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Abstract

Toxoplasma gondii divides by endodyogeny, in which two daughter buds are formed within
the cytoplasm of the maternal cell using the inner membrane complex (IMC) as a scaffold.
During endodyogeny, components of the IMC are synthesized and added sequentially to
the nascent daughter buds in a tightly regulated manner. We previously showed that the
early recruiting proteins IMC32 and IMC43 form an essential daughter bud assembly com-
plex which lays the foundation of the daughter cell scaffold in T. gondii. In this study, we
identify the essential, early recruiting IMC protein BCCO as a third member of this complex
by using IMC32 as bait in both proximity labeling and yeast two-hybrid screens. We demon-
strate that BCCO’s localization to daughter buds depends on the presence of both IMC32
and IMC43. Deletion analyses and functional complementation studies reveal that residues
701-877 of BCCO are essential for both its localization and function and that residues 1-899
are sufficient for function despite minor mislocalization. Pairwise yeast two-hybrid assays
additionally demonstrate that BCCO’s essential domain binds to the coiled-coil region of
IMC32 and that BCCO0 and IMC43 do not directly interact. This data supports a model for
complex assembly in which an IMC32-BCCO0 subcomplex initially recruits to nascent buds
via palmitoylation of IMC32 and is locked into the scaffold once bud elongation begins by
IMC32 binding to IMC43. Together, this study dissects the organization and function of a
complex of three early recruiting daughter proteins which are essential for the proper
assembly of the IMC during endodyogeny.

Author summary

Toxoplasma gondii is an obligate intracellular parasite that causes severe and even fatal
disease in congenitally infected neonates and the immunocompromised. The parasite rep-
licates using an internal budding mechanism called endodyogeny, in which two daughter
buds form within the cytoplasm of a maternal parasite. Nascent daughter buds are scaf-
folded by the inner membrane complex (IMC), a unique organelle found in T. gondii and
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other parasites such as Plasmodium spp., the causative agent of malaria. Many proteins
that localize to the IMC of daughter buds have been identified, but only three of these pro-
teins are essential for parasite replication and survival: IMC43, IMC32, and BCCO. In this
study, we demonstrate that these three proteins exist in a complex, explore which features
of BCCO are critical for its localization and function, and develop a model for how the
complex is assembled. This work expands our understanding of how the foundation of
the early daughter buds is established during endodyogeny.

Introduction

Toxoplasma gondii is a protozoan pathogen that can infect any warm-blooded animal world-
wide [1]. T. gondii belongs to the Apicomplexa, a phylum of obligate intracellular parasites
that cause significant human morbidity and mortality including Plasmodium spp. (malaria)
and Cryptosporidium spp. (diarrheal disease) [2,3]. The phylum also includes important veteri-
nary pathogens such as Eimeria spp. (chicken coccidiosis) and Neospora caninum (neosporo-
sis) which cause economic loss in the livestock industry [4-6]. Approximately 30% of the
global human population is chronically infected with T. gondii [7]. Healthy individuals typi-
cally remain asymptomatic, but infection can result in severe or even fatal disease in immuno-
compromised individuals or congenitally-infected neonates [8-10]. Current treatments can
limit the acute disease but cannot clear the parasite from the host, resulting in lifelong chronic
infection [9]. To identify targets for the development of new therapeutics, a deeper under-
standing of the parasite’s unique biology is needed.

One unique feature of apicomplexan parasites is the inner membrane complex (IMC), a
specialized organelle that plays critical roles throughout the T. gondii lytic cycle [11]. The T.
gondii IMC underlies the parasite’s plasma membrane and has both membrane and cytoskele-
tal components. The first layer is a series of flattened vesicles called alveoli which are sutured
together in a quilt-like pattern [12]. Many IMC-localizing proteins associate with the mem-
branes of the alveoli using either transmembrane domains or acylation [13-17]. The second
layer of the IMC is composed of intermediate filament-like proteins called alveolins which
form a supportive mesh-like network [18,19]. Additional IMC proteins associate with the net-
work by binding to the alveolins [20,21]. Within the IMC, there are three distinct subdomains
that have different protein components and functions. At the apex of the parasite, a single
cone-shaped vesicle defines the apical cap. Proteins that localize specifically to this region of
the organelle such as AC9 and ACI0 are required for host cell invasion [21,22]. The central
portion of the organelle is referred to as the IMC body. This portion of the organelle contains
proteins with a wide variety of functions such as maintaining parasite structure and hosting
the actin-myosin motor that facilitates parasite gliding motility [23,24]. Finally, the base of the
IMC contains a ring-shaped structure called the basal complex, which mediates bud constric-
tion at the conclusion of cell division [25]. Directly underneath the IMC there is an array of 22
subpellicular microtubules (SPMTs) which originate in the apical complex of the parasite and
extend approximately two-thirds of the way down the parasite body, providing further struc-
tural support [26].

One of the critical functions of the IMC is to act as a scaffold for developing daughter cells
during parasite replication. While the exact mechanism varies across the phylum, many api-
complexan parasites replicate using a unique process of internal budding in which two or
more daughter buds are formed within the cytoplasm of a maternal parasite [27,28]. The
human-infecting form of T. gondii replicates asexually using a form of internal budding called
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endodyogeny, in which two daughter buds are formed. Endodyogeny occurs in a series of
tightly regulated steps, and parasites within a single vacuole typically replicate synchronously
[27,29]. The first step of endodyogeny, bud initiation, occurs immediately after centrosome
duplication. During bud initiation, the daughter cell scaffold assembles on top of the centro-
some as early IMC proteins are recruited and the tubulin-based conoid and SPMTs are formed
[19,30-33]. As endodyogeny continues, the daughter buds elongate, driven by polymerization
of the SPMTs [34]. As buds approach maturation, the basal complex of the nascent daughter
buds constricts and the maternal IMC is degraded [25,35]. Finally, the two daughter buds
adopt the maternal plasma membrane and emerge as separate cells. Throughout this process,
IMC proteins are synthesized and recruited to the daughter cell scaffold sequentially in a “just
in time” manner, with some proteins appearing as early as bud initiation and others only
appearing after bud maturation is complete [19,36,37]. Interestingly, some IMC proteins have
been shown to localize only to the developing daughter buds and are removed during bud mat-
uration and emergence [14,19,38-40].

Until recent years, it was unclear which IMC proteins served as the essential foundation of
the organelle during endodyogeny. Several of the alveolins are thought to be essential, but
most of these proteins recruit after budding has already been initiated [19]. They are also
maintained in mature parasites where they play critical roles in maintaining cellular structure.
Other proteins such as IMC15, IMC29, FBXO1, and MORN1 have been shown to recruit dur-
ing bud initiation and play important roles in endodyogeny, but all four of these can be geneti-
cally disrupted [19,38,41,42]. We recently identified two proteins, IMC32 and IMC43, that
form a complex in the early daughter cell scaffold and are essential for the stable assembly of
the IMC during endodyogeny [39,40]. We demonstrated that a domain towards the C-termi-
nus of IMC43 binds directly to the C-terminal coiled-coil (CC) domains of IMC32. While
IMC32 initially recruits independently of IMC43 during bud initiation, IMC43 binding was
found to be essential for the maintenance of IMC32’s localization during the middle and late
stages of endodyogeny. Since loss of either of these proteins results in a lethal inability to stably
assemble the daughter IMC, we termed this the IMC43-IMC32 essential daughter bud assem-
bly complex.

In this study, we set out to identify additional components of the IMC43-IMC32 essential
daughter bud assembly complex. Using IMC32 as bait in both proximity labeling and yeast
two-hybrid (Y2H) screens, we identify the essential early daughter IMC protein BCCO as the
third component of this complex and subsequently show that BCCO localization is dependent
on both IMC32 and IMC43. Deletion analyses and pairwise Y2H assays reveal that a domain
towards the N-terminus of BCCO is essential for both the protein’s localization and function
and for binding to its partner, IMC32. This work functionally connects the only three known
essential early daughter IMC proteins and expands our understanding of how the early daugh-
ter IMC is assembled during endodyogeny.

Results
Identification of candidate IMC32 binding partners

To identify additional components of the IMC43-IMC32 essential daughter bud assembly
complex, we used IMC32 as the bait in both a TurboID proximity labeling screen and a Y2H
screen [43-45]. For the TurboID experiment, we fused sequences encoding a TurboID biotin
ligase along with a 3xHA epitope tag to the C-terminus of the IMC32 endogenous locus (Fig
1A). Immunofluorescence assay (IFA) confirmed that the IMC32""™°™ fusion protein local-
ized normally to the daughter IMC (Fig 1B). After four hours of treatment with biotin, daugh-
ter buds were robustly biotinylated, confirming that the biotin ligase was enzymatically active.
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Fig 1. TurbolD and Y2H screens identify BCCO as a candidate IMC32 binding partner. A) Diagram of IMC32"™'P showing its
predicted palmitoylation site (Palm.), Ig-PH domain, and five coiled-coil (CC) domains. A 3xHA-tagged TurbolD biotin ligase was
added to the C-terminus of the protein. B) IFAs of IMC32T"™*°™® parasites after 0, 4, 8, or 24 hours of biotin treatment. Arrow points
to the endogenously biotinylated apicoplast in the-biotin control. Morphological defects are visible at the 8 and 24-hour time points.
Magenta = anti-HA detecting IMC32T""*'?, Green = streptavidin. Scale bars = 2 ym. C) Diagram of the IMC32”® N-terminal LexA
fusion protein used for Y2H screening. D) Venn diagram comparing the genes identified in the TurboID and Y2H screens. All Y2H
hits that were not out-of-frame or antisense were included. TurbolD results were filtered to include only genes that were at least two-
fold enriched with a difference of >5 spectral counts when comparing IMC32™™°™ to control. Four genes were identified in both
experiments after filtering results as described. E) Table showing the four genes that were identified in both the TurboID and Y2H
screens. “Y2H” column indicates the confidence score assigned in the Y2H screen (A = very high confidence, B = high confidence,

D = moderate confidence). “TurbolD Ctrl / Exp” column indicates the average spectral count for each gene in the control and
IMC32""2°™P mass spectrometry results. “GWCS” refers to the phenotype score assigned to each gene in a genome-wide CRISPR/
Cas9 screen [65]. “Localization” column reports the known localization of each protein [14,38,46]. Localizations followed by
“(LOPIT)” indicate predicted localizations based on hyperplexed localization of organelle proteins by isotope tagging (hyperLOPIT)
[83].

https://doi.org/10.1371/journal.ppat.1012411.g001

However, after eight hours of treatment with biotin, IM (32 urbolD parasites exhibited mor-

phological defects which became more severe by 24 hours. To avoid issues with toxicity, we
treated parasites with biotin for five hours before harvesting and performing streptavidin affin-
ity chromatography and subsequent mass spectrometry analysis (S1 Table). Y2H screening
was performed by Hybrigenics Services using full-length IMC32 with the predicted palmitoy-
lation site at position 7 mutated to serine. This protein was cloned into the pB27 bait vector as
a LexA N-terminal fusion (IMC32“7® pB27) and screened against the T. gondii RH strain
cDNA library to identify direct protein-protein interactions (Fig 1C and S2 Table). The results
of the IMC32 TurboID and Y2H screens were compared, resulting in the identification of four
candidate binding partners that were found in both approaches: a hypothetical protein
encoded by the gene ID TGGT1_280370, the essential early daughter IMC protein BCCO, the
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apical cap protein AC7, and a 4-phosphopantetheinyl transferase superfamily protein (Fig 1D
and 1E). BCCO was a high confidence hit in the Y2H screen and the sixth most enriched pro-
tein in the TurboID screen. In addition, it has previously been shown to localize to daughter
buds in a similar pattern to IMC32 and play an essential role in endodyogeny [38,46]. We
therefore selected it for further study.

BCCO0 depends on IMC32 and IMC43 for its localization to the daughter
IMC

BCCO is a large protein composed of 2,457 amino acids (Fig 2A) [47]. The protein is predicted
to contain a myristoylation site, three palmitoylation sites, and a coiled-coil (CC) domain at
the N-terminus of the protein [48-51]. Our Y2H screen determined that residues 570-899 of
BCCO were involved in the interaction with the bait protein IMC32 (S2 Table). To determine
the extent to which BCCO and IMC32 colocalize, we endogenously tagged BCCO with a spa-
ghetti monster (sm) OLLAS epitope tag in an IMC32>"P**Y parent strain. IFA showed that
the two proteins exhibited near-perfect overlap during both bud initiation, when both proteins
appear as five distinct puncta arranged symmetrically, and mid-budding, when both proteins
appear as a series of five discontinuous longitudinal stripes along the body of the daughter
IMC (Fig 2B and 2C). To determine whether BCCO0’s localization was dependent on either of
the other two proteins in the essential daughter bud assembly complex (Fig 2D), we endoge-
nously tagged BCCO in both the IMC32'™” and IMC43*'" strains [40,52,53]. After 24 hours of
indoleacetic acid (IAA) treatment, BCCO became severely mislocalized in both IMC32-de-
pleted and IMC43-depleted parasites (Fig 2E and 2F). Since IMC32’s localization is dependent
on binding to IMC43, this suggests that the complex assembles hierarchically.

1_52 570 899

A J— YA  BCCO “foog D (o foaf5coo)

bud initiati

oV ‘ : :
Phase ' BCCO IMC32 Merge __ IMC32

IMC6 Merge Phase BCCO

>

IMC6 Merge __ Phase BCCO

Fig 2. BCCO requires both IMC32 and IMC43 for its localization to the daughter IMC. A) Diagram of BCCO0 showing its
predicted myristoylation site at residue 2 (Myr.), predicted palmitoylation sites at residues 10, 11, and 17 (Palm.), predicted coiled-
coil domain at residues 9-52 (CC), and IMC32-binding region at residues 570-899 identified by Y2H screening (Y2H). An
smOLLAS tag was added to the C-terminus of the protein. B-C) IFAs showing that BCC0 and IMC32 colocalize closely in the
daughter IMC during both bud initiation and mid-budding. Magenta = anti-OLLAS detecting BCCO*™ ™45, Green = anti-Ty
detecting IMC322S'"P*TY_ D) Diagram of the essential daughter bud assembly complex composed of IMC43, IMC32, and BCCO. E)
IFA of IMC32*™® parasites grown -/+ IAA for 24 hours showing that depletion of IMC32 causes BCCO to mislocalize to the
cytoplasm but remain slightly enriched at daughter buds (arrows). Magenta = anti-OLLAS detecting BCCO™°"*S, Green = anti-
IMC6. F) IFA of IMC43*™® parasites grown -/+ IAA for 24 hours showing that depletion of IMC43 causes BCCO to mislocalize to the
cytoplasm but remain slightly enriched at daughter buds (arrows). Magenta = anti-OLLAS detecting BCCO"™°"-S, Green = anti-
IMCEé. Scale bars = 2 um.

https://doi.org/10.1371/journal.ppat.1012411.g002
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Fig 3. BCC0 knockdown does not affect the localization of IMC32 or IMC43. A) Diagram depicting the ATc-regulatable
transcriptional repression system used for BCCO knockdown. The endogenous promoter for BCCO was replaced with a
TetO7-SAG4p minimal promoter in a BCCO*S"™P*TY strain expressing the Tati transactivator. B) IFA of BCCO*P parasites grown
-/+ ATc for 24 hours showing that knockdown of BCCO results in severe morphological defects. Magenta = anti-Ty detecting
BCCO¥P, Green = anti-IMC6. C) Western blot and quantification showing that BCCO™P is 93% depleted after 24 hours of ATc
treatment. D) Plaque assays show that both plaque number and size are significantly reduced when BCCO is knocked down. Statistical
significance was determined using a two-tailed t-test (****, P < 0.0001). E) IFA of BCCO*” parasites grown -/+ ATc for 24 hours
showing that knockdown of BCCO does not affect IMC32 localization. Magenta = anti-Myc detecting IMC32*™, Green = anti-
IMC6. F) IFA of BCCO® parasites grown -/+ ATc for 24 hours showing that knockdown of BCCO does not affect IMC43
localization. Magenta = anti-HA detecting IMC43*™"4, Green = anti-IMC6. Scale bars = 2 ym.

https://doi.org/10.1371/journal.ppat.1012411.9003

We next wanted to determine how loss of BCC0 would affect the localization of IMC32 and
IMC43. We initially tried to use the auxin-inducible degron (AID) system, but endogenously
tagging BCCO with either the mAID** or the mIAA7*"* degron resulted in insufficient
knockdown (S1 Fig) [54]. Thus, we utilized a transcriptional repression system to study BCCO
[55,56]. To do this, we endogenously tagged BCCO with a 2xStrep3xTy epitope tag in an
RHAku80-Tati-HXGPRT parent strain, then replaced the endogenous promoter with a
TetO7-SAG4 minimal promoter (BCCOKP) (Fig 3A). Treatment with anhydrotetracycline
(ATc) for 24 hours caused the protein to be knocked down to an undetectable level by IFA and
resulted in severe morphological defects, as expected based on published data (Fig 3B) [46].
Western blot confirmed that 24 hours of ATc¢ treatment resulted in a 93% reduction in the
level of BCCO expression (Fig 3C). Plaque assays demonstrated that knockdown of BCCO led
to a severe 92% reduction in plaque number and an 80% reduction in plaque size (Fig 3D).
These few small plaques are likely formed due to the incomplete knockdown observed by west-
ern blot (Fig 3C). To determine the effect of BCCO knockdown on IMC32 and IMC43, we
endogenously tagged IMC32 with a 3xMyc tag and IMC43 with an smHA tag in the BCCO"
strain. IFA demonstrated that despite the severe morphological defects observed in these para-
sites, IMC32 and IMC43 localization remained unaffected (Fig 3E and 3F).
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Residues 701-877 are essential for BCCO localization and function

Since BCCO is a large protein with no identifiable functional domains or homology to known
proteins, we next wanted to determine which regions of the protein are important for its locali-
zation and function. To do this, we created a series of 12 smHA-tagged constructs for func-
tional complementation studies (Fig 4A). These included the full-length protein (BCCOY™*) as
a control and 11 mutant proteins each containing a deletion of approximately 150-300 amino
acids. Regions for the deletions were chosen based on conservation with N. caninum and pre-
dicted secondary structure (S2 Fig) [57]. Each construct was driven by the endogenous pro-
moter for BCCO and contained flanking regions for integration at the UPRT locus in a
BCCO™° S strain (Fig 4B). Localization was assessed by co-staining for the smHA-tagged
construct and wild-type BCCO®™M4S We then attempted to disrupt the endogenous BCCO
locus in each of these strains. Successful knockouts were assessed by IFA and plaque assay to
determine whether each deletion could fully complement the function of wild-type BCCO.

BCC0™ " and 10 of the deletion constructs colocalized perfectly with endogenous
BCCO®™ M3 (Figs 4C and S3). However, BCC0*"'~*”” became severely mislocalized with
most of the protein being mistargeted to the cytoplasm, although there was a slight enrichment
at daughter buds (Fig 4D). Attempts to disrupt the endogenous BCCO locus in the BCCO®™°*
LAS 4+ BCCOA7"' 77 strain were unsuccessful, indicating that this region of the protein is likely
required for its function. We were able to successfully disrupt the BCCO locus in the BCCO" ™
strain and all other deletion strains, which was confirmed by both PCR verification and IFA
showing loss of the BCCO®™ S signal (S4 Fig). No obvious morphological defects were
observed for any of these strains, although the Abcc0 + BCC0*'7°7" strain often exhibited
desynchronized endodyogeny, suggesting possible dysregulation (Fig 4E-40). Plaque assays
demonstrated that BCC0" ™ and all deletions except for BCC0*!”°=>"* were sufficient to main-
tain normal growth (Fig 4P). The Abcc0 + BCC0™'7°77 strain exhibited a significant 32%
reduction in plaque size, indicating this region likely plays a minor role in the function of
BCCO0. The A2-169 and A376-569 deletions, which flank this region, exhibited modest but
nonsignificant reductions in plaque size (17% and 12%, respectively).

Since we were unable to disrupt the endogenous BCCO locus in the BCCO
+ BCC0*° 877 strain, we integrated the BCCO" ™ and BCC0*7*'"*"” constructs at the UPRT
locus in the BCCO™*P strain and used IFA and plaque assays to assess whether each construct
could rescue the defects observed upon BCC0 knockdown (Fig 5A and 5B). While the
BCCO™ ' construct was able to fully rescue the morphological defects observed by IFA, the
BCC027°'877 construct could not (Fig 5C and 5D). Knockdown of BCCOP resulted in an
83% reduction in plaque efficiency and a 62% reduction in plaque size (Fig 5E and 5F). Both of
these defects were slightly more modest than what we previously observed, suggesting that the
leaky expression of BCCO™®" may have increased over time (Fig 3C and 3D). The BCCO" '
construct restored plaque size to approximately 80% the size of plaques formed by untreated
parasites, as expected based on ATc toxicity in wild-type parasites (Figs 5E and S5) [40]. The

BCC0"7*" %7 construct completely failed to rescue the defect in both plaque efficiency and pla-
cKD

smOLLAS

que size caused by knockdown of BCCO“™", confirming that this region is essential for both
the localization and function of BCCO (Fig 5E and 5F).

Residues 1-899 are sufficient for BCCO function

Since only residues 701-877 are necessary for BCCO function, we wondered how much of the
protein was sufficient for its function. To determine this, we began by making C-terminal
truncations of the protein at its endogenous locus. We found that BCCO was able to be trun-
cated at residue 1519 (BCC0''*'®) without having any effect on the protein’s localization
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Fig 4. BCCO residues 701-877 are required for localization and residues 170-375 have a minor impact on function. A)
Diagram showing the 12 constructs used for functional complementation of BCCO. All 12 constructs were driven by the
endogenous promoter for BCCO and include a C-terminal smHA tag. “Myr.” = predicted myristoylation site. “Palm.” =
predicted palmitoylation sites. “Y2H” = IMC32-binding region identified by Y2H screen. B) Workflow used to assess the effect
of each region of BCCO on the protein’s localization and function. C) IFA of BCC0O*™O™4S 4+ BCCOW™™ parasites showing that
BCCO" ™ localizes normally. Magenta = anti-HA detecting BCCO"™, Green = anti-OLLAS detecting BCCO™°™45, D) IFA of
BCCO™OMAS 1 BCCO**' ™7 parasites showing that BCC0*"%' ™" severely mislocalizes to the cytoplasm and is slightly
enriched at daughter buds (arrows). Magenta = anti-HA detecting BCC0*"*"~%”7, Green = anti-OLLAS detecting endogenous
BCCO™OMA5, E) TFA of Abec0 + BCCO™ ™ parasites which exhibit no obvious morphological defects. Magenta = anti-HA
detecting BCCO™™, Green = anti-IMC6. F-O) IFAs for all deletion strains in which endogenous BCCO*™°48 was successfully
disrupted. BCC0*"*"%" is not shown because endogenous BCCO™4S was unable to be disrupted in this background. Panel
G shows AbccO + BCC0*' 777 parasites undergoing desynchronized endodyogeny. An arrowhead indicates a parasite at the
early budding stage, arrows indicate parasites at the mid-budding stage, and an asterisk indicates a parasite at the late budding
stage. Magenta = anti-HA detecting BCCO deletions, Green = anti-IMC6. P) Plaque assays for all deletion strains in which

endogenous BCCO™ 48 was successfully disrupted. BCC0*”**~*77 is not shown because endogenous BCCO™™M4S was

unable to be disrupted in this background. Only the Abcc0 + BCC0*'7°~>7 strain exhibited a significant reduction in plaque
size. Statistical significance was determined by one-way ANOVA comparing each strain to BCCO®™C™ 48 (***, P < 0.001;
ns = not significant). Scale bars for all IFAs = 2 pm.

https://doi.org/10.1371/journal.ppat.1012411.g004

(Fig 6A). Truncation at residue 899 (BCC0'**) resulted in partial mislocalization of the pro-
tein, which was most apparent in the later stages of endodyogeny (Fig 6B). Despite this partial
mislocalization, this truncated protein did not exhibit a fitness defect (Fig 6C). Since any fur-
ther truncation would disrupt the essential domain within residues 701-877, we next asked
whether additional deletions could be made at the N-terminus of the protein. To determine
this, we designed four constructs containing residues 170-899, 376-899, 570-899, and 701-
899 and integrated them at the UPRT locus in a wild-type BCCO*™°"*® strain (Fig 6D). As we
had done previously for our initial deletion series, we assessed the localization of each of these
mutant proteins and then disrupted the endogenous BCCO locus to assess its function (Fig
6E). All four mutant proteins severely mislocalized to the cytoplasm (S6A-S6D Fig). Surpris-
ingly, despite this, we were able to successfully disrupt the endogenous BCCO locus in all four
of these strains, which was confirmed by IFA and PCR (Figs 6F-6I and S6E). Each of the four
mutant strains exhibited obvious morphological and replication defects and a severe reduction
in plaque size (Fig 6F-6]). Thus, while just the essential domain of BCCO (BCCO7°18%) i suffi-

cient for parasite survival, only BCC0'** is sufficient for full function of the protein.

BCCO0’s essential domain binds to IMC32’s coiled-coil domains

Finally, we wanted to use pairwise Y2H assays to determine which region of IMC32 is involved
in binding to BCCO and to determine whether there are any direct interactions between BCCO
and IMC43. We divided BCCO into four fragments: BCC0*>%°, BCC0°7%-%%°, BCC0°%°'8Y7 and
BCCO'*'%2%7 (Fig 7A). For IMC32 and IMC43, we used the same fragments that we had previ-
ously used in our investigation of IMC32-IMC43 binding interactions [40]. Each fragment
was cloned into either a pB27 (LexA) bait vector or a pP6 (GAL4 activation domain) prey vec-
tor. We then co-transformed all 12 possible combinations of the IMC32 and BCCO bait and
prey vectors into yeast and tested each strain’s ability to grow on permissive and restrictive
media (Fig 7B). Four of the combinations could not be tested because both fragments were
auto-activating in the context of the pB27 vector. Of the remaining eight strains, only the strain
expressing BCC0*7%%% and IMC32“'*™ was able to grow on restrictive media, indicating that
BCCO0’s essential domain binds to IMC32 at its C-terminal coiled-coil domains. To determine
whether BCCO directly binds to IMC43, we performed the same experiments with all 12 com-
binations of IMC43 and BCCO bait and prey vectors. All 12 strains grew robustly on permissive
media and were not auto-activating, but none grew on permissive media, indicating that there
are no direct interactions between these two proteins (Fig 7C).
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Fig 5. BCCO residues 701-877 are essential for function. A) Diagram of the two constructs used for functional complementation
of BCCO™P. Both are driven by the endogenous promoter for BCCO and include a C-terminal smHA tag. “Myr.” = predicted
myristoylation site, “Palm.” = predicted palmitoylation site, “CC” = predicted coiled-coil domain, “Y2H” = IMC32-binding domain
identified by Y2H screen. B) Workflow used to assess how deleting residues 701-877 affects the function of BCCO using an ATc-
regulatable conditional knockdown strain (BCCO™¥P). C) IFA of BCCO™P + BCCO™ ™ parasites grown for 24 hours -/+ ATc
showing that BCCO" ™ rescues the morphological defects caused by knockdown of BCCO. Magenta = anti-HA detecting BCCO"™ ™,
Green = anti-IMC6. D) IFA of BCCO™" + BCC0*7*'~%77 parasites grown for 24 hours -/+ ATc showing that BCC0*7°'~*"7 fails to
rescue the morphological defects caused by knockdown of BCCO. Magenta = anti-HA detecting BCC0*"*'~%”7, Green = anti-IMC6.
E, F) Plaque assays show that BCC0*7°*~*"” fails to rescue the defect in both plaque efficiency (number of plaques formed divided by
the number of parasites infected) and plaque size caused by knockdown of BCCO. BCC0" ™ does not completely rescue the defect in
plaque size due to ATc toxicity which is documented in S5 Fig and previous work [39]. Statistical significance was determined using
multiple two-tailed t-tests (****, P < 0.0001; ***, P < 0.001; *, P < 0.05; ns = not significant). Scale bars for all IFAs = 2 um.

https://doi.org/10.1371/journal.ppat.1012411.9005

Discussion

In this study, we identified the essential daughter IMC protein BCCO as a binding partner of
IMC32 and a third component of the essential daughter bud assembly complex (Fig 8A).
Using a combination of deletion constructs integrated at an exogenous locus and C-terminal
truncations at the endogenous locus, we were able to interrogate how the loss of different
regions of BCCO impacts the protein’s localization and function. One surprising result was
that BCC0™*™'%°, which lacks the predicted N-terminal acylation sites, was able to localize to
the daughter IMC and function normally. Several IMC proteins such as IMC32, ISP1-4,
GAP45, and HSP20 have been shown to depend on their predicted acylation sites for localiza-
tion to the IMC [16,17,39,58,59]. However, MORNI has a predicted palmitoylation site which
has been shown to be dispensable for its localization to the basal complex. It is possible that
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Fig 6. BCCO residues 1-899 are sufficient for function. A) Diagram and IFAs showing that BCCO can be truncated at residue 1519 without
affecting localization of the protein during the bud initiation, early budding, or mid-budding stages of endodyogeny. For diagrams, “Myr.” =
predicted myristoylation site, “Palm.” = predicted palmitoylation site, “CC” = coiled-coil domain. For IFAs, Magenta = anti-OLLAS detecting
BCCO0""*", Green = anti-IMC6. B) Diagram and IFAs showing that truncation of BCCO at residue 899 causes partial mislocalization of the
protein which is most severe at the mid-budding stage of endodyogeny. Magenta = anti-OLLAS detecting BCC0'**?, Green = anti-IMCé. C)
Plaque assay comparing full-length BCCO®™°™*S with BCC0'*” shows that truncation of BCCO at residue 899 does not affect function. Statistical
significance was determined using a two-tailed t-test (ns = not significant). D) Diagram of the four deletion constructs used to determine the
minimal region of BCCO that is sufficient for protein function. All constructs are driven by the endogenous promoter for BCCO and include a C-
terminal smHA tag. E) Workflow used to analyze the localization and function of each of the constructs shown in D. F-I) IFAs of Abcc0 parasites
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complemented with each of the constructs shown in D. All four constructs severely mislocalize, and only BCC0'7*” enriches at daughter buds

(arrow). Magenta = anti-HA detecting BCCO deletions, Blue = anti-OLLAS detecting endogenous BCCO™ S, Green = anti-IMC6. ]) Plaque
assays comparing the size of plaques formed by wild-type BCCO*™ 45 parasites with that of Abcc0 parasites complemented with the constructs
shown in D. Statistical significance was determined by one-way ANOVA comparing each strain to BCCO™CMAS (¥##% p < 0,0001; ns = not
significant). Scale bars for all IFAs = 2 um.

https://doi.org/10.1371/journal.ppat.1012411.9006

these predicted sites on BCCO are not actually acylated [42]. Alternatively, BCCO could have
bona fide acylation sites which only serve as secondary means of tethering to the IMC.

Our deletion series revealed that residues 701-877 of BCCO are essential for both its locali-
zation and function. Since these residues are contained within the region which we found to
be sufficient for IMC32 binding by pairwise Y2H assays and depletion of IMC32 also causes
mislocalization of BCCO, this suggests BCCO is primarily targeted to the daughter cell scaffold
by binding to IMC32. We were surprised to find that BCCO could be truncated down to resi-
due 899 with only minor effects on the protein’s localization and no impact on the protein’s
function. Even more surprisingly, expression of just the essential domain of BCCO, residues
701-877, was sufficient for parasite viability, although the protein was severely mislocalized
and these parasites exhibited defects in growth and morphology. This suggests that a small
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Fig 7. BCCO residues 570-899 bind to IMC32’s C-terminal coiled-coil domains. A) Diagram of the fragments of BCCO,
IMC32, and IMC43 used for pairwise Y2H assays. Residues included in each fragment are indicated. “Myr.” = predicted
myristoylation site. “Palm.” = predicted palmitoylation site. “CC” = coiled-coil domain. “LOC” = IMC43 localization
domain. “EID” = IMC43 essential interaction domain. B) Pairwise Y2H assays testing for binding between fragments of
BCCO0 and IMC32. Pairs of fragments that were unable to be tested due to auto-activation of both fragments in the pB27
vector are indicated. Growth on permissive (-L/W) media indicates the presence of both the pB27 and pP6 bait and prey
plasmids. Growth on restrictive (-L/W/H) media indicates binding between the indicated fragments of each protein. C)
Pairwise Y2H assays testing for binding between fragments of BCCO and IMC43.

https://doi.org/10.1371/journal.ppat.1012411.g007
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Fig 8. Summary. A) Diagram depicting interactions between the components of the essential IMC43-IMC32-BCC0
daughter bud assembly complex. Grey boxes indicate binding interactions between the essential interaction domains
(EID) of IMC43 and BCCO with IMC32’s C-terminal coiled-coil domains. “Myr.” = predicted myristoylation site.
“Palm.” = predicted palmitoylation site. “CC” = coiled-coil domain. B) Diagram summarizing the current model for
how IMC43, IMC32, and BCCO0 assemble onto the developing daughter cell scaffold during endodyogeny. Just before
bud initiation (step 1) expression of IMC43, IMC32, and BCCO increases. IMC32 and BCCO bind to each other at this
point. During bud initiation (step 2) IMC43 recruits to the early daughter cell scaffold independently. IMC32 is
recruited to the membranes of the early daughter cell scaffold via palmitoylation. BCCO remains bound to IMC32.
During early bud elongation (step 3), IMC32 binds to IMC43, securely locking it into the daughter cell scaffold. BCCO
remains bound to IMC32. Short stripes of IMC32 and BCCO can be seen at this point, which become more prominent
as bud elongation continues (step 4).

https://doi.org/10.1371/journal.ppat.1012411.g008

percentage of BCC0”°' " is able to localize to the daughter cell scaffold and provide sufficient

function to support viability. Since AbccO + BCC0'7%*% and Abec0 + BCC0™*' ™ phenocopy
each other, it could be possible that BCCO’s primary function is carried out by the essential
domain within residues 701-877, while a secondary function is carried out by residues 2-169.
However, the fact that the BCC0**™'® mutant was fully functional makes this less likely.
Another possibility is that these proteins are more prone to misfolding due to the very large
deletions on both the N- and C-termini of the protein. While interpretation of this portion of
the data is difficult, the data from the original deletion series and endogenous C-terminal trun-
cations clearly demonstrates that residues 701-877 are necessary and residues 1-899 are suffi-
cient for the function of BCCO.

The data presented in this study and our previous work supports a hierarchical recruitment
model for the essential IMC43-IMC32-BCCO0 daughter bud assembly complex (Fig 8B). In our
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initial studies of IMC32, we demonstrated that mutation of the predicted palmitoylation site
causes IMC32 to mislocalize to the cytoplasm [39]. In our recent work in which we identified
the IMC43-IMC32 complex, we also demonstrated that IMC32 localizes independently during
bud initiation, but once bud elongation begins, IMC32 must bind to IMC43 in order to main-
tain its striped localization [40]. The data that we present in this study shows that BCCO
becomes mislocalized upon depletion of either IMC32 or IMC43 and that its localization is
dependent on its IMC32-binding domain. Together, these data suggest that IMC32 and BCCO
bind to each other either prior to or during bud initiation and recruit to the early daughter cell
scaffold via palmitoylation of IMC32. Then, once bud elongation begins, IMC32 binds to
IMC43, locking the IMC32-BCCO0 subcomplex into the daughter cell scaffold. It remains
unclear how IMC43 is recruited to the developing daughter cell scaffold since it localizes nor-
mally in the absence of either IMC32 or BCCO and does not contain any transmembrane
domains or predicted acylation sites. It may bind to another IMC protein to tether it to either
the alveoli or the cytoskeletal network of the developing daughter bud. Our previous IMC43
Y2H screen identified 28 additional candidate IMC43-binding partners. Future studies will be
needed to explore these proteins. Additionally, the stoichiometry of the IMC43-IMC32-BCCO0
complex is unclear. It is possible that the complex forms in a 1:1:1 manner, but it is also possi-
ble that one or more of the proteins is overrepresented in the complex, potentially allowing for
multiple configurations. This would likely be resolved by structural studies of the complex.

Although our work has demonstrated the critical importance of the IMC43-IMC32-BCC0
daughter bud assembly complex and has yielded a model for how each component is recruited,
the precise function of the complex remains unknown. Loss of any of the three complex com-
ponents results in both severe defects in IMC morphology and dysregulation of endodyogeny
[39,40,46]. Engelberg et al. additionally observed that loss of BCCO led to subtle defects in the
formation of the basal complex and apical annuli on developing daughter buds, although nei-
ther structure was fully disrupted [46]. Our previous work demonstrated that basal complex
formation is unaffected by loss of IMC43, so it is possible that the IMC32-BCCO0 subcomplex
plays a role in recruiting MORNT1 to the basal complex during bud initiation, before IMC43
joins the complex. This hypothesis is further supported by the different localizations of each
protein during bud initiation. At this stage, both IMC32 and BCCO are present in five distinct
puncta which Engelberg et al. showed lie directly on top of the developing basal complex
[39,46]. IMC43, on the other hand, appears as a slightly smaller continuous ring that lies
slightly apical to the IMC32-BCCO puncta [40]. Recent work has demonstrated that during
bud initiation, the 22 subpellicular microtubules originally appear as five bundles of microtu-
bulesina4 +4 + 4 + 4 + 6 configuration [30,60]. The fact that both the IMC32-BCC0 subcom-
plex and the nascent SPMTs exhibit the same 5-fold symmetry strongly suggests a functional
relationship between these structures. We previously demonstrated that loss of IMC32 does
not prevent formation of the conoid or SPMTs [39], but it could be possible that the five bun-
dles of SPMTs act as a foundation for the formation of the IMC32-BCCO puncta. In future
studies it will be intriguing to explore how disruption of the SPMTs at this stage affects locali-
zation of the IMC32-BCCO subcomplex using higher resolution techniques such as ultrastruc-
ture expansion microscopy.

Another outstanding question is how the essential daughter bud assembly complex is regu-
lated. Our model suggests that IMC43 does not bind to IMC32 until after bud elongation has
begun. How the timing of this binding event is controlled remains unknown. IMC43, IMC32,
and BCCO all have multiple phosphorylation sites which could represent possible means of
regulation [61]. Our IMC43 Y2H screen identified three kinases (SRPK, CDPK?7, and Ark3)
and one phosphatase (PPKL) as candidate binding partners. CDPK7, Ark3, and PPKL have all
been shown to play important roles in T. gondii endodyogeny [62-64]. SRPK has not been
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studied, but its phenotype score suggests it may be essential [65]. Exploring how the activity of
these enzymes affects the localization or function of IMC43 and its partners will be an interest-
ing topic of future studies. Identification of additional complex components or regulatory pro-
teins could be achieved by performing TurbolID proximity labeling and Y2H screening using
BCCO as bait. BCCO’s large size may make Y2H screening challenging due to toxicity, which
we observed for IMC43. However, use of an inducible bait vector circumvented this problem
for IMC43 and is likely to be successful for BCCO as well [40]. Alternatively, since residues
1-899 are sufficient for the function of BCCO, it may be more practical to use the truncated
protein as bait in a Y2H screen.

Together, the data reported in this study identifies the essential daughter IMC protein
BCCO as the third component of the IMC43-IMC32-BCCO0 daughter bud assembly complex
and presents a model for how the complex is formed. The functional complementation studies
of BCCO also demonstrate that despite its large size, much of the protein is dispensable and its
critical functions are carried out by an essential interaction domain, similar to what we previ-
ously observed for IMC43 [40]. As this complex is foundational for the construction of T. gon-
dii daughter buds during endodyogeny, a parasite-specific biological function, deepening our
understanding of the function and regulation of this complex is likely to facilitate the identifi-
cation of novel therapeutic targets for this important pathogen.

Materials and methods
T. gondii and host cell culture

Parental T. gondii RHAhxgprtAku80 (wild-type) and subsequent strains were grown on conflu-
ent monolayers of human foreskin fibroblasts (HFFs) (B], ATCC, Manassas, VA) at 37°C and
5% CO, in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 5% fetal bovine
serum (Gibco), 5% Cosmic calf serum (Hyclone), and 1x penicillin-streptomycin-L-glutamine
(Gibco). Constructs containing selectable markers were selected using 1 pM pyrimethamine
(dihydrofolate reductase-thymidylate synthase [DHFR-TS]), 50 pg/mL mycophenolic acid-
xanthine (HXGPRT), or 40 uM chloramphenicol (CAT) [66-68]. Homologous recombination
to the UPRT locus was negatively selected using 5 uM 5-fluorodeoxyuridine (FUDR) [69].
Knockdown of AID strains was performed by treating parasites with 0.5 mM IAA (Millipore
Sigma, 12886). Knockdown of the BCCO®® strain was performed by treating parasites with

1 pg/mL ATc (Millipore Sigma, 37919).

Antibodies

The HA epitope was detected with mouse monoclonal antibody (mAb) HA.11 (BioLegend;
901515). The Tyl epitope was detected with mouse mAb BB2 [70]. The c-Myc epitope was
detected with mouse mAb 9E10 [71]. The OLLAS epitope was detected with rat mAb anti-
OLLAS [72]. Toxoplasma-specific antibodies include rabbit pAb anti-IMC6 [20] and rabbit
anti-Catalase [73].

Endogenous epitope tagging and knockout

For C-terminal endogenous tagging, a pU6-Universal plasmid containing a protospacer
against the 3’ untranslated region (UTR) of the target protein approximately 100 bp down-
stream of the stop codon was generated, as described previously [74,75]. A homology-directed
repair (HDR) template was PCR amplified from the Aku80-dependent LIC vector
pmAID3xHA LIC-HXGPRT, pmAID3xTy.LIC-HXGPRT, p3xHA.LIC-DHEFR, p3xMyc.
LIC-DHFR, p2xStrep3xTy.LIC-CAT, p2xStrep3xTy.LIC-HXGPRT, psmOLLAS.LIC-DHFR,
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psmHA.LIC-DHER, or pTurboID3xHA.LIC-DHER, all of which include the epitope tag, 3’
UTR, and a selection cassette [76]. The 60-bp primers include 40 bp of homology immediately
upstream of the stop codon or 40 bp of homology within the 3’ UTR downstream of the
CRISPR/Cas9 cut site. For C-terminal truncations at the endogenous locus, the forward
primer for amplifying the HDR template was designed using 40 bp of homology within the
gene’s coding sequence. Primers that were used for the pU6-Universal plasmid as well as the
HDR template are listed in S3 Table (primers P1-P14).

For knockout of BCCO, the protospacer was designed to target an intron within the BCCO
locus, ligated into the pU6-Universal plasmid, and prepared similarly to the endogenous tag-
ging constructs. The HDR template was PCR amplified from a pJET vector containing the
HXGPRT drug marker driven by the NcGRA7 promoter using primers that included 40 bp of
homology immediately upstream of the start codon or 40 bp of homology downstream of the
region used for homologous recombination for endogenous tagging of BCCO (primers
P15-P18).

For all tagging and knockout constructs, approximately 50 ug of the sequence-verified
pU6-Universal plasmid and the PCR-amplified HDR template were electroporated into the
appropriate parasite strain. Transfected cells were allowed to invade a confluent monolayer of
HFFs overnight, and appropriate selection was applied. Successful tagging or knockout was
confirmed by IFA, and clonal lines were obtained through limiting dilution. Knockout of
BCCO0 was verified by PCR using primers P19-P22.

Generation of BCCOXP strain

BCCO0 was endogenously tagged with a 2xStrep3xTy epitope tag in an RHAku80-Tati-
HXGPRT parent strain as described above. To replace the endogenous promoter with an ATc-
regulatable promoter, a pU6-Universal plasmid containing a protospacer against the 5 UTR of
BCCO0 approximately 250 bp upstream of the start codon was generated, as described previ-
ously [74,75]. The HDR template was PCR amplified from the pDHFR-TetO7-SAG4p vector
using primers which included 40 bp of homology approximately 1 kb upstream of the start
codon and 40 bp of homology immediately downstream of the start codon. Primers that were
used for the pU6-Universal plasmid and the HDR template are listed in S3 Table (primers
P23-P26). Clones were screened by IFA -/+ ATc (1 pg/mL). A clonal strain that was Ty-posi-
tive in the -ATc condition and Ty-negative in the +ATc condition was isolated and designated
as BCCO™™P.

Knock-in of BCC0 complementation constructs

The BCCO endogenous promoter (EP) was amplified from genomic DNA using primers P27
and P28. The BCCO coding region was PCR amplified from cDNA using primers P29 and P30.
The smHA tag was PCR amplified from psmHA.LIC-DHEFR using primers P31 and P32. The
entire plasmid except for the IMC32 promoter, coding region, and 3xHA tag was amplified
from pUPRTKO-EP-IMC32""-3xHA using primers P33 and P34 [39]. The four fragments
were ligated using Gibson assembly to create pUPRTKO-EP-BCC0" " -smHA (BCC0" ™).
This complement vector was then linearized with Psil-HFv2 and transfected into BCC0*™°"
LAS or BCCO™P parasites along with a pU6 that targets the UPRT coding region. Selection was
performed with 5 ug/mL 5-fluorodeoxyuridine (FUDR) for replacement of UPRT. Clones
were screened by IFA, and an smHA-positive clone was isolated. BCCO" ™
template to generate all deletion constructs using Q5 site-directed mutagenesis with primers
P35-P64 (E0552S, NEB). The same processes for linearization, transfection, and selection were

was used as the
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followed for all deletion and mutant constructs. All restriction enzymes were purchased from
NEB.

Immunofluorescence as say

Confluent HFF cells were grown on glass coverslips and infected with T. gondii. After 24
hours, the coverslips were fixed with 3.7% formaldehyde in PBS and processed for immunoflu-
orescence as described [77]. Primary antibodies were detected by species-specific secondary
antibodies conjugated to Alexa Fluor 594/488/405 (ThermoFisher). Coverslips were mounted
in Vectashield (Vector Labs), viewed with an Axio Imager.Z1 fluorescent microscope, and pro-
cessed with ZEN 2.3 software (Zeiss).

Western blot

Parasites were lysed in 1x Laemmli sample buffer with 100 mM DTT and boiled at 100°C for 5
minutes. Lysates were resolved by SDS-PAGE and transferred to nitrocellulose membranes,
and proteins were detected with the appropriate primary antibody and corresponding second-
ary antibody conjugated to horseradish peroxidase. Chemiluminescence was induced using
the SuperSignal West Pico substrate (Pierce) and imaged on a ChemiDoc XRS+ (Bio-Rad).
Signal intensity was quantified using ImageLab. The adjusted volume of the Ty band (detecting
BCCO*P) relative to the adjusted volume of the corresponding catalase loading control band
was plotted. Raw data for western blot quantification is shown in S4 Table.

Plaque assay

HFF monolayers were infected with 100-400 parasites and allowed to form plaques for 7 days.
Cells were then fixed with ice-cold methanol and stained with crystal violet. All plaque assays
were performed in triplicate. To quantify plaque number, the total number of plaques in each
condition was counted manually. Plaque efficiency was calculated by dividing the number of
plaques formed by the number of parasites infected in each replicate. The number of plaques
or plaque efficiency for each replicate was plotted, and error bars were used to show standard
deviation. To quantify plaque size, the areas of 30-50 plaques per condition were measured
using ZEN software (Zeiss). BCCO™" and BCCO™*" + BCC0*7°'~#"7 parasites that were treated
with ATc exhibited a severe defect in plaque efficiency (<8%). For these experiments, all pla-
ques formed were measured. The mean plaque size for each replicate was plotted, and error
bars were used to show standard deviation. Graphical and statistical analyses were performed
using Prism GraphPad 8.0. Raw data for plaque assays is shown in S4 Table.

Affinity capture of biotinylated proteins

For affinity capture of proteins from whole cell lysates, HFF monolayers infected with
IMC32™°™P or control parasites (RHAhxgprtAku80, WT) were grown in normal media for
25 hours. Then, the media was supplemented with 150 uM biotin and parasites were allowed
to grow for an additional 5 hours. Intracellular parasites in large vacuoles were collected by
manual scraping, washed in PBS, and lysed in radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris [pH 7.5], 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40) sup-
plemented with Complete Protease Inhibitor Cocktail (Roche) for 30 min on ice. Lysates were
centrifuged for 15 min at 14,000 x g to pellet insoluble material, and the supernatant was incu-
bated with Streptavidin Plus UltraLink resin (Pierce) overnight at 4°C under gentle agitation.
Beads were collected and washed five times in RIPA buffer, followed by three washes in 8 M
urea buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl) [78]. Samples were submitted for on-
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bead digests and subsequently analyzed by mass spectrometry. The experiment was performed
in duplicate.

Mass spectrometry of biotinylated proteins

Purified proteins bound to streptavidin beads were reduced, alkylated, and digested by sequen-
tial addition of Lys-C and trypsin proteases. Samples were then desalted using C18 tips (Pierce)
and fractionated online using a 75-pm inner-diameter fritted fused silica capillary column
with a 5-pm pulled electrospray tip and packed in-house with 25 cm of C18 (Dr. Maisch
GmbH) 1.9-um reversed-phase particles. The gradient was delivered by a 140-minute gradient
of increasing acetonitrile and eluted directly into a Thermo Orbitrap Fusion Lumos instru-
ment where MS/MS spectra were acquired by Data Dependent Acquisition (DDA). Data anal-
ysis was performed using ProLuCID and DT ASelect2 implemented in Integrated Proteomics
Pipeline IP2 (Integrated Proteomics Applications) [79-81]. Database searching was performed
using a FASTA protein database containing T. gondii GT1-translated open reading frames
downloaded from ToxoDB. Protein and peptide identifications were filtered using DTASelect
and required a minimum of two unique peptides per protein and a peptide-level false positive
rate of less than 5% as estimated by a decoy database strategy. Candidates were ranked by spec-
tral count comparing IMC3274ID yersus control samples [82]. The results were filtered to
include only genes that had at least a two-fold enrichment and a difference of at least 5 when
comparing the average spectral counts identified in the IMC32™""**' and control samples.

Yeast two-hybrid

Y2H screening was performed by Hybrigenics Services as previously described [44,45]. Briefly,
the full-length coding sequence of IMC32%”® was cloned into the pB27 vector (N-LexA-bait-C
fusion) and transformed in yeast. This construct was screened for interactions against the T.
gondii RH strain cDNA library with 23 million interactions tested. Confidence for each inter-
action was assessed algorithmically (Predicted Biological Score, PBS). Results were filtered to
exclude any interactions with antisense or out-of-frame prey proteins.

For pairwise Y2H assays, fragments of BCCO0, IMC32, and IMC43 were cloned into the
pB27 (N-LexA-bait-C fusion) or pP6 (N-GAL4*P-prey-C fusion) vectors (Hybrigenics Ser-
vices) as N-terminal fusions with the LexA DNA binding domain or GAL4 activation domain,
respectively. All pB27 and pP6 constructs were cloned by Gibson Assembly or Q5 site-directed
mutagenesis using primers P65-P134. Pairs of pB27 and pP6 constructs were co-transformed
into the L40 strain of S. cerevisiae [MATa his3D200trp1-901 leu2-3112 ade2 LYS2::(4lexAop-
HIS3) URA3::(8lexAop-lacZ) GAL4]. Strains were grown overnight in permissive (-Leu/-Trp)
medium, normalized to ODgg = 2, then spotted in six serial dilutions onto permissive (-Leu/-
Trp) and restrictive (-Leu/-Trp/-His) media. Growth was assessed after 3-5 days. Auto-activa-
tion was tested by co-transforming each pB27 fusion protein with an empty pP6 vector and
co-transforming each pP6 fusion protein with an empty pB27 vector and performing spot
assays for each strain as described above.

Bioinformatic analysis of protein features

Coiled-coil domains were predicted using DeepCoil2 using a probability cut-off of 0.5 [50].
Palmitoylation sites were predicted using CSS-Palm 4.0 using a score cut-off of 5 [49]. Myris-
toylation sites were predicted using GPS-Lipid using a score cut-off of 5 [48]. Alpha helices
and beta strands were predicted using PSIPRED using a cut-off of 5 and a minimum length of
4 amino acids for alpha helices or 3 amino acids for beta strands [57].
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Supporting information

S1 Fig. The AID system does not provide a sufficient knockdown for analysis of BCCO
function. A) Diagram and IFA of BCCO*'" parasites grown for 24 hours -/+ IAA showing that
BCCO0*'™ does not provide sufficient protein knockdown (arrow). Magenta = anti-HA detect-
ing BCCO*'®, Green = anti-IMC6. B) Diagram and IFA of BCC0™*” parasites grown for 24
hours -/+ TAA showing that BCC0"**” does not provide sufficient protein knockdown
(arrow). Magenta = anti-HA detecting BCC0"*”, Green = anti-IMC6. Scale bars = 2 um.
(TIF)

S2 Fig. Conservation and secondary structure predictions for BCC0. The amino acid
sequence of BCCO (TGGT1_294860) was aligned to its N. caninum ortholog NCLIV_001740
using ClustalO 1.2.4. Predicted features are shown above their corresponding sequences.
Regions chosen for the deletion series are highlighted.

(PDF)

S3 Fig. Most BCCO deletion constructs localize normally. IFAs showing that all BCCO dele-
tions except for BCC0O”"'~#”7 (shown in Fig 4D) colocalize with endogenous BCCO™ 45,
Magenta = anti-HA detecting smHA-tagged BCCO deletion constructs, Green = anti-OLLAS
detecting endogenous BCCO™ 45, Scale bars = 2 um.

(TIF)

$4 Fig. Validation of BCCO0 knockout for strains depicted in Fig 4. A) PCR verification for
genomic DNA of BCCO®™ M43 (wild-type parent strain) and complemented Abcc0 parasites.
Diagram shows the binding location of primers used to amplify the BCCO coding sequencing
(blue arrows) and the site of recombination for the knockout (red arrows). The strain used in
each PCR verification is indicated on the left of each image. B) IFA of complemented Abcc0
parasites confirms loss of BCCO*™°""4S signal. Each IFA in panel B corresponds with the PCR
verification to the left of it in panel A. Magenta = anti-OLLAS, Green = anti-IMCé. Scale

bars = 2 pm.

(TTF)

S5 Fig. ATc treatment is toxic to wild-type T. gondii. Quantification of plaque size for
RHAku80 parasites grown for seven days -/+ ATc. Statistical significance was determined
using a two-tailed t-test (*, P < 0.05).

(TIF)

S6 Fig. Localization and PCR verification for strains depicted in Fig 6. A) IFAs showing
that BCC0'7%-%%° BCC0%"6%%°, BCC0°7°%%°, and BCC07°!#? all mislocalize. Magenta = anti-
HA detecting smHA-tagged BCCO deletion constructs, Green = anti-OLLAS detecting endog-
enous BCCO™ ™43, Scale bars = 2 um. E) PCR verification for genomic DNA of comple-
mented Abcc0 parasites. Diagram indicates the binding location of primers used to amplify the
BCCO coding sequencing (blue arrows) and the site of recombination for the knockout (red
arrows). A control PCR verification performed on BCCOs™mOLLAS (wild-type) parasites can be
seen in S4A Fig.

(TIF)

S1 Table. Full IMC32™""*°™® mass spectrometry results. Full list of genes identified by mass
spectrometry in the IMC32"™™°' experiment. Spectral counts are shown for each gene.
“Enrichment Diff” refers to the difference between the average spectral count in IMC32T*°!P
and control parasites. “Enrichment Fold” refers to the average spectral count for IMC32
samples divided by the average spectral count for control samples. The second sheet labeled

TurboID
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“Filtered Results” shows the 1,117 genes that were at least two-fold enriched with a difference
of at least five spectral counts.
(XLSX)

$2 Table. Full IMC32 Y2H screen results. Full list of binding interactions identified by the
Hybrigenics IMC32 Y2H screen. All clones identified for a specific gene are grouped. Clones
that were found to be out-of-frame or antisense are greyed out. Global PBS indicates the confi-
dence score assigned to each clone [44,45]. The second sheet labeled “Hits” shows the 15 genes
that were identified.

(XLSX)

§3 Table. Oligonucleotides used in this study.
(XLSX)

S4 Table. Raw data for quantification of western blot and plaque assays.
(XLSX)

Acknowledgments

We thank Dominique Soldati-Favre for the catalase antibody and Michael Reese for the pP6
and pB27 plasmids, L40 strain of yeast, and protocols for pairwise Y2H assays.

Author Contributions

Conceptualization: Rebecca R. Pasquarelli, Peter J. Bradley.
Data curation: Jihui Sha, James A. Wohlschlegel.

Formal analysis: Rebecca R. Pasquarelli.

Funding acquisition: James A. Wohlschlegel, Peter J. Bradley.
Investigation: Rebecca R. Pasquarelli, Jihui Sha.

Project administration: James A. Wohlschlegel, Peter J. Bradley.
Resources: James A. Wohlschlegel, Peter J. Bradley.
Supervision: James A. Wohlschlegel, Peter J. Bradley.
Validation: Rebecca R. Pasquarelli.

Visualization: Rebecca R. Pasquarelli.

Writing - original draft: Rebecca R. Pasquarelli, Jihui Sha, Peter J. Bradley.

Writing - review & editing: Rebecca R. Pasquarelli, Peter J. Bradley.

References

1. Hill DE, Chirukandoth S, Dubey JP. Biology and epidemiology of Toxoplasma gondii in man and ani-
mals. Anim Health Res Rev. 2005; 6: 41-61. https://doi.org/10.1079/ahr2005100 PMID: 16164008

2. Mackintosh CL, Beeson JG, Marsh K. Clinical features and pathogenesis of severe malaria. Trends
Parasitol. 2004; 20: 597-603. https://doi.org/10.1016/j.pt.2004.09.006 PMID: 15522670

3. Sow SO, Muhsen K, Nasrin D, Blackwelder WC, Wu Y, Farag TH, et al. The Burden of Cryptosporidium
Diarrheal Disease among Children < 24 Months of Age in Moderate/High Mortality Regions of Sub-
Saharan Africa and South Asia, Utilizing Data from the Global Enteric Multicenter Study (GEMS). PLoS
Negl Trop Dis. 2016; 10: e0004729. https://doi.org/10.1371/journal.pntd.0004729 PMID: 27219054

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012411  July 18, 2024 20/24


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012411.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012411.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012411.s010
https://doi.org/10.1079/ahr2005100
http://www.ncbi.nlm.nih.gov/pubmed/16164008
https://doi.org/10.1016/j.pt.2004.09.006
http://www.ncbi.nlm.nih.gov/pubmed/15522670
https://doi.org/10.1371/journal.pntd.0004729
http://www.ncbi.nlm.nih.gov/pubmed/27219054
https://doi.org/10.1371/journal.ppat.1012411

PLOS PATHOGENS

The T. gondiiIMC43-IMC32-BCCO0 essential daughter bud assembly complex

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Sharman PA, Smith NC, Wallach MG, Katrib M. Chasing the golden egg: vaccination against poultry
coccidiosis. Parasite Immunol. 2010; 32: 590-598. https://doi.org/10.1111/j.1365-3024.2010.01209.x
PMID: 20626814

Kivaria FM. Estimated direct economic costs associated with tick-borne diseases on cattle in Tanzania.
Trop Anim Health Prod. 2006; 38: 291-299. https://doi.org/10.1007/s11250-006-4181-2 PMID:
17137131

Dubey JP. Review of Neospora caninum and neosporosis in animals. Korean J Parasitol. 2003; 41: 1—
16. https://doi.org/10.3347/kjp.2003.41.1.1 PMID: 12666725

Pappas G, Roussos N, Falagas ME. Toxoplasmosis snapshots: global status of Toxoplasma gondii
seroprevalence and implications for pregnancy and congenital toxoplasmosis. Int J Parasitol. 2009; 39:
1385-1394. https://doi.org/10.1016/}.ijpara.2009.04.003 PMID: 19433092

Tenter AM, Heckeroth AR, Weiss LM. Toxoplasma gondii: from animals to humans. Int J Parasitol.
2000; 30: 1217-1258. https://doi.org/10.1016/s0020-7519(00)00124-7 PMID: 11113252

Luft BJ, Remington JS. Toxoplasmic Encephalitis in AIDS. Clin Infect Dis. 1992; 15: 211-222. https://
doi.org/10.1093/clinids/15.2.211 PMID: 1520757

Martin S. Congenital Toxoplasmosis. Neonatal Netw. 2001; 20: 23—30. https://doi.org/10.1891/0730-
0832.20.4.23 PMID: 12143899

Blader IJ, Coleman BI, Chen C-T, Gubbels M-J. Lytic Cycle of Toxoplasma gondii: 15 Years Later.
Annu Rev Microbiol. 2015; 69: 463—485. https://doi.org/10.1146/annurev-micro-091014-104100 PMID:
26332089

D’Haese J, Mehlhorn H, Peters W. Comparative electron microscope study of pellicular structures in
coccidia (Sarcocystis, Besnoitia and Eimeria). Int J Parasitol. 1977; 7: 505-518. https://doi.org/10.
1016/0020-7519(77)90014-5 PMID: 413801

Agop-Nersesian C, Naissant B, Ben Rached F, Rauch M, Kretzschmar A, Thiberge S, et al. Rab11A-
Controlled Assembly of the Inner Membrane Complex Is Required for Completion of Apicomplexan
Cytokinesis. Sibley LD, editor. PLoS Pathog. 2009; 5: €1000270. https://doi.org/10.1371/journal.ppat.
1000270 PMID: 19165333

Chen AL, Kim EW, Toh JY, Vashisht AA, Rashoff AQ, Van C, et al. Novel components of the Toxo-
plasma inner membrane complex revealed by BiolD. mBio. 2015; 6: e02357—-14. https://doi.org/10.
1128/mBio.02357-14 PMID: 25691595

Chen AL, Moon AS, Bell HN, Huang AS, Vashisht AA, Toh JY, et al. Novel insights into the composition
and function of the Toxoplasma IMC sutures. Cell Microbiol. 2016; 19: e12678. https://doi.org/10.1111/
cmi.12678 PMID: 27696623

Beck JR, Rodriguez-Fernandez |A, Cruz de Leon J, Huynh M-H, Carruthers VB, Morrissette NS, etal. A
Novel Family of Toxoplasma IMC Proteins Displays a Hierarchical Organization and Functions in Coor-
dinating Parasite Division. Soldati-Favre D, editor. PLoS Pathog. 2010; 6: €1001094. https://doi.org/10.
1371/journal.ppat.1001094 PMID: 20844581

Fung C, Beck JR, Robertson SD, Gubbels M-J, Bradley PJ. Toxoplasma ISP4 is a central IMC sub-
compartment protein whose localization depends on palmitoylation but not myristoylation. Mol Biochem
Parasitol. 2012; 184: 99-108. https://doi.org/10.1016/j.molbiopara.2012.05.002 PMID: 22659420

Mann T, Beckers C. Characterization of the subpellicular network, a filamentous membrane skeletal
component in the parasite Toxoplasma gondii. Mol Biochem Parasitol. 2001; 115: 257-268. https://doi.
org/10.1016/s0166-6851(01)00289-4 PMID: 11420112

Anderson-White BR, lvey FD, Cheng K, Szatanek T, Lorestani A, Beckers CJ, et al. A family of interme-
diate filament-like proteins is sequentially assembled into the cytoskeleton of Toxoplasma gondii: IMC
proteins in Toxoplasma cell division. Cell Microbiol. 2011; 13: 18-31. https://doi.org/10.1111/j.1462-
5822.2010.01514.x PMID: 20698859

Choi CP, Moon AS, Back PS, Jami-Alahmadi Y, Vashisht AA, Wohlischlegel JA, et al. A photoactivata-
ble crosslinking system reveals protein interactions in the Toxoplasma gondii inner membrane complex.
PLOS Biol. 2019; 17: €3000475. https://doi.org/10.1371/journal.pbio.3000475 PMID: 31584943

Back PSO’Shaughnessy WJ, Moon ASDewangan PS, Reese ML, Bradley PJ Multivalent Interactions
Drive the Toxoplasma AC9:AC10:ERK7 Complex To Concentrate ERK?7 in the Apical Cap. mBio. 2022;
13: e0286421. https://doi.org/10.1128/mbio.02864-21 PMID: 35130732

Back PSO’Shaughnessy WJ, Moon AS, Dewangan PS, Hu X, Sha J et al. Ancient MAPK ERK?7 is regu-
lated by an unusual inhibitory scaffold required for Toxoplasma apical complex biogenesis. Proc Natl
Acad Sci. 2020; 117: 12164—-12173. https://doi.org/10.1073/pnas.1921245117 PMID: 32409604

Gaskins E, Gilk S, DeVore N, Mann T, Ward G, Beckers C. Identification of the membrane receptor of a
class XIV myosin in Toxoplasma gondii. J Cell Biol. 2004; 165: 383—393. https://doi.org/10.1083/jcb.
200311137 PMID: 15123738

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012411  July 18, 2024 21/24


https://doi.org/10.1111/j.1365-3024.2010.01209.x
http://www.ncbi.nlm.nih.gov/pubmed/20626814
https://doi.org/10.1007/s11250-006-4181-2
http://www.ncbi.nlm.nih.gov/pubmed/17137131
https://doi.org/10.3347/kjp.2003.41.1.1
http://www.ncbi.nlm.nih.gov/pubmed/12666725
https://doi.org/10.1016/j.ijpara.2009.04.003
http://www.ncbi.nlm.nih.gov/pubmed/19433092
https://doi.org/10.1016/s0020-7519%2800%2900124-7
http://www.ncbi.nlm.nih.gov/pubmed/11113252
https://doi.org/10.1093/clinids/15.2.211
https://doi.org/10.1093/clinids/15.2.211
http://www.ncbi.nlm.nih.gov/pubmed/1520757
https://doi.org/10.1891/0730-0832.20.4.23
https://doi.org/10.1891/0730-0832.20.4.23
http://www.ncbi.nlm.nih.gov/pubmed/12143899
https://doi.org/10.1146/annurev-micro-091014-104100
http://www.ncbi.nlm.nih.gov/pubmed/26332089
https://doi.org/10.1016/0020-7519%2877%2990014-5
https://doi.org/10.1016/0020-7519%2877%2990014-5
http://www.ncbi.nlm.nih.gov/pubmed/413801
https://doi.org/10.1371/journal.ppat.1000270
https://doi.org/10.1371/journal.ppat.1000270
http://www.ncbi.nlm.nih.gov/pubmed/19165333
https://doi.org/10.1128/mBio.02357-14
https://doi.org/10.1128/mBio.02357-14
http://www.ncbi.nlm.nih.gov/pubmed/25691595
https://doi.org/10.1111/cmi.12678
https://doi.org/10.1111/cmi.12678
http://www.ncbi.nlm.nih.gov/pubmed/27696623
https://doi.org/10.1371/journal.ppat.1001094
https://doi.org/10.1371/journal.ppat.1001094
http://www.ncbi.nlm.nih.gov/pubmed/20844581
https://doi.org/10.1016/j.molbiopara.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22659420
https://doi.org/10.1016/s0166-6851%2801%2900289-4
https://doi.org/10.1016/s0166-6851%2801%2900289-4
http://www.ncbi.nlm.nih.gov/pubmed/11420112
https://doi.org/10.1111/j.1462-5822.2010.01514.x
https://doi.org/10.1111/j.1462-5822.2010.01514.x
http://www.ncbi.nlm.nih.gov/pubmed/20698859
https://doi.org/10.1371/journal.pbio.3000475
http://www.ncbi.nlm.nih.gov/pubmed/31584943
https://doi.org/10.1128/mbio.02864-21
http://www.ncbi.nlm.nih.gov/pubmed/35130732
https://doi.org/10.1073/pnas.1921245117
http://www.ncbi.nlm.nih.gov/pubmed/32409604
https://doi.org/10.1083/jcb.200311137
https://doi.org/10.1083/jcb.200311137
http://www.ncbi.nlm.nih.gov/pubmed/15123738
https://doi.org/10.1371/journal.ppat.1012411

PLOS PATHOGENS

The T. gondiiIMC43-IMC32-BCCO0 essential daughter bud assembly complex

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Back PS, Senthilkumar V, Choi CP, Ly AM, Snyder AK, Lau JG, et al. The Toxoplasma subpellicular
network is highly interconnected and defines parasite shape for efficient motility and replication. BioRxiv
Prepr Serv Biol. 2023; 2023.08.10.552545. https://doi.org/10.1101/2023.08.10.552545 PMID:
37609316

Gubbels M-J, Ferguson DJP, Saha S, Romano JD, Chavan S, Primo VA, et al. Toxoplasma gondii’s
Basal Complex: The Other Apicomplexan Business End Is Multifunctional. Front Cell Infect Microbiol.
2022; 12: 882166. https://doi.org/10.3389/fcimb.2022.882166 PMID: 35573773

Nichols BA, Chiappino ML. Cytoskeleton of Toxoplasma gondii. J Protozool. 1987; 34: 217-226. https://
doi.org/10.1111/j.1550-7408.1987.tb03162.x PMID: 3585817

Gubbels M-J, Keroack CD, Dangoudoubiyam S, Worliczek HL, Paul AS, Bauwens C, et al. Fussing
About Fission: Defining Variety Among Mainstream and Exotic Apicomplexan Cell Division Modes.
Front Cell Infect Microbiol. 2020; 10: 269. https://doi.org/10.3389/fcimb.2020.00269 PMID: 32582569

Francia ME, Striepen B. Cell division in apicomplexan parasites. Nat Rev Microbiol. 2014; 12: 125-136.
https://doi.org/10.1038/nrmicro3184 PMID: 24384598

Frénal K, Jacot D, Hammoudi P-M, Graindorge A, Maco B, Soldati-Favre D. Myosin-dependent cell-cell
communication controls synchronicity of division in acute and chronic stages of Toxoplasma gondii. Nat
Commun. 2017; 8: 15710. https://doi.org/10.1038/ncomms 15710 PMID: 28593938

Padilla LFA, Murray JM, Hu K. The initiation and early development of the tubulin-containing cytoskele-
ton in the human parasite Toxoplasma gondii. Mol Biol Cell. 2024; 35: ar37. https://doi.org/10.1091/
mbc.E23-11-0418 PMID: 38170577

Chen C-T, Gubbels M-J. The Toxoplasma gondii centrosome is the platform for internal daughter bud-
ding as revealed by a Nek1 kinase mutant. J Cell Sci. 2013; 126: 3344—-3355. https://doi.org/10.1242/
jcs.123364 PMID: 23729737

Suvorova ES, Francia M, Striepen B, White MW. A Novel Bipartite Centrosome Coordinates the Api-
complexan Cell Cycle. Pellman D, editor. PLOS Biol. 2015; 13: €1002093. https://doi.org/10.1371/
journal.pbio.1002093 PMID: 25734885

Anderson-White B, Beck JR, Chen C-T, Meissner M, Bradley PJ, Gubbels M-J. Cytoskeleton assembly
in Toxoplasma gondii cell division. Int Rev Cell Mol Biol. 2012; 298: 1-31. https://doi.org/10.1016/B978-
0-12-394309-5.00001-8 PMID: 22878103

Morrissette NS, Sibley LD. Disruption of microtubules uncouples budding and nuclear division in Toxo-
plasma gondii. J Cell Sci. 2002; 115: 1017-1025. https://doi.org/10.1242/jcs.115.5.1017 PMID:
11870220

Hu K. Organizational Changes of the Daughter Basal Complex during the Parasite Replication of Toxo-
plasma gondii. Carruthers VB, editor. PLoS Pathog. 2008; 4: e10. https://doi.org/10.1371/journal.ppat.
0040010 PMID: 18208326

Behnke MS, Wootton JC, Lehmann MM, Radke JB, Lucas O, Nawas J, et al. Coordinated progression
through two subtranscriptomes underlies the tachyzoite cycle of Toxoplasma gondii. PloS One. 2010;
5: e12354. https://doi.org/10.1371/journal.pone.0012354 PMID: 20865045

Ouologuem DT, Roos DS. Dynamics of the Toxoplasma gondii inner membrane complex. J Cell Sci.
2014; jcs.147736. https://doi.org/10.1242/jcs. 147736 PMID: 24928899

Back PS, Moon AS, Pasquarelli RR, Bell HN, Torres JA, Chen AL, et al. IMC29 Plays an Important Role
in Toxoplasma Endodyogeny and Reveals New Components of the Daughter-Enriched IMC Proteome.
mBio. 2023; e0304222. https://doi.org/10.1128/mbio.03042-22 PMID: 36622147

Torres JA, Pasquarelli RR, Back PS, Moon AS, Bradley PJ. Identification and Molecular Dissection of
IMC32, a Conserved Toxoplasma Inner Membrane Complex Protein That Is Essential for Parasite Rep-
lication. mBio. 2021; 12: e03622—20. https://doi.org/10.1128/mBio.03622-20 PMID: 33593973

Pasquarelli RR, Back PS, Sha J, Wohlischlegel JA, Bradley PJ. Identification of IMC43, a novel IMC pro-
tein that collaborates with IMC32 to form an essential daughter bud assembly complex in Toxoplasma
gondii. PLoS Pathog. 2023; 19: e1011707. https://doi.org/10.1371/journal.ppat. 1011707 PMID:
37782662

Baptista CG, Lis A, Deng B, Gas-Pascual E, Dittmar A, Sigurdson W, et al. Toxoplasma F-box protein 1
is required for daughter cell scaffold function during parasite replication. Gubbels M-J, editor. PLOS
Pathog. 2019; 15: e1007946. https://doi.org/10.1371/journal.ppat. 1007946 PMID: 31348812

Lorestani A, Sheiner L, Yang K, Robertson SD, Sahoo N, Brooks CF, et al. A Toxoplasma MORN1 null
mutant undergoes repeated divisions but is defective in basal assembly, apicoplast division and cytoki-
nesis. PloS One. 2010; 5: €12302. https://doi.org/10.1371/journal.pone.0012302 PMID: 20808817

Branon TC, Bosch JA, Sanchez AD, Udeshi ND, Svinkina T, Carr SA, et al. Efficient proximity labeling
in living cells and organisms with TurbolD. Nat Biotechnol. 2018; 36: 880-887. https://doi.org/10.1038/
nbt.4201 PMID: 30125270

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012411  July 18, 2024 22/24


https://doi.org/10.1101/2023.08.10.552545
http://www.ncbi.nlm.nih.gov/pubmed/37609316
https://doi.org/10.3389/fcimb.2022.882166
http://www.ncbi.nlm.nih.gov/pubmed/35573773
https://doi.org/10.1111/j.1550-7408.1987.tb03162.x
https://doi.org/10.1111/j.1550-7408.1987.tb03162.x
http://www.ncbi.nlm.nih.gov/pubmed/3585817
https://doi.org/10.3389/fcimb.2020.00269
http://www.ncbi.nlm.nih.gov/pubmed/32582569
https://doi.org/10.1038/nrmicro3184
http://www.ncbi.nlm.nih.gov/pubmed/24384598
https://doi.org/10.1038/ncomms15710
http://www.ncbi.nlm.nih.gov/pubmed/28593938
https://doi.org/10.1091/mbc.E23-11-0418
https://doi.org/10.1091/mbc.E23-11-0418
http://www.ncbi.nlm.nih.gov/pubmed/38170577
https://doi.org/10.1242/jcs.123364
https://doi.org/10.1242/jcs.123364
http://www.ncbi.nlm.nih.gov/pubmed/23729737
https://doi.org/10.1371/journal.pbio.1002093
https://doi.org/10.1371/journal.pbio.1002093
http://www.ncbi.nlm.nih.gov/pubmed/25734885
https://doi.org/10.1016/B978-0-12-394309-5.00001-8
https://doi.org/10.1016/B978-0-12-394309-5.00001-8
http://www.ncbi.nlm.nih.gov/pubmed/22878103
https://doi.org/10.1242/jcs.115.5.1017
http://www.ncbi.nlm.nih.gov/pubmed/11870220
https://doi.org/10.1371/journal.ppat.0040010
https://doi.org/10.1371/journal.ppat.0040010
http://www.ncbi.nlm.nih.gov/pubmed/18208326
https://doi.org/10.1371/journal.pone.0012354
http://www.ncbi.nlm.nih.gov/pubmed/20865045
https://doi.org/10.1242/jcs.147736
http://www.ncbi.nlm.nih.gov/pubmed/24928899
https://doi.org/10.1128/mbio.03042-22
http://www.ncbi.nlm.nih.gov/pubmed/36622147
https://doi.org/10.1128/mBio.03622-20
http://www.ncbi.nlm.nih.gov/pubmed/33593973
https://doi.org/10.1371/journal.ppat.1011707
http://www.ncbi.nlm.nih.gov/pubmed/37782662
https://doi.org/10.1371/journal.ppat.1007946
http://www.ncbi.nlm.nih.gov/pubmed/31348812
https://doi.org/10.1371/journal.pone.0012302
http://www.ncbi.nlm.nih.gov/pubmed/20808817
https://doi.org/10.1038/nbt.4201
https://doi.org/10.1038/nbt.4201
http://www.ncbi.nlm.nih.gov/pubmed/30125270
https://doi.org/10.1371/journal.ppat.1012411

PLOS PATHOGENS

The T. gondiiIMC43-IMC32-BCCO0 essential daughter bud assembly complex

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Rain JC, Selig L, De Reuse H, Battaglia V, Reverdy C, Simon S, et al. The protein-protein interaction
map of Helicobacter pylori. Nature. 2001; 409: 211-215. https://doi.org/10.1038/35051615 PMID:
11196647

Formstecher E, Aresta S, Collura V, Hamburger A, Meil A, Trehin A, et al. Protein interaction mapping:
a Drosophila case study. Genome Res. 2005; 15: 376—-384. https://doi.org/10.1101/gr.2659105 PMID:
15710747

Engelberg K, Bechtel T, Michaud C, Weerapana E, Gubbels M-J. Proteomic characterization of the
Toxoplasma gondii cytokinesis machinery portrays an expanded hierarchy of its assembly and function.
Nat Commun. 2022; 13: 4644. https://doi.org/10.1038/s41467-022-32151-0 PMID: 35941170

Amos B, Aurrecoechea C, Barba M, Barreto A, Basenko EY, Bazant W, et al. VEuPathDB: the eukary-
otic pathogen, vector and host bioinformatics resource center. Nucleic Acids Res. 2022; 50: D898—
D911. https://doi.org/10.1093/nar/gkab929 PMID: 34718728

Xie Y, Zheng Y, LiH, Luo X, He Z, Cao S, et al. GPS-Lipid: a robust tool for the prediction of multiple
lipid modification sites. Sci Rep. 2016; 6: 28249. https://doi.org/10.1038/srep28249 PMID: 27306108

Ren J, Wen L, Gao X, Jin C, Xue Y, Yao X. CSS-Palm 2.0: an updated software for palmitoylation sites
prediction. Protein Eng Des Sel. 2008; 21: 639—644. https://doi.org/10.1093/protein/gzn039 PMID:
18753194

Ludwiczak J, Winski A, Szczepaniak K, Alva V, Dunin-Horkawicz S. DeepCoil-a fast and accurate pre-
diction of coiled-coil domains in protein sequences. Bioinforma Oxf Engl. 2019; 35: 2790-2795. https://
doi.org/10.1093/bioinformatics/bty1062 PMID: 30601942

Lupas A, Van Dyke M, Stock J. Predicting coiled coils from protein sequences. Science. 1991; 252:
1162—1164. https://doi.org/10.1126/science.252.5009.1162 PMID: 2031185

Nishimura K, Fukagawa T, Takisawa H, Kakimoto T, Kanemaki M. An auxin-based degron system for
the rapid depletion of proteins in nonplant cells. Nat Methods. 2009; 6: 917—922. https://doi.org/10.
1038/nmeth.1401 PMID: 19915560

Brown KM, Long S, Sibley LD. Plasma Membrane Association by N-Acylation Governs PKG Function
in Toxoplasma gondii. mBio. 2017; 8: e00375—17. https://doi.org/10.1128/mBio.00375-17 PMID:
28465425

Li S, Prasanna X, Salo VT, Vattulainen |, Ikonen E. An efficient auxin-inducible degron system with low
basal degradation in human cells. Nat Methods. 2019; 16: 866—869. https://doi.org/10.1038/s41592-
019-0512-x PMID: 31451765

Meissner M. Role of Toxoplasma gondii Myosin A in Powering Parasite Gliding and Host Cell Invasion.
Science. 2002; 298: 837-840. https://doi.org/10.1126/science.1074553 PMID: 12399593

Beck JR, Chen AL, Kim EW, Bradley PJ. RONS Is Critical for Organization and Function of the Toxo-
plasma Moving Junction Complex. PLoS Pathog. 2014;10. https://doi.org/10.1371/journal.ppat.
1004025 PMID: 24651769

Buchan DWA, Jones DT. The PSIPRED Protein Analysis Workbench: 20 years on. Nucleic Acids Res.
2019; 47: W402-W407. https://doi.org/10.1093/nar/gkz297 PMID: 31251384

Frénal K, Polonais V, Marq J-B, Stratmann R, Limenitakis J, Soldati-Favre D. Functional dissection of
the apicomplexan glideosome molecular architecture. Cell Host Microbe. 2010; 8: 343-357. https://doi.
org/10.1016/j.chom.2010.09.002 PMID: 20951968

De Napoli MG, de Miguel N, Lebrun M, Moreno SNJ, Angel SO, Corvi MM. N-terminal palmitoylation is
required for Toxoplasma gondii HSP20 inner membrane complex localization. Biochim Biophys Acta
BBA—Mol Cell Res. 2013; 1833: 1329-1337. https://doi.org/10.1016/j.bbamcr.2013.02.022 PMID:
23485398

LiZ, DuW, Yang J, Lai D-H, Lun Z-R, Guo Q. Cryo-Electron Tomography of Toxoplasma gondii Indi-
cates That the Conoid Fiber May Be Derived from Microtubules. Adv Sci Weinh Baden-Wurtt Ger.
2023; 10: €2206595. https://doi.org/10.1002/advs.202206595 PMID: 36840635

Treeck M, Sanders JL, Elias JE, Boothroyd JC. The Phosphoproteomes of Plasmodium falciparum and
Toxoplasma gondii Reveal Unusual Adaptations Within and Beyond the Parasites’ Boundaries. Cell
Host Microbe. 2011; 10: 410—-419. https://doi.org/10.1016/j.chom.2011.09.004 PMID: 22018241

Morlon-Guyot J, Berry L, Chen C-T, Gubbels M-J, Lebrun M, Daher W. The Toxoplasma gondii cal-
cium-dependent protein kinase 7 is involved in early steps of parasite division and is crucial for parasite
survival. Cell Microbiol. 2014; 16: 95—114. https://doi.org/10.1111/cmi.12186 PMID: 24011186

Berry L, Chen C-T, Reininger L, Carvalho TG, El Hajj H, Morlon-Guyot J, et al. The conserved apicom-
plexan Aurora kinase TgArk3 is involved in endodyogeny, duplication rate and parasite virulence. Cell
Microbiol. 2016; 18: 1106—1120. https://doi.org/10.1111/cmi.12571 PMID: 26833682

Guttery DS, Poulin B, Ferguson DJP, Szé6r B, Wickstead B, Carroll PL, et al. A unique protein phospha-
tase with kelch-like domains (PPKL) in Plasmodium modulates ookinete differentiation, motility and

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012411  July 18, 2024 23/24


https://doi.org/10.1038/35051615
http://www.ncbi.nlm.nih.gov/pubmed/11196647
https://doi.org/10.1101/gr.2659105
http://www.ncbi.nlm.nih.gov/pubmed/15710747
https://doi.org/10.1038/s41467-022-32151-0
http://www.ncbi.nlm.nih.gov/pubmed/35941170
https://doi.org/10.1093/nar/gkab929
http://www.ncbi.nlm.nih.gov/pubmed/34718728
https://doi.org/10.1038/srep28249
http://www.ncbi.nlm.nih.gov/pubmed/27306108
https://doi.org/10.1093/protein/gzn039
http://www.ncbi.nlm.nih.gov/pubmed/18753194
https://doi.org/10.1093/bioinformatics/bty1062
https://doi.org/10.1093/bioinformatics/bty1062
http://www.ncbi.nlm.nih.gov/pubmed/30601942
https://doi.org/10.1126/science.252.5009.1162
http://www.ncbi.nlm.nih.gov/pubmed/2031185
https://doi.org/10.1038/nmeth.1401
https://doi.org/10.1038/nmeth.1401
http://www.ncbi.nlm.nih.gov/pubmed/19915560
https://doi.org/10.1128/mBio.00375-17
http://www.ncbi.nlm.nih.gov/pubmed/28465425
https://doi.org/10.1038/s41592-019-0512-x
https://doi.org/10.1038/s41592-019-0512-x
http://www.ncbi.nlm.nih.gov/pubmed/31451765
https://doi.org/10.1126/science.1074553
http://www.ncbi.nlm.nih.gov/pubmed/12399593
https://doi.org/10.1371/journal.ppat.1004025
https://doi.org/10.1371/journal.ppat.1004025
http://www.ncbi.nlm.nih.gov/pubmed/24651769
https://doi.org/10.1093/nar/gkz297
http://www.ncbi.nlm.nih.gov/pubmed/31251384
https://doi.org/10.1016/j.chom.2010.09.002
https://doi.org/10.1016/j.chom.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20951968
https://doi.org/10.1016/j.bbamcr.2013.02.022
http://www.ncbi.nlm.nih.gov/pubmed/23485398
https://doi.org/10.1002/advs.202206595
http://www.ncbi.nlm.nih.gov/pubmed/36840635
https://doi.org/10.1016/j.chom.2011.09.004
http://www.ncbi.nlm.nih.gov/pubmed/22018241
https://doi.org/10.1111/cmi.12186
http://www.ncbi.nlm.nih.gov/pubmed/24011186
https://doi.org/10.1111/cmi.12571
http://www.ncbi.nlm.nih.gov/pubmed/26833682
https://doi.org/10.1371/journal.ppat.1012411

PLOS PATHOGENS

The T. gondiiIMC43-IMC32-BCCO0 essential daughter bud assembly complex

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

invasion. PLoS Pathog. 2012; 8: €1002948. https://doi.org/10.1371/journal.ppat. 1002948 PMID:
23028336

Sidik SM, Huet D, Ganesan SM, Huynh M-H, Wang T, Nasamu AS, et al. A Genome-wide CRISPR
Screen in Toxoplasma Identifies Essential Apicomplexan Genes. Cell. 2016; 166: 1423—-1435.e12.
https://doi.org/10.1016/j.cell.2016.08.019 PMID: 27594426

Donald RG, Roos DS. Stable molecular transformation of Toxoplasma gondii: a selectable dihydrofolate
reductase-thymidylate synthase marker based on drug-resistance mutations in malaria. Proc Natl Acad
SciU S A. 1993; 90: 11703-11707. https://doi.org/10.1073/pnas.90.24.11703 PMID: 8265612

Kim K, Soldati D, Boothroyd JC. Gene replacement in Toxoplasma gondii with chloramphenicol acetyl-
transferase as selectable marker. Science. 1993; 262: 911-914. https://doi.org/10.1126/science.
8235614 PMID: 8235614

Donald RG, Carter D, Ullman B, Roos DS. Insertional tagging, cloning, and expression of the Toxo-
plasma gondii hypoxanthine-xanthine-guanine phosphoribosyltransferase gene: Use as a selectable
marker for stable transformation. J Biol Chem. 1996; 271: 14010-14019. https://doi.org/10.1074/jbc.
271.24.14010 PMID: 8662859

Donald RG, Roos DS. Insertional mutagenesis and marker rescue in a protozoan parasite: cloning of
the uracil phosphoribosyltransferase locus from Toxoplasma gondii. Proc Natl Acad Sci U S A. 1995;
92: 5749-5753. https://doi.org/10.1073/pnas.92.12.5749 PMID: 7777580

Bastin P, Bagherzadeh Z, Matthews KR, Gull K. A novel epitope tag system to study protein targeting
and organelle biogenesis in Trypanosoma brucei. Mol Biochem Parasitol. 1996; 77: 235-239. https://
doi.org/10.1016/0166-6851(96)02598-4 PMID: 8813669

Evan GlI, Lewis GK, Ramsay G, Bishop JM. Isolation of monoclonal antibodies specific for human c-
myc proto-oncogene product. Mol Cell Biol. 1985; 5: 3610-3616. https://doi.org/10.1128/mcb.5.12.
3610-3616.1985 PMID: 3915782

Viswanathan S, Williams ME, Bloss EB, Stasevich TJ, Speer CM, Nern A, et al. High-performance
probes for light and electron microscopy. Nat Methods. 2015; 12: 568-576. https://doi.org/10.1038/
nmeth.3365 PMID: 25915120

Bullen HE, Jia Y, Yamaryo-Botté Y, Bisio H, Zhang O, Jemelin NK, et al. Phosphatidic Acid-Mediated
Signaling Regulates Microneme Secretion in Toxoplasma. Cell Host Microbe. 2016; 19: 349-360.
https://doi.org/10.1016/j.chom.2016.02.006 PMID: 26962945

Sidik SM, Hackett CG, Tran F, Westwood NJ, Lourido S. Efficient Genome Engineering of Toxoplasma
gondii Using CRISPR/Cas9. Blader IJ, editor. PLoS ONE. 2014; 9: e100450. https://doi.org/10.1371/
journal.pone.0100450 PMID: 24971596

Shen B, Brown KM, Lee TD, Sibley LD. Efficient Gene Disruption in Diverse Strains of Toxoplasma gon-
dii Using CRISPR/CAS9. Weiss LM, editor. mBio. 2014; 5: e01114—14. https://doi.org/10.1128/mBio.
01114-14 PMID: 24825012

Huynh M-H, Carruthers VB. Tagging of endogenous genes in a Toxoplasma gondii strain lacking Ku80.
Eukaryot Cell. 2009; 8: 530-539. https://doi.org/10.1128/EC.00358-08 PMID: 19218426

Bradley PJ, Ward C, Cheng SJ, Alexander DL, Coller S, Coombs GH, et al. Proteomic analysis of rhop-
try organelles reveals many novel constituents for host-parasite interactions in Toxoplasma gondii. J
Biol Chem. 2005; 280: 34245-34258. https://doi.org/10.1074/jbc.M504158200 PMID: 16002398

Bradley PJ, Rayatpisheh S, Wohlschlegel JA, Nadipuram SM. Using BiolD for the Identification of Inter-
acting and Proximal Proteins in Subcellular Compartments in Toxoplasma gondii. Methods Mol Biol Clif-
ton NJ. 2020; 2071: 323-346. https://doi.org/10.1007/978-1-4939-9857-9_18 PMID: 31758461

Xu T, Park SK, Venable JD, Wohlschlegel JA, Diedrich JK, Cociorva D, et al. ProLuCID: An improved
SEQUEST-like algorithm with enhanced sensitivity and specificity. J Proteomics. 2015; 129: 16-24.
https://doi.org/10.1016/j.jprot.2015.07.001 PMID: 26171723

Tabb DL, McDonald WH, Yates JR. DTASelect and Contrast: Tools for Assembling and Comparing
Protein Identifications from Shotgun Proteomics. J Proteome Res. 2002; 1: 21-26. https://doi.org/10.
1021/pr015504q PMID: 12643522

Cociorva D, L. Tabb D, Yates JR. Validation of Tandem Mass Spectrometry Database Search Results
Using DTASelect. Curr Protoc Bioinforma. 2006; 16: 13.4.1—13.4.14. https://doi.org/10.1002/
0471250953.bi1304s16

Florens L, Carozza MJ, Swanson SK, Fournier M, Coleman MK, Workman JL, et al. Analyzing chroma-
tin remodeling complexes using shotgun proteomics and normalized spectral abundance factors. Meth-
ods. 2006; 40: 303—-311. https://doi.org/10.1016/j.ymeth.2006.07.028 PMID: 17101441

Barylyuk K, Koreny L, Ke H, Butterworth S, Crook OM, Lassadi |, et al. A Comprehensive Subcellular
Atlas of the Toxoplasma Proteome via hyperLOPIT Provides Spatial Context for Protein Functions. Cell
Host Microbe. 2020; 28: 752—-766.e9. https://doi.org/10.1016/j.chom.2020.09.011 PMID: 33053376

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012411  July 18, 2024 24/24


https://doi.org/10.1371/journal.ppat.1002948
http://www.ncbi.nlm.nih.gov/pubmed/23028336
https://doi.org/10.1016/j.cell.2016.08.019
http://www.ncbi.nlm.nih.gov/pubmed/27594426
https://doi.org/10.1073/pnas.90.24.11703
http://www.ncbi.nlm.nih.gov/pubmed/8265612
https://doi.org/10.1126/science.8235614
https://doi.org/10.1126/science.8235614
http://www.ncbi.nlm.nih.gov/pubmed/8235614
https://doi.org/10.1074/jbc.271.24.14010
https://doi.org/10.1074/jbc.271.24.14010
http://www.ncbi.nlm.nih.gov/pubmed/8662859
https://doi.org/10.1073/pnas.92.12.5749
http://www.ncbi.nlm.nih.gov/pubmed/7777580
https://doi.org/10.1016/0166-6851%2896%2902598-4
https://doi.org/10.1016/0166-6851%2896%2902598-4
http://www.ncbi.nlm.nih.gov/pubmed/8813669
https://doi.org/10.1128/mcb.5.12.3610-3616.1985
https://doi.org/10.1128/mcb.5.12.3610-3616.1985
http://www.ncbi.nlm.nih.gov/pubmed/3915782
https://doi.org/10.1038/nmeth.3365
https://doi.org/10.1038/nmeth.3365
http://www.ncbi.nlm.nih.gov/pubmed/25915120
https://doi.org/10.1016/j.chom.2016.02.006
http://www.ncbi.nlm.nih.gov/pubmed/26962945
https://doi.org/10.1371/journal.pone.0100450
https://doi.org/10.1371/journal.pone.0100450
http://www.ncbi.nlm.nih.gov/pubmed/24971596
https://doi.org/10.1128/mBio.01114-14
https://doi.org/10.1128/mBio.01114-14
http://www.ncbi.nlm.nih.gov/pubmed/24825012
https://doi.org/10.1128/EC.00358-08
http://www.ncbi.nlm.nih.gov/pubmed/19218426
https://doi.org/10.1074/jbc.M504158200
http://www.ncbi.nlm.nih.gov/pubmed/16002398
https://doi.org/10.1007/978-1-4939-9857-9%5F18
http://www.ncbi.nlm.nih.gov/pubmed/31758461
https://doi.org/10.1016/j.jprot.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26171723
https://doi.org/10.1021/pr015504q
https://doi.org/10.1021/pr015504q
http://www.ncbi.nlm.nih.gov/pubmed/12643522
https://doi.org/10.1002/0471250953.bi1304s16
https://doi.org/10.1002/0471250953.bi1304s16
https://doi.org/10.1016/j.ymeth.2006.07.028
http://www.ncbi.nlm.nih.gov/pubmed/17101441
https://doi.org/10.1016/j.chom.2020.09.011
http://www.ncbi.nlm.nih.gov/pubmed/33053376
https://doi.org/10.1371/journal.ppat.1012411

