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Abstract

Cilia and flagella are microtubule-based organelles that extend from the cell membrane,
playing essential roles in cell movement or cellular signaling across various biological systems.
Cilia are structured by axonemal doublet microtubules, consisting of complete A-microtubule
and incomplete B-microtubule. This unique structural arrangement is associated with a
complex network of axonemal microtubule-binding proteins, which can be classified into two
main groups: microtubule associated proteins (MAPs) and microtubule inner proteins (MIPs).

Microtubule associated MAPH-9 is primarily expressed in ciliated sensory neurons of
C. elegans and localizes to the axoneme, exclusively to microtubule doublets when
overexpressed. However, its precise function in cilia remains unclear. In our study we
employed, total-internal reflection (TIRF) microscopy and in vitro reconstitution to
demonstrate that binding of MAPH-9 to microtubules is influenced by tubulin post-
translational modifications. Additionally, we demonstrate that MAPH-9 is able to modulate the
dynamics of A- and B-microtubules.

In the second part of the thesis, we focused on two microtubule inner proteins, PACRG
and FAP20 which are important components of the Inner Junction between the A- and the B-
microtubule and are critical for flagellar stability and function. Despite their known
importance, their exact role in microtubule doublet assembly and stabilization remains unclear.
In this study we employed, microscopy techniques, such as TIRF-microscopy and cryo-
electron tomography (cryo-ET) and, in combination with in vitro reconstitutions, we
demonstrated the ability of these two proteins co-localize on microtubule doublets, where they
form distinct, high-density regions and reduce the dynamics of the B-microtubule.
Furthermore, cryo-electron tomography of in vitro reconstructed microtubule doublets in the
presence of PACRG and FAP20 revealed that these proteins limit B-microtubule curvature
fluctuations, promoting a more rigid and aligned conformation. Collectively, our findings
suggest that PACRG and FAP20 work together to enhance microtubule doublet stability, which

is essential for maintaining ciliary integrity and function.



Abstrakt

Cilia jsou bunééné organely sestaveny z mikrotubuld, a hraji klicovou roli v pohybu a bunééné
signalizaci v rtiznych biologickych systémech. Cilium se sestdva z axonemalnich
mikrotubuldrnich ~ dubletd, které jsou tvofené kompletnim A-mikrotubulem a z
nekompletnim B-mikrotubulem. Toto strukturni uspotadani je podpoieno fadou axonemalnich
proteind, které se vazou se na mikrotubuly. Tyto proteiny 1ze rozdé€lit do dvou hlavnich skupin:
proteiny asociované s mikrotubuly (MAPs) a vnitini mikrotubularni proteiny (MIPs).

MAPH-9 je mikrotubul-asociovany protein ktery je exprimovan v ciliarnich
senzorickych neuronech C. elegans a ktery se lokalizuje do axonemt, kde se vaze na
mikrotubularni dublety. Nicméné funkce MAPH-9 v ciliich neni zcela neznamad. V nasi studii
jsme pouzili fluorescenéni mikroskopii s Uplnym vnitinim odrazem (TIRFM) v kombinaci s in
vitro rekonstrukénimi experimenty. Timto postupem jsme ukézali, Ze vazba MAPH-9 na
mikrotubuly je ovlivnéna post-translacnimi modifikacemi tubulinu. Dale jsme prokézali, ze
MAPH-9 je schopen modulovat dynamiku A- a B-mikrotubula.

V druhé casti této disertaéni prace jsme, jsme se soustfedili na dva vnitini
mikrotubularni proteiny, PACRG and FAP20, které jsou diileZité komponenty vnitiniho spoje
mezi A- a B-mikrotubuly a zaroven jsou dalezité pro ciliarni stabilitu a funkci. Nicméné role,
které tyto proteiny hraji ve sloZeni a stabilizaci mikrotubularnich dubleti neni jasna. V této
studii jsme pouzili, mikroskopické metody, jako je TIRFM a kryo-elektronova tomografie v
kombinaci s in vitro rekonstrukénimi experimenty. Timto postupem jsme ukazali, ze se tyto
proteiny lokalizuji na mikrotubuldrni dublety charakteristickym zptisobem tak, ze tvoii oblasti
s vysokou hustotou, které vyrazné¢ snizuji dynamiku B-mikrotubulii. Nasledné kryo-
elektronova tomografie mikrotubularnich dubleti, které byli in vitro rekonstruované
v ptitomnosti PACRG and FAP20, odhalila, ze tyto ze tyto proteiny snizuji fluktuace v
zakiiveni B-mikrotubulii, ¢imz podporuji stabilnéjsi a usporadangjsi konformaci dubletu. Nase
vysledky spolu naznacuji, ze PACRG a FAP20 spolupracuji na zvySeni stability

mikrotubularnich dubletil, coz mtze byt klicové pro zachovani integrity a funkce cilii.



Contents

1. INTRODUCTION...uccouiereirecsnicsensecssnsssnssasssessssssasssssssssssssssssssssssssassssssssssssssssssssssssssssssssssss 8
0 O 5 s S SRSRSS 8
L2 MICROTUBULES. ...ttt sttt sttt et s nae e 10
1.3 MICROTUBULE DOUBLETS .....ctiiiiiieietee ettt 14
1.4 DOUBLET MICROTUBULE’S BINDING PROTEINS ......cccccooiiiiiiinienieicrieeeene 17

1.4.1.1 AXONEMAL MAPS ...outeiieiteieciesttee ettt ettt enae e nae s 17
1.4 1.2 MAPO/MAPH=9 ...ttt 18
1.4.2 MICROTUBULE INNER PROTEINS (MIPS)....cceeoiiitieiiiieieieeie e 20

2. AIMS OF THIS STUDY ..uccovrrecrurssensuncsarcsessesssnssasssessassssssasesseses .25

3. MATERIALS AND METHODS .....couiivininnuinsensinsaissnissesssnssssssesssssssssssssassssssssssssssssssssss 26
3.1 PROTEIN EXPRESSION AND PURIFICATION.....cccceotiriiniinieienieneeieeienieeieene 26

A AN o & L PSSR 26
PACRG and FAP20 ...cc.eiiiiiieieeeete ettt 27
3.2 ASSEMBLY OF MICROTUBULES ......ceiiiiiiiiiiiiiiieetteiee ettt sttt sne e s seee s 28
3.3 LIGHT MICROSCOPY ....coiuiiiiiiiiiiiiiiiiiiiie sttt sttt sttt et st s 29
3.3.1 Total Internal Reflection Fluorescence (TIRF) MicroSCOpy .....ccceevveevreveerueeennnnen. 29
3.3.2 Interference Reflection Microscopy (IRM) ......cocvieiiiiiiiiiiiiiiiieeiieie e 30
3.3.3 Flow chambers preparation ............cccuveerveeerieeenieeeeieeesreeesreeesseeeseneeessseesssneesnnens 31
3.3 4 TMAGING ...ttt ettt ettt et ettt e e st e et e sabeebeesnbeebeesnbeenneeeaseesneeenteens 32
3.3 IN VITRO RECONSTITUTION .....oiiiimiiiiiniiiniieiieienitenteeteeieesteesesitesaeeneesnesueesneeanesaeenneennens 32
3.3.1 PUll-dOWN @SSAY ...eeviieniieiiieiiieeiie ettt ettt ettt 33
3.3.2 Doublet microtubule assembly ..........c.ccceveiieiiiiiiiiiiecii e 34
3.3.3 Dynamic od doublet microtubules.............cccvieeiiiiiiiiiicie e 35

3.3.4 In vitro binding of axonemal proteins to post-translationally modified microtubule

JAEEICE ..ttt e st e et e e a e e e tba e e tbaeeabeeenabeeetreeenaeeenaeeennaeas 35
3.3.4 Fluorescent recovery after photobleaching (FRAP) ........cccoevvieiiiniiiniiiieieee 36
3.3.5 B-microtubule depolymerization ............ccccccuveeeiieeriieeniie e 37
34 IMAGE ANALYSIS ..ottt ettt ettt ettt ettt et sbe e b ettt e n e e sanesbeenne e 37
3.4.1 Integrated INtensity €StIMATION ......ccccuvieriiieeiiieecieeeeieeeereeeereeerreeeeeeeerreeseaeeeneeees 38
3.4.2 Nucleation density of B-miCrotubules ...........cccceeevieriiiriiieniiiiieieeieeee e 39

3.4.3 Coverage of high-density regions (HDRs) on B-microtubules............c.c.cocuveenneee. 39



3.4.4 Dynamic parameters of doublet microtubules ............ccccoeviiiiiieiiiiiiiinieeieieee 39

3.4.5 Fluorescent Recovery After Photobleaching (FRAP).......ccccovvviiiiiiiiiiiiiiieee, 40

4. RESULTES AND DISCUSSIONuvirrrcnnecssercsnnnns 42
4.1 THE SUPPORTING ROLE OF MAPH-9 IN AXONEMAL MICROTUBULE DOUBLETS ............ 42
4.1.1 MAPH-9 preferentially binds to B-microtubules ...........ccccoeceeviiiiniiniinenicneene. 42
4.1.2 MAPH-9 supresses microtubule dynamics...........ccecvuveeveieeriiieeniiieeniie e eeee e 44

4.1.3 Post-translational modification of the tubulin C-terminal tail regulates MAPH-9
interaction With MICTOTUDULES ......ccc.coiiiiiiiiiiiiiiiiiice e 46

4.1.5 The absence of MAPH-9 leads to structural abnormalities in axonemal microtubule

AOUDIELS 1N VIVO ...tiiiiiiiiiiiieiiesiie ettt ettt et e e b e et e et e ebeessseensaesssaesseessseenssesnsaens 48
A2D TS CUSSTON ettt sttt sttt b et s e b et seebeseene 51
4.3 AXONEMAL MICROTUBULE INNER PROTEINS PACRG AND FAP20........ccccvvvvviieeiienne 53
STABILIZE MICROTUBULE DOUBLETS .....utttiiitteiitteniteeniiee et esitee et e st e sieeesitee s e saeeas 53

4.3.1 PACRG and FAP20 co-localize to microtubule doublets and form high density

105750 10) 1 SRS PRRRP 53
4.3.2 PACRG and FAP20 contributes to B-microtubule stability .............ccccccverveenennee. 60
4.3.3 Post-Translational Modifications of Tubulin Influence PACRG and FAP20
Binding to MiCTOtUDUIES ......cc.eeeiiiiiiiiieiie ettt et 65
4.3.4 PACRG and FAP20 together stabilizes B-Microtubule curvature ......................... 68
AADIS CUSSTON ettt sttt st be et saeesae et 71
5. C O N CLUSTO N eriieinenninsnnsessisssisssnssesssissssssssssssssssssssssssssssssssssssssssssssssssssssssssss 79
RE FE RE N CE Suiiiinintnninnensiniisessissssississsssississssssissssssssssssssesssssssssssssssss 80
LIST OF ABBREVIATIONS ...cuuciniiviininninsensnessscsssssesssessassssssasssssans 89

LIST OF PUBLICATIONS .....uuooiniinuinnenecsnensnennssanessesncsssessessassnne 90




1. INTRODUCTION

1.1 CILIA

Cilia are microtubule-based membrane bound organelles that extend from the cell surface of
nearly all eukaryotic cells. They play crucial roles in numerous physiological processes,
including motility, sensory perception, and signal transduction '. Mammalian cilia are classified
in two main types: motile cilia (mono-motile cilia and multiple motile cilia) and primary (non-
motile) cilia®. Motile cilia are predominantly found in specialized cells, such as spermatozoa,
where they drive movement, an in the epithelial lining of the respiratory tract, brain ventricles,
and the embryonic node, where they facilitate fluid flow or directional signalling?. In contrast,
primary cilia are involved in mediating signal transduction and serve as sensory organelles,
detecting extracellular chemical and mechanical cues*. They play essential roles in systems

such as olfactory and visual systems>?.

Cilia are anchored to the cell through basal body, which act as a foundation for their assembly.
The basal body is a modified centriole with a characteristic ninefold symmetry of triplet
microtubules, which provide a structural template for nucleating the axoneme, the core

structural component of cilia and one of the largest macromolecular complexes in the cell”?,

Ciliary assembly occurs through a process termed intraflagellar transport (IFT)*!°. This
mechanism relies on a continuously delivery of axonemal precursors, synthesized in the cell
body, to the assembly site at the distal tip of axoneme. The IFT machinery consists of large
protein complexes, called IFT particles, which travel along the polarized microtubules of the
axoneme. Anterograde transport, driven by kinesin-2 motors, ferries precursors from the base
of the cilium to the distal tip, where they are unloaded for axonemal assembly. After this, the
“empty” IFT particles bind to axonemal turnover products and transported back to the cell body
via retrograde transport, driven by cytoplasmatic dynein 2!'~'4, This recycling ensures efficient

turnover and maintenance of ciliary components.
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Figure 1.1 Schematic of cilia

(A) cilia with visualized intraflagellar transport (B) cross section of the axoneme of motile and
primary cilia.

Cilia are built around a core structure called the axoneme, which follows two distinct patterns:
9+2and 9+ 0. Motile cilia typically have 9 + 2 arrangement, where nine doublet microtubules
form a ring around a central pair of single microtubules, enabling movement. In contrast,
primary cilia exhibit a 9 + 0 structure, meaning, they lack the central microtubule pair. This

absence aligns with their main role in sensing external signals rather than facilitating motion'.

Ciliopathies are a group of disorders that arise due to defects in cilia structure or function.
These conditions can result from abnormalities in ciliary formation, movement, or signaling
affecting multiple organ systems. For example, primary ciliary dyskinesia (PCD) arises from
issues in motile cilia, leading to ineffective mucus clearance in the respiratory tract, chronic

respiratory infections, and infertility due to non-motile sperm. In some cases, PCD is also



linked to situs inversus, a condition where internal organs developed in a reverse arrangement,
due to disrupted ciliary movement during embryogenesis '°.

Polycystic kidney disease (PKD) is another ciliopathy caused by defects in primary
cilia of renal epithelial cells. These cilia are essential for sensing fluid flow in the kidney
tubules, and their dysfunction leads to the formation of fluid-filled cysts, eventually impairing
kidney function. Similarly, retinal dystrophies are linked to defective cilia in photoreceptor
cells, which play a crucial role in visual signal processing. When these cilia are disrupted, the
photoreceptor cells lose their ability to function, leading to progressive vision loss!”-8,
Multisystem disorders such as Bardet-Biedl syndrome (BBS) and Joubert syndrome also arise
from disruption in ciliary. Individuals with BBS may experience vision impairment, obesity,
kidney complications, and cognitive difficulties. Joubert syndrome, in contrast, is characterized
by malformations in brain development, an irregular breathing patterns due to disrupted ciliary

signalling!.

1.2 MICROTUBULES

Microtubules a long, hollow tubes with diameter approximately 25 nm, composed of a- and 3-
tubulin subunits that non-covalently self-assemble in head-to-tail arrangement into
protofilaments. These protofilaments align side by side to form a cylindrical structure.
Structurally, microtubules are primarily composed of 13-protifilaments. These protofilaments
are titled by 0.93 nm relative to one another, allowing them to run nearly parallel to the long
axis of the microtubules and form a helical pitch of 12 nm, corresponding to three tubulin
monomers. This parallel polar alignment serves as a scaffold for molecular motors, enabling
directional intracellular transport along microtubules. Microtubules maintain a rigid
mechanical structure, which allow them to assembly into larger intracellular structure, such as
axoneme, neuronal cytoskeleton and mitotic and meiotic spindles. Due to microtubules
composition, o,p-tubulin heterodimers create a polarized microtubule, with the plus end
capped by the B-subunit and with minus end capped by a-subunit®. In vivo, microtubules
mostly initiate from microtubule-organizing centers (MTOCsS) specifically from y-Tubulin
Ring Complex (y-TuRC), which providws a scaffold that mimic the helical structure of
microtubules. The y-TuRC caps the minus ends of microtubules, allowing the plus end

extending toward the cell periphery?!.
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Figure 1.2 Structure of microtubule

(A) Schematic of an assembled microtubule from y-Tubulin Ring Complex (y-TuRC) (B) cryo-
EM images showing longitudinal and the cross-section view of an assembled 13-protofilament
microtubule. Adapted from 2°

In eukaryotes, a- and B-tubulin are expressed in various conserved isoforms and can undergo
post-translation modifications (PTMs). These modifications provide an additional level of
regulation of microtubules properties and functions, together forming what is known as the
“tubulin code™?2. The incorporation of different tubulin isotypes and their PTM:s to the lattice
of microtubules lead to different behaviors, properties and structural diversity of microtubules
between species and cell types. Tubulin undergoes a variety of post-translation modification,
specifically polyglutamylation, glycation, detyrosination and acetylation. Polyglutamylation
which appears on both o and B-tubulin regulate centrosome integrity?*~>°, control the axonal
directional transport and in cilia regulate the dynein activity as well controls ciliary beating?®
28, Glycation is primely observed through the axoneme it plays a crucial role in axoneme
stability and regulate ciliary motility and length?*!. Detyrosination occur exclusively on a-

tubulin isotypes?33

and in the neurons act as marker of microtubule polarity and regulate
directional transport**, in dividing cells controls chromosome congression at metaphase
plate®>-%, and in the axoneme regulate IFT transport®’. Finally, acetylation is only post-

translation modification which occurs inside the lumen of microtubules, unlike other

11



modifications, which occur on the C-terminal tails of tubulin. The most known is acetylation
of a-tubulin at Lys40 and affects cargo transport in the neurons and might increase microtubule

flexibility as the result of protecting microtubules from mechanical ageing3#4,
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Figure 1.3 Schematic structure of microtubule with post-translation modification of
tubulin

Schematic representation of post-translational modification occurring on tubulin heterodimer.
Adapted from??

Further, the functions of microtubules are enhanced and diversified by their interaction with
microtubule-associated proteins (MAPs)*. Based to their mechanism of action MAPs are
categorized into specific groups: (i) structural MAPs binds to stabilize microtubules, promote
assembly and regulate spacing (Tau, MAP2)** (ii) motor proteins, that move along
microtubules, transporting cargo and generating forces (Kinesins, Dyneins)** (iii) severing
enzymes that destabilize microtubule lattice (Katanin, Spastin)*® (iv) plus-end trafficking
proteins, which are regulate growth of the lattice and interactions with other cellular structures

(EBI1, PRCI, NuMA)*, (v) microtubule nucleators, promoting nucleation of microtubules
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(XMAP215, SSNA1)®4° Microtubule associated proteins are crucial for the regulation of
microtubule dynamic, stability, interaction with the cell and defects in MAPs function led to

various disease, including nondegenerative disorders®’, developmental disorders and cancer>!.

Both a and B-tubulin consists of three interacting domains: nucleotide-binding domain for
guanosine 5-triposphate (GTP) at the N-terminus, an intermediate domain, and a C-terminal
helical region®?. GTP binds nonexchangeable to nonhydrolyzable N-site of o-tubulin and
exchangeable to hydrolysable E-site of B-tubulin®’. The N-site is located at the interface
between the two subunits of tubulin dimer, in contrast E-site is exposed on the outer surface of
tubulin heterodimer, allowing nucleotide exchange from GTP to GDP state. The state of the
nucleotide at hydrolysable E-site regulates microtubule polymerization, process of the addition
tubulin dimers to the growing end and the hydrolysis of GTP at B-tubulin subunit>*. Addition
of GTP-tubulin dimers to the growing tip form the stabilizing cup. Bellow the cap, tubulin
subunits are in the GDP-bound state due to the GTPase activity of tubulin. The losing of
stabilizing GTP-cap, results in the microtubule shrinking in an event known as catastrophe.
When shrinking microtubule is switching to growth phase again, microtubule is rescued. The

interplay between of polymerization and depolymerization phases is known as dynamic

instability™.
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Figure 1.4 Schematic od dynamic instability of microtubule.

(A) montage showing the GTP hydrolysis occurring on the tubulin heterodimer.
(B) montage showing the microtubule switching between polymerization and
depolymerization phase.
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1.3 MICROTUBULE DOUBLETS

Microtubule doublets composed of complete A — microtubule with 13 protofilament and
incomplete B — microtubule with only 10 protofilament. A — microtubule and B — microtubule
attached through the outer junction (OJ) which is formed by two protofilaments of A-
microtubule A10 and A11, and by one protofilament of B-microtubule B1. The inner junction

(1)) between A- and B- microtubule is formed by non-tubulin proteins>%>7.

In a recent study it was demonstrated that the removal of C-terminal tails from both a- and f3 -
tubulin of the A-microtubule template promotes the assembly of doublet microtubules 8. This
finding was supported by computation modelling, which revealed that the C-terminal tails of
the A10 protofilament do not interpenetrate the core of B1 protofilament at the outer junction
site. This suggests a specific regulatory role of the C-terminal tail in controlling B-microtubule
insertion. In vivo, the C-terminal tail at the A1l protofilament may be shielded through
interaction with unidentified MIP7. This interaction potentially stabilizes the A-microtubule
structure, enabling the proper integration of the B1 protofilament during doublet microtubule
formation. /n vitro, the nucleation of B-microtubules occurs only in the presence of GMPCPP
(a non-hydrolysable GTP analogue) and free, untreated tubulin. Notably, B-microtubules
exhibit growth at identical rates in both directions, contrasting with A-microtubules, which
grow at varying rated depending on the direction of polymerization. The minimal in vitro
approach, which lacks microtubule inner proteins, results in more flexible B-microtubule with

a distinct gap at the inner junction, highlighting the of additional stabilizing factors in vivo.

14



Side view ' Top view 1

Figure 1.5 Doublet microtubule assembly in vitro.

(A) Schematic drawing of assembly of doublet microtubule on the lattice of the subtilisin
treated microtubule and representative cryo-EN image of assembled doublet microtubule. (B)
(A) Representative image of longitudinal view of DMTs. Scale bar 25 nm. (B) cross-section
showing doublet microtubule. Scale bar 25 nm. C. cross-section showing doublet microtubule
flower. Scale bar 25 nm. White arrowheads in A to C indicate B-MTs. (D) Averaged
subtomograms of microtubule doublets in vitro. Scale bar 25 nm. F. Averaged subtomograms
of Tetrahymena ciliary MTDs at 5.7 A (EMD-8528 map from theElectron Microscopy Data
Bank). Scale bar 25 nm. (E-G) View of the outer junction for the DMTs in in vitro experiments
(E) and the outer junction of the ciliary DMTs (G). Yellow arrowheads indicate the triangle
shape formed by A10, A11, and B1 protofilaments. (K)Side and top views of an DMTs model.
A-MT depicted in green and gray (o-tubulin in gray; B-tubulin in green), the tubulin C-terminal
tails of the A-MT is depicted in red, and B1 protofilament depicted in blue and beige (c.-tubulin
in blue; B-tubulin in beige). (L) Closer view of the outer junction showing the interactions of
the tubulin C-terminal tails of A10 and All protofilaments with C-terminal tails of Bl
protofilament. Magenta arrowhead indicates the clash between the C-terminal tails of A11 and
B1 protofilaments. Adopted from>®

In vivo doublet microtubules of motile cilia in the axoneme are decorated along the length by
regularly organized large, multi-subunit proteins assemblies, that are known as “axonemal
complexes”. These complexes are essential for the coordinated movement of cilia®. Key
axonemal complexes that drive ciliary movement include Outer Dynein Arms (ODAs) with
repeats every 24 nm seven different inner dynein arms (IDAs) with 96-nm periodic pattern®®-6!,

Coordination of dynein motors and bending of microtubule doublets are controlled by Nexin-
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Dynein Regulatory Complexes (N-DRCs) with repeats every 96 nm®. Communication bridge
between the central pair and dynein arm activity are radial spoke (RS), regulate the rhythm of
ciliary beating. In C. reinhardtii, every 96 nm repeat is assembled from two full-length radial
spokes, RS1 and RS2 and a sorter spoke RS3S%%. Periodicity is controlled by “molecular rulers”
and must be preserved along the length of each microtubule doublet in the axoneme. In C.
reinhardtii, the role of molecular rulers is played by coiled-coil heterodimer of CCDC39 and

CDCA40, that maintain the precise 96-nm spacing of axonemal complexes.

Doublet
_, microtubule

Figure 1.6 Doublet microtubule assembly in vitro.

(A) Schematic of the axoneme cross-section, with visualized nine MTDs forming a ring around
central pair of single microtubules (depicted in gray). On the closer view - one microtubule
doublet in the association with axonemal complexes: Radial spokes (RS) depicted in blue, inner
dynein arm (IDA) depicted in yellow, nexin-dynein regulatory complex (N-DRC) depicted in
green and outer dynein arm (ODA) depicted in red. (B) Lateral view of the MTDs docked into
the averaged subtomogram of the axoneme (EMD-6872). Adopted from%

The A- and B-tubule of microtubule doublets exhibit distinct patterns of post-translation
modification which contribute to their specialized roles in axonemal structure and function as
well play role in determining spatial arrangement of axonemal complexes®. The A-tubule is
predominantly tyrosinated ®, whereas B-tubule exhibits high levels of detyrosynation. This
differential modification of tubulin plays a crucial role in the spatial organization of
intraflagellar transport (IFT) trains, facilitating smooth and coordinated bidirectional
movement within cilia ®’. Acetylation of lysine 40 (K40) on a-tubulin occurs similarly on both
A-tubule and B-tubule®®. Glutamylation occurs on both A- and B-tubule but the pattern and
extend can differ. While A-tubules exhibit comparatively lower levels of glutamylation, B-
tubules is highly modified by polyglutamylation %8, The modification take place exclusively

on the B09 protofilament and contributes to the regulation of microtubule sliding”. Glycylation
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levels on the A-tubule are lower compared to the B-tubule®®. Glycylation is known to
modulation axonemal stability and flexibility by influencing dynein motor activity and

microtubule sliding dynamics’!.

1.4 DOUBLET MICROTUBULE’S BINDING PROTEINS

The architecture of doublet microtubules in vivo is unique and associated with a wide range of
binding proteins. These binding proteins are categorized into two groups: microtubule inner
proteins (MIPs), which decorate the luminal surface of doublet microtubules in repeating
patterns and are essential for stabilizing the axoneme against mechanochemical stress during
ciliary beating>®72, and microtubule-associated proteins (MAPs), which bind to the outer
surface of doublet microtubules and regulate interactions with other cellular structures’. The

coordination between MIPs and MAPs ensures proper microtubule dynamic and stability.

1.4.1.1 AXONEMAL MAPs

Microtubule-associated proteins involved in diverse ciliary functions and impact on the
pathobiology of ciliary diseases. Genetic mutations affecting ciliary MAPs have been
associated with numerous ciliopathies, which result from defect in the function of primary or
motile cilia. These ciliopathies involve a broad range of disorders including polycystic kidney
diseases, vision lost due to retinal degeneration, obesity, skeletal malformation and
neurological abnormalities’ .

Microtubule-associated proteins in cilia regulate key processes such as microtubule
polymerization (EB1)7°, depolymerization (MAP4)7%77 and severing (Katanin, Spastin)’®78,
ensuring the dynamic remodeling required for cilia assembly and maintenance.

MAPs also facilitate the recruitment of motor proteins and other structural elements,
enabling efficient transport of IFT and signaling molecules along the ciliary axoneme
(MAP9)”. Some MAPs predominantly occur exclusively in specific tissues such as respiratory,
reproductive tract or sperm. Sperm motility is high-energy demands process which is require
of MAPs to integrate mechanical support of microtubule doublet, and motility in highly
coordinated manner. Group of sperm MAPs (CIMAP1A, CIMAPI1C) are composing outer
dense fibbers (ODF) which are providing mechanical support to the axoneme and aiding in

maintaining the shape and stability of the flagellum or cilium during bending and movement®’.
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Other groups of ciliary-specific MAPs (CFAP43, CFAP44, CFAP52, LRRC6, DNAAF)3!-83
involved in the assembly, regulation and linking of the axonemal complexes. Taking together
without the coordination action of MAPs, both primary and motile cilia would lose their

functional integrity, leading to impaired cellular signaling, motility, and fluid clearance.

A MAP recruitment

B Polymerization o C Depolymerization

Figure 1.6 Roles of the axonemal microtubule-associated proteins.
Schematic representation of different groups of axonemal microtubule-associated proteins
(MAPs) classified by function. Adopted from3*

1.4.1.2 MAP9/MAPH-9

MAP?Y, also known as ASAP, was initially identified as a microtubule-associated protein that

localizes to cytoplasmic microtubules and plays a crucial role in the mitotic spindle formation
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and progression during cell division®. Recent studies have revealed its presence in both
primary and motile cilia, indicating its involvement in cilia-related processes. Mutation in
MAP9 has been shown to accelerate retinal degeneration®®®’, while its depletion results in
developmental abnormalities associated with dysregulation of Hedgehog signalling®. In
Caenorhabditis elegans, the MAP9 homolog, known as MAPH-9 is predominantly expressed
in ciliated sensory neurons and localized to the axoneme when overexpressed®-°. In the recent
research, Tran et al. investigated the role of MAPH-9 in motor protein dynamics within C.
elegans cilia. They discovered the absence of MAPH-9 led to dysregulation of axonemal motor
velocities, specifically affecting dynein and kinesin motors. These results suggests that MAPH-

9 is crucial for the proper regulating IFT transport ”°.
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Figure 1.6 Roles of MAPH-9 in the ciliated neurons of C. elegans

(A) Binding of MAPH-9 (depicted in green) and XBX-1 (depicted in magenta) in adult
phasmid cilia. Scale bar, 1 pm. (B) Schematic representation of the phasmid neurons cilia
within visualized one axoneme and its cross section representing doublet and singlet region.
The A-MT depicted in magenta and the B-MT depicted in blue. XBX-1 and TBB-4 bind along
the length of the axoneme. (C) Characteristic kymographs showing movement of KAP-1;
OSM-3; and XBX-1 in control and indicated mutant’s backgrounds. XBX-1 is accessory
protein for the dynein motor, KAP-1 is essential component of kinesin-II. OSM-3 is another
anterograde motor in C. elegans Horizontal scale bar, 5 um. Vertical scale bar, 1s. (D) Graph
representing quantification of motor velocity in nm/s. KAP-1-GFP [Control: 660.7+£134.8
n=240. maph-9(0): 592.5+157.1 n=225]; OSM-3-GFP [Control: 781.9+181.7 n=319; maph-
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9(0): 609.1£186.7 n=217; kap-1(0): 1128.4+216.5 n=765; kap-1(0); maph-9(0): 1128.4+280.4
n=673]; XBX-1-RFP [Control: 850.8+255.8 n=177; maph-9(0): 973.4+£282.0 n=203]. Adopted
from”

1.4.2 MICROTUBULE INNER PROTEINS (MIPs)

Microtubule inner proteins (MIPs)®! are integral component of ciliary microtubules, where they

play crucial roles in stabilization and regulation the unique architecture of the axoneme %72,

The number and composition of microtubule inner proteins (MIPs) differ depending on the

)64,72,91,92
3

organism (C. reinhardtii, Tetrachymena, bovine, human, urchin the tissue

(respiratory tract, sperm, oviduct, brain ventricles) and the specific type of cilia or flagella
(motile cilia, primary cilia). The key factor influencing MIP variations is functional
requirements. Motile cilia require MIPs that stabilize the axoneme and coordinate dynein
driven motility'>. Primary cilia might have reduced set of MIPs adopted for maintaining
integrity and facilitating signal transduction®.

Despite the wide range of MIPs variations microtubule doublets have conserved MIPs that are
found across many organisms, tissues, and both motile and primary cilia. These conserved
MIPs play fundamental roles in maintaining the structural integrity of the axoneme and its basic

functional needs.
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Figure 1.7 Microtubule inner proteins

(A) List of 25 core microtubule inner proteins, which are present in all known DMTs
structures. (B) Two slices of the C. reinhardtii microtubule doublet cross-section with
visualized MIPs. Adopted from%+2

The composition of green alga C. reinhardtii is used a standard model for microtubule inner

proteins in doublet structure. The native structure of C. reinhardtii microtubule doublets
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revealed interaction with 38 associated proteins including 33 MIPs. MIPs can be categorized
in three distinct groups based on their morphologies and positioning. The first group consist of
globular MIPs, which extend into the lumen of microtubule. The second group is single-helix
filamentous MIPs (fMIPs)’2, which attach to the cleft between adjacent protofilaments. Lastly,
the third group is extended MIPs, which are characterized by a general lack of the secondary
structure. Another way to classify MIPs is based on their periodicity along the microtubule
doublet, which can be 8,16, and 48 nm. All filamentous MIPs (fMIPs) exhibit a 48-nm repeat,
whereas globular and extended MIPs display periodicities of 8, 16 and 48 nm. MIPs with 8-nm
periodicity align with the repeat pattern of tubulin heterodimer. Longer periodicities, such as
16 nm, are determined by proteins that embracing multiple tubulin heterodimers, like the
globular protein FAP52. MIPs with similar periodicity often form cluster, creating in elaborate
protein-protein interaction network. For instance, MIPs with a 16-nm periodicity interact with
a network that elaborate the junction between protofilaments A12 and A13. Proteins with 48-

nm periodicity correspond to the positioning of fMIPs on both microtubule tubules®*,

B 8nm []16nm B 24 nm [ 48 nm

Figure 1.8 Network of microtubule inner proteins with different periodicities

Slice of the microtubule doublet cross- section with visualized microtubule inner proteins. In
red — MIPs with 8 nm periodicity, in yellow- MIPs with 16 nm periodicity, in green- MIPs with
24 nm periodicity, in blue- MIPs with 48 nm periodicity Adopted from%*

As previously described, microtubules doublets have two junctions: an a outer (OJ) and an
inner junction (IJ), both of which contain MIPs’2. At the outer junction, where the BO1
protofilaments of the B-tubule connects to the A10 and A11 protofilaments of A-tubule, three
horizontal a-helical MIPs (FAP127°4%° FAP53 and FAP141) form a three-way junction that
links the A- and B-tubules. These proteins also associate with the seam of A-MT, that lies
between protofilaments A09 and A10. This structural connection between the seam of the A-

MT and the outer junction assume that the position of the seam indicate the site where the B-
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MT starts to nucleate. The seam is further identified by five extended MIPs: FAP68, FAP95,
FAP107, FAP143, and FAP161, which prolong from the luminal side to the external side of
the microtubule doublet. Moreover, these extended microtubule inner proteins associate with
the MIPs from the outer junction: FAP127, FAP53 and FAP141, potentially stabilizing their

attachment to the seam and reinforcing the link between the A- and B-tubules®.

A + ————48 nm——+ -

Figure 1.9 Microtubule inner proteins at the Outer Junction.

Three slabs of the microtubule doublet displaying the outer junction (OJ) and location of
microtubule inner proteins at the seam. Outer junction is showed with three microtubule inner
proteins going through it: FAP127(1), FAP53(2) and FAP141(3). Adopted from®

The non-tubulin inner junction of doublet microtubules is composed of a highly conserved
complex of proteins, including PACRG, FAP20, FAP45, FAP52 and FAP106. In C. reinhardtii
FAP45 and FAP45 display periodic arrangement along doublet microtubules, repeating every
16 nm®. These proteins bind to the inner lumen of the B-tubule, contributing to its stability.
Lack of these proteins resulting in structurally weaker doublet microtubules, due missing the
inner protrusions near the inner junction of B-tubule. The simultaneous loss of FAP52 together
with FAP20 disrupts the connection between the B- and A-tubule and leads to significant
flagellar shortening®.

FAP106 also known as Enkurin, exhibits a similar periodicity 16 nm and forms a unique “tether
loop” structure that directly links the A- and B- tubules. This structural feature enables FAP106
to act as interactional hub for assembly of additional microtubule inner proteins such as FAP52

and FAP45 7.
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Figure 1.10 Microtubule inner proteins at the Inner Junction of C. reinhardtii.

Model of the inner junction with network of proteins depicted in different colors: FAP106 (red),
PACRG (light grey), FAP126 (blue), Fap20 (dark green), FAP276 (magenta), FAP52 (green).
Adopted from®®

The proteins PACRG and FAP20 fill the gap between the A- and B-tubule, with periodicity of
8 nm, matching the repeat length of a tubulin heterodimer. PACRG is absent at every 96 nm,
allowing the Dynein Regulatory Complex (DRC) to anchor at this interval on the doublet
microtubule. These two proteins form a structural bridge between the B-10 protofilament of
the B-tubule and Alprotofilament of the A-tubule. PACRG interacts with the inter-dimer
interface of a-tubulin from the B10 protofilament and B-tubulin from the A1l protofilament,
while FAP20 primarily binds to o-tubulin of Al protofilament. These interactions are
predominantly electrostatic, as the negatively charged surfaces of a- and B-tubulin interacts
with the positively charged regions of PACRG and FAP20. Additionally, post-translation
modifications, such as the negatively charged C-terminal tail of the B-tubulin on the Al
protofilament, may interact with the positively charged N-terminus of PACRG, further

stabilizing this association®*8,
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Figure 1.10 PACRG and FAP20 in the inner junction.

(A) Microtubule inner proteins PACRG and FAP20 connected between A- and B -microtubules
at the inner junction (1J). Every 96 nm one molecule of PACRG is absent and attached to the
nexin-dynein regulatory complex (N-DRC) (B) Detailed visualization of the viewed from the
microtubule lumen side of the interactions between PACRG, FAP20, and the tubulin
heterodimer. Structure shows resolved 10 residues of the typically disorder C-terminal tail of
B-tubulin. Adopted from®*

A possible mechanism for closing the inner junction during doublet assembly involves the
chaperone-mediated targeting of a preformed PACRG-FAP20 heterodimer complex.
Supporting this hypothesis, knockout studies of FAP20 in C. reinhardtii revealed reduction in
endogenous PACRG levels®. Moreover, exogenous PACRG assembly was significantly less
efficient in the absence of FAP20 compared to wild-type conditions, suggesting that PACRG
assembly is dependent on the presence of FAP20!'%,

Loss of FAP20 in humans is associated with retinal dystrophy, a progressive degeneration of
photoreceptors cells that leads to impaired vision. Additionally, the lack of FAP20 in humans
and mice leads to low sperm counts and impaired sperm motility, both of which are critical
factors contributing to male fertility!?!. In zebrafish, the lack of FAP20 causes infertility,
characterized by abnormal axonemal architecture in the doublet microtubules. This structural
defect compromises their ability to generate the coordinated movements required for successful
fertilization®192193 Similarly, in mice deletion of PACRG results in male sterility,

characterized by defective sperm flagella. The absence of PACRG leads to the disorganization
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of axonemal structures and impaired motility, which ultimately prevents effective

fertilization!?3 .

2. AIMS OF THIS STUDY

Ciliary microtubule doublets (MTDs) are essential and conserved structural components of
cilia and flagella. Their stability is maintained by microtubule inner proteins (MIPs) and
regulated through interactions with microtubule-associated proteins. In this study, we
investigate how MAPH-9 and two microtubule inner proteins of the inner junction PACRG
and FAP20, regulate the assembly of microtubule doublets in vitro. The specific aims of this

study are as followed:

1. Characterization of MAPH-9’s role in the microtubule doublet assembly:

- investigate the formation of microtubule doublets in the presence and absence of MAPH-9
- identify alterations in the dynamic instability of doublet microtubules

- Examine the interplay between MAPH-9 and post-translational modification of

microtubules

2. Characterization of PACRG and FAP20’s role in the microtubule doublet assembly
and stabilization:

- characterize the binding of PACRG and FAP20 to microtubule doublets individually and in
combination

- determine the ability of PACRG and FAP20 influence the dynamic instability of MTDs

- investigate the role of tubulin post-translational modification in the biding mechanism of
PACRG and FAP20.

- assess whether PACRG and FAP20 together can facilitate the closure of the inner junction
between the A- and B-tubules
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3. MATERIALS AND METHODS

3.1 PROTEIN EXPRESSION AND PURIFICATION

MAPH-9

Full length MAPH9-GFP-His were provided by Feldman lab. Plasmid was transformed into
BL21 DE3 cells (Sigma-Aldrich CMC0014). The start culture was prepared by grown single
colony in 10 ml of LB at 37°C supplemented with 10 ul of kanamycin. In the next day the the
start culture was added to 500 ml of LB media supplemented with 500 ul of kanamycin and
grown at 37°C until OD600 was 0,5. Then the culture was cooled down to 18°C for 30 min,
after the 30 min was induced with a final concentration of 100 uM IPTG and grown overnight
at 18°C. Cells were harvested by centrifugation at 5000x g, 4 °C for 10 min. The pellet was
resuspended in 50 ml of lysis buffer (50 mM Na-Phosphate buffer, 300 mM KCI, I mM MgCla,
0.1% Tween20, 5% glycerol, 10mM BME, 0.1 mM ATP, 10 mM imidazole, pH 7.5)
containing a benzonase (1 U ml™!; Merck, Darmstadt, Germany) and a cocktail of protease
inhibitors (cOmplete, EDTA free, Roche, Basel, Switzerland). Cells were lysed using
sonication on ice with “process time” — 2 min, “on time” — 20 sec, off time — 40 sec and with
amplitude of 4 A.Further the cell lysate was centrifuged at 40000x g for 30 min. The
supernatant was added to HisPur Ni-NTA Superflow Agarose resin (Thermo Scientific™)
equilibrated in lysis buffer and incubated for 1 hour at 4°C. After the incubation, the resin with
fused protein was washed two times by washing buffer (50 mM Na-Phosphate buffer, 300 mM
KCl, T mM MgClz, 0.1% Tween20, 5% glycerol, 10mM BME, 0.1 mM ATP, 30 mM
imidazole, pH 7.5). Protein was eluted by a stepwise gradient in 5 fractions with increasing
concentration of imidazole (90 mM, 140mM, 190 mM, 240 mM and 300 mM).

The purity of elution fractions was analyzed by SDS-PAGE, fractions 2,3 and 4 was pulled

together and dialyzed overnight in dialyzed tubes with membrane 30 kDa cutoff in sample

26



storage buffer (100 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, 2 mM MgCl, 0.1%
Tween20, 5% glycerol, 1 mM DTT, 1 mM ATP) to get rid of imidazole. The purified proteins
were concentrated using a Amicon ultracentrifuge filter, aliquoted and freeze using liquid

nitrogen.

PACRG and FAP20
Plasmids of the PACRG and FAP20 of green alga Chlamydomonas reinhardtii were purchased

at Chlamydomonas Resource Center. First full-length crPACRG and crFAP20 were isolated
and amplified from PACRG cDNA clone in pET30a? and FAP20 ¢cDNA clone in pET30a? by
using primers with Ascl- and Notl- digestions sites, framing nucleated sequencies of interests.
Further the nucleotide sequences were inserted to destination vectors congaing C3-cleavage
site and fluorescent tags mNeonGreen and mRuby at the N-terminus of PACRG and FAP20
respectively, FAP20 also was cloned to destination vector with mNeonGreen fluorescent tag.

All proteins were expressed in insect cells using DefBac viral backbone using FlexiBac
Protocol®. 72 hours post transfection, the cells were harvested by centrifugation at 4°C for 10
min at 300 x g and the pellets were resuspended in cold lysis buffer (50 mM Na-Phosphate
buffer, 300 mM KCI, 1 mM MgCla, 0.1% Tween20, 5% glycerol, 10mM BME, 0.1 mM ATP,
10 mM imidazole, pH 7.5) supplemented with benzonase (1 U ml™!; Merck, Darmstadt,
Germany) and protease inhibitor cocktail (cOmplete, EDTA free, Roche, Basel, Switzerland).

Disruption of the cells were done using centrifugation at 4°C for 1 hour at 70000 x g. Each
supernatant was separately loaded onto a lysis buffer equilibrated columns HisPur Ni-NTA
Superflow Agarose resin (Thermo Scientific™) and incubated for 2 hours at 4°C. After
incubation the resins with fused proteins were washed two times with wash buffer (50 mM Na-
Phosphate buffer, 300 mM KCl, 1 mM MgCl>, 0.1% Tween20, 5% glycerol, 10mM BME, 0.1
mM ATP, 20 mM imidazole, pH 7.5). Proteins were eluted by cleaving off the N-terminal
6xHis-tag using C3 protease for 3 hours at 4°C in the wash buffer. Proteins were collected and
concentrated using an Amicon ultracentrifuge filter with a molecular weight cutoff of 50 kDa
(Merck, Darmstadt, Germany), centrifuged for 10 min at 10000x rpm and loaded onto
Superdex 200 10/300 GL column for further separation and buffer exchange by size exclusion
chromatography with 100 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, 2 mM MgCl,
0.1% Tween20, 5% glycerol, 1 mM DTT, I mM ATP as a mobile phase. The success of
purifications was verified by SDS-PAGE (Fig. S1). The collected fractions of purified proteins
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were pulled together, concentrated using a Amicon ultracentrifuge filter and snaped freeze

using liquid nitrogen.

3.2 Assembly of microtubules

Tubulin for microtubule assembly was isolated from pig brains using a high-molarity PIPES
method (Castoldi & Popov, 2003; Gell et al., 2011;).

Biotin-labeled porcine brain tubulin as well as HiLyte647-labeled porcine brain tubulin were
purchased from Cytoskeleton Inc. (T333P and TL670M, respectively).

To prepare biotinylated microtubules, biotin-labeled tubulin was combined with unlabeled pig
brain tubulin in a ratio of 12% to 88%. Similarly, to prepare HiLyte647-labeled tubulin for
microtubule doublet assembly, HiLyte647-labeled tubulin was mixed with unlabeled pig brain
tubulin at the ratio of 20% to 80%. Mouse wild-type brain tubulin as well as brain tubulin from
knockout mouse system (Ttll1-/-, Ttll7-/-, Ttll1-/-Ttll7-/-, Atatl-/-) and HeLa tubulin were
kindly provided by Carsten Janke lab.

GMPCPP — biotinylated- stabilized microtubules were polymerized from 5ul of 4 mg/ml
biotin-labeled tubulin in BRB8O0 to supplemented with 2.7 mM GMPCPP (Jena Bioscience,
NU-405) for 1 hour at 37°C in BRB80. The final concentration of tubulin in the solution was
0,25 mg/ml. The assembled microtubules were centrifuged for 30 min at 18000 x g, RT in a
tabletop centrifuge (Microfuge 18 Centrifuge, Beckman Coulter). After centrifugation, the
whole volume of supernatant was discarded, and the pellet was resuspended in 100 pl of

BRB&O0 at RT.

Taxol-stabilized microtubules were used for identifying the interplay between post-translation
modification of tubulin and proteins of interest. Microtubules polymerized from 5 ul of 4
mg/ml tubulin (HeLa tubulin, wild-type mouse brain tubulin or mouse brain tubulin with
knockout of PTM) by adding 1,25 ul of polymerization mix SmM GTP, 20 mM MgCI2, 25%
DMSO in BRB80) for 30 min at 37°C. Polymerization was followed by adding 200 ul of
BRBS80 supplemented with 10 uM Paclitaxel to microtubules and incubated for 1 min at 37°C.
Subsequently, microtubules were pellet down by centrifugation for 30 min at 18000 x g, RT in
a tabletop centrifuge (Microfuge 18 Centrifuge, Beckman Coulter) and the pellet was gently
resuspended in 100 pl of BRB80 supplemented with 10 uM Paclitaxel.
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Subtilisin-treated microtubules were polymerized from Sul of 4 mg/ml biotin-labeled tubulin
in BRB80 to supplemented with 2.7 mM GMPCPP (Jena Bioscience, NU-405) for 1 hour at
37°C in BRB80. The assembled microtubules were centrifuged for 30 min at 18000 x g, RT in
a tabletop centrifuge (Microfuge 18 Centrifuge, Beckman Coulter). After centrifugation, the
whole volume of supernatant was discarded, and the pellet was resuspended in 40 pl of BRB80
supplemented with subtilisin (CAS Number 9014-01-1, P8038) (1 mg/ml) in a final ration of
subtilisin:tubulin 1:20. The microtubules were treated by subtilisin at 30°C for 30 min,
followed by the addition of PMSF (phenylmethylsulphonyl fluorid, 78830) to final
concentration 10mM for stopping the enzymatic reaction. Subsequently, for removing
unpolymerized tubulin, subtilisin and PMSF, microtubules were centrifuged for 30 min at
18000 x g, RT in a tabletop centrifuge (Microfuge 18 Centrifuge, Beckman Coulter) and the
pellet was gently resuspended in 100 pl of BRB8O.

3.3 Light microscopy

In this study, two microscopy techniques were employed. Total internal reflection fluorescence
(TIRF) microscopy was used to visualize fluorescently labeled molecules, while Interference

reflection microscopy (IRM) was used to observe fluorescent label-free microtubules.

3.3.1 Total Internal Reflection Fluorescence (TIRF) Microscopy
TIRF microscopy is highly sensitive imaging technique that significantly enhances the signal-

to-noise ratio, enabling the selective illumination of fluorophores within a very thin optical
section of a sample. To achieve this resolution, two optical media with distinct reflective
indices are required: a coverslip with a higher refractive index and a buffer solution with a
lower refractive index. When the beam of light exceeds the critical angle, it undergoes total
internal reflection, preventing further light penetration into the sample. However, a part of
incident light energy generates a thin electromagnetic field that extend to lower refractive index
mediums. This field, known as evanescent wave, retains the same frequency as the incident
light and excites fluorophore within penetration depth of 100 nm from the coverslip. This
localized excitation effectively minimizes background fluorescence, resulting in a high-
contrast optical section well-suited for imaging surface-bound structures. TIRF microscopy is
widely used for time-lapse imaging, enabling the study of dynamic cellular processes,
including the behavior of cytoskeletal structures such as microtubules and the tracking of

individual molecules, like motor proteins, with high resolution.
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Figure 3.1 TIRF microscopy

(A) The principle of TIRF microscopy. (B)Post fixed HeLa cells with 4% paraformaldehyde,
F-actin was imaged using rhodamine-conjugated phalloidin. The image on the right shows a
cell captured using standard epifluorescence widefield microscopy, on the left was acquired
with TIRF excitation. Both images were taken at the same focal plane und under identical
exposure settings. Adopted from!'%

3.3.2 Interference Reflection Microscopy (IRM)

Internal Reflection microscopy is an optical imaging technique used to visualize non-
fluorescently labeled samples attached to the surface of a glass coverslip, such as microtubules
and their dynamic behavior. This method allows for the study of cytoskeletal structures without
the need for fluorescence labelling, making it efficient for long-term imaging while avoiding
photobleaching. Additionally, it preserves the available spectral range for further labelling
when studying complex biological systems.

The principal of IRM is based on the formation of an image through light reflection and
interference at the boundary between two optical media with differing refractive indices'®.
When a light beam encounters the interface between the glass coverslip (higher refractive
index) and the buffer (lower refractive index), part of the light is reflected from the surface,
while another portion interacts with surface-bound structures. The resulting interference

pattern generates contrast, enabling clear visualization of structures attached to the coverslip'%.
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Figure 3.2 IRM microscopy
(A)The light path and optical components of IRM. (B) Microtubules imaged by IRM. Scale
bar, 10 um. Adopted from!?’

3.3.3 Flow chambers preparation
For flow chambers assembly, coverslips salinized by hexamethyldisilazane (HMDS, #440191-

100ML, Sigma-Aldrich) were used in two different sizes: 22x22 mm and 18x18 mm. To
construct the chambers, five thin strips of parafilm M (VWR), each approximately 2 mm width
and 23 mm long, were positioned on to larger coverslip. The smaller coverslip was then
carefully placed on top of the Parafilm, forming a coverslip “sandwich”. The assembled
structure was transferred onto a heating plate at 60°C, and gentle pressure was applied to the
top the coverslip using tweezers to create firmly sealed flow channels. Subsequently, the
assembled flow chambers were placed onto a custom-built microscopy holder, ensure close
contact between the chamber and the microscope objective from bellow for optimal imaging
conditions.

Flow chambers were passivated and incubated for 5 minutes with one of the following
antibodies: 20 ug/ml anti-B-tubulin (Sigma, T7816-2ML) in BRB80, for attaching unlabeled
microtubules, or 6 ug/ml anti-biotin (Sigma, B3640) in BRB80 for attaching biotin-labeled
microtubules. Further, flow chambers were incubated with 1% Pluronic F127 (Sigma, P2443)
diluted in BRB80 for at least 30 min to prevent non-specific protein bunding. Finaly, the flow
chambers were washed with BRB80 shortly before starting the assay.
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Figure 3.2 Schematic of the experimental setup

(A) Mounted coverslips with assembled flow chambers on the microscope holder. (B)
Schematic illustration of flow chamber functionalization before the experiment: step 1 -
passivation with an antibody, step 2 — flushing with Pluronic and step 3 - attachment of
microtubules.

3.3.4 Imaging

TIRF microscopy experiments in this study were performed using an inverted microscope
(Nikon-Ti E, Nikon-Ti2, Nikon-Ti2-ring/FRAP) equipped with 60x or 100x NA 1.49 oil
immersion objectives (Apo TIRF or SR Apo TIRF, Nikon). Image acquisition was carried out
with Hamamatsu Orca Flash 4.0 LT (Hamamatsu Photonics) or PRIME BSI (Teledyne
Photometrics) sCMOScameras. Additionaly, a 1.5x magnifying tube lens was used in the setup
to enhance magnification.

Fluorescent label-free microtubules were imaged using Interreference Reflection Microscopy
(IRM) with a 50/50 beamsplitter (#BSW29R, Thorlabs). Illumination was provided by either
mercury-fiber lamp (Intensilight C-HGFIE, Nikon) or an LED source (pE-300, CoolLED).
Fluorescently labeled proteins (MAPH-9-His-GFP, PACRG-mNeonGreen, FAP20-mRuby,
FAP20-nMeonGreen, HiLyte-647 tubulin) were visualized using laser excitation at 488 nm,
561 nm, and 640 nm. Fluorescence detection was achieved by switching sand between filter
cubes for GFP, mCherry and Cy5 channels. The imaging system was controlled using NIS
Elements software (Nikon).

3.3 In vitro reconstitution

In this study, we employed multiple bottom-up to investigate the role of various axonemal

proteins, such as MAPH-9, PACRG and FAP20 in the microtubule doublet formation. By
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using minimal components, this method enables us to uncover the fundamental organization

of the cells.

3.3.1 Pull-down assay

Pull-down assay was performed using the The Thermo Scientific™ Pierce™ Pull-Down
PolyHis Protein:Protein Interaction Kit (Thermo Scientific, 21277) following the provided
protocol. As a preparation step, the buffer composition of all used purified proteins PACRG-
mNeonGreen-6xHis, FAP20-mRuby, tubulin, FAP20-mRuby-6xHis) was exchanged (100mM
Tris-Cl, 150 mM NaCl, 2mM MgClz, 0.1% Tween20, 5% glycerol, 1 mM DTT and 1 mM
ATP) to remove EDTA and imidazole by using PD-10 Columns with Sephadex G-25 resin
(Cytiva, 17085101). The 50ul of HisPur Ni-NTA Superflow Agarose (Thermo Scientific,
25215) was used as the agarose bead matrix. The wash buffer contained 10mM imidazole
(BRB80, 0.5 mM GTP, 10 mM imidazole, pH 7.4), while the elution buffer contained 300 mM
imidazole (BRB80, 0.5 mM GTP, 300 mM imidazole, pH 7.4). GTP was included in all buffers
to maintain tubulin functionality, and a higher pH was used to prevent tubulin polymerization.
Bait proteins tagged with 6xHis-tag were immobilized on the beads and washed with wash
buffer to remove unbound proteins. Prey protein candidates were introduced into the column,
incubated, and washed to eliminate non-specific interactions (Figure 3.3). Finally, bound
proteins were eluted using elution buffer, and interactions were analyzed via SDS-PAGE to
identify protein:protein interactions. To ensure specificity, each protein was also immobilized
separately on beads as a negative control, allowing the identification and elimination of false
positives caused by non-non-specific binding to the resin. The proteins used as a bait and prey

are listed in table 3.1.

Table 3.1 The table of used Bait-Proteins, Prey-Proteins and negative controls.

Negative Controls
Bait- PACRG | PACRG | PACRG | FAP20 PACRG | FAP20
Protein -6xHis -6xHis | -6xHis | -6xHis -6xHis | -6xHis
Prey- FAP20 | tubulin | FAP20 | tubulin | FAP20 | tubulin
Protein tubulin
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Figure 3.3 Schematic of the Pull-Down experimental setup

3.3.2 Doublet microtubule assembly

To assembly doublet microtubules, 10 pl of biotin-labeled, subtilisin treated microtubules
(GMPCPP stabilized), dissolved in BRB80 buffer, were introduced into a functionalized flow
chamber. Unbound microtubules were then removed by flushing the chamber with BRB80
buffer. For nucleation of B-microtubules, HiLyte-647-labeled free tubulin was dissolved in the
nucleation buffer (BRB80, 150 uM GMPCPP, 0.2% Tween20, 0.5 mg/ml Casein, 20 mM D-
glucose, 0.22 mg/ml glucose oxidase and 20 ug/ml catalase) to reach a final concentration of 8
uM. The solution was incubated on the ice to enhance nucleated exchange and ensure proper
tubulin activation. The mixture was then introduced to the flow chamber, where doublet
microtubules formation was tracked using time-lapse imaging for 15 min with 5 sec intervals.
To investigate the roles of MAPH-9, PACRG and FAP20 in the assembly of doublet
microtubule, the assay was repeated with the addition of these proteins to tubulin - nucleation
buffer mixture.

MAPH-9: GFP-labeled MAPH-9 was diluted in nucleation buffer and added to HiLyte-647-
labeled free tubulin (final concentration 8 pM), achieving a final concentration of 50.
PACRG: PACRG-mNeonGreen was diluted in nucleation buffer and added to o HiLyte-647-
labeled free tubulin (final concentration 8 uM), reaching a final concentration of 200 nM.
FAP20: FAP20-mRuby was diluted in nucleation buffer and added to HiLyte-647-labeled free
tubulin (final concentration 8 uM), also at a final concentration of 200 nM.

To determine whether PACRG and FAP20 together influence doublet microtubule assembly,
an additional experiment was conducted using a mixture of PACRG-mNeonGreen and FAP20-
mRuby in nucleated buffer, along with 8 pM HiLyte-647-labeled free tubulin. The final
concentration of each protein in the solution was maintained at 200 nM.

In all conditions, the formation of doublet microtubules was observed using time-lapse imaging

for 15 min, with images acquired every 5 seconds and an exposure time of 100 ms.
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3.3.3 Dynamic od doublet microtubules
To study the dynamic instability of doublet microtubules, the first step involved assembling

doublet microtubules following the doublet microtubule assembly assay protocol, without the
addition any axonemal proteins. After 15 min of B-microtubule nucleation and assembly, non-
polymerized free tubulin was removed by flushed with BRB80 buffer.

For the dynamic assay, HiLyte-647-labeled free tubulin was dissolved in the motility buffer
(BRB80, 1 mM GTP, 0.2% Tween20, 0.5 mg/ml Casein, 20 mM D-glucose, 0.22 mg/ml
glucose oxidase and 20 ug/ml catalase) to a final concentration of 16 uM. The mixture was
then introduced into the flow chamber containing preassembled doublet microtubules. The
microtubule dynamics were monitored by time-lapse imaging for 20 min, with frames acquired
every 10 sec intervals.

The same assay was also conducted in the presence of MAPH9 and a combination of PACRG
and FAP20. Doublet microtubule preassembly was performed without any additional proteins,
and the axonemal proteins (individually or combination) were introduced along with HiLyte-

647-labeled free tubulin into the flow chamber at the concentrations specified in Table 3.2.

Table 3.2 Concentrations of axonemal proteins and HilL.yte-647-labeled free tubulin used

in the dynamic doublet microtubules assay

Axonemal protein Concentration (nM) Tubulin concentration (uM)
MAPH-9-GFP 80 16
PACRG-mNeonGreen 500 16
FAP20-mRuby 500

For all conditions, doublet microtubule dynamics were observed using time-lapse imaging for

20 min, with images captured every 10 seconds and an exposure time of 100 ms.

3.3.4 In vitro binding of axonemal proteins to post-translationally modified microtubule
lattice

To determine whether axonemal microtubules can detect post-translation modification (PTMs)
of the microtubule lattice, we compared protein binding across three conditions: microtubules
with a full range of PTMs (wild-type MTs), microtubules with low level of PTMs (HeLa MTs)

and microtubules with specific PTMs knockdowns.
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First, wild-type microtubules were introduced to the flow chamber of functionalized coverslips
with -B-tubulin antibody. After removing unbound microtubules with BRB80 a snapshot was
taken to mark their positions. Next, the chamber was infused with either HeLLa MTs or
PTM knockdown microtubules (Ttll17-, Ttll7-/-, Ttll1/-Ttll7-/-, Atat1/-), followed by another
BRB80 wash to remove unbound microtubules.

Finally, axonemal proteins were individually introduced in the assay buffer (BRB80, 0.2%
Tween20, 0.5 mg/ml Casein, 20 mM D-glucose, 0.22 mg/ml glucose oxidase and 20 ug/ml
catalase), at the following concentration: 20 nM MAPH-9-GFP, 50 nM PACRG-
mNeonGreen, and 50 nM FAP20-mNeonGreen. Protein binding was monitored using time-
lapse imaging for 1 min, with frames captured every 2 seconds and an exposure time of 100

ms.

3.3.4 Fluorescent recovery after photobleaching (FRAP)
PACRG combined with FAP20, bind to microtubules in two distinct patterns: low-density

regions (LDR) and high-density regions (HDR). To investigate the difference in binding
dynamics, we performed fluorescent photobleaching of both proteins separately in these two
regions simultaneously, followed by recovery analysis.

First, doublet microtubules were formed by following doublet microtubule assembly assay.
The flow chamber was then infused with a mixture of PACRG-mNeonGreen and FAP20-
mRuby, each dissolved in the assay buffer (BRB80, 0.2% Tween20, 0.5 mg/ml Casein, 20
mM D-glucose, 0.22 mg/ml glucose oxidase and 20 ug/ml catalase) to final concentration
250 nM.

To define bleaching spots, ROI (Region of interests) sampler editor lines were drawn in the
middle of both HDRs and LDRs. Photobleaching was performed using a 488-nm laser at 10%
power for 1 second, followed by time-lapse imaging with a triggered 488 nm - 561nm
acquisition sequence as follows:

Pre-bleach phase: 30 seconds of imaging at 1 frame per 5 seconds

Bleaching phase: 1 second of photobleaching

Recovery phase: 2 minutes or imaging at 1 frame per 2 seconds.
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3.3.5 B-microtubule depolymerization
To investigate the stabilization effect on microtubules inner proteins PACRH and FAP20 on

B-microtubule depolymerization, we designed a depolymerization assay.

As the first step, doublet microtubules were formed using the standard doublet microtubule
assembly assay for 10 minutes, allowing the formation of shorter B-microtubules.
Unpolymerized tubulin was the removed by flushing the chamber with BRB80 buffer. Next a
mixture of 6 uM HiLyte-647-labeled free tubulin was introduced in buffer supplemented with
Taxol and GTP (BRB80, 1 mM GTP, 10uM Taxol, 0.2% Tween20, 0.5 mg/ml Casein, 20 mM
D-glucose, 0.22 mg/ml glucose oxidase and 20 ug/ml catalase). This step allowed the
elongation of B-MTs for 2 minutes 30 seconds. To stop polymerization and prevent
premature depolymerization, the flow chamber was then flushed with assay buffer
containing Taxol (BRB80, 10uM Taxol, 0.2% Tween20, 0.5 mg/ml Casein, 20 mM D-
glucose, 0.22 mg/ml glucose oxidase and 20 ug/ml catalase). PACRG-mNeonGreen and
FAP20-mRuby were simultaneously introduced at the final concentration 100 nM each,
dissolved in Taxol-containing assay buffer (BRB80, 10uM Taxol, 0.2% Tween20, 0.5
mg/ml Casein, 20 mM D-glucose, 0.22 mg/ml glucose oxidase and 20 ug/ml catalase).
Binding patterns of proteins in two distinct regions of the doublet microtubules were
observed. To initiate depolymerization, the chamber was flushed with assay buffer
lacking Taxol (BRB80, 0.2% Tween20, 0.5 mg/ml Casein, 20 mM D-glucose, 0.22 mg/ml
glucose oxidase and 20 ug/ml catalase), while maintaining both proteins at the same final
concentration of 100 nM.

For the control experiment, all steps were repeated without the addition of PACRG and FAP2).
Depolymerization of Taxol-GTP-elongated B-microtubules was monitored using time-lapse
imaging for 15 min, with frames acquired every 5 seconds and an exposure time of 100 ms.
Buffer exchanges were performed during imaging without pausing the experiment to capture

real-time depolymerization dynamics.

3.4 Image analysis

Image data was processed and analyzed using custom scripts developed in Imagel (FIJI)
2.16.0/1.54g'%® and Python 3.13. To study events occurring along the microtubule lattice,
kymographs were generated using KymographBuilder plugin in FIJI. This was done by

manually tracing lines along individual microtubules to capture dynamic processes over time.
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A kymograph represents a time-laps visualization of molecular events occurring along of a

microtubule, allowing for detailed tracking of proteins interactions and movement!%.

3.4.1 Integrated intensity estimation
Normalized integrated intensity of MAPH-9 on A- and B-microtubules

The integrated intensity of MAPH-9 on A- and B-microtubules was quantified using z-stack of
average intensity from time-lapse images in FIJI. To measure fluorescence intensity, a
rectangle section was placed over either the A- or B- microtubule, and the average
intensity per pixel was measured. The rectangle was then shifted to a nearby region
lacking microtubules, and its background intensity was measured. This background value
was subsequently subtracted from of the microtubule intensity to correct for non-specific
fluorescence. The final density of MAPH-9 was normalized relative to the average binding

density on A- microtubules, ensuring consistency across measurements.

Normalized integrated intensity of PACRG and FAP20 in High- and Low-Density Regions

The integrated intensity of high-density regions (HDRs) and low-density regions (LDRs)
of PACRG and FAP20 on formed B-microtubules was quantified using fluorescence
intensity measurements. A rectangle selection was placed over B-microtubules with
HDRs and B-MTs with LDRs, average fluorescence intensity per pixel for PACRG in the
green channel and for FAP20 in the mCherry channel was measured. To correct for
background signal, the rectangle was then shifted to a nearby area without microtubules,
and the average intensity per pixel in the area was measured. This background intensity
was then subtracted from of the HDRs and LDRs. The final densities of PACRG and FAP20
in HDR were then normalized relative to their respective densities in LDRs of B-

microtubules.

Normalized integrated intensity of axonemal proteins on post-translationally modified
microtubule lattices

The integrated intensity of axonemal proteins (MAPH-9-GFP, PACRG-mNeonGreen and
FAP20-mNeonGreen) on microtubule lattice with post-translational modification
knockdowns of tubulin was quantified and compared to wild-type microtubules using the
previously described method. A rectangle section was placed over each microtubule type to

measure the average fluorescence intensity per pixel, followed by background subtraction to
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eliminate non-specific signal. To ensure consistency, the final protein density (MAPH-9-GFP,
PACRG-mNeonGreen or FAP20-mNeonGreen) was normalized to the average density

measured on wild-type mouse microtubules.

3.4.2 Nucleation density of B-microtubules
Nucleation density of B-microtubule in the presence of MAPH-9 was quantified using

kymographs, which were generated by tracing lines along A-microtubules. The total number
of B-microtubule nucleation points was counted in each channel and normalized to the
total length of A-microtubules in the corresponding measurement. To ensure reliable
analysis, only nucleation events where both, plus- and minus-ends of the template

microtubule (A-MT) were clearly visible were included in the dataset.

3.4.3 Coverage of high-density regions (HDRs) on B-microtubules
The percentage of high-density region (HDR) coverage for PACRG and FAP20 was

determined by measuring the total length of HDRs along B-microtubules, separately for
each protein. The fluorescence signal, obtained through laser excitation at 488nm for
PACRG-mNeonGreen and at 561nm for FAP20-mRuby, was analyzed to quantify the HDR
length. The coverage was calculated by dividing the total HDR length of each protein by

the total length of B-microtubules in the respective channels.

3.4.4 Dynamic parameters of doublet microtubules

The dynamic instability of A- and B-microtubules was analyzed manually by tracking
kymographs along the length of A-microtubule. Catastrophes and rescues events were
identified, as demonstrated in the scheme (Figure 3.3), and the corresponding dynamic

parameters were calculated using the following formulas:

Growth velocity [um/min] = elontation length /growth time
Shrinking velocity [ym/min] = shrinkage length /shrinking time

Catastrophe frequency [min~1] = number of catastrophes/ Z growth time

Rescue frequency [min~'] = number of rescues/ Z shrinking time
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To ensure reliable analysis, only dynamic events where both, plus- and minus-ends of the

template microtubule (A-MT) were clearly visible were included in the dataset.

GMCPP-stabilized
MT

time

* shrinking to the lattice

Ve >
length

Figure 3.4 Schematic representation of kymograph representing microtubule dynamic
GT- growth time, GL- growth length, ST- shrinking time, SL-shrinking length.

3.4.5 Fluorescent Recovery After Photobleaching (FRAP)

The fluorescence intensity of bleached regions was quantified over time by manually tracing
lines along the high- and low-density regions of the bleached areas. The intensity per pixel for
PACRG-mNeonGreen and FAP20m-ruby was quantified separately at each recorded frame.
To correct for background signal, the line was then shifted to an adjacent region without
microtubules, where the intensity per pixel per time frame was measured and subtracted from
the intensity of the bleached region for the corresponding protein. The final intensity values of
the bleached region were normalized to the average prebleached intensities of PACRG-
mNeonGreen and FAP20-mRuby within the same region. The normalized data were then fitted
using an exponential recovery model:

- (t_tbleach)>

F(t) = (Yo - Fplateau) * e( t + Fplateau

Where F(t) is the fluorescence intensity at time t. Yo is the fluorescence intensity immediately

after the bleach at tolech. Fpiateau 1s the fluorescence intensity after complete recovery, when
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fluorescence has stabilized and 1 is recovery time constant. The immobile fraction (IF) of each

protein under different was determined using the following formula:

IF =1 B
Fpre—bleach - Fbleach

lateau ~— Fbleach

Where is Fpjeqcp 18 intensity immediately after blech and Fype_pjeqcn the fluorescence

intensity before bleach.
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4 RESULTES AND DISCUSSION

4.1 The Supporting Role of MAPH-9 in Axonemal Microtubule Doublets

MAPH-9 is C. elegans microtubule associated protein, which localize in the ciliated neurons.
However, a role which MAPH-9 plays in cilia is unknown. In this chapter we explore how
MAPH-9 regulates the dynamic of B-microtubule bind to microtubules, bunds to microtubules
and how its binding regulated by post-translational modification of tubulin. In this study we
employed in vitro reconstitution and total internal reflection (TIRF) microscopy.

This study was done in the collaboration with Jesica L. Feldman laboratory (Stanford
University). The mouse wild-type brain tubulin as well as brain tubulin from knockout mouse
system (Ttll1-/-, Ttll7-/-, Ttll1-/-Ttll7-/-, Atatl-/-) were purified by Mariya Genova the member
of Carsten Janke group (Institut Curie). We conducted all TIRF experiments and associated

data analysis.

4.1.1 MAPH-9 preferentially binds to B-microtubules

To explore the role of MAPH-9 in the assembly of microtubule doublet, we purified full length,
fluorescently labelled, C. elegans MAPH-9 protein, tagged at the N-terminus with GFP
(Methods 3.1). To examine its interaction with microtubule doublets, we employed an in vitro
reconstitution assay. First, we immobilized GMPCPP-stabilized, subtilisin-treated
microtubules on a functionalized flow chamber surface. Using TIRF-microscopy, we then
visualized the assembly of B-microtubules under the two different conditions: (i) in the
presence of free tubulin and GMPCPP, and (ii) in the presence of free tubulin, GMPCPP and
50 nM MAPH-9 (Methods 3.3.2).

By quantifying the normalized integrated intensity of MAPH-9 in the elongations of A-
microtubules and the newly assembled B-microtubules after 15 min of the doublet microtubule
assembly, we found that MAPH-9 exhibits a stronger binding affinity to fully assembled
GMPPPC-stabilized B-microtubules, then to GMPCPP- elongations of A-microtubules. This
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aligns with finding that MAPH-9 can distinguish between doublet and single microtubules in
vivo”. However, analysis of the nucleation events under both conditions revealed that the
presence of MAPH-9 does not influence the nucleation density of B-microtubules (Fig. 4.1.1).
Together, our data demonstrate that while MAPH-9 is not affecting the formation of

microtubules doublets in vitro, it preferentially binds to B-microtubules.
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Fig 4.1.1 The assembly of DMTs in vitro in the presence of MAPH-9

(A) Schematic drawing of DMTs formation without any additional protein and in the presence
of MAPH-9. (B) Montage showing B-MT assembly with HiLyte-647- tubulin alone, with 50
nM MAPH9-GFP and the corresponding kymographs. Yellow arrowheads indicate the
elongation of A-microtubules, white arrowheads indicate assembled B-microtubules. Scale bar,
horizontal - 2um, vertical — 5 min. (C) Normalized integrated intensities of MAPH-9 binding
to A microtubule, n=57 (light pink) and to B-microtubules, n=79 (magenta). The p-value was
determined by using two-tailed t-test, n - number of analyzed microtubules. (D) Nucleation
density of B-MTs without (N=6) and with MAPH9(N=11). The p-value was determined by
using two tailed t-test, N - number of the analyzed experiments.
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4.1.2 MAPH-9 suppresses microtubule dynamics

Given the specific localization of MAPH-9 on the B-microtubule lattice in vivo and in vitro,
we hypothesized that this protein might influence B-microtubule dynamics. To investigate this,
we first assembled microtubule doublets without any additional proteins and then introduced
free tubulin in the presence of GTP, both with and without 80 nM MAPH9 (Methods 3.3.3).
To directly compare the effect, we simultaneously analyzed the dynamics of both A-
microtubules and B-microtubules, which we recorded in the same time-lapse imaging
sequences.

Our result revealed that the presence 80 nM MAPH-9 significantly reduced the growth velocity
of both A- and B-microtubule. Additionally, MAPH-9 decreased the shrinking velocity of B-
microtubules. However, no significant differences were observed in other dynamic parameters
of both A- and B-microtubules, such as catastrophe and rescue frequency. Taken together our
finding indicates, that MAPH-9 modulates microtubule dynamic by reducing growth velocity
in both A- and B-microtubules, while also controlling the stability of B-microtubules, by

decreasing their shrinkage velocity.
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Fig 4.1.2 The dynamic of DMTs in vitro in the presence of MAPH-9

(A) Montage showing representative kymographs of A-microtubule dynamic without and with
additional 80 nM MAPH-9. Black dashed line indicates the template lattice of A-microtubule.
Scale bar, horizontal - 2um, vertical — 5 min. (B) Montage showing representative kymographs
of B-microtubule dynamic without and with additional 80 nM MAPH-9. Scale bar, horizontal
- 2um, vertical — 5 min. (C) Growth velocity (D) Shrinking velocity (E) Catastrophe frequency
(F) Rescue frequency (C-F) of A-MTs (depicted in light-grey and light pink) and B-MT
(depicted in grey and magenta) in the absence and presence of MAPH-9. The p-value was
determined by using two-tailed t-test.
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4.1.3 Post-translational modification of the tubulin C-terminal tail regulates MAPH-9
interaction with microtubules

Because of MAPH-9 selective binding to microtubule doublets, we investigated whether
specific post-translational modifications of tubulin in the axoneme contribute to this selective
binding. In C. elegans, ciliary microtubules undergo post-translation modifications, including
acetylation and polyglutamylation, which are believed to regulate microtubule stability and
ciliary function.

To assess whether polyglutamylation and acetylation of microtubules influence MAPH-9
binding, we conducted in vitro assay using purified recombinant MAPH-9-GFP. Microtubules
were assembled from mouse brain tubulin, with varying post-translational modifications,
provided by C. Janke. Specifically, we employed tubulin from wild-type mice, with full range
of PTMs and mutants deficient in polyglutamylation — lacking polyglutamylases TTLLI,
TTLL7, or TTLL17 — and acetylation, lacking the acetyltransferase a TAT1. This approach
allowed us to compare MAPH-9 binding to microtubules with and without this specific PTMs.
By quantification the normalized integrated intensities of MAPH-9 binding to different
microtubule types within the same flow chamber (Fig. 4.1.3 A), we observed a higher affinity
for wild-type microtubules compared to those lacking polyglutamylation on a- or - tubulin.
The most pronounced reduction in MAPH-9 binding occurred with microtubule deficient
polyglutamylation on both a- and B- tubulin. In contrast, the absence of acetylation did not

significantly affect MAPH-9 binding to microtubules.
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Fig 4.1.3 PTMs of C-terminal tail of tubulin affects binding of MAPH-9 to microtubules
(A) Schematic drawing of the assay setup. (B) Montage showing IRM and TIRF microscopy
images of the microtubule polymerized from wild-type and knockout-mouse brain tubulin and
MAPH-9-GFP intensities for different PTM variant. White arrowheads indicate wild-type blue
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Normalized integrated average intensities of MAPH-9 on GMPCPP- MTs, in three independent
sets of the experiment, N=3. P-values, determined by the Mann-Whitney U Test between WT
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To demonstrate the role of polyglutamylation in MAPH-9 localization in vivo, Tran et.al
examined MAPH-9 distribution in C. elegans quintuple mutants (5XxE mutant) lacking all
known glutamylases — specifically, ttll-4, ttll-5, ttll-9, ttll-9, ttll-11, ttll-15 — which exhibit
significantly reduced glutamylation levels. Their funding revealed that MAPH-9 localization
was notably shorter in these SxE mutants compared to control worms. Moreover, the intensity
of MAPH-9 per unit was diminished in the mutants. Taking together these observations suggest

that polyglutamylation plays a crucial role in regulation MAPH-9 localization both in vivo and

in vitro.
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Fig 4.1.4 Polyglutamylation of C-terminal tail of tubulin in C. elegans affects binding of

MAPH-9 to microtubule doublets

(A) Heat map localization of endogenous MAPH-9-GFP in phasmid cilia in control and in 5xE
polyglutamylation mutant (ttll-4, ttll-5, ttll-9, ttll-9, ttll-11, ttll-15). Scale bar, 1 um. (D)
Quantification of fluorescence intensity of a-polyglutamylated tubulin staining with GT335
antibody. Control: n=63, mean = 3.9443.79; 5xE mutant: n=25, mean = 0.2810,19. P value is
<0.0001.(C) Quantification of MAPH-9 fluorescence normalized intensity per unit length.
Control: n=140, mean = 1+0.211; 5xE mutant: n=68, mean = 0.83+0,19. P value is <0.0001,
and calculated by Student’s t-test. Adopted from”

4.1.5 The absence of MAPH-9 leads to structural abnormalities in axonemal
microtubule doublets in vivo

To investigate MAPH-9 structural role in microtubule doublets, Tran et al. examined the ciliary
architecture of C. elegans mutants lacking MAPH-9. Electron microscopy revealed that,
although cilia were present, these mutants exhibited specific structural abnormalities in MTDs,
including a reduction in axonemal microtubules, particularly toward the distal tip. Notably,
there was an increase in singlet microtubules and a decrease in incomplete and complete
microtubule doublets in the middle segments of a sensory neurons located in the amphid

sensory organs of the C. elegans head (ADL an ASI neurons).
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Fig 4.1.4 Axonemal structural abnormalities in C. elegans MAPH-9 mutant

(A) Electron microscopy (EM) images of the middle segment of amphid axonemes in both
wild-type and MAPH-9 mutant C. elegans, highlighting ADL neurons in green. Scale bar, 100
nM. (B) Electron microscopy images of amphid ADL neuron axonemes in the specified
genotype. Magenta arrowheads indicate representative singlet, orange arrowheads indicate
incomplete microtubule doublet in ADL neurons, blue arrowheads indicate microtubule
doublets in non-ADL neurons. (C) Quantification of microtubule types in ADL axonemes is
as follows: complete microtubule doublets depicted in blue, incomplete microtubules doublets
depicted in orange and singlets depicted in magenta. Measurements were taken from section in
the middle segment, progressing from proximal (left) to distal (right). Sections were aligned at
0 position using the autojunction of the amphid socket. For the control group: 3 ADL neurons,
6 cilia, 2 worms with a total of 1408 analyzed microtubules. For the MAPH-9 mutant group: 3
ADL neurons, 6 cilia, 2 worms with a total of 1431 analyzed microtubules. Adopted from”

Expanding on their findings, Tran et al. discovered that MAPH-9 mutants, exhibit B-tubule
defects, including loss of the stereotypical roundness, while the A-tubule maintained its normal
round shape in both wild-type and MAPH-9 mutant axonemes. Further analysis revealed that
while the A-tubule remained unaffected, the B-tubule in MAPH-9 mutant had a reduced
number of protofilaments, often containing 8 or 9 protofilaments instead of the typical 10
protofilaments found in wild-type organisms. Taking together these finding suggest that
MAPH-9 plays an important role in the proper assembly and stability of B-tubule of

microtubule doublets.
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Fig 4.1.4 The absence MAPH-9 in C. elegans leads to a loss of roundness and reduction
in the protofilament number of B-microtubule

(A) Top panel: Electron microscopy images showing cross-section of adult phasmid for each
specified genotype: wild-type and MAPH-9 mutant. Scale bar, 100 nm. Bottom panel:
Individual phasmid microtubule doublets are displayed with their respective genotypes and
indication of roundness measurement (O). Scale bar, 10 nm. (B) Quantification of roundness
(O) of microtubule doublets in wild-type [WT] and in MAPH-9 [m9(0)] mutant phasmid
axonemes. For A-microtubule: WT mean = 0.903%0.0; m9(0) mean = 0.902+0.037, p value
>0.05. For B-microtubule: WT mean = 0 0.8540.04; m9(0) mean = 0.81+0.07, p value <0.001.
For control group: 3 worms, 148 sections. For MAPH-9 mutant group: 4 worms, 305 sections.
(C) Top panel: Individual phasmid microtubule doublets are displayed with their respective
genotypes. Bottom panel: microtubule doublets with labeled protofilaments. Scale bar, 10 nm
(D) Quantification of protofilament (pf) number in wild-type [WT] and in MAPH-9 [m9(0)]
mutant. For A-microtubule: WT — 13pf-100%, number of analyzed tubules 37; m9(0)13pf-
100%, number of analyzed tubules 50. For B-microtubule: WT — 10pf-81%, 9pf-19% number
of analyzed tubules 37; m9(0)10pf-50%, 9pf-36%, 9pf-14% number of analyzed tubules 50.
Adopted from 7
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42DISCUSSION

In this study, we demonstrated that the recombinant C. elegans MAPH9 exhibits a twofold
stronger preference for binding to microtubule doublets compared to single microtubules in
vitro. This finding partially aligns with results of Tran et al., who validated MAPH-9
localization to microtubule doublets in C. elegans through endogenous labelling studies. The
limited increase observed in vitro, may be due to the absence of C-terminal tails on the template
A-microtubule, where the B-microtubule forms.

The preferential binding of MAPH-9 to the microtubule doublets may be influence by
the B-microtubule polyglutamylation of the C-terminal tails of tubulin, a post-translation
modification that in C. elegans is specifically restricted to axonemal microtubules. However,
our observation that MAPH-9 can bind to microtubules even in the absence of
polyglutamylation, both in vitro and in vivo, suggests that polyglutamylation is just one of the

factors that modulate MAPH-9’s microtubule binding affinity.

Polyglutamylation adds glutamate chains to the C-terminal tails of o- and B-tubulin'!’, Recent
studies have identified that, in various axonemes, this modification is specifically localized to
protofilament 9 of the B-tubule!!!. Given that the steric suppression of the C-terminal tails has
been proposed to facilitate B-tubule formation!'?, we hypothesize that MAPH-9 might interact
with these polyglutamylation tails, potentially reducing steric hinderance and reinforcing the
structural integrity of the B-tubule. This interaction could play a crucial role in stabilizing
microtubules doublets an ensure proper axonemal function. Additionally, it could be the key
factor in modulating the movement of intraflagellar transport (IFT) motors by adjusting their

speed and processivity 113,

Furthermore, our finding suggests that MAPH-9 the affect the dynamic of B-microtubules, by
regulating their growth a shrinking velocity. This regulatory role might be directly linked to
the ultrastructural defects observed in the axoneme of MAPH-9 mutant. The disruption of
microtubule doublet structure in this mutant raises broader role in axoneme integrity and
function. Future investigation of interaction of MAPH-9 with other axonemal MAPs, MIPs and

under specific cellular conditions will provide dipper insights into the molecular mechanisms
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governing microtubule doublet assembly and integrity in ciliary structures and how they

dysregulated in ciliopathies.

MAPO9 has been identified in human cells, where it plays a role in microtubule dynamics and
is essential for mitotic spindle formation. However, its specific presence and function within
human cilia have not been conclusively established. Further research is needed to determine
whether MAP is present in human cilia, particularly in human ciliated neurons, to clarify its
potential role within these structures and to investigate whether it contributes to ciliopathies,

impacting sensory perception, neurodevelopment and overall physiological functions.
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4.3 Axonemal Microtubule Inner Proteins PACRG and FAP20
Stabilize Microtubule Doublets

PACRG and FAP20 are integral components of the inner junction (1J) that connects the A- and
B-tubules of the microtubule doublets, where they are facilitated cilia motility. However, their
involvement in the microtubule doublet assembly remains unclear. In this chapter we explore
how PACRG and FAP20 may bind together, close the inner junction and stabilize B-
microtubule dynamics. We employed in vitro reconstitution, total internal reflection (TIRF)
microscopy and cryo-electron tomography (Cryo-ET) to investigate this potential mechanism.
The cryo-electron experiment of this study and data analysis were performed by Umut Batman,
the member of Paul Guichard an Virginie Hamel group (University of Geneva). The mouse
wild-type brain tubulin as well as brain tubulin from knockout mouse system (Ttll1-/-, Ttll7-/-
, Ttll1-/-Ttll7-/-, Atatl-/-) and HeLa tubulin were purified by Arya Krishnan the member of
Carsten Janke group (Institut Curie). We conducted all TIRF experiments and associated data

analysis and carried out the preparation of samples for Cryo-ET.

4.3.1 PACRG and FAP20 co-localize to microtubule doublets and form high density
regions

To investigate the involvement of PACRG and FAP20 in microtubule doublet assembly, we
generated and purified full-length proteins from Chlamydomonas reinhardtii, PACRG and
FAP20, fluorescently tagged at the N-terminus with mNeonGreen and mRuby3, respectively
(Methods 3.1, Fig. 4.3.1) Initially, we assessed proteins interactions with non-subtilisin treated
microtubule lattice by polymerizing microtubules from porcine brain tubulin with addition of
GMPCPP as stabilization agent. Subsequently, we immobilized these GMPCPP-stabilized
microtubules on a coverslip within functionalized flow chamber by tubulin antibody. PACRG-
mNeonGreen or FAP20-mRuby diluted to a 50 nM concentration in assay buffer (80 mM
PIPES, 1 mM EGTA, 1 mM MgCI2, pH 6.8, 0.2% Tween20, 0.5 mg/ml Casein, 20 mM D-
glucose, 0.22 mg/ml glucose oxidase and 20 mg/ml catalase) were introduced to the flow

chamber and visualized using imaging total internal reflection (TIRF) microscopy. Our
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observations revealed, that PACRG and FAP20 independently bind to GMPCPP-stabilized

microtubules, indicating direct interactions with the lattice (Fig. 4.3.1. D.)

M C L FT. Wi W2 E PACRG M C L FT. Wi W2 E FAP20

4
62 kDa b"‘" .‘ 50,5 kDa
b
- Pk

c PACRG
mNiNeon FAP20
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49,7 kDa—

|
50 nM PACRG
50 nM FAP20

Fig 4.3.1 SDS-PAGE of purification of recombinant PACRG-mNeonGreen and
FAP20mRuby.

(A)-(B) SDS-PAGE gels of Ni-NTA affinity purification of PACRG-mNeonGreen-His with
Mw=62 kDa in the left and of FAP20-mRuby3-His with Mw=50,5 kDa in the right. White
dashed rectangles indicate the fraction of proteins without His-tag before Size Exclusion
Chromatography (SEC). M- Precision Plus Protein Standard, Kaleidoscope. C — cells disrupted
in lysis buffer. L — lysate. FT — flow through. W1- first washing fraction. W2 —second washing
fraction. E — elution fraction. (C) SDS-PAGE of PACRG-mNeonGreen and FAP20-mRuby3
after size exclusive chromatography. M- Precision Plus Protein Standard, Kaleidoscope. Mw
of PACRG-mNeonGreen is 61 kDa and Mw of FAP20-mRuby?3 is 49,7 kDa.

To assess PACRG and FAP20 binding to the B-tubule, we assembled microtubule doublets in
vitro. This was achieved by introducing purified tubulin supplemented with GMPCPP, to
coverslip with immobilized subtilisin-treated GMPCPP-stabilized microtubules, which are
mimicking A-microtubules. As a result, we observed the elongation of the attached A-

microtubules and the nucleation of B-microtubules, followed by their elongation along the A-
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microtubule lattice (Methods 3.3.2), that was previously shown by Schmidt-Cernohorska et

alSS

In this study, we further investigated microtubule doublet formation in the presence of both
proteins: 200 nM PACRG-mNeonGreen and 200 nM FAP20-mRuby, either together or alone.
We determined that PACRG alone exhibit stronger binding affinity to MTDs compared to A-
microtubule lattice, whereas FAP20 alone demonstrate only a small binding preference to
MTDs (Fig. 4.3.2). In contrast, when PACRG and FAP20 were introduced together, we
observed their binding to microtubule doublets in two distinct manners: either by assembling
well-defined, high-density regions indicating localize binding (Fig. 4.3.2 D-F), or in regions
outside these high-density patches, where they exhibited diffusive binding with a distribution
similar to their individual binding patterns to microtubule doublets (Fig. 4.3.3 B). High-density
regions of PACRG and FAP20 did not extend along the entire length of all available MTDs.
However, the formation of HDRs of PACRG and FAP20 was observed specifically on MTDs
only in the presence of both proteins (Fig. 4.3.2 C).

Moreover, high-density regions of PACRG and FAP20 did not immediately arise at
microtubule doublet assembly, instead they nucleated from diffraction-limited positions on
pre-formed MTDs, with both proteins at the same time starting to accumulating in high density
region (Fig. 4.3.2 E). Our findings suggest that PACRG together with FAP20 do not

incorporate into B-microtubules during their assembly, instead, they bind to pre-formed MTDs.
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Fig 4.3.2 In vitro binding of PACRG and FAP20 in LDRs and HDRs

(A) Schematic representation of microtubule doublet formation either in the presence of
PACRG or in the presence of FAP20. A-microtube depicted in grey, B-microtubule depicted
in magenta. (B) Montage showing represented kymographs of B-microtubule formation in the
presence of PACRG and FAP20 separately. Scale bare, horizontal - 2um, vertical — 5 min. (C)
Coverage of high-density regions in the presence of PACRG (n=4) or FAP20 alone (n=4) or in
the presence of both proteins (n=4) on B-MT length. In the presence of both proteins, coverage
for PACRG and FAP20 was quantified separately. n — number of experiments. (D) Montage
showing assembled B-microtubule in the presence of 200 nM PACRG and 200 nM FAP20.
White arrowheads indicate A-MT elongation. Yellow arrowheads indicate HDRs. Scale bare,
2um. (E) Montage showing characteristic kymographs of B-microtubule formation in the
presence of both PACRG and FAP20. White arrowheads indicate LDR. Yellow arrowheads
indicate HDR. Scale bare, horizontal - 2um, vertical — 5 min. (F) Averaged normalized

integrated intensities of PACRG and FAP20 in LDRs (n=41) and in HDRs (n=45). P-value was
determined by the Mann-Whitney U Test.
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To investigate this proposition, we simultaneously introduce PACRG and FAP20 together to
pre-formed MTDs. We observed that both proteins likewise arise in locally assembled high-
density regions, which did not form along the entire length of microtubule doublets. These
high-density regions occurred together with the regions where PACRG and FAP20 bind with
low density regions to pre-assembled MTDs. Furthermore, appearing of high-density regions
was observed at relatively low concentration of both proteins, 25 nM PACRG and 25 nM
FAP20 and increasing the concentration of these proteins led to increased high-density regions

coverage of pre-formed microtubule doublets (Fig.4.3.3 E).

Intensities of PACRG and FAP20
alone and together on Doublet Microtubules

A 3.0 ns
GMFCPPMT ) g s 25 p <0.01
7
MT_Sub "\ & HiLyte-647-tubulin 2.0

.”I
7

Doublet micrtobule (DMT)

=
o

) ® PACRG-mNeonGreen
/' FAP20-mRuby

o
)

“" %ﬁm 4

f;

DMT with HDR of PACRG and FAP20

Normalised integrated intensity
=
wu

=
o

PACRG FAP20 PACRG FAP20

[ —'

c together
e o mean: 0735  0.857 1.000 1.000
2 & B-MTs HiLyte-647 PACRG_mNeonGreen FAP20_mRuby
aof 7
=as
=S
S R
- B_MT
p — ="
E
Coverage of high density regions of PACRG and FAP20
, - on pre-formed MTDs
35
bl
‘g 30 .
p ;
g
5 25 e
[}
. I ® 20 ®
e PACRG FAP20 g
515
Merge mRuby (U]
v @
" 109
8
ol . . .
‘ 25 50 100 200
nM
‘ ‘ @® PACRG

57



Fig 4.3.3 In vitro assemble of high-density regions of PACRG and FAP20 on pre-formed
microtubule doublets

(A) Schematic representation of the HDRs assembly on pre-formed MTDs. (B) Averaged
normalized integrated intensities of PACRG and FAP20 alone and together in LDRs on B-
microtubules. determined by the two-tailed t-tests Mann-Whitney U Test. (C) Montage
showing 200 nM PACRG and 200 nM FAP20 binding in HDRs and LDRs to MTDs. White

arrowhead indicates LDR. Yellow arrowheads indicate HDRs. Scale bare, 2um. (D) Montage
showing characteristic kymographs of formation B-microtubule and further binding of proteins
in HDR and LDR. White arrowhead indicates LDR. Yellow arrowheads indicate HDRs.
horizontal - 2pm, vertical — 5 min. (E) Coverage of HDRs in the range of PACRG and FAP20
concentrations: 25 nM, 50 nM, 100 nM, 200 nM on the total length of B-microtubule in the
field of view. FAP20 depicted in yellow. PACRG depicted in green. Number of independent
experiments in each condition, N=3.

Apart from the dynamic instability of microtubules, where GTP-tubulin turnover constantly
occurs at the both microtubule ends, tubulin turnover within microtubule lattice is minimal or
absent once incorporated, whether in A- or B-tubules. Microtubule inner proteins, specifically
PACRG and FAP20, located at the inner junction and bridging A- and B- tubules, appear to be
stably incorporated into the architecture of microtubule doublets. This observation led us to
the examine the turnover dynamics of PACRG and FAP20 in high- and low- density regiones.
To assess the turnover dynamics of PACRG and FAP20 on microtubule doublets, we first
introduced both proteins together into pre-formed MTDs and performed fluorescence recovery
after photobleaching (FRAP) in regions of high and low protein density. Our analysis revealed
that both proteins exhibited turnover in both distinct regions. In low-density patches,
fluorescent signals of PACRG and FAP20 recovered rapidly and nearly fully after bleaching,
indicating a high degree of exchange. In contrast, in high-density patches, signal recovery of
both proteins was significantly slower and less complete, suggesting a notable reduction in
proteins turnover. A significant fraction of PACRG and FAP20 molecules, approximately one-
third, remained immobile in the high-density regions of MTDs, indicating a subpopulation that
does not undergo turnover (Fig. 4.3.4).

Overall, our findings highlight the interaction between PACRG and FAP20 in binding to pre-
assembled doublet microtubules. This leads to the formation of localized regions characterized
by high-density protein accumulation and reduced turnover, which nucleate from diffraction-

limited sites on the doublet microtubules.
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Fig 4.3.4 FRAP of PACRG and FAP20 in high- and low-density regions.

(A) Schematic representation of FRAP assay. (B) Montage showing preparation steps before
FRAP: assembling of microtubule doublets and formation of HDRs and LDR. Black
arrowheads indicate microtubule doublets. Yellow arrowheads indicate HDR. White
arrowheads indicate LDR. Scale bar, 2um. (C-D) Montage showing characteristic FRAP steps
of PACRG-mNeonGreen (C) and FAP20-mRuby3 (D) on MTDs. Yellow arrowheads indicate
HDR. White arrowheads indicate LDR. Scale bar, 2pum. (E) Normalized integrated intensities
of PACRG-mNeonGreen in HDRs (dark green) and in LDR (light green). The normalized
recovery time for PACRG-mNeonGreen in HDR is 18,618 and in LDR is 4,402. The immobile
fraction was 48,452% in HDR and 17,967% in LDR. Number of analyzed FRAP areas for
HDR, n=13 and for LDR, n=17. (F) Normalized integrated intensities of Fap-mRuby3 in HDRs
(dark orange) and in LDR (light orange). The normalized recovery time for FAP20-mRuby3
in HDR is 30,963 and in LDR is 16,707. The immobile fraction was 25,456% in HDR and
11,436% in LDR. Number of analyzed FRAP areas for HDR, n=13 and for LDR n=17.
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4.3.2 PACRG and FAP20 contributes to B-microtubule stability

Based on the localization of these microtubule inner proteins, PACRG and FAP20, in the gap
between incomplete B- and complete A-microtubule, we questioned whether these proteins
influence the dynamic of B-tubule. To study this, we first examined whether PACRG and
FAP20 interact directly in the solution, as hypothesized by previous studies, and additionally
if these two proteins associate with free tubulin individually or form a complex. To investigate
it, we performed pull-down assay by immobilizing His-tagged PACRG to NTA beads,
followed by incubation with FAP20, tubulin, or both together and performed further pull-down
of bound proteins from the beads. After pulling down the bound proteins and analyzing the
immobilized fractions using SDS-PAG, we observed that both FAP20 and tubulin,
independently bound to PACRG, and all three of them together formed a complex. The control
experiment showed that neither FAP20 nor tubulin interacted with NTA beads alone (Fig.
4.3.5). These results confirm that PACRG and FAP20 directly associate in solution and

moreover form a complex with free tubulin.
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Fig 4.3.5 Pull-down assay.

SDS-PAGE gel of elution fraction, in pull-down experiment. Molecular weight of PACRG-
mNeonGreen-His Mw = 62 kDA, FAP20-mRuby Mw = 49,7 kDa, FAP20-mRuby-His Mw =
50,5 kDa, and a3- tubulins Mw = 55 kDa.

To investigate the influence of PACRG and FAP20 on dynamic parameters of B-microtubules,
we first assembled microtubule doublets without any additional proteins. We then introduced
free tubulin in the presence of GTP and either with or without PACRG and FAP20. To
demonstrate whether B-microtubules assemble in a parallel orientation to A-microtubules, we
introduced plus walking kinesin-2 to pre-formed microtubule doublets. We observed that
kinesin moved in the same direction along both microtubules, confirming their parallel

alignment (Fig. 4.3.6 A). For quantification, we simultaneously analyzed and compared the
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dynamics of complete A- and incomplete B-microtubule, which we obtained in the same
imaging experiments (Fig. 4.3.6 D). Consistent with the finding of Zhernov, we confirmed that
A- and B- microtubules exhibit higher dynamic instability at the plus end, characterized by
faster growth velocity. The addition of 500 nM FAP20 and 500 nM PACRG did not
significantly alter the dynamic behavior of A-microtubules (Fig. 4.3.6 E-I).
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Fig 4.3.6 Alignment of B- and A-microtubules and dynamic paraments of A-
microtubules.

(A) Montage showing formed MTDs and corresponding kymograph of walking short version
of Kif5 in one direction on A- and B-tubule from — tip to +tip. White arrowheads indicate
elongated A-microtubule tips. Yellow arrowheads indicate MTDs. Scale bar, 2um. (B)
Characteristic kymograph representing dynamic of A-microtubule. Scale bar, 2um. (C)
Characteristic kymograph representing dynamic of B-microtubule. Scale bar, 2um. (D) Graph
showing growth velocities of A-microtubule, n =59 (pink) and B-microtubule, n =81 (blue) at
+tip and -tip, n-number of analyzed microtubules. P-value was calculated by two-tailed student
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t-test. (E) Montage showing characteristic kymograph of A-microtubule dynamic in the
presence of both 500 nM PACRG-mNeonGreen and 500 nM FAP20-mRuby3. Scale bar, 2um.
(F) Growth velocities, (G) shrinking velocities, (H) catastrophe frequency, (I) rescue
frequency of A microtubule in the absence (n=59) and presence (n=73) of 500nM PACRG and
500 nM FAP20. P-value was calculated by two-tailed student t-test, n — number of analyzed
microtubules.

However, high-density regions of PACRG and FAP20 on dynamic B-microtubules led to a
reduction in growth velocity as well as catastrophe frequence. Importantly, these high-density
regions significantly increased the rescue frequence of B-microtubules. By comparison, B-
microtubules with low-density binding of PACRG and FAP20 showed no detectable impact

on their dynamic parameters (Fig. 4.3.7. A-D). Combined, our results demonstrate that high-

density, low-turnover regions of PACRG and FAP20 specifically stabilize B-microtubules.
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Fig 4.3.7 Dynamic of B-microtubule

(A) Montage showing characteristic kymograph of B-MT dynamic without additional proteins.
(B-C) Montage showing characteristic dynamic of B-microtubule with LDRs (B) and (HDR)
in the presence of 500 nM PACRG-mNeonGreen and 500 nM FAP20-mRuby3. White
arrowheads indicate rescue events. (A-C) White dashed rectangle indicates the template lattice.
Scale bare, horizontal - 2um, vertical — 5 min. (D) Rescue frequency of B-MTs, (E) Growth
velocities, (F) shrinking velocities, (G) catastrophe frequency without proteins (grey) n = 25,
with LDRs of PACRG and FAP20 (light green), n = 30 and with HDR of PACRG and FAP20
(green), n = 11. P-value was calculated by two-tailed student t-test, n — number of analyzed
microtubules.

Our experiments revealed a tendency for B-microtubules to depolymerize with reduced rates
in regions with high-density binding of PACRG and FAP20. However, the observed difference
between depolymerization velocities in high- and low-density binding regions was not
statistically significant (Fig 4.3.7 F). We attributed this to the limited temporal resolution of
our imaging setup, as depolymerizing microtubules were only captured in 2-3 frames per
movie. To address this limitation, we used the microtubule-stabilizing drug Taxol, which
temporarily suppresses depolymerization and allows synchronized microtubule shrinkage upon
its removal. We first formed short GMPCPP-B-microtubules and subsequently elongated them
by adding free tubulin in the presence of GTP and Taxol. As a result, this produced B-
microtubules extensions consistent of GDP-tubulin, which tends to depolymerize, and
stabilized reversible by Taxol. Next, we introduced PACRG and FAP20 together, allowing the
formation of high-density regions on both the permanently stabilized GMPCPP-seeds and on
temporarily stabilized Taxol-GDP-extensions. To initiate depolymerization, we removed Taxol
by flushing assay chamber with fresh buffer while retaining PACRG and FAP20 in the solution
(Fig. 4.3.8 A-C). This allowed us to specifically track the shrinkage of GDP-B-microtubules in
real-time. Quantifying the depolymerization rate, we observed that depolymerization of GDP-
B-microtubules with low-density binding regions of PACRG and FAP20 was comparable to
the depolymerization of GDP-B-microtubule without any additional proteins. In contrast GDP-
B-microtubules with high density binding regions of PACRG and FAP20 exhibited
significantly reduced depolymerization velocity (Fig. 4.3.8 D). Together, our results
demonstrate that PACRG and FAP20 cooperatively enhance the stability of B-microtubules.
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Fig 4.3.8 B-MTs depolymerization in the presence of HDRs

(A) Schematic representation of depolymerization assay. (B) Montage showing snapshots of
steps in the depolymerization assay. White dashed rectangle indicates GMPCPP-lattice of B-
microtubule. White arrowheads indicate HDR. Yellow arrowheads indicate HDR. Scale bare,
2um. (C) Characteristic kymographs of B-microtubule during depolymerization assay in the
absence and presence of 100nM PACRG and 100 nM FAP20. Orange dashed rectangle
indicates GMPCPP-lattice of B-microtubule. White dashed lines identify the shrinking of
Taxol-sections of B-microtubules. Scale bare, horizontal - 2pum, vertical — 5 min. (D) Graph
showing depolymerization velocities of GDP-Taxol sections of B-microtubule without proteins
(grey) n=36, with LDRs of PACRG and FAP20 (light green), n = 62 and with HDR of PACRG
and FAP20 (green), n = 32. P-value was calculated by two-tailed student t-test, n — number of
analyzed events.
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4.3.3 Post-Translational Modifications of Tubulin Influence PACRG and FAP2(0
Binding to Microtubules

Post-translation modification of tubulin C-terminal tail play important role in cilia assembly,
regulation of motility, and their disruption linked to ciliopathies!!*!!>. A- and B-tubules of
microtubule doublets undergo distinct modification patterns. A- tubule known to have higher
level of tyrosination enriched in o-tubulin!!® on other hand B-microtubule known to be highly
polyglutamylate, polyglycylated and detyrasinated on tubulin C-terminal tail'!”.

To investigate whether post-translation modification of tubulin influence binding affinity of
PACRG and FAP20 we used microtubules polymerized from tubulin isolated from various
sources. Specifically, we used tubulin from HeLa cells, with minimal amount of tubulin

118 wild-type mouse brain tissue containing highly modifies tubulin''4,

modifications
Additionally, we also polymerized microtubules from brain tissue of knockout mouse models
lacking specific enzymes for tubulin modification: Ttll17/~ (lacking a-tubulin
polyglutamylation), Ttll7/~ (lacking B-tubulin polyglutamylation), Ttll17/Ttll7/~ (lacking
polyglutamylation on both a- and B-tubulin), and Atatl~/~ (lacking a-tubulin acetylation)!!.
First, to assess whether the presence of PTMs on tubulin affect the binding of PACRG and
FAP20, we immobilized unmodified microtubules (from HeLa cells) in an assay flow chamber.
After capturing their positions, we then immobilized highly modified microtubules (from wild-
type mouse brain), allowing for direct comparison within the same measuring chamber. Using
total internal reflection fluorescence (TIRF) microscopy, we visualized the binding of PACRG
or FAP20 (Fig. 4.3 9 A). Quantification of average normalized integrated fluorescence
intensities showed that PACRG-mNeonGreen exhibited a binding affinity for wild-type mouse
brain microtubules, compare to unmodified HeLa microtubules, whereas FAP20-mNeonGreen

showed no preferential interaction (Fig. 4.3.9 B-E).
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Fig 4.3.9 Binding of PACRG and FAP20 to microtubules assembled from modified and
un-modified tubulin

(A) Schematic representation of assay setup. (B, D) Montage showing characteristic IRM and
TIRFM images of the HeLa (unmodified) microtubules, wild-type (modified) microtubules and
associated protein FAP20-mNeonGreen (B) and PACRG-mNeonGreen (D). White arrowheads
indicate HeLa MTs. Yellow arrowheads indicate wild-type MTs. Scale bare, 2um. (C, E)
Normalized integrated average intensities of PACRG-mNeonGreen and FAP20- mNeonGreen
respectively on wild-type MTs (green) and on HeLa MTs (grey), in three independent sets of
the experiment N=3. P-values, determined by the Mann-Whitney U Test.

Given the preferential binding of PACRG to microtubules assembled from highly modified
tubulin, we further examined its sensitivity to specific tubulin PTMs, including
polyglutamylation and acetylation. For comparison, we used wild-type mouse brain
microtubules, which are naturally rich in polyglutamylation and exhibit acetylation at lysine-
40 on a-tubulin. To assess the impact of these modifications, we used microtubules
polymerized from knockout mouse brain tubulin, which lacked polyglutamylation on either a-
or B-tubulin individually or on both simultaneously, or lacked acetylation on a-tubulin.
Quantification of average normalized integrated fluorescence intensities of PACRG-
mNeonGreen revealed a significantly stronger binding affinity to polyglutamylated
microtubules compare to those lacking polyglutamylation, with the most pronounced reduction
observed in the double knockout. In contrast the absence of acetylation on lysine-40 had no

detectable effect on PACRG binding to microtubules (Fig. 4.3.10).
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Fig 4.3.10 Role of PTMs of tubulin C-terminal tails in the PACRG binding to
microtubules.

(A) Schematic representation of assay setup. (B) Montage showing characteristic IRM and
TIRFM images of the microtubules polymerized from wild-type mouse brain tubulin and
knockout-mouse brain tubulin and associated PACRG-mNeonGreen. White arrowheads
indicate HeLa MTs. Yellow arrowheads indicate wild-type MTs. White arrowheads indicate
wild-type, blue - Ttll17", orange - Ttll7", green - Ttll1 "Ttll7 ", pink — Atatl 7. Scale bare,
2um. (C) Normalized integrated average intensities of PACRG-mNeonGreen on microtubules
in three independent sets of the experiment, N=3. P-values, determined by the Mann-Whitney
U Test between wild-type and each PTM variant and between Ttll1™~ and Ttll77".

To further explore the impact of tubulin post-translation modification of PACRG and FAP20
binding, we investigated the role of de-tyrosination. We compared proteins binding affinity to
microtubules assembled from HeLa tubulin, which is predominantly tyrosinated under normal
conditions, or nearly fully de-tyrosinated after enzymatic treatment!?’. Quantification of
average normalized integrated fluorescence intensities of PACRG-mNeonGreen and FAP20-

mNeonGreen revealed that both proteins, exhibit preference for tyrosinated tubulin (Fig

43.11).
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Together, our results show that PACRG preferentially binds to polyglutamylated microtubules,
whereas both PACRG and FAP20 exhibit stronger binding to tyrosinated microtubules.
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Fig 4.3.11 Binding of PACRG and FAP20 to tyrosinated and de-tyrosinated microtubules
(A) Schematic representation of assay setup. (B, D) Montage showing characteristic IRM and
TIRFM images of the de-tyrosinated microtubules, tyrosinated microtubules and associated
protein FAP20-mNeonGreen (B) and PACRG-mNeonGreen (D). White arrowheads indicate
de-tyrosinated MTs. Green arrowheads indicate tyrosinated MTs. Scale bare, 2um. (C, E)
Normalized integrated average intensities of PACRG-mNeonGreen and FAP20- mNeonGreen
respectively on tyrosinated (green) and on de-tyrosinated (light green), in three independent
sets of the experiment N=3. P-values, determined by the Mann-Whitney U Test.

4.3.4 PACRG and FAP20 together stabilizes B-Microtubule curvature

To explore the role of PACRG and FAP20 in microtubule doublet architecture, we employed
cryo-tomography to examine in vitro assembled microtubule doublets with and without
PACRG and FAP20. Our structural analysis revealed that, under control conditions, B-
microtubules exhibited notable curvature variations along their length, suggesting a lack of
stabilizing interactions. This flexibility likely reflects the absence of structural reinforcements

typically found in axonemal doublets.

68



Following the addition of PACRG together with FAP20 to assembled microtubule
doublets, we observed a pronounced stabilization of B-microtubule curvature, with
significantly reduced deviations from the expected conformation. Quantitative curvature
analysis revealed a substantial decrease in variability, suggesting that PACRG with FAP20
collectively restrict B-microtubule movement relative to the A-microtubule, thereby promoting
a more rigid and aligned doublet structure. This effect was consistently observed across

multiple tomograms, reinforcing the idea that PACRG and FAP20 acts as a structural stabilizer
(Fig. 4.3.12).

Together these findings suggest that PACRG and FAP20 enhances microtubule doublet

integrity, potentially strengthening the mechanical stability required for effective ciliary and

flagellar motility.
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Fig 4.3.12 Cryo-electron tomography of microtubule doublets in the absence and
presence of PACRG-FAP20
(A) Characteristic image of a cryo-ET section of MTDs alone. Scale bar, 25 nm. (B) zx view

of a cryo-ET section. Tomogram in (A) is resliced from the top and projected with average
intensity using grouped z-projection with a group size of 10 stacks corresponding to 8§ nm
thickness. Scale bar, 25 nm. (C) Montage of MTD shown in (B). Cross section of grouped z-
projection along the MTD length (376 nm) with 8 nm spacing. Scale bar, 25 nm. (D) Traces of
the B-microtubule starting at the OJ for the MTD from one sample tomogram in (B) with the
average line (black dashed) overlapped. (E) Traces of B-microtubules starting at the OJ for in
vitro MTDs alone with the overall average line (black dashed) overlapped. (n=46 microtubules
from 23 tomograms). (F) Characteristic image of cryo-ET section of MTDs in the presence of
1uM PACRG and 1uM FAP20. Scale bar, 25 nm. (G) zx view of a cryo-ET section. Tomogram
in (F) is resliced from the top and projected with average intensity using grouped z-projection
with a group size of 10 stacks corresponding to 8 nm thickness. Scale bar, 25 nm. (H) Montage
of MTD shown in (G). Cross section of grouped z-projection along the MTD length (560 nm)
with 16 nm spacing. Scale bar, 25 nm. (I) Traces of the B-microtubule starting at the OJ for the
MTD from one sample tomogram in (G) with the average line (black dashed) overlapped. (J)
Traces of B-microtubules starting at the OJ for in vitro MTDs in the presence of PACRG-
FAP20 with the overall average line (black dashed) overlapped. (n=40 microtubules from 22
tomograms). (K and L) Plot profiles at the positions indicated by the arrows in (E) showing
the curvature flexibility of B-microtubule of MTDs in the absence of MIPs. The black line
indicates the position of the B-microtubule in vivo. A.U., arbitrary units. (M and N) Plot
profiles at the positions indicated by the arrows in (J) showing the curvature flexibility of B-
microtubule of MTDs in the presence of PACRG-FAP20. The black line indicates the position
of the B-microtubule in vivo. A.U., arbitrary units. (O) Comparison of average B-microtubule
curvatures of in vivo, MTDs alone and MTDs in the presence of PACRG.
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44DISCUSSION

PACRG and FAP20 form high-density regions on microtubule doublets

In this study, we showed that Chlamydomonas reinhardtii axonemal microtubule inner proteins
PACRG and FAP20 in vitro co-localize and play a role in the stabilizing the B-microtubule
while facilitating the assemble of closed microtubule doublets.

To demonstrate this, we used recombinant fluorescent labelled microtubule inner proteins,
PACRG-mNeonGreen and FAP20-mRuby3, in a cell-free in vitro reconstitution of
microtubule doublets. This reconstitution allows us to assemble open and flexible B-
microtubules by performing limited enzymatic digestions of C-terminal tails of pre-formed
complete A-microtubules. Incorporating PACRG and FA20 into this in vitro system resulted
in two distinct binding patterns:

(1) Low-density binding — PACRG and FAP20 exhibited weak, reversable interactions
along microtubules, similar to diffusive binding. This pattern was observed region on A-
microtubule extensions and some pre-formed B-microtubules.

(i1) High-density binding - PACRG and FAP20 co-localize specifically on microtubules
doublets, forming distinct high-density regions. Notably, this high-density region formation
only occurred when both proteins were present, neither PACRG nor FAP20 alone was
sufficient to induce this effect.

FRAP analysis of two distinct binding populations of PACRG and FAP20 revealed that
proteins exhibit rapid exchange in low-density regions but remain stably bound in high-density
regions. This suggests a shift from dynamic interaction to structural integration. Further
research is needed to determine if this stabilization is due to cooperative binding or

conformational changes.

In vivo PACRG together with FAP20 form a filament-like structure in the inner junction
between A- and B-microtubule and each of the proteins exhibit 8 nm periodicity in the
microtubule doublet structure and follow the repeat of tubulin heterodimer. But it is not known
whether in vivo the assemble of the PACRG and FAP20 in the inner junction happening

simultaneously during the microtubule doublet assemble of the axoneme or first the open
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doublets are grown from the basal body and subsequently microtubule inner proteins come,
bind to the gap, and close microtubule doublet, allowing the assembly of other axonemal
components.

Our experiments showed that PACRG and FAP20 do not co-assemble with the B-
microtubules during their nucleation, but more likely bind to short, pre-assembled B-
microtubule. Additionally, this finding was supported by observation of HDRs by flushing both
proteins simultaneously to already preassembled microtubules.

The studies of C. reinhardtii knockout mutans lacking either FAP20'?! or PACRG or
both of them together revealed a reduction in dynein-driving microtubule sliding velocity!%.
However, the addition of exogenous purified His-tagged PACRG and FAP20 to the respective
mutants axoneme restored microtubule sliding velocities to wild-type level. Notably, in the
fap20: pacrg double knockout mutant, the resumption of sliding velocity only occurred when
both PACRG and FAP20 were added together. Additionally, these studies reported that while
FAP20 knockout resulted in the absence of FAP20, and a slight reduction in PACRG level'?!,
the PACRG knockout had no effect on FAP20 level.

Findings from studies of knockout mutants suggests that both PACRG and FAP20 can
bind independently, but both proteins are required for full function. Our finding might assume
that PACRG and FAP20 bind cooperatively to microtubule doublets. However, further
investigation is needed to confirm this hypothesis. One possible approach to examine
cooperative binding is by measuring the Hill coefficient. If the binding of one protein increases

the affinity of the next one, this would indicate that system is exhibits positive cooperativity.

High-density regions of PACRG and FAP20 stabilize microtubule doublets

Furthermore, we focused how PACRG and FAP20 proteins integrated at the inner junction.
Previous study purposed that additional chaperons might be required for the transport of

122 By using pull-down assay,

PACRG and FAP20 successfully to the inner junction assembly
we show that PACRG and FAP20 can freely generate the complex with each other and with
additional non-polymerized GTP-tubulin. This finding indicates that both PACRG and FAP20
have the binding site for each other but also have tubulin binding site. Our results suggest the
possibility that PACRG and FAP20 may form a heterodimer before assembling onto

microtubule doublets. Another possible mechanism is that this binding occurs at the inner
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junction, where proteins may change their conformation after binding between A- and B-

tubules, thereby increasing their binding affinity to each other.

The ability of both proteins to form a complex with free tubulin make an assumption that both
of them might influence dynamic of microtubule doublets. To investigate this, we performed
the dynamic assay of preassembled B-microtubules in vitro. First, we observed that despite the
growth of B-microtubule which in the present of stabilization agents happen in the isotropic
way, by growing of B-microtubules with the same rate without end preferences, as described

112 B-microtubules similar to A-microtubule in the presence of GTP and free tubulin

previously
are more dynamic preferentially at the plus tip (Fig 4.3.6 B-D). Which suggest parallel
alignment of A- and B-tubule, that was confirmed by one direction motor walking protein (Fig.
4.3.6 A).

By formation of high-density regions of PACRG and FAP20 on pre-formed
microtubule doublets and subsequently initiation of B-microtubule dynamic in the presence of
both proteins, we observed decreasing catastrophes frequence and importantly significant
increase in rescue frequency exclusively on B-microtubules where high-density regions of
proteins appear (Fig 4.3.7). We used the depolymerization assay of reversible stabilize B-
microtubules in the presence of both proteins and we observed that B-microtubules cover by
high-density regions of PACRG and FAP20 depolymerize significantly slower in the compare
to B-microtubules in the absence of proteins or B-microtubules associated with low-density
proteins binding (Fig 4.3.8). Our findings show the interplay of PACRG and FAP20 in the
regulation the stability of B-microtubule by decreasing the depolymerization velocity and
increasing rescue frequency.

In vivo, B-microtubules within microtubule doublets exhibit reduced dynamic
instability, a characteristic essential for maintaining structural integrity and ensuring proper
ciliary functions. Microtubule inner proteins are proposed to play a key role in regulation this
stability!?3. A comparative study between purified bovine brain tubulin and tubulin purified
from Chlamydomonas reinhardtii demonstrated that axonemal tubulin exhibits lower
dynamicity and stronger protofilament stability resulting in curveted tip structure!?3124,
Furthermore, axonemes microtubules show highly resistant to depolymerization, even under

125 or exposure to surfactant!?® | unlike the more

extreme conditions such as high temperature
labile cytoplasmic microtubules. Further investigation is needed to determine whether PACRG
and FAP20 can further reduce catastrophe frequency, enhance rescue frequency, or influence

the curvature of GTP-tip in microtubules polymerized from purified Chlamydomonas
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reinhardtii tubulin, potentially revealing broader regulatory mechanisms underlying

microtubule stability and function.

Post-translational modifications of tubulin regulate PACRG and FAP20 binding

In vivo post-translation modifications of C-terminal tails of tubulin are essential for
microtubule doublet assembly and exhibit an uneven distribution across the structure of
doublet!?”128 " Specifically, the A-microtubule is predominantly tyrosinated, whereas B-
microtubule is mostly de-tyrosinated®” and additionally undergoes extensive polyglycylation
and polyglutamylation'?°. Mostly post-translation modification of axonemal tubulin is known
to play role in the proper ciliary motility. Glycylation of tubulin is essential for efficient ciliary
movement in mouse sperm, playing a key role in modulating axonemal dynein function

activity'3°,

Tubulin polyglutamylation in Chlamydomonas reinhardtii model, occurs
specifically on the B-09 protofilament and is crucial for proper ciliary motion’. This
modification facilitates the coordination between microtubule sliding and bending by
interacting with the nexin-dynein regulatory complex (N-DRC), which is essential for
regulation of dynein’’. Tubulin tyrosination, in contrast, plays a crucial role in the organization
of intraflagellar transport (IFT). The varying degrees of tubulin tyrosination and detyrosynation
on A- and B-microtubules influence the affinity and selective sorting of retrograde and
anterograde IFT trains, ensuring proper directional transport!?!.

Structural studies have previously shown that the C-terminal tail of B- tubulin on
protofilament AO1 interacts with PACRG-FAP20 interface '3>!33, suggesting its potential role
in the formation of the microtubule doublet inner junction. In this study, utilizing tubulin from
various model systems we demonstrate that PACRG and FAP20 preferentially associate with

tyrosinated microtubules, with PACRG exhibiting an additional preference for
polyglutamylated microtubules.

Our findings suggest that PACRG can bind to microtubules even in the absence of
polyglutamylation, and both PACRG and FAP20 associate with detyrosynated microtubules,
this modification may primarily serve to modulate their binding rather than being absolute
requirement. Further studies are necessary to explore the extent to whether and which tubulin

post-translation modification regulate proteins interaction within microtubule doublets.
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In our work, A-microtubules exhibit significantly lower levels of post-translation
modification due to the absence of C-terminal tubulin tails, whereas B-microtubules are highly
modified. Understanding whether post-translation modifications of B-microtubules influence
PACRG and FAP20 binding in high density regions is crucial for elucidating the regulatory
mechanisms underlying microtubule doublet organization. One approach to test this would be
using unmodified tubulin from HeLa cells to assemble B-microtubules. A lack of high-density
PACRG and FAP20 regions, or a reduction in fluorescence intensities, would suggest that post-
translation modification of B-microtubule play important role in stabilizing binding and
organization of high-density regions.

Additionally, another approach could be used to investigate whether post-translation

modification of A-microtubule affect the formation of high-density PACRG and FAP20
regions. To determine it the other mechanism of B-microtubule formation is needed, for
example assembling of B-microtubules in high PIPES concentration, which has been shown
by cryo-EM to promote the formation of hooked microtubules resembling B-microtubules.
This method would enable us to obtain both A- and B- microtubule with highly modified
tubulin. By introducing PACRG and FAP20, we could quantify the fluorescence intensity of
the formed high-density regions and compare it to those on microtubule doublets where A-
microtubules lack C-terminal tails. An increase in fluorescent intensities would provide strong
evidence that C-terminal tubulin tails of A-microtubules actively regulate PACRG an FAP20
binding, further supporting their role in microtubule doublet stabilization.
Multiple studies have reported that the depletion of post-translation modification such as de-
tyrosination'3!, polyglycylation, and polyglutamylation'?® does not disrupt axonemal
architecture or impair the integrity of A- and B-microtubules, nor does it affect major axonemal
components. This suggests that these modifications of tubulin are not essential for the correct
assembly of axonemal structures. They also indicate that the enzymes responsible for tubulin
polyglutamylation and polyglycylation may recognize their targets in the microtubule doublets
architecture in the special sequence of modifications. This suggests that during cilia formation,
acetylation is the first modification applied to assembling microtubules, followed by
glutamylation of B09, while glycylation represents the final step in the full post-translation
modification of the axoneme.

One of possibilities how enzymes responsible for modification may recognize its
specific targets based on site-specific cues already present in the assembled microtubule
doublets, such as patterns of microtubule inner proteins. Moreover, studies have shown that

depletion of Human FAP20 in RPEIl cells leads to a reduction in axonemal
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polyglutamylation®. To further explore this relationship, it would be valuable to investigate
whether the absence of microtubule inner proteins, particularly FAP20 and PACRG together

and PACRG alone, affects the post-translation modification of axonemal microtubules.

PACRG and FAP20 together stabilizes B-Microtubule curvature

Finaly, through cryo-tomography analysis of microtubule doublets in the presence and absence
of PACRG and FAP20, we established that both proteins together play crucial role in
reinforcing microtubule doublet stability. In the absence of additional proteins, B-microtubules
exhibited notable curvature fluctuations along their length. However, with the introduction of
PACRG and FAP20 together, these fluctuations were significantly reduced, leading to a
reinforced and structurally aligned conformation. Our findings support the idea that PACRG-
FAP20 in the complex functions as a structural stabilizer within microtubule doublets,
strengthening the overall integrity of microtubules in cilia and flagella. By restricting B-
microtubule flexibility, FAP20-PACRG likely enhances the mechanical resilience essential for
both motile and sensory functions. Additionally, this stabilization may facilitate coordinated
dynein activity, further optimizing ciliary and flagellar functions.

In our study, we employed in vitro reconstitution system to assembly microtubules
doublets, by reducing the C-terminal tails of tubulin from the A-microtubule lattice. Previous
study has demonstrated that this method produces open and flexible B-microtubules with a
variable number of protofilaments, ranging on average from 5.7 +£ 2.6 to 13.8 = 3.8 (+SD), and
notably lacking inner junction!!2.

In this work, cryo-tomography of the microtubule doublets assembled without addition of
PACRG and FAP20 revealed a wide range of protofilament numbers of B-microtubules, from
highly open structures to nearly closed configurations. Based on these observations, we
propose a model in which low-density or diffusive binding is characteristic of microtubule
doublets with B-microtubules composed of only few protofilaments. And high-density binding
may be characteristic of B-microtubules with nearly closed configurations, where the addition

of PACRG and FAP20 promotes the formation of fully closed microtubule doublets.
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Fig 4.4.1 Proposed model of LDRs and HDRs binding.
(A) Snapshot of assembled microtubule doublets in the presence of PACRG and FAP20.White
arrowhead indicate LDRs. Yellow arrowheads indicate HDRs. Scale bar 2um. (B) Schematic
representation of PACRG and FAP20 binding in LDRs and in HDRs.
Future investigation would be needed to support this theory, one of possibilities is using gold-
nanoparticle labelling with His-tagged PACRG and FAP20 to precisely localize these proteins
with microtubule doublets. Microtubule doublets reconstituted in vitro with gold-labeled
PACRG and FAP20 could then be analyzed again using Cryo-Electron Tomography (Cryo-
ET) to reveal their exact binding sites. The electron-dense gold nanoparticles would enhance
contrast, providing structural insights into their positioning and interactions.
In Chlamydomonas reinhardtii PACRG and FAP20 interact with a network of microtubule
inner proteins (MIPs), including FAP52, FAP276, FAP106 and FAP45'32, playing a vital role
in maintaining microtubule doublet stability within cilia and flagella. These microtubule inner
proteins display distinct spatial periodicities along the axoneme - FAP52, FAP106, FAP276
follow a 16 nm repeat, FAP45 is arranged in 48 nm pattern®. Each of these MIPs contributes
uniquely to axonemal organization. FAP52 is critical for ensuring structural stability®®, while
FAP106 functions as interaction hub for MIPs assembly at the inner junction!3*. Although the
structural properties of FAP276 have been characterised®, its precise biological role remains
uncertain. FAP45, characterised by its 48 nm periodicity, is essential for B-microtubule
integrity, and its absence results in impaired structural stability®®.

Studies of knockout mutants of microtubule inner proteins, which form a network of
junction protein, indicated that their absence does not disrupt axonemal architecture or impair

the integrity of A- and B-microtubules. However, depletion of these proteins results in the loss
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of other MIPs within the microtubule doublets and affects major axonemal components, it also
affects the length of flagella as well its movement. Based on our findings and previous studies,
we propose that as the full assembly of B-microtubule is essential for the incorporation of MIPs

into the inner junction to formation a close and stable microtubule doublet.

formation of full incorporation MIPs
growth of B-microtubule B-MT of 10 protofilaments at the inner junction
//'"" o~
2 3
10 ! 10 ! ! 5
1 11
6
A 12 B A 12 B : A 12 Bf
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Fig 4.4.2 Proposed model of inner junction formation.
B-microtubule initiation of nucleation from the outer junction and grow. Assemble of full B-
microtubule of 10 protofilament, followed by incorporation MIPs to the lumen of B-
microtubule allowing MTDs closure.

Further research is needed to clarify how these MIPs interact with PACRG and FAP20,
and whether they collectively influence microtubule doublet formation and stabilization.
Understanding their cooperative mechanism could provide deeper insights into the molecular

framework that maintains axonemal architecture and ensure efficient ciliary and flagellar

function.
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SS.CONCLUSION

In this study, we demonstrated how axonemal binding proteins associate and influence

microtubule doublet structure.

In the first part of the thesis, our objective was to understand the role of MAPH-9, a protein
identified in C. elegans sensory cilia. Using TIRF microscopy and in vitro reconstitution, we
showed that MAPH-9 can recognize post-translation modifications of tubulin and
preferentially bind to polyglutamylated microtubules. Additionally, we also demonstrated that
MAPH-9 regulates the dynamic properties of A- and B-microtubule within microtubule
doublets by reducing growth velocities and decreasing the depolymerization rate of B-
microtubules.

In the second part of the thesis, we focused on two microtubule inner proteins, PACRG
and FAP20 which are important components of the Inner Junction between the A- and the B-
microtubule and are critical for flagellar stability and function. Despite their known
importance, their exact role in microtubule doublet assembly and stabilization remains unclear.
In this study we employed, microscopy techniques, such as TIRF-microscopy and cryo-
electron tomography and, in combination with in vitro reconstitutions, we demonstrated the
ability of these two proteins co-localize on microtubule doublets, where they form distinct,
high-density regions and reduce the dynamics of the B-microtubule. Furthermore, cryo-
electron tomography of in vitro reconstructed microtubule doublets in the presence of PACRG
and FAP20 revealed that these proteins limit B-microtubule curvature fluctuations, promoting
a more rigid and aligned conformation. Collectively, our findings suggest that PACRG and
FAP20 work together to enhance microtubule doublet stability, which is essential for

maintaining ciliary integrity and function.
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EDTA - ethylenediaminetetraacetic acid
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GDP — Guanosine-5'-diphosphate
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Ni-NTA — nickel-nitrilotriacetic acid

N-terminal - Amino-terminal
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