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Abbreviations 

 
AIR9   auxin-Induced in Root cultures 9 

apoA-I   apolipoprotein A-I 

APS   ammonium persulfate 

BARP   brucei proline-rich protein 

CAP   cytoskeleton associated protein 

CCP   cytosolic carboxypeptidase 

DAPI   4’,6’-diamidino-2-phenylindole 

EB1   end binding protein 1 

FAZ   flagellum attachment zone 

FCS   foetal calf serum 

GDP   guanosine-diphosphate 

GTP   guanosine-triphosphate 

HAT   human African trypanosomiasis 

Hpr   haptoglobin-related protein 

TbHpHbR  trypanosome haptoglobin (Hp)-Hb receptor 

IF   immunofluorescence 

Ig   immunglobulin 

IPTG   Isopropyl ß-D-1-thiogalactopyranoside 

MAP   microtubule associated protein 

MATCAP  microtubule associated tyrosine carboxypeptidase 

MtQ   microtubule quartet 

PCR   polymerase chain reaction 

PFR   paraflagellar rod 

PTM   posttranslational modification 

RNAi   RNA interference 

SDM   semi-defined-medium 

SDS-PAGE  sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SMT   subpellicular microtubule 

spp.   species 

SRA   serum-resistant protein 
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TAC   tripartite attachment complex 

Tb   Trypanosoma brucei 

T. brucei  Trypanosoma brucei 

TEM   transmission electron microskopy 

+TIP   microtubule plus end tracking protein 

TTL   tubulin tyrosine ligase 

TTLL   tubulin tyrosine ligase like protein 

TLF   trypanosome lytic factor 

U-ExM   ultrastructural expansion microscopy 

VASH   vasohibin 

VSG   variable surface glycoprotein 

WB   western blot 

WHO   world health organisation 

wks   weeks 

XMAP215  Xenopus microtubule associated protein 215 
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Summary 

 
The shape of kinetoplastids such as Trypanosoma brucei is defined by a remarkably stable 

microtubule-cytoskeleton and is precisely determined during the life cycle stages. This stability 

has to give room for dynamic properties to allow cell division and morphological 

rearrangements. How these opposite demands on the cytoskeleton are regulated is poorly 

understood. One way to alter microtubule properties is via posttranslational modifications 

(PTMs) of microtubules. Many of these PTMs are present at the C-terminal tails of α- and β-

tubulin, such as glutamylation. Defects of enzymes that catalyse the accumulation of 

glutamate side chains have been shown to lead to ciliopathies and neurodegeneration. T. 

brucei represents a simplified system to study the molecular effects of glutamylation on 

microtubule-structures like the cytoskeleton and axoneme. This work demonstrated the in 

vivo activity of three T. brucei polyglutamylases (TTLL6A, TTLL12B and TTLL1) and their 

importance to maintain a balance of the glutamylation level. A depletion of the 

polyglutamylases or the overexpression of TTLL1 resulted in a decreased or increased 

glutamylation signal and caused the disruption of the cell architecture as well as an aberrant 

motility. Additionally, it was shown, that the depletion of either enzyme caused a failed 

localisation of the cytoskeletal-associated proteins EB1, XMAP215 and TbAIR9. Based on the 

characterisation of these three polyglutamylases this study provides insights that 

glutamylation is a key regulator in the maintenance of cellular integrity. 
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Zusammenfasssung 

 
Die Form von Kinetoplastiden wie Trypanosoma brucei wird durch ein bemerkenswert stabiles 

Mikrotubuli-Zytoskelett bestimmt und während der Lebenszyklusphasen genau festgelegt. 

Diese Stabilität muss jedoch auch dynamische Eigenschaften aufweisen, um Zellteilung und 

morphologische Veränderungen zu ermöglichen. Wie diese gegensätzlichen Anforderungen 

an das Zytoskelett reguliert werden, ist nicht bekannt. Eine Möglichkeit, die Eigenschaften der 

Mikrotubuli zu verändern, ist durch posttranslationale Modifikationen (PTM). Viele dieser 

PTMs befinden sich an den C-terminalen Schwänzen von α- und β-Tubulin, wie etwa die 

Glutamylierung. Ein Defekt von Enzymen, die das Anhängen von Glutamatseitenketten 

katalysieren, führt zu Ciliopathien und Neurodegeneration. T. brucei stellt ein vereinfachtes 

System dar, um die molekularen Auswirkungen der Glutamylierung auf Mikrotubuli-

Strukturen wie das Zytoskelett und Axoneme zu untersuchen. In dieser Arbeit wurde die in-

vivo Aktivität von drei T. brucei Polyglutamylasen (TTLL6A, TTLL12B und TTLL1) und ihre 

Bedeutung für die Aufrechterhaltung des Gleichgewichts des Glutamylierungslevels 

nachgewiesen. Die Depletion der Polyglutamylasen und die Überexpression von TTLL1 führte 

zu einem Anstieg oder zu einer Verminderung des Glutamylierungssignals und hatte eine 

veränderte Zellarchitektur sowie eine gestörte Zellmotilität zur Folge. Darüber hinaus konnte 

gezeigt werden, dass die Depletion der Enzyme zu einer fehlerhaften Lokalisierung der 

zytoskelett-assoziierten Proteine EB1, XMAP215 und TbAIR9 führt. Basierend auf der 

Charakterisierung dieser drei Polyglutamylasen liefert diese Studie Erkenntnisse darüber, dass 

die Glutamylierung ein wichtiger Regulator bei der Aufrechterhaltung der zellulären Integrität 

ist. 
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Introduction 

 
Trypanosoma brucei and Trypanosomiasis 

 
African trypanosomes are the causative agent of the "Human African trypanosomiasis (HAT)". 

It is a fatal nervous disease whose final stage in humans is called "sleeping sickness"(Brun et 

al., 2010), due to the occurrence of daytime sleepiness. Those infected often die of heart 

failure and central nervous disorders (Brun et al., 2010). 

The disease is widespread in sub-Saharan Africa wherever the tsetse fly (Glossina spp.) is 

present, because the parasite is transmitted by this blood-feeding arthropode. The clinical 

pictures differ depending on the infection with different sub-species. An infection with 

Trypanosoma brucei gambiense is responsible for the chronic form of sleeping sickness in 

West and Central Africa, while T. brucei rhodesiense causes the acute form of the disease in 

East and Central Africa (Odiit, Kansiime and Enyaru, 1997; Pepin and Meda, 2001). If left 

untreated, patients infected with T. brucei rhodesiense die within several months, and those 

infected with T. brucei gambiense can be carriers for years, before reaching the lethal stage 

(Kennedy, 2013). The infection with T. brucei gambiense accounts for more than 95 % of the 

reported cases (Kennedy and Rodgers, 2019) 

 

At the beginning of the 20th century, there were three severe epidemics of sleeping sickness. 

The first epidemic (1896-1906) killed an estimated 800,000 people (Brun et al., 2010). The 

catastrophic health and economic impact of the epidemic were so disturbing that strategies 

were developed to combat the disease and limit subsequent epidemics. Its spread was tracked 

due to mobile teams and drugs for treatment were developed. However, the diagnosis and 

the treatment of the disease are complex and require specifically trained staff. Another 

approach that contributed to a significant reduction in the incidence of infection was the 

control of the vector, the tsetse fly. The spread of the fly could be reduced by insect traps and 

by destroying host reservoirs because wild and domestic animals play an important role as 

parasite reservoirs for human infections with trypanosomes (Brun et al., 2010; Rotureau and 

Van Den Abbeele, 2013). 

In 2009 the number of cases dropped below 10.000 for the first time in 50 years. In 2019 and 

2020 only several hundred cases were reported. More and more countries are reporting the 

elimination of the disease as a public health problem, so that the WHO targeted the 
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interruption of transmission by 2030 (mondiale de la Santé and World Health Organization, 

2021). 

Although HAT is now very well controlled, the animal trypanosomiasis “Nagana” (a Zulu 

expression for “being in low spirit”) is still a problem (Venturelli et al., 2022; 

https://www.fao.org/3/ca3887en/ca3887en.pdf, accessed on 06. November 2022). It is 

caused by T. brucei brucei, T. brucei congolense and T. brucei vivax, and leads to a drastic 

decline in livestock. This has a significant impact on the gross domestic product of countries, 

as African economies are dependent on their agriculture and especially on their livestock 

(Kargbo et al., 2022). 

 

T. brucei brucei is not human pathogenic, due to the resistance factors TLF1 and TLF2 

(trypanosome lytic factors). TLF1 is a high-density lipoprotein that includes apolipoprotein A-

I (apoA-I) and haptoglobin-related protein (Hpr). TLF2 is low in lipids and contains 

immunoglobulin M, apoA-I, and Hpr (Raper et al., 1999). Both TLFs appear to lyse 

trypanosomes by the same mechanism. 

For TLF1, an uptake process could be characterised. In the host bloodstream, hemoglobin (Hb) 

binds to Hpr and thus to TLF1. This complex binds to the trypanosome haptoglobin (Hp)-Hb 

receptor (TbHpHbR), whose initial role is to ensure heme uptake via the flagellar pocket for 

optimal parasite growth (Vanhollebeke et al., 2008). Thus, TLF1 is taken up into the cell in a 

receptor-mediated manner, and lysis is initiated. While Hpr is involved as a TLF ligand, the lytic 

activity is due to the pore-forming protein apoA-I (Vanhollebeke and Pays, 2010). It is still 

unclear whether TLF2 will be taken up via a similar process. 

T. brucei gambiense has evolved several mechanisms to escape the lysis of TLFs. First, it 

reduces the binding of TLF to the TbHpHbR by regulating the mRNA level, and second, this 

parasite subspecies can make the membrane tolerant to the lytic action of apoA-I by 

tightening the membrane through TbgGP (T. brucei gambiense glycoprotein) (DeJesus et al., 

2013; Uzureau et al., 2013). 

In contrast, T. brucei rhodesiense expresses a serum-resistant protein (SRA) that neutralizes 

apoA-I (Vanhamme et al., 2003; Stephens and Hajduk, 2011). 
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Except for the expression of the SRA in T. brucei rhodesiense, these trypanosome subspecies 

are indistinguishable. For this reason, the non-human pathogenic strain T. brucei brucei is 

often used for basic research in laboratories. 

 

The life cycle of T. brucei 

 
During its complex life cycle, the parasite alternates between its vertebrate host and the tsetse 

fly (Figure 1). As an extracellular parasite, T. brucei survives in the hosts blood by immune 

evasion. The constant variation of the surface coat of VSGs (variant surface glycoproteins) 

protects the parasite from the elimination of the hosts immune response (McCulloch, 2004; 

Pays, Vanhamme and Pérez-Morga, 2004). This antigenic variation in T. brucei is mediated by 

monoallelic expression of the VSG gene in the active telomeric expression site, with only one 

of thousands of VSG genes being transcribed. VSG switching is achieved by switching to 

transcription of a different telomeric expression site or by replacing the VSG in the active 

expression site (López-Escobar et al., 2022). 

Driven by a density-dependent signal (quorum sensing), the slender bloodstream cells (Figure 

1A) further develop into stumpy forms (Figure 1B) (Vassella et al., 1997; Matthews, Ellis and 

Paterou, 2004; Schuster et al., 2021). This change from proliferating slender forms to cell cycle 

arrested stumpy forms is associated with a series of biochemical and morphological changes 

(Tyler, Matthews and Gull, 1997; Vassella et al., 1997). 

After ingestion of stumpy forms by the blood meal of the tsetse fly, the VSG coat of the cells 

is replaced by procyclin (Figure 1C). The parasite adapts to the new environment and switches 

its metabolism from glycolysis to oxidative phosphorylation (Smith et al., 2017). The procyclic 

trypanosomes, which multiply by binary division in the midgut of the mosquito, afterwards 

migrate to the salivary glands where they attach as epimastigote forms (Figure 1D). 

 

To colonise the salivary glands, the cells undergo asymmetric division, producing one long and 

one short daughter epimastigote. Asymmetric division requires multiple coordinated changes 

in cell shape. Whereas the long daughter cell appears to die, the short epimastigote attach to 

the salivary gland epithel through an elaboration of the membrane of the flagellum (Tetley 

and Vickerman, 1985; Sharma et al., 2009). Cells in this stage change their surface coat from 

procycline to BARP (brucei alanine-rich proteins) (Fenn and Matthews, 2007; Urwyler et al., 

2007). 
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They further develop to non-proliferative metacyclic cells which are pre-adapted to the new 

host environment and develop a surface coat of VSGs (Figure 1E) (Vickerman, 1985; Rotureau 

et al., 2012). After a release from the epithelium the cells are infective for the next host 

(Sharma et al., 2009). 

 

 
Figure 1: Life cycle of Trypanosoma brucei. (A) proliferative slender bloodstream form expressing VSG 
(variant surface glycoprotein) (B) non-proliferative stumpy bloodstream form expressing VSG (C) 
proliferative procyclic form expressing EP/GPEET (procyclin) (D) proliferative epimastigote form 
expressing BARP (brucei alanine-rich protein). (E) non-proliferative metacyclic form. Figure was created 
based on the inspiration after Schuster et al. (2021). Figure was created with BioRender.com. 

 
Cell biology of procyclic T. brucei 

 
Procyclic trypanosomes are elongated cells with a size of 15-30 µm. The cell shape is defined 

by a highly organised microtubule cytoskeleton. 

Within the cytoskeleton, single-copy organelles are precisely positioned. They include the 

mitochondrion, the kinetoplast and nucleus, the flagellar pocket and the single flagellum 

arising from it (Figure 2) (Gull, 1999). 
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Figure 2: The morphology of an insect stage T. brucei cell (Wheeler, Gull and Sunter, 2019). 

 
The mitochondrion of T. brucei is unusual among eukaryotes not only because it is formed as 

a single elongated tubular structure extending the entire length of the cell, but also because 

the mitochondrial genome is not distributed over this single mitochondrion. It exists as a 

separate physical structure, the "kinetoplast" (Shapiro and Englund, 1995). Containing 

thousands of concatenated minicircle DNAs and about 25 maxicircle DNAs it is located at the 

end of the single mitochondrion adjacent to the basal body of the flagellum (Ryan et al., 1988; 

Robinson et al., 1991). During the cell cycle, those organelles duplicate and segregate in a 

highly coordinated manner (McKean, 2003). 

The flagellum is essential for the locomotion and viability of the parasite (Rotureau et al., 

2014). It is also responsible for the control of cell size and shape, polarity, and cell division, as 

the anterior end of the flagellum determines the positioning of the cleavage furrow for 

cytokinesis (Kohl, Robinson and Bastin, 2003). Originating at the posterior end of the cell, it 

emerges from the basal body. Via the flagellum attachment zone (FAZ, Figure 3) it is connected 

to the cell body, winds in a left-handed spiral along the cell and protrudes beyond the anterior 

cell tip (Figure 2). The FAZ includes a FAZ filament and the microtubule quartet (MtQ) which 

is associated with the endoplasmatic reticulum (Figure 3) (Vaughan et al., 2008). The flagellum 

consists of a canonical 9+2 microtubule axoneme, that contains nine doublet microtubules 

surrounding a pair of single microtubules in a highly organized manner. Associated with the 
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axoneme is the paraflagellar rod (PFR; Figure 3) (Ralston et al., 2009). The PFR is a structure 

found in euglenoids that is indispensable for the parasites' motility and is possibly supporting 

the efficiency of the flagellar beat (Bastin, Sherwin and Gull, 1998). 

 

The subpellicular cytoskeleton is essential to maintain the structure of the parasite. It consists 

of non-continuous microtubules that are highly ordered in a parallel manner and are located 

just below the cell membrane (SMT, Figure 3) (Seebeck et al., 1988). 

 

 
Figure 3: Electron micrograph of a cross-section through a T. brucei cell. Left: Expansion microscopy 
of a cell. Shown is a tubulin staining. Brackets show the polarity of microtubules. Dashed line indicate 
cross-section. Image was deconvoluted. Right: Transmission electron microscopy of a cross-section of 
a cell. Axoneme (A), subpellicular microtubules (SMT), paraflagellar rod (PFR), flagellum attachment 
zone (FAZ) consisting of the microtubule quartet (MtQ) and FAZ filament (FAZ fil). The electron 
micrograph was taken by Julia Bechthold, a master student under my guidance. 

 
The microtubules of the subpellicular cytoskeleton have a uniform polarity and point with 

their plus-ends towards the posterior end of the cell (Robinson et al., 1995). The flagellum and 

the MtQ, which are both emanating from the basal body, show their polarity in the opposite 

direction with their plus ends directed to the anterior end of the cell (Figure 3) (Robinson et 

al., 1995). Approximately 100 microtubules are present in an array, whereby the number of 

microtubules depends on the width of the cell body and varies accordingly (Angelopoulos, 

1970; Gull, 1999). The microtubules have a uniform spacing of 18-22 nm, with adjacent 

microtubules being interconnected by regularly spaced fibrils at intervals of 12-30 nm (Gull, 

1999) and are cross-linked with the plasma membrane (Bramblett, Chang and Flavin, 1987; 

Hemphill, Lawson and Seebeck, 1991). Microtubules of trypanosomes appear to be 
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remarkably stable, which is very different from the dynamic instability of microtubules in 

mammalian cells. This is supported by the fact that the microtubules of the parasite are cold 

and detergent-resistant (Robinson et al., 1991) and do not depolymerize under the influence 

of microtubule destabilizing drugs (Ploubidou et al., 1999). Even during cell division, the 

cytoskeleton remains intact. 

 

Cell division 

 
As in other eukaryotes, the cell cycle of T. brucei is divided into the phases G1, S, G2 and M. 

Unique for the parasite is the additional separate cycle of the kinetoplast, which occurs 

simultaneously but is slightly shifted from that of the nucleus. During the G1 phase, the cell 

has one kinetoplast (K), one nucleus (N), and one flagellum. This stage is therefore termed 

1K1N (Figure 4A) (Robinson et al., 1995). 

The S phases of the kinetoplast and nucleus begin synchronously, but the S phase of the 

kinetoplast is completed faster (Woodward and Gull, 1990). The initial morphological event 

occurs during the transition of the kinetoplast G1-S phase. First a new basal and pro-basal 

body and a new MtQ are formed (Lacomble et al., 2010). As the pro-basal body grows, a new 

flagellum nucleates (Figure 4B) (Sherwin and Gull, 1989). Located in the same flagellar pocket, 

the newly growing flagellum binds with its distal tip to the old flagellum (Lacomble et al., 

2010). It is connected to the old flagellum via the flagellar connector until cytokinesis (Figure 

4B-E) (Moreira-Leite et al., 2001; Briggs et al., 2004; Lacomble et al., 2010). It was shown that 

at the early stages of flagellar growth, the now mature basal body rotates around the new 

flagellum in a counterclockwise direction (Lacomble et al., 2010; Gluenz et al., 2011). This 

leads to a repositioning of the basal body and the new growing flagellum from an anterior to 

a posterior position. During S phase, the kinetoplast elongates, and the DNA content of the 

nucleus increases (Figure 4C) (Siegel, Hekstra and Cross, 2008). 

During the nuclear G2 phase, the newly formed basal bodies separate in a microtubule-

mediated manner (Robinson and Gull, 1991). Since they are connected to the kinetoplast via 

the tripartite attachment complex (TAC), the kinetoplast also divides (Ogbadoyi, Robinson and 

Gull, 2003), producing a 2K1N cell (Figure 4D) (Robinson et al., 1995). 

After the segregation of kinetoplasts is complete, ‘closed mitosis’ begins. In this process an 

intranuclear spindle is formed without disrupting the nuclear envelope (Ogbadoyi et al., 2000). 

The new nucleus is placed between the kinetoplasts, resulting in a 2K2N cell (Figure 4E) 



  Introduction 

 12 

(Robinson et al., 1995). The distal tip of the new flagellum now defines the point at which 

cytokinesis starts. The cell divides helically towards the posterior end, with each cell having 

one kinetoplast, one nucleus, and one flagellum in the end (Figure 4F) (Kohl, Robinson and 

Bastin, 2003). Defects in cytokinesis have serious consequences for the cell since the correct 

distribution of single-copy organelles is disturbed (LaCount, Barrett and Donelson, 2002; 

Hammarton et al., 2003). 

Trypanosomes have evolved a unique cytokinetic mechanism that ensures the reliability of 

cytoskeletal array duplication and segregation. The cytoskeleton of the cells does not break 

down during cell division, instead, new microtubules are formed between the existing 

microtubules. Thus, at the end of cytokinesis, each daughter cell has a so-called 

semiconservative cytoskeleton, which consists of both old and new microtubules (Sherwin 

and Gull, 1989). 

 
Figure 4: Cell cycle of T. brucei. Schematic representation of the cell division cycle of T. brucei cells. (A)-
(F) show the cell cycle stages. Circle diagrams show the cycle events of the nucleus (green) and the 
events of kinetoplast DNA (yellow). A= segregation of the kinetoplasts, C= cytokinesis, D= division of 
the kinetoplasts, K= kinetoplast, N= nucleus/nuclei. Blue flagellum corresponds to the old flagellum, 
black flagellum corresponds to the new growing flagellum. Indicated in red is the flagellar connector. 
Numbers represent the time scale in hours. The figure was created based on the inspiration after 
Ploubidou et al. (1999) and McKean (2003). Figure was created with BioRender.com. 
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Tubulin, microtubules and microtubule associated proteins 

 
Microtubules have essential functions in cells and are involved in cell structure, cell division 

and intracellular transport processes (Ishikawa, 2012; Guedes-Dias and Holzbaur, 2019; 

Kelliher, Saunders and Wildonger, 2019; Nachury and Mick, 2019; Redemann et al., 2019; 

Vicente and Wordeman, 2019). They are tube-like structures built from a protein complex 

consisting of α- and β-tubulin dimers. 

In a head-to-tail formation, the dimers form individual protofilaments. 13 of these filaments 

assemble laterally and form a microtubule (Gudimchuk and McIntosh, 2021). This organization 

causes a functional polarity of the filaments and thus leads to the division of the microtubules 

into a structurally and biochemically distinct plus- and a minus-end. Thereby, α-tubulin is 

directed to the minus and β-tubulin to the plus end. 

 

A special property is their dynamic instability. This is the constant formation and degradation 

of a microtubule (Figure 5). Dynamic instability is driven by the hydrolysis of GTP (guanosine 

triphosphate) (Mitchison and Kirschner, 1984; Desai and Mitchison, 1997; Gudimchuk and 

McIntosh, 2021). 

Both tubulin subunits can bind GTP. The association of GTP to the E-site (exchangeable) of β-

tubulin leads to the hydrolysis of GTP to GDP (guanosine diphosphate), whereby a binding of 

GTP to the N-site (non-exchangeable) of α-tubulin results in no hydrolysis (Figure 5) (Nogales, 

Wolf and Downing, 1998; Alushin et al., 2014). Heterodimers that have GTP bound to β-units 

form stable and straight-growing protofilaments, but hydrolysis of GTP to GDP causes a slight 

conformational change in tubulin, causing protofilaments to lose stability and disassemble 

(Howard and Timasheff, 1986; Alushin et al., 2014). 

Tubulin dimers on rapidly growing microtubules form a GTP cap, which maintains filament 

stability until the cap is lost and the microtubules depolymerize (Mitchison and Kirschner, 

1984). 
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Figure 5: Microtubule dynamic instability. Left: Shown is a microtubule consisting of α- and β-tubulin. 
Dimers polymerize in a head-to-tail formation growing at the plus (+) ends. A microtubule consists of 
13 protofilaments formed of α-and β-tubulin heterodimers. Dynamic instability occurs mainly at the 
plus-end of the microtubule, with cycles of polymerization and depolymerization. β-tubulin is located 
on the plus-ends and α-tubulin at the minus-ends. Right: both α- and β-tubulin dimer subunits bind GTP. 
α-Tubulin binds GTP in the N-site (non-exchangeable), where it is not hydrolysable; β-Tubulin binds GTP 
in the E-site (exchangeable), where it can be hydrolysed. Figure was created based on the inspiration 
after Alushin et al. (2014). Figure was created with BioRender.com. 

 

In cells, a large microtubule diversity is provided to achieve certain physiological goals. Thus, 

microtubules consist of several tubulin isoforms and are endowed with different 

evolutionarily conserved posttranslational modifications (PTMs). This provides a large tubulin 

diversity and alters the intrinsic properties of microtubules, such as their dynamics and 

mechanics, as well as the recruitment and activity of motors and microtubule-associated 

proteins (Westermann and Weber, 2003; Janke and Magiera, 2020). 

 

This combination of differential isotype expression and PTMs is termed the ‘tubulin code’ 

(Janke, 2014). As described above, the microtubule cytoskeleton of trypanosomes has unique 

properties. It is extremely robust, which naturally raises the question of how this stability is 

achieved. One could assume that the parasites regulate this stability by providing a variety of 

tubulin isoforms. However, this is not an option, as T. brucei has no tubulin isoforms. The 

unicellular organism only has one variant of α- and β-tubulin. Several copies of these are 

present in the genome arranged as tandem repeats (Thomashow et al., 1983; Ersfeld, Asbeck 

and Gull, 1998). This leaves the cell with two options for regulating microtubule properties: 
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Posttranslational modifications of microtubules (PTMs) and the recruitment of microtubule-

associated proteins (MAPs). 

 

MAPs can be divided into different categories depending on their function. These include 

motile proteins that can generate forces and motion (Hirokawa et al., 2009; Bhabha et al., 

2016), proteins that have a depolymerizing effect on microtubules (McNally and Roll-Mecak, 

2018), MAPs that nucleate microtubules (Roostalu and Surrey, 2017), end-binding proteins 

that specifically bind plus- or minus-ends of microtubules (Akhmanova, 2015) and structural 

MAPs. 

Several cytoskeleton-associated proteins have been identified in T. brucei, but what their roles 

in the regulation of microtubule dynamics are still unclear. Most of cytoskeleton-associated 

proteins appear to be essential for the maintenance of the cell morphology and for a 

successful cytokinesis (Sinclair and de Graffenried, 2019). Also, the recently identified proteins 

CAP50, CAP52 and CAP42 seem to be important for cellular integrity (Schock, Schmidt and 

Ersfeld, 2021). It is also proposed that some of those proteins have a stabilizing function and 

cross-link microtubules to each other (Sinclair and de Graffenried, 2019). 

In mammalian cells, the end-binding protein 1 (EB1) is a plus-end-binding protein (+TIP) that 

accumulates at growing microtubule ends and plays a central role in regulating microtubule 

dynamics (Akhmanova, 2015; Nehlig et al., 2017). EB1 binds elongated tubulin GTP/GDP-Pi 

structures at growing microtubule ends and acts as a molecular platform that recruits other 

regulatory +TIP proteins (Akhmanova and Steinmetz, 2008; Zanic et al., 2009; Galjart, 2010). 

EB1 is one of the few conserved microtubule-binding proteins in T. brucei. The functions of 

EB1 in the parasite have not yet been fully understood. An in-house laboratory study has 

shown that depletion of EB1 leads to severe cytokinesis and growth defects. It is assumed that 

EB1 plays a role during microtubule polymerization (Lallinger-Kube, 2017). 

Another well-studied plus-end binding protein is the microtubule polymerase XMAP215. This 

microtubule-associated protein was first identified in Xenopus laevis extracts. It can increase 

the growth rate of a microtubule up to 10-fold (Gard and Kirschner, 1987). It has been shown 

that the interplay between EB1 and XMAP215 has an even higher effect on microtubule 

growth (up to 33-fold), suggesting that both proteins act synergistically together (Zanic et al., 

2013). 
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The microtubule-associated protein Air9 (Auxin-Induced in Root cultures 9) was first identified 

in Arabidopsis thaliana (Neuteboom et al., 1999). This MAP was shown to be essential and has 

homologs in excavate protists like trypanosomatids (Buschmann et al., 2007). The 

homologous TbAir9 in T. brucei is expressed throughout the subpellicular array except for the 

flagellum. Depletion of TbAir9 resulted in the formation of elongated posterior ends of 

procyclic cells, nuclear malposition and cytokinesis defects (May et al., 2012). It was also 

shown to play a role in organizing other MAPs such as PAVE1, Tb927.9.10790, and 

Tb927.11.1840. Depletion of TbAIR9 resulted in altered localization of these MAPs (Sinclair et 

al., 2021). 

 

Also, well-characterised regulators of microtubule dynamics in mammalian cells are 

posttranslational modifications (PTMs) of tubulin. Many of these modifications occur 

simultaneously, resulting in a considerable diversity of cellular microtubules. We know today 

that posttranslational modifications of tubulin affect not only microtubule dynamics but also 

their organization and interplay with other cellular components (Song and Brady, 2015). Some 

of the known PTMs are also identified in trypanosomatids. Except for polyglycylation, 

modifications such as acetylation (Sasse and Gull, 1988), detyrosination/tyrosination (Sherwin 

et al., 1987), phosphorylation (Nett et al., 2009) and polyglutamylation (Schneider, Plessmann 

and Weber, 1997; Casanova et al., 2015) were identified in T. brucei (Figure 6). This was 

enabled by analyses based on mass spectrometry and specific antibodies, that target such 

modifications. Except for acetylation, which is in the lumen of a microtubule, most PTMs are 

located at the exposed C-terminal tails of alpha and beta tubulin. 
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Figure 6:Posttranslational modifications of microtubules in T. brucei. Shown is a microtubule 
composed of α- and β-tubulin heterodimers (blue and purple, respectively). Both α- and β-tubulin 
subunits have long, intrinsically disordered and highly negatively charged C-terminal tails, that can be 
modified posttranslationally. In contrast to other organisms, in T. brucei both the α- and β-tubulin 
subunits contain a tyrosine residue, that are removed by a tubulin carboxypeptidase. 
Carboxypeptidases can also cleave both terminal glutamic acid residues resulting in Δ2-tubulin and Δ3-
tubulin. Free tubulin dimers can be retyrosinated by a tubulin tyrosine ligase. In contrast to most 
posttranslational tubulin modifications, acetylation does not occur at the c-terminal tails, but at an 
inwardly directed site of the α-tubulin subunit. Represented is the amino acid sequence from T. brucei. 
Figure was modified after Sinclair et al. (2019). Figure was created with BioRender.com. 

 
The most prominent site for acetylation is on lysine 40 (K40) at α-tubulin (Janke, 2014). 

However, other sites can also be acetylated (Choudhary et al., 2009; Chu et al., 2011). 

Acetylation occurs at polymerized microtubules, increases their flexibility and protects them 

from mechanical stress by weakening the interaction of interprotofilaments (Portran et al., 

2017). Therefore, acetylated tubulin is often used as a marker for long-lived microtubules. 

In contrast, tyrosinated α-tubulin serves as a marker for newly synthesized microtubules. The 

gene for α-tubulin encodes a C-terminal tyrosine, thus newly synthesized α -tubulin is already 

tyrosinated (Gadadhar et al., 2017). Once tubulin dimers polymerize into a microtubule, the 

terminal tyrosine is rapidly removed by the recently identified carboxypeptidases VASH1 and 

VASH2 (vasohibin-1 and 2) (Aillaud et al., 2017), and MATCAP (microtubule associated tyrosine 

carboxypeptidase) (Landskron et al., 2022). After depolymerization of a microtubule, free 

tubulin dimers can be retyrosinated in the cytoplasm by another enzyme, the tyrosine ligase 
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(TTL) (Ersfeld et al., 1993). These two processes of constant detyrosination and tyrosination 

are referred to as the tubulin detyrosination cycle (Nieuwenhuis and Brummelkamp, 2019). 

In T. brucei, tyrosinated microtubules are found at the posterior end of the cell, within the 

growing flagellum, at the basal bodies and at the mitotic spindle (Sasse and Gull, 1988). A 

comparison of the amino acid sequences of α- and β-tubulin shows that, unlike in mammals, 

in T. brucei both α- and β-tubulin have a terminal tyrosine (Table 1) (Sinclair and de 

Graffenried, 2019). A study has shown that both tyrosine residues in T. brucei are cleaved by 

the single carboxypeptidase homologue VASH (van der Laan et al., 2019). 

 

Table 1: Amino acid sequences of the C-terminal tails of alpha and beta tubulin. The sequences of T. 
brucei and Homo sapiens are shown. In bold letters, the C-terminal tyrosine is highlighted. Figure was 
modified after Sinclair et al. (2019). 

 
 

Polyglutamylation 

 
Unlike monomodifications, such as acetylation and phosphorylation, glutamylation is a 

polymodification, i.e., the attachment of side chains with variable lengths that contain 

glutamate residues. Thus, polymodifications do not have the typical on/off effect, like 

phosphorylation, but generate a series of signals by varying the length of the side chains (van 

Dijk et al., 2007). 

 

Side chains are formed by adding glutamates to internal glutamate residues on the intrinsically 

disordered C-terminal tails of α- and β-tubulin on polymerized microtubules (Westermann and 

Weber, 2003). Responsible for the formation of such side chains are a series of 

polyglutamylases, the tubulin tyrosine ligase-like proteins (TTLL). They all belong to the group 

of the tubulin ligase (TTL) since they all share a homologous domain (TTL domain) (Janke et 

al., 2005; van Dijk et al., 2007). 
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Figure 7: The Group of TTLL proteins. Schematic representation of TTL and 13 TTLL in mouse with 
conserved homology domains. The core domain is the TTL domain, which all proteins have in common. 
Figure was modified after van Dijk et al. (2007). Figure was created with BioRender.com. 

 

Within the group of polyglutamylases, there are enzymes with different functions (Figure 8). 

On the one hand, there are enzymes with an initiating function, i.e., they attach the initial 

glutamate rest to the C-terminal tail (TTLL4, 5 and 7). On the other hand, there are enzymes 

that have an elongating function, i.e., they serially link further glutamate residues to the initial 

residue (TTLL1, 6, 11 and 13) (van Dijk et al., 2007). Specifically, during branch initiation, the 

first glutamate is added by the formation of an isopeptide bond between the γ-carboxyl group 

of a glutamate within the C-terminal tail and the amino group of the incoming glutamate. 

From this initial branching point, additional glutamates are then added to form a 

polyglutamate chain. In this extension step, the glutamates within the chain can be linked 

either via a peptide bond to α-carboxyl groups (α-linked extension) or an isopeptide bond 

using the γ-carboxyl group (γ-linked extension) of the receiving glutamate (Mahalingan et al., 

2020). 

Since glutamylation also belongs to the reversible modifications, deglutamylases were 

described within a novel family of cytosolic carboxypeptidases (CCPs) (Kimura et al., 2010; 

Rogowski et al., 2010). Currently, six CCPs have been identified, of which three enzymes are 

shown to cleave C-terminal glutamate residues within the side chain, or even remove terminal 

glutamate residues within the tail. Cleavage of gene-encoded glutamate within the tail 

generates Δ2-tubulin and Δ 3-tubulin (Figure 6) (Rogowski et al., 2010; Berezniuk et al., 2012). 

Δ 2-tubulin is an irreversible modification and cannot be retyrosinated by the tyrosine ligase 
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(TTL) because of structural limitations (Prota et al., 2013). Thus, a balance of the glutamylation 

level can be maintained in polymerized microtubules. Manipulating this balance can have 

serious consequences. It was demonstrated that a hyperglutamylation due to the lack of CCP1 

in mice is directly linked to neuronal degeneration (Rogowski et al., 2010; Shashi et al., 2018). 

Also, mice lacking the deglutamylase CCP5 do not form functional sperm and are therefore 

sterile (Giordano et al., 2019). The opposite way was shown that a knockout of the 

polyglutamylase TTLL1 in mice resulted in respiratory problems because of an abnormal 

beating of airway cilia (Ikegami et al., 2010). Interestingly a hyperglutamylation due to the 

knockout of the deglutamylase CCP1 can be fully rescued by a knockout of the counteracting 

polyglutamylase TTLL1 (Magiera et al., 2018a). Furthermore, an altered balance of 

glutamylation could possibly have structural consequences, since polyglutamylation adds a 

significant negative charge to the C-terminal tails (Wall et al., 2020). 

 

 
Figure 8: Schematic representation of the catalysis of glutamate side chains. Shown are α- and β-
tubulin dimers with the C-terminal tails (grey). Acetylation is shown in yellow and the terminal tyrosine 
residues in green. Initiating glutamylases attach a glutamate residue to a glutamate residue within the 
C-terminus (dark grey). Elongating glutamylases then extend the glutamate chain by adding further 
glutamate residues to the initial glutamate. Deglutamylases remove individual glutamate residues. 
Figure was created based on the inspiration after Janke and Bulinski (2011). Figure was created with 
BioRender.com. 

 
In T. brucei the cytoskeleton as well as the flagellum are highly glutamylated (Schneider, 

Plessmann and Weber, 1997). Glutamyl side chains vary in their lengths, of up to 15 amino 

acid residues on α- tubulin and six residues on β-tubulin (Schneider, Plessmann and Weber, 

1997; Casanova et al., 2015). 

Using sequence homologies, nine genes encoding putative polyglutamylases were identified 

in trypanosomes (Table 2) (Casanova et., al 2018). The occurrence of multiple TTLLs can be 
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explained based their localisation in different cellular compartments, and thus presumably 

assume different functions. For example, TTLL4A is strongly localised in the nucleus and 

flagellum, whereas TTLL4B is localised in the mitochondrion. Others are predominantly found 

in the cytoplasm and also in the flagellum (http://www.tryptag.org). The presence of several 

proteins of this family can also be explained by their specific catalytic activity, which is divided 

into an initiating and an elongating function (Mahalingan et al., 2020). TTLL7 has been shown 

to be active as both an initiase and an elongase (Mukai et al., 2009). 

Until today only two studies have published initial insights into the function of 

polyglutamylation in T. brucei. It could be shown that the depletion of TTLL4B leads to a 

reduction of polyglutamylation and is an important factor for correct cytokinesis (Casanova 

et., al 2018). In a second study, which is also part of the present work and was published in 

the “journal of cell science”, it was shown that two other enzymes, namely TTLL6A and 

TTLL12B are important for the maintenance of a normal cell morphology and cell motility and 

lead to cytokinesis defects when depleted (Jentzsch et al., 2020). 

 

Table 2: Nomenclature of all putative polyglutamylases identified in T. brucei and the tubulin 
tyrosine ligase. TTLL = Tubulin tyrosine ligase-like proteins. Annotation after TritypDB. TTLL1, TTLL6A 
and TTLL12B were further characterised in this thesis. Figure was modified after Casanova et al. (2015). 

 

 
Aims of the thesis 

 

Posttranslational modifications contribute significantly to the regulation and functionality of 

microtubules in eukaryotes. The protozoan parasite T. brucei represents a suitable model-

organism to study some of these evolutionary highly conserved PTMs. It possesses a well 
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characterised subpellicular microtubule-based cytoskeleton and a canonical axonemal 

structure within the flagellum. The absence of a variety of tubulin isotypes, which complicate 

such analysis in higher eukaryotes, in conjunction with a range of molecular and cell biological 

tools to analyse protein function make T. brucei an ideal system to study tubulin PTMs. 

Therefore, the aim of this thesis was the cell biological characterisation of three putative T. 

brucei tubulin polyglutamylases (TTLL6A, TTLL12B and TTLL1) in order to gain insights into the 

significance of the tubulin code for cellular organisation and dynamics. 

 

Results 

 
Various TTLLs show in vivo glutamylation activity 

 
The aim of this thesis was to investigate whether the putative T. brucei TTLLs show 

polyglutamylase activity and which benefit the respective proteins might have for the cell. For 

this purpose, a series of RNAi (RNA interference) constructs were created to deplete the TTLL 

homologs of T. brucei, which were previously identified by Casanova et al. (2015). The analysis 

of the putative polyglutamylase TTLL4C was not addressed in this work, because it is subject 

to another project. 

 

In a first experiment, cell extracts of the corresponding RNAi-depleted cell lines were analysed 

at protein level. For this purpose, the monoclonal antibody GT335 was used to detect short 

glutamate side chains, as it recognizes the branching point of the side chain, and the polyclonal 

antibody PolyE was used to detect long side chains with at least four glutamate residues 

(Figure 9A). 

After one day depletion of individual TTLLs, almost all cell lines showed a significant decrease 

in the glutamylation signal. Only the depletion of TTLL6A resulted in a lower decrease of signal 

with a reduction of approximately 30 % for GT335 and 20 % for PolyE (Figure 9B and C). 

Although a knockdown of TTLL4B, 6B and 9 showed a strong loss of the glutamylation signal, 

no obvious phenotypic changes of the cells could be observed. 

Only the depletion of TTLL1, TTLL6A, and TTLL12B resulted in morphological changes of the 

cells (Figure 9D). 
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Based on these initial observations, these last three mentioned proteins were further 

characterised. 

 
Figure 9:Initial analysis of the TTLL-depleted cell lines. (A) The monoclonal antibody GT335 detects 
the branching point of the glutamate side chain; the polyclonal antibody PolyE detects long side chains 
with at least four glutamyl residues. (B) Whole-cell extracts of WT29-13 cells and RNAi cells after 
induction with doxycycline for two days. Tubulin served as a loading control. (C) Densitometric 
evaluation of the protein bands from the western analysis (B). WT29-13 samples were compared with the 
samples of the respective RNAi cell line to the right. Tubulin was used for normalisation. (D) 
Immunofluorescence of cytoskeletal preparations of WT29-13 cells and cells after depletion of the 
respective TTLLs. Cells were stained with an anti-tubulin antibody (green). DNA was stained with DAPI 
(magenta). Figure (A) was created with BioRender.com. 

 
Characterisation of TTLL6A and TTLL12B 

 
TTLL6A and TTLL12B have in vivo glutamylation activity and are important for the cellular 

architecture 

 
To further investigate the glutamylase activity of TTLL6A and TTLL12B, the degree of mRNA 

depletion was analysed using RT-qPCR. 
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The mRNA levels of both cell lines were reduced by approximately 60-70 % (Figure 38). After 

RNAi induction over a period of three days samples were analysed by western blotting. 

The western blot results showed that the glutamylation signal decreased after the depletion 

of the two proteins (Figure 10A, results have partially been published and were later modified 

(Jentzsch et al., 2020)). The immunoblots were replicated three times and then evaluated 

densitometrical. The result of the evaluation is shown as the mean values of the replicates 

(Figure 10B, results have been published and were modified after (Jentzsch et al., 2020)). After 

three days induction of both RNAi cell lines a significant reduction of 60-70 % of the short 

chains (GT335) can be observed. The signal of long chains (PolyE) was decreased by 80 % after 

depletion of TTLL12B. However, the PolyE signal after the depletion of TTLL6A decreased only 

by 40 % (Figure 10B, results have been published and were later modified (Jentzsch et al., 

2020)). Depletion of TTLL12B and TTLL6A appears to cause a decrease in signal for both alpha 

and beta tubulin. 

 
Figure 10: TTLL6A and TTLL12B have in vivo glutamylation activity. (A) Shown are three replicates of 
a western blot analysis of cytoskeletal preparations of WT29-13 cells and cells depleted of either TTLL6A 
or TTLL12B. RNAi was induced over a period of three days. Samples were probed with the glutamyl-
specific antibodies GT335 and PolyE. Tubulin served as a loading control. (B) Densitometric evaluation 
of the reduction of the signal. WT29-13 samples were compared with the samples of the respective RNAi 
cell line. Tubulin was used for normalisation. Represented is the mean value of the three replicated 
western blots. (Results have partially been published and were later modified (Jentzsch et al., 2020)). 

 
The TTLL6A and TTLL12B depleted cells exhibit the recently described ‘glove phenotype’ 

(Jentzsch et al., 2020). Normally, T. brucei cells have a highly ordered cytoskeleton with 

microtubules clustered into a pointed tip at the posterior end of the cell. In glove cells, this 
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end is split into several fingers (Figure 11A, results have partially been published and were 

later modified (Jentzsch et al., 2020). This extreme phenotype occurred in approximately 40 

% of TTLL6ARNAi cells and in 20 % of TTLL12BRNAi cells of the population. The glove phenotype 

was also found in a smaller proportion of the non-induced RNAi cells (Figure 11B, results have 

been published (Jentzsch et al., 2020)). 

The remaining 60 % (TTLL6ARNAi) and 80 % (TTLL12BRNAi) of the cell population appeared to 

have a normal morphology. 

 

 
Figure 11: Depletion of TTLL6A and TTLL12B results in the appearance of the ‘glove phenotype’. (A) 
Immunofluorescence of WT29-13 and TTLL6ARNAi or TTLL12BRNAi cells after two days depletion. 
Cytoskeletons were stained with an anti-tubulin antibody (green). DNA was stained with DAPI 
(magenta). Depletion of either protein leads to a disruption of the posterior ends of the cells. A detailed 
view is shown on the right (zoom of indicated white squares). (B) Count of cells that have glove 
phenotype. Error bars represent the standard error. (Results of (A) and (B) have partially been published 
and were later modified (Jentzsch et al., 2020)). 

 
Electron microscopy was used to study the ultrastructural organisation of the posterior tip of 

the cells. In WT29-13 cells, the microtubules could be seen to be clustered into a pointed end. 

After a knockdown of TTLL6A or TTLL12B, the microtubule structures are not bundled, but 
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individual microtubules are fanned out (results have partially been published and were later 

modified (Jentzsch et al., 2020)). 

 

 
Figure 12: Ultrastructure of the posterior ends of TTLL6ARNAi and TTLL12BRNAi cells. Whole mount 
electron microscopy of cytoskeletons of WT29-13 and TTLL6ARNAi (A) or TTLL12BRNAi (B) cells. Upper panels 
show an overview of the cells; lower panels show a more detailed view of the posterior ends of the 
cells. (Results have partially been published and were later modified (Jentzsch et al., 2020)). 

 

In a next step, the glutamylation pattern was analysed in a more detailed manner. For this 

purpose, cytoskeletons were stained with the antibodies GT335 and PolyE. WT29-13 cells show 

a homogeneous staining when probed with both antibodies (Figure 13). In TTLL6A and 

TTLL12B depleted cells, it was observed that the staining with GT335 decreased strongly, 

especially at the posterior ends of the cells, or even disappeared completely. In contrast, the 

signal of a PolyE staining was weaker over the entire cell body (Figure 13, results have partially 

been published and were later modified (Jentzsch et al., 2020)). 
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Figure 13: Loss of glutamylation at the posterior ends of cells depleted of either TTLL6A or TTLL12B. 
(A) Cytoskeletons of WT29-13 and TTLL6ARNAi or TTLL12BRNAI cells after two days depletion. Cytoskeletons 
were stained with GT335 (yellow) and DAPI (blue). (B) Cytoskeletons were stained with PolyE (red) and 
DAPI (light blue). (Results have partially been published and were later modified (Jentzsch et al., 2020)). 

 

TTLL6A or TTLL12B knockdown causes cytokinesis defects 

 
The knockdown of either TTLL6A or TTLL12B resulted in inhibited cell growth and associated 

cytokinesis defects. To analyse growth, three biological replicates of the respective cell lines 

were cultivated for four days, and samples were taken. The cell density of each sample was 

measured three times. The mean values of the biological and technical replicates were 
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represented in cumulative growth curves. The results show an inhibition of the division rates 

after three days of depletion of either TTLL (Figure 14A, results have been published and were 

later modified (Jentzsch et al., 2020)). It is reasonable to expect that impaired growth is due 

to disturbances in cell division. Disturbances during cell division lead to an incorrect 

distribution of the nuclei and kinetoplasts among the daughter cells. Such defects are reflected 

in an increase of multinucleated cells, or cells that have missing nuclei (zoids) (Figure 14B, 

results have been published and were later modified (Jentzsch et al., 2020)). 

 

 
Figure 14: TTLL6A or TTLL12B knockdown causes growth and cytokinesis defects. (A) Cumulative 
growth curves of WT29-13 and TTLL6ARNAi or TTLL12BRNAi cells. Each data point corresponds to the mean 
of three biological replicates, that were measured three times. (B) Representation of a count of 
karyotypes of WT29-13 cells and RNAi cells after two days of induction. Zoids correspond to cells without 
nuclei (N) or kinetoplast DNA (K), ≥3N corresponds to cells with more than two nuclei or kinetoplasts. 
n=120 cells. (Results have been published and were later modified (Jentzsch et al., 2020)). 

 
Increase of newly synthesized microtubules after the depletion of TTLL6A or TTLL12B 

 
Tyrosination serves as a marker for newly synthesized microtubules. In long-lived, stable 

microtubules, this tyrosine is rapidly removed by a carboxypeptidase. For a detection of newly 

polymerized microtubules, the antibody YL1/2 can be used, because it recognizes tyrosinated 

α-tubulin. 

Microtubules of T. brucei are extremely stable, which is why YL1/2 only shows a signal at the 

basal bodies and a weak staining of the posterior end as well as the newly developing flagellum 

(Sasse and Gull, 1988). For this experiment a very high dilution of YL1/2 was used, which is 

why only basal body staining was seen in WT29-13 cells. After the knockdown of TTLL6A or 
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TTLL12B, a strong increase in the staining at the posterior ends was observed (Figure 15, 

results have partially been published and were later modified (Jentzsch et al., 2020)). This was 

especially the case for cells exhibiting the glove phenotype. 

 

 
Figure 15: Increase of newly synthesized microtubules in TTLL6A or TTLL12B depleted cells. 
Immunofluorescence of cytoskeletons of WT29-13 cells and cells after RNAi induction for two days. Cells 
were stained with YL1/2 (green) which detects tyrosination on α-tubulin. DNA was stained with DAPI 
(blue). (Results have partially been published and were later modified (Jentzsch et al., 2020). 

 

Impaired binding of microtubule-associated proteins after the depletion of TTLL6A or TTLL12B 

 
As a marker for a correctly organised posterior end, the localisation of the end-binding protein 

1 (EB1) was examined, because it binds to the plus-ends of microtubules and is thus localised 

at the posterior ends of the cells. 

 

In TTLL6A and TTLL12B depleted cells, the signal was absent (Figure 16A, results have partially 

been published and were later modified (Jentzsch et al., 2020)). This was also the case for cells 

with an apparently normal cell architecture. This observation is consistent with EB1 being in 

the soluble fraction in the Western blot after depletion of TTLL6A and TTLL12B. After two days 

of depletion, the EB1 signal in the cytoskeletal fraction is 70-80% lower (Figure 16B, results 

have partially been published and were later modified (Jentzsch et al., 2020)). 

 

The binding of a second microtubule-associated protein, XMAP215, was investigated (Figure 

16C, modified (Master thesis of Marinus Thein, Molecular Parasitology, University of 

Bayreuth, 2022). It also binds to the plus-ends of microtubules and is located at the posterior 
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ends of the cells. This analysis was done by Marinus Thein, a master student of mine. He 

generated a TTLL6A-RNAi cell line that expressed an endogenously tagged XMAP215 (the 

required RNAi-construct targeting TTLL6A corresponded to the same used in this thesis). The 

results showed, that XMAP215 was lost in 65 % of the cell population after a depletion of 

TTLL6A, while it was absent in 30 % of the population of non-induced cells (Figure 42, 

supplements) (Master thesis of Marinus Thein, Molecular Parasitology, University of Bayreuth, 

2022).

 
Figure 16: Failed localisation of the end binding Protein 1 (EB1) and the microtubule-associated 
protein XMAP215. (A) Immunofluorescence of WT29-13 and TTLL6ARNAi or TTLL12BRNAi cells after 
depletion for two days. Cytoskeletons were stained with an anti-EB1 monoclonal antibody (green), DNA 
was stained with DAPI (blue). The appearance of an EB1 signal or the absence of the signal is indicated 
with a white arrow. (B) Western blot of soluble (SN) and cytoskeletal (P) fractions of WT29-13 and RNAi 
cells. Samples over a period of two days of RNAi induction were analysed. They were probed with an 
anti-EB1 antibody. CAP5.5 served as a loading control for the insoluble fraction. For the densitometric 
analysis of the western blot, the signal of the cytoskeletal fraction of wildtype cells was compared to 
that of the RNAi cells. CAP5.5 was used for normalisation. (C) Shown are cytoskeletons of TTLL6ARNAi 
cells with and without RNAi induction. The endogenously tagged mNG-XMAP215 is shown in green, 
tubulin in red and DNA in blue. Figure (C) was obtained from Marinus Thein and was later modified 
(Master thesis of Marinus Thein, Molecular Parasitology,University of Bayreuth, 2022). (Results of (A) 
and (B) have partially been published and were later modified (Jentzsch et al., 2020)). 
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The investigation of a third MAP, TbAIR9, was also carried out by Marinus Thein (Figure 17, 

modified (Master thesis of Marinus Thein, Molecular Parasitology, University of Bayreuth, 

2022)). Therefore, he created a TTLL6A-RNAi cell line, that expressed an endogenously tagged 

TbAIR9-mNG. TTLL6ARNAi cells that were not induced showed a uniform mNeon green signal 

throughout the cell body. After a knockdown of TTLL6A, the signal was lost in the posterior 

protrusions of the cells that had a glove phenotype (Master thesis of Marinus Thein, Molecular 

Parasitology, University of Bayreuth, 2022). 

 

 
Figure 17: Loss of TbAIR9 in posterior gloves after depletion of TTLL6A. Shown are the non-induced 
and induced TTLL6ARNAi cells, that expressed an endogenously tagged TbAIR9-mNG (green). Tubulin is 
shown in red and DNA in blue. The figure was obtained from Marinus Thein and was later modified 
(Master thesis of Marinus Thein, Molecular Parasitology, University of Bayreuth, 2022). 

 
TTLL6A and TTLL12B have glutamylation activity within the flagellum 

 
Since the flagellum of T. brucei is known to be highly glutamylated (Schneider, Plessmann and 

Weber, 1997), it was also of interest to investigate possible effects of a knockdown of TTLL6A 

and TTLL12B on the axoneme function.  

For this purpose, the glutamylation pattern within the flagellum was examined. Cytoskeletons 

were stained with an anti-tubulin antibody, GT335 and PolyE. Their signal intensities were 

measured within a region of the flagellum, just behind the anterior end of the cell body (Figure 
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18A, results have been published (Jentzsch et al., 2020)). The obtained data of GT335 and 

PolyE intensities were normalised against the signal of tubulin. 

The results showed a significant decrease in the glutamylation level within the flagellum after 

depleting TTLL6A or TTLL12B (***P<0.001, t-test). Only the PolyE signal of TTLL6ARNAi  cells did 

not show a statistically significant decrease (Figure 18B, results have been published and were 

later modified (Jentzsch et al., 2020)). When isolated flagella fractions were tested at the 

protein level, a reduction in the signal of GT335 and PolyE was confirmed (Figure 18C, results 

have been published and were later modified (Jentzsch et al., 2020)). 

 

 
Figure 18: Decrease of glutamylation levels within the flagellum after the depletion of TTLL6A or 
TTLL12B. (A) Immunofluorescence of WT29-13, TTLL6ARNAi and TTLL12BRNAi cells after two days induction. 
Cytoskeletons were stained with an anti-tubulin antibody, GT335 and PolyE. The fluorescence intensity 
of the flagellum was measured in all three staining, within the indicated region (box). (B) Quantification 
of the mean±s.e.m. fluorescence intensity. n=16 for WT29-13 and RNAi cells. ***P<0.001 (t-test). Error 
bars represent the standard error. Tubulin (TAT) served for normalisation. (C) Western blot of flagellar 
fractions of WT29-13 and RNAi cells after two days induction. CAP5.5 and PFR served as controls. (Results 
have been published and were later modified (Jentzsch et al., 2020)). 
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Depletion of TTLL6A or TTLL12B result in motility defects 

 
To investigate the biological effects of a reduced glutamylation within the flagellum, the 

swimming behaviour of RNAi cells was analysed. For this purpose, living cells were monitored 

using bright field microscopy and individual cells were tracked resulting in single trajectories. 

These experiments were carried out in collaboration with Prof. Dr. Matthias Weiss, Dr. Adal 

Sabri and Konstantin Speckner (Experimental Physics I, University of Bayreuth). 

 

First, a proof of principle experiment was conducted. For this purpose, procyclic cells were 

placed on untreated and on poly-L-lysine-treated coverslips and the swimming distance of the 

cells was recorded for a few minutes. According to the expectations, the cells on the treated 

coverslips should attach to them due to their surface charge. At first glance, the cells on 

untreated coverslips moved freely and in a straight line, whereas cells on the treated 

coverslips were attached to the surface as expected (Figure 19A). 

The Mean square displacement (MSD) analysis is a method to determine the type of migration 

of particles that were tracked over time. It determines whether a particle is actively moving in 

a free space (super-diffusive), whether it is randomly moving and therefore freely diffusing 

(normal-diffusive), or whether it is restricted in its motion (sub-diffusive) (Figure 19B). The 

MSD is defined as 𝑀𝑆𝐷 = ⟨Δ	𝑟!(𝜏)⟩ = 2 ∗ 𝑛 ∗ 𝐾" ∗ 𝜏" , with 𝑛  being the dimension, 𝐾"  

representing the diffusion coefficient and 𝜏 as the time scale over which the process is viewed. 

The movement patterns can be described by the anomaly parameter α, that represents the 

slope of the MSD in a logarithmically representation. Values of α=1 describe the normal-

diffusive motion, α>1 describe an increase of the MSD-growth at large time scales (super-

diffusive), α<1 describe a decrease of the MSD-growth at large time scales (sub-diffusive). 

 

Evaluating an example as shown in Figure 19A, a movement pattern for WT29-13 cells results in 

73 % super-diffusive, 24 % normal-diffusive and 3 % sub-diffusive moving cells. In comparison, 

more than 50 % of the cells placed on the treated coverslips showed a sub-diffusive 

locomotion and 23 % of the cells did not migrate at all (confined). 
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Figure 19: Principle of the analysis of the swimming behaviour of T. brucei cells. (A) Example of 
trajectories of WT29-13 cells and cells, that were attached to lysine-coated coverslips (WT attached). (B) 
Schematic representation of the mean square displacement (MSD	 (𝛥)) with a being the anomaly 
parameter. If a=1 it describes the ordinary normal diffusion. If a>1 the MSD-growth in increasing 
(super-diffusive). If a<1 the MSD-growth is decreasing (sub-diffusive). (C) An example of an evaluation 
of the MSD of the experiment shown in (A). Numbers within the pie-charts show percentages. 

 

With the aim of showing quantitative differences after a knockdown of TTLL6A or TTLL12B, 

the scaling exponent α of the mean square displacement was extracted for each of the 

recorded trajectories and all α-values of the respective cell lines were combined into a 

normalised histogram (P(α), i.e., probability density function (PDF)) (Figure 20A, D, G, results 

have been published (Jentzsch et al., 2020)). For the parent cell line (Figure 20A, black bars, 

results have been published (Jentzsch et al., 2020)), a PDF with a value of〈α〉≈1.5, was 

observed, clearly indicating a super-diffusive motion. 

Consistent with the expectations, cells that had been attached to lysine-coated coverslips 

showed a highly significant shift of P(α) to smaller values around a mean 〈α〉≈0.5 (Figure 

20A, red bars, results have been published (Jentzsch et al., 2020)). TTLL6A and TTLL12B RNAi 

cells without induction, resulted in only minor changes in P(α) compared with the parental cell 

line (Figure 20D, G, blue bars, results have been published (Jentzsch et al., 2020)). 
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Figure 20: Motility defects after depletion of TTLL6A or TTLL12B. Probability density functions (PDF) 
of the mean square displacement of the trajectories, P(α) (left column), the velocity, P(v) (middle 
column), and the straightness of the trajectories, P(S) (right column). For cells of the parental cell line 
(A-C), highly significant changes were documented between freely moving cells (black histograms) and 
attached cells (red histograms). TTLL6ARNAi (D-F) and TTLL12BRNAi (G-I) cells without induction showed 
no changes in P(α) (blue histograms) compared to parental cells. After induction (red histograms), 
highly significant changes were observed. Similar changes were also observed for P(v) and P(S). The 
dashed vertical lines indicate the average value. ***P<0.001 (Kolmogorov-Smirnov two-sample 
test).(Results have been  published (Jentzsch et al., 2020)). 

 

However, after RNAi induction, highly significant shifts to smaller α-values were observed. 

Depletion of TTLL6A resulted in a pattern of cell movement close to normal diffusion (α=1), 

whereas TTLL12B depleted cells even exhibited a significant sub-diffusive movement with an

〈α〉≈0.8 (Figure 20D, G, red bars, results have been published (Jentzsch et al., 2020)). Thus, 

highly significant changes in the type of movement were observed after a depletion of TTLL6A 

or TTLL12B. 

As a second parameter, the velocities P(v) were plotted for the corresponding cell lines. As 

expected, a drastic change in P(v) was observed when cells were placed on lysine-coated 

coverslips (Figure 20B, results have been published (Jentzsch et al., 2020)). As before, non-

induced RNAi cells showed only minor changes, but when induced, depletion of TTLL6A and 
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TTLL12B resulted in highly significant changes in P(v) (Figure 20E, H, results have been 

published (Jentzsch et al., 2020)). 

 

The direction of movement of the cells was also analysed in more detail. This was measured 

by the straightness (S) of the trajectories. While unattached cells of the parental cell line 

showed movement with large values for straightness, P(S) shifted to much smaller values after 

the attachment of cells to lysine-coated coverslips (Figure 20C, results have been published 

(Jentzsch et al., 2020)). The non-induced RNAi cell lines showed little difference from the 

parental cells, whereas induction resulted in a highly significant decrease in straightness 

values (Figure 20F, I, results have been published (Jentzsch et al., 2020)). Thus, depletion of 

TTLL6A or TTLL12B resulted not only in a decreased velocity of the cells and a decreased MSD-

growth, but also resulted in fewer straight trajectories. 
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Characterisation of the putative polyglutamylase TTLL1 

 
TTLL1 has glutamylation activity 

 
In the second part of this work, it was investigated whether the putative polyglutamylase 

TTLL1 also functions similarly to TTLL6A and TTLL12B. Although an RNAi cell line against TTLL1 

(knockdown of approximately 65 %, Figure 39) was already available, a cell line was generated 

in which TTLL1 was 100 % depleted. Therefore, a gene knockout was performed via the 

mechanism of homologous recombination. 

 

The knockout was verified at DNA level via PCR. Therefore, primer pairs that bind in the 

homologous region of the 5'UTR (forward) and downstream of the 3'UTR (reverse) were used 

to confirm the correct localisation of the inserted knockout cassettes. 

Both ttll1 alleles have been successfully replaced by the knockout constructs. Since the two 

constructs differed in size by 100 bp, the cassettes appeared as one thick band (Figure 21A). 

To verify the knockout on the expression level, qPCR was performed. A full depletion could be 

detected as well (Figure 21B). 

 

 
Figure 21: Gene knockout of ttll1. (A) PCR analysis of WT427 ttll1 and knockout of both ttll1 alleles. Cells 
after two weeks and seven weeks of TTLL1-depletion were analysed. wks=weeks (B) qPCR of the 
expression levels of WT427 TTLL1 and knockout cells. Error bars represent the standard deviation. 
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Consistent with the initial analyses for TTLL6A and TTLL12B, it was first examined at protein 

level whether TTLL1 exhibited glutamylase activity. 

It was shown that after the knockout of ttll1, the signals of GT335 and PolyE had become 

significantly weaker. For GT335 there was an average reduction of 50 % detected and for PolyE 

even an average reduction of 60 %. Analysis of the samples over several weeks showed that 

the reduction remained stable (Figure 22A and B). The antibody β-monoE can be used to 

specifically detect glutamate chains on β-tubulin (Figure 9A). However, after a knockout of 

ttll1 no difference was seen in the glutamylation level of β-tubulin (Figure 22C). 

 

Immunofluorescence confirmed the reduction in glutamate levels that were observed in the 

western blot analysis. To better illustrate the reduction, 20 % WT427 cells were mixed into the 

ttll1-/- sample. It was clearly shown that ttll1-/- cells have a weak staining (Figure 22D). 

 

 
Figure 22: Reduced glutamylation signal after knockout of ttll1. (A) Western blot analysis of 
cytoskeletal fractions of WT427 and ttll1-/- cells. Samples were taken over a period of seven weeks and 
probed with GT335 and PolyE. Tubulin served as a loading control. wks=weeks (B) Densitometric 
evaluation of (A). (C) Western blots of WT427 and ttll1-/- cells. Cytoskeletons were additionally probed 
with ß-monoE; an antibody that detects glutamylation specifically on ß-tubulin. (D) 
Immunofluorescence of a mixture of WT427 and ttll1-/- cells (20WT: 80-/-). Cytoskeletons were stained with 
either GT335 or PolyE (green). DNA was stained with DAPI (magenta). 
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Expansion microscopy was used to get a mor detailed view of the glutamylation pattern and 

of cellular structures. It allowed a magnification of the cells of about four times. This made it 

possible to visualise structures like microtubules, basal bodies and even pro-basal bodies 

(Figure 23 and Figure 27). 

 

After a double staining with the antibodies GT335 and PolyE, a reduction in each signal was 

visible, with a much greater reduction of PolyE. Additionally, different phenotypes of TTLL1-

depleted cells were observed (Figure 23). 

 
Figure 23: Expansion microscopy of T. brucei. (A) Example of a normal cell (bottom left) and an 
expanded cell. The scale is identical for both cells. Cells were stained with an anti-tubulin antibody 
(green) and DNA was stained with DAPI (magenta). (B) Expansion microscopy of WT427 and ttll1-/- cells. 
Cells were stained with GT335 (red) and PolyE (green). Images of (A) and (B) were 2D-deconvoluted. 

 
A knockout of ttll1 results in abnormal morphology and cytokinesis defects 

 
A knockout of ttll1 also influenced the cell morphology. Cells with a truncated posterior tip 

were observed and occurred in more than 95 % of the ttll1-/- cell population. 

Since this phenotype was not observed in previous publications, it was termed in this work as 

‘blunt cells’ and was classified as cells with a posterior end that is wider than 0.8 µm (Figure 

24A and B). 

 

The tip width of ttll1-/- cells was measured over a period of seven weeks. Most cells had a tip 

that was wider than 0.8 µm with an average width of approximately 1.3 µm (Figure 24B). In 

addition, the ttll1-/- cells were smaller in average size (Figure 24C). 
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Figure 24: A knockout of ttll1 causes a truncated posterior tip. (A) Immunofluorescence of WT427 and 
ttll1-/- cells. Cytoskeletons were stained with an anti-tubulin antibody (green). DNA was stained with 
DAPI (magenta). (B) Measured tip width of WT427 and ttll1-/- cells. The posterior tip width of G1 cells 
was measured as indicated in the figure to the left. The cells were analysed over a period of seven 
weeks. Box and jitter plots show mean values and single data points respectively. Statistical significance 
between groups is indicated by different letters (P<0.05). Error bars represent the standard deviation. 
wks=weeks (C) Measured cell length of WT427 and ttll1-/- cells. The length of G1 cells was measured from 
the posterior cell tip to the anterior cell end through the nucleus. Cells were analysed over a period of 
seven weeks. Box and jitter plot shows single data points. Notches represent the mean values. 
Statistical significance between groups is indicated by different letters. Error bars represent the 
standard deviation. wks=weeks. 

 
For the ultrastructural investigation of the posterior tip of ttll1-/- cells, electron microscopy 

was performed. The images show that the microtubules of the posterior end, although still 

highly ordered, were not clustered in a pointed tip (Figure 25A). This is different from the 

frazzled cell tip that was observed in TTLL6A and TTLL12B RNAi-depleted cells. 

 

Normally, the posterior end of the cells is a slightly open structure, the so-called 'open-pipe' 

(Hemphill, Lawson and Seebeck, 1991). Cells that had a blunt tip appeared to have an open-

pipe structure with a larger diameter (Figure 25B). 
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Figure 25: Ultrastructure of posterior cell tips. (A) Electron microscopy of whole mount cytoskeletons 
and (B) Expansion microscopy of WT427 and ttll1-/- cells. Cells for immunofluorescence were stained with 
an anti-tubulin antibody. Images were 2D-deconvoluted. 

 
Furthermore, a knockout inhibited the growth of the cells (Figure 26A). Therefore, growth 

curves were generated. Three biological replicates of the respective cell lines were cultivated 

for six days, and samples were taken. Each sample was measured three times. The mean 

values of the biological and technical replicates were represented in cumulative growth curves 

that were plotted logarithmically. 

 

Additionally, cytokinesis defects could be observed, that were reflected in an increase of 

anucleate (zoids) and multinucleate cells (≥3N) (Figure 26B). This was also confirmed by flow 

cytometry (Figure 26C). Cells which had been three weeks depleted of TTLL1 showed a strong 

peak in zoids and an increase of multinucleated cells. Defects in cytokinesis were also evident 

in immunofluorescence by the appearance of cells with multiple flagella and cells with 

multiple basal bodies (Figure 26D, E, F). 
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Figure 26: Growth and cytokinesis defects after a knockout of ttll1. (A) Cumulative growth curves of 
WT427 and ttll1-/- cells. Each data point corresponds to the mean of three biological replicates, that were 
measured three times each. The data were plotted logarithmically (B) Percentages of WT427 and ttll1-/- 
cells with different cell cycle stages. wks=weeks. Zoids correspond to cells without nuclei (N) or 
kinetoplast DNA (K) and ≥3N corresponds to cells with more than two nuclei or kinetoplasts. WT(n)=250 
cells; 2wks(n)=250 cells; 3wks(n)=265 cells; 4wks(n)=305 cells, 5wks(n)=457 cells, 7wks(n)=288 cells. (C) 
Flow cytometry of WT427 and ttll1-/- cells after three weeks depletion of TTLL1. Cells were stained with 
propidium iodide. (D) Example of ttll1-/- cells with multiple nuclei. DNA was stained with DAPI. (E) 
Immunofluorescence of ttll1-/- cells. Cytoskeletons were stained with L8C4 (green), an antibody that 
detects the paraflagellar rod (PFR). DNA was stained with DAPI (magenta). (F) Immunofluorescence of 
ttll1-/- cells. Cytoskeletons were stained with YL1/2 (green), an antibody that detects the basal bodies 
(BB). DNA was stained with DAPI (magenta). 
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Visualisation of newly polymerized microtubules after TTLL1 depletion 

 
To investigate whether the depletion of TTLL1 has similar effects on the microtubule 

polymerization like the RNAi-mediated depletion of TTLL6A and TTLL12B, ttll1-/- cells were 

stained with YL1/2 and visualised by immunofluorescence. 

This experiment was performed on expanded cells. In contrast to TTLL6A- and TTLL12B-

depleted cells, which showed a significant increase of the YL1/2 signal, TTLL1-depleted cells 

only had a slight increase in the signal compared to the WT427 (Figure 27). However, the 

expansion of the cells made it possible to visualise single microtubules at the posterior end of 

ttll1-/- cells. 

 

 
Figure 27: Increase of newly polymerized microtubules in ttll1-/- cells. Expansion microscopy of WT427 
and ttll1-/- cells. Cells were stained with YL1/2 (detects tyrosinated α-tubulin, green). DNA was stained 
with DAPI (magenta). Images were 2D-deconvoluted. Scale bar=10 µm. 

 
Binding of MAPs after ttll1 knockout 

 
Similar to the experiments that were performed with TTLL6A and TTLL12B RNAi-depleted cells, 

the binding of MAPs in cells that were depleted of TTLL1 was investigated. For this purpose, 

the plus-end binding proteins EB1 and XMAP215 were analysed. The analysis of the 

endogenously tagged mNG-XMAP in ttll1-/- cells was carried out by Marinus Thein (the 

corresponding ttll1-/- cell line was the same as that generated in this thesis). 
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EB1 was still present at the posterior end of ttll1-/- cells. But it was distributed across the blunt 

tip (Figure 28A). TTLL1-depleted cells that expressed an endogenously tagged mNG-XMAP215 

showed no loss of the signal. 

Like EB1, mNG-XMAP215 appeared in an elongated signal compared to the WT427 (Figure 28A 

lower panels, results were obtained from Marinus Thein, Molecular Parasitology, University 

of Bayreuth, 2022). 

 

 
Figure 28: Binding of EB1 and mNG-XMAP215 in ttll1-/- cells. Immunofluorescence of cytoskeletons of 
WT427 and ttll1-/-cells. Upper two panels: ttll1-/- cells were stained with anti-EB1 (green). DNA was 
stained with DAPI (blue). Lower panels: ttll1-/- cells express an endogenously tagged mNG-XMAP215 
(green). Cells were stained with anti-tubulin (red). DNA was stained with DAPI (blue). Images of the 
endogenously tagged cell line were obtained from Marinus Thein and modified (Marinus Thein, 
Molecular Parasitology, University of Bayreuth, 2022). 
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Effects of a ttll1 knockout on the flagellum 

 

It was noticed that the flagellum of the ttll1-/- cells seemed to be longer than the WT427 flagella. 

After measuring the length of the single flagellum of 1K1N cells, this observation could be 

confirmed (Figure 29A). 

After two and three weeks of TTLL1-depletion the flagella had an average length of 20 µm in 

comparison to the WT flagella, which had an average length of approximately 18 µm. 

 

To determine possible changes in the glutamylation level of the axoneme, flagella were 

isolated and subsequently analysed by western blot. The success of the isolation was 

demonstrated via SDS-PAGE and western blot using PFR as a control (Figure 29B I and II). 

 

The analysis of the flagellar fractions with the antibodies GT335 and PolyE showed a reduction 

of both signal in TTLL1-depleted cells (Figure 29B, on the left). 

 

 
Figure 29: A knockout of ttll1 affects the length of the flagellum and the degree of glutamylation 
within the flagellum. (A) Analysis of the length of the single flagellum of G1 WT427 and ttll1-/- cells. Cells 
over a period of seven weeks were analysed. Box and jitter plots show mean values and single data 
points respectively. Statistical significance between groups is indicated by different letters (P<0.05). 
Error bars represent the standard deviation. wks=weeks (B) Western blot of isolated flagella. Samples 
were probed with the antibodies GT335 and PolyE. Tubulin served as a loading control. I= Coomassie 
gel to show the success of the flagella isolation. II= western blot of the samples probed with PFR to 
verify flagellar fractions. 

 

 

 



  Results 

 46 

In a next step the glutamylation pattern within the flagellum was analysed. For this purpose, 

expanded cells were co-stained with GT335 and PolyE. In WT427 cells, the axoneme was 

uniformly stained with both antibodies. After a knockout of ttll1, the polyE signal was much 

more concentrated on one side of the axoneme, while the opposite side was almost lacking 

signal. (Figure 30A). This was also seen in cells, that were co-stained with an anti-tubulin 

antibody (Figure 30B). 

 

To better visualise this altered distribution, the signal intensities were evaluated. Therefore, a 

rectangle with a length of 10 µm and a width of 3 µm was placed on a straight area of the 

flagellum and the signal intensity within this rectangle was plotted (Figure 30A and B, analysed 

area is indicated with white rectangles, analysis was done by Hannes Wunderlich, 

collaboration with Experimental Physics I, University of Bayreuth). 

For WT427 cells it was shown, that GT335 was distributed over approximately 2 µm (Figure 30A 

I and II). In cells depleted of TTLL1 the signal is enriched to one site of the flagellum (Figure 

30A III and IV). This was also seen for the PolyE signal, but to a weaker extent (Figure 30A III 

and IV). 

However, the shift of the PolyE signal was clearly visible when the cells were co-stained with 

an anti-tubulin antibody (Figure 30B I-IV). 

 

To localise on which side of the axoneme the PolyE signal was accumulated, an additional 

staining of the PFR was performed. 

This co-staining of PolyE and PFR showed, that PolyE is located directly adjacent to the PFR 

signal (Figure 30C, left). This indicates an accumulation of long glutamate chains between the 

microtubule duplets 4-7 in ttll1-/- cells (Figure 30C and D). 
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Figure 30: Accumulation of long glutamyl chains on one side within the flagellum after depletion of 
TTLL1. Expansion microscopy of WT427 and ttll1-/- cells after staining with (A) GT335 (red) and PolyE 
(green), (B) anti-tubulin (red) and PolyE (green) and (C) PFR (red) and PolyE (green). Orange rectangles 
show a detailed view of flagellar regions. (I)-(IV) Quantification of signal intensities in areas indicated 
with white rectangles of the corresponding staining. (D) Schematic representation of a cross-section of 
T. brucei. Figure (D) was created with BioRender.com. 
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Based on these observations, it was further analysed if there were any abnormalities within 

the ultrastructure of the flagellum in ttll1-/- cells. Therefore, cross-sections of the cells were 

examined by electron microscopy. 

This was done by Julia Bechthold, a master student of mine. Apparently, there was no 

evidence of any abnormalities within the axoneme or the cytoskeletal microtubules (Figure 

31) (results obtained from Julia Bechthold, Molecular Parasitology, University of Bayreuth, 

2022). 

 

 
Figure 31: Ultrastructure of the flagellum of ttll1-/- cells. (I) Electron micrograph of a cross-section of 
a ttll1-/- cell showing the flagellum (F), subpellicular microtubules (SMT), axoneme (Ai), paraflagellar 
rod (PFR), flagellar attachment zone (FAZ) and the microtubule quartet (MtQ). (II) and (III) show the 
axoneme and SMT structure in detail. Results were obtained from Julia Bechthold (Molecular 
Parasitology, University of Bayreuth, 2022). 
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Add back of TTLL1 leads to a rescue of the knockout 

 
To test whether the effects of the knockout of ttll1 are reversible, an add-back experiment 

was performed. Therefore, a C-terminal 2xmyc-tagged TTLL1 full-length was ectopically 

expressed in ttll1-/- cells. Since the parental cell line (PC427) lacks the T7 polymerase and the 

Tet operator, which makes an inducible expression not possible, TTLL1-full-lengthc-term 2xmyc 

was inserted in a tubulin locus. 

 

Expression success was verified by qPCR (Figure 32A) and by western blot using an anti-myc 

antibody (Figure 32B). 

A comparison of ttll1-/- cells and ttll1-/- cells that contain the rescue construct showed, that the 

expression of TTLL1-full-lengthc-term2xmyc caused a regression of the observed morphological 

abnormalities that were detected after a depletion of TTLL1. After measuring the width of the 

posterior tip of the cells, the rescued cells had a significantly narrower posterior end (P<0.05), 

which was again comparable to that of the WT427 cells (Figure 32C and D). 

EB1 was analysed as a second indicator showing the regression of the blunt phenotype. Cells 

expressing TTLL1-full-lengthc-term2xmyc showed an EB1 signal as a bundled signal at the posterior 

tip of the cells (Figure 32C). 

 

Cells that were depleted of TTLL1 showed a significantly decreased glutamylation level. To 

investigate whether a rescue of the knockout causes an increase in the degree of microtubule 

glutamylation, cytoskeletal preparations of cells expressing TTLL1-full-lengthc-term2xmyc were 

analysed by western blot and probed with the antibodies GT335 and PolyE (Figure 32B). 

Comparing ttll1-/- cells with cells that expressed the rescue construct a slight increase in the 

signal was shown, but there was no full recovery of the glutamylation levels. 

 

It was also of interest to see if the observed growth defect, that was caused by the ttll1 

knockout, can be rescued. 

The curves showed that after the expression of TTLL1-full-lengthc-term2xmyc the cells had a 

normal growth (Figure 32E). 
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Figure 32: Rescue of ttll1 knockout-. (A) Quantification of mRNA levels by qPCR. Error bars represent 
the standard deviation. (B) Western blot of cytoskeletal preparations of the respective cell lines. Tubulin 
and CAP5.5 served as loading controls. Asterisks indicate the expressed TTLL1-full-lengthc-term2xmyc.  (C) 
Immunofluorescence of cytoskeletons of ttll1-/- cells knockout cells expressing TTLL1-full-lengthc-term2xmyc. 
Cells were stained with an anti-tubulin antibody (green, upper images) and anti-EB1 (green, lower 
images). DNA was stained with DAPI (blue). (D) Analysis of the width of the posterior end of the 
corresponding cell lines. Box and jitter plots show mean values and single data points respectively. 
Statistical significance between groups is indicated by different letters (P<0.05). Error bars represent 
the standard deviation (E) Cumulative growth curves of the respective cell lines. Each data point 
corresponds to the mean of three biological replicates, each measured three times. The data were 
plotted logarithmically. 

 

Overexpression of TTLL1 

 

Possible effects of an overexpression of TTLL1 in cells was investigated. For this purpose, a C-

terminal 2xmyc tagged TTLL1-full length was ectopically overexpressed in a T. brucei cell line, 

which contain the T7 polymerase and the Tet-operator, thus capable of inducible expression 

(PC449). 
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First the success of TTLL1myc-overexpression was verified by qPCR (Figure 33A). The results 

showed that an induction of ectopic expression resulted in a significant increase of the mRNA 

levels. After the induction of TTLL1myc expression, it was clearly seen that the cells became 

significantly longer, in contrast to WT449 cells (Figure 33B and C, ***P<0.001). The tip of the 

posterior end was significantly wider with an average width of 1 µm (Figure 33D, ***P<0.01). 

Because of that the cells were classified to the blunt phenotype. 

Also, the length of the flagellum differed significantly from the WT449. The flagellum was not 

significantly longer, as seen in TTLL1-depleted cells, instead the length was significantly more 

dispersed (Figure 33E). 

 

 
Figure 33: Morphological changes after overexpression of TTLL1myc. (A) Quantification of mRNA levels 
by qPCR. Error bars represent the standard deviation. (B)Immunofluorescence of WT449 cells and cells 
after induction of TLL1 expression for three days (C) cell length, (D) tip width and (E) flagella length. 
Box and jitter plots show mean values and single data points respectively. Statistical significance is 
shown by asterisks (***P<0.001, **P<0.01). Error bars represent the standard deviation. 

Since it was shown in this work that TTLL1 has a glutamylation activity it was of interest if there 

was an increase in the glutamylation level after the overexpression of TTLL1myc. Therefore, 

western blot analysis was performed and samples of cells that expressed TTLL1myc over a 

period of three days were probed with GT335 and PolyE. 

 



  Results 

 52 

The results showed that after three days of induction, the signal of GT335 and PolyE increased 

whereby PolyE increased strongly. The overexpression of TTLL1myc was verified via the 

detection of the myc-tag (Figure 34A). 

 

Cells overexpressing TTLL1myc showed an inhibited growth (Figure 34B) and cytokinesis 

defects, as an increase of zoids and multinucleated cells was observed (Figure 34C). 

 

 
Figure 34: Increased glutamylation levels and inhibited growth of the cells after the overexpression 
of TTLL1myc. (A) Western blot of cytoskeletal preparations of cells overexpressing TTLL1myc. Tubulin and 
CAP5.5 served as loading controls. (B) Cumulative growth curves of the respective cell lines. Each data 
point corresponds to the mean of three biological replicates, each measured three times. Data were 
plotted logarithmically. (C) Percentages of different cell cycle stages of not-induced TTLL1-DOX cells and 
cells that overexpressed TTLL1myc for two and three days. Zoids correspond to cells without nuclei (N) 
or kinetoplast DNA (K) and ≥3N corresponds to cells with more than two nuclei or kinetoplasts. TTLL1-

DOX (n)= 245 cells; TTLL12days (n)=160 cells; TTLL13days (n)= 265 cells; 4(n)= 183 cells. 
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Swim velocity of ttll1-/- and TTLL1-overexpressing cells 

 

Reduced cell mobility was observed in both cell lines, the one that was depleted of TTLL1 and 

the one that ectopically overexpressed TTLL1. The corresponding motility analysis was 

performed in cooperation with Hannes Wunderlich (Experimental Physics I, University of 

Bayreuth). 

While WT427 cells moved at a speed of 3.67 µm/s, cells lacking TTLL1 moved at a slower speed 

of 2.87 µm/s. A rescue of the ttll1 knockout resulted in an increase in swimming speed to 4 

µm/s, which was similar to the WT427. The effect of an overexpression of TTLL1+DOX, however, 

had no effect in the motility of the cells compared to the corresponding WT449 and the non-

induced TTLL1-DOX cell line. 

 

Table 3: Swim velocities of TTLL1-manipulated cells. Data were collected in collaboration with 
Hannes Wunderlich (Experimental Physics I, University of Bayreuth) 

Cell line velocity 

WT427 3.67 µm/s 

ttll1-/- 2.87 µm/s 

ttll1-/- rescue 4.05 µm/s 

WT449 5.07 µm/s 

TTLL1 -DOX 5.26 µm/s 

TTLL1 +DOX 4.99 µm/s 
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Discussion 

 

The subpellicular cytoskeleton of T. brucei is a highly ordered array of parallel organised 

microtubules, that is localised underneath the plasma membrane. It is a key structure that 

gives the cell its shape and elasticity (Sinclair and de Graffenried, 2019). It differs from the 

highly dynamic microtubule cytoskeleton of mammalian cells in being extremely stable. This 

makes the cytoskeleton of the parasite unique. 

However, during its life cycle, the parasite undergoes several morphological changes that 

require the new arrangement of the cytoskeleton, such as the semiconservative duplication 

of cytoskeletal microtubules during cell division, a change in the positioning of organelles, as 

well as a different movement of the cells (Sherwin and Gull, 1989; Robinson and Gull, 1991; 

Matthews, Sherwin and Gull, 1995; Robinson et al., 1995). To allow such substantial changes, 

the very stable cytoskeleton must have a certain remodelling capacity. It is unclear how this 

interplay between stability and flexibility is regulated in T. brucei. Microtubule properties 

could be altered by the parasites unique set of cytoskeleton-associated proteins or by post-

translational modifications (PTMs) (Westermann and Weber, 2003; Janke, 2014; Sinclair and 

de Graffenried, 2019). 

 

Many enzymes involved in PTMs of tubulin are conserved in a variety of organisms including 

trypanosomes. One of the largest groups is represented by the tubulin tyrosine ligase-like 

(TTLL) enzymes (Janke et al., 2005), which were originally defined by a conserved amino acid 

sequence domain that they share with the founding member of this family, the tubulin 

tyrosine-ligase (TTL) (Ersfeld et al., 1993; van Dijk et al., 2007). 

As part of the detyrosination-tyrosination cycle, TTL catalyses the attachment of a tyrosine 

residue to the C-terminal end of α-tubulin, whereas the other proteins are either 

polyglycylases or polyglutamylases (Janke, 2014). Glycylation has not been identified in T. 

brucei, however, using mass spectrometry it was shown that the cytoskeleton and the 

flagellum of trypanosomes are highly glutamylated (Schneider, Plessmann and Weber, 1997). 

Based on sequence homologies eight TTLLs were identified in the parasite (Casanova et al., 

2015). 
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In this study, three T. brucei homologs of the TTLL family, TTLL6A, TTLL12B, and TTLL1, were 

characterised. Enzymes of the TTLL6 group have been identified as polyglutamylases in vitro 

and in vivo because they can increase the degree of polyglutamylation of microtubules in HeLa 

cells, whereas TTLL12 showed negligible activity (van Dijk et al., 2007). 

Although the amino acid sequence of the TTLL12 protein family exhibits the core TTL domain, 

it lacks the so-called ‘extended TTL domain’, which is common to most known TTLLs but 

missing in the TTL (van Dijk et al., 2007). 

 

In my analysis I was able to demonstrate that T. brucei TTLL12B has in vivo glutamylation 

activity. A depletion of the putative polyglutamylases TTLL6A, TTLL12B and TTLL1 resulted in 

a strong decrease in the signal of GT335 and PolyE (Figure 10 and 22A), whereby the former 

antibody detects the branching point of glutamate side chains, and the latter long side chains 

with at least four glutamate residues (Figure 109). 

In Tetrahymena thermophilia (Ciliophora), TTLL1 was also found to have polyglutamylase 

activity, but it seems to be an α-tubulin specific activity (Janke et al., 2005). In my experiments 

a depletion of TTLL1 resulted in a significant decrease in glutamylation levels when probed 

with GT335 or PolyE. A stronger reduction of glutamylation on α-tubulin was detected, 

suggesting a substrate specificity of TTLL1 preferring α-tubulin (Figure 22A, upper protein 

bands). This was also confirmed by analysing protein samples with β-monoE, an antibody that 

specifically detects glutamate side chains on β-tubulin. There was no reduction of in the signal 

bands after a knockout of ttll1 (Figure 22C). For TTLL6A it was shown that both α- and β-tubulin 

are substrates. This was confirmed by Julia Bechthold, a master student of mine, who 

characterised a ttll6a-/- cell line, that I had generated. In western blot she showed a strong 

reduction of GT335 and PolyE signal, which was similar to the results of TTLL6A RNAi-depleted 

cells, and, additionally, she demonstrated a complete loss of the β-monoE signal (Figure 41) 

(Master thesis of Julia Bechthold, Molecular Parasitology, University of Bayreuth, 2022). 

Furthermore, my results showed that the antibodies GT335 and PolyE in unpurified T. brucei 

whole cell extracts only detect α- and β-tubulin as substrates and had no cross-reactivity with 

other proteins (Figure 40). In immunopurified HeLa cell extracts it was shown, that the two 

known nucleosome assembly proteins NAP1 and NAP2 are target to polyglutamylation as well 

as several other proteins, that were recently discovered (Regnard et al., 2000; van Dijk et al., 

2008). 
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Numerous studies in the past few years have been able to demonstrate the importance of a 

balance of PTMs at microtubule structures and their relevance for a normal physiological 

function. Imbalanced PTMs are linked to a series of human diseases, such as cilia- , neuronal- 

, blood- and muscle disorders as well as cell division abnormalities (Akhmanova and 

Hoogenraad, 2018; Magiera et al., 2018b). 

Most of the diseases affect the highly ordered microtubule structures of cilia and neurons, 

which is why there is an emerging role of PTMs in this field (He, Ling and Hu, 2020). The cell 

morphology of trypanosomes is also governed by two highly ordered microtubule structures: 

the subpellicular cytoskeleton and the axoneme of the flagellum. Since many tubulin PTMs 

are conserved in trypanosomes, it is suggested that they play an important role in regulating 

the function of these structures. 

 

After a depletion of TTLL6A or TTLL12B a complete disruption of the posterior tip of the cells 

was observed (Figure 11A). Normally the cells have a highly ordered tip structure with the 

plus-ends of microtubules bundled into a pointed end, the so called ‘open-pipe’ (Hemphill, 

Lawson and Seebeck, 1991). The knockdown of either polyglutamylase resulted in 

approximately 30 % of the cell population that showed the recently described ‘glove 

phenotype’ (Figure 11B) (Jentzsch et al., 2020). This phenotype is characterised by the 

outgrowth of several lobes at the posterior end of the cells, whereby the anterior end remains 

unaffected. 

An ultrastructural analysis using TEM showed that the microtubules in glove cells were still 

continuous within the cytoskeleton, but single microtubules were fanned out at the posterior 

ends (Figure 12A and B). The loss of the posterior microtubule-organisation of the 

cytoskeleton distinguishes this phenotype from the known ‘nozzle’ phenotype (Hammarton, 

Engstler and Mottram, 2004; Pasternack et al., 2015). Cells exhibiting this morphology have 

an elongated posterior end with a bundled tip. 

A loss of ttll1 resulted in cells with an elongated posterior end. The tip, however, displayed a 

blunt end, which is different to both phenotypes described above (Figure 24 and Figure 25). 

Since there are no publications to date describing a blunt posterior end, this phenotype was 

termed as ‘blunt cells’ in this thesis. Blunt cells were characterised as such that had a posterior 

end that was wider than 0.8 µm. Cells depleted of TTLL1 had an average width of 
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approximately 1.5 µm. Since more than 95 % of the cells exhibited a blunt end, this phenotype 

was analysed in more detail using TEM and U-ExM. 

It was shown that the plus-ends of the microtubules were still somehow bundled, which was 

completely different to the fanned-out microtubules in TTLL6A and TTLL12B RNAi-depleted 

cells. However, the open-pipe structure in ttll1-/- cells was much larger in diameter (Figure 

25B). 

To get a better idea of the correlation between the observed phenotypes of the TTLL-depleted 

cells and the reduction in the glutamylation levels, the cells were analysed in 

immunofluorescence with GT335 and PolyE. In cells depleted of either TTLL6A or TTLL12B the 

decrease in the antibody signal was comparable to the reduction observed in western blot. 

Both TTLL6ARNAi and TTLL12BRNAi cells exhibited a strong reduction or even a complete loss of 

GT335 particularly at the posterior protrusions (Figure 13). The signal for PolyE was also 

reduced, but uniformly across the cell body. 

The glutamylation in ttll1-/- cells was strongly reduced (Figure 22 and Figure 23), but the 

posterior end of the cells was still ordered. The observed effects indicate that there is a link 

between glutamylation and the preservation of normal cell morphology. Specifically, it could 

be possible that the length of glutamate side chains has important functions in maintaining a 

normal posterior tip, as ttll1-/- cells showed a strong reduction of long side chains (PolyE), 

whereas TTLL6A- or TTLL12B-depleted cells showed a strong reduction in the glutamylation 

including short side chains (GT335). 

 

A different behaviour of microtubule polymerization was observed in TTLL-depleted cells. 

Therefore, the cells were stained with YL1/2, an antibody that detects tyrosinated α -tubulin. 

Tyrosination is a commonly used marker for newly synthesized microtubules (Westermann 

and Weber, 2003). T. brucei consists of mostly long—lived microtubules, which is why 

detyrosination is dominant. Only a weak staining at the posterior ends, the basal bodies, and 

the new growing flagellum can be detected (Sherwin et al., 1987). 

It was previously shown that the knockout of VASH, the enzyme that mediates the 

detyrosination of microtubules in T. brucei, resulted in cells that were heavily tyrosinated. The 

cells exhibited a nozzle like phenotype and growth defects (van der Laan et al., 2019). 

In TTLL6A- or TTLL12B-RNAi-depleted cells a significant increase in tyrosination was detectable 

at the posterior gloves of the cells, supporting the fact that these cells have an impaired 
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microtubule organisation (Figure 15) and suggesting that there is a major imbalance in 

microtubule polymerization. A knockout of ttll1 also resulted in an increase in tyrosination, 

but to a weaker extend compared to the RNAi cells (Figure 27). 

 

Other results that demonstrated the disruption of the basic cytoskeletal architecture included 

the analysis of the binding behaviour of MAPs. Polyglutamylation has previously been shown 

to affect the motor activity of MAPs such as kinesin-I and TUBB3, resulting in differences in 

velocity and processivity as well as the binding of MAPs to neuronal microtubules like Tau 

(Sirajuddin, Rice and Vale, 2014; Hausrat et al., 2022). I hypothesize that a controlled 

glutamylation pattern is required to recruit other functional proteins that maintain the 

integrity of the microtubule cytoskeleton. This is based on the analysis of three cytoskeleton-

associated proteins: EB1, XMAP215, and TbAIR9. 

 

EB1 normally bundles the plus-ends of microtubules at the posterior tip. In cells lacking either 

TTLL6A or TTLL12B, EB1 is mostly absent. This would be reasonable for cells with gloves since 

the tip structure is completely disturbed. However, in cells with an apparently normal cell 

structure EB1 was also partially absent (Figure 16A). This would support the assumption that 

polyglutamylation is important for the recruitment of EB1. Similar results were obtained when 

the binding of the endogenously mNG-XMPA215 was analysed. After RNAi of TTLL6A, mNG-

XMPA215 was 40 % less abundant at the cell tips (Figure 16C and Figure 42) (Master thesis of 

Mainus Thein, Molecular Parasitology, University of Bayreuth, 2022). It was previously shown 

that EB1 and XMAP215 interact to increase the polymerization rate of microtubules (Zanic et 

al., 2013), leading to the suggestion that both proteins also interact in T. brucei. Interestingly, 

TbAIR9 was also lost in TTLL6A- or TTLL12B-depleted cells (Figure 17C). Since AIR9 appears to 

be important for the correct localisation of other MAPs (Sinclair et al., 2021), it may be possible 

that the failed localisation of EB1 and XMPA215 is related to the loss of TbAIR9. 

The loss of EB1 and XMAP215 are similar to observations made in mammals and yeast. The 

absence of a tyrosine residue on α-tubulin resulted in a loss of microtubule end-binding 

proteins, such as Bik1p, CLIP170 and p150Glued (Badin-Larçon et al., 2004; Erck et al., 2005; 

Peris et al., 2006). For a proper localisation they require a binding site consisting of tyrosinated 

α-tubulin and the presence of EB1 (Bieling et al., 2008). However, my results do not lead to 
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the suggestion that the localisation of EB1 and XMAP215 is affected by the observed 

tyrosination defect (Figure 15). 

What effect polyglutamylation might have on the localisation of the investigated cytoskeleton-

associated proteins has not been explored until now. An indication was provided by recent 

atomistic simulation showing that polyglutamylation could lead to slower diffusion rates of 

EB1 along microtubules (Bigman and Levy, 2020). 

 

A loss of cytoskeleton-associated proteins could not be observed in cells depleted of TTLL1, 

suggesting that it has other functions in T. brucei. However, in ttll1-/- cells an abnormal 

distribution of EB1 and XMAP215 was documented at the blunt tip structure of the cells 

(Figure 28). Although no drastic disruption of the cytoskeletal microtubules occurred, the cells 

displayed an inhibited growth and cytokinesis defects, that were also observed in the TTLL6A- 

or TTLL12-depleted cells (Figure 14 and Figure 26). A few publications have already shown that 

a loss or the overexpression of MAPs resulted in such defects, suggesting a higher relevance 

of the regulation of the investigated cytoskeleton-associated proteins (Vedrenne et al., 2002; 

Olego-Fernandez et al., 2009; May et al., 2012; Portman and Gull, 2014; Hilton et al., 2018). 

 

As most cellular phenotypes of microtubule PTM deficiencies are associated with stable 

microtubule structures such as cilia, flagella and axons, it was of interest to examine the TTLL-

depleted T. brucei cells in more detail because they rely on these structures for their survival. 

In particular, a correct pattern of axonemal PTMs is known to be essential for flagellar and 

axonemal architecture and cell motility (Alper et al., 2014; Gadadhar et al., 2017; Hong et al., 

2018; Giordano et al., 2019). 

In collaboration with the group of Prof. Dr. Matthias Weiss (Chair of Experimental Physics I, 

University of Bayreuth), a deviant swimming behaviour of TTLL-depleted cells was 

documented. This was characterised by a decrease in directional motion, slower movement, 

and a decrease in the straightness of the recorded trajectories (Figure 20 and Table 3). This 

indicates that an imbalance in the axonemal glutamylation correlates with a severe motility 

defect in T. brucei. 

The effects of an impaired glutamylation on flagellar function have been previously 

demonstrated in mammalian cells. Mutations in glutamylases (TTLL1, TTLL9) and 

deglutamylases (CCP1, CCP5) cause aberrations in spermatogenesis and sperm motility 
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resulting in male infertility in mice (Mullen, Eicher and Sidman, 1976; Vogel et al., 2010; Konno 

et al., 2016; Wu, Wei and Morgan, 2017). In ttll9-/- mice, abnormal sperm motility was 

attributed to the loss of doublet 7, which occurred selectively, and reduced polyglutamylation 

at doublet 5 (Konno et al., 2016). It has been shown that a possible outcome of a disturbed 

axonemal glutamylation is a defective interaction between tubulin and proteins of the inner 

arm dynein (Kubo et al., 2010). Structural deficiencies within the flagellum were also shown 

in mice depleted of two polycylases. Disruption of the structure of outer and inner arm dynein, 

caused by the depletion, resulted in an altered sperm flagellar beat pattern, leading to 

subfertile mice (Gadadhar et al., 2021). In addition, mice lacking TTLL1 showed a lost beat 

asymmetry in axonemes and tracheal epithelial cilia, resulting in impaired airway cilia function 

(Ikegami et al., 2010). How polyglutamylation affects the flagellar function in trypanosomes 

still needs to be elucidated. Several studies have previously shown that T. brucei is a well-

suited model-organism to study human ciliopathies such as infertility and hydrocephalus, a 

pathological enlargement of the fluid spaces of the brain filled with cerebrospinal fluid (Dawe 

et al., 2005, 2007; Coutton et al., 2018). 

 

Knowing that the axoneme of T. brucei is extremely glutamylated (Schneider, Plessmann and 

Weber, 1997), it is reasonable to assume that TTLL6A, TTLL12B, and TTLL1 are also active 

within the flagellum. Western blot of flagellar fractions of the corresponding TTLL-depleted 

cells confirmed the reactivity of the polyglutamylases at the axoneme, as a decrease of the 

glutamylation levels was detected (Figure 18C and Figure 29B). 

Not only was a reduction in the glutamylation observed, but also an altered distribution 

pattern of the glutamylation within the flagellum. 

Normally the axoneme is uniformly stained with GT335 and PolyE, but ttll1-/- cells showed an 

unusual accumulation of PolyE (Figure 30). Expansion microscopy and an evaluation of the 

staining intensities made it possible to get a better picture of the distribution of glutamylation 

within the flagellum. When expanded cells were stained together with an anti-tubulin 

antibody and PolyE, a significant shift in the PolyE signal was measured (Figure 30). The tubulin 

staining served as a control, as it should equally recognise the axoneme in WT427 and ttll1-/- 

cells. Whereas in WT427 cells the peaks of tubulin and PolyE overlapped, implying tubulin and 

PolyE are evenly distributed across the flagella, cells lacking TTLL1 exhibited a PolyE peak that 

was distinctly shifted to one flagella site. The tubulin signal was not affected by this (Figure 
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30B I-IV). Evaluation of the fluorescence signal showed that it was not an accumulation which 

was observed but a result of a reduction of PolyE on one side of the flagella. 

This was also seen in cells stained with GT335 (detects the branching point of glutamate side 

chains) and PolyE (detects long glutamate side chains). Interestingly in TTLL1-depleted cells a 

shift of the GT335 signal was observed, but in the opposite direction as it was shown for PolyE 

(Figure 30A I-IV). This would imply that a knockout of ttll1 results in a glutamylation pattern 

that is split between different sides of the flagella. On the one side of the flagella, there is a 

strong reduction of long glutamate side chains, while on the other side, there is a reduction of 

glutamylation including short side chains, but the long side chains are preserved. 

To investigate on which side the PolyE signal was maintained an additional staining of the PFR 

was performed. The results showed that PolyE was located adjacent to the PFR signal (Figure 

30C I-IV), indicating that only the microtubule doublets 4-7 remain to have long glutamate 

side chains (Figure 30D I-IV). An ultrastructural analysis of a cross section of TTLL1-depleted 

cells did not reveal any infrequent alterations of the axoneme that could have explained the 

observed effects (Figure 31). 

It was previously shown that the transport of ‘intraflagellar trains’, a process in which 

molecular motors run on microtubule doublets and transport large protein complexes (trains) 

(Ishikawa and Marshall, 2011), occurs preferentially on certain microtubule doublets 

demonstrating an asymmetric functionality (Bertiaux et al., 2018). The PFR, a structure unique 

in kinetoplastids, is tightly associated to the axoneme and is essential for the motility of the 

cells (Bastin, Sherwin and Gull, 1998; Koyfman et al., 2011). It could also be conceivable, that 

the PFR might be restricting to TTLL1 being active on the remaining doublets. 

Since T. brucei expresses eight different TTLLs it would be reasonable to assume that they 

have different functions within the flagellum. It could be possible that the TTLLs in T. brucei 

preferentially act on certain microtubule-doublets. This study gives indications that TTLL1 

would be active on the doublets 1-4 and 7-9. However, the relationship between a differential 

glutamylase activity of TTLLs on the axoneme is currently not known. 

 

In ttll1-/- cells, the effects of the depletion on the cellular integrity were shown to be reversible 

(Figure 32). It was previously shown that an overexpression of some polyglutamylases in the 

protozoan Leishmania induces apoptosis whereby an overexpression of deglutamylases 

inhibits regulated cell death (Basmaciyan et al., 2019). Therefore, it was suggested, that a 
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balance of polyglutamylation/deglutamylation is needed to maintain a normal cell function. 

To test this hypothesis, cells overexpressing TTLL1 were analysed. The ectopic expression of 

TTLL1 resulted in elongated cells that also exhibited a blunt posterior tip and showed an 

inhibited cell growth associated with cytokinesis defects (Figure 33 Figure 34B and C). It was 

shown that the expression resulted in an increase of the glutamylation level. Interestingly 

mainly the PolyE signal was increased (Figure 34A). Comparing this with the results of TTLL1-

depleted cells, in which the PolyE signal was more reduced than the GT335 signal in 

immunofluorescence (Figure 22 and Figure 23), it could be suggested that TTLL1 acts as an 

elongating enzyme. The observed effects of a TTLL1 depletion within the flagellum, in which a 

pronounced decrease in long glutamylation sides was observed, would support this 

assumption (Figure 30). 

Recently an active-site in TTLLs was identified, it determines whether they have an initiating 

or an elongating function (Mahalingan et al., 2020). They propose a division of TTLLs according 

to the conserved residue Q180, according to which TTLL1, 6, 9, 11 and 13 would belong to the 

elongases and TTLL2, 4, 5 and 12 to the initiases. After screening the protein sequences of T. 

brucei TTLL1, TTLL6A and TTLL12B for Q180, only TTLL1 had a glutamine residue within this 

region (Figure 43) and thus would belong to the elongases, supporting my results. 

According to this approach the polyglutamylases TTLL6A and TTLL12B would be classified 

among the initiating enzymes, which would also support my results. An important indication 

for this was the β-monoE specificity of TTLL6A, since this antibody recognizes the linkage of 

glutamate side chains (Figure 41). 

However, these are preliminary findings and indications of the ways in which the enzymes 

catalyse the attachment of glutamate residues. To gain a clear picture, the corresponding 

proteins need to be recombinantly expressed and tested in enzyme assays. Analysis by mass 

spectrometry would also provide more detailed results. However, our approaches for this 

analysis have been unsuccessful so far, as the terminal tails of tubulin are strongly negatively 

charged, which makes the detection difficult. 

In this work, glutamylation was studied in the insect stage (procyclic cells) of T. brucei. They 

are suitable to analyse the impact of PTMs on the organisation of microtubule structures, 

because they undergo strong morphological changes during the life cycle in the tsetse fly 

(Sharma et al., 2009). It would be interesting to address the impact of PTMs in bloodstream 

cells, since they are the causative form for diseases. My experiments have shown that 
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glutamylation has an important function in cell motility. Since procyclic and bloodstream cells 

have different motility patterns and circulate in different host environments, it would be of 

interest to see if a similar effect can be observed in these cells. Targeting such proteins that 

are important for cell locomotion could offer an approach for new drug development, as 

motility is essential for the parasite’s survival. 

 

In summary, this study showed that polyglutamylation is important for maintaining cell 

architecture, cellular integrity and motility of T. brucei. It was also shown that a balance of 

glutamylation must be sustained for a normal cell function. In addition, this work 

demonstrated that T. brucei is a well-suited model organism to analyse posttranslational 

modifications, especially in highly organised microtubule structures, such as the flagellum. 

Since the axonemal structure of trypanosomes is highly conserved, basic molecular 

mechanisms of various ciliopathies can be studied in this system, which are also relevant for 

human diseases. 
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Materials and methods 

 
Materials 

 
Hard- and software 

 
This work was written on a MacBook Pro (Apple Inc., Germany) using Microsoft Word 2022. 

Microsoft Excel and PowerPoint 2022 were used for the design of Graphs and Figures. 

Additionally, figures were designed using BioRender.com (publication and licensing rights can 

be found in the supplements). Images have been edited in ImageJ (v1.53a) (Schindelin et al., 

2012). Statistics were done with Past4 (v3.24) (Hammer, Harper and Ryan, 2001). 

DNA and protein sequences were obtained from the TriTryp database 

(https://tritrypdb.org/tritrypdb/app). Plasmids were virtually designed using the Gene 

Construction Kit (Textco BioSoftware, Inc., v2.5). Pairwise sequence alignments were done 

with EMBOSS needle (https://www.ebi.ac.uk/Tools/psa/emboss_needle/). Using the tool 

‘RNAit’ (https://dag.compbio.dundee.ac.uk/RNAit/) RNAi constructs could be designed 

specifically for trypanosomes (Redmond, Vadivelu and Field, 2003). 

 

Chemicals, reagents and kits 

 
All reagents, chemicals and kits were purchased from the following companies: Roth 

(Karlsruhe), Merck (Darmstadt), Invitrogen via ThermoFisher Scientific (Schwerte), New 

England Biolabs (NEB, Frankfurt a. M.), Qiagen (Hilden), Macherey-Nagel (Düren). 
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Antibodies 

 
Table 4: Primary antibodies. WB = western blot, IF = immunofluorescence. 

antibody species antigen dilution source 

TAT 
mouse 

monoclonal 
a-tubulin 

1:10.000 WB 
1:7.000 IF 

Molecular Parasitology, 
University of Bayreuth 

GT335 
mouse 

monoclonal 
anti-glutamylation 

(EGEGE*EEG) 
1:10.000 

WB/IF 
AdipoGen, Liestal, 

Switzerland 

PolyE 
rabbit 

polyclonal 
polyglutamate 

peptide 
1:10.000 

WB/IF 
AdipoGen, Liestal, 

Switzerland 

b-monoE 
rabbit 

monoclonal 

anti-glutamylation 
specific for b-tubulin 

(glutamylated GEF 
motif) 

1:5.000 WB 
1:7.000 IF 

kind gift from Carsten 
Janke, Insitut Curie, 

Université PSL, France 
(Bodakuntla et al., 2021) 

YL1/2 rat monoclonal tyrosinated a-tubulin 

1:250 WB 
1:10 tip dye IF; 

1:50 basal 
bodies IF 

Molecular Parasitology, 
University of Bayreuth 

L8C4 
mouse 

monoclonal 
paraflagellar rod (PFR) 1:1.000 WB/IF 

Molecular Parasitology, 
University of Bayreuth 

EB1 
mouse 

monoclonal 
(IgM) 

end-binding protein 1 
(Tb927.9.2760) 

1:50 IF 
1:5 WB 

Gertrud Lallinger-Kube, 
Molecular Parasitology, 
University of Bayreuth 

CAP5.5 
mouse 

monoclonal 
(IgG) 

cytoskeleton 
associated protein 5.5 

(Tb927.4.3950) 

1:500 WB 
1:1.000 IF 

Jana Ritschar, Molecular 
Parasitology, University of 

Bayreuth 

9E10 
Mouse 

monoclonal 
(IgG) 

myc 1:2.000 WB SeraLab, London, UK 

BiP 
mouse 

monoclonal 

luminal binding 
protein 1 

(Tb927.11.7460) 
1:3.000 WB 

Gertrud Lallinger-Kube, 
Molecular Parasitology, 
University of Bayreuth 
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Table 5: Secondary antibodies. WB = western blot, IF = immunofluorescence. 

antibody antigen/species dilution source 

mouse HRP 

rabbit anti-mouse IgG 

(whole molecule), 

polyclonal 

1:80.000 WB Merck, Darmstadt 

rabbit HRP 
goat anti-rabbit IgG (H+L) 

conjugated, polyclonal 
1:10.000 WB Biozol, Eching 

rat HRP anti-rat 1:80.000 WB Biozol, Eching 

Atto 488 FITC 

labelled 

goat anti-mouse IgG 

(whole molecule), 

polyclonal 

1:500 IF Sigma-Aldrich, Steinheim 

Atto 550 Cy3 

labelled 

goat anti-mouse IgG 

(whole molecule), 

polyclonal 

1:500 IF Sigma-Aldrich, Steinheim 

CF488A FITC 

labelled 
goat anti-rabbit IgG (H+L) 1:1.000 IF Sigma-Aldrich, Steinheim 

Alexa Fluor 488 goat anti-rat IgG (H+L) 1:1.000 IF 
Invitrogen by Thermo Fisher 

Scientific, Oregon USA 
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DNA oligonucleotides 

 
Table 6: DNA oligonucleotides. Underlined sequences represent restriction sites. All oligonucleotides 
were purchased from Microsynth, Balgach, Switzerland. 

oligonucleotide sequence 5’-3’ 
restriction 

endonuclease 
purpose 

TbTTLL6A_for 
ATA GGA TCC AAG CTT CTC TTC TCG 

GCG CCA AGT GT 

HindIII, 

BamHI 

TTLL6A RNAi 

TTLL6A qPCR analysis 

TbTTLL6A_rev 
ATA CTC GAG TCT AGA AAC GCC TTA 

ACG TTG GCG AC 
XhoI, XbaI 

TTLL6A RNAi 

TTLL6A qPCR analysis 

TbTTLL12B_for 
ATA GGA TCC AAG CTT TCG GTG GAA 

GTT TGA AGC TA 

HindIII, 

BamHI 

TTLL12B RNAi 

TTLL12B qPCR analysis 

TbTTLL12B_rev 
ATA CTC GAG TCT AGA AAT GCT TCA 

AAG TCT TTC AT 
XhoI, XbaI 

TTLL12B RNAi 

TTLL12B qPCR analysis 

Puro_for 
ATA TCT AGA AGC TCA TGC AGG CTA 

GGG C 
XbaI 

generation of gene 

knockout vector 

puromycin 

(pALC14_puromycin) 

Puro_rev 
ATA CTC GAG AAT ACT GCA TAG ATA 

ACA 
XhoI 

generation of gene 

knockout vector 

puromycin 

(pALC14_puromycin) 

BSD_for 
ATA TCT AGA TGG GTC CCA TTG TTT 

GCC T 
XbaI 

generation of gene 

knockout vector 

blasticidin 

(pALC14_blasticidin) 

BSD_rev 
ATA CTC GAG ACT ATT TTC TTT GAT 

GAA AGG G 
XhoI 

generation of gene 

knockout vector 

blasticidin 

(pALC14_blasticidin) 

TTLL1_5’UTR_for ATA AAG CTT TAG GTT AGG TGA AGG A HindIII TTLL1 gene knockout 

TTLL1_5’UTR_rev ATA TCT AGA GTG TAA GTG AAT GTG T XbaI TTLL1 gene knockout 
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TTLL1_3’UTR_for ATA CTC GAG CCT CAC TTC ATC TGT T XhoI TTLL1 gene knockout 

TTLL1_3’UTR_rev ATA GGA TCC TGT TGG CAT CAG AGA G BamHI TTLL1 gene knockout 

TTLL1_analyse_for TAC GCA CCG TTC CTT GCT CCA C - 
TTLL1 gene knockout 

PCR analysis 

TTLL1_analyse_rev GAG ATA GAC TAC GCT ACC ACC C - 
TTLL1 gene knockout 

PCR analysis 

TTLL1_rescue_for 
ATA AAG CTT ATG TTC CCT AAT ACA 

TCG CTG CGA CCC G 
HindIII TTLL1 rescue 

TTLL1 _rev 
TAT GGT ACC TAA ATG GGC AGT GAT 

CTT TAC CTT GGC 
KpnI TTLL1 rescue 

qTTLL1_for CTC TCA GGG CCG TGG AAT TT - TTLL1 qPCR analysis 

qTTLL1_rev ACA TACA GGC GCA GGT CAA A - TTLL1 qPCR analysis 

FA_TTLL1_for 
ATA GGC CGG CCT ATA TGT TCC CTA 

ATA CAT CGC TGC 
FseI TTLL1 ectopic expression 

FA_TTLL1_rev 
TAT GGC GCG CCG GCA CTC TCC TAC 

TTG CAA 
AscI TTLL1 ectopic expression 

qPFR_for CGT TGG AGA TGT TTG GAC CT - 
PFR qPCR analysis 

(endogenous control) 

qPFR_rev GCA CGG TAC TCC ACC ATC TT - 
PFR qPCR analysis 

(endogenous control) 
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Plasmids 

 
Table 7: Vectors. 

vector description 

pALC14 

stem loop vector, inducible RNA interference with doxycycline, 

procyclin promotor, puromycin resistance, ampicillin resistance for 

molecular cloning (kind gift from A. Schneider) 

pFC4 

stem loop vector, inducible RNA interference with doxycycline, 

procyclin promotor, blasticidin resistance, ampicillin resistance for 

molecular cloning (kind gift from A. Schneider) 

pALC14_puromycin 

modified in this thesis, parental vector: pALC14, stuffer was 

replaced by a puromycin resistance cassette, ampicillin resistance 

for molecular cloning, vector was used for generation of gene 

knockout cell lines 

pALC14_blasticidin 

modified in this thesis, parental vector: pALC14, stuffer was 

replaced by a blasticidin resistance cassette, ampicillin resistance 

for molecular cloning, vector was used for generation of gene 

knockout cell lines 

pTag8-tub 
vector with homologous regions for insertion to a tubulin locus, 

was used for ectopic expression of ttll1-/- rescue 

pEnG0P 

was used as template for the amplification of the puromycin 

resistance cassette, necessary for the generation of 

pALC14_puromycin 

pNAT_BSD_6Myc_X 

Alsford & Horn (2008), was used as template for the amplification 

of the blasticidin resistance cassette, necessary for the generation 

of pALC14_blasticidin 

pHD1800 

origin pHD1700 (kindly provided by F. Voncken), modified by 

Gertrud Lallinger-Kube (Molecular Parasitology, University of 

Bayreuth), used for inducible expression with doxycycline, 

procyclin promotor, 2x c-terminal myc tag, hygromycin resistance, 

ampicillin resistance for molecular cloning 
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Table 8: Plasmids generated in this study. 

plasmid parental vector insert description 

TTLL6A_RNAi pALC14 
a 266 bp fragment of the 

genomic sequence of TTLL6A  

RNA interference 

targeting TTLL6A 

(Tb927.3.5380) 

TTLL12B_RNAi pFC4 
a 180 bp fragment of the 

genomic sequence of TTLL12B 

RNA interference 

targeting TTLL12B 

(Tb927.11.2420) 

TTLL1_Puro pALC14_puromycin 5’UTR and 3’UTR of TTLL1 

gene knockout targeting 

TTLL1 (Tb927.5.3860) 

using homologous 

recombination 

TTLL1_BSD pALC14_blasticidin 5’UTR and 3’UTR of TTLL1 

gene knockout targeting 

TTLL1 using homologous 

recombination 

TTLL1_rescue pTag8-tub TTLL1 full-length 

add-back experiment of 

TTLL1 full-length in TTLL1 

knockout cells, 

2x C-terminal myc tag 

TTLL1_OE pHD1800 TTLL1 full-length 

ectopic expression of 

TTLL1 

2x C-terminal myc tag 
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Microbiological techniques 

 
E. coli strains and media 

 
For molecular cloning E. coli XL1-blue was used. Cells were grown in LB-media or on LB-agar 

plates containing 100 µg/mL ampicillin. 

 

LB-medium    LB-agar 

1 % (w/v) tryptone   LB-medium plus 1.5 % (w/v) agar 

0.5 % (w/v) yeast extract 

0.5 % (w/v) NaCl 

 

Transformation of Plasmid DNA in E. coli 

 
Chemically competent E. coli XL1-blue were thawed on ice. 3 µL (or 300 ng) plasmid DNA were 

added to the cells and incubated on ice for 30 min. Heat shock was then performed at 42°C 

for 45 sec. 1 mL LB-medium was added, and the cells recovered for 1 h at 37°C while shaking. 

Cells were plated on LB-agar (containing 100 µg/mL ampicillin) and transformants were grown 

at 37°C for 16 h. 

 

Molecular biological methods 

 
Polymerase chain reaction 

 
The amplification of DNA was performed according to standard protocols for S7 Fusion High-

Fidelity DNA Polymerase (Biozym, Hessisch Oldendorf) and Taq-Polymerase (NEB, Frankfurt a. 

M.). 250 ng of genomic T. brucei DNA was used as template. 

 

Isolation of plasmid DNA from E. coli 

 
To identify transformants that contain the correct plasmid after molecular cloning, single 

colonies were picked and grown in 3 mL LB-medium (containing 100 µg/mL ampicillin) at 37°C 

for 16 h while shaking. Cells were harvested by centrifugation (30 sec, 13.500 rcf; 5424, rotor 

FA-45-24-11, Eppendorf, Hamburg) and pellets were resuspended in 150 µL cold GTER buffer. 
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Then 200 µL lysis buffer was added, reaction tubes were inverted eight times and incubated 

for 3 min on ice. 150 µL neutralization buffer was added and incubated for 3 min on ice. 

Precipitated chromosomal E. coli DNA was pelleted via centrifugation for 5 min at 13.500 rcf 

(5424, rotor FA-45-24-11, Eppendorf, Hamburg). 450 µL of the supernatant was mixed with 

900 µL 100 % ethanol to precipitate plasmid DNA. 

After centrifugation for 15 min at 13.500 rcf (5424, rotor FA-45-24-11, Eppendorf, Hamburg) 

the pellet was washed in 70 % ethanol and air-dried at room temperature. DNA was dissolved 

in 30 µL 1x TE buffer. 

 

GTER buffer    lysis buffer   1x TE buffer 

50 mM glucose   0.2 N NaOH   10 mM Tris-HCl, pH 7.4 

25 mM Tris-HCl, pH 8.0  1 % (v/v) SDS   1 mM EDTA 

10 mM EDTA, pH 8.0 

100 µg/mL RNase 

 

To isolate high amounts of plasmid DNA, 50 mL LB-medium (containing 100µg/mL ampicillin) 

were inoculated with verified transformants and cultivated for 16 h at 37°C while shaking. 

 

Determination of DNA and RNA concentration 

 
Nucleic acid concentrations were determined with a ‘ND-1000 Spectrophotometer’ (Peqlab, 

Erlangen). DNA and RNA concentrations were measured by their absorbance at 260 nm. 

 

Restriction hydrolysis of DNA 

 
Site specific endonucleases were purchased from NEB (Frankfurt a.M.). The enzymes were 

used according to the manufacturer's instructions. 1 µg DNA was hydrolysed with 1 unit of the 

corresponding enzyme for 1 h 30 min at 37°C. For a subsequent buffer exchange, the reaction 

was purified using the ’NucleoSpin Gel and PCR Clean-up’ kit (Macherey-Nagel, Düren). The 

purified DNA was separated and analysed on a 1 % agarose gel before being used for 

subsequent ligation. 
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Separation of DNA fragments by agarose gel electrophoresis 

 
For the analysis of DNA it was mixed with Loading Dye (to 1x concentration) and loaded onto 

a 1-2 % agarose gel (SeaKem LE agarose, Lonza, Rockland, ME, USA). Following DNA ladders 

were used: SPP1 ladder for larger DNA fragments (hydrolysis of SPP1 bacteriophage DNA with 

EcoRI, Karin Angermann, Molecular Parasitology, University of Bayreuth) and LMW ladder for 

separating small DNA fragments (low molecular weight ladder, kindly provided by Prof. Olaf 

Stemmann, Genetics, University of Bayreuth). 

The gels ran at 120 V for 20-30 min (‘HU6 Mini Horizontal’, Scie-Plas Limited, Cambridge, UK) 

in 1x TAE running buffer and were stained afterwards with ethidium bromide for 15 min. After 

another 15 min of destaining in deionised water, the DNA could be visualized under a UV light 

source (‘GenoSmart Compact Imaging System’, VWR, Darmstadt). 

 

1x TAE     6x Loading dye 

0.04 M Tris    10 mM Tris-HCl, pH 7.6 

0.1142 % (v/v) acetic acid  0.03 % (w/v) bromphenol blue 

1.3 mM EDTA    0.03 % (w/v) xylene cyanol FF 

pH 8.0 with acetic acid  60 % (v/v) glycerin 

     60 mM EDTA 

 

Ligation of DNA fragments 

 
To insert the hydrolysed fragments into the plasmids, they were ligated with 5 units of a T4 

DNA ligase (ThermoFisher Scientific, Schwerte) in the appropriate buffer (1x concentration). 

Ligation occurred either for 2 h at room temperature or overnight at 18°C. For the calculation 

of a molar vector to fragment ratio of 1:3 the NEBioCalculator (https://international.neb.com) 

was used. 

 

Isolation of RNA 
 

RNA from 4x107 cells of the corresponding cell lines were isolated with the ‘RNeasy Plus Mini 

Kit’ (Qiagen) after the manufacturer’s instructions. RNAi cells were treated with doxycycline 

24 h prior to the isolation. Additionally, DNA hydrolysis was performed to remove any 



  Materials and methods 

 74 

remaining genomic DNA. For this purpose, 1 µL rDNAseI (2 units) and 5 µL 10x DNAseI-

Reaction buffer (Invitrogen) were added to the 50 µL isolated RNA and then incubated at 37°C 

for 30 min. For DNaseI inactivation 5 µL inactivation beads were mixed with the reaction and 

incubated for another 5 min at room temperature. After centrifugation for 1 min at high speed 

(5424, rotor FA-45-24-11, Eppendorf, Hamburg), the supernatant was collected in a new 

reaction tube and the RNA concentration was determined photometrically. 

 

400 ng of the measured RNA was mixed with RNA-sample buffer (1:1) and incubated at 65°C 

for 10 min. The entire sample was loaded onto a 1 % agarose gel and run at 100 V for 1 h in 

1xTAE buffer treated with 0.1 % DEPC. Before use, all utensils for the gel were cleaned with 

5% H2O2 and washed with deionized water (treated with 0.1 % DEPC) to eliminate possible 

RNAse contaminations. RNA was visualized after staining in ethidium bromide and destaining 

in deionized water (treated with 0.1 % DEPC) for 15 min each using a UV light source 

(‘GenoSmart Compact Imaging System’, VWR, Darmstadt). RNA was stored at -80°C. 

 

Revers transcription of RNA in cDNA 
 

The generation of cDNA was performed using the ‘RevertAid First Stand cDNA Synthesis Kit’ 

(ThermoScientific) according to the manufacturer’s instructions. Therefore, 500 ng isolated 

RNA was reversely transcribed. Random Hexamer Primer was used for synthesis. As a negative 

control a reaction was performed lacking the reverse transcriptase. The cDNA was stored at -

20°C. 

 

Quantitative real time PCR (qPCR) 
 

qPCR was carried out to quantify mRNA levels. Reactions consisted of 10 µL of SYBR Green 

Mix ('Maxima SYBR Green/ROX qPCR Master Mix (2x)', ThermoScientific), 0.6 µL each of the 

corresponding forward and reverse primer (10 µM), 5 ng of cDNA, and nuclease-free water in 

a total volume of 20 µL. As controls, reactions with negative cDNA as template were 

performed as well as reactions with nuclease-free water as template. 

The qPCR analysis was performed in 48-well plates ('MicroAmp Fast Optical 48-Well Reaction 

Plate (0.1mL), Applied Biosystems by Life Technologies) on a Step One real time PCR system 
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(Applied Biosystems by Life Technologies). Four replicates were measured for each tested 

cDNA. PCR-cycling protocol was performed as described in Table 9. 

 

The tested mRNA levels were calculated using the ΔΔCT-method (Pfaffl, 2004). It determines 

the expression levels of a target gene via the normalization to an endogenous control (in this 

study: PFR). 

 

Table 9: qPCR protocol. 

 time temperature cycles 

initial denaturation 10 min 95°C 1x 

denaturation 15 sec 95°C  

40x annealing 30 sec 55°C 

extension 30 sec 72°C 

dissoziation 15 sec 95°C 1x 

 

Protein biochemical methods 

 
Denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

 
Separation of proteins by SDS-PAGE was performed according to Banerjee, Bovenzi and Bane 

(2010). This method is based on the standard procedure of Laemmli (Laemmli, 1970). Simple 

modifications, such as the use of low-grade sodium dodecyl sulfate and a Tris-HCl buffer with 

a pH of 9.8 of the stacking gel, can achieve a high separation of alpha- and beta-tubulin (Table 

10). 

Samples were mixed with hot Laemmli (to 1x) and boiled for 10 min. After vortexing and 

centrifugation for 5 min at high-speed (5424, rotor FA-45-24-11, Eppendorf, Hamburg), they 

were loaded on a polyacrylamide gel or stored at -20°C. 

 

Samples that were probed with the antibodies TAT, GT335 and PolyE after immunoblotting 

were diluted in 1x Laemmli (1:80) and loaded onto a SDS Gel. Gels run in 1x SDS-PAGE buffer 

for 40 min at 25 mA per gel. 
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2x Laemmli    1x SDS-PAGE buffer 

125 mM Tris-HCl, pH 6.8  25 mM Tris 

5 % (v/v) glycerol   0.2 M glycine 

4 % (v/v) SDS    0.001 % (v/v) SDS (L5750, Sigma-Aldrich, Taufkirchen) 

5 % (v/v) ß-mercaptoethanol 

crystals of bromphenol blue 

 

Table 10: Components of SDS-gels. 

component resolving gel (7.5 %) stacking gel 

ddH2O 12.8 mL 10.8 mL 

30 % acrylamide-bisacrylamide 8 mL 4 mL 

1.5 M Tris-HCl, pH 9.8 8 mL - 

0.5 M Tris-HCl, pH 6.8 - 5 mL 

10 % SDS (L5750, Sigma-Aldrich) 320 µL 200 µL 

10 % APS 400 µL 100 µL 

Temed 25.6 µL 20 µL 

 

Methanol-chloroform precipitation of protein samples 

 
Samples treated with high salt concentrations were precipitated with methanol-chloroform. 

For this purpose, four times the volume of 100 % methanol and one volume of 100 % 

chloroform were added to the samples and mixed by vortexing. Afterwards, three volumes of 

deionized water were added and mixed again by vortexing. Centrifugation for 5 min at 14.200 

rcf (5424, rotor FA-45-24-11, Eppendorf, Hamburg) resulted in phase separation, with the 

interphase containing the precipitated protein. 

The upper aqueous phase was discarded, and three volumes of 100 % methanol were added. 

After vortexing and centrifugation (14.200 rcf, 5 min, 5424, rotor FA-45-24-11, Eppendorf, 

Hamburg), the methanol was completely removed, and the pellets were air-dried. The pellets 

were then resuspended in hot 1x Laemmli and boiled for 10 min. Samples were stored at -

20°C. 
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Immunoblot 

 
For the detection of proteins by immunoblot, they were first separated by SDS-PAGE and then 

transferred to a nitrocellulose membrane (Roti-NC Transfermembran, Carl Roth, Karlsruhe) 

using the tank blot technique (‘Mini Trans-Blot cell’, BioRad, Munich). The transfer was 

performed either for 2 h at 250 mA on ice or overnight at 100 mA at room temperature. 

The membrane was stained in ponceau S for 1 min to reversibly stain the proteins. Unspecific 

staining was removed by swirling the membrane several times in ddH2O. The brief staining of 

the proteins served as a loading control. 

Unspecific binding sites were saturated with blocking buffer for 1 h. The membrane was 

incubated with the primary antibody for 1 h. After washing the membrane three times for 5 

min in PBS-T it was incubated with the secondary antibody for 1 h. The membrane was washed 

three times for 5 min. Both the primary and secondary antibodies were diluted in blocking 

buffer. 

Protein bands were detected by chemiluminescence. The horseradish peroxidase which is 

coupled to the secondary antibody converted the HRP reaction components A and B (Takara 

Western BloT Ultra-Sensitive HRP Substrate, BIO INC., Japan; added in a 1:1 ratio) into light 

signal that were detected and documented with the LAS-4000-Imaging System (Fujifilm 

Europe, GmbH, Düsseldorf). 

 

1x Blotting buffer    Ponceau S 

25 mM Tris     3.3 mM ponceau S 

190 mM glycerol    40 % (v/v) methanol 

20 % (v/v) methanol    15 % (v/v) acetic acid 

 

1x PBS      PBS-T 

0.14 M NaCl     0.1 % (v/v) Tween-20 

2.7 mM KCl     in 1x PBS 

8.5 mM Na2HPO4 x 2H2O 

pH 7.4 

 

Blocking buffer 

5 % milk powder (Magermilchpulver, Sucofin, TSI, Zeven) in 1x PBS-T 
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Microscopy 

 
Microscopy of cells was performed using an ‘Axio Imager 2’ (Zeiss, Oberkochen) microscope, 

a ‘SPOT Pursuit’ camera (SPOT Imaging, Sterling Hights, MI, USA) and the ‘VisiView’ software 

(Visitron Systems, Puchheim). When using the 100x oil objective (Plan-Apochromat 100x/1.40 

Oil Ph3 M27, Zeiss, Oberkochen), it was necessary to apply immersion oil (‘ImmersolTM 518F, 

Zeiss, Oberkochen) to the samples. 

 

Immunofluorescence 

 
For immunostaining of T. brucei cells, 2x106 cells were centrifuged (3.400 rcf, 1 min, 5424, 

rotor FA-45-24-11, Eppendorf, Hamburg). The pellet was washed once with 1x PBS and then 

resuspended in 1 mL 1x PBS and placed on poly-L-lysine coated slides. Prior to this, small 

squares were drawn on the slides with a ‘ImmEdge Hydrophobic Barrier Pen’ (Vector 

Laboratories, Burlingame, CA, USA) to keep the cells in a confined area. The cells attached to 

the slides for 10 min in a humidified chamber. Afterwards the slides were washed in 1x PBS to 

remove unattached cells. 

 

For the preparation of whole cells, cells were fixed in ice-cold 100 % methanol for at least 30 

min. For preparation of cytoskeletons, cells were treated with a detergent for 2 min (1x PBS 

+1 % NP40) prior fixation in methanol. Subsequently, the detergent was washed off with 1x 

PBS and cells were incubated in ice-cold 100 % methanol as described previously. 

After fixation cells were rehydrated in 1x PBS for one minute. The primary antibody was added 

to the cells, which were incubated for 1 h in a humidified chamber. The slides were washed 

three times for 5 min in PBS-T in a coplin jar while shaking gently. The secondary antibody was 

added to the cells and incubated for 1 h in a humidified chamber. 

The slides were washed once in PBS-T and stained with DAPI (1 µg/mL in 1x PBS). DNA staining 

occurred for 5 min in a humidified chamber and then the slides were washed a final time in 

PBS-T. As a final step, 5 µL of ‘Vectashield mounting medium’ (Vector Laboratories, 

Burlingame, CA, USA) was added to the cells and sealed with a cover slip. The slides could 

either be analysed directly or stored at 4°C in the dark for several weeks. 
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Ultrastructural expansion microscopy (U-ExM) 

 
The expansion of T. brucei cells was performed as previously described in Kalichava and 

Ochsenreiter (2021). 

For the microscopic analysis of the expanded gels, small gene-frames with a thickness of 0,25 

mm (Gene Frame, 1,5 x 1,6 cm, ThermoScientific, Schwerte) were put on a slide and a small 

piece of gel was placed inside the frame. Areas that were not covered with gel were filled with 

small amounts of 1 % low melting agarose. A coverslip was then placed on top of the gel and 

firmly, but carefully, adhered to the gene frame. Excess gel and liquid that was squeezed out 

was removed with a tissue. The sample was immediately examined after its preparation. 

 

Electron microscopy 

 
For the ultrastructural analysis of the cells, whole mount electron microscopy was performed. 

For this purpose, 1x107 cells were centrifuged (400 rcf, 10 min, 5702 R, rotor A-4-38, 

Eppendorf, Hamburg) and washed once in PEME. 

The cells were resuspended in 50 µL PEME. Next, 5 µL of the cell suspension was placed on 

pioloform-coated mesh copper grids (size 100, Plano GmbH, Wetzlar, Germany), and they 

were incubated for 20 min to allow attachment. Unattached cells were first removed by 

aspiration with a filter paper and then by adding 5 µL PEME and aspirating again. 

Then 5 µL PEM + 1 % NP40 was added to the grids and incubated for 5 min. Again, the grids 

were washed with PEME before they were treated with 5 µL of 2 % uranyl acetate for exactly 

1 min. A final time the grids were washed with deionized water and then they were placed on 

a filter paper to dry. 

Samples were imaged with a JEM-1400 Plus electron microscope (JEOL, Germany) with a Ruby 

CCD camera (JEOL, Germany). 

 

PEME     PEM 

1 M PIPES    1 M PIPES 

2 mM EGTA    2 mM EGTA 

1 mM MgSO4    1 mM MgSO4 

0.1 mM EDTA 

pH 6.9 



  Materials and methods 

 80 

Isolation of flagella from T. brucei 

 
To analyse flagella separately from the cytoskeleton at the protein level, 5x 107 cells were 

harvested (2.500 rcf, 10 min, 5702 R, rotor A-4-38, Eppendorf, Hamburg) and washed in 1x 

PBS. The cell-pellet was resuspended in 500 µL PMN + 0.5 % Triton. After incubation on ice for 

10 min, the pellet was washed twice in the same buffer. 

This was followed by the treatment with PMN + 1 M NaCl. The suspension was mixed well and 

incubated on ice for another 10 min. By centrifugation at 16.000 rcf for 10 min at 4°C (Mikro 

200R, type 2495, rotor 2424, Hettich Zentrifugen, Tuttlingen) the flagella were pelleted, and 

the disrupted cytoskeleton was in the soluble fraction. 

The supernatant was removed and precipitated with methanol/chloroform. The pellet was 

washed in PMN and then taken up in hot 1x Laemmli. 

 

PMN 

10 mM Na3PO4 

150 mM NaCl 

1 mM MgCl2 

 

Cell biological methods 

 
T. brucei cell lines, cultivation and storage 

 
Procyclic T. brucei cells were maintained in SDM-79 medium (Life Technologies, UK) 

supplemented with 10 % fetal bovine serum, 7.5 mg/L hemin and the corresponding selection 

antibiotics (Table 11) at 27°C. Cells were transferred every three to five days, as needed. Cell 

growth was measured using a CASY cell counter (Roche innovates AG, Germany). For storage 

logarithmically grown cells were centrifuged (10 min, 400 rcf; 5702 R, rotor A-4-38, Eppendorf, 

Hamburg) and resuspended in 0.5 mL cryomedium. Cells were first cooled down to -80°C and 

then stored in liquid nitrogen. 
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Cryomedium 

SDM-79 

corresponding antibiotics 

10 % (v/v) FBS 

7 % (v/v) glycerol 

sterile filtered 

 

Table 11: Procyclic T. brucei cell lines. 

cell line description 

427 procyclic wild-type 

29-13 

inducible with doxycycline; selection with 15 µg/ml G418 

(TetR), 50 µg/ml hygromycin (T7RNAP); suitable for RNA 

interference; reference: Wirt and Clayton, 1995 

449 

inducible with doxycycline; selection with 50 µg/ml 

phleomycin (TetR); suitable for ectopic expression; 

reference: Biebinger et al., 1997 

 

Transfection of T. brucei 

 

Prior to transfection, 10 µg of plasmid DNA were linearised overnight with the corresponding 

enzymes and buffers in a total volume of 50 µL at 37°C. For the linearization of RNAi 

constructs, the plasmids were treated with two units NotI. For the linearization of gene 

knockout constructs, the plasmids were hydrolysed with one unit HindIII and on one unit 

BamHI. 

2 µL of the reactions were analysed on a 1 % agarose gel. Successfully linearized DNA was then 

precipitated with 0.1 volumes of 3 M Na-acetate and two volumes of ice cold 100 % ethanol 

and was incubated on ice for at least 30 min. After centrifugation at 24.100 rcf for 15 min at 

4°C (Mikro 200R, type 2495, rotor 2424, Hettich Zentrifugen, Tuttlingen) the DNA was washed 

in ice cold 70 % ethanol. The ethanol was removed under sterile conditions and the pellet was 

dried in the laminar flow hood (ScanLaf, Mars Safety Class, LaboGene, Lynge, DK). The DNA 

was then dissolved in 10 µL sterile water. 
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For the transfection 1-2x107 cells were pelleted for 10 min at 400 rcf (5702 R, rotor A-4-38, 

Eppendorf, Hamburg) and cells were resuspended in 100 µL transfection buffer (TF buffer). 

The cell suspension was added to the 10 µL of DNA and homogenised well by resuspending. 

105 µL of this mixture was transferred to a transfection cuvette (732-1136, VWR, Radnor, PA, 

USA). The transfection was carried out via electroporation on a ‘Nucleofector II’ (Amaxa 

biosystems, via Lonza, Basel, Switzerland). 

 

TF buffer 

90 mM sodium phosphate 

5 mM KCl 

0.15 mM CaCl2 

50 mM HEPES, pH 7.3 

sterile filtered 

 

Generation of gene knockout cell lines 

 
For a successful gene knockout, a suitable vector for homologous recombination was needed. 

For this purpose, the RNAi stem-loop vector pALC14 served as a template. 

 

The included stuffer was replaced by either a puromycin resistance with a size of 1.000 bp 

(template: pEnG0P) or by a blasticidin resistance with a size of 900 bp (template: pNAT_BSD-

6Myc_X). PCR products of the 5'UTR (286 bp) and 3'UTR (360 bp) of the target gene ttll1 

(Tb927.5.3860, 3.579 bp) were cloned into the modified vectors containing the antibiotic 

resistances (pALC14_puromycin and pALC14_blasticidin) via the restriction sites HindIII/XbaI 

and XhoI/BamHI. This resulted in two gene knockout vectors, each flaked by homologues 

regions of the target gene. 

The final constructs were introduced into the cells in two transfection steps (Figure 35). After 

each transfection positive clones were confirmed by PCR. 
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Figure 35: Schematic representation of the gene knockout by homologous recombination in T. 
brucei. 

 
RNA interference in T. brucei 

 
To successfully knockdown TTLL6A (Tb927.3.5380) and TTLL12B (Tb927.11.2420) it was 

necessary to create RNAi constructs. For this purpose, the stem-loop vector ‘pFC4’ (kindly 

provided by André Schneider) was used for molecular cloning. It allows the doxycycline-

inducible expression of a hairpin dsRNA. To avoid off-target effects, RNAi fragments were 

generated with the tool ‘RNAit’ (Redmond, Vadivelu and Field, 2003). 

 

A 266 bp PCR product for TTLL6A and a 180 bp PCR product for TTLL12B were amplified and 

cloned in the vector pFC4 using the restriction sites HindIII, XbaI, XhoI and BamHI. This vector 

contains an element, called ‘PDF 260’ (Figure 36), which was removed by a restriction 

hydrolysis with HindIII and XbaI followed by gel extraction of the vector bone prior to insertion 

of the PCR amplificants. 
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Figure 36: Schematic representation of the stem loop vector pFC4 (kindly provided by André 
Schneider). 

 

The corresponding PCR products were first introduced in the coding direction via the HindIII 

and XbaI restriction sites, then, the same PCR products were introduced in the non-coding 

direction via the interfaces XhoI and BamHI. Both PCR fragments were separated by a stuffer 

(Figure 37). 

 

Through the single doxycycline-inducible promoter, the formation of the hairpin-structure 

occurs through the pairing of the homologous cloned PCR amplicons. Cellular degradation is 

initiated once the homologous dsRNA is present. 
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Figure 37: Schematic representation of the RNAi cloning strategy. First a 150 – 250 bp PCR product 
was amplified containing the restriction sites BamHI, HindIII, XbaI and XhoI. In a fist cloning step, the 
PCR product was inserted left of the stuffer into the modified stem loop vector pFC4 (modification: 
removal of the PDF 260 fragment). In a second cloning step the PCR product and the vector containing 
the first PCR fragment was hydrolysed with the enzymes BamHI and XhoI. This allows the integration 
of the same PCR fragment to the right of the stuffer and in a 3’-5’ direction, enabling the formation of 
a dsRNA hairpin after a doxycycline mediated induction. 

 

Ectopic expression in T. brucei 

 

To study possible effects of an overexpression of TTLL1 a plasmid that inducibly expressed the 

protein was generated. For this purpose, a PCR product of the open reading-frame (except the 

stop codon) of TTLL1 was amplified. Using the restriction sites FseI and AscI the product was 

inserted into the expression vector pHD1800. A 2x C-terminal myc tag allowed the detection 

of the expressed TTLL1myc. 

 

Growth curves 

 
Cell growth was measured and documented over a period of five days with a CASY cell counter 

(Roche Innovatis AG, Germany). 5x105 cells/mL in a volume of 5 mL were seeded in 6 well 

plates. Three biological replicates were prepared for each treatment. Once the cells reached 

a density of 5-6x106 cells/mL, they were diluted to their initial concentration. The dilution 

factor was later included in the data analysis, therefore generating cumulative growth curves. 
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Flow cytometry analysis 

 

Possible effects on the cell cycle of T. brucei RNAi-depleted and knockout cells were examined 

by flow cytometry. 6x 106 cells of a logarithmically grown culture were harvested (10 min, 

2.500 rcf, 5702 R, rotor A-4-38, Eppendorf, Hamburg) and washed in 1x PBS. 

The cell-pellet was resuspended in 250 µL of 0.5 % formaldehyde (diluted in 1xPBS), 

transferred into a 15 mL falcon tube and then incubated on ice for 5 min. 2.5 mL of 70 % ice-

cold ethanol was slowly added to the cells while vortexing. After 1 h of rotation at 4°C the cell 

suspension was centrifuged for 5 min (1.400 rcf, 5702 R, rotor A-4-38, Eppendorf, Hamburg). 

The cells were resuspended in staining solution and incubated at for 30 min 37°C. 

The analysis was done with the ‘Cytomics FC 500’ (Beckman Coulter, Krefeld) and the 

associated ‘CXP’ software. 

 

Staining solution 

950 µL PBS 

2 µL RNAse A (stock 10mg/mL) 

50 µL propidium iodide (stock 1mg/mL) 

 

Motility analysis of T. brucei 

 

The analysis of the swimming behaviour of the cells was performed as described in (Jentzsch 

et al., 2020). 

 

Quantification of western blot signal and fluorescence intensities 
 

Quantification of western blots and fluorescence images was performed with ImageJ (v1.53a). 

For western blots the tool ‘Analyse Gels’ was used. To quantify images the tool ‘Analyse 

measure’ was used. Data were normalised to the signal from the anti-tubulin antibody signal. 
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Statistics 
 

For statistical analysis the software Past4 (v3.24) (Hammer, Harper and Ryan, 2001) was used. 

For comparison of differences of two groups the data was first tested for normal distribution 

using the Shapiro-Wilk test. If normality was validated, means were compared with a t-test 

(Student, 1908), if normality was not met, groups were compared using the two-sample 

Kolmogorov Smirnoff test (Pratt and Gibbons, 1981). If more than two groups were compared 

a normal distribution was tested using the Shapiro-Wilk test and homogeneity of variances 

was tested using Levenes test. (Levene, 1961). If the assumptions were met, groups were 

compared with an Anova (Girden, 1992) and Tukey-HSD. If the assumptions were violated a 

Kruskal-Wallis test (Kruskal and Wallis, 1952) with a Mann-Whitney pairwise test was 

performed. 

 

Editing of images 
 

Fluorescence images were edited with ImageJ (v1.53a). Deconvolution of expansion 

microscopy images was done using the plug-in ‘DeconvolutionLab2 2.1.2’ and the algorithm 

‘Richardson-Lucy (RL)’ (Sage et al., 2017). PSF image (point spread function) was generated 

with the plug-in ‘Diffraction PSF 3D’. 
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Figure 38: qPCR analysis of TTLL-RNAi depleted cells. The tested mRNA levels were calculated using 
the ΔΔCT-method. PFR was used as the endogenous control. Error bars represent the standard error. 

 

Figure 39: qPCR analysis of TTLL1-RNAi cells. The tested mRNA levels were calculated using the 
ΔΔCT-method. PFR was used as the endogenous control. Error bars represent the standard error. 
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Figure 40: Western blot of WT cell extracts. Whole cells (WC) and cytoskeletal preparations (CS) were 
probed with GT335 and PolyE. 

 

 
Figure 41: Western blot analysis of WT, ttll1-/- and ttll6a-/- cells. Cytoskeletal preparations were 
stained with GT335, β-monoE and PolyE. TAT (tubulin) served as a loading control. Figure taken from 
Julia Bechthold (Master thesis of Julia Bechthold, Molecular Parasitology, University of Bayreuth 2022) 

 

 
Figure 42: Proportion of TTLL6ARNAi cells showing a mNG-XMAP215 signal. Cytoskeletal preparations 
of RNAi cells that were not-induced (-DOX) and cells that were depleted of TTLL6A (+DOX) were 
analysed in immunofluorescence. Figure was taken from Marinus Thein (Master thesis of Marinus 
Thein, Molecular Parasitology, University of Bayreuth, 2022). 
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>Tb927.5.3860_TTLL1 

MFPNTSLRPGGAANIGLRSKKTELYGGARGAKPLSSASSVYGMSGSNGSNLPHAIGGSGRITNVGSGSPP

ISQVLPVGGNSQLSSLRDGDVAKSNPVRYRTPQMQMIVAELSGARQDGPMLRYRTDLDKHVIHFAFRRF

PRSVEIVEDEEITAGDWHFFWMSVGRVRSLFSSSEYRLSDSQIINHFPNHYELTRKDLMYKNIKKYIKDPN

NVQLRMPYSLPEQLANGGDNVTYLRFADCVPITYNIPNDLAMFEEEFRRQPGSTWIVKPTSRSQGRGIFLI

NRLSQLKKWLKERKELDEFEGVMMMNSFVVSKYIRDPLLIGGKKFDLRLYVLVTSFKPLVAYLHDQGFARF

CATRYVANALSDEDLCSHLTNVALQKGEKEYNASHGGKWTLANLLLFIQGRFGAAAADWLMHGIEFVIY

HSLRALESVMFNDRHCFELYGYDILVDSQLRPHLIEVNSSPSLSTTTVSDRLLKEEVLQDVLQVVFPPDFPS

NNAMPYWEYRLRADLTTALPTGFRLLQVGEC 

>Tb927.3.5380_TTLL6A 

MITDVTSTKRPVESRKCIVVMCADTRYHVVRTAAVSLGWHVEDGERDDVPSSFHGISLNKDMNSLSETIS

LLGAKCNAALNPQIIWLDKSVLSSRVAALSCFHRVNHFPGMHVIARKATLFKRLMRIRRQHDLSPTLRRSL

DAFPWSFSPSTELLQLERFISDGREGEIFILKPNKGCEGKGIIITAEPLHVVERMTDEERNECLVQQYVPHPL

CIDRKKFDLRIYVLVTSVVVGKPPRKGFRGAAPPKETHGGSSFPLNGLQLFVHKEGLVRICTEDYATPNASN

CKRQGMHLTNYAVNKRAQGFSVGDVLNTDDSSSNGICEGNKRDFKFLEHYINGLVGCKSDTTEDDVSG

GETTSRWERVLHRIDRCILLTVLSGLENLRREFIGTGASRGSRSDGRNCFELLGVDILLTEDLKPVLMEVNHS

PSLFCDSDFDFRTKHRVLMDVFRLLEPYVPSLENCNDAAYATLQESITAGGNMSSTGFRQISPLRVGGDD

WADEEMQMFEEMLRHANGLR 

>Tb927.11.2420_TTLL12B 

MMKDFEAFSRVLADWFVVHSVPQHLQRSLFEKLVNDVFDAGTSFSLAVVAREDEDEVDAEDQSSETAG

NYVLVASKNLKANDDIWLIDHCCTFRLRDFRAHLEANEALRTRLGRVLAVNLSGADNRHGAQLIFDHMW

NKVGSYRLPTSADGDDSQYESYWFIHDEVGSAITTVVNEKANMKLEPIPICFPEKGGVFSAMWCVEDM

EEEEVATRRAASTLEATSGKEILSLIYNTRHEEETEEDPYRSAQLLCVEAWRRLVKRLESVPGRRAQREQSA

LAPVERCPSGPLRVFTDSQQLSQNLTDANHFVVVDLPQEAHIVWVVHHSIEGLNDYGHAQYISQFPEESE

FTSKQGLLRLIQETYGYVDWYQTSYDSTTQLKELIGDFIVRKAALDKKIDTDPLVTYEDIGKLRSNDGTNLW

ISKPTNLARSIDMTLSSNLTELLRAVETGPKVICKYIANTATLRKRKFDLRFIVAVNSFTSEHSSSMEAYVYNT

FWTRFALKEYSLDDFDCYEKHWTVMNYTNPEALLQLHDHDFVKEFNEEYASSGYGEAAWEKIAYPKI 

LKMLREAFGMVVTRGGDHSRCRAMYGVDVMLRTERCVETGALTLEPSLLEITFSPDCRRACKYHPTFFN

DIFHTLFLRDPTNMTPL 

Figure 43: Amino-acid sequences of TTLL1, TTLL6A and TTLL12B. Bold letters show residues at the 
position 180. Q180 could be a critical active site to classify TTLL1 as an elongase. Sequences were taken 
from TriTrypDB. (Mahalingan et al., 2020) 
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