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Abstract

Microtubules (MTs) - cylindrical polymers of a- and -tubulin - maintain numerous irreplacea-
ble functions in all eukaryotic cells. For this complex involvement of MTs in many cellular processes,
precise tuning of their post-translational modifications, polymerization state, and interactome is cru-
cial. Recently, a new mode of interactions with MTs was discovered - several microtubule inner
proteins (MIPs) can enter the lumen of MTs.

Little is known about MIPs in dynamic MTs in the cytoplasmic network. Only two proteins have
been shown to bind to the inside of dynamic MTs so far: aTAT1 and MAPS6; other proteins have
been suggested to. Stabilised MTs, like the axoneme of the flagellum, contain dozens of orderly
bound MIPs in the lumen and new ones are being added. MIPs are believed to play a role during
axonemal assembly and to increase the stiffness required for flagellar beating.

This diploma thesis investigated MIPs in both dynamic and axonemal MTs. In the first part of the
thesis, the goal was to identify candidates for new MIPs in the dynamic MTs by two independent
approaches - proximity-labelling by promiscuous biotin ligase using aTAT1 and MAP6 as baits, and
direct isolation of MTs from cells and washing away outer proteins. Isolated proteins were then
identified using mass spectrometry.

In the second part, the work aims to identify candidates for members of a newly discovered hel-
ical complex in the lumen of vertebrate sperm cell axoneme, termed TAILS (Tail Axoneme Intra-
Lumenal Spiral). Candidates were identified by mass spectrometry analysis performed on isolated
flagellum fragments, separated via cytometry sorting.

Keywords
microtubules, microtubule inner proteins, a-tubulin acetyltransferase 1 (aTAT1), microtubule-
associated protein 6 (MAP6), tail axoneme intra-lumenal spiral (TAILS)

Abstrakt

Mikrotubuly - valcovité polymery a- a B-tubulinu - vykonavaji v eukaryotickych butikdch fadu
nezastupitelnych funkci. JelikoZ jsou zapojeny do mnoha bunéénych déjd, jejich posttransla¢ni mo-
difikace, rychlost polymerizace a interaktom musi byt peclivé regulovény. V neddvné dobé byl ob-
jeven novy zptisob interakce proteini s mikrotubuly, a to v podobé vnitfnich mikrotubulérnich pro-
teind, které vstupuji pfimo do lumen mikrotubult.

O vnitfnich proteinech dynamickych mikrotubulti v cytoplasmé je zndmo velmi mélo. Zatim byly
objeveny pouze dva: aTAT1 a MAP6. Stabilizované mikrotubuly, jako napfiklad ty v axonemé bi-
¢iku, obsahuji desitky pravidelné usporadanych vnitfnich mikrotubuldrnich proteint, pfi¢emz jsou
stile objevovany nové. Pravdépodobné hraji tlohu pro vystavbu axonemy a jeji zpevnéni, coz je
nezbytné pro odoldvani mechanickym sildm vytvafenym v bi¢iku pfi pohybu.

Tato diplomové prace pfispiva k pozndni vnitfnich mikrotubularnich proteing, a to jak v dyna-
mickych, tak v axonemadlnich mikrotubulech. Ve své prvni ¢asti se prace vénuje hledani novych
vnitinich proteint uvnitf dynamickych mikrotubuléi. K dosazeni tohoto cile jsou vyuzity dva neza-
vislé pfistupy - znaceni sousedicich proteinti pomoci nespecifické biotin ligazy, navedené do lumen
mikrotubulu fazi s proteinem aTAT1 nebo MAP6, a pfima izolace mikrotubuld z buné¢éné kultury,
zjejichz povrchu byly odmyty vnéjsi proteiny. Izolované proteiny jsou nasledné identifikovany po-
moci hmotnostni spektrometrie.

Druhé ¢ast prace se vénuje identifikaci kandidati na ¢leny nové objeveného helikalniho kom-
plexu jménem TAILS, ktery mé podobu spiraly uvnitt mikrotubulti bi¢iku spermii. Kandidatni pro-
teiny jsou identifikovany pomoci hmotnostni spektrometrické analyzy vzorka nabohacenych o frag-
menty bic¢iku spermii pomoci t¥idici pratokové cytometrie.

Kli¢ova slova
mikrotubuly, vnitini mikrotubuldrni proteiny, a-tubulin acetyltransferdza 1 (aTAT1), protein
asociovany s mikrotubuly 6 (MAPS), tail axoneme intra-lumenal spiral (TAILS)
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List of abbreviations

e AU - arbitrary units

e BiolD - proximity-dependent biotin identification
e BLAST - Basic Local Alignment Search Tool

e BP - bandpass

e BSA - bovine serum albumin

e DAPI - 4',6-diamidino-2-phenylindole

e DCDC2C - doublecortin domain-containing 2C
e dHO - distilled water

e DIC - differential interference contrast

e DM - dichroic mirror

e DMEM - Dulbecco’s modified eagle medium

e DMSO - dimethyl sulfoxide

e dNTPs - deoxyribonucleoside triphosphates

e EGTA - ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid
e EM - electron microscope, electron microscopy
e ET - electron tomography

e FACS - fluorescence-activated cell sorting

e Flp-in - flippase-in system

e FRT - flippase recognition target

e FSC-A - forward scatter, area of peak

e GDP - guanosine diphosphate

e GFP - green fluorescent protein

e GTP - guanosine triphosphate

e HDACS6 - histone deacetylase 6

e HRP - horseradish peroxidase

e IF - immunofluorescence, immunofluorescent
e K40 - lysine 40

e LP -longpass

e MAP - microtubule-associated protein

e MIP - microtubule inner protein

e MS - mass spectrometry

e MT - microtubule, microtubular

e MTD - microtubule doublet

¢ PAGE - polyacrylamide gel electrophoresis

e PBS - phosphate buffer saline

e PCR - polymerase chain reaction

e PD - Petri dish

e PFA - paraformaldehyde

e PTM - post-translational modification

e RPE - retina pigment epithelium

e SDS - sodium dodecyl sulphate

e SSC-A - side scatter, area of peak

e STOP - Stable Tubule-Only Polypeptide

e TAILS - Tail Axoneme Intra-Lumenal Spiral

e TB - transformation buffer

e TEMED - tetramethylethylenediamine

e Tet-On - tetracycline-inducible expression system
e U20S - U-2 osteosarcoma

e aTATI1 - a-tubulin acetyltransferase 1 (not to be confused with TAT1 tubulin antibody)

" _

A minuscule letter “s” is added to denote plural form, e. g. MTs = microtubules.
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1. Introduction

1.1. The microtubule

Microtubules (MTs) are cylindrical polymers of a- and B-tubulin dimers (Luduena et al. 1977),
associated in a head-to-tail alternating manner (Erickson 1974, Baker & Amos 1978). Longitudinal
association of multiple tubulin heterodimers gives rise to tubulin protofilaments within one MT,
most often in the number of 13 (Tilney et al. 1973), but exceptions exist (e. g. 11 and 15 protofilaments
in MTs of Caenorhabditis elegans, (Chalfie & Thomson 1982)). The whole MT is a polarized structure
- at the minus end, a-tubulin is exposed; the plus end terminates by B-tubulin (Nogales et al. 1999).
The approximate outer diameter of MTs is 25 nm, the lumen has a diameter of 14-15 nm (Nogales et
al. 1998, Shida et al. 2010). A schematic depiction of MT structure is in Fig. 1.

Growth 83

~ Shrinkage

Fig. 1: Schematic representation of a microtu-
bule and its dynamics. 3-tubulin subunits are in col-
our (orange — GTP-bound, blue — GDP-bound),
a-tubulin is in grey. Phases of growth by addition of
new tubulin dimers and phases of depolymerization
by loss of dimers switches stochastically (in events
called catastrophes and rescues). Catastrophes oc-
cur when the GTP cap at the plus end is lost. The
position of the seam — the discontinuous lateral con-
tact of a- and B-tubulin subunit in the lattice — is indi-
cated. Reprinted from (Igaev & Grubmdiiller 2020),
modified.

«Minus end | Plus end—

In the cytoplasm, a- and B-tubulin dimerize with the dissociation constant of 101 mol /1. Given
the usual concentrations of tubulin in a mammalian cell, virtually all tubulin is in the dimeric form
(Caplow & Fee 2002). Both a- and p-tubulin bind guanosine triphosphate (GTP), but only the -
tubulin subunit can hydrolyse GTP to guanosine diphosphate (GDP) (Nogales et al. 1998). GTPase
activity is present in assembled MTs only, free tubulin dimers do not hydrolyse GTP (David-Pfeuty
et al. 1977). Simultaneous addition of GTP-bound tubulin dimers to the plus end and simultaneous
hydrolysis of GTP on -tubulin yielding GDP in the lattice give rise to pertaining GTP region at the
very plus end (Roostalu et al. 2020), called the GTP cap. The GTP/GDP state, among other things,
dictates the dynamics of the MT (Fig. 1).

1.1.1. Dynamics of MTs

MTs can grow on both ends by polymerization of tubulin dimers (Mitchison & Kirschner 1984).
The growth can switch to rapid depolymerization in events called catastrophes (Odde et al. 1995)
and be rescued back to the growing phase (Walker et al. 1988). These transitions are called dynamic
instability (Mitchison & Kirschner 1984), refer to Fig. 1. Catastrophes and rescues are not entirely
stochastic events, since newly polymerized MTs show a lower probability of catastrophes than
longer and older MTs (Odde et al. 1995, Gardner et al. 2011). A proposed explanation is that the
structure of the plus end is evolving in time and possibly gathers defects that increase the chance of
a catastrophe. The rescues could then happen preferentially at “GTP island” sites within the MT,
where the hydrolysis of GTP in the lattice has not been completed (Dimitrov et al. 2008).
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1.1.1.1. Dynamic and stable MTs

Not all MTs show identical dynamics. Some MTs manifest the classical dynamic instability be-
haviour (Mitchison & Kirschner 1984). Axonemal MTs, on the other hand, are far less dynamic
(Orbach & Howard 2019), and their length is controlled by the transport of tubulin building blocks
to the distal tip where the plus end of MTs is located (W. F. Marshall & Rosenbaum 2001), reviewed
in (S. Kim & Dynlacht 2013). The minus end of axonemal MTs shows no observable turnover (W. F.
Marshall & Rosenbaum 2001), so tubulin is effectively “buried” in the proximal part of the axoneme,
being recycled only when the whole axoneme is disassembled. A more recent finding relativizes this
claim, though, because MTs can incorporate tubulin dimers not only at the ends but also along their
length (Schaedel et al. 2015). Additionally, there are indications that entry of material to the lumen
of axonemal MTs post-assembly is possible (Vaughan et al. 2006).

Diversification of MTs to more and less dynamic takes place also in the growth cone of the neuron
(the distal structure at the end of an axon which facilitates pathfinding and wiring to other neurons
during development, reviewed in (Pinto-Costa & Sousa 2021)). In the growth cone, highly dynamic
MTs protrude into sprouting and retracting filopodia; stabilised MTs are present in the axon shaft
(Schaefer et al. 2002). Participation of MTs in specialized cellular structures (like the growth cone) is
however not necessary for observing differences in dynamics of MTs within one cell - individual
MTs in the cytoplasm of fibroblasts can have different dynamics, which cannot be inferred from
their spatial arrangement (Webster & Borisy 1989). Another example is found in the bristles of Dro-
sophila: MTs constitute there two distinct populations with different dynamics and preferred orien-
tations (Bitan ef al. 2012). Distinct dynamics might stem from the need of functional specialization of
MTs, e. g. for transport to the apical or basolateral side of a polarized epithelial cell (Potis et al. 1998)
Apparently, the dynamicity of MTs, together with the resistance to various depolymerization agents
like detergents (Witman, Carlson, & Rosenbaum 1972) is rather a continuous spectrum than distinc-
tive categories.

1.1.1.2. Selected modifiers of MT dynamics!

Post-translational modifications (PTMs) of tubulin (e. g. acetylation of a-tubulin) play an im-
portant role in the tuning of MT dynamics, reviewed in (MacTaggart & Kashina 2021). PTMs occur
mostly at the acidic C-terminus of tubulin, exposed to the environment (Bigman & Levy 2020). The
regulation of MT dynamics, stability, and potential to interact with various proteins through PTMs
is called the tubulin code, summarized in (Janke 2014). Examples of the PTMs are detyrosination,
polyglutamylation, and polyglycylation (happening at the C-terminal tail). Acetylation of lysine 40
(K40) of a-tubulin is located in the lumen (Nogales et al. 1999). This PTM is long-known (L’'Hernault
& Rosenbaum 1985). K40 is predominantly acetylated in long-lived and stable MTs (LeDizet &
Piperno 1986). An ongoing debate is running whether K40 acetylation is a passive mark of stable
MTs, or whether it contributes to the stability of MTs itself (Eshun-Wilson et al. 2019). The recent
data suggest that K40 acetylation does affect the lattice - it weakens the lateral contacts of protofila-
ments, rendering them more flexible and less prone to spreading of defects like missing tubulin
dimers (Eshun-Wilson ef al. 2019).

Small molecules are another key tool to manipulate and probe the dynamics of MTs. Paclitaxel
(also known by the registered name taxol) is widely used in experimental work and the treatment
of cancer (Weaver 2014). Paclitaxel, isolated from the bark of Taxus brevifolia, stabilizes MTs against
cold and calcium-induced damage, lowers the critical tubulin concentration needed for MT assem-
bly, and prevents depolymerization (Schiff et al. 1979). The taxanoid binding site (where paclitaxel
and related drugs bind) is located in the lumen of assembled MTs; paclitaxel passes the fenestrations
in the MT lattice to enter the lumen (Fig. 2) (Nogales et al. 1995). More precisely, paclitaxel associates
with an intermediate binding site available from the solution and is then flipped inside to its proper
binding position (Freedman et al. 2009). Paclitaxel-bound MTs show increased flexibility and tend
to have fewer protofilaments than drug-free MTs (Kellogg et al. 2017).

1 A bewildering array of regulators (including proteins, post-translational modifications, and drugs) is
known, and it is not possible to state a detailed description of each. We focus here only on the acetylation of
lysine 40 in a-tubulin and a small molecule paclitaxel, since these are the most relevant for the results pre-
sented here.
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Fig. 2: Atomic van der Waals models of MT lattice and
paclitaxel. Fenestrations in the MT lattice (light grey) are
large enough to enable lumen entry of paclitaxel (white
smaller molecules). Proteins are too bulky to enter via
fenestrations. Reprinted from (José Fernando Diaz et al.
2003), modified.

1.1.2. The axoneme

MTs in the cilia and flagella? of most eukaryotic organisms assemble into a conserved structure
called the axoneme (reviewed in (Ishikawa 2017)). The overall structure is depicted in Fig. 3. Usually,
the axoneme comprises one central pair of single MTs, surrounded by nine outer MT doublets
(MTDs) (Fawcett & Porter 1954) in the so-called “9 + 2”7 arrangement. In the MTD, one MT (called
A-tubule) is fully assembled with 13 protofilaments, the B-tubule is attached to the A-tubule and
contains only 10 protofilaments (reviewed in (Kohl & Bastin 2005)). 11th protofilament was some-
times distinguished in the B-tubule, but it is thinner (Nicastro et al. 2006) and is actually composed
of other proteins than tubulin (Nicastro et al. 2011, Dymek et al. 2019).

The “9 + 2”7 arrangement does not apply to non-motile primary cilia, which lacks the central pair
(Kiesel et al. 2020). Overall, human primary cilia are less organised as their “9 + 0” structure is pre-
sent at the very base only. In more distal parts, the organization becomes less ordered since some
MTs are terminating along the cilium, not only at its end (Kiesel et al. 2020). Furthermore, the
“9 + 0” arrangement does not preclude the motility of the cilium, because some motile cilia were
found to have this structure (Nonaka et al. 1998). “9 + 2” pattern is common but not universal; spi-
ders, for instance, can possess “9 + 3” axoneme in their sperm cells (Dallai ef al. 1995). Much more
divergent patterns are to be found in protists, like the minimalistic motile flagellum with mere three
MTDs (“3 + 0”) in gregarine Diplauxis hatti (Prensier et al. 1980).

In the motile cilia, the beating pattern is facilitated by the dynein molecular motors which are
repeatedly switched on and off (J. Lin & Nicastro 2018). The dynein motors are protruding from the
A-tubule and walk on the B-tubule of a neighbouring MTD (Walton et al. 2021) (Fig. 3). They are
arranged into outer and inner dynein arms and walk towards the minus end at the base of the ax-
oneme (Schroer et al. 1989). MTDs are interconnected with nexin links, which, besides other roles,
help to redistribute the mechanical load of dynein arms (Oda, Yanagisawa, & Kikkawa 2014).

%
&me&mﬂo
%bom p > LY ¢ gx W% -5:% Central pair
‘£ \6 Outer doublet __ .
& B c,°°o u Fig. 3: A schematic structure of the axoneme on
§09§ gy ‘Z Radial spoke a transverse cut with the typical “9 + 2” arrange-
Qo g %8 » ) & < ment. A central pair of singlet MTs is surrounded by
P0c® Cogt Y \ \ ynein motor . .
o @ b Y 9 peripheral MTDs. In the MTD, one MT is complete
Yo, &2 T —— with 13 protofilaments (the A-tubule), another in-
%oggﬁc’éé 8 /éai"nopg complete MT with 10 protofilaments is attached to it
%m‘\(‘: @ = Pags® (the B-tubule). Other structural features (radial
& ggf’%o Nt 4 spokes, dynein motors, and nexin links) are in-
g —2 25 ° cluded. Reprinted from (Gilpin et al. 2020) and mod-
Sl QE;.;IOW‘? ified

2 The terms “cilium” and “flagellum” can be used interchangeably, their structure is identical (for motile
cilia). Flagellum is more often used when referring to motile cells (like the sperm cell). Cilium is used when
referring to nonmotile cells (like the airway epithelial cells).
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1.2. MIPs in dynamic MTs3
1.2.1. Early discoveries of MIPs

Since early EM (electron microscopy) structural studies using chemical fixation of cells followed
by heavy metal staining, MTs were observed to sometimes contain luminal material. This was con-
firmed for human blood platelets (Xu & Afzelius 1988), frog olfactory neurons (Burton 1984), or frog
gliocytes (Rodriguez Echandjia et al. 1968). No data were published on the identity or function of the
luminal content at the time since resolving molecular details were unreachable with that method.
Furthermore, from today’s perspective, some but not all of the observations of dark-lumen MTs
could be possibly attributed to staining artefacts (e. g. dark-lumen MTs in (Sandborn et al. 1964)). An
example of dense-core MTs stained with heavy metals is in Fig. 4. Later, these proteins inside mi-
crotubules were named microtubule inner proteins (MIPs) (Nicastro et al. 2006).

Fig. 4: MTs from frog olfactory neurons containing luminal material. Samples were stained with tannic
acid and osmium tetroxide and cut transversely. Arrows are pointing to intraluminal densities. 518,000x mag-
nified. Reprinted from (Burton 1984).

1.2.2. Cryo-EM techniques applied on MIPs in dynamic MTs

New insight was gained with the advent of cryo-EM techniques used with embedding in vitreous
ice which enable high contrast even in the absence of any contrasting agent (reviewed by (Al-
Amoudi et al. 2004)). Garvalov and colleagues examined rat neurons, astrocytes, and stem cells by
cryo-EM, and found abundant MT luminal particles with a diameter of approximately 7 nm
(Garvalov et al. 2006) (Fig. 5). Particles were distributed non-homogenously, but their interspacing
was in multiples of 4 nm (the length of tubulin monomer repeat in the lattice). The authors suggested
that the tubulin acetyltransferase (not yet identified at that time) or deacetylase could account for
these densities. Similar particles with a diameter of 6 nm were found in Chinese-hamster ovary cells
(Bouchet-Marquis et al. 2007) and mouse embryonic fibroblasts (Koning et al. 2008). Neurons had
higher numbers of particles with shorter distances compared to non-neuronal cells.

1.2.3. a-tubulin acetyltransferase 1

a-tubulin acetyltransferase 1 (aTAT1, not to be confused with anti-tubulin TAT1 antibody) was
the first identified MIP (Akella et al. 2010, Shida et al. 2010). In C. elegans, the luminal particles in
neurons responsible for touch sensitivity disappear when aTAT1 and its additional paralog are de-
leted (Topalidou et al. 2012). aTAT1 acetylates K40 of a-tubulin, no other substrate is known but
they possibly exist, at least in C. elegans (Akella et al. 2010). K40 is massively acetylated especially in
the axoneme (L'Hernault & Rosenbaum 1985, Akella et al. 2010), but also in axons (S. Lin et al. 2017)

3 Classification to “dynamic MTs” and “axonemal MTs” is discussed on page 42.
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Fig. 5: Luminal particles in MTs of rat neuronal processes. Thin slice with a rat neuronal process was
acquired using cryo-ET (left). Two MTs (black arrowheads) were 3D-reconstructed; MT lattice is in green,
luminal particles in red (right). Scale bar size not reported, inferred to be 50 nm from other figures in the
publication. Reprinted from (Garvalov et al. 2006).

and non-neuronal cells (Soppina et al. 2012). K40 residue and its acetylation by aTAT1 is conserved
among cilia-bearing organisms (Piperno & Fuller 1985, Shida et al. 2010), so it is possible to use Danio
rerio aTAT1 for acetylation of porcine tubulin (Kormendi et al. 2012). aTAT1 is however missing in
plants and fungi (Akella et al. 2010).

There is a disagreement whether aTAT1 is the only K40 acetyltransferase in the human (Shida et
al. 2010, Kalebic, Sorrentino, et al. 2013), or whether another tubulin acetyltransferase enzyme exists
(Akella et al. 2010). aTAT1 paralog named aTAT?2 exists in C. elegans but not in the human (Shida et
al. 2010, Kormendi et al. 2012) A knock-out mice strain of aTAT1 gene has no detectable levels of K40
a-tubulin acetylation. Intriguingly, no major phenotype is observed in the strain, although sperm
motility is affected (Kalebic, Sorrentino, ef al. 2013). These arguments are in favour of aTAT1 being
the solely a-tubulin K40 acetyltransferase, at least in mammals. Oppositely, the catalytic subunit
Elp3 of the elongator complex can acetylate a-tubulin, too (Creppe et al. 2009). A definite conclusion
is still to be drawn.

K40 acetylation is counteracted by histone deacetylase 6 (HDAC6) (Hubbert et al. 2002). Sirtuin 2
is another K40 deacetylase, using both assembled and depolymerized tubulin as the substrate (North
et al. 2003). HDACS5 was identified as the third tubulin deacetylase (Y. Cho & Cavalli 2012). No data
on luminal localization of sirtuin 2 and HDACS are available. HDACS6 localization is discussed in
chapter 1.2.5.

1.2.3.1. aTAT1 as a MIP

The structure of the N-terminal part of aTAT1 is known (Friedmann et al. 2012, Szyk et al. 2014);
C-terminal residues (from position ~200) are disordered and not required for the enzymatic function
(Shida et al. 2010, Friedmann et al. 2012, Taschner et al. 2012). The fold of aTAT1 is similar to histone
acetyltransferases and the size is permitting for the enzyme, which is monomeric, to enter the lumen
(Kormendi et al. 2012). A basic cleft on the surface of aTAT1 harbours the complementary acidic
loop with K40 of the a-tubulin (Taschner et al. 2012). This residue was previously shown to face
inward the MT lumen (Nogales et al. 1999, Huilin Li et al. 2002, Soppina et al. 2012), so it was unclear
how does aTAT1 reach its substrate because assembled MTs are strongly preferred over free tubulin
dimers as the substrate (Webster & Borisy 1989, Akella et al. 2010).

Immediately after the discovery of aTAT1, it was proposed that aTAT1 enters the MT from its
open extremities (Akella et al. 2010). Acetylation patterns in the axoneme supported this hypothesis
- acetylated tubulin was most abundant at one or both ends and vanished in the middle of the MTs.
aTAT1 is approximately 3-6 nm in diameter and can hardly fit through the 1.7 nm fenestrations of
the tubulin lattice (Nogales et al. 1999, Taschner et al. 2012) (see Fig. 2).
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aTAT1 was suggested to enter the lumen in three different ways: 1) Accessing the lumen through
the ends (as mentioned above) or lattice defects (Akella et al. 2010, Coombes et al. 2016). 2) Through
co-polymerization with tubulin, mentioned in a review by (Perdiz et al. 2011). 3) By accessing the
K40-containing loop from the outside in synergy with MT “breathing” (transient openings in the
lattice) (Shida et al. 2010, Yajima et al. 2012). In their detailed work, Coombes and co-authors showed
that the end-entry route is the most probable one (Coombes et al. 2016). In their hands, aTAT1 dif-
fusion inside the lumen was restricted by a high on-off binding rate to the tubulin lattice. Conse-
quently, acetylation of a-tubulin was predominantly located around entry sites (i. e. the ends and
breaks in the lattice). This mode of lumen entry is supported by older works reporting the acetylation
patterns in distinct domains on MTs (Webster & Borisy 1989). aTAT1, however, associates with the
outer surface as well. Affinity towards the exterior of MTs could facilitate a sufficient entry rate by
concentrating aTAT1 nearby the entry points (that is, the terminal openings and lattice defects)
(Howes et al. 2014).

A very recent article probed the accessibility of MT lumen and visualized the lumen entry in real-
time (Nihongaki et al. 2021) (previous work relied on post-entry labelling by antibodies (Coombes et
al. 2016)). The authors reliably show that large proteins like IgG antibodies cannot reach the lumen
if the sample is not fixed. To quantitatively test the lumen entry in living cells, they expressed
B-tubulin with inserted rapamycin dimerization domain in the middle of the tubulin protein se-
quence, so that the dimerization domain is facing the lumen. Upon rapamycin treatment, a fluores-
cent protein fused to a complementary dimerization domain translocates to the MT lumen through
the ends and lattice defect sites (Fig. 6). Interestingly, co-polymerization with tubulin seems to be
the main route of entry, but diffusion-driven entry is observable as well. Once in the lumen, proteins
diffuse 0.2-1 pm/min, depending on the concentration of the fluorescent probe. These findings shed
new light on the problem of MT lumen entry, but the topic is still mostly unexplored. Ways how
MIPs enter the lumen thus remain unclear.

+ Rapamycin

Lateral entry  Tip entry

Fig. 6: Direct observation of luminal entry of proteins by diffusion. Cells expressing p-tubulin with inserted
dimerization domain facing to the lumen were transfected with yellow fluorescent protein fused to rapamycin
dimerization domain. Upon rapamycin treatment, the fluorescent protein signal begins to translocate to the
MT, either at the tip (top row), or by lateral entry (bottom row) where the lattice is locally perturbed. This
diffusion-driven entry is observable when polymerization of new MTs is halted by nocodazole, and cells are
extracted by detergent. Tubulin is in red, YFP signal is in green. Scale bar 1 ym. Reprinted from (Nihongaki et
al. 2021) and modified.

1.2.4. Microtubule-associated protein 6

Microtubule-associated protein 6 (MAP6) was initially identified as a calmodulin-binding protein
associated with cold-stable MTs in neuronal tissues, as reviewed in (Bosc et al. 2003). Its original
name was STOP (Stable Tubule-Only Polypeptide) because it protects MTs from the cold- and no-
codazole-induced depolymerization (Guillaud et al. 1998, Andrieux et al. 2002). Three isoforms are
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generated from a single gene by alternative splicing (Bosc et al. 2003). MAP6 is highly expressed in
the human lungs and brain; testis, heart, muscles, and kidneys show lower MAP6 expression
(Aguezzoul et al. 2003). The pivotal role of MAP6 in neural tissues is pronounced in MAP6-deficient
mice, which evinces schizophrenic behaviour, albeit lacking any morphological or somatic impair-
ment (Andrieux et al. 2002). Unsurprisingly, MAP6 mutations are linked to schizophrenia in hu-
mans, too (Shimizu et al. 2006).

The propensity of MAP6 to bind MTs and protect them from cold-induced depolymerization
stems from its structure (Lefevre et al. 2013). Upon cooling, MAP6 progressively associates with MTs
and prevents their depolymerization (Delphin et al. 2012). This is caused by an increase of affinity of
MAP6 towards MTs in lower temperatures, probably by cold-induced structural changes (Delphin
et al. 2012). Such behaviour implies that MAP6 might have low-structured regions, which is in agree-
ment with its tendency to form aggregates in amyotrophic lateral sclerosis patients (Letournel et al.
2003).

Surprisingly, MAP6 is also a MIP. A recent work (Cuveillier et al. 2020) reports that MAP6 knock-
out neurons possess luminal particles in 27 % of MTs, compared to 64 % of wild-type cells. The
authors then co-polymerized MAP6 with tubulin and many luminal densities attributed to MAP6
appeared (Fig. 7). When MAP®6 is added to already preformed MTs, no inner particles are observa-
ble. Furthermore, MAP6 increases the frequency of catastrophes, but it slows down depolymeriza-
tion at the same time. Lastly, MAP6 substantially changes the lattice of the MT when bound inside
- it induces a twist of the MT and creates apertures. Hence, the authors suggest that MAP6 acts as
a stabilizing MAP along the lattice, as a dynamicity modulator at the ends of the MTs, and as a MIP
inside the lumen, entering by co-polymerization. Further work will be needed to confirm this hy-
pothesis.

f{‘*_;; Fig. 7: MTs co-polymerized with MAPS6, visualized by cryo-ET.

>' 3 "\"- - . . . .
SEEREER A transverse section view along the black line is shown below the

O main figure with visible luminal material. Arrowheads mark the
W
i 244 densities inside one MT. Reprinted from (Cuveillier et al. 2020).
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1.2.5. Other and putative MIPs of dynamic MTs

Other proteins besides aTAT1 and MAP6 are suggested to be MIPs in dynamic MTs. HDAC6
was first thought to deacetylate only assembled MTs (Hubbert et al. 2002). Others (Miyake et al. 2016)
claimed that HDAC6 prefers free tubulin dimers as the substrate but can enter the lumen of MTs as
well. HDAC6 has no preference for ends and deacetylates MTs stochastically along their whole
length, oppositely to aTAT1 (Coombes et al. 2016). Another work suggests a third mode of action,
and that HDACS6 strongly prefers free tubulin with no activity towards MTs (Skultetyova et al. 2017).
A definitive answer is not available yet. The molecular size of HDCAG6 (~130 kDa compared to ~47
kDa mass of aTAT1) is not in favour of luminal entry, though.

A
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Tau protein is well-known for the tendency to form plaques in neural cells leading to Alzheimer’s
disease (reviewed in (Ittner & Go6tz 2011)). Tau lacks ordered tertiary structure (Popov et al. 2019).
Although not being a true MIP, tau is suggested to protrude to the lumen from the outside through
the fenestrations and compete with paclitaxel at its binding site (Kar et al. 2003). Inaba and colleagues
(Inaba et al. 2018) designed a tau-derived peptide that localizes to the lumen of MTs, revealed by
gold bead-labelling and EM. Contrary to these claims, other works did not find any influence be-
tween tau and paclitaxel site-binding drugs (Kadavath et al. 2015) or do not report on tau protrusion
inside MTs when resolving the structure of the tau-tubulin interface (Kadavath et al. 2018). Hence,
tau membership in the MIP team remains elusive.

Recently, an unexpected phenomenon of actin filament presence in the lumen of MTs was noted
(Paul et al. 2020). Actin appears inside MTs only when treatment with kinesore, a kinesin-targeting
drug, is applied to cells. This drug induces MTs to bundle, loop, and create projections at the cell
periphery, where the actin filaments are found in the lumen of MTs. The relevance of this discovery
is unclear since no details pertaining to the route of entry and the role of kinesore are known.

1.3. MIPs in axonemal MTs

Similarly to dynamic MTs, early axonemal MIPs studies utilize contrasting techniques and trans-
mission EM of thin sections. One of the first reports on MIPs in the axoneme (Stanley et al. 1972)
describes a development process of Drosophila melanogaster spermatids. Authors note that during the
maturation, MTs in the axoneme accumulate dense luminal material of unknown composition and
function. A similar pattern was also published more recently (Ghosh-Roy et al. 2004), Fig. 8. Material-
containing axonemal MTs are also present in other species, e. g. in spiders (Dallai ef al. 1995), humans
(Afzelius et al. 1995), and Trypanosoma (Vaughan et al. 2006). The resolution obtained in these studies
(using transmission EM performed on samples usually stained by heavy metals or tannic acid, fixed,
and embedded in resin) can hardly yield any atomic details, though. Sub-nanometre resolution is
needed to resolve secondary structures of proteins, which can facilitate protein identification
(Ichikawa et al. 2017).

Fig. 8: Axoneme of Drosophila melanogaster spermatids accumulates luminal material in the lumen of
MTs. A: Early stage of spermatid development. Axoneme on a transverse cut shows no luminal material in
MTs. B: Late stage of spermatid development. All MTs now contain dense luminal material as seen on a
transverse cut through the axoneme. Arrows are pointing to two of the material-containing MTs. A: 226,000x
magnified, reprinted from (Stanley et al. 1972). B: Scale bar 200 nm, reprinted from (Ghosh-Roy et al. 2004).

1.3.1. Cryo-EM techniques applied to axonemal MIPs

Progress in revealing the architecture of the axoneme was immensely boosted by cryo-EM tech-
niques. In cryo-electron tomography (cryo-ET), the sample is rapidly frozen in liquid ethane, so that
water contained in the biological sample vitrifies into amorphous ice. Thin samples are then imaged

8



by an EM in a series of tilts. 3D reconstruction or tomogram is then calculated from individual im-
ages taken in different angles; reviewed by (Wagner et al. 2017). A complementary approach, called
single particle cryo-EM, utilizes a classification of individual objects from EM pictures into groups
by similarity (i. e. particles with similar structure and orientation). A complex 3D model is then
assembled if enough particles in all rotations are captured. Summarized e. g. in (Cheng et al. 2015).
Both techniques revolutionized structural biology and the research on MIPs.

The first work to show MIPs (and coined the term) in the axoneme by cryo-ET was performed on
sea urchin sperm and flagella of Chlamydomonas reinhardtii (Nicastro et al. 2006); this work achieved
an overall resolution of ~4 nm. This value is close to the resolution limit needed to reveal MIPs,
because one previous work by the same group, also performed on sea urchin sperm, did not reveal
any MIPs in the axoneme (Nicastro et al. 2005). More detailed structures followed both from C. rein-
hardtii or Tetrahymena thermophila (Fig. 9) (Pigino et al. 2012, Ichikawa et al. 2017, Ma et al. 2019). No
high-resolution structure from the human is available yet. A comparison of the three most common
model organisms in axonemal research - C. reinhardtii, T. thermophila, and sea urchin - showed sub-
stantial but still incomplete conservation of luminal structures in MTDs (Pigino et al. 2012).

A

Fig. 9: Progress in structures of the axoneme and contained MIPs. Four depictions of one MTD of the
axoneme of Chlamydomonas reinhardtii (A, B, D) or Tetrahymena thermophila (C) from four publications are
compared. The year of publishing is stated. MTDs are viewed on transverse sections with various MIPs in
colour; A and B are schemas, C and D are three-dimensional reconstructions made by single particle cryo-
EM. The resolution reached is 4, 3.4, 0.57, and 0.35 nm respectively for structures A—D. Note that the B-tubule
in structure A is drawn with 11 protofilaments. Reprinted from (Nicastro et al. 2006, Pigino et al. 2012, Ichikawa
et al. 2017, Ma et al. 2019) and modified.

The most recent and most detailed structure of the MTDs comes from the flagellum of C. rein-
hardtii (Ma et al. 2019). This unprecedently detailed model reached atomic resolution by single par-
ticle cryo-EM and identified 33 MIPs (Fig. 9 D). MIPs decorate nearly all the inner surface of the
MTD, being more abundant in the A-tubule than the B-tubule. MIPs have different repeat lengths
(8, 16, or 48 nm), that is, what is the distance of the protein on the axoneme between its repeated
occurrence. Repeat lengths of 24 and 96 nm are exclusive to outer proteins. The overall repeat length
of the axoneme is now believed to be 96 nm and is imposed by two outer proteins acting as “molec-
ular rulers” (Oda, Yanagisawa, Kamiya, et al. 2014). Interestingly, when these ruler proteins are ar-
tificially extended by insertion of one extra domain, the overall repeat length of the axoneme



increases accordingly. MIPs appear to have a separate overall repeat length of 48 nm (Ma et al. 2019).
The repeat lengths are dictated by the size of the tubulin dimer, which is 8 nm (Nogales et al. 1995).

Other important conclusions stem from the work of (Ma et al. 2019). First, MIPs are observed to
protrude through the lattice fenestrations either from the A-tubule towards the B-tubule lumen or
from the lumen to the outside, where contacts to e. g. outer dynein arms are made. This penetrating
through tubulin lattice was also reported in earlier structures (Ichikawa et al. 2017). MIPs thus facil-
itate the inside-outside communication on MTs, which might have important implications for the
K40 acetylation readout. Two MIPs were indeed shown to bind to the K40 loop of a-tubulin. Second,
new light was shed on the roles of MIPs in the axoneme. Their predominant function is to reinforce
the MT they are contained in against the mechanical stress generated by flagellum bending (Owa et
al. 2019). A previous report discovered that deletion of MIP protein RIB72 in T. thermophila leads to
slower swimming speed and abnormal beating patterns (Stoddard et al. 2018). There is little to no
data on axonemal MIPs lumen entry. Ma and colleagues speculate that MIPs co-assemble with the
whole axoneme in a precisely organized manner (Ma et al. 2019). The possible turnover of axonemal
MIPs (if any exists) remains unexplored.

1.3.2. TAILS complex in sperm cells

MIPs in the axoneme can associate with the tubulin wall in a longitudinal manner, copying the
direction of protofilaments (Nicastro et al. 2011). An alternative mode of MIPs binding is a spiral
pattern created by adhering to laterally neighbouring tubulin dimers. This pattern was first observed
by cryo-ET in the distal part of the axoneme of human sperm cells, and the complex of MIPs was
named TAILS (Tail Axoneme Intra-Lumenal Spiral) (Zabeo et al. 2018). A 3D reconstruction and
a schematic model are in Fig. 10. A cryo-EM image of MTs containing TAILS is in Fig. 11.

Inner junction

Outer junction
10 nm
—

10 nm

Fig. 10: TAILS complex in the human sperm cell axoneme. A: Longitudinal reconstruction of a MTD (blue)
containing the left-handed spiral of TAILS with 8 nm pitch in the A-tubule (green) and TAILS-like structure in
the B-tubule. B: A top view on a MTD containing TAILS (plus end facing the reader). The position of the seam
in the A-tubule is indicated. C: A scheme of a MTD containing TAILS. The TAILS spiral (green) is interrupted
at the seam in the A-tubule. Reprinted from (Zabeo et al. 2018).
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Fig. 11: TAILS appears as regular oblique striation on MTs. A cryo-EM picture of a human sperm cell near
the flagellum tip. Arrowheads are pointing to MTs containing TAILS. Direction towards the head and the tip
are denoted. Reprinted from (Zabeo 2021).
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TAILS is present in both A-tubule (fully-assembled spiral) and B-tubule (as a TAILS-like struc-
ture). The complex spans from the most distal part of the end-piece (also known as the tip) where
MTDs are split into singlet MTs (Zabeo et al. 2019) to the zone where A- and B-tubule are merged
into MTDs. TAILS is terminated approximately 3 pm from the tip (Zabeo et al. 2018). TAILS also fills
the central pair singlet MTs, up to 10 um from the tip. The composition of this complex, atomic
structure, way of assembly, and function are unknown. The speculation is that TAILS can reinforce
the lattice, suppress the dynamics of the plus end of axonemal MTs (since there is no intraflagellar
transport in sperm cells which is needed to replenish dissociated GDP tubulin by fresh GTP tubulin
(San Agustin et al. 2015)), or induce a tip-specific structure of MT lattice to define a distinct binding
surface for alleged MIPs and MAPs (Zabeo 2021).

Unpublished preliminary results (Zabeo 2021) show the evolutionary distribution of TAILS: It is
present in the bull, chicken, and frog Xenopus tropicalis. Also sperm cells of pigs and horses contain
TAILS (Leung et al. 2021), but the complex is, however, missing in C. reinhardtii (Jordan et al. 2018),
T. brucei (Zabeo 2021), and surprisingly in mice as well (Leung et al. 2021). A MIP similar to TAILS
was observed in the lumen of MTs in the basal body (a structure continuous with the axoneme,
anchoring it in the cytoplasm) of bovine tracheal cilia (Greenan et al. 2020).

The identities of proteins constituting the TAILS complex are not known, although doublecortin
domain-containing 2C protein (DCDC2C) is a good candidate (Zabeo 2021). This understudied pro-
tein was reported to localize solely to the tip in human sperm cells (Jumeau et al. 2017). The mouse
DCDC2C knock-out strain shows significant phenotype only for skeletal defects (as published by
the International Mouse Phenotyping Consortium, www.mousephenotype.org/data/genes/MGI:
1915761). No other data on the structure or function of DCDC2C are available. Other members of
the doublecortin family act as MT stabilizers and enhancers of nucleation (Moores et al. 2004).
A related protein DCDC2A was linked to hear loss when mutated in humans (Grati et al. 2015).
DCDC2A localizes to kinocilia of sensory hair cells and along the whole length of primary cilia.
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2. Aims

This thesis aimed to address the knowledge gap of microtubule inner proteins (MIPs) identity,
particularly in the dynamic structurally nonspecialized microtubules of human cells?, and the Tail
Axoneme Intra-Lumenal Spiral (TAILS) complex in vertebrate sperm cells.

As for the dynamic MTs which are part of the general cytoplasmic cytoskeletal network, not much
is known about MIPs inside since cryo-EM data cannot be enhanced by averaging of precisely re-
peating patterns. This thesis strived in its first part to generate a set of biochemical and visualization
tools and methods allowing the indirect study of MIPs in dynamic MTs.

A handful of proteins has been identified as MIPs in the axonemes of various model organisms,
especially protists like Chlamydomonas reinhardtii (Ma et al. 2019) or Tetrahymena thermophila
(Stoddard et al. 2018). The second part of this thesis contributed to endeavours to identify the con-
stituent of the newly described TAILS complex.

Specifically, the list of goals was following:

1. Obtain lists of new candidate proteins for MIPs in dynamic MTs using two independent
approaches followed by mass spectrometry (MS) analysis, i. e. proximity-dependent bio-
tin identification (BiolD) by a promiscuous biotin ligase, and isolation of microtubules
from cultured human cells.

1.1 Prepare a set of cell lines stably expressing fusion proteins with the biotin ligase and
isolate biotinylated proteins, enriched in prospective MIPs.

1.2 Optimize the method of direct MTs isolation from cultured mammalian cells.

1.3 Generate proteomes from both approaches, searching for MIPs candidate proteins.

2. Obtain a list of candidate proteins for the TAILS complex in sperm cells by immunofluo-
rescent (IF) labelling and subsequent FACS (fluorescent-activated cell sorting) and MS
analysis. Optimize the methods of IF labelling and FACS applied to bull sperm cells.

4 Classification to “dynamic MTs” and “Axonemal MTs” is discussed on page 42.
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3. Materials & methods

3.1. Materials

3.1.1. Buffers & media

PBS (Phosphate buffer saline)

137 mmol/1 NaCl (Penta, s. r. 0., Prague, Czech Republic)

2.7 mmol/1 KCl (Lachema, s. r. 0., Brno, Czech Republic)

10 mmol/1 Na;HPO4 (Lachema, s. 1. 0., Brno, Czech Republic)
1.8 mmol/1 KH,PO; (Penta, s. r. 0., Prague, Czech Republic)
pH adjusted to 7.4 by NaOH or HCL

HBSS (Hank’s balanced salt solution)

137 mmol/1 NaCl (Penta, s. r. 0., Prague, Czech Republic)

5 mmol/1 KCl (Lachema, s. 1. 0., Brno, Czech Republic)

1.1 mmol/1 Na,HPO, 12 H.O (Lachema, s. r. 0., Brno, Czech Republic)
0.4 mmol/1 KH>POy (Penta, s. r. 0., Prague, Czech Republic)

5.5 mmol/1 glucose (Merck KGaA, Darmstadt, Germany)

4 mmol/1 NaHCO;s (Lachema, s. 1. 0., Brno, Czech Republic)

pH adjusted to 6.9 by NaOH or HCl. Autoclaved.

MSB (microtubule-stabilizing buffer)

To be dissolved in HBSS.

20 mmol/1 MES (2-(N-morpholino)ethanesulfonic acid) (Merck KGaA, Darmstadt, Germany)

2 mmol/1 EGTA (ethylene glycol-bis(-aminoethyl ether)-N,N,N',N'-tetraacetic acid) (Merck KGaA,
Darmstadt, Germany)

2 mmol/1 MgCl (Penta, s. r. 0., Prague, Czech Republic)

4 % (w/V) PEG 6000 (polyethylene glycol, average molar mass 6000 g/mol) (Merck KGaA, Darm-
stadt, Germany)

For fixation of cells prior to IF labelling, paraformaldehyde (PFA) was dissolved in MSB to reach 3
% (w/V). (Merck KGaA, Darmstadt, Germany)

LB (lysogeny broth)

5 g bacto tryptone (BD, Franklin Lakes, New Jersey, USA)

2.5 g yeast extract (Applichem, Council Bluffs, lowa, USA)

5 g NaCl (Penta, s. 1. 0., Prague, Czech Republic)

Filled to 0.5 I with dH>O (distilled water). Autoclaved.

Agar PDs (Petri dishes) were prepared from ready-to-dissolve LB broth with agar (Lennox) (Merck
KGaA, Darmstadt, Germany) with 100 pg/ml ampicillin. (Merck KGaA, Darmstadt, Germany).

SOB (Super optimal broth)

2 % (w/V) tryptone/ peptone (Thermo Fisher Scientific, Waltham, Massachusetts, USA)

0.5 % (w/V) yeast extract (Applichem, Council Bluffs, lowa, USA)

10 mmol/1 NaCl (Penta, s. r. 0., Prague, Czech Republic)

2.5 mmol/1 KCI (Lachema, s. r. 0., Brno, Czech Republic)

Autoclaved.

Added 10 mmol/1 MgCl; (as sterile-filtered solution). (Penta, s. r. 0., Prague, Czech Republic)

TB (transformation buffer)

10 mmol/1 PIPES (piperazine-N,N'-bis(2-ethanesulfonic acid)) (Merck KGaA, Darmstadt, Germany)
15 mmol/1 CaClz (Lachema, s. r. 0., Brno, Czech Republic)

250 mmol/1 KCl (Lachema, s. r. 0., Brno, Czech Republic)
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pH adjusted to 6.7 by KOH or HCI. Autoclaved, supplied with sterile-filtered MnCl> to reach
55 mmol/1. (Carl Roth GmbH, Karlsruhe, Germany)

10x TAE buffer (tris, acetic acid, EDTA)

48.4 g tris base (tris(hydroxymethyl)aminomethane) (Merck KGaA, Darmstadt, Germany)
11.4 ml acetic acid (glacial) (Penta, s. r. 0., Prague, Czech Republic)

3.7 g EDTA (ethylenediaminetetraacetic acid) (Lach-ner, Neratovice, Czech Republic)
Filled with dH2O to 1 . Diluted 10 times for use.

4x Laemmli denaturing buffer

62.5 mmol/1 tris (Merck KGaA, Darmstadt, Germany)

2 % (w/V) SDS (sodium dodecyl sulphate) (Merck KGaA, Darmstadt, Germany)
10 % (w/V) glycerol (Penta, s. r. 0., Prague, Czech Republic)

5 % (V/V) mercaptoethanol (Merck KGaA, Darmstadt, Germany)

0.02 % (w/V) bromophenol blue (Merck KGaA, Darmstadt, Germany)

Diluted 4 times before use.

5% polyacrylamide gel (stacking)

125 mmol/1 tris (as a solution, pH 6.8) (Merck KGaA, Darmstadt, Germany)

5 % (V/V) acrylamide/bis-acrylamide 30% solution (Merck KGaA, Darmstadt, Germany)
1 % (w/V) SDS (Merck KGaA, Darmstadt, Germany)

1% (w/V) ammonium persulphate (Merck KGaA, Darmstadt, Germany)

0.04 % (V/V) TEMED (tetramethylethylenediamine) (Merck KGaA, Darmstadt, Germany)
dHO filled to 4 ml.

8% polyacrylamide gel (running)

375 mmol/1 tris (as a solution, pH 8.8) (Merck KGaA, Darmstadt, Germany)

27 % (V/V) acrylamide/bis-acrylamide 30% solution (Merck KGaA, Darmstadt, Germany)
1 % (w/V) SDS (Merck KGaA, Darmstadt, Germany)

1% (w/V) ammonium persulphate (Merck KGaA, Darmstadt, Germany)

0.04 % (V/V) TEMED (Merck KGaA, Darmstadt, Germany)

dH>O filled to 10 ml.

PAGE (polyacrylamide gel electrophoresis) running buffer
25 mmol/1 tris (Merck KGaA, Darmstadt, Germany)

192 mmol/1 glycine (Penta, s. r. 0., Prague, Czech Republic)

0.1 % (w/V) SDS (Merck KGaA, Darmstadt, Germany)

Filtered.

Blotting buffer

25 mmol/1 tris (Merck KGaA, Darmstadt, Germany)

192 mmol/1 glycine (Penta, s. r. 0., Prague, Czech Republic)
20 % (V/V) methanol (Penta, s. r. 0., Prague, Czech Republic)
Filtered, used prechilled to 4 °C.

TBST (tris-buffered saline + tween)

10 mmol/1 tris (Merck KGaA, Darmstadt, Germany)

150 mmol/1 NaCl (Penta, s. r. 0., Prague, Czech Republic)
0.05 % Tween 20 (V/V) (Merck KGaA, Darmstadt, Germany)
pH adjusted to 7.4 by NaOH or HCL

HMP buffer / BRB80 (high-molarity PIPES / Brinkley reassembly buffer)

HMP and BRB80 buffers are used in various scaled dilutions. Molarity is denoted as a number,
e. g. HMP400 means 400 mmol/1 HMP. BRB80 is used instead of HMP80 by custom.

For HMP1000 (lower molarities are prepared by diluting HMP1000 in dH-O):

1 mol/1 PIPES (piperazine-N,N'-bis(2-ethanesulfonic acid)) (Merck KGaA, Darmstadt, Germany)

10 mmol/1 MgCl; (Penta, s. r. 0., Prague, Czech Republic)
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20 mmol/1 EGTA (Merck KGaA, Darmstadt, Germany)
pH adjusted to 6.9 with KOH or HCI.

Lysis buffer for isolation of intact MT's

For 200 pl:

1.5 % (V/V) NP-40 detergent (Merck KGaA, Darmstadt, Germany)

10 umol/1 paclitaxel (Merck KGaA, Darmstadt, Germany)

10 mmol/1 ATP (Merck KGaA, Darmstadt, Germany)

125 pmol/1 GTP (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
15 pmol/1 cytochalasin D (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
1x cOmplete protease inhibitors (Roche, Basel, Switzerland)

5 ul DNase I (Merck KGaA, Darmstadt, Germany)

Filled to 200 pl with HMP250 (final molarity ~HMP200).

Prepared fresh from components before use.

Lysis buffer for isolation of MTs polymerized in cell lysate
0.5 % (V/V) Tween 20 detergent

10 mmol/1 ATP (Merck KGaA, Darmstadt, Germany)

1x cOmplete protease inhibitors (Roche, Basel, Switzerland)

5 ul DNase (Merck KGaA, Darmstadt, Germany)

Filled to 200 ul with BRB8O0.

Prepared fresh from components before use.

Cell culture medium

DMEM (Dulbecco’s Modified Eagle Medium) with GlutaMAX and 4.5 g/1 glucose (Thermo Fisher
Scientific, Waltham, Massachusetts, USA)

1x penicillin-streptomycin solution (Biowest, Riverside, Missouri, USA)

10 % (V/V) calf bovine serum (Thermo Fisher Scientific, Waltham, Massachusetts, USA)

3.1.2. Antibodies

Antibodies used in this thesis are listed in Table 1 and Table 2. TAT1 antibody is not to be con-
fused with aTAT1 a-tubulin acetyltransferase.

Table 1: Primary antibodies used in this thesis.

Target Dilution

Name protein Type Usage Source

1:25 (Woods et al. 1989),
TAT1 a-tubulin | Mouse monoclonal . V. Varga (IMG, Prague,

IF labelling :

Czech Republic)
, 1:150

DCDC2C | DCDC2C | Rabbit polyclonal - 22 Ji o Abcam, Cambridge, United
YL1/2 a-tubulin | Rat monoclonal .1:50 — Kingdom

immunoprecipitation

Table 2: Secondary antibodies and protein labels used in this thesis. HRP, horseradish peroxidase.

Name Cor_uugated Type Dilution Manufacturer
moiety Usage
. Donkey 1:400
DAM DL488 DyLight 488 anti-mouse | |F labelling | Jackson ImmunoResearch
) 1-400 Laboratories Inc, West Grove,
GAR cy3 Cy3 Goat anti- : _ Pennsylvania, USA
rabbit IF labelling

- 1:1000 Thermo Fisher Scientific, Wal-

Streptavidin-HRP | HRP - Western blot | tham, Massachusetts, USA
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3.1.3. Primers

Primers were acquired from Merck KGaA, Darmstadt, Germany. Used primers are listed in
Table 3. Primers were shipped as a lyophilized powder, dissolved in PCR (polymerase chain reac-
tion) grade dH>O to 100 umol/1 stock aliquots, and stored at —20 °C.

Table 3: DNA primers used in this thesis. GFP, green fluorescent protein.
Name Sequence (5'—3’)

ATAT1 _F_Kpnl TTAGGTACCAATGGAGTTCCCGTTCGATG
ATAT1 Iso4 R Xhol | TTCTCGAGTTAGTATCGACTCTCCTCAGAG
miniTurbo Pmel F AAGTTTAAACATGGGCAAGCCCATCCCCAACCC
AAGGATCCTTAAACTCGAGTGTACATGGTAC-
CGTCCAGGGTCAGGCGCTCCAG

GFP mTurbo Kpnl F | AAGGTACCATGGTGAGCAAGGGCGAGGAG
GFP mTurbo R CTTGTACAGCTCGTCCATGCC
MAPG6iso1 fwd BsrGl | AATGTACAATGGCGTGGCCGTGCATCAC
MAPG6iso1 _rev_Xhol ACCTCGAGTCAAGGGGAGCTCTCAATGT

miniTurbo_multi_R

MAP4_BsrGI_F CTTGTACACAATGGCTGACCTCAGTCTTGCAG
MAP4_Xho R AGCTCGAGGATGCTTGTCTCCTGGATCTGG
GFP_tubulin_F ATGGTACCGCCACCATGGTGAGCAAGGGCGAG
GFP_tubulin_R CCGGTGGATCCTTAGTATTCCTCTCCTTCTTCC

3.1.4. Plasmids

A list of plasmids used directly to generate results included in the thesis is in Table 4. Other
plasmids used for cloning but not directly for any results presented here are listed in Table 5. Maps
of vectors from Table 4 are attached as Supplement 1.

Table 4: Plasmids used in this thesis and reported in the Results section.

Name Structure
miniTurbo-GFP pGFT3-V5-miniTurbo-GFP
GFP-aTAT1 pGFT3-GFP-aTAT1 isoform4
oTAT1-GFP pGFT3-aTAT1_isoform4-linker-GFP
miniTurbo-GFP-aTAT1 | pGFT3-V5-miniTurbo-GFP-aTAT1_isoform4
GFP-MAP6 pGFT3-GFP-MAPG6 _rat
MAP6-GFP pGFT3-MAPG6 _rat-linker-GFP
miniTurbo-GFP-MAP6 | pGFT3-V5-miniTurbo-GFP-MAPG6_rat
MAPG-miniTurbo-GFP | pGFT3-MAPG_rat-linker-V5-miniTurbo-GFP
miniTurbo-GFP-MAP4 | pGFT3-V5-miniTurbo-GFP-MAP4
GFP-a-tubulin pGFT3-GFP-a-tubulin
Table 5: Other plasmids used for cloning.
Name/structure Source Used for
. Vladimir Varga, Institute of Molecular Backbone for vectors with
PGFT3-BiolD2-HA Genetics, Prggue, Czech Republic Flp-in system
00G44 Vladimir Varga, Institute of Molecular FLP recombinase bearing plas-
Genetics, Prague, Czech Republic mid for stable RPE cell lines

PEGFP-N1-MAP6 Annie Andrieaux, Grenoble Institute of

Neuroscience, France
pCDNA3-V5-mini- Addgene, Watertown, Massachusetts,
Turbo-NES USA,; plasmid #107170

Source of MAP6 gene

Source of miniTurbo gene
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3.1.5. Cells

Bull sperm acquisition and storage

Frozen bull sperm in plastic straws was gifted by Ondtej Simonik (Group of Reproductive Biol-
ogy, Czech Academy of Science) and bull insemination station in Hradistko pod Mednikem (Natural
Ltd., Czech Republic). Straws were stored in liquid nitrogen upon acquisition. Thawing was done
in a warm water bath.

Bacterial cell lines
DHb5a transformation-competent E. coli strain was prepared in our laboratory from naive DH5a
cells.

Human cell lines
hTERT RPE-1 cells (human telomerase reverse transcriptase-immortalised retina pigment epithe-
lium) with TET-ON inducible expression system and integrated Flp-in (Flippase-in) FRT (flippase
recognition target) sequence were generously gifted by V. Varga (IMG, Prague, Czech Republic).
U20S cell line (human osteosarcoma epithelium) was originally acquired from the ATCC collec-
tion (Manassas, Virginia, USA).

3.2. Methods
3.2.1. MIPs in dynamic MTs

3.2.1.1. Preparation of transformation-competent DH5a bacterial cells

Cells were prepared as described in (Inoue et al. 1990). Single colony of naive DH5a E. coli was
inoculated from LB agar PD to 3 ml of SOB medium and grown overnight at 37 °C. 1 ml of suspen-
sion was then inoculated into 240 ml of SOB medium and grown at 24 °C while shaken vigorously.
When optical density of 0.6 at 600 nm was reached, the culture was transferred on ice and cooled for
10 min. The suspension was spun down at 2500 g, 4 °C, 10 min. The pellet was resuspended in 80
ml of ice-cold TB on ice. Spun down again after 10 min on ice. The pellet was resuspended in 20 ml
of ice-cold TB, supplied with 7 ml of DMSO (dimethyl sulfoxide; 7 % V/V final concentration), and
mixed well. Cells were aliquoted into prechilled microtubes on ice and frozen in liquid nitrogen.

3.2.1.2. Molecular cloning

MAP6 gene source was pEGFP-N1-MAP6 vector, aTAT1 gene was cloned from custom cDNA
library of U20S cells (mRNA of aTAT1 gene for primers design number NM_024909 in GenBank
database), miniTurbo gene was cloned from pCDNA3-V5-miniTurbo-NES vector.

PCR (polymerase chain reaction) was usually performed with mixtures as in Table 6. The usual
PCR cycler program, performed in GE-touch thermal gradient cycler (Bio-Gener, Hangzhou, China),
is listed in Table 7.

Table 6: PCR mixtures used for molecular cloning. Reaction WAS prepared on ice in PCR thin-wall micro-
tubes or PCR strips. dNTPs, deoxyribonucleoside triphosphate.

Component Quantity
Nuclease-free H.O Filled to volume 25 pl
5x Q5 reaction buffer (New England Biolabs, 5 4]

Ipswich, Massachusetts, USA) H

10 mmol/l dNTPs 0.5 pl

10 ymol/l forward primer 1.25 pl

10 ymol/l reverse primer 1.25 pl

Template DNA ~1 ng of plasmid DNA
Q5 Hot Start High Fidelity DNA polymerase 0.25 ul

(New England Biolabs, Ipswich, Massachusetts, USA) '
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Table 7: PCR program used for molecular cloning.

Step Cycle | Temperature Time

Initial denaturation 1% 98 °C 30s

Denaturation 98 °C 10s

Annealing of primers | 30x Calculated by online NEB Tm Calculator | 20 s

Elongation 72 °C 30 s / kb of amplicon
Final extension 1% 72 °C 120 s

DNA was digested using FastDigest endonucleases BsrGI, Kpnl, Pmel, Xhol (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA). Reactions were set in microcentrifuge tubes. The composi-
tion was following: 1 pl of enzyme (or each enzyme if multiple were used), 2 pl of 10x FastDigest
Green buffer, 10 pl extracted DNA or 1 pg of plasmid DNA, nuclease-free H>O filled to 20 ul. The
digestion was performed at 37 °C for 30 min.

PCR products and DNA digested by endonucleases were analysed on 0.8% agarose gels prepared
with TAE buffer and labelled in-gel by 0.01% (w/V) ethidium bromide. Bands of desired lengths
were cut out of the gel and contained DNA was isolated using agarose gel extraction kit (Jena Bio-
science, Jena, Germany), according to manufacturer’s manual.

Ligation of vector backbone and inserts was carried in the following setup: 6 ul of kit-purified
insert was mixed with 2 pl of digested and kit-purified backbone, 1 pl of T4 ligase buffer, and T4
DNA ligase (Thermo Fisher Scientific, Waltham, Massachusetts, USA); mixed well and incubated
overnight at 20 °C.

Ligated constructs were transformed to transformation-competent E. coli DH5a strain (prepared
after (Inoue et al. 1990)) for plasmid amplification by heat shock method. 100 pl of bacterial suspen-
sion was thawed on ice and incubated with ligated plasmid for 30 min. After the heat shock at 42 °C
for 60 s, the suspension was chilled on ice for 5 min and then regenerated at 37 °C for at least 30 min
with added 250 pl of SOB medium. The suspension was then planted on an agar PD ampicillin and
incubated overnight at 37 °C.

Colonies of transformed E. coli were tested by colony PCR for presence of the desired plasmid
sequence and orientation of inserted DNA fragments. In brief, a pair of primers aligning both to
inserted and backbone sequences was used. Diluted single colony biomass was used instead of tem-
plate DNA. Initial denaturation was prolonged to 90 s for colony PCR. Positive colonies were then
inoculated to 4 ml of LB containing 100 pg/ml ampicillin and incubated at 37 °C overnight on a
shaker. Plasmids were isolated using Gene]ET Plasmid Miniprep kit (Thermo Fisher Scientific, Wal-
tham, Massachusetts, USA) according to manufacturer’s manual. DNA concentration was measured
using NanoDrop One (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Plasmids were ver-
ified by Sanger dideoxy termination sequencing method at DNA sequencing facility, Faculty of Sci-
ence, Chares University, Prague.

3.2.1.3. Human cell culture in vitro

Human cells were cultured at 37 °C, 5 % CO, humidified atmosphere. Cells were passaged at ~90
% confluency; usually, 90 % of cells was removed during a passage. Cells were first washed with
sterile PBS and detached from the surface by trypsin-EDTA solution (Biowest, Riverside, Missouri,
USA). Trypsin was then inactivated by adding serum-containing media to cells. Cells were centri-
fuged 120 g, 3 min. Supernatant was discarded, pellet of cells was resuspended in fresh medium.
1/10 of cells was planted back to original container (usually a 25 cm? flask) with fresh media.

3.2.1.4. Transfection of cells for microscopy and selection of RPE stable lines

For transient expression of vectors, cells were transfected by X-tremeGENE HP DNA transfection
reagent (Roche, Basel, Switzerland). Cells were planted onto 4-chamber 3.5cm PDs and transfected
after four hour after planting earliest. 0.5 ug of plasmid DNA was diluted in DMEM without serum
nor antibiotics and mixed well. 1 ul of X-tremeGENE reagent was pipetted directly into the mixture
and mixed. The transfection mixture was added directly onto cells after 20 min of incubation. RPE
cells were induced upon transfection with 20 ng/ml doxycycline. All cells were observed on a con-
focal microscope 24 h after transfection.
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For selection of RPE stable lines, RPE cells were planted onto 6-well dish plasticware. After
6-24 h, cells were transfected with jetOPTIMUS transfection reagent (Polyplus transfection, Illkirch,
France). In 200 pl of jetOPTIMUS buffer, 0.2 pg of pGFT plasmid DNA was mixed with 1.8 pg of
pOG44 vector DNA bearing the flippase gene. Then, 3 ul of jetOPTIMUS transfection reagent was
pipetted directly into the solution. After 10 min of incubation, the mixture was loaded directly onto
cells. The medium was replaced for fresh 4 h after transfection. Negative (no pGFT DNA) and posi-
tive (an unrelated vector with GFP gene, without FRT sequence) controls were included in each
transfection. Transgenic cells were selected by geneticin (G418 sulphate) antibiotic (Thermo Fisher
Scientific, Waltham, Massachusetts, USA), added to media one day after transfection, 400 pg/ml
(adjusted to partial potency of the antibiotic). Selection was carried until all cells in negative control
died. For microscopy, cells were induced by 20 ng/ml doxycycline one day prior.

3.2.1.5. Isolation of intact MT's from RPE cells

One 10cm PD of RPE stable cell line was grown for each isolation experiment to ~95 % confluency.
Cells were induced 24 h before starting the experiment by 20 ng/ml doxycycline hyclate (Merck
KGaA, Darmstadt, Germany) added to culture media. MTs were stabilized 1 h prior to isolation
from cells by supplying 10 umol/1 paclitaxel (Merck KGaA, Darmstadt, Germany) to culture media.
Cells were washed with PBS and detached from culture surface by trypsin-EDTA. Cells were pel-
leted by centrifugation at 200 g, 3 min, followed by PBS wash and second centrifugation. Pelleted
cells were carefully resuspended in 200 pl of lysis buffer (for isolation of intact MTs). Suspension
was sonicated by 4 pulses of 20 % power, 0.4 s, using UP50H sonicator with sonotrode MS1
(Hielscher Ultrasonics GmbH, Teltow, Germany). If necessary, four extra pulses were executed,
based on a quick observation on a confocal microscope. Sonicated cell suspension was spun down
at 500 g for 8 min. The supernatant was then used for immunoprecipitation of isolated free MTs on
antibody-coupled agarose beads.

3.2.1.6. Isolation of MTs polymerized in cell lysate of RPE cells

Two 10cm PD of RPE stable cell line was grown for each isolation experiment to ~95 % conflu-
ency. Cells were induced 24 h before starting the experiment by 20 ng/ml doxycycline hyclate
(Merck KGaA, Darmstadt, Germany) added to culture media. Cells were washed with PBS and de-
tached from dish surface by trypsin-EDTA. Cells were pelleted by centrifugation at 200 g, 3 min,
followed by PBS wash and second centrifugation. Pelleted cells were resuspended in 200 pl of cold
lysis buffer (for polymerization in lysate). Suspension was sonicated on ice by 5 x 4 pulses of 90 %
power, 0.9 s, using UP50H sonicator with sonotrode MS1 (Hielscher Ultrasonics GmbH, Teltow,
Germany). Cell lysates were centrifuged in ultracentrifuge 1.5 ml tubes using Optima MAX-XP Ul-
tracentrifuge (Beckman Coulter Life Sciences, Indianapolis, Indiana, USA) at 70,000 g, 4 °C, 35 min.

Supernatant was moved to a new tube, supplemented with 1.5 mmol/1 GTP (to stabilize MTs and
promote polymerization) and 1 ul of 3 mmol/1 cytochalasin D (inhibitor of actin polymerization).
Samples were then warmed to 37 °C for 45 minutes to induce polymerization of MTs. Samples were
observed on a confocal microscope; samples were resonicated by 4 pulses, 20 % power, 0.4 s in cases
when MTs were too tangled together. Samples were then used for immunoprecipitation of polymer-
ized free MTs on antibody-coupled agarose beads.

3.2.1.7. Immunoprecipitation of free MT's

Pierce protein A/G magnetic agarose beads (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) were preincubated with anti-tubulin YL1/2 antibody diluted 1:50 in PBS at 4 °C overnight on
a rotator. 50 pl of original slurry was used per one sample for immunoprecipitation. Before immuno-
precipitation for MTs enrichment, beads were pelleted by a magnet and washed twice with PBS. All
liquid was then discarded and beads were mixed with sample containing free MTs. Samples were
then incubated one hour on a rocker at room temperature to bind MTs to the beads.

A series of washing steps in buffers with increasing ionic strength and supplied with 10 pmol/1
paclitaxel then followed. Samples for mass spectrometry (MS) analysis were taken along. After the
incubation, all supernatant was discarded and the beads were gently washed with 200 pl of BRB80
twice. 60 pl of BRB80 was then used to resuspend the beads and 15 ul was taken as a MS test sample.
Rest was discarded. Beads were then washed twice with 200 pl of HMP400 and resuspended in 45
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ul of HMP400, of which 15 pl was taken for MS analysis. Washing with HMP600, 200 ul twice, then
followed. Finally, beads were resuspended in 30 ul HMP600 and 15 ul was taken for MS analysis.

3.2.1.8. Confocal fluorescent microscopy

Confocal microscopy was performed on Carl Zeiss LSM 880 NLO microscope with Zen Black
software version 2.1 SP3 (Carl Zeiss AG, Oberkochen, Germany). Setting was kept unchanged for
acquisition of corresponding samples of one experiment, inter-experiment changes were minimal-
ised. All pictures were taken with plan-apochromat 63x oil objective M27, 1.4 numerical aperture.
For differential interference contrast (DIC), transmitted light illuminator HAL 100 was used with
corresponding detector LSM T-PMT. Fluorescence was acquired using argon laser excitation (488
nm), usually set to 0.5 % (live-cell imaging), or 2 % (isolation of MTs). Emission of GFP was detected
using MBS 488 and spectral 32-channel GaAsP detector between 490-606 nm. The pinhole was set
to 1 Airy unit. All acquisition was done in integration mode with detector master gain 800, digital
offset 0 and digital gain 1. For live-cell imaging, 3.5cm PD holder was used. Objective and XL cov-
ering box were heated to 37 °C, and humidified atmosphere with 5 % CO, was supplied. Images
were processed by Fiji software (Schindelin et al. 2012). For the purpose of clear readability, contrast
levels were adjusted in presented pictures (denoted for each picture in the caption).

3.2.2. MIPs in axonemal MTs (TAILS complex)

3.2.2.1. IF labelling of sperm cells in suspension

Staining and washing media were removed by pelleting the cells in a centrifuge at 500 g, 4 °C, 5
min. Samples were left on a rotator at room temperature for incubation steps. Cells were washed
twice with 0.1% (w/V) polyvinyl alcohol in PBS filtered on a filter with 0.3 um pores after each
incubation step.

30 pejets with frozen sperm from liquid nitrogen storage were thawed in warm water bath and
collected into a microcentrifuge tube. Cells were washed and fixed by 3% PFA in MSB for 20 minutes.
For staining steps, suspension volume was split into stained samples and control samples. Primary
antibody labelling was performed in 0.5% Triton X-100 with 3% BSA (bovine serum albumin) in
MSB for 2 h; TAT1 tubulin antibody was diluted 25%, DCDC2C antibody was diluted 150%. Second-
ary antibodies staining was performed again in 0.5% Triton X-100 with 3% BSA in PBS for 2 h; GAR
cy3 and DAM DL488 were both diluted 400x. Antibody solutions were spun 14,300 g for 3 min to
remove precipitations and contaminants. Controls were treated as full-stained sample except for
concomitant primary and secondary antibodies were omitted.

Stained sperm samples were checked on a microscope. Nuclei were stained overnight with 100
ng/ml DAPI (4',6-diamidino-2-phenylindole). Sonication was executed on ice, 2 X 5 pulses of 80 %
power, 0.8 s, using UP50H sonicator with sonotrode MS1 (Hielscher Ultrasonics GmbH, Teltow,
Germany).

3.2.2.2. Widefield fluorescent microscopy of sperm cells

IF-labelled bull sperm cells were imaged on DM6B-Z fluorescent microscope equipped with
DFC7000 T camera (Leica Microsystems CMS GmbH, Wetzlar, Germany). All images were taken
with HC PL FLUOTAR dry objective, magnification 40x, 0.8 numerical aperture. Channels, excita-
tion bandpass (BP) filters (centre of permitted band in nm / width of band in nm), dichroic mirrors
(DM), and suppression longpass (LP) filters (shortest wavelength permitted in nm) were set-up in
following way: DAPI - BP 360/40, DM 400, LP 425; green - BP 470/40, DM 510, LP 515; red - BP
545/25, DM 565, BP 605/70. Brightfield channel was imaged with phase contrast (technique PH2).
Kohler’s illumination was set for all acquisitions. Exposure time and gain were 300 ms and 5 for
DAPI, 800 ms and 8 for green and red. All three channels were acquired with lamp intensity set at
17 %. The microscope was operated with LAS X software, version 3.7.3.

3.2.2.3. FACS of IF labelled sperm cells

IF labelled, sonicated, and DAPI-stained bull sperm was sorted using FACSAria Fusion cytome-
try sorter (BD, Franklin Lakes, New Jersey, USA). IF labelling and fragmentation was checked for
each sample including controls before sorting.
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Prior to loading into the sorter, samples were diluted in PBS and filtered with a 50pm pore size
filter if necessary. Sheath pressure (sorting liquid: sterile PBS) was set to 75 psi and 70 pm nozzle
was used. Fluorescence excitation was carried out by 405, 488, and 561 nm lasers. Detectors, band-
pass (BP) filters (centre of band in nm / width of band in nm), and voltages were set as following:
FSC - BP 488/10, 300 V; SSC - BP 488/10, 300 V; DAPI - BP 450/50, 405 V; FITC - BP 525/20, 460 V;
PE - BP 585/15, 600 V. Detection threshold for FSC (to discriminate events from noise) was 500.
Compensation matrix was not set.

Data were acquired in BD FACSDiva software version 8.0.1. Control samples were measured first
(intact cells, sonicated cells, DAPI-stained intact cells, DAPI-stained sonicated cells). Single stained
cells were measured afterwards. At least 10,000 events were acquired for each control sample. Tri-
ple-stained samples for sorting were first recorded without sorting to analyse their fluorescent prop-
erties and set areas for gating. Gating strategy excluded all DAPI-positive fragments and sorted two
fractions, tip-enriched (tubulin+, DCDC2C+, and tip-depleted (tubulin+, DCDC2C-).

Sorted fractions were supplied with cOmplete protease inhibitors (Roche, Basel, Switzerland) to
reach 1x concentration. Sorted fragments were pelleted by centrifugation 50,000 g, 4 °C, 1 h in Op-
tima XPN-90 ultracentrifuge with SW 40 Ti swinging-bucket rotor and 14 x 95 mm open-top poly-
propylene centrifuge tubes (Beckman Coulter Life Sciences, Indianapolis, Indiana, USA).

3.2.2.4. Fluorescent spectrophotometry of sorted sperm cells

To validate the quality of sorted fractions, we measured fluorescence spectra using a spectroflu-
orometer FluoroMax-3 (Horiba Ltd., Kyoto, Japan). Samples were pipetted into sterilised quartz cu-
vettes and mixed before analysis. Synchronous spectra with 20 nm excitation-emission wavelength
offset were recorded; data were corrected for lamp emission profile. Fluorescence was integrated
over 0.5 s and measured between 420 and 600 nm in 2 nm intervals. Unstained sonicated cells were
used as a control. Measured spectra were normalised to 1 by average intensity of emission on inter-
val of 440-460 nm. To calculate enrichment of red fluorescent signal compared to green signal, av-
erage intensities in intervals 494-498 nm and 550-554 nm were considered (with subtracted emission
of negative control in these intervals). The ratio of green emission intensity / red emission intensity
was then calculated for both sorted fractions.

3.2.2.5. Mass spectrometry

Samples were de-crosslinked at 98 °C for 30 min. Mass spectrometry analysis was performed by
facility staff at Proteomics Core Facility, EMBL, Heidelberg, Germany. Briefly, disulphide bridges in
the samples were reduced by dithiothreitol and cysteines were alkylated with 2-chloroacetmide.
Samples were digested by trypsin to produce short peptides. Samples were labelled with Tandem
Mass Tag (TMT10plex) labels. Peptides were purified in liquid chromatography column and directly
loaded by spraying into Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Full mass scan was acquired with mass range 375-1500 m/ z. High complexity
full proteomes were obtained; tip-enriched and tip-depleted fractions were then compared. Proteins
with only one unique peptide were dropped from the analysis. A protein was considered a “hit”, if
the false discovery rate was smaller 0.05 and a fold change of at least 2-fold was observed. A protein
was considered a “candidate”, if the false discovery rate was smaller 0.2 and a fold change of at least
1.5-fold was observed.
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4. Results
4.1. MIPs in dynamic MTs

In the first part of this diploma thesis, we endeavoured to identify new candidates for MIPs in
dynamic MTs. We worked with human cell lines cultured in vitro as source material for their easy
production in large quantities and the availability of biochemical and genetic methods.

We undertook two independent methodical approaches for MIPs identification - the BiolD ap-
proach, and the direct isolation approach.

4.1.1. BioID approach

In this approach, we aimed to produce a MIP candidate list by the BiolD proximity labelling
method. In BiolD, proteins in the close vicinity of an active biotin ligase are covalently labelled by
biotin moieties. We exploited the fact that aTAT1 and MAP6 (Coombes et al. 2016, Cuveillier et al.
2020) were already shown to localize inside MTs. aTAT1 and MAP6 were tagged by miniTurbo,
arecently published promiscuous biotin ligase with enhanced processivity (Branon et al. 2018). Mini-
Turbo should be brought inside the lumen of MTs, where it can preferentially biotinylate other MIPs
in proximity. Biotinylated proteins then could be isolated by streptavidin-conjugated beads and
identified by MS.

4.1.1.1. Inducible RPE cell lines expressing BioID-tagged proteins were generated.

To circumvent the necessity to repeatedly transfect cultured cells for expression of the biotin lig-
ase, we decided to produce Tet-On RPE cell lines expressing desired protein constructs when
doxycycline is added to the media. We used the Flp-in system with FRT homologous recombination
sites and geneticin resistance to generate the transgenic lines (Table 8).

Each construct was tested on transiently transfected Tet-On RPE cells (which require induction
by doxycycline for expression). Additionally, these constructs were also transfected to wild-type
U-2 osteosarcoma cells (U20S; induction-independent) to compare cell type-dependent effects. Fi-
nally, we checked the localisation of fusion proteins in stable lines themselves. Results from these
experiments are in the figures below. The summary of observed localization patterns is in Table 8.

Table 8: List of generated Tet-On RPE inducible lines and figures with corresponding transfected cells
or stable cell lines. A short description of observed localization patterns in GFP constructs is also stated.

Fusion proteins Figure | Localization pattern
miniTurbo-GFP Fig. 12 | Cytosolic
GFP-aTAT1 Fig. 13 | Cytosolic
aTAT1-GFP Fig. 14 | Cytosolic (poorly expressed)
miniTurbo-GFP-aTAT1 | Fig. 15 | Cytosolic
) . Mostly cytosolic, Golgi apparatus (RPE cells), rarely centro-
GFP-MAP6 Fig. 16 somes (U20S cells and RPE stable lines)
MAP6-GEP Fig. 17 Cytosolic, MTs (U20S cells, transfected RPE cells), Golgi

apparatus (RPE cells)
miniTurbo-GFP-MAP6 | Fig. 18 | Cytosolic

MAPG-miniTurbo-GFP | Fig. 19 | MTs, Golgi apparatus (RPE cells)
miniTurbo-GFP-MAP4 | Fig. 20 | MTs

GFP-a-tubulin Fig. 24 | MTs, cytosol

MiniTurbo-GFP protein had homogenous cytoplasmic localization, with infrequent protein clus-
ters in strongly transfected cells (Fig. 12). MiniTurbo by itself does not localise to any specific orga-
nelle. Out of all vectors with aTAT1, none had MT localization (Fig. 13, Fig. 14, Fig. 15). GFP-MAP6
protein, on the other hand, showed localization to centrosomes, surrounding MTs, Golgi apparatus,
and cytoplasm (Fig. 16). Switched order of proteins in the MAP6-GFP vector did not improve the
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localization; only weakly transfected U20S and RPE cells had partial MT localization (Fig. 17). Mini-
Turbo-GFP-MAP6 fusion protein did not localize to MTs and accumulated in the cytoplasm (Fig.
18). Sufficient localization was reached with MAP6-miniTurbo-GFP vector (Fig. 19). It had MT lo-
calization in U20S cells; in RPE cells, Golgi apparatus was possibly positive as well besides MTs.
The best localization was observed for MAP4 protein in miniTurbo-GFP-MAP4 vector (Fig. 20),
which localized solely to MTs in all cases.
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Fig. 12: MiniTurbo-GFP vector in U20S and RPE cells. The localization was cytosolic in all three cases. In
some strongly transfected cells, the fusion protein aggregated. Contrast: 200/255 U20S, 200/255 RPE trans-
fection, 230/255 RPE stable line.
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Fig. 13: GFP-aTAT1 vector in U20S and RPE cells. The localization was cytosolic in all three cases. In
some strongly transfected cells, the fusion protein aggregated. No localization to microtubules was ever ob-
served with this vector. Contrast: 200/255 U20S, 200/255 RPE transfection, 200/255 RPE stable line.
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U20S transfection

RPE transfection

Fig. 14: aTAT1-GFP vector in U20S and RPE cells. RPE stable line with this vector was not produced. The
localization in transfection experiments was cytosolic for U20S and RPE. The vector expressed very poorly.
Transfected RPE cells showed elevated autofluorescence in vesicles. Contrast: 240/255 U20S, 240/255 RPE
transfection.

26



GFP

U20S transfection

RPE transfection

RPE stable line

Fig. 15: miniTurbo-GFP-aTAT1 vector in U20S and RPE cells. The localization was cytosolic in all three
cases. In some strongly transfected cells, the fusion protein aggregated. No localization to microtubules was
ever observed with this vector. GFP signal in RPE stable line was very weak. Contrast: 0/255 U20S, 0/255
RPE transfection, 240/255 RPE stable line.
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Fig. 16: GFP-MAPS6 vector in U20S and RPE cells. The localization was mostly cytosolic. In RPE cells, Golgi
apparatus was also GFP positive. Rarely, in U20S transfected cells and in RPE stable line, centrosomes and
radial MTs around were visible (arrows). Contrast: 80/255 U20S, 80/255 RPE transfection, 80/255 RPE stable
line.
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Fig. 17: MAP6-GFP vector in U20S and RPE cells. The fusion protein localization in U20S transfected cells
was mainly cytoplasmic, MTs were positive as well in weakly transfected cells. Transfected RPE cells showed
MT localization, strong signal in vesicles (possibly Golgi apparatus), and weakly in cytoplasm. Stable RPE line
had weak cytoplasmic and strong Golgi signal, no MTs were observed. Contrast: 240/255 U20S, 100/255
RPE transfection, 240/255 RPE stable line.
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U20S transfection

RPE transfection

RPE stable line

Fig. 18: miniTurbo-GFP-MAPS6 vector in U20S and RPE cells. The localization was cytoplasmic in all cases;
strongly transfected U20S cells contained protein aggregates. Signal in RPE stable line was on the similar
level to autofluorescence of some vesicles. Contrast: 200/255 U20S, 100/255 RPE transfection, 240/255 RPE
stable line.
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Fig. 19: MAP6-miniTurbo-GFP vector in U20S and RPE cells. The expressed protein localized to MTs in
U20S cells. In both transfected RPE and stable line RPE cells, the localization was both to MTs and Golgi.
Highly autofluorescent vesicles were observed in transfected RPE cells. Contrast: 200/255 U20S, 220/255
RPE transfection, 230/255 RPE stable line.
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U20S transfection
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Fig. 20: MiniTurbo-GFP-MAP4 vector in U20S and RPE cells. The localization was correct on MTs in all
cells. Contrast: 0/255 U208, 150/255 RPE transfection, 0/255 RPE stable line.
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Fig. 21: Detail of four induced RPE stable lines. GFP signal after induction is in all panels. A: MAP6-mini-
Turbo-GFP line, expressed fusion protein localizes to MTs and Golgi apparatus. B: miniTurbo-GFP-MAP4
line, localization to MTs. C: miniTurbo-GFP-MAPS6 line, cytoplasmic localization. D: miniTurbo-GFP-aTAT1,
cytoplasmic localization. Contrast: A 230/255, B 0/255 C 240/255, D: 240/255.

Based on the observed localization of expressed proteins in stable RPE lines (Fig. 21), we excluded
aTAT1 vectors from biotinylation experiments. They did not provide localization to MTs, so no en-
richment of MIPs could be expected in the resulting biotinylated proteome. We continued only with
MAP6-miniTurbo-GFP vector plus miniTurbo-GFP-MAP4 as control with localization to the outer
surface of MTs. GFP-a-tubulin line (Fig. 24) was used in intact MTs isolation approach for identify-
ing MIPs (chapter 4.1.2).

4.1.1.2. Proteins were labelled by miniTurboin in biotinylation experiments.

We first tested the biotinylation activity of the miniTurbo-GFP-MAP4 construct (Fig. 22) to see
the endogenous background of biotinylated proteins and possible leakage of expression without
induction by doxycycline. Induced cells of the RPE stable line were incubated with biotin added to
culture media 10, 60, or 120 min before cell harvesting. As expected, longer biotin incubation re-
sulted in a larger amount of biotinylated proteins, as revealed by western blot labelled by streptav-
idin-HRP (horseradish peroxidase). No biotinylated proteins were observed in uninduced cells or
cells without biotin supplemented in media.
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Fig. 22: Western blot of miniTurbo-GFP-MAP4 RPE stable line lysates. Expression of the fusion protein
was induced by doxycycline in some of the samples as indicated. Biotinylation was triggered by adding biotin
to media for indicated time period. Cells were then harvested and crude cell lysates were run on PAGE. Blotted
biotinylated proteins were visualized with streptavidin-HRP. Commercial biotinylated tubulin was included as
a positive control (+ctrl; marked with asterisk). R, size marker.

After the verification that miniTurbo is indeed active upon biotin stimulation, we performed bi-
otinylation using MAP6 construct which should enrich the biotinylated proteome in MIPs, com-
pared to MAP4 as a bait protein. We induced MAP6-miniTurbo-GFP and miniTurbo-GFP-MAP4
cell lines with doxycycline and initiated the biotinylation. Cells were then lysed and biotinylated
proteins were fished out by streptavidin-conjugated agarose beads. Crude lysates, fished-out bioti-
nylated proteins, and unbound supernatant were then analysed by western blot stained with strep-
tavidin-HRP (Fig. 23). Biotinylated proteins were indeed present in both cell lines in total lysates
and in the fraction bound to beads. Supernatants after precipitation were depleted of the biotin sig-
nal. In mock-treated cells without biotin incubation, no biotinylation was detected.

+ biotin mock + biotin mock
A lysate flow beads lysate flow beads +ctrl B lysate flow beads lysate flow beads +ctrl
&
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Fig. 23: Streptavidin precipitation of biotinylated proteins in RPE stable cell lines. A: miniTurbo-GFP-
MAP4 line. B: MAP6-miniTurbo-GFP line. All cell samples were induced by doxycycline. Half of cells was
incubated with biotin in media for 24 hours (+ biotin), half of cells was mock-treated with DMSO (mock). Crude
lysates, flow-through of unbound lysate, and precipitated proteins on beads were run on PAGE (lysate, flow,
beads respectively). Commercial biotinylated tubulin was included as a positive control (+ctrl, marked with
asterisk).
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4.1.2. Direct isolation of MTs approach

4.1.2.1. Isolation of intact MTs without depolymerization

As an alternative approach for identifying MIPs in dynamic MTs, we tried to isolate intact MTs
from cultured human cell lines directly, without depolymerization in the process. For this purpose,
we utilized the GFP-a-tubulin stable RPE cell line (Fig. 24). Using this line enabled us to easily ob-
serve MTs during the process of isolation and check on their quality. Otherwise, fluorescently-
tagged docetaxel could be used for MTs visualization.

GFP DIC

Fig. 24: GFP-a-tubulin RPE stable cell line. The expressed fusion protein localizes to MTs and cytosol, since
not all tubulin dimers are in the polymerized state. Contrast: 130/255.

Prior to isolation, MTs in the cells to be harvested were pre-stabilized by paclitaxel. Cells were
then detached from the cultivation plasticware by trypsin and washed. Mild lysis permeabilized the
membranes but left the MTs polymerized; to maintain conditions favouring the polymerized state
of MTs, samples were never chilled on ice, all buffers were of room temperature, and EGTA was
supplied to chelate Ca2* ions which are known to destabilized MTs both directly and via calmodulin-
mediated activities (Schliwa et al. 1981). The lysis buffer also contained paclitaxel, GTP, and Mg?*
ions for MTs stabilization. Cells were lysed by NP-40 detergent. ATP was supplemented as well
since it prevents protein aggregation via its hydrotropic nature (Patel ef al. 2017). After resuspension
in lysis buffer, cells were broken by mild sonication and observed on a confocal microscope. Loose
MTs could be seen (Fig. 25 A, Supplement 2).

MTs in suspension were then immunoprecipitated on agarose beads with anti-tubulin antibody
(Fig. 25). Beads with attached MTs were then washed in a series of steps with increasing molar con-
centration of the HMP buffer (80, 400, 600 mmol/1), to destabilize unspecific interactions of proteins
and to detach outer MAPs from microtubules. All washing buffers contained paclitaxel to prevent
depolymerization of MTs. We hypothesised that MIPs should remain trapped inside MTs, given that
the MT lattice is intact. MTs remained bound to beads even in the highest concentration of HMP
used (Fig. 25 D). We collected samples for MS analysis along the washing procedure with increasing
molar concentration to elucidate which proteins detached at various buffer concentrations. The re-
sulting proteome is currently being analysed, therefore it is not presented here.
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Fig. 25: Direct isolation of intact MTs from RPE GFP-a-tubulin stable cell line. GFP signal is shown in all
panels. A: MTs after lysis of cells by detergent and sonication. B: MTs attached to beads with anti-tubulin
antibody after BRB80 wash. C: MTs attached to beads after HMP400 wash. D: MTs attached to beads after
HMP600 wash. Contrast: A 200/255, B 60/255, C 60/255, D 60/255.

4.1.2.2. Isolation of MTs polymerized in cell lysate

Besides experiments aiming to isolate intact MTs without depolymerization, we also explored the
possibility to induce polymerization of MTs in concentrated cell lysate and isolate those. Highly
concentrated cell lysate might resemble the cytoplasmic environment so that entry of MIPs to MTs
would take place. MTs polymerized in the lysate were longer than intact isolated MTs (Fig. 26 A).

For polymerization of MTs in cell lysate, RPE cells were harvested and lysed in lysis buffer. Thor-
ough sonication on ice followed to properly break all cells. Insoluble structures and debris were
spun down and discarded, the supernatant was supplied with GTP and MTs were let to polymerize
at 37 °C. Subsequent immunoprecipitation was the same as for intact MTs isolated from cells
(Fig. 26 B, C). Again, samples were taken along the washing procedure for MS to assess detaching
of bound proteins caused by high salt concentrations. The resulting proteome is currently being
analysed, therefore it is not presented here.
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Fig. 26: MTs polymerized in RPE GFP-a-tubulin stable cell line lysate. GFP signal is shown in all panels.
A: MTs after polymerization in lysate. B: MTs attached to beads with anti-tubulin antibody after BRB80 wash.
C: MTs attached to beads after HMP600 wash. Contrast: 100/255 in all subpanels.
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4.2. MIPs in axonemal MTs (TAILS com-
plex)

In the second part of this thesis, we aimed to identify the protein constituent(s) of the TAILS
complex in sperm cells. We selected the bull as the model animal since bull sperm is readily available
in large quantities and is known to contain TAILS in the tip (Zabeo 2021). Our approach for obtain-
ing the sperm cell tip proteome was IF labelling of sonicated sperm cells and subsequent enriching
for tip fragments on a flow cytometry sorter.

4.2.1. Obtaining sperm tip proteome using FACS

Bull sperm cells were stained with anti-tubulin (axonemal marker) along with anti-DCDC2C (tip
marker) primary antibodies, followed by secondary fluorophore-conjugated antibodies and DAPI
(head marker). Cells were then sonicated to detach the flagellum from the head and break it into
fragments. FACS was then used to sort out tip-containing fragments (tubulin and DCDC2C positive)
and the rest of the fragments from the flagellum (tubulin positive, DCDC2C negative). Heads and
unbroken sperm cells were discarded (DAPI positive). Tip-enriched and tip-depleted samples were
analysed by MS and their proteomes were then obtained. A graphic summary of this approach is
shown in Fig. 27.

DAPI L —
sonication ‘ FACS
s — —) {0 Mass-Spec
tubulin / pom.
tip-enriched
tip-depleted

Fig. 27: Schematic outline of immunofluorescence & FACS approach for generating sperm tip prote-
ome. Comment is in the main text.

4.2.1.1. Flagellum tips from bull sperm cells were sorted using FACS.

We aimed to develop a protocol for a strong IF labelling of tubulin and DCDC2C protein. This
goal was fulfilled partially, as DCDC2C staining was optimal, but tubulin was labelled to a low
extent (Fig. 28). However, this suboptimal stain was sufficient for generating a tip enriched fraction
using FACS.

In the FACS gating strategy (Fig. 29), DAPI-positive events (heads and intact sperm cells) were
first gated out. The DAPI-positive fraction was clearly distinguishable since the DAPI stain was
strong and highly specific for DNA in the nuclei. Neither tubulin nor DCDC2C labelling produced
an unequivocal positive fraction. DAPI-negative fragments were then gated in for tubulin signal
(green light emission channel). All tubulin-positive fragments were finally gated into DCDC2C-pos-
itive and DCDC2C-negative fractions, which were subsequently sorted into two tubes. Other frag-
ments were discarded. The cytometric data from sorting are displayed in Fig. 29. ~5.9 x 10¢ frag-
ments were collected in tip-enriched fraction (~6 ml of suspension). ~12 x 10¢ fragments were col-
lected in tip-depleted fraction (~12 ml of suspension).
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Fig. 28: Final IF labelling experiment on bull sperm preceding the FACS. Tubulin labelling was unsatis-
factory, DCDC2C labelling sufficed. Cells were sonicated and stained with DAPI afterwards. Tubulin antibody:
TAT1 anti a-tubulin. Secondary antibodies: DAM DL488, GAR cy3. Contrast: 0—255 for both channels.

4.2.1.2. Collected samples were pelleted and checked on fluorescent spectrophotometer.

Fractions collected by FACS were too diluted to be processed further directly. Fractions had to be
centrifuged first in an ultracentrifuge. ~200 pul of PBS was left for pellet resuspension.

To confirm that the sorted fractions are indeed either depleted or enriched in tip fragments, we
measured their emission spectra using fluorescent spectrophotometer. The resulting spectra are
shown in Fig. 30. Both sorted samples showed peaks of emission for both fluorophores used in IF
labelling. Tip-enriched fraction had a relatively stronger emission of cy3 fluorophore coming from
the DCDC2C signal. The ratios of emission intensity in green/red peaks was calculated - they were
5.22 and 6.90 for tip-enriched and tip-depleted fractions, respectively. Before sending for MS analy-
sis, samples were decrosslinked by heat which induces the decomposition of methylene bridges
(Kennedy-Darling & Smith 2014).

4.2.1.3. Tip-enriched proteome had DCDC2C among other hits.

Both sorted fractions (tip-enriched and tip-depleted) were sent to MS analysis at EMBL prote-
omics core facility, Heidelberg, Germany. In total, 844 unique proteins were detected, out of which
44 were marked as hits with at least two-fold enrichment in the tip proteome. Hits identified with
only two unique peptides were excluded, generating the final list of 26 proteins. Importantly,
DCDC2C itself was marked as a hit, indicating that the tips were indeed concentrated successfully.
The list of hits is shown in Table 9 without any further manual curation.
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Fig. 29: Sorting of labelled frozen bull sperm fragments from IF labelling on Fig. 28. A: Dot plot of forward
scatter, area of peak (FSC-A) against side scatter, area of peak (SSC-A). B: Dot plot of DAPI signal against
forward scatter. Gate-out area of DAPI-positive fragments is shown (light blue points). Points outside constitute
the NOT(DAPI) fraction (purple). C: Dot plot of tubulin signal (FITC-A) against forward scatter. Gate-in area of
tubulin-positive fragments is shown (green points). D: Dot plot of DCDC2C signal (PE-A) against forward
scatter. Gate-in are of DCDC2C-positive fragments is shown (orange points). DCDC2C (tip-enriched) and
NOT(DCDC2C) (tip-depleted) fractions were sorted. E: Gating strategy. Number of events, share on mother
fraction in %, and share on total number of events in % are listed for each gated fraction. A subset of 110,000
events from the sorted sample is shown.
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Fig. 30: Emission spectra of sorted fractions measured on fluorescent spectrophotometer. Synchro-
nous spectra with wavelength distance of 20 nm were used. Two distinct peaks of emission are observable in
both sorted fractions. Unstained sonicated sperm cells were used as a negative control. AU, arbitrary units.

Table 9: List of hits from MS analysis of FACS-generated tip-enriched proteome. Proteins are listed in
alphabetical order.

UniProt gene name UniProt protein name

ACTL7B Actin-like protein 7B

ATP6V1A V-type proton ATPase catalytic subunit A

CBY2 Isoform 2 of Protein chibby homolog 2

CCDC166 Coiled-coil domain containing 166

CCT8 T-complex protein 1 subunit theta

CLTC Clathrin heavy chain 1

DCDC2C Doublecortin domain containing 2C

DNAI4 WD repeat domain 78

EEF1G Elongation factor 1-gamma

GRK3 G protein-coupled receptor kinase

HSP90AA1 Heat shock protein HSP 90-alpha

HSP90AB1 Heat shock protein HSP 90-beta

HSP90B1 Endoplasmin

HSPA5 Endoplasmic reticulum chaperone BiP

LOC523503 Alpha-mannosidase

PDIA3 Protein disulfide-isomerase A3

PPP2CB Serine/threonine-protein phosphatase 2A catalytic subunit beta isoform
PSMC5 26S proteasome regulatory subunit 8

PSMC6 26S proteasome regulatory subunit 10B

PSMD11 26S proteasome non-ATPase regulatory subunit 11
PSMD12 26S proteasome non-ATPase regulatory subunit 12
RAB42 Uncharacterized protein

TPP2 Tripeptidyl-peptidase 2

TSKS Testis specific serine kinase substrate

UCHLA1 Ubiquitin carboxyl-terminal hydrolase isozyme L1
YWHAE 14-3-3 protein epsilon
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5. Discussion

This diploma thesis aimed to identify new MIPs in dynamic MTs in the cytoplasm and in stabi-
lised MTs of the axoneme (particularly the members of the TAILS complex in sperm cells). In the
dynamic MTs project, we utilized proximity labelling by BiolD, or alternatively, we isolated MTs
directly from cells. For the TAILS project, we aimed to analyse the flagellar proteome with TAILS
members being enriched by IF labelling and cytometry sorting. Both approaches then generated
a list of proteins identified by MS with MIPs being possibly enriched in them (only TAILS proteome
is included in this thesis; proteomic analysis of MS data from dynamic MTs has not been completed

yet).

5.1. “Dynamic” and “axonemal” MTs

We discerned dynamic (cytosolic) and axonemal (stabilized) MT categories in this thesis, which
is necessarily a simplistic and arbitrary categorization. After detailed scrutiny, cytoplasmic MTs
show heterogeneity e. g. in terms of their resistance to depolymerization-inducing drugs like noco-
dazole (Baas et al. 1993), or resistance to cold-induced depolymerization (Guillaud et al. 1998). Also,
the dynamic behaviour differs in individual MTs in one cell (Webster & Borisy 1989). Another issue
is that the axoneme is technically part of the cytoplasm, too, since it is continuous with the cytoplas-
mic membrane and the bulk volume of the cell. Nevertheless, the entry of molecules to the cilium is
at least partially controlled by permeability barriers (Kee et al. 2012), similarly to the nuclear pore
complexes restricting entry of molecules to the nucleus; reviewed in (Verhey & Yang 2016). Thus, it
can be argued that the ciliary volume is restricted and contains “cilioplasm” rather than cytoplasm
(Jin et al. 2014), analogous to nuclear “nucleoplasm”. A review (Ichikawa & Bui 2018) distinguishes
similar categories of “cytoplasmic” and “central pairs + doublets (axonemal)” MTs as we do here.

The best characteristic describing the “axonemal MTs” would probably be their precise organi-
zation into a defined assemblage, i. e. the axoneme with firmly set architecture and repeat length
(Oda, Yanagisawa, Kamiya, et al. 2014). The organization of the axoneme is looser in primary cilia
(Kiesel et al. 2020), but still well-defined at least in the proximal part. “Dynamic MTs”, on the other
hand, lack this organization, and the positions in the cell, numbers, and repeat length of “dynamic
MTs” are not predetermined. Axonemes are thus easier to study by cryo-EM techniques because the
regular repetition of structural features facilitates the averaging and masking used during compu-
ting 3D models from raw EM data (reviewed in (Castafio-Diez & Zanetti 2019)). Densities without
strict periodicity would be averaged out in 3D reconstructions of MTs (Wang et al. 2021).

5.2. MIPs in dynamic MTs: BioID approach

Our endeavour to identify candidates for new MIPs in dynamic MTs was split into two inde-
pendent approaches (BiolD approach and direct isolation approach) to increase our chances to suc-
ceed. The BiolD approach is discussed in this subchapter.

5.2.1. Biotinylation by miniTurbo biotin ligase

BioID method exploits biotin ligase enzyme (originally BirA* variant was being used), which is
engineered to prematurely release its product, biotinoyl-5"-AMP (Roux et al. 2012). This labile form
of biotin moiety leaves the active site of the enzyme and reacts rapidly with primary amino groups
of proteins (lysines or N-termini) yielding a covalent biotin label on the proteins vicinal to the ligase.
Proteins with the biotin label are in turn purified by the immense affinity of biotin to streptavidin
(Weber et al. 1989). The localization of the biotin ligase in the cell is manipulated by a fused bait
protein. Among other proximity labelling assays, BiolD holds several advantages, as summarized
in (Varnaité & MacNeill 2016): Most importantly, BiolD does not require direct interaction between
the bait and the sought protein. Vicinal but noninteracting proteins can be labelled as well if they
fall into the radius of labelling (~10 nm for BirA* variant) (D. L. Kim et al. 2014).
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A newly published miniTurbo variant of promiscuous biotin ligase is superior in enzymatic and
structural parameters (Branon et al. 2018). Specifically, it biotinylates faster, has lower biotinylation
background (although endogenous biotinylation background still applies (Grant et al. 2019)), and
the molecular weight is only 28 kDa, compared to 35 kDa of BirA*. A smaller tag is desirable in our
case since the luminal entry to MTs is limited by the size of the protein entering (Nihongaki et al.
2021). The labelling radius of miniTurbo can span up to ~35 nm, but this length can be tuned by
changing the duration of the labelling (May et al. 2020). Thus, we used miniTurbo as the biotin ligase
for BiolD experiments. MiniTurbo (or similar variant TurboID) have been already used in many
proteomic studies - labelling proteins of mitochondrial matrix (Haorong Li et al. 2021), exploration
of interacting proteins in an extraribosomal complex in yeast (Larochelle et al. 2019), or proteomic
analysis of rare cell types in Arabidopsis (Mair et al. 2019).

We probed the dependency of biotinylation on time only superficially. It was shown (for TurbolD
enzyme variant, similar to miniTurbo) that labelling time windows as short as 10 min can be suffi-
cient for protein identification on MS (Branon et al. 2018). Although we detected biotinylated pro-
teins after 10 minutes of biotinylation as well, we performed the streptavidin pulldown on samples
biotinylated for 24 hours. Prolonged biotinylation ensured that enough signal could be detected on
western blots after streptavidin pulldown. Optimization of the method was therefore easier.

Of course, longer biotinylation leads to lower specificity compared to a shorter biotinylation win-
dow (Branon et al. 2018). The reason is that amino groups in the surroundings are saturated after
some time with biotin labels so that biotinoyl-5-AMP diffuses further before it encounters a free
amino group to react with. More distant proteins are then biotinylated, especially for the miniTurbo
and TurbolD variants which are immensely efficient (May et al. 2020). For this reason, the presented
experiments serve as a proof of principle only, shorter biotinylation window is needed to produce
a more specific list of hits potentially enriched in MIPs. Furthermore, MAP6 and MAP4 bait proteins
are separated only by the MT wall, which is penetrable by biotinoyl-5-AMP through fenestrations
between tubulin dimers (given that biotinoyl-5-AMP (573.5 Da) is in a similar size range as
paclitaxel (853.9 Da) which can penetrate (Nogales et al. 1999)). MiniTurbo located on the outer sur-
face of MTs can thus possibly biotinylated MIPs as well, although such control is still thought to be
better than sole miniTurbo with cytoplasmic localization (Larochelle et al. 2019). Careful design of
biotinylation time is thus needed to avoid saturation of target moieties for MAP4-fused miniTurbo.

5.2.2. Localization as the crucial parameter in BiolD experi-
ments

5.2.2.1. Localization of aTAT1 vectors

The key factor for BiolD experiments is to ensure that the bait protein (aTAT1 and MAP6 in our
case) provides a correct localization of the biotin ligase (K. F. Cho et al. 2020). Improper localization
might lead to proteomes contaminated by proteins located in unrelated organelles. This emerged as
the weak spot of this approach, since aTAT1 - even though described as a MIP in several works -
completely lacked microtubular localization in all tested vectors, regardless of N- or C-terminus po-
sition and linker presence (Fig. 21). aTAT1 is known to localize to MTs, as well as to the nucleus in
a cell-cycle dependent manner (Nekooki-Machida et al. 2018). In neurons, aTAT1 colocalizes with
MTs to a high extent (Kalebic, Martinez, et al. 2013). On the other hand, Friedman et al. published
the expression of GFP-aTAT1 in mouse embryonic fibroblasts with prominent signal in the nucleus
and negligible signal on MTs (Friedmann et al. 2012). Also, Shida et al. showed expression of aTAT1
(with the sequence identical as used in this thesis) in hTERT-RPE cells with diffuse cytoplasmic and
nuclear localization (Shida et al. 2010).

We cannot rule out the possibility that the correct localization of expressed aTAT1 fusion proteins
was masked by the stronger cytoplasmic signal because of overexpression. (Shida et al. 2010) pub-
lished data supporting this hypothesis - aTAT1 overexpression elevated the K40 acetylation levels
without visibly localizing to MTs. The hypothesis might be further tested by mildly permeabilizing
the cells during acquisition and observing changes in signal patterns. Such an approach was used to
visualize fluorescent protein entry to the lumen of MTs by molecular trap (Nihongaki et al. 2021).
One should be careful while using BiolD in detergent-treated cells, though, because detergents are
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known to disrupt MTs and affect the proteins binding to them (Witman, Carlson, Berliner, et al.
1972).

5.2.2.2. Localization of MAP6 vectors

MAP®6 in our hands localized better to MTs than aTAT1 vectors (Fig. 21). Fused miniTurbo with
MAP6 at the N-terminus showed MT localization, although incomplete (or even marginal in the case
of MAP6-GFP vector). Initially, we only cloned the vectors with MAP6 at the C-terminus, but these
vectors did not ensure localization to MTs. After this failure, we designed and cloned the N-variants
which included protein linkers between MAP6, miniTurbo, and GFP. Short oligopeptide linkers can
help to sterically separate linked domains and prevent structural clashes (reviewed in (Chen et al.
2013)) and the length of 5 residues suffice to isolate linked domains and enhance protein function-
ality (Zhao et al. 2008). Either the N-terminal position or the introduced linkers between individual
proteins helped to maintain correct localization to MTs. MAP6 protein is mostly disordered (no
structure has been published so far and predictions show low probabilities of secondary structures,
as seen in the UniProt database (‘"UniProtKB - Q96]JE9 (MAP6_HUMAN)’ 2021)), so the effect of other
proteins fused with MAP6 sequence is hard to infer. Similar problems were highlighted in a large
study on protein localization which employed N- and C-terminal tagging by fluorescent proteins
and analysed inflicted distortions in localization of >800 mammalian proteins (Stadler et al. 2013).
The authors observed frequent mislocalization for both N- and C-terminal tagging. Generally, tag-
ging by fluorescent or other probes is feasible and widely used for MAPs, consulting with literature
and testing of several variants are unavoidable steps in expression vectors preparation, as summa-
rized in (Goodson et al. 2010).

Although localizing to MTs, the most promising MAP6-miniTurbo-GFP vector also localized to
the Golgi apparatus. This localization is maintained by N-terminal palmitoylation (Gory-Fauré et al.
2014). To further increase the ratio of expressed MAP6-miniTurbo-GFP protein localizing to MTs,
three N-terminal cysteines which are targeted by the palmitoylation PTM could be mutated. This
might result in a biotinylated proteome more specific for MIPs with fewer off-targets from other
cellular compartments. Alternatively, a MAP6 fragment including residues 90-177 was shown to be
sufficient to bind MTs without other cellular localization (Lefevre et al. 2013). However, luminal
localization of MAP6 was shown only for the whole protein (Cuveillier et al. 2020) and one cannot
simply infer that any fragment of MAP6 co-localizing with MTs is automatically binding to the MT
lumen.

5.3. MIPs in dynamic MTs: Direct isolation
approach

5.3.1. Isolation of MTs without depolymerization

Direct isolation of MTs was our alternative approach to identify MIPs in dynamic MTs. In com-
monly used tubulin isolation protocols, MTs undergo repeated rounds of depolymerization by cold
(Borisy et al. 1975, Vallee 1982). Repolymerization of tubulin is easily achievable by supplementing
paclitaxel, MT-stabilizing and polymerization-promoting drug (Schiff et al. 1979). MAPs can repeat-
edly reassociate with repolymerized MTs (Vallee 1982) because the outer surface is available from
the solution. MIPs, however, need to overcome the barrier of the tubulin lattice for binding to the
interior (Nihongaki et al. 2021), and we hypothesize that their dissociation and repeated binding is
limited compared to MAPs. Therefore, we had to develop a protocol for MTs isolation without any
depolymerizing steps.

Paclitaxel was a key component of our isolation protocol for its ability to stabilize MTs and pre-
vent depolymerization. Paclitaxel was initially thought not to affect the binding of MAPs (Vallee
1982) in isolation experiments, but recent works using cryo-EM techniques prove that paclitaxel
changes the structure and increases the flexibility of MT lattice (Kellogg et al. 2017), even the number
of protofilaments might be altered (] F Diaz et al. 1998). Furthermore, paclitaxel can reduce the affin-
ity of MAPs towards MTs, as shown for MAP4 (Xiao et al. 2012) or tau protein (Kar et al. 2003). The
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same might be true for MIPs, especially since the taxanoid binding site is facing the luminal side
(Nogales et al. 1999). By using paclitaxel for stabilizing MTs, we pay the price of some MAPs or MIPs
being possibly lost. Kellog and colleagues suggest that non-hydrolysable analogues of GTP might
be a better alternative to paclitaxel. We might employ different ways of MT stabilization in our fu-
ture experiments if the paclitaxel-induced conformational change in the lattice becomes an issue.

During the washing steps which followed after immunoprecipitation of MTs, we used increasing
salt concentrations (80, 400, and 600 mmol/1) which are known to induce MAP detaching (Vallee
1982). Provided the isolated MTs were long enough and with a minimal number of lattice defects,
MIPs could have stayed trapped inside the lumen (either still bound to or detached from the lattice).
400 mmol/1 salt concentration is sufficiently high to induce MAPs dissociation from MTs (concen-
tration of 350 mmol/1 is reported by (Sloboda 2015) and (Vallee 1982) to detach MAP1 and MAP2).
Given the diverse concentrations used for MAP extraction ((Orbach & Howard 2019) used
500 mmol/1 for axonemal MAPs, for instance), we included the 600 mmol/1 salt concentration as an
extra fail-safe step. MTs remain unperturbed by this salt concentration because values as high as
1 mol/1 were successfully used to strip off MAPs (Akella et al. 2010).

For the isolation, we employed the GFP-a-tubulin stable cell line which enables easy visualization
of MTs. As an alternative, fluorescently labelled paclitaxel or similar drug docetaxel can be used. In
this case, the label serves as the stabilizing agent at the same time. We have tested this possibility,
but the labelling had lower reproducibility compared to GFP-a-tubulin (data not shown). There is a
theoretical possibility of MIPs/ MAPs being affected by the fused GFP domain to tubulin. We ob-
served no changes in the MT network in the GFP-a-tubulin line compared to wild-type cells, as
visualized by IF labelling (data not shown). Similar tagging was for example used by (Nihongaki et
al. 2021), too, also without any deleterious effects on MTs. GFP-a-tubulin is widely accepted as a
valid approach to visualize MTs without serious perturbations in MT dynamics or MAP binding
patterns, as reviewed in (Goodson et al. 2010). Also, our GFP-a-tubulin cell line expresses endoge-
nous untagged a-tubulin along with the tagged one, so MTs contain a mixture of these two. This
further decreases the potential for adverse effects caused by the GFP tag.

5.3.2. Isolation of MTs polymerized in cell lysate

In case the isolation of MTs without depolymerization would have failed, we engaged in modi-
fied isolation experiments using MTs polymerized in concentrated cell lysate. Cells were first
harshly lysed by detergent and sonication and debris was removed by centrifugation. Cleared su-
pernatants were left at 37 °C to polymerize MTs with GTP and paclitaxel supplied. We hypothesised
that the lysate might maintain the ability to assemble MTs with MIPs present inside. This assump-
tion is supported by several works showing MIP entry by co-polymerization with tubulin in vitro:
e. g. (Cuveillier et al. 2020) for MAP6, (Kirima & Oiwa 2018) for axonemal MIP called FAP85. The
treatment after polymerization, i. e. immunoprecipitation and washing with high ionic strength
buffers, was the same as for intact MTs from cells. Once we obtain the MS data, we plan to compare
them to the data obtained from the direct isolation of MTs without depolymerization and reevaluate
whether polymerization in lysate can serve our purposes.

5.4. MIPs in axonemal MTs (TAILS com-
plex)

The TAILS complex has been discovered very recently in human sperm cells by the group of
Johanna H66g (Zabeo et al. 2018). TAILS has the form of an intraluminal interrupted helix at the
distal terminus of axonemal MTs (in the tip). This discovery might be considered surprising, since
mammalian sperm cells have been studied thoroughly for centuries, especially by microscopists
(Birkhead & Montgomerie 2009). Clearly, it is worth investigating even well-studied models when
modern techniques (cryo-EM in this case) are being used.

The TAILS complex has been described structurally in low resolution only so far, virtually all
other knowledge (like protein composition, function, associated pathologies etc.) is missing.
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Identifying at least one of the members of this complex would immensely boost the research of
TAILS since it would enable in vitro studies and knock-out characterization. A call for identifying
MIP identities was communicated by several scientists in the field, e. g. in the review of (Ichikawa
& Bui 2018).

This thesis had identification of TAILS members as one of its goals. To do so, we generated a list
of proteins enriched in the tip of bull sperm cells, which should therefore include TAILS members
as well. Such a list has not been obtained before for mammalian cells to our knowledge.

5.4.1. IF labelling of bull sperm cells

IF labelling of is a vital step for all FACS applications (Tung et al. 2007, Cossarizza et al. 2017). In
our case, weak staining would lead to a low catch rate of tips, so that the sorting would take inade-
quately long to accumulate enough material. On the other hand, unspecific overstain would lead to
contaminated sorted fractions and a non-representative, misleading list of hits on MS. Thus, we de-
voted significant time to the optimization of the IF labelling protocol.

5.4.1.1. DCDC2C IF labelling

The key protein enabling FACS to be used for tip enrichment is DCDC2C. It was discovered to
localize exclusively to flagellum tips (Jumeau et al. 2017). Importantly, a polyclonal antibody against
DCDC2C is available, making IF labelling possible.

DCDC2C antibody labelling was in our hands reliable and specific in nearly all experiments exe-
cuted. In the early optimization attempts, a second bleak staining spot labelled with DCDC2C rarely
appeared at the base of the flagellum. This second spot could be merely stemming from unspecific
overstaining of the sample since it was not observed in final staining protocols with lower back-
ground signal. Another (purely speculative but exciting) explanation could be that DCDC2C is in-
deed a member of TAILS and it constitutes a spiral MIP discovered at the base of the flagellum in
tracheal ciliated cells at the same time (Greenan et al. 2020). Jumeau and colleagues published IF
labelling data which contain a similar pattern in one cell as we observed (Jumeau et al. 2017). The
enrichment of DCDC2C in the tip compared to the distal parts of the flagellum revealed by MS
speaks against, though. A definitive answer will require the identification of the proteins constitut-
ing both the TAILS and basal body crescent MIP.

5.4.1.2. Tubulin IF labelling

Tubulin IF labelling was used to mark the whole length of the axoneme to gate it in. Tubulin stain
could have been omitted in theory, but double staining for tip fragments improved the purity of the
fraction (debris autofluorescent in only one channel could be then gated out). We initially considered
this tubulin-less setup combined with gating based on FSC and SSC signal - sonication produced
a distinctive cloud of flagellum fragments seen in the FSC~SSC dot-plot, negative for DAPI (see
Fig. 29 A). Generally, a combination of markers for gating is recommended rather than single mark-
ers (Tung et al. 2007), so we kept the tubulin labelling included.

Tubulin labelling of bull sperm cells was troublesome and required an unexpected amount of
optimization. Over 25 different protocols were tested, but we did not reach satisfactory results (data
not shown due to space limitations). Tubulin labelling produced a strong signal at flagellar extrem-
ities - at the tip and the base -, but the remaining length of the axoneme was labelled weakly and
often non-homogenously. This pattern was probably caused by the presence of the fibrous sheath
(densely-packed cylinder covering the axoneme (Young et al. 2016)) around the axoneme in the cen-
tral part of the flagellum.

Other factors which could have played a role in suboptimal tubulin labelling were insufficient
permeabilization and binding capabilities of the TAT1 antibody. TAT1 antibody could be hardly
replaced by another anti-tubulin antibody, though, for it is available in large quantities required for
suspension stains and FACS (thanks to the generosity of Vladimir Varga, IGM, Prague, Czech Re-
public). TAT1 antibody was raised in mouse against T. brucei a-tubulin (Woods et al. 1989), so altered
affinity towards mammalian sperm cell tubulin could not be ruled out. Other tools for specific la-
belling are available nowadays, like DNA aptamers (Pu ef al. 2015), or synthetic antibodies (sybod-
ies) (Zimmermann et al. 2020), which stand out by their binding affinities and controllable
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production protocol. Classical antibodies are large (~160 kDa), so they might be sterically hindered
from targeting their antigen in crowded environments (Nihongaki et al. 2021). Thus, a sybody might
have met our needs better.

Although initial experiments carried out on bull sperm stored at 4 °C yielded sufficient homoge-
neity and strength of tubulin signal, we had to switch to sperm stored in liquid nitrogen. Sperm
stored at 4 °C quickly developed high autofluorescence of mitochondria and was spoiled by con-
tamination outgrowth. Sperm frozen in liquid nitrogen had negligible autofluorescence and was
without any observable contamination. These factors favoured frozen sperm, even though its label-
ling was consistently worse than that of refrigerated sperm. Frozen sperm was reported to have
altered antigenic properties, compared to fresh sperm (Alexander & Kay 1977). Another work stud-
ied the effect of cryostorage on tubulin in human sperm (Desrosiers et al. 2006). The amount of tu-
bulin extracted by a non-reducing buffer was higher for frozen than for fresh samples. The authors
speculate that the MT structure might weaken over time even in liquid nitrogen, rendering MTs
more susceptible to extraction once thawed. Such a conclusion supports our observation of deterio-
rated staining of MTs in thawed sperm cells. As a workaround, a different marker could be used
instead of tubulin, e. g. proteins of the fibrous sheath (Young et al. 2016), which would not colocalize
with DCDC2C at the tip, though.

During the optimization, we tested a broad array of conditions, including the type of primary
and secondary antibodies, fluorophores combinations, various detergents and their concentrations,
and permeabilization as a single step or during antibody labelling. Despite our suboptimal tubulin
staining, we ultimately decided to proceed to FACS anyway in order not to delay the whole project.

5.4.2. FACS of IF-labelled sonicated bull sperm cells

Flagellar fragments differed substantially from usual cell samples in the terms of size and shape.
For this reason, standard procedures used for cell sorting - gating in singlets from clusters and living
cells from dead (Tung et al. 2007) - did not apply. The detection threshold which discerns events
from electronic noise had to be set much lower so it could record fragments as small as 200 nm (the
width of the flagellum tip (Zabeo et al. 2018)), which is at the detection limit of modern flow cytom-
eters (Erdbruigger et al. 2014). Solutions used for IF labelling were therefore filtered or cleared by
centrifugation, because any pertaining contamination by organic or inorganic particles would be
recorded and therefore slow down the processing.

Compared to microscopes, FACS does not process spatial information (Cunningham 2010). Each
event is assigned a single number value in each fluorescent channel, so small bright objects might
have a similar fluorescence value as large dim objects. Linking distinct populations of events de-
tected by FACS to biological structures observed in a microscope is thus intricate. The interpretation
of cytometry data was further complicated by inter-experiment variability - gate setting used in one
experiment could not be applied to a replicate and had to be adjusted ad hoc arbitrarily. Such varia-
bility could arise from a large array of reasons, illustrated by a case when replication of a cytometry
experiment failed because of different agitation speeds (Hines et al. 2014). Imaging flow cytometry
(which combines a microscope and a cytometer in one device) could have been a method of choice
for understanding better how IF labelled sonicated sperm cells translated into cytometry plots, as
summarized in a review (Barteneva et al. 2012).

5.4.2.1. Volume and amount of sorted samples

Sorting sessions were usually carried on until the whole sample volume was processed. For the
negligible size of the fragments, the sorted sample appeared virtually empty when investigated us-
ing a light microscope. Tips had to be spun down in an ultracentrifuge and resuspended in much
lower volume (~200 pl instead of 6 ml). This step turned out to be crucial. In several other attempts,
we failed to concentrate the fragments properly. Spectroscopy measurement then showed only back-
ground noise with negligible specific signal. The whole experimental efforts then turned in vain. For
these reasons, we were not able to produce replicates for the MS analysis yet.

We then verified that fractions enriched in tips had indeed a lower ratio of tubulin/DCDC2C
fluorescence signal on a fluorescence spectrophotometer. We obtained a surprisingly clear spectrum
(Fig. 30), given how little the protein content was (checked by Bradford protein assay, NanoDrop,
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and Coomassie-stained PAGE, data not shown). Apparently, the light detection sensitivity of fluo-
rescent spectroscopy is far over the sensitivity of biochemical protein detection. Also, proteins in
sorted fractions were not in solution, but still part of the flagellar fragments as a suspension, which
might have impacted the results.

5.4.3. MS proteomic analysis and list of hits

MS analysis of tip-enriched and tip-depleted fractions was carried out at the proteomics facility
of EMBL in Heidelberg, which has sufficient instrumentation and experience to process even trace
amounts of samples. The obtained proteome was based on mere two samples (one for each condi-
tion). Shall the proteome be considered robust enough to infer implications for the further course of
the project, additional replicates will be necessary. The list in Table 9 should be considered prelim-
inary also because it accounts for statistics of the MS analysis only, not the biological relevance of
individual proteins, which is yet to be assessed manually. That said, the presence of DCDC2C among
hits indicates that our proteome can be attributed at least some degree of trustworthiness. Contam-
ination by human biological material could be easily excluded from the dataset because the sperm
cells originated from the bull.

5.4.4. TAILS identification project - future steps

This thesis was part of a broader project devoted to TAILS, carried out by Johanna H66g's group
at the University of Gothenburg, Sweden. Currently, a 3D structural model of the TAILS complex in
sperm cells is being constructed from single particle cryo-EM and cryo-EM tomography data. Pre-
viously, another tip proteome was generated (with the contribution of the author of this thesis) based
on different sedimentation of flagellar fragments in sucrose ultracentrifugation gradients. More de-
tailed analysis will be performed, hopefully, once more replicates of the FACS sorting are analysed.
This analysis will include a comparison of hits with proteomes from other species by BLAST (basic
local alignment search tool) - we expect the TAILS protein members to have homologues in all ver-
tebrate species shown to possess TAILS (Homo sapiens (Zabeo et al. 2018), Bos taurus, Gallus gallus
domesticus, Xenopus tropicalis (Zabeo 2021), Equus ferus caballus, Sus scrofa f. domestica (Leung et al.
2021); Mus musculus is surprisingly lacking TAILS (Leung et al. 2021)). Furthermore, proteins with
homologues in species lacking TAILS (Trypanosoma brucei (Zabeo 2021), Chlamydomonas reinhardtii
(Jordan et al. 2018)) will be excluded from further consideration.

After the completion of proteomic studies and cryo-EM 3D reconstruction, we will select a hand-
ful of best-fitting candidates for verification. First, localization will be assessed by IF labelling of
sperm cells (provided antibody will be available). Then, in vitro experiments with MTs will be car-
ried to see whether the protein localizes to MTs, specifically to its lumen. Finally, male patients with
mutations of corresponding candidate protein will be sought - if found, 3D reconstruction of their
sperm cells tips will be build to see possible distortions or absence of the TAILS complex. The long-
term goal is to map known defects of human sperm motility to axonemal structural features, to
deepen the knowledge of how structure translates to movement in sperm.

5.5. MIPs in microtubular research

Microtubules have been subject to thorough study since the early descriptive works using optical
microscopy (Schmidt 1939) or later EM (Grigg & Hodge 1949, Fawcett & Porter 1954). New roles of
MTs in cells emerged along with the continuing development of biochemical and biophysical tools.
The effort devoted to MTs is immense (or even “aggressive” as described in a historical review by
Brinkley (Brinkley 1997)), yet it still yields new and unforeseen knowledge gaps.

With the advent of high-resolution cryo-EM, reconstitution of (nearly) native MT assemblies and
MT-related complexes become feasible. Previous structural methods, like X-ray crystallography,
were of limited help since intricate complexes could not crystallize out of cellular complex purely in
vitro. Cryo-EM techniques overcame this limitation; however, obtaining atomic resolution remains
challenging in particular applications.
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The progress of methods naturally links to change in prominent subfields of MT research. A
glimpse at the Portfolio page dedicated to MTs of Springer Nature publishing house (www.na-
ture.com/subjects/microtubules) gives a nice representation of what is in the mainstream of current
MT research. At the time of 19th of July 2021, five top-listed articles are focused on PTMs of MTs in
neurons, spindle biomechanics, MAPs recruitment to MTs, a novel MT drug, and finally, new MIPs
identified via cryo-EM. This selection illustrates the trend of merging structural biology with chem-
istry, physics, and more and more often, neuroscience and physiology. Also, it shows that MIPs as
a topic are gaining a leading position.

The luminal compartment of MTs stood away from the research interest for most of the time MTs
were known to exist. Before the cryo-EM era, microscopists suggested that the lumen might serve
as a transport track for tubulin dimers or other material. Burton suggested that MTs can transport
their own building blocks to distal parts of the cell (Burton 1984). Slautterback hypothesized that
MTs might transport water and ions like cellular pipes (Slautterback 1963). The possibility that MTs
transport water or ions was ruled out when the structure of MTs lattice was revealed (Nogales et al.
1999). The transport hypothesis re-emerged with the observations of MIP particles by cryo-EM
(Garvalov et al. 2006, Bouchet-Marquis et al. 2007). MTs were also suggested to serve as storage for
proteins or RNA (Garvalov et al. 2006). Odde proposed that MTs can serve as vehicles for drug de-
livery (Odde 1998); this idea was further explored by Inaba who designed tau-derived peptides
which can be encapsulated in the MT lumen (Inaba et al. 2018). The importance of the MT lumen as
a compartment will be reevaluated once more data are collected on MIPs entry and mobility in the
MT interior.

The existence of MIPs has been either ignored or too difficult to study for a long time. The first
report of “full microtubules” dates as early as 1966 (observed densities, however, appear that they
might have been mere artefacts of heavy metals stains) (Bassot & Martoja 1966). More convincing
work by Burton was even as a whole dedicated to luminal material of MTs in frog olfactory neurons
(Burton 1984). Still, MIPs gained broader interest among the research community much later, start-
ing in 2006 when cryo-EM was used for the first time to study MIPs (Garvalov et al. 2006). Soon after,
aTAT was shown to be the first identified MIP (Shida et al. 2010). Many other proteins followed, out
of which the majority was in stable axonemal MTs (Ma et al. 2019). The only further MIP found inside
dynamic MTs so far is MAP6 (Cuveillier et al. 2020). MIPs are a frequent phenomenon present among
eukaryotic species, e. g. in the parasite Toxoplasma gondii (Wang et al. 2021). We can expect the list of
MIPs to be expanded soon, along with new insights into the lumen entry mechanisms and functions
performed there.
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6. Conclusions

This thesis presents a pilot study of MIPs identification in our laboratory. The methods used here
(namely IF labelling of sperm cells in suspension, FACS, Flp-in cell lines, biotinylation with BiolD,
and isolation of MTs) had to be developed ab initio. As a consequence, the project became mostly
technical and methodological with limited output of directly useful data since many hurdles arose
during the optimization (e. g. improperly localizing fusion proteins in RPE stable cell lines). Further-
more, the project outline had to be modified upon COVID-19 outburst and related restrictions of lab
operation.

Our endeavours to identify new MIPs were split into two independent projects - the dynamic
MTs project, and the axonemal MTs project (carried with cooperation with Johanna Ho6g's labora-
tory based in Gothenburg, Sweden). Both projects used a different set of methods and were inter-
linked by the topic only.

In the dynamic MTs project, we established two ways for identifying MIPs (proximity labelling
by BiolD, and direct isolation of MTs from cells with subsequent washing). We generated ten induc-
ible RPE cell lines and probed two different bait proteins fused with GFP and miniTurbo biotin
ligase in various combinations and arrangements. We found a combination with desired localization
pattern. These cell lines can readily facilitate biotinylation experiments with a scalable level of ex-
pression without the need to repeatedly transfect cells. GFP-a-tubulin RPE stable line proved to be
an invaluable tool for MTs visualization. We optimized the method of isolation of intact MTs from
cells, which (at least to our knowledge), had not been reported before for dynamic MTs used for
subsequent biochemical analysis. Thus, we can now isolate intact MTs directly from cells without
depolymerization. We have reached the goals for the dynamic MTs part of the thesis only partially
- the proteomic data of biotinylation and MTs isolation experiments have not been analysed yet and
are being processed at the time of finishing the thesis.

The next steps in the dynamic MTs project will comprise optimization of the biotinylation times
based on MS profiles in the BiolD method. In the intact MTs isolation method, we plan to use MAP4
and MAP6 stable lines to test whether MAPs (represented by MAP4) are indeed stripped of by high
salt buffers and whether MIPs (represented by MAP6) remain present in the washed MTs. Then,
thorough consideration of hits will follow, and characterization of selected candidates in vitro and
in vivo in the terms of localization and interaction towards MTs. Verification of candidates for MIPs
was beyond the scope of the diploma project from the very beginning.

In the axonemal MTs project devoted to the TAILS complex, we successfully isolated tip frag-
ments of the sperm cells and generated a list of candidates enriched in tips. Our developed protocol
is a proof of principle that fragments with the negligible size of approximately 0.2 X 3 um can be
FACS sorted and analysed by MS. With suitable markers, it could be applied to other fragmentable
biological samples to study a specific subset of the whole sample, e. g. cilia of ciliated epithelial cells,
or individual organelles within cells. The goals set for the axonemal MTs part of the diploma project
were met, although more replicates have to be analysed to verify the obtained list of candidates.

As summarized in the discussion, the list of TAILS candidates will be combined with previously
gathered proteomic and structural data. The most promising candidate proteins for TAILS will then
be tested by localization assessment using IF labelling and by in vitro experiments on purified com-
ponents of TAILS. The group of Johanna Ho6g will eventually strive to transition the findings on
TAILS to clinics and search for male patients suffering from sperm motility impairment stemming
from defective function/structure of TAILS.

In conclusion, we generated and verified experimental tools for studying MIPs in diverse types
of MTs. Our preliminary data suggest that our approaches are valid, although further experiments
are needed to confirm our findings. This work can serve as a starting point for next projects devoted
to the identification of MIPs.
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7. List of supplements

1. Maps of plasmids used in the thesis (.pdf)
2. Intact MTs isolated from RPE GFP-a-tubulin cell line before immunoprecipitation (.mp4)
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