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Microtubule organizing centers (MTOCs) perform critical cellular tasks by nucleating, stabilizing, and anchoring
microtubule’s minus ends. These capacities impact tremendously a wide array of cellular functions ranging from ascribing
cell shape to orchestrating cell division and generating motile structures, among others. The phylum Apicomplexa
comprises over 6000 single-celled obligate intracellular parasitic species.
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| 1. Introduction

MTs organization in apicomplexan parasites encompasses organizing the cortical cytoskeleton, required to enable host
cell penetration and the positioning of large organelles 2 as well as cell division and the formation of flagella in certain
life stages.

Intracellular life is attained by active invasion. Active invasion implies the formation of a tight junction, which literally
describes the intimate contact formed between the host cell plasma membrane and the parasite membrane. The tight
junction constricts the parasite as it enters the cell, closing behind the parasite as invasion completes, thus avoiding the
lysis of the infected cell. This invasion mechanism requires a robust cytoskeleton capable of penetrating the cell and
withstanding mechanical forces experienced by the parasite as it enters. Proper cytoskeleton assembly is also required
for motility. Apicomplexa have achieved such cortical MT stability by organizing a corset of subpellicular MTs which twirl
around the cell body and extending through two thirds of the cell length. In conjunction with a specialized membranous
system, this corset provides the required mechanical resistance as well as flexibility, allowing these parasites to invade
our cells.

Apicomplexa divide by divergent mechanisms (recently reviewed in &) ( Figure 1 A,B). A diversity of sexual and asexual
cell division modes are used by these parasites to proliferate. With a few notable exceptions within the phylum (e.g.,
Babesia —dividing by binary fission; Theileria spp.—dividing by hitchhiking on the host cell’s division apparatus)
apicomplexan parasites can follow three division modes: endopolygeny, endodyogeny, and schizogony. These modes
vary in the extent to which chromosome replication is followed by nuclear mitosis and cytokinesis. In endopolygeny,
chromosomes are replicated several times before the nucleus undergoes mitosis. Mitosis is then followed by parceling of
multiple nuclei simultaneously into tens of daughter cells. In endodyogeny, each nuclear division cycle (encompassing
DNA replication and nuclear mitosis) is followed by daughter cell formation and cytokinesis ( Figure 1 A). Finally, in
schizogony, nuclei undergo asynchronous DNA synthesis and mitosis, followed by a final round of synchronized mitoses
coordinated with the simultaneous formation of several dozen daughter cells ( Figure 1 B). Remarkably, T. gondii divides
by all three mechanisms as it transitions through its different life forms in different hosts (reviewed in =156,
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Figure 1. Cell division modes and nuclear MTOCs of asexually dividing Toxoplasma gondii and Plasmodium parasites.
(A) Schematic representation of a T. gondii’s tachyzoites non-dividing and going through its cell division mechanism of
endodyogeny, as indicated. Note that the intra-nuclear spindle is only assembled during division, while an elaboration of
the nuclear envelope (marking the site of centrocone protrusion during cell division) is observable in non-dividing
parasites. Ce; centrioles, are shown in purple. Nu; nucleus, Cs; centrosome, DC; daughter cells, Cc; centrocone. (B)
Schematic representation of the centriole morphology, and the intra-nuclear spindle formed during T. gondii division. Note
that microtubules (MT) are nucleated within the centrocone, a structure contained within the nuclear envelope (NE). MTs
go through pores of the NE. (C) Schematic representation of asexual stage of Plasmodium spp. both non-dividing and
dividing by schizogony, as indicated. Note the centriolar plaque (CP), the nuclear MTOC lies in the proximity of the
nucleus in all stages. (D) Schematic representation of the centriolar plaque (CP). Microtubules (MTs) are nucleated during
division in Plasmodium spp. at a region within the nuclear envelope (NE) devoid of chromatin, and physically distinct from
the CP which lies outside the nucleus.

Each of these three modes of division encompass specific MT nucleation requirements. However, all modes pose similar
challenging settings for MT nucleation from a standpoint of topological constraints. In all cases, chromosome segregation
occurs by semi-closed mitosis, in the presence of a visibly unchanged nuclear envelope and indetectable chromatin
condensation [EIE |n addition, nuclear division occurs at one point or another in synchrony with daughter cell cortical
microtubule cytoskeleton formation. The latter occurs de novo—at the mother cell surface in schizogony or at the mother
cell cytosol in endopolygeny and endodyogeny . The MTOCs for each forming daughter cell (i.e., an APR) must be
precisely positioned and in concordance with the number of full chromosomal complements present at the mother cell at
the time of daughter cell formation. Apicomplexans have solved this conundrum by separately controlling nuclear events
and daughter cell formation evolving two functionally related and physically connected, albeit distinct, microtubule
organizing centers (29,

2. Nuclear Division Organization by MTOCS of T. gondii and Plasmodium:
Structural and Functional Insight

During asexual development, blood-stage Plasmodium nuclei undergo dynamic changes of their nuclear MTs. Non-
dividing nuclei bear a single CP, and intranuclear MTs. The latter form a “hemi-spindle” composed of a handful (~5) of
bundled individual MTs. The hemi-spindle extends from the single CP to the opposite side of the nucleus. Upon the onset
of S-phase, or DNA replication, the hemi-spindle retracts. This is followed by CP duplication and the formation of a mitotic
spindle. At this point, the spindle presumably connects to the chromosome’s kinetochores, but also keeps the CPs
interconnected by extended MTs spanning the nucleus. An illustrative transmitted electron micrograph of the spindle at
this stage is shown in . More recently, this spindle has been visualized by fluorescence microscopy, and the term
“interpolar” spindle coined 11,

Early transmission electron microscopy work in P. berghei looking into sporogony—the mode of division used by the
sporozoites life stage, present at the mosquitoes’ salivary glands—defined the interpolar spindle as consisting of three
distinct MT populations: the MTs spanning the duplicated CPs, the ones contacting the kinetochores, and MTs extending
from one CP to a point beyond the equatorial plane of the spindle of unknown function 12, As sister chromatids separate,
and karyokinesis advances, the interpolar spindle retracts, and nuclear fission occurs.



Plasmodium’s genome seems to lack homologs of many of the well-known centrosomal proteins. Proteins like Spindle
and centriole-associated protein 1 (SPICE), CEP192, CEP63, CEP152, Spindle assembly abnormal protein 5 (SAS-
5),CP110, Centrobin, POC5, C2CD3, Ofd1, Polo-like kinase -1 (PIK-1), and PIK-4 are not present in the genome of this
parasite. Cepl35 (also known as BId10) interacts with SAS6 to assemble the centriolar cartwheel in animals and
Drosophila. Interestingly, despite not displaying centrioles, Plasmodium encodes for a homolog of Cepl35 (in P.
falciparum ; encoded by PfMLO1_060030300) and SAS6 (23][14] 1t s plausible, however, that instead of forming the CP,
these proteins could participate in basal body formation during gametogenesis.

In consonance for what has been described for Plasmodium , the T. gondii genome lacks homologs to many well-known
centrosomal proteins. Protein coding genes for Spindle and centriole-associated protein 1 (SPICE), CEP135, CEP192,
CEP63, CEP152, Spindle assembly abnormal protein 5 (SAS-5), CP110, Centrobin, POC5, C2CD3, Ofdl, Polo-like
kinase -1 (PIK-1), and PIK-4 are absent from the genome ( Table 1 ) [SI16IL7I18] Nonetheless, reciprocal BLAST
searches in the genome, using the human centrosomal components as reference, have identified a number of relatively
well conserved homologs. For example, homologs of SAS6, Centrins 1 thru 4, Centrin binding protein (Sfil), and CEP250
have been not only identified in silico, but also validated as expressed proteins with centrosomal localization in T. gondii (
Table 1).

Table 1. Toxoplasma gondii and Plasmodium falciparum homologs of mammalian centrosomal proteins.

T. gondii Gene ID P. falciparum Gene ID Role in T. gondii Role in Plasmodium

Gene ID (TGME49 ) (Pf3D7) Survival Survival
SAlf:gC' 258710 1458500 Essential by HTE Not essential by HTS
CEP120 285210 - Not essential by HTS -
CEP76 226610 - Not essential by HTS -
POC1 216880 0826700 Essential by HTS Essential by HTS
SAS6 306430 0607600 Not essential by HTS Not essential by HTS
SAS6L 301420 1316400 Not essential by SGKO Not essential by HTS
CEP135 - 0626500 - Not essential by HTS
Centrin 1 247230 0107000 Essential by HTS Not data available
Likely Essential by
Centrin 2 250340 1446600 S%](O Not essential by HTS
Centrin 3 260670 1027700 Essential by HTS Not essential by HTS
Centrin 4 237490 1105500 Not essential by HTS Not essential by SGKO
Sfi1 274000 ) Essentia&ay SGKO )
CEP164 314358 - Essential by HTS -
CEP170 201790 1307800 Essential by HTS Not essential by HTS
CEP110 211430 1032800 Not essential by HTS Essential by HTS
kif24 287160 1245100 Not essential by HTS Not essential by HTS
EB1 227650 0307300 Notessentlal by SGKO ot essential by HTS
CEP250 212880 . Essential by SGKO -
CEP250L1 290620 - Essential by HTS -
PP1 310700 1414400 Essential by HTS Essential by SGKO




T. gondii Gene ID

P. falciparum Gene ID

Role in T. gondii

Role in Plasmodium

Gene ID (TGME49_) (Pf3D7) Survival Survival
Nek2/NimA 292140 1228300 Essential by SGKO Not essential by HTS
LLRC45 209830 - Not essential by HTS -
CEP72 233940 1347800 Not essential by HTS Essential by HTS
CEP131 205590 - Not essential by HTS -

Adapted from 18, HTS: high throughput CRISPR-Cas9 mutagenesis-based screening; SGKO: single gene knockout.

3. Nuclear Division Organization by MTOCs of T. gondii and Plasmodium:
Insight into Regulatory Networks

Interactions of PP1c with different players control its spatio-temporal activity. One such interaction, relevant to centrosome
disjunction, is that of PP1c with its specific inhibitor. The “Inhibitor 2” (I-2) is a cell-cycle regulated PP1c inhibitor which is
specifically expressed in S and M phases. In animal cells, this protein localization to the pericentriolar area, coincides with
an increase in the kinase activity of the Nek2A-Mst2-PP1 complex (i.e., an inhibition of the phosphatase activity of PP1)
(28] An I-2 homolog has been shown to exist in T. gondii and is named Tgl2. Tgl2 was shown to inhibit TgPP1's
phosphatase activity in vitro. This inhibition is critically dependent on Tgl2's SILK and RVxF motifs, a feature conserved in
the higher eukaryotes I-2s 2. In addition, A leucine-rich repeat protein family, TQLRR1, binds TgPP1 within the nucleus.
This interaction, assayed using recombinant proteins, was shown to inhibit TgPP1's phosphatase activity in Xenopus
oocytes, overriding the G2/M cell cycle checkpoint in this system [28l. Overall, TgPP1 is predicted to play a pivotal role in
controlling cell cycle progression, likely through a prominent role in centrosome duplication. Though its phosphatase
activity has been shown to be critically dependent on TgPP1's interactions with its specific inhibitor Tgl2, and its binding
partner TJLRR1 (which likely limits its activity at the centrosome by compartmentalizing it to the nucleus), nothing is
known about its substrates nor about its in vivo interaction with TgNek1. Elucidating these critical aspects of TgPP1's life
could shed light onto ill-understood, yet critical, aspects of centrosome biology in T. gondii .

The coordinated and timely onset of successive cell cycle stages is largely controlled by Cyclin-dependent kinases
(CDKs) in mammalian cells. Many of the CDKs control cell cycle progression by means of what are known as
“checkpoints”. Bona fide cell cycle progression check points—as defined by the stalling of one process when another one
has not progressed properly—are seemingly absent in T. gondii. This phenomenon has been repeatedly documented by
phenotypic characterization of cell division mutants. An illustrative example is the mutant of the kinetochore protein
TgNdc80. TgNdc80 conditional knock-down parasites lose the connection between the nucleus and the centrosome. In
these mutants, the nucleus “falls off’ the mother cell, whilst it continues on with daughter cell assembly 2. On the flip
side, mutants who lose the connection between the centrosome and the MTOC guiding daughter cell assembly, are able
to undergo mitosis normally 9. Instead of checkpoints, temporally coinciding mutual physical tethers are assembled onto
the centrosome. Proper spatial and temporal co-organization of cell division events is ensured in this fashion L9231,

Nonetheless, a number of Cdk-related kinases (Crks; TPK2, TgCrk1, TgCrk2, TgCrk4, TgCrk5, and TgCrk6) and in some
cases their partner cyclins, have been identified and characterized in T. gondii BURBUIE2 TgCrké and TgCrk4 are required
for progression through S-phase and mitosis. These CRKs have been proposed to partake in the regulation of spindle
assembly and centrosome duplication, respectively. Their cyclin partners have not been identified, nor have their
substrates been deciphered.

Mitogen-activated protein kinases (MAPKSs) are a conserved family of protein kinases that regulate signal transduction,
proliferation, and development in eukaryotes. The genome of T. gondii encodes for three MAP-related kinases; MAPKL1,
MAPK2, and ERK7. ERK7 has been shown to be involved in APR homeostasis and biogenesis (331 Conditional null
parasites for this protein exhibit a striking phenotype whereby conoid assembly is completely abrogated. On the other
hand, both MAPKL1 and MAPK2 have been implicated in the regulation of centrosome duplication. A temperature
sensitive mutant of MAPKL1 over-duplicates the centrosome at restrictive temperature, leading to the assembly of an
aberrant number of daughter cells [1s], TgMAPKL1's substrates, however, remain unidentified. On the other hand,
conditional degradation of MAPK2 renders parasites unable to duplicate their centrosomes, complete DNA replication,
and initiate daughter cell budding. However, prior to succumbing, MAPK2 mutant parasites continue to grow and replicate
their mitochondria, Golgi apparatus and plastid-like organelle, the apicoplast [24. The latter two are known to segregate
with the centrosome. Nonetheless, MAPK2 does not localize at the centrosome, for which its function is likely exerted
upstream of centrosome duplication and mitosis.



| 4. Closing Remarks

In addition, the fast cell cycles of apicomplexan parasites preclude the detailed study of the various short-lived cell cycle
stages of asexual proliferation, and the transitions between asexual and sexual life forms. For example, in asexually
replicating T. gondii and Plasmodium, centrosome/CP duplication occurs at the onset of S-phase; a stage reckoned to last
about half an hour in a 6 h cell division cycle. In asynchronous growing cultures of T. gondii, only a minute fraction of all
parasites will be at this stage, making the study of the process a literal “needle in a haystack” kind of a challenge.

Cell cycle synchronization tools have tremendously increased our capacity to discern the events taking place in the
mitosis of human cells. Synchronization tools based on differential osmotic stress of schizont stages are available for
Plasmodium blood-stages. These tools, however, only enrich for ring stages and scalability of in vitro cultures remains a
challenge. Cell cycle synchronization tools, which do not significantly modify the biology of the parasite and maintain
synchrony for a significant period, have not been reported for use in T. gondii.

The puzzle of the various regulatory networks linking the different synchronous events of cell division in apicomplexans,
has only recently started to come together. However, again, the various life forms and complex regulatory networks
operating simultaneously in asynchronously growing parasites, transitioning between asexual and sexual cycles, makes
the puzzle seem like an unapproachable challenge.

We envision that the next few years will see multiple breakthrough studies solving the fascinating puzzle of MTOC biology
in T. gondii and Plasmodium, bringing us closer to both understanding the intricacies of these parasites’ basic biology, and
devising new strategies to interfere with their most destructive power; their ability to proliferate within us.
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