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Abstract The nuclear pore is a key structure in eukary-
otes regulating nuclear-cytoplasmic transport as well as a
wide range of cellular processes. Here, we report the char-
acterization of the first Toxoplasma gondii nuclear pore
protein, named TgNup302, which appears to be the ortho-
logue of the mammalian Nup98-96 protein. We produced
a conditional knock-down mutant that expresses TgNup302
under the control of an inducible tetracycline-regulated
promoter. Under ATc treatment, a substantial decrease of
TgNup302 protein in inducible knock-down (iKD) para-
sites was observed, causing a delay in parasite prolifera-
tion. Moreover, the nuclear protein TeENO?2 was trapped
in the cytoplasm of ATc-treated mutants, suggesting that
TgNup302 is involved in nuclear transport. Fluorescence
in situ hybridization revealed that TgNup302 is essential
for 18S RNA export from the nucleus to the cytoplasm,
while global mRNA export remains unchanged. Using an
affinity tag purification combined with mass spectrom-
etry, we identified additional components of the nuclear
pore complex, including proteins potentially interacting
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with chromatin. Furthermore, reverse immunoprecipitation
confirmed their interaction with TgNup302, and structured
illuminated microscopy confirmed the NPC localization
of some of the TgNup302-interacting proteins. Intrigu-
ingly, facilitates chromatin transcription complex (FACT)
components were identified, suggesting the existence of
an NPC-chromatin interaction in 7. gondii. Identification
of TgNup302-interacting proteins also provides the first
glimpse at the NPC structure in Apicomplexa, suggesting
a structural conservation of the NPC components between
distant eukaryotes.
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Abbreviations

ATc AnhydroTetraCycline

Co-IP Co-immunoprecipitation

FACT Facilitates chromatin transcription
FISH Fluorescence in situ hybridization

IFA Immunofluorescence assay

iKD Conditional knock-down

NPC Nuclear pore complex

NUP Nucleoporin

RNA-Seq RNA-sequencing

Sg RNA  Single guide RNA

SIM Structured illumination microscopy
Tg Toxoplasma gondii

Introduction

Toxoplasma gondii is a unicellular eukaryotic pathogen. It
belongs to the apicomplexan phylum, which encompasses
some of the deadliest pathogens of medical and veterinary
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importance, including Plasmodium (the cause of malaria),
Cryptosporidium (responsible for cryptosporidiosis), and
Eimeria (coccidiosis). T. gondii is an obligate intracellu-
lar parasite that leads to the development of focal central
nervous system infections in patients with HIV/AIDS. In
addition, Toxoplasma is also a clinically important oppor-
tunistic pathogen that can cause birth defects in the off-
spring of newly infected mothers. The life cycle of T. gon-
dii is complex, with multiple differentiation steps that are
critical to parasite survival in human and feline hosts [1].
Although gene expression is tightly controlled in Apicom-
plexa, which is particularly evident during the cell cycle [2,
3], the molecular mechanisms underlying its regulation are
poorly understood. The initial studies suggest that histone
modifications and chromatin remodeling have an impor-
tant role in chromatin structure for gene regulation [4, 5].
Eukaryotic nuclei are enclosed by the double-membrane
nuclear envelope (NE), which is perforated by large protein
structures termed nuclear pore complexes (NPCs), allow-
ing a controlled bidirectional nucleocytoplasmic transport
of macromolecules [6]. In eukaryotes, the organization and
composition of NPCs have remained conserved throughout
evolution, and they play an important role in other biologi-
cal processes, such as chromosomal segregation mecha-
nisms, mitotic spindle formation, transcription activation,
and cytokinesis [7]. Each NPC is composed of multiple
copies of approximately 30 different proteins known as
nucleoporins (NUPs), for which the composition and struc-
ture have been largely characterized in Saccharomyces cer-
evisiae [8], mammals [9, 10], and Trypanosoma brucei [11,
12]. Strikingly, the description of the putative components
of the NPC in T. brucei led to the discovery of a conserved
protein arrangement that spans the eukaryotic kingdom
[11]. Three conserved classes of NPC proteins were previ-
ously described in yeast and humans [6]: (1) membrane-
bound nucleoporins, which link the nuclear pore to the NE;
(2) core-scaffold NUPs, which are restricted at the struc-
tural level; and (3) NUPs that are distributed on the cyto-
plasmic or nucleoplasmic face of the NE. The three distinct
structural arrangements found in eukaryotic core-scaffold
NUPs (B-propeller fold, a-solenoid fold, and a mixture of
both) were found to be conserved in T. brucei. Moreover,
the sequence of some 7. brucei core-scaffold NUPs also
encompasses phenylalanine-glycine (FG) repeats, which is
typical of NUPs [11]. The FG NUPs are known to regu-
late the transport of molecule through the nuclear pore by
extending their FG repeats region into the channel [13].
These results point to a possible ancient inheritance of the
structural components of the NPCs [11]. However, it is still
unknown whether this apparent structural conservation
between Opisthokonts (humans and yeast) and Discicris-
tates (Trypanosoma) also holds true for other distant eukar-
yotes. Apicomplexan parasites (Alveolates) may provide
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another point of comparison between eukaryotic groups.
However, although the dynamics of the nuclear pores were
described during the cell cycle of the erythrocytic forms
of P. falciparum [14] and for an individual component of
the nuclear pore (PfSec13) [15], the composition of the P.
falciparum NPC remains unknown. In 7. gondii, the NPC
has not been studied, and its components remain to be
identified.

We characterized the NPC in 7. gondii by identifying
the protein complex associated with a conserved compo-
nent of the core-scaffold NUPs. In this study, we show that
TgNup302 is an essential protein that presents a typical
perinuclear staining. In a conditional TgNup302 mutant,
controlled bidirectional nuclear-cytoplasmic transport
was severely impaired, and gene expression was also per-
turbed. Immunoprecipitation of proteins associated with
TgNup302 provide further characterization of the NPC in
T. gondii and indicate that structural conservation among
eukaryotic NUPs is also true for Alveolates.

Materials and methods
Parasite tissue culture and manipulation

Toxoplasma gondii strain RHAKu80 TaTi (a strain with
ATc inducible system and high homologous recombination;
[16]); tachyzoites were propagated in vitro in human fore-
skin fibroblasts (HFF) using Dulbeccos’s modified Eagles
medium supplemented with 10% fetal calf serum (FCS),
2-mM glutamine, and 1% penicillin-streptomycin. 7. gondii
tachyzoites were grown in ventilated tissue culture flasks
at 37°C and 5% CO,. Transgenes were introduced by elec-
troporation into tachyzoites of 7. gondii strains and stable
transformants were selected by culture in the presence of
2 uM pyrimethamine or chloramphenicol (34 mg/ml).
Clonal lines were obtained by limiting dilution. Prior to
RNA and protein purification, intracellular parasites were
purified by sequential syringe passage with 17-gauge and
26-gauge needles and filtration through a 3-um polycarbon-
ate membrane filter.

Generation of transgenic 7. gondii strains

The TgNup302 iKD line was generated using
RHAku80TaTi and a plasmid containing genomic frag-
ments encompassing 2-kb upstream the gene and 2 kb
from the predicted ATG [16]. To produce myc-tagged
TgNupl15, TgNupl34, TgNupl29, TgFACTI140,
TgNup503, TgNup407, and TGGT1_311625 proteins by
the knock-in strategy, a DNA fragment of 2-kb upstream of
the stop codon from the genomic sequence was amplified
from genomic DNA of Aku80 RH T. gondii (type 1 strain)
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and cloned in the pLIC-Myc-CAT plasmid. The plas-
mid (25 pg) was linearized with Nhel, Apal, Ncol, BstBI,
Ncol, Nsil, and Narl, respectively, and transfected in 5.10°
TgNup302 iKD tachyzoites followed by chloramphenicol
selection. The sequences of all primers used in this study
are listed in Supplementary Table 1.

Plaque assays and parasite growth assays

Plaque assays were performed using 6-well plates con-
taining human fibroblast cells infected with 200 parasites
per well in media with or without 1 pg/ml ATc, fixed after
7 days post-infection and labeled with a crystal violet
solution.

For parasite growth assays, 8 X 10° parasites per well
in a 24-well plate were incubated 4 h in normal media or
media with ATc. After coverslips were incubated for 24,
48, or 72 h, fixation and staining were carried out using for-
maldehyde and an antibody directed against the TgENO2.
The number of parasites per vacuole was counted for 100
vacuoles per condition.

Antibodies

The anti-TgENO2 rabbit [17], anti-TgChromol mouse [18],
and anti-TgNF3 [19] mouse antibodies were used at 1:1000
and 1:200 respectively. Anti-HA rabbit (Eurogentech) and
rat (Invitrogen) antibodies were used at 1:500 in IFA and in
Western blots. Anti-Myc mouse (ThermoFisher) was used
at 1:200 in IFA and 1:500 in Western blot.

Immunofluorescence assay, confocal imaging,
and morphology Microscopy

Intracellular and extracellular parasites tachyzoites were
fixed with 4% paraformaldehyde in PBS for 15 min, fol-
lowed by two PBS washes. Extracellular parasites were
dried on Teflon slides. Parasites were permeabilized with
0.1% Triton X-100 in PBS containing 0.1% glycine for
10 min at room temperature. Samples were blocked with
FCS in the same buffer and the primary antibodies were
added on parasites in the same buffer for 1h at room tem-
perature. Secondary antibody coupled to Alexa-488 or to
Alexa-594 (Molecular probes) diluted at 1:1000 was added
in addition to DAPI for nucleus staining. Confocal imaging
was performed with an LSM880 microscope (Zeiss) and
a Plan Apochromat objective (Plan Apochromat 63x:1.40
Oil DIC M27, Zeiss). Ultrastructural morphology was per-
formed using the conventional microscopy [19], except that
8% paraformaldehyde containing 0.01% glutaraldehyde
was used for cryo-IEM.

Structured illumination microscopy (SIM)

SIM was used to obtain high-resolution images using
an ElyraPS1 microscope system (Zeiss) with a 100x oil-
immersion lens (alpha Plan Apochromat 100x, NA 1.46,
oil immersion) and a resolution of 120 nm along the x—y-
axis and 500 nm along the z-axis (PSF measured on 100 nm
beads; Sampling voxel size: 0.050 um X 0.050 um x 0.150
um). Three lasers (405, 488, and 561 nm) were used for
excitation. SIM images were acquired with an EMCCD
camera (Andor Technology Ltd., UK) and processed with
the ZEN software; exposure times varied between 100 and
120 ms. Three-dimensional images were generated using a
z-step of 150 nm (total thickness ~5 um), while reconstruc-
tions and co-distributions were determined with the IMA-
RIS software (Pearson’s coefficient). We determined the
same A (red-HA signal) and B (green-Myc signal) thresh-
olds for all parasite strains. The acquisition was performed
sequentially using Zeiss Filter Sets 43HE, 38HE, and BP
420-480. Fifteen frames were acquired to reconstruct one
image (five rotations X three phases, with an SIM grating
period of 51 um for the blue channel, 42 um for the green
channel, and 34 pm for the red channel). One hundred
nanometer beads were imaged to measure the chromatic
misalignment of our system (fit procedure by the Zen soft-
ware); these parameters enabled us to further correct the
alignment on each acquired multi-channel stack.

RNA FISH

Intracellular parasites were treated with or without ATc for
48 h and purified as described earlier. The parasites were
fixed with 4% paraformaldehyde for 30 min and settled on
RNA-treated slides as previously described [20]. Cy3-oligo
d(T)40 and Cy3-18S RNA were hybridized on the slide at
50°C overnight and washed as previously described [20,
21]. After 10-min DAPI staining, the slides were mounted
on coverslips.

Cellular fractionation and Western blot for reverse
immunoprecipitation

Intracellular parasites (5x10% tachyzoites) of the
TgNup302-HA AKu80RHTaTi strain were purified on a
3-mm filter and washed twice with PBS. The parasite pellet
was resuspended in 1 mL of NEB1 buffer (10-mM HEPES
pH7.9, 1.5-mM MgClI2, 10-mM KCI, 0.5-mM DTT, 0.1-
mM EDTA, 0.65% NP40, and 0.5-mM PMSF), incubated
on ice for 10 min and centrifuged at 1500g for 10 min at
4°C. The supernatant was kept as the cytoplasmic extract.
The pellet was then resuspended with 100 pl of buffer
NEB2 (20-mM HEPES pH 7.9, 1.5-mM MgCl,, 420-
mM NaCl, 0.2-mM EDTA, 0.5-mM DTT, 25% glycerol,
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and 0.2-mM PMSF) for 10 min on ice and centrifuged at
12,000g for 10 min at 4 °C.

The supernatant was kept as the nuclear extract. The
insoluble material was extracted using an SDS buffer (2%
SDS, 10-mM Tris, and 0.2-mM PMSF) for 20 min at room
temperature and centrifuged at 12,000g for 10 min, and the
supernatant was kept. Then, 30 pl of Pierce anti-c-myc-tag
beads were washed twice with 1X TBS (50-mM Tris-HCI,
150-mM NaCl, and 0.5-mM PMSF) with centrifugation
of 4000g for 1 min between each wash. Saturation of the
beads was established with 500 puL of 1X TBS and 5 pL
of BSA (1 mg/mL) under stirring for 15 min at 4°C, and
then, the beads were washed twice as previously. Nuclear
extract and insoluble material are added to the anti-c-Myc
beads (the volume was extended to approximately 900 ul
of 1X TBS to dilute the salt concentration) and incubated
overnight at 4°C under stirring. The next day, the beads
were washed five times with 1X TBS-T (1X TBS, Tween
20% and 0.5 mM PMSF) and one time with 62.5-mM Tris
pH 6.8+PMSF, with centrifugation at 4000g for 1 min
between each wash. Finally, the immunoprecipitated pro-
teins from the beads were eluted with 1X DTT (Tris 0.5-M
pH 6.8, SDS 20%, saccharose, DTT 1 M), warmed at 95 °C
for 5 min and centrifuged at 14,000 rpm for 1 min. The
supernatants were kept to perform a Western blot.

gRNA CRISPR/Cas9 screening

To generate guide RNAs (gRNAs) to disrupt specific
TgNupl15, TgNup302, TgNup593, TgSecl3, TgNup530,
TgNup37, TgNup68, TgNup216, TgNup67, TgFACT140,
TGGT1_228100, TgNupl29, TgNupl34, TgNup407,
TgNup503, and TGGT1_311625 genes, we modified the
CRISPR Cas9-gRNA plasmid (pSAG1::Cas9-U6::sgUPRT
plasmid) as previously described [22]. To study the impact
of targeted mutations at a specific locus, RH Ahxgprt para-
sites (10.10%) were transfected with 100 ug of CRISPR
plasmids generated previously by electroporation. To esti-
mate the frequency of CRISPR/CAS9-mediated gene dis-
ruptions, 30 pL of transfection reagent was added to HFF
monolayers and analyzed by immunofluorescence staining
for GFP 24 h post-transfection.

Mass-spectrometry proteomic analysis

After denaturation at 100°C in 5% SDS, 5%
B-mercaptoethanol, 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 pro-
tein sample entered 1 cm into the separating gel. The gel
was briefly labeled with Coomassie Blue, and five bands,
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containing the whole sample, were cut. In gel, digestion of
gel slices was performed as previously described [23].

An UltiMate 3000 RSLCnano System (Thermo Fisher
Scientific) was used for separation of the protein digests.
Peptides were automatically fractionated onto a commer-
cial C18 reversed phase column (75 pumXx 150 mm, 2-um
particle, PepMap100 RSLC column, Thermo Fisher Scien-
tific, temperature 35 °C). Trapping was performed during
4 min at 5 pL/min, with solvent A (98% H20, 2% ACN
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 5%
B, 37 min from 5% B to 30% B, 5 min to 80% B, and main-
tained for 5 min. The column was equilibrated for 10 min
with 5% buffer B prior to the next sample analysis.

The eluted peptides from the C18 column were analyzed
by Q-Exactive instruments (Thermo Fisher Scientific). The
electrospray voltage was 1.9 kV, and the capillary tem-
perature was 275 °C. Full MS scans were acquired in the
Orbitrap mass analyzer over m/z 300-1200 range with res-
olution 35,000 (m/z 200). The target value was 5.00E + 05.
Ten most intense peaks with charge state between 2 and 4
were fragmented in the HCD collision cell with normal-
ized 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.

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
(version 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 fragment ions, against a composite target decoy data-
base (50,620 total entries) built with three strains of Toxo-
plasma gondii ToxoDB.org database (strains ME49, GT1,
and VEG, release 12.0, September 2014, 25,264 entries)
fused with the sequences of recombinant trypsin and a list
of classical contaminants (46 entries). Cysteine carbami-
domethylation, methionine oxidation, protein N-terminal
acetylation, and cysteine propionamidation were searched
as variable modifications. Up to one trypsin, missed cleav-
age was allowed. For each sample, peptides were filtered
out according to the cut-off set for proteins hits with two
or more peptides taller than seven residues, ion score >25,
identity score >0, and no false positive identification.
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Library preparation and RNA-Seq

RNA was extracted using Invitrogen Trizol Reagent (cat
#15596018), followed by genomic DNA removal and
cleaning using an RNase-free DNase. An Agilent 2100
Bioanalyzer was used to assess the integrity of the RNA
samples. Only RNA samples having an RNA integrity
score between 8 and 10 were used. Library preparation
was performed using the TruSeq Stranded mRNA Sample
Preparation kit (Illumina) according to the manufacturer’s
instructions. Libraries were validated using a Fragment
Analyzer and quantified by qPCR (ROCHE LightCycler
480). Clusters were generated on a flow cell within a cBot
using the Cluster Generation Kit (Illumina), and libraries
were sequenced as 50-bp reads on a HiSeq 2000 using a
Sequence By Synthesis (SBS) technique (Illumina).

Image analysis and base calling were performed using
the HiSeq Control Software and Real-Time Analysis
component. Demultiplexing was performed using Illu-
mina’s conversion software (bcl2fastq 2.17). The quality
of the data was assessed using FastQC from the Babra-
ham Institute and the Illumina software Sequence Analy-
sis Viewer (SAV). Potential contaminants were investi-
gated with the FastQ Screen software from the Babraham
Institute.

Contamination by Escherichia coli sequences was
evident in the sequenced samples. This contamination,
due to a reagent from Life Technologies (SuperScript
IT enzyme), has been eliminated by aligning sequences
(using BWA v0.7.12-r1039 [24]) to the E. coli genome
and keeping the unmapped reads for downstream
analysis.

RNA-seq reads were aligned to the Toxoplasma gondii
genome (ToxoDB-25_TgondiiGT1_Genome.fasta from
the ToxoDB Toxoplasma Genomics Resource, down-
loaded on 08/31/15) with a set of gene model annotations
(ToxoDB-25_TgondiiGT1.gff from the ToxoDB Toxo-
plasma Genomics Resource, downloaded on 08/31/15)
using the splice junction mapper TopHat 2.0.13 [25]
(with bowtie 2.2.3 [26]). Final read alignments having
more than three mismatches were discarded. Gene count-
ing was performed using HTSeq-count 0.6.1p1 (union
mode) [27]. Because the data come from a strand-specific
assay, the read must be mapped to the opposite strand of
the gene. Before statistical analysis, genes with less than
15 reads (combining all the analyzed samples) were fil-
tered out. edgeR differentially expressed genes were iden-
tified using the Bioconductor [28] package edgeR [29]
3.6.7. The data were normalized using the Relative Log
Expression (RLE) [30] normalization factors. Genes with
adjusted p-values less than 5% (according to the FDR
method from Benjamini-Hochberg) were declared differ-
entially expressed.

Quantitative real-time PCR

All primers were designed online using Primer2 v.0.4.0
and are listed in Table S1; the cDNA samples were syn-
thesized from total RNA samples using the RevertAid First
Strand cDNA Synthesis Kit (Fermentas). qRT-PCR was
carried out on an Mx3000P system (Agilent Technologies).
Individual reactions were prepared with 0.5 uM of each
primer, ~5 ng of cDNA and SYBR Green PCR Master Mix
(Applied Biosystems, CA) to a final volume of 20 ul. All
experiments were performed twice with separate biological
replicates. For each experiment, reactions were performed
in triplicate, and the expression of individual genes was
normalized to the housekeeping tubulin gene Ct values.

Quantifications

The differences of localization for TgNup115, TgNup134,
TgNup407, and TgNup503 proteins with or without ATc
treatment were calculated with the Image J Software. We
designed that a Macro which after manually determining
the parasite edge (polygon tool and manual drawing on
the phase contrast image) and the nucleus edge (threshold
based on DAPI signal) is able to determine the quantity of
Myc-tagged signal (in green) in the nucleus and the cyto-
plasm of parasites for each strain.

For each parasite, we measured the area in pm? of
regions of interest (nucleus and cytoplasm) and the inte-
grated and mean intensities in gray levels in each region.
With the different values, we calculated the ratio cytoplasm
signal versus the nuclear signal with or without ATc treat-
ment for each strain. This ratio corresponds to the inte-
grated intensity for the cytoplasm versus integrated inten-
sity for the nucleus.

Statistics

A non-parametric Student’s T test was performed where
statistical analysis was required.

Results
TgNup302 is crucial for 7. gondii growth

Computational searching through the Toxoplasma genome
database (toxodb.org) using the human Nup98/96 pro-
tein as a template revealed the existence of a protein
(TGGT1_259640) that is conserved in most eukaryotes
from yeast to mammals as an integral component of the
NPCs. We constructed a phylogenetic tree, including some
members of the Apicomplexa, Fungi, Plantae, and Eumeta-
zoa, where there is a level of characterization of the NPC
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proteome and some direct experimental information [8, 10,
11, 31, 32]. The Nup98/96 homologs from the Apicompl-
exa taxon, joining representative branch species, such as
Toxoplasma, Neospora, Eimeria, Theileria, and Babesia,
are relatively close to Eumetazoa, followed by Plantae.
Surprisingly, members of the Plasmodium species, which
belong to the Apicomplexa phylum as Toxoplasma, present
a distant branching taxon separated from the Apicomplexa
(Fig. S1). The TgNup302 gene (TGGT1_259640) is pre-
dicted to produce a long 2894-amino-acid protein contain-
ing an autocleavage domain (Pfam domain: PF04096) that
may produce two distinct N-terminal (1079 aa) and C-ter-
minal (1620 aa) peptides after self-cleavage. The presence
of GLFG repeats, a typical variant of the FG repeats pre-
sent in the human Nup98 protein, at its N-terminus and a
Nup96-like domain (PF12110) identified by the Pfam data-
base at its C-terminus is typical of this protein family. This
structure is conserved among eukaryotes, with Nup98/96
and NUP145 being the representative proteins in humans
and yeast, respectively. In vertebrates, Nup98 binds directly
to Nup96, the C-terminal half of the proteolytically pro-
cessed Nup98/Nup96 polyprotein, and is a component of
the Nup107-160 complex (the Nup84 complex in yeast) [9,
33]. However, the size of the unprocessed 7. gondii protein
(302 kDa) is much larger than in yeast (145 kDa) and in
humans (194 kDa).

To better characterize the biological role of this pro-
tein, we used a promoter replacement strategy to produce
a conditional knock-down (iKD) mutant strain. In this
strain, the expression of the TgNup302 transcript is under
the control of anhydrotetracycline (ATc) (Fig. S2) [16].
When ATc is added to the culture media, the regulatable
promoter is repressed, and the TgNup302 transcript is no
longer produced. We simultaneously added an HA-tag to
the N-terminus of the protein to follow the protein expres-
sion (Fig. S2). Because the human and yeast homolo-
gous proteins undergo a self-proteolytic cleavage, pro-
ducing two polypeptides, we also tagged the TgNup302
protein with a Myc tag at its C-terminus (Fig. S2) in the
iKD strain. Therefore, we produced a strain expressing
TgNup302 under the control of ATc and tagged at its N-
and C-termini. The correct insertion of the construction at
the TgNup302 locus was validated by genomic PCR (Fig.
S2). Using anti-HA (a-HA) and anti-Myc (a-Myc) mono-
clonal antibodies by immunofluorescence assay (IFA), we
observed that TgNup302 presented a punctate perinuclear
pattern in the parasite, consistent with nuclear pore stain-
ing (Fig. 1a). Under ATc treatment, a substantial decrease
in TgNup302 protein expression in iKD parasites was
observed for both HA- and Myc-tagged proteins. Western
blots of total protein extracts from this transgenic para-
site line revealed the expression of the two polypeptides
tagged with HA- or Myc-tags of the predicted size (150
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and 170 kDa, respectively) (Fig. 1b) in the absence of ATc
indicating the cleavage of the TgNup302 protein into two
polypeptides. Notably, TbNup158, the 7. brucei homologue
of TgNup302, does not perform self-cleavage and remains
as one polypeptide [11] and, therefore, is closer to the yeast
Nup116 or Nup100 protein.

In the presence of ATc, we observed a drastic reduction
in the signal from both tagged proteins, with an undetect-
able level after 48 h of treatment (Fig. 1b). As a first assess-
ment of the requirement for the 7gNup302 locus, we tested
the ability of parasites to grow and produce plaques on host
cell monolayers. After 7 days, the wild-type parasites grew
normally and developed equal sized plaques in the absence
or presence of ATc. Similarly, the growth of the iKD line
gave rise to normal plaque numbers only in the absence of
ATec. In the presence of ATc, the TgNup302-deficient para-
sites were unable to proliferate and form plaques (Fig. 1c),
indicating a drastic impairment of growth and/or invasion
of the parasites lacking the expression of TgNup302. This
result was confirmed by an experiment recording the num-
ber of parasites per vacuole at a given time (Fig. 1d). While
the parental strain with or without ATc showed similar
growth to that of the iKD strain without ATc for 48 h, we
noticed that the iKD-HA strain produced vacuoles with a
smaller number of parasites. This indicates that the growth
of this parasite is impaired by the absence of TgNup302
(Fig. 1d).

TgNup302 is involved in nuclear import and essential
to 18S RNA export

To validate the role of TgNup302 in the nuclear import and
export of macromolecular complexes, we examined the
localization of a nuclear marker in the iKD strain. The pre-
vious work has established the predominant nuclear loca-
tion of the glycolytic isoenzyme enolase 2 (TgENO2) [34].
We tested the localization of the TgENO2 protein by IFA
using a specific antibody (a-TgENO2) in the presence and
absence of ATc for 48 h. We observed predominant nuclear
localization of the protein in the parental strain and in the
iKD strain in the absence of ATc, as expected (Fig. 2a).
However, parasites of the iKD strain grown in the pres-
ence of ATc showed a marked delocalization of TgENO2
into the cytoplasm of the parasite (Fig. 2a). This result
was confirmed after quantification of the parasites which
showed the nuclear or cytoplasmic localization of TgENO2
(Fig. 2b). While the iKD strain without ATc and the paren-
tal parasites exhibited predominant nuclear localization of
TgENO?2, most of the ATc-treated iKD parasites exhibited
cytoplasmic localization, indicating a defect in the trans-
port of this protein in the mutant parasites.

To investigate whether TgNup302 is involved in
mRNA export, we examined the cellular distribution of
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Fig. 1 Conditional knock-down of TgNup302 and phenotypic analy-
sis. a Localization of the TgNup302 protein in the conditional knock-
down strain (tagged at its N- and C-termini) by confocal imaging
using anti-HA (N-ter) and anti-Myc (C-ter) monoclonal antibodies
under normal conditions (top) and after 48-hr ATc treatment (bot-
tom). b TgNup302 double-tagged protein expression decreases under
ATc treatment in the conditional knock-down strain. Immunoblots are
shown for total protein extracts from the wild-type and TgNup302
iKD strain in the presence or absence of ATc for 24, 48, and 72 h.
Western blots were probed with anti-HA (N-ter) and anti-Myc (C-ter)
antibodies. TgENO2 was probed as a loading control. ¢ Appropri-
ate level of TgNup302 expression is essential for parasite growth.

poly(A)+RNA in the parental and TgNup302 iKD strains
via RNA fluorescence in situ hybridization (FISH) with
labeled oligodT after 48 h with or without ATc treat-
ment. In the parental and iKD strains, localization of the
polyA +RNA was mostly cytoplasmic (Fig. S3). We also
examined the localization of the 18S ribosomal RNA using
a specific probe. In the wild-type and iKD strains with-
out 48 h of ATc treatment, most 18S RNA was found to
be cytoplasmic (Fig. 2c). In contrast, the 18S RNA signal
was mainly nuclear in the iKD parasites treated with ATc
(Fig. 2c, d). These results demonstrate that TgNup302 is
essential to 18S RNA export, a typical role of the NPC.
To test whether TgNup302 was involved in other proteins
nuclear import, we used IFA of the parental and iKD-HA
strains to evaluate the localization of a centromeric protein

Phase
contrast

Average number of parasite
per vacuole

Plaque assays were performed with 200 parasites of wild-type and
TgNup302 iKD strains with or without ATc treatment for 7 days. The
wild-type strain growth was not affected by ATc treatment (fop). In
contrast, the growth of the conditional TgNup302 knock-down strain
was dramatically impaired in the presence of ATc. d Growth assay.
Parasites from the parental (blue bars) or TgNup302 iKD (red bars)
strains were incubated with (crossed bars) or without ATc (dotted
bars) for 48 h. The number of parasites per vacuole was scored for
a minimum of 100 vacuoles. The average number of parasite is rep-
resented in this graph. The results shown are from three independent
experiments. *P <0.05; **P <0.001

(TgChromol) that was previously described to specifically
bind pericentromeric heterochromatin [18]. We also tested
the localization of a nucleolar marker (TgNF3). No differ-
ences in the localization of these proteins were observed
between the parental and iKD-HA strains in all conditions
tested (with or without ATc for 48 h) (Fig. S4).

The morphology of the parasite was assessed using elec-
tron microscopy for parental and TgNup302 iKD intracel-
lular parasites following 48 h of growth with or without ATc
treatments. No morphological differences were observed
between the parental and TgNup302 iKD strains, which pre-
sent a typical nucleus. ATc treatment had also no particular
impact on the presence of other organelles, such as rhoptries
and micronemes, for each strain, suggesting that TgNup302
is not essential for nuclear morphology (Fig. S5).
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Fig. 2 TgNup302 is involved in nuclear import and is essential for
18S RNA export. a TgNup302 is involved in the nuclear import of
the TGENO2 protein. IFA was performed on paraformaldehyde-fixed
intracellular parasites of the wild-type and TgNup302 iKD strains
using a TgENO2 antibody (a-TgENO2) and staining of the nuclear
DNA with DAPI. In the presence of ATc for 48 h, the TgENO2 pro-
tein is mislocalized in the cytoplasm of TgNup302 iKD, whereas nor-
mal nuclear localization was observed in the absence of ATc for the
parental and TgNup302 iKD strains, as expected. b TeENO2 localiza-
tion in intracellular parasites. The percentage of parasites displaying
nuclear and cytoplasmic TgENO2 signal was determined for 100 vac-
uoles in the parental and TgNup302 iKD strains with or without ATc
for 48 h after IFA using a a-TgENO2 staining. Predominant nuclear
localization of TgENO2 was observed for the iKD strain without ATc
and the parental parasites, whereas predominant cytoplasmic localiza-

Deep sequencing suggests a role for TgNup302 in gene
expression

RNA-sequencing (RNA-Seq) was carried out to study

gene expression dynamics in the TgNup302 iKD. Total
RNA was purified from tachyzoites of the TgNup302 iKD

@ Springer

b
100+
—_— W nuclear
. 80- 3 cytoplasmic
X
S 60
S
]
8 40-
[
& 204 n
0- ITI T T
< < < <
-
& ¢ e e
o an'
e\)Q QQQ
KO <O
d Lt
*hkk
100+ - _— —
BB nuclear
. 80 3 cytoplasmic
X
& 60
3
&
g 40
[
2 20
01l o -
< ] < <
£ «"\;\ o'v/\ =
e @ e
“JQ Q,&

R R
3 &
&‘§ «§

tion was observed for ATc-treated iKD parasites. The results shown
are from three independent experiments. **P <0.05; ***P <0.0001.
¢ TgNup302 is essential to 18S RNA export. RNA FISH was per-
formed on intracellular parasites treated with or without ATc for 48 h.
Parasites of the parental and TgNup302 iKD strains were hybrid-
ized with Cy3-labeled 18S oligonucleotide primers (red), and the
nuclear DNA was labeled with DAPI (blue). d 18S RNA localiza-
tion in extracellular parasites. The quantity of nuclear and cytoplas-
mic Cy3-labeled 18S signal for 100 parasites was determined for the
parental and TgNup302 iKD strains with or without ATc for 48 h. In
the parental strain and iKD strains without ATc treatment, most 18S
RNA is cytoplasmic, while it is mainly nuclear in the iKD parasites
treated with ATc. The results shown are from three independent
experiments. ***P <(0.0001

strain grown under normal growth conditions with or with-
out ATc treatment for 48 h (in triplicate). RNA-seq reads
were aligned to the Toxoplasma gondii genome with a set
of gene model annotations using the splice junction map-
per TopHat 2.0.13. The data were normalized using the
relative log expression (RLE) normalization factors. Genes
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with adjusted p-values less than 5% (according to the FDR
method from Benjamini-Hochberg) were considered dif-
ferentially expressed. Data analysis revealed significant
changes in the transcription profile of 7. gondii, with 145
genes upregulated and 65 genes downregulated (Table S2).
The predominance of upregulated genes suggests a role for
the NPC in the repression of gene expression. We exam-
ined the differential chromosomal distribution of differ-
entially expressed genes and did not identify a cluster of
differentially regulated genes (Fig. S6). Collectively, these
data suggest that TgNup302 could play a role as a repres-
sor and its absence modulates the transcriptional regula-
tion of genes that are normally repressed at the tachyzoite
stage of T. gondii. Validation of the RNA-Seq data was
also carried out using qRT-PCR in RNA samples from
the iKD TgNup302 strain with and without ATc treat-
ment for 48 h. For that, we selected five upregulated genes
with a logFC>-2 (TGGT1_258670, TGGT1_301150,
TGGT1_267160, TGGT1_270273, TGGT1_360460)
(Fig. 3a), and TgNup302 (TGGT1_259640) (Fig. 3b) as a
control. As expected, Fig. 3a clearly shows that ATc treat-
ment induced an increased steady-state mRNA level of all
five upregulated genes, while the TgNup302 transcript was
downregulated in the iKD samples treated with ATc.

New components of the 7. gondii nuclear pore
NPC components are unknown in 7. gondii. To uncover

the components of the NPC in T. gondii, we performed
co-immunoprecipitation (co-IP) experiments on the iKD
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Fig. 3 TgNup302 depletion alters gene expression. a Total RNA
purified from iKD TgNup302 parasites under either control con-
ditions or ATc treatment for 48 h were analyzed by quantitative
RT-PCR (dark bars). Genes coding for the transcripts identified
to be upregulated with ATc treatment in RNA-Seq were analyzed.
Values are presented as log2 ratios of the signal given by the sam-
ple extracted from the ATc-treated parasites relative to those under

Nup302-HA parasites using a-HA antibody followed by
mass-spectrometry identification of the co-IP proteins
(from two experiments). As a control, we performed an
a-HA immunoprecipitation on protein extracts from the
parental strain, RHAKu80TaTi. We selected the proteins
identified in both experiments but not identified in the con-
trol and those present in the control with a single peptide
(Table S3 and Table 1). Among the proteins identified and
listed in Table 1, we confirmed the presence of TgNup302
(TGGT1_259640) with peptides spanning both the N-ter-
minus and the C-terminus (Fig. S7), indicating that both
products of TgNup302 autocleavage are present in the IP
fraction. As shown for the human Nup98/Nup96 protein
[35], both polypeptides may also interact in 7. gondii.

Most of the identified proteins did not share primary
sequence conservation with known nucleoporins using
BLAST searches. However, a conserved structure was iden-
tified between distant eukaryotic NUPs [11], we, therefore,
examined the secondary structure prediction of the selected
proteins (Table 1, Fig. S8). We also searched the proteins
for other motifs using the Pfam database. Among the co-
immunoprecipitated proteins, five putative NUPs encom-
passing FG-repeat motifs (TgNup593, TgNup37, TgNup68,
TgNup216, and TgNup67) were identified. We also found
proteins with a B-propeller fold (TgSec13, TGGT1_311625,
and TGGT1_228100), including a homolog of the yeast
protein Sec13, shown to be part of the Y complex through
its interaction with Nup96 [36]. Interestingly, six of the
TgNup302-associated proteins (TgNup530, TgNup407,
TgNup129, TgNup503, TgNupl15, and TgNup134) had no

b

Bl Log2 gPCR

tachyzoites TgNup302 iKD

Fold change in minus vs plus ATc

TgNup302

control conditions (minus ATc). b Total RNA purified from iKD
TgNup302 parasites under either control conditions or ATc treatment
for 48 h were analyzed by quantitative RT-PCR. The TgNup302 gene
was analyzed alongside the TgTubulin gene, which was not affected
by ATc treatment. Values are presented as the Log2 ratio of ATc-
treated parasites relative to those under control conditions (minus
ATc)
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As expected, TgNup302 is also associated with the
putative homolog of the ribonucleic acid export 1 pro-

recognizable Pfam motif, with the exception of TgNup115,
which contains a Zinc-finger domain (CCCH). However,
these proteins do contain an a-solenoid fold, a structure
also found in other eukaryotic core-scaffold NUPs (Fig.

S8). Moreover, two of these proteins exhibited large seg-
ments of coiled-coil structure (TgNup530, TgNup407)

(Fig. S8). We further examined the sequence of these pro-
teins using a secondary structure prediction software [37].
This allowed the identification of a domain in TgNup68
(Table 1). Similarly, a domain in TgNup129 was homolo-
gous to the yeast Nic96 structure (Table 1). These data
indicate that the proteins composing the 7. gondii NPC may
have retained the same level of structural conservation as
based on the structural properties of the proteins rather than

their expected size.
also interact with the GLFG Nup98 protein [38]. Surpris-

ingly, we also found the two proteins (TgFACT140 and

TgFACTS80) corresponding to the homologs of the proteins
histone chaperone critical to nucleosome reorganization

during replication and transcription [25-27]. This obser-
vation indicates a potential interaction between the FACT

complex and the NPC in T. gondii.
To confirm the mass-spectrometry results, we performed

a reverse IP of TgNup302 using the identified partner
ing each Myc-tagged protein in the TgNup302-HA iKD

background were immunoprecipitated using anti-myc-tag
tive control. We then performed a Western blot using an
anti-HA antibody to detect TgNup302 in the eluates of

the Myc-tagged immunoprecipitates (Fig. 4). As shown
in Fig. 4a, the anti-Myc antibody failed to immunopre-

cipitate the HA-tagged TgNup302 in the absence of
able to confirm the interaction between TgNup302 and

the TgFACT140 protein, indicating a link between the
also able to co-immunoprecipitate TgNup302. We con-
firmed the presence of the TgNup302 protein in the

2, top panel). We tested whether some of the unknown
proteins with an a-solenoid fold listed in Table 1 were

Myc-tagged proteins, as expected. In contrast, we were
NPC and the FACT complex in T. gondii (Fig. 4a, line

with a strong homology to the yeast Nspl crystal structure
T. brucei NUPs. Notably, the size of the identified proteins
substantially exceeded the size of their putative homologs.
Therefore, the assigned homologs listed in Table 1 are
tein (TgRael, TGGT1_272350), which is implicated in
the mRNA export pathway in other eukaryotes, which
composing the FACT complex, which is categorized as a
proteins. Protein extracts from parasite strains express-
beads. The TgNup302-HA iKD strain was used as a nega-

Identified proteins interact with TgNup302
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Fig. 4 Identified proteins interact with TgNup302. A Nuclear extract
of ~500x 10 parasites for the TSFACT140 (line 2), TgNup129 (line
3), TgNupl34 (line 4), and TgNup407 (line 5) C-terminally myc-
tagged proteins in the TgNup302-HA iKD strain was immunopre-
cipitated using anti-myc antibodies. Extracts from the TgNup302 HA
iKD strain were immunoprecipitated using anti-myc antibodies and
used as negative controls. The immunoblot was probed with anti-HA
antibody (upper panel) to detect interactions between the N-terminal
domain of TgNup302 and the five different proteins. The same blots
were reprobed with anti-myc antibodies to verify that the myc-tagged
proteins were, indeed, immunoprecipitated (bottom panel). The
TgFACT140, TgNup129, TgNup134, TgNup407 C-terminally myc-

TgNupl29 co-immunoprecipitated proteins (Fig. 4a,
line 3). Similarly, TgNup302 was detected after immu-
noprecipitation of TgNup134 and TgNup407, indicating
that these proteins of unknown function may participate
in the NPC (Fig. 4a, lines 4 and 5, top panel). Western
blot membranes were probed with an anti-Myc antibody
to detect specific Myc-tagged proteins (Fig. 4a, bottom
panel). Using the anti-Myc antibody, the immunoprecipi-
tated proteins extracted from the TgNup302 iKD para-
site line showed no signal, as expected (Fig. 4a, line 1,
bottom panel). We confirmed the presence of each myc-
tagged protein at the expected molecular weights for
TgFACT140 (135 kDa), for TgNupl129 and TgNupl34
(130 kDa) and for TgNup407 (115 kDa). We verified
that the level of the TgNup302 protein was similar in the
starting material of each strain (Figure S9a). Similarly,
the presence of the myc-tagged proteins was checked
for the same input samples (Figure S9b). As a control,
we repeated this experiment using a strain expressing
TgNup302-HA and a myc-tagged protein (TgChromol)
that was not identified by mass-spectrometry (Fig. 4b).
After immunoprecipitation with anti-myc coated beads,
we performed a Western blot using an anti-HA antibody
to detect TgNup302 in the input and eluates (Fig. 4b left
panel). We were able to confirm the interaction between

tagged proteins in the TgNup302-HA iKD strain, and the TgNup302
HA iKD strain related inputs (produced from the same experiment)
are shown in figure S9. b Nuclear extract of ~300x 10° parasites for
the TgNup134 (positive control) and TgChromol (negative control)
C-terminally myc-tagged proteins in the TgNup302-HA iKD strain
were immunoprecipitated using anti-Myc antibodies. Extracts from
the TgNup302 HA iKD strain were immunoprecipitated using anti-
Myc antibodies and used as negative controls. The immunoblot was
probed with anti-HA (left panel) antibody to detect the TgNup302-
HA protein in the input and eluates. The immunoblot was reprobed
with an anti-myc antibody (right panel) to detect the myc-tagged pro-
teins in the input and eluates

TgNup302 and the TgNupl134 protein (Fig. 4b, line 2,
left panel). As expected, TgNup302 is not detected in
the negative control as well as in the TgChromol co-
immunoprecipitated proteins (Fig. 4b, lines 4 and 6 left
panel) but is present in the input (Fig. 4b, lines 1, 2, 3,
left panel). Western blot membranes were probed with
an anti-Myc antibody to detect specific Myc-tagged
proteins in the input and eluates (Fig. 4b, right panel).
Using the anti-Myc antibody, the immunoprecipitated
proteins extracted from the TgNup302 iKD parasite line
showed no signal, as expected (Fig. 4b, line 1 and 4, right
panel). We confirmed the presence of each myc-tagged
protein in the eluates for TgChromol (Fig. 4b, line 6,
right panel) and TgNup134 (Fig. 4b, line 5, right panel),
confirming that the myc-tagged proteins were, indeed,
immunoprecipitated.

These results confirm the interaction between the NPC
protein TgNup302 and the selected binding partners iden-
tified by mass-spectrometry.

Identified proteins localize to the T. gondii nuclear pore
To gain more information about these unknown proteins

presenting an a-solenoid fold, we tagged several of them
using a Myc-tag in the iKD TgNup302-HA strain. As a
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control, we tagged a component of the FACT complex
(TgFACT140) whose localization was anticipated to be
nuclear. Using IFA, we observed that the five potential
partners exhibited a TgNup302-like pattern (Figs. Sa,
6a and S9) in the absence of ATc (after 48 h of growth),
indicating that they may, indeed, be components of the
NPC. Therefore, we propose to rename them as TgNup
proteins, as suggested in Table 1. As anticipated, the
TgFACT140 protein showed strong nuclear localiza-
tion that extended to the perinuclear periphery (Fig. S9).
Notably, the TgNup503 protein showed a more spread
pattern that extended toward the cytoplasm of the cell
(Fig. 5a) and might not be connected to the nuclear
envelope.

We next examined whether the localization of these pro-
teins was perturbed in the TgNup302-deficient parasites. We

a DAPI aHA aMve

TgNup503
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TgNup503
+ATc

TgNup134
-ATc

TgNup134
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TgNup115
-ATc

TgNup115
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Fig. 5 Identified proteins localize to the 7. gondii nuclear pore. a
Each potential partner was tagged using a myc-tag in the TgNup302-
HA iKD strain. Endogenous TgNup302 iKD was labeled with rabbit
monoclonal anti-HA (in red), and endogenous TgNup503, TgNup134,
and TgNup115 were labeled with the mouse monoclonal anti-Myc (in
green) antibody with or without ATc after 48 h of growth. b Meas-
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performed IFA and measured the quantity of signal in the
cytoplasm and in the nucleus (as defined by DAPI staining) in
the absence and presence of ATc (Fig. 5b) in multiple vacu-
oles. We identified two proteins (TgNup115, TgNup134) with
a greater proportion of the fluorescence in the cytosol in the
presence of ATc (Fig. 5b). In contrast, TeNup503 presented
a distribution that remained unchanged after ATc treatment
(Fig. 5b). Notably, we observed that TgNup407 localiza-
tion was perinuclear in the absence of ATc and changed in
the presence of ATc, with a more pronounced localization
inside the nucleus (Fig. 6a). We measured the quantity of sig-
nal present at the nuclear periphery and inside the nucleus in
the presence and absence of ATc (after 48 h) (Fig. 6b). We
found that there was much more signal in the nucleus than at
the nuclear periphery in the presence of ATc compared to in
the absence of ATc (Fig. 6b). We examined the same ratio for
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urement of cytoplasmic and nuclear Myc signals was determined
for endogenous TgNupl15 (vertical striped bars), TgNupl34 (dot-
ted bars), and TgNup503 (horizontal striped bars) potential partners
without ATc treatment (blue) and after 48-h ATc treatment (red). The
ratio of the cytoplasmic signal versus nuclear signal was determined.
The results shown are from three independent experiments. *P <0.05



Characterization of a nuclear pore protein sheds light on the roles and composition of the... 2119

a DAPI

TgNup407
-ATc

TgNup407
+ATc

b ,0-

N
(3}
1

e
(]
1

Ratio cytoplasm signal
versus nuclear signal (Myc)
—

o
1

0.0 -
<
g
S
S éoQ
) ')

Fig. 6 TgNup407 localization is perturbed in the TgNup302-defi-
cient parasites. a TgNup407 protein was tagged using a Myc-tag in
the TgNup302-HA iKD strain. Endogenous TgNup302 iKD was
labeled with rabbit monoclonal anti-HA (in red) and endogenous
TgNup407 was labeled with mouse monoclonal anti-Myc (in green)
antibody with or without ATc after 48 h of growth. b Measurement

TgNup129 protein localization, which exhibited a punctate
perinuclear pattern that remained unchanged by ATc treat-
ment (Fig. S10). Similarly, TeFACT140 exhibited a nuclear
localization that was not perturbed by ATc treatment (Fig.
S10).

Structured illuminated microscopy imaging
of TgNup302 and its binding partners

To better characterize the structure of the NPC in T. gon-
dii, we performed structured illuminated microscopy (SIM)
on selected parasite strains. For each strain, colocaliza-
tion between TgNup302-HA and its myc-tagged protein
partner was determined by the Imaris software (Pearson’s

Phase

aMyc contrast

*kk

%

»
é\)Q on
) )

of cytoplasmic and nuclear Myc signals was determined for endog-
enous TgNup503 (horizontal striped bars), TgNup407 (empty bars)
potential partners without ATc treatment (blue), and after 48-h ATc
treatment (red). The ratio of the cytoplasmic signal versus nuclear
signal was determined. The results shown are from three independent
experiments. ***P <(0.0001

coefficient). Hence, we determined a Pearson’s coefficient
average of 0.65 for the myc-tagged TgNup302 C-terminus,
0.46 for TgNup67, 0.63 for TgNup129, 0.28 for TgNup503,
0.23 for TgNupl115, and 0.56 for TgNup134 with the HA-
tagged TgNup302 protein (Fig. 7a). Using SIM micros-
copy, we observed for four proteins (TgNup302 C-termi-
nus, TgNup67, TgNup129, and TgNup134) between 4 and
8 perinuclear co-distribution foci (indicated with white
arrows) per parasite, representing co-distribution between
HA (red) and Myc (green) staining (Fig. 7b). This may
indicate that the parasite has 4 or 8 complete NPC struc-
tures per nuclei, a number that is comparable to what was
observed in P. falciparum (Fig. 7c) [14, 39]. In contrast,
TgNup115 and TgNup503 had lower Pearson’s coefficients,
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Fig. 7 Co-distribution of new nuclear pore proteins and TgNup302.
a Co-distribution between TgNup302-N-ter HA-tag staining (in
red) and myc-tag staining (in green) for TgNup302 (C-terminus),
TgNup67, TgNup129, TgNup503, TgNup115, and TgNup134 knock-
ins. Values are measured with the Imaris software from Structured
Illumination Microscopy (SIM) (Pearson’s coefficient in ROI vol-
ume). ***P <0.0001. b SIM images representing the co-distribution

displaying a lower number of foci per parasite and indicat-
ing that these proteins may only be transiently interacting
with NPCs (Fig. 7b, c).

CRISPR/Cas9 screening reveals the importance
of the TgNup503 and TgNup134 proteins
for nuclear-cytoplasmic shuttling

The previous studies have shown that combining CRISPR/
CAS9 with sgRNAs can be used to generate site-specific
double-strand breaks in the target DNA that are repaired
by non-homologous-end joining, leading to short inser-
tions and deletions that inactivate the gene [40]. Recently,
the CRISPR/CASY system was adapted to 7. gondii with
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TgNup302

TgNup67

of TgNup302 (C-ter), TgNup67, TgNup129, TgNup503, TgNupl15,
and TgNupl34 proteins tagged using a Myc-tag (in green) in the
TgNup302-HA (in red) iKD strain (highlighted by white arrows).
¢ Number of pores per nucleus in TgNup302 (C-ter), TgNup67,
TgNup129, TgNup503, TgNup115, and TgNup134 knock-ins. Values
are measured with the Imaris software from Structured Illumination
Microscopy (SIM). ***P <0.0001

a plasmid expressing a nuclear-localized CAS9 fused to
green fluorescent protein (CAS9-NLS-GFP) driven by
the SAG1 promoter and a single guide RNA (sgRNA)
driven by the T. gondii U6 (TgU6) promoter [22]. We used
CRISPR/Cas9 and a single gRNA placed downstream
of the ATG to target the 15 proteins previously identi-
fied by co-immunoprecipitation with the TgNup302 pro-
tein (Table 1). As a control, we used a sgRNA targeting
a non-essential gene (TgAlbal) [20]. For each construct,
GFP expression was monitored to determine the transfec-
tion efficiency at 24 h after electroporation, revealing that
~30-70% of cells received the plasmid (Fig. S11). We used
IFA to determine the localization of the TgENO?2 protein, a
nuclear marker. We determined the percentage of vacuoles
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that were GFP-negative and had cytoplasmic TgENO2
staining, as a control. We also scored the percentage of
vacuoles that were GFP-positive (CAS9-expressing) and
had cytoplasmic TgENO?2 staining, illustrating the impact
of the potentially mutated gene on the TgENO2 localiza-
tion (Fig. 8). As expected, no differences were observed
between these two scores for the parasite expressing CAS9
and the sgRNA targeting TgAlbal. Similarly, most of the
targeted genes did not result in an increase in the number
of vacuoles that had cytoplasmic TgENO2 and were GFP-
positive. In contrast, the parasite expressing Cas9 and an
sgRNA directed against the TgNup302 gene presented a
drastic increase of the cytoplasmic TgENO?2 signal (Fig. 8),
in good concordance with the phenotype observed with the
iKD strain (Fig. 2b). Interestingly, for sgRNA targeting the
TgNup503 and TgNup134 genes, we observed a higher per-
centage (93 and 57%, respectively) of GFP-positive vacu-
oles with cytoplasmic TgENO2 staining than that of GFP-
negative vacuoles with cytoplasmic TgENO2 staining (14
and 16%, respectively) (Fig. 8). Collectively, these results
may indicate that in addition to TgNup302, the TgNup503
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Fig. 8 CRISPR-Cas9 screening reveals the importance of the
TgNup503 and TgNupl34 proteins for the nuclear localization
of TgENO2. The TgNup503 and TgNupl34 proteins are impor-
tant for the nuclear localization of the TgENO2 marker. IFA was
performed on paraformaldehyde-fixed intracellular parasites
of TgNupll5, TgNup593, TgNup302, TgNupl34, TgNup503,
TgNup530, TgFACT140, TgNup67, TgNup37, TgNup68, TgNup216,
TGGT1_228100, TgNup407, TgSecl3, TgNupl29 strains, and
TgAlbal as a control using the TgENO2 antibody (a-TgENO2) and
staining of the nuclear DNA with DAPI. The percentage of GFP-neg-
ative vacuoles with cytoplasmic TeENO?2 and the percentage of GFP-
positive vacuoles with cytoplasmic TgENO2 were determined. The
results shown are from three independent experiments. **P <0.05

and TgNup134 proteins are essential for the nuclear locali-
zation of TgENO2.

Discussion

Nuclear pore complex components have widely been stud-
ied in yeast and humans. More recently, NUP proteins were
uncovered in a distant eukaryote, T. brucei [11, 12]. Strik-
ingly, structural conservation is a key feature of 7. brucei
core-scaffold NUPs compared to those in yeast and humans.
Using T. gondii as a model Apicomplexa, we investigated
the role and the composition of the nuclear pore from
another distant eukaryotic branch, the Alveolates. Using
a conserved nuclear pore protein (TgNup302) homolog of
the NUP98/96 and NUP145 proteins in humans and yeast,
respectively, we identified potential interacting proteins.
Interestingly, TgNup302 has all the features of its human
and yeast homologs, including the family-specific GLFG
repeats. T. brucei presents only one GLFG repeat protein
that does not contain an autocleavage domain, as observed
for the yeast Nup100 protein. This indicates that in distant
eukaryotes, the GLFG repeat motif is a key feature that was
retained during evolution. Because of the stringency of our
protocol and as shown by the characterization of the iden-
tified proteins, we believe that a significant number of T.
gondii NUPs was identified during the course of this study.
Among these proteins, we purified proteins encompassing
FG (phenylalanine-glycine)-repeat motifs, which are dis-
tinctive of NPC components. In fact, it was shown that a
proportion of NUPs are composed of FG repeats, which
function is to mediate the passage of transport receptors
and their cargos with selectively gated transport [7].
Moreover, other proteins, bearing no recognizable
motifs, presented structural features that are shared with
eukaryotic NUPs. We further showed that their localization
corresponds to known T. gondii NUPs, indicating that they
may participate in the parasite NPC. This correlates with
earlier studies identifying 7. brucei NUPs [11, 12]. Indeed,
structural conservation led to the hypothesis of an ancient
inheritance of the core-scaffold NUPs. This hypothesis is
confirmed by our study identifying NUPs in Alveolates. We
also noted that most of the proteins that co-immunoprecip-
itated with TgNup302 were very large compared with their
eukaryotic counterparts. This is also true for the TgNup302
protein itself. This may indicate that fewer proteins are
needed to produce a functional nuclear pore in 7. gondii.
During the course of this study, we also character-
ized the biological function of TgNup302, demonstrat-
ing its role in the nuclear transport of proteins and rRNA.
When TgNup302 was depleted, these vital functions were
impaired, and as a consequence, the parasite rapidly dies.
It is worth noting that the nuclear pore structure is still
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present in the TgNup302-depleted parasites, because
some of the nuclear pore proteins exhibited normal
localization (TgNup67 and TgNupl29). The remain-
ing nuclear pore structure may also still be sufficient for
the active transport of the large ribonucleoprotein com-
plexes, insuring the nuclear export of polyA + mRNAs.
This indicates that TgNup302 performs specific roles in
the complex, as shown for NUP98/96 and NUP145, the
representative human and yeast homologs, respectively.
In fact, deletion of the essential Nupl45 gene results in
a defect not in protein import but in polyA + RNA export
[41, 42]. Moreover, NUP98 plays a specific role in RNA
export from the nucleus, and it appears to be an essen-
tial component of multiple RNA export pathways [43,
44]. NUP98 functions as a docking protein for the cyto-
sol-mediated docking of a model import substrate. The
docking function was localized to the N-terminal half of
NUP9S, which contains all its GLFG repeats [45]. How-
ever, we cannot exclude the possibility that an undetect-
able amount of TgNup302 is still present at the nuclear
pore after 48 h of ATc treatment, therefore, allowing the
passage of mRNAs but not rRNA. We also noted that the
nuclear marker TgENO2 was mainly cytoplasmic in the
TgNup302-depleted parasite. However, the localization of
a nucleolar marker, TgNF3, or that of a pericentromeric
marker (TgChromol), was not affected after 48 h. This
may be explained by the presence of multiple nuclear
import pathways in the parasite, as previously suggested
by a genomic identification of potential import factors
[46]. While the expected molecular weight of TgNF3
(34 kDa) would allow this protein to diffuse freely in the
nucleus through the nuclear pore, TgChromol (98 kDa)
exceeds the size cutoff (approximately 40 kDa) for pas-
sive diffusion of molecules. Alternatively, this might
reflect the differences in the dynamics of nuclear import
of these proteins, especially in parasites for which growth
is altered by TgNup302 depletion.

Using SIM imaging, we identified two proteins
(TgNup115 and TgNup503) that associate with TgNup302
to a much lesser extent. These proteins may represent trans-
porters that transiently associate with the NPC and should
be investigated further, as this class of proteins is under-
represented in Apicomplexa genomes [46]. In particular,
TgNupll5 presents a CCCH zinc finger that may bind
RNA and, therefore, play a role in RNA transport. Over-
all, we estimated that the number of nuclear pores in T.
gondii tachyzoites to be between 4 and 8, a number that is
close to what was observed in P. falciparum [14]. However,
epitope-tag availability and the microscopy limitations may
have hampered the identification of proteins and, therefore,
may have led to an under-estimation of the pore number.

To further investigate the potential components of the
T. gondii nuclear pore, we performed a CRISPR/Cas9
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screen. We used the ability of the 7. gondii RH strain to
perform non-homologous recombination after Cas9 cleav-
age, leading to mutations in the target gene that may impair
its expression. Using TgENO2 as a nuclear marker, we
identified two other proteins (TgNup503 and TgNupl34)
that showed a marked defect in TgENO2 localization in
addition to TgNup302. Given the TgNup503 localization
and its association with TgNup302, we believe that these
data reinforce the hypothesis that this protein plays a major
role in the TgENO2 import and potentially other proteins.
TgNup503 localization is not dependent on the presence of
TgNup302, and, therefore, it may associate with other pro-
teins of the NPC.

The TgNupl34 protein strongly associates with
TgNup302 and is delocalized in the absence of TgNup302.
Therefore, it may associate with the NPC through its inter-
action with TgNup302 and may represent a peripheral NUP.
TgNup134 may also have a role in nuclear import. Further
studies should be performed to validate this hypothesis.

In T. gondii, the previous studies hypothesized a model
of centromere sequestration, in which centromere attach-
ment to the centrocone, a subcompartment of the nucleus,
serves as an organizer of chromosome apical region loca-
tion throughout the parasite cell cycle [18, 47]. We hypoth-
esized that centromeric heterochromatin could be anchored
through protein components of the nuclear membranes via
nucleoporins. In the TgNup302 iKD mutant, in the pres-
ence of ATc, we showed that a marker of the pericentro-
meric heterochromatin is still sequestered at all times of the
cell cycle, indicating that TgNup302 depletion is not suf-
ficient to uncouple the potential link between nuclear pore
and centromeric heterochromatin. However, as previously
shown, TgNup302 depletion is not sufficient to fully abro-
gate the NPC presence at the nuclear membrane. Therefore,
other proteins in the remaining NPC may still interact with
centromeric heterochromatin. Moreover, TgNup302, a FG
nucleoporin, may not have a direct access to chromatin as
nuclear basket nucleoporin would [48]. Alternatively, pro-
teins directly interacting with the nuclear membrane may
be involved in centromere sequestration at the nuclear
periphery.

Finally, RNA-seq revealed that most of the transcripts
that are impacted in the iKD mutant when TgNup302 is
depleted are upregulated. This indicates a potential role
of the TgNup302 protein in regulating gene expression.
Further experiments are needed to explore the potential
role of the NPC in T. gondii gene expression. Because the
parasites lacking TgNup302 are severely affected, a kinetic
experiment was not performed and would be useful to iden-
tify the genes that are impacted early after the depletion of
TgNup302. In higher eukaryotes, an alternative splice vari-
ant of the Nup98/96 transcript produces a shortened version
of the Nup98/96 polypeptide corresponding to the Nup98
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protein with a stop codon inserted after the auto-proteolytic
domain. This polypeptide is found in the intranuclear pool
and can interact with chromatin [49]. Such splicing variants
were not detected by in the RNA-seq data available on Tox-
oDB. Interestingly, TgNup129 was found to be a structural
homolog of the Nup93 (or Nic96 in yeast) protein. This
protein was shown to interact at multiple loci on chromatin
[50]. Further experiments should be performed to validate
this hypothesis.

The presence of the HDAC3 protein in the IP (Table S3)
may indicate that 7. gondii NPCs are recruiting repression-
specific complexes at the nuclear periphery. TeHDAC3 has
been implicated in the control of the expression of brady-
zoite-specific genes during differentiation [51]. Therefore,
the NPC may have a role in maintaining the repression state
for those loci. However, these genes were scattered in the
genome, which may indicate that some genomic regions
may contact the nuclear periphery, resulting in the repres-
sion of gene expression, a mechanism widely recognized in
other eukaryotes [48] that was never investigated in T. gon-
dii until now.

We also showed that TgNup302 is able to interact with
two members of the FACT complex. Indeed, the FACT
complex is involved in the reorganization of the nucleo-
some structure during crucial processes, such as DNA rep-
lication and transcription elongation [52]. Proteins involved
in transcription elongation have already been associated
with the NPC [53], but the specific role of the FACT com-
plex at the nuclear periphery was not investigated. Nota-
bly, a genetic interaction was identified in yeast between
the Pob3 gene (a homolog of TgFACTS80) and the Nup100
gene, coding for a GLFG NUP (homologous to TgNup302)
[54]. The FACT complex is also known to be required
for proper export of mRNA either by favoring an efficient
mRNA splicing [55] or through a direct interaction with
mRNA export factors [56]. Therefore, we hypothesize that
T. gondii, and possibly other apicomplexan parasites, may
have evolved a strong link between gene transcription, elon-
gation, splicing, and export of mRNA. The FACT complex
might, therefore, facilitate the export of mRNPs through
the NPC in T. gondii. This would allow, as shown for other
eukaryotes, the rapid expression of genes in 7. gondii.

In conclusion, we uncovered novel members of the
nuclear pore in 7. gondii and also identified novel proteins
that may have a role in the nuclear-cytoplasmic transport of
proteins. TgNup302 is an essential protein that may be used
as a tool to investigate the role of the T. gondii nuclear pore
in regulating gene expression.
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