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The tubulin code in neuronal po
larity

James H Park1 and Antonina Roll-Mecak1,2
Cells depend on the asymmetric distribution of their

components for homeostasis, differentiation and movement. In

no other cell type is this requirement more critical than in the

neuron where complex structures are generated during

process growth and elaboration and cargo is transported over

distances several thousand times the cell body diameter.

Microtubules act both as dynamic structural elements and as

tracks for intracellular transport. Microtubules are mosaic

polymers containing multiple tubulin isoforms functionalized

with abundant posttranslational modifications that are

asymmetrically distributed in neurons. An increasing body of

evidence supports the hypothesis that the combinatorial

information expressed through tubulin genetic and chemical

diversity controls microtubule dynamics, mechanics and

interactions with microtubule effectors and thus constitutes a

‘tubulin code’. Here we give a brief overview of tubulin isoform

usage and posttranslational modifications in the neuron, and

highlight recent progress in understanding the molecular

mechanisms of the tubulin code.
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Introduction
The highly polarized architecture of the neuron underlies

its ability to integrate and transmit information. The

microtubule cytoskeleton provides not only structural

scaffolding for the neuron but also participates in active

functional polarization [1]. Microtubules are non-covalent

polymers composed of ab-tubulin heterodimers. Despite

their common building block, they give rise to cellular

structures with distinct architectures ranging from the

transient bipolar mitotic spindle, to the highly complex
www.sciencedirect.com
neuronal microtubule arrays or the stable nine-fold sym-

metric axonemes in cilia and flagella. This diversity in

cellular organization is reflected in the genetic and chem-

ical diversity of the ab-tubulin dimer through the expres-

sion of multiple a-tubulin and b-tubulin isoforms as well

as chemically diverse and abundant posttranslational

modifications that are temporally and spatially regulated

[2�]. This diversity is especially high in neurons, which

use multiple tubulin isoforms with abundant posttransla-

tional modifications. The genetic and chemical diversity

of the ab-tubulin dimer was hypothesized to regulate

intrinsic microtubule properties such as their dynamics as

well as the recruitment and activity of motors and micro-

tubule-associated proteins (MAPs) and thus constitute a

‘tubulin code’ [3,4]. How the cell writes and reads the

tubulin code has largely remained a mystery, but the

advent of new tools for in vitro and in vivo manipulation

and imaging has once again brought this fundamental

problem into focus. We give a brief overview of microtu-

bule cytoskeleton organization in neurons and the role of

the tubulin code in defining neuronal asymmetry, briefly

summarize our current knowledge of the tubulin isoform

repertoire in the nervous system and highlight key recent

advances in dissecting the molecular mechanisms used by

cells to read and write the tubulin code.

Stereotyped organization and
posttranslational modifications of
microtubules in neurons
Microtubules are intrinsically polar polymers. Their

minus ends are slow growing while plus ends are fast

growing and dynamic. The polarity of microtubule arrays

is stereotyped in neurons (reviewed in [5]). Axons contain

tiled arrays of microtubules of varying lengths with the

plus-end distal to the cell body. Dendrites have arrays of

mixed polarities, with many microtubules oriented

minus-end distal (Figure 1). While axons extend for long

distances and are thin with tightly-bundled parallel

microtubules, dendrites are highly branched to serve as

effective receptors for the axons with which they synapse,

consistent with their greater arborization and mixed

polarity microtubule arrays. At the tip of the axon, the

growth cone is populated by highly dynamicmicrotubules

with their plus-ends distal (Figure 1).

In addition to this polarization in their organization,

microtubules are functionalized with abundant posttrans-

lational modifications that are asymmetrically distributed

in the neuron [6,7,8,9��]. These modifications include the

reversible removal and addition of a single tyrosine on the

C-terminus of a-tubulin (detyrosination/tyrosination),

removal of the a-tubulin penultimate glutamate (D-2),
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Stereotyped distribution of tubulin posttranslational modifications in the neuron. Schematic of a neuron showing the distribution of tubulin

modifications in the soma, dendrites, axon and growth cone. Insets show the microtubule surface covered with a lawn of disordered negatively-

charged tubulin tails; from top to bottom: (1) microtubules in dendrites are tyrosinated and glutamylated with short glutamate chains; MAP2

concentrates in dendrites and interacts with tubulin tails; (2) microtubules in axons are detyrosinated, glutamylated with long glutamate chains; (3)

cross-section of a microtubule showing acetylation on lumenal Lys40; Tau concentrates in axons and interacts with tubulin tails; (4) dynamic

microtubules in the growth cone are tyrosinated.
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removal of the last two glutamates (D-3), and the addition

and removal of single or multiple glutamates (glutamyla-

tion/deglutamylation) at internal positions on both the

a-tubulin and b-tubulin tails, in addition to more con-

ventional modifications such as phosphorylation. Glycy-

lation, the addition of variable numbers of glycines has

been so far limited to cilia or flagella (a detailed review of

these modifications can be found in [2�,10�]). These

modifications concentrate on the intrinsically disordered

negatively charged C-terminal tails that decorate the

outside of the microtubule and can provide significant

binding surface for molecular effectors (Figure 1, insets).

Themicrotubule lumen is also modified: Lys40 located in

a flexible loop in the lumen is acetylated. In addition to

these modifications on the flexible tails, residues in the

folded tubulin core are also modified through methyla-

tion, acetylation, phosphorylation, sumoylation and poly-

amination (reviewed in [2�,10�]).

Mixed-polarity microtubules in dendrites are enriched in

tyrosination, acetylation, and short-chain glutamylation,

whereas axonal microtubules are enriched in long-chain

glutamylation, acetylation, polyamination, detyrosination

and D-2 tubulin [6,7,8,9��,10�] (Figure 1). Dynamic pre-

synaptic bouton and growth cone microtubules are pri-

marily tyrosinated [6,7,8]. Recent work reveals a finer

functionalization of microtubules in dendrites with the

minus-end out stable bundles enriched in acetylation and

dynamic microtubules with their plus-ends distal to the

cell body enriched in tyrosination [9��] (Figure 1).

Tubulin isoforms have distinct biophysical
properties and are functionally non-redundant
In addition to functionalizing tubulin through diverse and

abundant posttranslational modifications, neurons also

express multiple tubulin isoforms. Humans have eight

a-tubulin and nine b-tubulin genes, respectively. Most

are expressed in neurons [11]. By contrast, non-differen-

tiated cells employ fewer isoforms [12��,13]. Tubulin

isoforms are differentially expressed during neurogenesis,

neuronal migration and synaptic connectivity, suggesting

each isoform has unique properties suited to a develop-

mental task [14]. Class III b-tubulin is expressed exclu-

sively in neurons at the onset of differentiation where it is

important for neurite formation [15]. It is also expressed

in certain tumors of non-neuronal origins where it is not

found before transformation [16,17]. Not much is known

about the distribution of tubulin isoforms in neurons.

Recent high-throughput sequencing of RNA isolated

by crosslinking immunoprecipitation revealed that Ade-

nomatous polyposis coli (APC), a microtubule plus-end

tracking protein binds the 30 UTR of TUBB2B for local

translation at the growth cone periphery where it incor-

porates in dynamic microtubules [18], suggesting one

potential strategy for local enrichment of tubulin

isoforms.
www.sciencedirect.com
Presently we know little about the effects of tubulin

isotype composition on polymer structure, assembly

and dynamics. Advances in obtaining single-isoform

recombinant human tubulin [19,20�] or tubulin purified

from various sources using an affinity approach [21] finally

allow the examination of isoform specific properties.

Recent studies using these tools show that differences

in tubulin isoforms can elicit large changes in microtubule

dynamic parameters that are comparable to those induced

by MAPs [12��,20�,22��]. Interestingly, neuronal bIII
tubulin undergoes catastrophe (the transition between

the growth and depolymerization phase) more frequently

than non-neuronal specific isoforms (bI, II, and IVb) and

can destabilize microtubules when titrated into more

stable tubulin isoform mixtures [12��,22��]. Thus, the

increase in bIII levels during neurogenesis results in

higher microtubule turnover. A recent study using elec-

tron microscopy revealed that an a-tubulin isotype in C.
elegans (TBA-6) is essential for the doublet to singlet

transition of ciliary microtubules in cephalic male neurons

[23], highlighting the need for higher-resolution struc-

tural analyses of tubulin isoform mutants. The recent

advances in Focused Ion Beam-Scanning Electron

Microscopy (FIB-SEM) and cryo-EM tomography hold

great promise in the acquisition of ultrastructural infor-

mation to capture how isoform composition and tubulin

modifications regulate axonal and dendritic microtubules

in cases where gross differences might be difficult to

discern.

Spatial regulation of motors and MAPs by the
tubulin code
Its asymmetric architecture makes the neuron, more than

any other cell type, highly dependent on precise and

robust intracellular transport. Not surprising, traffic

defects are a hallmark of neurodegenerative disease

[24] and mutations in modifications enzymes have neu-

ronal phenotypes [25,26,27,28��]. Perturbations of tubulin
modifications are also strongly associated with many

neurodegenerative disorders (reviewed in [29]). While

we understand how microtubule polarity organization

directs motor traffic in the neuron (kinesin-mediated

anterograde transport towards the distal axon and

dynein-mediated retrograde transport towards the soma,

for example), the role of tubulin modifications in special-

izing cellular microtubules for dedicated traffic is just now

starting to be explored. Recent work revealed that micro-

tubule bundles organized with their minus-end distal in

the dendrite are acetylated, thus directing kinesin-1 out

of dendrites and into the axon where the motor prefers

acetylated microtubules [9��]. Thus, microtubule array

architecture and chemical composition provide two inter-

connected levels of control for motor traffic in the neuron.

Recent studies also lend further support to the hypothesis

that the stereotyped distribution of microtubule modifi-

cations in the neuron enables precise spatial regulation of
Current Opinion in Neurobiology 2018, 51:95–102
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cargo transport and microtubule dynamics. For example,

the loading of retrograde vesicles is concentrated and

restricted to the distal axon through a specific interaction

of the Cap-Gly domains of microtubule end binding

protein CLIP170 and the p150Glued dynactin subunit

with tyrosinated microtubules that are enriched in this

zone [30��]. Once loaded on the tyrosinated microtubule

tips, the dynein/dynactin-propelled vesicles continue to

move processively on the microtubule regardless of the

tyrosination status [30��,31�], ensuring effective transport
down the axon.

While tyrosination is a simple ON/OFF switch, glutamy-

lation, by virtue of the variable number of glutamates

added to tubulin tails has the potential for a graded

quantitative regulation of effectors. Recent work showed

that glutamylation acts as a rheostat to control the activity

of spastin, a microtubule-severing enzyme important in

neurogenesis and axonal regeneration that is mutated in

patients with hereditary spastic paraplegias, disorders

characterized by axonopathy [32]. Maximal activity is

seen at�8 glutamates [33��]. Mass spectrometric analyses

of tubulin purified from brain show a preponderance of

glutamylated tubulin with 3–6 glutamates on each tail,

with as many as eleven and seven detected on a-tubulin
and b-tubulin tails, respectively [34]. As the neuron dis-

plays a gradient of glutamylation with a higher concen-

tration of tubulin with higher numbers of glutamates in

the axon, such a mechanism allows precise, substrate-

regulated spatially-controlled severing in the neuron.

Since multiple modifications can coexist on the same

microtubule and microtubules with different modifica-

tions can be in close proximity, these recent studies

foreshadow a highly complex combinatorial regulation

by the tubulin code. The graded regulation of microtu-

bule severing by glutamylation also underscores the need

for more precise reporters of polymodifications such as

glutamylation that are sensitive to the numbers of gluta-

mates added to tubulin.

Neuronal microtubules are also decorated by a high-

density of MAPs that regulate motor traffic. MAPs them-

selves can have stereotyped distributions in neurons and

have been used as axonal (tau) or dendritic (MAP2)

markers (Figure 1) [35,36]. MAPs are prime candidates

to be regulated by the tubulin code as many bind micro-

tubules using the tubulin tails. Thus, motor traffic in the

neuron is likely directed by a combination of the tubulin

and MAP codes. The recent advances in obtaining engi-

neered recombinant tubulin [12��,19,22��,37] and quan-

titatively modified microtubules [33��] facilitated the

above highlighted studies into the readout of the tubulin

code through in vitro reconstitution [30��,31�,33��] and

will continue to be key in translating the in vivo com-

plexity into molecular mechanism. This is especially the

case since tubulin modifications such as glutamylation

have recently been found to be important also for the
Current Opinion in Neurobiology 2018, 51:95–102
function of non-tubulin substrates such as the retinitis

pigmentosa GTPase regulator (RPGR) or the DNA sen-

sor cGAS [38,39].

Tubulin code writers and erasers: moving
beyond a parts list to understand pattern
formation
Most modification enzymes have been known for almost a

decade, with the first enzyme identified more than

40 years ago (reviewed in [10�,29]). Many catalyze the

addition of amino acids (tyrosine, glutamate and glycine)

and belong to the tubulin tyrosine ligase (TTL) and

TTL-like family (TTLLs) [40]. Glutamylation is the

most abundant modification in the nervous system [41].

Not surprising, humans have nine TTLL glutamylases

[42]. TTLL7 is most abundant in neurons. Its expression

increases steadily during neurogenesis together with

b-tubulin glutamylation [43]. The reverse reaction of

removing the glutamate chains is catalyzed by a family

of carboxypeptidases (CCP1-6; reviewed in [10�,29]). So
far, it is unclear whether the glycine chains are removed,

possibly making this a terminal modification. Many of the

TTLL and CCP family members have yet to be studied

inmammalian neurons. Thus, this is likely a fertile area of

discovery in trying to understand the connection between

the tubulin code, neuronal polarity and intracellular

trafficking.

The last year has seen a major breakthrough in complet-

ing the roster of tubulin code writers: the enzyme that

initiates the detyrosination/tyrosination cycle by remov-

ing the terminal tyrosine from a-tubulin was identified

after a 40-year search [44]. Two groups, one using a high-

throughput nonbiased genetic [45��], the other a chemical

proteomics approach [28��] reported that vasohibins

(VASH1/2) encode tubulin detyrosination activity.

Intriguingly, even though they are found in the cytosol,

vasohibins were thought to act in the extracellular envi-

ronment and inhibit endothelial cell growth in VEGF

mediated angiogenesis [46]. In the absence of vasohibins,

axonal differentiation is delayed [28��], contrary to the

premature axonal differentiation of TTL KO mice [25].

The discovery of the tyrosine carboxypeptidase finally

allows genetic manipulation of the detyrosination/tyrosi-

nation cycle that was limited until now to the use of

inhibitors with limited specificity such as parthenolide

[47].

Tubulin is also phosphorylated on multiple residues. The

Down Syndrome kinase MNB/DYRK1a was recently

found to phosphorylate b-tubulin on Ser172 and inhibit

polymerization, consistent with the location of this resi-

due at a polymerization interface. Loss of this kinase

disrupts dendrite morphology in Drosophila sensory neu-

rons and causes mechanosensation defects [48��]. Inter-
estingly, DYRK1a uses the C-terminal tails of tubulin to

anchor to the microtubule, raising the intriguing
www.sciencedirect.com
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possibility that it can be sensitive to their posttransla-

tional status, thus establishing a hierarchy of modification

by tubulin modification enzymes. Similarly, the glutamy-

lase TTLL7 is dependent on its interaction with the

a-tubulin tail tomodify the b-tubulin tail [49], hinting at a
possible syntax of tubulin modifications on the

microtubule.

As the major tubulin code writers are now known the

challenge will be to understand how the code is laid out

during development and then maintained and modulated

by environmental cues and synaptic activity. As the

combinatorial action of modification enzymes is respon-

sible for the complex microtubule modification patterns

observed in cells, we will need to understand their kinetic

properties, subcellular localization, substrate specificity

and identify cellular regulators. At the most basic level,

patterns of modifications can be controlled by direct

competition for common modification sites, as is the case

for glutamylation and glycylation [50]. Kinetic control,

that is, the intersection between the dynamic parameters

of microtubules (which can have turnover rates ranging

from seconds to minutes or hours in cells) with the

catalytic rate of the modification enzymes can give rise

to different modification profiles on microtubules that are

in close spatial proximity and thus is likely an important

mechanism for establishing complex spatial patterns.

How tubulin modification enzymes are targeted, acti-

vated or inhibited is largely unknown and will be an

essential area of exploration in the future. Notably, syn-

aptic activity was correlated with an increase in microtu-

bule polyglutamylation that affected the mobility of a

subset of kinesin-1 cargo complexes [51], thus placing a

tubulin code writer downstream of an activity dependent

signaling cascade and suggesting a possible involvement

of the tubulin code in synaptic tagging.

Effects of posttranslational modifications on
microtubule properties
In addition to regulation in trans, posttranslational mod-

ifications can also affect intrinsic polymer properties.

Modifications found in the axon (detyrosination, gluta-

mylation, acetylation and polyamination) are associated

with stability as microtubules with these modifications

persist for several hours and are resistant to drug or cold

induced depolymerization. The mechanistic basis for this

differential stability is not understood: are the modifica-

tions affecting polymer stability directly or indirectly

through the recruitment of effectors? Intriguingly, the

catalytic rates of the enzymes that tyrosinate, glutamylate

and acetylate the tubulin substrate match the lifetime of

these microtubule populations. TTL has the fastest

catalytic rate [52] of the modification enzymes studied

so far, the TTLL7 glutamylase has an intermediate rate

[49] while the acetyltransferase (TAT) has a catalytic rate

on the orders of hours [53,54]. For acetylation, this slow

catalytic rate was proposed to function as a clock for
www.sciencedirect.com
microtubule lifetimes as only stable microtubule would

persist long enough to be robustly acetylated [54]. Inter-

estingly, recent work revealed that acetylation on lumenal

Lys40 has a direct effect on the microtubule: it weakens

lateral interactions between protofilaments, thus increas-

ing depolymerization rates and decreasing nucleation.

This loss of lateral stabilization renders the lattice more

resistant against damage produced by buckling forces

[55�] and protects microtubules in cells against rupture

due to mechanical stress [56��], a useful property to

leverage in axons. Consistent with this, the microtubule

network in sensory neurons of TAT KO mice is less

elastic leading to a higher threshold for channel activation

and loss in mechanosensitivity [57��]. Thus, both bio-

chemical and in vivo data demonstrate a role for acetyla-

tion in changing the mechanical properties of the micro-

tubule. What still remains puzzling is the kinetics of this

change in mechanical stability. TAT is a very slow

enzyme, suggesting that the microtubule would have to

be initially stabilized against depolymerization through a

different mechanism in order to persist long enough to be

a substrate for TAT. The effects of glutamylation and

detyrosination on both microtubule dynamics and

mechanics remain to be characterized. Glutamylation is

especially interesting as it can add both significant bulk

and negative charge to the tubulin tails known to affect

polymerization [58].

Conclusions and future directions
More than any other cell type, the neuron needs to

establish a non-isotropic organization of its microtubule

cytoskeleton. It achieves this both by controlling geome-

try (polarity and organization in bundles) and chemical

composition (tubulin isoforms and posttranslational mod-

ifications). The ongoing revolution in high-resolution

microscopy combined with labeling tools that still need

to be developed (live reporters for tubulin modifications,

fluorescent amino acid analogs that can serve as substrates

for engineered modification enzymes and reporters that

can sense numbers of glutamates added to the tubulin

tails) will get us closer to constructing high-resolution

dynamic maps of tubulin posttranslational modifications

in the neuron. This topographical information combined

with functional information on the recruitment and activ-

ity of cellular effectors and eventually simultaneous read-

out of synaptic activity will allow us to fully explore the

raison d’être of the tubulin code in the nervous system.

Given the strong involvement of tubulin mutations and

tubulin code enzymes in disease, breaking the tubulin

code can potentially bring translational benefits in the

form of improved diagnostics and therapeutics.
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Théry M, Nachury MV: Microtubules acquire resistance from
mechanical breakage through intralumenal acetylation.
Science 2017, 356:328-332.

Reports that acetylation by TAT is required for mechanical stabilization of
long-lived microtubules in fibroblasts. In vitro bending assays show that
acetylation protects microtubules against mechanical rupture by making
them more flexible.
Current Opinion in Neurobiology 2018, 51:95–102

http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0435
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0435
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0435
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0435
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0440
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0440
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0440
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0440
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0445
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0445
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0445
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0450
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0450
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0455
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0455
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0460
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0460
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0460
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0465
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0465
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0470
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0470
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0470
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0470
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0475
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0475
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0475
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0480
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0480
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0480
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0480
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0485
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0485
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0485
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0485
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0490
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0490
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0490
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0490
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0495
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0495
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0495
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0495
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0500
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0500
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0500
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0505
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0505
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0505
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0505
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0510
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0510
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0515
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0515
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0515
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0515
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0520
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0520
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0520
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0520
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0520
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0525
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0525
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0525
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0525
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0530
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0530
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0530
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0530
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0530
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0535
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0535
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0535
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0535
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0540
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0540
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0540
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0540
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0545
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0545
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0545
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0545
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0545
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0550
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0550
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0550
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0550
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0555
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0555
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0555
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0555
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0560
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0560
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0560
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0560
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0565
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0565
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0565
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0570
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0570
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0570
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0570


102 Cellular neuroscience
57.
��

Morley SJ, Qi Y, Iovino L, Andolfi L, Guo D, Kalebic N, Castaldi L,
Tischer C, Portulano C, Bolasco G et al.: Acetylated tubulin is
essential for touch sensation in mice. Elife 2016:5.

Reports the existence of a band of acetylated microtubules under the
membrane of sensory neurons in cell bodies and axons. Using a tubulin
acetyltransferase (Atat1) conditional KO mouse with deleted Atat1 from
peripheral neurons the authors demonstrate that Atat1 dependent loss of
Current Opinion in Neurobiology 2018, 51:95–102
acetylation reduces cellular elasticity at the sub-membrane of dorsal root
ganglion cells and lowers the threshold of mechanosensitive ion channel
opening, thus modulating mechanosensation in mice.

58. Sackett DL, Bhattacharyya B, Wolff J: Tubulin subunit carboxyl
termini determine polymerization efficiency. J Biol Chem 1985,
260:43-45.
www.sciencedirect.com

http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0575
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0575
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0575
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0580
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0580
http://refhub.elsevier.com/S0959-4388(17)30301-X/sbref0580

	The tubulin code in neuronal polarity
	Introduction
	Stereotyped organization and posttranslational modifications of microtubules in neurons
	Tubulin isoforms have distinct biophysical properties and are functionally non-redundant
	Spatial regulation of motors and MAPs by the tubulin code
	Tubulin code writers and erasers: moving beyond a parts list to understand pattern formation
	Effects of posttranslational modifications on microtubule properties
	Conclusions and future directions
	Conflict of interest statement
	Funding
	Acknowledgments
	References and recommended reading


