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Abstract 
Microtubules (MTs) exhibit high genetic diversity due to the existence of multiple Ŭ- and ɓ-

tubulin isoforms, encoded by distinct genes with tissue-specific expression patterns. MT 

functional properties are further diversified by post-translational modifications (PTMs), 

forming a complex regulatory system known as the tubulin code.  

The thesis aims to investigate the structure and function of tubulin tyrosine ligase-like 11 

(TTLL11), an enzyme with marked polyglutamylase activity. TTLL11 modifies not only 

tubulin but also other physiological substrates, including Dishevelled 3 (DVL3) from the Wnt 

signaling pathway. To elucidate the substrate specificity and catalytic mechanism of the 

enzyme, we evaluated a series of TTLL11 variants for their capacity to bind and 

polyglutamylate tubulin in vitro and in a cellular environment. Our findings revealed that, while 

TTLL11 shares sequence similarity with other TTLL enzymes exclusively within its catalytic 

domain, its C-terminal region is indispensable for function. 

Using cryo-electron microscopy (cryo-EM), we uncovered a unique interaction pattern 

between TTLL11 and MTs, wherein the TTLL11 MT-binding helix bundle (MT-BHB) 

engages with one protofilament, while its catalytic domain extends over an adjacent 

protofilament. Importantly, we discovered a novel tubulin post-translational modification, 

wherein the C-terminus of the primary tubulin polypeptide undergoes direct elongation, 

facilitating the re-entry of the Ŭȹ2 and Ŭȹ3 tubulin variants, previously regarded as "dead-end" 

variants, into the tubulin modification cycle. Notably, substrate preferences were not driven by 

a tubulin isotype but rather by the physicochemical properties of the C-terminal amino acid 

with strong preference for glutamate. 

These findings expand our understanding of the tubulin code by introducing a previously 

unrecognized dimension of tubulin tail elongation, further highlighting the role of TTLL11 in 

cytoskeleton regulation. 

 

Key words: 

Microtubule, glutamylation, tubulin, TTLL11, cryo-EM, mass spectrometry, post-translational 

modification, TTLL11/microtubule complex.  
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Abstrakt 
Mikrotubuly (MTs) vykazuj² vysokou genetickou rozmanitost d²ky mnoha izoform§m Ŭ- a ɓ-

tubulinu, kter® jsou k·dov§ny rŢznĨmi geny a vykazuj² tk§ŔovŊ specifickou expresi. Jejich 

vlastnosti jsou d§le diverzifikov§ny posttranslaļn²mi modifikacemi (PTMs) a vytv§Ś² 

komplexn² regulaļn² syst®m zvanĨ tubulinovĨ k·d (ñtubulin codeò). 

TTLL11, enzym s vysokou polyglutamylasovou aktivitou, modifikuje nejen tubulin, ale také 

dalġ² proteiny, vļetnŊ Dishevelled 3 (DVL3) ze Wnt sign§ln² dr§hy. Pro objasnŊn² substr§tov® 

specificity a katalytického mechanismu TTLL11 jsme navrhli a exprimovali Śadu variant, 

otestovali jejich aktivitu a schopnost vázat se na mikrotubuly. PŚestoģe TTLL11 sd²l² sekvenļn² 

podobnost s jinými glutamylasami (TTLL) pouze v katalytick® dom®nŊ, jeho C-koncová 

doména (MT-BHB) se ukázala nezbytná pro vazbu na mikrotubuly i enzymatickou aktivitu. 

Pomocí kryo-elektronové mikroskopie (cryo-EM) jsme odhalili konformaļn² uspoŚ§d§n², v 

nŊmģ se C-koncová doména (MT-BHB) TTLL11 v§ģe na jeden protofilament, zat²mco jeho 

katalytická doména pŚesahuje nad sousední protofilament. Dále jsme identifikovali novou 

posttranslaļn² modifikaci tubulinu, pŚi n²ģ doch§z² k pŚ²m®mu prodlouģen² C-konce tubulinu, 

coģ umoģŔuje n§vrat variant Ŭȹ2 a Ŭȹ3, dŚ²ve povaģovanĨch za Ăkoneļn® produktyñ, zpŊt do 

cyklu tubulinovĨch modifikac². Zaj²mav® je, ģe substr§tov§ preference není Ś²zena izotypem 

tubulinu, ale chemickými vlastnostmi C-koncové aminokyseliny se silnou preferencí pro 

glutamát. 

Tato zjiġtŊn² rozġiŚuj² naġe ch§p§n² tubulinov®ho k·du t²m, ģe zav§dŊj² dosud nepoznanĨ 

mechanismus prodluģov§n² tubulinovĨch koncŢ, a d§le zdŢrazŔuj² kl²ļovou roli TTLL11 v 

regulaci cytoskeletu. 

 

Kl²ļov§ slova 

Mikrotubul, glutamylace, tubulin, TTLL11, kryo-elektronová mikroskopie, hmotnostní 

spektrometrie, post-translaļn² modifikace, complex TTLL11 a mikrotubulu.  

  



7 

 

Contents 
Declaration of authorship ....................................................................................................... 3 

Acknowledgement ..................................................................................................................... 4 

Abstract ...................................................................................................................................... 5 

Key words: ............................................................................................................................. 5 

Abstrakt ...................................................................................................................................... 6 

Kl²ļov§ slova ......................................................................................................................... 6 

Abbreviations ............................................................................................................................. 9 

Introduction .............................................................................................................................. 12 

Cytoskeleton ........................................................................................................................ 12 

Microtubules ........................................................................................................................ 13 

Microtubule Structure ...................................................................................................... 13 

The Tubulin Code ............................................................................................................ 17 

Mass Spectrometry............................................................................................................... 30 

Tandem Mass Spectrometry ............................................................................................ 30 

Aims of The Study ................................................................................................................... 34 

Methods.................................................................................................................................... 35 

Results ...................................................................................................................................... 36 

TTLL11 polyglutamylates microtubules at both Ŭ- and ɓ-tubulin chains ....................... 36 

TTLL11 simultaneously engages adjacent microtubule protofilaments .......................... 38 

The MT-BHB does not discriminate between intra- and inter-dimer tubulin interfaces . 41 

Bipartite engagement is essential for efficient MT binding and polyglutamylation by 

TTLL11 ............................................................................................................................ 44 

TTLL11 expands the tubulin code by extending the primary tubulin chains .................. 48 

Main chain tubulin polyglutamylation is preferred over elongation of laterally branched 

chains ............................................................................................................................... 50 

Sequences of C-terminal tails dictate TTLL11 preferences for Ŭ- vs ɓ-tubulins. ........... 53 

Crosstalk between tubulin modifying enzymes and TTLL11 in cells ............................. 55 

Discussion ................................................................................................................................ 57 

Mechanistic Insights into TTLL11 Activity .................................................................... 60 

Structural Insights into TTLL11/MT Interactions ........................................................... 64 

Future Directions ............................................................................................................. 68 

References ................................................................................................................................ 69 

Declaration of generative AI and AI-assisted technologies in the writing process ......... 76 

Attached publications............................................................................................................... 77 



8 

 

Directly supporting the thesis .......................................................................................... 77 

Publication I ..................................................................................................................... 77 

In-solution structure and oligomerization of human histone deacetylase 6 - an integrative 

approach ................................................................................................................................... 77 

Publication II .................................................................................................................... 94 

Carboxy-terminal polyglutamylation regulates signaling and phase separation of the 

Dishevelled protein .................................................................................................................. 94 

Publication III ................................................................................................................ 127 

Mechanistic Insights into TTLL11 Polyglutamylase-Mediated Primary Tubulin Chain 

Elongation .............................................................................................................................. 128 

Student contribution  .............................................................................................................. 192 

Other publications by the author  ........................................................................................... 194 

 

 



9 

 

 

Abbreviations 

¶ 18O ï Oxygen-18 (isotopic labeling) 

¶ A549 ï Human Lung Carcinoma Cell Line 

¶ Ac ï Acetylation 

¶ Am ï Amination 

¶ AspN ï Aspartyl Endopeptidase 

¶ Ŭȹ2 ï Ŭ-Tubulin lacking two C-terminal amino acids, antibody against Ŭȹ2 tubulin 

¶ Ŭȹ3 ï Ŭ-Tubulin lacking three C-terminal amino acids  

¶ Ŭ-TAT  ï Ŭ-Tubulin N-acetyltransferase  

¶ ŬTub ï Ŭ-Tubulin  

¶ ŬȹTyr ï Detyrosinated Ŭ-tubulin  

¶ ŬTyr ï Tyrosinated Ŭ-tubulin  

¶ ɓ(5) ï ɓ-tubulin isoform TUBB5  

¶ ɓ(4B) ï ɓ-tubulin isoform TUBB4B 

¶ ɓȹ2 ï ɓ-tubulin lacking two C-terminal residues 

¶ ɓȹ3 ï ɓ-tubulin lacking three C-terminal residues  

¶ ɓTub ï ɓ-Tubulin 

¶ ɔ-TuRC ï ɔ-Tubulin ring complex 

¶ BRB30 ï PIPES buffer at 30 mM, 1mM MgCl2, 1mM EGTA, pH 6.8 

¶ CBB ï Coomassie Brilliant Blue (staining of SDS-PAGE gel) 

¶ CAP-Gly ï Cytoskeleton-Associated Protein Glycine-rich domain 

¶ CCP ï Cytosolic Carboxypeptidase 

¶ CDK1 ï Cyclin-Dependent Kinase 1 

¶ CEP41 ï Centrosomal Protein 41 

¶ c.i. ï Confidence interval in statistical analysis  

¶ CPA ï Carboxypeptidase A 

¶ Cryo-EM  ï Cryogenic Electron Microscopy 
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¶ D5 ï Perdeuterated (isotopically labeled) compound (glutamate)  

¶ Detyr ï Antibody against ŬȹTyr Ŭ-tubulin 

¶ DVL3  ï Dishevelled 3 

¶ DYRK1A  ï Dual-Specificity Tyrosine Phosphorylation-Regulated Kinase 1A 

¶ ECM  ï Extracellular Matrix 

¶ E ï Glutamylation 

¶ EGTA - ethylene glycol-bis(ɓ-aminoethyl ether)-N,N,Nǋ,Nǋ-tetraacetic acid 

¶ ER ï Endoplasmic Reticulum 

¶ G ï Glycylation 

¶ GCN5 ï General Control Nonderepressible 5 (acetyltransferase) 

¶ HDAC  ï Histone Deacetylase 

¶ HEK293T ï Human Embryonic Kidney 293T Cells 

¶ K40 ï Lysine 40 (acetylation site of Ŭ-tubulin) 

¶ KIF  ï Kinesin Family Member  

¶ KO  ï Knock-out 

¶ LC-MS ï Liquid Chromatography-Mass Spectrometry 

¶ LC-MS/MS ï Liquid Chromatography-Tandem Mass Spectrometry 

¶ M  ï Methylation 

¶ MAP  ï Microtubule-Associated Protein 

¶ MAPK  ï Mitogen-Activated Protein Kinase 

¶ m/z ï Mass-to-Charge Ratio 

¶ MS ï Mass Spectrometry 

¶ MS/MS ï Tandem Mass Spectrometry 

¶ MT  ï Microtubule 

¶ MT -BHB ï Microtubule-Binding Helix Bundle (TTLL11-specific motif) 

¶ MTBD  ï Microtubule-Binding Domain 

¶ MTs ï Microtubules 

¶ PAL  ï Palmitoylation 

¶ P ï Phosphorylation 
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¶ PCP ï Planar Cell Polarity 

¶ PF ï Protofilament 

¶ PKC ï Protein Kinase C 

¶ PolyE ï Polyglutamylation/polyglutamate, antibody against polyglutamate 

¶ PTM  ï Post-Translational Modification 

¶ RPGR ï Retinitis Pigmentosa GTPase Regulator 

¶ Src ï Proto-oncogene Tyrosine-Protein Kinase 

¶ SVBP ï Small Vasohibin Binding Protein 
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¶ TMCP  ï Tubulin Metallocarboxypeptidase  

¶ ttTMCP  ï Tubulin Metallocarboxypeptidase from Tetrahymena thermophila 

¶ TUBA1A, TUBA1B, TUBA4A ïŬ-Tubulin Isoforms 
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Introduction 
 

Cytoskeleton 

The cytoskeleton is a dynamic network of protein filaments essential for cell shape, 

intracellular transport, and mechanical stability. The cytoskeleton comprises three primary 

filament types: actin filaments (microfilaments), intermediate filaments, and microtubules 

(MTs). These components interact with numerous associated proteins to coordinate cellular 

processes. 

Actin filaments are highly conserved protein, essential for cellular motility, membrane 

dynamics, and structural support. Actin exists in a dynamic equilibrium between monomeric 

G-actin and polymerized F-actin, regulated by accessory proteins like profilin and Arp2/3 [1]. 

Structurally, actin filaments form helical polymers that concentrate beneath the plasma 

membrane, creating a dense cortical network. This organization enables the formation of 

specialized protrusions such as lamellipodia and filopodia, crucial for cell movement and 

interaction with the environment [2, 3].  

Intermediate filaments are more heterogeneous, with composition varying by cell type ï e. g. 

keratin in epithelial cells and vimentin in mesenchymal cells (Table 1) [4, 5]. These filaments 

provide mechanical stability, forming rope-like assemblies of staggered tetramers that integrate 

with desmosomes and hemidesmosomes to anchor cells to their neighbours and the 

extracellular matrix. Biochemically distinct from actin and tubulin, intermediate filaments lack 

intrinsic polarity and nucleotide-binding properties, which lends them unique assembly and 

disassembly dynamics suited for enduring mechanical stress [4]. 

Table 1 ï Types of intermediate filaments and their functions [6]  

Type Example Proteins Location/Function 

I & II  Acidic & Basic Keratins Epithelial cells (skin, hair, nails) 

III  
Vimentin, Desmin, Glial Fibrillary 

Acidic Protein, peripherin, synemin 

Mesenchymal cells, muscle cells, glial cells, 

astrocytes, peripheral neurons 

IV 
Neurofilaments - NF-L, NF-M, NF-H, 

Nestin 
Neurons (axonal structure and support) 

V Lamins A, B1, B2, C Nuclear envelope structure in all cells 

VI  Filens - Filensin, Phakinin Lens of the eye (lens transparency and integrity) 
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MTs, constructed from Ŭ- and ɓ-tubulin dimers[7], are hollow cylindrical structures that exhibit 

GTP-dependent polymerization and dynamic instability. They are nucleated at ɔ-tubulin ring 

complexes within the centrosome and radiate outward [8] defining cellular polarity and 

facilitating intracellular transport [9, 10]. Motor proteins such as kinesin and dynein traverse 

these tracks, carrying organelles and vesicles [9, 11]. Structurally, MTs also play a pivotal role 

in mitotic spindle assembly, ensuring accurate chromosome segregation during cell division 

[12, 13]. 

The cytoskeleton functions as an interconnected system rather than isolated components. 

Crosslinking proteins such as spectrin and ankyrin bind cytoskeletal elements to membranes, 

ensuring structural cohesion [14]. Signaling pathways further modulate cytoskeletal dynamics 

in response to cellular stimuli, allowing rapid remodeling during processes like cell migration, 

endocytosis, and cytokinesis [14-16].  

Microtubules 

Among its fundamental constituents, MTs emerge as indispensable elements, intricately woven 

within the sophisticated web of the cytoskeletal framework. These dynamic polymers exhibit 

remarkable versatility, participating in an array of cellular functions critical for maintaining 

cellular architecture, motility, and signaling [17]. 

Microtubule Structure  

Each MT is made up of protofilaments, which are linear polymers of tubulin heterodimers. The 

tubulin heterodimer consists of two globular proteins, Ŭ-tubulin and ɓ-tubulin, which are tightly 

bound together. These dimers polymerize end-to-end to form a protofilament, and typically, 13 

protofilaments align side by side in a cylindrical arrangement to create the hollow tube of the 

MT, but the number can vary depending on the cell type and cell localization. This structural 

organization gives MTs their characteristic diameter of about 25 nm [17-19].  
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Figure 1 ï MT structure and dynamics (taken from Amos, 2004)[20]  

A. MT nucleated at ɔ-tubulin ring growing at its plus end. The minus end is stabilized by the 

ring interacting with ɔ-tubulin (blue), which is attached to the D-grips proteins (green, orange). 

B. MTs shrinking at both ends, which happens spontaneously, but can be induced by 

destabilization (depolymerizing kinesins, red).  

 

Tubulin is a globular protein existing in two basic isotypes, Ŭ-tubulin and ɓ-tubulin, which 

together form a heterodimer [7]. There are more isotypes of tubulin but they have very different 

functions. Each subunit is approximately 450 amino acids long with a molecular weight of 

around 50ï55 kDa. Both Ŭ- and ɓ-tubulin share a highly conserved three-dimensional structure, 

which consists of three main domains: the N-terminal nucleotide-binding domain, a central 

core domain, and the C-terminal domain [20]. These domains contribute to the stability and 

function of tubulin as a structural protein and allow for interactions with other proteins. 

The tertiary structure of tubulin has been elucidated using techniques like X-ray 

crystallography and cryo-EM. The interface between Ŭ- and ɓ-tubulin is particularly well-

defined, consisting of hydrophobic patches and polar interactions that stabilize the dimer. This 
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interface is crucial for the formation of a functional heterodimer and ensures that the two 

subunits remain tightly associated under physiological conditions [20]. 

 

Figure 2 ï Model of ɓ-tubulin and its topology scheme (taken from Amos, 2004)[20]  

The ribbon model (A) and the scheme (B) of ɓ-tubulin showing the domains (N-terminal ï red, 

central core ï yellow/green/cyan, C-terminal ï blue). GDP and taxol are bound on the inside 

of the MT cylinder. The C-terminal domain is on the outside of the MT. The scheme shows how 

the secondary structure elements follow in the polypeptide chain (B).  

 

The N-terminal domain is responsible for binding GTP or GDP. In Ŭ-tubulin, the bound GTP 

is non-exchangeable because it is buried within the protein and stabilized by surrounding 

residues. In ɓ-tubulin, however, the GTP-binding pocket is opened allowing for the binding 

and hydrolysis of GTP. This structural difference between the two subunits is key to their 

individual roles in tubulin function. The N-terminal domain is composed of Ŭ-helices H1-H6 

and parallel ɓ-sheets S1-S6 that form a well-defined pocket for the nucleotide to bind [20, 21]. 

The central core domain provides the main structural scaffold of the protein. This domain 

contains a combination of Ŭ-helices H8-H10 and ɓ-sheets S7-S10 that contribute to the overall 

globular shape of the subunits. This domain includes regions that are involved in dimerization, 

as it forms the primary interface between the Ŭ- and ɓ-tubulin subunits. The central domain 

also provides rigidity and structural support for the proper alignment of the nucleotide-binding 

pocket in the N-terminal domain. These two domains are connected by a central helix H7 

similar to the structure of FtsZ proteins ï the tubulin prokaryotic homolog [20, 21].  
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The C-terminal domain is a flexible region that extends outward from the main globular body 

of the tubulin subunits and is located on the outside of MTs consisting of Ŭ-helices H11 and 

H12 and flexible C-terminal tail [20]. This domain is rich in negatively charged residues, which 

make it highly dynamic and capable of interacting with many proteins. The C-terminal domain 

is particularly important for the regulation of tubulin through post-translational modifications 

(PTMs) [22, 23]. The C-terminal domain is also the key site for interactions with compounds 

such as paclitaxel (Taxol), which binds to ɓ-tubulin and affects its structural properties which 

is widely used as a stabilizing agent in research and medicine [24].   

Despite the structural similarities between Ŭ- and ɓ-tubulin, the two subunits have distinct 

characteristics that make their roles non-redundant. For example, the surface-exposed regions 

of the subunits differ slightly, allowing them to interact with different regulatory proteins. 

Another key feature of tubulinôs structure is its ability to undergo allosteric changes upon 

binding nucleotides. When GTP binds to ɓ-tubulin, it induces slight conformational changes 

that influence the protein overall stability. These structural adjustments are propagated through 

the dimer interface, further stabilizing the heterodimer and preparing it for interaction with 

other cellular components [20, 21]. 

Tubulin structure is also notable for its highly conserved nature across eukaryotic species. The 

core fold of tubulin is nearly identical in organisms ranging from yeast to humans, reflecting 

its essential role in cellular architecture. The conservation of critical residues, particularly those 

involved in nucleotide binding and dimerization, highlights the importance of these features 

for tubulinôs structural integrity and shows the essential role of tubulin as a foundational 

element of the cytoskeleton [17, 18, 20]. 

The MT polarity given by the tubulin dimer orientation is crucial for their function, as it dictates 

the direction of growth and interaction with motor proteins. The ends of a MT are structurally 

and functionally distinct. The plus end, where ɓ-tubulin is exposed, is the site of faster 

polymerization and depolymerization. In contrast, the minus end, where Ŭ-tubulin is exposed, 

grows more slowly and is often anchored to a MT-organizing centre such as the centrosome in 

animal cells [25]. The polarity of MTs is essential for directional intracellular transport and for 

organizing cellular components during processes like mitosis [26-28]. 

MTs exhibit a property called dynamic instability, which refers to their ability to rapidly 

alternate between phases of growth and shrinkage [25]. This behavior is driven by the 

hydrolysis of GTP, which is bound to ɓ-tubulin in the free tubulin dimer. Tubulin dimers with 
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bound GTP are incorporated into the growing MTs. After incorporation, the GTP is hydrolyzed 

to GDP. GDP-bound tubulin is less stable within the MT lattice, leading to depolymerization 

if the GTP cap at the plus end is lost. The presence of the GTP cap stabilizes the MT, while its 

loss triggers rapid shrinkage, a process termed "catastrophe." Dynamic instability is a key 

feature that enables MTs to adapt quickly to cellular needs, such as remodeling during mitosis 

or responding to changes in the cellular environment.[29, 30] 

The structure and dynamics of MTs are regulated by PTMs and various MT-associated proteins 

(MAPs). For example, stabilizing MAPs like Tau and MAP2 bind along the length of MTs, 

preventing depolymerization and increasing their longevity [31-33]. In contrast, destabilizing 

proteins like kinesin-13 promote depolymerization by inducing the loss of tubulin subunits 

[34].  

MTs are usually nucleated and organized by specialized structures within the cell. In animal 

cells, the centrosome serves as the primary MT organizing centre, anchoring the minus ends of 

MTs and directing their growth outwards [35-37]. The ɔ-tubulin ring complex (ɔ-TuRC) within 

the centrosome provides a template for the nucleation of new MTs, ensuring their proper 

orientation [38]. Other MT organizing centres, such as spindle pole bodies in yeast or basal 

bodies in ciliated cells, perform similar functions in different cellular contexts. 

The Tubulin Code 

In the realms of life, multiple genes within a species encode both Ŭ- and ɓ-tubulin, each 

exhibiting distinct expression patterns and functional roles. MT diversity is further enhanced 

by a wide range of post-translational modifications, which are dynamically added or removed 

by specific enzymes, creating complex and specialized cellular MT arrays. This genetic and 

chemical variability of tubulin forms "the tubulin code," which governs the intrinsic properties 

of MTs. Cellular effectors, such as molecular motors and MT-associated proteins, interpret this 

code to impart spatial and temporal specificity to MT functions within the cell. 

Tubulin isoforms 

Both Ŭ- and ɓ-tubulin have highly conserved sequences throughout species genomes, but at the 

same time they exhibit isoform diversity, particularly in higher eukaryotes. These isoforms are 

encoded by different genes and vary slightly in their amino acid sequences. Isoform variation 

can lead to differences in the properties of tubulin dimers, such as their stability, interaction 

preferences, and susceptibility to modifications [39].  
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The multi-tubulin hypothesis, first supported by evidence from studies on fly spermatogenesis 

in 1982, claims that different tubulin isoforms play distinct roles in cellular processes. It was 

shown that the ɓ2 isoform was crucial for assembling MT structures like the meiotic spindle 

and motile cilia during spermatogenesis and replacing it with the ɓ3 isoform disrupted these 

structures [40, 41]. Subsequent experiments with swapped C-terminal sequences highlighted 

the significance of the C-terminal tail in conferring isoform-specific functions [42].  

Also, in C. elegans, distinct Ŭ- and ɓ-tubulin isoforms enable the formation of specialized 15-

protofilament MTs in touch receptor neurons, distinct from 11-protofilament structures, the 

usual for this organism [43]. Another example are platelets, that rely on the ɓ(4A) isoform to 

maintain their discoid shape via a marginal MT band, and loss of this isoform disrupts this 

organization [44, 45].  

For years, it was unclear whether isoform-specific MT behaviour arose from intrinsic 

properties or interactions with external factors. Early studies with tubulin from various tissues 

suggested intrinsic differences, but the complexity of brain tubulin ï rich in diverse isoforms 

and PTMs ï complicated mechanistic insights [46]. Recent advancements, such as affinity 

purification and recombinant tubulin production, even though it has its limitations, now allow 

for more precise evaluation of isoforms [47, 48]. For example, studies with recombinant tubulin 

revealed that ɓ(3) MTs exhibit higher catastrophe frequencies and reduced growth rates 

compared to ɓ(2B) MTs, demonstrating that isoform composition directly affects MT dynamics 

[49]. 

Isoform-specific effects are evident in vivo as well. For example, ɓ(3) knockout mice show 

impaired MT dynamics and reduced regeneration after peripheral nerve injury, aligning with 

in vitro findings on ɓ(3) influence on MT behaviour [50]. Additionally, spindle size 

in Xenopus species correlates with intrinsic MT growth and stability, with larger spindles in X. 

laevis reflecting faster MT dynamics [51]. Even Ŭ-tubulin isoforms regulate dynamics; MTs 

containing Ŭ(1C) grow faster and undergo fewer catastrophes than those with Ŭ(1A), with 

differences traced to residues in Ŭ(1A) C-terminal tail [51]. These findings underscore the 

nonredundant roles of tubulin isoforms in shaping MT properties and regulating cellular 

processes, emphasizing their functional specialization. 

PTMs of tubulin 

The PTMs include modifications of the structured core of tubulins like acetylation, 

methylation, amination, ubiquitination, palmitoylation, and phosphorylation. However, in the 
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context of the MT surface and interactions with molecular effectors, the PTMs of the tubulin 

C-terminal tails are far more interesting. Some of the PTMs are removal or addition of the 

amino acids in the polypeptide chain like the C-terminal tyrosine of Ŭ-tubulin catalyzed by 

VASH/SVBP complex [52] and (tubulin metallocarboxypeptidases) TMCPs [53] creating the 

ŬȹTyr variant and the following glutamates can also be removed by CCPs [54] or TMCPs [53] 

creating the Ŭȹ2 and Ŭȹ3 variants. The C-terminal tyrosine can be attached back by TTL [55], 

the removal of the consequent glutamates has been considered irreversible so far [56]. Similar 

modifications of ɓ-tubulin were also reported for the ɓ(2A/B) lacking four C-terminal amino 

acids and the ɓ(5) variant as the C-terminal alanine and two consecutive glutamates are 

removed by TMCP2 creating the ɓ(5)ȹ3 variant [53, 57].  

 

Figure 3 ï Human tubulin isoform C-terminal sequences and their PTMs 

A. Table of human Ŭ- and ɓ-tubulin isoforms with their normalized transcription rates in HEK 

293T cells for illustration of how inconsistent it is for the isotypes. B. Most Ŭ-tubulins end with 

tyrosine which can be post-translationally removed as well as the two following glutamates, 

the tyrosine can be added back. Similarly, some amino acid can be removed from the C-

terminus of ɓ-tubulins, but these PTMs have been much less described so far.  

 

The tubulin tails also undergo two types of polymodifications, polyglutamylation and 

polyglycylation. They are catalyzed by the tubulin tyrosine ligase-like (TTLL) protein family 

as they share conserved fold of the catalytic domain with tubulin tyrosine ligase ï TTL.  Both 
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of these PTMs are known to be attached to the ɔ-carboxyl group of a glutamate incorporated 

in the polypeptide chain. The first amino acid attachment is called initiation and the next ones 

elongation which can be of various length creating a gradient of signal.[58] These PTMs are 

catalyzed by the family of tubulin tyrosine ligase-like (TTLL) family, TTLL3, TTLL8 and 

TTLL10 are glycylases [59]. TTLL1, TTLL2, TTLL4, TTLL5, TTLL6, TTLL7, TTLL9, 

TTLL11 and TTLL13 are glutamylases [60]. 

Acetylation 

The acetylation of K40 in Ŭ-tubulin, a hallmark of stable MTs [61, 62], is regulated by 

acetyltransferases and deacetylases. MEC17/Ŭ-tubulin N-acetyltransferase (Ŭ-TAT) acetylate 

K40, while histone deacetylase 6 (HDAC6) and SIRT2 catalyze its deacetylation [63-67]. Ŭ-

TAT efficiently acetylates MTs but not free tubulin dimers, while HDAC6 preferentially 

deacetylates free tubulin dimers [67, 68]. HDAC6 overexpression often leads to 

hypoacetylation of Ŭ-tubulin, correlating with MT depolymerization and altered dynamics [65].  

Tubulin was the first non-histone substrate identified for HDAC6. Both in vitro and in vivo 

studies confirmed interactions between ɓ-tubulin and HDAC6, highlighting its role in 

modulating MT properties. High-resolution structural studies revealed that K40 is located 

within the MT lumen, and its acetylation or deacetylation impacts MT stability [65]. HDAC6 

knockout mice display a hyperacetylated tubulin phenotype, confirming its critical role in 

tubulin deacetylation [69]. 

The opposing substrate preferences of these enzymes ï Ŭ-TAT favoring MTs and HDAC6 

targeting free tubulin dimers ï create distinct pools of acetylated and non-acetylated tubulin. 

This regulatory mechanism suggests that acetylation status acts as a timer, with Ŭ-TAT1 

marking stable, long-lived MTs and HDAC6 resetting acetylation in free tubulin [68, 70]. 

Beyond K40, proteomic studies have identified numerous other acetylation sites on Ŭ- and ɓ-

tubulin. For example, Ŭ(1C) harbors acetylation sites at K60, K112, and K326, while Ŭ(4A) 

features modifications at K311, K394, and others [71]. In ɓ-tubulin (ɓ(3), ɓ(2C), and ɓ(5)), 

acetylation sites include K58, K154, and K252, the K252 acetylation latter being exclusive to 

free tubulin dimers and hypothesized to inhibit polymerization [72]. These additional 

acetylation sites expand the repertoire of tubulin regulation, offering multiple layers of control 

over MT dynamics and interactions. 
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The acetylation of K40 is particularly significant, as it influences the behavior of MAPs, 

molecular motors, and severing enzymes. Kinesin-1 and dynein exhibit enhanced transport 

efficiency on acetylated MTs, and the MT-severing protein katanin preferentially targets highly 

acetylated regions [73-75]. 

Polyglutamylation 

Glutamylation occurs at different positions along the tubulin tail, enabling complex and graded 

regulation of MT properties [76]. In theory, there are several ways how the polyglutamate can 

be attached and elongated as well as there are multiple glutamates in the C-terminal tails (Fig. 

4), but well described way is branching on ɔ-carboxyl group of a glutamate in the original 

polypeptide and then elongation through the Ŭ-carboxyl group of each glutamate. There have 

been suggestions that the very C-terminus Ŭ-carboxyl group of the tubulin tail could be 

extended as well [77]. That question will be further discussed later in the thesis. Glutamylation 

can emerge in various lengths and combinations. For instance, up to 11 glutamates have been 

observed on Ŭ-tubulin and 7 on ɓ-tubulin in the brain [78], whereas ciliary MTs can feature 

chains as long as 21 glutamates [79]. This modification extends the length of the tubulin tail, 

often surpassing its original size, and alters its electrostatic charge, which provides the potential 

to drastically influence MT dynamics and interactions. 
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Figure 4 - Theoretical polyglutamylation patterns 

Multiple (theoretical) polyglutamylation patterns can co-exist in a target protein. A. The 

current concept of protein polyglutamylation. During the first initiation (branching) step, a 

glutamate residue is attached to the ɔ-carboxyl group of a glutamate side chain within the main 

peptide chain. The branching point is further extended by adding more glutamates via the Ŭ-

carboxyl linkage. B. An alternative polyglutamylation pathway. The initiation step is followed 

by elongation steps that can attach glutamates via ɔ-carboxylate of the growing polyglutamate 

chain. C. A polyglutamylation pattern not observed before. The first glutamate residue is 

attached to the free Ŭ-carboxylate of the terminal residue of the main polypeptide chain, 

resulting in direct extension of the protein sequence. In subsequent steps, the process is 

repeated as the additional glutamates are attached to the terminal Ŭ-carboxyl group. 
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The enzymatic machinery responsible for glutamylation consists of TTL-like (TTLL) enzymes. 

These enzymes are homologous to TTL in their core domains [58, 60], but possess additional 

accessory domains that determine substrate specificity [77, 80]. TTLLs show substrate 

preference for either Ŭ- or ɓ-tubulin. TTLL1, TTLL5, TTLL6, TTLL9, TTLL11, and TTLL13 

primarily target Ŭ-tubulin, whereas TTLL4 and TTLL7 predominantly modify ɓ-tubulin.[60, 

81, 82] A detailed structural study of TTLL7 bound to MTs revealed a unique MT-binding 

domain that dictates its preference for ɓ-tubulin tails [77]. Similar binding strategy has been 

then described for TTLL6 [83]. A C-terminal domain of various sequences predicted to bind 

MTs is shared among autonomous TTLL glutamylases but is absent in TTLL1, which functions 

as part of a multisubunit complex [58]. Further structural studies are needed to uncover the 

mechanisms of specificity of TTLL enzymes. 

TTLL7 is a dual-function enzyme that can act as both an initiase and an elongase preferring ɓ-

tubulin [58, 77]. Structural and biochemical studies, including NMR spectroscopy, have shown 

that TTLL6 specifically elongates Ŭ-linked glutamate chains [82]. Furthermore, active-site 

signature amino acids differentiating initiase and elongase activity have been identified using 

X-ray crystallography and transition-state analog inhibitors [82]. These structural features 

provide a framework for predicting the activity of uncharacterized TTLLs, which can be 

challenging due to high sequence conservation of the catalytic domain among family members. 

The removal of glutamate chains, or deglutamylation, is mediated by cytosolic 

carboxypeptidases (CCPs). CCP1, CCP4, and CCP6 specialize in removing long 

polyglutamate chains, while CCP5 targets branch-point glutamates [84]. The combined activity 

of TTLL enzymes and CCPs generates a dynamic and highly regulated pattern of glutamylation 

on tubulin tails. In addition to tubulin, TTLLs and CCPs also modify non-tubulin substrates. 

For example, TTLL5 catalyzes the glutamylation of the retinitis pigmentosa GTPase regulator 

(RPGR), which is essential for photoreceptor function. Mutations in TTLL5 phenocopy RPGR 

loss, leading to retinal degeneration in mice and humans [85, 86]. Recently, a new pattern of 

glutamylation was shown on Dishevelled 3 (DVL3), a protein involved in Wnt pathway. 

TTLL11 directly adds polyglutamate chains to the C-terminal methionine of DVL3. 

Polyglutamylation significantly changes the set of proteins that interact with DVL3. This 

alteration affects DVL3 role in various signaling pathways, particularly enhancing its activity 

in the noncanonical Wnt/planar cell polarity (PCP) pathway. In X. laevis embryos, 

polyglutamylation of DVL3 by TTLL11 enhances activity in the Wnt/PCP pathway, which is 

essential for processes like convergent extension movements during development. The 
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modification influences DVL3 propensity to undergo phase separation, a process crucial for 

forming membraneless organelles and facilitating specific cellular functions. 

Polyglutamylation decreases DVL3's tendency to phase-separate, which may impact its 

signaling capabilities [87]. 

There is also evidence for significant crosstalk between glutamylation and detyrosination. 

Glutamylated and detyrosinated regions of MTs often overlap in cells, and overexpression of 

TTLL5 or TTLL6 is connected with increased detyrosination [88]. Moreover, TTLL6 exhibits 

enhanced activity on detyrosinated MTs [82]. These interactions suggest a feedback 

mechanism between these two modifications, contributing to the complexity of the tubulin 

code. 

MT stability and glutamylation are strongly correlated in vivo, as observed in axonemal MTs 

and axonal MT bundles [89]. However, the direct impact of glutamylation on MT dynamics 

remained unclear for a long time, primarily due to the challenge of generating tubulin with 

precisely controlled glutamylation levels for in vitro assays. Recent reconstitution experiments 

have unexpectedly shown that glutamylation does not stabilize MTs but rather inhibits their 

growth and increases catastrophe frequency [90]. These findings suggest that the observed link 

between glutamylation and MT stability in cells is indirect, possibly mediated by the 

recruitment of other effectors or additional PTMs. In vitro biophysical studies further revealed 

that glutamylation increases the stiffness of taxol-stabilized MTs by modifying the interaction 

between the Ŭ-tubulin C-terminal tail and the tubulin body [91]. Consequently, changes to the 

intrinsically disordered tubulin tails can affect both the mechanical and dynamic properties of 

MTs. 

The length and arrangement of glutamate chains on tubulin tails significantly influence effector 

interactions. For example, kinesin-1 (KIF5B) motility is enhanced on MTs with long glutamate 

chains but not on those with shorter chains. Conversely, kinesin-2 (KIF17) motility increases 

regardless of chain length.[92] Long glutamate chains also activate the MT-severing enzyme 

spastin [93, 94]. On ɓ-tubulin, glutamylation regulates spastin-mediated severing in a biphasic 

manner, depending on the number of glutamates. This effect underscores the importance of 

substrate-specific glutamylation patterns in regulating MT abundance and stability in a 

spatially and temporally coordinated manner during development. [94]. Katanin-mediated 

severing is similarly regulated, with glutamylation on the Ŭ-tail being highly stimulatory, while 

modifications on the ɓ-tail exhibit a biphasic response. Structural models indicate that the 
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central pore of katanin and spastin, which binds to the glutamylated ɓ-tail, governs these 

responses. Additionally, the stimulatory effect of glutamylation can be counteracted by 

glycylation, which inhibits katanin activity [95]. 

Animal studies provide further evidence of differential glutamylation effects on Ŭ- and ɓ-

tubulin tails. In TTLL1 knockout mice, axonal mitochondria exhibit enhanced axonal motility 

[96], while taxol-stabilized MTs from TTLL7 knockout brains show increased kinesin-1 

(KIF5B) binding and longer run length [97]. MTs in both photoreceptor cells and pigment cells 

of Drosophila eye are mono/biglutamylated on Ŭ-tubulin. Additionally, ɓ-tubulin is also 

mono/biglutamylated but only in the pigment cells [98]. In a purified system of MT from yeast 

with glutamylation as the only PTM, kinesin-1 showed increased processivity on MT with long 

polyglutamates on ɓ-tubulin and glutamylation on Ŭ-tubulin [92]. 

In vitro and in cellulo experiments revealed that organelle positioning is regulated by graded 

patterns of glutamylation. The endoplasmic reticulum (ER) membrane protein kinectin (KTN1) 

preferentially interacts with polyglutamylated MTs, while p180, another ER protein, binds 

broadly to monoglutamylated MTs. These interactions regulate the distribution of organelles 

like mitochondria and lysosomes, highlighting another critical role for glutamylation in cellular 

organization [99].  

Hyperglutamylation appears to inhibit motor-driven cargo transport. Primary neurons from 

CCP1 knockout mice show reduced motility of various cargos [100]. Increase in neuronal 

activity suppresses dendritic transport of gephyrin, a postsynaptic protein, in a glutamylation-

dependent manner [101]. This relationship between neuronal activity, glutamylation, and 

transport may play a crucial role in maintaining neuronal homeostasis. Furthermore, studies 

in C. elegans sensory cilia suggest that environmental stimuli such as starvation, osmotic 

stress, and temperature changes activate TTLL4 via p38 MAPK phosphorylation, increasing 

glutamylation and the velocity of intraflagellar transport particles [102].  

Many structural MAPs depend on tubulin C-terminal tails for MT binding, suggesting that 

glutamylation and MAPs act synergistically to control motor protein and cargo motility [76]. 

Glutamylation enhances the binding of MAPs such as tau, MAP2, MAP1B, and MAP1A [103-

105], while using tubulin from TTLL1, TTLL7, or CCP1 knockout mice [97]. The effects of 

glutamylation on many MAPs and motors remain to be fully explored. 

Ciliated protists provided some of the earliest insights into glutamylation. Knockouts of 

glutamylase combinations in Tetrahymena thermophila revealed its essential role in organizing 
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centriolar MTs [106]. Further studies in Tetrahymena and Chlamydomonas showed that 

elevated glutamylation levels suppress MT sliding by inner-arm dyneins, possibly by 

increasing the strength of their interaction with the MT [107, 108]. In C. elegans, both TTLL11 

and CCP1 are required for ciliary extracellular vesicle release [109]. TTLL enzymes are also 

essential for cilia motility and structure, as demonstrated by zebrafish and mouse studies [110, 

111].  

In humans, defective glutamylation leads to ciliopathies like Joubert syndrome, where CEP41 

mutations impair TTLL6-mediated axonemal glutamylation [112]. Glutamylation also plays 

roles in cell division, accumulating on the mitotic spindle to regulate chromosome segregation 

[113, 114]. In cancer, increased glutamylation is associated with stable MTs [115].  

In neurons, glutamylation levels rise during development and regulate MT severing by katanin 

[95], promoting axonal growth and maintaining neuronal architecture. Hyperglutamylation has 

been linked to neurodegeneration, with CCP1 mutations causing early-onset neurodegenerative 

conditions [116]. These findings emphasize the necessity of finely tuned glutamylation for 

cellular and neuronal development and health. 

Polyglycylation 

Polyglycylation was initially identified in Paramecium, where ciliary MTs exhibit high levels 

of glycylation. This modification can involve chains extending up to 40 glycine residues [117, 

118]. Similar to glutamylation, glycylation is mediated by TTLL enzymes. In mammals, 

TTLL3 and TTLL8 initiate glycine addition by forming isopeptide bonds between glutamate 

residues and glycine, while TTLL10 extends these chains using canonical peptide bonds [59, 

119, 120]. Interestingly, the two homologs of TTLL3 in Drosophila can both initiate and 

elongate glycine chains, a dual functionality that accommodates substrates with differing 

carboxyl groups [59]. It remains unclear if other organisms possess glycylases with similar 

substrate flexibility. 

While metallocarboxypeptidase enzymes capable of shortening polyglycine chains have been 

identified in Giardia duodenalis [121], no homologs have been detected in higher organisms. 

Experiments with Paramecium cell extracts suggest the presence of a deglycylating enzyme 

[122], but no specific enzyme has been confirmed so far. 
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The intrinsic effects of glycylation on MTs remain poorly understood. Recent biophysical 

studies indicate that glycylation decreases MT stiffness [91], although its impact on MT 

dynamics is still unknown. 

Analyses of glycylation in vivo must account for its anticorrelation with glutamylation, as both 

modifications share overlapping sites. For example, TTLL7 (glutamylase) and TTLL3 

(glycylase) target the same residues on ɓ-tubulin tails, and alterations in one modification can 

lead to compensatory changes in the other [59, 119]. This necessitates in vitro reconstitution to 

elucidate specific mechanisms. 

A recent in vitro study demonstrated that glycylation inhibits katanin binding and severing 

activity on MTs, even those previously glutamylated, suggesting a stabilizing role for long-

lived MTs such as those in axonemes [95]. Given the electrostatic interactions between MT 

effectors and the negatively charged tubulin tails, glycylation likely serves as a broader 

inhibitory signal for effector recruitment. 

Cryo-electron tomography of mouse sperm axonemes lacking glycylation revealed 

conformational changes in axonemal dynein arms correlating with abnormal flagellar beating 

patterns [81]. It remains unclear whether these defects arise directly from the absence of 

glycylation or indirectly via altered glutamylation. Further research is required to clarify these 

mechanisms. 

Glycylation is most abundant in the axonemes of cilia and flagella [117, 123], but has also been 

observed in the cytoplasm and cortex of Paramecium [122], in Tetrahymena [124], and in the 

marginal bands of megakaryocytes [125]. Defects in glycylation significantly impact ciliary 

function. In Tetrahymena, TTLL3 deletion disrupts axonemal structure, leading to shortened 

cilia. In zebrafish, TTLL3 depletion causes cilia shortening or loss in multiple organs and 

disrupts leftïright symmetry during development [59]. In mice, TTLL3 and TTLL8 are critical 

for maintaining motile ependymal cilia and robust primary cilia formation [110, 126]. Loss of 

TTLL3 in mouse colon epithelium promotes tumorigenesis, likely due to defective cilia [126]. 

Mutations in TTLL10 are associated with human bleeding disorders, despite evidence 

suggesting that human TTLL10 is enzymatically inactive [59, 125]. The molecular mechanisms 

underlying many of these phenotypes remain to be elucidated. 

Other post-translational modifications 
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Phosphorylation refers to the addition of a phosphate group and has been identified at several 

tyrosine and serine residues on Ŭ- and ɓ-tubulin. Even though it was observed in 1972 [127], 

tubulin phosphorylation remains poorly understood with only a few characterized sites and 

functions. Several kinases target tubulin, including Src (proto-oncogene tyrosine-protein 

kinase), which phosphorylates tubulin in fractionated nerve growth cone membranes [128], 

Syk kinase, which phosphorylates Ŭ-tubulin Y432 on the C-terminal tail in vitro and in B-

lymphocytes, and protein kinase C (PKC), which phosphorylates Ŭ-tubulin S165. 

The most studied phosphosite is ɓ-tubulin S172, which is phosphorylated by cyclin-dependent 

kinase 1 (CDK1) and dual-specificity tyrosine phosphorylation-regulated kinase 1A 

(DYRK1A), a kinase associated with Down syndrome [129-131]. This conserved residue is 

preferentially phosphorylated in soluble tubulin dimers, suggesting a bias of CDK1 and 

DYRK1A for free tubulin. 

The functional significance of many phosphorylation sites on MTs remains unclear. However, 

ɓ-tubulin S172 phosphorylation by CDK1 or DYRK1A decreases tubulin incorporation into 

MTs in vitro, likely due to its proximity to the GTP-binding site, which regulates MT dynamics 

[130, 131]. In contrast, phosphorylation of Ŭ-tubulin S165 by PKC enhances MT 

polymerization in vitro. In the study, they analysed the effects of constitutive phosphorylation 

at Ŭ-tubulin S165 using a phosphomimetic mutant, revealing increased Rac1 activation and 

enhanced cell motility in human cancer cells [132]. Mutations at ɓ-tubulin S172 impair cell 

migration and axon outgrowth, leading to structural brain abnormalities [133]. Later, DYRK1A 

was identified as a ɓ-tubulin S172 kinase in a Drosophila screen, where its loss severely 

disrupted dendritic arborization [131]. Similar phenotypes were observed in the mouse cortex 

with DYRK1A haploinsufficiency [134]. Additionally, DYRK1A regulates axonal transport in 

human neurons, further linking its activity to neurological function [135].  
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Figure 5 ï Tubulin PTMs 

PTMs defining the tubulin code are found at structured tubulin cores (acetylation [Ac], 

methylation [M], phosphorylation [P], amination [Am], palmitoylation [Pal], ubiquitination 

[Ubl]) and at disordered C-terminal tails (glycylation [G], glutamylation [E]). 
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Mass Spectrometry 

Mass spectrometry (MS) is a powerful analytical technique widely used in protein research to 

study the structure, function, and composition of proteins. It provides detailed information 

about protein identity, modifications, and interactions, making it an essential tool in modern 

biology and biochemistry. 

At its core, mass spectrometry measures the mass-to-charge ratio (m/z) of ionized molecules. 

In protein analysis, the process typically begins with the ionization of proteins or peptides into 

charged particles. These ions are then separated based on their m/z ratios and detected allowing 

researchers to determine their molecular weights with high accuracy [136]. 

One of the key applications of mass spectrometry in protein research is protein identification 

also called peptide mass fingerprinting. Proteins are often enzymatically digested into peptides 

using enzymes such as trypsin. The resulting peptides are analyzed, and their m/z data is 

matched against protein databases to determine the protein identity. Another important use is 

PTM analysis, where MS helps to detect chemical modifications to proteins, such as 

phosphorylation, acetylation, glycosylation, and glutamylation [136].  

Mass spectrometry is also instrumental in quantitative proteomics, enabling scientists to 

measure changes in protein abundance across different samples. This can be achieved through 

methods like isotope labeling or label-free approaches, providing insights into biological 

processes and responses to treatments [137].  

In protein structure analysis, MS can map protein folding, disulfide bonds, and even protein-

protein or protein-ligand interactions. Techniques like hydrogen-deuterium exchange and 

cross-linking offer detailed insights into protein conformation and dynamics. 

Modern MS instruments, such as tandem mass spectrometry (MS/MS), enhance protein 

analysis by fragmenting peptides further, allowing sequencing and more precise identification.  

Tandem Mass Spectrometry 

Tandem Mass Spectrometry (MS/MS) is an advanced analytical technique used to identify and 

characterize molecules, particularly peptides, small organic compounds, and metabolites. It 

builds upon traditional mass spectrometry by incorporating a second stage of mass analysis, 

allowing for more detailed structural and compositional insights. 

The process begins with the ionization of a sample, producing charged molecular species. The 

resulting ions are directed into the first mass analyzer, where they are separated based on their 
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mass-to-charge (m/z) ratio. A specific ion of interest, known as the precursor ion, is then 

selected for further analysis. 

In the second stage, the precursor ion is fragmented into smaller ions, typically through 

collision-induced dissociation, higher-energy collisional dissociation, or electron transfer 

dissociation. These fragmentation methods cleave the molecule at specific sites, generating a 

pattern of smaller ions, referred to as product ions. The product ions are analyzed by the second 

mass analyzer, producing a detailed fragmentation spectrum. 

The MS/MS fragmentation spectrum serves as a "fingerprint" for the precursor ion, enabling 

identification and structural elucidation. In proteomics, MS/MS is widely used to determine 

peptide sequences by interpreting the fragmentation patterns of amino acids. Similarly, in 

metabolomics and organic chemistry, it is employed to study molecular structures and 

pathways. 

Key advantages of MS/MS include its high sensitivity, ability to differentiate closely related 

molecules, and capacity for complex mixture analysis. However, its effectiveness depends on 

factors like ionization efficiency and database availability. MS/MS has become indispensable 

in fields ranging from drug development and environmental studies to clinical diagnostics, 

revolutionizing how molecular analysis is performed. 

In MS/MS, peptides are fragmented at specific bonds, producing fragment ions. The most 

common ions are b-ions (retaining the N-terminal part of the peptide) and y-ions (retaining the 

C-terminal part). These ions create a mass spectrum where each peak represents a fragmentôs 

mass-to-charge ratio (m/z). 

The sequence is deduced by calculating the differences in m/z values between consecutive 

peaks. Each difference corresponds to the mass of an amino acid, allowing to infer the sequence 

of amino acids in the peptide. For example, a mass difference of 113 Da represents leucine or 

isoleucine. 
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Figure 6 ï MS/MS ï b-series and y-series of peptide fragments 

A. Mass spectrum of tubulin peptides, including the C-terminally truncated ɓ(5)ȹ2 variant (Mw 

3052.2178 g/mol; m/z 1018.7466, 3+ charge). B. Theoretical peptide sequence with a 

schematic representation of b- and y-ion fragments. C. MS/MS spectrum of the peptide, with 

labeled fragment ions corresponding to those in (B). b-series ions (green) represent fragments 

containing the peptide N-terminus, while y-series ions (purple) represent fragments containing 

the C-terminus. The precise m/z values of the fragments, typically two or three decimal places, 

confirm the peptide identity. 

 

Fragmentation often results in complementary ion pairs. For instance, the sum of b3 and y4 

(from opposite ends of a peptide) should equal the precursor mass minus a proton. These 

relationships help verify the sequence. 

Post-translational modifications, like phosphorylation or oxidation, are considered, as they 

alter fragment masses. Challenges include distinguishing isobaric residues (e.g., leucine and 

isoleucine, glutamate in the main polypeptide chain and glutamate added as PTM) and dealing 

with incomplete fragmentation or noisy spectra. As there is a high number of glutamates in the 
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C-terminus of tubulin, isotopically labelled glutamate can be used for the PTM by TTLLs in 

vitro. This allows exact determination of the modification attachment point. Additionally, when 

the isotopic label is strategically placed in a function group which is modified in the bond 

creation process and possibly released, it gives even more information about the structure of 

the modification (e.g., 18O in ɔ-carboxyl group of glutamate).  

 

Figure 7 ï Determination of PTM glutamylation attachment site at tubulin  

Mass spectrum of polyglutamylated ŬȹTyr tubulin peptides containing different lengths of 

polyglutamate (upper left). The peptide with the highest intensity (8 glutamates) was taken for 

fragmentation (right side), assigned fragments confirmed the peptide identity and showed that 

the isotopically labeled glutamates were attached to the very C-terminus of the peptide (y9 

peptide containing the C-terminal glutamate and the isotopically labeled polyglutamate).  

 

In conclusion, mass spectrometry, especially MS/MS, is a powerful tool for protein analysis, 

offering precise identification, structural insights, and the detection of PTMs. It plays a crucial 

role in proteomics, helping to unravel complex biological processes and enabling applications 

in fields such as drug development, clinical diagnostics, and molecular biology. 
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Aims of the study 
The thesis aims to investigate the structure and function of tubulin tyrosine ligase-like 11 

(TTLL11) and to provide mechanistic understanding of substrate recognition by the enzyme.  

 

The specific sub-aims of this research were: 

 

¶ Heterologous expression and purification of human TTLL11 and other tubulin-

modifying enzymes 

¶ Isolation and modification of TTLL11 substrates 

¶ In vitro reconstitution of studied systems  

¶ Analyzing TTLL11/MT interactions using TIRF microscopy in vitro 

¶ Optimization of polyglutamylation assays including LC-MS/MS and Western blotting 

analyses in vitro and in cells 

¶  Structural characterization of the TTLL11/MT complex 
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Methods 
The attached publications include complete descriptions of all the experimental methods and 

procedures necessary to reproduce experimental results. 

Thus, this chapter includes only a list of used methods. 

 

List of methods used in this thesis: 

¶ DNA cloning, expression and purification of proteins in bacteria and mammalian cells 

¶ Preparative and analytical size exclusion chromatography 

¶ Isolation of native tubulin from mammalian calls 

¶ Cryo-electron microscopy, single particle and helical structure data processing 

¶ TIRF microscopy 

¶ Glutamylation assay optimization 

¶ Western blotting as a detection method for tubulin PTMs 

¶ LC-MS and peptide quantification 

¶ LC-MS/MS and peptide sequence identification, glutamylation site identification 
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Results 

TTLL11 polyglutamylates microtubules at both Ŭ- and ɓ-tubulin chains 

To elucidate the structure and substrate specificity of human TTLL11, we cloned, expressed, 

and purified the enzyme. Cloning was performed using Gateway technology, where the 

TTLL11 gene, along with its truncated and mutated variants, was first inserted into a 

destination plasmid through complementary att sites. The gene was then transferred to an 

expression plasmid containing the N-terminal Strep-FLAG-HALO tags to facilitate efficient 

affinity purification, enhance protein expression, and improve solubility (Fig. 8).

 

Figure 8 ï Schematic representation of the Gateway cloning workflow for TTLL11 constructs. 

The gene of interest (TTLL11) is flanked by attB sites, a destination vector contains 

complementary attP sites and when incubated with a BP clonase, these two sites are swapped 

resulting in a donor vector containing the gene. This gene can be then easily inserted into any 

Gateway-compatible expression vector, in this case an N-terminal TwinStrep-FLAG-HALO 

fusion, by LR clonase.  

 

The plasmids encoding the TTLL11 variants were transfected into suspension HEK 293T cells 

using linear polyethyleneimine. Following transfection, the cells were harvested, lysed, and 

TTLL11 was purified using by a combination of StrepTactin affinity chromatography and size 

exclusion chromatography, yielding approximately 0.4 mg of the recombinant fusion per 1 liter 

of culture (Fig. 9 A-C). 
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The TTLL11 variants were assessed for their ability to modify tubulins isolated from HEK293T 

cells. Our data demonstrate that TTLL11 preferentially polyglutamylates polymerized MTs 

over free tubulin dimers (Fig. 9 D) in an ionic strength-dependent manner (Fig. 9E,F). 

Interestingly, our findings also reveal that both Ŭ- and ɓ-subunits are polyglutamylated by 

TTLL11 in vitro, suggesting a broader substrate specificity for this enzyme than previously 

recognized [60, 138]. The lack of selectivity for either Ŭ- or ɓ-tubulin thus contrasts with the 

substrate specificity of TTLL6 and TTLL7 paralogs with ascribed preferences for Ŭ- and ɓ-

chains, respectively [77, 82].  

 

 

Figure 9 ï Purification of TTLL11 and tubulin glutamylation 

A. Coomassie Brilliant Blue (CBB)-stained gel of fractions from StrepTactin affinity 

chromatography. B,C. Size-exclusion chromatogram and corresponding CBB-stained PAGE 

gel from purification of human TTLL11 expressed in HEK293T cells. The main peak 

corresponds to a monomeric TTLL11 species (~150 kDa based on callibration). D. TTLL11 

prefers MTs over tubulin dimers, polyglutamylating both Ŭ- and ɓ-tubulins. Western blot 

visualized with the polyE antibody (upper panel) together with the CBB-stained PAGE gel as 

protein loading control (lower panel). E,F. TTLL11 glutamylation activity correlates inversely 

with ionic strength. TTLL11 efficiently polyglutamylates MTs in low ionic strength buffers 

(BRB30 + 1 mM NaCl/KCl), and activity decrease is observed in increasing salt 



38 

 

concentrations. The WB upper ~120 kDa band represents autoglutamylated TTLL11. The CBB-

stained gel is used as a protein loading control. 

 

TTLL11 simultaneously engages adjacent microtubule protofilaments   

To elucidate the structural basis for TTLL11 substrate recognition and interpret its potential 

preferences for Ŭ- vs ɓ-tubulin, we solved the structure of human TTLL11 (TTLL11; residues 

128 ï 657) in the complex with double-stabilized MTs isolated from HEK293T cells using 

cryo-EM (Fig. 10 A,B). The final cryo-EM map has a nominal resolution of 3.28 Å, with local 

resolution estimate reaching 2.8 Å (Fig. 10 C-E). The well resolved map enabled the 

unambiguous assignment of individual tubulin protomers and the construction of a high-

confidence atomic model comprising the newly identified MT-binding helix bundle of 

hTTLL11 (MT-BHB; residues C531 ï R659; Fig. 10 F,G; 11 A-C).  

 

Figure 10 ï cryoEM reconstruction of the TTLL11/MT complex. 

A,B. Cryo-EM image of MTs and MTs with bound TTLL11 (57 000x magnification), 

respectively. C. The cryo-EM map colored by local resolution ranging from 2.7 Å (blue, tubulin 

core) to over 7 Å (red, distal part of the TTLL11 catalytic domain) resolution. D,E. The cryo-

EM map of TTLL11 binding to the MT lattice. TTLL11 is shown in gold, the MT is grey and Ŭ- 
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and ɓ-tubulin in the central tubulin tetramer are green and cyan, respectively (D, top view; E, 

side view). F. Cartoon representation of the TTLL11/MT complex. TTLL11 binds longitudinal 

Ŭ/ɓ intradimer interface via the MT-binding helix bundle (MT-BHB, pink), positioning the 

catalytic domain (magenta) over the C-tail of ɓ-tubulin of the adjacent protofilament. A helix-

loop-helix motif (hot pink, MTDB-like motif; not visible in the cryoEM map) is structurally 

analogous to the MT-binding domains of TTLL6/7, but contrary to TTLL6/7 complexes, it is 

not implicated in MT interactions. G. The detailed view of the Ŭ11 helix of the MT-BHB 

interacting with the MT surface modelled into the cryo-EM map (gold). 

The MT-BHB, a previously uncharacterized motif unique to TTLL11, shows no homology to 

MT-binding motifs in other TTLL family members and forms a critical component of the 

TTLL11/MT interaction interface [80, 139]. Although the density representing the TTLL11 

catalytic core (residues P128 ï P486) is less resolved, the AlphaFold-predicted model of 

TTLL11 could be reliably docked into the cryo-EM map. Notably, the segment connecting the 

catalytic domain to the MT-BHB (K488ïV535) is missing from the map, as are the intrinsically 

disordered N- and C-terminal regions. Taken together, the cryo-EM data indicate that while a 

newly identified MT-BHB is rigidly docked onto the MT surface, the TTLL11 catalytic core 

(together with intrinsically disordered regions) and tubulin C-terminal tails are inherently 

flexible and can adopt a range of conformations. 

Two unexpected insights emerged from our cryo-EM reconstruction. First, TTLL11 engages 

MTs in a unique bipartite pattern, where the MT-BHB and the catalytic domain engage adjacent 

protofilaments (PF). This is in stark contrast to TTLL6 and TTLL7 complexes, where both MT 

binding and polyglutamylation are confined to the same PF [77, 80]. Secondly, the MT-BHB 

interacts with residues in the longitudinal intradimer Ŭ/ɓ groove, positioning the TTLL11 

catalytic domain directly above the ɓ-tubulin C-terminal tail of the adjacent PF (Fig. 10 F, 11 

D).  

Interestingly, the positioning of the catalytic domain above the ɓ-subunit C-terminal tail points 

towards a preference for polyglutamylation of ɓ-tubulin. However, both Ŭ- and ɓ-tubulin chains 

of the tubulin isolated from HEK293T cells are polyglutamylated to a similar extent in vitro 

(Fig. 9 D-F). 
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Figure 11 ï TTLL11/MT interface 

A. Details of interface between the MT-BHB of TTLL11 and the tubulin dimer (helix H11ô and 

loop between S8 and H10ô of Ŭ and ɓ-tubulin, respectively [20] ). Residues A590, I594, I597, 

and R601 (helix Ŭ11), and R574/R578 (helix Ŭ10) of TTLL11 contribute prominently to the 

mixed ionic/hydrophobic interface with MTs. B,C. Interactions between MT-BHB of TTLL11 

and the MT surface. The Ŭ10 and Ŭ11 helices of TTLL11 (shown in cartoon representation, 

pink) represent the primary TTLL11/MT interaction motif. The interaction interface includes 

(B) ionic interactions between the negatively charged MT surface (ChimeraX, colored by 

Coulombic electrostatic potential red ï electronegative, blue ï electropositive) and positively 

charged side chains of R574, R578, and R601; C. hydrophobic interactions between I594 and 

primarily I597 of TTLL11 and hydrophobic patches at the MT surface (ChimeraX, colored by 

molecular lipophilic potential green ï lipophobic value -20, yellow ï lipophilic value 20). D. 

Schematic representation of MT protofilaments. MTs are polar tubular assemblies of Ŭ/ɓ-

tubulin dimers, with ɓ-tubulin on the (plus)-end. Dimers form protofilaments (PFs), stacked 

side-by-side in a circular arrangement. Intradimer grooves (yellow ovals) are located between 

Ŭ- and ɓ-tubulin in dimers, while interdimer grooves (red ovals) separate adjacent dimers. 
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The MT-BHB does not discriminate between intra - and inter-dimer tubulin interfaces 

Sequence alignment and structural models clearly indicate that the MT-BHB of TTLL11 is 

distinct from known or presumed MT-binding segments of other TTLL family members (Fig. 

12). The structured part of the MT-BHB forms a five-helix bundle (helices Ŭ9 ï Ŭ13) that is 

adjacent to the catalytic domain with a shared interface of approximately 1500 Å2. The cryo-

EM structure revealed that the primary MT interaction motif within MT-BHB is formed by two 

amphipathic helices, spanning residues T571ïC580 (helix Ŭ10) and M589ïR601 (helix Ŭ11; 

Fig. 11 A-C). The positively charged side chains of R574 and R578 (Ŭ10) and R601 (Ŭ11) 

interact with the negatively charged tubulin surface through putative ionic interactions. 

However, the key interaction motif involves the hydrophobic face of the Ŭ11 helix comprising 

A590, I594, and I597 that is engaged by residues of the H11ô helix of Ŭ-tubulin and the side 

chains of F260 and P261 of the ɓ-subunit (Fig. 13 A,B)[20]. The pivotal contribution of the 

side chain of I594, which is inserted into the complementary tubulin hydrophobic pocket 

delineated by the side chains of R402, V405, H406, V409, and E415 (Fig. 11 A; 13 B), was 

corroborated by side-directed mutagenesis and in vitro experiments (see below). 
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Figure 12 ï Sequential and structural alignment of glutamylases 

A. The sequence and secondary structure prediction of human TTLL11. The sequence is 

colored based on the tertiary structure model (black ï intrinsically disordered N- and C-

terminus, purple ï the catalytic domain, dark red ï the MTBD-like motif, pink ï the MT-BHB) 

and the secondary structure elements are shown as yellow arrows and green bars for Ŭ-helices 

and ɓ-sheets, respectively. B. A partial sequence alignment of TTLL glutamylases. The 

sequences spanning the C-terminal part of the catalytic domain (corresponding to residues 

C431 ï S447 of TTLL11) extending into the beginning of MT-binding motives were aligned 

using Clustal Omega. While there is high sequence conservation within the catalytic domains 

of all enzymes (blue ï similar amino acids, yellow ï conserved among TTLLs but different in 

TTLL11) there is very limited sequence similarity beyond the catalytic domain in segments 

corresponding to the putative MT-binding motives. C. Superposition of 3D models of TTLL 

glutamylases. The glutamylases were superimposed on corresponding CŬ atoms of their 

catalytic domains (128 ï 466 for TTLL11). Catalytic domain (magenta), MT-BHB (pink, in 

blue elipse labeled for TTLL1 and TTLL7 alignment), MTBD-like motif (dark red). Superposed 

TTLLs are in orange cartoon representation. While there is significant structural overlap of 

the catalytic domains, the MT-BHB is unique for TTLL11 with no structural counterpart in any 

TTLL polyglutamylase. The predicted internally disordered regiones were deleted for clarity. 

D. Schematic representation of TTLL glutamylases. All enzymes have a high degree of 

similarity between their catalytic domains (purple), some homologs contain an N-terminal 

extension (hot pink) tightly interacting thus further being considered a part of the catalytic 

domain. Lower similarity is observed for N-terminal extension (hot pink) of unknown functions. 

The C-terminal domains involved in interactions with MTs (MT-binding domains; pink) vary 

substantially both in length and sequence. Intrinsically disordered N- and C-termini are shown 

as black lines. 

 

Despite the demonstrated promiscuity of TTLL11 toward Ŭ- and ɓ-tubulin tails, we further 

analyzed the sequence and structural conservation of tubulin residues implicated in interactions 

with MT-BHB. Overall, this conservation extends not only between Ŭ- and ɓ-tubulin but also 

among different tubulin isoforms (Fig. 13). This suggests that while MT-BHB serves as the 

primary MT recognition motif anchoring TTLL11 to the MT surface, it is insufficient to 

distinguish between the intra- and inter-dimer groove interfaces of tubulin within the MT 

lattice. Consequently, the MT-BHB alone cannot dictate TTLL11 selectivity for Ŭ- or ɓ-tubulin 

protomers. Instead, the enzyme substrate preferences (or lack thereof) are likely determined by 

additional structural and functional contributions from the catalytic domain. 
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Figure 13 ï Conservation of tubulin sequences at intra- and inter-dimer interfaces 

A. Sequence alignment of human tubulin isoforms. Human tubulin isoforms were aligned using 

Clustal Omega. Regions corresponding to intra- and inter-dimer groove interfaces are 

highlighted in yellow, while residues likely to interact with TTLL11 are enclosed in green 

boxes. B. Structural superposition of intra- and inter-dimer groove interfaces. The 3D 

structures of tubulin isoforms TUBA1B and TUBB5 (42% sequence identity, 61% overall 

similarity) were superimposed based on their corresponding CŬ atoms. Due to the high 

sequence and structural conservation at these interfaces, TTLL11 is unable to effectively 

discriminate between them. In the superimposed models, Ŭ- and ɓ-tubulin are depicted in green 

and cyan, respectively, with labeled amino acids corresponding to their original tubulin isotype 

in the cryo-EM structure. The upper panel presents a front view of the MT-BHB, while the 

lower panel provides a left-side view. TTLL11 is represented in semitransparent pink. 

 

Bipartite engagement is essential for efficient MT binding and polyglutamylation by 

TTLL11  

To evaluate if and how the interplay between the catalytic domain and MT-BHB influences 

TTLL11 interactions with MTs, we generated a series of TTLL11 variants. These variants were 

assayed for their ability to bind and modify MTs, using total internal reflection fluorescence 

(TIRF) microscopy and the polyglutamylation assay, respectively. For the TIRF binding assay, 

porcine MTs were immobilized onto coverslips, and the binding of fluorescently labeled 
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TTLL11 variants quantified. While the strong fluorescence signal was observed for the full 

length TTLL11 as well as for variants lacking the N-terminal region (M1 - G121), neither MT-

BHB nor the catalytic domain was able to bind MTs in isolation (Fig. 14 A,B). Furthermore, 

the importance of MT-BHB (and its crosstalk with the catalytic domain) was underscored by 

the analysis of the I594W and R601E mutants, which were designed to impair interactions with 

MTs based on our cryo-EM structure. Here, the fluorescence signal intensity was reduced by 

60 % and 95 % for the R601E and I594W variant, respectively. Additionally, TTLL11 binding 

to MTs was also found to be dependent on the ionic strength of the assay buffer replicating the 

findings from glutamylation assays (Fig. 14 C,D). 

 

Figure 14 - Crosstalk between the catalytic and MT-BHB domains is critical for MT-binding 

and polyglutamylation by TTLL11. 

A. TTLL11 binding to unlabeled porcine MTs analyzed using TIRF microscopy. MTs were 

attached to coverslips and incubated with 100 nM Janelia 549-labeled TTLL11 variants (red). 

Scale bar: 2 µm. B. Quantification of TIRF images for full-length TTLL11, the N-terminally 

truncated variant (122-710), the catalytically inactive E441G mutant, and the KKKR-EEEE 

mutant show binding with similar intensity. Deleting the MT-BHB or catalytic domains 
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abolishes TTLL11 binding. Mutations in TTLL11 helix Ŭ11 residues (R601E, I594W) reduced 

binding by 60% and 95%, respectively. C. Binding of TTLL11 to MT surface depends on salt 

concentration evaluated by TIRF microscopy. The TTLL11 binding intensity to MTs correlated 

negatively with an increase of the ionic strength of the assay buffer. MTs (black) were attached 

to the glass surface and the binding of TTLL11 (100 nM, conjugated to Janelia-549 

fluorophore, red) visualized TIRF microscopy in a buffer comprising 40 mM Tris-HCl, pH7, 5 

% glycerol, 1mM TCEP, 1mM MgCl2 and varied concentrations of NaCl or KCl (0 ï 100 mM). 

Scale bar = 2 µm. D. Quantification of TIRF images of TTLL11 binding in different salt 

concentrations. The fluorescence intensity of the Janelia-TTLL11 with subtracted background 

was normalized to MT length and compared the original conditions with added salt 

concentrations. 50 mM salt decreases the binding almost to the level of background signal. 

Data is shown as mean fluorescent intensity with n = 2 replicates, with 109, 98, 118, 35, 109, 

87, 54 MTs quantified in each sample. Statistical significance was determined using the 

unpaired t-test with Welsch correction, ****P<0.0001, the black bar represents median value 

with 95 % c.i.. 

 

To complement these findings, we evaluated TTLL11 binding to MTs featuring modified C-

terminal tails. dsMTs were treated with AspN (to remove ɓ-tubulin tails) or subtilisin (to 

remove both Ŭ- and ɓ-tubulin tails; Fig. 15). At 100 nM TTLL11 concentration, fluorescence 

signals for AspN-treated MTs were approximately 50% lower than those for intact MTs, while 

no binding was observed for subtilisin-treated MTs. These results confirm that the C-terminal 

tails of both tubulin protomers are essential for TTLL11 anchoring to MTs and that 

monodentate binding mediated by MT-BHB alone is insufficient. The combined contributions 

of both the MT-BHB and catalytic domain are thus essential for effective MT binding. 

 

Figure 15 ï Tubulin C-tails are critical for TTLL11 interactions.  
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A. CBB-stained gel of AspN and subtilisin-treated MTs. AspN truncates the ɓ-tubulin C-tail, 

while subtilisin truncates both Ŭ- and ɓ-tubulin C-tails. B,C. TIRF microscopy images (B) and 

quantification (C) show AspN-treated MTs exhibit ~50% reduction in TTLL11 binding, while 

the complete loss of binding is observed for subtilisin-treated MTs. Data is shown as mean 

fluorescent intensity from n = 2 replicates with 114, 93, 58 MTs quantified in each sample. 

Statistical significance was determined using the unpaired t-test with Welsch correction, 

****p<0.0001, the black bar represents median value with 95 % c.i. Scale bar = 5 µm. 

These TIRF findings were corroborated by in vitro and cell-based assays examining MT 

polyglutamylation by TTLL11 variants (Fig. 16). While wild-type TTLL11 exhibited robust 

tubulin polyglutamylation, neither the catalytically inactive E441G mutant nor the isolated 

catalytic domain promoted polyglutamylation beyond background levels. Similarly, the I594W 

and R601E mutants exhibited markedly reduced polyglutamylation activity. Collectively, these 

results demonstrate that impaired MT binding affinity in TTLL11 variants directly correlates 

with reduced polyglutamylation efficiency.  

 

Figure 16 ï In vitro and in cellulo MT glutamylation by TTLL11 variants 

A. In vitro polyglutamylation of purified human MTs by TTLL11 variants, analyzed by Western 

blotting, confirms robust activity for full-length and 122-710 variants. Variants lacking the 

MT-BHB domain show no activity. I594W and R601E mutants show reduced activity due to 

weakened MT interactions. B. In cellulo assays in HEK293T cells transfected with TTLL11 

variants, TTLL6, and TTLL7 have polyglutamylation patterns consistent with in vitro findings. 

TTLL6 and TTLL7 show specificity for Ŭ- and ɓ-tubulin, respectively. An unidentified TTLL11 

substrate, represented by a polyE-stained band in between Ŭ- and ɓ-tubulin (marked by red 

lines), is glutamylated regardless of the MT-BHB mutations. 

 



48 

 

TTLL11 expands the tubulin code by extending the primary tubulin chains 

While Western blotting is a valuable tool for qualitative analysis of polyglutamylation in cells 

and in vitro, it does not provide for the identification of polyglutamylation attachment sites, the 

polyglutamate chain length and connectivity. To overcome these limitations, we implemented 

an LC-MS/MS pipeline that enabled us to gain detailed qualitative and quantitative insights 

into tubulin polyglutamylation by TTLL11. For MS/MS experiments, samples were digested 

with the trypsin/LysC mix or AspN to analyze the C-termini of Ŭ- and ɓ-tubulin, respectively. 

MS data were used for quantification, while MS/MS spectra provided information on the 

positions of lateral branching points and linkage chemistry. Accurate identification of fragment 

peaks was facilitated by exploiting isotopically labeled perdeuterated-D5 and 18O glutamates 

(Fig. 17 A). 

In our initial set of experiments, we used mostly unmodified native tubulin isolated from 

HEK293T cells, composed primarily by TUBA1A and TUBA1B isoforms. Upon incubation 

with purified TTLL11, we observed massive polyglutamylation of predominantly ŬȹTyr and 

Ŭȹ2 variants with up to 11 glutamate residues added. Strikingly, the MS/MS spectra revealed 

that the glutamate residues are primarily attached to the very C-terminus of the primary 

polypeptide, representing a novel type of tubulin modification (Fig. 17 A). In contrast, the ŬTyr 

variant was not C-terminally extended but instead exhibited marginal lateral branching at 

Glu445, Glu446, or Glu447 (Fig. 17 B).  

For ɓ-tubulins, TUBB5 and TUBB4B were the most populated isoforms. When incubated with 

TTLL11 in vitro, up to 27 glutamate residues were attached to ɓ-tubulin tails and the MS/MS 

spectra again revealed the direct extension of the native C-termini, where polyglutamate chains 

were attached to the terminal alanine residue shared by the ɓ(5) isoforms (Fig. 17 C,D). 
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Figure 17 - Identification of polyglutamylation sites within tubulin sequences using the LC-

MS/MS pipeline.  

A. Schematic representation of the LC-MS/MS pipeline. MTs are incubated with TTLL11 in 

vitro in a reaction mixture supplemented with perdeuterated D5-glutamate. Following 

digestion with either trypsin (Ŭ-tubulin C-tails) or AspN (ɓ-tubulin C-tails), resulting peptides 

are analyzed by LC-MS for the presence of (poly)glutamylated species. For each of the 

(poly)glutamylated peptides, MS/MS fragmentation is performed to identify the site(s) of 

attachment of the polyE chain(s), based on the presence of the b- and y-series of peptides, 
































































































































































