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Abstract

Microtubules are essential cellular polymers assembled from tubulin heterodimers. The tubulin 

dimer consists of a compact folded globular core and intrinsically disordered C-terminal tails. The 

tubulin tails form a lawn of densely grafted, negatively charged, flexible peptides on the exterior of 

the microtubule, potentially akin to brush polymers in the field of synthetic materials. These tails 

are hotspots for conserved, chemically complex posttranslational modifications that have the 

potential to act in a combinatorial fashion to regulate microtubule polymer dynamics and 

interactions with microtubule effectors, giving rise to a “tubulin code”. In this review, I summarize 

our current knowledge of the enzymes that generate the astonishing tubulin chemical diversity 

observed in cells and describe recent advances in deciphering the roles of tubulin C-terminal tails 

and their posttranslational modifications in regulating the activity of molecular motors and 

microtubule associated proteins. Lastly, I outline the promises, challenges and potential pitfalls of 

deciphering the tubulin code.
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1. Introduction

Microtubules are hollow cylindrical polymers built through the lateral association of 

protofilaments composed of longitudinally aligned head-to-tail α-tubulin dimers ([1,2]; 

Figure 1). Microtubules exhibit “dynamic instability” a property that endows them with 

stochastic growth and shrinkage through the addition or removal of tubulin dimers at their 

ends [3,4]. The architecture of the microtubule gives it polarity: the minus and plus ends of 

the microtubule are capped by α-tubulin and β-tubulin subunits, respectively (Figure 2). The 

two ends exhibit different behaviors, with the plus end exhibiting higher growth rates and 
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more dynamics. Despite its highly dynamic nature, the microtubule is the most rigid cellular 

polymer known, exhibiting persistence lengths on the order of a cell’s dimension (ranging 

from hundreds of microns to as much as millimeters; [5–7]). These unique biophysical 

properties allow microtubules to perform essential functions in fundamental cellular 

processes like cell division, differentiation and motility.

The tubulin dimer: a versatile building block for cellular infrastructure

Microtubules give rise to complex cellular structures with diverse morphologies and 

behaviors: the highly dynamic bipolar spindle, the exquisitely complex neuronal array, the 

disc-shaped marginal band in platelets, and the nine-fold symmetric arrays in cilia and 

flagella that can beat as fast as 110Hz [8,9]. All of these structures use the αβ-tubulin 

heterodimer as their basic building block. The tubulin dimer consists of a compactly folded 

“body” and disordered, negatively charged α− and β C-terminal tails ([2,10]; Figure 1). The 

tubulin body is involved in intimate tubulin-tubulin lattice interactions, while the C-terminal 

tails decorate the microtubule exterior ([1]; Figure 2). Not surprising for an essential 

polymer, most isoform sequence variations and posttranslational modifications are 

concentrated on the C-terminal tails (~50% sequence identity between tubulin tails, 

compared to 80–95% for the tubulin body) where subtle changes can potentially tune the 

biophysical properties of microtubules and their interactions with cellular effectors without 

interfering with essential polymerization interfaces [11]. This situation is analogous to 

histones where protomer interfaces have been stringently conserved and sequence variability 

and posttranslational modifications are concentrated on the positively charged N-terminal 

tails and give rise to the now widely accepted “histone code” [12]. By analogy to histones, 

the genetic and chemical complexity of tubulin has been proposed to form the basis of a 

“tubulin code” [13]. The tubulin C-terminal tails are in close proximity to the binding sites 

of many motors and microtubule associated proteins (MAPs) and thus can constitute a code 

that can be read by cytoskeletal effectors [11,13,14].

Humans have eight α-tubulin and seven β-tubulin isoforms [15]. Some of these isoforms are 

essential for highly specialized cells like sperm, platelets and neurons, consistent with their 

cell- or tissue-specific expression [16–21]. Many tubulin isoforms can coexist in a given cell 

type [22] although our understanding of their distribution and roles is still limited. Several 

studies support the idea that microtubule dynamics can be tuned in cells by varying the 

relative levels of tubulin isotypes [23,24]. Mutations in various tubulin isoforms have been 

associated with a broad spectrum of human pathologies ranging from blood clotting to 

neurological disorders. For example, mutations in βVI, a tubulin isoform most abundant in 

platelets, have been identified in patients with congenital macrothrombocytopenia [25]. 

Platelets from these patients are enlarged and spherical due to defects in the assembly of the 

microtubule marginal band. Mutations in several tubulin isoforms that co-assemble into 

neuronal microtubules have also been identified in a range of neurological disorders [26–29] 

and their locations in the tubulin structure suggests effects both on microtubule dynamics as 

well as the interaction of motors and MAPs [30].
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Intrinsically disordered tubulin tails: lassos for microtubule regulators?

Despite their sequence and length variation, all tubulin C-terminal tails have two common 

features: they are negatively charged and flexible (Figure 3). The α-tubulin tails have a 

narrow length distribution, comprising 10–12 residues, while β-tubulin tails show larger 

length variation (16–22 residues) and more sequence divergence. Thus, the charge and 

length of the α- and β-tubulin tails is more stringently conserved than their sequences [31]. 

The C-terminal tails for α- and β-tubulin are disordered in all X-ray and high-resolution 

electron microscopic reconstructions determined to date, consistent with a high degree of 

flexibility; however, no biophysical data are currently available on their dynamics in the 

microtubule context. Molecular dynamics simulation studies suggest that they are extremely 

flexible, but can adopt transient helical conformations [32].

Negatively charged residues, predominantly glutamates, are overrepresented in both α− and 

β-tubulin tails (Figure 3). Glutamates have one of the highest propensities for promoting 

intrinsic disorder in proteins [33]. Aspartate residues are also present, and further enhance 

the electronegativity of the tails. These anionic residues are interspersed with small nonpolar 

residues like alanine and valine. Order-promoting amino acids such as isoleucine, tyrosine, 

leucine and asparagine [33] are poorly represented. Only the C-terminal tails of the 

neuronal-specific βIII and the leukocyte- and platelet-specific βVI isoforms contain a single 

positively charged residue. Interestingly, the presence of this lysine decreases kinesin 

motility compared to the βII isoform [34]. Class III β-tubulin is expressed exclusively in 

neurons at the onset of differentiation and in certain tumors of non-neuronal origins such as 

lymphoma, squamous cell carcinoma and malignant melanoma where it is not found before 

transformation [35], suggesting that this isoform promotes neuronal specific interactions 

with molecular motors and MAPs.

Complete removal of both C-terminal tails by proteolytic digestion [36,37] lowers the 

processivity of molecular motors dynein and kinesin-1 [38,39]. More recent studies using S. 
cerevisiae engineered tubulin have shown that the presence of the β-tail alone is sufficient to 

rescue this defect in motility both for kinesin-1 and dynein [34]. Interestingly, removal of the 

α-tubulin C-terminal tail increases both the velocity and processivity of kinesin-2, 

suggesting that for this motor, the α-tubulin disordered tail functions as a brake [34]. There 

are currently no high-resolution structures of any motors where the tubulin C-terminal tails 

are visible, so the nature of the tail engagement with various motors is not well understood. 

This could be due to the fast kinetics of this interaction or possibly because the interaction is 

“fuzzy” [40] i.e. the tails adopt distinct, but multiple conformations when bound to the 

motor and these conformations are averaged out in the crystals or during EM reconstruction. 

Another possible reason for the lack of clear density of the C-terminal tails is a technical 

one. Until very recently, it was not possible to produce tubulin recombinantly. Thus, the 

main source of tubulin for biochemical and structural studies for more than forty years has 

been brain tissue. Tubulin from this source is highly heterogeneous, containing multiple 

isoforms of α- and β-tubulin as well as multiple posttranslational modifications [41,42]. 

Thus, the lack of a clearly defined conformation of the tubulin tails in motor complexes 

could also be due to the highly heterogeneous nature of the tubulin used to obtain crystals or 

cryo-electron microscopy (cryo-EM) reconstructions of motor complexes.

Roll-Mecak Page 3

Semin Cell Dev Biol. Author manuscript; available in PMC 2020 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to motors, tubulin C-terminal tails also form binding sites for several MAPs such 

as tau and MAP2 [36,43]. The proposed biophysical mechanism for microtubule severing 

enzymes spastin and katanin also beautifully illustrates the importance of tubulin tails to 

microtubule function [44]. Spastin forms a hexameric ring in an ATP-dependent manner and 

is thought to use its conserved central pore to “tug” on the C-terminal tails of tubulin, 

generating a mechanical force that destabilizes tubulin-tubulin interactions within the lattice, 

ultimately breaking the microtubule [45]. Experiments with partially proteolyzed 

microtubules showed that the severing activity of both spastin and katanin are dependent on 

the presence of the tubulin C-terminal tails [46,47]. The C-terminal tails also facilitate 1D 

diffusion of motors and MAPs on the microtubule lattice. For example, kinesin-13/MCAK 

glides on the microtubule tails to more efficiently find microtubule ends where it can exert 

its microtubule depolymerase activity [48]. Tau also undergoes bidirectional diffusion on the 

tubulin tails [49,50] and this mobility is thought to provide a moving roadblock for 

molecular motors [51–53]. A recent study in S. cerevisiae revealed an extensive network of 

regulators that interact genetically with the α- and β- tubulin C-terminal tails and uncovered 

distinct functions for each of the tails in microtubule network regulation [54]. Future work 

will establish how many of these regulators interact directly with the tubulin tails. Apart 

from regulating motors and MAPs, tubulin tails also regulate the voltage sensitive closure of 

the mitochondrial voltage dependent channel (VDAC) possibly by snaking through its pore 

[31].

Why intrinsically disordered tails? The flexibility and large radius of gyration of the tails 

have the potential to increase the odds of a productive collision with a variety of orientations 

of a rigid-body binding partner, thus increasing the rate of association. Disorder can also 

drastically enhance the off rate by enabling dissociation of part of the interface, analogous to 

an unzipping mechanism. Consistent with this, electron microscopic studies of kinesin-1 

complexes revealed that the absence of the tails leads to a stronger ADP bound state, 

possibly slowing down the motors [55]. Moreover, the disordered tubulin tails can provide 

larger interaction surfaces for rigid binding partners. Since an energetic (entropic) penalty 

must be paid to order these tails concomitant with effector binding, this could give rise to 

high-specificity coupled with low affinity [56]. Consistent with this, the majority of 

microtubule regulators bind to microtubules with low- to mid-micromolar dissociation 

constants.

Disordered tubulin tails: hotspots for posttranslational modifications

In addition to genetic (i.e. isoform) variation, the C-terminal tails of tubulin are subject to 

abundant and evolutionarily conserved posttranslational modifications such as 

phosphorylation [57], detyrosination/tyrosination [58–60], glutamylation [61–64] and 

glycylation [65] (Figure 1). These modifications are chemically diverse and can be 

informationally complex. Tubulin is subject to additional posttranslational modifications 

outside the C-terminal tails such as acetylation [66,67], phosphorylation [68] and 

polyamination [69]. Thus, tubulin modifications give rise in vivo to a staggering number of 

possible combinations of modifications that are informationally complex and have the 

potential to tune the recruitment and behavior of microtubule regulators.
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The modifications that are most identified with tubulin are tyrosination, glutamylation and 

glycylation. All these consist of the addition of an amino acid (tyrosine, glutamate or 

glycine) to a glutamate in the primary sequence of the α- or β-tubulin C-terminal tails 

(Figure 4). While tyrosination involves the formation of an α-linked peptide bond to the 

absolute C-terminal glutamate in α-tubulin, glutamylation and glycylation proceed through 

the formation of a γ-branched isopeptide bond on internal glutamates in the α-or β-tubulin 

tails [15,63,70]. After the formation of the branch, glutamates or glycines can be added 

linearly and chains containing 21 glutamates [15,71–73] and 34 glycines have been detected 

in cells [65]. While tyrosination and glutamylation are widely distributed in cells, 

glycylation seems to be a modification of cilia and flagella exclusively. In fact, this 

modification was first identified on tubulin isolated from the ciliate Paramecium [65]. 

Consistent with this, loss of tubulin glycylases leads to ciliary disassembly or pronounced 

defects in cilia and flagella biogenesis [74–77]. Interestingly, humans have lost the ability to 

elongate glycine chains as the TTLL10 enzyme that is responsible for this activity carries a 

mutation that renders it inactive [74].

In order to understand the functions of the tubulin tails, we need to understand their 

conformational ensembles and how these are modified by the presence of posttranslational 

modifications. Presently, there is no experimental information on the dynamics of modified 

tubulin tails. Polyglutamylation and polyglycylation with long chains have the potential to 

dramatically change the radius of gyration and conformations accessed by the tails. 

Molecular dynamics simulations revealed that polyglycine chains (longer than eight 

glycines) form ensembles of multiple compact, collapsed conformations in aqueous 

solutions [78]. Unlike polyglycine chains, peptides rich in negatively charged glutamates 

favor a swollen coil conformation as long-range electrostatic repulsion between side chains 

competes with the propensity of the polypeptide backbone to form a collapsed structure 

[78,79]. Thus, these two modifications, not only change the net charge on the tubulin tails, 

but also present two distinct types of disorder.

Tubulin tails are grafted longitudinally at 4 nm intervals (and 5 nm laterally) on the 

microtubule. We do not understand how the conformation of the tails is affected by the 

underlying negatively charged microtubule body, nor do we understand how they interact 

with each other at this grafting density and how these interactions are tuned by their varied 

and abundant posttranslational modifications. At higher density, polyglycine tracks can 

become more extended because of the available inter-chain contacts that compete with the 

intra-chain contacts that favor the collapsed structure. Thus, an increase in polyglycylation 

density on a microtubule can act as a conformational switch for the tubulin tails [80]. 

Moreover, the co-existence of polyglutamylation on a nearby site on the same tubulin tail or 

on the tail of a neighboring tubulin protomer in the microtubule can also affect the 

conformation of the polyglycine chain and bias it to a more extended conformation. Long 

polyglutamate chains can significantly increase the radii of gyration of the tails, making 

them larger than the grafting distance between the tails on the microtubule shaft. In this 

situation, the disordered tubulin tails would be analogous to polymer brushes, dense polymer 

assemblies tethered at one end to a solid substrate. In the field of synthetic polymers, brush 

polymers have been shown to have interesting emergent properties that are easily tunable by 

temperature, ionic strength or solvent interactions because the chains are forced to stretch 
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away from the surface to avoid overlapping and to minimize charged repulsion [81]. 

Electrostatic repulsion forces could be significant in the case of long polyglutamate chains, 

consistent with the high sensitivity of brain tubulin polymerization to divalent ion 

concentrations.

TTL and TTLL proteins: an amino acid ligase superfamily

Tyrosination, glutamylation and glycylation are catalyzed by a family of enzymes whose 

founding member is tubulin tyrosine ligase (TTL). Thus, the name of the family is tubulin 

tyrosine ligase-like (TTLL). TTL was the first tubulin modification enzyme identified 

[60,82]. Most α-tubulin isoforms contain a genomically encoded C-terminal tyrosine that is 

removed and then added back by TTL as part of a detyrosination/tyrosination cycle 

conserved in almost all eukaryotes (S. cerevisiae α-tubulin has a terminal phenylalanine and 

the cycle is missing in this organism). The X-ray structure of TTL revealed an elongated 

molecule comprised of three domains: an N-domain, a central domain and a C-domain 

(Figure 5). The active site is at the center of the molecule in a stringently conserved binding 

pocket, and the ATP, essential for the ligation reaction, is cradled at the interface between the 

central and C-domains of the enzyme [83].

Despite variation in length among TTLLs from ~400 amino acids (TTLL1) to ~1300 

(TTLL5) [84], TTL serves as the structural blueprint for the entire family, with all TTLLs 

containing a conserved core that is homologous to TTL (Figure 5B). Sequence conservation 

within the superfamily illustrates how the TTL scaffold supported the evolutionarily 

expansion of tubulin posttranslational modifications: while active site residues are invariant 

between all TTLs and TTLLs, consistent with a common reaction mechanism, surface 

residues that provide the binding surface for the tubulin tails have been reshuffled to 

accommodate the different substrate specificities of the various enzymes (α- versus. β-

tubulin tail, Tyr, Glu or Gly addition; Figure 5). The mechanism behind the preference for α- 

versus β-tubulin tails of TTLL enzymes is not understood. Moreover, we do not know 

whether they exhibit any tubulin isoform preference. Experiments performed so far indicate 

that TTLLs are promiscuous; however, their promiscuity is mostly inferred from 

overexpression studies and currently we do not know what the physiological concentrations 

of these enzymes are. One attractive hypothesis is that the large repertoire of TTLLs, 

especially polyglutamylases, is needed to fine-tune them for the recognition of specific 

tubulin isoforms.

Tubulin modifications are reversible: the CCP family of tubulin 

carboxypeptidases

The action of TTL and TTLLs is reversed by cellular carboxypeptidases. Recent studies 

have identified several carboxypeptidases (CCPs) that are members of the MC clan and 

M14D subfamily of metallopeptidases that are capable of removing both long polyglutamate 

chains as well as branched glutamates from tubulin tails [85–88]. Overexpression studies 

coupled with the use of antibodies that are specific for long glutamate chains versus 
glutamate branches show that CCP1, 4 and 6 remove long polyglutamate chains while CCP5 

shows a preference for removing branched glutamates [87], however can also hydrolyze α-
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linked peptide bonds [88]. To the field’s frustration, the enzyme responsible for the removal 

of the C-terminal tyrosine on α-tubulin has remained a mystery for several decades, despite 

intense efforts from multiple groups. As in the case of TTLLs, the structure and substrate 

preferences of these enzymes are poorly understood and will likely attract attention in the 

following years, especially since loss of CCP enzymes has been implicated in 

neurodegeneration [87] and defects in axonal regeneration after injury [89]. Moreover, we 

do not currently know how the activity of these enzymes is affected by the presence of 

neighboring posttranslational modifications on tubulin tails. For example, could a 

neighboring polyglycine chain obstruct access of deglutamylating enzymes to a 

polyglutamylated microtubule and could this be a mechanism to maintain high levels of 

polyglutamylation in cilia and flagella that are heavily glycylated?

Tyrosination, polyglutamylation and polyglycyation: ON/OFF switches and 

rheostats for tuning interactions with the microtubule surface?

The C-terminal tyrosine in α-tubulin serves as an ON/OFF signal for the recruitment of 

microtubule effectors. For example, the microtubule dynamics regulators cytoplasmic linker 

protein-170, the p150Glued dynactin subunit [90,91] and the mitotic centromere-associated 

kinesin [92] are recruited to the growing tip of microtubules in a tyrosination-dependent 

manner. All these regulators recognize the short linear GEEY/F motif in the α-tubulin tail. It 

is not known how modifications at other sites on the α-tubulin tail affect access and 

recognition of this motif by TTL and microtubule plus end tracking proteins. The 

tyrosination mark can also act as an OFF switch [93,94]. For example, in neurons kinesin-1 

discriminates against tyrosinated microtubules present in somatodendrites and prefers the 

detyrosinated microtubules in the axon [94]. A structural element in the motor domain of 

kinesin is responsible for this discrimination and mutations in this region were shown to 

abrogate this preference and result in uniform localization of kinesin to both axonal and 

somatodendritic compartments [94].

TTL forms a 1:1 complex with tubulin and preferentially modifies the unpolymerized 

tubulin dimer, even preventing it from incorporating into the microtubule lattice [83,95]. 

Thus, tubulin that is newly incorporated into microtubules is highly enriched in the 

tyrosination mark. Because the detyrosination reaction occurs primarily on polymerized 

microtubules [96], a gradient of tyrosination from the older part of the microtubule to the 

new, growing end of the microtubule is created. By tuning the rates of these two opposing 

reactions, cells can tune the steepness of the tyrosination gradient on the microtubule and 

potentially change the density of regulators that are recruited in a tyrosination specific 

manner to the microtubule [83]. Thus, even though tyrosination serves as a binary switch at 

the level of the tubulin dimer, it can create a gradient at the mesoscopic scale of the 

microtubule

In contrast to tyrosination, polyglutamylation and polyglycylation can potentially produce 

gradated modification of tubulin (by virtue of the variable number of glutamates and 

glycines added), and therefore subtly tune the biophysical properties of the polymer itself or 

regulate microtubule interactions with motors and MAPs. The microtubule binding sites of 
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motors and MAPs are enriched in positively charged residues. Thus, the glutamate chains on 

tubulin tails can act as affinity tuners for these interactions. While an attractive mechanism 

for modulating microtubule properties in a localized manner, such rheostat-like function of 

polyglutamylation and polyglycylation remains to be demonstrated biophysically. A wide 

range in the numbers of polyglutamate residues added to tubulin tails has been observed 

within cells as well as between different cell types [15,71,72]. Tubulin isolated from human 

embryonic kidney 293 cells (HEK293) cells has no detectable polyglutamylation [97]; 

tubulin purified from brain tissue has on average between 3–6 glutamates and as many as 

eleven [72]. Microtubules in axons are more extensively polyglutamylated than those in the 

somatodendritic compartment. The longest glutamate chains are observed in ciliary 

microtubules, where tails with at least twenty-one glutamates have been documented [71,73] 

and it is likely that longer chains exist but are hard to detect by mass spectrometry because 

of the low signal of these highly-negatively charged peptides.

Qualitative studies using blot overlay assays have shown that kinesin-1, MAP1B, MAP2 and 

tau interact preferentially with microtubules that have up to three glutamates on their tails 

[98–100], while MAP1A shows a preference for microtubules with longer glutamate chains 

containing up to six glutamates [100]. The microtubule severing enzymes spastin and 

katanin both show a preference for polyglutamylated microtubules that are especially 

enriched in neurons [45,101]. Spastin is the most mutated protein in hereditary spastic 

paraplegias characterized by progressive axonopathy [102]. In animal models, loss of spastin 

function leads to defects in microtubules dynamics in axons and lower density of 

microtubules in synaptic boutons [103,104]. An attractive model is that spastin selectively 

sculpts the glutamylated microtubules in these arrays. Ex vivo studies in which various 

TTLL enzymes were overexpressed indicate a positive correlation between the degree of 

polyglutamylation and the overall activity of spastin [101]. The number of added glutamates 

in these different microtubule preparations as well as the mechanistic basis for this 

upregulation of severing activity remains to be unraveled.

Tubulin acetylation: functionalizing the microtubule lumen

An intriguing microtubule modification that does not follow the paradigm of all other 

modifications is acetylation of α-tubulin Lys 40 [67] by tubulin acetyltransferase (TAT) 

[105,106]. Rather than occurring in the intrinsically disordered tubulin C-terminal tails, this 

site of acetylation lies in a flexible internal loop of the body of α-tubulin that projects into 

the microtubule lumen. TAT is conserved in all organisms with cilia or flagella and its loss 

leads to defective axonal morphology and neurodegeneration in C.elegans [107,108] and 

sperm abnormalities in mice [109]. Tubulin acetylation is highly enriched in cilia and 

flagella and, like polyglutamylation, accumulates on long-lived cytoplasmic microtubules 

[110–114]. Thus, acetylated microtubules have almost become synonymous with stable 

microtubules in cell biology. This selective marking of stable microtubules is a consequence 

of the preference of the enzyme for the microtubule over free tubulin and its remarkably low 

catalytic rate that is on the order of the lifetime of stable cellular microtubules (t1/2~2–16 

hours) as opposed to dynamic microtubules (t1/2~2–5 min)[115].
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The outer and inner diameters of the microtubule are 24 nm and 15 nm, respectively. Early 

electron micrographs revealed electron-dense material in the microtubule lumen of insect 

sperm tails [116,117], platelets [118,119] and neurons [120–122]. Recent electron cryo-

tomography also revealed discrete, closely spaced particles decorating the lumen of flagellar 

[123,124] and neuronal [107,125] microtubules. Intriguingly, they were absent in Potorous 
tridactylus kidney (PtK) cells that lack detectable tubulin acetylation [125] as well as in 

neurons from TAT-null C. elegans [107]. These particles disappeared from the lumen upon 

rapid disassembly and reassembly of microtubules [122] suggesting a slow accumulation 

with microtubule age and possibly an acetylation-dependent recruitment of luminal proteins. 

While the existence of luminal microtubule particles has been known for decades, their 

molecular identities and functions remain uncharacterized and constitute an interesting 

avenue of future exploration into this confined cytoplasmic compartment.

Effects of tubulin tails and posttranslational modifications on polymer 

properties

For decades, cell biologists have used antibodies against posttranslationally modified 

tubulins to distinguish between microtubule populations in cells that display different 

dynamics. Early work established that dynamic microtubules with short lifetimes (t1/2~ 2–5 

min) are enriched in tyrosinated tubulin while stable microtubules (t1/2>1 hr) that are 

resistant to cold treatment or drug induced depolymerization are enriched in detyrosination 

and acetylation [113,126]. The hyperstable microtubules found in cilia and flagella are also 

heavily polyglutamylated [61], polyglycylated [127] and acetylated [111]. However, a long-

standing question in microtubule cell biology has been whether these modifications affect 

the stability of the microtubule directly, whether they are a consequence of increased 

stability or whether they recruit factors in a modification specific manner that subsequently 

change their dynamic parameters. It is also possible that the modification is first acquired in 

an age-dependent manner (i.e., the more stable microtubules are selected for the action of 

the modification enzymes) and then the modification itself affects polymer stability and also 

recruits cellular effectors that then can create a positive feedback loop that strengthens the 

initial stabilization event.

Early studies established the importance of the C-terminal tails for tubulin polymerization. 

Subtilisin-treated tubulin that lacks the C-terminal tails polymerizes into microtubules at 

significantly lower concentrations than tubulin purified from brain tissue that contains 

multiple tubulin isoforms carrying a large number of posttranslational modifications (the 

critical concentration, the minimal concentration at which polymer will form, is ~ 50 fold 

lower after removal of both α- and β-tubulin tails by subtilisin treatment). Moreover, tubulin 

lacking C-terminal tails also polymerizes in sheets, rings and aggregates [37], indicating that 

even though the tubulin tails are not directly engaged in the polymerization interfaces, long-

range interactions between the tails affect polymerization. Tubulin with low levels of 

posttranslational modifications purified from HeLa cells also has a lower critical 

concentration than tubulin purified from brain [128], suggesting that the posttranslational 

modifications enriched in brain tubulin affect microtubule nucleation. However, tubulin 

isolated from HeLa cells is also enriched in different isoforms than those found in brain 
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tubulin preparations, so the observed differences could also be due to isoform differences. In 
vitro microtubule dynamics experiments with well-defined tubulin isoform compositions and 

posttranslational modifications will be needed to understand the contribution of the C-

terminal tail sequences and modifications to tubulin polymerization dynamics and 

microtubule thermal and mechanical stability.

Concluding Remarks

The properties of the microtubule polymer are fascinating and despite intense, multifaceted 

investigations into their nature, we still understand very little about the basic physical 

principles that govern their dynamic behavior and mechanical properties and how these 

properties are modulated by isoform-specific sequence variations and posttranslational 

modifications. Quantitative biophysical approaches will be key to future studies because 

cells have likely devised combinatorial, complex means of compensating for changes in 

microtubule behaviors through these modifications.

Technical difficulties in obtaining unmodified tubulin and tubulin that is marked uniformly 

with only one type of modification (and where the poly-amino acid chain length can be 

varied) have hindered quantitative biophysical studies into the effects of posttranslational 

modifications. At a most basic level, it is not yet clear how any of these modifications affect 

the conformational space sampled by the tubulin tails. One would expect that adding a chain 

of negatively charged glutamates will likely have a strong effect on the electrostatic 

interaction with molecular effectors and affect the polymerization and depolymerization 

kinetics of the microtubule; or that adding a long chain of glycines will increase the 

exclusion volume around the microtubule and act as a barrier for potential binding partners. 

Recent advances in obtaining biochemical amounts of tubulin carrying only one type of 

posttranslational modification by purifying unmodified tubulin from cells that have naturally 

low levels of posttranslational modifications [129] and then modifying it in vitro with 

homogenous active preparations of tubulin modification enzymes [97] finally open the 

possibility of quantitative biophysical investigations into the effects of posttranslational 

modifications on microtubule dynamics, mechanical properties as well as interactions with 

motors and MAPs. S. cerevisiae has also proven to be a useful system to express tubulin 

chimeras composed of the yeast tubulin body upon which human tubulin tails were grafted 

that carry a cysteine to which a polyglutamate chain can be linked [34]. However, in this 

system, the glutamate chain is not linked through the glutamate branch that the native 

glutamylation reaction creates. The more recent success of expressing α1ΑβIII tubulin using 

a baculovirus system [130] finally opens the possibility of producing different tubulin 

isoforms as well as mutant human tubulins in biochemical amounts for biophysical studies.

Like many epigenetic biochemical phenomena, the effects of tubulin posttranslational 

modifications can potentially be quantitative rather than qualitative. That is, a given 

modification (in a particular location of a specific cell type) could result in fine-tuning of 

fitness or developmental or behavioral pattern, rather than overt organismal life and death. 

With the advent of methodology to make biochemical and biophysical quantities of well-

characterized modified tubulin and microtubules, the next critical challenge for this field will 

Roll-Mecak Page 10

Semin Cell Dev Biol. Author manuscript; available in PMC 2020 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



therefore be to devise quantitative assays that can characterize the effects of these 

modifications in vivo and in vitro even when they are complex, subtle and combinatorial.
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Highlights

• Tubulin is composed of a folded core and intrinsically disordered C-terminal 

tails

• Disordered, negatively charged tubulin tails decorate the microtubule exterior

• Tubulin tails are hotspots for genetic variation and posttranslational 

modifications

• Tubulin posttranslational modifications can function as complex tuners of 

microtubule regulators and polymer dynamics
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Figure 1. Structure of the αβ-tubulin dimer.
Sites of known posttranslational modifications are indicated by colored spheres 

(tyrosination, yellow; glutamylation, red; glycylation, cyan; acetylation, magenta; 

phosphorylation, grey).
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Figure 2. Microtubules are decorated with posttranslational modifications inside and outside.
A. View of the microtubule exterior surface showing the C-terminal tails decorating the 

microtubule shaft. Posttranslational modifications are denoted by colored spheres 

(tyrosination, yellow; glutamylation, red; glycylation, cyan).

B. View of the microtubule lumen. Acetylation at Lys40 is denoted by magenta spheres.
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Figure 3. Tubulin C-terminal tails are variable and highly negatively charged.
Tubulin tail sequences from human α- and β-tubulin isoforms. Tubulin tail residues are in 

bold. Total net charge on the tubulin tails is indicated (including the C-terminal carboxylate).
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Figure 4. Chemical structures of posttranslational modifications added to the disordered tubulin 
C-terminal tails.
A. Tyrosination

B. Glutamylation

C. Glycylation
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Figure 5. TTL is the structural core of the TTL-like family of tubulin modification enzymes.
A Surface representation of TTL color-coded according to sequence conservation.

B. Schematic domain representation of TTLL family members (residue numbers are for Mus 
Musculus sequences); tyrosine ligase shown in yellow; glutamylases, in red and glycylases, 

in cyan.
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