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Abstract

Microtubules (MTs) exhibit high genetic diversity duethe existence ofnu | t i-@h & /)
tubulin isoforms encoded by distinct genes with tisspecific expression patternsIT
functional properties are further diversified by pwanslational modifications (PTMs),

forming a complex regulatory system known as the tubulin code.

The thesis aimto investigaé the structure and function otbulin tyrosineligaselike 11
(TTLL11), an enzyme withmarked polyglutamylae activity. TTLL11 modifies not only
tubulin but also othephysiological substratescluding Dishevelled 3 (DVL3) from the Wnt
signaling pathway. To elucidatife substrate specificity and catalytic mechanisithe
enzyme we evaluated aseries of TTLL11 variants for their capacity to bind and
polyglutamylate tubulim vitro andin acellular environmentOurfindingsreveaédthat,while
TTLL11 shares sequence similarity with otA@rLL enzymesexclusivelywithin its catalytic

domain, its Gterminal region isndispensabléor function.

Using cryeelectron microscopy (cry&M), we uncovered a uniquimteraction pattern

between TTLL11 and MTs, wharethe TTLL11 MT-binding helix bundle (MTBHB)
engageswith one protofilament, while its catalytic domain extends over an adjacent
protofilament. Importantly, we discovereda novel tubulinposttranslational modification

wheren the Gterminus of the primary tubulin polypeptide undergoes direct elongation,
facilitatingtheree nt ry of the U2 and U@p3 tubudénd'n vari
variants, into the tubulin modification cycMotably, substrate preferersogerenot driven by

a tubulin isotype butatherby thephysicahemical properties of the-términal 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 highlightvegole of TTLL11 in
cytoskelebn regulation.

Key words:
Microtubule, glutamylation, tubulin, TTLL11, cry@M, mass spectrometry, peasanslational

modification, TTLL11/microtubule complex



Abstrakt

Mi krotubuly (MTs) vykazuj2 vysokou gaenbticko

tubulinu, kter® jsou k-dovg&ny rTznlmi geny
vl astnosti jsou d8§8le diverzifikow8nyyt vgeest:t
komplexn2 regulaln2 syst®m zvanl tubulinovl

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

dal g2 proteiny, vlietnhD Dishevelled 3 (DVL3)
specificity a katalytického mechanismu TTLL11 jsme navehlexprimovaliSadu yar i an
otestovaljejich aktivitu a schopnost vazat se na mikrotubB§ye st oge TTLL11 sd2|
podobnost s jinymiglutamylasami( T T L L) pouze Vv kat akoncavéa c k ® d
doméngMT-BHB) se ukdzalamezbytna pravazbu na mikrotubuly i enzymatickou aktivitu

Pomoci kryeelektronové mikroskopie (cryt M) j sme odhal il i konf orn
n N mgC-keneovd doménéMT-BHB) TTLL11 v&8ge na jeden prot
katalytickd doména S e s adduspueedni protofilament. Dale jsme identifikovali novou
posttranslaln2z modifikaci t ubul ikence,tubyting,i nz2g
cog umogRuje n§vrat variant U@2 a Ump3, dS2ve
cyklut ubul inovich modifi kac?2. ZapMShazve® aj e,z of e [
tubulinu, ale chemickymi vlastnostmi-kbncové aminokyselinyse silnou preferencipro

glutamét.

Tato zjigtBhDn? rozgi Suj 2 nage ch8pg8n? tubul i
mechani smus prodlugovgn2 tubulinovich koncT,

regulaci cytoskeletu.

Kl 2]l ovg8 sl ova
Mikrotubul, glutamylace, tubulin, TTLL11, kryelektronova mikroskopie, hmotnostni

spektrometrie,post r ansl|l al n?2 modi fi kace, complex TTLL1
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180 1 Oxygen18 (isotopic labeling)
A54971 Human Lung Carcinoma Cell Line
Ac T Acetylation

Am i Amination

AspN i Aspartyl Endopeptidase

U g2 U-Tubulin lacking two Gterminal aminoacids ant i body

U gpB U Tubulin lacking three @erminal amino acids

U-TAT i UTubulin N-acetyltransferase

UTub i U-Tubulin

UpTybPet yr os-tububnt ed U

UTyiMyr osi-wlined U

b ( BB-tubulin isoform TUBB5

b ( 47BYtubulin isoform TUBB4B

b gRb-tubulin lacking two Gterminal residues

b qBb-tubulin lacking three @erminal residues

bTub 1 b-Tubulin

9-TURC T o-Tubulin ring complex

BRB3071 PIPES buffer at 30 mMLmM MgCk, 1ImM EGTA pH 6.8
CBB i Coomassie Brilliant Blue (staining of SEFRAGE gel)
CAP-Gly T CytoskeletorAssociated Protein Glyciagch domain
CCP1 Cytosolic Carboxypeptidase

CDK1 1 Cyclin-Dependent Kinase 1

CEP4171 Centrosomal Protein 41

c.i. 7 Confidence interval in statistical analysis

CPA'1 Carboxypeptidase A

Cryo-EM i Cryogenic Electron Microscopy
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DVL3 i Dishevelled 3

DYRKZ1A 1 DualSpecificity Tyrosine PhosphorylatieRegulated Kinase 1A
ECM i Extracellular Matrix

E 1 Glutamylation

EGTA - ethylene glyceb i safniboethyl etherN,N,NNjiNjetraacetic acid
ER 7 Endoplasmic Reticulum

G 1 Glycylation

GCNS51 General Control Nonderepressible 5 (acetyltransferase)
HDAC i Histone Deacetylase

HEK293T i Human Embryonic Kidney 293T Cells

K401 Lysine 40 (acetylation site dftubulin)

KIF 7 Kinesin Family Member

KO 1 Knock-out

LC-MS i Liquid ChromatograpmMass Spectrometry

LC-MS/MS i Liquid Chromatographyfandem Mass Spectrometry
M i Methylation

MAP i Microtubule Associated Protein

MAPK 1 MitogenActivated Protein Kinase

m/z1 Massto-Charge Ratio

MS T Mass Spectrometry

MS/MS T Tandem Mass Spectrometry

MT T Microtubule

MT -BHB 1 MicrotubuleBinding Helix Bundle (TTLL1specific motif)
MTBD 1 MicrotubuleBinding Domain

MTs 1 Microtubules

PAL 1 Palmitoylation

P Phosphorylation
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PAGE 1 Polyacrylamide Gel Electrophoresis
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PTM 1 PostTranslational Modification

RPGR1 Retinitis Pigmentosa GTPase Regulator

Srci Protconcogene Tyrosinerotein Kinase

SVBPi Small Vasohibin Binding Protein

TCEP i Tris(2-carboxyethyl)phosphine reducingagent

TIRF 1 Total Internal Reflection Fluorescencaicroscopytechnic
TMCP 1 Tubulin Metdlocarboxypeptidase

ttTMCP 1T Tubulin Metallocarboxypeptidase frometrahymena thermophila
TUBA1A, TUBA1B, TUBA4A i UTubulin Isoforms

TUBB4B, TUBB51 b-Tubulin Isoforms

TTL 7 Tubulin Tyrosine Ligase

TTLL T Tubulin Tyrosine Ligasé.ike (family of enzymes)
TTLL11 ¥ Tubulin Tyrosine Ligaséike 11

Ubl 7 Ubiquitination

VASH i Vasohibin

VASH2 i Vasohibin2

WB i Western Blot

WT 1 wild-type
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Introduction

Cytoskeleton

The cytoskeleton is a dynamic network of protein filaments essential for cell shape,
intracellular transport, and mechanical stabilifjhe cytoskeleton comprises three primary
filament types:actin filaments (microfilaments) intermediate filaments, anehicrotubules

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

processes.

Actin filaments are highly conserveprotein, essential for cellular motility, membrane
dynamics, and structural support. Actin exists in a dynamic equilibrium between monomeric
G-actin and polymerized-gctin, regulated by accessory proteins like profilin and Arfi).3
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 ksnellipodia and filopodia, crucial for cell movement and

interaction with the environmeft, 3].

Intermediate filaments are more heterogeneous, with composition varying by eélletyp.

keratin in epithelial cellandvimentin in mesenchymal cel{3ablel) [4, 5]. These filaments
provide mechanical stability, forming rofike assemblies of staggered tetramers that integrate
with desmosomes and hemidesmosomes to anchor cells to their neighbours and the
extracellular matrix. Biochemically distinct from actin andttlin, intermediate filaments lack
intrinsic polarity and nucleotidbinding properties, which lends them unique assembly and

disassembly dynamics suited for enduring mechanical $tiess

Table 1i Types of intermediate filaments and their functi@js

Type Example Proteins Location/Function

I &1l Acidic & Basic Keratins Epithelial cells (skin, hair, nails)

Vimentin, Desmin, Glial Fibrillary Mesenchymal cells, muscle cells, gliaklls,
Acidic Protein, peripherin, synemin  astrocytes, peripheral neurons

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

\Y Nestin Neurons (axonal structure and support)
\/ Lamins A, B1, B2, C Nuclear envelope structure in all cells
VI Filens- Filensin, Phakinin Lens of the eye (lerntsansparency and integrity

12



MTs, const r-ac ¢ub@indinerg7mardhollow cylinrical structureshat exhibit
GTPPdependent polymerization and dyubaliming 1| nst :
complexes within the centrosome and radiate outW8Jddefining cellular polarity and

facilitating intracellular transpof®, 10]. Motor proteins such as kinesin and dynein traverse

these tracks, carrying organelles and vesi@ge$1]. 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 cohesigi4]. Signaling pathways further modulate cytoskeletal dynamics

in response to cellular stimuli, allowing rapid remodeling during processe=likaigration,

endocytosis, and cytokinegis4-16].

Microtubules

Among its fundamental constituentdT s 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 archiecture, motility, and signaling.7].

Microtubule Structure
EachMT is made up of protofilaments, which are linear polymers of tubulin heterodimers. The

tubulin heterodi mer c ot ibatl g-tubulfa, ntdehdre tiphtlp b ul ar
bound together. These dimers polymerize-gnend to form a protofilanmg, and typically, 13
protofilaments align side by side in a cylindrical arrangement to create the hollow tube of the
MT, but the number carary depending on the cell type and cell localizatidhis structural

organization giveMTs their characteristidiameter of about 25nm[17-19].

13
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Figure 17 MT structureand dynamicgtaken from Amos, 2002)0]

A.MT nuc | etabulia dng grawingat its plus end. The minus end is stabilized by the
ring i nt edubuintblue),gvhich is aittached to thedips proteins (green, orange).

B. MTs shrinking at both ends, which happens spontaneously, but can be induced by
destabilization (depolymerizing kinesins, red).

Tubulin is a globul ar pr otteuibnul astabusialnviiclyb i n
together form a heterodimft]. There arenoreisotypesof tubulinbut they have very different
functions.Each subunit is approximately 450 amino adasgy with a molecular weight of
around 505 5 k D a -a rBdtubhin stisire a highly conserved thidiemensional structure,
which consists of three main domains: théelminal nucleotidédinding domain, a central

core domain, and the-términal domairf20]. 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 kg X
crystallography and cry& M. The i nt erfdmdubdlimniepatclarly well
defined, consisting of hydrophobic patches and polar interactions that stabilizeéneThis

14



interface is crucial for the formation of a functional heterodimer and ensures that the two

subunits remain tightly associated under physiological condifiiyjs

N-terminal domain

C-terminal
domain

Figure 27 Mo d e I-tubalihand its topology scheme (taken from Amos, JQ0#)

Central core

The ribbon modelX) and the schem®]  etdbulib showing the domains {fdrminali red,
central corei yellow/green/cyan, @erminali blue) GDP and taxol are bound on the inside
of the MTcylinder. The Gterminal domain is on the outside of the Me scheme shows how
the secondary structure elements follow in the polypeptide ¢Bain

TheN-terminal domairis responsible for binding GTer GDP. In -tlbulin, the bound GTP

is nonexchangeable because it is buried within the protein and stabilized by surrounding

r esi du-talin, hbweverbthe GTBinding pocket iopenedallowing 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 e r mi n a | d o ma i d4melidesHl-d60o mp o s e

andparallelb-sheetsS1-S6that form a weHldefined pocketor the nucleotide to binf20, 21}

Thecentral coredomainprovides the main structural scaffold of the protein. This domain
contains a ehelioeBH8-RE0a h dsheets?-S10ihat contribute to the overall

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

as it forms the pr i mamrdtubblimsubenid. 8he eentdal@dmaie e n t
also provides rigidity and structural support for the proper alignment of the nuclbwtitieg

pocket h the Nterminal domain.These twodomains are connected by a central helix H7
similar to the structure of FtsZ proteinshe tubulin prokaryotibhomdog [20, 21]

15



TheC-terminal domains a flexible region that extends outward from the main globular body

of the tubulin subunitand islocatdon t he out si de oheliceifld anonsi s
H12 and flexible @erminal tail[20]. This domain is rich in negatively charged residues, which

make it highly dynamic and capable of interacting widnyproteins. The @erminal domain

is particularly important for the regulation of tubulin through gicatslational modifications
(PTMs)[22, 23] The Gterminal domain is alsthe key site for interactions witbompounds

such as pacl it axel-tuqulihandaflfedts,its sivuctural propbrtielsicth s t o b
is widely used as a stabilizing agent in research and medkzihe

Despite the struct vamdtub@in, the tlvasubunits leage distiact we e n
characteristics that make their roles wwedundant. For example, the surfapgosed regions

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

Anot her key feature of tubulinds structure
binding nucl eot i detsbulin\Winduoes sBightrconfoimatidreal chagesb

that influence the protein overall stabilityhese structural adjustments are propagated through

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

other cellular componenifg0, 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 conservatioritafal residues, particularly those
involved in nucleotide binding and dimerization, highlights the importance of these features
for tubul i nds amsdtshowsthasseridl roleohtubalig asiatfgundational
element of the cytoskelet¢h7, 18, 20]

The MT polarity given by the tubulin dimer orientatiagcrucial for their function, as it dictates

the direction of growth and interaction with motor proteins. The end$/3f are structurally

and functionally di s ttubulic ts.expodu,eis tipel silesof fasterd , w t
polymerization and depol ymer i z-tubulinasrexposédn cont
grows more slowly and is often anchored td B-organizingcentresuch as the centrosome in

animal cell§25]. The polarity ofMTs is essential for directional intracellular transport and for

organizing cellular components during processes like mif26i28].

MTs exhibit a property called dynamic instability, which refers to their ability to rapidly
alternate between phases of growth and shrinfagg This behavior is driven by the
hydrolysis of GT-Hbulininithe érde tububn dimer.uTabdlin tlirners fvith

16



bound GTP are incorporated into the growiigs. After incorporation, the GTP is hydrolyzed

to GDP. GDPbound tubulin is less stable within tMT lattice, leading to depolymerization

if the GTP cap at the plus end is lost. The presence of the GTP cap stabilMds thiaile its

loss triggers rapid shrinkage, a process termed "catastrophe.” Dynamic instability is a key
feature that enablédTs to adapt quickly to cellular needs, such as remodeling during mitosis

or responding to changes in the cellularimsnment[29, 30]

The structure and dynamicsMTT s are regulated BYTMs andvariousMT-associated proteins
(MAPSs). For example, stabilizing MAPs like Tau and MAP2 bind along the lengthTaf
preventing depolymerization and increasing their longd@ity33]. In contrast, destabilizing
proteins like kinesifl3 promote depolymerization by inducing the loss of tubulin subunits
[34].

MTs areusuallynucleated and organized by specialized structures within the cell. In animal

cells, the centrosome serves as the prifvaryorganizing centreanchoring the minus ends of

MTs and directing their growth outwa85-37]. Th et wb ul i n r i-TuRC) withimp | e x  (
the centrosome provides a template for the nucleation of M&®, ensuring their proper
orientation[38]. Other MT organizing centi such as spindle pole bodies in yeast or basal

bodies in ciliated cellgperform similar functions in different cellular contexts.

The Tubulin Code
I n the real ms of i f e, mul t i pd redtupbm eash wi t hi

exhibiting distinct expression patterns and functional rdlk.diversity is further enhanced
by a wide range of postanslational modifications, which are dynamically added or removed
by specific enzymes, creating complex and specialized ceMilaarrays. This genetic and
chemical variability of tubulin formsthetubulin code,” which governs the intrinsic properties
of MTs. Cellular effectors, such as molecular motorsidassociated proteins, interpret this

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

Tubulin isoforms
B o t -fa nW@tubdlin have highly conserved sequenttesughout species genomesitat the

same timahey exhibit isoform diversity, particularly in highewkaryotes. 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 susceptibilityodificationd39].

17



The multitubulin hypothesis, first supported by evidence from studies on fly spermatogenesis

in 1982, claims that different tubulin isoforms play distinct roles in cellular procdssess

shownt hat the b2 i sof or mMWwsrsctureslikeadhe en¢iotidspindle a s s e r
and motile cilia during spermatogenesi s and
structureq40, 41] Subsequent experimentsth swapped @erminal sequencedsghlighted

the significance of the-@rminal tail in conferring isoforrspecific functiong42].

Also, inC. elegans d i s a m dtubblin iddforms enable the formation of specialized 15
protofilamentMTs in touch receptor neurons, distinct from-frbtofilament structures, the
usual for this organisif#3]. Another example arelgtelets thatr e | 'y ¢4A) isbfdrre to b
maintain their discoid shape via a margivdl band, and loss dhis isoformdisrupts this
organizatiorj44, 45]

For years, it was unclear whether isofespecific MT behaviourarose from intrinsic
properties or interactions with external factors. Early studies with tubulin from various tissues
suggested intrinsic differences, but the complexity of brain tuiulich in diverse isoforms
andPTMs 1 complicated mechanistic insighf46]. Recent advancements, such as affinity
purification and recombinant tubulin productj@ven though it has its limitationsow allow

for moreprecise evaluation of isoforn7, 48] For example, studies with recombinant tubulin
revealed thath § MTs exhibit higher catastrophe frequencies and reduced growth rates
compared td 2B) MTs, demonstrating that isoform composition directly afféttsdynamics

[49].

Isoformspecific effects are evideim vivo as well. For exampleh ) knockout mice show
impairedMT dynamics and reduced regeneration after peripheral nerve injury, aligning with
in vitro findings on b ( 3nfluence onMT behaviour [50]. Additionally, spindle size

in Xenopusspecies correlates with intrindikT growth and stability, with larger spindlesXn
laevisreflecting fasteMT dynamics[51]. E v e #iubulih isoforms regulate dynamidstTs
containingU {C) grow faster and undergo fewer catastrophes than thoseUui#), with
differences traced to residues Uh( 1 @terminal tail[51]. These findings underscore the
nonredundant roles of tubulin isoforms in shapM@ properties and regulating cellular

processes, emphasizing their functional specialization.

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

methylation, amination, ubiquitinatippalmitoylation,and phosphorylatiorHHowever, in the

18



context of the MT surface and interactions with molecular effector$Tivs 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 @ r mi n a |

ttupulinocatalyzesl byo f
VASH/SVBP compleX52] and(tubulin metallocarboxypeptidaseBMCPs[53] creating the

U

UpTyr variant and the foll owi n[4aTMCPsbglat es c
creating the U®p2 -wmialtyoside candbe attached lsack byi T, C
the removal of the consequent glutamates has been considered irregerfao]66]. Similar
modi ficatumuwlsi mfwér e al so r epor tterdinafamino t he b
acids and t he Dbtermipal alanineiaadntwo censecutivé glutaiGates are
removed by TMCP2 cr eg®3hfrlng the b(5) 3 variant
A a-tubulins  Norm.mRNA  C-terminal sequence B

TUBA1B 78.08 R-VDSVEGEGEEEGEEY a'tUbu.]jn B_tubulin

TUBA1C 16.69 R-ADSADGEDEGEEY

TUBA1A 5.13 R-VDSVEGEGEEEGEEY

TUBA8 0.05 R- TDSFEEENEGEEF aTyr @@@@@ Y B(Q@M

TUBA4A 0.02 R- IDSYEDEDEGEE VASH1

TUBA3D 0.02 R- VDSVEAEAEEGEEY Th)llélg"l—!% ITTL TMCPZJv

TUBA3C 0.00 R-VDSVEAEAEEGEEY

TUBA3E 0.00 R-VDSVEAEAREGEAY uATyr@@@@@ 3(5)’“@@@@@

B-tubulins Norm.mRNA  C-terminal sequence C%ng;gll 27?7
TUBBS 65.80 R-TAEEEEDFGEEAEEEA TMCP1,2
TUBB4B 22.82 R- TAEEEGEFEEEAEEEVA aA2 @@@@
TUBB2B 4.90 R-TADEQGEFEEEEGEDEA CCP1
TUBB2A 2.87 R- TADEQGEFEEEEGEDEA CCP4-6 ﬂ???
TUBB6 2.29 R- TANDGEEAFEDEEEEIDG T™MCP1,2
TUBB3 0.77 R-TAEEEGEMYEDDEEESEAQGPK aA3 ®®©
TUBB4A 0.54 R-TAEEGEFEEEAEEEVA
TUBB1 0.01 R-KAVLEEDEEVTEEAEMEPEDKGH
TUBB8 0.01 R-TAEEEEDEEYAEEEVA
TUBB8B 0.00 R-TAEEEEDEEYAEEEVA
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Figure 37 HumantubulinisoformC-termiral sequenceand theirPTMs

A.Tabl

the tyrosine can be added back. Similarly, some amino acid can be removed from the C
rtubslinspbut thiese PTMsave beemuch less describesb far.

t er mi

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

e

o fa rhdtubbéinnsoforms with their normalized transcription rates in HEK
293T cells for illustration of how inasistent it is for the isotypeB. MostU-tubulins end with
tyrosine which can be postanslationally removed as well as the two following glutamates,

polyglycylation. They are catalyzed by the tubulin tyrosine lighke (TTLL) protein family

as they share conserved fold of the catalytic domain with tubulin tyrosineiigade Both
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of these PTMs ar e k n-cahoxyl graup df & glukamndteancdrperdtedt o
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 whl$&] These PTMs are
catalyzed by the family of tubulin tyrosine ligagee (TTLL) family, TTLL3, TTLL8 and
TTLL1O are glycylaseg59]. TTLL1, TTLL2, TTLL4, TTLL5, TTLL6, TTLL7, TTLLY,
TTLL11 and TTLL13 are glutamylas¢&0].

Acetylation

The acetyl at 4tubufin, a Hallmérid & stabldTs 61, 62] is regulated by

t

i

acetyltransferases -abuihNdeac gl yIr dAT8 dcetylaBE €1 7T UL

K40, while histone deacetylage (HDAC6) and SIRT2 catalyze its deacetylatid63-67]. U-
TAT efficiently acetylatesMTs but not free tubulin dimers, while HDACG6 preferentially
deacetylates free tubulidimers [67, 68] HDAC6 overexpression often leads to
hypoacet yubainb cooeating WithdT depolymerization and altered dynarniés].

Tubulin was the first nohistone substrate identified for HDAC6. Bdathvitro andin vivo
studi es confir med -tubulin end HDACKE,ohiglslightinge itswaee in b
modulatingMT properties. Higkresolution structural studies revealed that K40 is located
within the MT lumen, and its acetylation or deacetylation imp&tsstability [65]. HDAC6
knockout mice display a hyperacetylated tubulin phenotype, confirming its critical role in

tubulin deacetylatiof69].

The opposing substrate preferences of these enzyreEAT favoring MTs and HDAC6

targeting free tubulin dimerfis create distinct pools of acetylated and +ametylated tubulin.

This regulatory mechani sm suggests -TATlat ac

marking stable, longjved MTs and HDACG resetting acetylation in free tub k8, 70]

e

Beyond K40, proteomic studies have -adeénbi fi e

tubulin. For examplel {C) harbors acetylation sites at K60, K112, and K326, wHig))
features modifications at K311, K394, and oth@rs. | n-tutiulin (b §), b 2C), andb %)),
acetylation sites include K58, K154, and K28# K252 acetylatiotatter being exclusive to

free tubulin dimers and hypothesized to inhibit polymerizatjé®]. These additional
acetylation sites expand the repertoire of tubulin regulation, offering multiple layers of control

overMT dynamics and interactions.

20



The acetylation of K40 is particularly significant, as it influences the behavior of MAPs,
molecular motors, and severing enzymes. Kindsand dynein exhibit enhanced transport
efficiency on acetylateM Ts, andtheMT-severing protein katanin preferentially targets highly

acetylated regiong3-75].
Polyglutamylation

Glutamylationoccurs at different positions along the tubulin tail, enabling complex and graded
regulation ofMT propertied76]. In theory, here are several ways how the polyglutamate can
be attached and elongatednasl asthere are multiple gkamates in the @erminal tails (Fig.

4), but well descr i baardoxywwgroup of & glutamagenirctiei ongmal o n
polypeptide and thealongationt h r o u g-darbaxyh grougof each glutamate. There have
been suggestions that the veryt @ r mi-catbaxyl gdoup of the tubulin tail could be
extended as we]V7]. That question will be further discussed later in the th&digamylation

can emerge in various lengths and combinatibos.instance, up to 11 glutamates have been
observedbahi o -mbulthinihe lorairf78, whereas ciliaryMTs can feature
chains as long as 21 glutamak@8]. 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 influenc®T dynamics and interactions.
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Figure 4 - Theoretical polyglutamylation patterns

Multiple (theoretical) polyglutamylation patterns can-exist in a target proteinA. The

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

gl ut amat e r es i d-oaeboxyl group of & glutamaedsidd chaintwithie the main

peptide chain. The branching point is further extended by addy mor e gl ut amat e s
carboxyl linkageB. An alternative polyglutamylation pathway. The initiation step is followed

by elongation steps that can attach glutarsate v-cadoxylate of the growing polyglutamate

chain. C. A polyglutamylation pattern not observed before. The first glutamate residue is
attached tcarboxylate of the terminallresidue of the main polypeptide chain,
resulting in direct extension of the protein sequence. In subsequent steps, tles psoce
repeated as the additional gdarboxyahgmap es ar e at
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The enzymatic machinery responsible for glutamylation consists ofik€I(TTLL) enzymes.
Theseenzymes are homologous to TTL in their core domgiBs60] but possess additional
accessory domains that determine substrate specificity 80] TTLLS show substrate

pref er enc eo rftudiulin. €TLLLATELLS, TOrLL6, TTLLY, TTLL11, and TTLL13

pri mari kyubtudrigngt whereas TTLL4 andubdinféOL7 pr e
81, 82] A detailed structural study of TTLL7 bound kTs revealed a uniqudT-binding
domain that di ct adbelis tails[T775 Sinplar difdang strategyehasfbeen b
then described for TTLLES3]. A C-terminaldomainof various sequencegsedicted to bind

MTsis shared among autonomous TTLL glutamylases but is absentin TTLL1, which functions

as part of a multisubunit compl¢%8]. Further structural studies are needed to uncover the

mechanisms of specifty of TTLL enzymes.

TTLL7 is a dualfunction enzyme that can act as both an initiase and an elqgngasef e+ r i ng
tubulin[58, 77] Structural and biochemical studies, including NMR spectroscopy, have shown

t hat TTLL6 s pe c-linked glatdmhty chank8d].nFgrindrneose, attivsite
signatureamino acidglifferentiating initiase and elongase activity have been identified using

X-ray crystallography and transitistate analog inhibitor§82]. These structural features

provide a framework for predicting the activity of uncharacterized BJMhich can be

challenging due to high sequence conservatfdhe catalytic domaiamong 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 brapaoimt glutamatef84]. 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-tutnulin substrates.

For example, TTLL5 catalyzes the glutamylatiorite retinitis pigmentosa GTPase regulator
(RPGR), which is essential for photoreceptor function. Mutations in TTLL5 phenocopy RPGR
loss, leading to retinal degeneration in mice and hurf@m)s86] Recently, a new pattern of
glutamylation was shown on Dishevelled(3VL3), a protein involved in Wnt pathway.
TTLL11 directly adds polyglutamate chains to thete@minal 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) pathwin X. laevis embryos,
polyglutamylation of DVL3 by TTLL11 enhances actiih 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 pisaparate, which may impact its
signaling capabilitie$87].

There is also evidence for significant crosstalk between glutamylation and detyrosination.
Glutamylated and detyrosinated regiondvifs often overlap in cells, and overexpression of
TTLL5 or TTLL6 is connected witincreased detyrosinatig88]. Moreover, TTLL6 exhibits
enhanced activity on detyrosinatédTs [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/ivo, as observed in axonemdlTs

and axonaMT bundles[89]. However, the direct impact of glutamylation MT dynamics
remained unclear for a long time, primarily due to the challenge of generating tubulin with
precisely controlled glutamylation levels farvitro assays. Recent reconstitution experiments
have unexpectedly shown that glutamylation does not staMiizebut rather inhibits their
growth and increases catastrophe frequ¢d@ly These findings suggest that the observed link
between glutamylation andT stability in cells is indirect, possibly mediated by the
recruitment of other effectors or additioIMs. In vitro biophysical studies further revealed
that glutamylation increases the stiffness of tastabilizedMTs by modifying the interaction

b et we e-tubulinlCterminal tail and the tubulin bod91]. 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, kinesinKIF5B) motility is enhanced oM Ts with long glutamate

chains but not on those with shorter chains. Conversely, ki@e@{hF17) motility increases

regardless of chain lengf®2] Long glutamate chains also activate M&-severing enzyme

spastin93, 94] O n -tubulin, glutamylation regulates spastirediated severing in a biphasic

manner, depending on the number of glutamdaibs effect underscores the importance of
substratespecific glutamylation patterns in regulati?dT abundance and stability in a

spatially and temporally coordinated manner during developni@fk. Kataninmediated
severing is similarly r etgilbéirghighly stimwatoty,lwhilg!| ut a m
modi f i c at i-tailnexhibibanbiptasiceresfionse. Structural models indicate that the
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centr al pore of katanin and s {ad gdaverns thesswhi c h
responses. Additionally, the stimulatory effect of glutamylation can be counteracted by

glycylation, which inhibits katanin activip5].

Ani mal studies provide further evi-chemrdceb of
tubulin tails.In TTLL1 knockout mice, axonal mitochondria exhibit enhanaeahalmotility

[96], while taxotstabilized MTs from TTLL7 knockout brains show increased kinesin

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

of Drosophilaey e ar e mono/ bitgulbuutlamy.l aA-thiintisimsa@ | | vy,
mono/biglutamylated but only in the pigment c§li8]. In a purified systerof MT from yeast

with glutamylation as the only PTM, kinesinshowed increased processivity on MT with long

pol ygl ut aubainandylutamylatibn onJ-tubulin [92].

In vitro andin 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

organizatior{99].

Hyperglutamylation appears to inhibit motniven cargotransport. Primary neurons from
CCP1 knockout mice show reduced motility of various caf@08]. Increase in neuronal
activity suppresssdendritic transport of gephyrin, a postsynaptic protein, in a glutaionda
dependent manndd01]. This relationship between neuronal activity, glutamylation, and
transport may play a crucial role in maintaining neuronal homeostasis. Furthermore, studies
in C. elegansensory 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 partifl€g)].

Many structural MAPs depend on tubulint€minal tails forMT binding, suggesting that
glutamylation and MAPs act synergistically to control motor protein and cargo mptity
Glutamylation enhances the binding of MAPs such as tau, MAP2, MAP1B, and MABZA
105], while using tubulin from TTLL1, TTLL7, or CCP1 knockout mif®7]. 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 ifetrahymena thermophil@vealed its essential role in organizing
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centriolar MTs [106]. Further studiesn Tetrahymenaand Chlamydomons showed that
elevated glutamylation levels suppreS8l sliding by innerarm dyneins, possibly by
increasing the strength of their interaction withtMiE[107, 108] In C. elegansboth TTLL11
and CCP1 are required for ciliary extracellular vesicle relg3®. TTLL enzymes are also
essential for cilia motility and structure, as demonstrated by zebrafish and mouseg stiijies
111])

In humans, defective glutamylation leads to ciliopathies like Joubert syndrome, @&R4d
mutations impair TTLLémediated axonemal glutamylati¢hl2]. Glutamylation also plays
roles in cell division, accumulating dne mitotic spindle to regulate chromosome segregation
[113, 114] In cancer, increased glutamylatisnassociated witktable MTH115].

In neurons, glutamylation levels rise during development and reddlatevering by katanin
[95], promoting axonal growth and maintaining neuronal architediyeerglutamylation has
been linked to neurodegeneration, with CCP1 mutations causingp@asy neurodegenerative
conditions[116]. These findings emphasize the necessity of finely tuned glutamylation for

cellular and neuronalevelopment and health
Polyglycylation

Polyglycylation was initially identified ifParameciumwhere ciliaryMTs exhibit high levels

of glycylation This modification can involve chains extending up to 40 glycine res[da&s

118]. Similar to glutamylation, glycylation is mediated by TTLL enzymks mammals,
TTLL3 and TTLLS initiate glycine addition by forming isopeptide bonds between glutamate
residues and glycine, while TTLL10 extends these chains using canonical peptid¢58onds
119, 120] Interestingly, the two homologs of TTLL3 Drosophilacan both initiate and
elongate glycine chains, a dual functionality that accommodates substrates with differing
carboxyl groupg59]. It remains unclear if other organisms possess glycylases with similar

substrate flexibility.

While metallocarboxypeptidase enzymes capable of shortening polyglycine chains have been
identified inGiardia duodenalig§121], no homologs have been detectedhigher organisms
Experiments witlParameciuncell extracts suggest the presence of a deglycylating enzyme

[122], but no specific enzyme has been confirreedar
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The intrinsic effects of glycylation oNTs remain poorly understood. Recent biophysical
studies indicate that glycylation decrea$éds stiffness[91], although its impact oiMT

dynamics is still unknown.

Analyses of glycylation vivomust account for its anticorrelation with glutamylation, as both
modifications share overlapping sites. For example, TTLL7 (glutamylase) and TTLL3
(glycyl ase) t ar g etubulintails, asdalterations & e dnaddicatioo can b
lead to compnsatory changes in the otlfg®, 119] This necessitatas vitro reconstitution to

elucidate specific mechanisms.

A recentin vitro study demonstrated that glycylation inhibits katanin binding and severing
activity onMTs, even those previously glutamylated, suggesting a stabilizing role for long
lived MTs such as those in axonem@$]. Given the electrostatic interactions betwé&h
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 flagdllg 123] but has also been
observed in the cytoplasm and corteXPafameciun{122], in Tetrahymengl124], and in the
marginal bands of megakaryocyfd25]. Defects in glycylation significantly impact ciliary
function. InTetrahymenaTTLL3 deletion disrupts axonemal structure, leading to shortened
cilia In zebrafish, TTLL3 depletion causes cilia shortening or loss in multiple organs and
disrupts left right symmetry during developm€®9]. In mice, TTLL3 and TTLL8 are critical

for maintaining motile ependymal cilia and robust primary cilia formdtid®, 126] Loss of

TTLL3 in mouse colon epithelium promotes tumorigenesis, likely due to defectivEl@iGh

Mutations in TTLL10 are associated with human bleeding disorders, despite evidence
suggesting that human TTLL10 is enzymatically inadb@ 125] The molecular mechanisms

underlying many of these phenotypes remain to be elucidated.

Other postranslational modifications
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Phosphorylation refers to the addition of a phosphate group and has been identified at several
tyrosine and san dtubin. Evenshouhh ievesbserved th 197127,

tubulin phosphorylation remains poorly understood with only a few characterized sites and
functions. Several kinases target tubulin, including @roto-oncogene tyrosinprotein

kinase) which phosphorylates tubulin in fractionated nerve growth cone memiéf&js

Syk kinase, w h i -tuthulin Y482 snpttte @erminaktail énsvitrodand in B

| ymphocytes, and protein ki-ububnés166. ( PKC) , whi

The most st udi-whlin®@l/d, whpch is ghospherylatesl byfrydaiependent
kinase 1 (CDK1) andduatspecificity tyrosine phosphorylatieregulated kinase 1A
(DYRK1A), a kinase associated with Down syndrojh29-131]. This conserved residue is
preferentially phosphorylated in soluble tubulin dimers, suggesting a bias of CDK1 and
DYRKZ1A for freetubulin.

The functional significance of many phosphorylation siteMais remains unclear. However,
b-tubulin S172 phosphorylation by CDK1 or DYRK1A decreases tubulin incorporation into
MTs in vitro, likely due to its proximity to the GFBinding site, which regulatddT dynamics
[130, 131] I n contrast, p Aubdip 165 Yy BKCi enhances!T U
polymerizationin vitro. In the study, they analysele effects of constitutive phosphorylation

a t -tublllin S165 using a phosphomimetic mutant, revealing increased Racl activation and
enhanced cell motility in human cancer céll82]. Mu t at i dubuin SA12 infpair cell
migration and axon outgrowth, leading to structural brain abnormdli& Later, DYRK1A
was | dent-ubulineSd72 &isase an Bfosophilascreen, where its loss severely
disrupted dendritic arborizatidd31]. Similar phenotypes were observed in the mouse cortex
with DYRK1A haploinsufficiency134]. Additionally, DYRK1A regulates axonal transport in

human neurons, further linking its activity to neurological funcfi8b].
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Figure 51 Tubulin PTM

PTMs defining the tubulin code are found at structured tubulin cores (acetylation [Ac],
methylation [M], phosphorylation [Plamination [Am], palmitoylation [Pal], ubiquitination
[Ubl]) and at disordered @erminal tails (glycylation [G], glutamylation [E]).
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MassSpectrometry

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 gssential tool in modern

biology and biochemistry.

At its core, mass spectrometry measuregnhssto-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

researcher® determine their molecular weights with high accuifa8g.

One of the key applications of mass spectrometry in protein research is protein identification
also called peptide mass fingerprintifRyoteins are often enzymatically digested into peptides
using enzymesuch astrypsin. The resulting peptides are analyzed, and their m/z data is
matched against protein databases to determine the protein id&ntither important use is

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

phosphorylation, acetylation, glycosylatj@nd gluamylation[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 ladete approaches, providing insightgo biological

processes and responses to treatni&8@.

In protein structure analysis, MS can map protein folding, disulfide bonds, and even-protein
protein or proteidigand interactions. Techniques like hydroguterium exchange and
crosslinking offer detailed insights into protein conformation and dynamic

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

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

Tandem M assSpectrometry
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 upontraditional 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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massto-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
collisionrinduced dissociation, highenergy collisional dissociation, or electron transfer
dissociation. These fragmentation methods cleave the molecule at spgesfigenerating 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 amiso Ginilarly, 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 lecome 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-fons (retaining the Merminal part of the peptide) aneigns (retaining the
C-terminal part). These ions create a mass spectrum where each peskereaptes a f r a g me

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

isoleucine.
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A MS spectrum
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Figure 617 MS/MSi b-series and yseries of peptide fragments

A. Mass spectrum of tubulin peptides, includingtie € r mi nal |y truncated b(
3052.2178 g/mol; m/z 1018.7466, 3+ chargB). Theoretical peptide sequence with a
schematic representation of &nd yion fragmentsC. MS/MS spectrum of the peptide, with

labeled fragment ions corresponding to thoseB b-series ions (green) represent fragments
containing the peptide{&rminus, while yseries ions (purple) represent fragments containing

the Gterminus. The precise m/z values of the fragmemigally 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.

Posttranslational 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 glutamatd add®TM) and dealing

with incomplete fragmentation or noisy spec&a.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 TifiLLs
vitro. This allows exact determination of the modification attachment point. Additionally, when
the isotopic label is strategically placed in a function group wtscmadified in the bond
creation procesand possibly released gives even more information about the structure of

the modification (a.,®0 i-carbaxyl group of glutamate)
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Figure 77 Determination of PTM glutamylation attachment site at tubulin

Mass spectrum of polyglutamyl ated U@pTyr tub
polyglutamate (upper left). The peptide with the highest intensity (8 glutamates) was taken for
fragmentation (right side)assigned fragmentonfirmed the peptide identity astiowed that

the isotopically labeled glutamates were attached to the vesrr@inus of the peptide (y9

peptide contaiing the Gterminal 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 psees 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-lligadd
(TTLL11) and to provide mechanistic understanding of substrate recognition by the enzyme.

The specifisubaims of this research were:

1 Heterologous expression and purification lmiman TTLL11 and other tubulin
modifying enzymes

Isolation and modification of TTLL11 substrates
In vitro reconstitution of studied systems

Analyzing TTLL11/MT interactionsusing TIRF microscopin vitro

= =/ =4 =2

Optimization ofpolyglutamylation assayjincludingLC-MS/MS and Western blotting
analysesn vitro and in cells

1 Structural characterizatiaof the TTLL11/MT complex
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Methods

The attached publications includemplete descriptions of ahe experimental methods and
procedures necessaryreproducexperimentatesults

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-electronmicroscopy, 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

= =/ =2 A4 A4 A A -5 -2

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

TTLL11 polyglutamylates microtubules at both U- and b-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 insetted in
destination plasmid through complementary att sites. The gene was then transferred to an
expression plasmid containiriige N-terminal StrepFLAG-HALO tags to facilitate efficient

affinity purification, enhance protein expression, and improve sobbi(fig. 8).
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Figure 81 Schematic representation of the Gateway cloning workflow for TTLL11 constructs.

The gene of interest (TTLL11) #anked 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 cémebeasily inserted into any
Gatewaycompatibleexpression vector, in this case artddminal TwinStregFLAG-HALO

fusion by LR clonase.

The plasmidencodinghe TTLL11 variants were transfected into suspension HEK 293T cells
using linear polyethyleneimine. Following transfection, the cells were harvested, lysed, and
TTLL11 was purified usindgpy a combination of StrepTactin affinity chromatography and size
exclusion chromatography, yielding approximately 0.4ofrtpe recombinant fusion per 1 liter

of culture(Fig. 9 A-C).
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The TTLL11 variants werassessed fdheirability to modify tubulins isolated from HEK293T

cells. Our datalemonstratehat TTLL11 preferentially polyglutamylates polymerized MTs

over free tubulindimers (Fig. 9 D) in an ionic strengthlependent manner (FIQE,B.

I nterestingly, our f i-ad dsaubdpsts aael pslyglutamylateddy t h a
TTLL11 in vitro, suggesting a broader substrate specificity for this enzyme than previously
recognized60,138] The | ack of se t-wbulinithusiconyasts wath thee i t h e
substrate specificity of TTLL6 and-anid LE&F pa
chains, respectively’7, 82]

A B Fractions C
g g g o] o m ﬂ c © = N ™M 5 un
L [kDal £ ™~ w0 o = — — - -~ ~ 600
250~ s 250 150 kDa
1306 130 - S - =
100 B Wee .d—-l...---mm E 400-
- o
< 708
B | 3
55 % )
: < 200
- ——.h.—
350 35 4
2 25 0 T7 8 9011121314115
Fraction number
D E BRE30 F BRB30
+ NaCl (mM) = L KCl (mM) =
) =l
+ o+ _ _ o o = (=N o o o I
tubulindirll"l’\{er[z - -+ o+ koal & 2 BR 2 - o " kpa) & =77 ot
TTLLTT - + - 4+ 100 - TSN . _TFL:” 100 - 5 e - -TTLL1T
55- - -a % 70 % 70 %
= a
= Ted s =28 55 “mEm
- B B
A R N 3 B i i s et STTLL11
55 a . 100 | e 100 %
p 3 70 @ 3 708 @
55 s o e ek e ks — 1 5508 R

Figure 971 Purification of TTLL11 and tubulin glutamylation

A. Coomassie Brilliant Blue(CBB)-stained gel of fractions from StrepTactin affinity
chromatographyB,C. Sizeexclusion chromatogram and corresponding CG&&ined PAGE

gel from purification of human TTLL11 expressed in HEK293T cells. The main peak
corresponds to a monomeric TTLL11 species (~150kd3@d on callibration D. TTLL11
prefers MTs over tubul i n -an diebblies, Westerh piag | ut am
visualized with the polyE antibody (upper panel) together with the-&&Bed PAGE gel as

protein loading control (lower panellg,F. TTLL11 glutamylation activity correlates inversely

with ionic strength. TTLL11 efficiently polyglutamylates MTs in low ionic strength buffers
(BRB30 + 1 mM NaCl/KC]) and activity decrease isobserved in increasing salt
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concentrations. The WB upper ~120 kDa band represents autoglutamylated TTLL11. The CBB
stained gels used as protein loading control.

TTLL11 simultaneously engages adjacent microtubule protofilaments

To elucidae the structural basis for TTLL11 substrate recognition and intatprgdtential
pref er e{vcseubulif, wesolvebthe structure ohumanTTLL11 (TTLL11; residues
12871 657)in the complex with doubistabilized MTs isolated from HEK293T cellsing

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

resolution estimateeaching2.8 A (Fig. 10 C-E). The well resolved magnabledthe

unambiguous assignment of individual tubulin protonmemd the constructio of a high

confidence atomic model comprising the newly identified -Miding helix bundle of
hTTLL11 (MT-BHB; residues C531 R659; Fig.10F,G; 11 A-C).

Catalytic
domain &

Figure 107 cryoEM reconstruction of the TTLL11/MT complex.

A,B. CryoEM image of MTs and MTswith bound TTLL11 (57 000x magnification),
respectivelyC. The cryeEM map colored by local resolution ranging from 2.7 A (blue, tubulin
core) to over 7 A (red, distal part of the TTLL11 catalytic domain) resolufiga. The crye

EM map of TTLL11 binding to the MT lattice. TTLL11 isshowningoldyihe s gr ey and
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a n dtubblin in the central tubulin tetramer are green and cyan, respectilelpp view; E,
side view)F. Cartoon representation of the TTLL11/MT complex. TTLL11 binds longitudinal
U/ b intradi me rMT-bimingehelix aundle (MVBHB, pink), eositioning the
catalytic domain (magenta) over thetCa i Fubualif of the adjacent protofilament. A helix
loop-helix motif (hot pink, MTDBike motif; not visible in the cryoEM map) is structurally
analogous to ta MT-binding domains of TTLL6/7, beontrary to TTLL6/7 complexes, it is
not implicated in MT interactionss. The detailed view of thelll helix of the MIBHB
interacting with the MT surfacmodellednto the cryeEM 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 interfacg80, 139] Although the density representing the TTLL11
catalytic core (residues P128P486) is less resolvedhe AlphaFoldpredicted model of
TTLL11 could be reliably docked into the cHgM map Notably, the segment connecting the
catalytic domain to the MBHB (K488 V535) is missing from the map, as are the intrinsically
disordered Nand Gterminal regionsTaken together, the cryM data indicate that while a
newly identified MTBHB is rigidly docked onto the MT surface, the TTLL11 catalytic core
(together vith intrinsically disordered regions) and tubulinté€@minal tails are inherently

flexible and can adopt a range of conformations.

Two unexpectedhsights emerged from our cry@M reconstruction. First, TTLL1&ngage

MTs in a unique bipartite pattern, where thedBMB and the catalytic domain engage adjacent
protofilaments (PF)This is in stark contrast to TTLL6 and TTLL7 complexetere both MT

binding and polyglutamylation are confined to the sam¢7/PF80] Secondlythe MT-BHB
interacts with residues in the |l ongitudinal
catal ytic domai +#tubulin Gteenunial ltaif of thebadjacent RFiy.d0Fp11

D).

Interestingly the positioningg f t he cat al yt isubund @Gemainaltail poindo v e t h
towards a preferencée ufbairl i pnal yHepdvwedivsbimnchaigoit din Uo
of the tubulin isolated from HEK293T cells are polyglutamylated to a similar eixtefiro

(Fig. 9 D-F).
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Figure 117 TTLL11/MT interface

A. Details of interface betweenthe BTHB of TTLL11 and the tubul.
|l oop bet ween S8 -tuulid, respacivély20))f Redilues AS@0, 1694, 1597,

and R601 (helix U11), and R574/R578 (helix
mixed ionic/hydrophobic interface with MTB,C. Interactions between MBHB of TTLL11

and the MT sanfladddl Tlkéi 08 of TTLL11 (show
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 rédelectronegative, blué electropositive) and positively

charged side chains of R574, R578, and R&@)tydrophobic interactions between 1594 and
primarily 1597 of TTLL11 and hydrophobic patches at the MT surface (ChimeraX, colred b
molecular lipophilic potential green lipophobic value-20, yellowi lipophilic value 20)D.
Schematic representation of MT protof-il amen
tubul i n ditumsimros the (plusgnd. Dimers form protofilaments (PFs), stacked
side-by-side in a circular arrangement. Intradimer grooves (yellow ovaig)acated between

U a n dtubblin in dimers, while interdimer grooves (red ovals) separate adjacent dimers.
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The MT-BHB does not discriminate betweerintra - and inter-dimer tubulin interfaces
Sequence alignment and structural models clearly indicate that tieH®&Tof TTLL11 is

distinct from known or presumed Mdinding segments of other TTLL family members (Fig

12). The structured part of the MBHB forms afiven el i x bundi@l3)het hatsi
adjacento the catalytic domain with a shared interface of approximately 1500h& crye

EM structure revealed that the primary MT interaction motif withinBHB is formed by two
amphipathic helices, spanning residues T&/6 80 ( hel i x iR6DIQ)hedn &k NIL9
Fig.11 AC). The positively charged side chains of
interact with the negatively charged tubulin surface through putative ionic interactions
However, the key interaction motif involves
A590, 1594, and 1597 that is engaged by residueseoftiH 1 1 6  hubudlin axd tleefsideU

chains of F26@ndP 2 6 1  o-$ubunithFeg.1D A,B)[20]. The pivotal contribution of the

side chain of 1594, which is inserted into the complementary tubulin hydrophobic pocket
delineated by the side chains of R402, V405, H406, V409, and E415.(F&y. 13 B, was

corroborated by siddirected mutagenesis and in vitro experiments (see below).
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Figure 1271 Sequential and structural alignmentgifitamylase

A. The sequence and secondary structure prediction of human TTILb&lsequence is
colored based on the tertiary structure model (blacktrinsically disordered Nand G
terminus, purplé the catalytic domain, dark redthe MTBDIlike motif, pinki the MT-BHB)

and the secondary structure elements are shown as yallowaws and g-heficesm bar s
a n d-shdets, respectiveB. A partial sequence alignment of TTLL glutamylases. The
sequences spanning thet&minal part of the catalytic domain (c&sponding to residues
C4311 S447of TTLL1Y) extending into the beginning of Miinding motives were aligned
using ClustalOmega While there is high sequence conservation within the catalytic domains
of all enzymes (bluie similar amino acids, yellow conserved among TTLLs but different in
TTLL11) there isvery limitedsequencesimilarity beyond the catalytic domain in segments
corresponding to the putative Miinding motivesC. Superposition of 3D models of TTLL
glutamylases. The glutamylases were smeosed on correspondingCatoms of their
catalytic domains (128 466 for TTLL11). Catalytic domain (magenta), MHB (pink, in

blue elipse labeled for TTLL1 and TTLL7 alignment), MTIBB motif (dark red). Superposed
TTLLs are in orange cartoon representation. While there isifsignt structural overlap of

the catalytic domains, the MBHB is unique for TTLL11 with no structural counterpart in any
TTLL polyglutamylase. The predicted internally disordered regiones were deleted for clarity.
D. Schematiaepresentation of TTLL glutamylases. All enzymes have a high degree of
similarity between their catalytic domains (purple), some homologs containtanmihal
extension (hot pink) tightly interacting thus further being considered a part of the catalytic
domain. Lower similarity is observed fortBrminal extension (hot pink) of unknown functions.
The Gterminal domains involved in interactions with MTs @dihding domains; pink) vary
substantially both in length and sequence. Intrinsically disordereshdll Gtermini are shown

as black lines.

Despite the demonstrated -an dtubbdlis @ils,we furtheo f T TL
analyzed the sequence and structural conservation of tubulin residues implicated in interactions
with MT-BHB. Overalllthi s conser vati on exatnedtulbbn butaldo onl y
among different tubulin isoforms (Fig.3). This suggests that while MBHB serves as the

primary MT recognition motif anchoring TTLL11 to the MT surface, it is insufficient to
distinguish between the intrand interdimer groove interfaces of tubulin within the MT

lattice Consequently, the MBHB alonecannad i ct at e TTLL1-lorgudlirect i vi
protomers. Instead, the enzyme substrate preferences (or lack thereof) are likely determined by

additional structural and functional contributions from the catalytic damain
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Figure 1371 Conservation ofubulin sequences antra- andinter-dimerinterfaces

A. Sequencalignment ohumantubulinisoforms Human tubulin isoforms were aligned using

Clustal Omega. Regions corresponding to intend interdimer groove interfaces are
highlighted in yellow, while residues likely to interact with TTLL11 are enclosed in green
boxes B. Structural superposition ofintra- and inter-dimer groove interfaces The 3D

structures of tubulin isoforms TUBA1B and TUBB5 (42% sequence identity, 61% overall
similarity) were superi mposed basoetlde highn t hei
sequence and structural conservation at these interfaces, TTLL11 is unable to effectively

di scriminate

bet ween

t h eann dtubbiin areldepictedunmmeeeni mp o s

and cyan, respectively, with labeled amino acids correspgrtditheir original tubulin isotype
in the cryGEM structure. The upper panel presents a front view of theBMB, while the
lower panel provides a leftide 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 arBHBlinfluences

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

assayed for their ability to birehd modify MTs using total internal reflection fluorescence

(TIRF) microscopyandthe polyglutamylation assakespectivelyFor 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 thedé¥minal region (Mt G121), neither MT

BHB nor the catalytic domain was able to bind MTs in isolation (F4gA,B). Furthermore,

the importance of MIBHB (and its crosstalk with the catalytic domain) was underscored by
the analysis of the 1594W and R601E mutants, which were designed to impair interactions with
MTs based on our cryBM structure. Here, the fluoresoee signal intensity was reduced by

60 % and5 % for the R601E and 1594 W variant, respectivAlgditionally, TTLL11 binding

to MTs was also found to be dependent on the ionic strength of the assaydpliteting the
findings fromglutamylationassaygFig. 14 C,D.
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Figure 14 - Crosstalk between theatalytic and MTBHB domains is critical for Mbinding
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 Jartel@&labeled TTLL11 variants (red).
Scale bar: 2 umB. Quantification of TIRF images for fukkngth TTLL11, the Nerminally
truncated variant (1210), the catalytically inactive E441G mutant, and the KKKEEE
mutant show binding with similar intensity. Deleting the -BHB or catalytic domains
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abolishes TTLL11 binding. Mut ations in TTLL1
binding by 60% and 95%, respectively. Binding of TTLL11 to MT surface depends on salt
concentration evaluated by TIRF microscoplge TTLL11 binding intensity to MTs correlated
negatively with an increase of the ionic strength of the assay buffer(l4A€Tk) were attached

to the glass surface and the binding of TTLL11 (100 nM, conjugated to Jad8lia
fluorophore, red) visualized TIRF microscopy in a buffer compgigi0 mM TrisHCI, pH7, 5

% glycerol, 1ImM TCEP, 1mM Mgg£and varied concentrations of NaCl or KCIi(@00 mM).

Scale bar = 2 ymD. Quantification of TIRF imagesf TTLL11 binding in different salt
concentrationsThe fluorescence intensity of the JandliBLL11 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 isshown 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 ttest with Welschorrection, ***P<0.0001, the black bar represents median value
with 95 % c.i..

To complement these findings, we evaluated TTLL11 binding to fdawringmodified G
terminal tail s. ds MTs we r -wbulin tadsa ar subtilismitdt h  As p
r e mo v e - abnodtulblin@hils; Fig.15). At 100 nM TTLL11 concentration, fluorescence

signals for AspNreated MTs were approximately 50% lower than those for intact MTs, while

no binding was observed for subtilidireated MTsThese results confirm that thet@minal

tails of both tubulin protomers are essential for TTLL1Xchaming to MTs and that
monodentate binding mediated by NBHB alone is insufficient. The combined contributions

of both the MTBHB and catalytic domain are thus essential for effective MT binding
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Figure 1571 Tubulin Gtails are critical for TTLL11 interactions.
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A. CBBstained gel of AspN and subtilisinr e at ed MTs . AsdupuNn Gtalbuncat e

whil e subti | i sainmdtubblinGiaits.dBiCeTRF micrdsdopy Unages) and
guantification C) show AspNreated MTs exhibit ~50% reduction in TTLL11 binding, while
the complete loss of binding is observed for subtiiated MTsData 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 unpairegstt with Welsch correction,
****%p<0.0001, the black bar represents median valugh 95 % c.i. Scale bar = gm.

These TIRF findings were corroborated inyvitro and cellbased assays examining MT
polyglutamylation by TTLL11 variants (Fid.6). 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 1I594W
and R601E mutants exhibited rkadly reduced polyglutamylation activity. Collectively, these
results demonstrate that impaired MT binding affinity in TTLIWABLiants directly correlates
with reduced polyglutamylation efficiency.
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Figure 167 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 fulength and 122710 variants. Variants lacking the
MT-BHB domain show no activity. 1594W and R601E mutants show redutbetly atue to
weakened MT interaction&. In cellulo assays in HEK293T cells transfected with TTLL11
variants, TTLL6, and TTLL7 have polyglutamylation patterns consistent with in vitro findings.
TTLL6 and TTLL7 sémodcubllimespetively.cAn unigentfied mTLLL1
substrate, represented by a poly& ai ned b a n-ta nidtubblm ¢markes déyredU
lines), is glutamylated regardless of the 8HB mutations.
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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

andin vitro, it does noprovidefor the identification of polyglutamylation attachment sitee
polyglutamate chain length and connectivity. To overcome these limitations, we implemented
an LGMS/MS pipeline that enabled us to gain detailed qualitative and quantitative insights
into tubulin polyglutamylation by TTLL11. For MS/MS experiments, samplese digested

with the trypsin/LysC mix or Asplb analyzehe Gt e r mi -ain dildélin,Wespectively.

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 labepeiideuterateds and 80 glutamates
(Fig.17 A).

In our initial set of experiments, we used mostly unmodified native tubulin isolated from
HEK293T cells,composed primarily byUBA1A and TUBA1B isoformsUpon incubation

with purified TTLL11, we observed massive

pc

Up2 variants with up to 11 glutamate residue

that the glutamate residues are primarily attached to the @derminus of theprimary

polypeptiderepresenting a novel type of tubulin modificat{®mg. 17 A).Incontrast t he UTyr

variant was not @erminally extended but instead exhibited marginal lateral branching at
Glu445, Glu446, or Glu44{Fig. 17 B).

F o rtubllins, TUBB5 and TUBB4B were the most populated isoforms. When incubated with
TTLL11 in vitro, up to 27 gl ut amat etubulietails ahd thtesMSIMS r e
spectra again revealed the direct extension of the natieen@ini, where polyglutamate chains

were attached to the terminal alanine residue shared Iy thBgforms (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-MS/MS pipeline. MTs are incubated with TTLL11 in
vitro in a reaction mixture supplemented with perdeuterateggltamate. Following
digestion with either trypsirlktubulin Gtails) or AspN B-tubulin Gtails), resulting peptides

are analyzed by L®AS 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), basedtloa presence of the land y-series of peptides,
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