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Abstract

The phylum Apicomplexa encompasses deadly pathogens such as malaria and Cryptosporidium. Apicomplexa cell division
is mechanistically divergent from that of their mammalian host, potentially representing an attractive source of drug targets.
Depending on the species, apicomplexan parasites can modulate the output of cell division, producing two to thousands of
daughter cells at once. The inherent flexibility of their cell division mechanisms allows these parasites to adapt to different
niches, facilitating their dissemination. Toxoplasma gondii tachyzoites divide using a unique form of cell division called
endodyogeny. This process involves a single round of DNA replication, closed nuclear mitosis, and assembly of two daugh-
ter cells within a mother. In higher Eukaryotes, the four-subunit chromosomal passenger complex (CPC) (Aurora kinase B
(ARKB)/INCENP/Borealin/Survivin) promotes chromosome bi-orientation by detaching incorrect kinetochore—microtubule
attachments, playing an essential role in controlling cell division fidelity. Herein, we report the characterization of the Toxo-
plasma CPC (Aurora kinase 1 (Ark1)/INCENP1/INCENP2). We show that the CPC exhibits dynamic localization in a cell
cycle-dependent manner. TgArk1 interacts with both TSINCENPs, with TeINCENP?2 being essential for its translocation to
the nucleus. While TgINCENP1 appears to be dispensable, interfering with TgArkl or TgINCENP?2 results in pronounced
division and growth defects. Significant anti-cancer drug development efforts have focused on targeting human ARKB.
Parasite treatment with low doses of hesperadin, a known inhibitor of human ARKB at higher concentrations, phenocopies
the TgArk1 and TgINCENP2 mutants. Overall, our study provides new insights into the mechanisms underpinning cell cycle
control in Apicomplexa, and highlights TgArk1 as potential drug target.
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IMC Inner membrane complex

Nuf2 Nuclear filamentous 2

EB1 Microtubule-associated protein RP/EB family
member

CEP Centrosomal protein

Introduction

Apicomplexan parasites are widespread pathogens of both
humans and animals. The phylum includes deadly patho-
gens such as Plasmodium falciparum, the causative agent of
malaria, Toxoplasma gondii, Babesia, Eimeria, and Crypto-
sporidium [1]. Apicomplexan parasites are all obligate intra-
cellular, and display complex life cycles, alternating among
different hosts, and among very different cell types within
their hosts. Inside their host cells, apicomplexans undergo
several cycles of cell division which allow fast population
growth within a short time, causing host cell destruction and
effective dissemination of the infection [2].

Apicomplexan cell division can vary widely among
species, and even within a single species when infecting
different hosts. However, the general mechanism remains
conserved with a considerable number of features that distin-
guish it from mitosis in metazoan cells. Apicomplexan cell
division consists of closed mitosis of the nucleus, followed
by the assembly of daughter cells [2]. During closed mitosis,
the nuclear envelope remains in place, and chromosomes do
not condense significantly [3]. Toxoplasma gondii (T. gondii)
tachyzoites use endodyogeny to divide. During this process,
a single round of DNA replication is followed by the internal
assembly of two daughter cells [4].

Mitosis and cytokinesis in eukaryotic cells involve the
concerted action of several conserved serine/threonine pro-
tein kinases, which include cyclin-dependent kinases (and
the cyclic expression of cyclins), Polo-like kinases, Nima-
related kinases and Aurora kinases [5, 6]. Unlike other
eukaryotes, progression through the cell cycle in Apicom-
plexa appears to be controlled at the level of the centro-
some [7—11]. In addition to functioning as a microtubule
organizing center, the apicomplexan centrosome serves as
signaling hub which not only nucleates spindle microtubules
during mitosis but also the structures required to scaffold
emerging daughter cells [2, 11]. Recently, several kinases
have been described to play a role in centrosome biology,
and/or in coordinating the progression of the cell cycle. T.
gondii Nekl and MAPK1-like are recruited to the centro-
some, and are required for daughter cell budding and mitosis
[7, 11], TeCDPKT is critical for centrosomal positioning and
integrity [12]; TgArk2 is dispensable but mutants of TgArk3
divide more slowly, taking an average of an additional hour
to complete endodyogeny (6.5 vs. 7.7 h) [13]. In addition,
parasites express ten homologs of cyclin-dependent kinases,
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named TgCrks. TgCrk1 is essential for daughter bud assem-
bly, TgCrk2 is involved in the transition from G1 to S phase,
TgCrk4 and TgCrk®6 assist spindle function and centrosome
duplication, and TgCrk9 regulates transcription and gene
expression [14-16]. However, kinase activity, targets and
precise roles remain understudied. This is also true for other
cell cycle control kinase homologs present in the apicompl-
exan genome. One such example is Aurora kinase homologs.

Aurora kinases control the dynamics of the centrosome
and bipolar microtubule spindle formation, as well as,
chromosome segregation and cytokinesis [17-19]. During
mitosis, chromosomal passenger complex (CPC) is a central
player that orchestrates various events, such as chromosome
alignment and cytokinesis [20]. In higher eukaryotes, the
CPC is formed by Aurora kinase B (ARKB) and three other
regulatory subunits; the inner centromere protein (INCENP),
Survivin and Borealin [20]. In metaphase, ARKB concen-
trates in the proximity of centromeres and kinetochores, the
sites of attachment of chromosomes to spindle microtubules.
There, it ensures proper kinetochore—microtubule attachment
by removing improper attachments. To accomplish its job in
chromosome bi-orientation, Aurora B phosphorylates cen-
tromere-associated proteins, kinetochores and microtubules
[20-22]. In telophase, the CPC enriches at the midbody, a
bridge that connects dividing cells. There it phosphorylates
intermediate filament proteins, as well as, desmin, vimentin
and myosin II, to control the timing of abscission, therefore,
playing a central role in completing cytokinesis [23-28]. In
the present study, we identified putative component of the
T. gondii CPC complex; TgArk1l (the homolog of aurora
kinase B), TeINCENP1 and TgINCENP2, determined their
intracellular location, their mutual interactions, and assessed
their function. Finally, we determined the efficacy of an anti-
human ARKB on Toxoplasma growth. Altogether, our study
will further our understanding on the importance of effectors
controlling phosphorylation-dependent events in governing
successful cell division in Apicomplexa. In addition, our
study highlights TgArk1 as a potential drug target.

Materials and methods
Parasite culture

T. gondii strains were grown in human foreskin fibroblasts
(HFF) maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM,; GIBCO, Invitrogen) supplemented with 5% fetal
calf serum and 2 mM glutamine. Selections of transgenic
parasites were performed with chloramphenicol for CAT
selection [29], pyrimethamine for DHFR-TS selection
[30], mycophenolic acid (MPA) and xanthine for HXGPRT
selection [31], anhydrotetracycline (ATc) at 1.5 pg/ml for
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the inducible system [32], and 1 uM Shld-1 for DD-fusion
stabilization [33].

Toxoplasma vectors and generation of transgenic
and mutant T. gondii parasites

Primers used in this study are listed in Table S2. To tag
TgArkl at the N-terminal end, we used the CRISPR/Cas9
strategy. We designed a guide that would recruit Cas9 to
cut 13 base pairs downstream the start codon of 7gArk/ and
a donor DNA to insert triple HA by double homologous
recombination. The guide was cloned by annealing primers
1 and 2 and cloning Bsal site of vector pU6-universal (gift
of Sebastian Lourido, USA). The donor DNA sequence
containing the HA; sequence flanked by 200-bp homology
arms of TgArkl gene was generated by IDT services and
TOPO cloned. A 500-bp PCR product corresponding to the
donor DNA was amplified with KOD polymerase (Nova-
gen) using primers 3/4 and co-transfected with pU6-TgArk-
Iguide-Cas9 plasmid (30 pg) in RH-Aku80 strain. Plas-
mid pTub8-DDFKBP-myc-TgArk/WT.HX was designed
to insert in the RH strain genome a second or multiple
copies of TgArkl open reading frame under the control of
the tubulin promoter. The annotated TgArk! open reading
frame was amplified by PCR and cloned into the Nsil and
Pacl sites in the pTub8DDFKBPmyc.HX vector [33]. To
mutate the aspartic acid (D) residue, primers described in
the Table S2 were used in a site-directed mutagenesis reac-
tion using the commercial QuikChange II Site-Directed
Mutagenesis Kit (Stratagene) and according to manufactur-
er’s instructions. The mutated construct (pTub8-DDFKBP-
myc-TgArkID/A.HX) was sequenced along the entire open
reading frame (ORF) to confirm the correct sequence. The
RH strain was transfected with 100 pg of pTub8-DDFKBP-
myc-TgArkl . HX or pTub8-DDFKBP-myc-TgArkID/A.
HX vectors and then subjected to MPA xanthine selection.
This allowed us to obtain the following two strains: RH-
ark1WT and RH-ark1D/A. To be able to tag the different
proteins examined in this study in RH-ark1WT and RH-
ark1D/A strains, we interrupted the KUS0 gene using the
CRISPR/Cas9 technique. Replacement of the KUS0 locus
by a DHFR cassette has been done in both RH-arkIWT
and RH-ark1D/A strains. Two guides named Ku80-1-
Cas9 and Ku80-2-Cas9 have been generated by anneal-
ing, respectively, primers 36/37 and 38/39 into the pU6-
universal plasmid. These two guides target the beginning
and the end of the KU80 genomic DNA, respectively. A
fragment donor corresponding to the DHFR resistance cas-
sette flanked by 30-bp homology arms of KUS80 gene was
amplified with KOD polymerase (Novagen) using primers
40 and 41. The PCR product (100 ul) corresponding to
the donor fragment and the plasmids containing the two
guides (15 pg of each) were co-transfected in RH-arkIWT

or RH-ark1D/A strains allowing the removal of the entire
KUS80 gDNA. Transfected RH-ark1WT and RH-ark1D/A
parasites were selected with pyrimethamine and cloned
by limit dilution. This operation allowed us to obtain the
following strains: RH-ark1WT-Aku80 and RH-ark1D/A-
Aku80. Plasmids LIC-CAT-Chromo1/Ctg-HA,, LIC-CAT-
CEP250L1/Ctg-HA;, LIC-CAT-Bub3/Ctg-HA;, LIC-CAT-
INCENP1/Ctg-HA; and LIC-CAT-INCENP1/Ctg-GFP
were designed to add a sequence coding for (3)HA or a
GFP at the endogenous locus of TgChromol, TgCEP250L1,
TgBub3 and TgINCENPI open reading frames. A 1251-,
1113-, 1315- and 1818-bp fragments corresponding to the
3" of TgChromol, TgCEP250L1, TgBub3 and TgINCENP],
respectively were amplified from genomic DNA using
primers listed in Table S2 and cloned into LIC-CAT-HA,
or LIC-CAT-GFP vectors [34]. 40 pg of these plasmids was
digested by the restriction enzymes cited in supplemen-
tary Figs. 2 and 5A, and then transfected in the RH-Aku80
or RH-ark1WT-Aku80 or RH-ark1D/A-Aku80 or Tgin-
cenpli or Tgincenp?2i strains and were subjected to chlo-
ramphenicol selection. A 1193-bp fragment corresponding
to the 5’ of the TgINCENP]I coding region (downstream
of the codon corresponding to the first predicted in-frame
methionine residue) was amplified by PCR from 7. gon-
dii genomic DNA and then cloned in the DHFR-tetO7-
Sag4 plasmid between BglII and Notl restriction sites [35]
downstream the DHFR selection marker, tetO7 operator
and pSag4 promoter. The final construct was linearized by
Aatll prior to transfection. Transfected TATil-Aku80 para-
sites were selected with pyrimethamine and cloned by limit
dilution. Positive clones were verified by PCR to detect
the native locus or the single homologous recombination
of the inducible vectors in the Tg/INCENP] locus. We used
the CRISPR/Cas9 strategy to examine the localization of
native HA;-TgArk] kinase in Tgincenpli mutant parasites
treated or not with ATc. Plasmid pT8myc-Nt7gINCENP?2.
HX was designed to replace the endogenous promoter of
TgINCENP?2 open reading frame with a tubulin promoter
and to add a myc-tag at the N-terminal part of TeINCENP2
protein. One thousand and thirteen base pair (TgINCENP2)
fragment corresponding to the coding region downstream
of the first predicted in-frame start codon (ATG) codon
was amplified by PCR from T. gondii genomic DNA and
cloned in the pTUB8-mycGFPPftailTy.HX vector. Forty
micrograms of the plasmid was digested by Afel, prior to
transfection in the RH-ku80ko strain and was subjected to
MPA and xanthine selection. Inducible Tgincenp2i knock-
down strain has been generated by adding the tetO7 opera-
tor 1 kb upstream of the TgINCENP?2 start codon. A guide
inducing a double-strand breaks 1 kb upstream of TgIN-
CENP?2 has been generated by annealing primers 26 and
27 into the pU6-universal plasmid. A fragment donor cor-
responding to the DHFR resistance cassette and the tetO7
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sequence flanked by 30-bp homology arms of 7gINCENP2
5" UTR was amplified with KOD polymerase (Novagen)
using primers 28 and 29. The PCR product correspond-
ing to the donor fragment and the pU6-TgINCENP2guide-
Cas9 plasmid (30 pg) were co-transfected in TATi1-Aku80
strain allowing the insertion of DHFR-tetO7 sequence
1 kb upstream of the TgINCENP?2 start codon. Transfected
TATi1-Aku80 parasites were selected with pyrimethamine
and cloned by limit dilution. This operation allowed us to
obtain the Tgincenp?2i strain. We used the CRISPR/Cas9
strategy to examine the localization of native HA;-TgArk1
kinase in Tgincenp2i mutant parasites treated or not with
ATc.

Proteins detection by western blot

To detect HA;-TgArkl or DD-Myc-TgArk1WT or DD-
Myc-TgArk1D/A or SAGI1, GFP or TgINCENP1-GFP or
TgINCENP1-HA; or TgINCENPI1i-HA; or Myc-TgIN-
CENP?2 proteins, parasite lysates or eluted proteins were
fractionated on 12 and 10% acrylamide gels, respectively,
prior to detection. Separated proteins were transferred
to nitrocellulose membranes and probed with appropri-
ate antibodies in 5% non-fat milk powder in TNT buffer
(50 mM Tris pH 8.0; 150 mM NaCl; 0.05% Tween20). The
primary antibodies used for detection and their respective
dilutions were: rat anti-HA antibodies (Roche) at 1/300,
mouse anti-Myc antibodies (SANTA CRUZ BIOTECH-
NOLOGY) at 1/100, rabbit polyclonal anti-TgSAG1 at
1/1000 [36], rabbit anti-GFP antibodies (abcam) at 1/1000.
Bound secondary conjugated antibodies were visualized
using either the ECL system (Amersham Corp) or using
alkaline phosphatase kit according to manufacturer’s
instructions (Promega).

Fluorescent staining of cells

Briefly, for IFAs of intracellular parasites, infected conflu-
ent HFF monolayers were fixed for 20 min in 4% paraform-
aldehyde in PBS, permeabilized with 0.2% triton X-100,
blocked with 10% FCS in PBS, and then incubated with
primary antibodies [anti-HA (Roche) 1:100, anti-centrin
1:500 (kindly provided by Dr. Iain Cheeseman), anti-IMC1
1:1000 [37], anti-ISP1 1:1000 [38], anti-NDC80 1:1000
[39], anti-Myc 1:100 (SANTA CRUZ BIOTECHNOL-
OGY), anti-AMA1 1:1000 [40], anti-GAP45 1:2000 [41],
anti-GFP 1:2000 (abcam)] followed by goat-anti-rabbit or
goat-anti-mouse or goat-anti-Guinea pig or goat-anti-rat
immunoglobulin G (IgG) conjugated to Alexa Fluor 488 or
Alexa Fluor 594 (Molecular Probes, Invitrogen). Coverslips
were mounted onto microscope slides using Immu-mount
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(Calbiochem). Samples were observed with a Zeiss Axio-
imager epifluorescence microscope equipped with an
apotome and a Zeiss Axiocam MRmCCD camera driven
by the Axiovision software (Zeiss), at the Montpellier RIO
imaging facility.

Plaque assay

Fresh monolayers of HFF on circular coverslips were
infected with parasites in the presence or absence of 1.5 ug/
ml ATc and 1 pM Shld-1 and hesperadin at different concen-
trations ranging from 15 to 100 nM and DMSO and Bara-
sertib at 800 nM for 7 days. Fixation, staining and visualiza-
tion were performed as previously described [36].

Electron microscopy

Infected HFF monolayers on coverslips were fixed for 4 h at
room temperature with 2.5% glutaraldehyde (EMS) in 0.1 M
phosphate buffer pH 7.2, washed in buffer and post-fixed
for 1 hin 1% OsO4, washed in water and stained overnight
in 2% uranyl acetate. Coverslips were then dehydrated in
ethanol series and embedded in Epon (Embed 812, EMS).
Ultrathin sections were prepared with a Leica ultracut E
microtome, contrasted with 2% uranyl acetate in ethanol
and lead citrate and observed with a JEOL 1200E electron
microscope.

Semi-quantitative RT-PCR

Total RNA was extracted from 7. gondii tachyzoites using
the Nucleospin RNA II kit (Macherey-Nagel, 740955.10).
RT-PCR was performed with the Superscript III first-strand
synthesis kit (Invitrogen, 18080-051). Three hundred nano-
grams of total RNA as a template were used per RT-PCR
reaction, and specific primers of TgINCENP2 (32/33) or
TgFYVEI (34/35) were used. Thirty cycles of PCR were
performed.

T. gondii DNA content analysis

Low numbers of RH-Aku80 and RH-ark1D/A-Aku80 tachy-
zoites were seeded and grown in the presence of Shld-1 for
12 h. The extracellular parasites were removed by 1X PBS
wash, and only the intracellular parasites were released from
HFFs after scrapping of the monolayer and passage through
a 22G needle. Parasites were filtered through glass wool to
eliminate cell debris. After 24-h fixation in 70% (v/v) etha-
nol/30% 1XPBS at 4 °C, DNA was stained with propidium
iodide and RNA removed by RNase treatment followed by
analysis on a FACS Canto flow cytometer. Data were ana-
lyzed using FloJo software.
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Intracellular growth and endodyogeny assays

RH-Aku80, RH-ark1 WT-Aku80 and RH-ark1D/A-Aku80
parasites were treated for 12 h with or without 1 uM Shld-1,
fixed with PFA and stained with anti-TgSAG1. TgINCENP2
mutant parasites (Tgincenp2i) were treated for 24 h with or
without 1.5 pg/ml ATc, fixed with PFA and stained with
anti-TgSAG1. RH-Aku80 parasites were treated for 24 h
with DMSO or with hesperadin drug at 75 nM for 24 h,
fixed with PFA and stained with anti-TgSAG1. TeINCENP1
mutant parasites (Tgincenpli) were pretreated for 48 h with
or without 1.5 pg/ml ATc, collected promptly after egress
and inoculated onto new HFF monolayers. 24 h later, cul-
ture was fixed with PFA and stained with anti-TgSAG1. The
numbers of parasites per vacuole were counted for more
than 300 vacuoles for each condition. Replication defect
was determined by staining of the nascent apical cones of
the mother and daughter parasites (anti-ISP1 antibodies).
Duplications of the centrosome outer core, centrosome
inner core, spindle pole, kinetochore and centromere were
assessed using anti-centrin antibodies, anti-HA antibodies
that recognize CEP250L1-HA; protein, anti-GFP antibod-
ies that recognize EB1-GFP protein, anti-NDC80 antibod-
ies and anti-HA antibodies that recognize Chromo1 protein.
Data are mean values + SD from three independent biologi-
cal experiments. For each condition, 300 parasites or 300
spots were observed.

Sequence alignment

Sequences of Aurora Kinase 1 (TgArkl) from 7. gondii
(TGMEA49_210280) was aligned with H. sapiens (Uni-
ProtKB-Q96GD4) and X. laevis (UniProtKB-Q6DE0S8)
Aurora kinase B using the online tool Clustal Omega
[42]. TeINCENP1 (TGME49_232500) and TgINCENP2
(TGME49_315360) from T. gondii were aligned using the
same online tool with H. sapiens INCENP1 (UniProtKB-
QI9NQS7) and X. laevis INCENPA (UniProtKB-013024) to
determine the conserved IN-box domains. For both proteins,
sequence alignment was performed on the whole sequence to
identify the IN-box and the interacting N-lobe for INCENP
and ARKB/TgArk1, respectively. The resulting sequence
parts were then used to calculate the reported sequence
identities.

Identification of TgArk1 substrates and validating
the interaction between TgINCENP1-GFP
and Myc-TgArk1

Freshly released tachyzoites (around 10° freshly egressed
parasites) were harvested, washed in PBS, and lysed in RIPA
buffer [SO mM Tris HCI pH 7.4, 1% NP40, 76 mM NacCl,

2 mM EGTA, 10% Glycerol, protease inhibitor cocktail
(Roche)] and incubated in ice for 20 min. After centrifuga-
tion at 14,000 rpm during 45 min at 4 °C, the supernatants
were subjected to immuno-precipitation using anti-GFP
lama antibodies or anti-Myc antibodies (GFP-Trap or Myc-
Trap Agarose Beads from ChromoTek). Following stringent
washing conditions [50 mM Tris HCI pH 7.4, 1% Nonidet
P-40, 76 mM NaCl, 2 mM EGTA, 10% Glycerol, protease
inhibitor cocktail (Roche)], beads were suspended in loading
buffer for SDS-PAGE, and the proteins were either subjected
to western blot analysis or submitted to trypsin treatment for
mass spectrometry analysis.

Mass spectrometry proteomic analysis

After denaturation at 100 °C in 5% SDS, 5% B-mercapto-
ethanol, 1-mM EDTA, 10% glycerol, and 10-mM Tris pH
8 buffer for 3 min, protein samples were fractionated on
a 10% acrylamide SDS-PAGE gel. The electrophoretic
migration was stopped as soon as the protein sample
entered 1 cm into the separating gel. The gel was briefly
labeled with Coomassie Blue, and five bands, containing
the whole sample, were cut. In gel, digestion of gel slices
was performed as previously described [43]. An Ulti-
Mate 3000 RSLCnano System (Thermo Fisher Scientific)
was used for separation of the protein digests. Peptides
were automatically fractionated onto a commercial C18
reversed phase column (75 pm X 250 mm, 2-um particle,
PepMap100 RSLC column, Thermo Fisher Scientific, tem-
perature 35 °C). Trapping was performed during 4 min at
5 pL/min, with solvent A (98% H20, 2% CAN and 0.1%
FA). Elution was performed using two solvents A (0,1% FA
in water) and B (0.1% FA in ACN) at a flow rate of 300 nL/
min. Gradient separation was 3 min at 3% B, 110 min from
3 to 20% B, 10 min from 20 to 80% B, and maintained for
15 min. The column was equilibrated for 6 min with 3%
buffer B prior to the next sample analysis. The eluted pep-
tides from the C18 column were analyzed by Q-Exactive
instruments (Thermo Fisher Scientific). The electrospray
voltage was 1.9 kV, and the capillary temperature was
275 °C. Full MS scans were acquired in the Orbitrap mass
analyzer over m/z 300—1200 range with resolution 35,000
(m/z 200). The target value was 3.00E+06. Fifteen most
intense peaks with charge state between 2 and 5 were frag-
mented in the HCD collision cell with normalized collision
energy of 27%, and tandem mass spectrum was acquired in
the Orbitrap mass analyzer with resolution 17,500 at m/z
200. The target value was 1.00E+05. The ion selection
threshold was 5.0E+04 counts, and the maximum allowed
ion accumulation times were 250 ms for full MS scans and
100 ms for tandem mass spectrum. Dynamic exclusion was
set to 30 s.
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Proteomic data analysis

Raw data collected during nanoLC-MS/MS analyses were
processed and converted into *.mgf peak list format with
Proteome Discoverer 1.4 (Thermo Fisher Scientific). MS/
MS data were interpreted using search engine Mascot (ver-
sion 2.4.0, Matrix Science, London, UK) installed on a local
server. Searches were performed with a tolerance on mass
measurement of 0.2 Da for precursor and 0.2 Da for frag-
ment ions, against a composite target decoy database built
with TGME49 strain of T. gondii ToxoDB.org database
fused with the sequences of recombinant trypsin and a list
of classical contaminants. Cysteine carbamidomethylation,
methionine oxidation, protein N-terminal acetylation, and
cysteine propionamidation were searched as variable modi-
fications. Up to one trypsin, missed cleavage was allowed.
For each sample, peptides were filtered out according to the
cut-off set for protein hits with one or more peptides taller
than nine residues, ion score > 35, identity score > 8, and
1% false positive rate.

Analysis of centrin1, CEP250L1-HA;, EB1-YFP, NDC80
and Chromo1-HA; labelling

RH-Aku80, RH-ark1WT-Aku80 and RH-ark1D/A-Aku80
parasites were treated for 12 h with or without 1 uM Shld-1,
fixed with PFA and stained with anti-centrinl or anti-HA or
anti-GFP or anti-NDCB80 antibodies. The intact or stretched
centrinl and CEP250L1-HA; and EB1-YFP and NDC80 and
Chromol-HA, staining were quantified using Zeiss Axiovi-
sion software. Images were acquired by focusing on each
or combined signals in the maximum number of parasites
within a field of view and captured on a Zeiss Axio-imager
epifluorescence microscope equipped with a 100X oil objec-
tive and an AxioCAM MRm camera and processed using
Zeiss Axiovision software. Quantification and scoring of
the staining were performed by blind observers on centro-
some outer core and centrosome inner core, and spindle,
kinetochores and centromeres, within focus using ImageJ.
Equal parameters for the capture and scoring of images were
consistently applied to all samples. Nine hundred images
corresponding to each labeling, per condition, were analyzed
and plotted in Figs. 4, 5 and 6.

Statistics
P values were calculated in Excel using the Student’s # test
assuming equal variance, unpaired samples, and using two-

tailed distribution. Means and SD were also calculated in
Excel.
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Results

TgArk1 N-lobe and both TgINCENP IN-box motifs
contain several conserved residues known
to interact together in other organisms

Among the three aurora kinases expressed in mammalian
cells, Aurora kinase B (ARKB) is the most studied because
it plays a key role in the separation of chromosomes [20, 44].
Proteins carrying out such a function in Apicomplexa are
unidentified. In human cells, ARKB functions in the CPC
complex with a core protein called INCENP. INCENP has
an IN-box motif at its C-terminus required for its interaction
with the N-lobe at the N-terminus of ARKB (Supplemen-
tary Fig. 1A) [45, 46]. To identify homologues of human
ARKB and INCENP in T. gondii, we searched for conserved
residues of the N-lobe and IN-box, respectively, in the 7.
gondii genome. As a result, we identified an ARKB hom-
ologue which we name 7. gondii Aurora-related kinase 1
(TGME49_210280), hereon referred to as TgArk1, and two
putative TeINCENPs, TgINCENP1 (TGME49_232500) and
TgINCENP2 (TGME49_315360) (Supplementary Fig. 1A,
1B and 1C). Sequence alignment shows that TgArk1 N-lobe
shares 36% sequence identity with the human ARKB N-lobe
(Supplementary Fig. 1C), whereas the two putative IN-box
motifs of T. gondii TZINCENP1 and TgINCENP2 have 29
and 26% sequence identity with human INCENP1/IN-box,
respectively (Supplementary Fig. 1B). Similar results were
obtained when comparing the Xenopus and T. gondii pro-
tein sequences. Closer analysis of the overall hydrophobic
interfacial residues, based on the extended structural study
of the Xenopus ARKB/IN-box apo-complex [47], showed
that nearly all these residues are conserved between the
studied species, with only one exception. Indeed, the crystal
structure of the Xenopus ARKB in complex with INCENP
shows that P7?, W3 and A%%2 in the N-terminal part of
IN-box pack against an exposed hydrophobic pockets in
ARKB formed by G, L% and 1''8, with the side chain of
W8 stacking against the side chain of R'!! of ARKB [47].
This interface is conserved in TgINCENP2 IN-box/TgArk1
sequences, as P92, W”* and A®” in the IN-box and G*'7,
L2200, v and R?*? in TgArk1, whereas TSINCENPI lacks
this P-WA motif, and instead shows an A-WY one (Supple-
mentary Fig. 1B and 1C).

These results suggest that TgArkl and both putative
TgINCENPs might interact together in a similar manner as
the well-characterized mammalian ARKB with their cor-
responding INCENPs.

We next set out to investigate the localization, functional-
ity and interaction of these putative CPC proteins.
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The Aurora-related kinase 1 (TgArk1) expression
is cell cycle regulated and is essential for parasite
survival

We previously described that three aurora-related kinases
are encoded for in the T. gondii genome [13]. We showed
that TgArk2 and TgArk3 concentrate at specific subcellu-
lar structures linked to parasite division: the mitotic spin-
dle and intra-nuclear mitotic structures (TgArk2), and the
outer core of the centrosome and the budding daughter cells
cytoskeleton (TgArk3) [13]. Functional analyses showed
that TgArk2 was not essential for parasite survival, but
TgArk3 plays an important role in the formation of daugh-
ter cells. In this study, we describe TgArk1 in detail, whose
molecular and functional characterization remains under-
explored [13]. To gain insight on the role of TgArkl, we
first assessed its localization by fusing it to a triple Hemag-
glutinin epitope (3HA). We repeatedly failed to generate
C-terminally tagged TgArk1 parasites, suggesting that the
integrity of this domain may be functionally important. We
thus generated a cell line of parasites bearing a knocked-in
HA tag on TgArk1’s N-terminus (Supplementary Fig. 2A
and 2B). Western blot analysis of whole parasite lysate
showed that HA;-TgArk1 migrates as a single band of the
expected molecular weight (Fig. 1a). TgSAG1 was used
as a loading control (Fig. 1a). Immunofluorescence assays
(IFAs) using the inner membrane complex-1 (IMC1) anti-
body to delineate the cell periphery, and 4,6-diamidino-
2-phenylindole (DAPI) to visualize the nuclei, showed that
HA;-TgArkl1 displays a dynamic localization through the
division cycle. In non-dividing parasites, HA;-TgArkl1 is
found exclusively in the nucleus (Fig. 1b, top panel). In con-
trast, during endodyogeny, when daughter cells are formed,
HA;-TgArk1 is found distributed throughout the parasite
(nucleus and cytoplasm) (Fig. 1b, bottom panel). Previ-
ous studies of whole genome high-throughput mutagenesis
using CRISPR-Cas9 in T. gondii, whereby neutral or posi-
tive scores were attributed to dispensable genes, attributed
a phenotypic score of -5 in survival fitness to the TgArkl
gene. This negative score strongly suggests that this kinase
is likely important for parasite comparative fitness and
survival [48]. To asses TgArk1’s role in parasite survival,
we opted for a point mutation strategy to generate domi-
nant negative version of TgArkl, based on previous stud-
ies [49, 50]. Mutation of a lysine (K) residue in the ATP-
binding site or of an aspartic acid (D) residue involved in
the catalysis of phosphoryl group transfer generate a dead
kinase which traps its substrate as it becomes unable to
complete the phospho-transfer reaction [51-54]. Protein
sequence alignments identified the conserved residues
K243 and D338 in TgArkl which were mutated into an
arginine (R) and an alanine (A) residue, respectively. The
DD small domain is known to confer instability to proteins

in the absence of the folding inducer shield-1 (Shld-1) (Sup-
plementary Fig. 2C) [33]. Transgenic parasites expressing
WT (DD-Myc-TgArkl WT) or TgArk1-dead kinases (DD-
Myc-TgArk1K243R and DD-Myc-TgArk1D338A) were
generated. The phenotypes exhibited by the DD-Myc-
TgArk1K243R and DD-Myc-TgArk1D338A mutants were
virtually indistinguishable. Therefore, experimental results
presented here correspond to the DD-Myc-TgArk1D338A
only, for simplicity. The tight control of protein stabiliza-
tion of DD-Myc-TgArkl WT and DD-Myc-TgArk1D338A
fusions by Shld-1 was confirmed by western blot and
IFA (Fig. 1c and Supplementary Fig. 2D). After adding
shield-1 for 12 h, both DD-Myc-TgArk1WT and DD-Myc-
TgArk1D338A were detectable by IFAs in the cytoplasm
and in the nucleus using anti-Myc antibodies (Supplemen-
tary Fig. 2D), and are expressed to comparable levels as
shown by western blot (Fig. 1c). The SAG1 protein was
used as a loading control (Fig. 1c). Interestingly, stabiliza-
tion of DD-Myc-TgArk1D338A severely impaired parasite
survival, as shown by the reduced ability of these parasites
to generate plaques on a host cell monolayer (Fig. 1d). In
contrast, the overexpression of DD-Myc-TgArk1WT or
shld-1 alone did not result in detectable growth defects
(Fig. 1d).

Overall, our results indicate that the localization of
TgArkl is dynamic along the cell cycle under the control of
its endogenous promoter, and that its function is important
for parasite survival.

TgArk1 dominant negative mutants show marked
defects in endodyogeny

The defect in plaque formation due to impaired TgArkl
function suggested alterations in parasite survival. For
its expected role in cell division, we went on to study the
endodyogeny process in the dominant negative mutants.
In wild-type parasites, Toxoplasma tachyzoite division is
composed of G1, S phase, mitosis (M) and cytokinesis (C),
with G2 being absent [55]. Centrosome duplication marks
the start of S phase and of DNA replication [56]. Late in S
phase, the spindle is assembled between the daughter cen-
trosomes in a trans-nuclear funnel delimited by the nuclear
envelope (Fig. 9) [2]. The funnel then opens in the nucleo-
plasm, allowing chromosome attachment to the mitotic
microtubules via the kinetochore protein complexes assem-
bled on the centromeres; the latter is permanently clustered
during the cell cycle (Fig. 9) [3, 39]. Concomitantly with
chromosome replication and segregation, two daughter buds
are nucleated near the centrosomes (Fig. 9) [2]. Daughter
cells progressively assemble to complete the formation of
fully differentiated parasites [2, 57] leaving virtually no
leftover at the end of the process.

@ Springer
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Fig.1 Examination of TgArkl localization during tachyzoite rep-
lication, and its ability to inhibit parasite growth when expressed in
a controlled manner as a dead kinase in the presence of Shield-1. a
Western blot analysis performed on HA;-TgArkl, and RH-Aku80
wild-type parasite lysates probed with an anti-HA antibody.
HA;-TgArkl is found at the expected molecular masses (62 kDa).
SAG1 was used as loading control. b Immunofluorescence images
reveal that TgArkl can switch from nucleus to cytoplasm depending
on phase during parasite division. Parasites were co-stained with anti-
bodies for HA;-TgArk1 and IMC1 as well as stained with DAPI. Rep-
resentative images at two cell cycle phases are shown as identified

We followed the development of TgArk1 dominant nega-
tive mutants by electron microscopy and by light microscopy
using probes to specifically mark compartments associated
with mitosis or zoite genesis.
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by established cell cycle criteria based on the absence or presence of
internal daughters (red=IMC1). Scale bars represent 2 pm. ¢ Con-
trolled expression of the series of TgArkl kinase by Shld-1. Western
blot analysis of parasites grown in the presence and absence of Shld-1
for 12 h using anti-myc antibodies. SAG1 was used as loading con-
trol. d Expression of DD-Myc-TgArk1D/A dead-kinase but not DD-
Myc-TgArkl wild type affects parasite growth. Plaque assays were
performed on parasite strains expressing DD-Myc-TgArkl1WT or
DD-Myc-TgArk1D/A. HFF monolayers were infected with parasites
in the presence or absence of Shld-1, fixed after 7 days, and stained
with Giemsa

By transmission electron microscopy (TEM), TgArkl
mutant vacuoles, showed profound ultrastructural anoma-
lies. Large cytoplasmic masses (known as residual bodies,
often found in 7. gondii when endodyogeny is defective)
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were found in addition to tachyzoite profiles, and these
masses contained both irregularly shaped nuclei and
incomplete inner membrane complexes (IMCs) (compare
Fig. 2a—c with Fig. 2m). Unusually, many mutant parasites
contained multiple daughter IMCs wrapped around one
another resembling Russian dolls (compare Fig. 2d—e' with
Fig. 2m). Within the irregularly shaped nuclei, nuclear
envelope funnels containing spindle microtubules were
often observable (Fig. 2f-i), similar to the early mitotic
spindle observed transiently during wild-type mitosis
before the formation of centrocones (Figs. 2j-1 and 9). In
TgArk1 mutant parasites, these funnels are often found
opening on centrioles and aberrantly associated with
early developing daughter organisms (Fig. 2f-h"). Surpris-
ingly, centrocones were never observed in TgArkl mutant
parasites.

At the end of endodyogeny, each newly formed parasite
must package all newly replicated or de novo produced
organelles [58]. Visualization of large multi-lobed nuclei
by electron microscopy, presumably expelled into a resid-
ual body, prompted us to quantify the nuclear segregation
defects in the DD-Myc-TgArk1D338A-expressing parasites.
To monitor nuclear inheritance during cell division, we per-
formed IFAs labeling the inner membrane complex with
anti-TgIMC1, the nuclear protein BUB3-HA; (anti-HA), or
DAPI (Fig. 3a and Supplementary Fig. 3) [37, 59]. In the
absence of Shld-1, the majority of parasites contain a single
nucleus (Fig. 3a, upper panel). In sharp contrast, approxi-
mately 60% of parasites expressing DD-Myc-TgArk1D338A
are devoid of nuclei (Fig. 3a, b, lower panels, white asterisk).
Consistently, in 40% of the vacuoles containing anucleated
parasites, the unsegregated nuclei are found outside the para-
sites within structures that could correspond to the residual
bodies (Fig. 3a, c, intermediate panel, white arrow). Further-
more, DNA content analysis by flow cytometry of single par-
asites expressing DD-Myc-TgArk1D338A revealed that the
DD-Myc-TgArk1D338A-expressing strain shows a dramatic
increase in <1 N DNA content, presumably corresponding
to cells who have lost their nucleus (Fig. 3e). Note that wild-
type cells normally exhibit a 1 N peak corresponding to G1
cells, a 1.8 N peak corresponding to S-phase parasites, and
a 2 N peak corresponding to M-phase cells (Fig. 3d).

Normally, two daughter cells are formed inside the
mother cell (Supplementary Fig. 4a, upper panel). By TEM,
we observed that the DD-Myc-TgArk1D338A-expressing
cells exhibited an atypical assembly of multiple daughter
cell IMCs within one mother cell, resembling Russian dolls.
To monitor the formation of daughter cells in TgArk1l mutant
parasites, we labeled the parasites with anti-ISP1 antibod-
ies, which specifically label one of the first membranous
components laid down during the daughter cell formation
process [38]. In DD-Myc-TgArk1D338A-expressing cells
division was often asymmetric giving rise to odd numbers

of parasites (Supplementary Fig. 4A and 4B). Scoring the
number of parasites per vacuole, we observed a decrease in
the number of vacuoles containing two and four parasites,
and an increase in vacuoles containing an odd number of
parasites, such as three and five (Supplementary Fig. 4B).
Moreover, DD-Myc-TgArk1 D338 A-expressing cells stain-
ing with anti-IMC1 protein (a marker of the inner membrane
complex), we detected interruptions of the parasite’s pellicle
(Supplementary Fig. 4C, green arrows), which is consistent
with TEM observations (Fig. 2b).

As in higher eukaryotes, the centrosome in Toxoplasma
is the main microtubule organizing center (MTOC) involved
in coordinating mitosis and cytokinesis [10]. In 7. gondii,
the centrosome has been described as a bipartite structure
(comprising outer and inner cores) that critically regulate
the dynamics of the budding and nuclear cycles, respec-
tively [11]. The inner centrosome core is known to engage
the intra-nuclear spindle [60, 61] ensuring the fidelity of
nuclear genome inheritance [11]. Using parasite strains
in which inner core and spindle proteins are tagged with
3HA (CEP250L1-HA;) (Supplementary Fig. 3) or YFP
(EB1-YFP), respectively, as markers [11, 62], we examined
the duplication of both subcellular structures in parental
RH strain, DD-Myc-TgArk1WT expressing or DD-Myc-
TgArk1D338A expressing, in the presence or absence of
Shld-1. Normally, CEP250L1 duplicates associated with
the nucleus in the later stages of S phase or early mitosis.
In wild-type parasites, CEP250L1-HA; and EB1-YFP per-
fectly co-localize, consistent with the fact that the inner core
of the centrosome is associated with spindle microtubules
(Fig. 4a). In the DD-Myc-TgArk1D338A-expressing cells,
co-labeling of these structures revealed that the two exhibit
altered morphology during duplication. Instead of localizing
to discrete puncta, they seem to stretch and remain associ-
ated with a single parasite nucleus within a vacuole roughly
50% of the times (Fig. 4a, lower panel, Fig. 4b, ¢). Con-
sistently, the average number of structures associated with
each parasite is approximately 1 in DD-Myc-TgArk1D338A-
expressing cells, while all other control strains, which nor-
mally duplicate these structures during cell division, show
an average number of structures of approximately 1.3 per
cell (Fig. 4d, e). Note that only 25% of a parasite population
is dividing at a time in an asynchronous population.

It has been shown that the outer core duplicates before the
inner core with both cores remaining in close apposition on
the same axis closer to the apical part of the parasite nuclear
envelope (Fig. 6a, upper panel) [11]. To further investigate
the role of TgArkl in centrosome biology, we investigated
the relative dynamics of duplication of the outer and inner
core domains in DD-Myc-TgArk1D338A-expressing cells.

For this purpose, we performed co-localization experi-
ments between TgCentrinl (an outer core centrosome
marker) and TgCEP250L1-HA ;. IFAs revealed that unlike
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«Fig. 2 Ultrastructural analysis of ark1D/A-Aku80 dominant negative
mutant parasites. a—e’ Representative electron micrographs of para-
sites treated during 12 h with shield-1 to stabilize the expression of
the DD-Myc-TgArk1D/A protein. Parasites showed catastrophic divi-
sion defects. a Vacuole showing a large residual body containing a
nucleus and various organelles. Two parasites show cytoplasmic and
apical organelles and large aberrant electron lucent vacuoles but no
apparent nucleus. b A parasite shows discontinuous IMC stretches
under the plasma membrane (black arrows) and two nuclei in one of
which a centriole next to a depression of the nuclear envelope sug-
gests an early step of spindle formation. Higher magnification in b'.
¢ Monster cell showing multiple nucleus sections and three nucleus
free tachyzoites. d Monster cell showing multi-lobed nucleus and
multiple daughter inner membrane complexes (IMC, white arrows).
A detail shown at higher magnification in d’ shows several IMCs
nested like Russian dolls (white asterisk). e, e’ Monster cell showing
multi-lobed nucleus and some cytoplasmic organelles, connected to
another IMC-coated compartment containing multiple daughter api-
cal complexes randomly organized (white asterisks in the enlarged
area e') and various organelles but no apparent nucleus. f Residual
body containing several nuclei, one of which harboring a nuclear
envelope-bounded funnel containing spindle microtubules (White
arrow and enlargement in f’). At both ends of the funnel a centriole
is found, associated with a daughter IMC (white asterisks). g Para-
site containing multiple daughter IMCs. The nucleus is traversed by
a funnel containing spindle microtubules (higher magnification in
g’). h, h' Parasite showing two apical buds (white asterisks) at both
ends of a spindle surrounded by a double membrane, but no nucleus
can be seen on the same section. i Parasite showing a nucleus har-
boring a membranous funnel stretched out of the nucleus, containing
spindle microtubules. Centrioles are present at the extremity of the
funnel. j-m DD-Myc-TgArk1WT-expressing parasites grown in the
presence of shield-1. j A funnel containing spindle microtubules is
transiently observed after centriole duplication, and before the assem-
bly of daughter cells apical complexes. k Later during mitosis, the
mitotic spindle poles turn into centrocones (white arrowhead) with
kinetochores aligned next to their base (black arrows). The daughter
apical complex has started to assemble (white asterisk). 1 Early steps
of cytokinesis by endodyogeny. Nuclei are pulled inside the body of
the assembling daughter cells. m Late stages of cytokinesis. Daughter
cells emerging from the body of the mother. All the steps described
from J to M are similar to the ones observed in wild-type untreated
parasites. nu nucleus, ap apicoplast, ce centriole, sm spindle microtu-
bule, rb residual body. Scale bar=1 pm

the inner core which seems to stretch and remain elongated
but unseparated, the outer core retains its ability to dupli-
cate into discrete foci (Fig. 6a, lower panel). On average,
we found three times more outer core foci per DD-Myc-
TgArk1D338A-expressing parasite than per control para-
sites (Fig. 6b). Consistently, the majority of outer cores of
the centrosome physically disaggregate from the inner cores
(Fig. 6a, lower panel, red arrows).

In 7. gondii, centromeres, the DNA regions where kine-
tochore components assemble, are clustered in close prox-
imity to the nuclear envelope, and the centrosome, at all
stages of the cell cycle [3]. TgChromol is a DNA-binding
protein which localizes specifically to peri-centromeric
heterochromatin [63]. In G1, TgChromol-HA; labels a dis-
tinct focus while in S and M-phases two foci are detectable

(corresponding to the duplicated chromosomes) (Fig. Sa,
upper panel and supplementary Fig. 3) [63]. TeNDCS80, a
component of the 7. gondii kinetochore, follows a similar
cell cycle-dependent localization pattern akin to that of
TgChromol (Fig. 5a, upper panel) [39]. Using TgNDCS80
and TgChromo-1 as specific markers to detect kinetochores
and centromeres, respectively, we investigated their dynam-
ics in TgArkl dominant negative mutant parasites. We
found that while in all controls the average of both kine-
tochores and peri-centromeric staining closely match the
number of centrosomes found per cell (1.3), in DD-Myc-
TgArk1D338 A-expressing cells, the average number of each
structure is close to 1, and are stretched in ~60 and ~35%
of the analyzed parasites, respectively (Fig. Sa, intermedi-
ate panel; Fig. Sb—e). Only in very few parasites (~ 14%)
we have observed a duplication of each of these subcellular
structures. Otherwise, the majority of mutant parasites pos-
sess a single detectable labeled structure; ~ 60% of the kine-
tochores labeled by TgNDC8O0 staining, and ~35% of the
peri-centromeric chromatin labeled by staining TgChromol,
appear to be “stretched”, respectively. Importantly, in addi-
tion to an altered relative stoichiometry among structures
which are normally segregated together, about 50% of the
mutant parasites suffer from a clear physical separation
between peri-centromeres and kinetochores (Fig. 5a, lower
panel; Fig. 5f). NDC80 was detected on the lateral side of
the nucleus, whereas TgChromol gathered as a rounded
mass in the center of the nucleus. The same kind of spatial
detachment was observed between the centrosome outer core
and kinetochores, or centromeres (Fig. 6¢c—e; red arrows).

Taken together with TEM observations, these data sug-
gest that TgArk1-mutant parasites are notably defective in
the persistence of the early forms of the spindle, which per-
sist within the nuclear envelope funnel, not opening to allow
chromosome partition between daughter nuclei and block-
ing karyokinesis. The assembly of daughter buds, however,
presumably proceeds unhampered leading to nucleus-less
tachyzoites, then to accumulation of multiple daughter IMCs
and undivided nuclear masses. The centrinl-labeled struc-
tures (centrosomes) that drive the budding [9] continue to
duplicate, whereas all other mitotic markers presumably get
stalled, suggesting a disconnection between nuclear mitosis
and daughter cells budding. Noteworthy, in most mutant vac-
uoles, multiple daughter cell buds were abortive, showing
only early buds containing nascent IMCs. This may suggest
that daughter cell buds stop their development, and that the
centrosome initiates a new round of budding leading to the
formation of Russian dolls. Taken together, our data show
that, in TgArk1 mutant parasites, the centrioles are still able
to duplicate and to initiate the budding process, while the
mitotic apparatus is rendered dysfunctional.
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TgINCENP1 interacts with TgArk1 but it
is dispensable for parasite survival

A structural study of the Xenopus ARKB/IN-box
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apo-complex showed that only one out of the three residues
important for the interaction between INCENP and ARKB
is conserved in the IN-box of TgINCENP1 (Supplementary
Fig. 1B) [47]. In contrast, the three residues involved in the
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«Fig. 3 Interfering with TgArkl function results in a nuclear segre-
gation defect. a The overexpression of DD-Myc-TgArk1D/A kinase
results in formation of nucleus-deficient parasites. IFA performed on
intracellular parasites of the ark1D/A-Aku80 strain shows an IMC
marker (TgIMCI1, red), a nucleus marker (TgBUB3-HA;, green, the
two upper panels) and nuclei stained by DAPI (lower panel). In the
presence of shield-1 for 12 h, nucleus-deficient parasites appear,
whereas normal nucleus segregation is observed in the absence
of shield-1 for ark1D/A-Aku80 strain, as expected. A white aster-
isk indicates the parasites lacking nuclei. In the intermediate panel,
a nucleus is observed outside the parasites, in the residual body. b
Quantification of the number of nucleus-deficient parasites in three
different strains (RH-Aku80, ark1 WT-Aku80 and ark1D/A-Aku80) in
the presence or absence of shield-1 for 12 h. The percentage of para-
sites displaying nucleus segregation defect was determined for at least
300 parasites. The results shown are from three independent experi-
ments. ¢ Quantification of the number of vacuoles showing nuclei in
residual bodies in three different strains (RH-Aku80, ark1WT-Aku80
and ark1D/A-Aku80) +shield-1 for 12 h. At least 300 vacuoles were
examined for each condition. Values are mean=+SD for three inde-
pendent experiments. d Flow cytometric analysis of ethanol (EtOH)-
fixed wild-type and mutant parasites stained with propidium iodide
after RNase treatment. Parental (RH-Aku80) and dominant nega-
tive mutant (ark1D/A-Aku80) parasites were grown in the presence
of shield-1 for 12 h. The 1 N population was considered in the G1
phase, while the 1.8-2 N population is considered in the S/M phase
of the cell cycle. ark1D/A-Aku80 dominant negative mutant parasites
showed an important increase in their sub-1 N aneuploidy population
that is consistent with nuclei loss

interaction between INCENP and ARKB in Xenopus are
conserved in the IN-box of TgINCENP2 (Supplementary
Fig. 1B). This suggested to us that TgArk1 could be carrying
out its functions through interactions with TSINCENP2 only.
To test this, we studied the interactions between TgArkl1,
TgINCENP1 and TgINCENP2. We first set out to localize
TgINCENPI. For this, we generated a knock-in cell line
expressing triple HA C-terminally tagged TgINCENP1
(Supplementary Fig. 5A). We determined that TgINCENP1
localizes to the nucleus. Careful examination of its pattern
of expression revealed that TeINCENPI is detectable only
in non-dividing parasites, and is undetectable in parasites
whose daughter cells are being assembled (Supplementary
Fig. 5B). To test whether TgArk1 and TgINCENP1 interact,
we performed GFP-trap pull-down assays to capture GFP-
tagged TgINCENP1 in parasites co-expressing Myc-TgArk1.
As a control, we performed the same experiment in a cell
line expressing both Myc-TgArk1 and GFP alone. Western
blot analysis using anti-GFP or anti-Myc antibodies revealed
the presence of TgINCENP1-GFP and GFP in the eluted
fractions (Supplementary Fig. 5C, left). A single band at
the expected size of Myc-TgArk1 was co-precipitated with
TgINCENP1-GFP but not with GFP alone (Supplementary
Fig. 5C, right).

To investigate the role of TeINCENP1, we generated a
conditional knock-down cell line (Tgincenpli), by replac-
ing the endogenous promoter with an Anhydrotetracy-
cline (ATc)-repressible promoter, as described previously

(Supplementary Fig. 6A) [12, 35]. Single homologous inte-
gration of the inducible cassette at the TgINCENPI locus
was monitored by PCR (Supplementary Fig. 6B). To study
the regulation of TgINCENPIi protein, a C-terminal triple
HA epitope-tag was inserted by single homologous recom-
bination at the TgINCENPI locus in the Tgincenpli strain
(Supplementary Fig. 6A). Under the control of the repress-
ible promoter, TSINCENP1i-HA; protein was detectable in
the cytoplasm and in the nucleus of parasites (Supplemen-
tary Fig. 6C). Total protein extracts of the TeSINCENP1-HA,
and TgINCENP1i-HA; (+ ATc) transgenic parasites were
analyzed by western blot using an anti-HA antibody; SAG1
was used as a loading control (Supplementary Fig. 6D). The
endogenous TgINCENP1-HA; protein levels are comparable
to the level of expression of TgINCENP1i-HA; under the
control of the repressible promoter (Supplementary Fig. 6D).
Importantly, upon addition of ATc to the growth media for
48 h, the expression of TgINCENP1i-HA; is no longer
detectable (Supplementary Fig. 6C and 6D). Tgincenpli
parasites treated with ATc were able to lyse their host cells
virtually identically to untreated controls, as determined by
plaque assay (Supplementary Fig. 7A). Depletion of TgIN-
CENP1 did not affect parasite growth or replication, and
more importantly, it did not affect the nuclear localization of
TgArk1 during the G1 phase (Supplementary Fig. B, 7C and
7D). These results suggest that while a physical interaction
exists between TgINCENP1 and TgArk1, the latter does not
seem to be dependent on the former neither for functional
competency nor for proper subcellular localization.

TgINCENP2 governs the localization of TgArk1
and its loss of function phenocopies ark1D/A-Aku80
mutant parasites

The lack of phenotype following the depletion of TgIN-
CENP1 may suggest a functional redundancy between the
two TgINCENPs. To test this hypothesis, we undertook
the functional characterization of TgINCENP2. First we
tried to localize the endogenous TgINCENP2 protein by
fusing it to 3-HA tags on the C-terminal side. This strat-
egy did not allow us to localize it since the endogenous
expression of TgINCENP?2 is extremely low. Detection of
TgINCENP2 was possible when the endogenous promoter
of the TgINCENP?2 gene was replaced with the constitu-
tive tubulin promoter (Supplementary Fig. 8A). We failed
to maintain the transgenic parasites that overexpress the
Myc-TgINCENP2 protein in culture thus suggesting that
increasing its endogenous expression level, or alterna-
tively altering a putative cell cycle-regulated expression,
may be detrimental to the parasite. Nevertheless, this
strategy allowed us to transiently assess TgINCENP2’s
localization during the cell cycle and to detect it by west-
ern blot (Supplementary Fig. 8B and 8C). Similarly to
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«Fig.4 Interfering with TgArkl function decreasingly affects the
duplication of spindle pole and centrosome inner core. a Co-staining
of TgCEP250L1-HA; (a marker of the centrosome inner core, red
dots) and TgEB1-YFP (spindle pole, green dots) shows under-dupli-
cation of both subcellular structures in the ark1D/A-Aku80 strain
treated with shield-1 (lower panel). The ark1D/A-Aku80 strain in
the absence of shield-1 (top panel) shows a normal pairing of spin-
dle pole/centrosome inner core per nucleus (two spindle pole clusters/
two centrosome inner cores). The nuclei are stained with DAPI (in
blue). Scale bars represent 2 pm. b, ¢ Quantification of the number of
parasites showing a stretched centrosome inner core or spindle pole
in three different strains (RH-Aku80, ark1WT-Aku80 and ark1D/A-
Aku80) in the presence or absence of shield-1 for 12 h. At least 900
parasites were examined for each condition. Values are mean + SD for
three independent experiments. d, e The average of TgCEP250L1-
HA; containing inner cores or TgEB1-YFP containing spindle poles
per parasite, was quantified in 900 parasites revealing a significant
reduction of the spindle poles and centrosomes inner cores when
ark1D/A-Aku80 parasites were treated in presence of shield-1 (red
and green dots). Values are mean =+ SD for three independent experi-
ments

TgArkl1, TgINCENP2 seems to localize at the nucleus in
G1, and dispersedly in the whole parasites when daugh-
ter cells assemble (Supplementary Fig. 8B). To explore
the function of TgINCENP2, we first tried, albeit unsuc-
cessfully, to exchange its endogenous promotor with a
tetracycline-repressible promoter [12, 32, 35]. To over-
come this problem, we inserted the seven repeats of the
tetracycline-operon (tetO7) upstream the endogenous
TgINCENP?2 promoter via CRISPR-Cas9 genome editing
(Supplementary Fig. 9A). This strategy does not interfere
neither with TgINCENP2’s endogenous expression lev-
els nor timing. Correct double homologous integration
of the DHFR-tetO7 sequence at the TgINCENP?2 locus
was confirmed by polymerase chain reaction (Supple-
mentary Fig. 9B). Knock-down of TgINCENP?2 expression
levels were corroborated by reverse transcription PCR
(RT-PCR) analysis (Supplementary Fig. 9C). The very-
low endogenous expression level of TeQINCENP2 and the
toxic effect generated when over-expressed prevented
us from studying its interaction with TgArkl. However,
loss of TGINCENP?2 results in a dramatic effect on par-
asite growth as determined by plaque assays (Fig. 7a).
Strikingly, TeINCENP2 knock-down parasites showed
pronounced changes in TgArkl localization. Deple-
tion of TgINCENPI protein does not affect the locali-
zation or pattern of expression of TgArkl. In contrast,
depletion of TgINCENP2 modifies the localization of
TgArkl whereby it accumulates in vesicular structures
in the cytoplasm instead of localizing to the nucleus or
throughout the parasite. Nonetheless, it remains detect-
able by IFA (Fig. 7b). Strikingly, TEM analysis revealed
that TeINCENP2’s knock down phenocopies the TgArk1
mutant; parasites are unable to properly segregate their

nuclei and to coordinate the formation of two daughter
cells (Fig. 7c—e). Aberrant divisions were frequently
observed in these parasites. For instance, cells with large
poly-lobed nuclei, nuclei expelled in the residual body,
and multiple budding were observed (Fig. 7c—e). Per-
sistence of the spindle microtubule funnel and absence
of intra-nuclear spindles were also noticed (compare
Fig. 7f, ' with Fig. 7g, g'). Consistently, we observed
a coinciding set of phenotypes by IFA, for both TgArkl
and TgINCENP2 mutants, with regards to the lack of
nucleus segregation, defects in mitotic subcellular mark-
ers, duplication and clustering, abnormalities in daugh-
ter cells formation (presence of odd numbers of daughter
cell structures in vacuoles) and the over-duplication of
the centrosome outer core (Supplementary Figs. 10 and
11). In summary, the Tgincenp2i mutant cell line pheno-
copies ark1D/A-Aku80 mutant parasites, suggesting that
both proteins may co-depend for proper functioning in
the same biological processes during endodyogeny in 7.
gondii.

Identification of putative TgArk1 substratesin T.
gondii

TgArk1 substrates are unknown in 7. gondii. To uncover the
putative substrates of TgArkl in 7. gondii, we performed a
Myc-Trap pull-down experiment using anti-Myc antibod-
ies on lysates derived from parasites expressing either DD-
Myc-TgArk1WT or DD-Myc-TgArk1D/A followed by mass
spectrometry identification of the immuno-precipitated
proteins (Supplementary Table 1 and Supplementary Excel
file). An anti-Myc immuno-precipitation on protein extracts
from the parental strain (RH) was used as control. For mass
spectrometry analysis, we selected the proteins identified
in both experiments but not in the control strain, and those
present in the control with a single peptide and at the same
time in both experiments with at least three unique pep-
tides in one experiment out of two (Supplementary Table 1
and Supplementary Excel file). All the common proteins
identified in one of the two experiments and in the negative
control, or absent from the control but found in one out
of two experiments, were excluded (Supplementary Excel
file). Our results revealed that TgArk1l may phosphorylate
cytoskeleton-associated proteins, factors involved in DNA
biology, nuclear pore proteins and known cell cycle regula-
tors (Supplementary Table 1 and Supplementary Excel file).
Note that these results are preliminary, and need further
validation.
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«Fig.5 Interfering with TgArkl function decreasingly affects the
duplication of kinetochores and centromeres and their clustering.
a Co-staining of TgNDCS80 (a kinetochore marker, red dots) and
TgChromol-HA; (a centromere marker, green dots) shows under-
duplication of both subcellular structures and their detachment in
the ark1D/A-Aku80 strain treated with shield-1 (lower panels). The
ark1D/A-Aku80 strain in the absence of shield-1 (top panel) shows
a normal pairing of kinetochore/centromere per nucleus (two kine-
tochore clusters/two centromeres). The nuclei are stained with DAPI
(in blue). Scale bars represent 2 pm. b, ¢ Quantification of the num-
ber of parasites showing a stretched kinetochore or centromere in
three different strains (RH-Aku80, arklWT-Aku80 and ark1D/A-
Aku80) in the presence or absence of shield-1 for 12 h. At least 900
parasites were examined for each condition. Values are mean + SD for
three independent experiments. d, e The average of TgNDC80 con-
taining kinetochores or TgChromol-HA; containing centromeres per
parasite was quantified in 900 parasites revealing a significant reduc-
tion of the kinetochores and centromeres when ark1D/A-Aku80 par-
asites were treated in the presence of shield-1 (red and green dots).
Values are mean+SD for three independent experiments. f Quanti-
fication of the number of parasites showing clustered or detached
kinetochore/centromere pairing in three different strains (RH-Aku80,
ark1WT-Aku80 and ark1D/A-Aku80) in the presence or absence of
shield-1 for 12 h. At least 900 parasites were examined for each con-
dition. Values are mean + SD for three independent experiments

Hesperadin efficiently acts in vitro on the growth
of T. gondii

Hesperadin is an indolinone inhibitor of Aurora B [64, 65].
Its sulphonamide group extends beyond the ATP-pocket
and into the adjacent hydrophobic pocket [66]. Given the
homology between ARKB and TgArkl, and the impor-
tance of TgArkl on parasite cell division, we reasoned
that Hersperadin could possibly impair parasite growth
by interfering with TgArk1’s function. We tested the
activity of hesperadin against Toxoplasma cell growth by
in vitro plaque assays (Fig. 8a). Parasites were grown in
the presence of increasing concentrations, up to 100 nM of
hesperadin, for 6 days (Fig. 8a, b). Plaque size decreased
proportionally to the increasing concentrations of hespera-
din (Fig. 8a, b). Hesperadin effectively inhibited T. gondii-
infected cell growth from concentrations ranging 30 nM.
A drastic decrease on the ability of parasites to lyse human
cells was observed in the presence of 50, 75 and 100 nM
(Fig. 8a, b). In the presence of hesperadin drug, parasite
division was often asymmetric giving rise to odd numbers
of parasites and leads to cells devoid of nuclei (Fig. 8c,
d, white asterisk). Scoring the number of parasites per
vacuole, we observed a decrease in the number of vacuoles
containing 4, 8 and 16 parasites, and an increase in vacu-
oles containing two cells and an odd number of parasites,
such as 3, 5 and 6 (Fig. 8c, d). These data suggest that
low doses of Aurora kinase B inhibitor are sufficient to
kill T. gondii parasites cultured in vitro. To further char-
acterize the drug-induced phenotype, we treated parasites

with 75 nM drug, and determined its impact on the differ-
ent subcellular structures involved in endodyogeny. Our
analysis revealed that hesperadin induces the same effect
on nuclear mitosis and daughter cell formation as do the
interference with both TgArk1 and TgINCENP?2 function
by genetic manipulation (Supplementary Figs. 12 and 13).
Despite several attempts, we could not obtain an active
recombinant TgArkl to test its sensitivity to hesperadin
in vitro. These observations suggest that TgArkl, as is
the case for ARKB, may be active only in complex with
TgINCENPs and probably following several rounds of
phosphorylation reactions [20]. Interestingly, when we
tested the impact of hesperadin at 75 nM on a strain that
overexpresses TgArkl (endogenous TgArkl + DD-Myc-
TgArk1WT) in the presence of shield-1, we found that
the strain becomes less sensitive to the drug. Scoring the
number of parasites per vacuole, we observed a decrease in
the number of vacuoles containing one, three, five and six
parasites, and an increase in vacuoles containing 4, 8 and
16 cells (Supplementary Fig. 14). Our data suggest that
hesperadin may target the CPC complex in Toxoplasma,
and reinforce the thesis that the CPC complex plays a cen-
tral role in maintaining the homeostasis of cell division
in T. gondii.

Discussion

Coccidia divide their nucleus by closed mitosis, with unu-
sual features. One of such is a complex mode of generat-
ing the mitotic spindle. The spindle assembles within a
nuclear envelope-bounded funnel extending between two
daughter pairs of centrioles. This is followed by the dis-
ruption of the envelope in the central part of the funnel,
which in turn enables the interaction between the cen-
tromeres of the chromosomes with kinetochores that bind
to the mitotic spindle, the formation of the metaphase plate
and anaphase (Fig. 9). This very restricted opening of the
nuclear envelope is transient, and rapidly followed by the
closure of the envelope at each pole of the spindle to delin-
eate unusual specialized structures known as the centro-
cones. Centrocones are shaped by the nuclear membrane,
flanked by the kinetochores on the nucleoplasmic side,
and the centrosome on the cytoplasmic side (Fig. 9) [67,
68]. Concomitantly, internal assembly of daughter cells is
temporally and spatially synchronized with the segregation
of uncondensed chromosomes within an intact nucleus.
In this context, one of the longstanding questions in the
Apicomplexa field is how T. gondii tachyzoites regulate
and coordinate the different peculiar events that occur
during their cell division. The dynamics of chromosome
segregation were a complete black box, until a few years
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«Fig. 6 Interfering with TgArkl function increasingly affects the
duplication of the centrosome outer core and impairs its cluster-
ing with the centrosome inner core. a Co-staining of TgCentrinl (a
centrosome outer core marker, red dots) and TgCEP250L1-HA; (a
centrosome inner core marker, green dots) shows their over-duplica-
tion and under-duplication, respectively, and their detachment (red
arrows) in the ark1D/A-Aku80 strain treated with shield-1 (lower
panel). The ark1D/A-Aku80 strain in absence of shield-1 (top panel)
shows a normal pairing of both centrosome cores per nucleus (one
centrosome outer core clusters/one centrosome inner core; two cen-
trosome outer core clusters/two centrosome inner cores). The nuclei
are stained with DAPI (in blue). Scale bars represent 2 pm. b The
average of TgCentrinl containing centrosome outer cores per para-
site, was quantified in 900 parasites revealing a significant amplifi-
cation of the centrosome outer core when ark1D/A-Aku80 parasites
were treated in presence of shield-1 (red dots). Values are mean=+SD
for three independent experiments. ¢ Co-staining of TgCentrinl (a
centrosome outer core marker, green dots) and TgNDCS80 (a kine-
tochore marker, red dots) shows their over-duplication and under-
duplication, respectively, and their detachment (red arrows) in the
ark1D/A-Aku80 strain treated with shield-1 (lower panel). The
ark1D/A-Aku80 strain in absence of shield-1 (top panel) shows a nor-
mal pairing of centrosome outer core/kinetochore per nucleus (two
centrosome outer core clusters/one kinetochore; two centrosome outer
core clusters/two kinetochores). The nuclei are stained with DAPI
(in blue). Scale bars represent 2 pm. d Quantification of the number
of parasites showing clustered or detached centrosome outer core/
kinetochore pairing in three different strains (RH-Aku80, arkIWT-
Aku80 and ark1D/A-Aku80) in the presence or absence of shield-1
for 12 h. At least 900 parasites were examined for each condition.
Values are mean + SD for three independent experiments. e Co-stain-
ing of TgCentrinl (a centrosome outer core marker, red dots) and
TgChromol-HA; (a centromere marker, green dots) shows their over-
duplication and under-duplication, respectively, and their detachment
(red arrows) in the ark1D/A-Aku80 strain treated with shield-1 (lower
panel). The ark1D/A-Aku80 strain in the absence of shield-1 (top
panels) shows a normal pairing of centrosome outer core/centromere
per nucleus (two centrosome outer core clusters/one centromere;
two centrosome outer core clusters/two centromeres). The nuclei are
stained with DAPI (in blue). Scale bars represent 2 pm

back when centromeres were first identified, and it was
observed that they remain permanently associated to the
nuclear periphery [3]. A number of studies followed, dem-
onstrating that the peculiar bi-modal construction of the
apicomplexan centrosome, and its associated structures
and regulatory kinases, all synergized to achieve the com-
partmentalized regulation of the events occurring during
cell division [7-14, 39, 62]. Our study builds onto this
knowledge through the functional characterization of the
CPC complex in T. gondii: a complex which is required
for proper chromosome segregation in higher eukaryotes
but had not been studied in Apicomplexa. We thus identi-
fied homologs of Aurora Kinase B and its binding partner
INCENP; TgArkl, TgINCENPI1, and TgINCENP2 in T.
gondii.

In mammals, Aurora kinase B and INCENP localize to
the centromeres during prophase and metaphase, the central
mitotic spindle in anaphase, the spindle midzone/cleavage

furrow in telophase and to the mid-body during cytokine-
sis [18]. The localization of the CPC complex at the cen-
tromere is directly related to its role in the bi-orientation
of chromosomes on the mitotic spindle, a step required for
subsequent chromatid separation [20]. It has been shown
that the N-terminus of INCENP and its SAH (single alpha-
helix) domain tether the human CPC complex to the inner
centromere and to spindle microtubules, respectively [69].
We show that Toxoplasma TgArk1 and TgINCENP?2 differ-
entially localized in a cell cycle-dependent manner. In non-
dividing parasites, both proteins are found in the nucleus.
In dividing parasites, they are found dispersed in the
nucleus and cytoplasm. TgINCENP1 is expressed only in
non-dividing parasites whereby it is exclusively detected in
the nucleus. Intriguingly, we have failed to identify, in the
N-terminal part of the two TgINCENPs, the motifs which
are involved in the attachment of the CPC complex to either
the centromeres or the microtubules. Moreover, it seems
that the Apicomplexa do not encode Survivin and Borealin
homologues. These observations may explain the absence
of accumulation of TgArk1, TeINCENP1 and TgINCENP2
at the centromeres throughout the cell cycle. Thus, the
functional specialization of this atypical CPC complex in
T. gondii may have been repurposed to accomplish specific
functions related to the particular mode of division of this
parasite and to accommodate a closed mitosis.

Our electron microscopy findings rather point at a role
of TgArkl in the timely opening of the nuclear membrane
enveloping the early spindle, in turn, enabling timely
interactions among chromosomes, kinetochores and
mitotic microtubules, with centrosomes (Fig. 9). Indeed,
this hypothesis is supported by the persistence of long
stretches of coinciding “centrosomal inner core”, spindle,
kinetochore and centromere markers, in the nucleus. Con-
sistently, persisting early spindle microtubule funnels that
do not evolve into bonafide mitotic spindle thus blocking
nuclear division were frequently observed by TEM. As in
normal conditions the transient funnel gives rise to cen-
trocones, it is not so surprising that when centrocones do
not form, their components adopt the shape of the funnel.
This can easily be assumed for EB1, a bonafide marker of
spindle microtubules, and may appear more surprising for
the “centrosome inner core” marker CEP250L1. These
findings may suggest that the inner core of the centrosome
is in fact part of the centrocone complex. However, cen-
trocones are rather complex organelles. The marker origi-
nally used for its localization (TgMORN1) is detected at
the base of the organelle by immuno-electron microscopy
(IEM) [60]. One could, therefore, suggest that CEP250L1
may be located in a more distal part of the centrocone which
would explain its behavior in ark1D/A-Aku80 mutant para-
sites. The persistence of the coincidence of the kinetochore
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kinetochores (together with the centromeres) is known to

signal with the spindle markers along the funnel can be

understood whereby previous studies have shown the align-
ment of kinetochores along the early spindle funnel [67],
as if “waiting” for the opening of the funnel to connect
with the spindle, and also when the association of these
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persist all along the cell cycle near the centriole pairs even
in the absence of microtubules, strongly suggesting that
kinetochores are mostly associated with the inner surface
of the nuclear envelope. Therefore, when the funnel persists
and probably elongates more than usual, this association
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«Fig.7 TgINCENP2 is essential for parasite replication and dic-
tates the correct targeting of TgArkl. a Plaque assays were carried
out by infecting HFF monolayers with TATil-Aku80 or Tgincenp2i
for 7 days+ ATc. The HFF were stained with Giemsa. b Immuno-
fluorescence assays of HA;-TgArkl in intracellular Tgincenp2i para-
sites grown without or in the presence of ATc for 24 h. Endogenous
TgArkl was detected using anti-HA antibodies. The parasite pellicle
was visualized using anti-GAP45 antibodies. Nuclei were stained
with DAPI. Scale bars represent 2 pm. c—e Ultrastructural analysis of
TgINCENP2-depleted parasites. ¢ Vacuole containing two tachyzoites
and an aberrant parasite with a multi-lobed nucleus. The cellular
architecture is lost and the plasma membrane is only partially associ-
ated with an inner membrane complex (IMC, white arrows). A few
organelles are randomly dispersed in the cytosol. d Vacuole showing
a residual body containing a nucleus that can be distinguished from
a parasite by the absence of IMC. The four tachyzoites connected to
the residual body have an IMC and contain mitochondria and apical
organelles, but no nucleus can be seen on this section. e Vacuole con-
taining aberrant endodyogeny profiles, with tachyzoites containing
encapsulated successive apical complexes (Russian dolls, white aster-
isks) and large residual bodies containing multiple nucleus sections.
f—g’ Mitosis either in control or in TSINCENP2-depleted parasites. f
Control parasites (TATil-Aku80 treated with ATc): wild-type mito-
sis. Nascent IMC of daughter cells are indicated with white stars. The
bud on the left shows one centriole (white arrow) located at the tip
of the centrocone (higher magnification shown in f’, with the kine-
tochores aligned underneath (black arrows); the spindle microtubules
are still present in between kinetochores. The other bud should show
the same structure in another section plane. g Mutant parasites. The
apical complexes of two developing daughter cells are visible (white
stars). The invaginated nuclear envelope delineates an intra-nuclear
funnel extending between the centrioles (higher magnification in g')

becomes even more obvious. These observations might
suggest an important role provided by TgArk1-mediated
phosphorylation in opening the nuclear envelope to organ-
ize the timely formation of the mitotic spindle. Collectively,
this points to a mechanistic model in which TgArk1 may be
required for progression from prophase/prometaphase into
metaphase. A number of recent studies suggest that ARKB
promotes the formation of a passage in the nuclear envelope
to link microtubules to kinetochore proteins [70-72]. Our
preliminary efforts to identify putative substrates of TgArk1
unraveled three newly assigned parasite proteins (TgNup37,
TgNup503 and TgNup115) belonging to the nuclear pore
complex (Supplementary Table 1 and Supplementary Excel
file, proteins highlighted in green) [73]. Phospho-peptide
identification by mass spectrometry suggests that both
TgNup503 and TgNup115 are both phosphorylated (Sup-
plementary Table 1). Whether these proteins are truly phos-
phorylated by TgArkl and whether their phosphorylation
has a direct functional link with the opening of the nuclear
envelope to give way to the mitotic spindle remain to be
elucidated.

Surprisingly, in ark1D/A-Aku80 mutant parasites, we
noticed dissociation between centromeres and kinetochores,
highlighting the potential importance of TgArk1-mediated

phosphorylation in maintaining the spatio-temporal proxim-
ity and/or crosstalk between centromeres and kinetochores.
However, we cannot exclude that DNA duplication also
proceeds without mitotic partition, the disjunction often
observed between centromeres and kinetochores strongly
suggesting such malfunction (Fig. 9). Unfortunately, we
cannot test this hypothesis because our FACS DNA analy-
sis data likely missed all the monster cells that contained
big nuclei, and thus may contain multiple genome copies,
probably due to a particular fragility of these structures
(IMC absent or partial, disorganization or absence of sub-
pellicular microtubules). ARKB is also known to play an
important role in chromosome condensation and cohesion
[74], and regulates the G1/S progression of the cell cycle
by phosphorylating substrates, together with cyclinA [75].
Our preliminary searches for potential TgArkl substrates
pointed us to a number of proteins (many of them are pre-
dicted to be phosphorylated) involved in DNA biology that
need to be investigated in the future (Supplementary Table 1
and Supplementary Excel file, proteins highlighted in blue).
In addition, we identified cyclin TgPHOSO (also predicted
to be heavily phosphorylated), as a potential substrate of
TgArkl (Supplementary Table 1 and Supplementary Excel
file, protein highlighted in red). This cyclin is involved in
G1/S progression in T. gondii [14].

ARKB is also involved in the terminal stages of the
cytokinesis necessary for the separation of the daughter cells
[76-78]. We showed, that the initiation of daughter cells
IMC biogenesis does not require TgArk1, but further elonga-
tion of the IMC is probably blocked in the mutant, leading
to an accumulation of abortive daughter cells organized in
the form of Russian dolls, as observed by TEM. The form of
Russian dolls could be explained by the continuous amplifi-
cation of the centrosomes that nucleate each an SFA (striated
fiber assemblin) fiber that gives rise to one daughter cell
[9] and by their disorganization because they are probably
no longer located at the poles of the spindles. On the other
hand, the role of phosphorylation events in the formation
of daughter cells in 7. gondii has not been studied. Interest-
ingly, we identified a number of proteins (many of them are
predicted to be phosphorylated) as potential TgArk1 sub-
strates (supplementary Table 1 and Supplementary Excel
file, proteins highlighted in yellow).

Overall, the phenotype obtained in our study when
interfering with the expression of TgArk1 underline dis-
sociation between mitosis and daughter budding during 7.
gondii endodyogeny. That disturbance has been described
by others in T. gondii when manipulating the expression
of T. gondii proteins homologous to regulators of mitosis
in higher eukaryotes [8, 11, 13, 14, 16, 79]. Yet, the dis-
junction between nuclear division and zoite differentiation
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«Fig.8 Hesperadin drug inhibits the in vitro growth of 7. gondii at
low concentrations. a Plaque assays were carried out by infecting
HFF monolayers with RH-Aku80 strain in the presence of DMSO,
barasertib at 800 nM and hesperadin drug at various concentrations
ranging from 15 to 100 nM for 7 days. The HFF were stained with
Giemsa. b The area of 30 plaques formed in the presence of each
compound tested at single dose or at different concentrations was
measured using ImageJ software. Values are means +standard devia-
tions. ¢ Intracellular growth of RH-Aku80 strain cultivated in the
presence of DMSO or hesperadin drug at different concentrations (15,
30, 40, 50 and 75 nM for 24 h). The percentages of vacuoles contain-
ing varying numbers of parasites are represented on the y-axis. Values
are mean =+ SD for three independent experiments. d The treatment of
parasites in the presence of hesperadin drug affects their intracellu-
lar growth and results in formation of nucleus-deficient parasites. IFA
performed on intracellular parasites of the RH-Aku80 strain shows an
IMC marker (TgIMC1, red) and nuclei stained by DAPI. In the pres-
ence of hesperadin drug for 24 h, nucleus-deficient parasites appear,
whereas normal nucleus segregation is observed in the presence of
DMSO for RH-Aku80 strain, as expected. White asterisks indicate
the parasites lacking nuclei

in Apicomplexa is rather the rule than the exception in the
phylum. In schizogony, a process whereby a number of suc-
cessive mitosis proceed in an undifferentiated cytoplasmic
mass, up to a last round where a fully differentiated zoite
develop in association with each daughter nucleus. T. gon-
dii endodyogeny, therefore, represents an unusual case of
obligatory association between the two processes [2, 9].
What is interesting in our mutants is that the centrosomes
normally located at each spindle pole keep dividing, partly
loosing connection with the mitotic markers. And while
nuclear divisions get stuck, early zoite internal budding
proceeds repetitively leading to incomplete IMC scaffold
encased in one another (Fig. 9). Consequently, our findings
show clearly that the clock regulating initiation of daugh-
ter cells keeps running at normal pace when the nuclear
division process fails. This supports the model proposed
by others that traditional “checkpoints” present in higher
eukaryotes are absent in Apicomplexa, therefore, allowing
greater “flexibility” in cell cycle progression. Rather than a
disadvantage, this added flexibility has been proposed as an
adaptive advantage, because it allows apicomplexan para-
sites to adapt their mode of cell division depending on their
niche-specific needs. For example, T. gondii itself has the
ability to divide by endodyogeny, but can also scale up its
form of division and switch to endopolygeny when infecting
the cat specifically.

It has been shown that the inner centromere protein
(INCENP) acts as a scaffold protein regulating CPC locali-
zation and activity [69]. Depletion of INCENP abolished

the localization of Aurora kinase B and the formation of
the entire Aurora B/INCENP/Survivin complex [54, 80].
Despite the localization of TgINCENP1 to the nucleus and
its interaction with TgArk1, our reverse genetic experiments
indicate that TeINCENP1 is not essential for mitosis and
parasite development. The apparent lack of involvement
of TgINCENP1 in mitotic control is intriguing. We specu-
late that the function of TgINCENP1 during mitosis may
overlap with TgINCENP2. Because during endopolygeny
multiple rounds of nuclear division occur prior to daughter
cell budding, we speculate that the functional redundancy
between INCENPs in 7. gondii may be beneficial when the
DNA content exceeds 2 N per cell [2]. Unlike TeINCENP1,
TgINCENP?2 plays important roles in mitosis and cytokine-
sis. Interestingly, we have shown that the proper localiza-
tion of TgArkl is dictated by TgINCENP2, confirming and
extending previous studies. In the absence of TgINCENP2,
TgArkl remains in the cytoplasm of parasites associated
with vesicular structures. This observation suggests that the
mis-targeting of TgArkl1 prevents it from reaching its sub-
strates and explains the similar phenotypes obtained in the
two mutants. Alternatively, the formation of the complex
may be required for functional competency of TgArkl or
substrate targeting.

Human ARKB is a prime target in cancer patients by a
group of interesting and accessible chemical compounds.
In this study, we tested the anti-parasitic activity of two
promising inhibitors: barasertib and hesperadin [81-83].
Surprisingly only hesperadin has shown efficacy on 7. gon-
dii in vitro. This drug severely impairs parasite growth at
minimal doses. Treatment with hesperadin phenocopies
the observed effect in ark1D/A-Aku80 mutant parasites,
strongly suggesting that TgArkl1 is hesperadin’s target in
T. gondii. The fact that parasites are more sensitive to hes-
peradin, when compared to mammalian cells, may sug-
gest that the drug associates with other key residues than
those described in ARKB, thus more effectively paralyz-
ing the activities of TgArk1l. Also perhaps parasites are
more sensitive to hesperadin because they divide faster.
Nonetheless, the active site of TgArk1 shares 50% simi-
larity to human aurora kinase B, and further work will
likely be required to improve the selectivity of this drug
for parasite kinase inhibition. On the other hand, the lack
of activity of Barasertib on 7. gondii can be explained
by the fact that the residues involved in the interaction
between human ARKB and Barasertib are not conserved
in TgArkl1. Our work points at TgArk] as a potential drug
target, and pave the way for further drug optimization to
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Fig.9 a The different steps that occur during closed mitosis and
IMC formation in wild-type T. gondii parasites. 1—the centrioles
duplicate at the posterior pole of the nucleus and initiate the for-
mation of the spindle; the newly formed spindle and the duplicated
centrioles migrate back towards the anterior pole of the nucleus;
centromeres and kinetochores cluster together facing centrioles; no
centrocone is formed at this stage; 2—the nuclear envelope funnel
develops between daughter pairs of centrioles; the spindle micro-
tubules forms in the funnel; centromeres duplicate and associate to
the nuclear envelope through kinetochores; 3—opening of the mid-
dle part of the funnel; kinetochores are connected to mitotic microtu-
bules; the metaphase plate is organized and daughter cells assembly
is initiated; 4—formation of the centrocones by closure of the nuclear
envelope against kinetochores that reattach to the nuclear envelope;
disappearance of mitotic microtubules; transient persistence of spin-
dle microtubules running through pores at the centrocone basis mak-
ing half spindles in nucleoplasm; 5—centrocones budding off the
nuclear envelope attracted into daughter buds; 6—buds elongation

treat apicomplexan-caused diseases. Moreover, our work
highlights the value of repurposing drugs/compounds
originally developed to treat other diseases for the study
and/or treatment of microbial infections.
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and daughter zoite biogenesis towards accomplishment of karyoki-
nesis and cytokinesis. b ark1D/A-Aku80 dominant negative mutants
and TgINCENP2 knock-down parasites are stuck at step number 3.
3'—funnel persistence; kinetochores and centromeres remain asso-
ciated on external face of the nuclear envelope; centrocone markers
are spread into the spindle; daughter cells budding is initiated; 4'—
(when wild-type parasites have reached the end of the first endodyog-
eny) centrioles and probably centromeres continue to duplicate; the
mother centriole pair leaves the spindle pole while keeping develop-
ing the first bud; daughter centriole pair starts initiating a second bud
inside the first one; 5'—(when wild-type parasites have reached the
second endodyogeny, i.e. 4 parasites) the two centriole pairs dupli-
cate and probably also centromeres. These later lose association with
kinetochores that remain associated to the funnel membrane. The new
centrioles start initiating buds, producing the Russian dolls figures.
Black: centrioles, blue: kinetochores, green: centromeres, yellow:
microtubules, red: CEP250L1 (outer face of the nuclear envelope)
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