rrreoctome

Carboxyterminal post-translational modi-

fications of tubulin

polyglutamylase
complex

H20

1 I~
52
Lt N
>
= microtubule
ADP
Pi

aly

!
I?I
TTLL3TTLLS,
ATP TTLL10

alphaY-beta tubulin
dimer

D'Eustachio, P., Jassal, B., Jupe, S.

European Bioinformatics Institute, New Y ork University Langone Medical Center, Ontario Institute for Cancer
Research, Oregon Health and Science University.

The contents of this document may be freely copied and distributed in any media, provided the authors, plus the
institutions, are credited, as stated under the terms of Creative Commons Attribution 4.0 International (CC BY 4.0)
L icense. For more information see our |icense.

Thisisjust an excerpt of afull-length report for this pathway. To access the complete report, please download it at
the Reactome Textbook.

09/04/2024

https://reactome.org Page 1


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://reactome.org/license
https://reactome.org/download/current/TheReactomeBook.pdf.tgz
https://reactome.org

Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining
knowledge from genomic studies, and by systems biologists building predictive models of hormal and disease
variant pathways.

The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751),
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European
Molecular Biology Laboratory (EBI Industry program).
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Carboxyterminal post-translational modifications of tubulin 7
Stable identifier: R-HSA-8955332
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Tubulins fold into compact globular domains with less structured carboxyterminal tails. These tails vary in sequence
between tubulin isoforms and are exposed on the surfaces of microtubules. They can undergo a variety of
posttranslational modifications, including the attachment and removal of polyglutamate chains and in the case of
apha-tunulins the loss and reattachment of aterminal tyrosine (Tyr) residue. These modifications are associated with
changesin the rigidity and stability of microtubules (Song & Brady 2015; Yu et al. 2015).

Mutations affecting these modification processes can have severe effects on phenotype (e.g., Ikegami et al. 2007).
Nevertheless, the precise molecular mechanisms by which these changes in tubulin structure modul ate its functions
remain unclear, so these modification processes are simply annotated here as a series of chemical transformations of
tubulins.
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TTLLs polyglutamylate tubulin ~

Location: Carboxyterminal post-translational modifications of tubulin
Stable identifier: R-HSA-8865774

Type: transition

Compartments: cytosol
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Tubulin is modified by glutamylation and glycylation, the additon of peptide branches made of glutamyl or glycyl
residues respectively, which are attached to the gamma-carboxy! group of glutamic acids within the C-terminal tail
domains of alpha- and beta-tubulin. Glutamylation, the most prevalent tubulin posttranslational modification, marks
stable microtubules and regulates recruitment and activity of microtubule-interacting proteins. Hyperglutamylation in
Purkinje cell degeneration (pcd) mice leads to neurodegeneration (Rogowski et al. 2010).

Nine enzymes of the tubulin tyrosine ligase-like (TTLL) family catalyze glutamylation (Garhnam & Roll-Mecak
2012, Garnham et al. 2015). TTLLs can have a preference for either alpha- or beta-tubulin, although many are able
to modify either (Janke et al. 2005, Ikegami et al. 2006, van Dijk et al. 2007). Initial characterization of the mouse
TTLL family showed that TTLL1, 5, 6, 11, and 13 preferentially poly-glutamylate al pha-tubulin, while TTLL4 and 7
prefer beta-tubulin. While TTLL1 has a preference for alpha-tubulin (Janke et al. 2005), TTLL1 knockout mice
displayed decreased glutamylation on alpha- and beta-tubulin (Ikegami et al. 2010). The molecular determinants for
specificity are poorly understood and specificity can differ between organisms, preventing an unambiguous
classification of TTLLs by their alpha/beta preference. TTLL4, 5, and 7 have been described as initiases, adding a
branched glutamic acid to the tubulin tail, while TTLL6, 11, and 13 were suggested to be elongases, adding poly-Glu
chains of variable lengths to the branched glutamic acid (Garhnam & Roll-Mecak 2012). The specificity of
mammalian TTLL2, 9, and TTLL12 are unknown.

TTLLS3, 8, and 10 are glycylases that glycate rather than glutamylate tubulin (Ikegami et al. 2008, Ikegami & Setou
2009, Rogowski et al. 2009, Wloga et al. 2009), with TTLL3 and 8 serving as initiases, and TTLL10 serving as an
elongase.

TTLL7, the most abundant glutamylase in neurons, modifies both alpha- and beta-tubulin tail peptidesin isolation
but shows a preference for beta-tubulin when presented with microtubules. TTLL7 catalyzes the initiatial
glutamylation of Beta-tubulin glutamates at multiple internal positions in the Beta-tail, and also the addition of
subsequent glutamates to existing branched glutamates (Mukai et al. 2009).
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Polyglutamylase complex (TTLL1) polyglutamylates alpha subunits of tubulin 7
Location: Carboxyterminal post-translational modifications of tubulin
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Polyglutamylase complex polyglutamylates alpha subunits of tubulin in the brain. The complex contains TTLL1
(Tubulin tyrosine ligase-like 1) protein. The human complex has not been characterized experimentally. Its
organization and function have been inferred from biochemical and genetic studies of its mouse counterpart. The
mouse complex has been isolated and four additional protein components have been identified (Janke et a. 2005). A
mouse mutation that disrupts one of these, Tpgsl, is associated with failure of polyglytamylation of apha-chainsin
microtubules (Ikegami et al. 2007). In this event polyglutamylation is arbitrarily shown on only one tubulin
protofilament within the microtubule.
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TTLL3, TTLLS, TTLL10 polyglycylate tubulin #

Location: Carboxyterminal post-translational modifications of tubulin
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Tubulin is modified by glutamylation and glycylation, the additon of peptide branches made of glutamy! or glycyl
residues respectively, which are attached to the gamma-carboxy! group of glutamic acids within the C-terminal tail
domains of apha- and beta-tubulin. They are added by members of the tubulin tyrosine ligase (TTL family). TTLL3,
8, and 10 are glycylases (Ikegami et al. 2008, Ikegami and Setou, 2009; Rogowski et al. 2009; Wloga et al. 2009)
with TTLL3 and 8 serving as initiases, and TTLL 10 serving as an elongase. In this event polyglycation is arbitrarily
shown on only one tubulin protofilament within the microtubule.
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CCPs deglutamylate tubulin #

Location: Carboxyterminal post-translational modifications of tubulin
Stable identifier: R-HSA-8866105

Type: transition

Compartments: cytosol

Inferred from: Ccps deglutamylate tubulin (Homo sapiens)

cytosol

CCPs

Polyglutamyated
microtubule O

L-Glu

H20

Cytosolic carboxypeptidases (CCPs) catalyze the removal of glutamate residues from the C-terminal tails of both
alpha- and beta-tubulin. These glutamate residues are either enzymatically added in the polyglutamylation reaction,
or gene-encoded glutamate residues are removed from alpha-tubulin after detyrosination to generate delta2-tubulin
(Kimura et al. 2010, Rogowski et al. 2010). CCPs are members of the MC clan, M 14 family, subfamily M14D of
metallopeptidases (Kalinina et al. 2007, Rodriguez de la Vega et al. 2007). Mouse Ccpl, 2, 3, 4, and 6 are
functionally homologous and remove linearly added glutamates from tubulin (al pha-peptide bonds), while Ccp5
specifically removes branching-point glutamates (gamma-peptide bonds) which are generated as first step of the
polyglutamylation reaction (Rogowski et al. 2010; Tort et al. 2014). The catalytic activities of the human proteins are
inferred from the properties of their mouse homologues and limited studies of human proteins expressed in cultured
cells (Rogowski et al. 2010). In this event polyglutamylation is arbitrarily shown on only one tubulin protofilament
within the polyglutamylated microtubule.
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TTL ligates L-Tyr to the carboxy terminus of detyr-alpha tubulin:beta tubulin #
Location: Carboxyterminal post-translational modifications of tubulin

Stable identifier: R-HSA-8955706

Type: transition

Compartments: cytosol

Inferred from: TTL ligates L-Tyr to the carboxy terminus of alpha-tubulin (Bos taurus)

cytosol

TTL

detyr-alpha tubulin: alphaY-beta tubulin

beta tubulin dimer

Lo

ATP

L-Tyr | 2 Pi

TTL (tubulin tyrosine ligase) ligates tyrosine (L-Tyr) to the carboxy terminus of the alpha-tubulin subunit of an
apha tubulin:beta tubulin dimer in an ATP-dependent reaction. Human TTL has not been characterized in detail; the
reaction mechanism annotated here has been worked out with bovine proteins (Deans et al. 1992), and structural
studies with chicken proteins demonstrate the basis of the enzyme's specificity for the carboxy terminus of tubulin
alphachains (Prota et a. 2013).
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SVBP:VASH1,VASH2 hydrolyzes the terminal L-Tyr residue from alphaY-beta tubulin
dimer 7

Location: Carboxyterminal post-translational modifications of tubulin
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TTCP (tubulinyl-tyrosine carboxypeptidase) hydrolyzes the terminal L-Tyr residue from the a pha-tubulin subunit of
an alpha tubulin:beta tubulin dimer to yield delY -alpha tubulin and L-tyrosine (L-Tyr). Although TTCP enzyme has
not been purified from any species, studies of material partialy purified from chicken brain have allowed its activity
to be defined and distinguished from those of widely expressed carboxypeptidases with broader substrate
specificities (Argarana et a. 1980). This reaction is known to occur in humans (Song & Brody 2015; Yu et al. 2015)
and its properties have been inferred from those of its chicken counterpart.
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