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ABSTRACT Theileria annulata is a tick-transmitted apicomplexan parasite that gained
the unique ability among parasitic eukaryotes to transform its host cell, inducing a
fatal cancer-like disease in cattle. Understanding the mechanistic interplay between the
host cell and malignant Theileria species that drives this transformation requires the
identification of responsible parasite effector proteins. In this study, we used TurbolD-
based proximity labeling, which unbiasedly identified secreted parasite proteins within
host cell compartments. By fusing TurbolD to nuclear export or localization signals, we
biotinylated proteins in the vicinity of the ligase enzyme in the nucleus or cytoplasm of
infected macrophages, followed by mass spectrometry analysis. Our approach revealed
with high confidence nine nuclear and four cytosolic candidate parasite proteins within
the host cell compartments, eight of which had no orthologs in non-transforming T.
orientalis. Strikingly, all eight of these proteins are predicted to be highly intrinsically
disordered proteins. We discovered a novel tandem arrayed protein family, nuclear
intrinsically disordered proteins (NIDP) 1-4, featuring diverse functions predicted by
conserved protein domains. Particularly, NIDP2 exhibited a biphasic host cell-cycle-
dependent localization, interacting with the EB1/CD2AP/CLASP1 parasite membrane
complex at the schizont surface and the tumor suppressor stromal antigen 2 (STAG2),
a cohesion complex subunit, in the host nucleus. In addition to STAG2, numerous
NIDP2-associated host nuclear proteins implicated in various cancers were identified,
shedding light on the potential role of the T. annulata exported protein family NIDP in
host cell transformation and cancer-related pathways.

IMPORTANCE TurbolD proximity labeling was used to identify secreted proteins of
Theileria annulata, an apicomplexan parasite responsible for a fatal, proliferative disorder
in cattle that represents a significant socio-economic burden in North Africa, central Asia,
and India. Our investigation has provided important insights into the unique host-
parasite interaction, revealing secreted parasite proteins characterized by intrinsically
disordered protein structures. Remarkably, these proteins are conspicuously absent
in non-transforming Theileria species, strongly suggesting their central role in the
transformative processes within host cells. Our study identified a novel tandem arrayed
protein family, with nuclear intrinsically disordered protein 2 emerging as a central player
interacting with established tumor genes. Significantly, this work represents the first
unbiased screening for exported proteins in Theileria and contributes essential insights
into the molecular intricacies behind the malignant transformation of immune cells.
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he apicomplexan phylum harbors diverse parasites, among which Plasmodium,

Toxoplasma, Cryptosporidium, and Theileria stand out for their impact on human
and animal health. Apicomplexans use sophisticated mechanisms to manipulate host
cells, inducing metabolic shifts and changes in host gene expression (1). Transforming
Theileria species orchestrate profound host cell changes that resemble cancerous cell
phenotypes (2-4). The resulting disease in cattle, prevalent in the Southern Hemisphere
and parts of Asia, is characterized by fever, anemia, and massive lymph node enlarge-
ments mirroring lymphoma, with a high mortality rate and a devastating impact on
local farming communities (5-8). Theileria-induced transformation, which shares many
similarities with cancer including uncontrolled proliferation, invasiveness, and metastasis,
depends on the presence of a viable parasite (9), making the intricate parasitic manipu-
lation of basic cell biological signaling pathways in the host an intriguing system to
study. In this study, we focused on T. annulata, the causative agent of tropical theileriosis
in cattle, which infects macrophages and B cells that undergo extensive post-infection
modifications (10).

Little is currently understood about the mechanisms of how T. annulata manipula-
tes host signaling pathways post-invasion, contributing to uncontrolled proliferation.
In Plasmodium and Toxoplasma, the release of effector proteins before, during, and
after invasion is critical to host cell entry and manipulation (11, 12). By contrast, the
release of microsphere and rhoptry proteins by Theileria appears to occur only after the
complete internalization of infectious sporozoites (13). Interestingly, and unlike other
apicomplexan zoites, the Theileria sporozoite does not need to reorient itself to bring its
apical pole into close contact with the host cell membrane but enters the host cell in any
direction through a progressive so-called “circumferential zippering mechanism” (14).
After the invasion process, Theileria parasites only briefly remain inside a parasitophorous
vacuole membrane (PVM), from which they escape within minutes of infection to lie free
in the host cell cytoplasm (15). Immediately after exiting the PVM, the parasite associates
with host cell microtubules (13, 16). The unique positioning of Theileria parasites inside
the host cell cytoplasm, not enclosed by a PVM, facilitates the recruitment, manipulation,
and hijacking of host cell proteins such as end-binding protein 1 (EB1), CLIP-170-associ-
ating protein 1 (CLASP1), and IkB kinase (IKK) directly on their membrane surface (4,
16-18), distinguishing them from the other apicomplexan parasites. Approximately 3 to
4 days after leukocyte invasion by tick-borne sporozoites, the multinucleated schizont
triggers uncontrolled clonal proliferation and host cell immortalization (19, 20), with the
unique feature that each subsequent host cell division results in an equal distribution
of the Theileria schizont between the two daughter cells (16, 21, 22). The transformed
parasitized host leukocytes eventually start to spread throughout the lymphoid system
and the rest of the body (23, 24). Within the parasite’s life cycle, the schizont stage plays
a central role in the pathology associated with malignant T. annulata, setting it apart
from other Theileria species such as non-malignant T. orientalis strains. In T. orientalis,
the intra-erythrocytic piroplasm stage is responsible for the pathology, and no host cell
transformation occurs (25, 26).

Infected cells in malignant theileriosis exhibit significant changes in gene expression
profiles, including the persistent activation of the phosphatidylinositol 3-kinase (PI3-K)
pathway (27), upregulation of c-Jun NH2-terminal kinase (JNK) (28, 29), increased c-Myc
expression (30), and suppression of p53 activity (31, 32). The schizont hijacks the IKK
signalosome on its membrane, activating the NF-kB pathway and influencing anti-apop-
totic gene expression (17). Host manipulation induced by T. annulata is likely to involve
the secretion of various effector proteins, which affect host signaling pathways and
contribute to uncontrolled proliferation, invasiveness, and resistance to apoptosis (33).
Despite extensive studies on parasite-induced changes to the host cell, only a limited
number of exported proteins, including TaPIN1 (34), TaPHB (35), TashAT2 (36), TashHN
(37), and Ta9 (38) have been identified. These effector proteins are suggested to be
associated with specific host signaling changes that potentially contribute to uncon-
trolled and invasive cancer-like host cell behavior (38-42). However, a comprehensive
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understanding of the essential exportome responsible for the malignant alteration of the
host cell is still lacking.

We employed an unbiased approach, using TurbolD-based proximity labeling (43)
of T. annulata-infected cells (TaC12), aiming to identify secreted effector proteins in the
host cell cytoplasm and nucleus. This strategy revealed a novel gene family named
nuclear intrinsically disordered proteins (NIDP1-4), alongside members of the Tash
and Ta9 protein families. Antibodies against NIDP1-4 confirmed their nuclear localiza-
tion. Remarkably, this gene family is absent in the non-transforming parasite T. orienta-
lis. Detailed analysis of NIDP2 showed a biphasic localization pattern of the protein,
accumulating in the host cell nucleus during interphase and associating with a protein
complex at the schizont surface during mitosis. Within the nucleus, NIDP2 localized
to the host chromatin and interacted with the tumor suppressor STAG2, shedding
light on potential mechanisms underlying host cell transformation of cancer-related
pathways. Our study provides a novel perspective on the shared characteristics of
secreted T. annulata proteins, most strikingly their predicted intrinsic disorderedness,
offering insights into their role in host cell manipulation.

RESULTS

TurbolD-based proximity ligation in the host cell leads to the identification of
secreted Theileria annulata proteins

We performed TurbolD-based proximity labeling in the host cell cytoplasm and nucleus,
to identify proteins secreted by the parasite that might be involved in host cell transfor-
mation. For this, the promiscuous biotin ligase TurbolD (43) was fused either to a nuclear
localization signal (NLS) or a nuclear export signal (NES) sequence and expressed in
the T. annulata-infected TaC12 macrophage cell line (Fig. 1A). By adding biotin to the
cell culture media, proteins near the biotin ligase enzyme were biotinylated, affinity
purified with streptavidin, and subsequently identified by mass spectrometry (LC-MS/
MS). Immunofluorescence analysis (IFA) confirmed the correct localization of both fusion
proteins in the continuously parasitized cell line TaC12 (Fig. 1A; Fig. S1A). Non-biotin
controls were used for comparison and analyzed in parallel with three biological
replicates for each construct. As an initial step in identifying new effector candidates, the
detected peptide count in LC-MS/MS of the control was compared with the biotinylated
samples. Based on these results, candidate proteins were prioritized according to the
following criteria: The protein must occur in at least two of three replicates and contain
a predicted signal peptide (SP) according to predictions of the SignalP 4.1 algorithm
used with SignalP 3.0 sensitivity (44). These stringent criteria lead to nine candidate
proteins predicted to be exported to the host nucleus, and four candidate proteins in
the host cytosol (Fig. 1B). The full set of 179 T. annulata proteins identified with at least
one peptide in at least one replicate in the nucleus (n = 105) and cytoplasm (n = 74),
respectively, is provided in Table S1. We then searched for orthologs in the non-transfor-
mative species T. orientalis (45), hypothesizing the absence of orthologous proteins in
case of importance for transformation. A BLAST analysis of the nine proteins identified
in the nuclear fraction found that two proteins, TA09465 and TA17425, share sequence
identities with T. orientalis proteins TOT_030000391 and TOT_030000030, respectively.
In the cytosolic fraction, TA09615 and TA03615 were found to share identities with
TOT_010001127 and TOT_030000583, respectively. We previously showed that TA03615
is associated with the parasite membrane (16). TA16090 was identified in both nuclear
and cytosolic fractions, and while no clear ortholog in T. orientalis is detected, some
similarity (29% identity) is found in the N-terminal part of the protein with the T. orientalis
protein TOT_010000916.

Among the proteins in the host cell nuclear fraction with no orthologs in T. orientalis,
we identified TashAT2 (TA20095) and Tashb (TA03115) (Fig. 1B). TashAT2 and Tashb are
both members of the large Tash gene family clustered in tandem repeats on chromo-
some 1 (46) (Fig. S1D). We raised an antibody against the so far uncharacterized Tashb
protein and confirmed that Tashb is targeted to the host cell nucleus of schizont-infected
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TurbolD identifies proteins secreted by T. annulata into the host cell. (A) Schematic representation of TurbolD (TID)

approach in Theileria annulata TaC12 cells (infected macrophages). The biotin ligase TurbolD was targeted to the host cell

nucleus and cytoplasm. Upon the addition of biotin for 3 h, biotinylated host and parasite proteins were fractionated and
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FIG 1 (Continued)

analyzed by mass spectrometry. To verify the correct localization and activity, HA-TID-NLS-construct transduced (host nuclear
TID) and V5-TID-NES construct transduced (host cytoplasmic TID) TaC12 cells were grown in the presence of biotin, fixed
and analyzed by immunofluorescence assay using anti-HA or anti-V5 antibodies with additional staining of biotinylated
proteins by FITC-conjugated streptavidin. The host cell nuclei and parasite schizont nuclei (indicated by a dotted line) are
labeled with DAPI. See also Fig. S1. (B) Mass spectrometry results of three biological replicates from nuclear and cytoplasmic
TID experiments with peptide counts of identified T. annulata proteins. Shown are proteins identified at least twice with
a predicted signal peptide (SP) or transmembrane domain (TMD). See also Table S1 for the entire list. Highlighted in gray
is a newly identified protein family with absent orthologs in non-transformative T. orientialis. Putative orthologs lacking a
predicted SP in T. orientalis and T. parva are indicated with a star symbol. (C) Protein disorder score (IUPred3) of all identified
proteins with no orthologs in T. orientalis. NLS, nuclear localization sequence; np, not present.

cells (Fig. S1B). TashAT2 has been previously identified as a secreted protein located
inside the host cell nucleus of T. annulata D7 and TBL20 cell lines (36). We confirmed the
nuclear localization of TashAT2 in TaC12 cells by IFA (Fig. S1C). Ta9 (TA15705), a member
of the Ta9 gene family, is detected in the host cytoplasm with no orthologs in T. orientalis
(Fig. 1B) (47, 48). We confirmed the anticipated localization in the host cytoplasm in
TaC12 cells by IFA (Fig. STE). Ta9 has previously been shown to be secreted into the host
cell in the T. annulata-infected cell line Pendik and is suggested to be involved in AP-1
transcription factor (TF) activation when overexpressed in embryonic kidney cells (38).

Identification of a novel protein family of secreted proteins

In the nucleus, we identified four additional, so far uncharacterized proteins (Fig. 1B).
Subsequently, we conducted a bioinformatic search for commonalities among the
identified exported proteins and discovered that all lacking an ortholog in T. orientalis
exhibit a high intrinsically disordered protein structure, as predicted by IUPred3 (Fig. 1C)
(49). Predictions by fIDPnn (50) provided similar results (data not shown). The four so
far undescribed T. annulata proteins in the nuclear fraction, TA11950, TA11955, TA11960,
and TA11965, cluster in tandem repeats on chromosome 2 (Fig. 2A). Within this locus of
10 proteins, the four large proteins are flanked by an array of six considerably shorter
genes (TA11945 to TA11900). Notably, phylogenetic analysis revealed that TA11945 bears
the closest homology to TOT_020000195 in T. orientalis. The resulting phylogenetic tree
showed a clustering of TA11950, TA11955, TA11960, and TA11965 on a separate branch
distinct from the six smaller proteins in T. annulata and the four proteins present in T.
orientalis (Fig. 2A; Fig. S2A).

We raised antibodies against TA11950, TA11955, TA11960, and TA11965, and
confirmed their localization inside the host nucleus of the TaC12 cell line as well as
inside the parasite schizont cytoplasm (Fig. 2B). Notably, no staining was observed
in non-infected control cells or with pre-immune serum (Fig. S2B). Subsequently, we
named the newly identified proteins Theileria annulata nuclear intrinsically disordered
protein 1 (NIDP1; TA11950), NIDP2 (TA11955), NIDP3 (TA11960), and NIDP4 (TA11965).
All four proteins contain a predicted signal peptide (SP) and predicted nuclear locali-
zation signals (NLS) (Fig. 2C). A domain search using the CDD/SPARCLE software (51)
predicted the following conserved domains: For NIDP1, a homology to the PRK03918
superfamily (E-value: 9.77e—07) and a similarity to the trypan PARP region (E-value:
2.63e—10) and PspC superfamily (E-value: 5.00e—04) was found. The PRK03918 conserved
protein domain family is found in the DNA double- strand break repair ATPase Rad50,
a protein that is part of the structural maintenance of chromosome (SMC) protein
family. Rad50 is also part of the MRN complex (MRN: complex consisting of MRE11,
Rad50, and NBS1), which is implicated in DNA double-strand break repair (DBS), break
recognition, and DNA end processing, and functions as a signal for cell cycle arrest (52).
Both NIDP2 and NIDP4 contain a predicted domain for the conserved SMC superfamily
(E-value NIDP2: 2.68e—09; NIDP4: 2.52e—04) as well as the PRK10263 superfamily (E-value
NIDP2: 1.42e—03; NIDP4: 1.40e—05) (Fig. 2C). SMC proteins are necessary for chromosome
condensation before mitosis, and in sister chromosome resolution and sister chromatid
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FIG 2 Characterization of a novel secreted NIDP family of T. annulata (A) Schematic of protein locus on chromosome 2 of T. annulata and T. orientalis,
respectively. A phylogenetic analysis suggests that TA11945 is orthologs to TOT020000195. See also Fig. S2A. (B) TaC12 cells stained with a-TA11950 (NIDP1),
TA11955 (NIDP2), TA11960 (NIDP3) and TA11965 (NIDP4), and a-p104 (schizont membrane) confirm the translocation of all four proteins into the host cell
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FIG 2 (Continued)

nucleus. Host cell nuclei and parasite nuclei are labeled with DAPI. (C) Schematic representation of proteins NIDP1-4 with predicted domains highlighted. (D)
Alignment of T. annulata proteins NIDP1-4 with the other six members of the repetitive protein locus on a chromosome. (E) TaC12 cells stained with a-TA11945
and a-TaPIM (schizont membrane). The host cell nucleus and parasite nuclei are labeled with DAPI. (F) Schematic representation of protein TA11945 with
predicted FAINT domain highlighted.

cohesion during mitosis. SMCs are also involved in DNA repair after mitosis and in
the regulation of gene expression (53, 54). For NIDP3, no conserved domains were
predicted. Taken together, the domain predictions suggest a potential involvement of
three of the proteins in this family in the regulation of gene expression and chromosome
maintenance.

To gain further insights into the overall protein structure of the arrayed protein
family, we aligned the 10 members of the protein family and analyzed their amino
acid similarity (Fig. 2D). Surprisingly, all members showed high sequence identities at
the N-and C-terminal end (Fig. S2E). We used alphaFold2 predictions (55) of NIDP2 and
TA11945 to further highlight the structural similarities between both proteins. Interest-
ingly, whereas the N- and C-termini of NIDP2 overlap with TA11945, the center of NIDP2
(TA11955,5,-1250) has largely expanded (Fig. S2D and E), as has NIDP1, NIDP3, and NIDP4
(Fig. 2D). Large parts of these protein expansions appear highly disordered (Fig. 1C; Fig.
S2F). Notably, TA11945 was detected within the parasite schizont only and appears not
to get exported into the host cell (Fig. 2E). Unlike TaNIDP1-4, TA11945 harbors a FAINT
domain (frequently associated with Theileria of unknown function) (48) and lacks an NLS
(Fig. 2F).

NIDP2 associates with host cell chromatin and is also found in the cytoplasm

NIDP2 is a highly disordered protein except for the N- and C-termini and a few alpha
helices, which comprise the predicted SMC domain (Fig. 3A; Fig. S2E and F). Western
blotting confirms that the protein is mainly localized in the host nucleus, with smaller
amounts also detected in the cytoplasmic fraction (Fig. 3B). Although the predicted
size of NIDP2 is 150.8 kDa, it is resolved with a higher apparent molecular weight of
approximately 180 kDa by SDS-PAGE and Western blotting. Our IFA analyses indicate
that proteins of the NIDP family might be expressed to some extent at the schizont
surface (Fig. 2B). To investigate how NIDP2 interacts with the schizont membrane, we
performed a Triton X-114 extraction and phase separation of TaC12 whole-cell lysates to
separate hydrophilic from amphiphilic membrane proteins that become enriched in the
detergent phase (56). We detected NIDP2 in both the aqueous phase and pellet fraction,
in contrast to TaSP (TA17315) which, as a transmembrane protein, is enriched in the
detergent fraction (57, 58) (Fig. 3C). This confirmed the prediction that NIDP2 contains no
transmembrane domain, nor any GPI anchor. To determine whether NIDP2 in the pellet
fraction is insoluble or chromatin associated, we fractionated the cells into cytoplasmic,
nuclear, chromatin-bound, and pellet fractions (59). Inmunoblotting revealed NIDP2 in
the cytosolic, soluble nuclear, and chromatin-bound fraction, while the positive control
Lamin B1 was predominantly found in the chromatin-bound fraction. This may indicate
that NIDP2 can associate with the host chromatin (Fig. 3D). Of note, a slight double
band is observable in the nuclear fraction and the chromatin-bound fraction (Fig. 3B
and D) possibly indicating post-translational modification (PTM) of NIDP2 in the host
nucleus, predominantly when associated with the chromatin. The sequence of NIDP2
contains several predicted phosphorylation sites (NetPhos 3.1), so to test the possible
phosphorylation of NIDP2, we treated whole-cell lysates with lambda phosphatase prior
to resolution by SDS-PAGE. A very slight shift in molecular weight indicated that NIDP2
is indeed likely to be phosphorylated, although compared to the T. annulata surface
protein p104, previously shown to be phosphorylated (18), the degree of phosphoryla-
tion is rather small (Fig. S3B). Next, to test whether NIDP2, like p104, is phosphorylated in
a cell-cycle-dependent manner, we synchronized cells in mitosis by nocodazole shake-off
and resolved the lysate by SDS-PAGE in the presence of Phos-Tag, indicating a slight
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FIG 3 Characterization of NIDP2. (A) Predicted structure and domains of NIDP2 using alphaFold2. (B) Cytoplasmic and nuclear protein fractions of TaC12

and BoMac cells showed a stronger signal in the nuclear compared to the cytosolic fraction for NIDP2 >180 kDa. (C) Tac12 cells were fractioned with Triton

X-114. NIDP2 could be detected in the aqueous phase and the pellet phase. Tubulin was used as a control for the aqueous phase while TaSP (TA17315),

a Theileria surface parasite protein containing a transmembrane domain, functioned as a control for the detergent phase. (D) Cytoplasmic, nuclear soluble,

chromatin-bound, and pellet fraction of TaC12 cells were analyzed by SDS-PAGE. NIDP2 was detected in the cytoplasmic, nuclear soluble, and chromatin-bound

fractions. Tubulin was used as control for the cytoplasmic fraction and laminB1 for the chromatin-bound fraction.

increase in phosphorylation during mitosis. Again, p104 was used as a control as we have
previously shown this protein to be phosphorylated most significantly during mitosis
(Fig. S3C) (18). In conclusion, NIDP2 is likely slightly phosphorylated, particularly during
mitosis. We cannot exclude the contribution of other types of PTMs, such as deglycosyla-
tion.

NIDP2 localizes to the schizont membrane via the CLASP1/CD2AP/EB1-com-
plexin a cell-cycle dependent manner

To further explore the potential function of the NIDP protein family, we decided to
investigate their localization throughout the cell cycle of the host cell. Strikingly, NIDP2,
but not NIDP1, NIDP3, and NIDP4 (not shown), localized exclusively to the parasite
membrane during host cell mitosis, while all four family members are detected in the
host nucleus during interphase (Fig. 4A; Fig. S3A). The biphasic localization of NIDP2
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with a-NIDP2 in interphase (upper panel) and ana-/telophase (lower panel). The schizont surface is stained with a-p104, and host and parasite nuclei with DAPI.

Note the colocalization of p104 and NIDP2 during mitosis. See also Fig. S4. (B) Western blot analysis of NIDP2 immunoprecipitation (IP) from TaC12 cells (15%

of total) blotted with primary antibodies as indicated. Preimmune serum (PIS) from the same rabbit served as control. Representative of three experiments

with similar outcomes. (C) Schematic representation of TurbolD analysis with TurbolD-CD2AP and TurbolD-CLASP11256-153g fusion proteins targeted to the

parasite surface in TaC12 cells. Biotin-treated, V5-TID-NES-CD2AP-construct-transduced TaC12 cells show specific biotinylation of the parasite membrane

(FITC-conjugated streptavidin; green). The host cell nucleus and parasite nuclei are labeled with DAPI. (D) CLASP1-associated NIDP2 peptides identified by

LC-MS/MS analysis in three biological replicates. (E) CD2AP-associated NIDP2 peptides identified by LC-MS/MS analysis in three biological replicates. For clarity,

only NIDP2 peptides are shown.

suggests a tightly regulated interaction with specific hosts and potentially other parasite
proteins in two distinct compartments in a spatial and temporal manner. As the host cell
enters mitosis and the host nuclear membrane breaks apart, NIDP2 colocalizes with the
T. annulata protein p104 (18, 60) on the schizont surface (Fig. 4A; Fig. S3A). No residual
staining of NIDP2 was observed close to or around condensed chromosomes until the
host cell enters telophase/G1. The parasite membrane protein p104 has been shown
to interact with host end-binding protein 1 (EB1) and CLIP-170-associating protein 1
(CLASP1) on the parasite surface. EB1 is an important regulator of MT dynamics and
CLASP1 is a microtubule-stabilizing protein (16, 18). In addition to EB1 and CLASP1, the
CD2-associated protein (CD2AP) can be found as part of this larger protein complex on
the schizont surface (61). Notably, CLASP1 and CD2AP are present on the parasite surface
during the whole-cell cycle of the host cell (16, 61). To further investigate the potential
interaction of NIDP2 with the CLASP1/CD2AP/EB1-complex, we successfully coimmuno-
precipitated p104 and CLASP1 together with NIDP2 in TaC12 cells (Fig. 4B). We found
that we could co-precipitate NIDP2 with CLASP1 and p104 in both unsynchronized and
mitotic cells (Fig. S3D). In addition, we engineered CD2AP-TurbolD and CLASP1-TurbolD
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constructs that target the schizont membrane throughout the cell cycle and stably
expressed the fusion proteins in TaC12 cells (Fig. 4C; Fig. S3B). After subcellular protein
fractionation, affinity-purified biotinylated proteins were analyzed by mass spectrometry
in triplicates and the results were categorized as described before. NIDP2 was detected in
both schizont-surface TurbolD analyses (Fig. 4D and E). Our data therefore suggest that
NIDP2 is a member of the EB1/CD2AP/CLASP1-complex. Unlike other parasite protein
members of this complex such as p104 and MISHIP (61), NIDP2 translocates to the host
nucleus during interphase. The interaction with the EB1/CD2AP/CLASP1 complex on the
schizont surface appears to be transient and is not a result of NIDP2 integration into the
parasite membrane (Fig. 3C).

In vivo cross-linking of NIDP2 identifies proteins involved in cancer as
potential host nuclear binding partners

To gain insights into the role of NIDP2 in the host nucleus of T. annulata-infected
macrophages, we performed in vivo cross-linking and immunoprecipitated NIDP2
protein complexes in three biological replicates from nuclear extracts of TaC12 cells.
As controls, we immunoprecipitated with rabbit pre-immune serum (PIS) from nuclear
extracts of TaC12 cells and with a-NIDP2 from nuclear extracts of non-infected BoMac
cell lysates (Fig. 5A). Protein complexes of all replicates and controls were analyzed by
mass spectrometry (LC-MS/MS). Only proteins that were identified in a-NIDP2 pulldown
assays from TaC12 cells, and not in the controls, were considered potential interactors
of NIDP2 within the host nucleus. Aside from NIDP2, we did not pulldown any other
members of the NIDP family.

As potential host-binding proteins, we identified multiple proteins implicated in
cancers. Two proteins are implicated in the regulation of p53: Mouse double minute 2
(MDM2)-binding protein (MTBP) (62) and nucleolar complex protein 2 homolog (NOC2L)
(63) (Fig. 5B). Importantly, we also identified stromal antigen 2 (STAG2), which serves as a
tumor suppressor and an accessory protein of cohesin complexes (64). Cohesin, a protein
complex associated with structural maintenance of chromosomes (SMCs), plays a critical
role in sister chromatid cohesion, chromosome condensation, DNA repair, 3D genome
organization, and gene expression, and is among the most commonly mutated protein
complexes in cancer (65, 66).

NIDP2 interacts with STAG2 in the nucleus of the host cell

Given the predicted SMC domain for NIDP2 (Fig. 2C and 3A) and considering that STAG2
is frequently mutated in various cancers (67), we decided to investigate the NIDP2-STAG2
interaction further by IFA of both proteins in TaC12 cells. This revealed a high level
of co-localization of both proteins within the host cell nucleus, while no such co-locali-
zation was found when NIDP2 was localized on the parasite surface during host cell
division (Fig. 6A and B).

To further corroborate this finding, we utilized a proximity ligation assay (PLA) that
produces a fluorescent signal when two proteins are within 40 nm of each other.
This assay revealed a signal for the NIDP2-STAG2 antibody combination but no signal
when both antibodies were applied alone (Fig. 6C), providing further evidence of the
interaction of both proteins within the host cell nucleus. In line with this, we were also
able to further confirm the interaction of STAG2 with NIDP2 by Western blot analysis after
STAG2 immunoprecipitation from TaC12 cells (Fig. 6D).

DISCUSSION

Transforming Theileria species uniquely induces a cancer-like state in infected host cells,
marked by heightened proliferation, immortality, invasion, and metastasis. The specific
parasite proteins and mechanisms driving these profound host cellular changes remain
poorly understood, and, apart from bioinformatic predictions (34, 45, 48), an unbiased
experiment to identify exported proteins has not been conducted. By employing a

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbi0.03412-2310

Downloaded from https://journals.asm.org/journal/mbio on 16 May 2024 by 130.92.28.40.


https://doi.org/10.1128/mbio.03412-23

Research Article mBio

A TaC12 Nucleus BoMac Nucleus TaC12 Nucleus
NIDP2 IP NIDP2 IP PIS IP
el © el
c C c
- 3 - 3 - 3
=] o > o) 3 Qo
g2 5 o 2 5 a £ 5 &
kDa
180 2 : !

iLFQ log,FC iLFQ log,FC iTop3 log,FC iTop3 log,FC

Gene Protein NIDP2 vs PIS NIDP2 vs BoMac NIDP2 vs PIS NIDP2 vs BoMac
NIDP2 T. annulata Nuclear Intrinsically Disordered Protein 2 13.59 4.24 9.77 5.14
MTBP MDM2 binding protein 11.62 11.62 10.44 11.20
CEP295 Centrosomal protein 295 10.56 11.97 9.45 10.43
NOC2L Nucleolar complex protein 2 homolog 6.54 7.73 4.84 4.63
TA17375 p150 6.40 5.98 4.24 4.51
PPAN-P2RY11 PPAN-P2RY 11 readthrough transcript 6.24 7.04 5.33 6.21
RRP8 Ribosomal RNA-processing protein 8 5.75 6.58 4.75 5.69
SEH1L Nucleoporin SEH1 5.35 3.62 5.25 5.49
STIM1 Stromal interaction molecule 1 5.25 5.83 3.08 3.74
TA09315 Hypothetical protein 5.16 5.26 5.47 5.32
GNAI3 G protein subunit alpha i3 4.93 5.17 2.87 3.06
CS Citrate synthase 4.77 5.62 5.24 5.78
BRIX1 Ribosome biogenesis protein BRX1 homolog 4.50 3.67 3.02 4.29
- UPF0488 protein C80rf33 homolog 4.48 5.03 4.35 4.67
WDR18 WD repeat-containing protein 18 411 6.20 4.50 5.04
STAG2 Stromal antigen 2 4.11 3.63 2.89 2.98
MED16 Mediator of RNA polymerase Il transcription subunit 16 3.88 2.10 3.29 2.93
SPI1 Spi-1 proto-oncogene 3.75 3.83 3.71 3.12
NIN Ninein 3.26 5.31 5.87 4.78

FIG 5 Identification of interaction partners of NIDP2 in the host nucleus. (A) Western blot analysis of nuclear fractions of TaC12 (infected) and BoMac
(uninfected) cells immunoprecipitated (IP) with a-NIDP2; TaC12 cells were additionally probed with pre-immune serum (PIS) from the same rabbit. The Western
blot was probed with a-NIDP2 as the primary antibody. (B) NIDP2-associated parasite and host proteins identified by LC-MS/MS analyses are shown. The iLFQ
log; fold change (FC) was calculated between three biological replicates of the NIDP2-IP of TaC12 cells and two biological replicates of the PIS-IP. The iLFQ log;
FC NIDP2 vs BoMac was calculated between three biological replicates of NIDP2-IP of TaC12 cells and two biological replicates of NIDP2-IP of BoMac cells. The
iTOP3 log FC values were calculated in the same way.

TurbolD-based proximity labeling approach targeting different host compartments in T.
annulata-infected macrophages, we identified several exported proteins and revealed
a common feature among secreted Theileria proteins, namely a high protein disorder
score, indicative of intrinsically disordered proteins (IDPs). In addition to known exported
proteins, a novel protein family, nuclear intrinsically disordered proteins (NIDP) 1-4,
clustered in tandem repeats on chromosome 2, was discovered. The identification
of this new protein family, alongside members of the Ta9 and Tash families, under-
scores the significance of expanded protein families for transformative T. annulata. Our
investigation into NIDP2 revealed an intriguing biphasic cell-cycle-dependent localiza-
tion, demonstrating interactions with the EB1/CD2AP/CLASP1 complex on the parasite
membrane during mitosis and with the tumor suppressor STAG2 within the host cell
nucleus during interphase.

In our study, we focused on identifying parasite proteins exported to the host cell
nucleus and cytoplasm. Alongside the newly identified NIDP1-4 protein family, the
previously uncharacterized protein Tashb (TA03115) was found in the host nucleus.
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FIG 6 NIDP2 interacts with STAG2 in the host cell nucleus. (A) TAC12 cells stained with a-NIDP2 and a-STAG2 show colocalization of both proteins inside of the
host nucleus, but not on the parasite surface. (B) The host cell in the upper left corner in (B) is in interphase, in the lower right corner in ana-/telophase. Host

and parasite nuclei are stained with DAPI. (C) Proximity ligation assay (PLA) of TaC12 cells shows a signal in host cell nuclei only in the presence of both a-NIDP2
and a-STAG2. (D) Western blot analysis of STAG2 immunoprecipitation (IP) from TaC12 cells (20% of total) blotted with a-NIDP2. Preimmune serum (PIS) from the

same rabbit served as control. Representative of three independent experiments with similar outcomes.

In addition, we confirmed the presence of known exported proteins: Ta9 (TA15705)
in the host cytoplasm and TashAT2 (TA20095) in the host nucleus of TaC12 cells (36,
38). However, we did not detect other known exported proteins, such as TashHN
(37) and TaPIN1. Most of the labeled proteins we detected in the host nucleus were,
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of course, of bovine origin. The presence of high-abundance bovine proteins likely
limited the detection of low-molecular-weight or low-abundance Theileria proteins. It
is noteworthy that a previous study in Toxoplasma using the alternative technique
APEX2 (68), also encountered difficulties in identifying all known exported proteins in
Toxoplasma, suggesting inherent limitations of the proximity labeling approach. Despite
these challenges, our study underscores the efficacy of our TurbolD-based approach in
uncovering exported Theileria proteins, as demonstrated by the identification of Ta9,
TashAT2, Tashb, and NIDP1-4. Notably, these proteins, which are absent from the genome
of non-transforming T. orientalis (45), belong to larger gene families characterized by
tandem repeats and variable copy numbers, further emphasizing the significance of our
findings for understanding the Theileria exportome.

Genes critical for survival duplicate under selective pressure indicating adaptive
evolution, resulting in copy number variation (69), possibly driven by their role in
pathogenesis and invasiveness (70, 71). Examples from other protozoans, such as the
vsg, var, and MEDLE gene families in trypanosomes, Plasmodium and Cryptosporidium,
respectively, emphasize this evolutionary mechanism (72-74). Expanded gene families
such as the T. annulata NIDP family are strikingly absent from the non-transforming
T. orientalis. Notably, NIDP1-4 are tandemly arranged in a family of 10 proteins, with
only one non-exported protein identifiable as an ortholog to a T. orientalis protein. The
T. orientalis genome also harbors only a single-copy Tash gene. It is noteworthy that
the ortholog of this gene in T. annulata, known as Tasha, is not expressed during the
transformative schizont stage of the parasite (45). Furthermore, the T. annulata Ta9 gene
shares only weak homology with the signal peptide region and C-terminal region of a
T. orientalis gene (45). While both species infect leukocytes and develop into multinuclea-
ted schizonts, T. annulata induces uncontrolled lymphoproliferation prior to merogony, a
feature absent in T. orientalis. Ultimately, our findings support the concept that extended
gene families play a crucial role in the transformative capacity of T. annulata and may
reflect the intimate host-pathogen co-evolution driven by an arms race between the
parasite and its host (75).

In addition to the role of tandem arrayed proteins in malignant Theileria, the
significance of intrinsically disordered proteins (IDPs) or intrinsically disordered regions
(IDRs) in exported proteins among apicomplexans remains largely unexplored. For
instance, Toxoplasma has numerous exported dense granule proteins such as GRA24,
GRA16, and TgIST, all of which are characterized by distinct disordered protein structures
(76-79). The structural flexibility and lack of a well-defined three-dimensional structure
may allow for interaction with multiple host protein partners, potentially increasing
functional complexity (12). The dynamic nature and rapid evolution of unstructured
regions may also optimize the efficacy of the proteins in the parasite’s arsenal and
potentially also influence trafficking across the parasitophorous membrane. Because
IDRs lack a defined protein structure, they may facilitate a less energy-costly export of
secreted proteins across the parasitophorous vacuole membrane (PVM), as they do not
require unfolding to pass through a membrane channel such as the PTEX complex in
Plasmodium (80). Toxoplasma effector proteins traverse the PVM via interaction with the
putative MYR1 translocon (81), and the presence of structured tags impedes transloca-
tion, leading to protein entrapment within the parasitophorous vacuole (82). However,
unlike Toxoplasma and closely related Plasmodium, Theileria (like Babesia) lacks a PVM,
residing freely in a single membrane within the host cell’s cytosol, and no orthologs
of the MYR1 or PTEX translocon protein members have been identified for Theileria
(4). This suggests that protein export in Theileria occurs through an unrelated mecha-
nism. Protein disorder may not be a prerequisite for membrane translocation into the
host cell in Theileria. This notion is supported by the proteins TaPINT and TaPHB, two
structured T. annulata proteins that have been identified to be exported into the host
cell (34, 35). Hence, the IDP signature may not be essential for export but might reflect
a rapid and evolutionarily cost-effective process for expressing novel interactors with
versatile functions. This phenomenon is exemplified in the NIDP protein family. These
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differences in protein export mechanisms highlight the diversity in strategies employed
by apicomplexan parasites for interacting with and manipulating their host cells. A
comparative analysis of exported proteins in apicomplexans may provide valuable
insights into the evolutionary advantage behind the IDP/IDR signature (83, 84).

Our structural analysis of NIDP proteins, especially NIDP1-4, indicates extensive
disordered expansions between the N- and C-terminal conserved regions of the arrayed
protein family. As less-defined protein structures are critical for the diverse functions of
IDPs in key biological processes, such as signal transduction, transcriptional regulation,
and cell cycle control (85), this feature may allow them to engage in promiscuous
interactions with multiple protein binding partners. During interphase, NIDP2 local-
izes inside the host cell nucleus where stringent mass spectrometry analyses suggest
multiple protein interaction partners including STAG2, mouse double minute 2 (MVDM2)-
binding protein (MTBP), and nucleolar complex protein 2 homolog (NOC2L), the latter
two both involved in p53 regulation. We successfully validated the interaction of NIDP2
and STAG2, a cohesion complex member and well-established cancer gene associated
with various malignancies, including acute myeloid leukemia and bladder cancer (67).
Notably, both p53 and MDM2 regulation have been previously shown to be altered
in Theileria-infected cells (31, 32). Unfortunately, attempts to confirm the interaction of
NIDP2 with MTBP and NOC2L were inconclusive due to the unreliable performance of
commercially available antibodies in the bovine background.

Notably, during mitosis, NIDP2 relocates to the schizont membrane and interacts
with the EB1/CD2AP/CLASP1 complex, which is involved in microtubule interaction
and further interaction with parasite proteins p104 and TaMISHIP (4, 61). This raises
intriguing questions about NIDP2’s dual function on the parasite surface and in the
host cell nucleus, as well as its potential role in microtubule binding during mitosis.
While attempts to ectopically express truncated forms of NIDP2 in bovine cells were
unsuccessful, further work is needed to determine the function of NIDP2 in the nucleus,
which regions of the protein interact with the EB1/CD2AP/CLASP1 complex, and whether
NIDP2 interacts with additional proteins, as suggested by our mass spectrometry data
set.

In conclusion, by employing an unbiased TurbolD-based proximity labeling approach,
we identified a set of exported proteins characterized by a predicted high protein
disorder score, notably the newly identified NIDP family, alongside the established Ta9
and Tash protein families. These findings challenge simplistic assumptions regarding
the sole significance of protein disorder in facilitating protein export over the PVM in
apicomplexan parasites. Instead, they suggest the existence of additional functional
implications for the evolutionary development of protein disorder in apicomplexans. The
detailed analysis of NIDP2's biphasic cell-cycle-dependent localization and interactions,
including its association with the tumor suppressor and cohesion protein STAG2 and
the EB1/CD2AP/CLASP1 membrane complex, sheds new light on previously unknown
versatile dynamics of exported Theileria proteins. Collectively, these discoveries establish
a foundation for further investigations into the molecular mechanisms governing
Theileria-induced cancer-like host cell alterations.

MATERIALS AND METHODS
Maintenance of mammalian cell lines

TaC12 (T. annulata infected macrophage cell line), BoMacs (non-infected bovine
macrophage cell line) (86), and HEK293T were cultured in flasks and well plates from
TPP (Techno Plastic Products AG, Switzerland). BoMacs and HEK293T were kept in DMEM
at 37°C and 5% CO, atmosphere. TaC12 was cultured in L15 at 37°C in the absence of
CO, as described previously (18). The culture media from Gibco were supplemented
with 10% fetal calf serum (FCS; BioConcept, Allschwil, Switzerland; Cat. No. 2-01F10-I),
2 mM L-glutamine (BioConcept, Cat. No. 5-10K00-H), 100 IU/m penicillin, and 100 pg/mL
streptomycin (BioConcept, Cat. No. 4-01F00-H), 10 mM HEPES pH 7.2 (Merck, Darmstadt,
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Germany; CAS-No: 7365-45-9). TaC12 cells were washed with PBS and incubated with
1 mM PBS/EDTA (Merck) and the remaining cell lines were washed with PBS and
incubated with 1x trypsin-EDTA PBS (BioConcept, Cat. No. 5-51K00-H) until detachment.
Cells were split with culture media as required.

Expression constructs

Primers used in this study were purchased from Microsynth AG (Balgach, Switzerland),
and constructs were verified by Sanger sequencing (Microsynth AG). Cloning was
performed using either Gibson Assembly (New England Biolabs, NEB, Ipswich, MA)
or the In-Fusion HD cloning kit (Takara Bio, San Jose, CA), following the manufactur-
er's instructions. Plasmids were transformed into NEB 5-alpha competent E. coli, while
lentiviral constructs were transformed into Endura cells (BioCat, Heidelberg, Germany).
Plasmids obtained from Addgene (Watertown, MA, USA) are listed in the supplement
(Table S2). Lentiviral constructs, including pNLS-TurbolD (p1141), pNES-TurbolID (p1140),
CD2AP-TurbolD (p1138), and pCLASP11256-1538-TurbolD (p1139) utilized pLenti CMV
GFP Puro (#17488) as a linearized template. For GST fusion proteins, TA119505503-2545,
TA1 19551642-1974! TA1 19601249-1617! and TA1 19651375-1698 were ampliﬁed from TaC12
genomic DNA and cloned into the pGST-parallel3 vector (see Table S2 for details).

Lentiviral transduction and FACS sorting

HEK239T cells were utilized to produce lentiviruses and were transfected with FUGENE
HD transfection reagent (Promega, Madison, WI; Cat. No. E2311) using a third-generation
lentiviral transfer vector system as described (16). Briefly, the gene of interest containing
plasmid pRRL-RSrll, along with packaging vector psPAX2 and envelope vector pMD2.G
(Table S2), were transfected into HEK293T cells in a 5:3:2 ratio. Twenty-four hours
post-transfection media were replaced, and lentiviral-particle-containing media were
harvested 48 h and 72 h post-transfection. Prior to transduction, the harvested media
were filtered through a 45-um filter membrane. TaC12 wild-type (WT) cells (2 x 10°)
were transduced with 5 mL of the collected virus-containing media. The transduction
of TaC12 cells was performed twice within a 48-h period, with a recovery time of 24 h
between both transduction steps. TaC12 cells expressing NES, NLS, CLASP1155¢6_1538-
and CD2AP-TurbolD constructs were sorted into a 96-well plate as single cells using the
FACS sorter Aria lll (BD Biosciences, San Jose, CA, USA).

Antibodies

GST fusion proteins (GST—TA1 19502203_2545, GST-TA1 19551642-1974! GST-
TA119601249-1617, and GST-TA119651375.1698) Were overexpressed in BL21 Star E. coli
(Invitrogen ThermoFisher Scientific, Waltham, MA). The proteins were purified using
glutathione Sepharose beads (GE Healthcare, Waukesha, WI) and subsequently sent to
Eurogentec (Seraing, Belgium) for antibody production in rabbits. Peptides from Tashb
(aa sequence: CQYVKSDSDNEENNND) and TA11945 (aa sequence: CEGVTESGELYSKSTY)
were synthesized by Eurogentec and used for immunization in rats (Eurogentec, Seraing,
Belgium).

Immunofluorescence assays

Cells were seeded onto glass coverslips and incubated overnight and either treated or
remained non-treated prior to fixation with 4% PFA for 15 min at room temperature (RT)
before washing with PBS and permeabilization in 0.2% Triton X - 100 (diluted in PBS) for
10 min. Subsequently, cells were blocked in 10% FCS in PBS for 1 h at RT. Alternatively,
cells were fixed with ice-cold methanol, washed twice with PBS, and blocked in 10%
FCS in PBS for 1 h at RT. Primary antibodies were diluted in 10% heat - inactivated FCS
in PBS and put directly onto the cells for 1 h at RT. After primary antibody staining,
cells were washed five times in PBS and secondary antibodies were diluted in 10%
heat - inactivated FCS in PBS and incubated for 1 h at RT. DNA was stained using
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DAPI (Invitrogen), and samples were mounted onto slides by using mounting media
(DAKO), if not mentioned otherwise. Freshly prepared samples were either analyzed
on a DeltaVision Elite system (GE Healthcare) equipped with Olympus IX - 70 inverted
microscope and a CMOS camera, using a 100x Olympus Objective, and software from
SoftWorx (Applied Precision) or an Eclipse 80i microscope (Nikon) equipped with a
Hamamatsu Orca R2 camera using a 100x PlanApo objective (Nikon) and the OpenLab
5 software (Improvision). The PLA assay was performed according to the manufacturer’s
instructions using the In Situ Detection Reagents Red (Catalogue Number: DUO92008,
Merck, Darmstadt, Germany).

TurbolD to identify proteins interacting with CLASP1, CD2AP and located in
the host cytoplasm and nucleus

TaC12 cells stably transduced with the described TurbolD-fusion constructs NLS-TurbolD,
NES-TurbolD, CD2AP-TurbolD, and CLASP14556_1538-TurbolD were incubated in media
containing 500 pM Biotin (Serva) for 3 h (CLASP14556_153g is the minimal region for
CLASP1 that still allows it to bind to the parasite membrane (16). As control the same
cell lines were incubated for 3 h without Biotin. Cells were washed with PBS prior to
detachment. Proteins were extracted using the NE-PER Kit (Thermo Scientific, Catalog
Number 78833) for NLS-TurbolD (nuclear fraction) and NES-TurbolD (cytosolic fraction)
and the Subcellular Protein Fractionation Kit (Thermo Scientific, Catalog Number 78840)
for CD2AP-TurbolD and CLASP11556_1538-TurbolD (membrane fractions). After protein
extraction, lysates were incubated overnight at 4°C with Pierce Streptavidin Magnetic
Beads (Thermo Scientific, Catalog Number 88816) which were washed beforehand with
RIPA lysis buffer (50 mM Tris [pH 8], 150 mM NacCl, 0.1% SDS, 0.5% sodium deoxycholate,
1% Triton X-100, complete EDTA-free protease inhibitor [Roche, Basel, Switzerland]).
Subsequently, the magnetic beads were washed once with 1x 1 M KCl, 1x 0.1 M Na,COs3,
1x 2 M urea in 10 mM Tris-HCl (pH 8) and twice in RIPA lysis buffer. The supernatant was
removed and beads were snap-frozen prior to mass spectrometry and immunoblotting.

In vivo cross-linking and protein complex isolation

Ten million TaC12 cells were harvested and washed with PBS. Subsequently, the cells
were incubated with 0.1% (wt/vol) paraformaldehyde (PFA) in PBS for 8 min at RT to
cross-link the proteins. To stop the reaction, glycine was added at a final concentration
of 125 mM and incubated for 5 min at RT. After this, the cells were washed in PBS.
The cell pellets were put on ice and resuspended in ice-cold lysis buffer (20 mM Tris
[pH 7.5], 140 mM KCI, 1.8 mM MgCl,, 0.1% NP-40, 10% glycerol) containing complete
protease inhibitor cocktail EDTA free (Roche) and sonicated 3 times for 10 s at 10% power
with a Branson Digital Sonifier with 30 s intervals. After centrifugation at 16,000 X g
for 5 min, the lysate was put on lysis buffer-washed Pierce Protein A Magnetic Beads
(Catalog number: 88845) and Pierce Protein G Magnetic Beads (Catalog number: 88847)
together with rabbit and rat or mice antibodies, respectively, incubated together prior for
6 h at 4°C. The lysates were further incubated overnight at 4°C and subsequently washed
thrice with RNP lysis buffer. Finally, cross-linking reversal and elution of proteins were
performed by incubation with 1x Ladmmli buffer for 20 min at 95°C and analyzed by mass
spectrometry and immunoblotting.

Mass spectrometry analysis of streptavidin and antibody-based protein
pull-downs

For mass spectrometry of streptavidin pull-downs, the beads were incubated in 50 pL
3% reducing LDS sample buffer containing 15 mM DTT and 2 mM biotin at 95°C for
10 min prior to loading the entire sample onto a BoltTM 12% Bis-Tris-Plus gel and briefly
running them into the top of the gel. The gel was fixed and stained with colloidal
Coomassie blue G250 stain (17% [wt/vol] ammonium sulfate, 34% methanol, 0.5% acetic
acid, 0.1% [wt/vol] Coomassie blue G-250), subsequently reduced and alkylated, and
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then washed to remove SDS and stain before digestion with trypsin (500 ng) over-
night at 37°C. Peptides were extracted from the gel pieces, dried down, and samples
were re-dissolved in 2.5% acetonitrile and 0.1% formic acid. 5 pL of each digest was
run by nanoLC-MS/MS using a 2-h gradient on a 0.075 mm X 250 mm C18 column
feeding into a Q-Exactive HF mass spectrometer. All MS/MS samples were analyzed
using Mascot (Matrix Science, London, UK; version 2.6.2). Mascot was set up to search
the Bos_taurus_Refseq_002263795.1_ARS-UCD1.2_20190510.fasta (63687 sequences)
and cRAP_20150130.fasta (123 sequences; contaminant file) for the three searches,
plus one more database for each as described: (i) Old database (OldDB)—Thei-
leria_annulataAnkara_PiroplasmaDB-43_AnnotatedProteins_20190510 database (3,796
entries), (ii) Uniprot—uniprot-Theileria_annulata_refproteome_UP000001950_20190508
database (3790 entries), (iii) New database (NewDB)—Theileria_annulataAnkara_Piro-
plasmaDB-43_AnnotatedProteins_20191214 database (3,572 entries). The searches were
done assuming the digestion enzyme trypsin. Mascot was searched with a fragment
ion mass tolerance of 0.060 Da and a parent ion tolerance of 10.0 PPM. Deamidated of
asparagine and glutamine, oxidation of methionine, and carbamidomethyl of cysteine
were specified in Mascot as variable modifications. Scaffold (version Scaffold_4.8.9,
Proteome Software Inc., Portland, OR) was used to validate MS/MS-based peptide and
protein identifications. Peptide identifications were accepted if they could be established
at greater than 80.0% probability by the Peptide Prophet algorithm (87) with Scaffold
delta-mass correction. Protein identifications were accepted if they could be estab-
lished at greater than 99.0% probability and contained at least one identified peptide.
Protein probabilities were assigned by the Protein Prophet algorithm (88). Proteins that
contained similar peptides and could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony. Proteins sharing significant
peptide evidence were grouped into clusters.

For mass spectrometry of proteins that were immunoprecipitated by antibodies as
bait, washed protein fractions were loaded on SDS-PAGE gel, fixed in methanol-acetic
acid-water (45:1:54) for 20 min, and subsequently stained with colloidal Coomassie
staining and digested as described above. The digests were analyzed by liquid chroma-
tography LC-MS/MS (PROXEON coupled to a QExactive mass spectrometer, ThermoFisher
Scientific, Reinach, Switzerland) with one injection of 5 uL digests. Peptides were trapped
on a pPrecolumn C18 PepMap100 (5 pm, 100 A, 300 um x 5 mm, ThermoFisher Scientific,
Reinach, Switzerland) and separated by backflush on a C18 column (5 pm, 100 A, 75 pum x
15 cm, C18) by applying a 40 min gradient of 5% acetonitrile to 40% in water, 0.1% formic
acid, at a flow rate of 350 nL/min. The Full Scan method was set with a resolution of
70,000 with an automatic gain control (AGC) target of 1E06 and a maximum ion injection
time of 50 ms. The data-dependent method for precursor ion fragmentation was applied
with the following settings: resolution 17,500, AGC of 1E05, a maximum ion time of 110
ms, mass window 2 m/z, collision energy 27, under fill ratio 1%, charge exclusion of
unassigned and 1+ ions, and peptide match preferred, respectively. The mass spectrome-
try data were then searched with MaxQuant (89) version 1.6.14.0 against the following
concatenated databases: Theileria annulata strain Ankara (PiroplasmaDB, release 43),
Theileria annulata TaC12 deNovo proteins (manuscript in preparation; no Masking), and
uniprot (UniProt Consortium, 2019) Bos taurus (release 2021_03), to which common
potential contaminants were added. The digestion enzyme was set to trypsin with a
maximum of three missed cleavages, peptide tolerance for the first search to 20 ppm,
and the MS/MS match tolerance to 25 ppm. Carbamidomethylation on cysteine was
given as a fixed modification, while methionine oxidation, asparagine, and glutamine
deamidation as well as protein N-terminal acetylation were set as variable modifica-
tions. Match between runs were allowed between replicates. Identification filtering was
controlled by a false discovery rate set at 0.01 at both peptide-spectrum match and
protein level. Proteins with one-peptide identification were allowed. Next to MaxQuant’s
Label-Free Quantification (LFQ) values, protein abundance was also obtained by adding
the intensities of the top three most intense peptides (Top3) (90), after normalizing the
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peptide forms by variance stabilization (91). Imputation was performed at the peptide
form level for Top3 (iTop3), and the protein level for LFQ (iLFQ). In either case, missing
values were replaced by a draw from a Gaussian distribution if there was at most one
non-missing value in a group of replicates; this distribution was such that its width was
0.3x sample standard deviation and centered at the sample distribution mean minus
2.8 or 2.5x sample standard deviation, for, respectively, peptide or protein level. Any
remaining missing values were imputed by the Maximum Likelihood Estimation (92)
method.

Cell synchronization, fractionation and isolation of chromatin-bound
proteins

Cellular fractionation was performed as described above or with Triton X-114 as
described previously (56). Briefly, 2 mL of Triton X-114 (Fluka, BioChemika, 93422) was
resuspended in 98 mL PBS and dissolved at 0°C and incubated overnight at 30°C. The
next day the upper aqueous phase was removed and PBS was added to the same
volume as removed and again dissolved at 0°C. This procedure was repeated two
more times to obtain 10% condensed Triton X-114. For cell fractionation, a 1T mL 1%
Triton X-114 solution was made and mixed with pellets of 10 x 10° TaC12 cells and
resuspended by vortexing and sonication 3 x 10 s at 10% power. After centrifugation
at 16,000 x g for 5 min, the supernatant was removed, and the pellet was put aside.
The supernatant was warmed at 37°C for 1 min (until the solution became cloudy)
and then spun at 775 RCF for 1 min and the upper aqueous phase was removed from
the lower detergent phase. Both phases were precipitated by the methanol-chloroform
procedure (93) and all fractions were resuspended in 1x Lammli buffer. The isolation of
chromatin-bound proteins was performed as described previously (59). To synchronize
cells in mitosis, TaC12 cells were arrested in prometaphase by incubating with 0.1 pg/mL
nocodazole (Biotrend) for 16 h prior to harvest by shake-off. For removal of phosphate
groups prior to SDS-PAGE analysis, lysates were prepared in the absence of the phos-
phatase inhibitor and treated with lambda protein phosphatase (NEB) following the
manufacturer’s instructions. To separate phosphorylated proteins, lysates were analyzed
by SDS-PAGE in the presence of 20 uM Phos-tag acrylamide (NARD institute) following
the manufacturer’s instructions.

Protein structure predictions

To predict the structure of the identified proteins, IUPred3, fIDPnn, and AlphaFold2
were used (49, 50, 55, 94). For IUPred3, the analysis type was set to long disorder
and medium smoothing. For AlphaFold2, the Multiple Sequence Alignment (MSA)
mode utilized was MMseqs2, incorporating UniRef and environmental sample sequence
databases (UniRef + Environmental). The number of models was set to 5, with 24
recycles. Convergence of recycles occurred in all models before reaching 24. The relax
max iterations were set to 200, and the pairing strategy was set to greedy.

ACKNOWLEDGMENTS

We would like to thank Brian Shiels for the p104, TashAT2, and Ta9 antibodies. Stephan
Grimm is thanked for his technical assistance. Our thanks go to the Department for
BioMedical Research (DBMR), the Flow Cytometry and Cell Sorting Facility (FCCS), and the
Core Facility Proteomics & Mass Spectrometry of the University of Bern, Switzerland. We
thank the Center for Biotechnology, Proteomics & Metabolomics facility of the University
of Nebraska, USA. Jubilee Ajiboye, University of Vermont, is thanked for assistance with
alphaFold2.

This work was founded by the Swiss National Science Foundation (SNF), project
numbers 310030_189127 (to S. Rottenberg) and 173972 (to P. Olias).

P.O. conceived and designed the study. F.B., C.P, AN, K.G., S.V.,, KW., and PO. acquired,
analyzed, or interpreted the data. F.B. and P.O. wrote the manuscript.

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbi0.03412-2318

Downloaded from https://journals.asm.org/journal/mbio on 16 May 2024 by 130.92.28.40.


https://doi.org/10.1128/mbio.03412-23

Research Article

AUTHOR AFFILIATIONS

'Institute of Animal Pathology, University of Bern, Bern, Switzerland

mBio

’Department of Chemistry, Biochemistry and Pharmaceutical Sciences, Bern, Switzerland
*Institute of Veterinary Pathology, Justus Liebig University, Giessen, Germany

AUTHOR ORCIDs

Philipp Olias & http://orcid.org/0000-0002-7200-2414

FUNDING

Funder

Grant(s) Author(s)

Schweizerischer Nationalfonds zur Férderung der Wissen-

schaftlichen Forschung (SNF)

173972 Philipp Olias

Schweizerischer Nationalfonds zur Férderung der Wissen-

schaftlichen Forschung (SNF)

189127 Sven Rottenberg

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Fig. S1 (mBio03412-23-s0001.tiff). TurbolD controls; validation of TashAT2, Tashb, and
Ta9 protein localization in TaC12 cells; and alignment of Tash and Ta9 locus, related to
Figure 1.
Fig. S2 (mBio03412-23-s0002.tiff). Additional controls and analyses of NIDP1-4 and
TA11945 proteins, related to Fig. 2.
Fig. S3 (mBio03412-23-s0003.tiff). Localization of NIDP2 during interphase and mitosis;
TurbolD controls.
Legends (mBio03412-23-s0004.docx). Legends for supplemental figures and tables.

Table S1 (mBio03412-23-s0005.xIsx). I[dentified parasite proteins in host cell by TurbolD
proximity labeling.
Table S2 (mBio03412-23-s0006.xlsx). Vector constructs used in this study.

REFERENCES

1.

Month XXXX  Volume 0

Villares M, Berthelet J, Weitzman JB. 2020. The clever strategies used by
intracellular parasites to hijack host gene expression. Semin Immunopa-
thol 42:215-226. https://doi.org/10.1007/5s00281-020-00779-z
Dobbelaere DAE, Kiienzi P. 2004. The strategies of the Theileria parasite:
a new twist in host-pathogen interactions. Curr Opin Immunol 16:524-
530. https://doi.org/10.1016/j.coi.2004.05.009

Tretina K, Gotia HT, Mann DJ, Silva JC. 2015. Theileria-transformed bovine
leukocytes have cancer hallmarks. Trends Parasitol 31:306-314. https://
doi.org/10.1016/j.pt.2015.04.001

Woods K, Perry C, Brithimann F, Olias P. 2021. Theileria’s strategies and
effector mechanisms for host cell transformation: from invasion to
immortalization. Front Cell Dev Biol 9:662805. https://doi.org/10.3389/
fcell.2021.662805

Glass EJ, Crutchley S, Jensen K. 2012. Living with the enemy or uninvited
guests: functional genomics approaches to investigating host resistance
or tolerance traits to a protozoan parasite, Theileria annulata, in cattle.
Vet Immunol Immunopathol 148:178-189. https://doi.org/10.1016/j.
vetimm.2012.03.006

Marsh TL, Yoder J, Deboch T, McElwain TF, Palmer GH. 2016. Livestock
vaccinations translate into increased human capital and school
attendance by girls. Sci Adv 2:e1601410. https://doi.org/10.1126/sciadv.
1601410

Morrison WI. 2015. The aetiology, pathogenesis and control of
Theileriosis in domestic animals: -EN- -FR- Etiologie, Pathogénie et
Contréle de la Theilériose Chez LES Animaux Domestiques -ES- Etiologia,

Issue 0

10.

1.

12.

13.

14.

15.

Patogénesis Y control de la Teileriosis en Animales Domésticos. Rev Sci
Tech OIE 34:599-611. https://doi.org/10.20506/rst.34.2.2383

Surve AA, Hwang JY, Manian S, Onono JO, Yoder J. 2023. Economics of
East Coast fever: a literature review. Front Vet Sci 10:1239110. https://doi.
org/10.3389/fvets.2023.1239110

Dobbelaere DAE, Rottenberg S. 2003. Theileria-induced leukocyte
transformation. Curr Opin Microbiol 6:377-382. https://doi.org/10.1016/
$1369-5274(03)00085-7

Spooner RL, Innes EA, Glass EJ, Brown CG. 1989. Theileria annulata and T.
parva infect and transform different bovine mononuclear cells.
Immunology 66:284-288.

Frénal K, Dubremetz J-F, Lebrun M, Soldati-Favre D. 2017. Gliding
motility powers invasion and egress in Apicomplexa. Nat Rev Microbiol
15:645-660. https://doi.org/10.1038/nrmicro.2017.86

Hakimi M-A, Olias P, Sibley LD. 2017. Toxoplasma effectors targeting host
signaling and transcription. Clin Microbiol Rev 30:615-645. https://doi.
org/10.1128/CMR.00005-17

Shaw MK, Tilney LG, Musoke AJ. 1991. The entry of Theileria parva
sporozoites into bovine lymphocytes: evidence for MHC class |
involvement. J Cell Biol 113:87-101. https://doi.org/10.1083/jcb.113.1.87
Fawcett DW, Doxsey S, Stagg DA, Young AS. 1982. The entry of
sporozoites of Theileria parva into bovine lymphocytes in vitro. Electron
microscopic observations. Eur J Cell Biol 27:10-21.

Shaw MK. 2003. Cell invasion by Theileria sporozoites. Trends Parasitol
19:2-6. https://doi.org/10.1016/51471-4922(02)00015-6

10.1128/mbi0.03412-2319

Downloaded from https://journals.asm.org/journal/mbio on 16 May 2024 by 130.92.28.40.


https://doi.org/10.1128/mbio.03412-23
https://doi.org/10.1007/s00281-020-00779-z
https://doi.org/10.1016/j.coi.2004.05.009
https://doi.org/10.1016/j.pt.2015.04.001
https://doi.org/10.3389/fcell.2021.662805
https://doi.org/10.1016/j.vetimm.2012.03.006
https://doi.org/10.1126/sciadv.1601410
https://doi.org/10.20506/rst.34.2.2383
https://doi.org/10.3389/fvets.2023.1239110
https://doi.org/10.1016/s1369-5274(03)00085-7
https://doi.org/10.1038/nrmicro.2017.86
https://doi.org/10.1128/CMR.00005-17
https://doi.org/10.1083/jcb.113.1.87
https://doi.org/10.1016/s1471-4922(02)00015-6
https://doi.org/10.1128/mbio.03412-23

Research Article

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Month XXXX Volume 0

Huber S, Theiler R, de Quervain D, Wiens O, Karangenc T, Heussler V,
Dobbelaere D, Woods K. 2017. The microtubule-stabilizing protein
CLASP1 associates with the Theileria annulata schizont surface via its
kinetochore-binding domain. mSphere 2:€00215-17. https://doi.org/10.
1128/mSphere.00215-17

Heussler VT, Rottenberg S, Schwab R, Kuienzi P, Fernandez PC, McKellar
S, Shiels B, Chen ZJ, Orth K, Wallach D, Dobbelaere DAE. 2002. Hijacking
of host cell IKK signalosomes by the transforming parasite Theileria.
Science 298:1033-1036. https://doi.org/10.1126/science.1075462
Woods KL, Theiler R, Mithlemann M, Segiser A, Huber S, Ansari HR, Pain
A, Dobbelaere DAE. 2013. Recruitment of EB1, a master regulator of
microtubule dynamics, to the surface of the Theileria annulata schizont.
PLoS Pathog 9:1003346. https://doi.org/10.1371/journal.ppat.1003346
Glass EJ, Innes EA, Spooner RL, Brown CGD. 1989. Infection of bovine
monocyte/macrophage populations with Theileria annulata and
Theileria parva. Vet Immunol Immunopathol 22:355-368. https://doi.org/
10.1016/0165-2427(89)90171-2

Jura W, Brown CGD, Kelly B. 1983. Fine structure and invasive behaviour
of the early developmental stages of Theileria annulata in vitro. Vet
Parasitol 12:31-44. https://doi.org/10.1016/0304-4017(83)90085-7
Hulliger L, Wilde KH, Brown CG, TurneR L. 1964. Mode of multiplication
of Theileria in cultures of bovine lymphocytic cells. Nature 203:728-730.
https://doi.org/10.1038/203728a0

von Schubert C, Xue G, Schmuckli-Maurer J, Woods KL, Nigg EA,
Dobbelaere DAE. 2010. The transforming parasite Theileria co-opts host
cell mitotic and central spindles to persist in continuously dividing cells.
PLoS Biol 8:21000499. https://doi.org/10.1371/journal.pbio.1000499
Forsyth LMG, Minns FC, Kirvar E, Adamson RE, Hall FR, McOrist S, Brown
CGD, Preston PM. 1999. Tissue damage in cattle infected with Theileria
annulata accompanied by metastasis of cytokine-producing, schizont-
infected mononuclear phagocytes. J Comp Pathol 120:39-57. https://
doi.org/10.1053/jcpa.1998.0256

Fry LM, Schneider DA, Frevert CW, Nelson DD, Morrison WI, Knowles DP.
2016. East Coast fever caused by Theileria parva is characterized by
macrophage activation associated with vasculitis and respiratory failure.
PLoS One 11:e0156004. https://doi.org/10.1371/journal.pone.0156004
Sivakumar T, Hayashida K, Sugimoto C, Yokoyama N. 2014. Evolution and
genetic diversity of Theileria. Infect Genet Evol 27:250-263. https://doi.
org/10.1016/j.meegid.2014.07.013

Watts JG, Playford MC, Hickey KL. 2016. Theileria orientalis: a review. N Z
Vet J 64:3-9. https://doi.org/10.1080/00480169.2015.1064792
Baumgartner M, Chaussepied M, Moreau MF, Werling D, Davis WC,
Garcia A, Langsley G. 2000. Constitutive PI3-K activity is essential for
proliferation, but not survival, of Theileria parva-transformed B cells. Cell
Microbiol 2:329-339. https://doi.org/10.1046/j.1462-5822.2000.00062.x
Chaussepied M, Lallemand D, Moreau M-F, Adamson R, Hall R, Langsley
G. 1998. Upregulation of Jun and Fos family members and permanent
JNK activity lead to constitutive AP-1 activation in Theileria-transformed
leukocytes. Mol Biochem Parasitol 94:215-226. https://doi.org/10.1016/
50166-6851(98)00070-x

Lizundia R, Chaussepied M, Huerre M, Werling D, Di Santo JP, Langsley G.
2006. c-Jun NH2-terminal kinase/c-Jun signaling promotes survival and
metastasis of B lymphocytes transformed by Theileria. Cancer Res
66:6105-6110. https://doi.org/10.1158/0008-5472.CAN-05-3861
Dessauge F, Hilaly S, Baumgartner M, Blumen B, Werling D, Langsley G.
2005. c-Myc activation by Theileria parasites promotes survival of
infected B-lymphocytes. Oncogene 24:1075-1083. https://doi.org/10.
1038/sj.0nc.1208314

Haller D, Mackiewicz M, Gerber S, Beyer D, Kullmann B, Schneider |,
Ahmed JS, Seitzer U. 2010. Cytoplasmic sequestration of p53 promotes
survival in leukocytes transformed by Theileria. Oncogene 29:3079-
3086. https://doi.org/10.1038/0nc.2010.61

Hayashida K, Kajino K, Hattori M, Wallace M, Morrison |, Greene MI,
Sugimoto C. 2013. MDM2 regulates a novel form of incomplete
neoplastic transformation of Theileria parva infected lymphocytes. Exp
Mol Pathol 94:228-238. https://doi.org/10.1016/j.yexmp.2012.08.008
Tajeri S, Langsley G. 2021. Theileria secretes proteins to subvert its host
leukocyte.  Biol  Cell 113:220-233. https://doi.org/10.1111/boc.
202000096

Marsolier J, Perichon M, DeBarry JD, Villoutreix BO, Chluba J, Lopez T,
Garrido C, Zhou XZ, Lu KP, Fritsch L, Ait-Si-Ali S, Mhadhbi M, Medjkane S,

Issue 0

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

mBio

Weitzman JB. 2015. Theileria parasites secrete a prolyl isomerase to
maintain host leukocyte transformation. Nature 520:378-382. https://
doi.org/10.1038/nature14044

Araveti PB, Kar PP, Kuriakose A, Sanju A, Srivastava A. 2022. Identification
of a novel interaction between Theileria prohibitin (TaPHB-1) and bovine
RUVBL-1. bioRxiv. https://doi.org/10.1101/2022.02.14.480320

Swan DG, Phillips K, Tait A, Shiels BR. 1999. Evidence for localisation of a
Theileria parasite AT hook DNA-binding protein to the nucleus of
immortalised bovine host cells. Mol Biochem Parasitol 101:117-129.
https://doi.org/10.1016/s0166-6851(99)00064-x

Swan DG, Stadler L, Okan E, Hoffs M, Katzer F, Kinnaird J, McKellar S,
Shiels BR. 2003. TashHN, a Theileria annulata encoded protein
transported to the host nucleus displays an association with attenuation
of parasite differentiation. Cell Microbiol 5:947-956. https://doi.org/10.
1046/j.1462-5822.2003.00340.x

Unlu AH, Tajeri S, Bilgic HB, Eren H, Karagenc T, Langsley G. 2018. The
secreted Theileria annulata Ta9 protein contributes to activation of the
AP-1 transcription factor. PLoS One 13:e0196875. https://doi.org/10.
1371/journal.pone.0196875

Durrani Z, Kinnaird J, Cheng CW, Briihimann F, Capewell P, Jackson A,
Larcombe S, Olias P, Weir W, Shiels B. 2023. A parasite DNA binding
protein with potential to influence disease susceptibility acts as an
analogue of mammalian HMGA transcription factors. PLoS One
18:€0286526. https://doi.org/10.1371/journal.pone.0286526

Kinnaird JH, Weir W, Durrani Z, Pillai SS, Baird M, Shiels BR. 2013. A
bovine lymphosarcoma cell line infected with Theileria annulata exhibits
an irreversible reconfiguration of host cell gene expression. PLoS One
8:€66833. https://doi.org/10.1371/journal.pone.0066833

Marsolier J, Perichon M, Weitzman JB, Medjkane S. 2019. Secreted
parasite Pin1 isomerase stabilizes host PKM2 to reprogram host cell
metabolism. Commun Biol 2:152. https://doi.org/10.1038/542003-019-
0386-6

Oura CAL, McKellar S, Swan DG, Okan E, Shiels BR. 2006. Infection of
bovine cells by the protozoan parasite Theileria annulata modulates
expression of the ISGylation system. Cell Microbiol 8:276-288. https://
doi.org/10.1111/j.1462-5822.2005.00620.x

Branon TC, Bosch JA, Sanchez AD, Udeshi ND, Svinkina T, Carr SA,
Feldman JL, Perrimon N, Ting AY. 2018. Efficient proximity labeling in
living cells and organisms with TurbolD. Nat Biotechnol 36:880-887.
https://doi.org/10.1038/nbt.4201

Nielsen H. 2017. Predicting secretory proteins with SignalP, p 59-73. In
Kihara D (ed), Protein function prediction: methods and protocols.
Springer, New York, NY.

Hayashida K, Hara Y, Abe T, Yamasaki C, Toyoda A, Kosuge T, Suzuki Y,
Sato Y, Kawashima S, Katayama T, et al. 2012. Comparative genome
analysis of three eukaryotic parasites with differing abilities to transform
leukocytes reveals key mediators of Theileria-induced leukocyte
transformation. mBio 3:€00204-12. https://doi.org/10.1128/mBi0.00204-
12

Weir W, Sunter J, Chaussepied M, Skilton R, Tait A, de Villiers EP, Bishop R,
Shiels B, Langsley G. 2009. Highly syntenic and yet divergent: a tale of
two Theilerias. Infect Genet Evol 9:453-461. https://doi.org/10.1016/j.
meegid.2009.01.002

MacHugh ND, Weir W, Burrells A, Lizundia R, Graham SP, Taracha EL,
Shiels BR, Langsley G, Morrison WI. 2011. Extensive polymorphism and
evidence of immune selection in a highly dominant antigen recognized
by bovine CD8 T cells specific for Theileria annulata. Infect Immun
79:2059-20609. https://doi.org/10.1128/1A1.01285-10

Pain A, Renauld H, Berriman M, Murphy L, Yeats CA, Weir W, Kerhornou
A, Aslett M, Bishop R, Bouchier C, et al. 2005. Genome of the host-cell
transforming parasite Theileria annulata compared with T. parva. Science
309:131-133. https://doi.org/10.1126/science.1110418

Erdés G, Pajkos M, Dosztanyi Z. 2021. IUPred3: prediction of protein
disorder enhanced with unambiguous experimental annotation and
visualization of evolutionary conservation. Nucleic Acids Res 49:W297-
W303. https://doi.org/10.1093/nar/gkab408

Hu G, Katuwawala A, Wang K, Wu Z, Ghadermarzi S, Gao J, Kurgan L.
2021. fIDPnn: accurate intrinsic disorder prediction with putative
propensities of disorder functions. Nat Commun 12:4438. https://doi.
org/10.1038/s41467-021-24773-7

10.1128/mbi0.03412-2320

Downloaded from https://journals.asm.org/journal/mbio on 16 May 2024 by 130.92.28.40.


https://doi.org/10.1128/mSphere.00215-17
https://doi.org/10.1126/science.1075462
https://doi.org/10.1371/journal.ppat.1003346
https://doi.org/10.1016/0165-2427(89)90171-2
https://doi.org/10.1016/0304-4017(83)90085-7
https://doi.org/10.1038/203728a0
https://doi.org/10.1371/journal.pbio.1000499
https://doi.org/10.1053/jcpa.1998.0256
https://doi.org/10.1371/journal.pone.0156004
https://doi.org/10.1016/j.meegid.2014.07.013
https://doi.org/10.1080/00480169.2015.1064792
https://doi.org/10.1046/j.1462-5822.2000.00062.x
https://doi.org/10.1016/s0166-6851(98)00070-x
https://doi.org/10.1158/0008-5472.CAN-05-3861
https://doi.org/10.1038/sj.onc.1208314
https://doi.org/10.1038/onc.2010.61
https://doi.org/10.1016/j.yexmp.2012.08.008
https://doi.org/10.1111/boc.202000096
https://doi.org/10.1038/nature14044
https://doi.org/10.1101/2022.02.14.480320
https://doi.org/10.1016/s0166-6851(99)00064-x
https://doi.org/10.1046/j.1462-5822.2003.00340.x
https://doi.org/10.1371/journal.pone.0196875
https://doi.org/10.1371/journal.pone.0286526
https://doi.org/10.1371/journal.pone.0066833
https://doi.org/10.1038/s42003-019-0386-6
https://doi.org/10.1111/j.1462-5822.2005.00620.x
https://doi.org/10.1038/nbt.4201
https://doi.org/10.1128/mBio.00204-12
https://doi.org/10.1016/j.meegid.2009.01.002
https://doi.org/10.1128/IAI.01285-10
https://doi.org/10.1126/science.1110418
https://doi.org/10.1093/nar/gkab408
https://doi.org/10.1038/s41467-021-24773-7
https://doi.org/10.1128/mbio.03412-23

Research Article

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64,

65.

66.

67.

68.

69.

Month XXXX Volume 0

Lu S, Wang J, Chitsaz F, Derbyshire MK, Geer RC, Gonzales NR, Gwadz M,
Hurwitz DI, Marchler GH, Song JS, Thanki N, Yamashita RA, Yang M,
Zhang D, Zheng C, Lanczycki CJ, Marchler-Bauer A. 2020. CDD/SPARCLE:
the conserved domain database in 2020. Nucleic Acids Res 48:D265-
D268. https://doi.org/10.1093/nar/gkz991

Kinoshita E, van der Linden E, Sanchez H, Wyman C. 2009. RAD50, an
SMC family member with multiple roles in DNA break repair: how does
ATP affect function? Chromosome Res 17:277-288. https://doi.org/10.
1007/s10577-008-9018-6

Lara-Pezzi E, Pezzi N, Prieto |, Barthelemy |, Carreiro C, Martinez A,
Maldonado-Rodriguez A, Lépez-Cabrera M, Barbero JL. 2004. Evidence
of a transcriptional co-activator function of cohesin STAG/SA/Scc3. J Biol
Chem 279:6553-6559. https://doi.org/10.1074/jbc.M307663200

Palecek JJ, Gruber S. 2015. Kite proteins: a superfamily of SMC/Kleisin
partners conserved across bacteria, archaea, and eukaryotes. Structure
23:2183-2190. https://doi.org/10.1016/j.5tr.2015.10.004

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O,
Tunyasuvunakool K, Bates R, Zidek A, Potapenko A, et al. 2021. Highly
accurate protein structure prediction with AlphaFold. Nature 596:583-
589. https://doi.org/10.1038/541586-021-03819-2

Bordier C. 1981. Phase separation of integral membrane proteins in
Triton X-114 solution. J Biol Chem 256:1604-1607. https://doi.org/10.
1016/50021-9258(19)69848-0

Schnittger L, Katzer F, Biermann R, Shayan P, Boguslawski K, McKellar S,
Beyer D, Shiels BR, Ahmed JS. 2002. Characterization of a polymorphic
Theileria annulata surface protein (TaSP) closely related to PIM of
Theileria parva: implications for use in diagnostic tests and subunit
vaccines. Mol Biochem Parasitol120:247-256. https://doi.org/10.1016/
S0166-6851(02)00013-0

Toye PG, Goddeeris BM, lams K, Musoke AJ, Morrison WI. 1991.
Characterization of a polymorphic immunodominant molecule in
sporozoites and schizonts of Theileria parva. Parasite Immunol 13:49-62.
https://doi.org/10.1111/j.1365-3024.1991.tb00262.x

Gillotin S. 2018. Isolation of chromatin-bound proteins from subcellular
fractions for biochemical analysis. Bio Protoc 8:e3035. https://doi.org/10.
21769/BioProtoc.3035

lams KP, Young JR, Nene V, Desai J, Webster P, ole-MoiYoi OK, Musoke
AJ. 1990. Characterisation of the gene encoding a 104-kilodalton
microneme-rhoptry protein of Theileria parva. Mol Biochem Parasitol
39:47-60. https://doi.org/10.1016/0166-6851(90)90007-9

Huber S, Karagenc T, Ritler D, Rottenberg S, Woods K. 2018. Identifica-
tion and characterisation of a Theileria annulata proline-rich microtubule
and SH3 domain-interacting protein (TaMISHIP) that forms a complex
with CLASP1, EB1, and CD2AP at the schizont surface. Cell Microbiol
20:212838. https://doi.org/10.1111/cmi.12838

Brady M, Vlatkovic N, Boyd MT. 2005. Regulation of p53 and MDM2
activity by MTBP. Mol Cell Biol 25:545-553. https://doi.org/10.1128/MCB.
25.2.545-553.2005

Hublitz P, Kunowska N, Mayer UP, Miller JM, Heyne K, Yin N, Fritzsche C,
Poli C, Miguet L, Schupp IW, van Grunsven LA, Potiers N, van Dorsselaer
A, Metzger E, Roemer K, Schiile R. 2005. NIR is a novel INHAT repressor
that modulates the transcriptional activity of p53. Genes Dev 19:2912-
2924, https://doi.org/10.1101/gad.351205

Cuadrado A, Losada A. 2020. Specialized functions of cohesins STAG1
and STAG2 in 3D genome architecture. Curr Opin Genet Dev 61:9-16.
https://doi.org/10.1016/j.gde.2020.02.024

Mehta GD, Kumar R, Srivastava S, Ghosh SK. 2013. Cohesin: functions
beyond sister chromatid cohesion. FEBS Lett 587:2299-2312. https://doi.
org/10.1016/j.febslet.2013.06.035

Waldman T. 2020. Emerging themes in cohesin cancer biology. Nat Rev
Cancer 20:504-515. https://doi.org/10.1038/541568-020-0270-1
Romero-Pérez L, Surdez D, Brunet E, Delattre O, Griinewald TGP. 2019.
STAG mutations in cancer. Trends Cancer 5:506-520. https://doi.org/10.
1016/j.trecan.2019.07.001

Rosenberg A, Sibley LD. 2021. Toxoplasma gondii secreted effectors co-
opt host repressor complexes to inhibit necroptosis. Cell Host Microbe
29:1186-1198. https://doi.org/10.1016/j.chom.2021.04.016

Mérot C, Oomen RA, Tigano A, Wellenreuther M. 2020. A roadmap for
understanding the evolutionary significance of structural genomic
variation. Trends Ecol Evol 35:561-572. https://doi.org/10.1016/j.tree.
2020.03.002

Issue 0

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

mBio

Mathers TC, Chen Y, Kaithakottil G, Legeai F, Mugford ST, Baa-Puyoulet P,
Bretaudeau A, Clavijo B, Colella S, Collin O, et al. 2017. Rapid transcrip-
tional plasticity of duplicated gene clusters enables a clonally
reproducing aphid to colonise diverse plant species. Genome Biol 18:27.
https://doi.org/10.1186/5s13059-016-1145-3

Stalder L, Oggenfuss U, Mohd-Assaad N, Croll D. 2023. The population
genetics of adaptation through copy number variation in a fungal plant
pathogen. Mol Ecol 32:2443-2460. https://doi.org/10.1111/mec.16435
Barry AE, Leliwa-Sytek A, Tavul L, Imrie H, Migot-Nabias F, Brown SM,
McVean GAV, Day KP. 2007. Population genomics of the immune
evasion (var) genes of Plasmodium falciparum. PLoS Pathog 3:e34. https:/
/doi.org/10.1371/journal.ppat.0030034

Donelson JE. 2003. Antigenic variation and the African trypanosome
genome. Acta Trop 85:391-404. https://doi.org/10.1016/50001-
706x(02)00237-1

Dumaine JE, Sateriale A, Gibson AR, Reddy AG, Gullicksrud JA, Hunter
EN, Clark JT, Striepen B. 2021. The enteric pathogen Cryptosporidium
parvum exports proteins into the cytosol of the infected host cell. Elife
10:270451. https://doi.org/10.7554/eLife.70451

Kawecki TJ. 1998. Red queen meets Santa Rosalia: arms races and the
evolution of host specialization in organisms with parasitic lifestyles. Am
Nat 152:635-651. https://doi.org/10.1086/286195

Bougdour A, Durandau E, Brenier-Pinchart MP, Ortet P, Barakat M, Kieffer
S, Curt-Varesano A, Curt-Bertini RL, Bastien O, Coute Y, Pelloux H, Hakimi
MA. 2013. Host cell subversion by Toxoplasma GRA16, an exported
dense granule protein that targets the host cell nucleus and alters gene
expression. Cell Host Microbe 13:489-500. https://doi.org/10.1016/j.
chom.2013.03.002

Braun L, Brenier-Pinchart MP, Yogavel M, Curt-Varesano A, Curt-Bertini
RL, Hussain T, Kieffer-Jaquinod S, Coute Y, Pelloux H, Tardieux I, Sharma
A, Belrhali H, Bougdour A, Hakimi MA. 2013. A Toxoplasma dense granule
protein, GRA24, modulates the early immune response to infection by
promoting a direct and sustained host p38 MAPK activation. J Exp Med
210:2071-2086. https://doi.org/10.1084/jem.20130103

Gay G, Braun L, Brenier-Pinchart M-P, Vollaire J, Josserand V, Bertini R-L,
Varesano A, Touquet B, De Bock P-J, Coute Y, Tardieux |, Bougdour A,
Hakimi M-A. 2016. Toxoplasma gondii TgIST co-opts host chromatin
repressors dampening STAT1-dependent gene regulation and IFN-y-
mediated host defenses. J Exp Med 213:1779-1798. https://doi.org/10.
1084/jem.20160340

Olias P, Etheridge RD, Zhang Y, Holtzman MJ, Sibley LD. 2016.
Toxoplasma effector recruits the Mi-2/NuRD complex to repress STAT1
transcription and block IFN-y-dependent gene expression. Cell Host
Microbe 20:72-82. https://doi.org/10.1016/j.chom.2016.06.006

Beck JR, Ho C-M. 2021. Transport mechanisms at the malaria parasite-
host cell interface. PLoS Pathog 17:1009394. https://doi.org/10.1371/
journal.ppat.1009394

Franco M, Panas MW, Marino ND, Lee M-C, Buchholz KR, Kelly FD,
Bednarski JJ, Sleckman BP, Pourmand N, Boothroyd JC. 2016. A novel
secreted protein, MYR1, is central to Toxoplasma’s manipulation of host
cells. mBio 7:€02231-15. https://doi.org/10.1128/mBi0.02231-15

Marino ND, Panas MW, Franco M, Theisen TC, Naor A, Rastogi S, Buchholz
KR, Lorenzi HA, Boothroyd JC. 2018. Identification of a novel protein
complex essential for effector translocation across the parasitophorous
vacuole membrane of Toxoplasma gondii. PLoS Pathog 14:e1006828.
https://doi.org/10.1371/journal.ppat.1006828

Holehouse AS, Kragelund BB. 2024. The molecular basis for cellular
function of intrinsically disordered protein regions. Nat Rev Mol Cell Biol
25:187-211. https://doi.org/10.1038/541580-023-00673-0

Uversky VN. 2019. Intrinsically disordered proteins and their “mysteri-
ous” (meta)physics. Front Phys 7. https://doi.org/10.3389/fphy.2019.
00010

Wright PE, Dyson HJ. 2015. Intrinsically disordered proteins in cellular
signalling and regulation. Nat Rev Mol Cell Biol 16:18-29. https://doi.
org/10.1038/nrm3920

Stabel JR, Stabel TJ. 1995. Immortalization and characterization of
bovine peritoneal macrophages transfected with SV40 plasmid DNA. Vet
Immunol Immunopathol 45:211-220. https://doi.org/10.1016/0165-
2427(94)05348-v

Keller A, Nesvizhskii Al, Kolker E, Aebersold R. 2002. Empirical statistical
model to estimate the accuracy of peptide identifications made by

10.1128/mbi0.03412-2321

Downloaded from https://journals.asm.org/journal/mbio on 16 May 2024 by 130.92.28.40.


https://doi.org/10.1093/nar/gkz991
https://doi.org/10.1007/s10577-008-9018-6
https://doi.org/10.1074/jbc.M307663200
https://doi.org/10.1016/j.str.2015.10.004
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1016/S0021-9258(19)69848-0
https://doi.org/10.1016/S0166-6851(02)00013-0
https://doi.org/10.1111/j.1365-3024.1991.tb00262.x
https://doi.org/10.21769/BioProtoc.3035
https://doi.org/10.1016/0166-6851(90)90007-9
https://doi.org/10.1111/cmi.12838
https://doi.org/10.1128/MCB.25.2.545-553.2005
https://doi.org/10.1101/gad.351205
https://doi.org/10.1016/j.gde.2020.02.024
https://doi.org/10.1016/j.febslet.2013.06.035
https://doi.org/10.1038/s41568-020-0270-1
https://doi.org/10.1016/j.trecan.2019.07.001
https://doi.org/10.1016/j.chom.2021.04.016
https://doi.org/10.1016/j.tree.2020.03.002
https://doi.org/10.1186/s13059-016-1145-3
https://doi.org/10.1111/mec.16435
https://doi.org/10.1371/journal.ppat.0030034
https://doi.org/10.1016/s0001-706x(02)00237-1
https://doi.org/10.7554/eLife.70451
https://doi.org/10.1086/286195
https://doi.org/10.1016/j.chom.2013.03.002
https://doi.org/10.1084/jem.20130103
https://doi.org/10.1084/jem.20160340
https://doi.org/10.1016/j.chom.2016.06.006
https://doi.org/10.1371/journal.ppat.1009394
https://doi.org/10.1128/mBio.02231-15
https://doi.org/10.1371/journal.ppat.1006828
https://doi.org/10.1038/s41580-023-00673-0
https://doi.org/10.3389/fphy.2019.00010
https://doi.org/10.1038/nrm3920
https://doi.org/10.1016/0165-2427(94)05348-v
https://doi.org/10.1128/mbio.03412-23

Research Article

88.

89.

90.

Month XXXX Volume 0

MS/MS and database search. Anal Chem 74:5383-5392. https://doi.org/
10.1021/ac025747h

Nesvizhskii Al, Keller A, Kolker E, Aebersold R. 2003. A statistical model
for identifying proteins by tandem mass spectrometry. Anal Chem
75:4646-4658. https://doi.org/10.1021/ac0341261

Cox J, Mann M. 2008. MaxQuant enables high peptide identification
rates, individualized p.p.b.-range mass accuracies and proteome-wide
protein quantification. Nat Biotechnol 26:1367-1372. https://doi.org/10.
1038/nbt.1511

Silva JC, Gorenstein MV, Li G-Z, Vissers JPC, Geromanos SJ. 2006.
Absolute quantification of proteins by LCMSE: a virtue of parallel MS
acquisition. Mol Cell Proteomics 5:144-156. https://doi.org/10.1074/
mcp.M500230-MCP200

Issue 0

91.

92.

93.

94,

mBio

Huber W, von Heydebreck A, Stltmann H, Poustka A, Vingron M. 2002.
Variance stabilization applied to microarray data calibration and to the
quantification of differential expression. Bioinformatics 18:596-S104.
https://doi.org/10.1093/bioinformatics/18.suppl_1.596

Silver JD, Ritchie ME, Smyth GK. 2009. Microarray background correction:
maximum likelihood estimation for the normal-exponential convolution.
Biostatistics 10:352-363. https://doi.org/10.1093/biostatistics/kxn042
Wessel D, Fligge Ul. 1984. A method for the quantitative recovery of
protein in dilute solution in the presence of detergents and lipids. Anal
Biochem 138:141-143. https://doi.org/10.1016/0003-2697(84)90782-6
Mirdita M, Schiitze K, Moriwaki Y, Heo L, Ovchinnikov S, Steinegger M.
2021. ColabFold - making protein folding accessible to all. bioRxiv. https:
//doi.org/10.1101/2021.08.15.456425

10.1128/mbi0.03412-2322

Downloaded from https://journals.asm.org/journal/mbio on 16 May 2024 by 130.92.28.40.


https://doi.org/10.1021/ac025747h
https://doi.org/10.1021/ac0341261
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1074/mcp.M500230-MCP200
https://doi.org/10.1093/bioinformatics/18.suppl_1.s96
https://doi.org/10.1093/biostatistics/kxn042
https://doi.org/10.1016/0003-2697(84)90782-6
https://doi.org/10.1101/2021.08.15.456425
https://doi.org/10.1128/mbio.03412-23

	TurboID mapping reveals the exportome of secreted intrinsically disordered proteins in the transforming parasite Theileria annulata
	RESULTS
	TurboID-based proximity ligation in the host cell leads to the identification of secreted Theileria annulata proteins
	Identification of a novel protein family of secreted proteins
	NIDP2 associates with host cell chromatin and is also found in the cytoplasm
	NIDP2 localizes to the schizont membrane via the CLASP1/CD2AP/EB1-complex in a cell-cycle dependent manner
	In vivo cross-linking of NIDP2 identifies proteins involved in cancer as potential host nuclear binding partners
	NIDP2 interacts with STAG2 in the nucleus of the host cell

	DISCUSSION
	MATERIALS AND METHODS
	Maintenance of mammalian cell lines
	Expression constructs
	Lentiviral transduction and FACS sorting
	Antibodies
	Immunofluorescence assays
	TurboID to identify proteins interacting with CLASP1, CD2AP and located in the host cytoplasm and nucleus
	In vivo cross-linking and protein complex isolation
	Mass spectrometry analysis of streptavidin and antibody-based protein pull-downs
	Cell synchronization, fractionation and isolation of chromatin-bound proteins
	Protein structure predictions



