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Abstract

Cdlular microtubules are marked by abundant and evolutionarily conserved post-trandational
modifications that have the potential to tune their functions. This review focuses on the
astonishing chemical complexity introduced in the tubulin heterodimer at the post-translational
level and summarizes the recent advances in identifying the enzymes responsible for these
modifications and deciphering the consequences of tubulin’s chemical diversity on the function of
molecular motors and microtubul e associated proteins.

Introduction

Microtubules are dynamic polymers essential for cell morphogenesis, cell division, and
intracellular transport. Microtubules perform their diverse cellular functions by forming
suprastructures with highly distinctive geometries and dynamic behaviours: the radial
cytoplasmic array, the stable short parallel axonemal array, the dynamic bipolar spindle
array, thelong tiled axonal array or the highly complex dendritic array. Microtubules are
hollow cylindrical polymers of ~ 25 nm diameter of highly variable lengths. Their building
block isthe a/f heterodimer. Repeating a/B-tubulin heterodimers form a protofilament and
typically thirteen protofilaments associate laterally to form the microtubule.

How does a single building block, the a/B-tubulin heterodimer, create the diverse
microtubule functions observed in cells? The answer liesin the myriad of cytoskeletal
regulators that act on microtubules as well as the genetic and chemical diversity of tubulin
itself. In many eukaryotes, particularly higher vertebrates, both a.- and p-tubulin are encoded
by multigene families—comprising, for instance, six and seven genes, respectively, in
humans [Sullivan 1988]. While tubulin isotypes are restricted to specialized cells, most
tissues express several, thus possibly creating many combinations of a/p heterodimers. Most
microtubules are made of mixtures of isotypes, while some contain predominantly asingle
isotype [Miller et a. 2010]. Different isotypes can have specific functions, and one isotype
is not always interchangeable with another [Nielsen et al. 2001]. For example, the divergent
B-tubulin found in platelets localizes to the marginal band and is important for giving
platelets their discoid shape [Schwer et al. 2001]. Presently we still know very little about
the effects of tubulin isotype composition on polymer assembly and dynamics, although
several studies support the idea that microtubule dynamics can be modulated by titrating
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tubulin isotype levels [Lu and Luduena 1994; Panda et al. 1994; Newton et al. 2002] and
that microtubule associated proteins can differentially interact with different tubulin isotypes
[Lu et al. 2004]. A second layer of complexity is added to the tubulin dimer by highly
diverse post-trandational modifications. This review focuses primarily on the types of post-
trandlational modifications found on tubulin, the enzymes responsible for these
modifications and the consequences of this chemical diversity on the function of molecular
motors and microtubul e associated proteins (MAPS).

The chemical complexity of the microtubule

Tubulins and microtubules are subject to evolutionarily conserved and developmentally
regulated post-translational modifications, including the removal and subsequent addition of
the C-terminal tyrosine in a-tubulin [Barra et al. 1973], the non-reversible removal of the
conserved penultimate glutamate residue of a-tubulin [Paturle-Lafanechere et al. 1991],
acetylation of a-tubulin [L'Hernault and Rosenbaum 1983; L'Hernault and Rosenbaum
1985], poly-glutamylation of a- and B-tubulin [Edde et a. 1990; Alexander et a. 1991;
Redeker et al. 1992; Rudiger et al. 1992], poly-glycylation of a- and p-tubulin [Redeker et
al. 1994], phosphorylation of B-tubulin [Eipper 1972] and palmitoylation of a-tubulin
[Caron 1997; Ozols and Caron 1997; Caron et a. 2001]. Acetylation of p-tubulin has aso
been reported recently [Chu et al. 2011] and this addition most likely signals that we do not
yet have a complete compendium of tubulin post-trandational modifications. Expansion of
tubulin’s post-translational repertoire coincides with increased metazoan complexity and the
highest density and variety of post-translational modificationsis found in especially
complex microtubule arrays like those of neurons or cilia.

The diversity of the tubulin repertoire is evident both at the cellular and subcellular levels.
At the subcellular level, post-translational modifications mark distinct subpopul ations of
microtubules in the cell. These marks may serve to locally adapt microtubules for specific
functions: thus, microtubules oriented towards a wound in a confluent monolayer of cells are
enriched in detyrosination [Bre et a. 1991; Nagasaki and Gundersen 1996], microtubulesin
anewly extended neurite that is destined to become the axon are enriched in acetylation and
poly-glutamylation [Hammond et a. 2010], astral microtubules are tyrosinated, spindle
microtubules are enriched in detyrosination [Gundersen et al. 1984; Gundersen and Bulinski
1986], while microtubulesin cilia, flagella or basal bodies are acetylated [Piperno and Fuller
1985] as well as heavily poly-glutamylated [Edde et a. 1990] and poly-glycylated
[Levillierset al. 1995; Verhey and Gaertig 2007; Fukushima et al. 2009; Wloga and Gaertig
2010].

The tubulin C-terminal tails: hotspots for chemical diversity

The well defined globular domain of tubulins (the “tubulin body”) contributes a large
molecular surface to the protomer-protomer interface in the microtubule lattice, while the
outside of the microtubule shaft (Figure 1) is decorated by a predominantly unstructured,
highly negatively-charged C-terminal region (the “tubulin tail”; [Nogales et al. 1998]).
Interestingly, the C-termina tails of a- and B-tubulin are the sites of most sequence
variation among isotypes [Sullivan 1988; Tischfield and Engle 2010] as well as the site of
the mgjority of known post-translational modifications. detyrosination/tyrosination [Arce et
al. 1975], poly-glutamylation [Edde et al. 1990; Alexander et al. 1991; Redeker et al. 1992;
Rudiger et al. 1992], poly-glycylation [Redeker et al. 1994] and phosphorylation [Eipper
1972] (Figures 1 and 2). Thus the outside of the microtubule shaft, the surface “seen” by
most MAPs and motors, is decorated by highly diverse tubulin tails that can influence their
behaviour. One notable exception seems to be acetylation at position Lys40 on a-tubulin
[L'Hernault and Rosenbaum 1983], aresidue that is predicted to reside inside the
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microtubule lumen (Figure 1) and thus likely “invisible” to the regulators that bind to the
microtubule surface. From an evolutionarily standpoint, it makes perfect sense that for an
essential polymer additional regulatory controls were mainly added to regions of tubulin that
do not participate in lattice interactions and where modifications would be less likely to
result in loss of viability. This situation is analogous to the introduction of diverse
modifications to the N-terminal tails of histones [Jenuwein and Allis 2001; Verhey and
Gaertig 2007].

In addition to being chemically diverse, tubulin post-trand ational modifications have the
potential to be informationally highly complex, in effect functioning as a“tubulin code”.
Poly-glutamylation and poly-glycylation are not simple ON/OFF signals like tyrosination/
detyrosination, phosphorylation or acetylation. The specific length of the added chain shows
large variation: glutamic acid chains can be as long as 20 residues, although most are
between one and six [Edde et al. 1992; Geimer et al. 1997; Redeker et al. 1998; Schneider et
al. 1998; Redeker 2010]. Glycine chains of up to 34 residues have been identified [Redeker
et al. 1994]. This variation substantially increases the heterogeneity of the microtubule
lattice and can potentially act as arheostat for the recruitment of regulators. To complicate
matters even further, multiple post-translational modifications often occur on the same
microtubule [Edde et al. 1991; Edde et al. 1992], giving rise to a staggering number of
possible combinations that could tune the recruitment and behaviour of microtubule
regulators.

Until recently, the majority of the work on tubulin post-translational modifications was
made possible by use of antibodies that could distinguish differently modified microtubules
in the cell. However, with the exception of tubulin tyrosine ligase, the enzyme that catalyzes
the addition of the terminal Tyr to a-tubulin (Figures 1 and 2A), the identity of the enzymes
responsible for the various tubulin modifications remained elusive for many years. A major
breakthrough came in 2005 with the identification of an enzyme complex from brain
extracts that poly-glutamylates tubulin [Janke et al. 2005]. Thisinitial breakthrough was
followed in the last five years by multiple studies identifying the enzymes responsible for
both the addition [Janke et al. 2005; Ikegami et al. 2006; van Dijk et al. 2007; Ikegami et al.
2008; Rogowski et al. 2009; Wloga et al. 2009; Akellaet a. 2010; Shida et al. 2010] (Tables
[, I1) and the removal of various tubulin post-translational modifications [Kalinina et al.
2007; Rogowski et al. 2010; Lalle et al. 2011] (Tablelll), aswell as several knockout
studies demonstrating the importance of these enzymes to organismal development [Ikegami
et a. 2007; Akellaet a. 2010; Rogowski et al. 2010; Shida et al. 2010; Vogel et a. 2010].

Tubulin monomodifications - the detyrosination /tyrosination cycle

It israther fitting to write this review about tubulin post-translational modificationsin a
special issue dedicated to a conference focused on the neuronal cytoskeleton held in South
Americasince the first tubulin specific post-translational modification was discovered by a
team of Argentinian scientists. In 1973, Hector Barra and colleagues reported an RNA-
independent addition of atyrosine to an abundant protein present in brain extracts that they
later identified astubulin [Barraet al. 1973; Barraet al. 1974; Arce et al. 1975]. Subsequent
studies have shown that most isoforms of a.-tubulin contain a C-terminal genome-encoded
tyrosine residue [Valenzuela et al. 1981] that undergoes a cycle of detyrosination and
tyrosination [Russell et al. 1984; Sherwin et al. 1987; Warn et a. 1990]. The product of the
detyrosination reaction is known as “ Glu-tubulin™ since the penultimate C-terminal residue
of a-tubulin isaglutamate. Thisform of tubulin is prevalent in stable/long-lasting
microtubules that display little dynamicity (t1/2 ~ 16 hrs). Tyrosinated tubulin (known as
“Tyr-tubulin”) is found mainly in dynamic microtubules (t1/2 ~ 3-5 min; [Webster et al.
1987]). Recent studies have shown that this difference in stability between Tyr- and Glu-
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tubulin is not due to intrinsic changesin the properties of the microtubule polymer itself, but
the modification-dependent recruitment of microtubule dynamics regulators [Peris et al.
2006; Peris et al. 2009].

The enzyme responsible for the addition of the terminal tyrosine to a-tubulin, tubulin
tyrosine ligase (TTL), was isolated from brain extracts in a stable complex with tubulin and
shown to require ATP and magnesium ions for the tyrosination reaction [Raybin and Flavin
1977; Murofushi 1980; Schroder et al. 1985]. The TTL gene was cloned after intense efforts
in 1993 [Ersfeld et al. 1993], more than ten years after the initial isolation of the enzyme.
Subsequent studies by Weber and coworkers [Rudiger et al. 1994] established the exquisite
specificity that TTL has for the C-terminal tail of tubulin, showing that any substitutionsin
the last six residues of the a-tubulin C-terminal tail had drastic effectson TTL activity.
Despite the fact that the detyrosination reaction was identified more than 30 years ago
[Hallak et al. 1977], the identity of the enzyme that catalyzes the removal of the C-terminal
tyrosine on a-tubulin has proven to be elusive. The product of the detyrosination reaction,
Glu-tubulin, can be further modified by the removal of the penultimate glutamate, forming
A2-tubulin [Paturle-Lafanechere et a. 1991]. Microtubules made of A2-tubulin are
abundant in neuronal cells [Paturle-Lafanechere et al. 1994] and this tubulin form cannot be
reconverted to Glu- and subsequently Tyr-tubulin and is thus removed from the
detyrosination/tyrosination cycle. The enzymes that are capable of catalyzing the formation
of A2-tubulin were recently identified and belong to afamily of cytosolic carboxypeptidases
[Rogowski et al. 2010] (Tablelll).

Tubulin tyrosination — an ON/OFF signal for motors and +TIPs

Studies from several 1abs have shown that the C-terminal tyrosine on a-tubulin can act asa
binary ON/OFF switch for the recruitment of microtubule dynamics regulators (Figure 3A,
B). The kinesin-13 MCAK preferentially depolymerizes Tyr-microtubules over Glu-
microtubules, thus contributing to the shorter lifetime of tyrosinated microtubulesin cells
[Periset a. 2009]. Tyrosination status also affects microtubule plus-end dynamics as the C-
terminal tyrosinein a-tubulin isrequired for the recruitment of microtubule plus-end
interacting proteins such as cytoplasmic linker protein-170 (CL1P170) and p150Glued.
CLIP170 tracks the microtubule plus-end by using its CAP-Gly domains to interact with a
composite binding site formed by the C-terminal EEY motif of the a-tubulin tail and the
end-binding protein EB1 [Honnappa et al. 2006; Hayashi et al. 2007; Weisbrich et a. 2007;
Bieling et al. 2008; Dixit et al. 2009; Gupta et a. 2010]. In Saccharaomyces cerevisiag, the
tyrosination/detyrosination cycle is absent, however, both a-tubulin isoformsin this
organism contain an EEF sequence at their C termini, similar to the EEY C-terminal
sequence of mammalian a-tubulins. The yeast ortholog of CLIP170, Bik1p, is unable to
track the growing microtubule plus-ends in an engineered strain of S cerevisiaethat lacks
the C-terminal Phe residue of a-tubulin and this strain also shows a decrease in spindle
dynamics as well as adampening in nuclear oscillations during budding [Badin-Larcon et al.
2004].

In neurons, tyrosination acts as a negative cue by preventing the entry of KIF5, akinesin-1
family member, into dendritesthat are rich in Tyr-microtubules, thus targeting the motor
only to the axon that is rich in Glu-microtubules [Konishi and Setou 2009] (Figure 3B).
Setou and co-workers elegantly showed that kinesin-1 uses a structural element in its motor
domain to sense the presence of the C-terminal tyrosine on microtubules. Mutation of this
structural element or depletion of TTL by RNAI breaks the asymmetric distribution of
kinesin-1 and allows the motor to distribute both to the axonal and dendritic compartments
[Konishi and Setou 2009]. Kinesin-1 preferential targeting to detyrosinated microtubules has
been observed aso in non-neuronal cells [Kreitzer et al. 1999; Dunn et a. 2008; Konishi and
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Setou 2009] and /n vitro studies have in fact shown that kinesin-1 binds with higher affinity
to Glu-microtubules [Liao and Gundersen 1998]. Consistent with its tighter binding,
kinesin-1 moves slower on Glu-tubulin enriched microtubules than Tyr-tubulin enriched
microtubules and it was proposed that this velocity change could ensure a more consistent
delivery of cargo throughout the cell. Detyrosination could also serve as atargeting cue for
the asymmetric accumulation of kinesin-1 cargo [Dunn et al. 2008]. For example, stable
Glu-tubulin rich microtubules are prevalent at the leading edge of migrating cells and
kinesin's preference for the detyrosinated track could result in an asymmetric distribution of
cargo at the leading edge [ Gundersen and Bulinski 1988].

Given the importance of the tyrosination status to the recruitment of microtubule regulators,
itisnot surprising that TTL activity is essential for normal development. Mice that lack TTL
die shortly after birth primarily due to abnormal neuritic and axonal projections [Erck et al.
2005]. The microtubule plus-end tracking protein CLIP170 is absent in the neurite
extensions and growth cones of these mice and TTL null mouse embryonic fibroblasts
display cell shape abnormalities and defects in mitotic spindle positioning [Peris et al. 2006].
Reduction in TTL levels has a so been linked to several cancers of poor prognosis [Miahe et
al. 2001; Kato et a. 2004] and areduction in TTL levels accompanied by an increase in Glu-
and A2-tubulin is afrequent marker for tumors that are resistant to drug treatments [Mialhe
et al. 2001; Soucek et al. 2006].

Tubulin acetylation, a modification predicted to be in the microtubule

lumen

Acetylation of a-tubulinisone of the earliest tubulin post-translational modifications
discovered [L'Hernault and Rosenbaum 1983; L'Hernault and Rosenbaum 1985].
Acetylation has been associated with long-lived microtubules like those found in ciliary
axonemes [Gaertig et al. 1995] and axons [Hammond et al. 2010]. Elegant early studies by
Borisy and colleagues established that acetylation is most likely a consequence of
microtubul e stabilization and not a cause [Webster and Borisy 1989]. Supporting these
results, acetylated and deacetylated microtubules have similar stabilities /n vitro[Maruta et
al. 1986], however the microtubules used in these experiments carried additional post-
trang ational modifications and it cannot be excluded that an effect of acetylation would be
observed on an otherwise “naked” microtubule.

Unlike the majority of tubulin post-translational modifications that decorate C-terminal tails
on the outside of the microtubule, acetylation occurs on Lys40 of a-tubulin on aloop that is
largely disordered and predicted to be inside the microtubule lumen (Figure 1) based on the
electron crystal structure of the ap-tubulin dimer obtained from Zn sheets [Nogales et al.
1998]. However, unlike microtubules, Zn sheets are flat and assembled from protofilaments
of random polarity. Thus, the exact disposition of the acetylation loop in the context of the
microtubule is presently not clear. It is conceivable that thisloop can rearrange in an
assembled microtubule to present the acetylated Lys on the outside of the microtubul e shaft.
Alternatively, the acetylation loop is close to the protofilament-protofilament interface in the
microtubule and thus could affect the packing of the heterodimers in the microtubule and
affect lattice dynamics or the conformation of MAP or motor binding sites. The predicted
lumenal position of the acetylated Lys makes it puzzling to understand its reported effects
on motor function. For example, /n vitro assays using axonemes purified from wild-type
Tetrahymena thermophi/aand strains carrying tubulin mutants that cannot be acetylated
show that kinesin-1 microtubule binding is sensitive to acetylation and that the speed of this
motor is reduced on axonemes that have non-acetylated microtubules [Reed et a. 2006].
Kinesin-1 has also been shown to target preferentially to acetylated microtubules in neurons,
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although both detyrosination and poly-glutamylation al so affect the differential recruitment
of this motor [Reed et al. 2006; Hammond et al. 2010].

There have been multiple reports of histone acetyltransferases that are able to acetylate
tubulin [Marmorstein and Trievel 2009]; however, a bona fide a.-tubulin acetylase, MEC17/
aTAT, has been just recently identified as a gene required for the function of touch receptor
neuronsin C. éegans[Akellaet al. 2010; Shidaet al. 2010]. This tubulin acetyltransferase
shows homology to the Gen5 family histone acetyltransferase [ Steczkiewicz et al. 2006] and
has homologs in several speciesincluding man. Importantly, recombinant MEC17/aTAT
acetylates a-tubulin exclusively on Lys-40 /n vitro[Akella et al. 2010]. Interestingly, Akella
et al. show that the acetylation of an axoneme proceeds /1 vitrofrom the ends, supporting
the idea that the enzyme diffuses through the microtubule lumen. Intriguingly, early
experiments have shown that the acetylation reaction is not dependent on the length
distribution of the microtubules which would be expected if the enzyme were to diffuse
through the lumen [Maruta et al. 1986]. Alternatively, Shida et al. proposed that the
acetyltransferase is able to reach the hidden acetylation site by accessing the microtubule
lumen through transient holes that exist in the microtubule lattice [Shida et al. 2010]. Clearly
there are still many facets of the microtubule acetylation reaction that we do not understand.
Higher resolution models of the microtubule as well as better insight into substrate
recognition for the tubulin acetyltransferase should shed light on some of these fascinating
guestions.

Tubulin acetylation isreversible and several enzymes that are able to deacetylate tubulin
have been identified so far. In addition to their rolesin epigenetic silencing, histone
deacetylase 6 (HDACG6) and the NAD-dependent deacetylase sirtuin-2 (SIRT2) colocalize
with microtubules and can deacetylate tubulin /n vivoand /in vitro[Hubbert et al. 2002;
North et a. 2003]. Even though they seem to function as part of acomplex [North et al.
2003], each is capable of deacetylating a.-tubulin on its own [Hubbert et al. 2002; North et
al. 2003]. SIRT2 can use both soluble tubulin as well as microtubules as substrates [North et
al. 2003]. The substrate preference for HDACS6 is less clear as one study shows that it
preferentially deacetylates a-tubulin already incorporated in the microtubule | attice and not
soluble tubulin [Hubbert et al. 2002], while another shows that it can deacetylate both
[North et al. 2003].

Tubulin acetylation and its effects on cellular function

Even though acetylation was one of the earliest tubulin post-translational modifications
identified, its effects on cellular physiology have been slow to emerge. Substitution of wild-
type a-tubulin with non-acetylatable mutantsin 7. thermophilaproduces no morphological
abnormalities and has no effect on growth [Kozminski et al. 1993; Gaertig et al. 1995]. Cilia
dependent functions were also the same as those observed in wild-type cells. Likewise,
knock-down of MEC17/aTAT1 in RPE-hTERT cells does not cause visible morphological
or proliferation defects, however it does delay cilia assembly upon serum starvation [Shida
et a. 2010]. At the organismal level, zebrafish mec17 morphants display gross anatomical
defects, such as a curved body shape, short body axis, small head and eyes and they also
have a drastically impaired startle response, consistent with neuromuscular defects [Akella
et al. 2010]. However, it is not yet clear what the cellular mechanisms responsible for these
phenotypes are and whether they are all related to the cilia assembly defects observed in
cells.

Severa studies have now linked microtubule acetylation to membrane dynamics.
Interestingly, adirect interaction between acetylated tubulin and a membrane protein, the Na
+/K+ pump was one of the first reported molecular functions for tubulin acetylation
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[Santander et al. 2006; Zampar et al. 2009] and thisinteraction is responsible for inhibiting
the ATPase activity of the pump [Casale et al. 2001; Casale et al. 2003]. Elegant imaging
studies have shown that the ER associates and slides along the microtubule shaft [Lee and
Chen 1988; Waterman-Storer and Salmon 1998] and recent work established that this
dliding occurs primarily on acetylated microtubules [Friedman et a. 2010]. The identity of
the ER receptor for the acetylated microtubule is still unknown. It is possible that ER sliding
is mediated by molecular motors [Wozniak et al. 2009], consistent with the bidirectional
nature of the sliding motion and the observation that kinesin-1 shows a preference for
acetylated microtubules. Like the ER, mitochondria also move preferentialy on acetylated
microtubules and a recent tomographic study revealed that mitochondrial fission was
triggered by the gradual constriction of the ER tubule around the mitochondria and
subsequent recruitment of dynamin to the constriction site [Friedman et al. 2011]. Itis
tempting to specul ate whether the location of the patches of acetylation on microtubules
influences the site of the fission event.

Our understanding of the cellular consegquences of tubulin acetylation has lagged behind
because the identity of the principal tubulin acetyltransferase was unknown until very
recently and thus the cellular effects of tubulin acetylation were mostly explored by

mani pulating the levels of tubulin deacetylases either by SSIRNA or using chemical
inhibitors. However, it isimportant to keep in mind that these deacetylases have other
substrates in addition to tubulin that could contribute to the observed phenotypes. For
example, knock-down of HDAC6 in NIH-3T3 cells increases their motility [Hubbert et al.
2002] and since HDACE6 localizes to the leading edge of fibroblasts, a highly dynamic
environment without microtubules enriched in acetylation, HDA C6 was proposed to
regulate cell motility by controlling microtubule acetylation at the leading edge [Hubbert et
al. 2002]. However, HDACS6 has also been shown to have an effect on actin-dependent cell
motility by deacetylating cortactin [Zhang et al. 2007]. The recent identification of the
tubulin acetylase finally allows the mechanistic dissection of the consequences of tubulin
acetylation for cells and the organism.

Tubulin poly-modifications — poly-glutamylation and poly-glycylation

Poly-glutamylation and poly-glycylation are abundant and evolutionarily conserved post-
trang ational modifications that lead to the addition of glutamate and glycine chains of
variable lengths to the C-terminal tails of either a- or B-tubulin. The reaction involvesthe
ATP-dependent formation of an isopeptide bond between the a-amino group of the first
newly added residue (either Glu or Gly) and the side-chain y-carboxy! group of a glutamate
(Figures 2B—E). Additional glutamates or glycines are then added to the growing chain via
standard peptide bonds [Redeker et al. 1991; Redeker et al. 1996; Redeker 2010] (Figures
2C, E). Glutamylation and glycylation occur on microtubules [Audebert et al. 1993; Regnard
et a. 1998], as opposed to tyrosination that occurs primarily on soluble tubulin [Arce et al.
1975; Raybin and Flavin 1975; Szyk et a. 2011]. Tubulin glutamylation was first identified
in cultured mouse brain neurons more than 20 years ago [Edde et al. 1990], while tubulin
glycylation wasfirst observed in paramecium axonemes [Redeker et al. 1994]. Like Glu-
and A2-tubulin, poly-glutamylation is prevalent on neuronal microtubules [Audebert et al.
1993], aswell asin stable microtubule assemblies like those found in axonemes [Bre et al.
1994], centrioles, basal bodies and parts of the mitotic spindle [Bobinnec et al. 1998]. The
distribution of glycylated microtubulesis much more limited and this modification is found
predominantly on the stable microtubules of ciliaand flagella[Redeker et a. 1994; Bre et al.
1996].
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Poly-glutamylases and poly-glycylases — the TTLL family of enzymes

Despite the fact that tubulin poly-glutamylation and poly-glycylation have been known for
decades, the enzymes responsible for these modifications were identified only recently
[Janke et al. 2005; Ikegami et al. 2006; van Dijk et al. 2007; Rogowski et al. 2009; Wloga et
al. 2009; Rogowski et al. 2010; Lalle et al. 2011] and are just beginning to be characterized
(Table11). Thefirst tubulin poly-glutamylation enzyme identified showed homology to TTL
[Janke et al. 2005] and based on this homology an extended family of poly-glutamylases and
poly-glycylases was later identified [Ikegami et al. 2006; van Dijk et al. 2007; Ikegami and
Setou 2009; Rogowski et al. 2009; Wloga et al. 2009]. Consequently, all tubulin
glutamylases and glycylases form the TTL-like (TTLL) family of tubulin modifying
enzymes. Mammals have 13 distinct TTLL enzymes (TTLL1-13) [van Dijk et al. 2007], and
several TTLL family members have been identified in simpler eukaryotic organisms,
including Chlamydomonas reinhardlii [Kubo et a. 2010], 7. thermophila[Janke et al. 2005;
Wilogaet al. 2010], Cagnorhabditis elegans[Kimura et al. 2010], and Giardia duodenalis
[Lalleeta. 2011]. TTLL enzymes can have preference for either a- or B-tubulin, although
many are able to modify either protomer efficiently when overexpressed [Janke et a. 2005;
Ikegami et al. 2006; van Dijk et al. 2007]. Theinitial characterization of the mouse TTLL
family showed that TTLL5, 6, 11, and 13 preferentially poly-glutamylate a-tubulin, while
TTLL4 and 7 prefer p-tubulin. TTLL1 has a preference for a-tubulin tails [Janke et &l.
2005]. Interestingly, a TTLL1 knockout mouse displayed decreased glutamylation levels on
both a.- and B-tubulin [Ikegami et al. 2010]. TtlI6Ap, one of six TTLL6 orthologs present in
T. thermophila, preferentially modifies B-tubulin. Interestingly, mouse TTLL6 shows a
preference for a-tubulin [Janke et a. 2005]. It is important to point out that given the
divergence of TTLL family members aswell as our very limited understanding of the
molecular determinants for their specificity, sequence conservation can sometimes be
misleading in classifying the various TTLLs from different organisms. Further structural and
functional studies should aid in their classification.

TTLL enzymes are also specialized to either initiate the poly-glutamylation or poly-
glycylation reaction by catalyzing the synthesis of the first branched peptide bond (and thus
are caled “initiases”), or elongate the amino acid chain starting from the branch site (and
thus are called “elongases’). TTLL4, 5, and 7 function as initiases adding a branched
glutamic acid to the tubulin tail (Figure 2B), while TTLL6, 11, and 13 function as elongases
and add poly-Glu chains of variable lengths to the branched glutamic acid (Figure 2C).
TTLL7 has been reported to also have an elongase function [Mukai et al. 2009]. The
specificity of mammalian TTLL2, 9, and TTLL12 are unknown. However, TTLL9 orthologs
from C. reinhardlii and T. thermophilaappear to function primarily as a-tubulin elongases
[Wloga et al. 2008; Kubo et a. 2010], and recent evidence indicates that TTLL 12 might be
inactive yet function as aregulator of other poly-glutamylase TTLLS /n vivo[Wasylyk et a.
2010]. TTLL3, 8, and 10 are glycylases [Ikegami et al. 2008; Ikegami and Setou, 2009;
Rogowski et al. 2009; Wloga et a. 2009], with TTLL3 and 8 serving asinitiases, and
TTLL10 serving as an elongase.

Intriguingly, several studies show that some TTLL enzymes can function both asinitiases
and elongases. Recombinant mouse TTLL7 can both initiate the addition as well asthe
elongation of glutamate chains at least 16 residues long on the C-terminal tail of p-tubulin /n
vitro[Mukai et a. 2009]. Drosophila melanogaster |acks a functional copy of TTLL10, an
elongating glycylase [Rogowski et al. 2009]. However, it produces two TTLL 3 isoforms
(TLLL3A and TTLL3B) capable of initiating and el ongating poly-glycine chains. While no
direct structural datais currently available, optimized reversed-phase separations indicate
that, in the case of glutamylation, the first residue joined to the tubulin C-terminal tail is
attached via a y-peptide bond between the a.-amide group of the incoming residue and the
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side-chain -y-carboxyl group of the main-chain glutamate residue in the tubulin tail, while
the second and third (and presumably all additional) glutamates are attached to the newly
adjoined residue via standard a.-peptide bonds [Redeker et al. 1991; Redeker et al. 1996;
Redeker 2010] (Figure 2C). From a mechanistic standpoint it isintriguing that some TTLL
enzymes are capable of catalyzing the formation of both peptide and isopeptide bonds. This
bi-functionality implies aremarkable plasticity of the enzyme active site. Thisis even more
surprising for poly-glycylases that have been reported to perform both initiating and
elongating reactions, since this would require them to first accommodate a glutamate side
chain in their active site during the initiating reaction, followed by a glycine during chain
elongation (Figure 2E). The side chain of a glutamate is quite different from the linear
glycine peptide chain because in the case of the glutamate, the carboxylate is preceded by
two methylene groups while in the linear glycine peptide chain, the carboxylate is preceded
by one methylene which in turn is preceded by a polar conjugated amide that is distinctly
different from the hydrophobic methylene (Figure 2E). High-resolution structural
information on the various TTLL enzymes of different specificities will hopefully shed light
on the mechanisms they use for chain initiation and elongation and the accommodation the
active site needs to undergo in order to support these two different reactions.

TTL structure — a scaffold upon which the diversity of the TTLL family is

built

TTLL family members are highly variable in length, ranging from ~ 400 amino acids
(TTLL1) to~1300 (TTLL5; [van Dijk et a. 2007]). Despite this variation, TTLL enzymes
contain a conserved core that is homologousto TTL. The X-ray crystal structure of TTL was
reported recently [Szyk et a. 2011] and revealed an elongated molecule consisting of three
domains: a N-terminal, a central, and C-terminal domain (Figure 4) with the active site
supported at the interface between the central and C-terminal domains. On the basis of
multiple sequence analyses, van Dijk et al. defined a"core TTL domain" shared between all
TTLL family members[van Dijk et a. 2007]. Their definitionisin al likelihood too
restrictive. The TTL crystal structure shows an intimate association between the N-, central
and C-terminal domains of TTL [Szyk et al. 2011] and revealed that the original definition
covers only part of the central and the C-terminal domains that are unlikely to fold and
function on their own. Thusthe"TTL core" most likely extends beyond the one identified
initially based on primary structure and comprises the entire TTL three-domain structure
that islikely shared by all TTLL family members.

Structure-based functional studies showed that TTL uses a conserved positively-charged
surface adjacent to the active site to interact with the negatively-charged C-terminal tail of
a-tubulin [Szyk et a. 2011]. Structure-based sequence alignments reveal ed that while active
siteresidues are invariant between all TTL and TTLL family members, consistent with a
common reaction mechanism for these enzymes, the identities of residues that form the C-
terminal peptide binding surface were reshuffled in order to accommodate the different
substrate specificities of the various TTLLS[Szyk et a. 2011]. However, unlikethe TTLL
enzymes characterized so far, TTL prefers monomeric tubulin and isinefficient at modifying
tubulin already incorporated in the microtubule lattice [Arce et a. 1975; Raybin and Flavin
1975]. Small angle X-ray scattering coupled with analytical ultracentrifugation revealed that
the enzyme forms an elongated 1:1 complex with the tubulin heterodimer by capping the
longitudinal interface of the a/pB-heterodimer on the surface that would otherwise be
engaged in microtubule lattice interactions. Consequently, TTL inhibits tubulin
polymerization /n vitro and decreases microtubul e growth rates when overexpressed /n vivo.
The tubulin polymerization inhibition activity isindependent of the tyrosination activity of
the enzyme [Szyk et al. 2011]. Interestingly, the surface employed by TTL to recognize the
tubulin dimer is used as a homo-oligomerization interface in structurally related enzymes
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that belong to the ATP-grasp superfamily of ATP-dependent carboxylate-amine/thiol
ligases, such as glutathione S-transferase or D-Ala:D-Alaligase to which TTL is distantly
related [Szyk et a. 2011] (Figure 5). Thus, TTL has preserved the active site architecture
that was refined evolutionarily to support the carboxylate-amine/thiol ligation reaction for
small ligands (i.e. glutathione or D-Ala) but evolved to convert a homo-oligomerization
interface into a hetero-oligomerization interface with its large ligand, tubulin.

In addition to the TTL core, several of the TTLL enzymes contain additional domains that
target them to particular subcellular structures. In 7. thermophila full-length TtlI6Ap
localizes only to a subset of assembling cilia, while C-terminal TtlI6Ap truncations are
retained in the cell body [Wlogaet a. 2010]. Likewise, the C-terminal 117 residues of
mouse TTLL6 are essential for itstargeting to cilia[van Dijk et al. 2007] and the N-terminal
non-catalytic domain of TTLL3A, one of the six TTLL3 orthologs found in 7. thermophila
isrequired for the ciliary targeting of this enzyme [Wloga et al. 2009]. It is not yet clear
whether these accessory domains enhance catalysis and specificity for certain substrates or
whether the substrate specificity /n vivoisaresult of the sequestration of the enzyme to the
correct subcellular compartment, like the ciliafor example. Determining how these
accessory domains fold and are arranged in relation to the TTL catalytic core as well as what
targets they recognize and how they engage them is crucial to our understanding of the
regulation of TTLL enzymes /n vivo.

Tubulin poly-glutamylation tunes the activity of motors and MAPs

Microtubules decorated with poly-glutamate tails of different lengths are spatially
segregated in the cell, with the longest poly-glutamate chains found in cilia. The poly-
glutamate modified tails are in close proximity to the binding sites of motors and MAPs
where they can influence their activity and possibly act asa*“cellular GPS’ for their
localization. Consistent with this, proteolytic removal of the tubulin C-termina tails
decreases the processivity of the molecular motors dynein and kinesin [Wang and Sheetz
2000] and early studies using antibodies have shown that the presence and length of the
poly-Glu tail can affect the recruitment of cytoskeletal regulators to the microtubule. For
example, qualitative studies using blot overlay assays have shown that rat kinesin-1,
MAPI1B, MAP2 and Tau interact preferentially with microtubules displaying moderately
long (up to three) poly-Glu tails [Boucher et a. 1994; Larcher et al. 1996; Bonnet et al.
2001], while MAP1A prefers microtubules with longer tails (up to six; [Bonnet et al. 2001]).
Quantitative biophysical studies are needed to reveal the mechanistic basis for these
differences.

A recent study revealed that tubulin poly-glutamylation modulates synaptic transmission by
affecting the efficient transport of synaptic vesicles by kinesin-2. Mice lacking functional
PGsl, a subunit of the TTLL 1-containing a.-tubulin poly-glutamylase complex, display a
drastic loss of poly-glutamylated a-tubulin in neurons and a decrease in the levels of the
kinesin-2 KIF1A in neurites. Thisresultsin adrop in the density of synaptic vesicles
transported by KIF1A to synaptic terminals, which are as a result more easily depleted
during continuous stimulation [I1kegami et al. 2007]. The decreased a-tubulin poly-
glutamylation lowers the microtubule binding affinity of kinesin-2 (KIF1A) aswell asthose
of kinesin-1 (KIF5), dynein and MAP1A, but has no effect on the affinity of MAP2.
Interestingly, despite the fact that kinesin-1, dynein and MAP1A all displayed lower
microtubule binding affinity in response to lower poly-glutamylation levels, only kinesin-2
showed changes in its subcellular targeting [Ikegami et al. 2007] indicating that the motor
localization is more than just asimple function of differential binding affinities.
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The poly-glutamate chain on the tubulin tail also regulates the activity of microtubule
severing enzymes. Both spastin and katanin prefer microtubul es decorated with poly-
glutamate chains as their substrates [Sharma et a. 2007; Roll-Mecak and Vale 2008;

Lacroix et al. 2010; Roll-Mecak and McNally 2010] and spastin isin fact extremely
inefficient at severing microtubules that are not poly-glutamylated [Roll-Mecak and Vae
2008; Lacroix et al. 2010; Roll-Mecak and McNally 2010]. Structural studies have shown
that spastin forms a hexamer with a positively-charged central pore [Roll-Mecak and Vale
2008] and removal of the negatively-charged C-terminal tails of tubulin by subtilisin
treatment inhibits severing by spastin and katanin [McNally and Vale 1993; Roll-Mecak and
Vale 2005]. Based on structural and functional data, it was proposed that spastin and katanin
sever the microtubule by engaging the negatively-charged C-terminal tails of tubulin
through their positively-charged central pore and exerting repeated “tugs’ on the tubulin
dimer until the fabric of the microtubule weakens and leads to catastrophic breakdown of the
microtubule lattice [Roll-Mecak and Vale 2008; Roll-Mecak and McNally 2010]. The
microtubul e severing reaction can be inhibited by antibodies that recognize the glutamylated
tails of tubulin and presumably occlude access of the enzyme to these tails, but not by
antibodies recognizing the Tyr-tubulin tail [Roll-Mecak and Vale 2008]. Overexpression of
either mouse TTLL6 or TTLL11 (a-tubulin glutamylases that add long poly-Glu chains) in
Hel acellsthat have very low levels of poly-glutamylation reduced interphase microtubule
mass by 70% and this effect could be reversed almost completely by knocking down spastin
[Lacroix et a. 2010]. Moreover, microtubules with long poly-glutamate chains that were
purified from HelL a cells overexpressing TTLL6 are effectively severed by spastin, those
with shorter poly-Glu chains added by TTLL4 less so, while non-glutamylated microtubules
are severed extremely inefficiently [Lacroix et a. 2010] (Figure 3C). It is possible that the
very weak activity observed in the latter case could be due to the small amount of
fluorescently labeled heavily glutamylated brain tubulin that was used in their assay to
assembl e the microtubules. It is presently unclear how increased glutamylation of the C-
terminal tail of tubulin stimulates microtubule severing, however the proposed mechanism
for microtubule severing enzymes suggests a possibly tighter interaction between the
positive pore of spastin and the more negatively-charged poly-glutamylated tails. Recent
work shows that katanin prefers to sever also acetylated microtubules [Sudo and Baas 2010],
however the mechanism behind this preference is not clear at the moment. One possibility is
that acetylated microtubules display dightly different packing of their protofilaments that
makes it energetically less costly to disrupt lateral interactions in the microtubule lattice.

Poly-glutamylation has more recently been implicated in the microtubul e association of the
septin family member, SEPT2 [Spiliotis et al. 2008]. The accumulation of septins on poly-
glutamylated microtubules precludes the binding of MAPA4 [Spiliotis et al. 2008] which acts
as an inhibitor of vesicle transport [Bulinski et al. 1997] and this is thought to create a poly-
glutamylated microtubul e/septin “fast track” for the efficient transport of vesicles from the
Golgi to the plasma membrane that is required for apical-basolateral polarization.

Poly-glutamylases and poly-glycylases — regulators of axonemal function

Severa of the TTLL knockout mice characterized to date show defects in axonemal
structure and function. For example, ROSA 22 mice lacking a functional copy of PGsl, a
non-catalytic subunit of the multi-protein TTLL 1 poly-glutamylase complex, are sterile due
to defectsin flagellar assembly [Campbell et al. 2002; Regnard et al. 2003; Janke et al.
2005]. Interestingly, these mice also display abnormal behavioral traits, including reduced
aggressiveness. The underlying mechanisms for these behavioral phenotypes are presently
unclear. Axonemes isolated from the tracheal epithelia ciliaof TTLL1 knockout mice are
often completely straight and have a decrease in the average bend compared to wild-type,
leading to an increase in cilia beat frequency and aloss of ciliary beating asymmetry that is
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important for directed fluid flow [Ikegami et al. 2010]. Like the ROSA22 mice, they are also
sterile due to defects in sperm morphology and motility [I1kegami et a. 2010; Vogel et al.
2010]. While the exact mechanism behind the loss in curvature and beating asymmetry is
unclear, it was proposed that the asymmetric distribution of glutamylation in the axoneme
[Fouquet et al. 1996] contributes to the asymmetry of beating in wild-type cilia, and that the
down regulation in the levels of poly-glutamylation in the axonemes of the TTLL 1 knock-
out mice eliminates axonemal beating asymmetry.

Two additional studies also demonstrate a link between tubulin poly-glutamylation and
axonemal function. In 7. thermophila, the double knockout TtlI6Ap/TtII6Fp (TtHI6A and
TtlI6F are two of the six TTLL6 paralogs present in that organism) had significantly reduced
motility and much straighter locomotory cilia compared to wild-type [Suryavanshi et al.
2010]. Surprisingly, despite these differences, isolated axonemal microtubules from wild-
type and double mutant strains displayed similar sliding velocities. However, atriple
knockout of TtlI6Ap/TtlI6Fp and outer arm dynein displayed a 2-fold increase in axonemal
microtubule sliding when compared to the single outer-arm dynein knockout. Knockout of
TTLLY9in C. reinharadtii (one of ten TTLL genes found in this organism) resultsin a
significant decrease in a.-tubulin poly-glutamylation on the B-tubule of outer doublet
axonemal microtubules, but does not cause any structural defectsin the axonemes and the
dliding velocities of isolated axonemal microtubules are unaffected [Kubo et al. 2010].
Interestingly, however, double knockout strains of TTLL9 and either outer-arm or inner-arm
dynein have dramatically reduced swimming velocities and increased microtubule sliding
velocities when compared to wild-type. Both studies proposed that tubulin poly-
glutamylation could affect the strength of the interaction between the dynein stalk and
microtubules (Figure 3D) and that a decrease in glutamylation could thus increase dliding
velocity [Kubo et a., 2010; Suryavanshi et al., 2010; Vogel et al. 2010].

Poly-glycylation is the tubulin post-trans ation modification most strongly associated with
axonemes. Consistent with an axonemal association, the poly-glycylase TTLL3 is
abundantly expressed in testes and its knockdown in Drosophila sperm causes defectsin
sperm tail axonemes as well as sterility [Rogowski et a. 2009]. In 7. thermophila,
knockdown of two of the TTLL 3 genes found in this organism accelerated the growth of
ciliaaswell asoverall cell growth, the latter possibly due to the ateration in microtubule
dynamics observed in these cells. Overexpression of adominant negative mutant of TTLL3
resulted in very short cilia[WIlogaet al. 2009]. In zebrafish, TTLL3 knockdown resultsin
defective motile and primary ciliain the olfactory placode and axonemes that are shorter or
completely missing [Wloga et a. 2009]. However, a more recent study found only minor
effects on axonemal structure and motility [Pathak et al. 2011], but dramatic phenotypes
both in axonemal structure and ciliamotility in the double TTLL3/TTLL6 knockdown.
Interestingly, the double knockdown phenotype is reminiscent of that obtained for the f/leer
gene, possibly implicating it as aregulator of both poly-glutamylation and poly-glycylation
[Pathak et al. 2007; Pathak et al. 2011].

The B-tubule of axonemal microtubules carries both long poly-Gly as well as poly-Glu
chains and the positions on the tubulin chain at which these modifications are added are in
close proximity, raising the possibility of whether these different modifications can regulate
each other. Interestingly, knockdown of the poly-glycylase TTLL 3 and the accompanying
decrease in poly-glycylation levelsin axonemes is accompanied also by an increase in poly-
glutamylation [Rogowski et a. 2009; Wloga et al. 2009], supporting the idea that poly-
glutamylases and poly-glycylases compete for the tubulin tails and the length of the poly-
Glu or poly-Gly chains on microtubules is reached by balancing the activities of these
enzymes.
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TTLL substrates - more than just tubulin

Theidentification of the various TTLL enzymes also revealed that their substrate repertoires
are more diverse than initially suspected and extend beyond tubulin [van Dijk et a. 2007;
van Dijk et al. 2008]. Mammalian TTLL4 and 5 can poly-glutamylate several other proteins,
including nucleosome assembly proteins 1 and 2 (NAP1 and NAP2), nuclear factor 45
(NF45), SET, nucleophosmin B23, and PELP1 [Regnard et a. 2000; van Dijk et al. 2007;
van Dijk et al. 2008; Kashiwaya et a. 2010], while TTLL 10 poly-glycylates NAPL [Ikegami
et al. 2008]. While the sequences of these proteins all contain glutamate stretches, there is no
easily identifiable poly-glutamylation/poly-glycylation consensus sequence. Many of the
non-tubulin substrates are involved in chromatin remodeling and it was proposed that poly-
glutamylation of both microtubules and chromatin-binding proteins could facilitate an
intimate coordination between spindle dynamics and changes in chromatin structure during
mitosis [van Dijk et a. 2008]. Interestingly, the histone chaperones NAP1 and NAP2 are
more heavily poly-glutamytated in Hel a cells than tubulin: while only afew percent of
tubulin is estimated to be poly-glutamyltated in these cells, more than 50% of the NAPs
seem to be modified with as many as nine glutamates [Regnard et al. 2000]. NAP1 is
involved in the deposition of histones onto DNA and interacts with both histones H3sH4 as
well as H2A=H2B dimers. It is tempting to speculate that the affinity of NAP1 for
intermediates in the chromatin fiber assembly pathway is differentially regulated by poly-
glutamylation. At the present time, it isnot at all clear how the TTLL modification enzymes
are able to coordinate their activities between tubulin and histone chaperones and how they
access these substrates in postmitotic cells such as neurons. Recent data is pointing more and
more towards the fact the TTLLs (and not only TLLL 1 that wasinitialy identified as afive-
subunit complex) are part of larger complexes that possess adapter proteins that govern their
localization [Lee et a. 2012]. The mechanism of targeting TTLL activitiesto histone
chaperones and their roles in tuning chaperone functions will likely be afertile area of future
exploration.

The existence of many additional substrates certainly complicates the /n vivo dissection of
the effects of tubulin post-translational modifications on the microtubule cytoskel eton. Thus,
the effects of tubulin post-translational modifications on microtubules cannot be inferred
from enzyme depletion studies alone and will need to be accompanied by a gradual
reconstitution /n vitro of microtubule arrays with different modifications to dissect the
effects of these modifications in tuning the behaviour of motors and MAPs.

What goes up must come down - enzymes that remove tubulin poly-
modifications

The existence of enzymes that remove the poly-glutamate or poly-glycine chains from
tubulin was hypothesized for along time, however their identity proved elusive until

recently when afamily of enzymesthat catalyze the removal of glutamate residues from the
C-terminal tails of both a- and B-tubulin was identified in multiple organisms [Kalinina et
al. 2007; Rodriguez de laVegaet al. 2007; Kimura et al. 2010; Rogowski et al. 2010]. These
enzymes, termed cytosolic carboxypeptidases (CCPs), are members of the MC clan, M14
family, subfamily M14D of metallopeptidases [Kalinina et a. 2007]. The various CCPs
identified to date are specific for either long glutamate chains or branching-point glutamate
residues (Table I11). Mouse CCP1, 4, and 6 are functionally homologous and remove long
glutamate chains from tubulin, while CCP5 specifically removes branching-point glutamates
[Rogowski et al. 2010]. Interestingly, Purkinje cell degeneration (pca) mice have defectsin
the gene encoding for CCP1 [Mullen et a. 1976; Fernandez-Gonzalez et a. 2002]. These
mice have an altered gait due to degeneration of their Purkinje cells. They are also sterile
and have abnormal sperm shape, phenotypes consistent with defectsin axonemal function
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[Mullen et al. 1976; Landis and Mullen 1978]. The Purkinje cell degeneration could be
rescued by expression of wild-type CCP1 but not a mutant predicted to be defective in
substrate binding [Wang et al. 2006], thus establishing the carboxypeptidase activity as
important for the function of CCP1. A recent re-examination of the pcdmice reveaed that
they have high levels of tubulin poly-glutamylation in the areas of the brain that are affected
by neurodegeneration. Most importantly, knockdown in the cerebellum of young pcdmice
of TTLL1, the enzyme responsible for most of the tubulin poly-glutamylation activity in the
brain, prevented Purkinje cell death and resulted in improved motor coordination [ Rogowski
et a. 2010]. This new finding establishes adirect link between tubulin hyperglutamylation
and neurodegeneration.

C. éeganscontains only two CCP orthologs, CeCCP1 and CeCCP6 [Kimuraet al. 2010].
CeCCP6 is homol ogous to mouse CCP5 and like its mammalian counterpart is also
responsible for removing branching-point glutamates. CeCCP1 is unable to catalyze the
removal of glutamates and does not seem to function as a tubulin deglutamylase.
Interestingly, the ability of mouse CCP1 (and presumably CCP4 and 6) to remove
glutamates from the C-terminal tails of tubulin is dependent upon the specific TTLL enzyme
that added them initially. CCP1 can remove both long-chain and branching-point glutamates
on microtubules modified by TTLL6, however it cannot remove branching-point glutamates
from microtubules modified by TTLL4 [Rogowski et al. 2010]. Mouse TTLL6 functions
primarily as an a-tubulin elongase while TTLL4 functions primarily as a p-tubulin initiase.
These results strongly suggest that sequence context and the length of the poly-glutamate
tails are important determinants for CCP specificity. Likethe TTLL family, CCPs also act
on non-tubulin targets. For example, CCP1 removes the genetically encoded glutamate
chains in the C-terminal tails of myosin light chain kinase 1 and telokin, two regulators of
myosin function [Rogowski et al. 2010]. It isinteresting to note that none of the many non-
tubulin targets known to be glutamylated by TTLL enzymes (i.e. NAPL, NAP2) were
identified as substrates for the known CCP enzymes, although it is likely that future
proteomic studies will uncover additional substrates for the CCP enzymes that overlap with
those found for TTLLs.

Deglycylating enzymes that remove glycine chains have yet to be identified. Interestingly,
two enzymes with deglycylating activity have been identified in the flagellated protozoan
Glardia duodenalis[Lalle et a. 2011]. These enzymes, termed giardial dipeptidase 1 and 2
(gDIP1 and gDIP2) are aminoacylhistidine dipeptidases that belong to the MH clan, M20
family of metallopeptidases, a different enzyme family from the CCP deglutamylases.
gDIP1 and gDIP2 are capable of removing most, but not all glycine residues from the C-
terminal tail of protein 14-3-3. The inability to remove all glycine moietiesis likely due to
the activity of gTTLL3, a G. duodenalisTTLL glycylase. Based on the multi-substrate
specificity of the TTLL family and CCP family of deglutamylating enzymes, it is possible
that gDIP1 and gDIP2, and possibly other members of the MH clan, M20 family of

metall opeptidases function as tubulin deglycylases. It isinteresting to note that none of the
CCP enzymesidentified so far are capable of detyrosinating a-tubulin. Thus, more than
thirty years since the identification of the detyrosination/tyrosination cycle, the search for
the tubulin detyrosinase continues.

Tubulin post-translational modifications and human disease

Changes in tubulin post-trand ational modifications have been linked to several human
disease states ranging from cancers and neurodegenerative disordersto stroke. Low TTL
levels have long been associated with aggressive tumors that are resistant to chemotherapy
[Miahe et al. 2001; Kato et al. 2004; Soucek et a. 2006] and adecreasein TTL levelsis
associated with the formation of tentaclesrich in detyrosinated tubulin that facilitate
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penetration into the endothelial layer of circulating tumor cells, thus contributing to
metastasis [Whipple et al. 2010]. Likewise, anincreasein TTLL 12 levels and consequently
in glutamylated tubulin has been associated with metastatic progression in prostate cancer
[Wasylyk et al. 2010]. In amouse model of Charcot-Marie-Tooth disease, the levels of
acetylated tubulin were repressed and the axonal transport defects observed in these mice
were corrected by the administration of HDACG inhibitors [d'Y dewalle et al. 2011] that also
partially recovered the acetylated tubulin levels. Similar observations were made in
neurodegenerative disorders such as Huntington's and Alzheimer’s [Dompierre et al., 2007,
Kazantsev and Thompson 2008]. The mechanisms behind these changes in tubulin post-
trang ational modification profiles are largely unclear. A clearer connection between a
tubulin modification enzyme and a human disease was demonstrated in a very recent study
that identifies the ciliary protein CEP41 as important for targeting the poly-glutamylation
activity of TTLL6 to ciliaand establishes that its mutation is associated with Joubert
syndrome, a neurological disorder characterized by ataxia, abnormal breathing patterns and
low muscletone [Lee et al. 2012]. A better understanding of the cellular mechanisms behind
the observed changes in tubulin post-trandational modifications will likely lead to a better
understanding of these disease states as well as aid in the identification of novel drug targets.
The recent study showing that TTLL 1 downregulation can reverse the neurodegenerative
phenotype in pcdmice [Rogowski et al. 2010] makes a strong case for inhibitors of TTLL
polyglutamylases as having therapeutic potential.

Future directions and challenges

Despite the recent and significant advancesin identifying the plethora of tubulin post-
tranglational modification enzymes, we are just beginning to understand their cellular
mechanism of action as well as the effects of tubulin post-translational modifications on
microtubule structure and dynamics. A future challenge will be to mechanistically dissect
the observed phenotypes in cells or organisms in which tubulin post-transational
modification enzymes have been knocked-down. Are the effects seen due to changesin
tubulin modifications or/and modifications of other non-tubulin substrates? How completeis
our list of bona fidenon-tubulin substrates of poly-glutamylases and poly-glycylases? What
are the effects of the newly discovered tubulin modification enzymes on microtubule
dynamics? /n vitro microtubule dynamics studies with homogenously modified microtubules
have been missing so far. What are the base dynamics of non-modified microtubules and
how do they change as a function of tubulin modifications? While challenging, these types
of studies are now within reach, as the identification of tubulin modification enzymes that
both add and remove the various modifications opens up the possibility of systematically
mani pulating biochemically the modification state of the microtubule to produce
homogenous preparations. In addition, the recent resurgence of S. cerevisiac[Barnes et al.
1992; Bode et al. 2003; Johnson et a. 2011] and S pombe[Drummond et al. 2011] as
systems suitable for the expression and purification of biochemical amounts of tubulin that
is"naive" (i.e. not post-tranglationally modified) opens the exciting possibility of a
systematic mechanistic dissection of the consequences of chemical and genetic variability in
the tubulin pool on microtubule dynamics and the activity of effectorsthat interact with
tubulin and microtubules.

Antibodies recognizing various forms of modified tubulin have been instrumental in
revealing their cellular distribution aswell asin the identification of the TTLL and CCP
enzyme families. However, antibodies are blunt tools for probing the precise chemical
structure of the amino acid chains added by these enzymes. In addition, it is not clear how
the existence of additional post-translational modifications at neighboring sites affects the
specificity of these antibodies. This phenomenon was just recently recognized for
modification-specific antibodies against histones [Egelhofer et al. 2011; Fuchs et al. 2011].
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In order to better understand the mechanism of action of tubulin post-translational
modification enzymes, future biochemical and biophysical methods will be needed to
characterize the products of the reactions they catalyze [Redeker 2010] and understand how
their activity and specificity can be tuned. The specificity of the TTLL enzymesis not very
well characterized and many of them seem to be rather promiscuous. It is possible that this
promiscuity is due to overexpression in some cases or because the enzymes might be part of
larger complexes that serve to tune their functions. While TTLL 1 was biochemically
isolated from brain extracts as part of afive subunit complex [Regnard et al. 2003; Janke et
al. 2005], many of the TTLL enzymes were later identified through genomic searches based
on their homology to TTL [van Dijk et al. 2007], and thusit is possible that some of their
functional partners remain to be discovered.

Enzymatic assaysfor TTL and TTLL enzymes have been performed so far on brain tubulin
that is abundantly modified [Zambito et al. 2002], or tubulin isolated from cell linesthat are
known to have different levels of post-translational modifications. For example,
microtubules from Hel a cells display low levels of poly-glutamylation, and were therefore
used as a substrate to test poly-glutamylase initiase activity, while microtubul es from adult
neurons are highly poly-glutamylated, and were used as a substrate to test elongase activity
[Bobinnec et al. 1998; Wloga et al. 2008]. Thus, there is a need to examine the enzymatic
activity and specificity of the various TTLLs using homogenous tubulin preparations where
the exact post-transl ational modification landscape of the starting microtubule is known.
How much does the presence and type of a specific post-translational modification adjacent
to the new modification site affect the activity of an enzyme? Do some elongases show
preference for the length of the poly-Glu chain? Can they distinguish between chains that
are three versusfive or ten amino acids long? Are some enzymes specific only for certain
tubulin isoforms? An attractive hypothesisis that part of the tubulin genetic complexity is
there to ensure differential interactions and modifications by various post-translational
modification enzymes.

We also need better reporters of tubulin post-translational modificationsin cells. Recent
advances in recombinant antibody technology offer the opportunity for generating a second
generation of antibodies that are more specific and cover alarger selection of post-
trangational modified tubulins. Recombinant antibodies can be produced in large quantities,
aswell asrationally engineered and easily labeled for imaging studies. High-resolution
structural studies of the various TTLL enzymes should also aid in the design of amino acid
analogs (fluorescent or for click chemistry [Kolb et al. 2001; Banerjee et a. 2010]) that
could be used as reportersin cells to monitor live the dynamics of tubulin post-trandational
modifications and couple those with the dynamics of the microtubule network. Structural
studies will also shed light on the molecular determinants of substrate specificity of TTLL
enzymes: a- versusB-tubulin recognition, glutamylation versusglycylation, and chain
initiation versuschain elongation.

Knockout mice for the tubulin modification enzymes TTL [Erck et al. 2005], TTLL1
[Campbell et al. 2002; Ikegami et al. 2010; Vogel et a. 2010] and CCP1 [Mullen et d.,
1976; Fernandez-Gonzalez et al., 2002; Rogowski et al. 2010] have proven very useful in
understanding the roles of these enzymesin normal development and disease. Mouse
knockout studies of additional modification enzymes will prove equally informative and will
hopefully be pursued by various groups. More than thirty years after the discovery of the
first tubulin specific post-trandational modification, we are close to having a complete list
of the principal molecular playersinvolved and have the tools to embark on a systematic
dissection of the molecular underpinnings of the chemical complexity of tubulin in cells.
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CLIP170 cytoplasmic linker protein-170

CCP cytosolic carboxypeptidase

MAP microtubule associated protein
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+TIP plus-end tracking protein
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Figure 1. Tubulin post-translational modifications

Ribbons representation of the tubulin dimer (PDB 1TUB [Nogales et al. 1998]) with a- and
B-tubulin colored green and blue, respectively. The unstructured C-terminal tails were
modeled to illustrate their span and are colored red. The location and type of known post-
tranglational modificationsisindicated on the structure. Residues colored grey are conserved
only in asubset of tubulin isoforms. Phosphorylation occurs at Tyr437 and Ser444 of pllI-
tubulin and Ser441 of BVI-tubulin; glycylation occurs on Glud45 of alllA/B-tubulin and
Glu437 of BIV-tubulin; glutamylation occurs on Glu443 and Glu445 of alVA-tubulin, and
Glu445 of alA/B-tubulin, Glu435 of BlI-tubulin, Glu438 of BlII-tubulin, and Glu433 of
BIVatubulin. For amore complete list of modifications, see [Redeker 2010].
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Figure 2. Chemical structures of poly-Glu and poly-Gly chains added to tubulin

A. Tyrosination B. Branch point created by the addition of a glutamate C. Branching and
elongation of a poly-Glu chain D. Branch point created by the addition of aglycine E.
Branching and elongation of a poly-Gly chain.
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Figure 3. Tubulin post-translation modifications affect the recruitment of motorsand MAPs
A. Tyrosinated tubulin is enriched at the microtubule plus-end where it recruits +TIP CAP-

Gly domain-containing protein CL1P170 and the depolymerizing kinesin MCAK B.

Microtubules in the somatodendritic compartment are tyrosinated while axonal microtubules

are detyrosinated. Kinesin-1 KIF5 prefers detyrosinated microtubul es to tyrosinated

microtubules and is therefore sequestered within the axon. C. Microtubule severing enzyme

spastin acts preferentially on poly-glutamylated microtubules D. Poly-glutamylation

regulates the interaction between inner-arm dynein and the axonemal B tubule. Left, a cross-

sectional view of a“9+2" axoneme. Microtubules are colored blue, inner-arm dyneins,
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green, outer-arm dyneins, orange, and tubulin tails, red. Right, close up view of the boxed
region. Inner-arm dyneins project away from the A-tubule of one microtubule doublet and
interact with the B-tubule of an adjacent microtubule doublet using their microtubule
interacting domains (colored yellow). Tubulin tails are colored red.
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N-domain

Figure 4. Crystal structure of tubulin tyrosine ligase

Ribbons representation of the TTL crystal structure bound to ATP [Szyk et al. 2011]; N-
terminal domain, red; central domain, gold; C-domain, dark blue; ATP shown in ball-and-
stick representation.
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Central domain

N-domain

Figureb5.

Monomeric TTL exploits a homo-oligomerization interface common to ATP-grasp enzymes
to form a hetero-oligomeric complex with tubulin. Right, structure of the distantly related
glutathione S-transferase dimer ([Ji et al. 1992] 1GST.pdb). Left, structure of TTL [Szyk et
al. 2011] in the same orientation as the GST monomer with residues delinested as important
for tubulin binding from functional studies[Szyk et a. 2011] shown in ball and stick
representation.
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