucus.*!42 Last, mammalian sperm cells are propelled through the female reproductive

tract by a flagellum.43
1.2 Ciliopathies

Any genetic disease associated with a mutated, truncated, or deleted ciliary protein that
causes ciliary dysfunction is a ciliopathy. Ciliopathies arise from defects in motile and
nonmotile ciliary activity. Nonmotile (primary) cilia have diverse sensory and signaling
roles and are distributed throughout the body; mutations to the genes that encode that
primary ciliary machinery can result in ciliopathies that affect a single tissue or several
organs simultaneously.** Primary cilia in the kidney function to sense urinary flow and
osmolarity.4® Defects in fluid flow sensing or calcium transduction alter the differentiation
of surrounding renal tubule epithelial cells and lead to polycystic kidney disease and
nephronophthisis.*® In embryonic ciliated cells, primary cilia are integral to Hedgehog
signal transduction.?® Hedgehog signaling is essential for the development of organs such
as the eyes, lung, muscle, and skin.#¢ Mutations that affect Hedgehog signaling can lead
to severe developmental diseases.?®46 Nonmotile ciliopathies are often caused by
mutations or deletions in genes associated with signal transduction, such as ciliary
membrane receptors that bind signal molecules, intraflagellar transport trains that carry

receptors and signaling molecules from/to the cell, or the BBSome complex that functions
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as a cargo adapter for signaling molecules such as G-protein coupled receptors or the
smoothened protein.2%47

Ciliopathies resulting from dysfunction in motile cilia are classified as Primary Ciliary
Dyskinesia (PCD).“® PCD is a rare genetic disorder associated with chronic ear infections,
chronic upper and lower respiratory tract infections, laterality defects (such as heterotaxy
syndrome and situs inversus), and male infertility.*® Unsurprisingly, most mutations
associated with PCD cause dysfunction or dissociation of the inner and outer dynein
motor proteins that are the force generators for ciliary beating.#® Most of the remaining
ciliary genes with PCD-linked mutations are interaction hubs for the ciliary cytoskeleton
and are important for coordinating ciliary beating.*®

In mammalian sperm cells, the normal non-planar and asymmetric beating waveform is
occasionally broken by planar flagellar waves.5° The mechanism of waveform modulation
in mammalian sperm cells is not well understood, but it is thought that the sperm flagella
cytoskeleton and sperm head may be involved.5' Interestingly, the cytoskeleton of cilia

and flagella is generally highly conserved across the tree of life.
1.3 Tetrahymena thermophila as a model organism

One of the advantages of studying a conserved biological system such as cilia and flagella
is the option to study a model organism. The nematode Caenorhabditis elegans is an
excellent model for studying kidney disease because the same proteins that are involved
in kidney functions are associated with mechanosensation and signal transduction in C.
elegans.5? Xenopus is a useful model organism to study cilia during the development of

a vertebrate organism because there are many different types of motile and primary cilia
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that can be studied, and biological and imaging techniques are well established.%?
Zebrafish have recently been shown to possess motile cilia near their olfactory pit and
are thus an appropriate model organism to study PCD using genetics and electron
microscopy techniques.?* Drawbacks to working with more complex organisms include
difficult genetic engineering and physical differences between each specimen. Studying
the unicellular green alga Chlamydomonas reinhardtii and the free living parasitic ciliate
Tetrahymena thermophila has led to discoveries related to chromatin biology,
endocytosis, meiosis, nuclear pore complex, phagocytosis, photosynthesis, response to
stimuli, ribosomes, RNA enzymes, the cytoskeleton, and, of course, ciliary/flagellar
motility.??

Why use Tetrahymena thermophila to study cilia and flagella? A single Tetrahymena cell
is covered in over 1000 cilia that they rely on for motility and survival. There are methods
to isolate cilia and flagella from cells, and the yield from an easily prepared Tetrahymena
culture would be 500 times greater than Chlamydomonas reinhardtii and 1000 times
greater than a mammalian sperm cell.5® Tetrahymena is a ciliate with a transcriptionally
silent germline genome in a micronucleus®® and an expressed somatic genome in
macronuclei.?* Another advantage of Tetrahymena as a model organism is that germline
and somatic genomes have been targeted for genetic engineering using different
approaches including mutagenesis,5” forward genetics,%® homologous recombination,?°

and CRISPR—Cas9-mediated genome editing.°
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As you will see in the next section, the cytoskeleton of Tetrahymena cilia looks essentially
identical to the cytoskeleton of humans and mammals. Furthermore, many of the proteins
involved in cellular organelles and processes that are present in both Tetrahymena and
humans are conserved.?* In fact, there are more orthologs shared between humans and
Tetrahymena than humans share with the yeast Saccharomyces cerevisiae or
Tetrahymena shares with the parasitic protozoan Plasmodium falciparum, despite the
phylogenetic relationship between Tetrahymena and humans being much farther apart
than animals and fungi or ciliates and apicomplexans.?* With 2280 orthologs present in
humans, the ciliate Tetrahymena is a powerful model organism to study cilia and flagella
in both ciliates and mammals.2*

1.4 Architecture of the cilium and the axoneme

In the 1950s and 1960s, Irene Manton, Keith Porter, and Peter Satir used electron
microscopy to show that inside cilia and flagella is a cytoskeleton consisting of long double
filaments anchored by a basal body and rootlet structures (Fig. 1.1). 26162 Remarkably,
almost 70 years ago, these men determined that motile cilia, including algal flagella,
mollusk epithelial cilia, and mammalian sperm, have a “9+2” double filament arrangement

and that sensory cilia found in insects and invertebrates have a “9+0” arrangement. 261,62
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Figure 1.1. Electron micrographs and drawings of cilia from mussel-gill epithelium.
Left: (upper left) cross-section of epithelial cilia and 9+2 arrangement of double filaments
(MTs) surrounding two central filaments (central pair). (bottom right) Longitudinal sections
of ciliary stalks with rootlets, basal body that transition to filaments and membrane that
extend from the cell surface. Right: drawing of a longitudinal view of a cilium
accompanied by corresponding electron micrographs of epithelial cilia. These images
were adapted from Satir, 1961.2

Briefly, basal bodies formed from centrioles fuse with vesicles at the distal end and form
a “vesicle cap” as they migrate to the cell membrane surface.®® Rootlets that extend
toward the nucleus and stabilize the eventual cilium are attached to the basal body at the

proximal end (Fig. 1.1).2 Then, the vesicle-capped basal body docks to the actin-rich
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cortex.63 The vesicle cap fuses with the cell membrane; the ciliary membrane is
continuous with the cell membrane, but the ciliary membrane is made from different lipids
and receptors that are specific to ciliary signaling and function.%3-64 From the distal end of
the basal body, the C-tubule does not extend, and only DMTs continue from the A- and
B-tubules (Fig. 1.2A, B). The DMTs extend from the basal body for approximately 70 nm
and then become part of the transition zone (Fig. 1.2D). The transition zone contains an
inner stellate fiber structure and outer Y-links that interconnect the DMTs and connect
them to the ciliary membrane; in doing so, the transition zone also imposes a structural
blockade on the cilium that gates ciliary traffic (Fig. 1.2D).¢ After the stellates and Y-links
terminate, the DMTs are enveloped in a ~76-nm long protein sleeve before transitioning
to the axoneme.%6

Cilia and flagella are supported by a microtubule-based cytoskeleton called the axoneme
(Fig. 1.2A-C). The axoneme predominantly consists of nine DMTSs, nexin linkages, inner
and outer dynein motors, radial spoke complexes, nexin-dynein regulatory complex, and
central pair MTs.2767.68 Beyond the axoneme, outermost MTs cease, and singlet MTs

continue to the tip (Fig. 1.1).2
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Motile cilia across exist across the tree of life:
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Figure 1.2. Cilia and flagella, the axoneme, and DMTs. (A) Examples of flagella in
mammalian sperm and Chlamydomonas reinhardtii as well as cilia in mammalian airway
epithelial cells and Tetrahymena thermophila. (B) Graphical depiction of a cilium. A ciliary
membrane envelops 9 DMTs linked by nexin that surround 2 central pair MTs. The inner
and outer dynein arms connected to the A-tubule of one DMT transiently walk along the
neighboring B-tubule. Radial spoke proteins extend from the inner-facing A-tubules and
transiently interact with the central pair of MTs. From Wikimedia Commons, the free
media repository. (C) Cryo-EM map of the 96-nm repeating unit of an intact axonemal
DMT from Tetrahymena with associated radial spoke proteins and inner and outer dynein
motor arms with resolution up to 12 A.68 (D) In situ cryo—electron tomography revealed
the native structures of the transition zone region in Chlamydomonas. (1) Position of the
transition zone relative to the basal body and axoneme. Distances are measured relative
to the stellate plate (see Fig. S6), defined as the “0 nm” origin point. SOFA, site of flagellar
autotomy, where the cilium is cleaved (see Figs. S6 and S7). CP, central pair. Error bars
indicate standard deviation. (ll) Longitudinal section view of the complete composite
model, assembled according to the measured lengths and positions of each component,
with 21 Y-link repeats, 21 stellate repeats (7 proximal of the plate, 14 distal), and 5 DMT
sleeve repeats. (llI-1V) Cross-sectional views through the indicated regions of the
composite model, showing (lll) DMTs encased in the helical sleeve, with the CP in the
middle, and (IV) the nine-pointed stellate cylinder attached to DMTs decorated with Y-
links. Adapted from Den Hoek et al., 2022.66

1.5 Doublet microtubules and tubulin post-translational modifications

B- and a-tubulin heterodimers are the building blocks of the cytoskeleton of the cell.
Tubulin is a major component of ciliary structure and function,?6162 cell division,®® cell
shape,’® and intracellular trafficking.”? Depending on the cellular process, tubulin may
require different properties, such as stability, high dynamicity, recruitment, and repulsion
of MT-interacting elements.”

In cilia, axonemal DMTs are made from tubulin protofilaments (PFs). DMTs consist of a
13-PF complete “A-tubule” MT and a partial 10-PF “B-tubule” MT built atop the A-tubule
(Fig. 1.3). Thus, there are two points where the B-tubule is anchored to the A-tubule: the
inner and outer junctions (Fig. 1.3). The junctions are named as such because they

describe how the inner junction faces toward the center of the axoneme and the outer
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junction faces the ciliary membrane (Fig. 1.2 and Fig. 1.3). Early electron microscopy
studies of basal body formation in paramecium?' and rhesus monkey oviduct epithelial
cells” revealed that the A-tubule is first formed, followed by sequential assembly of the
B- and C-tubules.?'.73 Assembly of the B- and C-tubules occurs at the outer-facing region
of the A-tubule.?'.73 Almost 50 years later, the Guichard and Hamel lab showed that partial
DMTs can be assembled in vitro.”* If MTs were polymerized in vitro, then treated with the
protease subtilisin to cleave the B- and a-tubulin C-terminal tails, the addition of fresh
tubulin to those MTs resulted in formation of partial B-tubules that resembled the outer
junction.”* Taken together, these studies suggest that the outer junction is the site of DMT
assembly.

DMTs function as structural support for the organelle, a scaffold for accessory complexes,
and tracks for intraflagellar transport (IFT) in motile and nonmotile cilia.”> DMT sliding and
bending are the mechanisms for the initiation and propagation of ciliary bending in motile
cilia.”® Tubulin and MTs are evolutionarily conserved across animals, fungi, and plants;
so too are the lateral and longitudinal interactions that stabilize MTs.”” MTs are subject to
bending, compressive and tensile mechanical stresses.”® A microtubule protofilament is
a series of - and a-tubulin heterodimers arranged in a head-to-tail fashion (Fig. 1.3A,B).
The head-to-tail interactions are longitudinal, while interactions between tubulin subunits
of neighboring PFs are lateral.

Longitudinal interactions consist of intradimer interactions between (- and a-tubulin
subunits and interdimer interactions between an a-tubulin subunit of a heterodimer on the

growing end and a B-tubulin subunit of the heterodimer behind it.”® Prior to polymerization,
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B- and a-tubulin subunits each bind to a Mg?* ion and subsequently a GTP molecule.8%
Upon binding these cofactors, the tubulin heterodimer adopts a conformation that favours
PF and MT assembly.8! Once incorporated into the MT, the B-tubulin subunit catalyzes
GTP hydrolysis and releases the phosphate group and the Mg?* ion. The a-tubulin subunit
only binds to the Mg?* ion and GTP cofactor and does not have enzymatic activity.82 The
GDP-bound state of B-tubulin is associated with weak interdimer interactions and MT
instability.82 Thus, GTP hydrolysis affects MT dynamics.8?

Lateral interactions between adjacent tubulin PFs provide MT resistance to mechanical
stresses (Fig. 1.3B,C). Canonically, a loop between B-sheet 7 and a-helix 9 called the M-
loop (microtubule loop) extends outward laterally from every - and a-tubulin subunit
along a PF and interacts with an a-helix (H3) and two loops (H2-S3 and H1-S2) of the
adjacent tubulin subunit (Fig. 1.3C).”®

Post-translational modifications are covalent and enzymatic modifications of proteins.
Post-translational modifications of tubulin modify MT stability and behavior and include
acetylation, phosphorylation, polyamination, detyrosination, polyglycylation, and
polyglutamylation.”? Acetylation of lysine 40 of an unstructured loop on a-tubulin is
associated with tubulin lattice flexibility and increased MT stability, but it remains unclear
whether it is the cause or the result.83 Acetylation of lysine 40 limits the structural
conformations that the unmodified loop would otherwise sample.83

Phosphorylation of tubulin by various kinases multimodally regulates MT behaviour.
Tyrosine phosphorylation of a-tubulin prevents incorporation of free tubulin heterodimers

into growing MT s in human T lymphocytes.84 Similarly, phosphorylation of serine 172 of
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B-tubulin inhibits incorporation of tubulin into polymers.85 Phosphorylation of an
unidentified residue(s) on the carboxyl (C)-terminus of B-tubulin isotype Il is required for
polymerization in vitro in a microtubule-associated protein MAP2-dependent manner.86
Polyamination of glutamine residues in tubulin by transglutaminases is associated with
increased MT nucleation and stability in vitro.8” Neuronal tubulin purified from human and
mouse brains both revealed that glutamine 15 of B-tubulin was polyaminated.®”
Furthermore, purified neuronal MTs that are polyaminated are highly stable and resistant
to destabilizing treatments including cold and antimitotic drugs.87-88

Detyrosination by carboxypeptidases exclusively occurs on the C-termini of post-
polymerized a-tubulin subunits.8%-20 Detyrosinated a-tubulin differentially localizes along
neuronal MTs: tyrosinated a-tubulin is concentrated at growth cones while detyrosinated
a-tubulin is localized to the proximal axonal regions.®! In sea urchin sperm, detyrosinated
a-tubulin is predominantly found on the B-tubule of axonemal DMTs.%2 While
detyrosination does not directly affect MT stability, it does regulate activity of kinesin
motor proteins®* and affinity of microtubule-associated proteins (MAPs) as the plus-end
tracking protein EB1.95

Polyglycylation is catalyzed by tubulin tyrosine ligase-like glycylases that link variable
glycine chains to glutamine residues near the C-terminal tails of B- and a-tubulin.%
Polyglycylation exclusively modifies axonemal tubulin found in cilia and flagella.®”
Polyglycylation of glutamine residues on the C-terminal tails of B-tubulin is essential for

DMT and axonemal assembly and motility in Tetrahymena.®® In human epithelial cells,
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polyglycylation regulates ciliary beating.®® One of the proposed functions of
polyglycylation is to counter and inhibit polyglutamylation in cilia.®

Polyglutamylation is catalyzed by tubulin tyrosine ligase-like glutamylases.'®' Like
polyglycylation, polyglutamylation targets the glutamine residues near the end of C-
terminal tails of B- and a-tubulin but instead adds variable glutamine chains.92
Polyglycylation and polyglutamylation target the same C-terminus glutamine residues of
axonemal tubulin but polyglutamylation is also abundant in centrioles'®® and neurons.%4
Polyglutamylation introduces more electronegativity to the MT surface and thus affects
the recruitment of various MT-interacting proteins. Polyglutamylation selectively
increases activity of kinesin motor proteins'® and katanin severing enzymes.!06
Polyglutamylation has also been shown to increases the recruitment of diverse MAPs
such as glycogen synthase kinase 3 and tau.®” By recruiting MT-interacting proteins such
as severing enzymes or MAPs that affect MT dynamics, polyglutamylation indirectly

regulates MT dynamics and stability.
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A doublet microtubule of ciliary axoneme

(Inner Junction
surface view)

lateral interactions between
microtubule protofilaments
of B- and a-tubulin involve
the M-loop of one tubulin
and the H1-S2 and H2-S3
loops of the adjacent
tubulin subunit.

loop

H1 =2 M-loop K40 loop

loop (a-tubulin)

Figure 1.3. DMT in cilia. (A) The DMT of the ciliary axoneme. Microtubule protofilaments
consist of B- and a-tubulin heterodimers arranged head-to-tail. (B) The DMT lattice is
stabilized by lateral interactions between adjacent tubulin subunits. (C) The canonical
tubulin lateral interaction involves the microtubule loop, or M-loop, of one tubulin subunit
and the H1-S2 and H2-S3 loops of the adjacent subunit.”® (+) and (=) signs indicate the
plus (distal) and minus (proximal) ends of the DMT.
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Attached to the DMTs are inner and outer dynein motor proteins, radial spoke complexes,
and nexin-dynein regulatory complexes that are required for motility.'°® The power stroke
of the inner and outer dynein arms generates sliding between neighboring DMTs.10°
During ciliary beating, cilia violently whip and bend; consequently, DMTs are constantly
under high shear forces and bent conformations.”® Thus, the stability of DMTs is integral
to cilia function. Inside each DMT is a network of interconnected microtubule inner
proteins (MIPs) that appear to form a stabilizing sheath.6-8 MIPs likely act as a stabilizing
sheath that provides the structural integrity necessary to withstand the dynein motor arm-

induced mechanical stresses that act on the MT lattice.68
1.6.1 Microtubule-associated proteins

Microtubule-associated proteins (MAPs) bind to the surface of the MT and often change
the properties of that MT. MAPs may change the stability, growth rate, catastrophe rate,
or recruitment of motor proteins.’'%11" MAPs have important roles in various diseases,
including cancer and neurodegenerative disorders.'? For example, plus-end tracking
end-binding (EB) proteins have an N-terminal calponin homology domain that binds to
MT plus-ends and a C-terminal coiled-coil domain that mediates dimerization and
interaction with other proteins.!'3 EB-family proteins are overexpressed in various types
of cancer and play important roles in tumor progression and metastasis.!'* EB-family
proteins also play important roles in the development and maintenance of neuronal
synapses, and their dysregulation has been linked to various neurodegenerative
disorders, such as Alzheimer's disease and Huntington's disease.!''> The tumor

overexpressed gene (TOG) family has been shown to promote MT assembly by
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stabilizing the ends of growing MTs or promoting nucleation.’'® TOG/XMAP215 family
proteins have been implicated in various developmental disorders, such as microcephaly
and ciliopathies, which are characterized by abnormal MT organization and function.”
The katanin family of MT severing enzymes function to regulate cytoskeletal MT dynamics
and length.''® Dysregulation of katanin is associated with defective cell migration, cell
proliferation, and cell shape.''®120 |n cilia, katanin function to sever old and post-
translationally modified tubulin segments.'?! Gene knockout of katanin in Tetrahymena
results in inhibition of polyglycylation and polyglutamylation, shorter cilia, and
immaotility.'?! Tau forms dynamic condensates along neuronal MTs that act as selectively
permissive barriers to motor proteins involved in axonal transport and protect against MT-
severing enzymes.'?? Tau is implicated in several neurodegenerative diseases, including
Alzheimer's disease, where it accumulates in the form of insoluble aggregates.'?® Tau is
permissive to dynactin-activated dynein motor proteins'?? but inhibits kinesin-1 and
kinesin-3 motor proteins.’?4125 MAP9 inhibits the dynein-dynactin-BicD complex and
kinesin-1 but is permissive to kinesin-3 due to a positively charged K-loop motif of kinesin-
3.1 MAP?7 is essential for kinesin-1 transport in Drosophila.!?®

There are hundreds of cytosolic MAPs.'27-129 The mitotic spindle protein CKAP2 has
recently been shown to help nucleate MT growth and increase the stability of polymerized
MTs.'30 MAPs have also been shown to differentially affect the landing and processivity
of dynein and kinesin motor proteins.’™ Dynein and kinesin motor proteins move along
MTs and transport cargos to different subcellular locations. Kinesin and dynein motor

proteins are involved in various cellular processes, including mitosis, intracellular
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transport, neuronal development, and IFT.'3" Motor proteins have MT binding domains
for landing and processivity, motor domains for ATP hydrolysis, which generates
mechanical force, a coiled-coil domain that mediates dimerization and cargo binding, and
a tail domain that determines the specificity of cargo binding.'3? In cilia, kinesin motor
proteins transport cargo to the ciliary tip during anterograde transport, and dynein motor
proteins transport cargo from the tip to the cell body during retrograde transport.!33
Diffusion can only sustain cilia length for a very short distance; consequently, ciliary
development is dependent upon IFT.'3* Dr. Wallace Marshall’s laboratory suggests that
cilia length is dependent upon the rates of assembly and disassembly and that as cilia
length increases, the rate of assembly decreases until they become equal.'35

In Chlamydomonas reinhardltii, mutations to the genes that encode FAP59 or FAP172
resulted in cells with short immotile flagella.’®® Biochemical and cryogenic electron
microscopy studies revealed that FAP59 and FAP172 proteins form a complex, localize
to the cilia, are required for cilia length, and define the 96-nm periodicity by which all ciliary
components are arranged.'®® The mammalian homologs of FAP59 and FAP172 and
CCDC39 and CCDC40, respectively. Mutations in CCDC39 or CCDC40 are associated
with loss of ciliary motility, axonemal disorganization, laterality defects, and primary cilia
dyskinesia in dogs, humans, mice, and zebrafish.137:13 CCDC39 and CCDC40 are
examples of MAPs that are essential for axoneme assembly, motile cilia function and are

PCD genes.
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1.6.2 Microtubule inner proteins

Ciliary DMTs are incredibly stable filaments that must endure changing sliding and
bending forces. MTs consist of B- and a-tubulin heterodimers that form PFs which further
assemble into a hollow cylindrical structure. Microtubule inner proteins, or MIPs, are a
class of proteins that interact with MTs and regulate their stability and isolate damage or
defects caused by ciliary bending.3% MIPs are proteins that bind to the lumen of MTs (Fig.
1.4A, B). Cryogenic electron microscopy (cryo-EM) techniques revealed that DMTs
isolated from sea urchin sperm and Chlamydomonas flagella contained cryo-EM

densities for MIPs.”140 At this point in time, there was an abundance of biochemical and
mass spectrometry data to suggest potential MIP candidates,’! but there was no
possibility of assigning an identity or building a protein model with the low resolution data.
Scientists theorized that these MIPs may be important to stabilize DMTs during ciliary

beating.

ARC JUNCTION

-36-



Figure 1.4. Cartoon representation of the axoneme, axonemal DMT, and
microtubule inner proteins. (A) Cartoon representation of a cross-section of the
axoneme of motile cilia and flagella. Axonemal components are labeled by color: DMTs
(gray); outer (red) and inner (yellow) dynein arms; nexin-dynein regulatory complex
(green); radial spoke proteins (blue); central pair microtubules (gray). Adapted from Ma
et al.,, 2019.'® (B) Cartoon representation of a cross-section of the axonemal DMT.
Tubulin protofilaments (A1-A13, B1-B10), inner junction protofilament, ribbon
protofilament arc, and inner and outer junctions are labeled. MIPs are colored.
Visualization was performed with ChimeraX using model coordinates related to Kubo et
al., 2023.142

MIPs CFAP182A and CFAP182B (Pierce1 and 2 in mammals) are important for outer
dynein arm assembly, ciliary motility, and embryonic development in mammals and
zebrafish.'6.1° RIB72 (EFHC in mammals) is a conserved ciliary protein with a C-terminal
EF-hand domain important for Tetrahymena motility'43144 and is implicated in juvenile
myoclonic epilepsy.45146 Tektins are a family of mammalian MIPs that localize to the
ribbon PF arc region of the axonemal DMT and are involved in the formation and
stabilization of the DMTs.'4” Mutations in tektin genes have been linked to several ciliary
disorders, including primary ciliary dyskinesia, a genetic disorder characterized by
defective cilia that leads to chronic respiratory infections and infertility. 148149

In 2017, Muneyoshi Ichikawa and Huy Bui used cryogenic electron microscopy to study
MIPs in Tetrahymena cilia.8 They revealed that inside ciliary DMTs is an interwoven
network of heterogenous MIPs (Fig. 1.4B). Furthermore, that study showed that MIPs
have diverse structural domains, are positioned throughout both tubules of the DMT, and
occur with different periodicities along the length of the cilium.® In 2019, the Bui lab
published the first atomic model of a MIP bound to the lumen of a DMT.'” In that study
they showed that two MIP variants, RIB43A-short and RIB43A-long, bind to the A-tubule

and regulate tubulin lattice length and curvature.'” The Bui lab later modelled the
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molecular architecture of the inner junction of the DMT, identifying three new MIPs
FAP106, FAP126, and FAP276.'8 Together with FAP45 and FAP52, these MIPs stabilize
the FAP20/PACRG non-tubulin PF that connects the B-tubule with the A-tubule at the
inner junction (Fig. 1.4B). Gene knockout of CFAP45 and CFAP52 destabilizes DMTs
and causes a reduced swimming phenotype in both Tetrahymena and Chlamydomonas
cells.’¥9 In humans, mutations in MIPs such as CFAP52 and PACRG lead to cilia-related
diseases.’® The identities, structures, and localization of more than 40 MIPs from
Tetrahymena,'7-18.151 Chlamydomonas,'® mammalian respiratory cilia,’® and mammalian
sperm?° have since been discovered using cryo-EM techniques.

The DMT has both an inner and outer junction, and both of those junctions have atypical
and weaker lateral interactions that are vulnerabilities that require stability against shear
forces (Fig. 1.4B). Conventional EM studies on basal body formation in paramecia,
together with biochemical and cryo-EM studies of in vitro partial DMT assembly, provide
overwhelming evidence that DMT assembly initiates at the outer junction.?'.74 At the outer
junction, B- and a-tubulins from PF B1 of the B-tubule form non-canonical interactions
with 8- and a-tubulins from PF A10 of the A-tubule (Fig. 1.4).2 B-tubule formation in vitro
first requires cleavage of the C-terminal tails of B- and a-tubulins of polymerized singlet
MTs by the serine protease subtilisin.” In contrast, mammalian C-terminal tails must not
be sterically hindered or lack PTMs for cilia function in vivo.152.153

Cryo-EM studies have provided a structural framework to understand the consequences
of mutations to inner junction MIPs. Yet there is a distinct lack of understanding for outer

junction MIPs. B-tubule assembly likely requires the C-terminal tails of - and a-tubulins
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of the A-tubule to be suppressed. | hypothesize that there are one or more proteins
localized to the outer junction that are responsible for suppression of C-terminal tails of
B- and a-tubulins of the A-tubule. These proteins are important for the formation and/or

stability of the DMT.
1.7 Cryogenic electron microscopy, data processing, and protein structure modelling

Electron microscopy studies in the 1950s and 1960s provided a general understanding
of the ultrastructure of cilia and flagella (Fig. 1.1). Sample preparation of biological
material for conventional transmission electron microscopy required dehydration and
heavy metal staining.'®* Technological advancements to electron microscopes, next-
generation direct-electron cameras, cryogenic sample preparation, and computer
systems have improved the resolution and biological information that is obtained from
biological samples. Cryogenic electron microscopy (cryo-EM) and cryogenic electron
tomography (cryo-ET) coupled with subtomogram averaging are standard techniques to
study macromolecular assemblies.'® These techniques allow for the reconstruction of 3D
molecular structures of biological molecules in their native, biologically active states.!%®

Cryo-EM sample preparation and data processing is optimized for every experiment, but
there is a general workflow that | will describe very briefly. First, purified biological
molecules in a buffer solution are applied to a very thin copper or gold grid that is coated
by a layer of carbon (Fig. 1.5A). The sample is then very quickly frozen in a thin layer of
vitreous ice.’®” The grid is inserted into an electron microscope and exposed in brief
intervals to an electron beam.%8 Electrons that pass through the sample are recorded as

2D projection images using a direct electron detector or other recording medium.'®® The
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raw micrographs contain several image artifacts such as electron beam-induced motion
that are corrected during data processing.6%-161 At this point, the 2D particle projections
appear relatively weak because they have a low signal-to-noise ratio.'®® Highly similar
particle projections/orientations are combined to form 2D class averages with a high
signal-to-noise ratio.'®! The 2D classes are then assigned angular orientations relative to
each other and combined to reconstruct a single 3D cryo-EM map (Fig. 1.5B).6"

Cryo-EM data processing was historically complicated, requiring many different scripts
and programs. All of the different programs were built into an open source program called
RELION'62 that has since seen several iterations and improvements.'®3 Sjors Schere’s
lab and Holger Stark’s lab both showed in 2020 that with certain protein samples, it is

possible to achieve near-atomic resolution with cryo-EM.®10
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Figure 1.5. Examples of cryo-EM sample preparation, data collection, and data
processing. (A) General overview of cryo-EM analysis. Adapted from Doerr, 2016.1%4 (B)
Example of cryo-EM data collection, 2D classification, and reconstruction of a cryo-EM
map. Adapted from Skiniotis and Southworth, 2016.165

A cryo-EM map represents the space occupied by the corresponding molecule. This map
will inform about the relative positions of protein domains, secondary structures, and
amino acid sidechains depending on the quality of the resolution of the map. Using
various modelling software, an atomic model of the molecule is computationally built
inside the cryo-EM map.'®! If the resolution of the cryo-EM map is sufficient, the model of
the biomolecule can be built de novo.'® The model is then refined to satisfy
stereochemistry restraints of all the atoms of the amino acids of the model.167:168 But if
the resolution of the cryo-EM is too poor, or if the map is ambiguous because of
heterogeneity associated with either multiple conformations or paralogous proteins, other
strategies must be employed to generate a suitable model. Artificial intelligence (Al) has
changed and improved cryo-EM data processing and protein structure modelling. Al-
assisted structure modelling is particularly useful for proteins that adopt heterogenous
conformations within the same sample. In the context of cilia, there could be paralogous
MIPs that adopt similar structures, or a particular MIP adopts unique conformations along
the length of the DMT because it interacts with different molecules.

DeepTracer is a software tool predominantly used to automatically generate a backbone
model, or polyalanine trace from a user-provided cryo-EM map that can then be used for
further structure editing and refinement.'®® AlphaFold2 is Al software that predicts the

structure of an amino acid sequence by using a neural network that was trained on over

170,000 deposited models of protein structures.!”0:171 DeepTracer-ID is an improvement
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on DeepTracer which will predict the structure and sequence of the model of the protein
using the user-provided cryo-EM map and then searching the entire AlphaFold2 library
for all predicted structures from the user-provided organism identity.'”2 FindMySequence
is an Al software that will predict the sequence and identity of a protein model using the
user-provided backbone trace and cryo-EM map.'”® FindMySequence is also useful for
validating the sequence/identity assignment of a protein model determined from any
method. ModelAngelo is another neural-network approach to automatically build and
predict a complete protein structure using a user-provided cryo-EM map.'7# Lastly, the Al
software AlphaLink combines experimentally determined crosslinking mass spectrometry
data with Al-predicted protein structure models to better predict protein structures, protein

interaction interfaces, and arrangement of multimolecular assembles.?”5
1.8 Advances in doublet microtubule cryogenic microscopy sample preparation

The ideal cryo-EM dataset of DMTs would include high quality micrographs of DMTs
sampling all necessary orientations and containing all associated MIPs, MAPs, and MT
associated protein assemblies. Historically, two hurdles prevented this from happening:
the first was breaking the axoneme into intact DMTs; the second was preferred orientation
because DMTs laid flatly in vitreous ice.'”6.177 Takashi Ishikawa’s group overcame the
first hurdle by using well-established protocols to chemically detach cilia from cell bodies,
detergent to dissolve the ciliary membrane, and centrifugation to isolate the axonemes.”
Then they invented a protocol to prepare DMTs for cryo-EM data collection: they added
ATP to activate inner and outer dynein motors, which caused the axoneme to fall apart in

absence of a basal body and ciliary membrane.’”6177 Unfortunately, technological
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restraints at the time combined with preferred orientation meant that it was very difficult
to obtain high resolution information.'”6.177 Muneyoshi Ichikawa and Huy Bui overcame
the preferred orientation problem by using a different approach.8 Once the intact axoneme
was purified, they treated it with high salt to disrupt the protein interactions that held the
axoneme together and free the DMTs.2 The DMTs were dialyzed to dissociate dynein
arms from the DMTs then sonicated to break them into shorter segments that were more
likely to sample many different orientations.8 In 2017 they published the first single particle
cryo-EM structure of the DMT.8 The Bui lab would use this method to publish the first
structures of MIPs bound to the lumen of Chlamydomonas and Tetrahymena DMTs using
cryo-EM, mass spectrometry, and de novo protein structure modelling.17:18

There were methods to isolate intact DMTs and methods to prepare DMTs that sampled
sufficient orientations, but they had not been successfully combined. In 2019, the Brown
and Zhang labs prepared DMTs by treating intact axonemes with both ATP and the
protease subtilisin.’® They published a high resolution structure of the DMT from
Chlamydomonas but the sample preparation resulted in digestion and dissociation of
protein assemblies attached to the DMT surface.'® In 2020, there was no high resolution
cryo-EM model of an intact DMT. Technological advancements in electron microscopes,
improvements in DMT sample preparation, complementary techniques such as
crosslinking mass spectrometry, and Al-guided protein structure modelling would

fundamentally change our understanding of the DMT.
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Chapter 2: Molecular architecture of the DMT of Tetrahymena
thermophila

In this chapter, | present research focused on the molecular architecture of the DMT from
Tetrahymena axonemes. | used a combination of cryo-EM, mass spectrometry, and
artificial intelligence to model the Tetrahymena DMT. | found filamentous and globular
proteins present at various periodicities in the lumen of the DMT as well as filamentous
proteins along the outer surface of the DMT. Generally, MIPs are thought to be integral
for the stability of the DMT, while filamentous proteins on the surface interact with IFT
motor proteins.

| helped develop certain methodologies from this chapter that have been published in the
journal Bio-Protocol Journal.’”® Much of the results and discussion have been published
in the journal Nature Communications.#? The reason the methods paper was published
is that | can prepare axonemal DMTs in their native state with all microtubule-bound
protein complexes intact. Studying native DMTs using cryo-EM is necessary to obtain
cryo-EM densities for weakly associated proteins that would dissociate with exposure to
high salt or mechanical disruption. In addition, my method to purify intact DMTs led to the
reconstruction of other intact subcomplexes on the surface of the DMT from the Bui lab

such as the outer dynein arms'”® and nexin-dynein regulatory complex.'&

2.1 Methods — Sample preparation of Tetrahymena DMTs for mass spectrometry analysis
and cryo-EM

2.1.1 Growth of Tetrahymena strain CU428
Tetrahymena strain CU428 (Tetrahymena Stock Center #SD00178) was stored as bean

media with the assistance of Melissa Valente-Paterno.®! | inoculated 40 mL of SPP
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media (1% proteose peptone, 0.1% yeast extract, 0.2% glucose, 0.0003% FeEDTA) with
10 pL of bean media in a 250 mL Erlenmeyer flask. | let the culture grow on the bench at
room temperature for approximately one week, observing the culture on a glass slide
under a light microscope daily. | then transferred 2 mL of the one week 40 mL
Tetrahymena culture to 100 mL of SPP media in a 500 mL Erlenmeyer flask and grew
overnight with shaking at 150 rpm and 30°C in a Thermo Fisher Scientific MAXQ8000
shaker incubator. The following morning, | transferred 100 mL of overnight culture to 750
mL SPP media in a 2 L Erlenmeyer flask and grew for approximately 48 hours with
shaking at 150 rpm and 30°C in a Thermo Fisher Scientific MAXQ8000 shaker incubator.
| harvested the culture when the measured optical density (ODeoo) was 0.6-0.8 AU. |
performed several preparations so that there was an abundance of sample for cryo-EM
data collection and 3 individual biological replicates for mass spectrometry analyses (for
both salt washed, and non-salt washed preparations, see below).

2.1.2 Cilia purification from Tetrahymena strain CU428

Once the Tetrahymena culture was ready to harvest, | poured it into a 1 L Beckman
Coulter JLA 8.000 centrifuge tube. The culture was centrifuged for 15 minutes at 1000 x
g and 20°C using a Beckman Coulter Avanti J-20 XP. The cell pellet was delicate, so |
carefully discarded the supernatant, resuspended the cell pellet in fresh SPP media to a
total volume of 24 mL and transferred the culture to a 250 mL Erlenmeyer flask. The
Tetrahymena culture was ready for deciliation through dibucaine treatment (Fig. 2.1A).178
| added 1 mL of SPP media supplemented with 25 mg dibucaine and proceeded to gently

swirl the dibucaine-treated culture for 1 minute. | then immediately added 75 mL of ice-
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cold SPP media supplemented with 0.5 mM EGTA to dilute and slow the dibucaine
activity. | then split the 100 mL dibucaine-treated culture into two 50 mL conical tubes
(VWR) and centrifuged for 10 minutes at 2000 x g and 4°C in a Thermo Fisher Scientific
Sorvall ST 16R. Using a pipet gun, | aspirated the cilia-containing supernatant without
disturbing the mucus and cell debris layers under the supernatant. | transferred the
supernatant to two Beckman Coulter JA 25.50 centrifuge tubes and centrifuged for 45
minutes at 25000 x g and 4°C using a Beckman Coulter Avanti J-20 XP. | aspirated the
supernatant and gently washed away the thin mucus film around each pellet with a few
hundred microliters of ice-cold Cilia Wash Buffer (Table 2.1). | resuspended each pellet
in 250 pL ice-cold Cilia Wash Buffer and combined them both in a 1.5 mL microcentrifuge
tube. | centrifuged the tube for 10 minutes at 700 x g and 4°C using an Eppendorf
Centrifuge 5415 D and then transferred the cilia-containing supernatant to a clean 1.5 mL
microcentrifuge tube. The intact membranated cilia were snap-frozen in liquid nitrogen
and stored in a -80°C freezer.

Table 2.1. Cilia wash and final buffers used for Tetrahymena cilia purification.

Component Cilia Wash Buffer Cilia Final Buffer
HEPES, pH 7.4 50 mM 50 mM

MgSOg4 3 mM 3 mM

EGTA 0.1 mM 0.1 mM

DTT 1mM 1mM

Sucrose 250 mM -

Trehalose - 0.5%
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Figure 2.1. Cryo-EM sample preparation and representative electron micrographs.
(A) Workflow for cryo-EM sample preparation of Tetrahymena axonemal DMTs. (B)
Representative raw electron micrographs from the dataset used to reconstruct the 48-nm
native axonemal DMT from Tetrahymena strain CU428. Adapted from Black et al.,
2021.178

2.1.3 DMT preparation from purified Tetrahymena cilia

The snap-frozen, membrane-bound cilia were thawed on ice and centrifuged for 10
minutes at 7800 x g and 4°C using an Eppendorf Centrifuge 5415 D, and the Cilia Wash
Buffer supernatant was removed. | resuspended the pellet in 250 pL Cilia Final Buffer
(Table 2.1) and added 44.1 puL 10% NP-40 alternative (final concentration 1.5%) then

incubated the sample for 30 minutes on ice to de-membranate the cilia (Fig. 2.1). | then
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centrifuged the sample for 10 minutes at 7800 x g and 4°C using an Eppendorf Centrifuge
5415 D, resuspended in fresh 250 yL Cilia Final Buffer, added 44.1 yL 10% NP-40
alternative, and incubated once more on ice for 30 minutes. | centrifuged the sample,
resuspended the intact axoneme pellet in 247 uL of Cilia Final Buffer, added 2.5 uL of
ADP to a final concentration of 0.3 mM and incubated it at room temperature for 10
minutes to activate dynein motor proteins, induce MT sliding, and disassemble the
axoneme into intact DMTs (Fig. 2.1A). | then added 2.5 uL of ATP to a final concentration
of 0.1 mM and incubated it at room temperature for 10 minutes for complete axoneme
disassembly (Fig. 2.1A).

2.1.4 Salt treatment for mass spectrometry analyses of DMTs purified from Tetrahymena strain
CU428 cilia

This step was only performed for mass spectrometry analysis of salt washed DMTs. For
cryo-EM and mass spectrometry sample preparation of fully intact DMTs, please skip to
Methods 2.1.5.

| centrifuged the intact DMTs (post ADP and ATP treatment) for 10 minutes at 7800 x g
and 4°C using an Eppendorf Centrifuge 5415 D and resuspended the DMTs in fresh 250
pL Cilia Final Buffer. | then added 62.5 uyL of 3 M NaCl (final concentration 0.6 M) and
incubated on ice for 30 minutes to cause separation and loss of proteins bound to the
surface of the DMTs, including dynein motor proteins and MAPs. | then centrifuged the
sample for 10 minutes at 7800 x g and 4°C using an Eppendorf Centrifuge 5415 D,
resuspended in fresh 250 pL Cilia Final Buffer, added 62.5 pyL of 3 M NaCl, and incubated

once more on ice for 30 minutes. | then centrifuged the sample and resuspended the salt-
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treated DMTs in Cilia Final Buffer to a final concentration of 2.2 mg/mL. | measured the
total protein concentration by Bradford assay (Bio-Rad) using a Thermo Fisher Scientific
840-208100 UV/Vis spectrophotometer. The sample was then snap frozen in liquid
nitrogen and stored in a -80°C freezer until it was sent to the Proteomics and Molecular
Analysis Platform at the Research Institute of the McGill University Health Centre (RI-

MUHC) for data collection and analysis.

2.1.5 DMT preparation from purified Tetrahymena strain CU428 cilia for cryo-EM and non-salt
washed mass spectrometry

This section continues from Methods 2.1.3. | centrifuged the intact DMTs (post ADP and
ATP treatment) for 10 minutes at 7800 x g and 4°C using an Eppendorf Centrifuge 5415
D and resuspended the DMTs in fresh Cilia Final Buffer to a final protein concentration of
2.2 mg/mL. The DMT sample was then used for vitrification for cryo-EM and mass
spectrometry analysis (non-salt washed).

Purification and subsequent ADP- and ATP-driven splitting yielded native axonemal DMT
and central pair MTs with associated structures still intact. This methodology has been
published in Bio-Protocol Journal'”® and was integral to sample preparation for several

projects published in the Bui lab.142.179

2.1.6 Mass spectrometry sample preparation of cilia from Tetrahymena RIB72 knockout strains
RIB72B-KO and RIB72A/B-KO

Samples for mass spectrometry analysis were also prepared for Tetrahymena RIB72
knockout strains RIB72B-KO and RIB72A/B-KO. Tetrahymena cell culturing and

harvesting were performed as per Methods 2.1.1. Cilia were purified and stored as per
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Methods 2.1.2. Finally, the DMTs were isolated and prepared for mass spectrometry data

analysis as per Methods 2.1.3 and 2.1.5.

2.2 Methods — Mass spectrometry data collection of Tetrahymena strains CU428, RIB72B-
KO, and RIB72A/B-KO

2.2.1 Mass spectrometry data collection of Tetrahymena strains CU428, RIB72B-KO, and RIB72A/B-
KO

| prepared the DMT samples at 2.2 mg/mL as described above (salt washed and non-salt
washed) and sent them to the Proteomics and Molecular Analysis Platform at the
Research Institute of the McGill University Health Centre (RI-MUHC) for data collection
and analysis. At the proteomics center, each sample (~30 pg of protein) was loaded onto
a single stacking gel band for removal of detergents, lipids, and salts. The gel band was
reduced with DTT, alkylated with iodoacetic acid, and then digested with the serine
protease trypsin. The extracted peptides were solubilized in 0.1% aqueous formic acid
and then loaded onto a Thermo Acclaim Pepmap (Thermo, 75 uM ID X 2 cm C18 3 uM
beads) precolumn and then onto an Acclaim Pepmap Easyspray (Thermo, 75 uM X 15
cm with 2 yM C18 beads) analytical column separation using a Dionex Ultimate 3000
uHPLC at 250 nl/min with a gradient of 2-35% organic (0.1% formic acid in acetonitrile)
over 3 hours. The peptides were then analyzed using a Thermo Orbitrap Fusion mass
spectrometer operating at 120,000 resolution (FWHM in MS1) with HCD sequencing
(15,000 resolution) at top speed for all peptides with a charge of 2+ or greater. The raw
data were converted into *.mgf format (Mascot generic format) for searching using the
Mascot 2.6.2 search engine (Matrix Science) against the Tetrahymena protein dataset

from UniProt. The database search results were imported into Scaffold Q+ Scaffold_4.9.0
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(Proteome Sciences) software for statistical treatment and data visualization. |
acknowledge the RI-MUHC Proteomics and Molecular Analysis Platform for mass

spectrometry data collection as well as assistance with data analysis.

2.2.1 Mass spectrometry data analysis of Tetrahymena strains CU428, RIB72B-KO, and RIB72A/B-
KO

We (myself, Dr. Bui, Daniel Dai, and Katya Peri) then analyzed mass spectrometry data
using Scaffold_4.8.4 (Proteome Software Inc.) software. DMT samples from
Tetrahymena strains CU428 (wild-type or WT) and RIB72 knockout strains RIB72B-KO
and RIB72A/B-KO were all analyzed by mass spectrometry. We used peptide counts to
screen for MIPs and MAPs. Only proteins with exclusive unique peptide counts of 2 or
more in the wildtype mass spectrometry results were included in the data analysis. Raw
mass spectrometry data were normalized by total spectra. One-way analysis of variance
(ANOVA) was applied to WT, RIB72A/B-KO and RIB72B-KO mass spectrometry results
using biological triplicates. To help identify appropriate MIP candidates, we used emPAl
score calculation to filter by molecular weight and distribution/periodicity. We also
compared emPAIl scores between salt-treated and non-salt-treated samples to identify
and exclude proteins that are on the surface of MTs rather than inside.

2.3 Methods — Cryo-EM sample preparation of DMTs from Tetrahymena strain CU428

All cryo-EM sample preparation, screening, and data collection were performed at the
Facility for Electron Microscopy Research (FEMR). Cryo-EM sample preparation, data
screening, and data collection would not be possible without the assistance of Dr. Kaustuv

Basu (Titan Krios operator) and Dr. Kelly Sears (research manager).
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| treated C-Flat Holey thick carbon grids (Electron Microscopy Services #CFT312-100)
with chloroform and left them to dry overnight. The grids were negatively glow discharged
for 15 seconds at 10 mA (EMS100x Glow Discharge Unit, Electron Microscopy Sciences).
Vitrobot Mk IV was used for vitrification (Thermo Fisher Scientific). | applied 4 yL of
sample at a concentration of 2.2 mg/mL to the grid, which was subsequently incubated
for 15 seconds in a 100% humidity chamber at 22°C. The grid was blotted with a
calibrated blot force of 1 for 3 seconds, plunge frozen in liquid ethane and stored in liquid

nitrogen.

2.4 Methods — Cryo-EM data collection (single particle analysis)

| screened the samples using an FEI Tecnai G2 F20 200 kV Cryo-STEM (FEMR). The
purpose of the screen was to ensure the sample was ready for cryo-EM data collection.
There were several important characteristics that | needed to observe before attempting
data collection. | was looking for a grid that had a thin layer of vitreous ice, as well as an
even and sufficient distribution of DMTs in the holes of the TEM grid. If the ADP/ATP
treatment failed, then | would see bundles of axonemes and little to no free DMTs. If the
sample was too concentrated, perhaps the vitreous ice would be too thick which reduces
high resolution information obtained during data collection; or maybe the high
concentration would mean DMTs are overlapping so there are less unobstructed particles
for downstream processing. If the sample was too dilute, there might not be enough
particles for downstream processing. Once two grids passed the screen, | proceeded with

data collection.
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Cryo-EM data from screened grids were collected on a Titan Krios 300 keV FEG electron
microscope (Thermo Fisher Scientific) equipped with a direct electron detector K3 Summit
(Gatan, Inc.) and the BioQuantum energy filter (Gatan, Inc.) and SerialEM software.82
Micrographs/movies were collected at a magnification of 64000 X, a pixel size of 1.37 A,
a total dose of 45 electrons per A2 over 40 frames, and a defocus range of -3.0 to -1.0
pum at an interval of 0.25 um (Table 2.2). We collected 18384 movies that were then
processed by single particle analysis to eventually generate a 4.1 A cryo-EM density map
of the 48-nm repeating unit of the DMT from Tetrahymena strain CU428. Raw
micrographs from this dataset reveal native DMTs and central pair MTs with associated

protein complexes intact (Fig. 2.1B).
2.5 Methods — Cryo-EM data processing (single particle analysis)

| imported the raw movies into Relion version 3.118 and ran motion correction and dose-
weighting through the Relion 3.1-integrated MotionCor.'8* The contrast transfer function
parameters were estimated using Gctf'8% in Relion 3.1. With enough information about
each micrograph, | then discarded those with poor contrast transfer function estimation,
drift, and ice contamination.

I manually picked particles from every micrograph using e2helixboxer. Continued
processing of these data revealed that my manual picking was suboptimal and provided
insufficient data of certain orientations of the DMT. Therefore, the data were repicked
using a combination of manual and automatic picking. The 2D views of the DMT-
overlapping, or “top,” particles were manually picked with e2helixboxer, and the 2D views

of the side-by-side particles were automatically picked using Topaz.'® Topaz had
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previously been trained from a dataset containing side-by-side 2D views. The integration
of Topaz into my data processing pipeline was done by Dr. Bui and Zhe Fan
(undergraduate student). We then converted the Topaz-outputted coordinates into
filament coordinates for subsequent processing using custom clustering and line fitting
Python scripts written by Dr. Bui that were based on the RANSAC algorithm.

Those filament coordinates were used to extract particles that had 8-nm overlaps from
the micrographs with an extraction box size of 512 X 512 pixels. The particles were then
binned twice and aligned using the lterative Helical Real Space Reconstruction script'8”
in SPIDER' that was modified for non-helical symmetry. We then imported those
alignment parameters into Frealign'®® and ran a 6-iteration alignment before converting
the aligned particles into Relion 3.1. In Relion 3.1 | ran per-particle defocus refinement
and Bayesian polishing steps iteratively for the 8-nm particles. At this point, the particles
were very well aligned based on the tubulin dimer densities. Continued processing and
refinement steps would yield excellent resolution of the tubulin heterodimers, but further
workflow described below were required to obtain high-resolution information about the
MIPs, many of which have 48-nm periodicity.

To that end, we subtracted each particle from its tubulin lattice signal and then ran 3D
classification with two classes to obtain the 16-nm repeat particles. We ran 3D
classification on those 16-nm repeat particles with 3 classes to obtain the 48-nm repeat
particles. When | refined the 48-nm particles, | obtained a global resolution of 4.1 A (Table
2.2). The 48-nm repeating unit of the DMT is a multi-megadalton asymmetric structure

and thus requires a local refinement strategy.
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| performed focused refinements of different and slightly overlapping regions by using a
different mask for each region. Each mask covered approximately 24 nm, 2 PFs and all
associated MIPs. After all local refinements were performed, all of the maps were merged
into a single composite map using Phenix combine_focused_maps.'®® The composite
map was then post-processed with DeepEmhancer software'®! that generated a cryo-EM
map with greater interpretability for some local regions. The 48-nm repeating unit cryo-
EM map of the DMT from Tetrahymena strain CU428 had a global resolution of 4.1 A,

with some of the locally refined regions having resolutions as high as 3.6 A (Table 2.2).
2.6 Methods — Protein structure modeling and model validation

The 48-nm cryo-EM with a global resolution of 4.1 A contained only a few densities
suitable for de novo protein modeling. Thus, we needed to use multiple approaches to
model all tubulin and MIPs. The Bui lab has published several models of Tetrahymena 3-
and a-tubulin.®17:18 For tubulin in our model of DMT, | took one previously modeled
Tetrahymena - and a-tubulin heterodimer and propagated and refined those models in
the 48-nm CU428 map. For all conserved MIPs, we used homology modeling to obtain
initial models. Then, we refined the models in the 48-nm CU428 map.

For species-specific proteins, the only option for modeling and identification was a de
novo method. Since this represented many models, the approach could not be traditional
(manual polyalanine tracing followed by residue-by-residue mutation) and instead
employed artificial intelligence. Species-specific MIPs were modeled using
ModelAngelo'* or DeepTracer'®® software in combination with either ColabFold

software'7%.193 or FindMySequence software.'”® We first extracted every MIP density from
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the 48-nm CU428 map. For some MIPs, we used ModelAngelo to generate a predicted
protein structure model that we manually adjusted with COOT'%4 and refined using Phenix
Real-space refinement.'0 For other MIPs, we used DeepTracer to generate a backbone
(polyalanine) model using that extracted density. We then used ColabFold to first
generate AlphaFold-predicted structures for all proteins detected in the DMT from mass
spectrometry.

We now had a database of DeepTracer backbone models of every MIP density as well
as a database consisting of ColabFold predicted structures of the Tetrahymena DMT
proteome. We ran the PyMOL cealign program'® program to find structure matches for
all the DeepTracer backbone models from the ColabFold Tetrahymena DMT proteome
database. We took those ColabFold structure matches for each DeepTracer backbone
model and fit them into the corresponding density. Then, we refined those models in the
48-nm CU428 map. In other cases, we fed the DeepTracer backbone model and the
extracted MIP density into FindMySequence software to identify the MIP protein and
generate a model with complete sequence and side chains.

We validated all MIP models using both artificial intelligence software and in situ cross-
linking mass spectrometry. In situ cross-linking mass spectrometry was performed by Drs.
Caitlyn L. McCafferty and Edward M. Marcotte. We ran FindMySequence on every single
MIP model and the corresponding cryo-EM density. We then verified that the
hmmsearch'9® E-values for every density and corresponding sequence were below 1x10
7, which is the cutoff for the probability of correct identity being 95% or greater (Table

2.2).97 We also used in situ crosslinking mass spectrometry data to independently
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validate the positioning and fit of all side chains detected in the crosslink data’#? and
Marcotte lab [unpublished]. The machine learning algorithm IntPred'®® was used for the
prediction of protein-protein interactions.

We were able to model, identify, and validate all tubulin and 41 MIPs in the Tetrahymena
CU428 DMT. Our model represents the most comprehensive 48-nm DMT structure
published to date and includes models for MIP paralogs with unique periodicities.

Table 2.2. Cryo-EM data collection and refinement parameters for all datasets
used in this thesis. Adapted from Kubo et al., 2023.742

Method Single Particle Analysis Subtomogram Averaging
Dataset WT K40R 96 nm WT (CU428) CFAP77A/B-
(CU428) combined KO
Microscope Titan Titan Titan Titan Krios Titan Krios
Krios Krios Krios
Electron Detector Gatan K3 | Gatan K3 | Gatan G3 | Gatan K3 Gatan K3
Zero-loss filter (eV) 30 30 30 20 20
Magnification 64,000 64,000 64,000 42,000 42,000
Voltage (keV) 300 300 300 300 300
Electron exposure (e/A2) 45 45 & 73 45 & 73 160 160
Defocus range (um) 1.0-3.0 1.0-3.0 1.0-3.0 2.5-3.5 2.5-3.5
Pixel size (A) 1.37 1.37 1.37 2.12 2.12
Tilt range (increment) - - - -60° - 60° (3°) | -60° - 60° (3°)
Tilt scheme - - - dose dose
symmetric symmetric

Movies acquired 18,384 25610 43994 - -
Particles number 148365 182355 172223 - -

Tilt series acquired - - - 58 20
Subtomograms averaged - - - 2608 1702
Symmetry imposed C1 C1 C1 C1 C1
Repeat unit (nm) 48 48 96 96 96
Map resolution 36-40 | 3.3-35 3.75 19 22

2.7 Results and discussion

2.7.1. Cryo-EM map of the Tetrahymena DMT
| needed to obtain a cryo-EM map with the highest possible resolution of the 48-nm
repeating unit of the Tetrahymena CU428 DMT. | performed data processing (single-

particle analysis) followed by focused refinements on overlapping regions of the 48-nm
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CU428 DMT map to generate a global resolution of 4.1 A (Table 2.2). Dr. Sky Yang (Bui
lab) followed the same workflow with the Tetrahymena mutant strain K40R to obtain a 3.7
A resolution map (Table 2.2). The Tetrahymena mutant strain K40R has a lysine to
arginine mutation at residue 40 of a-tubulin to prevent acetylation.”9-1%° This mutation did
not affect the overall architecture or any of the MIPs. Therefore, we predominantly used
the 3.7 A K40R map for initial modeling of tubulin and MIPs.

2.7.2. Tetrahymena DMT consists of conserved and non-conserved MIPs

We (myself, Dr. Bui, Dr. Sky Yang, and Dr. Shintaroh Kubo) modeled and identified 41
MIPs (Fig. 2.2 and Table 2.3). Of those, 28 MIPs are found in DMTs in other species,
including Chlamydomonas reinhardtii and mammals, while 13 are Tetrahymena-specific
(Table 2.3 and Table 2.4). These conserved MIPs include proteins at the inner junction
(CFAP20, CFAP45, CFAP52),139.140 PACRG, 8200201 the outer junction (CFAP77), and
the ribbon PF arc (RIB43a and RIB72A/B).202203 Conserved and species-specific MIPs
decorate every region of the DMT. The region with the most divergence is the ribbon PF
arc (Fig. 1.4B).

| observed several species-specific MIPs. In bovine (mammalian generally) respiratory
cilia, the ribbon PF arc is occupied by a tektin bundle in addition to RIB43a (RIBC2) and
RIB72A/B (EFHC1/2).'9 Interestingly, novel Tetrahymena MIPs were present throughout
the DMT and ranged from globular (TtRIB22, TtRIB35) to flamentous (fMIPs along PFs
B3-B6).

These findings led me to hypothesize that MIPs belong to one of two groups:

evolutionarily conserved MIPs and species-specific MIPs. Conserved MIPs have
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universal functions in cilia, whereas species-specific MIPs have evolved in response to
specific stability requirements as a result of a unique ciliary movement in a specific

organism or organ system.
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Figure 2.2. Visualization of side-chain densities of MIPs and crosslinks with
tubulin. Examples of cryo-EM maps and the respective atomic models of all
Tetrahymena MIPs modeled in this study. Adapted from Kubo et al., 2023.742
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Table 2.3. Identification of Tetrahymena proteins based on side chain fitting of
our cryo-EM map. The E-value is reported from the FindMySequence search of the C-
alpha backbone against the K40R cryo-EM map with proteins in the ciliome. Adapted

from Kubo et al., 2023.142

MIP UniProt E-value 2nd match E-value 3d match E-value
ID (2nd) (3rd)
CFAP20 Q22NU3 | 2.60E-52 | Q22SL3 6.70E-03
17MK20
CFAP21B I7MLS4 6.30E-80 | (CFAP21A) 7.90E-05
CFAP45 W7XCX2 | 7.10E-10
8.40E- 17MJ23 Q24C92
CFAP52A Q227ZH2 | 164 (CFAP52B) 7.10E-21 (CFAP52C) 4.00E-13
CFAP53 Q23YQ8 | 3.00E-60 | A4VD76 1.20E-01
5.20E-
CFAP67 W7XGD1 | 126 1I7M7Q3 2.10E-85 Q23U54 6.00E-09
Q239Q2
CFAP77A Q22WR6 | 4.90E-31 | (CFAP77B) 6.30E-21
17LU20 Q238Q9
CFAP106A 17M279 5.20E-53 | (CFAP106B) 4.60E-23 (CFAP106C) 7.30E-21
CFAP107 Q237T1 7.50E-20
CFAP112A
(B3B4_{fMIP) Q23A15 | 1.70E-06
CFAP112B
(B5B6_fMIP) I7MEK6 | 8.20E-06
9.20E-
CFAP115 Q23KF9 | 105 W7XC24 1.40E-04
CFAP127 I7LV70 1.40E-37
CFAP129 17M914 1.40E-18
CFAP141 A4VCU8 | 2.70E-27
CFAP143 A4VD56 | 1.70E-39
17M8Z8 I7ME23
CFAP161A Q22WJ6 | 3.40E-95 | (CFAP161B) 5.10E-41 (RIB57) 1.60E-06
CFAP182A Q24BV4 | 1.80E-17
CFAP182B I7MLW3 | 6.90E-20
CFAP210 Q23EX8 | 2.10E-22 | W7XDG5 2.10E-03 Q22GH8 2.20E-02
Q235M9
FAM166A Q238X3 | 6.80E-21 | (FAM166B) 4,70E-05
Q238X3
FAM166B Q235M9 | 1.90E-20 | (FAM166A) 1.20E-06
Q238X3
FAM166C Q22B75 | 1.10E-43 | (FAM166A) 1.70E-01
1J34 I7M9TO 1.50E-95
Nebulin Q231B6 | 4.50E-06
0J2 Q236L2 1.90E-37 | I7TMAL9 5.70E-14 Q24DL2 5.50E-11
I7M312
PACRGA I7MLV6 5.10E-72 | (PACRGC) 3.10E-49
I7MLV6
PACRGB I7M317 3.80E-57 | (PACRGA) 2.10E-39
I7ME23 17M8Z8
RIB22 I7LT67 3.80E-54 | (RIB57) 1.20E-10 (CFAP161B) 5.00E-10
RIB26 Q23216 2.20E-83
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Q22CT6 Q22B75
RIB27A I7LUL4 | 7.40E-23 | (RIB27B) 5.10E-11 | (FAM166C) 1.10E-01
I7LUL4
RIB27B Q22CT6 | 1.30E-04 | (RIB27) 1.40E-02
17LT67 17M8Z8
RIB35 I7ZME81 | 1.20E-73 | (RIB22) 1.60E-09 | (CFAP161B) | 9.60E-09
RIB38/Tex36B | Q23JL9 | 1.00E-76 | Q233Y0 4.80E-25
Q240R7
RIB43A_S A4VDZ5 | 9.50E-41 | (RIB43A_L) | 8.50E-08
A4VDZ5 W7XC77
RIB43A_L Q240R7 | 3.30E-64 | (RIB43A_S) | 3.60E-04 | (PG-rich) 4.00E-04
1.30E- | I7LT67 I7M8Z8
RIB57 I7ME23 | 127 (RIB22) 5.50E-08 | (CFAP161B) | 9.80E-07
1.10E- | I7MCU1
RIB72A I7M0S7 | 204 (RIB72B) 2.30E-50
3.00E- | I7M0S7
RIB72B I7ZMCU1 | 164 (RIB72A) 6.00E-53
SB1
(SeamBinding1) | Q231B2 | 3.90E-31
[7MF67
STPG1A Q24GM1 | 2.80E-28 | (STPG1B) 7.60E-17
STPG2 I7M2GO | 6.70E-16

Interestingly, many of the conserved MIPs present as a single ortholog in other species
were determined to have several paralogs in Tetrahymena (Table 2.3). MIP paralogs
alternate along the length of the MT with different periodicities and patterns depending on
the paralog (Fig. 2.3A-1). It is important to note that a weakness with these findings was
that | was limited by the resolution of the map and the sensitivity of the mass spectrometry
data. It is possible that some paralogs may have different periodicities than we found.
Some of the MIPs had very clear periodicities and locations in the DMT, namely,
TtCFAP182, TtFAM166, TtPACRG, TtRIB27, and TtRIB72 (Fig. 2.3 and Fig. 2.4A-).
Some of the MIPs had paralogs with sequences that were too similar to distinguish from
their cryo-EM density, such as TtCFAP77 and TtCFAP106. In those cases, we deferred
to the mass spectrometry data and modeled only the paralog that had the greatest

abundance (Table 2.3). In a few instances, MIPs had paralogs detected in the mass
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spectrometry data, but the stoichiometry overwhelmingly favored a single paralog; this
was the case for TTCFAP52A and not TtCFAP52B or TtCFAP52C (Table 2.3). Those
paralogs with lesser stoichiometry are likely more abundant in DMTs near the ciliary base

or tip.
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Figure 2.3. Paralogs and unique conformations of Tetrahymena MIPs. (A-H)
Structural comparisons of paralogs and unique conformations of Tetrahymena
MIPs. (A) RIB72A and RIB72B. (B) PACRGA and PACRGB. (C) RIB27A and RIB27B.
(D) CFAP182A and CFAP182B. (E) SB1 and CFAP161A. (F) FAM166A, FAM166B, and
FAM166C. (G) CFAP67 repeats 1 and 2. (H) The EF-hand of repeat 1 of RIB57 is aligned
with repeats 2 and 3, as well as with RIB35. (I) CFAP115 EF-hand domain pairs 1 and 3
are similar to each other, as are EF-hand domain pairs 2 and 4. However, a short central
helix and nearby aromatic side chains are unique to EF-hand domain pair 2. Adapted
from Kubo et al., 2023.142

The ribbon PF arc region of the DMT is interesting evolutionarily because it is the least
conserved region (Fig. 1.4B). This raises an interesting question of how species-specific
ciliary/flagellar beating action and MIP conservation are related. One of the most
conserved and well-studied ribbon PF arc proteins is RIB43a (RIBC2 in mammals), which
has 2 paralogs in Tetrahymena: RIB43aS and RIB43aL (Fig. 2.3A-I and Table 2.3).
RIBC2/RIB43a is important for the stability of the ribbon PF arc'”202 and is required for
motility in Xenopus laevis multiciliated epithelial cells.?2°4 Hypermethylation of RIBC2 is
associated with ulcerative colitis,?% and differential expression of RIBC2 is associated
with many different cancers, including breast cancer and kidney renal clear cell
carcinoma.2%52%6 |n metazoans, the ribbon PF arc region is occupied by a tektin bundle®

that is not present in Tetrahymena or Chlamydomonas (Fig. 1.4B, Fig. 2.4C and Fig.

2.5A,B).16.142
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Figure 2.4. The structure of the native DMT from Tetrahymena. A A cross-section of
the DMT map. Each color denotes an individual MIP. Tubulins are in gray. B—l Views of
the lumen of the DMT from different angles as indicated by the black arrow. The cutting
plane is indicated by black lines. Adapted from Kubo et al., 2023.142

The core ribbon PF arc proteins are CFAP21, CFAP53, CFAP67 (NME7), CFAP107,
CFAP127 (MNS1), CFAP141, CFAP143 (SPAGS), RIB43a (RIBC2), and RIB72 (EFHC1)
(Fig. 2.5B and Table 2.3). Species-specific differences include bovine tektin;
Chlamydomonas FAP166, FAP222, FAP273, FAP363, and RIB21; and Tetrahymena
TICFAP182, TtRIB26, TtRIB27, TtRIB35, TtRIB38, TtRIB57, and TtSB1 (Fig. 2.5A, B and
Table 2.4). Interestingly, TtRIB57 is present every 16 nm of the axonemal DMT and
adopts three different conformations within 48 nm (Fig. 2.3H and Fig. 2.5B). The structural
flexibility of TtRIB57 explains how the AlphaFold2 predicted model of TtRIB57 conflicts

with the intra-molecular crosslinks observed for TtRIB57 based on in situ crosslinking

mass spectrometry.207
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Table 2.4. Species-specific MIPs in Tetrahymena, Chlamydomonas and Bovine
cilia. Adapted from Kubo et al., 2023.142
Tetrahymena |Reference (cilia) |Chlamydomonas |Reference (cilia) |Bovine Reference (cilia)

TtB3B4_fMIP|This study FAPG8 208 EFCAB6 |19:200
This study FAP85 210 19,211,212

TtB4B5_fMIP TEKTIN 1

TtB5B6_fMIP | This study FAP90 205 TEKTIN 2 [10.211,212

TtlJ34 This study FAP166 208 TEKTIN 3 [10.211,212

TtOJ2 This study FAP222 205 TEKTIN 4 [10.211,212

TtOJ3 This study FAP252 208213 TEKTIP1 |19

TtRIB22  [This study FAP273 214

TtRIB26  |This study FAP363 16

TtRIB27A  |This study RIB21 16

TtRIB27B  |This study RIB30 16

TtRIB35 This study
TtRIB38 This study
TtRIB57 This study
SB1 This study
STPG1A This study
STPG1B This study
STPG2 This study
Nebulin This study

The non-conserved proteins of the ribbon PF arc undoubtedly function to stabilize the
DMT. It would be interesting to compare the relative stability of the ribbon PF arc between
species. Perhaps these proteins have evolved because of species-specific ciliary/flagellar
waveforms and motility. The non-conserved proteins may also function to provide ciliated
organisms with unique regulatory mechanisms.

The strength of the DMT is dependent upon the stability of the inner and outer junctions
(Fig. 1.4). The Tetrahymena inner junction MIPs include the inner junction PF proteins
CFAP20 and PACRG (paralogs A and B), CFAP52, CFAP106, and 1J34 (Fig. 2.5A). The
PF protein PACRG has two paralogs in Tetrahymena; PACRGA has an extended N-

terminal region that projects toward the lumen and contains an a-helix that is proximal to
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CFAP52 (Fig. 2.5A). Interestingly, DMTs purified from Tetrahymena are uniquely
sensitive to salt treatment®; the inner junction becomes unstable, and single particle
analysis of salt-treated Tetrahymena DMTs results in cryo-EM maps that lack density for
the inner junction PF.817.18 Perhaps the PACRGB paralog, which lacks the lumen-
interacting N-terminal domain of PACRGA and PACRG homologs in Chlamydomonas
and bovine cilia, contributes to species-specific salt sensitivity.142

IJ34 (CCDC81) is the only Tetrahymena-specific inner junction MIP (Fig. 2.5A). 1J34 is
positioned around PF A1 and CFAP52 and acts as a stabilizing tether for CFAP52.
Interestingly, CFAP52 is stabilized by a species-specific MIP for Chlamydomonas
(FAP276)'6.18 and bovine respiratory cilia (EFCABG6).1° These three CFAP52 tethers are
examples of a functional homolog.

In 2021, the Agard and Winey laboratories published a 12 A cryo-EM map of the
Tetrahymena DMT using cryo-ET and subtomogram averaging.'' They observed several
filamentous and globular densities of unidentified MIPs.'®! One of those unidentified MIPs
is localized to the inner junction, has a density that looks like the letter “X,” and spans PFs
from both the A- and B-tubules.'®' | was not able to observe densities for any of those

unidentified MIPs; this may be explained by low abundance or sample preparation.
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Figure 2.5. Comparison of the DMT structure from Tetrahymena, Chlamydomonas
and bovine respiratory cilia. A The inner junction; note that the architecture is well
conserved. B The PF ribbon region; note many species-specific MIPs. Adapted from
Kubo et al., 2023.142

2.7.3 MIP distribution in Tetrahymena has 96-nm periodicity

In Chlamydomonas and bovine models of DMTs, MIPs have a 48-nm periodicity,6:19
while in Tetrahymena, MIPs have a 96-nm periodicity.’# Tubulin heterodimers and
CFAP20 have a periodicity of 8 nm.2%° MIPs TtRIB22 and RIB72A/B are present every 16
nm (Fig. 2.4B and Fig. 2.5B). Many MIPs have periodicities of 48 nm, including CFAP45,
CFAP53, and CFAP143 (Fig. 2.4F, H). In Chlamydomonas, CrFAP115 is a 26.6 kDa MIP
with an EF-hand pair domain that sits between PFs A1 and A3 and has a periodicity of 8
nm.'® In Tetrahymena, TtCFAP115 is a 110.5 kDa MIP (Fig. 2.31 and Fig. 2.6A, B).
TtCFAP115 has 4 EF-hand domain pairs and a periodicity of 32 nm (Fig. 2.3I). There are
MIPs in Tetrahymena with periodicities of 8, 16, 32, and 48 nm. The least common
multiple of those numbers is 96. Thus, the periodicity of Tetrahymena MIPs is 96 nm.
Modeling CFAP115 in the 48-nm DMT was difficult. The ColabFold predicted structure of
CFAP115 included 4 very similar EF-hand pair domains. Since Chlamydomonas FAP115
is approximately 26 kDa, has 1 EF-hand domain pair, and has a periodicity of 8 nm, |
assumed that Tetrahymena CFAP115 has a periodicity of 32 nm because it is
approximately 4 times the mass and has 4 times the domain pairs. When | looked at the
3.7 A cryo-EM map in the A1-A3 region, | found densities for EF-hand pair domains and
partial densities for unstructured connecting regions (Fig. 2.3l and Fig. 2.4D). Since the
CFAP115 model has 4 very similar EF-hand domain pairs, the correct placement of each

domain with respect to every other protein in the 48-nm DMT required scrutiny. To be as

-69 -



confident as possible, | closely examined the structural features of each of the domains
and the corresponding densities. First, the second and fourth domain pairs have a short
a-helix positioned between each EF-hand domain (Fig. 2.3l). In addition, every second
density for a CFAP115 EF-hand domain pair has a corresponding density for that short
a-helix (Fig. 2.3l). Furthermore, the second and fourth domain pairs have an extended
loop that connects the EF-hand domains. Again, every second density for a CFAP115
EF-hand domain pair has a corresponding density for that extended loop (Fig. 2.31). With
this information, | only had a 50% chance of correctly placing CFAP115 in the 48-nm DMT
(Fig. 2.4D). | then fit both the second and fourth EF-hand domain pairs in the same density
and looked at side chain fitting. While both models fit reasonably well, it was clear that
the second domain pair was a better fit. One side chain that helped differentiate the
correct placement was Tyr380 of the second domain pair (Fig. 2.3l).

2.7.4 RIB72A and RIB72B are differentially required for the stability of several A-tubule MIPs
Once | was confident about the model, | was curious about the role of TTCFAP115 and
interactions with other MIPs (Fig. 2.4D). Our model shows that a single CFAP115
molecule likely interacts with 2 molecules each of RIB72A and RIB72B (Fig. 2.4D). To
validate the interaction based on proximity in our model, | used a genetics approach.
Beyond its interaction with CFAP115, RIB72 (EFHC) is a well-conserved MIP required for
motility in Tetrahymena'4* and associated with human disease.2%5206 We acquired RIB72
knockout strains from Dr. Jacek Gaertig’s laboratory and performed mass spectrometry
analysis of Tetrahymena strains CU428, RIB72B-KO, and RIB72A/B-KO (Fig. 2.4D, Fig.

2.6A-C and Table 2.5). Proteins with the highest abundance in both CU428 (WT) and
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RIB72B-KO belonged to MIPs RIB72A, CFAP115, FAM166B, FAM166C, RIB22, RIB27A,
and RIB27B (Fig. 2.3, Fig. 2.4, and Table 2.5). In support of a RIB72 interaction, CFAP115
was absent in the proteome of the RIB72 double knockout (Fig. 2.4D, Fig. 2.6C and Table
2.5). RIB72A, RIB72B, FAM166C, FAM166B, RIB22, RIB27A, and RIB27B were also all
absent. The loss of CFAP115 in the RIB72A/B-KO proteome was supported by previous
studies that showed the same.6.143.144.151 |nterestingly, only RIB27B was significantly
reduced in the RIB72B-KO proteome, while CFAP115 and the other MIPs were all
relatively abundant (Table 2.5). Although it was not the primary objective, these results
also validated the models of CFAP115, FAM166B, FAM166C, RIB22, RIB27A, and
RIB27B protein structures, which had been modeled and identified using only the wild-
type strain (Table 2.5). While we were reasonably confident in the protein models,
comparative proteomics supported the possible interactions we observed. To further
investigate the roles of CFAP115 and RIB72, it would be worthwhile to perform mass
spectrometry analysis on the RIB72A knockout strain.

When mass spectrometry analysis was performed on a Tetrahymena CFAP115-KO
strain, both RIB72 paralogs were abundant.’*® Cryo-ET studies have shown that
CFAP115 knockout resulted in defects in cryo-ET densities of the ribbon PF arc and the
inner junction regions.'431%1 Those structural defects observed from cryo-ET could
explain the ciliary action defects seen with Tetrahymena CFAP115-KO cells.143
CFAP115-KO cilia have a slow power stroke and consequently swim slowly compared to

wild-type cilia.43
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Table 2.5. Mass spectrometry analysis of wild-type (WT), RIB72B and RIB72A/B
knockout mutants showing the missing proteins. Only proteins with quantitative

values > 1 are shown. Adapted from Kubo et al., 2023.142
UniprotiD WT (CU428) RIB72B-KO RIB72A/B-KO

S1 S2 S3 S1 S2 S3 S1 S2 S3
I7MCU1 (RIB72B) 217.4 [199.6 | 2128 [0.0 [0.0 0.0 00 |00 [0.0
I7M0S7 (RIB72A) 172.9 [ 189.0 | 181.7 [ 246.0 | 245.9 |[242.0 |00 |00 [0.0
Q23KF9 (FAP115) 300.3 | 313.5 | 297.0 | 294.5 [ 281.9 |281.9 [0.0 [0.0 [0.0
Q238X3 (FAM166C) | 101.3 [ 102.4 [ 115.2 | 845 |89.0 [102.7 |[0.0 [0.0 [0.
Q235M9 (FAM166B) |35.8 [34.4 |443 [33.8 [39.2 [388 |00 [0.0 [0.0
I7LT67 (RIB22) 314 [309 [372 [16.9 [212 [217 [00 [0.0 |[0.
I7LUL4 (RIB27A) 28.8 [20.3 |31.9 [137 |[276 [30.8 |00 [0.0 [0.0
Q22CT6 (RIB27B) 279 [36.2 [39.0 [11 [42 3.4 00 |00 [0.0
W7XC77 (PG-rich) 131 [115 [16.0 |74 |85 126 |00 [0.0 [0.0

17LV80 10.5 [124 |98 0.0 0.0 1.1 0.0 0.0 0.0
Q22TY0 9.6 8.8 8.9 0.0 0.0 0.0 0.0 0.0 0.0
I7LVP2 8.7 11.5 9.8 0.0 1.1 2.3 0.0 0.0 0.0
Q231F9 5.2 1.8 7.1 1.1 0.0 1.1 0.0 0.0 0.0
Q22CT4 5.2 4.4 3.5 0.0 0.0 1.1 0.0 0.0 0.0
I7M2F8 2.6 4.4 2.7 0.0 41.3 3.4 0.0 0.0 0.0
I7M6E1 2.6 3.5 1.8 0.0 0.0 0.0 0.0 0.0 0.0
Q22KN2 1.7 2.6 1.8 0.0 0.0 0.0 0.0 0.0 0.0
Q22HI18 1.7 0.9 0.9 0.0 0.0 0.0 0.0 0.0 0.0
I7MDS6 1.7 0.9 1.8 0.0 0.0 0.0 0.0 0.0 0.0
I7LWU5 1.7 0.9 1.8 1.1 1.1 0.0 0.0 0.0 0.0
Q22592 1.7 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0

My results show that the stability of CFAP115, FAM166C, FAM166B, RIB22, and RIB27A
all depend upon the presence of RIB72A; interestingly, RIB27B is dependent upon both
RIB72A and RIB72B (Fig. 2.5B and Table 2.5). Studies using Tetrahymena CFAP115-
KO cells have shown that CFAP115 stabilizes the MT lattice and is important for motility.
Together with other studies, this work suggests that the assembly of MIPs is highly

regulated and ordered.215.216
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2.7.5 Organization of the inner and outer microtubule proteins in Tetrahymena axonemal DMTs is
uncoupled

Attached to the DMT outer surface are inner and outer dynein arms, the nexin-dynein
regulatory complex and radial spoke proteins (Fig. 1.2 and Fig. 2.6D).2'” The outer
surface of the DMT has 96-nm periodicity.?'® Studies have shown that CCDC39 (FAP59)
and CCDC40 (FAP172) are MAPs that form a 96-nm long complex and act as molecular
ruler for the length of the axonemal DMT (Fig. 2.6D and Fig. 2.6E).136 The CCDC39/40
complex also defines the positions of various MAPs.*® Through experimentation and a
literature review, | have demonstrated that the periodicity of the Tetrahymena axonemal
DMT is 96 nm for both MIPs and the rest of the axonemal proteins. For all other species
studied, it appears that MIPs have a periodicity of 48 nm, while the outer proteins repeat
at 96 nm.'®1% One of the most interesting questions in the field right is now how the
periodicity of MIPs is linked to the CCDC39/40 molecular ruler. Cryo-EM and mass
spectrometry analyses have not yet provided that information. One possible explanation
is that in the Tetrahymena axoneme, the organization of the proteins inside and on the
surface of the MTs is uncoupled. In Chlamydomonas and mammals, it has been shown
that different periodicities coexist between inner and outer proteins, while in Tetrahymena,
they happen to be the same.'6.19.136 |t is possible that merely the head-to-tail arrangement
of axonemal proteins is sufficient to regulate their periodicity.

The structural and proteomic investigation of Tetrahymena CFAP115 and RIB72 paralogs
informed us of the intricate assembly of MIPs and demonstrated the importance of

complementary techniques. Sample preparation, single particle analysis, mass
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spectrometry, genetic knockouts, and artificial intelligence were all integral to gaining

insight into MIPs and protein interactions.
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Figure 2.6. MIPs in Tetrahymena exhibit 96-nm periodicity. (A) TTCFAP115 shows
32-nm repeats leading to the true 96-nm periodicity of the MIPs of Tetrahymena. FAP115
in Chlamydomonas only repeats with 8-nm periodicity, leading to the normal 48-nm
repeat. (B) Cartoon of Tetrahymena and Chlamydomonas PFs A13-A4 showing the
arrangement of FAP115 and RIB72. (C) Quantitative value of mass spectrometry (normal
total spectra value) of WT, RIB72B-KO, and RIB72A/B-KO cilia showing that TTCFAP115
is still intact after the knockout of RIB72B. n = 3 biological replicates for WT and each
mutant. Data are presented as the mean values +/—- standard deviation. Values for each
replicate are shown in brown circles. Adapted from Kubo et al., 2023.4? (D) Orthogonal
views of an atomic model for the 96-nm repeat of the DMT. The model combines atomic
models of the DMT-bound stalks of RS1 and RS2, and the stalk, neck and spoke head of
isolated RS1 with the model of DMT (PDB 6U42). Adapted from Gui et al., 2021.1° (E)
Overview showing the bases of RS1 and RS2 bound to the DMT. The radial spoke
subunits (LC8, FAP91, FAP207, FAP253 and RSP15), the CCDC39-40 molecular ruler,
and the subunits of the N-DRC base plate are shown as cartoons. Tubulin is shown in
surface representation. Adapted from Gui et al., 2021.1°

2.7.6 The outer surface of the intact DMT is associated with many filamentous proteins

The architecture of ciliary complexes associated with the DMT surface has been mapped
with the use of crosslinking mass spectrometry, cryo-EM, and cryo-ET followed by
subtomogram averaging (Fig. 2.4).16:219-222 The CCDC39/40 complex is a coiled-coil
structure that weaves around the DMT surface, the nexin dynein regulatory complex (N-
DRC), and radial spoke proteins (Fig. 2.6D and Fig. 2.6E). Radial spoke structures extend
outward from the surface to the central pair apparatus (Fig. 2.6D). The inner and outer
dynein arms both extend outward from the A-tubule toward the neighboring B-tubule (Fig.
1.2B, C). The N-DRC is a plate-like structure consisting of coiled-coil regions that link the
inner and outer dynein arms with radial spokes (Fig. 2.6D, E).

In addition to the mechanoregulatory protein complexes associated with the DMT, we
also observed several densities of ciliary MAPs in our cryo-EM map (Fig. 2.7A, B).
Coupled with mass spectrometry data and Al-assisted protein structure predictions, our

map has sufficient high-resolution information to identify some or all the MAPs bound to
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the Tetrahymena DMT. | already de novo modeled the backbone of a MAP located at
A10-B1 of the OJ, which we named OJ3 (Fig. 2.2, Fig. 2.4F, and Fig. 2.7B). Admittedly,
the OJ of our cryo-EM map had the highest resolution, and the rest of the MAPs will
require more effort. The relatively low resolution of the cryo-EM map for these regions is
most likely a result of partial decoration or flexibility. The investigation of the identity and

function of those ciliary MAPs has not been done and represents an impactful pursuit.

-76 -



-77 -

I STPG1A PGPOKY
STPG2
I STPG2

STPG2




Figure 2.7. The outer surface filaments on the native DMT. (A, B) Cross-sectional (A)
and longitudinal (B) views of the outer surface filaments on the native Tetrahymena DMT.
The filaments are bound to adjacent pairs of PFs from A8 to B5. The filaments between
PFs B2-B3, B3-B4, and B4-B5 appear similar and have a 48-nm periodicity. In contrast,
the filaments between PFs A9-A10, A10-B1 (OJ3), and B1-B2 appear to have a 24-nm
periodicity. These filaments have a clear head-to-tail periodic arrangement between PFs
A9-A10 and B1-B2. The filament between PFs B1B2 has a globular domain (black
arrowheads). The density of the flament between PFs A8-A9 is very weak, probably due
to partial decoration. (=) and (+) signs indicate the minus and plus ends of the MT,
respectively. (C) STPG1A is a filamentous protein that is woven between PFs B7-B8,
bound to the surface and the lumen. (D) STPG2 is a filamentous protein that is woven
between PFs A6-A7, present on the outer surface and the lumen. (E) The PG-rich repeat
motifs of STPG2 (left) and STPG1A (right) are structurally similar. Adapted from Kubo et
al., 2023.142

The ciliary DMT MAPs appear as filamentous densities positioned near the wedge-
shaped junction of neighboring PFs (Fig. 2.7A, B). Tetrahymena ciliary MAPs seem to
bind very similarly to human MAP7.223 MAP7 shares a binding site with kinesin-1, recruits
and activates kinesin-1,111224 does not affect dynein,''" and selectively inhibits kinesin-3
processivity.11.225 MAP7 binds MTs as an extended a-helix that spans intra- and
interdimer interfaces of tubulin PFs (~8 nm periodicity) and is positioned between the
outermost ridge of the PF and the site of lateral interaction between adjacent tubulin (Fig.
2.8A, B).223 | observed 8 Tetrahymena ciliary MAPs located between PFs A7-A10 of the
A-tubule and B1-B5 of the B-tubule (Fig. 2.7A, B). The MAPs between A9-A10, A10-B1
(OJ3), and B1-B2 all appear to have 24-nm periodicities (Fig. 2.7A, B). The resolution of
the rest of the MAPs is insufficient to interpret periodicity. Interestingly, A7-A10 of the A-

tubule and B1-B5 of the B-tubule have been shown to be tracks for retrograde and

anterograde transport, respectively (Fig. 2.8C-E).75226
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retrograde
B anterograde

Figure 2.8. Anterograde and retrograde trains use different microtubules of the
same DMT, which may be regulated by microtubule-associated proteins such as
MAP7. (A) Cryo-EM map (without symmetry expansion) of an MT decorated with MAP7;
a-tubulin, B-tubulin, and MAP7 are shown in green, blue, and purple, respectively. (B)
Improved MAP7-MT cryo-EM map after symmetry expansion and PF-based density
subtraction (see Methods). MAP7 binds across both inter- and intra-dimer interfaces,
although weaker density is seen for the region over the intra-dimer interface (segment Il),
indicative of more flexibility and weaker interaction. Only one repeat of MAP7 and its
neighboring tubulins is shown for clarity. Adapted from Ferro et al., 2022.223 (C) Average
of 50 anterograde train positions on the DMT. The A- and B-tubules are indicated. (D)
Position of anterograde (green) and retrograde (magenta) trains with respect to the DMT.
(E) Segmentation of an axoneme, showing anterograde and retrograde trains moving
simultaneously on DMT labeled “9”. IFT trains are not shown on other DMTs for clarity.
Adapted from Stepanek and Pigino, 2016.7°

My hypothesis is that filamentous ciliary MAPs regulate IFT in Tetrahymena. | have found
commonalities between the filamentous MAPs and MAP7 that lend support to that
hypothesis. The motor proteins associated with IFT in Tetrahymena are kinesin-2
(anterograde) and dynein-2 (retrograde). Localization experiments in Chlamydomonas
have shown that these motor proteins use the regions of the A- and B-tubules that are

also occupied by MAPs (Fig. 2.8C-E).”®> Docking kinesin-2 to the B-tubule (anterograde)
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and dynein-2 to the A-tubule (retrograde) revealed steric clashes with flamentous MAPs,
possibly indicating competition for the same MT binding sites (Fig. 2.9A-D). MAP7 shares
a binding site with kinesin-1 and recruits and activates it while inhibiting other motor
proteins.'1-223 Filamentous MAPs may function in a similar manner. The low resolution of
the cryo-EM densities for MAPs could be a result of partial decoration and flexibility
related to conformational changes caused by binding of intraflagellar motor proteins.
MAP7 has been shown to have concentration-dependent effects on kinesin-1.111.223 At
low concentrations, MAP7 recruits and improves kinesin-1 activity, while at high
concentrations, MAP7 recruits and inhibits kinesin-1 processivity.??® Perhaps MAPs only
partially decorate DMTs in Tetrahymena cilia and have similar effects on intraflagellar
motor proteins. The cryo-EM map of MAP7 bound to a MT was weakest where the MAP7
a-helix crossed the tubulin intradimer interface, which the authors attributed to motor
protein-induced conformational rearrangements.??® In addition to partial decoration,
Tetrahymena ciliary MAPs may be highly flexible.

2.7.7 The PG-rich motif is a novel microtubule-binding domain

The Tetrahymena DMT surface contained two unique densities for non-filamentous MAPs
positioned between PFs A6-A7 and B8-B9 (Fig. 2.7A-C). Both proteins are wedged
between the adjacent PFs near the site of lateral interaction (Fig. 2.7A-D). The proximity
to the DMT and the stability of these proteins meant that their cryo-EM densities had
sufficient resolutions for de novo protein structure modeling and identification. STPG1A
is positioned between B8-B9 of the B-tubule, and sperm tail proline- and glycine-rich

repeat protein STPG2 is positioned between A6-A7 of the A-tubule (Fig. 2.7C, D).
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STPG1A and STPG2 have 48-nm periodicities and have short a-helices and unstructured
regions. Both proteins are part of the sperm tail proline- and glycine-rich repeat protein
family (STPG), which contains multiple repeats of a proline (P)- and glycine (G)-rich motif
(Fig. 2.7E and Fig. 2.9E).??” STPG1A has 5 PG-rich motifs that are spaced out by linkers
that are each approximately 40 amino acids (Fig. 2.9E). STPG2 has 3 PG-rich motifs
interspersed with linkers ranging from 39 to 76 residues (Fig. 2.7E). The STPG1A PG-
rich motif is P-G-P-G-x-Y, and the STPG2 PG-rich motif is P-G-P-x-Y, where “x” is one of
many amino acids or none. A single STPG1A molecule spans 48 nm, with each ~40
amino acid linker spanning 8 nm. STPG1A PG-rich motifs occur every 8 nm at the lateral
interaction between adjacent a-tubulin PFs (Fig. 2.7C-E). STPG2 also spans 48 nm, and
its PG-rich motifs bind the same site, but the PG-rich motifs are spread over greater
distances. When | superimposed all five STPG1A PG-rich motifs, it was clear that the PG-
rich motif is in fact a MT-binding motif (Fig. 2.7E). The MT-bound STPG2 PG-rich motif is
structurally similar to the MT-bound STPG1A PG-rich motif (Fig. 2.7E). Interestingly,
STPG1A and STPG2 weave between the inner and outer DMT, binding to the DMT
surface and lumen (Fig. 2.7C, D). STPG1A and STPG2 thread through the outer surface
and lumen; these proteins are predominantly present at the outer surface wedge, do not
appear to interact with other MIPs or MAPs and do not appear to link the inner and outer
registries of MIPs and MAPs. In contrast, CFAP182A (Pierce1) and CFAP182B (Pierce2)
are short partially helical proteins at the A-tubule that occupy the outer surface and lumen

equally (Fig. 2.2 and Fig. 2.5B).
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Along with STPG1A and STPG2, we detected 3 additional PG-rich motif proteins in the
Tetrahymena cilia proteome for which we do not have cryo-EM densities: STPG1B
(STPG1A paralog) and two Outer Dense Fiber 3-Like (ODF3L-1 and ODF3L-2) proteins
(Fig. 2.9E). STPG1B is similar to STPG1A; the PG-rich motif pattern is P-G-P-G-x-Y, and
the motifs are separated by ~40 amino acid linkers (Fig. 2.9E). The two ODF3L proteins
have 12 P-G-P-G-x-Y motifs that would translate to occupying 12 a-tubulin lateral sites
and span 96 nm along the DMT surface. In situ crosslink mass spectrometry analysis
revealed crosslinks between the ODF3L proteins and residue 326 of a-tubulin, which is

positioned in the PF wedge near the a-tubulin lateral interaction.42
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STPG1A (UniprotlD Q24GM1) " MIP domain.  PGPGXY motif

ﬁ)HLKVVQDR
EEISKSGKATKNNKIITKRGSYLEDEIKFRGQON DVTYKWVSDAEIEKGKKLPKNTKKNTFIE%IFLEQQRR YNILKTDEQVKAEAEK

MNKKLKYGERSNYLQEYEYLSSTEPGPGNYNPRPILPKIHKDNMSPDKWIAFHKAKLS
RYMGTEERFKDPKKTKSKTSQI-YPLVAKWQGKEQKKDSKDKNWMDSITFGISKSIYYS

STPG1B (UniprotID I17MF67)
MKQRSQSATVKSASDVIINVROVEDVATRNQIWGIEGYEISRKNVDP QK QIKDREFAELRDKNKLPTKNKNYVTKRGHFYND LEKQEKGY PGPNKYKLL
w ] [E—

VSQNDIEKGRKKPHDTKKNTYIBDNIDESKKRPVPGPGKYNITKTEEQIKKEVQEMKSKKIKQGERVDFLEEYQYVAAQTPGPGQYNGRQIQPKLQANR
ﬁl;?q?mg_lﬁgg@&g$$RIKSAFPDVGTYKPILFNTFSKIEEMNQKQGTRPKSNYLGTAERFGGSSKKSKTSGPPGPGQYPLIANWPGKEEGKKKDSKAKN

STPG2 (UniprotID I7M2G0)

MADKVEEEQAPPKIYTYIDLLKFENPEIYSSFGKMRLSHKTTAPKYGFGTADRNKQAKVFQNKELAKTNFAGKSSPGPAYDVRDTDYFTYQKAPK
WKIGSEVRNTLNTGSKHDFYLRKDVDFDPLEADIFRRPKAPTVRIGLELRFPND TPG PQYNPTLRHEIPNPPKFSFGFRREI%GFSPLVAN
W:LVG PGSYIQKNVPNTSKIRNEPKWSFPNAERFSGFQADLSNAHYTKPRAIGTQYDSRKQTLPMF! QEVRIRI

Outer dense fiber 3L (UniprotID Q23FZ3)

MVSAWSIGTGKRGEFKSSSMFAPGPGA Y TVDKFSKIIPPKWKFGSSNRQSLVTNDAPGPC QYNLKNSQSGPKFSIGTGSKPRVETREFVPGPGAYN

PG KTIYQSSPNYSMGMKHSNWGQYEHKSSVLNQPSMKFPLSTRNE-TPGPANYNVSRPSSAAPKFGFGTSQR_

PGPGQYDQRSCIDLSKGVTMISR NEIAKFPGPGAYNPTSKNKKQN GTQTRDTFDREIDSRPGPGAYSPRIEANRPQSPQIKV

=PLNMTINNPCPCQY VRPQTA KLSEKGVSKPDP ERERMKVPCPGSYQPSEIFIKERPSS/_RPSMYKLKDAPGPCNYNIRAGEH
TSLRPQSKRGDEPG PGAYNIPVYFADVPKFMMTSQPKF

KMNYPLDYATFGKMLVKTQEEGGNKKS!

Outer dense fiber 3L (UniprotID 17MF99)

MVSAWSFGTSLRDRGRSN_SYSAQKQPKQIPPQWKMGSSGRSGLL_PGSYQLKPKFCNEGSKYTIVGKPQSRPL—GP
YNPNASVSLRTLPKYTFSSKAGVPGERVKTPGPGQYSHSSTVLNRPSMIFPRSTRN EEYYAEGN TPGP! SYSRMLMNSAQGPKFGFGTSTR_
MSFRQSPGPGNYNLNSSFNSSKGFSMSERQKEPGDQEKVPGPGSYNPSLIMKKSSPAFKIGTSERGKDYFDQSQPGPGAYQPRMYNRPTTPSVKMI
GHDQRKPLSCTELTPGPGQYSLPGTNTGPKL! TDPVTLEKSRIPGPGQYQPSESFSSLKQRPA QRSNFLATTAVPGPGNYQIGG
DIQGPKWGEGTSQQRINDQAKAHINQPGPGAYNLKPFFADVPSYLMPHKPPQ

Figure 2.9. The outer surface filament presents steric clashes with dynein and
kinesin. (A) A cartoon of the DMT showing the putative regions for IFT between A8- A10
and B1-B5. Violet densities: docking of kinesin MT-binding domain onto the B-tubule PFs,
green densities: docking of dynein MT-binding domain onto the A8 and A9. ODA: Outer
dynein arm; RS: Radial spoke; IDA: Inner dynein arm; N-DRC: Nexin-dynein regulatory
complex. (B-D) Docking of kinesin (PDB 60JQ) onto the outer surface filaments B1B2

-83 -



(B) and B2B3 (C) showing a clear clash. (D) Docking of the dynein-2 MT-binding domain
(PDB 6RZB) onto filament A9A10 showing the clear steric clash of the MT-binding
domain. (D) Docking of the dynein-2 MT-binding domain (PDB 6RZB) onto filament
A9A10 showing the clear steric clash of the MT-binding domain. (-) and (+) signs indicate
the minus and plus ends of the MT, respectively. (E) Amino acid sequences for STPG1A,
STPG1B, STPG2, and two outer dense fiber candidates. PG-rich repeat motifs (purple)
and MIP domains (olive) are highlighted. (-) and (+) signs indicate the minus and plus
ends of the MT, respectively. Adapted from Kubo et al., 2023.742
In my introduction, | set out to accomplish the following three research goals:
I Obtain a high resolution cryo-EM map of the doublet microtubule from axonemes
of Tetrahymena cilia.
Il Model the molecular architecture of the Tetrahymena DMT, compare
the Tetrahymena DMT with DMTs from other species, and identify proteins
at the outer junction region of the DMT.
I Study one or two outer junction MIPs to understand their function in cilia.
In this chapter, | used cryo-EM and complementary techniques to obtain a 4.1 A resolution
cryo-EM map of the DMT from axonemes of Tetrahymena cilia. Together with some
members of the Bui lab, we then identified almost all the proteins stably associated with
the 48-nm repeating unit of the Tetrahymena axonemal DMT. In the next chapter, | will

investigate the outer junction region of the DMT to identify proteins and possible protein-

protein interactions that are important for either assembly or stability of the DMT.
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Chapter 3: Structural and functional characterization of the CFAP77
knockout mutant

The axonemal DMTs in Tetrahymena have at least 41 MIPs that form a network of luminal
interactions and act as a stabilizing sheath (Fig. 2.4). One of the most interesting
questions in the cilia field right is now how DMTs are formed. Current evidence points to
proteins located at the outer junction region (OJ) being responsible for the assembly and
stability of the B-tubule.?!.73.74.152.228 Specifically, one or more proteins suppress the C-
terminal tails of - and a-tubulins of the A-tubule, which allows stable recruitment of B-
tubule tubulins.

In this chapter, | investigate ciliary proteins proximal to the OJ of the DMT, which is
thought to be the site of DMT formation.2'.73.74.152.228 |n Chapter 2, | reconstructed the
DMT cryo-EM map. Then, | identified and modeled OJ MIPs CFAP77 and OJ2 and
modeled the backbone of the OJ MAP OJ3 (Fig. 2.2, Fig. 2.4F and Fig. 2.7B). In this
chapter, | performed structural and bioinformatics analyses to understand the mechanism
and conservation of the OJ proteins. Based on that information, | collaborated with
postdoctoral fellow Dr. Shintaroh Kubo to perform molecular dynamics simulations on the
OJ MIPs CFAP77 and OJ2. | also collaborated with Dr. Ewa Joachimiak and Dr. Dorota
Wiloga to generate Tetrahymena CFAP77 knockout strains and perform subsequent cryo-
ET and subtomogram averaging.

Here, | examined possible luminal interactions of the OJ MIPs CFAP77 and OJ2 (Fig.
3.1). I showed that the conserved OJ protein CFAP77 contributes to the stability of the B-
tubule more than OJ2 based on molecular dynamics simulations. | also showed that loss

of CFAP77 results in reduced swimming in Tetrahymena, as well as infrequent damage
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to the OJ of axonemal DMTs. These results and discussion have been published in the

journal Nature Communications.4?
3.1 Methods — Sample preparation of Tetrahymena axonemes for cryo-ET

3.1.1 Growth of Tetrahymena strains CU428 and CFAP77A/B-KO

There were two Tetrahymena strains used for cryo-ET analysis: CU428 (Tetrahymena
Stock Center #SD00178) and CFAP77A/B-KO (Wiloga lab, Nencki Institute of
Experimental Biology). Please refer to Section 2.1.1 in Chapter 2 for all details concerning
storage in bean media, inoculation of SPP media, growth, and harvesting. All details
included in Section 2.1.1 in Chapter 2 were followed exactly. | harvested 4 L of culture for
both CU428 and CFAP77A/B-KO Tetrahymena strains. This provided greater sample
quantity for cryo-EM sample preparation and individual biological replicates for mass
spectrometry analyses.

3.1.2 Cilia purification from Tetrahymena strains CU428 and CFAP77A/B-KO

Please refer to Section 2.1.2 in Chapter 2 for all details concerning harvesting of
Tetrahymena cultures, dibucaine treatment, cilia isolation, and resuspension of intact,
membranated cilia. | prepared suspensions of intact, membranated cilia exactly as per
Section 2.1.2 in Chapter 2. From 2 pellets of cell culture (2 L), | had 500 pL of
resuspended cilia in Cilia Wash Buffer. The intact membranated cilia were ready for the

next step.

3.1.3 Intact axoneme preparation from purified Tetrahymena strains CU428 and CFAP77A/B-KO
cilia

The membrane-bound cilia were centrifuged for 10 minutes at 7800 x g and 4°C using an

Eppendorf Centrifuge 5415 D, and the Cilia Wash Buffer supernatant was removed. |
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resuspended the pellet in 250 pL Cilia Final Buffer (Table 2.1) and added 44.1 yL 10%
NP-40 alternative (final concentration 1.5%) then incubated the sample for 30 minutes on
ice to de-membranate the cilia. | then centrifuged the sample for 10 minutes at 7800 x g
and 4°C using an Eppendorf Centrifuge 5415 D, resuspended in fresh 250 pL Cilia Final
Buffer, added 44.1 yL 10% NP-40 alternative, and incubated once more on ice for 30
minutes. The intact axoneme was resuspended the intact axoneme pellet in Cilia Final

Buffer to a concentration of 4 mg/mL.
3.2 Methods — Cryo-ET sample preparation of Tetrahymena cilia

All cryo-EM sample preparation, screening, and data collection were performed at the
Facility for Electron Microscopy Research (FEMR). Cryo-EM sample preparation, data
screening, and data collection would not be possible without the assistance of Dr. Kaustuv
Basu (Titan Krios operator) and Dr. Kelly Sears (research manager).

| treated C-Flat Holey thick carbon grids (Electron Microscopy Services #CFT312-100)
with chloroform and left them to dry overnight. The grids were negatively glow discharged
for 15 seconds at 10 mA (EMS100x Glow Discharge Unit, Electron Microscopy Sciences).
Vitrobot Mk IV was used for vitrification (Thermo Fisher Scientific).

To maintain the native structure of the axoneme during cryo-EM grid application and
vitrification, | needed to crosslink the intact axonemes. | added 25% glutaraldehyde to a
final concentration of 0.15% and incubated the sample on ice for 40 minutes followed by
the addition of 1 M HEPES (3X volume of glutaraldehyde) to quench the crosslinking
reaction. | then diluted the intact, crosslinked axonemes to approximately 3.6 mg/mL.

Lastly, | added 10 nm gold beads conjugated to protein A in a 1:1 ratio such that the final
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concentration of the axonemes was approximately 1.8 mg/mL. | applied 4 pL of sample
at 1.8 mg/mL to the grid, which was subsequently incubated for 15 seconds in a 100%
humidity chamber at 22°C. The grid was blotted with a calibrated blot force of 1 for 3

seconds, plunge frozen in liquid ethane and stored in liquid nitrogen.
3.3 Methods — Cryo-ET data collection

| screened the samples using an FEI Tecnai G2 F20 200 kV Cryo-STEM (FEMR).

The purpose of the screen was to ensure the sample was ready for cryo-ET data
collection. There were several important characteristics that | needed to observe before
attempting data collection. | was looking for a grid that had a thin layer of vitreous ice, as
well as a sufficient number of round, unperturbed axonemes in the holes of the TEM grid.
| also needed to make sure the fiducial markers were sufficiently abundant and evenly
distributed throughout the holes of the grid. Even if the sample was otherwise perfect,
insufficient gold particles would cause the tracking to fail during tomogram data collection
and limit downstream tomogram reconstruction. If the crosslink treatment failed, then |
might see axonemes that are unusually wide because the surface tension during cryo-ET
sample preparation flattened the axonemes. If the sample was too concentrated, perhaps
the vitreous ice would be too thick which reduces high resolution information obtained
during data collection; or maybe the high concentration would mean axonemes are
overlapping so there are less unobstructed particles for downstream processing. If the
sample was too dilute, there might not be enough particles for downstream processing.

Once two grids passed the screen, | proceeded with data collection.
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Cryo-EM data were collected on a Titan Krios 300 keV FEG electron microscope (Thermo
Fisher Scientific) equipped with a direct electron detector K8 Summit (Gatan, Inc.) and
the BioQuantum energy filter (Gatan, Inc.) and SerialEM software.'® Tilt series were
collected from -60° to +60° at 3° increments using a dose-symmetric tilt-scheme. Movies
for each view consisted of 10-13 frames. Data were collected at a magnification of 42000
X and a pixel size of 2.12 A. The total dose for each tilt series was 160 electrons per A2

and a defocus range of -3.5 to -2.5 um (Table 2.2).
3.4 Methods — Cryo-ET data processing

| aligned the frames of each tilt series using Alignframes software,??® which is part of the
IMOD software package.?®® | then manually inspected each aligned tilt series and
excluded tilt series with poor quality, insufficient tilt angles, and insufficient fiducials.

For all tomograms that passed the screen, | reconstructed them with the batchruntomo
program using the Etomo interface,??® which is part of the IMOD software package. For
every reconstruction, to varying degrees, | provided manual input to supplement the
fiducial tracking that would occasionally fail throughout the tilt series. | would also exclude
tilt frames that lost fiducials. | then continued the batchruntomo program to finish
reconstructing all of the tomograms. | ended up with 58 reconstructed tomograms for
Tetrahymena strain CU428 and 20 reconstructed tomograms for CFAP77A/B-KO (Table
2.2). These tomograms were used for both subtomogram averaging and visualization.
To generate subtomogram averaged cryo-ET density maps with optimal resolution, |
needed to have accurate CTF estimation, good particle picking, and an optimal

subtomogram averaging and cryo-ET map refinement workflow. | used the tilt series pre-
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processing pipeline in the WARP program?3! for CTF estimation of every tilt series. |
imported each tilt series into WARP, along with a corresponding gain reference and
parameters related to frames, tilt angles, and exposure dose information. | followed the
standard WARP tilt series pre-processing workflow: motion correction and CTF estimation
of each frame of the tilt series, then IMOD alignment of each tilt series, then CTF
estimation of each tilt series. After | exported the CTF estimation parameters, | converted
it into CTFFIND format so it is compatible with Relion 4.0 software'®® and sent a copy of
each CTF parameter to its corresponding tomogram directory.

Using IMOD software, | went through every reconstructed tomogram and manually picked
all the DMTs from the axonemes by defining start and end points within the tomographic
volumes. All of the particles were picked from the base to the tip in relation to the direction
of the axoneme. Axoneme Align®®? is an open-source software consisting of
approximately 15 scripts, some ran iteratively, for subtomogram averaging of axonemal
DMTs. Through a series of particle alignments, re-picking of particles, and particle
averaging, Axoneme Align was ran to generate an 8-nm, a 16-nm, and finally a 96-nm
subtomogram average from all of the DMTs picked from all tilt series.?3> This was done
for both Tetrahymena strains CU428 and CFAP77A/B-KO.142

Using the merged 96-nm particles from Axoneme Align, | ran a script to generate two .star
files; one contained information for all coordinates of the particles of the subtomogram
average, and the other connected the coordinates to the directories of the reconstructed

tomograms. Importantly, each directory also contained CTF estimations from WARP.
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| imported those two .star files into Relion 4.0 software for refinement of the subtomogram
averaged maps. There were 2608 and 1702 subtomograms averaged for the CU428 and
CFAP77A/B-KO DMTs, respectively. | followed the subtomogram analysis workflow and
obtained resolutions of 18 A and 21 A for 96-nm subtomogram averaged density maps of
the DMTs for CU428 and CFAP77A/B-KO, respectively.142

For visualization of the reconstructed tomograms, | used the deep learning-based
software IsoNet.233 After training on a related dataset, IsoNet improves structural
interpretability of reconstructed tomograms through CTF deconvolution, missing wedge
correction, and denoising of the reconstructed tomograms. | ran IsoNet on 20 randomly
chosen reconstructed tomograms for CU428 and all 20 tomograms of CFAP77A/B-KO.
As a check for quality and shape, | compared some reconstructed tomograms from
crosslinked CU428 and CFAP77A/B-KO axonemes with previously reconstructed
tomograms of non-crosslinked CU428 axonemes. The only difference observed was that
non-crosslinked axonemes were less round, likely due to deformity caused by surface
tension at the air-water interface.?3*

Visualization of the subtomogram averaged maps of CU428 and CFAP77A/B-KO DMTs

was done in ChimeraX.23%
3.5 Methods — Coarse-grained molecular dynamics simulations and angular elasticity

Postdoctoral fellow Dr. Shintaroh Kubo performed all molecular dynamics (MD)
simulations.'#? Coarse-grained MD simulations were performed using CafeMol
software.?3¢ From the DMT, only OJ PFs A10-A12 and B1-B2 were used, as well as OJ2

and CFAP77A. Each amino acid was represented as a single bead at the Ca position.
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The energy function of the AICG2+ model, electrostatic and excluded volume interactions
were used to predict dynamics.23” Dr. Kubo then ran coarse-grained MD simulations 20
times each to simulate OJ stability with and without OJ2 and CFAP77 molecules.4?

For the angular elasticity calculations, the center point used to create two vectors was
lysine 401 of the central a-tubulin in PF A10. From there, a vector was made to lysine

401 of the central a-tubulin in PF A12 as well as PF B2.142
3.6 Methods — CFAP77 gene knock-ins and knock-outs in Tetrahymena

Scientists Dr. Ewa Joachimiak and Dr. Dorota Wloga performed all CFAP77 gene knock-
ins and knock-outs in Tetrahymena.'#? Using an existing plasmid with a 3HA fusion gene
and neo4 resistance cassette used for a study that targeted CFAP44,238.23° they
engineered CFAP77A-3HA and CFAP77B-3HA plasmids. These plasmids allow for both
(i) the expression of the C-terminally 3HA-tagged CFAP77 paralogs under the control of
their own promoters and (ii) the selection of positive clones based on resistance to
paromomycin.238.239

For CFAP77A and CFAP77B gene knockout, the Wloga lab used the germline gene
disruption approach.%9240 Fragments of the targeted genes with added restriction sites
were exploited for subsequent deletion of each CFAP77 paralog gene. For the
CFAP77A/B-KO double knockout strain, the CFAP77A-KO and CFAP77B-KO
heterokaryotic strains were crossed.%” For every knockout mutant, at least two

independent clones were generated and maintained.
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3.7 Methods —Phenotypic and localization studies of Tetrahymena wild-type and CFAP77-
KO mutant strains

Scientists Dr. Ewa Joachimiak and Dr. Dorota Wloga performed all phenotypic and
localization studies of Tetrahymena wild-type and CFAP77-KO mutant strains.4?
Swimming was analyzed using video of Tetrahymena cells recorded with a Zeiss
Discovery V8 Stereo microscope (Zeiss, Germany) equipped with Zeiss Plans 10x FWD
81 mm objective and Axiocam 506 camera and ZEN2 (blue edition) software.?#!

Cilia length, ciliary beating, waveform, and amplitude were analyzed using high-speed
videos of Tetrahymena cells recorded with a high-speed camera (Andor Zyla 5.5 sCMOS)
mounted on a Leica DMI 6000 microscope (63x oil immersion lens, numerical aperture
1.4) with an Andor DsD2 unit.?4!

For localization experiments, Tetrahymena cells were applied to coverslips and then fixed
using a mixture of NP-40 and PFA in PHEM buffer or Triton-X-100 and then PFA.42 Cells
were incubated with anti-HA antibodies (Cell Signaling Technology, Danvers, MA, USA),
washed, incubated with polyG antibodies,?*! washed, and then incubated with secondary
antibodies (anti-mouse IgG conjugated with Alexa-488 and anti-rabbit IgG conjugated
with Alexa-555 (Invitrogen, Eugene, OR, USA).%2 The coverslips were then mounted in
Fluoromount-G (Southern Biotech, Birmingham, AL, USA) and viewed using a Zeiss
LSM780 (Carl Zeiss Jena, Germany) or Leica TCS SP8 (Leica Microsystems, Wetzlar,
Germany) confocal microscope. Expression of the 3HA-tagged CFAP77 paralogs was

verified by Western blot.'#? Table 3.1 contains all antibodies used in this thesis.4?
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Table 3.1. Antibodies used in this thesis. Adapted from Kubo et al., 2023.142

Antibody Source

HA-Tag (C29F4) Rabbit mAb catalog number #3724 (Cell Signaling
Technology)

Goat anti-Mouse IgG catalog number #A-10680 (Invitrogen)

Goat anti-Rabbit IgG catalog number #A-21428 (Invitrogen)

Rabbit anti-polygly catalog number #ABPEP-20 (Alpha
Diagnostic International, San Antonio,
TX). 242

GT335 polyE anti-polyglutamate primary | no catalog number available.?43

antibody

12G10 Mouse anti-alpha-tubulin mAb catalog number #nAB_1157911
(DSHB).244

3.8 Methods — Quantification of polyglutamylation in Tetrahymena wild-type and CFAP77-
KO mutant strains

Scientists Dr. Ewa Joachimiak and Dr. Dorota Wloga performed all quantifications of
polyglutamylation in Tetrahymena wild-type and CFAP77-KO mutant strains.'#? Wild-type
and CFAP77A/B-KO cells were fixed according to Wloga et al., 2006,4> and both cell
strains were stained with polyE anti-polyglutamic acid primary antibody.!4> Wild-type and
CFAP77A/B-KO cells were placed close to each other on a slide and imaged with a
confocal microscope.’#? The intensity of the polyE signal in wild-type and CFAP77A/B-
KO cilia was measured using the ImagedJ program.246

The Wiloga lab performed western blotting according to Janke et al., 2005.24” The
following primary antibodies were used: GT335 anti-glutamylated tubulin mAb; 12G10
anti-a-tubulin mAb; and polyE antibodies (Table 3.1). ImagedJ software was used to
measure the intensity of the bands that were detected. The data were then visualized as

a graph that shows the ratio of glutamylated tubulin to a-tubulin.?42
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3.9 Results and discussion

3.9.1 Overview of the Tetrahymena outer junction proteins

| identified and modeled the OJ MIPs CFAP77 and OJ2 in Tetrahymena cilia (Fig. 3.1A,
B). | also de novo modeled a backbone trace of the MT surface protein OJ3 (Fig. 2.2, Fig.
2.4F and Fig. 2.7B). OJ3 is an MAP positioned at A10-B1 and may function in IFT
regulation (Fig. 3.1B). OJ3 spans 24 nm, or 3 - and a-tubulin heterodimers (Fig. 3.1B).
The structure of OJ3 consists of 4 a-helices interspersed with intrinsically disordered
regions (Fig. 3.1B). The 4 OJ3 a-helices range from 18-28 amino acids, and the total a-
helical content represents approximately 16 nm of the 24 nm length (Fig. 3.1B). There
are similar filamentous densities at A10-B1 in the cryo-EM maps of DMTs from
Chlamydomonas flagella (EMD-20631) and bovine respiratory cilia (EMD-24664), but
they have not been identified.'®1® Regulation of IFT is essential for cilia growth and
maintenance.?*® Tetrahymena OJ3 and the similarly positioned filamentous proteins from
Chlamydomonas flagella and bovine respiratory cilia are likely functional homologs even

if they are not conserved.
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Figure 3.1. The Tetrahymena outer junction is occupied by the conserved CFAP77
and species-specific 0J2. (A) Cross-sectional view of the Tetrahymena OJ highlighting
proteins CFAP77 (red), OJ2 (purple) and OJ3 (yellow). (B) Architecture of the
Tetrahymena OJ, including the proteins CFAP77, OJ2 and OJ3. (C) Multiple sequence
alignment of a segment of CFAP77. Human (Hs), bovine (Bt), and Chlamydomonas (Cr)
sequences as well as two orthologs of Tetrahymena (Tt) were included. (D) Cryo-EM
model of Tetrahymena TtCFAP77A. Folded regions of the AlphaFold2 model of human
CFAP77 (green) were fitted into the map used to model the Tetrahymena protein.
Adapted from Kubo et al., 2023.142

The lumen of the Tetrahymena OJ is occupied by CFAP77 and OJ2, which weave along
several tubulin PFs (Fig. 3.1B). CFAP77 and OJ2 are 28.9 kDa and 19.9 kDa MIPs,
respectively. Unlike the filamentous 24-nm periodicity of OJ3, CFAP77 and OJ2 have 16-
nm periodicities and span approximately 5 - and a-tubulin subunits (Fig. 3.1B). When |
examined the 48-nm cryo-EM maps of DMTs from Chlamydomonas flagella and bovine
respiratory cilia, | observed convincing cryo-EM densities for CFAP77 in both maps. | did
not observe a density for OJ2 in either map. Furthermore, bioinformatics analysis
revealed that parasitic ciliate proteomes have an OJ2 homolog, but OJ2 is not
evolutionarily conserved in other organisms.

OJ2 and CFAP77 were identified by searching our mass spectrometry database of
Tetrahymena CU428 DMTs using regular expression patterns of amino acid side chains
that were modeled in the cryo-EM map. A BLAST search?*® of CFAP77 revealed
bioinformatically that Tetrahymena has two paralogs of CFAP77, likely a result of a gene
duplication that is common to the organism. When | looked at the mass spectrometry data
of Tetrahymena CU428 DMTs, | found two paralogs of CFAP77: CFAP77A and CFAP77B
(Table 2.3). CFAP77A was twice as abundant as CFAP77B in the mass spectrometry

data, and all 4 cryo-EM densities for CFAP77 along the 48-nm averaged cryo-EM map
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were the same (Table 2.3). Sequence similarity was approximately 60% by pairwise
sequence alignment?®® and ColabFold-predicted structures of CFAP77A and CFAP77B
were too similar to differentiate with the resolution of the cryo-EM map. Since it was not
possible to model each paralog separately, | modeled only the structure of CFAP77A. For
the rest of this thesis, “CFAP77” refers to “CFAP77A” unless explicitly stated. CFAP77
interacts with the OJ PFs A12, A11, B1, and B2; OJ2 interacts with PFs A11 and B1 (Fig.
3.1B).

CFAP77 is an evolutionarily conserved OJ MIP found in most organisms with motile cilia
or flagella (Fig. 3.1C). However, CFAP77 has not been detected by mass spectrometry
in mammalian primary cilia.?>! In the roundworm Caenorhabditis elegans, the only ciliated
cells are sensory neurons which have primary cilia.>> There is no evidence for an
orthologous gene in C. elegans that encodes for CFAP77. To illustrate the structural and
evolutionary conservation of CFAP77, | was able to fit the model of the ColabFold-
predicted structure of human CFAP77 into the cryo-EM density of Tetrahymena CFAP77
(Fig. 3.1D).

3.9.2 Structural evidence for CFAP77 and 0J2 stabilizing the Tetrahymena outer junction

In 1979, it was discovered that Taxol, a diterpene compound extracted from the bark of
the Pacific yew tree, was an effective cancer drug.2%? Taxol binds to a lumen-facing
hydrophobic pocket of B-tubulin subunits, which induces hyper-stabilization of cellular
MTs.253.254 Both CFAP77A and OJ2 interact with B-tubulin taxane-binding sites. The first
MIP discovered to bind to B-tubulin taxane-binding sites was RIB43A.'" In Tetrahymena,

cryo-EM studies revealed RIB43A-short occupied taxane-binding sites along the ribbon
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PF arc, stabilized the MT and induced curvature in the MT wall.'” Taxol-stabilized MTs
had previously been observed to exhibit similar deformation to the MT lattice structure.?55
The model of Tetrahymena OJ2 contains unstructured regions, two short 2-turn a-helices,
and a longer C-terminal a-helix (Fig. 3.2A). Each molecule of OJ2 threads along PFs A11
and B1 and interacts with the taxane-binding site of one B-tubulin subunit from the B1 PF
of the B-tubule (Fig. 3.2Biv). The model of CFAP77A has one short 2-turn a-helix, two 4-
turn a-helices, a helix-turn-helix motif, and a C-terminal a-helix (Fig. 3.2A). One CFAP77A
molecule interacts with two B-tubulin subunits from the B2 PF of the B-tubule (Fig. 3.2Bi,
ii). Specifically, the two 4-turn a-helices of CFAP77A each occupy a taxane-binding site
of a B-tubulin subunit (Fig. 3.2Biii). In the Tetrahymena axoneme, almost every taxane-
binding site of B-tubulin of PF B2 is occupied by CFAP77A; every second taxane-binding

site of B-tubulin of PF B1 is occupied by OJ2 (Fig. 3.2A).
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Figure 3.2. Structural evidence for CFAP77A and OJ2 stabilizing the outer junction.
(A) Architecture of the Tetrahymena OJ, including the proteins CFAP77A and OJ2. (B)
Helices of CFAP77 occupy taxane-binding pockets of B-tubulin of PF B2. A loop of OJ2
occupies the taxane-binding pocket of B-tubulin of PF B1. The helix-turn-helix motif of
CFAP77 is positioned near the C-terminus of 3-tubulin of PF A11. Adapted from Kubo et
al., 2023.142

CFAP77 and OJ2 appear more integrated into the OJ than the taxane-binding site
interactions with the B-tubule. Tetrahymena CFAP77A and OJ2 have isoelectric points
(pl) of 9.49 and 9.56, respectively. The pl values of Tetrahymena B- and a-tubulin are
4.79 and 5.01, respectively. Under physiological conditions, Tetrahymena has an

intracellular pH that is maintained near 7.1.2% In the Tetrahymena cilium, CFAP77A and

OJ2 surfaces are electrostatically positive, while tubulin surfaces are relatively
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electronegative (Fig. 3.3A, B). In addition to the taxane-binding site interactions, | think

OJ MIPs CFAP77A and OJ2 interact with tubulin electrostatically.

TtCFAP77A

Figure 3.3. CFAP77A and OJ2 were hypothesized to interact with the C-terminal
tails of B-tubulin through electrostatic interactions at the outer junction. Cleavage
of the C-terminal tails of B-tubulin allows for partial DMT formation in vitro. (A)
Electrostatic potential of the OJ proteins TtCFAP77 and OJ2. (B) Electropositive grooves
of OJ2 are proximal to the B-tubulin C-terminus of PF A11. Adapted from Kubo et al.,
2023.142 (C) Cryo-EM reconstruction of in vitro assembled partial DMTs from porcine
tubulins. (1) Representative image of a cryo-ET section. Scale bar, 25 nm. (ll) zx view of
a cryo-ET section. Scale bar, 25 nm. (lll) zx view of a cryo-ET section showing an DMT
flower. Scale bar, 25 nm. Arrowheads in (A) to (C) indicate B-microtubules. (IV)
Subtomogram averaging of in vitro DMTs at 17-A resolution (IV) and of Tetrahymena
ciliary DMTs at 5.7 A (EMD-8528 map from the Electron Microscopy Data Bank) (V).
Scale bars, 25 nm. Adapted from Schmidt-Cernohorska et al., 2019.74

Interestingly, partial DMTs have been reconstituted in vitro using only tubulin (Fig. 3.3C).7*
Incubation of free tubulin with subtilisin-treated in vitro polymerized MTs was sufficient for
the nucleation of multiple B-tubule “hooks” on the surface of the singlet MT (Fig. 3.3C).74
These experiments demonstrated that manipulation of the tubulin C-terminal tails of the
A-tubule is important for DMT formation. With that in mind, | examined the models of

CFAP77A and OJ2 for possible interactions with C-terminal tails of B-tubulin along the A-
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tubule. The last 10 or so amino acids of the C-terminal tails of - and a-tubulin were not
modeled because of flexibility owing to intrinsic disorder. The CFAP77 helix-turn-helix is
positioned atop a B-tubulin C-terminal a-helix and tail region of PF A11 (Fig. 3.3B). OJ2
has two separate electronegative pockets that are proximal to two B-tubulin C-terminal
tail regions on PF A11 (Fig. 3.3B).

An unstructured loop of OJ2 forms the first pocket, which is near the same C-terminal tail
region as the CFAP77 helix-turn-helix (Fig. 3.3B). The second electronegative pocket is
proximal to the next 3-tubulin C-terminal tail (Fig. 3.3B). Thus, every 3-tubulin C-terminal
tail of the OJ PF A11 is proximal to either both CFAP77A and OJ2 or just OJ2. |
hypothesize that CFAP77 and OJ2 are important for assembly of the OJ and stability of
the DMT through B-tubule taxane-binding site interactions and electrostatic interactions
with B-tubulin C-terminal tails of the A-tubule. | previously hypothesized that one or more
proteins may be responsible for suppressing tubulin C-terminal tails during DMT formation
in cilia.

The cryo-EM density for CFAP77 was observed in 48-nm cryo-EM maps for
Chlamydomonas flagella, bovine respiratory cilia, Tetrahymena cilia, and mammalian
sperm.'6.19.20.151 nlike Tetrahymena DMTs, the OJ of mammalian sperm appears to be
occupied by CFAP77 alone (Fig. 3.4). Proximal to the OJ are CCDC105 and TEX43,
which are positioned on the B-tubule side of the ribbon PF arc A11-A12 (Fig. 3.4).
CCDC105 and TEX43 are mammalian-specific MIPs but interact with the C-terminal tails

of B- and a-tubulin along the A-tubule near the OJ. Similar to how CFAP77 and OJ2 likely
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function to stabilize the OJ and suppress C-terminal tails of tubulin, so too might

CCDC105 and TEX43 in mammalian sperm flagella.
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Figure 3.4. Sperm-MIPs at the ribbon interact with tubulin C-terminal tails. (A) Cryo-
EM map of the ribbon and inner junction of sperm DMTs with MIPs colored individually.
Each protomer in the CCDC105 filament is colored separately for clarity. Adapted from
Leung et al., 2022.20

At the OJ, PF B1 of the B-tubule must make non-canonical interactions with PF A11 of
the A-tubule, which has already made lateral interactions with PFs A10 and A12 (Fig.
3.5A). The interactions of tubulin at the OJ involve the M-loops of tubulin from PF B1 and
loops H9-S8 and H10-S9 of tubulin from PF A11 (Fig. 1.3C and Fig. 3.5A, B). In our model
of the Tetrahymena DMT, OJ2 was observed at the tubulin interface of PFs B1 and A11

(Fig. 3.5B). Based on the protein structure model, the IntPred algorithm predicted that the

-103 -



0OJ2 C-terminal a-helix interacts with the M-loop of a-tubulin from PF B1 as well as the
H9-S8 loop of a-tubulin from PF A11 (Fig. 3.5B).

These observations have provided a structural basis for CFAP77 and OJ2 functioning to
assemble and stabilize the OJ in Tetrahymena DMTs. The proximity and attractive
electrostatic forces of CFAP77A and OJ2 to the B-tubulin C-terminal tails of PF A11
suggest that it is possible that these MIPs suppress C-terminal tails during OJ formation
(Fig. 3.3B). The binding of taxane-binding sites of B-tubulin along PFs B1 and B2
suggests that CFAP77A and OJ2 stabilize the OJ (Fig. 3.2B). Finally, OJ2 may strengthen
the interactions between a-tubulin from PFs B1 and A11 along the OJ (Fig. 3.5B).
Throughout the rest of this thesis, | will present research focused on understanding the

function of the OJ proteins CFAP77A and OJ2.
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Figure 3.5. CFAP77 stabilizes the outer junction. (A) Top: Cross-sectional view of the
OJ. M-loops of tubulins are colored according to protofilament: B2 (green); B1 (purple);
A10 (blue); A11 (gold); A12 (dark red). Bottom: those same M-loops are superimposed.
(B) The canonical (top) and unique (bottom) lateral interactions between tubulin subunits.
Protofilaments A11, A12, and B2 are superimposed and adopt the same overall
conformation and lateral interactions (top). The lateral interactions between B1 and A11
are particularly unique in Tetrahymena because they involve OJ2 (bottom). Adapted from
Kubo et al., 2023.142

3.9.3 Molecular dynamics demonstrate that CFAP77 and OJ2 stabilize the outer junction

After thoroughly inspecting the model of the OJ, | found structural evidence that CFAP77A
and OJ2 were important for stabilizing the DMT. A multidisciplinary approach was needed
to properly investigate my findings. The first question that | asked was how tubulin PFs at

the OJ respond to the presence and absence of CFAP77A and OJ2. With the model of
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the Tetrahymena OJ readily available, postdoctoral fellow Dr. Shintaroh Kubo performed
coarse-grained molecular dynamics simulations (Fig. 3.6A). In the simulation
experiments, CFAP77A, OJ2, and PFs A10-A12 of the A-tubule and B1-B2 of the B-tubule
were included (Fig. 3.6A). CFAP77A and OJ2 dramatically lowered the interaction energy
of the OJ PFs by approximately -6 kcal/mol (Fig. 3.6A, B). In the absence of CFAP77A
and OJ2, the B-tubule tubulin dissociates from the A-tubule (Fig. 3.6A). Interestingly, the
interaction energy of the OJ was the lowest at approximately -7 kcal/mol with OJ2 alone;
however, the interaction energy changed by only 3.3% (+0.21 kcal/mol) for CFAP77A with
or without OJ2 (Fig. 3.6B). Furthermore, CFAP77A lowered the interaction energy of the
B-tubule PFs by 11% more than OJ2, indicating that CFAP77A contributes the most to

the stability of the B-tubule (Fig. 3.6B).
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Figure 3.6. Molecular dynamics simulations of CFAP77A and OJ2. (A) Molecular
dynamics simulations of the OJ with and without CFAP77 and OJ2. (B) Stability of the OJ
in the presence and absence of CFAP77 and OJ2 based on coarse-grained molecular
dynamics simulations. (C) Frequency of angular elasticity for A- and B-tubules from our
MD simulations. Adapted from Kubo et al., 2023.742

Using molecular dynamics simulations, | was able to answer one more question: do
CFAP77A and OJ2 affect the angular architecture of the OJ? The angular elasticity
between the A- and B-tubules was calculated for the OJ PFs A10-A12 and B1-B2 with
and without CFAP77A and OJ2. Angular analysis revealed that the angles of interactions
between tubulin subunits were unstable in the absence of CFAP77A and OJ2 (Fig. 3.6C).
Molecular dynamics simulations supported the structural observations that CAFP77A and
0OJ2 contribute to the stability of the OJ of the DMT in Tetrahymena (Fig. 3.6A, C). Of the

two MIPs, only CFAP77A is evolutionarily conserved. | am now going to focus my

investigation on the function of CFAP77 using both genetics and in vitro experiments.

3.9.4 CFAP77A and CFAP77B paralogs differentially localize in Tetrahymena cilia

One of the weak points in my investigation of CFAP77 has been the lack of information
acquired on Tetrahymena CFAP77B. If nothing else, | wanted to know the localization of
both CFAP77 paralogs in Tetrahymena cilia. This would inform me on the relative
contribution of each paralog toward the stabilization of the DMT. Dr. Dorota Wloga and
scientist Dr. Ewa Joachimiak of the Nencki Institute of Experimental Biology engineered
CFAP77A-3HA and CFAP77B-3HA knock-in strains by transforming wild-type cells with
an engineered plasmid vector.23823° Immunofluorescence microscopy revealed that
CFAP77A and CFAP77B were differentially localized in Tetrahymena cilia (Fig. 3.7A).

CFAP77A-3HA is highly abundant and localized to the proximal end of the cilium, while
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CFAP77B-3HA is less abundant but is present along the entire length of the cilium (Fig.
3.7A). The localization experiment supported our mass spectrometry analysis showing
that CFAP77A was approximately twice as abundant as CFAP77B (Table 2.3). We did
not see either CFAP77 paralog localize to the ciliary distal tip, which consists of singlet
MTs only.

3.9.5 Knockout of CFAP77 reduces Tetrahymena swimming and cilia length

Structural analyses and molecular dynamics simulations of the Tefrahymena OJ of the
DMT revealed that CFAP77A and OJ2 may be important for OJ assembly and/or stability.
| next wanted to investigate the function of evolutionarily conserved CFAP77 using a
genetics approach. | wanted to know how knockout of CFAP77A and CFAP77B genes
from Tetrahymena would impact ciliary functions like ciliary beating waveform and
swimming speed. Dr. Wloga’s lab genetically engineered three Tetrahymena knockout
cell strains: CFAP77A, CFAP77B, and CFAP77A/B double knockout.#? Using a germline
gene disruption approach,5®142240 Dr. Wiloga’s laboratory removed the gene coding

regions of CFAP77A, CFAP77B, or both CFAP77A and CFAP77B (Fig. 3.7B, C).
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Figure 3.7. Knockout of CFAP77A/B caused mild defects in Tetrahymena cilia. (A)
Differential localization of CFAP77A and CFAP77B in CFAP77A-3HA and CFAP77B-3HA
knock-in mutants. Green—anti-HA; red—poly glycylated tubulin. (B) Homologous
recombination methodology for CFAP77A and CFAP77B knockout strains. (C) PCR-
based confirmation of the gene knockout. Adapted from Kubo et al., 2023.742

The CFAP77 knockout Tetrahymena strains were observed to exhibit mild impaired

swimming speeds when compared with healthy wild-type cells (Fig. 3.8A). The

Tetrahymena CFAP77 knockout mutants all swam in straight trajectories similar to wild-

type cells. The CFAP77A-KO and CFAP77B-KO cells traveled approximately 34% and
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37% less than wild-type cells, respectively (Fig. 3.8A). CFAP77A/B-KO cells swam
approximately 58% the distance of wild-type cells (Fig. 3.8A).

The ciliary beat frequency was reduced by approximately 40% in CFAP77A/B-KO cells,
which explains why the double knockout mutant swims only approximately 42% of the
distance of the wild type (Fig. 3.8B). Furthermore, infrequent asynchronous ciliary beating
was observed in CFAP77A/B-KO cells (Fig. 3.8B). The ciliary waveform and amplitude of
CFAP77A/B-KO cells were very similar to those of wild-type cells (Fig. 3.8C). The cilia
length of CFAP77A/B-KO cells was approximately 10% shorter than that of wild-type cilia,
indicative of a ciliary assembly defect (Fig. 3.8D). The shorter cilia length implies an
assembly defect of CFAP77A/B-KO cells; this is exciting because it provides genetic
evidence for CFAP77 functioning in the assembly of the DMT. To observe any assembly
or structural defects in CFAP77A/B-KO cilia, | used cryo-ET to compare the axonemes

and DMTs of CFAP77A/B-KO and wild-type cells.
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Figure 3.8. Knockout of CFAP77A/B caused mild defects in cilia. (A) Knockout of
CFAP77A or CFAP77B or both led to a 40% swimming speed reduction (n = 99 for WT,
n = 81 for CFAP77A-KO, n = 70 for CFAP77B-KO, n = 119 for CFAP77A/B-KO).
Statistical analyses were performed with two-sided Tukey’s multiple comparisons tests.
(B) Tetrahymena cells with marked exemplary positions (red lines) where cilia beat was
analyzed in recorded swimming cells. Graphical representation of measurements of cilia
beating frequency in WT and CFAP77A/B-KO mutants. (n = 42 cilia from 12 cells for WT,
n = 48 cilia from 12 cells for CFAP77A/B-KO). Statistical analyses were performed with a
two-sided Mann-Whitney comparisons test. (C) Lack of both CFAP77 paralogs does not
apparently alter cilia beating amplitude and waveform. (D) Cilia length measurements of
WT and CFAP77A/B-KO mutants. The average cilia length was as follows: WT =5.85 um
(number of measured cilia, n = 115), CFAP77A/B-KO clone 1 = 5.46 uym (n = 74),
CFAP77A/B-KO clone 2 = 5.27 um (n = 83). Student’s t test WT/KO is 2E-08 and
6,8E-16, respectively. Data are presented as the mean values +/- standard deviation in
(A, B, D). (E) Examples of kymographs of cilia motility generated from each movie in
Imaged. Each wave peak (*) on a kymograph corresponds to cilia passing through the
drawn line. Adapted from Kubo et al., 2023.142

3.9.6 Knockout of CFAP77 disrupts the structure of the Tetrahymena axoneme

In this chapter, | used structural, computational, and genetic experiments to understand
the molecular architecture and interactions of the OJ of Tetrahymena DMTs. | was excited
to see the shorter cilia length of CFAP77A/B-KO cells because of the implication that loss
of CFAP77 might lead to assembly defects. | was also curious about how CFAP77A and
CFAP77B differentially localize and their roles in cilia. | used cryo- ET and subtomogram
averaging to observe the structural consequences of CFAP77 loss on axonemes and
DMTs.

| collected and processed tilt series of crosslinked axonemes for both CFAP77A/B-KO
and wild-type cells. | then performed subtomogram averaging of the 96-nm repeating unit
of DMTs from the axonemes of both CFAP77A/B-KO and wild-type cells. | also used
IsoNet software for CTF deconvolution and missing wedge correction of the reconstructed

tomograms for improved visualization. The 96-nm subtomogram averaged maps of the
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CFAP77A/B-KO and wild-type DMTs were 22 A and 19 A in resolution, respectively (Fig.
3.9A, B). The subtomogram averaged maps of the CFAP77A/B-KO and wild-type DMTs
were indistinguishable at the resolution obtained (Fig. 3.9A, B). Certainly, it was clear that
DMT assembly appeared normal despite the loss of both CFAP77 genes in Tetrahymena.
My results infer that CFAP77 is not needed for assembly of the DMT, perhaps, due to
genetic redundancy. However, if there were irregular defects in the axoneme as a result

of the CFAP77 double knockout, subtomogram averaging might have concealed them.
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Figure 3.9. Cilia in the CFAP77A/B-KO mutant have a slightly higher level of tubulin
glutamylation. (A) Fourier shell correlation curves showing the determined resolution of
WT (CU-428) and CFAP77A/B-KO 96-nm subtomogram averaged maps. (B) The 96-nm
subtomogram averaged maps of WT (CU-428) and CFAP77A/B-KO mice show no
abnormalities. Adapted from Kubo et al., 2023.142

After seeing that the subtomogram-averaged maps for CFAP77A/B-KO and wild-type
DMTs looked identical, | inspected every reconstructed tilt series. Interestingly, | observed

two phenomena specific to CFAP77A/B-KO axonemes: infrequent gaps in the OJ of

DMTs (Fig. 3.10A, B, blue arrows) and additional densities present at the OJ of DMTs
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(Fig. 3.10A, B, red arrows). Perhaps the absence of CFAP77 destabilizes the OJ, causing
it to undergo infrequent breakages from mechanical stresses associated with ciliary
beating. The additional densities present at the OJ of CFAP77A/B-KO axonemes are
unknown. It is possible that there is a compensatory mechanism involving one or more
proteins binding to the OJ to stabilize it. It is also possible that these additional densities
are proteins that are localized to the OJ of CFAP77A/B-KO axonemes to block unspecific
or improperly localized proteins.25” After structurally investigating the consequences of
CFAP77 knockout in Tetrahymena, it was clear that there were subtle and observable
defects. After | observed additional densities at the OJ, | was curious about how they
were recruited. PTMs of B- and a-tubulin C-terminal tails are abundant and some of those
are associated with recruitment and regulation of various MAPs and motor
proteins.”2:258.259 Polyglutamylation of tubulin C-terminal tails has been shown to regulate
the stability of MTs against the MT-severing enzyme spastin.?%° | wanted to wrap up my

study of CFAP77A/B-KO axonemes by investigating tubulin polyglutamylation in

Tetrahymena cilia in response to loss of CFAP77.
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Figure 3.10. Knockout of CFAP77A/B caused mild defects in cilia.

(A) Tomographic cross-sections of WT and CFAP77A/B-KO mutants showing occasional
damage in the OJ of CFAP77A/B-KO mutants (blue arrows) and unknown densities near
the OJ (red arrows). (B) Longitudinal sections from the CFAP77A/B-KO tomogram
showing OJ damage (blue arrows) and unknown densities (red arrows). Adapted from
Kubo et al., 2023.142

3.9.7 Knockout of CFAP77 in Tetrahymena is associated with higher tubulin polyglutamylation
levels

| was curious after seeing the additional densities at the OJ of CFAP77A/B-KO axonemes
and thought polyglutamylation might be responsible for that recruitment. Therefore, |
wanted to compare tubulin polyglutamylation levels between CFAP77A/B-KO and wild-
type cilia. To that end, Dr. Wloga’s lab performed immunofluorescence microscopy
localization experiments with polyE anti-polyglutamic acid primary antibodies to compare
the fluorescence signal between CFAP77A/B-KO and wild-type cilia (Fig. 3.11A, B). Dr.
Wiloga’s lab also performed western blotting and densiometric analyses of ciliary samples
for both CFAP77A/B-KO and wild-type cilia (Fig. 3.11C, D). The tubulin polyglutamylation
levels in CFAP77A/B-KO cilia were approximately twice (2X) as high as those in wild-type
cilia (Fig. 3.11D). Tetrahymena cilia clearly have higher tubulin polyglutamylation levels
in response to the loss of CFAP77. The binding affinity of mammalian MAP9 for MTs in
vitro is dependent upon the level of polyglutamylation.?6’ Perhaps increased
polyglutamylation increases the affinity of Tetrahymena MAPs that bind and stabilize the
DMT to compensate for the loss of CFAP77 and DMT instability. Importantly, the increase
in polyglutamylation is not necessarily associated with recruitment of the densities seen

in Figure 3.10B to the OJ. These experiments have raised interesting questions

-115-



concerning tubulin PTMs. How are ciliary tubulin PTMs related to MIP loss, general DMT
instability, or extreme mechanical stresses? How do tubulin PTMs regulate all of the
MAPs and MIPs in cilia? In this chapter, | leave the ciliary field with interesting

observations concerning compensatory mechanisms in response to the loss of ciliary

genes.
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Figure 3.11. Cilia in the CFAP77A/B-KO mutant have a slightly higher level of
tubulin glutamylation. (A) Phase-contrast (left) and immunofluorescence (right) of a
mixed population of WT and CFAP77A/B-KO mutant cells stained with polyE antibodies
detecting long glutamyl side chains (polyglutamylation). Note that WT cells were fed India
ink and thus contained dark food vacuoles, enabling their identification in the population
of mixed cells. (B) Graph showing the corresponding quantitative immunofluorescence
analyses of the average pixel intensity of the axoneme region in mixed and processed
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side—by—side populations of WT and mutant cells (n = 30 cells for each WT and
CFAP77A/B-KO from one experiment). Fluorescence intensity is measured in arbitrary
units. (C) Western blot and (D) densitometric analyses (graph) of the levels of tubulin
glutamylation of ciliary tubulin in WT and CFAP77A/B-KO cells. The level of tubulin was
determined using anti-a-tubulin 12G10 antibodies, and the levels of tubulin glutamylation
were detected using GT335 (left) or polyE antibodies (right) (n = 3 biological replicates
for WT and CFAP77A/B-KO). Data are presented as the mean values +/- standard
deviations in (B and D). This experiment was performed one time. A two-sided t-test was
performed for (B and D). Adapted from Kubo et al., 2023.142

In this chapter, | collaborated with postdoctoral fellows Dr. Shintaroh Kubo and Dr. Dorota
Wiloga’s lab at the Nencki Institute of Experimental Biology. | used cryo-EM and mass
spectrometry to identify the OJ MIPs CFAP77A and OJ2 in Tetrahymena ciliary
axonemes. | observed structural interactions that suggested that CFAP77A and OJ2
might stabilize the OJ of DMTs through their interactions with B-tubulin taxane-binding
sites, B-tubulin C-terminal tails, and the a-tubulin lateral interface between PFs B1 and
A11 (Fig. 3.2A, B). Using molecular dynamics simulations, we showed that CFAP77A and
0J2 stabilize the OJ of the DMT (Fig. 3.6A). Knockout of CFAP77 in Tetrahymena
resulted in slower ciliary beating, slower swimming, and 10% shorter cilia length (Fig.
3.8A, B, D). | found that loss of CFAP77 in Tetrahymena was associated with a two-times
increase in tubulin polyglutamylation (Fig. 3.11D). Using cryo-ET and subtomogram
averaging, | compared the axonemes and 96-nm DMTs of CFAP77A/B-KO and wild-type
cilia. While the subtomogram averaged map was not different in the double knockout, |
found infrequent damage to the OJ of the DMT and additional densities present at the OJ

(Fig. 3.10B). | took those findings and created a model to explain the role of CFAP77 in

cilia (Fig. 3.12).
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Figure 3.12. A model of the role of CFAP77 in the formation of B-tubules. The A-
tubule is formed (i), and then free tubulins bind to form the hook at the OJ (ii). With
CFAP77, the newly formed B-tubule hook is stabilized (iii), leading to the final DMT
formation (iv). Without CFAP77, the B-tubule is not properly stabilized (iii’), and there are
additional protein(s) on the outer surface (iv’). The presence of additional protein(s) may
or may not be related to elevated levels of tubulin polyglutamylation detected in
CFAP77A/B-KO cilia. Adapted from Kubo et al., 2023.142

In wild-type cells, CFAP77 is recruited to the OJ of the forming DMT. Assembly of the
DMT is not dependent on CFAP77. The lumen of the OJ of the DMT is occupied by
CFAP77. Consequently, the DMT is stable. However, if CFAP77 is down-regulated or
knocked out, the DMT is formed, but the OJ is somewhat destabilized, and additional
protein(s) are recruited to the surface of the OJ. One idea is that ciliary beating puts
excessive mechanical stresses on the DMT that lacks CFAP77, and consequently, the
OJ is infrequently damaged. Recruitment of protein(s) to the OJ in response to the loss

of CFAP77 is not understood. Perhaps recruitment of the unknown protein(s) is

associated with higher levels of polyglutamylation of the C-terminal tail of B- and a-tubulin.
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As this chapter concludes, | have accomplished the second research objective. In my
introduction, | had three research goals:
I Obtain a high resolution cryo-EM map of the doublet microtubule from axonemes
of Tetrahymena cilia.
Il Model the molecular architecture of the Tetrahymena DMT, compare
the Tetrahymena DMT with DMTs from other species, and identify proteins
at the outer junction region of the DMT.
1] Study one or two outer junction MIPs to understand their function in cilia.
The first two objectives were met after the herculean effort to model the near-complete
architecture of the 48-nm native DMT from Tetrahymena. The third objective was
completed after | performed structural analysis of the OJ MIPs CFAP77A and OJ2 and
then collaborated with postdoctoral fellows Dr. Shintaroh Kubo and Dr. Dorota Wloga’s

laboratory to perform molecular dynamics simulations and genetic knockout experiments.
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Chapter 4: General discussion and conclusion

4.1 Axonemal Tetrahymena DMT and MIPs

| isolated native DMTs by isolating cilia, solubilizing the ciliary membrane, and splitting
the axoneme into intact MT-protein complexes by activating inner and outer dynein motor
proteins (Fig. 2.1). | then used cryo-EM, mass spectrometry, and artificial intelligence to
define the near-complete molecular architecture of the 48-nm repeating unit of the native
axonemal DMT of Tetrahymena cilia. We modeled and identified 28 evolutionarily
conserved MIPs and 13 MIPs only present in parasitic ciliates (Fig. 2.4, Table 2.3, and
Table 2.4). | also observed densities for 8 MAPs bound to the surface of the A- and B-
tubules on the outer-facing side of the DMT (Fig. 2.7).

The greatest evolutionary diversity in MIPs was observed at the ribbon PF arc region (Fig.
2.5B). Studying the relative stability of the DMT across species and their unique
environments would provide insight into species-specific ciliary evolution. Molecular
dynamics simulations would be a useful computational method to compare the energetic
contributions of the Chlamydomonas- and Tetrahymena-specific CFAP and RIB proteins
against the mammalian tektin bundle (Fig. 2.5B). An experimental approach could involve
isolating each of the species DMTs and treating them with sarkosyl (sodium lauroyl
sarcosinate) to dissociate the DMT into ribbons.?62 The relative stability between ribbons

could then be measured with optical tweezers.263
4.2 Tetrahymena DMT MIPs and MAPs have a 96-nm registry

The periodicity of MIPs from DMTs isolated from Chlamydomonas flagella and

mammalian cilia and sperm is reported to be 48 nm.16.19.20 Tetrahymena MIPs have a 96-
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nm registry (Fig. 2.6). It has long been established that the DMT surface exhibits a 96-nm
registry, set by the evolutionarily conserved CCDC39/40 molecular ruler.'3¢ Periodicities
of the inner and outer proteins in Tetrahymena are both 96 nm, while Chlamydomonas
and mammals maintain disparate registries. Thus, the periodicities of inner and outer
proteins of the ciliary DMTs are likely uncoupled. The organization of the CCDC39/40
complex is self-regulated by head-to-tail interactions'®.17:136; perhaps the Tetrahymena
ciliary MAPs are similarly self-regulated. Another explanation for the registries of MIPs
and MAPs along the axonemal DMT is that they are set during the assembly of the basal

body triplet MTs or base of the DMTs and propagate along the length of the cilia/flagella.
4.3 Tetrahymena DMT is decorated with PG-rich motif proteins

In the Tetrahymena ciliary proteome, there are at least 5 proteins containing PG-rich
motifs: 3 sperm tail proline- and glycine-rich repeat proteins, STPG1A, STPG1B, and
STPG2 and 2 Outer Dense Fiber 3-Like (ODF3L-1 and ODF3L-2) proteins (Fig. 2.9E).
The PG-rich motif is a novel MT binding motif (Fig. 2.7E and Fig. 2.9E). | only observed
cryo-EM densities for STPG1A and STPG2 (Fig. 2.7C, D). STPG1A and STPG2 each
occupy a wedge of the B- and A-tubules, respectively, while short regions of both proteins
extend into the lumen (Fig. 2.7). Insight from structural analyses of the DMT surface,
combined with in situ mass spectrometry data, suggests that ODF3L-1 and ODF3L-2
proteins span 96 nm along the DMT surface (Kubo et al., 2023). The functions of the
ODF3L-1 and ODF3L-2 proteins, as well as their possible involvement with the 96-nm

registry of the Tetrahymena axonemal DMT, remain to be explored.
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STPG1A and STPG2 are not the only proteins to thread between the MT surface and
lumen. Evolutionarily conserved CFAP182A (Pierce1) and CFAP182B (Pierce2) weave
along PFs A7-A8 of the A-tubule, occupying equal regions of the outer surface and lumen
(Fig. 2.2 and Fig. 2.5B). Pierce1 and Pierce2 are important for outer dynein motor arm
assembly in mammals and zebrafish and are thought to bridge the 24-nm outer dynein
arm periodicity with the 48-nm mammalian MIP periodicity.'® It would be interesting to
build a model of the 48-nm Tetrahymena DMT including the outer dynein arms using data
from this and a previous Bui lab publication'”® and use molecular dynamics simulations
to predict the energetic contribution of CFAP182 to outer dynein arm stability. It would
also be interesting to study the function of CFAP182A and CFAP182B in Tetrahymena

through genetic knockout experiments and cryogenic electron tomography.
4.4 Tetrahymena MAPs overlap with tracks for IFT motor proteins

Tetrahymena MAPs bound to the outer-facing side of the A- and B-tubules overlap with
retrograde and anterograde tracks, respectively (Fig. 2.7 and Fig. 2.8).”5 Tetrahymena
MAPs may function similarly to MAP7. MAP7 was shown to exert biphasic regulation of
kinesin-1 activity.?2® At low concentrations, the MAP7 projection domain recruits Kinesin-
1 to MTs and activates Kinesin-1 motility.?23 At high concentrations, MAP7 slows and
pauses anterograde transport at brunch junctions in rat neurons.??3264 Perhaps the
biphasic regulation is from the competition for MT binding sites between the MT binding
domains of MAP7 and Kinesin-1 that result in steric clashes.??® Tetrahymena MAPs may
similarly regulate IFT through competition for MT binding sites (Fig. 2.9A-D). When we

docked kinesin-2 to the B-tubule (anterograde track) and dynein-2 to the A-tubule
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(retrograde track), | observed steric clashes with filamentous MAPs (Fig. 2.9A-D).
Densities for filamentous MAPs in the outer-facing A- and B-tubules have not been
observed in cryo-EM maps from Chlamydomonas or mammalian DMTs.16:1920 |t could be
that the filamentous MAPs are a species-specific adaptation, or it could be that those
MAPs were lost during sample preparation. In Chlamydomonas flagella, Dr. Ben Engel’s
lab showed that axonemal DMTs proximal to the basal body have a sleeve that completely
envelops their surfaces for 76 nm (Fig. 1.2D).%6 This sleeve could act as a barrier for IFT
trains.66 We have not observed a similar structure in Tetrahymena.'#215" The evolutionary
conservation of IFT is particularly interesting when it appears that many organisms have
different mechanisms of regulation. Understanding and comparing those regulatory
mechanisms not only informs us about evolutionary biology but might later provide an

exploitation for biotechnology and MT-based delivery systems.
4.5 CFAP77 and 0J2 stabilize the outer junction of DMTs in Tetrahymena

Bioinformatics revealed that OJ2 is a ciliary protein within parasitic ciliates, while CFAP77
is evolutionarily conserved within motile cilia and flagella. There is no evidence for
CFAP77 in primary cilia. Expression of CFAP77 in human airway epithelial cell culture
starts during differentiation, when ciliated cells become plentiful.?65 CFAP77 localizes
along the entire length of human airway epithelial cilia but is most abundant in the middle
(axonemal) region.?%5 In a genome-wide study of epigenetic markers of opioid
dependence in European-American women, CFAP77 was one of three genes with CpG
sites that were hypomethylated.?66 A proteomics study of epididymal buffalo sperm

showed that CFAP77 was one of 84 proteins that were both phosphorylated and
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ubiquitinated.?6” These studies show that CFAP77 gene expression is regulated by
methylation and that CFAP77 protein activity is regulated by phosphorylation and
ubiquitination.?66:267 | did not study how up-regulation of CFAP77 gene expression affects
cilia in Tetrahymena, as hypomethylation would do in human airway epithelial cilia.?%®
Studying CFAP77 over-expression might shed some light on the association with opioid
use disorder.2%6 It is unknown how phosphorylation and ubiquitination of CFAP77 alter its
activity, cilia, or the DMT. Once the ciliary and structural effects of CFAP77
phosphorylation and ubiquitination are known, another interesting study would be to
detect the temporal dynamics of CFAP77 PTMs during sperm maturation and swimming.
This would serve as a model for MIP PTMs in cilia and flagella. Dysregulation of CFAP77
gene expression and protein activity is not associated with severe diseases, which
suggests that CFAP77 has a redundant role in cilia.

Structural analyses of CFAP77A and OJ2 revealed much evidence for their role in the
stabilization of the OJ of DMTs. Both proteins weave along the lumen of the OJ,
interacting with many PFs and binding to B-tubulin taxane-binding sites (Fig. 3.2). OJ2
might stabilize the lateral interaction between a-tubulins from PFs B1 and A11 of the OJ
(Fig. 3.5B). CFAP77A and OJ2 are both incredibly electrostatically attracted and proximal
to the B-tubulin C-terminal tails of the A-tubule (Fig. 3.3). Cleavage of tubulin C-terminal
tails of singlet MTs is necessary for partial DMT assembly in vitro in the absence of any
MT-interacting protein.”* However, any perturbation of B-tubulin C-terminal tails in vivo is
deleterious to ciliary function in mammals.%2:228 It would follow that one or more proteins

function to suppress tubulin C-terminal tails during OJ assembly.
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Functional studies further supported the stabilizing roles of CFAP77 and OJ2 in the
axonemal DMT. Molecular dynamics simulations predicted that both CFAP77A and OJ2
stabilize the OJ of the DMT (Fig. 3.6). Tetrahymena has two paralogs of CFAP77 that
differentially localize, and knockout of both paralogs resulted in slightly shorter cilia with
a reduced beat frequency and reduced swimming speed (Fig. 3.8). The shorter cilia length
implied an assembly defect, but not in the proteins composing the 96-nm as shown the
reconstructed tomograms (Fig. 3.10). However, | did observe infrequent damage to the
OJ and additional densities. The damage is likely caused by the loss of CFAP77 during
ciliary beating, while the identity of the additional densities remains unknown. Perhaps
unknown compensative proteins bind to the OJ to stabilize it (Fig. 3.10). Alternatively, the
additional densities at the OJ may be regulatory proteins that block mis-localized
proteins.25” The reduced ciliary beating and swimming speed of CFAP77A/B-KQ is similar
to the phenotypes of RIB72A/B-KO and CFAP115-KO. RIB72A/B-KO'** and CFAP115-
KO3 are both associated with reduced ciliary beating frequency and slower swimming.
There is also impaired coordination of ciliary action in RIB72A/B-KO,'** CFAP115-KO,43
and CFAP77A/B-KO,*? which causes occasional excessive curves in the waveform (Fig.
3.8).

4.6 CFAP77 is not essential for DMT assembly or swimming in Tetrahymena

MAP9 was recently shown to be important for stabilization of the OJ.28" Loss of MAPH-9
resulted in ultrastructural defects in axonemes of Caenorhabditis elegans ciliated sensory
neurons.?6 While the axonemes in wild-type and MAPH-9 knockout cells were observed

to have a mix of DMTs, partial DMTs, and singlet MTs, there were more singlet MTs
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observed in MAPH-9 knockout cells.?6' The rest of the investigation of that study, as well
as the results from this thesis, support stabilizing roles for CFAP77A and MAPH-9 at the
OJ of the DMTSs, but neither protein is required for DMT formation or ciliary function.42.261
Furthermore, the filamentous proteins on the surface of the Tetrahymena DMT likely
stabilize the OJ in the same way MAPH-9 does in Caenorhabditis elegans neurons.142261
It may be that these MAPs are also sufficient for stabilization of DMTs from primary cilia
that lack CFAP77.

Dr. Hiroshi Inaba and colleagues designed a tetrameric peptide; each monomer consists
of a single repeat of the tau MT binding domain fused to both an Azami-Green fluorescent
protein and a polyhistidine tag.268 When this tetrameric peptide was co-polymerized with
free tubulin under various conditions, it nucleated various MT superstructures in vitro,
including branched MTs and partial DMTs.268 Perhaps unidentified MAPs or MIPs function
similarly to that tetrameric peptide and are necessary for assembly of the OJ of DMTs.
For example, the unidentified filamentous density OJ3 (Fig. 3.1). This protein could
function in assembly of the OJ in both motile and primary cilia that lack CFAP77.

My investigation into CFAP77 has shown that it stabilizes the DMTs that are under
bending, compressive and tensile mechanical stresses.?%° It is generally accepted that
MIPs act to regulate DMT stability and isolate damage or defects caused by ciliary
bending.’3® The loss of a MIP could mean that bending-induced damage is sustained
more often than in cilia with the MIP present. Ciliary bending and mechanical force are
strongest at the base.?”® The CFAP77A paralog was expressed at higher levels than the

CFAP77B paralog in Tetrahymena, and CFAP77A was localized to the lower region of
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the axoneme (Fig. 3.7). Perhaps the OJ of the DMT is more stable where CFAP77A is
more abundant.

Obviously, OJ2 contributes to the stability of the DMT in Tetrahymena, as evidenced by
structural interactions and simulations. The triple knockout of CFAP77A, CFAP77B, and
0OJ2 would be expected to have more dramatic effects on the stability and assembly of
the DMT. Furthermore, the triple knockout would be closer to the effects of the loss of
CFAP77 in mammals (including humans) because OJ2 is species specific. Filamentous
MAPs along the outer surface PFs may be sufficient to prevent catastrophic failure, but
significant damage would be expected. Loss of CFAP77 may be more consequential to
airway epithelial cilia and sperm in mammals because there are no other MIPs that have
been observed between PFs B1 and A11.20 Perhaps there is a ciliopathy associated with
loss of CFAP77, just as hypomethylation of the CFAP77 gene is associated with opioid

dependency.?65
4.7 A tubulin PTM code regulates DMT stability and interacting proteins in cilia

Tubulin PTMs have previously been proposed to act as a “code” that is read out by motor
proteins for directional regulation.?”" Tubulin polyglutamylation increases the affinity of
Tau for MTs and the MT-severing activity of katanin; however, 3-tubulin polyglutamylation
decreases kinesin-1 processivity.2’2 Molecular dynamics simulations have shown that
polyglutamylation is inhibitory to dynein activity and may act as boundaries for dynein
motor tracks.?”® Mammalian MAP9 specifically binds to polyglutamylated MTs in vitro.?61

In CFAP77A/B-KO cilia, tubulin polyglutamylation levels were twice as high as those in
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wild-type cilia (Fig. 3.11). Perhaps tubulin PTMs are part of a compensatory mechanism

in response to instability associated with MIP loss.
4.8 Conclusion

| have made many contributions toward our understanding of cilia and MIPs. | have
optimized methods for culturing Tetrahymena strains; intact axoneme purification; intact
DMT purification; and cryo-EM/cryo-ET sample preparation. | set out with three research
objectives: i) Obtain a high resolution cryo-EM map of the doublet microtubule from
axonemes of Tetrahymena cilia; Model the molecular architecture of the Tetrahymena
DMT, compare the Tetrahymena DMT with DMTs from other species, and identify
proteins at the outer junction region of the DMT; and iii) Study one or two outer junction
MIPs to understand their function in cilia.

| have shown that the 48-nm repeat of the native Tetrahymena DMT contains at least 28
evolutionarily conserved MIPs, 13 MIPs unique to parasitic ciliates, and filamentous
MAPs on the outer surface. | found a structural basis for MIPs CFAP77 and OJ2
stabilizing the OJ of DMT. Using molecular dynamics simulations, we showed that
CFAP77A and OJ2 energetically stabilize the OJ. Using gene knockout, we showed that
loss of CFAP77A and CFAP77B caused minor infrequent damage to the DMT OJ, shorter
cilia, and slower swimming. | have demonstrated that CFAP77 is an evolutionarily
conserved MIP that stabilizes the OJ of the axonemal DMT but is not necessary for
assembly or motility.

As important as the contributions toward knowledge, | also leave the field of cilia and

flagella with many intriguing questions. | have shown that OJ2 may be important for the
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assembly and stability of axonemal DMTs in parasitic ciliates. Further investigation is
required to find the answer; in doing so, the investigator will also understand the
consequence of CFAP77 loss in mammals because CFAP77 is the only luminal OJ MIP
in motile cilia. Another protein that may also be important for the OJ is CFAP141, a short
helical protein wedged between PFs B1 and A11 (Fig. 2.4). CFAP141 is evolutionarily
conserved and was modelled in DMTs from flagella from algae’® and mammalian
sperm.2’4 | also demonstrated that the compensatory response to MIP loss and DMT
instability is recruitment of proteins and increased tubulin polyglutamylation. How do
tubulin PTMs affect DMT stability and the molecular architecture of the MIP network?
While it was known that tubulin PTMs are part of the tubulin code for MAPs and motor
proteins, we now know MIPs are involved as well. There is an intricate network connecting
tubulin PTMs to the constitution of the axonemal DMT. Discovering how PTMs affect the

DMT will provide a much greater understanding of ciliary regulation.
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