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Apicomplexa are obligate intracellular parasites which cause various animal and human

diseases including malaria, toxoplasmosis, and cryptosporidiosis. They proliferate by

a unique mechanism that combines physically separated semi-closed mitosis of the

nucleus and assembly of daughter cells by internal budding. Mitosis occurs in the

presence of a nuclear envelope and with little appreciable chromatin condensation.

A long standing question in the field has been how parasites keep track of their

uncondensed chromatin chromosomes throughout their development, and hence secure

proper chromosome segregation during division. Past work demonstrated that the

centromeres, the region of kinetochore assembly at chromosomes, of Toxoplasma gondii

remain clustered at a defined region of the nuclear periphery proximal to the main

microtubule organizing center of the cell, the centrosome. We have proposed that this

mechanism is likely involved in the process. Here we set out to identify underlying

molecular players involved in centromere clustering. Through pharmacological treatment

and structural analysis we show that centromere clustering is not mediated by persistent

microtubules of the mitotic spindle. We identify the chromatin binding factor a homolog

of structural maintenance of chromosomes 1 (SMC1). Additionally, we show that both

TgSMC1, and a centromeric histone, interact with TgExportin1, a predicted soluble

component of the nuclear pore complex. Our results suggest that the nuclear envelope,

and in particular the nuclear pore complex may play a role in positioning centromeres in

T. gondii.

Keywords: centromere, cohesin, nuclear pore, centrosome, cell division, microtubues, toxoplasma, toxoplasmosis

INTRODUCTION

Apicomplexa are obligate intracellular parasites that cause various animal and human
diseases including malaria, toxoplasmosis, and cryptosporidiosis. Apicomplexan parasites
invade and replicate within the cells of their hosts. Following intracellular replication,
parasites lyse their host cell and invade a neighboring healthy cell thus perpetuating
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the infection. Apicomplexan parasites replicate by modes of
division that differ from those used by their hosts (Francia and
Striepen, 2014). Mammalian cells divide their nucleus by open
mitosis in which the nuclear envelope breaks down, giving way
to the mitotic spindle, and is immediately followed by cytokinesis
(with few exceptions). Apicomplexa, however, combine semi-
closed mitosis, in which the nuclear envelope remains practically
intact, with the generation of multiple daughter cells by budding
(Gubbels et al., 2008; Francia and Striepen, 2014; White and
Suvorova, 2018) (schematically represented in Figure 1A). In
apicomplexan cell division, daughter cells do not derive from
fission but instead are formed de novo in the mother cell cytosol.
The fundamental differences between these modes suggest that
cell division could be a rich source of druggable targets to treat
apicomplexan-caused diseases. However, many structural and
regulatory aspects of apicomplexan cell division are not well-
understood (White and Suvorova, 2018).

Direct visualization of chromosomes is impaired by the
apparent lack of chromatin condensation throughout the cell
cycle in the parasites’ nuclei. Centromeres are typically a single
location on a chromosome where kinetochore components, the
point of attachment for microtubules of the mitotic spindle,
assemble during mitosis. Centromeres are marked by the
presence of a variant histone H3, known as CenH3 or CenPA. In
the past, a T. gondii strain bearing an epitope tag in its CenH3
homolog, allowed visualization of the centromere-associated
nucleosomes, allowing themapping of the chromosomal position
of the centromeres inT. gondii, and visualization of chromosomal
dynamics duringmitosis (Brooks et al., 2011). All stages observed
in canonical eukaryotic mitosis (i.e., metaphase, anaphase, and
telophase) are present in the T. gondii mitosis. However, all
centromeres of T. gondii cluster into a single location at the
periphery of the nucleus, not only during division but also outside
of mitosis (Brooks et al., 2011). Moreover, the site of centromere
clustering is intimately related to the position of the centrosome,
the main microtubule organizing center (MTOC) of the cell,
which nucleates microtubules of the mitotic spindle during
division. Centromeres of Plasmodium falciparum were also
shown to cluster in the proximity of its centrosome equivalent
outside of mitosis (Hoeijmakers et al., 2012). Interestingly, while
T. gondii, divides by endodyogeny, assembling two daughter cells
every round of division, P. falciparum’s schizogony can yield
hundreds of daughters per division. Thus, centromere clustering
appears to be a widespread phenomenon among apicomplexans
using different modes of division (Bunnik et al., 2019).

The molecular mechanisms mediating chromatin
sequestration to defined nuclear territories and specialized
sub-compartments are unknown in Apicomplexa. Here, we set
out to identify novel molecular players involved in centromere
positioning in Toxoplasma gondii.

METHODS

Chromatin Immunoprecipitation
ChIP was performed as described in Wells and Farnham (2002),
Gissot et al. (2007), and Brooks et al. (2011). Briefly, chromatin
from SMC1-HA transgenic tachyzoites was cross-linked for

10min with 1% formaldehyde at room temperature and purified
after sonication yielding fragments of 500–1,000 bp. Chromatin
was immunoprecipitated at 4◦C overnight using a HA polyclonal
antibody (Abcam ab9110) and washed extensively. The DNA
was treated with proteinase K for 2 h and subsequently purified
using the Qiagen PCR purification kit. Hundred nanogram of
precipitated DNA was amplified using the DNA Genomeplex
whole genome amplification kit (Sigma) and subsequently
labeled using random primers coupled to a fluorochrome. Probes
were hybridized to a tiled oligonucleotide array representing the
complete T. gondii genome according to NimbleGen Systems
procedures. The array was fabricated by NimbleGen Systems and
contained 740,000 oligonucleotides representing version 4 of the
ME49 genome with an approximate spacing of 80 bp between
each oligonucleotide.

Co-immunoprecipitation (Co-IP) and Mass
Spectrometry Analysis
Approximately 1× 109 SMC1_YFP, RH1Ku80 or the HA-tagged
lines generated in this study (TgImportin1-HA, TgExportin1-
HA, TgSUN-HA), were collected by centrifugation, and washed
once with PBS. Parasites were lysed by resuspension in
hypotonic buffer (20mM Hepes, 10mM KCl, 400mMMannitol,
2 nM EDTA) supplemented with EDTA free protease inhibitor
(Roche) to ∼ 5 × 108 parasites/ml, followed by 4 cycles of
freeze/thaw with liquid nitrogen. Efficient lysis was assessed by
light microscopy. Debris and intact parasites were pelleted by
centrifugation at 10,000 g for 10min at 4◦C. Soluble fractions
were incubated overnight at 4◦C with 20 µl of the antibody
of interest. The next day, 100 µl of Sepharose bound Protein
A or Protein G (Santa Cruz) for rabbit or mouse antibody,
respectively, were added and incubated at room temperature
for 2 h. Complexes were washed six times with Co-IP wash
buffer (50mM Tris pH 8, 200mM NaCl, 2mM EDTA, 1%
NP-40) supplemented with protease inhibitor, then resuspended
in 200 µl of SDS-PAGE loading buffer and boiled for 5min.
Elution fractions were used either for mass spectrometry or
western blotting. Negative controls were performed using the
pre-immune serum for each antibody or ProteinA/G Sepharose
alone. Four independently obtained samples were analyzed.
Sample 1 consisted of proteins obtained from a wild type parasite
strain using rabbit serum raised against TgSMC1. Sample 2 was
obtained using the same a-TgSMC1 antibody but subjected to
affinity purification prior to the experiment. Sample 3 consisted
of proteins obtained from the TgSMC1-YFP strain using a-GFP
and Sample 4 was obtained from a wild type strain using a-GFP,
and served as a negative control. Figure 4A shows sample 3 as a
representative example of the immunoprecipitation scheme.

Construction of Tagged Reporter Parasites
Toxoplasma gondii RH strain parasites were maintained by serial
passage in human foreskin fibroblast (HFF) cells and genetically
manipulated as previously described (Jacot et al., 2013). To tag
the genomic locus of TgSMC1, TgExportin1, TgImportin1, and
TgSUN1 with a 3xHA or a YFP tag, ∼1,500 bp of the open
reading frame ending before the stop codon were amplified
from T. gondii genomic DNA. All primer sequences used are
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shown in Table S2. These amplicons were cloned via ligation
independent cloning (LIC) (Aslanidis and de Jong, 1990) into the
pLIC-HA-CAT or pLIC-YFP-DHFR vector, respectively, to create
in-frame fusions (Huynh and Carruthers, 2009). Transgenic
clones were established by transfection of 1Ku80-TaTi parasites
and chloramphenicol or pyrimethamine selection, respectively.
Integration was confirmed by PCR and western blot in all cases.

Protein Expression and Antibody
Production
Sequences encoding for the last 400 C-terminal amino-acids of
TgSMC1 were amplified from T. gondii cDNA and inserted into
plasmid pAVA-421 6xHis (Alexandrov et al., 2004). Recombinant
fusion protein was purified on Ni2-NTA resin (Qiagen, Hilden,
Germany). Rabbits were immunized with 1mg of purified
protein, and serum was collected after 10 weeks (Cocalico
Biologicals, Reamstown, PA, USA). Mice were immunized with
0.4mg of purified protein, and serum was collected after 3 weeks.

Fluorescence Microscopy
For immunofluorescence assays, host cells (HFF) were inoculated
onto coverslips and infected with parasites. Coverslips were
fixed 24 h after infection and processed as previously described
(Francia et al., 2011). Primary antibodies used were mouse
anti-alpha tubulin at a dilution of 1:1,000 (12G10, a gift of
Jacek Gaertig, University of Georgia), rabbit anti-Centrin1 at
1:1,000 (gift of Iain Cheeseman, MIT), mouse anti-GFP at
1:1,000–1:400 (Torry Pines Biolabs), rat anti-HA at 1:1,000 (clone
3F10, Roche), mouse anti-IMC1 mAb 45.15 at 1:1,000 (gift of
Gary Ward, University of Vermont), mouse anti-TgChromo1
at 1:1,000 (Gissot et al., 2012), mouse anti-CenH3 (Francia
et al., 2012) at 1:20, rabbit anti-MORN1 (Gubbels et al., 2006)
at 1:250, and rabbit and mouse anti-SMC1 at 1:1,000 (this
study). The secondary antibodies used were AlexaFluor 350,
AlexaFluor 488, and AlexaFluor 546 (Invitrogen), at a dilution
of 1:2,000. Images were collected on an Applied Precision Delta
Vision inverted epifluorescence microscope using a UPlans APO
100×/1.40 oil lens. Images were subjected to deconvolution and
contrast adjustment using Applied Precision software (Softworx).
For quantitative image analysis (as described in the results
section) a minimum of 50 vacuoles were scored in at least
three independent experiments. Super-Resolution images were
acquired using the Zeiss ELYRA S1 (SR-SIM)microscope. Images
were collected and processed using Zeiss Zen software. Means
and standard deviations were calculated and plotted using Graph
Pad Prism Version 5.0c (La Jolla, California, USA).

Transmission Electron Microscopy
Infected cells were fixed in 2% glutaraldehyde in sodium
phosphate buffer 0.1M, pH 7.4, followed by post-fixation with
1% osmium tetroxide in sodium phosphate buffer, alcohol
dehydration, and Epon resin embedding. Serial sections were
obtained with a Leica UCT cryo-ultramicrotome, collected in
carbon coated single hole grids and observed in a JEOL 1200 EX
transmission electron microscope.

Western Blotting
Western blotting was performed as previously described (Brooks
et al., 2011). We used anti-HA (Roche) antibodies at a dilution of
1:1,000, anti-tubulin at 1:1,000, anti-GFP at 1:500, anti-CenH3
at 1:500 and anti-SMC1 antibodies at a dilution of 1:1,000.
Pre-immune sera for anti-SMC1 antibodies were used at a
comparable dilution. Horseradish peroxidase (HRP)-conjugated
anti-rat, anti-mouse, or anti-rabbit antibody (Pierce) were used
at a dilution of 1:20,000

RESULTS

To investigate the mechanism mediating centromere clustering
in T. gondii we propose to test two alternative hypotheses.
First, we envision that a persistent microtubules spindle
could constitutively interact with centromeres, thus maintaining
their position, and ascribing the centrosome (MTOC) direct
involvement in the process (Figure 1B). Alternatively, proteins
present at the centromere mediate the interaction between it and
the nuclear envelope (Figure 1B).

We first set out to investigate whether microtubules mediate
centromere clustering. To test this, we subjected parasites to
treatment with oryzalin, a tubulin-binding drug which prevents
tubulin polymerization in Apicomplexa (Stokkermans et al.,
1996; Morrissette et al., 2004). At concentrations of 2.5mM
oryzalin prevents polymerization of microtubules into daughter
cells as well as the mitotic spindle (Stokkermans et al., 1996).
Parasites expressing TgCenH3-HA (Brooks et al., 2011), a marker
for centromeres, were subjected to treatment with 2.5mM
oryzalin for 24 h, fixed and observed by immunofluorescence
assay (IFA) staining for a-HA and a-IMC1. IMC1 (Inner
membrane complex protein 1) marks of the outline of dividing
and non-dividing parasites. In dividing parasites, IMC1 labels
the emerging daughter cell structures (Figure 1C). Upon drug
treatment, parasites continue to grow and replicate their DNA
but fail to assemble daughter cells (Figure 1C). Interphase as
well as dividing parasites treated with oryzalin exhibit continued
clustered localization for TgCenH3 (Figures 1B,C). These results
suggested that the mitotic spindle is likely not responsible for
centromere clustering during interphase. However, consistent
with previous reports that oryzalin disrupts nuclear division
(Morrissette and Sibley, 2002b), we note that oryzalin-treated
parasites frequently fail to segregate their genome properly
(Figure 1C). However, we cannot rule out incomplete spindle
disruption upon drug treatment.

To independently examine interphase nuclei in T. gondii,
we serially sectioned fixed parasites and observed them by
transmission electron microscopy (Figures 1D,E). In all cases,
the entire nucleus was sectioned and in most sets sections
spanned the entire parasite. Parasites were assigned to interphase
by the presence of a single, unduplicated centrosome, and
the absence of budding daughters. Upon three dimensional
reconstruction, we observed that while spindle microtubules are
readily observed in dividing parasites (duplicated centrosomes)
(Figure 1E) they cannot be detected in interphase parasites
(Figure 1D). Overall, we could detect intranuclear microtubules
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FIGURE 1 | Centromere clustering is not mediated by spindle microtubules. (A) Apicomplexan parasite division schematic. Apicomplexa divide by closed mitosis and

internal daughter cell assembly. Centromeres (represented as a red dot) remain clustered at the periphery of the nucleus throughout the cell cycle. (B) Alternative

(Continued)
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FIGURE 1 | models proposed to explain centromere clustering. Blue dots represent the centrosome. Blue lines represent the mitotic spindle microtubules. Red dots

represent the chromosomes’ centromeres. (C) Parasites were treated with DMSO (control) or 2.5mM Oryzalin, fixed and stained with anti-IMC1 and anti-CenH3. Both

in DMSO and Oryzalin treated samples, interphase parasites display a single TgCenH3 dot corresponding to clustered centromeres. Both Oryzalin treated and

untreated dividing parasites display duplicated TgCenH3 foci. In Oryzalin treated parasites daughter cell assembly and proper chromosome segregation is impaired as

evidenced by the presence of multiple (>2) TgCenH3 foci within a single parasite. (D) TEM series through a parasite in interphase containing a single centrosome (CE,

white arrowhead). Zoomed-in panels show consecutive series. Microtubules (MT) are not seen proximal to the centrosome (CE, white arrowheads) or the nuclear

envelope (NE, black arrowheads) at the site of centromere sequestration. (E) TEM series through a dividing nucleus. A forming daughter cell (DC) is detectable

proximal to the nucleus (Nu). The mitotic spindle organizes within the nuclear envelope (NE, black arrowheads). Zoomed-in panels show consecutive series.

Microtubules (MT, black arrows) of the mitotic spindle are clearly visible in the proximity of the centrosome (CE, white arrowhead). Note that all serial sections were

obtained from the same block, and thus were subject to identical fixation and post-fixation treatments. The scale for (D,E) is the same. (F) Parasites present in TEM

serial sections were classified as “interphase” (IP) or “dividing”, depending on the presence of a single or a duplicated centrosome respectively, and scored for the

presence of visible spindle microtubules.

in 98% of the dividing parasites (n = 13), while microtubules
were seen only in 4% of nuclei considered to be in interphase by
our morphological criteria (n = 60) (Figure 1F). The latter may
represent parasites just emerged from mitosis.

Local actin polymerization was reported to affect telomere
positioning in the P. falciparum nucleus (Zhang et al., 2011). To
assess a potential role of actin in centromere clustering, parasites
were treated with Cytochalasin D, an actin de-polymerizing
agent. Treated parasites did not exhibit centromere dispersion
(Figure S1B). Similarly, a T. gondii temperature sensitive mutant
of the nuclear actin ARP4 exhibits normal centromere clustering
at the restrictive temperature (Figure S1D) (Suvorova et al.,
2012). Taken together, our pharmacological, ultra-structural
and genetic analysis, strongly suggest that neither microtubules
nor actin filaments are responsible for persistent centromere
clustering in interphase.

We next set out to identify chromatin-binding factors
which could potentially mediate centromere clustering by in
silico identification of known centromeric proteins. Structural
Maintenance of Chromosome proteins (SMCs) are a family
of ATPases with multiple roles in chromatin organization
during mitosis and meiosis (Jeppsson et al., 2014; Uhlmann,
2016). Homologs of Structural Maintenance of Chromosomes
1 (SMC1) have been implicated in the control of gene
expression, DNA repair and recombination, cross linking of
mitotic spindle microtubules and membrane anchoring of
heterochromatin (Nasmyth and Haering, 2009; Wong, 2010).
Importantly, the yeast and Drosophila SMC1s have been
shown to directly associate with the centromeric histone H3
(Nasmyth and Haering, 2009; Wong, 2010). Searching for
homologs of the Saccharomyces cerevisiae SMCs we identified
four candidate genes for SMC proteins in the T. gondii
genome (Figure S2A). Maximum likelihood phylogenetic tree
of the full length protein coding sequences showed that each
of T. gondii’s predicted SMC protein coding genes clustered
with a given SMCs sub-class.TgME49_288700 clusters with
SMC1-like SMCs; TgME49_297800 is more closely related
to SMC2 from yeast and plants, while TgME49_106310
and TgME49_231170 are homologous to SMC3 and SMC4,
respectively (Figure S2A).

To further investigate the SMC1 homolog in T. gondii
we generated strains with an insertion of a triple HA tag
or a yellow fluorescent protein (YFP) cassette at the 3′ end
of TgME49_288700 (from here on referred to as TgSMC1,

Figure S2B). In addition, we raised mouse and rabbit anti-
sera against a recombinant C-terminal fragment of TgSMC1
consisting of the 400 C-termini amino-acids of the protein.
These anti-sera recognize a single protein of a size consistent
with the predicted molecular mass of 183 kD (or 211 for
the YFP fusion protein, respectively, Figure S2C). Using these
reagents we investigated the localization of TgSMC1 by IFA.
When co-stained with a monoclonal antibody raised against
TgCenH3 (Brooks et al., 2011) we observed that TgSMC1 nuclear
punctae coincide with TgCENH3 both in interphase and in
dividing parasites (Figures 2A,B). Interestingly, when observed
by structured Illumination super resolution microscopy (SIM-
SR), the localization of TgSMC1 is better defined as a semi-circle
arranged around the spot filled by the centromeres marked by
TgCenH3 (Figures 2C,D).

To unequivocally determine whether TgSMC1 is a
centromeric protein, we immunoprecipitated TgSMC1-
associated chromatin, and probed a microarray chip covering
most of the T. gondii genome with the precipitated DNA
(ChIP-CHIP). Significant hybridization was obtained for 10
chromosomes. The hybridization peaks for chromosomes
II, III, V, VI, and VIII-XI coincide with the position of the
centromere on these chromosomes as mapped by ChIP-CHIP
of TgCenH3 (Figure 2E). Moreover, TgSMC1 ChIP-CHIP
hybridization signal shows almost perfect overlap with the
chromatin regions bound by TgCENH3 (Figure 2F). Taken
together, TgSMC1 localization appears intimately linked to
the centromere.

Lastly, we determined potential interactors of TgSMC1
by co-immunoprecipitation (Figures 3A,B). Proteins co-
immunoprecipitated with TgSMC1 were identified by LC-MS.
TgSMC1’s elution fraction contains a significant amount of
TgCenH3, suggesting that not only do they co-localize at
the centromere but they also interact physically (Figure 3C). In
contrast, TgChromo1 (Gissot et al., 2012) which binds chromatin
immediately adjacent to the centromeres, does not co-precipitate
with TgSMC1 (Figure 3C).

The ten most abundant proteins recovered in all four
purifications are shown in Figure 3D. A complete list of LC-
MS results can be found in Table S1 ordered by ascending
order of accession number in the T. gondii genome database
(Kissinger et al., 2003). Four protein-coding genes, one being
TgSMC1, showed the highest number of unique peptides in all
three positive samples, and a 10-fold enrichment in number
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FIGURE 2 | TgSMC1 is a persistent centromeric protein. (A,B) Immunofluorescence assay. TgSMC1-YFP (green) was co-stained with anti-TgCenH3 antibodies

(green). The signals for TgSMC1 and the marker for the T. gondii centromeres show tight co-localization both in interphase (A) and dividing (B) parasites. TgSMC1

(Continued)
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FIGURE 2 | persists at the centromere both during all stages of mitosis and interphase. (C) Super Resolution (SR-SIM) image of TgSMC1-YFP stained with anti-GFP.

TgSMC1 localization appears to be in the shape of a hollow oval (D) Zoom of the SR-SIM image of TgSMC1-YFP, co-stained with anti-GFP and anti-TgCenH3.

TgSMC1 (green) appears to surround the centromeres marked by TgCenH3 (red). (E) Schematic representation of T. gondii’s chromosomes. Red asterisks indicate

the position of the centromeres, mapped previously, for each chromosome. Black arrowheads correspond to the hybridization peaks obtained from the TgSMC1-HA

cell line ChIP-CHIP experiments for each chromosome. (F) Hybridization peaks on a microarray CHIP covering the genome of T. gondii, of immunoprecipitated

chromatin from the TgSMC1-HA cell line (green line). Chromosomes III and VI are shown as representative examples. Our previous ChIP-CHIP results using the

TgCenH3-HA cell line (red line) are shown, overlaid, as reference.

of unique peptides as compared to the negative control. The
remaining three are TgME49_222380, TgME49_253730, and
TgME49_249530. The first two are annotated as proteins
belonging to the Importinb family, while the third is annotated
as Exportin 1. To further study TgSMC1’s interactors, we
generated reporter strains by introducing a 3-HA tag at the
C-terminus of the proteins encoded by TgME49_253730 and
TgME49_249530, which we named TgImportin1 (TgImp1)
and TgExportin1 (TgExp1), respectively (Figure S3A). To
validate these interactions, we performed reciprocal co-
immunoprecipitation assays. As an internal control, we also
generated a reporter strain for TgME49_288530 (TgSUN1)
which presented 2 peptides in “sample 2” but was absent from
all others. We were able to reproduce the co-precipitation
of TgSMC1 with TgImp1 or TgExp1, but we did not detect
interactions with TgSUN1 (Figure 3E). Interestingly, we found
TgCenH3 to co-precipitate with TgExp1 (Figure 3E).

Importins and exportins are nuclear proteins which interact
peripherally with transmembrane components of the nuclear
pore complex (NPC). As expected, we determined that both
TgExp1 and TgImp1 localize to the nucleus (Figure 4A). Super
resolution microscopy revealed that TgExp1 localizes to discrete
or clustered foci on the nucleus, consistent with its predicted
NPC localization (Figure 4F). However, neither TgImp1 nor
TgExp1 exclusively localize to the centromeric foci, consistent
with their predicted peripheral localization to the NPC. We
reasoned that if components of the NPC are involved in
centromere clustering, this should be observable in sections of
interphase nuclei in the vicinity of where centromeres cluster
(i.e., the centrosome). Nuclear pores are readily observed by
TEM in the T. gondii nucleus as interruptions in the nuclear
envelope or as an oval with octagonal symmetry (Figures 4B,C).
Indeed, when we observed the region of the nuclear envelope
adjacent to the centrosome in interphase parasites sectioned
perpendicularly, we could observe a pore in 84% of the nuclei
(n= 60, Figures 4D,E). Co-labeling of either TgImp1 or TgExp1
and TgSMC1 revealed that these proteins co-localize (Figure 4F).
Importantly, TgCenH3’s localization coincides or is flanked by
individual foci or clusters of TgExp1 (Figure 4G).

DISCUSSION

A long standing question in the field has been “how do
apicomplexans keep track of the position of their chromosomes,
without condensing their chromatin during division?”
Chromosomes move, organize, and cluster by interacting
with the mitotic spindle through kinetochore components
that assemble at the centromere during mitosis. Electron

microscopy studies in T.gondii, Eimeria spp., and Sarcocystis
neurona demonstrated the presence of an intranuclear spindle
(Dubremetz, 1973; Morrissette and Sibley, 2002a; Francia and
Striepen, 2014). These studies identified spindle microtubules
that link the centrosomes to what appear to be the kinetochores
of the chromosomes (Dubremetz, 1973). More recently, bona
fide residents of the mitotic spindle, such as the MT-binding
protein TgEB1, have been identified suggesting a canonical
mitotic spindle is assembled by Apicomplexa (Chen et al., 2015).
Consistently, parasites treated with microtubule-disrupting
agents fail to segregate their chromosomes properly (Morrissette
and Sibley, 2002b), and knock-down of kinetochore proteins
uncouple mitosis from cytokinesis (Farrell and Gubbels, 2014).

Our first set of experiments investigated whether cytoskeletal
elements mediated centromere clustering. We demonstrated that
neither microtubules of the mitotic spindle nor actin mediate this
process. We propose that, instead, chromatin binding factors at
the centromeres mediate the maintenance of their localization at
the periphery of the nucleus. We identified and characterized the
localization of a homolog of SMC1 in Toxoplasma gondii. SMCs
are a family of proteins containing two ATPase globular domains
at their C and N-terminals, and a hinge domain which establishes
interactions with chromatin and other SMC and non-SMC
proteins. SMCs have multiple roles in higher order chromatin
organization and dynamics, powered by the hydrolysis of ATP
(Losada and Hirano, 2005; Hirano, 2006). We determined that
TgSMC1 is a centromere-associated protein which interacts with
the centromeric histone variant H3, TgCenH3, and centromeric
chromatin. SMC1 interactions with CenH3 homologs have been
previously reported in yeast and Drosophila (Tanaka et al., 1999;
Losada and Hirano, 2000).

SMC1 homologs have a role in chromosome segregation
during mitosis as part of the cohesin complex, which ensures
themaintenance of sister chromatid cohesion until chromosomes
separate in anaphase (Onn et al., 2008). Typically, SMC1
localizes to sister chromatids, in the proximities of or at the
centromeres, during mitosis and up until late metaphase/early
anaphase, but it is absent from centromeric regions outside of
mitosis (Gruber et al., 2003; Huang et al., 2005; Peters et al.,
2008). During interphase, SMC1 homologs normally localize
to the cytosol or associate with non-centromeric chromatin
(Losada et al., 1998; Losada and Hirano, 2000). In Toxoplasma
gondii, however, we observed that TgSMC1 persists at the
centromeres throughout the cell cycle. It is possible that it
remains inactive at the centromeres outside of mitosis, and
that its activity depends on interacting partners or specific
activation during mitosis. Alternatively, TgSMC1 could play
additional roles in chromatin organization in T. gondii. Cohesin
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FIGURE 3 | TgSMC1 Co-precipitates with Peripheral Components of the

Nuclear Pore Complex. (A) Representative western blot of an

immuno-precipitation experiment from parasite lysate using an anti-TgSMC1

(Continued)

FIGURE 3 | antibody (L, lysate; I, input; FT, flow through; 1–4, washes; E,

elution). (B) Western Blot. Elutions fractions E of immunoprecipitations using

no primary antibody (No-1◦), pre-immune sera (Pre) or the following

antibodies: 1- Rabbit anti-SMC1, 2- Affinity Purified Rabbit anti-SMC1, 3, and

4- anti-GFP, and probed with mouse anti-SMC1. The strains used to generate

parasite lysates (input) are specified below. (C) Western blot. Parasite lysate or

the elution fraction of an immuno-precipitation using rabbit anti-SMC1 were

probed with the indicated antibodies. Mouse anti-HP1 recognizes

TgChromo1, a chromodomain protein which binds peri-centromeric DNA, and

was used as a control for the specificity of our pull downs (L, total lysate; E,

elution fraction). (D) The 10 most abundant co-precipitants of TgSMC1 are

listed. Complete results of the Mass spectrometry analysis of all elution

fractions of multiple immuno-precipitation experiments can be found in

Table S1. Proteins highlighted in blue were followed up. (E) TgExp1 and

TgImp1 (TgME49_249530 and TgME49_253730 respectively), which

co-immunoprecipitated with TgSMC1, were endogenously tagged with a

C-terminal 3xHA. TgSUN1 (TgME49_288530) is annotated as a hypothetical

protein containing a Sun domain. This protein was represented by 2 peptides

in the Mass spectrometry analysis of SMC1-YFP anti-GFP Co-IP, but was not

found in other samples, and was used as a negative control (Table S1).

TgSMC1 was pulled down using Rabbit anti-SMC1 antibodies in

TgSMC1-YFP, TgImp1-HA, TgExp1-HA, and TgSUN-HA cells lines, and

probed with mouse anti-SMC1 or anti-HA. Conversely, TgImp1, TgExp1, and

TgSUN were pulled down using anti-HA antibodies, and the elution fractions

were probed with anti-TgSMC1. These results recapitulate our LC-MS results.

In addition to co-precipitating with TgSMC1, TgExp1 also co-precipitates with

TgCENH3.

has been shown to contribute to gene regulation, DNA damage
repair, transcriptional control, and maintenance of higher order
chromatin structure in other systems (Peters et al., 2008). In
human cells, SMC1 has been shown to mediate transcriptional
insulation by binding chromatin boundaries in post-mitotic cells
(Parelho et al., 2008; Peric-Hupkes and van Steensel, 2008;Wendt
et al., 2008). Interestingly, in the closely related Apicomplexa
Eimeria tenella, SMC1 is part of a plaque formed at the nuclear
envelope to which telomeres attach during meiotic division (del
Cacho et al., 2010). Our results suggest that TgSMC1 could fulfill
a similar role in mediating the attachment of centromeres to the
nuclear envelope.

The latter is supported by our identification of TgSMC1
interactors. In particular, we determined that TgSMC1 co-
precipitated with soluble proteins predicted to function at
nuclear pores; TgExportin7, TgExportin1, and TgImportin1.
Nuclear pores are basket-like structure of octagonal shape and
consist of a central scaffold which spans the nuclear envelope
(Hoelz et al., 2011; Kahms et al., 2011). Proteins of the nuclear
pore are collectively known as nucleoporins (NUPs) are anchored
by transmembrane domains, and form a molecular sieve by the
presence of FG repeats in a central channel, preventing diffusion
of molecules larger than 40 KDa or 5 nm. For larger molecules
to travel through the pore, they must reversibly associate with
FG nucleoporins (Wente and Rout, 2010; Hoelz et al., 2011).
Translocation of large molecules depends on nuclear transport
receptors (NTRs), i.e., importins, exportins, and transportins
(Görlich and Kutay, 1999).

The TgSMC1 interactors identified, TgExp1 and TgImp1,
localize to discrete foci in the nucleus, and co-localize or flank
the location of centromeres in the nuclear periphery. By TEM
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FIGURE 4 | A nuclear pore is found in the proximity of the centrosome. (A) IFA of TgExp1-HA, TgImp –HA and TgSUN-HA using anti-HA antibodies reveal that these

proteins localize to the nucleus. TgSUN1 is restricted to a discrete region of the nucleus, and does not co-localize with TgSMC1. (B) TEM section perpendicular to a

nucleus (Nu). A nuclear pore (white arrowhead) is seen as a discontinuation in the nuclear envelope. (C) TEM section parallel to a nucleus (Nu). A nuclear pore (white

arrowhead) is seen as a basket-like octagonal structure on the nuclear, distant from the centrosome (Ce, black arrowhead). (D) TEM Serial sections through an

interphase nucleus reveal the presence of a nuclear pore (white arrowhead) visible as an interruption in the nuclear envelope adjacent to the centrosome (Ce, black

arrowhead). Detailed panels are zoomed in at 200% (E). The appearance of nuclear pores proximal to the centrosome (% Ce-associated NUPs) was quantified in

serial sections of both dividing (green) and non-dividing (red) parasites. Note that the mitotic spindle penetrates and interrupts the nuclear envelope during division.

Hence an interruption of the nuclear envelope, proximal to the centrosome, is observable in the vast majority of the dividing nuclei and is indistinguishable, by

microscopy, from a canonical nuclear pore. (F) SR-SIM of TgExp1-HA reveals that TgExp1 localizes to heterogenous discrete foci in the nucleus. (G) TgExp1-HA foci

co-localize with, flank or surround the localization of TgCenH3 marked by anti-TgCenH3 staining.

we established that an opening in the nuclear envelope can
be observed adjacent to the centrosome in interphase nuclei,
implying that centromeres arrange in the vicinity of an NPC.

Proteins associated peripherally with the NPC, such as NTRs,
have been shown to fulfill roles independent from their transport
function. Several transportins have been shown to exert strong

boundary activity by mediating the association of chromatin with
core components of the nuclear pore. Intriguingly, like TgExp1
and TgImp1, they all belong to the Importin-β superfamily
of NTRs. In particular Nup2, a peripheral NUP associated
with the nuclear pore basket, is essential for boundary activity
of transportins in yeast (Ishii et al., 2002; Shinkura and
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Forrester, 2002). Schizosaccharomyces pombe, a fission yeast
which divides by closed mitosis and clusters centromeres,
presents a TgExportin1 homolog, named CRM1, first identified
in a cold-sensitive mutant screen (Adachi and Yanagida,
1989). Conspicuously, CRM1 has been shown to be essential
for maintenance of centromere clustering during interphase
(Adachi and Yanagida, 1989; Funabiki et al., 1993). Interestingly,
characterization of the effect of temperature sensitive mutations
identified that a point mutation caused CRM1 to mis-localize to
the cytosol (Adachi and Yanagida, 1989), an effect that can be
mimicked on wild type CRM1 by Leptomycin B treatment (Nishi
et al., 1994; Kudo et al., 1999). At the restrictive temperature or
upon Leptomycin B treatment, centromeres of S. pombe come
apart and disperse in the nucleus.

Core nucleoporins (NUPs) have also been shown to directly
interact with chromatin, and to regulate chromatin organization
in other systems. Particularly relevant to this study; Nup98
co-precipitates with SMC1 in Drosophila (Wong and Blobel,
2008). ChIP-CHIP of Nup93 demonstrated direct chromatin
association with the nuclear pore complex in human cells
(Brown et al., 2008). Dynamic changes in the distribution of
nuclear pores on the nuclear envelope were observed by elegant
microscopy techniques during the intracellular development
of the apicomplexan Plasmodium falciparum (Weiner et al.,
2011). Late schizonts exhibit 2–6 nuclear pores per nucleus,
which cluster together and invariably are surrounded by
heterochromatin suggesting that nuclear pores associate with
specific states of chromatin condensation (Weiner et al., 2011).
Noteworthy, heterochromatin flanks the centromeres of T.
gondii (Brooks et al., 2011; Gissot et al., 2012). A recent study
which characterized the T. gondii Nup98 homolog (TgNUP302)
revealed that this protein interacted with facilitates chromatin
transcription complex (FACT) components, suggesting the
existence of an NPC-chromatin interaction in T. gondii (Courjol
et al., 2017). Therefore, centromere clustering could be part
of a more general organizational scheme of nuclear elements
in apicomplexan parasites, dependent on interactions with
components of the nuclear envelope, and in particular with
the NPC.

While we have started to unravel the mechanism by which
centromeres are held in position at the nuclear envelope, we
do not yet understand how centromeres are recruited to a
specific site on the nuclear periphery, adjacent to the centrosome.
Intriguingly, TgNUP302 was shown to physically associate to
TGGT1_246190, a coiled-coiled protein (named TgCEP530)
shown to localize at the centrosome, thereby identifying a
physical connection between the nuclear pore complex and the

centrosome (Courjol and Gissot, 2018). Together, the connection
between nuclear pore components and the centrosome, and
peripheral components of the nuclear pore-chromatin, described
herein, could be the basis of the centromere-centrosome
connection. Further study of centrosome-associated factors
could shed light on the identity of components with roles in
targeting or maintaining the position of centrosome-associated
nuclear components.
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