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Abstract:  55 

Microtubules are intracellular filaments that define in space and in time a large number 56 

of essential cellular functions such as cell division, morphology and motility, 57 

intracellular transport and flagella and cilia assembly. They are therefore essential for 58 

spermatozoon and oocyte maturation and function, and for embryo development. The 59 

dynamic and functional properties of the microtubules are in large part defined by 60 

various classes of interacting proteins including MAPs (Microtubule Associated 61 

Proteins), microtubule dependent motors, and severing and modifying enzymes. 62 

Multiple mechanisms regulate these interactions. One of them is defined by the high 63 

diversity of the microtubules themselves generated by the combination of different 64 

tubulin isotypes and by several tubulin post-translational modifications (PTMs). This 65 

generates a so-called tubulin code that finely regulates the specific set of proteins that 66 

associates with a given microtubule thereby defining the properties and functions of the 67 

network.  Here we provide an in depth review of the current knowledge on the tubulin 68 

isotypes and PTMs in spermatozoa, oocytes, and preimplantation embryos in various 69 

model systems and in the human species. We focus on functional implications of the 70 

tubulin code for cytoskeletal function, particularly in the field of human reproduction 71 

and development, with special emphasis on gamete quality and infertility. Finally, we 72 

discuss some of the knowledge gaps and propose future research directions.  73 

  74 

  75 



Introduction 76 

Successful gamete and embryo development, including spermatozoon flagellar beating, 77 

meiotic and mitotic spindle assembly, and polarization of blastomeres, rely on the fine 78 

regulation of the microtubule network in space and in time.  79 

Microtubules are intrinsically dynamic hollow filaments formed by lateral interactions 80 

of protofilaments. In mammalian cells, cytoplasmic microtubules have 13 81 

protofilaments. Protofilaments result from the head to tail self-assembly association of 82 

alpha- and beta-tubulin heterodimers. Microtubules are polarized with an exposed 83 

alpha-tubulin subunit at the so-called minus-end and a beta-tubulin subunit exposed at 84 

the so-called plus-end (Figure 1).  In many animal cells, microtubule minus-ends are 85 

focused at the centrosome (the main microtubule organizing center, MTOC) and their 86 

more dynamic plus-ends extend out toward the cell periphery during interphase. 87 

However, microtubules can organize different types of networks highly related with the 88 

specific function of the different cell types. They can also form specialized cellular 89 

structures that can either be relatively stable like the axoneme of flagella and motile 90 

cilia, or highly dynamic like the bipolar spindle, the molecular machine that segregates 91 

the chromosomes during cell division.  92 

Microtubules alternate between phases of growth and shrinkage, an intrinsic property 93 

known as “dynamic instability” [1]. Therefore the length of dynamic microtubules 94 

varies constantly. In the cell, microtubule dynamics is regulated by several classes of 95 

interacting and severing proteins that can promote their stabilization or, on the contrary, 96 

destabilize them. In addition, microtubule-dependent motors define their intracellular 97 

organization and/or use them as tracks to drive the directional transport of different 98 

cellular components to different cellular destinations. Despite their homogeneous 99 

alpha- beta-tubulin heterodimer core composition, two mechanisms generate diversity 100 



at the microtubule surface thereby defining different binding affinities for the 101 

associated proteins resulting in major functional implications. These mechanisms rely 102 

on the presence of small sequence differences at the exposed C-terminus of the different 103 

alpha- and beta-tubulin isotypes, and on several tubulin PTMs, many occurring on 104 

specific residues in these C-terminal sequences [2] (Figure 1).  105 

The tubulin code is functionally important because it can either directly have an impact 106 

on the structural properties of the microtubules and/or define the specific binding 107 

affinities and properties of interacting proteins.  108 

The first evidence for the role of tubulin PTMs in the regulation of the binding of MAPs 109 

to microtubules was obtained in 1994 for Tau and one specific class of tubulin PTMs: 110 

polyglutamylation [3]. Tau has a higher affinity for microtubules with short 111 

polyglutamylated chains (up to 3 residues). Instead, MAP1A associates preferentially 112 

with microtubules having long polyglutamylated chains. It was therefore proposed that 113 

the potential binding competition of different MAPs for the microtubules is solved 114 

through the control of tubulin polyglutamylation chain length [3, 4]. As a consequence, 115 

not only the combination of tubulin isotypes and different tubulin PTMs can regulate 116 

the binding of microtubule-associated proteins but the extent of some modifications 117 

(chain length) has also different functional consequences. Moreover, some tubulin 118 

PTMs have an impact on the functional properties of the associated motors such as their 119 

processivity, their velocity, and their directionality [5] (Table 1).  Overall, the tubulin 120 

code provides a complex and fine mechanism that defines microtubule function.  121 

Several data indicate that the tubulin code has important functions for gamete and 122 

embryonic development in model organisms and human. Indeed specific tubulin 123 

isotypes are expressed, and enzymes that catalyze tubulin PTMs are present in their 124 

reproductive systems. Moreover, work in several animal models has provided evidence 125 



for the essential roles of tubulin modifying enzymes with different knockouts or 126 

mutants showing reproductive problems. Although somatic cells such as sertoli and 127 

cumulus cells are essential for the proper development of the spermatozoa and oocytes, 128 

due to the lack of data for these cells, we review here the mechanisms that generate 129 

microtubule diversity and our current understanding of their role in gametes, 130 

fertilization, and early embryo development that come mostly from studies in animal 131 

models, with a special emphasis on the putative implications for fertility in humans.  132 

 133 

The tubulin isotypes 134 

The human genome contains 12 genes encoding alpha-tubulins (9 genes, 2 pseudogenes 135 

and 1 putative gene) and 10 genes encoding beta-tubulins (9 genes and 1 pseudogene) 136 

(Table 2) (HGNC Database, HUGO Gene Nomenclature Committee (HGNC), EMBL 137 

Outstation - Hinxton, European Bioinformatics Institute, Welcome Trust Genome 138 

Campus, Hinxton, Cambridgeshire, CB10 1SD, UK www.genenames.org. Data 139 

retrieved in June 2018). All alpha and beta tubulins have a highly conserved N-terminal 140 

globular domain and an unstructured C-terminal tail that extends outwards along the 141 

microtubule surface serving as docking site for a large number of associated proteins. 142 

These C-terminal tails show the highest sequence diversity amongst the different 143 

tubulin isotypes (Table 2). For instance, TUBA4 A/B (tubulin alpha isotype 4 A/B), 144 

TUBA8 (tubulin alpha isotype 8) and TUBAL3 (tubulin alpha L3) do not contain the 145 

final tyrosine present in the other alpha tubulin isotypes [6].  146 

Interestingly, while some tubulin isotypes are expressed in different cell types, others 147 

are restricted to certain cell types or to specific developmental stages [7-10]. For 148 

example, TUBB8 (tubulin beta isotype 8) is specifically expressed in human oocytes 149 

[11] and TUBB4 (tubulin beta isotype 4) is the main isotype expressed in bovine 150 

http://www.genenames.org/


ciliated tissues [12]. The functional and structural consequences of these specific 151 

expression patterns are still currently unclear [9].  152 

 153 

Tubulin PTMs: types and modifying enzymes  154 

Several types of tubulin PTMs have been described including phosphorylation, 155 

polyamination, methylation, ubiquitination, palmitoylation, acetylation, 156 

(poly)glutamylation, (poly)glycylation and detyrosination. In this review, we will focus 157 

on the last four types of tubulin PTMs keeping a focus on their role in gamete 158 

maturation and early embryo development (Figure 1).  159 

 160 

Tubulin acetylation. Tubulin acetylation was identified for the first time in 1985 [13]. 161 

It consists of the addition of an acetyl group to a lysine in a reversible reaction. Both 162 

alpha and beta tubulins can be acetylated on several sites: Lys40 (lysine 40), 60, 112, 163 

311, 326, 370, 394, 401 among others on alpha-tubulin, and Lys58, 252 and 324 on 164 

beta-tubulin [14]. Although acetylated microtubules are usually reported as being more 165 

stable than non-acetylated ones, the mechanism by which acetylation confers 166 

microtubule stability is not clear and some authors have even questioned this correlation 167 

[15-22]. In fact, acetylation of beta-tubulin Lys252 negatively regulates tubulin 168 

polymerization. However, acetylation of Lys40 on alpha-tubulin is a marker for stable 169 

microtubules. Interestingly, Lys40 acetylation is the only modification that occurs 170 

inside the lumen of the microtubule [23]. It was recently proposed that this modification 171 

stabilizes the microtubule lattice by inducing the formation of a salt bridge, which in 172 

turn promotes structural changes in the microtubule angle [24]. However, no significant 173 

changes in the microtubule lattice were observed in Lys40 acetylated microtubules 174 

versus non-acetylated ones by cryo-electron microscopy [25]. Overall, tubulin 175 



acetylation may modify the mechanical properties, structure and organization of the 176 

microtubules [24, 26].  177 

Several enzymes have been shown to drive tubulin acetylation or deacetylation. Tubulin 178 

acetylation is catalyzed by several acetyltransferases including ARD1-NAT1 (arrest 179 

defective protein 1 – arylamide acetylase 1) [27], ELP3 (elongator complex protein 3) 180 

[28], San (separation anxiety) [29], GCN5 (general control nonrepressed protein 5) [30] 181 

and αTAT1 (alpha-tubulin N-acetyltransferase 1) [26, 31-33].  ARD1-NAT1 is a 182 

protein complex conserved from yeast to humans with ARD1 holding the enzymatic 183 

activity [27]. ELP3 was found to modulate the migration and differentiation of cortical 184 

neurons through the acetylation of alpha-tubulin [28].  San acetylates beta tubulin on 185 

Lys252 [29]. GCN5, on the other hand, promotes tubulin acetylation by interacting with 186 

localization factors such as Myc-nick [30]. Finally, αTAT1 is the major alpha-tubulin 187 

Lys40 acetyltransferase in mice. It is conserved in ciliated organisms and it was shown 188 

to be required for the acetylation of axonemal microtubules and for the normal kinetics 189 

of primary cilium assembly [31, 32]. The mechanism by which αTAT1 acetylates 190 

alpha-tubulin Lys40 inside the microtubule lumen was recently described. αTAT1 can 191 

enter the lumen at the microtubule ends and at bends or breaks in the microtubule 192 

lattice, and then spread Lys40 acetylation along the microtubule [34, 35]. 193 

Tubulin deacetylation is promoted by HDAC6 (histone deacetylase 6) [36, 37] and by 194 

SIRT2 (NAD-dependent protein deacetylase sirtuin-2) [38]. HDAC6 acts mainly on 195 

polymerized microtubules and is constitutively active whereas SIRT2 is a NAD 196 

dependent enzyme [36, 38]. SIRT2 acts specifically on alpha-tubulin Lys40. Although 197 

HDAC6 and SIRT2 interact and may function together [38, 39], altering HDAC6 levels 198 

is sufficient to increase tubulin acetylation in fibroblasts [40].  199 

 200 



Tubulin tyrosination/detyrosination. Most alpha-tubulin isotypes have a glutamic 201 

acid followed by a tyrosine residue at their C-terminus. The removal of this tyrosine 202 

generates detyrosinated tubulin also named Glu-tubulin (because the newly exposed C-203 

terminal amino acid is a glutamic acid, with the exception of TUBA3E, whose exposed 204 

amino acid is an alanine). Glu-tubulin in turn can be re-tyrosinated [41-43]. This 205 

generates a dynamic cycle of tubulin tyrosination/detyrosination [44, 45]. Although 206 

tyrosinated and detyrosinated microtubules can co-exist in the same cell, different cell 207 

types and specific microtubule-based structures have different ratio of 208 

tyrosinated/detyrosinated microtubules [43, 46, 47]. This ratio may in fact define 209 

specific biochemical properties of the microtubule network. Indeed, dynamic 210 

microtubules have been found to be mostly tyrosinated, whereas stable ones like for 211 

example those forming centrioles, are mostly detyrosinated [45, 48].  212 

The further removal of the glutamic acid exposed at the C-terminus of detyrosinated 213 

alpha-tubulin generates the so-called Δ2-tubulin. This modification is irreversible [49]. 214 

Δ2-tubulin is particularly enriched in very stable microtubules like those of cilia 215 

(primary or motile) and neurons. Strikingly, it constitutes 35% of all brain tubulin [50]. 216 

The enzyme that catalyzes the removal of the last tyrosine residue on alpha-tubulin is 217 

the complex of vasohibin-1 with the small vasohibin binding protein [51]. The enzyme 218 

that catalyzes the addition of a tyrosine on Glu-tubulin is named tubulin tyrosine ligase 219 

(TTL) and requires ATP, magnesium ions and a terminal glutamic acid residue for 220 

activity [43, 52-54]. TTL is the founding member of the large TTLL family (see below). 221 

 222 

Tubulin glutamylation and glycylation. Chains of different lengths of identical amino 223 

acids, either glutamic acids or glycines, can be added on glutamic residues present in 224 

the C-terminal tail domains of alpha- and beta-tubulins. These modifications generate 225 



mono- / polyglutamylated or mono- / polyglycylated tubulin, respectively and can occur 226 

on any tubulin independently of any other tubulin PTM [55]. Glutamylation and 227 

glycylation compete for the same sites at the C-terminal tail domains of tubulins [56], 228 

although they can also co-exist in a single molecule of tubulin [57]. These tubulin PTMs 229 

are particularly versatile. Depending on the cell type and organism the branched 230 

aminoacid chains can range from as little as 1 to more than 20 residues [58].  231 

Glutamylation was characterized for the first time in 1990 in brain tubulin where it 232 

represents about 40 to 50% of the total α-tubulin [58]. It is found in both stable and 233 

dynamic microtubules. On the other hand, stable microtubule structures, such as 234 

axonemes, are highly glycylated (glycine lateral chains of up to 34 residues branching 235 

from alpha- and/or beta-tubulin subunits were described in Paramecium [59-61], 236 

whereas dynamic microtubules, if they are modified, have shorter polyglycylated 237 

chains (in humans, see below) [60, 62]. This modification has been detected in one of 238 

the oldest eukaryotes, Giardia lamblia, suggesting an important role for glycylation 239 

throughout evolution [63].  240 

The mechanism by which mono- and polyglutamylated / glycylated chains are 241 

assembled involves a 2-step specific reaction. The initial branching reaction involves 242 

the formation of a γ-amide bond between a glutamic acid residue in the main chain of 243 

tubulin and a free glutamate/glycine. Second, the addition of successive glutamic acid 244 

or glycine residues on the first branched one occurs through the formation of α-amide 245 

bonds (peptide-like bond) [64] (Figure 1). The enzymes that catalyze these reactions 246 

were initially identified in mouse brain, Tetrahymena thermophila and zebrafish [65-247 

67]. These enzymes are highly related to TTL (see above) and constitute the tubulin 248 

tyrosine ligase-like family (TTLL) [66, 68]. They all share a TTLL core domain and an 249 

“extended” TTL domain. The amino acids responsible for the function of the TTLL 250 



enzymes are located in these conserved domains [68]. Mammalian organisms have 13 251 

different TTLL enzymes (from TTLL1 to TTLL13) (Table 3). In the human species, 252 

microtubules can be mono- or polyglutamylated. However, they can only be 253 

monoglycylated because the elongation enzyme (TTLL10) is not functional [69].  254 

The enzymes responsible for the removal of the mono- or polyglycylated chains have 255 

not been identified yet. The enzymes that remove the mono- or polyglutamylated chains 256 

form a family of enzymes called cytosolic carboxypeptidases (or CCPs), also known as 257 

Nna-like proteins or AGTBPs. These enzymes were first identified in studies of 258 

axonemal regeneration and Purkinje cell degeneration in animal models [70, 71]. The 259 

CCP family consists of six members (CCP1 to CCP6) (Table 4). They share a 260 

conserved carboxypeptidase domain (300 residues approximately), which has catalytic 261 

activity and a shorter N-terminal domain (150 residues approximately) that has been 262 

proposed to act as a folding, regulatory or binding domain [72-75]. The functional 263 

redundancy of the TTLL and CCP enzymes may provide a failsafe mechanism to 264 

support essential microtubule functions.  265 

 266 

 267 

The tubulin code and its functional implication in spermatozoa 268 

Mechanism of spermatozoa movement generation. Spermatozoa have a very 269 

specific microtubule-based axoneme that is the main constituent of the flagella that 270 

drives spermatozoa motility, which is essential for natural fertilization. The axoneme is 271 

a distinctive structure that consists of a central pair of microtubules surrounded by a 272 

circular sheaf of nine doublets of microtubules (called 9+2). Each doublet consists of a 273 

complete 13 protofilaments microtubule (named A-tubule) associated with an 274 

incomplete 10 protofilaments microtubule (named B-tubule). The axoneme is 275 



surrounded by the outer dense fibers (ODFs) and the fibrous sheaths [76] that provide 276 

elasticity and support to the beating flagellum and are therefore important for 277 

spermatozoa motility and stability [77] (Figure 2). 278 

Tail movement is powered by axonemal dynein. Axonemal dynein was first identified 279 

in Tetrahymena pyriformis cilia [78] and later found to be a central components of 280 

motile cilia and flagella in all species. It is a microtubule minus-end directed 281 

multiprotein ATP-dependent motor [79]. Dyneins power the reciprocal sliding of 282 

adjacent microtubule doublets by interactions of inner and outer dynein arm complexes 283 

with the microtubules generating the beating of the flagella [78, 80-84]. Inner and outer 284 

arm dyneins have more stable interactions with the A-tubule within a microtubule 285 

doublet (Figure 2). These dynein complexes then interact transiently in an ATP 286 

dependent manner with the B-tubule of an adjacent microtubule doublet, producing a 287 

sliding movement of the microtubule doublets and the bending of the flagellum [85].  288 

 289 

Tubulin PTMs in the spermatozoa flagella. Axonemal microtubules are highly 290 

modified by acetylation, polyglutamylation and polyglycylation [86-88]. The 291 

distribution of some of these PTMs along the spermatozoon axoneme and in each of 292 

the microtubule doublets is not homogeneous [89], generating a complex biochemical 293 

code that may promote transient and specific interactions with individual proteins. 294 

Tubulin acetylation occurs uniformly along the microtubule doublets of the flagella and 295 

in the centrioles in all the species analyzed [90]. 296 

Polyglutamylation can occur on both the axoneme and the centrioles of mammalian 297 

spermatozoa at any stage during their formation and maturation [91, 92]. The length of 298 

the polyglutamate chains is not homogeneous along the spermatozoon axoneme or in 299 

the outer and inner microtubule doublets in several organisms [90, 92-94]. For instance, 300 



in mice and humans, the presence of branching glutamates decreases along the tail 301 

length and they are enriched on doublets 1, 5 and 6 as well as in the outer microtubule 302 

doublets in comparison to the inner ones. The linear decrease of tubulin 303 

polyglutamylation along the spermatozoon axoneme correlates with a decrease of 304 

dynein immunostaining [90, 92, 94], in agreement with the proposed role of tubulin 305 

polyglutamylation in the regulation of the interaction of axonemal dynein with the 306 

microtubule doublets. However, data from other species suggest that this is not a 307 

general rule. Indeed, the distribution of this modification in the cilia of Paramecium  is 308 

the opposite of the one found in human spermatozoa axonemes [95], reinforcing the 309 

observation that each tubulin PTMs pattern may be species specific. 310 

Mono- / polyglycylated tubulin is also strongly enriched in the axonemes of cilia and 311 

flagella [59, 96]. This tubulin PTM is preferentially found on the outer doublets 3 and 312 

8 of the axonemes of mammalian spermatozoa, and like glutamylation it decreases 313 

towards the flagellar tip [95]. In mammalian spermatozoa, monoglycylation is enriched 314 

in doublets 3 and 8 of the axoneme, whereas as described above, mono- / 315 

polyglutamylation is enriched in doublets 1, 5 and 6. Since the two types of 316 

modifications compete for the same site on the tubulin sequence, they are mutually 317 

exclusive.  Interestingly, in Sea urchin spermatozoa flagella, tyrosinated tubulin is 318 

mainly found at doublets 1, 5 and 6, that are polyglutamylated. Instead detyrosinated 319 

tubulin is enriched in doublets 3 and 8 [97, 98], that are polyglycylated. Therefore, it 320 

seems that polyglutamylation and tyrosinated tubulin on one hand and detyrosination 321 

and polyglycylation on the other show some interdependence. 322 

The PTMs in spermatozoa tubulin can be established before or during their 323 

differentiation and maturation depending on species. In Drosophila melanogaster, most 324 

tubulin PTMs are already present in young and mature cysts, a germline stage that 325 



corresponds to spermatogonia and spermatocytes/spermatids, respectively. Tubulin 326 

(poly)glycylation however, is the only modification that occurs towards the end of 327 

spermatozoa maturation, specifically during Drosophila melanogaster spermatozoa 328 

individualization, which is the physical separation of the 64 spermatids of the cyst into 329 

individual spermatozoa. [69, 99, 100]. Similar results were observed in Paramecium 330 

[101], suggesting that (poly)glycylation is the last modification occurring during the 331 

maturation of the spermatozoon. In mammals, there is also a differential expression of 332 

the tubulin family members (alpha, beta and gamma) and distribution of tubulin PTMs 333 

during the process of spermatozoa differentiation and maturation [102, 103]. In rats, 334 

the distribution of tyrosinated, detyrosinated and acetylated tubulins is specific for the 335 

different structures and cells of the seminiferous epithelium (spermatids, spermatocytes 336 

and Sertoli cells) [104]. 337 

 338 

Tubulin modifying enzymes and isotypes in spermatozoa. In agreement with the 339 

high level of PTMs found in the spermatozoon flagellum, most of the modifying 340 

enzymes are present in testis and in spermatozoa of animal models and in humans. For 341 

example, the mRNAs for all the CCPs are present in mice and human testis [105, 106]. 342 

In addition, transcriptomic analysis showed that mRNAs for 5 different alpha 343 

(TUBA1A, TUBA1C, TUBA3C, TUBA4A and TUBA4B) and beta (TUBB, 344 

TUBB2A, TUBB3, TUBB4B and TUBB6) tubulin genes are present in human 345 

spermatozoa [106]. 346 

 347 

Relevance of the tubulin code in spermatozoa. As explained above, the activity of 348 

the inner and outer dynein arms promote the spermatozoa movement. This process is 349 

regulated by tubulin PTMs. Inner dynein arms are positive charged. Since axonemal B-350 



tubules are highly polyglutamylated, this repulsion may promote their transient 351 

interaction providing a basic mechanism for driving spermatozoa motility [107-109]. 352 

On the other hand, the activity of the outer dynein arm is regulated by acetylation of α-353 

tubulin Lys40 in the B-tubule that favors the unbound dissociation state [110] (Figure 354 

2). Therefore, the main expected phenotype from interfering with the tubulin code is 355 

defective spermatozoon motility.  356 

 357 

Information on the functional consequences of interfering with tubulin PTMs has been 358 

obtained in mutants for specific tubulin modifying enzymes. Interfering with tubulin 359 

acetylation induces defects of spermatozoa motility and tail morphology, which in turn 360 

results in the diminished probability of successful fertilization and a reduction of litter 361 

size in mice. Mice mutants for the acetylase αTAT1 have been extensively 362 

characterized. These mice develop testis and the epididymis with a reduced weight and 363 

as well a reduced number of spermatozoa. Mature spermatozoa isolated from cauda 364 

epididymis showed morphological aberrations most of the spermatozoa still had 365 

attached the cytoplasmic droplet, indicating problems in achieving a complete 366 

maturation. The length of the spermatozoa flagella was also diminished and showed a 367 

decrease in the amplitude of the lateral beat, therefore, reducing progressive motility. 368 

However, the flagella microtubule structure was correct, suggesting that acetylation is 369 

affecting spermatozoa maturation, motility and morphology through another 370 

mechanism [33]. Consistently, asthenozoospermic human sperm samples show a 371 

reduction of acetylated tubulin levels compared with normozoospermic cones [111]. 372 

The functional relevance of tubulin polyglutamylation in the spermatozoa has been 373 

addressed with different approaches and in different model systems. In Sea Urchin 374 

spermatozoa, blocking polyglutamylation with specific antibodies was found to 375 



decrease the amplitude of the flagellar beating, especially at its tip [112, 113] and 376 

induce a complete loss of spermatozoa motility. Additional evidence was obtained by 377 

interfering with the modifying enzymes TTLLs and/or CCPs. Mutations in mouse 378 

TTLL1 or TTLL5 (polyglutamylation), result in different levels of infertility, due to 379 

immotile spermatozoa or defects in progressive motility characterized by abnormal 380 

axonemal structures with shortened or absent flagella [114, 115]. Furthermore, 381 

mutations in one the de-glutamylating enzyme CCP1 in mice, result in male sterility 382 

associated with low concentrations of spermatozoa with abnormal shape and motility 383 

[71]. In Chlamydomonas, the tubulin polyglutamylase TTLL9-FAP234 protein 384 

complex was shown to determine the flagellar length [116] by controlling tubulin 385 

turnover and thereby the axonemal stability [117]. Therefore, it seems that the tight 386 

regulation of tubulin polyglutamylation is essential for spermatozoa functionality.  387 

(Poly)glycylation seems to affect, specially, the flagella stability because the 388 

polyglycyne chains would help to reduce the negative charge of the C-terminal tails of 389 

alpha- and beta-tubulin heterodimers [99]. In Drosophila melanogaster, TTLL3 390 

mutants show a male sterility phenotype characterized by only 2.4% of the males being 391 

able to generate some offsprings. Although the flagellum can assemble in these 392 

mutants, it is rapidly destabilized, either disassembling or becoming highly 393 

disorganized [69]. In Zebrafish, the depletion of the same enzyme resulted in axonemes 394 

lacking the central microtubule doublets [56] and thereby showing elongation and 395 

stability defects. In Sea urchin spermatozoa, blocking tubulin glycylation not only 396 

indues morphology defects but also motility ones characterized by spermatozoa 397 

showing an erratic swimming movement with a reduction of the beating amplitude and 398 

frequency as well as an incorrect positioning of the spermatozoon head during 399 

swimming [99]. 400 



Interestingly, differences in the tubulin isotype and tubulin modifying enzymes 401 

transcription profiles have been reported for human teratozoospermic sperm samples 402 

when compared to control normozoospermic ones. For instance, the expression of 403 

TUBA3C, TUBA4A and TUBB4B is down-regulated in teratozoospermic samples, 404 

whereas that of TUBB2B is up-regulated. On the other hand, most of the modifying 405 

enzymes including TTLL5, TTLL6, TTLL7, TTLL9, TTLL13 pseudogene, CCP2 and 406 

CCP5 are down-regulated whereas SIRT2 is up-regulated [106]. These data indicate 407 

that teratozoospermic samples have lower levels of polyglutamylated and 408 

polyglycylated tubulin and higher levels of acetylated tubulin than normozoospermic 409 

ones. The functional implications of these differences are currently unclear. 410 

Interestingly, the truncation of the C-terminal tail domains of B2-tubulin in Drosophila 411 

melanogaster resulted in the absence of spermatozoa axoneme and infertility [118, 412 

119]. Moreover, recent data correlate the presence of acetylated alpha-tubulin isoforms 413 

(TUBA3C and TUBA4A) with sperm samples with poor motility [111]. 414 

 415 

In summary, specific tubulin isotypes and PTMs are present in spermatozoa. All the 416 

data support the idea that the tubulin code plays an essential role in the differentiation, 417 

maturation and functionality of the spermatozoa in humans and other organisms. 418 

 419 

The tubulin code and its functional implications in oocytes 420 

The mechanism of MI and MII spindle assembly. One essential function of the 421 

microtubules in the oocyte is the assembly of the meiotic spindle. The morphology and 422 

functionality of the human oocyte spindle is associated with the oocyte quality and the 423 

ART (Assisted Reproduction Technologies) success because poor oocytes quality is a 424 

common cause of female infertility. The spindle is generally described as a barrel shape 425 



structure, with 47.7% of oocytes with both spindle poles flattened. Compared with the 426 

human oocyte size (approximately 120 µm in diameter) the spindle is very small, 427 

11.8±2.6 µm in length and 8.9±1.7 µm in width, with a slightly shifted metaphase plate 428 

to the pole closer to the oocyte surface [120]. There is relatively few information about 429 

how the human oocyte spindle is assembled and organized. Until recently, it was 430 

generally accepted, but not demonstrated, that oocytes eliminate or degenerate their 431 

own centrosome and any other acentriolar microtubule organizing centers (aMTOCs)– 432 

no spindle pole markers could be found in human oocytes (pericentrin, γ-tubulin) [121] 433 

– during oogenesis. Hence, spindle assembly completely relies on the RanGTP or 434 

chromosome dependent pathway [122, 123]. The fact that aMTOCs do not participate 435 

in spindle assembly seems to be specific for humans. In other species such as mice, 436 

aMTOCs largely contribute to the spindle assembly and bipolarization by a three-step 437 

aMTOC fragmentation and clustering mechanism [124-128]. It is especially curious 438 

that PLK4, which is a master regulator of centriole formation, is essential for spindle 439 

formation in mice oocytes that possess a ring of aMTOCs at spindles poles and are free 440 

of centrioles [129, 130].  441 

Numerous microtubule-associated proteins are also involved in spindle assembly and 442 

for the proper centromere -microtubule attachment, such as Aurora A and B, katanins, 443 

dyneins and kinesin-2A [129, 131-136]. For instance, kinesin-2A (a kinesin-13 member 444 

motorprotein whose activity is regulated by tubulin tyrosination – see Table 1) is 445 

described to be essential for meiotic spindle assembly and migration, chromosome 446 

alignment and polar body extrusion. In C.elegans, katanin also mediates a correct 447 

meiotic spindle assembly. In oocytes of this species, the tubulin isotype TUBB2B is 448 

essential of the katanin severing microtubule function (katanin interaction with tubulin 449 

is mediated by polyglutamylation – see Table 1). The tubulin code may provide a 450 



regulatory mechanism to determine the binding affinities as well as activity of all these 451 

proteins.  452 

 453 

Tubulin PTMs in the oocytes. However, the identification and characterization of 454 

tubulin PTMs in the oocytes of model systems and in humans is still relatively poor due 455 

to the difficulties in sample collection in most cases, the limited availability of specific 456 

reagents and the transient state of tubulin PTMs. More descriptive and functional 457 

analysis has been obtained for the tubulin PTMs present in mitotic spindles of somatic 458 

cells [46, 47, 137-139]. Since meiotic spindles diverge form the mitotic ones in a 459 

molecular and morphological way, this information is difficult to extrapolate. So far, 460 

only data regarding acetylated and tyrosinated tubulin can be found in the literature.  In 461 

mice oocytes, the pattern of tubulin acetylation varies with the different phases of cell 462 

division. It is high at the spindle poles in metaphase, distributed on the whole spindle 463 

in anaphase and restricted to the midbody in telophase [140, 141]. During mouse oocyte 464 

activation, tubulin acetylation increases, due to a reduction of HDAC activity [141]. In 465 

sheep and lamb oocytes, MII spindles are also acetylated but Δ2-tubulin, 466 

polyglutamylated and detyrosinated tubulin are not present [142]. Oocyte mice meiotic 467 

spindles are enriched in tyrosinated [143] and detyrosinated tubulin in an asymmetric 468 

fashion. The meiotic spindle cortical side is enriched in tyrosinated tubulin whereas the 469 

egg side is enriched in detyrosinated tubulin. This asymmetry within the spindle is 470 

induced by the cortex-localized protein CDC42 and, therefore, only acquired in the late 471 

MI when the spindle is positioned close to the cortex, ready to extrude the first polar 472 

body [144]. 473 

 474 



Tubulin modifying enzymes and isotypes in oocytes. Like in spermatozoa, most of 475 

the TTLLs and CCPs are also expressed in the human oocyte. Interestingly the human 476 

oocyte contains mRNAs encoding several alpha tubulin isotypes (TUBAL3, TUBA1B, 477 

TUBA1C, TUBA3C, TUBA3D, TUBA3E and TUBA4B), but only one for beta 478 

tubulin: TUBB8. TUBB8 should provide an important advantage to the oocyte 479 

microtubule functionality because any mutation on this tubulin isotype would have a 480 

vast effect on the oocyte viability [11, 106]. 481 

 482 

Relevance of the tubulin code in oocytes. Oocytes are prone to be genetically 483 

unstable, and this instability increases in aged oocytes due to spindle assembly and 484 

kinetochore-microtubule attachment defects as well as an inefficient spindle assembly 485 

checkpoint control, the loss of sister chromatid cohesion and spindle-associated 486 

proteins (PLK1 and gamma-tubulin) mislocalization [145-149]. All the data on tubulin 487 

acetylation in mice oocytes suggest that alteration in the levels of tubulin acetylation 488 

could contribute to these defects.  489 

Indeed, more than 35% of the mice oocytes depleted of the tubulin deacetylase Sirt2, 490 

show abnormal spindle assembly, chromosome organization and congression defects 491 

and aneuploidy. Interestingly, aged mice (45 – 58 weeks) have reduced expression 492 

levels for Sirt2 and therefore, the levels of tubulin acetylation in the MII meiotic spindle 493 

is higher than in young mice (6 – 8 weeks) [150]. Oocytes from mice at a post-ovulatory 494 

age also have spindles with an increase level of tubulin acetylation [151]. However, 495 

this may not be a general rule since no change in tubulin acetylation was reported for 496 

young and aged human oocytes [149]. The inhibition of HDAC6 with Tubastatin A in 497 

mice induced several defects in oocytes including maturation arrest, abnomal spindle 498 

morphology, chromosome alignment and kinetochore-microtubule attachment defects 499 



as well as defects in spindle migration [152, 153]. Recently, the chromosome cohesion 500 

factor Esco1 was shown to act as a tubulin acetylase in mice [154]. Interestingly, 501 

interfering with Esco1 activity also induced meiotic arrest associated with meiotic 502 

spindle defects and erroneous kinetochore-microtubule attachments [154]. 503 

The tubulin deglytamylase CCP1 is expressed in oocytes and cumulus cells in mice. 504 

Other members of the family with redundant functions such as CCP4 and CCP6 are not 505 

expressed in ovaries. Female mice with mutations in CCP1 and thus a high ratio of 506 

tubulin polyglutamylation are subfertile, producing a reduced number of oocytes after 507 

ovarian stimulation [155]. However unexpectedly, no defects in the assembly of the 508 

meiotic spindle or in chromosome congression were observed. One possibility is that 509 

other CCPs (such as CCP2 and/or CCP3) can compensate the loss of CCP1 activity in 510 

these mice. Another phenotype is the reduction of maturation of secondary follicles to 511 

antral follicles, suggesting that tubulin polyglutamylation is involved in the growth of 512 

the oocyte growing and its maturation [155]. The correct proportion of tubulin 513 

polyglutamylation in the oocyte and the cumulus cells may therefore provide a fine 514 

cross-talk important for oocyte development and maturation. 515 

The genetic analysis of ART patients with primary female infertility problems revealed 516 

the existence of at least 26 independent mutations in the TUBB8 gene. These mutations 517 

are associated with oocyte maturation defects characterized by an abnormal or absent 518 

first meiotic spindle. Most of these mutations affect the folding, assembly and stability 519 

of the microtubules and the binding of motor proteins [11, 156]. Consistently, 520 

expression of the mutant forms of TUBB8 by microinjection of the mRNAs in mouse 521 

oocytes decreased significantly the extrusion of the polar body and this correlated with 522 

the presence of highly disorganized spindles. These phenotypes were further confirmed 523 

in somatic cells [11, 157]. Strikingly, for at least 4 specific TUBB8 mutations and/or 524 



deletions, the oocytes extrude the first polar body but the 2nd meiotic spindle does not 525 

assemble. Once fertilized, the resulting embryos arrest at the cleavage stage [157]. 526 

Altogether these data show that mutations in TUBB8 promote defects that result in 527 

oocyte and/or embryo development arrest. In some cases these mutations are 528 

transmitted paternally because TUBB8 mutations do not have a major effect on 529 

spermatozoa [11, 156, 158].  530 

 531 

The tubulin code and its functional implication in embryos 532 

Tubulin PTMs in embryo self-assembly and lineage specification. Only a handful 533 

of articles have reported the tubulin isotypes and PTMs in embryos. The main 534 

phenotypes upon interfering with tubulin isotypes and PTMs are related to cilia 535 

dysfunctions during development.    536 

In humans, from the 8-cells to blastocyst stage, cells reorganize within the embryo and 537 

establish cell polarity by forming two differentiated cell layers, the extra-embryonic 538 

trophectoderm, that will give rise to the embryonic contribution to the placenta and 539 

extra-embryonic tissues, and the inner cell mass (ICM) that will develop as the embryo 540 

proper. In mice (day E2.5 – E4.5), the mechanism driving cell internalization is 541 

mediated by differences in their surface contractility [159] generated by the cortical 542 

tension [160] and the asymmetrical distribution of macromolecules such as PAR 543 

proteins between cell-contact domains (baso-lateral) versus non cell-contact domains 544 

(apical) [161, 162] achieved through the positioning of the bipolar spindle close to the 545 

apical domain.  When the division plane is parallel to the apical domain, the daughter 546 

cell that receives the apical domain of the polarized mother cell specializes as a 547 

trophectodermal cell, whereas the other daughter become part of the inner cell mass 548 

[163]. The rapid and complex mechanism of cellular polarization also involves 549 



remodeling of the microtubule network that is very dynamic. The only information on 550 

tubulin PTMs currently available is on tubulin acetylation during pre-implantation 551 

development in mouse embryos. The first mitotic spindle in the zygote is acetylated, 552 

particularly at the spindle poles during metaphase [140, 141]. Acetylated microtubules 553 

are also present at later stages of mouse early development. At the 16- and 32-cell 554 

stages, the cortex of the cells is enriched in acetylated microtubules, a pattern that is 555 

more pronounced in the inner cells [164, 165]. However the functional relevance of this 556 

differential pattern is not known.  557 

 558 

Tubulin isotypes in embryos. Although mRNAs encoding several tubulin isotypes 559 

were identified in embryos: four for alpha-tubulins (TUBA1A, TUBA1B, TUBA1C 560 

and TUBA3C) and six for beta-tubulins (TUBB2A, TUBB2B, TUBB3, TUBB4A, 561 

TUBB4B and TUBB6), their functional implications have not been yet elucidated 562 

[106].  563 

 564 

Relevance of the tubulin code in embryos. The most common consequence of 565 

depleting tubulin modifying enzymes in any animal system is the formation of 566 

dysfunctional cilia with altered motility and/or structure. Unlike motile cilia and 567 

flagella, primary cilia are immotile and their axoneme lacks the central pair of 568 

microtubules. Cilia play essential roles in development as transmitters of external 569 

osmotic and mechanical signals, and as key coordinators of signaling pathways, like 570 

Hedgehog, essential during development [166]. Ciliary defects can promote alterations 571 

in organ laterality, hydrocephaly, cystic kidney disease and retinal degeneration, among 572 

others [167]. In mouse embryos, the primary cilia appear first at day 6 of development, 573 

in epiblast cells and subsequently in all the cells derived from them [168]. Microtubules 574 



forming the axoneme of primary cilia are also highly modified [169]. Several studies 575 

in Zebrafish embryos have shown that interfering with PTMs produces developmental 576 

defects. Altering the levels of tubulin acetylation produces hydrocephaly, curved body 577 

shape, short body axis [32] and reduced rates of cilia assembly [31], among other 578 

phenotypes. CCP5 as well as TTLL3 or TTLL6 depletion also induce developmental 579 

defects such as body axis curvatures and hydrocephalus [67, 160, 170]. A similar 580 

TTLL3 mutation in Drosophila reduce the survival of embryos to only 50% [69]. In 581 

mice, mutations in CCP1 cause the Purkinje cell degeneration phenotype that exhibits 582 

numerous defects in adults such as the degeneration of cerebellar Purkinje neurons and 583 

ataxia [71].  584 

Not only the tubulin code ensures the proper development of the embryo, but also 585 

MAPs and other centrosome-associated proteins play an important part. Recently, a 586 

genome-wide association study of human early embryos generated from IVF cycles 587 

identified maternal PLK4 genetic variants that influence the rate of aneuploidy arising 588 

from mitotic origin [171]. Later, another study demonstrated that infertile women 589 

carrying a specific PLK4 genetic variant form fewer good quality blastocysts and have 590 

an increased risk of early recurrent miscarriages [172]. All these studies show that, in 591 

general, the cytoskeleton configuration, dynamics and the tubulin code are essential for 592 

the development of a viable embryo and a healthy organism, and they also have a big 593 

influence in the IVF success rate.    594 

 595 

Future perspectives and applications 596 

Most of the research done so far on the expression of tubulin isotypes and on their 597 

PTMs has been done in somatic cells and model organisms such as Sea urchin, 598 

Tetrahymena thermophila and mice. The importance of the tubulin isotypes and their 599 



PTMs in human reproduction is far from being understood. However, recent data from 600 

animal models and in humans suggest that they have an important and direct functional 601 

role in reproduction. There is a need for additional research on human gametes and 602 

embryos, which could include single oocyte proteomics and single cell embryos qPCR. 603 

These data may be particularly relevant for the ART clinics. The detailed analysis of 604 

tubulin PTMs in human spermatozoa could provide novel molecular markers for 605 

spermatozoa selection beyond those currently in use. It could be particularly relevant 606 

to study the tubulin PTMs and isotypes expression and distribution in normozoospermic 607 

samples with fertility problems, because although these spermatozoa are classified as 608 

“normal” in terms of morphology, motility and concentration, they could be aberrant at 609 

the molecular level. 610 

Beyond the analysis of the TUBB8 gene in oocytes, other alpha-tubulin isotypes and 611 

their expression pattern could be determined in patients with oocyte maturation 612 

problems. The tubulin isotype expression pattern and the tubulin PTMs distribution of 613 

an in vivo matured MII oocyte could be compared to the oocytes matured in vitro to 614 

examine whether external factors, associated with the maturation media may induce 615 

changes. Another interesting question is whether the tubulin isotypes and PTMs may 616 

change in aged oocytes with respect to younger ones. In aged oocytes, aneuploidy is a 617 

common alteration that can cause embryonic arrests at the pre- and post-implantation 618 

level, and spontaneous abortions. Many factors can contribute to the appearance of 619 

aneuploid oocytes, such as a higher concentration of reactive oxygen species (ROS), 620 

altered gene expression or a permissive spindle assembly checkpoint. It will be 621 

particularly relevant to address whether aging can also affect the expression and/or 622 

functionality of tubulin PTMs and isotypes apart from acetylation. The abnormal 623 

expression of tubulin PTMs and isotypes would affect the binding and processivity of 624 



motor proteins necessary for the congression and/or separation of the chromosomes to 625 

the metaphase plate, as well as the correct assembly of the meiotic spindle. We posit 626 

that the analysis of tubulin isotypes and PTMs in human oocytes might provide answers 627 

to some of these questions.  628 

 629 

Concluding remarks 630 

The cytoskeleton is a key element for the proper organization of the cell, axoneme 631 

formation, intraflagellar transport, cell shape determination and cell division, among 632 

others. All these functions are in part regulated by the expression of various tubulin 633 

isotypes and by the combination of tubulin PTMs that altogether determine the tubulin 634 

code. Defects in this code in spermatozoa, oocytes and embryos in animal models and 635 

humans showed severe phenotypes, leading to gamete maturation problems and embryo 636 

pre- and post-implantation defects (Table 5). This emphasizes the importance of the 637 

tubulin code in development. Understanding the tubulin code in the human reproductive 638 

system may provide novel tools in ART. 639 

 640 

Authors’ role 641 

 F.A. collected the information, designed the figures/tables and performed the analysis 642 

and writing of the manuscript. M.B. critically revised the manuscript and provided 643 

expert knowledge. R.V. and I.V. designed the concept and the figures/tables, provided 644 

expert knowledge and critically revised the manuscript. All authors have seen and 645 

approved the final version.  646 

 647 

Acknowledgments 648 



We want to thank all the members of Clínica Eugin and Vernos lab for critical 649 

discussion on the various aspects of the tubulin isotypes and PTMs in reproduction and 650 

their support in writing this review. We want to thank Désirée Garcia for her advice 651 

during the manuscript preparation.  652 

 653 

Conflict of interest 654 

 We declare no conflict of interest 655 

 656 

 657 

Bibliography 658 

1. Mitchison T, Kirschner M. Dynamic instability of microtubule growth. 659 
Nature 1984; 312:237-242. 660 

2. Schatten H, Sun QY. Posttranslationally modified tubulins and other 661 
cytoskeletal proteins: their role in gametogenesis, oocyte maturation, 662 
fertilization and Pre-implantation embryo development. Adv Exp Med 663 
Biol 2014; 759:57-87. 664 

3. Boucher D, Larcher JC, Gros F, Denoulet P. Polyglutamylation of tubulin as 665 
a progressive regulator of in vitro interactions between the microtubule-666 
associated protein Tau and tubulin. Biochemistry 1994; 33:12471-12477. 667 

4. Bonnet C, Boucher D, Lazereg S, Pedrotti B, Islam K, Denoulet P, Larcher 668 
JC. Differential binding regulation of microtubule-associated proteins 669 
MAP1A, MAP1B, and MAP2 by tubulin polyglutamylation. J Biol Chem 670 
2001; 276:12839-12848. 671 

5. Peris L, Wagenbach M, Lafanechere L, Brocard J, Moore AT, Kozielski F, 672 
Job D, Wordeman L, Andrieux A. Motor-dependent microtubule 673 
disassembly driven by tubulin tyrosination. J Cell Biol 2009; 185:1159-674 
1166. 675 

6. Gu W, Lewis SA, Cowan NJ. Generation of antisera that discriminate 676 
among mammalian alpha-tubulins: introduction of specialized isotypes 677 
into cultured cells results in their coassembly without disruption of 678 
normal microtubule function. J Cell Biol 1988; 106:2011-2022. 679 

7. Lewis SA, Lee MG, Cowan NJ. Five mouse tubulin isotypes and their 680 
regulated expression during development. J Cell Biol 1985; 101:852-861. 681 

8. Denoulet P, Edde B, Gros F. Differential expression of several 682 
neurospecific beta-tubulin mRNAs in the mouse brain during 683 
development. Gene 1986; 50:289-297. 684 

9. Lewis SA, Gu W, Cowan NJ. Free intermingling of mammalian beta-tubulin 685 
isotypes among functionally distinct microtubules. Cell 1987; 49:539-548. 686 



10. Hurd DD, Miller RM, Nunez L, Portman DS. Specific alpha- and beta-687 
tubulin isotypes optimize the functions of sensory Cilia in Caenorhabditis 688 
elegans. Genetics 2010; 185:883-896. 689 

11. Feng R, Sang Q, Kuang Y, Sun X, Yan Z, Zhang S, Shi J, Tian G, Luchniak A, 690 
Fukuda Y, Li B, Yu M, et al. Mutations in TUBB8 and Human Oocyte 691 
Meiotic Arrest. N Engl J Med 2016; 374:223-232. 692 

12. Renthal R, Schneider BG, Miller MM, Luduena RF. Beta IV is the major 693 
beta-tubulin isotype in bovine cilia. Cell Motil Cytoskeleton 1993; 25:19-694 
29. 695 

13. L'Hernault SW, Rosenbaum JL. Chlamydomonas alpha-tubulin is 696 
posttranslationally modified by acetylation on the epsilon-amino group of 697 
a lysine. Biochemistry 1985; 24:473-478. 698 

14. Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, Walther TC, Olsen 699 
JV, Mann M. Lysine acetylation targets protein complexes and co-700 
regulates major cellular functions. Science 2009; 325:834-840. 701 

15. Brunke KJ, Collis PS, Weeks DP. Post-translational modification of tubulin 702 
dependent on organelle assembly. Nature 1982; 297:516-518. 703 

16. Piperno G, LeDizet M, Chang XJ. Microtubules containing acetylated alpha-704 
tubulin in mammalian cells in culture. J Cell Biol 1987; 104:289-302. 705 

17. Schulze E, Asai DJ, Bulinski JC, Kirschner M. Posttranslational modification 706 
and microtubule stability. J Cell Biol 1987; 105:2167-2177. 707 

18. Matsuyama A, Shimazu T, Sumida Y, Saito A, Yoshimatsu Y, Seigneurin-708 
Berny D, Osada H, Komatsu Y, Nishino N, Khochbin S, Horinouchi S, 709 
Yoshida M. In vivo destabilization of dynamic microtubules by HDAC6-710 
mediated deacetylation. EMBO J 2002; 21:6820-6831. 711 

19. Asthana J, Kapoor S, Mohan R, Panda D. Inhibition of HDAC6 deacetylase 712 
activity increases its binding with microtubules and suppresses 713 
microtubule dynamic instability in MCF-7 cells. J Biol Chem 2013; 714 
288:22516-22526. 715 

20. Tran AD, Marmo TP, Salam AA, Che S, Finkelstein E, Kabarriti R, Xenias 716 
HS, Mazitschek R, Hubbert C, Kawaguchi Y, Sheetz MP, Yao TP, et al. 717 
HDAC6 deacetylation of tubulin modulates dynamics of cellular 718 
adhesions. J Cell Sci 2007; 120:1469-1479. 719 

21. Zilberman Y, Ballestrem C, Carramusa L, Mazitschek R, Khochbin S, 720 
Bershadsky A. Regulation of microtubule dynamics by inhibition of the 721 
tubulin deacetylase HDAC6. J Cell Sci 2009; 122:3531-3541. 722 

22. Patel VP, Chu CT. Decreased SIRT2 activity leads to altered microtubule 723 
dynamics in oxidatively-stressed neuronal cells: implications for 724 
Parkinson's disease. Exp Neurol 2014; 257:170-181. 725 

23. Nogales E, Whittaker M, Milligan RA, Downing KH. High-resolution model 726 
of the microtubule. Cell 1999; 96:79-88. 727 

24. Cueva JG, Hsin J, Huang KC, Goodman MB. Posttranslational acetylation of 728 
alpha-tubulin constrains protofilament number in native microtubules. 729 
Curr Biol 2012; 22:1066-1074. 730 

25. Howes SC, Alushin GM, Shida T, Nachury MV, Nogales E. Effects of tubulin 731 
acetylation and tubulin acetyltransferase binding on microtubule 732 
structure. Mol Biol Cell 2014; 25:257-266. 733 

26. Topalidou I, Keller C, Kalebic N, Nguyen KC, Somhegyi H, Politi KA, 734 
Heppenstall P, Hall DH, Chalfie M. Genetically separable functions of the 735 



MEC-17 tubulin acetyltransferase affect microtubule organization. Curr 736 
Biol 2012; 22:1057-1065. 737 

27. Ohkawa N, Sugisaki S, Tokunaga E, Fujitani K, Hayasaka T, Setou M, 738 
Inokuchi K. N-acetyltransferase ARD1-NAT1 regulates neuronal dendritic 739 
development. Genes Cells 2008; 13:1171-1183. 740 

28. Creppe C, Malinouskaya L, Volvert ML, Gillard M, Close P, Malaise O, 741 
Laguesse S, Cornez I, Rahmouni S, Ormenese S, Belachew S, Malgrange B, 742 
et al. Elongator controls the migration and differentiation of cortical 743 
neurons through acetylation of alpha-tubulin. Cell 2009; 136:551-564. 744 

29. Chu CW, Hou F, Zhang J, Phu L, Loktev AV, Kirkpatrick DS, Jackson PK, 745 
Zhao Y, Zou H. A novel acetylation of beta-tubulin by San modulates 746 
microtubule polymerization via down-regulating tubulin incorporation. 747 
Mol Biol Cell 2011; 22:448-456. 748 

30. Conacci-Sorrell M, Ngouenet C, Eisenman RN. Myc-nick: a cytoplasmic 749 
cleavage product of Myc that promotes alpha-tubulin acetylation and cell 750 
differentiation. Cell 2010; 142:480-493. 751 

31. Shida T, Cueva JG, Xu Z, Goodman MB, Nachury MV. The major alpha-752 
tubulin K40 acetyltransferase alphaTAT1 promotes rapid ciliogenesis and 753 
efficient mechanosensation. Proc Natl Acad Sci U S A 2010; 107:21517-754 
21522. 755 

32. Akella JS, Wloga D, Kim J, Starostina NG, Lyons-Abbott S, Morrissette NS, 756 
Dougan ST, Kipreos ET, Gaertig J. MEC-17 is an alpha-tubulin 757 
acetyltransferase. Nature 2010; 467:218-222. 758 

33. Kalebic N, Sorrentino S, Perlas E, Bolasco G, Martinez C, Heppenstall PA. 759 
alphaTAT1 is the major alpha-tubulin acetyltransferase in mice. Nat 760 
Commun 2013; 4:1962. 761 

34. Coombes C, Yamamoto A, McClellan M, Reid TA, Plooster M, Luxton GW, 762 
Alper J, Howard J, Gardner MK. Mechanism of microtubule lumen entry 763 
for the alpha-tubulin acetyltransferase enzyme alphaTAT1. Proc Natl 764 
Acad Sci U S A 2016; 113:E7176-E7184. 765 

35. Ly N, Elkhatib N, Bresteau E, Pietrement O, Khaled M, Magiera MM, Janke 766 
C, Le Cam E, Rutenberg AD, Montagnac G. alphaTAT1 controls longitudinal 767 
spreading of acetylation marks from open microtubules extremities. Sci 768 
Rep 2016; 6:35624. 769 

36. Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, Nixon A, Yoshida M, 770 
Wang XF, Yao TP. HDAC6 is a microtubule-associated deacetylase. Nature 771 
2002; 417:455-458. 772 

37. Zhang Y, Li N, Caron C, Matthias G, Hess D, Khochbin S, Matthias P. HDAC-773 
6 interacts with and deacetylates tubulin and microtubules in vivo. EMBO 774 
J 2003; 22:1168-1179. 775 

38. North BJ, Marshall BL, Borra MT, Denu JM, Verdin E. The human Sir2 776 
ortholog, SIRT2, is an NAD+-dependent tubulin deacetylase. Mol Cell 777 
2003; 11:437-444. 778 

39. Nahhas F, Dryden SC, Abrams J, Tainsky MA. Mutations in SIRT2 779 
deacetylase which regulate enzymatic activity but not its interaction with 780 
HDAC6 and tubulin. Mol Cell Biochem 2007; 303:221-230. 781 

40. Zhang Y, Kwon S, Yamaguchi T, Cubizolles F, Rousseaux S, Kneissel M, Cao 782 
C, Li N, Cheng HL, Chua K, Lombard D, Mizeracki A, et al. Mice lacking 783 



histone deacetylase 6 have hyperacetylated tubulin but are viable and 784 
develop normally. Mol Cell Biol 2008; 28:1688-1701. 785 

41. Arce CA, Rodriguez JA, Barra HS, Caputo R. Incorporation of L-tyrosine, L-786 
phenylalanine and L-3,4-dihydroxyphenylalanine as single units into rat 787 
brain tubulin. Eur J Biochem 1975; 59:145-149. 788 

42. Hallak ME, Rodriguez JA, Barra HS, Caputto R. Release of tyrosine from 789 
tyrosinated tubulin. Some common factors that affect this process and the 790 
assembly of tubulin. FEBS Lett 1977; 73:147-150. 791 

43. Raybin D, Flavin M. Modification of tubulin by tyrosylation in cells and 792 
extracts and its effect on assembly in vitro. J Cell Biol 1977; 73:492-504. 793 

44. Valenzuela P, Quiroga M, Zaldivar J, Rutter WJ, Kirschner MW, Cleveland 794 
DW. Nucleotide and corresponding amino acid sequences encoded by 795 
alpha and beta tubulin mRNAs. Nature 1981; 289:650-655. 796 

45. Gundersen GG, Khawaja S, Bulinski JC. Postpolymerization detyrosination 797 
of alpha-tubulin: a mechanism for subcellular differentiation of 798 
microtubules. J Cell Biol 1987; 105:251-264. 799 

46. Gundersen GG, Kalnoski MH, Bulinski JC. Distinct populations of 800 
microtubules: tyrosinated and nontyrosinated alpha tubulin are 801 
distributed differently in vivo. Cell 1984; 38:779-789. 802 

47. Geuens G, Gundersen GG, Nuydens R, Cornelissen F, Bulinski JC, 803 
DeBrabander M. Ultrastructural colocalization of tyrosinated and 804 
detyrosinated alpha-tubulin in interphase and mitotic cells. J Cell Biol 805 
1986; 103:1883-1893. 806 

48. Kreis TE. Microtubules containing detyrosinated tubulin are less dynamic. 807 
EMBO J 1987; 6:2597-2606. 808 

49. Paturle-Lafanechere L, Edde B, Denoulet P, Van Dorsselaer A, Mazarguil H, 809 
Le Caer JP, Wehland J, Job D. Characterization of a major brain tubulin 810 
variant which cannot be tyrosinated. Biochemistry 1991; 30:10523-811 
10528. 812 

50. Paturle-Lafanechere L, Manier M, Trigault N, Pirollet F, Mazarguil H, Job D. 813 
Accumulation of delta 2-tubulin, a major tubulin variant that cannot be 814 
tyrosinated, in neuronal tissues and in stable microtubule assemblies. J 815 
Cell Sci 1994; 107 ( Pt 6):1529-1543. 816 

51. Aillaud C, Bosc C, Peris L, Bosson A, Heemeryck P, Van Dijk J, Le Friec J, 817 
Boulan B, Vossier F, Sanman LE, Syed S, Amara N, et al. Vasohibins/SVBP 818 
are tubulin carboxypeptidases (TCPs) that regulate neuron 819 
differentiation. Science 2017; 358:1448-1453. 820 

52. Murofushi H. Purification and characterization of tubulin-tyrosine ligase 821 
from porcine brain. J Biochem 1980; 87:979-984. 822 

53. Rudiger M, Wehland J, Weber K. The carboxy-terminal peptide of 823 
detyrosinated alpha tubulin provides a minimal system to study the 824 
substrate specificity of tubulin-tyrosine ligase. Eur J Biochem 1994; 825 
220:309-320. 826 

54. Ersfeld K, Wehland J, Plessmann U, Dodemont H, Gerke V, Weber K. 827 
Characterization of the tubulin-tyrosine ligase. J Cell Biol 1993; 120:725-828 
732. 829 

55. Edde B, Rossier J, Le Caer JP, Prome JC, Desbruyeres E, Gros F, Denoulet P. 830 
Polyglutamylated alpha-tubulin can enter the tyrosination/detyrosination 831 
cycle. Biochemistry 1992; 31:403-410. 832 



56. Wloga D, Webster DM, Rogowski K, Bre MH, Levilliers N, Jerka-Dziadosz 833 
M, Janke C, Dougan ST, Gaertig J. TTLL3 Is a tubulin glycine ligase that 834 
regulates the assembly of cilia. Dev Cell 2009; 16:867-876. 835 

57. Mary J, Redeker V, Le Caer JP, Rossier J, Schmitter JM. Posttranslational 836 
modifications of axonemal tubulin. J Protein Chem 1997; 16:403-407. 837 

58. Edde B, Rossier J, Le Caer JP, Desbruyeres E, Gros F, Denoulet P. 838 
Posttranslational glutamylation of alpha-tubulin. Science 1990; 247:83-839 
85. 840 

59. Redeker V, Levilliers N, Schmitter JM, Le Caer JP, Rossier J, Adoutte A, Bre 841 
MH. Polyglycylation of tubulin: a posttranslational modification in 842 
axonemal microtubules. Science 1994; 266:1688-1691. 843 

60. Bre MH, Redeker V, Vinh J, Rossier J, Levilliers N. Tubulin polyglycylation: 844 
differential posttranslational modification of dynamic cytoplasmic and 845 
stable axonemal microtubules in paramecium. Mol Biol Cell 1998; 9:2655-846 
2665. 847 

61. Iftode F, Clerot JC, Levilliers N, Bre MH. Tubulin polyglycylation: a 848 
morphogenetic marker in ciliates. Biol Cell 2000; 92:615-628. 849 

62. Callen AM, Adoutte A, Andrew JM, Baroin-Tourancheau A, Bre MH, Ruiz 850 
PC, Clerot JC, Delgado P, Fleury A, Jeanmaire-Wolf R, et al. Isolation and 851 
characterization of libraries of monoclonal antibodies directed against 852 
various forms of tubulin in Paramecium. Biol Cell 1994; 81:95-119. 853 

63. Weber K, Schneider A, Muller N, Plessmann U. Polyglycylation of tubulin 854 
in the diplomonad Giardia lamblia, one of the oldest eukaryotes. FEBS Lett 855 
1996; 393:27-30. 856 

64. Redeker V, Le Caer JP, Rossier J, Prome JC. Structure of the polyglutamyl 857 
side chain posttranslationally added to alpha-tubulin. J Biol Chem 1991; 858 
266:23461-23466. 859 

65. Regnard C, Fesquet D, Janke C, Boucher D, Desbruyeres E, Koulakoff A, 860 
Insina C, Travo P, Edde B. Characterisation of PGs1, a subunit of a protein 861 
complex co-purifying with tubulin polyglutamylase. J Cell Sci 2003; 862 
116:4181-4190. 863 

66. Janke C, Rogowski K, Wloga D, Regnard C, Kajava AV, Strub JM, Temurak 864 
N, van Dijk J, Boucher D, van Dorsselaer A, Suryavanshi S, Gaertig J, et al. 865 
Tubulin polyglutamylase enzymes are members of the TTL domain 866 
protein family. Science 2005; 308:1758-1762. 867 

67. Pathak N, Obara T, Mangos S, Liu Y, Drummond IA. The zebrafish fleer 868 
gene encodes an essential regulator of cilia tubulin polyglutamylation. 869 
Mol Biol Cell 2007; 18:4353-4364. 870 

68. van Dijk J, Rogowski K, Miro J, Lacroix B, Edde B, Janke C. A targeted 871 
multienzyme mechanism for selective microtubule polyglutamylation. 872 
Mol Cell 2007; 26:437-448. 873 

69. Rogowski K, Juge F, van Dijk J, Wloga D, Strub JM, Levilliers N, Thomas D, 874 
Bre MH, Van Dorsselaer A, Gaertig J, Janke C. Evolutionary divergence of 875 
enzymatic mechanisms for posttranslational polyglycylation. Cell 2009; 876 
137:1076-1087. 877 

70. Harris A, Morgan JI, Pecot M, Soumare A, Osborne A, Soares HD. 878 
Regenerating motor neurons express Nna1, a novel ATP/GTP-binding 879 
protein related to zinc carboxypeptidases. Mol Cell Neurosci 2000; 880 
16:578-596. 881 



71. Fernandez-Gonzalez A, La Spada AR, Treadaway J, Higdon JC, Harris BS, 882 
Sidman RL, Morgan JI, Zuo J. Purkinje cell degeneration (pcd) phenotypes 883 
caused by mutations in the axotomy-induced gene, Nna1. Science 2002; 884 
295:1904-1906. 885 

72. Rodriguez de la Vega Otazo M, Lorenzo J, Tort O, Aviles FX, Bautista JM. 886 
Functional segregation and emerging role of cilia-related cytosolic 887 
carboxypeptidases (CCPs). FASEB J 2013; 27:424-431. 888 

73. Kalinina E, Biswas R, Berezniuk I, Hermoso A, Aviles FX, Fricker LD. A 889 
novel subfamily of mouse cytosolic carboxypeptidases. FASEB J 2007; 890 
21:836-850. 891 

74. Rogowski K, van Dijk J, Magiera MM, Bosc C, Deloulme JC, Bosson A, Peris 892 
L, Gold ND, Lacroix B, Bosch Grau M, Bec N, Larroque C, et al. A family of 893 
protein-deglutamylating enzymes associated with neurodegeneration. 894 
Cell 2010; 143:564-578. 895 

75. Otero A, Rodriguez de la Vega M, Tanco S, Lorenzo J, Aviles FX, Reverter D. 896 
The novel structure of a cytosolic M14 metallocarboxypeptidase (CCP) 897 
from Pseudomonas aeruginosa: a model for mammalian CCPs. FASEB J 898 
2012; 26:3754-3764. 899 

76. Fawcett DW. The mammalian spermatozoon. Dev Biol 1975; 44:394-436. 900 
77. Lindemann CB, Lesich KA. Functional anatomy of the mammalian sperm 901 

flagellum. Cytoskeleton (Hoboken) 2016; 73:652-669. 902 
78. Gibbons IR, Rowe AJ. Dynein: A Protein with Adenosine Triphosphatase 903 

Activity from Cilia. Science 1965; 149:424-426. 904 
79. Lindemann CB, Lesich KA. Flagellar and ciliary beating: the proven and 905 

the possible. J Cell Sci 2010; 123:519-528. 906 
80. Raff EC, Hoyle HD, Popodi EM, Turner FR. Axoneme beta-tubulin sequence 907 

determines attachment of outer dynein arms. Curr Biol 2008; 18:911-914. 908 
81. Takada S, Kamiya R. Functional reconstitution of Chlamydomonas outer 909 

dynein arms from alpha-beta and gamma subunits: requirement of a third 910 
factor. J Cell Biol 1994; 126:737-745. 911 

82. Nicastro D, Schwartz C, Pierson J, Gaudette R, Porter ME, McIntosh JR. The 912 
molecular architecture of axonemes revealed by cryoelectron 913 
tomography. Science 2006; 313:944-948. 914 

83. Sui H, Downing KH. Molecular architecture of axonemal microtubule 915 
doublets revealed by cryo-electron tomography. Nature 2006; 442:475-916 
478. 917 

84. Ishikawa T, Sakakibara H, Oiwa K. The architecture of outer dynein arms 918 
in situ. J Mol Biol 2007; 368:1249-1258. 919 

85. Brokaw CJ. Flagellar movement: a sliding filament model. Science 1972; 920 
178:455-462. 921 

86. Plessmann U, Weber K. Mammalian sperm tubulin: an exceptionally large 922 
number of variants based on several posttranslational modifications. J 923 
Protein Chem 1997; 16:385-390. 924 

87. Mary J, Redeker V, Le Caer JP, Rossier J, Schmitter JM. Posttranslational 925 
modifications in the C-terminal tail of axonemal tubulin from sea urchin 926 
sperm. J Biol Chem 1996; 271:9928-9933. 927 

88. Piperno G, Fuller MT. Monoclonal antibodies specific for an acetylated 928 
form of alpha-tubulin recognize the antigen in cilia and flagella from a 929 
variety of organisms. J Cell Biol 1985; 101:2085-2094. 930 



89. Mansir A, Justine JL. The microtubular system and posttranslationally 931 
modified tubulin during spermatogenesis in a parasitic nematode with 932 
amoeboid and aflagellate spermatozoa. Mol Reprod Dev 1998; 49:150-933 
167. 934 

90. Fouquet JP, Prigent Y, Kann ML. Comparative immunogold analysis of 935 
tubulin isoforms in the mouse sperm flagellum: unique distribution of 936 
glutamylated tubulin. Mol Reprod Dev 1996; 43:358-365. 937 

91. Fouquet JP, Edde B, Kann ML, Wolff A, Desbruyeres E, Denoulet P. 938 
Differential distribution of glutamylated tubulin during spermatogenesis 939 
in mammalian testis. Cell Motil Cytoskeleton 1994; 27:49-58. 940 

92. Prigent Y, Kann ML, Lach-Gar H, Pechart I, Fouquet JP. Glutamylated 941 
tubulin as a marker of microtubule heterogeneity in the human sperm 942 
flagellum. Mol Hum Reprod 1996; 2:573-581. 943 

93. Huitorel P, White D, Fouquet JP, Kann ML, Cosson J, Gagnon C. Differential 944 
distribution of glutamylated tubulin isoforms along the sea urchin sperm 945 
axoneme. Mol Reprod Dev 2002; 62:139-148. 946 

94. Kann ML, Prigent Y, Fouquet JP. Differential distribution of glutamylated 947 
tubulin in the flagellum of mouse spermatozoa. Tissue Cell 1995; 27:323-948 
329. 949 

95. Pechart I, Kann ML, Levilliers N, Bre MH, Fouquet JP. Composition and 950 
organization of tubulin isoforms reveals a variety of axonemal models. 951 
Biol Cell 1999; 91:685-697. 952 

96. Mencarelli C, Bre MH, Levilliers N, Dallai R. Accessory tubules and 953 
axonemal microtubules of Apis mellifera sperm flagellum differ in their 954 
tubulin isoform content. Cell Motil Cytoskeleton 2000; 47:1-12. 955 

97. Kann ML, Prigent Y, Levilliers N, Bre MH, Fouquet JP. Expression of 956 
glycylated tubulin during the differentiation of spermatozoa in mammals. 957 
Cell Motil Cytoskeleton 1998; 41:341-352. 958 

98. Multigner L, Pignot-Paintrand I, Saoudi Y, Job D, Plessmann U, Rudiger M, 959 
Weber K. The A and B tubules of the outer doublets of sea urchin sperm 960 
axonemes are composed of different tubulin variants. Biochemistry 1996; 961 
35:10862-10871. 962 

99. Bre MH, Redeker V, Quibell M, Darmanaden-Delorme J, Bressac C, Cosson 963 
J, Huitorel P, Schmitter JM, Rossler J, Johnson T, Adoutte A, Levilliers N. 964 
Axonemal tubulin polyglycylation probed with two monoclonal 965 
antibodies: widespread evolutionary distribution, appearance during 966 
spermatozoan maturation and possible function in motility. J Cell Sci 967 
1996; 109 ( Pt 4):727-738. 968 

100. Bressac C, Bre MH, Darmanaden-Delorme J, Laurent M, Levilliers N, Fleury 969 
A. A massive new posttranslational modification occurs on axonemal 970 
tubulin at the final step of spermatogenesis in Drosophila. Eur J Cell Biol 971 
1995; 67:346-355. 972 

101. Levilliers N, Fleury A, Hill AM. Monoclonal and polyclonal antibodies 973 
detect a new type of post-translational modification of axonemal tubulin. J 974 
Cell Sci 1995; 108 ( Pt 9):3013-3028. 975 

102. Fouquet JP, Kann ML, Pechart I, Prigent Y. Expression of tubulin isoforms 976 
during the differentiation of mammalian spermatozoa. Tissue Cell 1997; 977 
29:573-583. 978 



103. Fouquet JP, Kann ML, Combeau C, Melki R. Gamma-tubulin during the 979 
differentiation of spermatozoa in various mammals and man. Mol Hum 980 
Reprod 1998; 4:1122-1129. 981 

104. Hermo L, Oko R, Hecht NB. Differential post-translational modifications of 982 
microtubules in cells of the seminiferous epithelium of the rat: a light and 983 
electron microscope immunocytochemical study. Anat Rec 1991; 229:31-984 
50. 985 

105. Tort O, Tanco S, Rocha C, Bieche I, Seixas C, Bosc C, Andrieux A, Moutin MJ, 986 
Aviles FX, Lorenzo J, Janke C. The cytosolic carboxypeptidases CCP2 and 987 
CCP3 catalyze posttranslational removal of acidic amino acids. Mol Biol 988 
Cell 2014; 25:3017-3027. 989 

106. Sanger Institute (Hinxton England), European Bioinformatics Institute., 990 
European Molecular Biology Laboratory. Ensembl genome browser. In. 991 
Hinxton, Cambridge: Wellcome Trust Sanger Institute,. 992 

107. Kubo T, Yagi T, Kamiya R. Tubulin polyglutamylation regulates flagellar 993 
motility by controlling a specific inner-arm dynein that interacts with the 994 
dynein regulatory complex. Cytoskeleton (Hoboken) 2012; 69:1059-1068. 995 

108. Suryavanshi S, Edde B, Fox LA, Guerrero S, Hard R, Hennessey T, Kabi A, 996 
Malison D, Pennock D, Sale WS, Wloga D, Gaertig J. Tubulin glutamylation 997 
regulates ciliary motility by altering inner dynein arm activity. Curr Biol 998 
2010; 20:435-440. 999 

109. Kubo T, Yanagisawa HA, Yagi T, Hirono M, Kamiya R. Tubulin 1000 
polyglutamylation regulates axonemal motility by modulating activities of 1001 
inner-arm dyneins. Curr Biol 2010; 20:441-445. 1002 

110. Alper JD, Decker F, Agana B, Howard J. The motility of axonemal dynein is 1003 
regulated by the tubulin code. Biophys J 2014; 107:2872-2880. 1004 

111. Bhagwat S, Dalvi V, Chandrasekhar D, Matthew T, Acharya K, Gajbhiye R, 1005 
Kulkarni V, Sonawane S, Ghosalkar M, Parte P. Acetylated alpha-tubulin is 1006 
reduced in individuals with poor sperm motility. Fertil Steril 2014; 1007 
101:95-104 e103. 1008 

112. Gagnon C, White D, Cosson J, Huitorel P, Edde B, Desbruyeres E, Paturle-1009 
Lafanechere L, Multigner L, Job D, Cibert C. The polyglutamylated lateral 1010 
chain of alpha-tubulin plays a key role in flagellar motility. J Cell Sci 1996; 1011 
109 ( Pt 6):1545-1553. 1012 

113. Cosson J, White D, Huitorel P, Edde B, Cibert C, Audebert S, Gagnon C. 1013 
Inhibition of flagellar beat frequency by a new anti-beta-tubulin antibody. 1014 
Cell Motil Cytoskeleton 1996; 35:100-112. 1015 

114. Vogel P, Hansen G, Fontenot G, Read R. Tubulin tyrosine ligase-like 1 1016 
deficiency results in chronic rhinosinusitis and abnormal development of 1017 
spermatid flagella in mice. Vet Pathol 2010; 47:703-712. 1018 

115. Lee GS, He Y, Dougherty EJ, Jimenez-Movilla M, Avella M, Grullon S, 1019 
Sharlin DS, Guo C, Blackford JA, Jr., Awasthi S, Zhang Z, Armstrong SP, et 1020 
al. Disruption of Ttll5/stamp gene (tubulin tyrosine ligase-like protein 1021 
5/SRC-1 and TIF2-associated modulatory protein gene) in male mice 1022 
causes sperm malformation and infertility. J Biol Chem 2013; 288:15167-1023 
15180. 1024 

116. Kubo T, Yanagisawa HA, Liu Z, Shibuya R, Hirono M, Kamiya R. A 1025 
conserved flagella-associated protein in Chlamydomonas, FAP234, is 1026 



essential for axonemal localization of tubulin polyglutamylase TTLL9. Mol 1027 
Biol Cell 2014; 25:107-117. 1028 

117. Kubo T, Hirono M, Aikawa T, Kamiya R, Witman GB. Reduced tubulin 1029 
polyglutamylation suppresses flagellar shortness in Chlamydomonas. Mol 1030 
Biol Cell 2015; 26:2810-2822. 1031 

118. Popodi EM, Hoyle HD, Turner FR, Raff EC. The proximal region of the 1032 
beta-tubulin C-terminal tail is sufficient for axoneme assembly. Cell Motil 1033 
Cytoskeleton 2005; 62:48-64. 1034 

119. Popodi EM, Hoyle HD, Turner FR, Xu K, Kruse S, Raff EC. Axoneme 1035 
specialization embedded in a "generalist" beta-tubulin. Cell Motil 1036 
Cytoskeleton 2008; 65:216-237. 1037 

120. Coticchio G, Guglielmo MC, Dal Canto M, Fadini R, Mignini Renzini M, De 1038 
Ponti E, Brambillasca F, Albertini DF. Mechanistic foundations of the 1039 
metaphase II spindle of human oocytes matured in vivo and in vitro. Hum 1040 
Reprod 2013; 28:3271-3282. 1041 

121. Combelles CM, Cekleniak NA, Racowsky C, Albertini DF. Assessment of 1042 
nuclear and cytoplasmic maturation in in-vitro matured human oocytes. 1043 
Hum Reprod 2002; 17:1006-1016. 1044 

122. Cavazza T, Vernos I. The RanGTP Pathway: From Nucleo-Cytoplasmic 1045 
Transport to Spindle Assembly and Beyond. Front Cell Dev Biol 2015; 1046 
3:82. 1047 

123. Holubcova Z, Blayney M, Elder K, Schuh M. Human oocytes. Error-prone 1048 
chromosome-mediated spindle assembly favors chromosome segregation 1049 
defects in human oocytes. Science 2015; 348:1143-1147. 1050 

124. Gueth-Hallonet C, Antony C, Aghion J, Santa-Maria A, Lajoie-Mazenc I, 1051 
Wright M, Maro B. gamma-Tubulin is present in acentriolar MTOCs during 1052 
early mouse development. J Cell Sci 1993; 105 ( Pt 1):157-166. 1053 

125. Palacios MJ, Joshi HC, Simerly C, Schatten G. Gamma-tubulin 1054 
reorganization during mouse fertilization and early development. J Cell 1055 
Sci 1993; 104 ( Pt 2):383-389. 1056 

126. Carabatsos MJ, Combelles CM, Messinger SM, Albertini DF. Sorting and 1057 
reorganization of centrosomes during oocyte maturation in the mouse. 1058 
Microsc Res Tech 2000; 49:435-444. 1059 

127. Schuh M, Ellenberg J. Self-organization of MTOCs replaces centrosome 1060 
function during acentrosomal spindle assembly in live mouse oocytes. 1061 
Cell 2007; 130:484-498. 1062 

128. Clift D, Schuh M. A three-step MTOC fragmentation mechanism facilitates 1063 
bipolar spindle assembly in mouse oocytes. Nat Commun 2015; 6:7217. 1064 

129. Bury L, Coelho PA, Simeone A, Ferries S, Eyers CE, Eyers PA, Zernicka-1065 
Goetz M, Glover DM. Plk4 and Aurora A cooperate in the initiation of 1066 
acentriolar spindle assembly in mammalian oocytes. J Cell Biol 2017; 1067 
216:3571-3590. 1068 

130. Coelho PA, Bury L, Sharif B, Riparbelli MG, Fu J, Callaini G, Glover DM, 1069 
Zernicka-Goetz M. Spindle formation in the mouse embryo requires Plk4 1070 
in the absence of centrioles. Dev Cell 2013; 27:586-597. 1071 

131. DeLuca KF, Meppelink A, Broad AJ, Mick JE, Peersen OB, Pektas S, Lens 1072 
SMA, DeLuca JG. Aurora A kinase phosphorylates Hec1 to regulate 1073 
metaphase kinetochore-microtubule dynamics. J Cell Biol 2018; 217:163-1074 
177. 1075 



132. Yi ZY, Ma XS, Liang QX, Zhang T, Xu ZY, Meng TG, Ouyang YC, Hou Y, 1076 
Schatten H, Sun QY, Quan S. Kif2a regulates spindle organization and cell 1077 
cycle progression in meiotic oocytes. Sci Rep 2016; 6:38574. 1078 

133. Chen MH, Liu Y, Wang YL, Liu R, Xu BH, Zhang F, Li FP, Xu L, Lin YH, He 1079 
SW, Liao BQ, Fu XP, et al. KIF2A regulates the spindle assembly and the 1080 
metaphase I-anaphase I transition in mouse oocyte. Sci Rep 2016; 1081 
6:39337. 1082 

134. Eichenlaub-Ritter U, Staubach N, Trapphoff T. Chromosomal and 1083 
cytoplasmic context determines predisposition to maternal age-related 1084 
aneuploidy: brief overview and update on MCAK in mammalian oocytes. 1085 
Biochem Soc Trans 2010; 38:1681-1686. 1086 

135. Miao Y, Zhou C, Cui Z, Tang L, ShiYang X, Lu Y, Zhang M, Dai X, Xiong B. 1087 
Dynein promotes porcine oocyte meiotic progression by maintaining 1088 
cytoskeletal structures and cortical granule arrangement. Cell Cycle 2017; 1089 
16:2139-2145. 1090 

136. Lu C, Srayko M, Mains PE. The Caenorhabditis elegans microtubule-1091 
severing complex MEI-1/MEI-2 katanin interacts differently with two 1092 
superficially redundant beta-tubulin isotypes. Mol Biol Cell 2004; 15:142-1093 
150. 1094 

137. Bobinnec Y, Moudjou M, Fouquet JP, Desbruyeres E, Edde B, Bornens M. 1095 
Glutamylation of centriole and cytoplasmic tubulin in proliferating non-1096 
neuronal cells. Cell Motil Cytoskeleton 1998; 39:223-232. 1097 

138. Wilson PJ, Forer A. Effects of nanomolar taxol on crane-fly spermatocyte 1098 
spindles indicate that acetylation of kinetochore microtubules can be 1099 
used as a marker of poleward tubulin flux. Cell Motil Cytoskeleton 1997; 1100 
37:20-32. 1101 

139. Barisic M, Silva e Sousa R, Tripathy SK, Magiera MM, Zaytsev AV, Pereira 1102 
AL, Janke C, Grishchuk EL, Maiato H. Mitosis. Microtubule detyrosination 1103 
guides chromosomes during mitosis. Science 2015; 348:799-803. 1104 

140. Schatten G, Simerly C, Asai DJ, Szoke E, Cooke P, Schatten H. Acetylated 1105 
alpha-tubulin in microtubules during mouse fertilization and early 1106 
development. Dev Biol 1988; 130:74-86. 1107 

141. Matsubara K, Lee AR, Kishigami S, Ito A, Matsumoto K, Chi H, Nishino N, 1108 
Yoshida M, Hosoi Y. Dynamics and regulation of lysine-acetylation during 1109 
one-cell stage mouse embryos. Biochem Biophys Res Commun 2013; 1110 
434:1-7. 1111 

142. Serra E, Succu S, Berlinguer F, Porcu C, Leoni GG, Naitana S, Gadau SD. 1112 
Tubulin posttranslational modifications in in vitro matured prepubertal 1113 
and adult ovine oocytes. Theriogenology 2018; 114:237-243. 1114 

143. de Pennart H, Houliston E, Maro B. Post-translational modifications of 1115 
tubulin and the dynamics of microtubules in mouse oocytes and zygotes. 1116 
Biol Cell 1988; 64:375-378. 1117 

144. Akera T, Chmatal L, Trimm E, Yang K, Aonbangkhen C, Chenoweth DM, 1118 
Janke C, Schultz RM, Lampson MA. Spindle asymmetry drives non-1119 
Mendelian chromosome segregation. Science 2017; 358:668-672. 1120 

145. Eichenlaub-Ritter U. Oocyte ageing and its cellular basis. Int J Dev Biol 1121 
2012; 56:841-852. 1122 

146. Nagaoka SI, Hassold TJ, Hunt PA. Human aneuploidy: mechanisms and 1123 
new insights into an age-old problem. Nat Rev Genet 2012; 13:493-504. 1124 



147. Battaglia DE, Goodwin P, Klein NA, Soules MR. Influence of maternal age 1125 
on meiotic spindle assembly in oocytes from naturally cycling women. 1126 
Hum Reprod 1996; 11:2217-2222. 1127 

148. Hassold T, Hunt P. To err (meiotically) is human: the genesis of human 1128 
aneuploidy. Nat Rev Genet 2001; 2:280-291. 1129 

149. Cecconi S, Rossi G, Deldar H, Cellini V, Patacchiola F, Carta G, Macchiarelli 1130 
G, Canipari R. Post-ovulatory ageing of mouse oocytes affects the 1131 
distribution of specific spindle-associated proteins and Akt expression 1132 
levels. Reprod Fertil Dev 2014; 26:562-569. 1133 

150. Zhang L, Hou X, Ma R, Moley K, Schedl T, Wang Q. Sirt2 functions in 1134 
spindle organization and chromosome alignment in mouse oocyte 1135 
meiosis. FASEB J 2014; 28:1435-1445. 1136 

151. Lee AR, Thanh Ha L, Kishigami S, Hosoi Y. Abnormal lysine acetylation 1137 
with postovulatory oocyte aging. Reprod Med Biol 2014; 13:81-86. 1138 

152. Zhou D, Choi YJ, Kim JH. Histone deacetylase 6 (HDAC6) is an essential 1139 
factor for oocyte maturation and asymmetric division in mice. Sci Rep 1140 
2017; 7:8131. 1141 

153. Ling L, Hu F, Ying X, Ge J, Wang Q. HDAC6 inhibition disrupts maturational 1142 
progression and meiotic apparatus assembly in mouse oocytes. Cell Cycle 1143 
2018; 17:550-556. 1144 

154. Lu Y, Li S, Cui Z, Dai X, Zhang M, Miao Y, Zhou C, Ou X, Xiong B. The 1145 
cohesion establishment factor Esco1 acetylates alpha-tubulin to ensure 1146 
proper spindle assembly in oocyte meiosis. Nucleic Acids Res 2018; 1147 
46:2335-2346. 1148 

155. Song N, Kim N, Xiao R, Choi H, Chun HI, Kang MH, Kim JH, Seo K, 1149 
Soundrarajan N, Do JT, Song H, Ge ZJ, et al. Lack of Cytosolic 1150 
Carboxypeptidase 1 Leads to Subfertility due to the Reduced Number of 1151 
Antral Follicles in pcd3J-/- Females. PLoS One 2015; 10:e0139557. 1152 

156. Chen B, Li B, Li D, Yan Z, Mao X, Xu Y, Mu J, Li Q, Jin L, He L, Kuang Y, Sang 1153 
Q, et al. Novel mutations and structural deletions in TUBB8: expanding 1154 
mutational and phenotypic spectrum of patients with arrest in oocyte 1155 
maturation, fertilization or early embryonic development. Hum Reprod 1156 
2017; 32:457-464. 1157 

157. Feng R, Yan Z, Li B, Yu M, Sang Q, Tian G, Xu Y, Chen B, Qu R, Sun Z, Sun X, 1158 
Jin L, et al. Mutations in TUBB8 cause a multiplicity of phenotypes in 1159 
human oocytes and early embryos. J Med Genet 2016. 1160 

158. Huang L, Tong X, Luo L, Zheng S, Jin R, Fu Y, Zhou G, Li D, Liu Y. Mutation 1161 
analysis of the TUBB8 gene in nine infertile women with oocyte 1162 
maturation arrest. Reprod Biomed Online 2017; 35:305-310. 1163 

159. Maitre JL, Turlier H, Illukkumbura R, Eismann B, Niwayama R, Nedelec F, 1164 
Hiiragi T. Asymmetric division of contractile domains couples cell 1165 
positioning and fate specification. Nature 2016; 536:344-348. 1166 

160. Samarage CR, White MD, Alvarez YD, Fierro-Gonzalez JC, Henon Y, 1167 
Jesudason EC, Bissiere S, Fouras A, Plachta N. Cortical Tension Allocates 1168 
the First Inner Cells of the Mammalian Embryo. Dev Cell 2015; 34:435-1169 
447. 1170 

161. Vinot S, Le T, Ohno S, Pawson T, Maro B, Louvet-Vallee S. Asymmetric 1171 
distribution of PAR proteins in the mouse embryo begins at the 8-cell 1172 
stage during compaction. Dev Biol 2005; 282:307-319. 1173 



162. Korotkevich E, Niwayama R, Courtois A, Friese S, Berger N, Buchholz F, 1174 
Hiiragi T. The Apical Domain Is Required and Sufficient for the First 1175 
Lineage Segregation in the Mouse Embryo. Dev Cell 2017; 40:235-247 1176 
e237. 1177 

163. Johnson MH, Ziomek CA. The foundation of two distinct cell lineages 1178 
within the mouse morula. Cell 1981; 24:71-80. 1179 

164. Houliston E, Maro B. Posttranslational modification of distinct 1180 
microtubule subpopulations during cell polarization and differentiation in 1181 
the mouse preimplantation embryo. J Cell Biol 1989; 108:543-551. 1182 

165. Houliston E, Pickering SJ, Maro B. Redistribution of microtubules and 1183 
pericentriolar material during the development of polarity in mouse 1184 
blastomeres. J Cell Biol 1987; 104:1299-1308. 1185 

166. Goetz SC, Anderson KV. The primary cilium: a signalling centre during 1186 
vertebrate development. Nat Rev Genet 2010; 11:331-344. 1187 

167. Pazour GJ, Agrin N, Leszyk J, Witman GB. Proteomic analysis of a 1188 
eukaryotic cilium. J Cell Biol 2005; 170:103-113. 1189 

168. Bangs FK, Schrode N, Hadjantonakis AK, Anderson KV. Lineage specificity 1190 
of primary cilia in the mouse embryo. Nat Cell Biol 2015; 17:113-122. 1191 

169. Wloga D, Joachimiak E, Louka P, Gaertig J. Posttranslational Modifications 1192 
of Tubulin and Cilia. Cold Spring Harb Perspect Biol 2017; 9. 1193 

170. Pathak N, Austin CA, Drummond IA. Tubulin tyrosine ligase-like genes 1194 
ttll3 and ttll6 maintain zebrafish cilia structure and motility. J Biol Chem 1195 
2011; 286:11685-11695. 1196 

171. McCoy RC, Demko Z, Ryan A, Banjevic M, Hill M, Sigurjonsson S, 1197 
Rabinowitz M, Fraser HB, Petrov DA. Common variants spanning PLK4 1198 
are associated with mitotic-origin aneuploidy in human embryos. Science 1199 
2015; 348:235-238. 1200 

172. Zhang Q, Li G, Zhang L, Sun X, Zhang D, Lu J, Ma J, Yan J, Chen ZJ. Maternal 1201 
common variant rs2305957 spanning PLK4 is associated with blastocyst 1202 
formation and early recurrent miscarriage. Fertil Steril 2017; 107:1034-1203 
1040 e1035. 1204 

 173. Kaul N, Soppina V, Verhey KJ. Effects of alpha-tubulin K40 acetylation and 1205 
detyrosination on kinesin-1 motility in a purified system. Biophys J 2014; 1206 
106:2636-2643. 1207 

174. Cai D, McEwen DP, Martens JR, Meyhofer E, Verhey KJ. Single molecule 1208 
imaging reveals differences in microtubule track selection between 1209 
Kinesin motors. PLoS Biol 2009; 7:e1000216. 1210 

175. Reed NA, Cai D, Blasius TL, Jih GT, Meyhofer E, Gaertig J, Verhey KJ. 1211 
Microtubule acetylation promotes kinesin-1 binding and transport. Curr 1212 
Biol 2006; 16:2166-2172. 1213 

176. Sirajuddin M, Rice LM, Vale RD. Regulation of microtubule motors by 1214 
tubulin isotypes and post-translational modifications. Nat Cell Biol 2014; 1215 
16:335-344. 1216 

177. Lacroix B, van Dijk J, Gold ND, Guizetti J, Aldrian-Herrada G, Rogowski K, 1217 
Gerlich DW, Janke C. Tubulin polyglutamylation stimulates spastin-1218 
mediated microtubule severing. J Cell Biol 2010; 189:945-954. 1219 

178. McKenney RJ, Huynh W, Vale RD, Sirajuddin M. Tyrosination of alpha-1220 
tubulin controls the initiation of processive dynein-dynactin motility. 1221 
EMBO J 2016; 35:1175-1185. 1222 



179. Konishi Y, Setou M. Tubulin tyrosination navigates the kinesin-1 motor 1223 
domain to axons. Nat Neurosci 2009; 12:559-567. 1224 

180. Dunn S, Morrison EE, Liverpool TB, Molina-Paris C, Cross RA, Alonso MC, 1225 
Peckham M. Differential trafficking of Kif5c on tyrosinated and 1226 
detyrosinated microtubules in live cells. J Cell Sci 2008; 121:1085-1095. 1227 

181. Ikegami K, Mukai M, Tsuchida J, Heier RL, Macgregor GR, Setou M. TTLL7 1228 
is a mammalian beta-tubulin polyglutamylase required for growth of 1229 
MAP2-positive neurites. J Biol Chem 2006; 281:30707-30716. 1230 

182. Mukai M, Ikegami K, Sugiura Y, Takeshita K, Nakagawa A, Setou M. 1231 
Recombinant mammalian tubulin polyglutamylase TTLL7 performs both 1232 
initiation and elongation of polyglutamylation on beta-tubulin through a 1233 
random sequential pathway. Biochemistry 2009; 48:1084-1093. 1234 

183. Wloga D, Rogowski K, Sharma N, Van Dijk J, Janke C, Edde B, Bre MH, 1235 
Levilliers N, Redeker V, Duan J, Gorovsky MA, Jerka-Dziadosz M, et al. 1236 
Glutamylation on alpha-tubulin is not essential but affects the assembly 1237 
and functions of a subset of microtubules in Tetrahymena thermophila. 1238 
Eukaryot Cell 2008; 7:1362-1372. 1239 

184. Ikegami K, Horigome D, Mukai M, Livnat I, MacGregor GR, Setou M. 1240 
TTLL10 is a protein polyglycylase that can modify nucleosome assembly 1241 
protein 1. FEBS Lett 2008; 582:1129-1134. 1242 

185. Ikegami K, Setou M. TTLL10 can perform tubulin glycylation when co-1243 
expressed with TTLL8. FEBS Lett 2009; 583:1957-1963. 1244 

186. Berezniuk I, Vu HT, Lyons PJ, Sironi JJ, Xiao H, Burd B, Setou M, Angeletti 1245 
RH, Ikegami K, Fricker LD. Cytosolic carboxypeptidase 1 is involved in 1246 
processing alpha- and beta-tubulin. J Biol Chem 2012; 287:6503-6517. 1247 

187. Wu HY, Rong Y, Correia K, Min J, Morgan JI. Comparison of the enzymatic 1248 
and functional properties of three cytosolic carboxypeptidase family 1249 
members. J Biol Chem 2015; 290:1222-1232. 1250 

188. Kimura Y, Kurabe N, Ikegami K, Tsutsumi K, Konishi Y, Kaplan OI, 1251 
Kunitomo H, Iino Y, Blacque OE, Setou M. Identification of tubulin 1252 
deglutamylase among Caenorhabditis elegans and mammalian cytosolic 1253 
carboxypeptidases (CCPs). J Biol Chem 2010; 285:22936-22941. 1254 

189. Berezniuk I, Lyons PJ, Sironi JJ, Xiao H, Setou M, Angeletti RH, Ikegami K, 1255 
Fricker LD. Cytosolic carboxypeptidase 5 removes alpha- and gamma-1256 
linked glutamates from tubulin. J Biol Chem 2013; 288:30445-30453. 1257 

 1258 

 1259 

Figure 1: Microtubules and tubulin PTMs. All the described tubulin PTMs, with the 1260 

exception of acetylation, occur at the C-terminal of alpha- and beta-tubulins exposed at 1261 

the microtubule surface. Detyrosination and Δ2 tubulin are specific modifications of 1262 

tyrosinated isotypes of alpha-tubulin. Glutamylation and glycylation occur on the C-1263 

terminal tail of both alpha and beta-tubulin. The best characterized acetylation occurs 1264 



on Lys40 of alpha-tubulin inside the lumen of the microtubule. In this figure, the C-1265 

terminal of alpha-tubulin corresponds to the TUBA1A or TUBA1B isotype, and beta-1266 

tubulin to TUBB2A or TUBB2B isotype. A: Alanine, Ac: Acetylation, D: Aspartic 1267 

Acid, E: Glutamic Acid, G: Glycine, Y: Tyrosine.   1268 

 1269 

Figure 2: Molecular mechanism of flagellar beating. The axoneme of the 1270 

spermatozoon is formed by 9 outer doublets of microtubules (A and B) and an inner 1271 

microtubule doublet. The movement of the flagella is powered through the interaction 1272 

of the inner and outer dynein arms extending from the A tube of the outer doublets with 1273 

the B tube of the adjacent doublet. These interactions are regulated by tubulin PTMs: 1274 

polyglutamylation for the inner dynein arm and acetylation for the outer dynein arm. 1275 

Ac: Acetylation, E: Glutamic Acid.  1276 







Table 1: Microtubule associated proteins regulated by the tubulin code Tubulin 

PTMs and isotypes that alter the binding affinities and/or the activity of the indicated  

MAPs and motor proteins.  

Tubulin PTM Proteins and the type of regulation Bibliography 

Acetylation Kinesin-1- increased microtubule binding 

affinity and behavior 

Axonemal dynein- increased microtubule 

binding affinity 

[110, 173, 174, 175] 

 

Polyglutamylation Increased Kinesin-2 velocity and processivity, 

independently of the polyglutamylation chain 

length. Both alpha and beta-tubulin. 

Increased Kinesin-1 processivity. Only with 

long polyglutamylation chains. Both alpha and 

beta-tubulin. 

Axonemal dynein - increased microtubule 

binding affinity 

Tau - increased microtubule binding affinity 

MAP2 - increased microtubule binding affinity 

MAP1A/B - increased microtubule binding 

affinity 

Spastin – stimulates Spastin activity 

 

[3, 107, 108, 109, 176] 

Polyglycylation Not characterized  

Tyrosination kinesin-2- Inhibitory effects on processivity 

and velocity 

[5,176,178,179] 



Kinesin-13 (MCAK)-  Increased microtubule 

depolymerization rate 

Dynein-dynactin complex-  Initiation 

Kinesin-1 – axon movement 

Detyrosinated 

tubulin 

Kinesin-2 (anterograde intraflagellar transport)- 

increased processivity and velocity. 

MCAK and KIF2A- inhibition of microtubule 

depolymerization activity 

CENP-E/Kinesin-7- enhancement of 

chromosome dependent microtubule transport 

Kinesin-1- Increased landing rate 

 

[139, 173, 174, 180] 

Δ2-tubulin Not characterized  

Alpha-tubulin 

isotypes 

Not characterized  

Beta-tubulin 

isotypes 

Kinesin-1- motor processivity reduced by 

TUBB1 and TUBB3 

[176] 

 

 
 
 



Table 2: Alpha and beta tubulin isotypes in humans. Only genes and putative 

genes are represented. TUBA: Alpha-tubulin,  TUBB: Beta-tubulin. A: Alanine, D: 

Aspartic Acid, E: Glutamic Acid, F: Phenylalanine, G: Glycine, L: Leucine, K: 

Lysine, M: Methionine, N: Asparagine, P: Proline, Q: Glutamine, R: Arginine, S: 

Serine, T: Threonine, V: Valine, W: Tryptophan, Y: Tyrosine.   

Genes C-terminal 

aminoacid chain  

Tissue expression 

ALPHA-TUBULIN ISOTYPES 

TUBAL3 RDYEEVAQSF Intestine, colon, oocyte, mucosa 

TUBA1A GEGEEEGEEY Fetal brain, embryo, bone marrow 

TUBA1B GEGEEEGEEY Brain, respiratory system, embryo 

TUB1C ADGEDEGEEY Respiratory system, oocyte, embryo, spinal cord 

TUBA3C EAEAEEGEEY Testis, sperm, oocyte, brain, respiratory system 

TUBA3D EAEAEEGEEY Testis, platelet, oocyte, brain, liver, uterus 

TUBA3E EAEAEEGEAY Testis, heart, placenta, oocyte 

TUBA4A SYEDEDEGEE Brain, skeletal muscle, platelets 

TUBA4B MPALSLPTRW Oocyte, respiratory system, oviduct   

TUBA8 FEEENEGEEF Platelet, heart, bone marrow 

BETA-TUBULIN ISOTYPES 

TUBB DFGEEAEEEA Respiratory system, brain, embryo, placenta 

TUBB1 AEMEPEDKGH Blood, leukocytes, muscle, liver 

TUBB2A FEEEEGEDEA Brain, liver, hair follicle 

 

TUBB2B FEEEEGEDEA Brain, embryo, testis 



TUBB3 EEESEAQGPK Respiratory system, nervous system 

TUBB4A FEEEAEEEVA Brain, testis, ovary, heart, colon 

 

TUBB4B FEEEAEEEVA Respiratory system, testis, brain, oocyte 

TUBB6 FEDEEEEIDG Breast, respiratory system, muscle, placenta 

TUBB8 DEEYAEEEVA Oocyte, blood system 

 



Table 3: The TTLL family in mammals.   

TTLLs classified according to their activity and substrate specificity (alpha and/or 

beta tubulin, or other proteins)  

Protein Activity Substrate Function Bibliography 

TTL Tyrosinase Alpha-tubulin 

Depolymerized 

tubulin 

Tyrosination [43,54] 

TTLL1 Polyglutamilase Alpha-tubulin Initiation and 

Elongation 

[66] 

TTLL2 Polyglutamylase Not characterized Not characterized  

TTLL3 Polyglycylase Alpha- and Beta-

tubulin 

Initiation [56,69] 

TTLL4 Polyglutamylase Alpha- and Beta-

tubulin 

Initiation [68] 

TTLL5 Polyglutamylase Alpha-tubulin Initiation [68] 

TTLL6 Polyglutamylase Alpha-tubulin Elongation [68] 

TTLL7 Polyglutamylase Beta-tubulin 

Polymerized 

tubulin 

Initiation and 

Elongation 

[68,181,182] 

TTLL8 Polyglycylase Alpha- and Beta-

tubulin 

Other proteins 

Initiation [69] 

TTLL9 Polyglutamylase Alpha-tubulin Elongation [183] 

TTLL10 Polyglycylase Alpha- and Beta-

tubulin 

Elongation [69,184,185] 



MAPs 

TTLL11 Polyglutamylase Alpha-tubulin Elongation [68] 

TTLL12 Not 

characterized 

Not characterized Not characterized  

TTLL13 Not 

characterized 

Not characterized Not characterized  

 

 
 
 



Table 4: The CCP family in mammals. CCPs classified according to their activity 

and substrate specificity (alpha and/or beta-tubulin, or other proteins).  

Protein Activity Substrate Function Bibliography 

CCP1 Degluta

mylase 

Alpha- and Beta-

tubulin Myosin 

light chain kinase 

1 

Removal of glutamates from 

lateral chains and the 

branching one  (TTLL6 

dependent) 

[74,186,187,188] 

CCP2 Degluta

mylase 

Alpha and Beta 

tubulin 

Removal of glutamates from 

lateral chains 

[105] 

CCP3 Degluta

mylase 

Deaspart

ylase 

Alpha and Beta 

tubulin 

Removal of glutamates from 

lateral chains. Removal of 

aspartates. 

[105] 

CCP4 Degluta

mylase 

Alpha and Beta 

tubulin. Myosin 

light chain kinase 1 

Removal of glutamates from 

lateral chains 

[74,187] 

CCP5 Degluta

mylase 

Alpha and Beta 

tubulin. 

Removal of the branching 

glutamates. 

[188,189] 

CCP6 Degluta

mylase 

Alpha and Beta 

tubulin. Myosin 

light chain kinase 1 

Removal of glutamates from 

lateral chains and the 

branching one. 

[74,187] 
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