>
o
o
-l
o
o
-l
-l
L
o
LL
@)
-l
<
2
o
>
o
-
Ll
I
[

Review

The tubulin code: Molecular components,
readout mechanisms, and functions

Carsten Janke' 234

Unstitut Curie, 91405 Orsay, France

“Centre National de la Recherche Scientifique Unité Mixte de Recherche 3306, 91405 Orsay, France
*Institut National de la Santé et de la Recherche Médicale UT005, 91405 Orsay, France

“Paris Sciences et Leffres Research University, 75005 Paris, France

Microtubules are cytoskeletal filaments that are dynami-
cally assembled from «/B-tubulin heterodimers. The
primary sequence and structure of the tubulin proteins
and, consequently, the properties and architecture of
microtubules are highly conserved in eukaryotes. Despite
this conservation, tubulin is subject to heterogeneity that
is generated in two ways: by the expression of different
tubulin isotypes and by posttranslational modifications
(PTMs). Identifying the mechanisms that generate and
control tubulin heterogeneity and how this heterogeneity
affects microtubule function are long-standing goals in the
field. Recent work on tubulin PTMs has shed light on how
these modifications could contribute to a “tubulin code”
that coordinates the complex functions of microtubules
in cells.

Introduction

Microtubules are key elements of the eukaryotic cytoskeleton that
dynamically assemble from heterodimers of - and B-tubulin.
The structure of microtubules, as well as the protein sequences
of a- and (B-tubulin, is highly conserved in evolution, and con-
sequently, microtubules look alike in almost all species. Despite
the high level of conservation, microtubules adapt to a large va-
riety of cellular functions. This adaptation can be mediated by a
large panel of microtubule-associated proteins (MAPs), including
molecular motors, as well as by mechanisms that directly modify
the microtubules, thus either changing their biophysical proper-
ties or attracting subsets of MAPs that convey specific functions
to the modified microtubules. Two different mechanism can
generate microtubule diversity: the expression of different
o- and B-tubulin genes, referred to as tubulin isotypes, and the
generation of posttranslational modifications (PTMs) on a- and
B-tubulin (Figs. 1 and 2). Although known for several decades,
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deciphering how tubulin heterogeneity controls microtubule
functions is still largely unchartered. This review summarizes the
current advances in the field and discusses new concepts arising.

Tubulin isotypes
The cloning of the first tubulin genes in the late 1970’s (Cleveland
etal., 1978) revealed the existence of multiple genes coding for
a- or B-tubulin (Luduefia and Banerjee, 2008) that generate
subtle differences in their amino acid sequences, particularly in
the C-terminal tails (Fig. 2). It was assumed that tubulin iso-
types, as they were named, assemble into discrete microtubule
species that carry out unique functions. This conclusion was re-
inforced by the observation that some isotypes are specifically
expressed in specialized cells and tissues and that isotype expres-
sion changes during development (Lewis et al., 1985; Denoulet
et al., 1986). These high expectations were mitigated by a sub-
sequent study showing that all tubulin isotypes freely copoly-
merize into heterogeneous microtubules (Lewis et al., 1987). To
date, only highly specialized microtubules, such as ciliary axo-
nemes (Renthal et al., 1993; Raff et al., 2008), neuronal micro-
tubules (Denoulet et al., 1986; Joshi and Cleveland, 1989), and
microtubules of the marginal band of platelets (Wang et al.,
1986; Schwer et al., 2001) are known to depend on some specific
(B) tubulin isotypes, whereas the function of most other micro-
tubules appears to be independent of their isotype composition.
More recently, a large number of mutations in single tubulin
isotypes have been linked to deleterious neurodevelopmental dis-
orders (Keays et al., 2007; Fallet-Bianco et al., 2008; Tischfield
et al., 2010; Cederquist et al., 2012; Niwa et al., 2013). Mutations
of a single tubulin isotype could lead to an imbalance in the levels
of tubulins as a result of a lack of incorporation of mutant isoforms
into the microtubule lattice or to incorporation that perturbs the ar-
chitecture or dynamics of the microtubules. The analysis of tubu-
lin disease mutations is starting to reveal how subtle alterations of
the microtubule cytoskeleton can lead to functional aberrations in
cells and organisms and might provide novel insights into the roles
of tubulin isotypes that have so far been considered redundant.
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Figure 1. Tubulin heterogeneity generated A tubulin posttranslational modifications B
by PTMs. (A) Schematic representation of the = ..
distribution of different PTMs of tubulin on the

a/B4ubulin dimer with respect fo their position
in the microtubule lattice. Acetylation (Ac),
phosphorylation (P), and polyamination (Am)
are found within the tubulin bodies that assem-
ble into the microtubule lattice, whereas poly-
glutamylation, polyglycylation, detyrosination,
and C+erminal deglutamylation take place
within the Cerminal tubulin tails that project
away from the lattice surface. The tubulin dimer
represents TubATA and TubB2B (Fig. 2), and
modification sites for polyglutamylation and
polyglycylation have been randomly chosen.
(B) Chemical structure of the branched peptide
formed by polyglutamylation and polyglycyla-
tion, using the y-carboxyl groups of the modi-
fied glutamate residues as acceptor sites for
the isopeptide bonds. Note that in the case
of polyglutamylation, the elongation of the
side chains generates classical peptide bonds
(Redeker et al., 1991).
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Tubulin PTMs

Tubulin is subject to a large range of PTMs (Fig. 1), from well-
known ones, such as acetylation or phosphorylation, to others
that have so far mostly been found on tubulin. Detyrosination/
tyrosination, polyglutamylation, and polyglycylation, for instance,
might have evolved to specifically regulate tubulin and micro-
tubule functions, in particular in cilia and flagella, as their evolu-
tion is closely linked to these organelles. The strong link
between those modifications and tubulin evolution has led to the
perception that they are tubulin PTMs; however, apart from dety-
rosination/tyrosination, most of them have other substrates
(Regnard et al., 2000; Xie et al., 2007; van Dijk et al., 2008;
Rogowski et al., 2009).

Tubulin acetylation. Tubulin acetylation was discovered
on lysine 40 (K40; Fig. 1 A) of flagellar a-tubulin in Chlam-
ydomonas reinhardtii (L' Hernault and Rosenbaum, 1985) and is
generally enriched on stable microtubules in cells. Considering
that K40 acetylation per se has no effect on the ultrastructure of
microtubules (Howes et al., 2014), it is rather unlikely that it di-
rectly stabilizes microtubules. As a result of its localization at the
inner face of microtubules (Soppina et al., 2012), K40 acetyla-
tion might rather affect the binding of microtubule inner proteins,
a poorly characterized family of proteins (Nicastro et al., 2011;
Linck et al., 2014). Functional experiments in cells have further
suggested that K40 acetylation regulates intracellular transport
by regulating the traffic of kinesin motors (Reed et al., 2006;
Dompierre et al., 2007). These observations could so far not be
confirmed by biophysical measurements in vitro (Walter et al.,
2012; Kaul et al., 2014), suggesting that in cells, K40 acetylation
might affect intracellular traffic by indirect mechanisms.

Enzymes involved in K40 acetylation are HDACO6 (histone
deacetylase family member 6; Hubbert et al., 2002) and Sirt2 (sir-
tuin type 2; North et al., 2003). Initial functional studies used over-
expression, depletion, or chemical inhibition of these enzymes.
These studies should be discussed with care, as both HDAC6
and Sirt2 deacetylate other substrates and have deacetylase-
independent functions and chemical inhibition of HDACH6 is not
entirely selective for this enzyme (Valenzuela-Ferndndez et al.,
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2008). In contrast, acetyl transferase a-Tatl (or Mec-17; Akella
et al., 2010; Shida et al., 2010) specifically acetylates a-tubulin
K40 (Fig. 3), thus providing a more specific tool to investigate
the functions of K40 acetylation. Knockout mice of a-Tatl
are completely void of K40-acetylated tubulin; however, they
show only slight phenotypic aberrations, for instance, in their
sperm flagellum (Kalebic et al., 2013). A more detailed analy-
sis of a-Tatl knockout mice demonstrated that absence of K40
acetylation leads to reduced contact inhibition in proliferating
cells (Aguilar et al., 2014). In migrating cells, o-Tatl is tar-
geted to microtubules at the leading edge by clathrin-coated pits,
resulting in locally restricted acetylation of those microtubules
(Montagnac et al., 2013). A recent structural study of «a-Tatl
demonstrated that the low catalytic rate of this enzyme, together
with its localization inside the microtubules, caused acetyla-
tion to accumulate selectively in stable, long-lived microtubules
(Szyk et al., 2014), thus explaining the link between this PTM
and stable microtubules in cells. However, the direct cellular
function of K40 acetylation on microtubules is still unclear.

Recent discoveries have brought up the possibility that tu-
bulin could be subject to multiple acetylation events. A whole-
acetylome study identified >10 novel sites on a- and [3-tubulin
(Choudhary et al., 2009); however, none of these sites have been
confirmed. Another acetylation event has been described at ly-
sine 252 (K252) of 3-tubulin. This modification is catalyzed
by the acetyltransferase San (Fig. 3) and might regulate the as-
sembly efficiency of microtubules as a result of its localization
at the polymerization interface (Chu et al., 2011).

Tubulin detyrosination. Most a-tubulin genes in
different species encode a C-terminal tyrosine residue (Fig. 2;
Valenzuela et al., 1981). This tyrosine can be enzymatically
removed (Hallak et al., 1977) and religated (Fig. 3; Arce et al.,
1975). Mapping of tyrosinated and detyrosinated microtubules
in cells using specific antibodies (Gundersen et al., 1984; Geuens
et al., 1986; Cambray-Deakin and Burgoyne, 1987a) revealed
that subsets of interphase and mitotic spindle microtubules are
detyrosinated (Gundersen and Bulinski, 1986). As detyrosina-
tion was mostly found on stable and long-lived microtubules,
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Figure 2. Heterogeneity of C-terminal tails of tubulin isotypes and their

PTMs. The amino acid sequences of all tubulin genes found in the human
genome are indicated, starting at the last amino acid of the folded tubu-
lin bodies. Amino acids are represented in single-letter codes and color
coded according to their biochemical properties. Known sites for poly-
glutamylation are indicated (Eddé et al., 1990; Alexander et al., 1991;
Ridiger et al., 1992). Potential modification sites (all glutamate residues)
are indicated. Known C-erminal truncation reactions of o/p-tubulin (tub)
are indicated. The Cterminal tails of the yeast Saccharomyces cerevisiae
are shown to illustrate the phylogenetic diversity of these domains.

especially in neurons (Cambray-Deakin and Burgoyne, 1987b;
Robson and Burgoyne, 1989; Brown et al., 1993), it was as-
sumed that this modification promotes microtubule stability
(Gundersen et al., 1987; Sherwin et al., 1987). Although a direct
stabilization of the microtubule lattice was considered unlikely
(Khawaja et al., 1988), it was found more recently that dety-
rosination protects cellular microtubules from the depolymer-
izing activity of kinesin-13—type motor proteins, such as KIF2
or MCAK, thus increasing their longevity (Peris et al., 2009;
Sirajuddin et al., 2014).

Besides kinesin-13 motors, plus end-tracking proteins
with cytoskeleton-associated protein glycine-rich (CAP-Gly)
domains, such as CLIP170 or p150/glued, specifically interact
with tyrosinated microtubules (Peris et al., 2006; Bieling et al.,
2008) via this domain (Honnappa et al., 2006). In contrast,
kinesin-1 moves preferentially on detyrosinated microtubules
tracks in cells (Liao and Gundersen, 1998; Kreitzer et al., 1999;
Konishi and Setou, 2009). The effect of detyrosination on kinesin-1
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Figure 3. Enzymes involved in PTM of tubulin. Schematic representation
of known enzymes (mammalian enzymes are shown) involved in the gen-
eration and removal of PTMs shown in Fig. 1. Note that some enzymes
still remain unknown, and some modifications are irreversible. (*CCP5
preferentially removes branching points [Rogowski et al., 2010]; how-
ever, the enzyme can also hydrolyze linear glutamate chains [Berezniuk
etal., 2013]).

motor behavior was recently measured in vitro, and a small but
significant increase in the landing rate and processivity of the
motor has been found (Kaul et al., 2014). Such subtle changes
in the motor behavior could, in conjunction with other factors,
such as regulatory MAPs associated with cargo transport com-
plexes (Barlan et al., 2013), lead to a preferential use of detyros-
inated microtubules by kinesin-1 in cells.

Despite the early biochemical characterization of a dety-
rosinating activity, the carboxypeptidase catalyzing detyrosina-
tion of a-tubulin has yet to be identified (Hallak et al., 1977;
Argarafia et al., 1978, 1980). In contrast, the reverse enzyme,
tubulin tyrosine ligase (TTL; Fig. 3; Raybin and Flavin, 1975;
Deanin and Gordon, 1976; Argaraia et al., 1980), has been pu-
rified (Schroder et al., 1985) and cloned (Ersfeld et al., 1993).
TTL modifies nonpolymerized tubulin dimers exclusively.
This selectivity is determined by the binding interface be-
tween the TTL and tubulin dimers (Szyk et al., 2011, 2013;
Prota et al., 2013). In contrast, the so far unidentified detyrosi-
nase acts preferentially on polymerized microtubules (Kumar
and Flavin, 1981; Arce and Barra, 1983), thus modifying a
select population of microtubules within cells (Gundersen
et al., 1987).

The tubulin code ¢ Janke
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In most organisms, only one unique gene for TTL exists.
Consequently, 77L knockout mice show a huge accumulation of
detyrosinated and particularly A2-tubulin (see next section). 7TL
knockout mice die before birth (Erck et al., 2005) with major
developmental defects in the nervous system that might be related
to aberrant neuronal differentiation (Marcos et al., 2009).
TTL is strictly tubulin specific (Prota et al., 2013), indicating that
all observed defects in 7TL knockout mice are directly related to
the deregulation of the microtubule cytoskeleton.

A2-tubulin and further C-terminal modification.
A biochemical study of brain tubulin revealed that ~35% of
a-tubulin cannot be retyrosinated (Paturle et al., 1989) because
of the lack of the penultimate C-terminal glutamate residue of
the primary protein sequence (Fig. 2; Paturle-Lafanechére et al.,
1991). This so-called A2-tubulin (for two C-terminal amino acids
missing) cannot undergo retyrosination as a result of structural
constraints within TTL (Prota et al., 2013) and thus is considered
an irreversible PTM.

A2-tubulin accumulates in long-lived microtubules of dif-
ferentiated neurons, axonemes of cilia and flagella, and also in
cellular microtubules that have been artificially stabilized, for in-
stance, with taxol (Paturle-Lafanechere et al., 1994). The genera-
tion of A2-tubulin requires previous detyrosination of a-tubulin;
thus, the levels of this PTM are indirectly regulated by the dety-
rosination/retyrosination cycle. This mechanistic link is particu-
larly apparent in the 77L knockout mice, which show massive
accumulation of A2-tubulin in all tested tissues (Erck et al., 2005).
Loss of TTL and the subsequent increase of A2-tubulin levels
were also linked to tumor growth and might contribute to the
aggressiveness of the tumors by an as-yet-unknown mechanism
(Lafanechere et al., 1998; Mialhe et al., 2001). To date, no spe-
cific biochemical role of A2-tubulin has been determined; thus,
one possibility is that the modification simply locks tubulin in
the detyrosinated state.

The enzymes responsible for A2-tubulin generation are
members of a family of cytosolic carboxypeptidases (CCPs; Fig. 3;
Kalinina et al., 2007; Rodriguez de la Vega et al., 2007), and
most of them also remove polyglutamylation from tubulin (see
next section; Rogowski et al., 2010). These enzymes are also
able to generate A3-tubulin (Fig. 1 A; Berezniuk et al., 2012),
indicating that further degradation of the tubulin C-terminal
tails are possible; however, the functional significance of this
event is unknown.

Polyglutamylation. Polyglutamylation is a PTM that
occurs when secondary glutamate side chains are formed on
vy-carboxyl groups of glutamate residues in a protein (Fig. 1,
A and B). The modification was first discovered on a- and 3-tubulin
from the brain (Eddé et al., 1990; Alexander et al., 1991; Riidiger
et al., 1992; Mary et al., 1994) as well as on axonemal tubu-
lin from different species (Mary et al., 1996, 1997); however, it
is not restricted to tubulin (Regnard et al., 2000; van Dijk et al.,
2008). Using a glutamylation-specific antibody, GT335 (Wolff
et al., 1992), it was observed that tubulin glutamylation increases
during neuronal differentiation (Audebert et al., 1993, 1994)
and that axonemes of cilia and flagella (Fouquet et al., 1994), as
well as centrioles of mammalian centrosomes (Bobinnec et al.,
1998), are extensively glutamylated.
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Enzymes catalyzing polyglutamylation belong to the TTL-
like (TTLL) family (Regnard et al., 2003; Janke et al., 2005). In
mammals, nine glutamylases exist, each of them showing intrin-
sic preferences for modifying either - or B-tubulin as well as
for initiating or elongating glutamate chains (Fig. 3; van Dijk
et al., 2007). Two of the six well-characterized TTLL glutamy-
lases also modify nontubulin substrates (van Dijk et al., 2008).

Knockout or depletion of glutamylating enzymes in dif-
ferent model organisms revealed an evolutionarily conserved
role of glutamylation in cilia and flagella. In motile cilia, gluta-
mylation regulates beating behavior (Janke et al., 2005; Pathak
et al., 2007; Tkegami et al., 2010) via the regulation of flagellar
dynein motors (Kubo et al., 2010; Suryavanshi et al., 2010).
Despite the expression of multiple glutamylases in ciliated cells
and tissues, depletion or knockout of single enzymes often lead
to ciliary defects, particularly in motile cilia (Ikegami et al., 2010;
Vogel et al., 2010; Bosch Grau et al., 2013; Lee et al., 2013),
suggesting essential and nonredundant regulatory functions of
these enzymes in cilia.

Despite the enrichment of polyglutamylation in neuronal
microtubules (Audebert et al., 1993, 1994), knockout of TTLLI,
the major polyglutamylase in brain (Janke et al., 2005), did not
show obvious neuronal defects in mice (Ikegami et al., 2010;
Vogel et al., 2010). This suggests a tolerance of neuronal micro-
tubules to variations in polyglutamylation.

Deglutamylases, the enzymes that reverse polyglutamy-
lation, were identified within a novel family of CCPs (Kimura
etal., 2010; Rogowski et al., 2010). So far, three out of six mam-
malian CCPs have been shown to cleave C-terminal glutamate
residues, thus catalyzing both the reversal of polyglutamylation
and the removal of gene-encoded glutamates from the C termini
of proteins (Fig. 3). The hydrolysis of gene-encoded glutamate
residues is not restricted to tubulin, in which it generates A2- and
A3-tubulin, but has also been reported for other proteins such as
myosin light chain kinase (Rusconi et al., 1997; Rogowski et al.,
2010). One enzyme of the CCP family, CCPS5, preferentially
removes branching points generated by glutamylation, thus al-
lowing the complete reversal of the polyglutamylation modifi-
cation (Kimura et al., 2010; Rogowski et al., 2010). However,
CCPS5 can also hydrolyze C-terminal glutamate residues from
linear peptide chains similar to other members of the CCP fam-
ily (Berezniuk et al., 2013).

CCPI is mutated in a well-established mouse model for
neurodegeneration, the pcd (Purkinje cell degeneration) mouse
(Mullen et al., 1976; Greer and Shepherd, 1982; Fernandez-
Gonzalez et al., 2002). The absence of a key deglutamylase leads
to strong hyperglutamylation in brain regions that undergo
degeneration, such as the cerebellum and the olfactory bulb
(Rogowski et al., 2010). When glutamylation levels were rebal-
anced by depletion or knockout of the major brain polygluta-
mylase TTLLI (Rogowski et al., 2010; Berezniuk et al., 2012),
Purkinje cells survived. Although the molecular mechanisms
of hyperglutamylation-induced degeneration remain to be elu-
cidated, perturbation of neuronal transport, as well as changes
in the dynamics and stability of microtubules, is expected to be
induced by hyperglutamylation. Increased polyglutamylation
levels have been shown to affect kinesin-1-mediated transport
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in cultured neurons (Maas et al., 2009), and the turnover of micro-
tubules can also be regulated by polyglutamylation via the activ-
ation of microtubule-severing enzymes such as spastin (Lacroix
et al., 2010).

Subtle differences in polyglutamylation can be seen on di-
verse microtubules in different cell types. The functions of these
modifications remain to be studied; however, its wide distribu-
tion strengthens the idea that it could be involved in fine-tuning
a range of microtubule functions.

Polyglyeylation. Tubulin polyglycylation or glycylation,
like polyglutamylation, generates side chains of glycine resi-
dues within the C-terminal tails of - and B-tubulin (Fig. 1,
A and B). The modification sites of glycylation are considered to
be principally the same as for glutamylation, and indeed, both
PTMs have been shown to be interdependent in cells (Rogowski
etal., 2009; Wloga et al., 2009). Initially discovered on Parame-
cium tetraurelia tubulin (Redeker et al., 1994), glycylation has
been extensively studied using two antibodies, TAP952 and
AXO049 (Bressac et al., 1995; Levilliers et al., 1995; Bré et al.,
1996). In contrast to polyglutamylation, glycylation is restricted
to cilia and flagella in most organisms analyzed so far.

Glycylating enzymes are also members of the TTLL family,
and homologues of these enzymes have so far been found in all
organisms with proven glycylation of ciliary axonemes (Rogowski
etal., 2009; Wloga et al., 2009). In mammals, initiating (TTLL3
and TTLLS) and elongating (TTLL10) glycylases work together
to generate polyglycylation (Fig. 3). In contrast, the two TTLL3
orthologues from Drosophila melanogaster can both initiate
and elongate glycine side chains (Rogowski et al., 2009).

In mice, motile ependymal cilia in brain ventricles acquire
monoglycylation upon maturation, whereas polyglycylation is
observed only after several weeks (Bosch Grau et al., 2013).
Sperm flagella, in contrast, acquire long glycine chains much
faster, suggesting that the extent of polyglycylation could corre-
late with the length of the axonemes (Rogowski et al., 2009).
Depletion of glycylases in mice (ependymal cilia; Bosch Grau
et al., 2013), zebrafish (Wloga et al., 2009; Pathak et al., 2011),
Tetrahymena thermophila (Wloga et al., 2009), and D. melano-
gaster (Rogowski et al., 2009) consistently led to ciliary disas-
sembly or severe ciliary defects. How glycylation regulates
microtubule functions remains unknown; however, the observa-
tion that glycylation-depleted axonemes disassemble after ini-
tial assembly (Rogowski et al., 2009; Bosch Grau et al., 2013)
suggests a role of this PTM in stabilizing axonemal micro-
tubules. Strikingly, human TTLL10 is enzymatically inactive;
thus, humans have lost the ability to elongate glycine side chains
(Rogowski et al., 2009). This suggests that the elongation of the
glycine side chains is not an essential aspect of the function of
this otherwise critical tubulin PTM.

Other tubulin PTMs. Several other PTMs have been
found on tubulin. Early studies identified tubulin phosphoryla-
tion (Eipper, 1974; Gard and Kirschner, 1985; Diaz-Nido et al.,
1990); however, no specific functions were found. The perhaps
best-studied phosphorylation event on tubulin takes place at
serine S172 of B-tubulin (Fig. 1 A), is catalyzed by the Cdkl
(Fig. 3), and might regulate microtubule dynamics during cell
division (Fourest-Lieuvin et al., 2006; Caudron et al., 2010).

Tubulin can be also modified by the spleen tyrosine kinase Syk
(Fig. 3; Peters et al., 1996), which might play a role in immune
cells (Faruki et al., 2000; Sulimenko et al., 2006) and cell divi-
sion (Zyss et al., 2005; Sulimenko et al., 2006).

Polyamination has recently been discovered on brain tu-
bulin (Song et al., 2013), after having been overlooked for many
years as a result of the low solubility of polyaminated tubulin.
Among several glutamine residues of a- and 3-tubulin that can
be polyaminated, Q15 of B-tubulin is considered the primary
modification site (Fig. 1 A). Polyamination is catalyzed by
transglutaminases (Fig. 3), which modify free tubulin as well as
microtubules in an irreversible manner, and most likely contrib-
ute to the stabilization of microtubules (Song et al., 2013).

Tubulin was also reported to be palmitoylated (Caron,
1997; Ozols and Caron, 1997; Caron et al., 2001), ubiquitinated
(Ren et al., 2003; Huang et al., 2009; Xu et al., 2010), glycosyl-
ated (Walgren et al., 2003; Ji et al., 2011), arginylated (Wong
et al., 2007), methylated (Xiao et al., 2010), and sumoylated
(Rosas-Acosta et al., 2005). These PTMs have mostly been re-
ported without follow-up studies, and some of them are only
found in specific cell types or organisms and/or under specific
metabolic conditions. Further studies will be necessary to gain
insights into their potential roles for the regulation of the micro-
tubule cytoskeleton.

Current advances and future perspectives
The molecular heterogeneity of microtubules, generated by the
expression of different tubulin isotypes and by the PTM of tu-
bulin has fascinated the scientific community for ~40 years.
Although many important advances have been made in the past
decade, the dissection of the molecular mechanisms and a com-
prehensive understanding of the biological functions of tubulin
isotypes and PTMs will be a challenging field of research in the
near future.

Direct measurements of the impact of tubulin
heterogeneity. The most direct and reliable type of experi-
ments to determine the impact of tubulin heterogeneity on mi-
crotubule behavior are in vitro measurements with purified
proteins. However, most biophysical work on microtubules has
been performed with tubulin purified from bovine, ovine, or
porcine brains, which can be obtained in large quantities and
with a high degree of purity and activity (Vallee, 1986; Castoldi
and Popov, 2003). Brain tubulin is a mixture of different tubulin
isotypes and is heavily posttranslationally modified and thus
inept for investigating the functions of tubulin heterogeneity
(Denoulet et al., 1986; Cambray-Deakin and Burgoyne, 1987b;
Paturle et al., 1989; Edd€ et al., 1990). Thus, pure, recombinant
tubulin will be essential to dissect the roles of different tubulin
isoforms and PTMs.

Attempts to produce recombinant, functional a- and
{3-tubulin in bacteria have failed so far (Yaffe et al., 1988), most
likely because of the absence of the extensive tubulin-specific
folding machinery (Yaffe et al., 1992; Gao et al., 1993; Tian
et al., 1996; Vainberg et al., 1998) in prokaryotes. An alternative
source of tubulin with less isotype heterogeneity and with almost
no PTMs is endogenous tubulin from cell lines such as HeLa,
which in the past has been purified using a range of biochemical
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procedures (Bulinski and Borisy, 1979; Weatherbee et al., 1980;
Farrell, 1982; Newton et al., 2002; Fourest-Lieuvin, 2006).
Such tubulin can be further modified with tubulin-modifying
enzymes, such as polyglutamylases, either by expressing those
enzymes in the cells before tubulin purification (Lacroix and
Janke, 2011) or in vitro with purified enzymes (Vemu et al.,
2014). Despite some technical limitations of these methods,
HeLa tubulin modified in cells has been successfully used in an
in vitro study on the role of polyglutamylation in microtubule
severing (Lacroix et al., 2010).

Naturally occurring variants of tubulin isotypes and PTMs
can be purified from different organisms, organs, or cell types,
but obviously, only some combinations of tubulin isotypes and
PTMs can be obtained by this approach. The recent development
of an affinity purification method using the microtubule-binding
TOG (tumor overexpressed gene) domain of yeast Stu2p has
brought a new twist to this approach, as it allows purifying
small amounts of tubulin from any cell type or tissue (Widlund
etal., 2012).

The absence of tubulin heterogeneity in yeast has made
budding and fission yeast potential expression systems for re-
combinant, PTM-free tubulin (Katsuki et al., 2009; Drummond
et al., 2011; Johnson et al., 2011). However, the expression of
mammalian tubulin in this system has remained impossible.
This problem was then partially circumvented by expressing
tubulin chimeras that consist of a yeast tubulin body fused to
mammalian C-terminal tubulin tails, thus mimicking different
tubulin isotypes (Sirajuddin et al., 2014). Moreover, detyrosina-
tion can be generated by deleting the key C-terminal residue
from endogenous or chimeric a-tubulin (Badin-Larcon et al.,
2004), and polyglutamylation is generated by chemically cou-
pling glutamate side chains to specifically engineered tubulin
chimeras (Sirajuddin et al., 2014). These approaches allowed
the first direct measurements of the impact of tubulin isotypes
and PTMs on the behavior of molecular motors in vitro (Sirajuddin
et al., 2014) and the analysis of the effects of tubulin heteroge-
neity on microtubule behavior and interactions inside the yeast
cell (Badin-Largon et al., 2004; Aiken et al., 2014).

Currently, the most promising development has been the
successful purification of fully functional recombinant tubulin
from the baculovirus expression system (Minoura et al., 2013).
Using this system, defined o/B-tubulin dimers can be obtained
using two different epitope tags on a- and B-tubulin, respectively.
Although these epitope tags are essential for separating recom-
binant from the endogenous tubulin, they could also affect tubulin
assembly or microtubule-MAP interactions. Thus, future de-
velopments should focus on eliminating these tags.

Current efforts have brought the possibility of producing
recombinant tubulin into reach. Further improvement and stan-
dardization of these methods will certainly provide a breakthrough
in understanding the mechanisms by which tubulin heterogene-
ity contributes to microtubule functions.

Complexity of tubulin—understanding the reg-
ulatory principles. The diversity of tubulin genes (isotypes)
and the complexity of tubulin PTMs have led to the proposal of
the term “tubulin code” (Verhey and Gaertig, 2007; Wehenkel
and Janke, 2014), in analogy to the previously coined histone
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code (Jenuwein and Allis, 2001). Tubulin molecules consist of a
highly structured and thus evolutionarily conserved tubulin
body and the unstructured and less conserved C-terminal tails
(Nogales et al., 1998). As PTMs and sequence variations within
the tubulin body are expected to affect the conserved tubulin
fold and therefore the properties of the microtubule lattice, they
are not likely to be involved in generating the tubulin code. In
contrast, modulations of the C-terminal tails could encode sig-
nals on the microtubule surface without perturbing basic micro-
tubule functions and properties (Figs. 1 A and 4). Indeed, the
highest degree of gene-encoded diversity (Fig. 2) and the high-
est density and complexity of PTMs (Fig. 1) are found within
these tail domains.

Considering the number of tubulin isotypes plus all poten-
tial combinations of PTMs (e.g., each glutamate residue within
the C-terminal tubulin tail could be modified by either polyglu-
tamylation or polyglycylation, each of them generating side chains
of different lengths; Fig. 4), the number of distinct signals gen-
erated by the potential tubulin code would be huge. However, as
many of these potential signals represent chemical structures that
are similar and might not be reliably distinguished by readout
mechanisms, it is possible that the tubulin code generates proba-
bilistic signals. In this scenario, biochemically similar modifica-
tions would have similar functional readouts, and marginal
differences between those signals would only bias biological
processes but not determine them. This stands in contrast to the
concept of the histone code, in which precise patterns of different
PTMs on the histone proteins encode distinct biological signals.

The concept of probabilistic signaling is already inscribed
in the machinery that generates the tubulin code. Polyglutamy-
lases and polyglycylases from the TTLL family have preferential
activities for either a- or 3-tubulin and for generating different
lengths of the branched glutamate or glycine chains. Although
under conditions of low enzyme concentrations, as found in
most cells and tissues, the enzymes seem to selectively generate
their preferential type of PTM, higher enzyme concentrations
induce a more promiscuous behavior, leading, for instance, to a
loss of selectivity for - or B-tubulin (van Dijk et al., 2007).
Similarly, the modifying enzymes might prefer certain modifi-
cation sites within the C-terminal tails of tubulin but might be
equally able to modify other sites, which could be locally regu-
lated in cells. For example, B-tubulin isotypes isolated from
mammalian brain were initially found to be glutamylated on
single residues (Alexander et al., 1991; Riidiger et al., 1992),
which in the light of the comparably low sensitivity of mass spec-
trometry at the time might rather indicate a preferential than a
unique modification of these sites. Nevertheless, the neuron-
specific polyglutamylase for B-tubulin TTLL7 (Ikegami et al.,
2006) can incorporate glutamate onto many more modification
sites of B-tubulin in vitro (Mukai et al., 2009), which clearly in-
dicates that not all of the possible modification events take place
under physiological conditions.

Several examples supporting a probabilistic signaling
mode of the tubulin code are found in the recent literature. In 7.
thermophila, a ciliate without tubulin isotype diversity (Gaertig
et al., 1993) but with a huge repertoire of tubulin PTMs and
tubulin-modifying enzymes (Janke et al., 2005), tubulin can be
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easily mutagenized to experimentally eliminate sites for PTMs.
Mutagenesis of the most commonly occupied glutamylation/
glycylation sites within the (3-tubulin tails did not generate a
clear decrease of glycylation levels nor did it cause obvious
phenotypic alterations. This indicates that the modifying en-
zymes can deviate toward alternative modification sites and that
similar PTMs on different sites can compensate the functions
of the mutated site. However, when all of the key modification
sites were mutated, glycylation became prominently decreased,
which led to severe phenotypes, including lethality (Xia et al.,
2000). Most strikingly, these phenotypes could be recovered by
replacing the C-terminal tail of a-tubulin with the nonmutated
{3-tubulin tail. This a—(-tubulin chimera became overglycylated
and functionally compensated for the absence of modification

Figure 4.  Molecular components of the tubu-
lin code. Schematic representation of potential
coding elements that could generate specific
signals for the tubulin code. (A) The length of
the C-terminal tails of different tubulin isotypes
differ significantly (Fig. 2) and could have
an impact on the interactions between micro-
tubules and MAPs. (B) Tubulin C-terminal tails
are rich in charged amino acid residues. The
distribution of these residues and local densi-
ties of charges could influence the electrostatic
interactions with the tails and the readers.
(C) Although each glutamate residue within
the C-terminal tails could be considered a po-
tential modification site, only some sites have
been found highly occupied in tubulin purifi-
cations from native sources. This indicates
selectivity of the modification reactions, which
can participate in the generation of specific
modification patterns (see D). Modification
sites might be distinguished by their neighbor-
ing amino acid residues, which could create
specific modification epitopes. (D) As a result
of the large number of modification sites and
the variability of side chains, a large vari-
ety of modification patterns could be gener-
ated within a single Cerminal tail of tubulin.
(E) Modification patterns as shown in D can be
distinct between a- and B-tubulin. These modi-
fication patterns could be differentially distrib-
uted at the surface of the microtubule lattice,
thus generating a higher-order patterning.
Tub, tubulin. For color coding, see Fig. 2.

3
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sites on B-tubulin. The conclusion of this study is that PTM-
and isotype-generated signals can fulfill a biological function
within a certain range of tolerance.

But how efficient is such compensation? The answer can
be found in a variety of already described deletion mutants for
tubulin-modifying enzymes in different model organisms. Most
single-gene knockouts for 77LL genes (glutamylases or gly-
cylases) did not result in prominent phenotypic alterations in
mice, even for enzymes that are ubiquitously expressed. Only
some highly specialized microtubule structures show functional
aberrations upon the deletion of a single enzyme. These “tips of
the iceberg” are usually the motile cilia and sperm flagella, which
carry very high levels of polyglutamylation and polyglycylation
(Bré et al., 1996; Kann et al., 1998; Rogowski et al., 2009). It
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thus appears that some microtubules are essentially dependent
on the generation of specific PTM patterns, whereas others can
tolerate changes and appear to function normally. How “normal”
these functions are remains to be investigated in future studies.
It is possible that defects are subtle and thus overlooked but could
become functionally important under specific conditions.

A tubulin code also requires readout mechanisms. The
most likely “readers” of the tubulin code are MAPs and molecu-
lar motors. Considering the probabilistic signaling hypothesis,
the expected effects of the signals would be in most cases rather
gradual changes, for instance, to fine-tune molecular motor traf-
fic and/or to bias motors toward defined microtubule tracks but
not to obliterate motor activity or MAP binding to microtubules.
An in vitro study using recombinant tubulin chimeras purified
from yeast confirmed this notion (Sirajuddin et al., 2014). By
analyzing which elements of the tubulin code can regulate the
velocity and processivity of the molecular motors kinesin and
dynein, these researchers found that the C-terminal tails of
o- and B-tubulin differentially influence the kinetic parameters
of the tested motors; however, the modulation was rather mod-
est. One of their striking observations was that a single lysine
residue, present in the C-terminal tails of two 3-tubulin isotypes
(Figs. 2 and 4), significantly affected motor traffic and that this
effect can be counterbalanced by polyglutamylation. These ob-
servations are the first in vitro evidence for the interdependence
of different elements of the tubulin code and provide another
indication for its probabilistic mode of signaling.

Future directions. One of the greatest technological
challenges to understanding the function of the tubulin code is
to detect and interpret subtle and complex regulatory events
generated by this code. It will thus be instrumental to further
develop tools to better distinguish graded changes in PTM
levels on microtubules in cells and tissues (Magiera and Janke,
2013) and to reliably measure subtle modulations of microtu-
bule behavior in reconstituted systems.

The current advances in the field and especially the avail-
ability of whole-organism models, as well as first insights into
the pathological role of tubulin mutations (Tischfield et al.,
2011), are about to transform our way of thinking about the reg-
ulation of microtubule cytoskeleton. Tubulin heterogeneity gen-
erates complex probabilistic signals that cannot be clearly
attributed to single biological functions in most cases and that
are not essential for most cellular processes. Nevertheless, it has
been conserved throughout evolution of eukaryotes and can
hardly be dismissed as not important. To understand the func-
tional implications of these processes, we might be forced to re-
consider how we define biologically important events and how
we measure events that might encode probabilistic signals. The
answers to these questions could provide novel insights into
how complex systems, such as cells and organisms, are sustained
throughout difficult and challenging life cycles, resist to envi-
ronmental stress and diseases, and have the flexibility needed to
succeed in evolution.
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