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The success of the intracellular parasite Toxoplasma gondii in invading host cells relies on the apical complex, a

specialized microtubule cytoskeleton structure associated with secretory organelles. The T. gondii genome encodes three

isoforms of both α- and β-tubulin, which undergo specific post-translational modifications (PTMs), altering the biochemical

and biophysical proprieties of microtubules and modulating their interaction with associated proteins. Tubulin PTMs

represent a powerful and evolutionarily conserved mechanism for generating tubulin diversity, forming a biochemical

‘tubulin code’ interpretable by microtubule-interacting factors.
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1. Introduction

The phylum Apicomplexa compromises around 5000 obligate intracellular parasites, many of which are highly significant

in veterinary and medical contexts . Key members include species in the genus Plasmodium, responsible for malaria in

humans, a disease with severe consequences ; Eimeria, a pathogen affecting poultry and cattle ; Cryptosporidium,

an opportunistic pathogen affecting both humans and animals ; as well as Besnoitia, Babesia, and Theileria, parasites

impacting cattle . The tissue-cyst-forming coccidian Toxoplasma gondii affects both domestic and wild animals . In

humans, it commonly causes congenital neurological and ocular defects , and poses a serious threat to

immunocompromised individuals . Its ability to spread through water and food has led to its categorization as a

category B priority pathogen by the National Institute for Allergy and Infectious Diseases (NIAID) .

Understanding how parasites enter host cells and proliferate is crucial for comprehending diseases and may aid in

identifying targets for the development of novel therapeutic approaches. The invasion process of Apicomplexa zoites and

the molecular mechanisms underlying it appear to be conserved. To penetrate host cells, apicomplexans employ a system

of adhesion-based motility known as gliding, which has been observed to depend on actin/myosin interactions . In this

process, the apical complex, a microtubule (MT)-based cytoskeletal structure localized in the anterior region of the cell,

plays a pivotal role in the interaction with the host cell . Importantly, the molecular composition of this structure remains

incompletely understood, 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 interplay with other cellular systems (e.g., actin, vesicles). As a crucial

component of the apical complex, comprehending how this specialized class of MTs is assembled, maintained, and

functionally interacts with other cellular structures is paramount. Current understanding of the biology of the apical

complex suggests that tubulin post-translational modifications (PTMs) and the machineries responsible for their

generation and removal play pivotal roles in the assembly and functions of this structure during host cell invasion.

2. Microtubule Cytoskeleton

Throughout evolution, eukaryotic cells developed highly sophisticated and specialized cytoskeleton systems, including

intermediate filaments, actin filaments, and MTs. Despite their specific roles, these structures crosstalk and cooperate,

such as in supporting membrane structures like nuclear and plasma membranes, thereby imparting shape and

mechanical resistance to the cell . Moreover, eukaryotic cytoskeletons are involved in various processes, including

cytoplasmic organization, organelle assembly and maintenance, cell division, cell polarity, cell migration, intracellular

transport, and cell signaling . In multicellular organisms, the cytoskeleton also plays crucial roles in establishing cell–

cell contacts and cell–extracellular matrix interactions, thereby contributing to tissue integrity .

MTs are dynamic polymers composed of heterodimers of the structurally and functionally conserved α- and β-tubulins,

both of which are GTP-binding proteins and are ubiquitous across all studied eukaryotes . Higher organisms, including

humans and mice, possess extensive gene families encoding multiple α- and β-tubulin isotypes . Significantly, certain

tubulin isotypes are expressed in a tissue-specific manner, playing key roles in the assembly of specialized functional
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classes of MTs. For instance, the proper expression of specific tubulin isotypes (e.g., β3-tubulin) is essential for neuronal

differentiation and survival in mammals, and mutations in their coding genes are linked to neuronal disorders . In

contrast, lower eukaryotes such as Saccharomyces  and Tetrahymena  typically harbor one or two α- and two

β- canonical tubulin-coding genes.

For the assembly of the α/β-tubulin heterodimer, tubulins undergo a complex folding process assisted by molecular

chaperones (prefoldin and CCT)  and tubulin cofactors (TBCA-E) . Besides their roles in heterodimer

assembly, tubulin cofactors also contribute to quality control and recycling of heterodimers released from depolymerized

MTs. Thus, by regulating the pool of free tubulin dimers competent to polymerize, the tubulin folding pathway controls MT

dynamics . Once folded and assembled, tubulin heterodimers polymerize in a polarized head-to-tail manner

to form protofilaments, which then assemble into the characteristic hollow structure of MTs, typically composed of 13

protofilaments . During the polymerization process, β-tubulin hydrolyses its GTP to GDP, and upon MT

depolymerization, the GDP is exchanged to GTP to enable β-tubulin polymerization again. In contrast, GTP bound to α-

tubulin remains not hydrolyzed during polymerization .

Due to the polar nature of MTs, one end (the minus end) is comprised of α-tubulin subunits, while the other end (the plus

end) consists of β-tubulin. Furthermore, the two ends of MTs exhibit distinct dynamic properties, with the minus end

presenting slow growth and the plus end undergoing rapid polymerization . Typically, the minus end is associated with

MT organizing centers (MTOCs), such as spindle pole bodies in fungi and centrosomes and the Golgi apparatus in animal

cells. MTOCs exhibit structural variability across different eukaryotic groups but are consistently enriched in proteins that

facilitate MT nucleation (e.g., gamma-tubulin) and anchoring .

MTs can present varied dynamic properties and stability, which are influenced by factors such as the preferential

incorporation of specific tubulin isotypes (products of different tubulin genes) and by tubulin PTMs such as acetylation,

detyrosination, glutamylation, and glycylation . Tubulin PTMs can selectively and reversibly affect distinct MT

subpopulations . These modifications are evolutionarily conserved and contribute to what is termed the “tubulin code”.

For instance, α-tubulin can undergo acetylation at K40, which is the sole known PTM that localizes in the luminal surface

of MTs . Additionally, its C-terminal tail can undergo a reversible modification through the deletion of the terminal

tyrosine (detyrosination) or an irreversible modification by deletion of the last two residues (Δ2). The C-terminal tails of

both α- and β-tubulins can also be reversibly modified by glutamylation and glycylation . While the K40 PTM has

been linked to MT stability , C-terminal PTMs alter MT interactions with associated proteins, thereby influencing

sensitivity to MT-targeting drugs.

Tubulin PTMs play a crucial role in the binding of MT-associated proteins (MAPs), such as MT motors and MT-severing

proteins, to MTs. Consequently, they are essential for the assembly and maintenance of MT-based organelles such as

centrioles, cilia, and flagella, as well as MT cortical structures found in unicellular organisms like Tetrahymena thermophila
and T. gondii . Thus, centriolar and axonemal MTs exhibit high levels of acetylation and glutamylation compared to

cytoplasmic MTs . In cilia, although the precise impact of tubulin PTMs on intra-flagellar transport is not fully

understood, tubulin glutamylation has been shown to affect intra-flagellar transport velocity  and the localization of MT

motor proteins . Importantly, tubulin PTMs can be regulated in response to environmental cues. In Caenorhabditis
elegans, for instance, tubulin glutamylation was shown to be upregulated in sensory cilia in response to changes in

temperature, osmolality, and dietary conditions .

3. The Specialized Microtubule Structures of Toxoplasma gondii

Apicomplexans are classified as alveolate organisms due to the presence of a flattened vesicle system (alveoli)

underlying their plasma membrane, forming a structure known as the pellicle . The pellicle is further divided into

three subdomains (apical, central, and basal), each with distinct properties conferred by specific cytoskeleton

components. The plasma membrane associated with alveoli form the inner membrane complex (IMC), which extends from

the apical polar ring (APR) to the basal pole, leaving the extreme apical region of the parasite solely enclosed by plasma

membrane. While γ-tubulin does not localize to the APR , this structure is regarded as an MTOC because the minus

ends of subpellicular MTs (SPMTs) are anchored there via cogwheel-like projections, with their plus ends extending

distally from this structure . SPMTs extend in a gentle spiral from the APR to a region posterior to the nucleus,

contributing to the elongated shape, rigidity, and the maintenance of the highly polarized cell organization  (Figure 1).

These SPMTs are coated with MAPs , among which are Subpellicular Microtubule Proteins 1 and 2 (SPM1 and SPM2),

unique to apicomplexan parasites . Up to this point, the proteins identified as components of the APR include TgRNG1,

TgRNG2, TgAPR1, and TgKinesin A . TgRNG1 becomes detectable at the mature APR only after nuclear
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division is complete . TgAPR1 is also a marker of the mature APR structure, and parasites lacking TgAPR1

demonstrate a defect in the lytic cycle . The MT motor TgKinesin A, while not essential, plays a role in parasite growth,

and parasites lacking this protein exhibit a modest reduction in growth rate. TgKinesin A localizes to emerging daughter

buds and is positioned just apical to APR1 at the APR of mature parasites .

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.

The apical complex is centered around the extensible and retractable conoid, which exhibits active extrusion during host

invasion . The conoid, mainly composed of tubulin, adopts a unique polymer form distinct from typical MTs . It

comprises two preconoidal rings above the conoid and two intraconoidal MTs . While related alveolates may possess

incomplete conoids or pseudoconoids, most apicomplexans were thought to have lost the conoid structure, with coccidian

parasites, like T. gondii, retaining a closed conoid . However, recent data indicate that the conoid is a hallmark of

invasion mechanisms conserved in all apicomplexans and is also present in other alveolates . Proteomics analysis of

the T. gondii conoid/apical complex has identified approximately 200 proteins, representing 70% of T. gondii cytoskeleton

proteins. These proteins include several key cytoskeletal components such as actin and actin-binding proteins, varied

myosin heavy and light chains, and all three isoforms of β-tubulin .

At the apical pole, specialized secretory organelles called rhoptries and micronemes play crucial roles traversing within

the conoid to secrete their contents across the plasma membrane at the apical tip of the parasite .

As part of the MT cytoskeleton, T. gondii tachyzoites also possess centrioles, which are barrel-shaped structures formed

by nine singlet MTs . Unlike non-coccidian apicomplexans such as Plasmodium which lack asexual centrioles, this

structure occurs in other coccidians. Coccidian centrioles are relatively short and arranged in a parallel rather than

orthogonal configuration . Despite the absence of pericentrin and ninein genes, the term “centrosome” has been used

in T. gondii due to its nucleating activity and its ability to function as a signaling platform .

The nuclear division in T. gondii relies on the centrocone, a domain of the nuclear envelope, and occurs without the

nuclear envelope breaking down . Unlike in other organisms, chromosome segregation in T. gondii occurs without

chromosome condensation. Spindle MTs originate in the cytoplasm and traverse the nuclear pores of the centrocone.

These MTs are crucial for linking centrosomes with the centrocone and for segregating chromosomes into daughter nuclei

. EB1 proteins bind to the positive ends of dynamic MTs, promoting stability and elongation of the MTs. In T. gondii,
the EB1 homolog is a nuclear protein that localizes to the centrocone after spindle assembly . Moreover, in addition to

the nuclear protein remaining at the centrocone until cytokinesis, there exists a small pool of cytoplasmic TgEB1 that

transiently associates with the tips of the daughter buds’ SPMTs after nuclear division is complete . Studies in T. gondii
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have revealed that SPMTs continue to polymerize during daughter cell assembly. However, during later stages of cell

division, SPMTs exhibit high resistance to various conditions that typically lead to MT depolymerization, such as cold,

antimitotic agents, detergents, and high pressure .

MAPs play a critical role in influencing MT stability and imparting different properties to MT populations. While MT motors

(dyneins and kinesins), centriole components (SAS-6, centrin, CEP250), and regulatory proteins (EB1) are highly

conserved among eukaryotes, proteins associated with SPMTs and the conoid are predominantly specific to these

organisms, reflecting the specialized functions of these structures (Morrissette and Gubbels, 2020 ). SPMTs are

extensively coated with MAPs such as TgSPM1, TgSPM2, TgTrxL1, TgTrxL2, TgTLAP1, TgTLAP2, TgTLAP3, and

TgTLAP4. While some of these proteins are distributed throughout SPMTs, others localize to specific subregions .

At the basal end, T. gondii features a basal complex, devoid of tubulin, which is responsible for completing cytokinesis and

thereby facilitating parasite replication .
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