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Abstract: The success of Toxoplasma gondii (intracellular parasite) host cell invasion relies on the apical complex,
a specialized microtubule cytoskeleton structure associated with secretory organelles. The genome encodes
three isoforms of both a- and -tubulin which are altered by specific post-translational modifications (PTMs),
changing the biochemical/biophysical proprieties of microtubules, and modulating their interaction with
associated proteins. Tubulin PTMs are a powerful and evolutionarily conserved mechanism to generate tubulin
diversity, forming a biochemical “tubulin code’ that can be ‘read” by microtubule-interacting factors. The T.
gondii tubulin PTMs are: a-tubulin acetylation, a-tubulin detyrosination, ASa-tubulin, A2a-tubulin, a- and -
tubulin polyglutamylation, and a- and a-tubulin methylation. Tubulin glutamylation is a key candidate to
assist microtubule remodeling in Toxoplasma, being involved in the regulation of microtubule stability,
dynamics, interaction with motor proteins, and severing enzymes. The correct balance of tubulin glutamylation
is achieved by the coordinated action of polyglutamylases and deglutamylating enzymes. In this work we will
review and discuss the current knowledge on T. gondii tubulin glutamylation. By in silico identification of
mammalian protein orthologs we explored and updated the identification of putative proteins related to
glutamylation, contributing to a better understanding of the role of tubulin glutamylation in T. gondii.

Keywords: Toxoplasma gondii; tubulin glutamylation; tubulin post-translational modifications;
apical complex; microtubules

1. Introduction

The phylum Apicomplexa includes approximately 5000 obligate intracellular parasites, many of
which are pathogens of high veterinary and medical importance [1]. Prominent members of the
phylum include species in the genus Plasmodium that infect humans causing malaria, a life
threatening disease [2]; Eimeria, a poultry and cattle pathogen [3,4]; Cryptosporidium, an opportunistic
human and animal pathogen [5]; and Besnoitia, Babesia and Theileria, cattle parasites [6—8]. Toxoplasma
gondii is a tissue cyst forming coccidian [9] that affects domestic and sylvatic animals and in humans
represents a common cause of congenital neurological and ocular defects [10], being a devastating
opportunistic pathogen in immuno-compromised patients [11]. Its ability to be transmitted by water
and food has resulted in its classification as a category B priority pathogen by the National Institute
for Allergy and Infectious Diseases (NIAID) [12].

Understanding how parasites enter host cells and multiply is essential to understand disease
and may contribute to the identification of targets for the design of novel therapeutic strategies. The
invasion process of Apicomplexa zoites and the molecular mechanisms involved in it seem to be
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conserved. To penetrate host cells, apicomplexans use a system of adhesion-based motility called
gliding, which has been described to be actin/myosin dependent [13]. In this process, the apical
complex, a microtubule (MT)-based cytoskeletal structure localized in the anterior region of the cell,
plays a crucial role in the interaction with the host cell [14]. Importantly, the molecular composition
of this structure is not fully known, but it is likely enriched in proteins involved in MT assembly and
dynamics, as well as in proteins participating in MT-associated processes and their crosstalk with
other cellular systems (e.g., actin, vesicles). As a key component of the apical complex, it is critical to
understand how this specialized class of MTs is assembled and maintained, and how it functionally
interacts with other cellular structures. The existing knowledge on the biology of the apical complex
suggests that tubulin post-translational modifications (PTMs) and the machineries involved in their
generation and removal play key roles in this structure's assembly and functions during host cell
invasion.

2. Microtubule cytoskeleton

Throughout evolution, eukaryotic cells developed highly sophisticated and specialised
cytoskeleton systems namely, intermediate filaments, actin filaments and MTs. Despite their specific
roles, these structures crosstalk and cooperate, for example, in supporting membrane structures (e.g.,
nuclear and plasma membranes), thus providing shape and mechanical resistance to the cell. In
addition, the eukaryotic cytoskeletons are implicated in processes such as the organisation of the
cytoplasm, organelle assembly and maintenance, cell division, cell polarity, cell migration,
intracellular transport, and cell signalling. In multicellular organisms, the cytoskeleton also plays
critical roles in the establishment of cell-cell contacts, and cell-extracellular matrix, and consequently
in the integrity of tissues.

MTs are dynamic polymers made of heterodimers of the structurally and functionally conserved
a- and -tubulins, both of which are GTP-binding proteins and are present in all eukaryotes studied
so far. The genomes of higher organisms, such as human and mouse, present large gene families
coding for multiple a and p-tubulin isotypes [15]. Importantly, some of the tubulin isotypes are
expressed in a tissue-specific manner, being important for the assembly of specialized functional
classes of MTs. For example, the correct expression of tubulin isotypes (e.g., 33-tubulin) is important
for neuronal differentiation and survival in mammals, and mutations in their coding genes are
associated with neurological diseases [16-18]. On the other hand, lower eukaryotes like Saccharomyces
[19,20] and Tetrahymena [21,22] present one or two a- and two [-tubulin coding genes.

For the assembly of the a/p-tubulin heterodimer, tubulins undergo a complex folding process
assisted by molecular chaperones (prefoldin and CCT) [23-26] and the tubulin cofactors (TBCA-E).
In addition to participating in heterodimer assembly, tubulin cofactors also play a role in quality
control and recycling of heterodimers released from depolymerized MTs. Thus, by regulating the
available pool of free tubulin dimers competent to polymerize, the tubulin folding pathway controls
MT dynamics [27-31]. Once folded and assembled, the tubulin heterodimers polymerize in a
polarized head-to-tail manner to form protofilaments, which then assemble the MT hollow structure
typically composed of 13 protofilaments. During the polymerization process, $-tubulin hydrolyses
its GTP to GDP, and after MT depolymerization the GDP is exchanged to GTP so that B-tubulin can
polymerize again. In contrast, the a-tubulin-bound GTP is not hydrolysed during polymerization
[32,33].

Given the polar nature of MTs, one of its ends (minus end) presents a-tubulin subunits and the
other (plus end) 3-tubulin. Moreover, the two MT extremities have distinct dynamic properties, with
the minus end presenting slow growth and the plus end fast polymerization. The minus end is
usually associated with MT organizing centers (MTOCs) such as spindle pole bodies in fungi, and
centrosomes and the Golgi apparatus in animal cells. MTOCs are structurally variable in different
groups of eukaryotes, but are always enriched in proteins that promote MT nucleation (e.g., gamma-
tubulin) and anchoring [34-37].

MTs can present distinct dynamic properties and stability. These different properties can be
conferred by the preferential incorporation of specific tubulin isotypes (products of different tubulin
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genes) and by tubulin PTMs such as acetylation, detyrosination, glutamylation, and glycylation.
Tubulin PTMs can differentially and reversibly mark MT subpopulations [38]. These modifications
are evolutionarily conserved and generate what is known as the tubulin code.

For example, a-tubulin can be acetylated on K40, the unique known PTM that localizes in the
luminal surface of microtubules, and its C-terminal tail can be reversibly modified by deletion of the
terminal tyrosine (detyrosination) or irreversibly modified by deletion of the last two residues (A2).
The C-terminal tails of both a- and p-tubulins can be reversibly modified by glutamylation and
glycylation. Although the K40 PTM has been associated with MT stability [39], C-terminal PTMs alter
MT interactions with associated proteins to influence sensitivity to MT targeting drugs.

Tubulin PTMs influence the binding of MT-associated proteins (MAPs) such as MT motors and
MT severing proteins to MTs. Therefore, they are paramount for the assembly and maintenance of
MT-based organelles such as centrioles, cilia and flagella, and MT cortical structures present in
unicellular organisms such as T. thermophila and T. gondii [38,40]. For example, centriolar and
axonemal MTs are highly acetylated and glutamylated, in contrast to cytoplasmic ones. In cilia,
although it is not completely understood how tubulin PTMs affect intra-flagellar transport, tubulin
glutamylation impacts intra-flagellar transport velocity [41] and the localization of MT motor
proteins [42]. Importantly, tubulin PTMs can be modulated in response to environmental cues. In
Caenorhabditis elegans, for instance, tubulin glutamylation was shown to be upregulated in sensory
cilia in response to temperature, osmolality, and dietary conditions [41].

3. The specialized microtubule structures of Toxoplasma gondii

Apicomplexans are alveolate organisms because, underling the plasma membrane, they present
a system of flattened vesicles (alveoli) — the pellicle structure [43—45]. The pellicles are divided in
three subdomains (apical, central, and basal) with different properties conferred by distinct
cytoskeleton components. The plasma membrane associated with alveoli form the inner membrane
complex (IMC). The IMC extends from the apical polar ring (APR) to the basal pole, leaving the
extreme apical region of the parasite enclosed only by plasma membrane. Although y-tubulin does
not localize to the APR [46], this structure has been considered a MTOC since the minus ends of
subpellicular MTs (SPMTs) are attached there, by projections that resemble a cogwheel [47,48], and
plus ends are distal to this structure. Until now, the proteins identified as being part of the APR are:
TgRNGI, TgRNG2, TgAPR1, and TgKinesin A [47,49-51]. TgRNG1 appears at the mature APR only
after completion of nuclear division [49]. TgAPR1 is also a marker of the mature APR structure, and
TgAPR1-null parasites exhibit a defect in the lytic cycle (Leung et al., 2017). The MT motor TgKinesin
A is not an essential gene, and parasites lacking this protein present a modest reduction in growth
rate. TgKinesin A labels emergent daughter buds and localizes immediately apical to APR1 at the
APR of mature parasites [47].

SPMTs extend in a gentle spiral from the APR to a region posterior to the position of the nucleus,
being responsible for the elongated shape, rigidity, and the maintenance of the highly polarized cell
organization [52] (Figure 1). These SPMTs are coated with MAPs [53], including Subpellicular
Microtubule Proteins 1 and 2 (SPM1 and SPM2), which are specific to apicomplexan parasites [54].
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Figure 1. Toxoplasma gondii tachyzoite ultrastructure, highlighting the glutamylation of subpellicular
microtubules. This post-translational modification presents increased density near the conoid region,
an apical structure critical for parasite invasion and motility, decreasing toward the distal end of
subpellicular microtubules. The gradient of glutamylation suggests a functional stratification within
the microtubule network, essential for the parasite's life cycle and pathogenicity. Figure generated
with Biorender.

The apical complex is built around the extensible and retractable conoid that is actively motile
during host invasion [55]. The conoid is mainly composed of tubulin arranged into a novel polymer
form that is quite different from that of typical MTs [56]. The conoid is part of a complex composed
by two preconoidal rings (above the conoid) and two intraconoidal MTs [57]. Although related
alveolates present incomplete conoids or pseudoconoids, most apicomplexans lost the conoid
structure. However, coccidian parasites, like T. gondii, present a closed conoid [58]. The proteomics
of the T. gondii conoid/apical complex led to the identification of ~200 proteins that represent 70% of
T. gondii cytoskeleton proteins, including several key cytoskeletal proteins such as actin and actin-
binding proteins, varied myosin heavy and light chains, and the three isoforms of 3-tubulin [14].

At the apical pole, the rhoptries and micronemes are specialized secretory organelles that transit
within the conoid to secrete their contents across the plasma membrane at the apical tip of the parasite
[59].

As part of the MT cytoskeleton, T. gondii tachyzoites also present centrioles — a barrel-shaped
structure formed by nine singlet MTs [52]. Non-coccidian apicomplexans, like Plasmodium, lack
asexual centrioles but this structure occurs in other coccidians. Coccidian centrioles are quite short
and are arranged in a parallel rather than orthogonal configuration [58]. Despite the lack of
pericentrin and ninein genes, the term “centrosome” has been used in T. gondii due to its nucleating
activity and capacity to work as a signaling platform [60].

Nuclear division depends on the centrocone and occurs without breaking the nuclear envelope.
Chromosome segregation occurs without chromosome condensation. Spindle MTs originate in the
cytoplasm and pass through the nuclear pores of the centrocone (a domain of the nuclear envelope),
being essential for connecting centrosomes with the centrocone, and for segregating chromosomes
into daughter nuclei [61,62]. EB1 proteins bind to the positive ends of dynamic MTs, promoting
stability and consequently elongation of the MTs. In T. gondii, the EB1 homolog is a nuclear protein
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that localizes to the centrocone after spindle assembly [63]. In addition to the nuclear protein, which
remains in the centrocone until cytokinesis, there is a small pool of cytoplasmic TgEB1 that associates
transiently with the tips of SPMT daughter buds after nuclear division is complete [63]. Also, studies
in T. gondii demonstrated that SPMTs are continuously polymerizing during daughter cell assembly.
However, during later stages of cell division the SPMTs lose their dynamic behavior being relatively
static (with very low tubulin exchange or incorporation rate). It was also described that SPMTs are
highly resistant to distinct conditions that lead to MT depolymerization, e.g., cold, antimitotic agents,
detergents, and high pressure [52]. MAPs influence MT stability and endow MT populations with
different properties. While MT motors (dyneins and kinesins), centriole components (SAS-6, centrin,
CEP250) and regulatory proteins (EB1) are highly conserved with other eukaryotes, proteins
associated with SPMTs and the conoid are predominantly specific to these organisms, reflecting the
specialized role of these structures (Morrissette and Gubbels, 2020). SPMTs are heavily coated with
MAPs such as TgSPM1, TgSPM2, TgTrxL1, TgTrxL2, TgTLAP1, TgTLAP2, TgTLAP3 and TgTLAP4.
While some of these proteins are located throughout SPMTs, others are in distinct subregions [52].

At the basal end, T. gondii presents a basal complex, without tubulin, responsible for completing
cytokinesis and consequently parasite replication [64-66].

4. T. gondii tubulin post-translational modifications

The Toxoplasma genome contains genes for three a-tubulin isotypes (a1 - TGME49_316400, a2
- TGME49_231770, and a3 - TGME49_231400) and three (3-tubulin isotypes (1 - TGME49_266960, 32
- TGME49_221620, and (33 - TGME49_212240) [67-69]. A genome-wide CRISPR screen indicates that
al-, a2-, 1-, and 2-tubulins are essential for in vitro tachyzoites, while a3- and $3-tubulins are not
[70]. The amino acid sequences of the three B-tubulin isotypes share 96.4-96.9% identity and 98.0-98.7%
similarity, with most of the differences affecting seven of the last eight amino acid residues.
Concerning the amino acid sequences of the three a-tubulin isotypes, they present 35.5-68.3% identity
and 52.7-79.4% of similarity. Interestingly, among the three isotypes, the a3 isotype presents
significantly lower percent identity/similarity compared with the other two isotypes. Peptides
compatible with the three a- and the three -tubulin isotypes have been previously detected in T.
gondii proteomes (evidence available at www.ToxoDB.org, Proteomics section). Notably, the most
divergent a3-tubulin isotype has only been detected in proteomes analyzing the tachyzoite stage,
whereas the other five a- and 3-tubulin isotypes have been identified in T. gondii proteomes analyzing
the tachyzoite, bradyzoite, and oocyst stages (available at www.ToxoDB.org, Proteomics section).
The differences in amino acid sequences between the a- and the p-tubulin isotypes correlate to
specialized functions and differential expression throughout the T. gondii life cycle [68]. Some of these
distinct features may be related to specialized tubulin structures, such as the conoid and the flagellar
axoneme [68]. Like in other eukaryotes, the most divergent region in the amino acid sequences of the
different Toxoplasma tubulin isotypes is localized at their C-terminal ends [67,69]. This region is
exposed to the outer surface of MTs when tubulin dimers polymerize [71] providing binding sites for
several MAPs and molecular motors [72]. Also, tubulin C-terminal ends are subjected to various
PTMs, most of them occurring on tubulin subunits after their polymerization into MTs. Therefore,
most probably, distinct C-terminal amino acid sequences indicate different patterns of tubulins PTMs
and distinct associations with MAPs and motor proteins.

In T. gondii, post-translational modifications (PTMs) were identified on a-tubulin, including
acetylation at K40 and removal of the last C-terminal amino acid residue, Y453 (resulting in
detyrosinated tubulin), as well as truncation of the last five amino acid residues (AYGDEY). The
acetylation of K40 on al-tubulin is catalyzed by a-tubulin acetyltransferase (ATAT), an enzyme
crucial for completing nuclear division. Acetylated a-tubulin is notably enriched during the
formation of daughter buds [73]. An antibody targeting mammalian a-tubulin, lacking the last two
C-terminal residues (A2-tubulin), labeled the apical region of the parasite. Detyrosinated tubulin was
diffusely present in SPMTs and exhibited an apparent accumulation at their posterior end.
Polyglutamylation was also detected on both a- and B-tubulins. Glycylation, a modification specific
to ciliated cells and enriched in axonemes and basal bodies, was not observed, consistent with the
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absence of flagellar structures in tachyzoites. Additionally, methylation, a PTM not previously
described on tubulin, was identified on both tubulins, suggesting it might be a specific modification
in Apicomplexa [40]. However, a comprehensive understanding of the association between these
various PTMs and their functional impact on the parasite's life cycle is still lacking.

In T. gondii, secretion plays a crucial role in the successful invasion of host cells. Research has
demonstrated that vesicles, within epithelial cells, traverse from the trans-Golgi network to the
plasma membrane via polyglutamylated MTs [74], suggesting a connection between tubulin
glutamylation and vesicle transport. These findings propose that polyglutamylated MTs may
function as a "fast track” in vesicle transport. Indeed, as mentioned above, in cilia tubulin
glutamylation impacts the speed of transport and the localization of MT motor proteins [41,42]. In
conclusion, gaining a deeper understanding of the regulation of tubulin glutamylation in T. gondii is
imperative.

5. T. gondii tubulin glutamylation

In T. gondii, the use of antibodies against glutamylated tubulin revealed that glutamylation
occurs close to the conoid and progressively decreases towards the distal end of the MTs (Figure 2A);
similar gradients were observed along cilia axonemal MTs in various species [75,76]. Curiously, it
has been proposed that the apical complex of the T. gondii tachyzoite originated from a repurposed
flagellum [77]. Like acetylated a-tubulin [73], glutamylated tubulin is also enriched during the
formation of daughter buds (Figure 2B).

Detail

Figure 2. Tubulin glutamylation in T. gondii. T. gondii tachyzoites stained with anti-polyglutamylation
modification GT335 antibody (Glu) detecting glutamylated tubulin. Nucleic acid was stained with
4,6-diamidino-2-phenylindole (DAPI). Scale bars represent 5 um. (A) Subpellicular microtubules are
highly glutamylated, with glutamylation highest levels at the apical pole near the conoid and
decreasing toward the basal pole. (B) Glutamylation is also visible in the apical complex of the two
daughter cells during tachyzoite endodyogeny.

Tubulin polyglutamylation can act as a direct regulator of MT functions, for example it regulates
MT-dynein interactions [78,79] and long glutamate side chains on tubulin provide a signal for MT
severing by spastin [80]. Tubulin polyglutamylation is a completely reversible PTM. In mammalian
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cells, the length controlling of the polyglutamate side chains on tubulin is critical for neural survival
[81].

Polyglutamylation is a strictly regulated PTM. The polyglutamylase enzymes have been
identified as belonging to the tubulin tyrosine ligase-like (TTLL) protein family [82]. Deglutamylase
enzymes are members of the cytosolic carboxipeptidases (CCP) family [83,84]. The maintenance of
the correct levels of tubulin polyglutamylation is crucial for the cell and results from the coordinated
action of polyglutamylases and deglutamylating enzymes.

The polymodification side chain is formed in two biochemically distinct steps: initiation and
elongation. These two steps are often, but not always, mediated by distinct TTLLs. These enzymes
have distinct enzymatic characteristics; there are TTLLs that generate short side chains (e.g. TTLL4)
and others that add long side chains (e.g. TTLL6, TTLL11) [82] (Figure 3).

Microtubule

Glutamylation

TTLL 4

: Initiation

CCP 5

Tubulin - C-terminal
dimer tail

C-terminal tail

Figure 3. Microtubule glutamylation. Glutamylase enzymes, belonging to the tubulin tyrosine ligase-
like (TTLL) protein family, and deglutamylase enzymes, members of the cytosolic carboxipeptidases
(CCP) family, are responsible for the addition and removal of glutamate residues (E), respectively, to
the carboxy-terminal tail (C-terminal tail) of a- and {-tubulin. TTLL4 initiates glutamylation by
adding the first E to the C-terminal tail, which is removed by CCP5. TTLL6 and 11 are responsible for
polyglutamylation, elongating the chain by adding additional Es which are removed by CCP1, 4, and
6. Figure generated with Biorender.

A computational analysis searching for TTLLs orthologs of Homo sapiens in the T. gondii genome
at www.ToxoDb.org, revealed that the genome of this parasite contains five putative genes encoding
the tubulin tyrosine ligase-like (TTLL) enzymes, one putative gene encoding a carboxypeptidase
(CCP), one gene encoding spastin, and one gene encoding katanin p60 subunit (Table 1). However,
it is important to consider that glutamylation can occur in non-tubulin proteins [82], and the same
TTLL enzyme can glutamylate both a tubulin and a non-tubulin substrate [82,85]. Additionally, CCPs
also deglutamylate non-tubulin proteins [81,86].

Table 1. T. gondii orthologs of H. sapiens genes involved in glutamylation.

ToxoDB ID Designationorth()l(:?niprot reference Fitness score! Protein evidence?
TGME49 278930 TTLL1 095922 non-essential no
TGME49_228410 TTLL2 QIBWV7 non-essential no
TGME49_230670 TTLL6 Q8N841 essential no

TGME49_244500 TTLL11 Q8NHHI1 essential yes
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TGME49_307760 TTLL11 Q8NHH1 non-essential yes
TGME49_265780 CCP1 Q9UPW5 essential yes
TGME49_315680 Spastin Q9UBPO essential yes
TGME49_244590 Katanin p60 subunit 075449 non-essential no

! Predicted to be essential/non-essential based on the fitness score obtained from a CRISPR-Cas9 genome wide
loss of function screen [70], data available at www.ToxoDB.org, Phenotype section. > Data available at
www.ToxoDB.org, Proteomics section.

Interestingly, from the five putative T. gondii TTLLs orthologs indicated in table 1 only the TTLL6
and TTLL11 (TGME49_244500) are predicted to be essential in the T. gondii tachyzoite stage [70]. The
corresponding proteins in mammals are responsible for extending the glutamylation chains [82].
Until now, proteomic analysis only supports the existence of the two orthologs of TTLL11, suggesting
these could be key enzymes involved in the regulation of polyglutamylation in T. gondii. Furthermore,
the presence of two orthologs of mammalian TTLL11 and the putative absence of TTLLs responsible
for short side chains raises the hypothesis that one of these orthologs may be involved in the
production of short glutamylation chains. The presence of non-essential genes without protein
evidence raises questions about why these candidate genes are retained in the genome and whether
they fulfill any function. Even in the absence of protein evidence, it is significant to note that these
genes undergo transcription. The question of whether these transcripts play a regulatory role remains
unanswered.

Like TTLLs, CCPs differ in their enzymatic specificities. There are CCPs that catalyze the
shortening of polyglutamate chains (CCP1, CCP4 and CCP6) and there is one CCP (CCP5) that
specifically removes the branching point glutamates [83,84] (Figure 3). In addition, CCP1, CCP4,
and CCP6 also remove gene-encoded glutamates from the carboxyl termini of proteins, converting
detyrosinated tubulin into a2-tubulin [81]. Furthermore, these enzymes can present high specificity
towards the activity of the members of the other class, for example, CCP1 is able to shorten the
polyglutamate side chains and removes the branching point glutamates when the glutamylation is
generated by TTLL6, but not by TTLL4 or by TTLL1 [87]. T. gondii presents a single ortholog to CCP1
that probably works in coordination with the orthologs of TTLL6 and TTLL11 and is a candidate for
both CCP functions described in mammals, namely removing glutamate branching points and
shortening glutamate chains.

Interestingly, tubulin glutamylation has an increasingly well-documented role in the assembly
and function of complex microtubular organelles, like cilia, in which tubulin polyglutamylation is
observable [38]. Additionally, tubulin glutamylation can also have a MT destabilizing effect through
the regulation of MT-severing factors as katanin [88] and spastin [80]. Katanin and spastin are
members of closely related MT-severing enzyme families that are widely distributed throughout
eukaryotes [89]. MT severing is a reaction that generates an internal break in a MT and may increase
polymer mass by generating shorter MTs that can serve as seeds for nucleating new ones. Generally,
both severing enzymes are much more activated by long glutamate side chains than by short side
chains. However, they present different patterns of activation in response to specific TTLLs; TTLL11
showed a weaker impact on katanin activation as compared with its strong effect on spastin-mediated
severing. Thus, although spastin is insensitive to these differences, katanin is more efficiently
activated by glutamylation generated by TTLL6. This fact raises the exciting possibility that fine-
tuning of these side chains could be implicated in a differential activation of these proteins [80]. In
T. gondii, although we identified a candidate ortholog to the katanin p60 subunit, this gene is not
essential, there is no protein evidence from proteomic analysis, and no candidate ortholog for the
katanin p80 subunit was identified, suggesting that most probably there is no katanin-like functional
protein. On the other hand, there is a strong candidate ortholog of spastin that is an essential gene
and presents protein evidence. These data suggest that the spastin ortholog should be the enzyme
responsible for MT severing in T. gondii. Interestingly, mammalian TTLL11 triggers a strong MT
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severing response by spastin [80] which suggest that the two activities may operate together in T.
gondii to modulate MT structures’ remodeling and dynamics.

While T. gondii exhibits specific and intricate MT structures, such as those found in the conoid,
the polyglutamylation process is likely less complex compared to that in human cells. This distinction
may arise from more structural functions leading to more stable MTs in T. gondii, whereas the greater
tubulin glutamylation complexity in mammals may be associated with more regulatory functions,
resulting in more dynamic MTs across various cell types with distinct functions. However, the
generated patterns in conjunction with other PTMs (including specific methylation) are sufficient to
ensure distinct features. These patterns influence the interactions with MAPs, impacting functions
that may be related to microneme and rhoptry secretion, as well as conoid extension/retraction.

6. Concluding remarks

Polyglutamylation is a strictly regulated tubulin PTM. So, the identification and the
characterization of the enzymes involved in the generation and removal of the glutamate side chains
are key steps to understand the role of glutamylation in MT dynamics regulation in T. gondii. As
expected, this parasite appears to present a less complex set of enzymes involved in
polyglutamylation regulation, but still possess the key components of a similar regulation process,
expressing enzymes that participate in each step, namely glutamylation, deglutamylation, and
microtubule severing responsive to glutamylation. Experimental data is needed to assess and
validate the functions of these enzymes in T. gondii.
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