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Abstract

Toxoplasma gondiiis a foodborne pathogen that can cause severe and life-threatening infec-
tions in fetuses and immunocompromised patients. Felids are its only definitive hosts, and a
wide range of animals, including humans, serve as intermediate hosts. When the transmissi-
ble bradyzoite stage is orally ingested by felids, they transform into merozoites that expand
asexually, ultimately generating millions of gametes for the parasite sexual cycle. However,
bradyzoites in intermediate hosts differentiate exclusively to disease-causing tachyzoites,
which rapidly disseminate throughout the host. Though tachyzoites are well-studied, the
molecular mechanisms governing transitioning between developmental stages are poorly
understood. Each parasite stage can be distinguished by a characteristic transcriptional sig-
nature, with one signature being repressed during the other stages. Switching between
stages require substantial changes in the proteome, which is achieved in part by ubiquitina-
tion. F-box proteins mediate protein poly-ubiquitination by recruiting substrates to SKP1, Cul-
lin-1, F-Box protein E3 ubiquitin ligase (SCF-E3) complexes. We have identified an F-

box protein named Toxoplasma gondii F-Box Protein L2 (TgFBXL2), which localizes to dis-
tinct perinucleolar sites. TgFBXL2 is stably engaged in an SCF-E3 complex that is surpris-
ingly also associated with a COP9 signalosome complex that negatively regulates SCF-E3
function. At the cellular level, TgFBXL2-depleted parasites are severely defective in centro-
some replication and daughter cell development. Most remarkable, RNAseq data show that
TgFBXL2 conditional depletion induces the expression of stage-specific genes including a
large cohort of genes necessary for sexual commitment. Together, these data suggest that
TgFBXL2 is a latent guardian of stage specific gene expression in Toxoplasma and poised to
remove conflicting proteins in response to an unknown trigger of development.
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Author summary

Toxoplasma gondii exists as three major forms—disease-causing tachyzoites, transmissible
bradyzoites, and sexual stages that develop in felid intestines. Each stage is typified by
stage specific genes that are silenced in other stages and proper silencing is important for
parasite growth. Previously, we identified in Toxoplasma a family of proteins, called F-
box proteins, that are the substrate recruiting subunits of the SCF-E3 ubiquitin ligase
complex. Of these, TgFBXL2 is predicted to be the most important for tachyzoite growth.
Here, epitope-tagged TgFBXL2 was found to localize to a perinucleolar compartment in
tachyzoites without apparently interacting with chromatin. A TgFBXL2 conditional
expression strain revealed that TgFBXL2 is an essential tachyzoite gene whose loss leads to
centrosome replication and daughter cell development defects. Next, we used RNAseq
analysis to identify TgFBXL2-regulated genes and found that its loss led to the aberrant
expression of non-tachyzoite stage specific genes including many sexual stage genes.
Interestingly, TgFBXL2 interactome analyses revealed that the TgFBXL2-containing SCF-
E3 is associated with the COP9 signalsome, which is a negative regulator of the SCF-E3
but does not interact with other known regulators of stage specific gene expression.
Together, these data reveal TgFBXL2 as a novel negative regulator of stage specific gene
expression.

Introduction

Toxoplasma gondii is an intracellular apicomplexan parasite that is responsible for one of the
world’s most widespread parasitic infections; an estimated one-third of humans worldwide are
infected [1]. Toxoplasma infections can occur by ingesting either of the parasite’s transmissible
forms: bradyzoites that reside inside tissue cysts or sporozoite-laden oocysts [2,3]. Upon inges-
tion by an intermediate host, the parasite differentiates into tachyzoite, the rapidly dividing
and highly motile form of Toxoplasma, which disseminate rapidly throughout the host’s body
[4,5]. Tachyzoites replicate via unique process termed endodyogeny in which two daughter
parasites develop within and emerge from the mother parasite. In response to the host’s
immune response as well as antiparasitic drug treatments, the parasite forms bradyzoite-con-
taining tissue cysts, evading elimination and establishing a chronic infection [4,6]. However,
for individuals who are unable to mount an appropriate immune response, Toxoplasma can
cause debilitating and life-threatening disease via uncontrolled parasite growth and immune-
mediated tissue damage [1,6-13].

Although the parasite has a remarkable ability to infect a diverse range of warm-blooded
animals as intermediate hosts, domestic cats and other felids are the only definitive host [14].
When felids ingest tissue cysts, the parasite differentiates into merozoite that replicates by a
very distinct endopolygenic process named merogony, [15]. Several rounds of asexual division
and amplification are followed by differentiation into macro- and microgamonts [16,17]. Fer-
tilization results in immature oocysts that are shed with the feces into the environment where
they become infectious over the course of several days [18,19].

Tachyzoites and merozoites can be distinguished by their respective transcriptional sig-
natures, with each being repressed during the other stage [20]. Recent advances in under-
standing Toxoplasma genetic reprogramming have uncovered several transcription factors
and epigenetic modifiers, yet the mechanisms linking gene expression and stage transitions
remain poorly understood [21-23]. Switching between stages requires significant changes
in protein profiles mediated in part by posttranslational modifications such as poly-
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ubiquitination, which mediates a substantial fraction of protein turnover and cell differen-
tiation [24,25]. Significantly, derepression of sexual stage specific gene expression in
tachyzoites leads to parasite death likely due to their conflicting replicative processes
[21,26,27].

E-box proteins (FBPs) function in several key processes, including cellular differentiation,
transcription, and cell cycle progression [28-31]. FBPs are a family of proteins defined by the
presence of an F-box domain, a region of about 40 amino acids that docks with SKP1 [32,33].
FBPs mediate protein ubiquitination by recruiting substrates to SKP1/Cullin-1/FBP/RBX1
containing E3 ubiquitin ligase (SCF-E3) complexes [34-40]. Previously, we identified 18 puta-
tive FBPs in the Toxoplasma genome and a CRISPR screen indicated that the Toxoplasma F-
box Protein L2 (TgFBXL2) is the FBP most required for parasite fitness [41,42]. TgFBXL2 is
one of two L-type F-box proteins in Toxoplasma that have a C-terminal region comprising a
series of leucine-rich repeats (LRRs). LRRs are commonly found in FBPs of other organisms
where they mediate contact with substrates for poly-ubiquitination.

Here, we report that TgFBXL2 localizes to a distinct nuclear site and is essential for tachy-
zoite growth due to its role in regulating centrosome replication and daughter cell biogenesis.
Most remarkably, TgFBXL2 conditional depletion induces the expression of genes involved in
sexual commitment such as merozoite restricted surface-related genes (SRGs) and GRA80.
Interestingly, our RNA seq data do not indicate down-regulation of tachyzoite-expressed
genes, indicating TgFBXL2 conditional depletion mostly promotes activation of pre-sexual
and sexual transcription in tachyzoites.

Results
Identification of TgFBXL2 as a SCF-E3 Subunit

Earlier, we identified candidate F-box proteins by interrogating the Toxoplasma genome and
TgSKP1 interactome and identified TgFBXL2 with medium confidence as a candidate
TgSKP1 interacting protein [42]. TgFBXL2 (TGGT1_313200) contains 832 amino acids and
has 12 LRR sequence motifs that are predicted to fold into a solenoid-like structure character-
istic of substrate receptor domains found in many FBPs (S1 Fig). Upstream of the LRR motifs
lies an F-box-like sequence that likely explains its presence in the TgSKP1 interactome [42].
Upstream of the F-box motif are two predicted nuclear localization signals. These sequence
motifs are conserved in most Apicomplexa; however, the F-box motif sequence and the NLS
motifs diverge dramatically in non-Sarcocystid species, including Plasmodium spp. The
remainder of the TgFBXL2 sequence is very poorly conserved even in the closely related para-
site Neospora caninum.

Because TgFBXL2 was found using a genome-wide CRISPR screen to be important for par-
asite fitness, we created a TgFBXL2 conditional expression strain by replacing the TgFBXL2
endogenous promoter in the TATiAKu80 strain with an anhydrotetracycline (ATC)-respon-
sive promoter and an amino-terminal 3xHA epitope tag cloned in frame to generate the
HATGFBXL2 strain [43] (Fig 1A and 1B). Western blotting lysates from "*TgFBXL2-expres-
sing parasites but not the parental TATiAKu80 strain with anti-HA antibodies revealed a single
immunoreactive band at ~100 kDa, which is the approximate expected molecular weight of
HATGFBXL2 (Fig 1C; Input). Immunoprecipitating "*TgFBXL2 with anti-HA and Western
blot detection of TgSKP1 in the immunoprecipitates confirmed TgFBXL2/TgSKP1 interac-
tions (Fig 1C; IP).

We next analyzed the TgFBXL2 interactome using co-immunoprecipitation (co-IP) meth-
odology targeting the N-terminal 3xHA tag. Interactome experiments were performed in 3
biological replicates, with 3 technical replicates each. We identified and quantified a total of
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Fig 1. TgFBXL2 is a Toxoplasma F-box protein. (A). Schematic illustration of " TgFBXL2 anhydrotetracycline (ATC)-mediated gene
expression. The endogenous promoter of TgFBXL2 was replaced with a SAG4 promoter construct in which a tetracycline transactivator (tTA)
binding element was cloned upstream. Addition of ATC reduces transcription by preventing tTA binding to the tetracycline responsive
promoter. (B). PCR of "ATgFBXL2 genomic DNA showing correct integration of anhydrotetracycline responsive promoter using primers F2
and R1 as show in A. (C). Lysates prepared from "ATgFBXL2 and parental TATiAKu80 were either Western blotted (Input) or incubated with
anti-HA antibodies (IP) that were captured by Protein G Sepharose. " TgFBXL2 and TgSKP1 were detected in lysates (input), flow through
(FT), and immunoprecipitates (IP) by Western blotting with anti-HA and TgSKP1 antibodies. (D). Volcano plot of identified proteins in large-
scale lysates immunoprecipitated with anti-HA beads and analyzed by MS. Proteins in red were 10-fold enriched from the "ATgFBXL2 strain vs.
parental with P-value <0.01 and therefore are considered bona-fide TgFBXL2 interactors. Relaxing the p-value to <0.05 resulted in 3 additional
proteins that are likely to be false positives. See S1 Table for complete dataset. Protein candidates were selected from a list of protein hits that
were detected in multiple replicates and minimally recovered with parental strain. Proteins known or predicted to interact with TgSKP1 are
underlined. See S1 Table for origin of protein labels and more information about control data. (E) Protein abundances based on quantification
of detected peptides for TgFBXL2 and its interactors, normalized to TgFBXL2 abundance. Values represent results from 3 biological replicates,
with 3 technical replicates each. The box represents 75% of the range, and the internal bars represent the median. See S1 Table for complete
dataset. Protein candidates were selected from a list of protein hits that were detected in multiple replicates and minimally recovered with
parental strain. Proteins known or predicted to interact with TgSKP1 are underlined. See S1 Table for origin of protein labels and more
information about control data.

https://doi.org/10.1371/journal.ppat.1012269.g001

757 proteins: 317 at high confidence (FDR <1%), 112 at medium confidence (1% <

FDR < 5%), and 328 at low confidence (5% < FDR < 10%). Gene ontology analysis of the
high and medium confidence interactors revealed that these genes encode proteins that func-
tion in diverse biological processes with those associated with protein metabolism as the pri-
mary one identified (S1 Table). Ten proteins satisfied the criterion of being detected by at least
2 peptides at an FDR rate of <1%, at a level >10-fold in " TgFBXL2 parasites vs. the untagged
parental strain with a P <0.01 (Fig 1D). In addition to "*TgFBXL2, these proteins include
SCF components Cullin-1 and TgSKP1, several homologs of COP9-signalosome components
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(CSN1, CSN2, CSN3, CSN5, CSN6, and CSN7), a small ribonucleoprotein G homolog, and a
small unknown protein comprising 185 amino acids and classified as a putative heat-shock
protein 20 family member (S1 Table). Relaxing the 10-fold enrichment confidence to P <0.05
yields, in addition, a thioredoxin-like cytoplasmic protein, a filament type protein, and an
abundant secretory protein not expected to contact TgFBXL2. The appearance of these likely
false-positive hits suggests that the primary interactors accessible by this method have been
achieved.

Cullin-1 is highly represented in the TgFBXL2 co-IPs (Fig 1E) and has a similar number of
amino acids but it cannot be assumed to be stoichiometrically associated with TgFBXL2 owing
to the many variables involved in detecting and quantitating peptides that compose proteins.
Nevertheless, it is clear that at least a substantial fraction of TgFBXL2 is associated with the
SCF complex, which is supported by the presence of TgSKP1. The most striking observation is
that 6 of the 8 predicted subunits of the COP9 signalosome (CSN) were detected at substantial
levels. The CSN is an enzyme complex that mediates the deneddylation of Cullin-1, which in
turn normally allows Cullin-1 to associate with CANDI. Cullin-1/CANDI1 is unable to com-
plex with FBP/SKP1 complexes. The stable binding of the CSN with SCF(TgFBXL2) complexes
as implied by these findings is unusual and was not observed in an analysis of the SKP1 inter-

FT8FBXL2

actome [42] suggesting that a substantial fraction of the SC complex is held in an inac-

tive state.

Loss of TgFBXL?2 Severely Impacts Toxoplasma Growth

To test whether TgFBXL2 is an essential tachyzoite gene, we first confirmed that "*TgFBXL2
protein was successfully downregulated after 24 h treatment with 1 pg/mL ATC (Fig 2A).
Using this "*TgFBXL2 conditional mutant, we performed plaque growth assays and found
that "ATgFBXL2-depleted parasites were unable to form plaques, indicating that TgFBXL2 is
essential for tachyzoite growth (Fig 2B). Next, "*TgFBXL2 and parental TATiAKu80 parasites
were grown for 24 h in the absence or presence of ATC and then fixed. Fixing after 24 h allows
us to capture vacuoles before they lyse. Staining parasites by immunofluorescence (IFA) detec-
tion of the plasma membrane marker (SAG1), we first counted the numbers of vacuoles pres-
ent to assess whether invasion was affected by loss of TgFBXL2. We found similar numbers of
vacuoles were present (Fig 2C). Next, we examined replication by enumerating numbers of
parasites per vacuole and found no dramatic differences although we did note a small but sig-
nificant decrease in vacuoles containingl6 parasites (Fig 2D). It is possible that the limited rep-
lication defects were due to inefficient depletion of TgFBXL2 protein following 24 h treatment
with ATC. To address this, we investigated whether a longer ATC pretreatment would result
in a more pronounced replication defect and therefore incubated the parasites with ATC for
48 h before performing the replication assays. The data revealed no significant difference
between parasites pretreated with ATC for 24 h vs 48 h (Fig 2E and 2F). These data indicate
that TgFBXL2 did not play a significant role in either tachyzoite invasion or replication, which
contrasts with the severe growth defect observed in the plaque assay.

Loss of TgFBXL2 Affects Synchronicity of the Tachyzoite Cell Cycle

Tachyzoites replicate by a unique process termed endodyogeny where the two daughter para-
sites develop within the mother [44,45]. Normal endodyogeny progression depends on the
tight regulation of centrosome duplication, which happens once and only once per cell cycle
[46,47]. To test whether loss of TgFBXL2 functions in centrosome duplication, "*TgFBXL2
parasites were grown in the absence or presence of ATC, fixed 24 h later and stained with
TgCentrin-1/IMC3 antibodies to detect the centrosome outer core and inner membrane
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Fig 2. TgFBXL2 is important for Toxoplasma growth. (A). Lysates from " TgFBXL2 or parental TATiAKu80 tachyzoites grown

for 24 h + 1ug/mL ATC were Western blotted to detect "*TgFBXL2 or Histone H3 as a loading control. (B). "ATgFBXL2 or

TATiAKu80 parasites were grown for 7 days on HFF monolayers in the absence or presence of 1ug/ml ATC. Representative images
from 3 independent experiments performed in triplicate. (C and E). Invasion was assessed by determining numbers of vacuoles
detected per 100 host cell nuclei after 24 h or 48 h ATC pre-treatment respectively. N = 3. Significance was analyzed using 2-way
ANOVA. (D and F). Replication was determined by counting the number of parasites per vacuole after 24 h or 48 h ATC pre-

treatment respectively.

https://doi.org/10.1371/journal.ppat.1012269.9002

complex (IMC), respectively. We found that although some "*TgFBXL2-depleted parasites
showed normal distribution of one centrosome per daughter cell (Fig 3A) others showed an
increased number of centrosomes that did not match the number of daughter cells (* in Fig

3A and 3C).

We next examined whether loss of TgFBXL2 negatively impacts daughter cell development.
HATGEBXL2 parasites were grown in the absence or presence of ATC, fixed 24 or 48 h later
and stained to detect SAG1 and acetylated tubulin, to mark recently synthesized subpellicular
microtubules [48]. In contrast to TgFBXL2-replete parasites that formed only two daughter
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Fig 3. Loss of TgFBXL2 affects Tachyzoite Cell Cycle progression. (A). "*TgFBXL2 parasites were grown for 24 h + 1 ug/mL
ATC. Cells were fixed and stained to detect IMC3, parasite’s centrosomes (TgCentrin-1) and DNA. (*) highlight
HATGFBXL2-expressing parasites showing increased number of centrosome staining. (B). "*TgFBXL2 parasites were grown for
either 24 h or 48 h on HFF monolayers + ATC, then fixed and stained to detect subpellicular microtubules (Ac. tubulin), plasma
membrane (SAG1) and DNA. (*) highlight "TgFBXL2 parasites showing more than 2 daughter parasites. Bars = 1 um in top and
middle panel and 2 pm in bottom panel. Quantification of vacuoles with increased number of centrosomes (C) or with
asynchronous replication (D) at the indicated times. Data represents averages + standard deviations of 3 independent experiments
with at least 50 parasites examined/experiment. *, P < 0.001, One-Way ANOVA.

https://doi.org/10.1371/journal.ppat.1012269.9003

cells per mother (Fig 3B upper panel and Fig 3C), " TgFBXL2-depleted parasites showed an
increased number of daughter cells per mother after 24 h ATC treatment (* in Fig 3B middle
panel). This phenotype became more prominent at 48 h ATC treatment (Fig 3D) when it was
also possible to observe parasites failing to divide (* in Fig 3B bottom panel). Importantly,
these phenotypes were not due to off-target effect of ATC since its treatment of the parental
TATiAKu80 strain did not lead to an increase in either replication phenotype (Fig 3C and 3D)
beyond those that was previously reported [49,50]. Collectively, these data suggest that
TgFBXL2 is critical in controlling centrosome duplication and daughter cell development,
which ultimately leads to asynchronized and unsuccessful divisions in "*TgFBXL2-depleted
parasites.
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Fig 4. Loss of TgFBXL2 causes apicoplast biogenesis defect. (A). " TgFBXL2 parasites were grown for 24, 48, or 72 h on HFF
monolayers + 1 pug/mL ATC. Cells were fixed and stained to detect plasma membrane (SAG1), apicoplast (TgAtrx1) and DNA.
Shown is representative image from parasites infected for 24 h. Arrows indicate "*TgFBXL2 parasites lacking apicoplast staining,
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p < 0.001, Two-Way ANOVA. (C). qPCR was used to quantify apicoplast genome in "*TgFBXL2 parasites grown for 24, 36, or 48 h
on HFF monolayers + ATC. Actinonin and clindamycin were used as positive inhibitors of apicoplast genome replication. Shown
are means and standard deviations from 4 independent experiments. (P <0.05, one-way ANOVA). (D). HATgFBXLZ parasites
were grown for either 24 h or 48 h on HFF monolayers + ATC, then fixed and stained to detect parasite’s centrosomes (TgCentrin-
1), apicoplast (TgAtrx1) and DNA. Arrowheads indicate "ATgFBXL2 parasites in which TgCentrin-1 is not properly associated with
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that lack apicoplast interaction at the indicated times. Data represents averages + standard deviations of 3 independent experiments
with at least 50 parasites examined/experiment. *, P < 0.001, One-Way ANOVA

https://doi.org/10.1371/journal.ppat.1012269.9004

Loss of TgFBXL2 Causes Apicoplast Biogenesis Defect

Loss of TgFBXL2 resulted in the absence of detectable plaques even though they were still able
to successfully divide, albeit at decreased efficiency. Plaque formation can also be abrogated
when an essential chloroplast-like organelle named the apicoplast is either not functional or
does not properly segregate into daughter parasites during endogeny [51,52]. To test for apico-
plast defects, "ATgFBXL2 parasites were grown in absence or presence of ATC for 24 to 72 h
and then stained to visualize the apicoplast (TgAtrx1), plasma membrane (SAG1), and DNA
(DAPI). After 24 h ATC treatment, HATgFBXLZ depletion resulted in increased numbers of
parasites lacking both TgAtrx1 staining and DAPI staining of the apicoplast genome (Fig 4A
arrows). As time progressed, we noted increased numbers of TgAtrx1™ parasites (Fig 4B).

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012269 May 30, 2024 8/27


https://doi.org/10.1371/journal.ppat.1012269.g004
https://doi.org/10.1371/journal.ppat.1012269

PLOS PATHOGENS

Toxoplasma FBXL2 Represses Stage Specific Gene Expression

The apicoplast has a 35 kb circular genome that duplicates prior to division of the apicoplast
[53]. To test whether loss of TgFBXL2 affected apicoplast genome replication, "ATgFBXL2
parasites were harvested from host cells after 24, 36, and 48 h ATC treatment, and genomic
DNA was extracted for apicoplast genome quantification by qPCR. As controls, "ATgFBXL2
parasites were separately treated with either actinonin or clindamycin, both of which inhibit
apicoplast replication [54-56]. While "ATgFBXL2 parasites treated with actinonin and clinda-
mycin showed a significative decrease in apicoplast genomes, "*TgFBXL2-depleted parasites
did not (Fig 4C).

These data suggest that decreased TgFBXL2 expression affects apicoplast inheritance,
which is dependent on tethering of the apicoplast to the duplicated centrosomes. To test
whether this process was impacted by loss of TgFBXL2, " TgFBXL2 parasites were grown in
absence or presence of ATC for 24 and 48 h and then stained to visualize TgAtrx1, TgCentrin-
1 and DAPL "ATgFBXL2 depletion resulted in increased numbers of centrosomes that did not
interact with apicoplasts (Fig 4D, arrowheads). As time progressed, there was an increase in
the number of vacuoles with parasites showing defects in apicoplast/centrosome interaction
(Fig 4E). Moreover, at 48 h, apicoplasts failed to divide, becoming disorganized (* in Fig 4D).

TgFBXL2 Localizes to a Perinucleolar Region

To analyze TgFBXL2 localization "ATgFBXL2 parasites and parental TATiAKu80 were fixed
and stained to detect "*TgFBXL2, SAG1, and DAPI. Consistent with the presence of a pre-
dicted N-terminal bipartite nuclear-localization signal, "*TgFBXL2 predominantly localizes
to regions with low nuclear DAPI staining (Fig 5A). Additionally, TgFBXL2 nuclear localiza-
tion was proximal to, but did not overlap with, the nucleolus as evidenced by the SYTO RNA
staining (Fig 5B).

Next, we used high-resolution Stimulated Emission Depletion (STED) microscopy, to gain
better insight into the distribution and organization of TgFBXL2 within the nucleus. Thus,
HATGEBXL2 parasites were stained with anti-Histone H3 and anti-HA antibodies. "*TgFBXL2
localization surrounded the central region where the nucleolus localizes, forming a ring that
was proximal to, but distinct from, Histone H3 (Fig 5C and S1 and S2 Movies; note that due to
software constraints that movies are red/green versions of the images). Since we are using an
inducible knockdown system that requires replacement of the endogenous promoter that may
alter expression levels, we compared TgFBXL2 mRNA levels between the tagged and untagged
strains and noted increased expression of TgFBXL2 in "ATgFBXL2 strain parasites suggesting
that the protein may also be expressed more highly in the transgenic strain (S2 Fig). While we
cannot exclude the possibility that overexpression results in perinucleolar localization, we
believe that this is not likely since "*TgFBXL2 localized exclusively to a perinucleolar region
instead of multiple compartments. Taken together, these data indicate that TgFBXL2 is an
essential perinucleolar protein whose loss in tachyzoites leads to defects in endodyogeny.

Loss of TgFBXL2 Leads to Upregulation of Genes Involved in Sexual
Commitment

TgFBXL2 perinucleolar localization and the loss of synchronicity in tachyzoite replication
pointed to a possible role in gene expression. We therefore analyzed the transcriptomes by
RNA-sequencing (RNAseq) of "ATgFBXL2 parasites grown in the absence or presence of
ATC for 24 and 48 h. "TgFBXL2 depletion led to an accumulation of 355 mRNAs at 48 h but
not at 24 h (Fig 6A). In contrast, we did not detect gene downregulation at 24 h post treatment
and only 3 genes were significantly downregulated at 48 h. No specific molecular or biological
function was evidenced by GO analysis; however, GO analysis of cellular component revealed
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Fig 5. TgFBXL2 localizes to a perinucleolar compartment. (A). " TgFBXL2-expressing parasites and parental TATiAKu80
were fixed and stained to detect HATgFBXLZ (aHA), plasma membrane (SAG1) and DNA. Arrows indicate HATgFBXLZ
staining in areas staining weakly with DAPL Bars = 1 um. (B). " TgFBXL2 and parental TATiAKu80 tachyzoites were fixed and
stained to detect "TgFBXL2 (aHA), nucleolus (SytoRNA) and DNA. Arrow highlights a parasite nucleus with "ATgFBXL2
staining surrounding the nucleolus. Bars = 2 ym. (C). "ATgFBXL2-expressing parasites were fixed and stained to detect
HATgFBXLZ (0HA), and Histone H3 (¢H3). Shown are still images from a movie of 3D rendering available as supplemental
data. Bars = 0.5 um.

https://doi.org/10.1371/journal.ppat.1012269.9005
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Fig 6. Loss of TgFBXL2 upregulates pre-sexual specific genes involved in sexual commitment. (A). Volcano plot displaying gene
expression variations between the "ATgFBXL2 parasites grown + ATC for 24 h or 48 h (n = 1549, S2 Table). The red and green dots
indicate those transcripts whose abundances are significantly down- and up-regulated genes, respectively, at 48 hpi, using adjusted P
<0.01 (Bonferroni-corrected) and + 2-fold change as the cut-off threshold. (B). Gene ontology for cellular component (CC)
annotation of up-regulated genes in " TgFBXL2-depleted parasites. (C). Venn diagram comparing genes modulated by "*TgFBXL2
to MORC or expressed by enteroepithelial stages parasites (EES). (D & E). Venn diagrams illustrating overlap between
HATGEBXL2-upregulated genes (n = 355) and the RNAs expressed by merozoites, sporozoites, and bradyzoites.

https://doi.org/10.1371/journal.ppat.1012269.9006

that 87% of up-regulated genes are membrane proteins and the remaining genes encoded for
cytoskeleton-associated proteins (Fig 6B).

Remarkably, ~92% of up-regulated genes in "*TgFBXL2-depleted parasites overlap with
genes induced by loss of a master regulator of Toxoplasma sexual development named MORC
(Fig 6C) [21]. Toxoplasma sexual reproduction exclusively takes place within enterocytes of
the small intestine of felids [57]. Following enterocyte invasion, the parasite replicates through
endopolygeny, leading to the development of several parasite stages known as enteroepithelial
stages (EES). These stages are crucial for the parasite’s survival, replication, and eventual trans-
mission because EES eventually mature, producing infectious forms known as oocysts. To
determine whether TgFBXL2 regulated genes were associated with a specific stage of sexual
development, we performed a comparative RNAseq analysis, using existing RNAseq data of
enteroepithelial stage (EES) parasites [58]. The data revealed that 75% of HATgFBXLZ up-regu-
lated genes are specifically expressed in EES stages although no single EES stage was enriched
in the dataset (Fig 6C).

Previous studies identified 312 genes exclusively expressed by merozoites [20,59]. Interest-
ingly, "ATgFBXL2 depletion induced expression of merozoites-specific genes (n = 83/355) and
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to a lesser extent, sporozoite-specific (n = 53/355) (Fig 6D). Finally, we noted that several of
the genes upregulated by " TgFBXL2 depletion are enriched in bradyzoites (but expressed by
other stages) (Fig 6E) [59,60]. The upregulated sexual stage genes include those that encode
merozoite marker proteins such as GRA80 (TGME49_273980), GRA11B (TGME49_237800),
MIC17¢ (TGME49_200230) and several merozoite-restricted surface proteins (SRS) (52
Table) [20,27,61]. Using IFA analyses, we confirmed that GRAS80 protein (Fig 7A and 7C) and
ROP26, which can be expressed by both merozoites and bradyzoites (Fig 7B and 7D) were
detectable after ATC treatment.

TgFBXL2 and MORC/HDACS3 Function Independently

MORC and HDACS3 function together in tachyzoites to repress expression of sexual stage—
specific genes. Finding significant overlap between genes repressed by MORC/HDAC3 and
TgFBXL2 raised the question of whether they act in unison or independently of one another.
The TgFBXL2 and MORC/HDACS3 [21,62] interactomes did not reveal direct interactions
between them. To further assess potential interactions between the two, we used high-resolu-
tion STED microscopy to determine whether they colocalize. We found that although both
localize to a peri-nucleolar region they do not appear to significantly overlap. Rather, they
interdigitate with one another and sites of possible colocalization were restricted to the inter-
faces between the two (Fig 8A and 8B and S3 and S4 Movies; note that due to software con-
straints that movies are red/green versions of the images).

Since MORC/HDACS3 bind chromatin, we tested whether TgFBXL2 did so as well by per-
forming CHIPSeq analysis of "*TgFBXL2 and the parental untagged strain. The samples and
input used as a control were purified, amplified, and subjected to next-generation sequencing.
Reads were mapped to the Toxoplasma genome and normalized per million of mapped reads
per sample. The data revealed no significant differences across all samples and replicates
between the "*TgFBXL2 tagged samples, the parental untagged samples, and the control
tracks (S3 Fig). To ensure that an inability to obtain sequence reads from the CHIPs did not
reflect co-purifying a factor that inhibited the sequencing reactions, we used TapeStation anal-
ysis to test whether nucleic acid could be detected in the "ATgFBXL2 IPs. Consistent with the
CHiPSeq data, we failed to detect DNA in the CHIPs (S4 Fig). These data therefore indicate
that TgFBXL2 does not directly interact with chromatin.

We next tested whether localization of either TgFBXL2 or MORC/HDACS3 was dependent
on the other. "ATgFBXL2 parasites were treated with FR235222, which is a HDAC3 inhibitor
[63] and HATgFBXL2 localization was examined by IFA. We found that HATgFBXL2 perinu-
cleolar localization was not impacted by the HDAC3 inhibitor (Fig 8C). Similarly, HDAC3
and MORC localization was unaffected when "ATgFBXL2 parasites were treated with ATC
(Fig 8D and 8E).

Discussion

Compared with metazoans, plants and fungi, our understanding of how FBPs function in pro-
tozoan parasites is very limited. TgFBXO1 was the first FBP identified, and we demonstrated
that localizes to and regulates the daughter cell scaffold during Toxoplasma endodyogeny, a
finding that led to the discovery of the Plasmodium FBXO1 homolog [42,64]. Previously, we
identified 18 putative FBPs in the Toxoplasma genome and here describe the role of one of
those FBPs, TgFBXL2 [42]. We confirmed the identification of TgFBXL2 as an FBP by demon-
strating its interactions with core components of the SCF-E3 as well as multiple CSN subunits.
TgFBXL2 was reported to be important for parasite fitness [41]; a finding we confirm using a
conditional expression system. Interestingly, loss of TgFBXL2 had a modest replication delay,

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012269 May 30, 2024 12/27


https://doi.org/10.1371/journal.ppat.1012269

PLOS PATHOGENS Toxoplasma FBXL2 Represses Stage Specific Gene Expression

Merge Cc
» 100+
]
2 KkkK
3 80+
g ek
+ 60
o
-]
= 40+
)
S 204
=
0 =
- 24h48h
HATGFBXL2
B D
-ATC
dedkokok
HokoKK
w 100
[
©°
3 80
(1]
>
+ 60
[i-]
o™
& a0
x
“6 20_
+ATC R
0_
- 24h48h
HATgFBXL2

Fig 7. Merozoite specific proteins GRA80 and ROP26 are expressed in TgFBXL2-depleted parasites. (A). "ATgFBXL2 parasites grown for 24 h or
48 h + 1pg/ml ATC were fixed and stained to detect GRA80, IMC1 and DNA. (B). "ATgFBXL2 parasites grown for 24 h or 48 h + 1ug/ml ATC were
fixed and stained to detect ROP26, IMC1 and DNA. Bars = 1 um. (C and D). Quantification of "ATgFBXL2 parasites expressing either GRA80 or
ROP26 respectively. *, P < 0.001 One-Way ANOVA.

https://doi.org/10.1371/journal.ppat.1012269.9007

which contrasts with the loss of plaque formation when parasites were grown in the presence
of ATC. This phenomenon was later explained by the loss of control of parasite replication as
evidenced by development of multiple inviable daughter cells, a consequence of either organ-
elle mis-segregation and/or expression of sexual-stage genes normally silenced in tachyzoites.
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Fig 8. TgFBXL2 and MORC/HDACS3 do not interact. (A). "ATgFBXL2-expressing parasites were fixed and stained
to detect "ATgFBXL2 (aHA), and MORC. (B). "ATgFBXL2-expressing parasites were fixed and stained to detect
HATGEBXL2 (0HA) and HDACS3. Bars = 0.5 um. (C). " TgFBXL2 parasites were grown for 24 h in the presence of
either 100 nM FR235222 or DMSO as vehicle control. Cells were fixed and stained to detect HATgFBXL2 (aHA), SAG1
and DNA. (D&E). "ATgFBXL2 parasites were grown for 48 h + 1 ug/mL ATC. Cells were fixed and stained to detect
DNA, SAG1 or either HDAC3 (D) or MORC (E).

https://doi.org/10.1371/journal.ppat.1012269.9008
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Our data suggest that a substantial fraction of TgFBXL2 is associated with the CSN. Highly
conserved throughout eukaryotes, the CSN in plants, yeast, and humans consists of 8 canonical
subunits [65,66]. The corresponding Toxoplasma orthologs are predicted in S1 Table, but it
should be noted that homologs found in the eIF translation complex and the proteasome regu-
latory lid complex make the predictions ambiguous. However, the presence of six of the eight
predicted Toxoplasma CSN subunits in the "*TgFBXL2 interactome confirms their identity as
CSN subunits. The other two subunits, CSN4 and CSNS, were detected in the co-IPs but were
not enriched over the untagged strain control. This alone does not exclude their presence in
the CSN complex, but additional co-immunoprecipitation assays will be required to determine
whether they are bona fide CSN components. Interestingly, CSN4 and CSN8 were also not
detected in a study of the CSN in Entamoeba histolytica [67], whereas all 8 were detected in
another protist, the social amoeba Dictyostelium [68]. Structural studies in other organisms
reveal that the CSN covers a large fraction of one face of the SCF, thereby interfering interac-
tions with ubiquitin E2 ligase and SCF target substrate [69]. The interactome data are also sup-
ported by a failure to detect the small ubiquitin like protein NEDD8 in the TgFBXL2
interactome since CSN5 is a deNEDDylase [66,70]. Why the SCF(TgFBXL2) is in a stable inac-
tive complex with CSN is unclear, but studies in other organisms show that inositol hexaki-
sphosphate (InsPs) is a metabolic regulator of the complex [68]. Thus, as a major SCF
complex, SCE"8"¥XI2 appears poised to act in substrate degradation but presumably dependent
on an unknown trigger, such as increased InsPg levels, to release CSN inhibition.

Decreased TgFBXL2 expression had severe effects on tachyzoite growth and gene expres-
sion. In the absence of TgFBXL2, Toxoplasma tachyzoites became unviable due to increases in
the numbers of parasites that either divided asynchronously or lacked an apicoplast or nucleus.
We did not examine other organelles but would expect similar defects in Golgi segregation as
it also associates with duplicated centrosomes during endodyogeny [71,72]. Loss of TgFBXL2
also severely affected parasite gene expression with the upregulation of genes primarily associ-
ated with pre-sexual and sexual stage development. Currently, we are unable to determine
whether these growth and gene expression phenotypes are linked or are due to TgFBXL2 func-
tioning in two distinct processes, perhaps due to multiple substrates as typical for many FBPs
[73]. We believe that the former is more likely, because TgFBXL2 was only detectable within
the nucleus as are other factors known to impact sexual stage gene expression such as MORC/
HDACS3 and the Api2XI-2 and Api2XII-1 transcription factors [21,26,74]. In addition, Toxo-
plasma tachyzoites and schizonts (early sexual stage forms) replicate by distinct cellular mech-
anisms—endodyogeny and endopolygeny—in which a main difference is that only 2
daughters form with endodyogeny whereas as >2 form during endopolygeny [75,76]. Thus,
we hypothesize that growth defects observed in TgFBXL2-depleted parasites, as well in para-
sites with mutations in these other genes, are due to aberrant expression of endopolygeny-
associated proteins whose activities cannot be controlled by tachyzoite-associated checkpoint
proteins. To our knowledge, these types of endopolygeny associated proteins remain to be
identified.

MORC and HDACS3 repress the expression of stage-specific genes including merozoite
genes and are recruited to the promoters of these genes by the AP2XI-2 and AP2XII-1 tran-
scription factors [74]. These two transcription factors regulate the majority of the MORC/
HDACS3 target genes and although most target genes are regulated by both, some only require
depletion of one or the other. We did not find any specific enrichment of TgFBXL2-repressed
genes in either category and together with a lack of biochemical or functional interactions
between them, these data point to a model in which TgFBXL2 and MORC/HDACS3 function
independently of one another. Indeed, immunofluorescence analysis of "*TgFBXL2 parasites
treated with the HDACS3 inhibitor did not reveal significant changes in TgFBXL2 localization
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or abundance. Thus, how TgFBXL2 regulates gene expression remains enigmatic. One model
is that TgFBXL2 promotes the turnover of proteins that activate merozoite gene expression,
and these genes are likely to not include MORC, HDAC3, AP2IX-2, and AP2XII-1. By acting
at the level of the proteome, TgFBXL2 may serve as a back-up to transcriptional regulation to
guard against spurious stage specific gene expression and protect the current state of differenti-
ation. It also remains unclear how TgFBXL2-dependent protein ubiquitination is inhibited to
allow expression of the genes that it represses. Our prediction is that that alterations in post-
translational modifications of TgFBXL2 substrates likely allows for differences in ubiquitina-
tion and future work will identify these proteins and modifications.

Materials and methods
Cell lines and Toxoplasma strains

Toxoplasma strain TATi-RHAku80 [43] was cultured in human foreskin fibroblasts in Dulbec-
co’s Modification of Eagle’s Medium (DMEM) (VWR; Radnor, PA, USA) supplemented with
10% fetal bovine serum (VWR), 2 mM L-glutamine (VWR), and 100 IU/mL penicillin-

100 pg/mL streptomycin (VWR). Parasites were released from host cells by passage through a
27-gauge needle [77]. All parasite strains and host cell lines were routinely tested for Mdyco-
plasma contamination with the MycoAlert Mycoplasma Detection Kit (Lonza, Basel, Switzer-
land) and found to be negative.

Generation TgFBXL2 Constructs

Using the ToxoDB gene model for TgGT1_313200 as a guide, a "' *TgFBXL2 conditional
expression mutant containing an anhydrotetracycline (ATC) responsive promoter derived
from gene promoter for SAG4 and an N-terminal 3x-HA tag in frame with TgFBXL2 start
codon was generated. The 5" end of TgFBXL2 was amplified by using the following primers
(regions of homology to TgFBXL2 are underlined and vector annealing sequences are in lower
case) forward 5°-atgttccagattatgcc ATGCTGGAGGCGAGGAAC-3‘and reverse 5°-
cgegetggcggccgc ACGGTGAAAAGAGGAGAAGC-3'. The fragment was cloned by Gibson
Assembly (New England Biolabs; Ipswich, MA, USA) into ptetO7sag4-HA--
CEP250-DHEFR-TS, replacing the CEP250 cassette [78]. The resulting construct was linearized
by SgrD], transfected into the TATiAku80 strain [43,78], and clones isolated by limiting dilu-
tion using pyrimethamine resistance.

Invasion, Replication and Plaque Assays

For all assays, parasites were treated with 1ug/mL ATC for at least 24 h. Next, parasites har-
vested from Toxoplasma-infected HFF monolayers were released by syringe lysis by passage
through a 27-gauge needle followed by washing in serum-free medium. Synchronized inva-
sion, replication, and plaquing assays were performed as described previously [42].

Immunoprecipitation

HATGFBXL2 tachyzoites were harvested by syringe lysis and washed in ice-cold PBS. Parasites
(1*10®) were resuspended in IP buffer containing 50 mM Tris-HCI (pH 7.4) with 1% Triton X-
100, 100 mM NaCl, 1 mM NaF, 0.5 mM EDTA, 0.2 mM Na3;VO,, 1X protease inhibitor cock-
tail (Thermo Fisher Scientific. Waltham, MA), incubated on ice for 30 min and then subjected
to three pulses of sonication for 30 seconds and 25% amplitude each. Lysates were clarified by
centrifugation at 16,000 x g, incubated with mouse anti-HA mAb clone 12CA5 conjugated
with protein G agarose beads (Sigma-Aldrich) for 16 h at 4°C, and sequentially washed three
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times with IP buffer by centrifugation at 3500 x g for 5 min. Immune complexes were sepa-
rated with SDS-PAGE and then Western blotted with rat anti-HA antibody (clone 3F10,
Roche), or rabbit anti-TgSkp1 affinity purified polyclonal antibody UOK75 [79].

Large scale immunoprecipitation for MS analysis

HATGFBXL2 and parental strains parasites (2.5*10%) harvested as described above were resus-
pended in 1 pL Resuspension Buffer (50 mM HEPES (pH 7.4) with 0.5% NP-40, 100 mM
NaCl, supplemented with 10 pg/mL aprotinin, 10 pg/mL leupeptin, 1 mM PMSF, 1 mM NaF,
and 0.2 mM Na;VO,), and incubated on ice for 5 min. Lysates were clarified by centrifugation
at 21,000 x g, at 4°C and incubated with mouse anti-HA mAb clone 12CA5 conjugated and
crosslinked to protein A/G magnetic agarose beads (Pierce; Rockford, IL. Thermo Fisher Sci-
entific. Waltham, MA, USA). After rotation at 4°C for 1 h, beads were magnetically captured,
and the supernatant removed. The beads were successively washed three times in Resuspen-
sion Buffer without protease inhibitors, three times in 10 mM Tris-HCl (pH 7.4), 50 mM NaCl
and once in 50 mM NaCl. Proteins were eluted off the beads by gentle rocking for 15 min at
22°Cin 133 mM triethylamine (TEA, Sequencing Grade, Pierce), immediately neutralized
with acetic acid, and dried in a vacuum centrifuge. Samples were then reduced, alkylated, and
converted to peptides with trypsin; peptides were then captured on C18 Zip-tips and released
for MS analysis, all essentially as described [80].

Proteomic analysis

Peptides were separated on a C18 nano-column (PepMap 100 C18 series. Thermo Fisher Sci-
entific. Waltham, MA, USA) using an Ultimate 3000 nano-HPLC, and directly infused into a
Q-Exactive Plus Orbitrap Mass Spectrometer (Thermo Fisher), as previously described [80].
Raw files were then processed in Proteome Discoverer 2.5 using a Toxoplasma GT1 protein
database containing 8,450 unique proteins (UniProt Proteome ID UP000005641), modified to
include a list of 179 common ectopic contaminants [81] essentially as described [80]. Proteome
Discoverer 2.5 calculated protein abundances for proteins of high (FDR<0.01) and medium
confidence (FDR<0.05), and identified with 2 or more peptides, were compared between con-
trols (parental strain) and samples ("*TgFBXL2 strain) in MetaboAnalyst 5.0 data analysis
tool [82]. Proteins enriched >10-fold with a P <0.05 in "ATgFBXL2 parasites vs. the untagged
parental strain, were considered significant interactors of TgFBXL2. The MS proteomics data
(listed in S1 Table) are deposited in the ProteomeXchange Consortium via the PRIDE [83]
partner repository with the dataset identifier PXD046583 and 10.6019/PXD046583.

Western blotting

Parasites were pelleted by centrifugation at 2000 x g for 8 min at 4°C and lysed in boiling
SDS-PAGE sample buffer containing 2-f mercaptoethanol. Equivalent protein amounts of
lysates were separated by SDS-PAGE gels, transferred to nitrocellulose membranes, and
blocked with Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE), blotted using
appropriate primaries antibodies. Blots were imaged using a LI-COR Odyssey scanner and
analyzed using Image Studio software (LI-COR; Omaha, NE, USA).

Immunofluorescence microscopy

Toxoplasma-infected HFFs grown on coverslips were fixed with 4% w/v paraformaldehyde in
phosphate-buffered saline (PBS) for 20 min at room temperature. Cells were permeabilized
with 0.1% Triton X-100 in PBS for 10 min, blocked in 5% w/v bovine serum albumin (BSA) in
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PBS for 60 min, incubated overnight with primary antibodies (S3 Table) at 4°C, and then incu-
bated for 60 min with Alexa Fluor 488- or Alexa Fluor 594-conjugated antibodies (1: 2000,
Thermo Fisher Scientific). DNA was stained by incubation with 1 pug/mL DAPI (Thermo
Fisher Scientific) for 5 min followed by mounting in VECTASHIELD medium (Vector Labs;
Burlingame, CA, USA). Images were acquired using a 100X Plan Apo oil immersion 1.46
numerical aperture lens on a motorized Zeiss Axioimager M2 microscope equipped with an
Orca ER charge-coupled-device (CCD) camera (Hamamatsu, Bridgewater, NJ). Images were
collected as a 0.2-pum z-increment serial image stacks, processed using the Volocity, version
6.1, Acquisition Module (Improvision Inc., Lexington, MA). Images were deconvolved by a
constrained iterative algorithm, pseudo colored, and merged using the Volocity Restoration
Module. All images are maximal projection images and were processed similarly. All data were
quantified from at least 50 randomly selected images for each condition from three indepen-
dently performed experiments. Note that red/gree/blue version of all immunofluorescent
images are provided in S5 Fig.

For STED microscopy, Toxoplasma-infected HFFs grown on coverslips were treated as
mentioned above, but the samples were incubated with both Abberior Star Orange, goat anti-
mouse IgG and Abberior Star Red, goat anti rabbit IgG (Abberior, Gottingen, Germany) sec-
ondary antibodies, followed by mounting in ProLong Glass Antifade (Thermo Fisher Scien-
tific). Images were acquired as 0.15 pM z-increment serial images using Leica Hyvolution
Acquisition Software (Leica; Buffalo Grove, IL) with a Leica TCS SP8 confocal microscope
equipped with a 100x/1.47 TIRF oil immersion objective lens and both white light laser (470
nm-670 nm) and 405 nm diode laser. Image datasets were then deconvolved and 3D volume
was generated by Leica visualization software. Images from same experiments were processed
using identical settings.

Illumina library preparation and RNA sequencing

HATGEBXL2 parasites were grown in the presence of ATC for either 24 or 48 h. "ATgFBXL2
parasites growing in the absence of ATC were used as control. After ATC treatment, parasites
were harvested from infected HFF monolayers by scraping and passage through a 27-gauge
needle, centrifuged at 2000 x g for 8 min at room temperature, resuspended in phosphate-
buffered saline, counted, pelleted and total RNA was extracted using SV Total RNA Isolation
System (Promega; Madison, WI).

Agilent 2100 Bioanalyzer was used to determine the integrity, purity, and concentration of
RNA samples. RNA integrity (RIN) score of 6.5 or above was considered acceptable for further
analysis. Total RNA was enriched for mRNA using poly-(A)-selection (Illumina; San Diego,
CA). NEB stranded RNA library prep kit (NEB) and NEB Ultra II RNA library prep kit (NEB)
were used to prepare complementary DNA (cDNA) libraries for all "ATgFBXL2 samples,
according to manufacturer’s protocol. RNA sequencing was carried out on an Illumina
HiSeq2500 (Illumina) with a mid-output 75-cycle paired end with 10-20 million reads per
sample at the Genomics and Bioinformatics core facility at the University at Buffalo.

Differential gene expression analysis

Per-cycle basecall (BCL) files generated by the Illumina HiSeq2500 were converted to per-read
FASTAQ files using bcl2fastq version 2.20.0.422 with default settings. FastQC version 0.11.5 was
used to review the sequencing quality while FastQ Screen version 0.11.1 was used to determine
any potential contamination. FastQC and FastQ Screen quality reports were summarized
using MultiQC version 1.5 [84]. Genomic alignments were performed using HISAT2 version
2.1.0 using default parameters [85]. To differentiate between bacterial vs Toxoplasma RNA, the
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resulting reads were aligned to genome annotation of GT'1 strain available at https://toxodb.
org/toxo/app. MultiQC software was used to summarize alignment as well as feature assign-
ment statistics [84]. Differentially expressed genes were detected using the Bioconductor pack-
age DESeq2 version 1.20.0 [86]. Genes with one count or less were filtered out, and alpha was
set to 0.05. Log?2 fold-changes were calculated using DESeq2 using a negative binomial gener-
alized linear models, dispersion estimates, and logarithmic fold changes integrated with Benja-
mini-Hochberg procedure to control the false discovery rate (FDR). A list of differentially
expressed genes (DEGs) was generated through DESeq2. We defined a significant up or down-
regulation as a fold change >2 with FDR value <0.05. The PCA plots were generated in
ggplot2 package, and the Venn diagram plots were made using the GraphPad Prism (Graph-
Pad, La Jolla, CA).

ChIP Seq

Approximately 3x10® untagged and "ATgFBXL2 tagged parasites each were pelleted and cross-
linked with formaldehyde (1.6%), then quenched with glycerine (to final concentrations of
0.25 mM) and followed by a series of washes with PBS. The resulting pellet was resuspended in
1 mL nuclear extraction buffer (10 mM HEPES, 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1
mM DTT, 0.5 mM AEBSF, 1X Roche protease inhibitor, 1X Roche phosphatase inhibitor) fol-
lowed by a 30’incubation on ice. 10% Igepal CA-630 (final concentration 0.25%) was added to
each sample followed by passage through a 26G needle and centrifuged at 5,000 rpm to obtain
the nuclear pellet. Nuclear pellets were resuspended in shearing buffer (0.1% SDS, 1 mM
EDTA, 10 mM Tris-HCI pH 7.5, 1X Roche protease inhibitor, and 1X Roche phosphatase
inhibitor) and transferred into 130 pl Covaris tubes (Covaris; Woburn, MA). Samples were
then sonicated using a Covaris 5220 sonicator (under the following settings: 5 min, Duty cycle
5%, Intensity 140 W, 200 Cycles/burst, 4°C) before adding equal volumes of ChIP dilution
buffer (30 mM Tris-HCI pH 8, 3 mM EDTA, 0.1% SDS, 30 mM NacCl, 1.8% Triton X-100, 1X
protease inhibitor, 1X phosphatase inhibitor). Samples were centrifuged at 13,000 rpm for 10
min at 4°C. For each sample, 13 pl protein A agarose/salmon sperm DNA beads were washed
3 times with ChIP dilution buffer without inhibitors. The washed beads were added to the
diluted chromatin for 1 hr at 4°C with agitation to pre-clear the samples. ~10% of each sample
by volume was set aside as input and 2 uL of antibody HA (Abcam ab9110) was added to the
remaining sample and incubated overnight at 4°C with rotation. To each sample, 25 pL of
washed protein A agarose/salmon sperm DNA beads with ChIP buffer were blocked with 1
mg/ml BSA for 1 hr at 4°C, re-washed, and added to each sample for 1 hr rotation at 4°C. The
bead/antibody/protein complexes were washed a total of 8 times with 15 intervals per wash):
twice with low salt buffer (1% SDS,1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8, 150
mM NaCl), twice with high salt buffer (1% SDS,1% Triton X-100, 2 mM EDTA, 20 mM Tris-
HCI pH 8, 500 mM NaCl), twice with LiCl buffer (0.25 M LiCl, 1% NP-40, 1% Na-deoxycho-
late,] mM EDTA, 10 mM Tris-HCI, pH 8.1), and twice with TE (10 mM Tris-HCl pH 8, 1 mM
EDTA) buffer. DNA was then eluted from the beads with two 250 uL washes of elution buffer
(1% SDS, 0.1M sodium bicarbonate) followed by the addition of NaCl (55ul of 5M) to reverse
crosslink overnight at 45°C. RNAse A (15 pL of 20 mg/mL) was added and incubated at 37°C
for 30 min. Following this, they underwent proteinase K (2 pL 20 mg/mL) digestion at 45°C
for 2 hours. The DNA was phenol/chloroform extracted and then ethanol precipitated over-
night. After precipitation, the samples were centrifuged at 13,000 rpm for 30 min at 4°C, form-
ing pelleted DNA, washed with 80% ethanol, re-pelleted, and resuspended in 50 pL of
nuclease-free water. The DNA was purified with AMPure XP beads and prepared using a
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KAPA Hyperprep kit (KK8504), for sequencing by the NextSeq 500 sequencing platform
(Illumina).

ChIP-seq read quality was analyzed using FastQC (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) and adapters and low-quality bases trimmed using Trimmomatic
(http://www.usadellab.org/cms/?page=trimmomatic) and Sickle (https://github.com/najoshi/
sickle). Reads were then mapped against the ToxoDB-62_TgondiiME49 assembly using Bow-
tie2 (v2.4.4) [87], with uniquely mapped fragments and correctly paired reads using Samtools
(v1.11) (Error! Hyperlink reference not valid. samtools.sourceforge.net). Then, PCR dupli-
cates were removed with PicardTools MarkDuplicates (v2.18.0)(Broad Institute). To obtain
per nucleotide coverage and generate browser tracks, BedTools (v2.27.1) and custom scripts
were used, normalizing counts to millions of mapped reads. Chromosome tracks were viewed
using IGV (Broad Institute), then visualized using a custom script.

TapeStation analysis

Tachyzoite-infected monolayers (5x10° parasites) were crosslinked in 1% formaldehyde,
quenched with 125 mM glycine and rinsed in cold PBS before scraping in cold PBS and
syringe-lysing to release intracellular parasites. After washing in cold PBS, parasite pellets were
resuspended in cytoplasmic lysis buffer (85mM KCI, 5mM HEPES pH 8.0, 0.5% NP-40, ImM
phenylmethylsulfonyl fluoride (PMSF), cOmplete Protease Inhibitor Cocktail (Roche)) and
incubated on ice for 10 min. The nuclear pellets were resuspended in nuclear lysis buffer
(50mM Tris-HCI pH 8.0, 10mM EDTA, 1% SDS, ImM PMSF, cOmplete Protease Inhibitor
Cocktail (Roche)) and vortexed at 4°C for 30 min. Nuclear extracts were sonicated at 4°C with
a Q-Sonica Q800R3 sonicator (Qsonica, Newtown, CT) at 75% amplitude for 12.5 minutes in
intervals of 30 sec pulse on and 30 sec pulse off. Insoluble cell debris was cleared from the sam-
ple by centrifugation and soluble fraction was diluted 10-fold in IP dilution buffer (167mM
NaCl, 16.7mM Tris-HCl pH 8.0, 1.2mM EDTA, 1.10% Triton X-100, 0.01% SDS, ImM PMSF,
cOmplete Protease Inhibitor Cocktail). The sample was precleared with Protein G magnetic
beads (Pierce) for 1 hour at 4°C and incubated with 25 ul HA magnetic beads (Pierce) over-
night at 4°C with rocking. For ChIP of H3K9ac, samples were incubated with 3 pg of rabbit
anti-H3K9ac antibody (Active Motif; Carlsbad, CA) overnight at 4°C with rocking, followed
by recovery with 25 ul Protein G magnetics beads for 3 h at 4°C. Beads were washed three
times with Low Salt (150 mM NaCl, 20 mM Tris-HCI, 2 mM EDTA, 1% Triton X-100, 0.1%
SDS), High Salt (500 mM NaCl, 20 mM Tris-HCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS)
and LiCL (0.25 M LiCl, 10 mM Tris-HCI, 1 mM EDTA, 1% NP40, 1% deoxycholate) wash
buffers, followed by two washes in TE buffer. Samples were eluted from beads in 1% SDS/TE
buffer pH 8.0 and incubated overnight at 65°C to reverse crosslinks. Eluted DNA was recov-
ered by phenol-chloroform extraction and sodium acetate precipitation with glycogen. DNA
pellets were resuspended in TE buffer for downstream quantification and analysis by Qubit
Fluorometer (ThermoFisher) and TapeStation 4200 automated electrophoresis (Agilent; Santa
Clara, CA).

Statistical analyses

Data were analyzed by one-way ANOV A with Tukey’s post hoc test or Student’s t test per-
formed with GraphPad Prism (GraphPad, La Jolla, CA).

Supporting information

S1 Fig. TgFBXL2 domain organization and structure. (A). Predicted domain organization
after HA-tagging. LRR = leucine-rich repeat, NLS = monopartite nuclear localization
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sequence. LRR3 and LRR4 are predicted by alphafold (see panel D) but are not identified by
sequence prediction algorithms. Regions not labeled are poorly conserved. (B). Predicted
amino acid sequence (from Toxo.db). Predicted domains are labeled and numbered as indi-
cated. Underlined sequences were confirmed by mass spectrometry. Double underlined
sequence represents the N-terminal 3X HA-tag. (C). Organization of amino acids 305-832 as
predicted by alphaFold-2 (https://alphafold.ebi.ac.uk/entry/SSEUA4).

(DOCX)

S2 Fig. TgFBXL2 expression levels. qPCR was used to quantify TgFBXL2 mRNA levels in
HATGFBXL2 parasites and parental TATiAKu80 strain. Parasites were grown for 24 on HFF
monolayers. Actinonin and clindamycin were used as positive inhibitors of apicoplast genome
replication. Shown are means and standard deviations from 3 independent experiments, nor-
malized by actin. (P <0.05, one-way ANOVA).

(TIF)

S3 Fig. TgFBXL2 ChIPSeq analyses. ChIPSeq results visualization of HA tagged TgFBXL2
parasite line (TgFBXL2-HA) across all 13 of Toxoplasma’s chromosomes. Reads were normal-
ized to millions of mapped reads. Tracks correspond to TgFBXL2-HA tagged parasites in blue,
wild type parasites in red, and an input control in black. Former chromosomes 7b and 8 were

combined into the recently suggested chromosome 13 [88,89].
(TIF)

$4 Fig. TgFBXL2 is not chromatin associated. Tapestation analysis of DNA purified from
HATGFBXL2 ChIP. Gel image representing three ChIP DNA samples from "*TgFBXL2 immu-
noprecipitated with anti-HA, "*TgFBXL2 immunoprecipitated with anti-H3K9ac (positive
control) and the parental TATi parasites immunoprecipitated with anti-HA. Electrophero-
grams from each sample depict marker peaks at 15 and 10,000 bp, with a peak of immunopre-
cipitated DNA at 195 bp present only in the positive control.

(TIF)

S5 Fig. Red/Green/Blue versions of Figs 3,4,5,7&8.
(PDF)

S1 Movie. Three dimensional rendering of images from Fig 5C.
(MP4)

$2 Movie. Single Z-stack section from Fig 5C.
(MP4)

S$3 Movie. Three dimensional rendering of images from Fig 8A.
(MP4)

S$4 Movie. Three dimensional rendering of images from Fig 8B.
(MP4)

S1 Table. TgFBXL?2 interactome analysis.
(XLSX)

$2 Table. List of genes differentially expressed by TgFBXL2-depleted parasites.
(XLSX)

S3 Table. List of antibodies used.
(XLSX)
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