nature communications

Article https://doi.org/10.1038/s41467-023-36571-4

The Toxoplasma micropore mediates
endocytosis for selective nutrient salvage
from host cell compartments

Wenyan Wan ® "%, Hui Dong"®, De-Hua Lai ® %%, Jiong Yang? Kai He ®",
Xiaoyan Tang', Qun Liu', Geoff Hide ® 3, Xing-Quan Zhu? L. David Sibley®,
Zhao-Rong Lun? & Shaojun Long®"

Received: 2 May 2022

Accepted: 3 February 2023

Published online: 22 February 2023

% Check for updates Apicomplexan parasite growth and replication relies on nutrient acquisition

from host cells, in which intracellular multiplication occurs, yet the mechan-
isms that underlie the nutrient salvage remain elusive. Numerous ultra-
structural studies have documented a plasma membrane invagination with a
dense neck, termed the micropore, on the surface of intracellular parasites.
However, the function of this structure remains unknown. Here we validate the
micropore as an essential organelle for endocytosis of nutrients from the host
cell cytosol and Golgi in the model apicomplexan Toxoplasma gondii. Detailed
analyses demonstrated that Kelch13 is localized at the dense neck of the
organelle and functions as a protein hub at the micropore for endocytic
uptake. Intriguingly, maximal activity of the micropore requires the ceramide
de novo synthesis pathway in the parasite. Thus, this study provides insights
into the machinery underlying acquisition of host cell-derived nutrients by
apicomplexan parasites that are otherwise sequestered from host cell
compartments.

The phylum Apicomplexa comprises thousands of intracellular para-
sites that occupy divergent niches'. Plasmodium falciparum, the agent
responsible for human malaria, proliferates in erythrocytes and
hepatocytes. Cryptosporidium, the cause of acute gastrointestinal dis-
eases, multiplies in epithelial cells. Toxoplasma gondii, the most suc-
cessful zoonotic parasite, replicates in almost all nucleated cells of
warm-blooded vertebrate hosts. These parasites reside in host cells
with diversified membranous compartments at some, or all, stages
of their life cycles, and acquire nutrients from these compartments.
T. gondii establishes a replication permissive niche in cells, within the
parasitophorous vacuole (PV), which is segregated from most host
endo-membranous systems required for cellular function® This unique

niche poses complex challenges for the parasite to scavenge nutrients
to support its own growth.

Previous studies have revealed several mechanisms that are
exploited to internalize host nutrients and organelles to the para-
sitophorous vacuole by crossing the PV membrane (PVM). These
include a proteinaceous pore’, the Endosomal Sorting Complex
Required for Transport (ESCRT)* and the Host Organelle-Sequestering
Tubulostructures (H.0.S.T.)**. The PV may act as a digestive com-
partment to process substrates prior to translocation across the
parasite plasma membrane (PPM)*>’%,

Our current understanding of the T. gondii PPM in nutrient
acquisition stems from investigations into PPM transporters. These
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transporters are responsible for transporting adenosine’’, glucose",

lactate/pyruvate', tyrosine®, arginine and lysine'* and folate®™. Despite
this, studies have revealed that the parasite also scavenges host
proteins', fatty acids””’®, myo-inositol'’, serine, ethanolamine,
choline?®, ceramide, sphingolipids®”, cholesterol’, vitamins and co-
factors™?, from the host cell. However, there is a huge gap in our
understanding of the mechanisms of acquisition of these and other
nutrients by 7. gondii.

Endocytosis is a fundamental mechanism for both nutrient
acquisition and membrane homeostasis. Clathrin mediated endocy-
tosis (CME) is recognized as the most studied mechanism**. However,
underneath the PPM, parasites have an inner membrane complex
(IMC) that may protect against invagination of the PPM and prevent
endocytosis. Ultrastructural studies have repeatedly reported a PPM
invagination structure, termed the micropore, on the surface of
intracellular parasites, and this invagination is unique as it crosses the
IMC*?%, The micropore was first observed in the sporozoites of avian
malaria parasites” and in the cysts (bradyzoites) of T. gondii*®. It was
later found in almost every stage of apicomplexan parasites, when
studied by electron microscopy*?*, and in related parasites such as
parasitic dinoflagellates, protococcidians and colpodellids®*>2. The
micropore usually appears as an invagination of the PPM with laterally
thickened material around the neck®?. Intriguingly, in the ery-
throcytic forms of malaria parasites, a structure appears to have
invaginations in both the PPM and the PVM. This has been termed the
cytostome and is considered potentially to be a specialized version of
the micropore used for hemoglobin uptake®°. However, the endo-
cytic processes in most apicomplexan parasites are not as obvious as
that of hemoglobin uptake in Plasmodium®. Only a minority of extra-
cellular parasites have actually been observed to take up extracellular
tracers®®®, Yet, there is lack of solid evidence for the cytostome being
the micropore and the micropore acting as a site for endocytosis and/
or as a functional structure in related parasites. In addition, studies
suggesting other potential sites of endocytosis in T. gondii have further
increased the mystery surrounding endocytosis and nutrient
acquisition®”. Nevertheless, T. gondii could serve as a good model
organism to dissect out which proteins define the endocytic processes
and how they operate. Such knowledge would improve our under-
standing of how T. gondii and other apicomplexan parasites scavenge
nutrients from host cells.

In this study, we show that the micropore buds an endocytic
vesicle at its base, suggesting that it has a function in active endocy-
tosis in T. gondii. Using comparative knowledge about classical pro-
teins (e.g., EPS15 and AP2) involved in clathrin mediated endocytosis
(CME) and a proximity labeling approach in T. gondii*’, we identified
the proteome and established a protein network—the endocytosome
where Kelch13 functions as a protein hub. Our study clarifies the
essential role of the micropore in 7. gondii and provides the first
detailed insights into the elusive mechanism driving the acquisition of
nutrients from complex host cellular compartments in apicomplexan
parasites.

Results

Discovery of proteins localized to the micropore in T. gondii
Classical CME proteins, such as clathrin, dynamin and EpsL, have been
implicated in organelle biogenesis in T. gondii*~*. To understand the
potential mechanisms of endocytosis in T. gondii, we postulated that
other CME proteins might be utilized in this organism. To identify
these proteins, we searched the ToxoDB database (https://toxodb.org/
toxo/app/) for proteins containing EH (EPS15 Homology)-, BAR (Bin-
Amphiphsin-Rvs)-domains and AP2 (adaptin, AP) homologs, based on
their involvement in endocytosis in mammals and yeast*. We identi-
fied nine proteins (Supplementary Fig. 1a), namely two EPS15-like
proteins, two BAR domain proteins and five possible AP2 subunits
including AP2acc and AP2an that are annotated as such in the ToxoDB

database. To localize these proteins, we generated protein-6Ty fusion
lines using CRISPR/Cas9*® (Supplementary Data 1-3). Immuno-
fluorescence assays (IFA) showed that the EPS15 and AP2 subunits,
excepting AP23, were localized to similar foci at the parasite surface
(Supplementary Fig. 1b). AP2[3 may appear to have retained the binding
ability to clathrin and is localized at the Golgi, while the other
AP2 subunits, highly divergent in the Apicomplexa*’, are not. To clarify
any possible co-localization, 6HA epitope tags were added to the AP2
components in the EPS15-6Ty line, creating two fusion proteins in the
same lines. Confocal imaging revealed that AP2ac, AP2an, AP2u and
AP20 were highly co-localized with EPS15 (Fig. 1a). Based on this
localization feature, we postulated that these proteins are localized at
the micropore.

We then attempted to identify the proteome of the foci using a
permissive biotinylation approach, which detects proteins that are
proximal to a bait protein (e.g., EPS15) fused with a highly efficient
biotin ligase TurbolD*. Biotin labeling detected additional protein
bands on blots, compared to the parental line. As shown by staining
using labeled streptavidin, these proteins were concentrated at the
foci of the potential micropore and also a weak additional focus was
identified in the apicoplast (Supplementary Fig. 1c). Replicate mass-
spectrometry (MS) datasets were used to create a volcano plot com-
paring the TurbolD fusion to the parental line (Supplementary Data 4
and Supplementary Fig. 1d). To identify new proteins, we selected ten
significant candidates and four candidates with p values close to 0.05.
CRISPR-Cas9 was then used to tag candidate proteins with 6Ty (Sup-
plementary Data 5). Five new candidates that localized to the foci were
identified (Supplementary Fig. 1e). Confocal imaging with 6HA fusions
to the new candidates in the EPS15-6Ty line showed clear co-
localization with EPS15 (Fig. 1b). Finally, we identified ten proteins,
among which Kelch13, UBP1, EPS15, AP2u, AP2ac (PfKIC4) and PPG1
(PfKIC2) are shared with proteins identified at the cytostome in P.
falciparum reported in a recent study*’. Moreover, two lineage specific
proteins (i.e., MPP1 and MPP2, MicroPore Proteins) and another two
AP2 subunits (i.e., AP2an and AP20) were identified at the Toxoplasma
micropore, while more additional proteins were identified at the
cytostome of P. falciparum (Supplementary Table 1).

To precisely localize the proteins, we utilized a higher resolution
approach - stochastic optical reconstruction microscopy (STORM) to
examine the distribution pattern of Kelch13 in these parasites. Kelch13
was chosen as it is the most conserved protein of the group, as dis-
cussed below. STORM revealed that Kelch13 (K13) was mainly con-
centrated in a narrow ring with a diameter ~200 nm embedded within
the IMC (Fig. 1c). Consistent with this pattern, serial immunoEM
revealed that Kelch13, labeled with gold particles, was concentrated in
a location adjacent to a cup-like structure on continuous sections
(100 nm thick) (Fig. 1d). A clear preparation of serial TEM sections
revealed that the cup-like structure is the micropore with an invagi-
nation of the PPM that is encircled by an electron dense ring at the
neck (Fig. 1e). Furthermore, the PPM is coated with a less electron
dense region at the base. The dimensions of dense ring are ~172 nm in
diameter, ~50 nm in thickness and ~67 nm in length (n = 24) (Fig. 1f). To
gain a three-dimensional view, TEM tomography reconstruction illu-
strated that a PVM conduit was not observed inside the micropore,
however a budding endocytic vesicle at the base was observed. This
budding endocytic vesicle had a single membrane that enclosed a
material that was similar to the PV lumen (Fig. 1g and Supplementary
Movie 1). Overall, we have demonstrated that one representative of the
ten proteins, Kelch13, is localized to the micropore in T. gondii, and the
micropore has functional budding endocytic vesicles.

Kelch13 mediates a key interacting complex at the micropore

As predicted, the above studied micropore proteins contain various
domains that include an EH domain, Kelch repeats, a BTB domain, AP
complex domains and a microtubule binding domain (Supplementary
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Fig. 2a, b). It is noteworthy that both EH domains and Kelch/BTB
domains mediate protein-protein interactions®". In addition, many of
these proteins contain intrinsic disordered regions (IDRs) and coiled
coils (CC), as predicted by InterPro and a newly developed webserver
fIDPnn** (Supplementary Fig. 2b, c). These domains are often asso-
ciated with having multiple binding partners and adopting multiple
conformations®**, indicating the potential existence of a protein
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interaction network. Analysis of evolutionary conservation showed
that Kelchl3 is the most conserved of these proteins amongst the
apicomplexans, although the gregarines have a shortened polypeptide
that retains only the BTB domain (Fig. 2a, Supplementary Fig. 2d and
Supplementary Data 6). Other proteins have different degrees of
conservation within the phylum (Fig. 2a and Supplementary Data 6).
Moreover, many of the genes, such as Kelch13, UBP1, AP2cc, EPSIS,
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Fig. 1| The discovery of proteins localized to the micropore in T. gondii.

a, b Confocal co-localization of protein fusions with EPS15-6Ty, showing confocal
imaging of EPS15-6Ty (green) and 6HA-fusions (red). The Pearson correlation
coefficient (PCC) was analyzed with mean + SEM using the intensities over the white
line by NIS software. Three independent experiments were performed with similar
outcomes, and The PCC shown were the averages and standard deviation (N =6).
Scale =5 um. ¢ Stochastic optical reconstruction microscopy (STORM) imaging of
Ty-Kelch13. Ty-Kelch13 was stained with Ty (red) and IMC1 (green was the control).
The blue square enlarged as indicated by the relative lengths of the scale bars (-6x).
d Serial immuno-electron microscopy (immunoEM) of Ty-Kelch13, showing
deposition of gold particles (red arrowheads) at a position adjacent to the micro-
pore cup (green arrowheads) on two continuous sections. Red squares enlarged.
Scale =200 nm. e Ultra-structure of the micropore, showing a cup-like structure

with a neck (green arrow), a base (white arrow) and electron-dense ring (deep blue
arrow). The IMC, pink arrowhead. Scale =200 nm. f Size measurement of the
micropore, showing the measurements taken: neck diameter (green), cup depth
(red), thickness (pink), diameter (deep blue) and depth (yellow) of the dense ring.
The sizes were plotted in the same colors, and the data were shown (N =24) with
mean = SEM. More than three independent experiments were performed on the
TEM. g Serial images of a reconstructed tomography analysis of a micropore with a
budding endocytic vesicle (red arrowheads) at the base. The yellow dotted line was
drawn to indicate the plasma membrane of the micropore on the first image at the
left, and it was placed on other images to show the budding endocytic vesicle. The
single images were next to each other at 9.5 nm. Scale =200 nm. Three indepen-
dent experiments were performed with similar outcomes and one representative of
the results was shown.

have low CRISPR fitness scores™ (Fig. 2a), indicating these genes are
crucial for parasite growth. These features attracted us to map the
protein interactions, using a proximity-based approach, as previously
reported for the conoid interactome*®. We used TurbolD fusions tag-
ged to Kelch13, PPG1, UBP1, MPP1, MPP2, AP2u (AP2u as the repre-
sentative of AP2). Analysis of biotinylation activity effectively showed
labeling of the micropore, as well as the apicoplast (Supplementary
Fig. 2e). The resulting MS datasets contained many peptides belonging
to the IMC proteins and microtubules (Fig. 2b and Supplementary
Data 7), indicating the likely proximity of PPG1, AP2p1 and MPP1 to the
inner membrane complex (IMC) and microtubules.

To identify potential interactions from the complex datasets, we
used an R-based program Straightforward Filtering IndeX program
(SFINX), as previously described*°. SFINX provides an interactome and
statistical criteria for meaningful interactions*®. Here we included the
full interactome network with a strictness=4 (p value <0.00005)
(Fig. 2c and Supplementary Movie 2, Supplementary Data 8 contains
the input file for SFINX and Supplementary Data 9 contains a summary
of the output). The local SFINX run revealed both a core interactome
and other branches (Fig. 2c). Importantly, all the partners of Kelch13
were also identified by EPS15-TurbolD and TurbolD-PPG1. This result
suggested that Kelchl3 forms a prominent node in the core inter-
actome that closely interacts with an overlapping set of proteins
shared with EPS15 and PPG1 (Fig. 2c and Supplementary Data 9).
Intriguingly, AP2ac is one of the interacting proteins at the core
interactome, while the other AP2 adaptors are only seen within the
branches (Supplementary Data 9), indicating that AP2ac is different
from the others. Additionally, dynamin C (DrpC) is also one of the
interacting proteins associated with the core nodes. DrpC plays a role
in mitochondrial fission in dividing parasites**’. Our confocal imaging
using the DrpC-6HA/EPS15-6Ty fusions confirmed the co-localization
of DrpC with EPS15 in mature parasites (Supplementary Fig. 2f). This
localization is consistent with the previous co-immunoprecipitation
observations with DrpC, which intriguingly detected Kelchl3 and
AP2 subunits*?, supporting reliability of our proximity-based protein
interaction network. In summary, Kelch13 may serve as a protein hub,
which mediates a protein network (termed the endocytosome) at the
micropore.

The micropore proteins are essential for parasite growth in vitro
To investigate functions of the micropore, we used the auxin-
inducible degron (AID) system for conditional knockdown of pro-
teins in T. gondii***®. We added the AID-HA or AID-Ty fusion to the
N-terminus or C-terminus of the micropore proteins in the parental
line TIR1 using a CRISPR/Cas9 approach (Supplementary Fig. 3a, b).
We successfully created ten single AID fusion lines. We did not
include DrpC as preliminary studies revealed that it was unable to be
degraded by the system. To study the core interactome, we added
the Ty- and myc-AID to Kelchl3 and PPG1 at their N-termini,
respectively, in the EPS15-AID-HA line. This approach created a
double AID fusion line EPS15-AID-HA/Ty-AID-Kelch13 (dKD) and a

triple AID fusion line EPS15-AID-HA/Ty-AID-Kelch13/myc-AID-PPG1
(triple KnockDown, tKD). The correct fusions at specific genes were
confirmed by diagnostic PCRs (Supplementary Fig. 3c, d). The AID
fusions appeared in foci in IMC gaps congruent with a correct
location and the addition of auxin (IAA) resulted in their efficient
degradation to almost undetectable levels (Supplementary Fig. 4).
However, the parasite morphology did not show any obvious
changes following 24 h of auxin induction (Supplementary Fig. 4).
To test whether the AID fusions were essential for parasite growth,
we examined the ability of parasites to form plaques on host cell
monolayers. Significantly, when grown in the presence of auxin, the
AlD-kelch13, double and triple AID cell lines formed no apparent
plaques, and the AID fusions of AP2ac, EPS15, MPP1, UBP1, AP2an
and AP2o had significantly fewer and smaller plaques (Fig. 2d-f and
Supplementary Fig. 5a, b). This outcome roughly matched the low
CRISPR fitness scores for the genes. Detailed examinations of para-
site replication status revealed the contribution of replication
defects to the fitness of the AID lines mentioned above (Fig. 2g and
Supplementary Fig. 5c). These results consistently support the
notion that Kelch13 functions as a protein hub and contributes to
parasite replication in combination with other micropore proteins.

The Kelch13 complex controls selective salvage of host
materials

To investigate the potential role of the micropore proteins in nutrient
salvage, we first assessed uptake of host cell cytosolic GFP that is
expressed by a Lenti-viral expression system II. The fitness-conferring
AID lines and the parental line TIR1 were further genetically modified
to delete the cpl gene (Acpl) that encodes a protease CPL capable of
digesting host cell-derived GFP in the vacuolar compartment (VAC)'.
By growth of these Acpl lines in the GFP-expressing host cells in auxin
for 36 h, we observed that the percentage of parasites containing host
cell-derived GFP dramatically dropped by comparison with the TIR1/
Acpl, with the exception of MPP1-AID/Acpl (Fig. 3a and Supplementary
Fig. 6a). As the TIR1-AID system usually down-regulates proteins very
quickly, we then wondered if down-regulation of the key micropore
protein K13 (AID-K13) would cause a rapid drop in proportion of
parasites containing GFP. Western blot analysis showed that AID-K13
dropped to undetectable level at 2 h and kept no changes at the fol-
lowing hours (Fig. 3b, ¢). To test GFP acquisition, we added the CPL
inhibitor LHVS (10 pM) to the culture, while the auxin induction was
initiated, as illustrated in Fig. 3d. This strategy greatly reduced initial
accumulation of GFP in parasites prior to the induction, allowing
examination of the direct impact on GFP acquisition upon depletion of
Kelch13. Using this approach, we showed that depletion of
K13 significantly decreased GFP acquisition in the early induction time
points (2,4 and 6 h of induction) (Fig. 3e). These results suggested that
Kelch13 is involved in the salvage of host cytosolic proteins together
with other micropore proteins. Therefore, in the following part of the
study, we mainly focused on the key AID (fusion) lines of EPS15-AID,
AID-Kelch13 and tKD.
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Fig. 2 | Kelch13 mediates the protein interaction network at the micropore.

a Conservation of micropore proteins in representative species of the apicom-
plexans. The protein names with the corresponding ID (in brackets) were listed,
followed by CRISPR fitness scores and the heatmap™ by the side of a conservation
heatmap. The heatmaps were correspondingly scaled by -log E values and CRISPR
scores. b Peptide numbers of IMC proteins and microtubules identified by proxi-
mity biotin labeling. ¢ The proximity-based interactome of micropore proteins,
showing interactions of the bait (deep blue) and the prey (light blue) filtered
through a R-based SFINX package for 7 TurbolD fusions (N =2 datasets for each)
with strictness = 4 (p value <0.00005). A hypergeometric test was used in the
SFINX analysis. The core nodes K13, PPG1 and EPS15 shared the same set of inter-
actors. d-f Plaque formation of AID lines grown in +IAA for 7 days. EPS15, PPG1 and

K13 were separately fused with AID in tKD. Plaque numbers and sizes were scored
and plotted (e, ). The sizes were measured for 18 plaques in each independent
experiment. Scale = 0.5 cm. g Parasite replication for +IAA parasites for 24 h,
showing ratios of different parasites/vacuole in the total (n>100 for each repli-
cate). In comparing EPSI5-AID +IAA vs. TIR1 -1AA, p < 0.0001 for 4 and 8 parasites/
vacuole and p < 0.01 for 2 parasites/vacuole; in comparing AID-K13+ IAA vs. TIR1
-1AA and tKD +IAA vs. TIR1 -1AA, p < 0.0001 for 2, 4 and 8 parasites/vacuole. Auxin
treatment removed all the 16 parasites/vacuole for the AID lines. e-g Mean + SD for
three independent experiments with triplicates, analyzed by one-way or two-way
ANOVA with Tukey’s multiple comparison, ***p < 0.0001.
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minute quantities for the functioning of three carboxylases including
ACC1 (288 kDa) in the apicoplast, ACC2 (365 kDa) in the cytosol and
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pyruvate carboxylase (PC) (152kDa) in the mitochondrion of
T. gondii®***. We used the strong affinity binding of biotin-streptavidin
to detect the biotin coupled at these carboxylases. We observed that
the depletion of the key AID fusions resulted in a dramatic decrease in
streptavidin fluorescence detected by both Western blots and IFA after
24 and 36 h induction with auxin (Fig. 3f-i). We further probed the
fluorescence by IFA at regular- and over-exposed conditions and

Nature Communications | (2023)14:977



Article

https://doi.org/10.1038/s41467-023-36571-4

Fig. 3 | The micropore mediates salvage of host cytosolic materials and Golgi
ceramide. a-e The key micropore proteins are involved in GFP acquisition from
host cell. a The parasite lines were grown in GFP-expressing host cells for obser-
vation and counting of GFP+ and GFP- parasites. Percentages of GFP+ parasites in
population were plotted for three independent experiments with triplicates
(n>100 parasites for each replicate). b, ¢ Band intensities of Western blots with
AID-K13 induced for 2, 4 and 6 h were normalized to those at 0 h (N=4). d, e In GFP
acquisition assays, LHVS (10 pM) was added, while the 1AA induction started for the
induced groups, as illustrated (d), three independent experiments were performed
(n>200 for each replicate). Scale = 2 um. f, g Western blot detection of biotin levels
in parasites, showing streptavidin Li-COR IRDye 800CW (Strep-800CW) bands on
blots (green) (f). The intensities of ACC1 (288 kDa) and PC (152 kDa) were normal-
ized to those at O h (-IAA) (g). h, i IFA detection of biotin levels, showing

streptavidin Alexa Flour-488 (Strep-488) (green) signal in the AID lines grown in
IAA, and lines grown in the vehicle (-IAA) (h). ACP was the apicoplast marker. The
intensities of vacuoles (8 and 16 parasites) were measured (n = 48), and normalized
to the control (-IAA), and plotted as ratio (i). Scale =5 um. j, k Detection of cer-
amide salvage by pulsing parasites with the probe, showing representative images
of the pulsing with BODIPY TR Ceramide for 30 min in parasites grown in auxin for
36 h (j).The staining foci numbers and fluorescence in vacuoles were measured
automatically by the software system (N> 50 for each independent experiment)
(k). Scale =10 pm. Three independent experiments and triplicates were performed,
anda, ¢, e, g, i, kMean + SD, and analyzed by two-way ANOVA with Tukey’s multiple
comparison, ***p < 0.0001 and other exact p values with significance are provided.
b, ¢, f, g The samples were derived from the same experiment and blots were
processed in parallel with the loading control on the same blots.

observed clear perturbations of biotin levels in the apicoplast and
mitochondrion at both exposure conditions in AID-K13 (Supplemen-
tary Fig. 6b). Biotin level dropped at 12 h and almost reached the basal
level at 18-30 h as shown by Western blots at specific induction time
points (Supplementary Fig. 6c). Additional experiments showed that
ACC1 and PC remained at the same protein levels in the AID-K13 line
grown in auxin, when compared with the vehicle, for 36 h (Supple-
mentary Fig. 6d), further supporting the association of parasite biotin
level with the micropore proteins.

To detect the salvage of ceramide, fatty acids and cholesterol, we
utilized fluorescent probes to pulse parasites grown in auxin for 36 h,
which enabled the subsequent tracking of probe-derived composi-
tions, as reported previously®”*, Pulsing with a BODIPY TR ceramide-
BSA complex showed that the depletion of AID fusion proteins led to
fewer fluorescent foci per parasite vacuole, as well as a significantly
lower mean intensity distributed in single parasites (Fig. 3j, k). In
contrast, the depletion of the key AID fusions had no effect on the
salvage of fatty acids and cholesterol, while pulsing with BODIPY FL
C12-BSA and TopFluor cholesterol-LDL (without lipoprotein in the
growth media) (Supplementary Fig. 6e-g), respectively. As the mito-
chondrial lipoic acid is derived from salvage from the host cell”, we
tried to detect coupled lipoic acid by Western blotting, but did not see
any obvious changes in parasites when grown in auxin (Supplementary
Fig. 6h). Taken together, the Kelch13 complex has a crucial role in
nutrient salvage from the host cell cytosol and Golgi apparatus.

The micropore proteins maintain fitness of extracellular
parasites

To examine parasite morphology and cellular structures, we per-
formed immunofluorescence microscopy on the inner membrane
complex (IMC1, MLC1 and GAP45), the mitochondrion (Hsp60) and the
apicoplast (ACP) by staining with the corresponding antibodies in the
representative AID line of AID-K13 (Supplementary Fig. 7). The differ-
ential interference contrast (DIC) showed clear changes of the parasite
rosette orientation in the K13-depleted parasites, which was further
supported by fluorescence staining of the parasites (Supplementary
Fig. 7). In contrast to no obvious changes of the IMC and the mito-
chondrion, the apicoplast appeared to be enlarged in Ki13-depleted
parasites (Supplementary Fig. 7). This apicoplast phenotype is likely to
be resulted from the reduced biotin level, as biotin is the key factor for
the activity of ACCI, the key enzyme for fatty acid biosynthesis in the
apicoplast. To test parasite viability, we assayed parasite egress and
invasion. We observed egress defects at 5 and 10 min after egress sti-
mulation by A23187, and observed a significant increase at 10 min,
compared 5min, when the key AID fusion parasites were grown in
auxin for 36 h (Supplementary Fig. 8a). Interestingly, freshly egressed
extracellular parasites had the full capability to invade host cells after
growth in auxin for 36 h (Supplementary Fig. 8b). In contrast, the same
extracellular parasites dramatically lost invasion capability following
incubation in DMEM at 37 °C for 3 h (Supplementary Fig. 8c). We then
wondered if fitness of extracellular parasites was being affected by the

depletion of the micropore proteins. We used probes from a live/dead
cell imaging kit to detect healthy and unhealthy cells by staining the
parasites green and red, respectively. We observed that the red
staining significantly increased in the key AID lines after induction for
36 h. This remained true for the growth-affecting AID lines, except for
MPPI-AID (Supplementary Fig. 8d, e), and was consistent with the
results of the GFP uptake. In summary, the key AID fusion lines grown
in auxin for 36 h were still viable but lost fitness in the extracellular
environment.

The micropore is associated with parasite metabolic pathways
To gain insights into the global impact of the micropore on the para-
site, we performed transcriptomics using RNA-seq and untargeted
metabolomics using chromatography-mass spectrometry (LC-MS) and
gas chromatography-MS (GC-MS) with AID-K13, tKD and TIRI lines
grown in auxin. To analyze overall changes, 6 of the experimental
groups (the EPS15-AID, AID-K13 and tKD lines induced for 12 and 36 h)
were compared with the control TIR1 using the full transcriptome
(Supplementary Data 10) and differential transcriptome (Supplemen-
tary Data 11). To conduct the analysis, we used two R-based tools:
Weighted Gene Correlation Network Analysis (WGCNA) and the fuzzy
c-means algorithms®*®®, respectively. The WGCNA identified three
modules with significantly higher or lower expression of genes in the
TIR1 control, when compared with the AID induced groups, thereby
revealing several metabolic pathways associated with the micropore
(Fig. 4a and Supplementary Data 12). The fuzzy c-means algorithms
identified 4 characteristic transcript profiles across the AID groups
(Supplementary Fig. 9a), from which we observed the related pathways
and biological functions of glycolysis and the TCA cycle (Supplemen-
tary Data 13 and 14). Overall, the transcriptomics revealed that there
were significant changes in critical metabolic pathways upon depletion
of the micropore proteins.

We then employed untargeted metabolomics and detected dif-
ferences in ~50 (GCMS) and ~-100 (LCMS) metabolites (Supplementary
Data 15 and 16). Comparing the AID lines vs. TIR1, grown in auxin for
36 h, the metabolomics identified, respectively, 26 and 71 differential
metabolites in the first batch of measurements (experiment 1, n=35)
and in another biological replicate batch of measurements (experi-
ment 2, n=3) (Supplementary Data 17 and 18). The differential meta-
bolites were subjected to enrichment analysis, which revealed similar
pathways in both of the experiments (Fig. 4b and Supplementary
Data 19). In comparison, experiment 2 additionally enriched carbon-
based metabolism of the TCA cycle and glycolysis (Fig. 4b). Addi-
tionally, experiment 2 also identified five differential metabolites from
the same pathway—the TCA cycle (Fig. 4c and Supplementary Data 18).
Notably, both experiments identified gamma-aminobutyric acid, pro-
viding further support for there being a likely defect in the TCA cycle in
the parasites. What is noteworthy is that both experiments clearly
found ceramide species as differential metabolites (Fig. 4d), support-
ing the previous results from the uptake of exogenous ceramide.
Unexpectedly, variations between the two experiments were
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Fig. 4 | The micropore proteins are associated with metabolic pathways.

a Expression pattern analysis on T. gondii mRNA transcripts generated with +IAA
induced lines. The WGCNA analysis identified characteristic modules with high or
low expression of genes in TIR1, which reflected overall changes in the AID lines.
The statistical analysis was performed based on hypergeometric test. Absolute R
value (upper value) >0.55 and p < 0.05 (brackets) in TIR1 were set as the threshold
of significance. The enrichment of pathways are shown for significant modules 1-3.
b Metabolic enrichment with differential metabolites identified in experiment 1
(n=35)and in experiment 2 (n = 3). Parasite lines (TIR1, AID-K13 and tKD) were grown
in auxin for 36 hin parallel, and purified either at room temperature (Experiment 1)
or in chilled PBS on ice (Experiment 2), and analyzed in two independent experi-
ments by LCMS and GCMS. ¢, d Major metabolites identified in untargeted meta-
bolomics of LC-MS (LC) and GC-MS (GC). The metabolites identified in the AID lines
from both Experiment 1 (EXP 1) and Experiment 2 (EXP 2) were normalized to the
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corresponding TIR1. The (empty or filled) color columns denote the metabolites
identified in the parasite lines both in EXP1 and in EXP 2, while the empty boxes
(without the color columns) in EXP 1 indicate the metabolites that were not iden-
tified by LC or GC. Cer ceramide, LPC lyso-PC, DG diacylglycerol. *p < 0.05;

**p < 0.01; ns not significant. e Enrichment of metabolic pathways with datasets
extracted from the proximity biotin labeling in Fig. 2c. Criteria for the dataset
extraction: O peptides in the control (N=4) and >2 peptides from either of the
TurbolD fusions (N =2 for each) (see Supplementary Data 20). The enrichment
analysis was performed by ClusterProfiler in R. b-d The data were shown with
mean = SEM (c, d), and were analyzed by one-way ANOVA with Dunnett’s multiple
comparison. b, e Hits represented the numbers of metabolites aligned to the cor-
responding pathways, while column colors indicated -log(p value); the enrichment
was statistically analyzed by Hypergeometric test; ***p < 0.0001 and other exact p
values with significance are provided; ns not significant.

observed, which might be caused by batch differences (two biological
replicates) and sampling temperature differences (room temperature
in experiment 1 vs. 4°C in experiment 2) between experiments. In
addition, variation between the AID lines were also observed, which we
suspected was derived from the additional depletion of proteins in tKD
(EPS15 and PPG1). This strain difference could explain the lower level of

readouts in tKD vs. AID-K13 in experiment 1. However, it has to be
noted that one of the readouts (n=3) in tKD in experiment 2 was
generally higher than the others. Thus, we consider that the higher
level of metabolites in experiment 2 is likely to have resulted from
experimental difference but not from strain differences. Moreover, the
drop in the lipids, such as lyso-PC and diacylglycerol (DG) (Fig. 4d),
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aModel of ceramide de novo synthesis in the endoplasmic reticulum (ER) and Golgi
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(KDS) and dihydrosphingosine (DHS), sequentially catalyzed by SPT and a reduc-
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separately tagged with 6HA in the AID-Kelch13 line, and the lines were grown +IAA
for 36 h. ¢ Parasite ceramide de novo synthesis pathway is required for the
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micropore. The lines Acpl, AsptiAspt2Acpl and AdesAcpl were used for GFP acqui-
sition tests. Myriocin (10 pM) was used to inhibit the host SPT, and external DHS
(10 uM) was supplemented in the AsptliAspt2Acpl. Data are shown as a mean + SD
from three independent experiments and triplicates (N =100 for each replicate),
and analyzed by one-way ANOVA with Tukey’s multiple comparison. ***p < 0.0001;
ns not significant. d Plaque formation by the knockdown lines of AsptIAspt2Acpl
and Acpl. Scale=0.5cm.

may be a result of the perturbation of biotin levels or blockage of
vesicle membrane flow in the micropore PPM.

We combined the -omics information to analyze the defects in
central carbon metabolism and found that the major changes were
probably both transcriptional and biochemical (Supplementary
Fig. 9b). To confirm the metabolic defects, we tested parasite
replication using different carbon sources. It showed that the key
AID lines treated with auxin for 30 h grew less well in glucose as the
sole carbon source, than in the full medium (D5) or medium sup-
plemented with glutamine (Supplementary Fig. 10a). We further
tested the mitochondrial membrane potential using mitotracker red
and found that it was undetectable in AID-K13 in both D5 and the
media containing glucose when grown in auxin. In contrast, it
recovered in the media containing glutamine when grown in auxin
(Supplementary Fig. 10b). These results suggested that the parasites
depleted with proteins could not efficiently utilize glucose, and,
instead, switched to a rewiring of cellular metabolism with a reliance
on glutaminolysis. This finding is consistent with the notion that
glucose is the major carbon source for tachyzoites, and with the
notion of cooperation with glutamine under when exposed glucose
limited conditions®®*’. To explain the defects, we re-analyzed the MS
datasets of the biotinylated proteins (Supplementary Data 20) and
found that the hits were enriched in the KEGG pathways in a com-
parable way to the enrichment seen with the differential metabolites
(Fig. 4e and Supplementary Data 21). These results indicate potential
protein interactions between the micropore proteins and metabolic
enzymes, which, coincidently, have been observed in artemisinin
resistance lines in Plasmodium®®*°.

Micropore maximal activity requires the ceramide de novo
synthesis pathway

T. gondii can synthesize ceramide de novo, where SPT1
(TGGT1_290980) and SPT2 (TGGT1.290970), of prokaryotic origin, are
the first and rate-limiting enzymes, and Des (TGGT1.237200) is the last

maturation enzyme®’° (Fig. 5a). To study any potential effects of
depletion of Kelchl3 on ceramide de novo synthesis, we tagged SPT1
and SPT2 in the AID-K13 line, and observed no changes with the protein
levels of SPT1 and SPT2 by Western blotting (Fig. 5b). This result
indicated that the synthesis did not contribute to the decrease of
ceramide observed in the metabolomics assays. Previous studies have
shown that sphingoid bases, early metabolites of this synthesis pro-
cess, regulate CME in mammals and yeast’’2. We generated knockout
lines (i.e., sptl, spt2 and des), in the background of Acpl, and also used
myriocin to inhibit the host SPT?. The aim of this approach was to
study potential regulation of micropore endocytosis. We observed
that GFP acquisition was significantly affected in Asptidspt24Acpl and
dropped to one third of the control, whereas this result was not
observed in AdesAcpl nor following in the inhibition of host cells by
myriocin (Fig. 5c). This result suggested that, for maximal micropore
activity, the ceramide de novo synthesis pathway is required in the
parasite but not in the host cell. The addition of an early metabolite,
dihydrosphingosine (DHS), did not recover the defective GFP acqui-
sition in Asptldspt2Acpl (Fig. 5¢), suggesting that early metabolites,
such as DHS, were unable to gain access to the parasites. The drop in
the extent of GFP uptake in the Asptldspt2Acpl was similar to that
found during endocytosis in knockout mutants of yeast’’. We further
analyzed plaque formation in the AsptiAspt2Acpl line, which showed
obvious growth defects, when compared to the Acpl line (Fig. 5d). A
recent study reported that the double knockout of sptl and spt2
resulted in defects of rhoptry discharge, causing a clear in vitro growth
defect”™. As a result, it was unknown to what extent the growth defect
was derived from regulation by micropore endocytosis. However, the
question of how the ceramide de novo synthesis pathway impacts
endocytosis remains unknown, although, in yeast, it has been pro-
posed to act on actin via a kinase-phosphatase system’*”>. In summary,
these results support the notion that the micropore mediates the
salvage of host ceramide and requires the parasite de novo synthesis
pathway.
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The Kelch13 complex is associated with the integrity of the
micropore

We wondered if the Kelch13 complex plays a role in the integrity of the
micropore. We then examined the micropore in intracellular parasites
by transmission electron microscopy (TEM) in the key AID lines (EPS15-
AID, AID-K13 and tKD) and TIR1 lines grown in auxin for 30 h. Serial
TEM showed that the micropore lost the invagination of the PPM and
instead it produced a new invagination of the IMC or disruption of the
IMC (Fig. 6a and Supplementary Fig. 11). The IMC disruption occa-
sionally contained leakage of cytosolic contents (Supplementary
Fig. 11). We then examined 600 parasites/line using conventional TEM
and quantified the micropore phenotype and the defects described
above. This analysis was extended to AID-PPG1 and UBP1-AID to enable
comparisons with the key AID lines. The quantification assay showed
that the normal micropore was unable to be found any more, instead
only the defective forms were identified in the key AID lines (Fig. 6a). In
contrast, deformed micropores with a shrunken base were seen in the
UBPI-AID line, while morphologically normal micropores and
increased numbers were observed in the PPG1-AID line (Fig. 6a). These
findings supported the potential localization of UBP1 at the base of the
micropore and the involvement of PPGI in tethering it to the cytos-
keleton, respectively. Intriguingly, the TEM identified an unusual PPM
invagination structure close to the apex and a stuck vesicle inside the
structure in the key AID lines but not in the UBP1 and PPG1 parasites. In
contrast, a similar invagination was seen only in one case in the TIRL
parasite and that case had no stuck vesicle (Fig. 6b and Supplementary
Fig. 12). This unusual invagination has been previously observed in
parasites grown in 200 um oleic acid®®, implying that the newly
emerged invagination was likely to be induced by the accumulation of
lipids in the PV. Of importance, the quantified TEMs carried out on the
key AID lines showed similar numbers for both the apically emerged
invagination and the micropore defects (Supplementary Fig. 12b and
Fig. 6a), indicating that these were concomitant features.

We further examined the micropore in extracellular parasites,
using scanning electron microscopy (SEM), and observed that the
micropores were corrupted in the key AID lines when grown in auxin
and, in many cases, possessed a hanging membrane (Fig. 6¢). Quanti-
fication of these observations confirmed that all the micropores were
corrupted, and the majority of them contained hanging membranes
(Fig. 6d). Size measurements revealed that depletion of key proteins
caused significant destruction of the micropore by causing a size
increase ten times larger in the AID lines than the normal one in TIR1
(Fig. 6e). These results suggested that the parasites depleted with
these proteins were leaky, and could explain the loss of fitness in the
extracellular parasites as observed above. Collectively, these EM
results proved that Kelch13 and its interactors are associated with the
integrity of the micropore in T. gondii.

Kelch13 is essential for parasite virulence of Toxoplasma in mice
We next examined the parasite virulence of the AID fusion parasites in
mice administered with auxin. First, we tested whether our study had
correctly dissected the proteins in vitro using complementation of the
AID-Kelch13 line with HA-Kelch13. The HA-Kelch13 showed the correct
localization and there was no change in auxin vs. vehicle treatment,
however the endogenous AID-Kelch13 was depleted by growth in auxin
(Fig. 7a, b). We observed that the plaque defects in the AID-Kelchl3 line
could be complemented by HA-Kelchl3 (Fig. 7c). Intraperitoneal
infection was carried out in mice with TIR1, the key AID lines, AP2ac-
AID and the complementation line. They were subsequently adminis-
tered orally and intraperitoneally with either vehicle or auxin on a daily
basis as reported previously’®””. Both mice receiving the vehicle and
those mice infected with TIRI receiving auxin succumbed to lethal
toxoplasmosis by day 10 post-infection (Fig. 7d). Conversely, the auxin
treatment ultimately prevented the acute virulence caused by the AID-
kelch13 and tKD lines and postponed that of the EPS15-AID and AP2aic-

AID lines. However, the virulence loss in AID-Kelch13 was rescued by
HA-Kelch13. These results indicated that the outcomes of this study
were robust and that Kelch13 was essential for parasite growth and
virulence in mice (Fig. 7d).

Discussion

Apicomplexan parasites have evolved diverse strategies to survive in
intracellular niches, including the ability to acquire nutrients from
diverse cellular compartments in host cells. However, the mechan-
ism of nutrient scavenging remains elusive. Here, we show that the
Toxoplasma micropore is involved, in selective nutrient salvage
from complex host endo-membranous compartments. Endocytosis
at the micropore is mediated by a protein network—the endocyto-
some, where Kelchl3 acts as a central protein. Intriguingly, the
micropore is associated with carbon metabolism and, for maximal
endocytosis activity, it requires de novo synthesis of ceramide by
the parasite. Depletion of Kelch13 resulted in another invagination
of the PPM, which is potentially involved in nutrient salvage, how-
ever depletion of Kelchl3 removed parasite virulence, indicating
that the micropore is critical for growth/virulence of T. gondii both
in vitro and in vivo.

The micropore is ultra-structurally conserved in almost all
apicomplexans and related parasites examined by electron
microscopy®?***’, It was initially hypothesized to be a feeding
pore®*’®, yet few studies have addressed its function in parasites that
reside in nucleated cells, although more is known about its role in the
erythrocytic stages of parasite Plasmodium®’°. In addition, the
absence of caveolar endocytosis®®, and the presence of the canonical
endocytosis proteins, which are associated with organelle biogenesis,
have caused the existence of endocytosis in 7. gondii to be
questioned*™*. Therefore, the classical proposal is that 7. gondii solely
relies on the activity of transporters at the PPM to acquire nutrients
after digestion of internalized cellular structures in the PV°. Recent
studies have identified the existence of an endo-lysosomal compart-
ment and uptake of host cytosolic proteins by T. gondii, implying that
there likely exists an endocytic process in the parasite'®**2, Though
progress on the cytostome in P. falciparum has been made recently,
the composition and functions of the micropore in parasites residing
in nucleated cells remains unknown. Therefore, this study has
provided direct and robust data defining the micropore as the entry
point of the endocytic processes in the apicomplexan model organism
T. gondii.

In the erythrocytic forms of malaria parasites, the cytostome is
considered to be the specialized structure of the micropore, which
appears to be a flask-like structure containing invagination of both the
PVM and PPM**?%%_ This cytostome is capable of efficient engulfment
of semiliquid and highly homogenous hemoglobin, a conspicuous
biological process®**’°. This process has attracted intensive
attention’. A recent study has identified the protein composition and,
importantly, discovered its association with artemisinin resistance*’.
Compared to the Toxoplasma micropore, the cytostome contains
additional proteins (e.g., KIC1/3/5/6/7/8/9) and more of these are
essential (5 out of 14) (Supplementary Table 1), which is likely due to its
specialization for hemoglobin uptake. Intriguingly, our proteomic data
showed that clathrin was not present in the protein interactome,
echoing the proteomic data on the P. falciparum cytostome*"*’.
However, another striking difference between the Toxoplasma
micropore and Plasmodium cytostome lies with Kelchl3, which is
important only in the ring stages of Plasmodium, but not in the tro-
phozoite stage that is the most active stage for hemoglobin uptake**”’.
In contrast, our study has clearly pinpointed Kelch13 and its interactors
at the micropore using immuno-EM, TEM and SEM. Our data support
the fact that Kelch13 functions as a protein hub for function of the
micropore that is essential to the parasite, and associates with the
function of the micropore in T. gondii.
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Fig. 6 | The Kelch13 complex affects the integrity of the micropore. a Micropore
structures on TEM and its quantifications. Serial TEM was performed to examine
different types of micropore defects in the parasite lines grown in auxin for 30 h.
These defects were quantified by TEM for 600 parasites from each line. The
micropore defects were indicated by colors, which relate to the graphs. Scale =
200 nm. b Plasma membrane invagination close to the apex was observed on TEM
analysis in IAA induced parasites for 30 h, as in a. This invagination (yellow
arrowhead) was previously shown in parasites treated with 200 um oleic acid®’.
Here it shows the tkKD and TIR1 grown in auxin. Scale =500 nm. ¢, d Scanning
microscopy observation of the corrupted micropore in parasites with IAA for 30 h.
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The different types of micropore were shown with number 1, 2 and 3 in brackets,
the type 1 was normal, while others were corrupted. The type 3 contains hanging
membranes (c). These micropores were scored and calculated as ratios in the
parasites where the micropore or its defects were observed (d) (N> 40 for each
line). Green scale =1 um, white scale = 200 nm. e Area analysis of the SEM defects as
shown in c. Data were shown with mean + SD, and analyzed by one-way ANOVA with
Tukey’s multiple comparison, the exact p values are provided. Three independent
experiments were performed with measurements of n >12 (defective) micropores
in each independent experiment.
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Fig. 7 | Kelch13 is essential for parasite virulence in mice. a, b IFA and western
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+IAA for 24 h. Actin served as a control. Scale bar = 5 um. ¢ Plaque formation by the
AID-K13 and complementation lines grown in +IAA for 7 days. Scale bar=0.5cm.
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of auxin. Mice survival was monitored for 20 days post-infection. One repre-
sentative result was shown from three independent experiments, and 100 parasites
were used per mouse for infection. Survival data were analyzed by the Gehan-
Breslow-Wilcoxon test, comparing to the TIR1 +IAA. **p < 0.0001, and p values are
provided; not significant for AID-K13/TgK13 +IAA vs. TIR +IAA.

Here we demonstrated that the Toxoplasma micropore is able to
bud a single membraned endocytic vesicle for salvage of host cytosolic
materials and Golgi ceramide. These nutrients are internalized to the
PV by the ESCRT mechanism (with host cytosolic materials) or host
Rab proteins (with Golgi ceramide) prior to the micropore
endocytosis*®. As fatty acids and cholesterol were internalized to the
PV by H.O.S.T from other host organelles®?, but not scavenged by the
parasites via the micropore, the micropore appears to be selective for
nutrients from the PV lumen. It is noteworthy that the micropore buds
vesicles, producing membrane flow, which potentially affects mem-
brane homeostasis. Meanwhile, our proteomic analysis has not iden-
tified the potential receptors that bind to the cargos required for
initiation of endocytosis. As a result, it is uncertain whether micropore
endocytosis is a receptor-mediated process or a fluid uptake system.
Further work is needed to clarify the initiation mechanism of micro-
pore endocytosis.

Our study demonstrated that the micropore is associated with
parasite carbon metabolism. Our metabolomics data, especially with
experiment 2, pointed to the association of the TCA cycle and related
pathways with the micropore proteins. This notion was confirmed by
further experiments with parasites cultured in different carbon sour-
ces. Intriguingly, comparable metabolic defects were also observed in
arecent study in Plasmodium artemisinin resistance lines that contain
mutations in Kelch13, These similar metabolic defects contributed to
artemisinin resistance in T. gondii as well as in P. falciparum, together
with mitochondrial heme®*®, In addition, Kelch13“? was able to
confer artemisinin resistance in 7. gondii®, and this is expected to be
associated with reduced mitochondrial activity. However, the resis-
tance in P. falciparum was proposed to be mainly associated with
reduced protein levels caused by mutations in Kelch13 and subsequent
endocytic activity**”. It is noteworthy that our study did not detect
amino acids present in the differential metabolites except for gluta-
mate. Glutamate can be synthesized de novo from metabolites of the

TCA cycle®®*, and this probably explains its presence within the dif-
ferential metabolites. However, it is very different to the scenario
found in P. falciparum, where hemoglobin is the major source of amino
acids™*%’. It has been demonstrated that T. gondii acquires essential
amino acids by transporters at the PPM™>5°%8, Therefore, it would be
highly plausible that nutrients acquired via the micropore may con-
tribute to parasite growth to a limited extent, due to flexibility in
nutrient salvage vs. synthesis in the parasite'®?2. Nevertheless, studies
suggest a conserved impact on mitochondrial metabolism with both
the Toxoplasma micropore and the Plasmodium cytostome. Further-
more, we are uncertain whether the defects of mitochondrial meta-
bolism in T. gondii are the result of protein interactions or the
downstream effect of nutrient acquisition reduction, as reported in P.
falciparum®®°°%°, In this sense, our AID-K13 and complementation lines
will potentially have future prospects for studies on artemisinin
resistance from the angle of a homologous structure in 7. gondii. In
summary, these results suggest that the micropore affects the meta-
bolic activities that regulate the parasite growth.

Intriguingly, we observed that ceramide de novo synthesis acts on
the micropore activity to regulate endocytosis. Biochemical studies
have shown that the T. gondii enzymes SPT1 and SPT2 catalyze the
synthesis of sphingoid bases’>?°. However, it is unknown to what
extent the SPT enzymes contribute to parasite growth via the regula-
tion of the micropore endocytosis, as the enzymes act on secretion of
rhoptry proteins”. Nevertheless, sphingoid bases act on the CME via
the actin filaments in mammals and yeast”"%. In Plasmodium parasites,
actin plays a key role in hemoglobin uptake®?". In addition, in Plas-
modium, SPT (PF3D7_1415700) has a very low fitness score (PlasmoDB),
although the de novo synthesis seems not to be essential®” and some of
the genes, such as Des, are not identifiable in the genome. These
analyses thus imply that PfSPT may be involved in hemoglobin uptake
and artemisinin resistance—a major concern for combating global
malaria”.
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Despite the divergence of apicomplexan species, the domains of
Kelch13 are highly conserved in the phylum, indicating that Kelchl3-
binding capability and functions may be highly conserved among the
apicomplexans. This study provides direct and robust evidence sup-
porting the notion that the micropore performs an essential function
in controlling the endocytosis of nutrients from host complex cellular
compartments, in contributing to metabolism and parasite growth and
in maintaining fitness of extracellular parasites. Given the conserved
nature of the micropore, the unique endocytosis mechanism, con-
trolled by Kelch13, is likely to control similar essential processes at the
micropore in other apicomplexan parasites and evolutionally related
parasites.

Methods
Parasite and host cell culture
The previously described lines RHAku8OAhxgprt”  and

RHAkuS8OAhxgprt/TIR1, referred to as RH**and TIR1, were used to
generate the transgenic lines (7. gondii tachyzoites) reported here. The
parental lines and derived lines (Supplementary Data 1) were grown in
human foreskin fibroblasts HFF-1 (ATCC SCRC-1041) in D5 media
composed of Dulbecco’s modified Eagle medium (DMEM) (12800-082,
Thermo Fisher Scientific), supplemented with 5% heat-inactivated fetal
bovine serum (10099-141, Gibco), 2 mM glutamine (G0200, Solarbio
Biotech) and 100 units penicillin-streptomycin (P1410, Solarbio Bio-
tech) at 37 with 5% CO,. HFF-1 cells were cultured in the same media
and conditions, and were all maintained as mycoplasma negative®.
The TIR1 parental line, and their derived AID lines were cultured in HFF
monolayers with 500 mM auxin (12886, Sigma-Aldrich) (+IAA) or 0.1%
ethanol alone (-IAA) for phenotypic assays, as previously
described***®, Parasites were allowed to naturally egress or were
mechanically lysed by passing through 22 g needles, and harvested by
filtration through 3.0 micron polycarbonate membranes, from which
extracellular parasites were used for experimental assays.

Animals

Six-week old female BALB/C mice were used for in vivo T. gondii
infection studies, and housed under specific pathogen-free (SPF)
conditions in filter-top cages and sterile water and food were provided.
Mice were monitored on a daily basis to record their health by
checking their appearance, bodyweight and responsiveness, and
sacrificed by the endpoint. The mouse experiments were conducted
according to the guidelines and regulations issued by the Veterinary
Office of the China Agricultural University (Issue No. AW11402202-2-1).
Female New Zealand rabbits (2-3 month old) housed in specific
pathogen-free (SPF) conditions were used for antibody generation and
the guidelines and regulations (Issue No. AW11402202-2-1) were
applied to the rabbit experiments.

Plasmid design and construction

All plasmids (Supplementary Data 2) were generated by a Basic
Seamless Cloning and Assembly kit (CU201-02, TransGen Biotech)
using existing plasmids as templates. Briefly, the pCas9-sgRNA plas-
mids were generated using a previously described plasmid (Addgene
#54467) as the template, and three fragments were amplified using
three pairs of primers named as Cas9-F1/R1, Cas9-sgRNA xx/Cas9-R2
and Cas9-F2/R3 (Supplementary Data 3). The Cas9-sgRNA xx primer
contains the sgRNA sequences (20 mer) which target a specific locus
either upstream of the start codon (pCas9-sgRNA 5’) or downstream of
the stop codon (pCas9-sgRNA 3). The sgRNA design was selected from
the prediction webpage®. The generic plasmids used for the ampli-
cons targeting at the C-terminus of a gene were generated previously*¢,
such as pLinker-AID-3xHA-DHFR (addgene #86669), pLinker-AID-Ty-
HXGPRT (addgene #86667), and pLinker-AID-3xHA-HXGPRT (addgene
#86553), or generated in this study by cloning the fragment of AID-Ty
or TurbolD-Ty (amplified from addgene #1116904) into the backbone

of pLinker-AID-3xHA-DHFR, producing pLinker-AID-Ty-DHFR and
pLinker-TurbolD-Ty-DHFR. The generic plasmids used for the ampli-
cons targeting at the N-terminus of a gene were generated using the
backbone of a plasmid named pN-Ty-DHFR or pN-Ty-HXGPRT*’, by
replacement of the Ty region with Ty-TurbolD, Ty-AID, HA-AID, C-myc-
AID, 6HA or 6Ty. Primers used for the plasmid generation were listed
for each plasmid in Supplementary Data 3 and plasmids generated in
this study were listed in Supplementary Data 2. The DNA regions,
including epitopes, AID and TurbolD in the newly prepared plasmids
were checked by DNA sequencing. The plasmid for complementation
of the Ty-AID- Kelchl3 line was generated by cloning the Kelchl3
fragment into pN-Ty-HXGPRT to replace the Ty region and was gen-
erated using primers listed in Supplementary Data 3.

Generation of T. gondii lines

CRISPR-Cas9 tagging technology was used for generation of all lines
(Supplementary Data 1) that contain endogenous fusions at the
C-terminus of proteins, and at the N-terminus of proteins in the parental
lines of the RHku80*° or TIR1 line*. In brief, the CRISPR/Cas9 sgRNA 3’
plasmids (Supplementary Data 2) and CRISPR/Cas9 sgRNA 5’ plasmids
(Supplementary Data 2) can efficiently produce Cas9 and sgRNA to
create DNA double strand breaks (DSB) in parasites, and facilitates the
integration of a tagging amplicon. The amplicon for the C-terminal
tagging was generated from a generic plasmid (with the name pLinker-)
containing a tag (6HA, AID-3xHA, AID-3Ty, 6Ty or TurbolD-3Ty, etc.) as
described above, using a pair of primers L and T (Supplementary
Data 3). The amplicon for the N-terminal tagging was generated from a
generic tagging plasmid (with the name pN-) containing a tag (Ty-Tur-
bolD, Ty-AID, HA-AID, myc-AID) using a pair of primers M and NL. The
amplicon was then combined with the corresponding CRISPR/
Cas9 sgRNA 3’ or 5’ plasmid (Supplementary Data 2) and transfected
into recipient lines. The drug selection was followed on the second day
based on the resistance marker used in the amplicons. The resistance
markers with LoxP sites were excised by transfection with pmini-Cre®°.
The cpl gene in the TIR1- AID lines was deleted using a similar CRISPR-
Cas9 strategy’*. The complementation lines were generated by direct
transfection with the plasmids containing the wild type gene (Supple-
mentary Data 2). Transfection and drug selection were performed with
25 pg/ml mycophenolic acid (M5255, Sigma-Aldrich) and 25 pg/ml
6-xanthine (X4002, Sigma-Aldrich), 200 pg/ml 6-thioxanthine (596242,
Shanghai Yuanye Biotech), or 3uM pyrimethamine (46706, Sigma-
Aldrich)*®*¢, The lines were confirmed by IFA and diagnostic PCR, as
illustrated in Supplementary Fig. 3a, b, and the PCR was designed for
testing the integration site and the endogenous region with primers
listed in Supplementary Data 3.

Indirect immunofluorescence assay (IFA) staining

Primary antibodies, such as the antibodies against epitopes HA (rabbit
anti-HA antibodies, 71-5500, Thermo Fisher Scientific, dilution: 1:500;
mouse anti-HA, anti-HA.11, clone 16B12, 901501, Biolegend, dilution:
1:500) and C-myc (mouse anti-c-myc, mAB 9E10, MA1-980, Thermo
Fisher Scientific, dilution: 1:500), were commercially purchased, as
described in a previous study*°. Rabbit anti-GRA7 antibody (dilution: 1:
500) was generated previously®” and anti-Hsp60 (1:500), actin (1:500),
ACP (1:500), GAP45 (1:500) and IMCI (1:500) were newly prepared in
mice or rabbits, and confirmed by IFA and western blots, as described
below. Rabbit anti-Ty (BB2) was a generous gift from Prof. Phillipe Bastin,
and used at dilution of 1:500. Parasites grown in HFF monolayers on
coverslips were fixed by 4% paraformaldehyde in PBS, and permeabi-
lized using PBS containing 2.5% BSA and 0.25% Triton X-100 (unless
otherwise indicated). Parasites were then incubated with different
combinations of primary antibodies, followed with appropriate sec-
ondary antibodies conjugated to Alexa Fluors (A-11029, A-11031, A-11036,
A-11034, all purchased from Thermo Fisher Scientific, dilution: 1:1000).
For extracellular parasites, freshly lysed parasites (fresh parasites) were
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washed, and resuspended in PBS, then added to coverslips coated with
poly-lysine, and incubated for 10 min. Adhered parasites on coverslips
were washed with PBS and fixed with 4% paraformaldehyde for 10 min.
Parasites were then permeabilized with 0.25% Triton X-100 in PBS and
blocked using 2.5% BSA. Antibody staining followed the protocol
described above when necessary. ProLong Gold Antifade Mountant with
or without DAPI (36930 and 36931, Thermo Fisher Scientific) were used
to mount the coverslips on glass slides. Parasites were then imaged using
a Nikon Ni-E microscope C2+ equipped with a DS-Ri2 Microscope
Camera. The analysis of protein co-localization was performed using the
Ni-E software system NIS Elements AR.

IFA detection of biotin level was performed with streptavidin
Alexa Fluor-488 (LICOR, 926-3230), and vacuoles containing 8 and16
parasites were used for fluorescence analysis. The fluorescent inten-
sities in vacuoles were automatically measured using the NIKON NIS
Elements AR software system. At least 16 vacuoles were analyzed by
the system for each independent experiment, and three independent
experiments were performed.

Stochastic optical reconstruction microscopy (STORM) imaging
Parasites were grown in HFF monolayers on glass bottom dishes
(MatTek, Cat#P35G-1.5-14-C) for 24h and fixed with 4% paraf-
ormaldehyde (PFA) (P1110, Solarbio) and 0.1% glutaraldehyde (18428-5,
PolySciences) in PBS (pH 7.4) for 10 min. This was followed by washing
off the excess PFA and reducing unreacted aldehyde groups with 0.1%
sodium borohydride (NaBH4) in PBS. After blocking and permeabi-
lizing in a PBS buffer containing 3% BSA (A2000, IgG free, Protease-
Free, Jackson ImmunoResearch) and 0.2% Triton X-100 for 30 min,
parasites were incubated with mouse anti-Ty (BB2)’® and rabbit anti-
TgIMCI antibodies. The samples were incubated with goat anti-mouse
IgG (H+L) Alexa Flour-647 antibody (A21235, Thermo Fisher Scien-
tific), and goat anti-rabbit IgG F(ab’)2 fragment - atto 488 (36098,
Sigma-Aldrich). After washing off the residue antibodies, parasites on
the glass bottom were used for imaging using a Nikon combined
confocal A1l/SIM/STORM system with four activation/imaging lasers
and a CFI Apo SR TIRF 100X oil (NA 1.49) objective equipped with an
Andor EMCCD camera iXON 897. The STORM imaging was performed
in an imaging buffer containing 50 mM Tris (pH 8.0) and 10 mM Nacl,
an oxygen scavenging system consisting of 1.2 mg/ml glucose oxidase
(Sigma-Aldrich), 73 um/ml catalase (Sigma-Aldrich) with 10% (w/v)
glucose, and 304 mM (-mercaptoethylamine (Sigma-Aldrich). Data
were processed using the NIS-Elements AR (Nikon) software.

Analysis of TurbolD lines and purification of biotinylated
proteins

The TurbolD fusion lines were generated using a CRISPR-Cas9
approach as described above and grown in HFF monolayers for 30 h
before treatment with 500 uM D-biotin (B4639, Sigma-Aldrich) for 1 h.
Parasites were fixed, followed by the IFA steps. The parasites were first
stained with mouse anti-Ty, followed by secondary anti-mouse anti-
bodies conjugated with Alexa Fluor-568 (A11031, Thermo Fisher Sci-
entific, dilution: 1:500), and streptavidin Alexa Fluor-488 (926-3230,
LICOR, dilution: 1:500). Western blot detection was performed for the
biotinylated protein samples using anti-Ty (BB2)*® antibodies and
streptavidin LICOR CW800 (926-32230, LICOR, dilution: 1:500). The
purification of biotinylated proteins was carried out as previously
described”. In brief, parasites were fully lysed in a buffer containing 1%
Triton X-100, 0.2% SDS and 0.5% deoxycholate and sonicated using a
microtip in 550 sonic dismembrator (Thermo Fisher Scientific). This
was followed by purification of biotinylated proteins using streptavidin
beads (Pierce, 88816).

Mass-spectrometry and interactome analysis
Purified biotinylated proteins were eluted in a SDS sample buffer
containing 2 uM biotin at 90 °C for 10 min and run on SDS-PAGE gels.

The protein gels were fixed and stained in Coomassie blue R250, 45%
methanol, 10% glacial acetic acid, and destained in 25% methanol and
8% glacial acetic acid. The protein lanes were sliced, frozen and dried
by vacuum. The dried gels were rehydrated and chopped into small
pieces, followed by reduction, alkylating and washing steps to remove
the stain and SDS. The samples were digested by trypsin, dried and re-
dissolved in 2.5% acetonitrile and 0.1% formic acid. 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 Q-Exactive HF mass spectrometer®. The control
line RHku80* and TurbolD fusion lines were analyzed in parallel with
two technical and biological replicates. Resulting spectra were sear-
ched against a combined database of T. gondii (http://ToxoDB.org,
release 53), human proteins and a decoy database, using Mascot and
Scaffold. The current view in Scaffold were exported into an excel
spreadsheet with a setting of peptides > 2, protein threshold 99% and
peptide threshold 95%. The basic data file (Supplementary Data 8) was
minimally edited for interactome analysis with an R-based SFINX local
package. Another file containing the baits (the TurbolD fusions) was
created for the SFINX analysis together with the Basic data file.
Resulting data, containing both p values and SFINX scores, were
retrieved (Supplementary Data 9), and these results were used for
assessing the strictness of protein-protein interactions, and identifi-
cation of core interactors using parameters of a strictness value of 4
and p value <0.00005.

Bioinformatic analysis

Proteins in the TOXODB were identified by searching with the words
EH domain, BAR domain, and orthologs of AP2 components in T.
gondii were identified using their mammalian equivalents. Apicom-
plexan orthologs were identified by searching against proteomes in
VEuPathDB (https://VEuPathDB.org/veupathdb/app), and TOXODB
(https://ToxoDB.org/toxo/app/) with T. gondii proteins as queries. Hits
with an E-value <le-7 were considered as orthologues (Supplementary
Data 6). A heatmap of protein conservation was generated using the E-
values in the Pheatmap package in R. Domains of proteins were ana-
lyzed with InterPro (https://www.ebi.ac.uk/interpro/). Gene ontology
(GO) Terms and KEGG pathways were analyzed, in TOXODB, and items
with p value <0.05 were considered significant.

Antibody preparation

T. gondii cDNA fragments encoding full or partial polypeptides of
known proteins, i.e., Hsp60, GAP45, actin, ACP and IMC1, were cloned
into pET28a (Thermo Fisher Scientific) using primers to create corre-
sponding expression plasmids (Supplementary Data 2 and 3), and
transformed into E. coli BL21IDE3 (CD601-02, Transgene Biotech). The
recombinant proteins were purified using HisPur Ni-NTA spin columns
(88225, Thermo Fisher Scientific), and prepared for antiserum gen-
eration in mice (5 mice per antibody generation) or rabbits (2 rabbits
per antibody generation) using Inject Freund’s complete adjuvant
(F5881, Sigma-Aldrich), as recommended by the manufacturer’ pro-
tocols. The anti-sera were tested using serial dilutions on IFA and
western blots, followed by an assessment of protein localization and
molecular weights of the corresponding T. gondii proteins.

Western blotting

Freshly or mechanically egressed parasites were harvested by filtration
through 3.0 micron polycarbonate membranes, and parasite pellets
were resuspended in PBS and mixed with 5x Laemmli sample buffer.
Protein samples were cooked at 95°C, separated by SDS-PAGE and
blotted using a Bio-Rad Wet-Blotting System. This was followed by
incubations with appropriate primary antibodies against actin (gen-
erated in this study) (dilution: 1:500), anti-HA (rabbit anti-HA anti-
bodies, 71-5500, Thermo Fisher Scientific, dilution: 1:500; mouse anti-
HA, anti-HA.11, clone 16B12, 901501, Biolegend, dilution: 1:500), anti-Ty
(BB2), anti-C-myc (mouse anti-c-myc, mAB 9E10, Life Technologies)
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(dilution: 1:500), or anti-lipoic acid (rabbit antibody purchased from
Abcam, ab58724) (dilution:1:250). The primary antibodies were then
detected by secondary antibodies conjugated with LI-COR 800CW or
680CW reagents (926-32210, 926-32211, 926-68071 and 926-68070, all
purchased from LICOR, dilution: 1:1000). Biotin levels on western blots
were detected by streptavidin LI-COR 800CW (926-32230, LICOR,
dilution: 1:500). Blots were then visualized using a Bio-Rad ChemiDOC
MP imaging system. The intensities of western blot bands were scored
by ImageJ and the background intensity was deducted for calculation
of final intensities of target bands. The resulting intensities in treated
samples were compared to those of control samples in the same
independent experiment, generating ratios for plotting in Graphpad
v8.0 (the control was considered as 1).

Plaque formation

Freshly lysed parasites were counted using hemacytometers (Hausser
Scientific), and 150 parasites were inoculated on confluent HFF
monolayers in 6-well plates with addition of either 500 uM auxin or
ethanol alone (0.1%) and grown in D5 media at 37°C for 7 days.
Monolayers on 6-well plates were then fixed with 70% ethanol for
15 min, stained with 0.5% crystal violet for 5 min, then gently washed
with water, and dried at room temperature. Plaques formed on the
wells were counted by eye and tiny plaques were counted under x2 or
x4 magnification using a Nikon inverted fluorescence microscope
TS2R-FL. The plaque monolayers were recorded by scanning using a
HP Scanjet G4050, and plaque areas were calculated with the images
using ImageJ 1.52p.

Parasite replication

Parasite replication was analyzed by IFA using GAP45 antibodies, as
previously described*’. In brief, parasites were grown in 500 uM auxin,
or ethanol alone (0.1%) for 24 h on monolayers in D5 media in 24-well
plates with coverslips, unless otherwise stated. For testing parasite
replication in media containing different carbon sources, the media
were prepared with a commercial DMEM without glucose, glutamine
and pyruvate (A1443001, Gibco). This was supplemented with 5% FBS
and 100 unit penicillin-streptomycin, and one carbon source from
either 25mM glucose, 2mM glutamine or 1.0 mM pyruvate. The
parasites and HFF monolayers were fixed with 4% paraformaldehyde
for 10 min, permeabilized with PBS containing 2.5% BSA and 0.25%
Triton X-100, followed by IFA using GAP45 antibodies and secondary
anti-rabbit antibodies conjugated with Alexa Fluor 568. The coverslips
were then mounted using ProLong Gold Antifade Mountant without
DAPI. The vacuoles containing different numbers of parasites (N >100
vacuoles in each replicate) were counted under a Nikon Ni-E micro-
scope C2+, and plotted as ratios of different types of vacuoles in the
total vacuoles counted.

Parasite egress and invasion assays

Parasite egress were performed as described in a previous study*c. In
brief, parasites were grown in HFF monolayers on coverslips in the
presence of auxin or the vehicle for 36 h. The egress assay was per-
formed with stimulation using 3 pM A23187 (%w/v DMSO) for 5 min
and 10 min in DMEM at 37 °C. This was followed by IFA using primary
antibodies against GRA7 (Rabbit) and IMC1 (Mouse) and secondary
antibodies conjugated with Alexa Fluor-568 and 488 (reagents are used
as described above). The egressed and non-egressed vacuoles were
counted (>100 vacuoles in each replicate) under a NIKON microscrope
Ni-E C2+, by recognition of vacuolar staining with GRA7 and parasites
staining with IMCI1. The invasion assay was performed with freshly and
mechanically egressed parasites, and these parasites incubated in
DMEM at 37 °C for 3 h. Confluent HFF monolayers were challenged by
the parasites, followed by centrifugation at 8 x g for 1 min to bring
down the parasites. The plates were immediately placed in a water
bath at 37°C for 30min, and subsequently fixed by cold 4%

paraformaldehyde for 10 min. The monolayers were processed for IFA
with mouse mAb DGS52 to SAGI without permeabilization, followed by
secondary antibodies conjugated to Alexa Fluor-488. The monolayers
were then permeabilized, stained with rabbit anti-GAP45 antibodies
and secondary antibodies. At least 100 parasites on each coverslip with
triplicates per experiment were scored.

Generation of GFP-expressing HFF cells

The GFP expression in the HFF-1 cell line was performed using a Lenti-
viral expression system II. In brief, the GFP fragment was cloned into
the lentivector pLVX-EFla-IRES-puromycin (#134858, addgene)
between the BamHI and EcoRI sites, creating pLVX-EFla-GFP-IRES-
puromycin (see primers and plasmids in Supplementary Data 2 and 3).
This plasmid was combined with packaging plasmids psPAX2
(addgene #12260) and pMD2.G (addgene #12259) in Opti-MEM 1|
(31985062, Gibco), and mixed with Fugene HD (E2311, Promega), and
transfected into 293T cells, according to the manufacture’s recom-
mendations. After 48 h, viruses were collected in the supernatant,
followed by mixture with polybrene (H8761, Solarbio)(final conc. 6 pg/
ml) in a 12-well plate well containing 30-50% confluent HFF-1 cell
monolayers. At 24 h of post-transduction, the HFF-1 cell monolayers
were trypsinized, re-seeded on 12-well plates, and puromycin (P8230,
Solarbio) (2.5 pg/ml) was added and maintained for 3 days. The GFP-
expressing HFF-1 cells were examined for GFP expression using a Nikon
Inverted Fluorescent Microscope TS2R-FL, and the cell monolayers
were maintained and expanded in D5 media, cryopreserved, and
subsequently used for GFP acquisition experiments.

GFP uptake by T. gondii parasites

The GFP uptake assay was performed as described in a previous study
with minor modifications'®. In brief, TIR1/Acpl and AID lines with Acpl
were grown in 500 uM auxin, or ethanol alone (0.1%) on the GFP-
expressing HFF cell monolayers for 36 h. To test the direct impact of
GFP acquisition in the AID-K13 parasites, parasites (AID-K13) were
grown in the GFP-expressing HFF cell monolayers for 30 h in total, but
induced by auxin for O, 2, 4, or 6 h. The non-induced and induced
groups were cultured in parallel and added with LHVS (SML2857,
Sigma-Aldrich) (10 pM) at the corresponding induction time points, as
illustrated in Fig. 3d. The parasites were mechanically egressed and
harvested by filtration through 3.0 micron polycarbonate membranes.
The extracellular parasites were adhered to poly-lysine-coated cover-
slips and fixed by 4% paraformaldehyde. The parasites were permea-
bilized, mounted by ProLong Gold Antifade Mountant with DAPI and
subsequently visualized using a Nikon Ni-E microscope C2+ under the
same exposure parameters. All extracellular parasites on images with
or without GFP fluorescence (GFP foci) were counted. Note that no
parasites containing diffused GFP fluorescence were observed and
parasites containing GFP foci were denoted as GFP+ parasites. At least
100 parasites were counted for each replicate, and two or three
independent experiments were performed with triplicates. The per-
centage of GFP' in the total parasites scored was plotted in
Graphpad v8.0.

Acquisition of fluorescent lipid reagents by intracellular
parasites

Acquisition of ceramide and fatty acid was performed as previously
described®”. In brief, parasites were grown in 500 uM auxin, or ethanol
alone (0.1%) for 36 h on HFF monolayers on coverslips. The mono-
layers with parasites were then washed with PBS, and incubated in
DMEM supplemented with the mixture of 2.5% fatty-acid free BSA
(A2000, PAA Laboratory) and 1pg/ml BODIPY TR Ceramide (D7540,
Thermo Fisher Scientific) or with the mixture of 2.5% fatty-acid free
BSA and 1 pg/ml BODIPY-FL Cy, (D3822, Thermo Fisher Scientific) in a
CO, incubator at 37 °C for 30 min. The parasites in monolayers were
washed twice with PBS, fixed with 4% paraformaldehyde for 10 min,
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washed again with PBS, and then permeabilized with 0.25% Triton
X-100 in PBS. This was subsequently followed with a further PBS wash
and mounted with ProLong Gold Antifade Mountant with DAPI. The
parasites were imaged using the same parameters in a NIKON Ni-E
microscope Plus C2+ equipped with a DS-Ri2 Microscope Camera. The
fluorescent foci and intensity were evaluated for vacuoles containing
different numbers of parasites in the TIR1 and AID lines. To better
compare the fluorescence in different lines, all vacuoles containing the
same numbers of parasites (8 parasites/vacuole) on images were used
for further analysis. The fluorescent foci in the vacuoles were counted
automatically using NIKON microscopy software, and the intensities of
the vacuoles were also measured automatically by the system. At least
50 vacuoles were scored for each replicate of three independent
experiments with triplicates. The intensities of BODIPY-FL Cj, in
vacuoles were measured in a similar way, and the total fluorescence in
vacuoles were measured.

Salvage of cholesterol by the intracellular parasites was assessed
by uptake of fluorescent TopFluor-Cholesterol (#810255P, Avanti Polar
Lipids), following a protocol in previous studies'®*'”", In brief, parasites
were grown in 500 uM auxin, or ethanol alone (0.1%) for 36 h on HFF
monolayers on coverslips with DMEM supplemented with 2.5% Lipo-
protein Depleted fetal bovine Serum (LPDS) (#880100-2, Kalen Bio-
medical). The TopFluor Cholesterol-LDL complex was prepared by
incubation of 0.2mg/ml human LDL (#L8292, Sigma-Aldrich) and
0.5 mg/ml TopFluor Cholesterol in DMEM supplemented with 2.5%
LPDS at 37°C overnight, to allow formation of the TopFluor
Cholesterol-LDL complex. The parasites on monolayers were con-
tinued to be cultured in the DMEM containing the freshly prepared
TopFluor Cholesterol-LDL complex for 30 min, washed with PBS twice,
fixed by 4% paraformaldehyde and permeabilized by 0.25% Triton
X-100 in PBS. The parasites in HFF cell monolayers were mounted in
ProLong Gold Antifade Mountant with DAPI, followed by imaging
under the green channel and DIC channel using a Nikon Ni-E micro-
scope Plus C2 equipped with a DS-Ri2 Microscope Camera. The
fluorescence in vacuoles containing different numbers of parasites
were evaluated, and all vacuoles with 8 parasites on images were used
for the measurement, to standardize the comparison of the fluores-
cence in different lines. The fluorescence for all the vacuoles (8 para-
sites) on images were measured automatically by the NIS elements
AR 5.11.01.

Fitness of extracellular parasites

Parasite membrane integrity was assayed using a live/dead cell imaging
kit (Thermo Fisher Scientific, R37601), following the manufacturer
recommended protocol. Parasites were grown in 500 uM auxin (IAA)
or 0.1% ethanol alone for 36 h and harvested by mechanical passing
through 22G needles and by filtration through 3.0 micron poly-
carbonate membranes. The freshly prepared parasites were resus-
pended in DMEM, at concentration of ~2 x 107/ml, and then mixed with
the same volume of mixture of vial A and vial B. The parasite mixtures
were transferred to 24-well plates containing poly-lysine coated cov-
erslips, centrifuged at 50 x g for 1 min, followed by an incubation at
37°C for 15min. The parasites were washed with PBS, followed by
fixation with 4% paraformaldehyde for 10 min. The coverslips were
mounted for immediate visualization and imaging using a x40 objec-
tive on a Nikon Ni-E confocal microscope. At least 100 parasites on
each coverslip were counted, and the percentage of red parasites in
the population was calculated and plotted. Two-three independent
experiments with triplicates were performed for the assay.

Immuno-staining for electron microscopy (Immuno-EM)

Parasites were grown on HFF monolayers for 24 h and, subsequently
digested with trypsin for collecting samples. Samples were fixed in a
0.1 M sodium cacodylate buffer (pH 7.4) containing 3% (w/v) paraf-
ormaldehyde, 0.1% glutaraldehyde (v/v), 4% sucrose (w/v) at 4°C

overnight. The samples were washed four times in a 0.1M sodium
cacodylate buffer containing 4% (w/v) sucrose, before neutralization
on ice using a 0.1 M sodium cacodylate buffer containing 4% (w/v)
sucrose and 0.1 M glycine, and subsequent dehydration in ethanol. The
samples were immersed in LR White resin (Ted Pella, Inc.) at 4°C
overnight, subsequently polymerized at a light intensity of 1.2 x 10° pJ/
cm? on ice for 5h. The LR White imbedded samples were sectioned
with a Leica ultramicrotome (EM UC7) at 100 nm and were picked onto
100-mesh formvar-carbon-coated nickel grids. The loaded nickel grids
were then blocked and incubated with mouse anti-Ty antibodies (1:5)
at RT for 2 h and overnight at 4 °C, followed with washing in PBS. The
samples on grids were incubated with Alexa FluorTM 488 goat anti-
mouse IgG 10 nm colloidal gold (1:100) for 1h, followed with washing
in PBS and double-distilled water. The samples on grids were stained
by 3% phosphotungstic acid, then observed using a JEM1400FLASH
transmission electron microscope operation at 120 KV.

Transmission electron microscopy (TEM) and electron
tomography

Parasites were grown on HFF monolayers in auxin for 30 h, digested
with trypsin for collecting samples, fixed using a fixative mixture of 2%
paraformaldehyde and 3% glutaraldehyde at 4°C overnight. The
samples were washed and fixed again in 1% osmium tetroxide (Poly-
sciences Inc., Warrington, PA) in 50 mM phosphate buffer at 4 °C for
1h, washed three times and dehydrated by 30, 50, 70, 80 and 95%
ethanol, and then by acetone, and then immersed in acetone and Spurr
for 1h. The samples were imbedded in Spurr and sectioned at 100 nm
using a Leica ultramicrotome (EM UC7). For conventional TEM, the
ultrathin-sections were collected on 100-mesh grids. For serial TEM,
the ultrathin-sections were collected on Formvar-coated slot grids. The
grids were then viewed by JEOL transmission electron microscopy
(JEM1400FLASH). For electron tomography, the samples were sec-
tioned at 260 nm by a Leica ultramicrotome. Sections were collected
on formvar-coated slot grids and 10 nm colloidal gold fiducials were
applied to the sections before acquiring single-axis tilt series with a tilt
range of + 48° with 3° increments around each axis under a Thermo-
Scientific transmission electron microscope (Talos F200C G2) opera-
tion at 200 KV.

RNA-seq and analysis

Parasites were grown in the presence of auxin (IAA) for 12 and 36 h.
After washing with cold PBS, parasites were harvested by passing
through 22G needles and filtration through 3.0 micron polycarbonate
membranes. The parasites were immediately re-suspended in cold
Trizol (Invitrogen), followed by total RNA extraction according to the
manufacturer’s protocol. RNA quality was monitored using an Agilent
2100 Bioanalyzer and only high-quality samples were used for con-
structing libraries and sequencing using Illumina HiSeq2500 by Gene
Denovo Biotechnology Co. (Guangzhou, China). To acquire clean data
for the following assembly and analysis, fastp (version 0.18.0) was
firstly used to filter low quality bases and adapters, the software
bowties2 (version 2.2.8) was used for mapping reads to the ribosomal
RNA (rRNA) database to reduce the influence of the rRNA in the sample
on the results. The remaining unmapped reads were aligned to the
reference genome (ToxoDB release 53 https://toxodb.org/toxo/app)
using HISAT2.2.1. The mapped reads of each sample were assembled
by StringTie (version 1.3.1), and the expression was quantified by cal-
culating the “fragments per kilobase of transcript per million mapped
reads (FPKM)” value. The full transcriptome datasets were analyzed to
identify the genes featuring a p value below 0.05 and absolute fold
change above 1.5, which were considered as differentially expressed
genes (DEGs) between the groups. The DEGs were identified, with the
“DEseq2” Package in R, and all DEGs among these groups were inte-
grated to perform the Fuzzy C-means clustering analysis, using the
“Mfuzz” Package in R, to explore the expression patterns during the
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different developmental stages. The statistical analysis was performed
in the software based on hypergeometric test.

Weighted gene co-expression network analysis (WGNCA)
WGCNA was applied to the full transcriptome dataset (6770 genes;
mean expression in all samples >1) commercially generated above,
using the “WGCNA” package in R. A co-expression network was con-
structed with a beta value of 5 in the analysis. While genes were clus-
tered into branches of highly expressed genes, featured modules were
detected using the dynamic tree cutting method. The differential
groups (the control vs. the AID lines at 12 and 36 h) were used as a trait
for the WGCNA. the group-specific modules were identified based on
the module-trait relationship (the correlation between eigengene and
traits). Modules with a correlation coefficient >0.55 and p value <0.05
were identified as a group-specific module. In addition, genes of these
group-specific modules were further used for functional enrichment
analysis using the ToxoDB database. The statistical analysis was per-
formed in the software based on hypergeometric test.

Untargeted metabolomics by GCMS

Parasites were grown in the presence of 500 uM auxin (IAA) for 36 h,
subsequently washed with cold PBS twice, scraped and mechanically
forced to egress by filtration through 3.0 micron polycarbonate
membranes. The parasite harvesting was performed either at room
temperature (experiment 1) or on ice (experiment 2). Parasites were
centrifuged at 500 x g at 4 °C (>2 x 10® parasites), and the pellets were
immediately quenched by addition of —40 °C methanol and sterile
ddH,0 (400 pl methanol +100 ul ddH,0). The parasite resuspension
(250 pl) was added with 250 pl 80% methanol, and sonicated on ice
1min with 5 cycles. The mixture was vortexed and centrifuged to
collect the supernatants. The supernatant (120 ul) was mixed with 5 pl
50 ug/ml L-corleucine, and dried under a nitrogen stream. The residue
was reconstituted in 20 pl of 20 mg/ml methoxyamine hydrochloride
in pyridine (containing 5 ug/ml n-alkanes standards), and the resulting
mixture was then incubated at 37°C for 90 min. The mixture was
further mixed with 20 ul BSTFA (with 1% TMCS), and incubated at 70 °C
for 60 min prior to GC-MS metabolomics analysis. The quality control
(QC) sample was pooled from all samples, processed as the sample
preparation. The GC-MS analysis was performed on Agilent7890A/
5975C GC-MS system (Agilent Technologies Inc., CA, USA). An OPTIMA
5 MS Accent fused-silica capillary column was utilized to separate the
derivatives. Helium was used as a carrier gas at a constant flow rate of
1 ml/min through the column. The injection volume was 1ul and the
solvent delay time was 5 min. The initial oven temperature was held at
60 °C for 1 min, ramped to 240 °C at a rate of 12 °C/min, to 320 °C at
40 °C/min, and finally held at 320 °C for 4 min. The temperatures of
injector, transfer line, and electron impact ion source were set to
250°C, 260 °C, and 230 °C, respectively. The electron ionization (EI)
energy was 70 eV, and data was collected in a full scan mode (m/z
50-600).

The peak picking, alignment, deconvolution and further proces-
sing of resulting raw data were carried out according to the previously
published protocols'®. The final data was exported as a peak table file,
including observations, variables (rt_.mz), and peak areas. The data was
normalized against the total peak value of total peaks, and differential
metabolites were identified by statistical analysis performed in R
platform. In the analysis, parametric and nonparametric tests were
carried out using one-way ANOVA with Dunnett’s multiple compar-
ison, to identify differential metabolites, with p<0.05 and a fold
change >1.2, for further analysis. Enrichment of Metabolic Pathways
were analyzed using the differential metabolite database commercially
generated above. MetaboAnalyst 5.0 server was used to enrich the
metabolite sets with KEGG, in which the p value below 0.05 was con-
sidered to be significant. The statistical analysis was performed in the
software based on hypergeometric test.

Untargeted metabolomics by LCMS

The above parasite resuspension (250 pl) (80% methanol) was mixed
with 250 pl 80% methanol, and sonicated on ice with 1 min on and
1 min off for 4 cycles, followed by incubation on ice for 30 min. After
centrifugation at 15,000 x g, 4 °C and 15 min, the supernatant (200 pl)
was dried under a nitrogen stream, and reconstituted in 40 pl of 10%
methanol (including 100 ng/ml hexadecanoyl-L-carnitine-ds, decanoyl-
L-carnitine-ds; and 1000 ng/ml valine-*Cs-"N, leucine-"*C,, decanoic-d;o
acid, octadecanoic-dss acid, tetradecanoic-d,; acid, phenylalanine-ds,
3-chloro-D-phenylalanine and octanoic-d;s acid) prior to performing
UHPLC-HRMS/MS analysis. The quality control (QC) sample was pull-
ing all the prepared samples together. The LC-MS analysis was per-
formed on a Thermo Fisher Ultimate 3000 UHPLC system with a
Waters ACQUITY UPLC BEH C18 column (2.1 mm x 100 mm, 1.7 pm),
using standard positive and negative modes. For the positive mode:
the mobile phases consisted of (A) water and (B) methanol, both with
0.1% formic acid. A linear gradient elution was performed with the
following program: 0 min, 2%B; 12 min, 95%B; 15 min, 100%B and held
to 18.1 min; 18.1 min, 2%B and held to 20 min. For the negative mode:
the mobile phases contained (A) water and (B) methanol/water (95:5, v/
v), both with 6.5 mM ammonium bicarbonate. A linear gradient elution
was performed with the following program: O min, 2%B; 9 min, 70%B;
14 min, 100%B and held to 18 min; 18.1 min, 2%B and held to 20 min.
The flow rate was 0.25 ml/min, and the injection volume was 2 pl for
the positive mode and 3 pl for the negative mode.

The MS acquisition was performed on a Thermo Fisher Q Exactive
Hybrid Quadrupole-Orbitrap Mass Spectrometry (QE) in Heated Elec-
trospray lonization Positive (HESI+) and Negative (HESI-) mode. The
full scan was performed at a range of m/z=70-1000, with the reso-
lution set at 35,000 and the AGC target at 3 x 10°. The fragment ion of
the top 10 precursors in each scan was acquired by Data-dependent
acquisition (DDA) with HCD energy at 20, 30, and 40 eV, mass reso-
lution of 17,500 FWHM and AGC Target of 5x10°. The raw data was
transformed to mzXML format by ProteoWizard and then processed
by XCMS and CAMERA packages in the R software platform. The final
data was exported as a peak table file, including sample names, vari-
ables (rt_mz) and peak areas. The peak areas data was normalized to
internal standards before the statistical analysis. The in-house data-
base was referenced to identify the compound by using m/z (MSI1),
mass spectra (MS2) and retention times (RT). Normalization for rela-
tive parasite amounts was based on the total integrated peak area
values of metabolites within an experimental batch. Similar analysis
was performed for the identification of differential metabolites and
enrichment of pathways as described for the GC-MS analysis.

Scanning electron microscopy (SEM)

Parasites were grown in 500 uM auxin (IAA) for 36 h. After washing with
cold PBS, parasites on HFF monolayers were mechanically forced to
egress, and harvested by passing through 22 needles and filtration
through 3.0 micron polycarbonate membranes. Parasite pellets were
immediately fixed with 2.5% glutaraldehyde for 48 hin dark at 4 °C, and
rinsed many times with PBS, followed by fixation in 1% osmium acid for
2h. The samples were rinsed many times with PBS, dehydrated
sequentially with 30, 50, 60, 70, 80, 90, and 100% ethanol for 15 min on
each gradient and subsequently dried in a Leica CPD drying instrument
(Leica, Weztlar, Germany). Samples were sprayed with an ion sput-
tering instrument (Hitachi MC1000, Hitachi, Japan), followed by
observation in a Cold Field-Emission SEM (Hitachi SU-8010, Hita-
chi, Japan).

Parasite virulence in mice

The parasite lines were used to challenge mice intraperitoneally with
100 parasites per mouse’®””. In brief, after parasite infection, the mice
were randomly assigned to the IAA supplied group and the control
group in separate cages with 5 mice in each. Mice were orally
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administered with either auxin (3-indoleacetic acid, IAA, Sigma) or the
vehicle by drinking water or by an intraperitoneal injection on a daily
basis. The IAA supplied mouse group drunk sterile water containing
1mg/ml IAA, 3mM NaOH, 5% sucrose (w/v), flavored with 2 mg/ml
TANG (Mondeléz International), pH 8.0, while the control group
received the same drinking water but lacking IAA. The IAA supplied
mouse group was intraperitoneally injected with a daily 0.2ml of
sterile solution containing 15 mg/ml IAA, 1M NaOH, pH 7.8, while the
control group received the same intraperitoneal injection but lacking
IAA. The mice were monitored daily for bodyweight and health con-
trol. As the experiments did not deal with the infection related to sex,
the mouse sex was not considered as a factor affecting the outcomes.

Statistical analysis

All data were collected and analyzed blind. Data were analyzed using
Prism software (version 8.0.2; Graphpad). Normally distributed data
were tested using one-way or two-way ANOVA with Tukey’s multiple
comparison, while data with small sizes or abnormal distributions were
tested using one-way ANOVA with Dunnett’s multiple comparison.
p<0.05 was considered significant. Experiment-specific statistical
information is provided in the figure legends or associated method
details including replicates (n), trials (N), and statistical tests
performed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Due to the raw proteomics data are not available anymore, the scaffold
file directly exported from the raw data has been deposited in the
OMIX, China National Center for Bioinformation/Beijing Institute of
Genomics, Chinese Academy of Sciences with accession number:
OMIX001158. The metabolomics data have been deposited in the
Metabolights with accession number: MTBLS7006. Minimally pro-
cessed data of the proteomics and metabolomics data are available in
Supplementary Data 4, 8, 15 and 16, respectively. Transcriptomics
sequencing data are available in the short read archive (SRA) of data-
base of National Center for Biotechnology Information under the
accession number of PRJNA812267. Minimally processed data are
available in Supplementary Data 10 and 11. Toxoplasma gondii genome
information can be found in ToxoDB release 53 (http://toxodb.org)
and Eukaryotic pathogen, Vector & Host Information Resources can be
found in VEupathDB (http://veupathdb.org). Source data are provided
with this paper.

References

1 Plattner, F. & Soldati-Favre, D. Hijacking of host cellular functions
by the Apicomplexa. Annu. Rev. Microbiol. 62, 471-487 (2008).

2. Martin, A. M., Liu, T., Lynn, B. C. & Sinai, A. P. The Toxoplasma
gondii parasitophorous vacuole membrane: transactions across
the border. J. Eukaryot. Microbiol. 54, 25-28 (2007).

3. Gold, D. A. et al. The Toxoplasma dense granule proteins GRA17
and GRA23 mediate the movement of small molecules between
the host and the parasitophorous vacuole. Cell Host Microbe 17,
642-652 (2015).

4., Rivera-Cuevas, Y. et al. Toxoplasma gondii exploits the host ESCRT
machinery for parasite uptake of host cytosolic proteins. PLoS
Pathog. 17, €1010138 (2021).

5. Coppens, I. et al. Toxoplasma gondlii sequesters lysosomes from
mammalian hosts in the vacuolar space. Cell 125, 261-274 (2006).

6. Romano, J. D. et al. The parasite Toxoplasma sequesters diverse
Rab host vesicles within an intravacuolar network. J. Cell Biol. 216,
4235-4254 (2017).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Sibley, L. D., Niesman, I. R., Asai, T. & Takeuchi, T. Toxoplasma
gondii: secretion of a potent nucleoside triphosphate hydrolase
into the parasitophorous vacuole. Exp. Parasitol. 79,

301-311 (1994).

Coppens, |. Exploitation of auxotrophies and metabolic defects in
Toxoplasma as therapeutic approaches. Int. J. Parasitol. 44,
109-120 (2014).

De Koning, H. P., Al-Salabi, M. I., Cohen, A. M., Coombs, G. H. &
Wastling, J. M. Identification and characterisation of high affinity
nucleoside and nucleobase transporters in Toxoplasma gondii. Int.
J. Parasitol. 33, 821-831 (2003).

Schwab, J. C., Afifi Afifi, M., Pizzorno, G., Handschumacher, R. E. &
Joiner, K. A. Toxoplasma gondii tachyzoites possess an unusual
plasma membrane adenosine transporter. Mol. Biochem. Para-
sitol. 70, 59-69 (1995).

Blume, M. et al. Host-derived glucose and its transporter in the
obligate intracellular pathogen Toxoplasma gondiii are dis-
pensable by glutaminolysis. Proc. Natl Acad. Sci. USA 106,
12998-13003 (2009).

Erler, H., Ren, B., Gupta, N. & Beitz, E. The intracellular parasite
Toxoplasma gondii harbors three druggable FNT-type formate and
|-lactate transporters in the plasma membrane. J. Biol. Chem. 293,
17622-17630 (2018).

Parker, K. E. R. et al. The tyrosine transporter of Toxoplasma gondii
is a member of the newly defined apicomplexan amino acid
transporter (ApiAT) family. PLoS Pathog. 15, €1007577 (2019).
Rajendran, E. et al. Substrate-mediated regulation of the arginine
transporter of Toxoplasma gondii. PLoS Pathog. 17,

1009816 (2021).

Massimine, K. M. et al. Toxoplasma gondii is capable of exogenous
folate transport. A likely expansion of the BT1 family of trans-
membrane proteins. Mol. Biochem. Parasitol. 144, 44-54 (2005).
Dou, Z., McGovern, O. L., Di Cristina, M. & Carruthers, V. B. Tox-
oplasma gondii ingests and digests host cytosolic proteins. mBio
5, e01188-14 (2014).

Pernas, L., Bean, C., Boothroyd, J. C. & Scorrano, L. Mitochondria
restrict growth of the intracellular parasite Toxoplasma gondii by
limiting its uptake of fatty acids. Cell Metab. 27, 886-897.e4
(2018).

Krishnan, A. et al. Functional and computational genomics reveal
unprecedented flexibility in stage-specific Toxoplasma metabo-
lism. Cell Host Microbe 27, 290-306.e11 (2020).

Ren, B., Kong, P., Hedar, F., Brouwers, J. F. & Gupta, N. Phospha-
tidylinositol synthesis, its selective salvage, and inter-regulation of
anionic phospholipids in Toxoplasma gondii. Commun. Biol. 3,
750 (2020).

Gupta, N., Zahn, M. M., Coppens, l., Joiner, K. A. & Voelker, D. R.
Selective disruption of phosphatidylcholine metabolism of the
intracellular parasite Toxoplasma gondii arrests its growth. J. Biol.
Chem. 280, 16345-16353 (2005).

Romano, J. D., Sonda, S., Bergbower, E., Smith, M. E. & Coppens, .
Toxoplasma gondii salvages sphingolipids from the host Golgi
through the rerouting of selected Rab vesicles to the para-
sitophorous vacuole. Mol. Biol. Cell 24, 1974-1995 (2013).
Krishnan, A., Kloehn, J., Lunghi, M. & Soldati-Favre, D. Vitamin and
cofactor acquisition in apicomplexans: synthesis versus salvage. J.
Biol. Chem. 295, 701-714 (2020).

Crawford, M. J. et al. Toxoplasma gondii scavenges host-derived
lipoic acid despite its de novo synthesis in the apicoplast. EMBO J.
25, 3214-3222 (20086).

Kaksonen, M. & Roux, A. Mechanisms of clathrin-mediated endo-
cytosis. Nat. Rev. Mol. Cell Biol. 19, 313-326 (2018).

Scholtyseck, E. & Mehlhorn, H. Ultrastructural study of char-
acteristic organelles (paired organelles, micronemes, micropores)

Nature Communications | (2023)14:977

18


https://www.ebi.ac.uk/metabolights/MTBLS7006
https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA812267
http://toxodb.org
http://veupathdb.org

Article

https://doi.org/10.1038/s41467-023-36571-4

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

of sporozoa and related organisms. Z. Parasitenkd. 34,

97-127 (1970).

Nichols, B. A., Chiappino, M. L. & Pavesio, C. E. Endocytosis at the
micropore of Toxoplasma gondiii. Parasitol. Res. 80, 91-98 (1994).
Garnham, P. C., Bird, R. G., Baker, J. R. & Bray, R. S. Electron
microsope studies of motile stages of malaria parasites. II. The fine
structure of the sporozoite of Laverania (Plasmodium) falcipara.
Trans. R. Soc. Trop. Med. Hyg. 55, 98-102 (1961).

Garnham, P. C., Baker, J. R. & Bird, R. G. Fine structure of cystic
form of Toxoplasma gondii. Br. Med. J. 1, 83-84 (1962).

Senaud, J., Chobotar, B. & Scholtyseck, E. Role of the micropore in
nutrition of the Sporozoa. Ultrastructural study of Plasmodium
cathemerium, Eimeria ferrisi, E. stiedai, Besnoitia jellisoni, and
Frenkelia sp. Tropenmed. Parasitol. 27, 145-159 (1976).
Valigurova, A., Paskerova, G. G., Diakin, A., Kovacikova, M. &
Simdyanov, T. G. Protococcidian Eleutheroschizon duboscqi, an
unusual apicomplexan interconnecting gregarines and cryptos-
poridia. PLoS ONE 10, e0125063 (2015).

Myl'nikov, A. P. [Ultrastructure and phylogeny of colpodellids
(Colpodellida, Alveolata)]. Izv. Akad. Nauk. Ser. Biol. 685-694
(2009).

Appleton, P. L. & Vickerman, K. Presence of apicomplexan-type
micropores in a parasitic dinoflagellate, Hematodinium sp. Para-
sitol. Res. 82, 279-282 (1996).

Langreth, S. G., Jensen, J. B., Reese, R. T. & Trager, W. Fine
structure of human malaria in vitro. J. Protozool. 25, 443-452
(1978).

Olliaro, P., Castelli, F., Caligaris, S., Druilhe, P. & Carosi, G. Ultra-
structure of Plasmodium falciparum “in vitro”. Il. Morphological
patterns of different quinolines effects. Microbiologica 12,

15-28 (1989).

Lazarus, M. D., Schneider, T. G. & Taraschi, T. F. A new model for
hemoglobin ingestion and transport by the human malaria para-
site Plasmodium falciparum. J. Cell Sci. 121, 1937-1949 (2008).
Aikawa, M., Hepler, P. K., Huff, C. G. & Sprinz, H. The feeding
mechanism of avian malarial parasites. J. Cell Biol. 28, 355-373
(1966).

Spielmann, T., Gras, S., Sabitzki, R. & Meissner, M. Endocytosis in
Plasmodium and Toxoplasma parasites. Trends Parasitol. 36,
520-532 (2020).

Gross, U., Hambach, C., Windeck, T. & Heesemann, J. Toxoplasma
gondii: uptake of fetuin and identification of a 15-kDa fetuin-
binding protein. Parasitol. Res. 79, 191-194 (1993).

Gras, S. et al. An endocytic-secretory cycle participates in Tox-
oplasma gondii in motility. PLoS Biol. 17, e3000060 (2019).
Long, S., Anthony, B., Drewry, L. L. & Sibley, L. D. A conserved
ankyrin repeat-containing protein regulates conoid stability,
motility and cell invasion in Toxoplasma gondii. Nat. Commun. 8,
2236 (2017).

Pieperhoff, M. S., Schmitt, M., Ferguson, D. J. & Meissner, M. The
role of clathrin in post-Golgi trafficking in Toxoplasma gondii. PLoS
ONE 8, 77620 (2013).

Venugopal, K. et al. Dual role of the Toxoplasma gondii clathrin
adaptor AP1 in the sorting of rhoptry and microneme proteins and
in parasite division. PLoS Pathog. 13, €1006331 (2017).
Heredero-Bermejo, |. et al. TgDrpC, an atypical dynamin-related
protein in Toxoplasma gondii, is associated with vesicular trans-
port factors and parasite division. Mol. Microbiol. 111, 46-64
(2019).

Breinich, M. S. et al. A dynamin is required for the biogenesis of
secretory organelles in Toxoplasma gondii. Curr. Biol. 19,
277-286 (2009).

van Dooren, G. G. et al. A novel dynamin-related protein has been
recruited for apicoplast fission in Toxoplasma gondii. Curr. Biol. 19,
267-276 (2009).

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Long, S. et al. Calmodulin-like proteins localized to the conoid
regulate motility and cell invasion by Toxoplasma gondii. PLoS
Pathog. 13, e1006379 (2017).

Nevin, W. D. & Dacks, J. B. Repeated secondary loss of adaptin
complex genes in the Apicomplexa. Parasitol. Int. 58,

86-94 (2009).

Branon, T. C. et al. Efficient proximity labeling in living cells
and organisms with TurbolD. Nat. Biotechnol. 36, 880-887
(2018).

Birnbaum, J. et al. A Kelch13-defined endocytosis pathway med-
iates artemisinin resistance in malaria parasites. Science 367,
51-59 (2020).

Salcini, A. E. et al. Binding specificity and in vivo targets of the EH
domain, a novel protein-protein interaction module. Genes Dev.
11, 2239-2249 (1997).

Zollman, S., Godt, D., Prive, G. G., Couderc, J. L. & Laski, F. A. The
BTB domain, found primarily in zinc finger proteins, defines an
evolutionarily conserved family that includes several devel-
opmentally regulated genes in Drosophila. Proc. Natl Acad. Sci.
USA 91, 10717-10721 (1994).

Hu, G. et al. fIDPnn: accurate intrinsic disorder prediction with
putative propensities of disorder functions. Nat. Commun. 12,
4438 (2021).

Dunker, A. K. et al. The unfoldomics decade: an update on intrin-
sically disordered proteins. BMC Genomics 9, S1(2008).

Kuhn, M., Hyman, A. A. & Beyer, A. Coiled-coil proteins facilitated
the functional expansion of the centrosome. PLoS Comput. Biol.
10, e1003657 (2014).

Sidik, S. M. et al. A genome-wide CRISPR screen in Toxoplasma
identifies essential apicomplexan genes. Cell 166,

1423-1435.e12 (2016).

Titeca, K. et al. SFINX: straightforward filtering index for affinity
purification-mass spectrometry data analysis. J. Proteome Res. 15,
332-338 (2016).

Melatti, C. et al. A unique dynamin-related protein is essential for
mitochondrial fission in Toxoplasma gondii. PLoS Pathog. 15,
1007512 (2019).

Brown, K. M., Long, S. & Sibley, L. D. Plasma membrane associa-
tion by N-acylation governs PKG function in Toxoplasma gondii.
mBio 8, e00375-17 (2017).

Nolan, S. J., Romano, J. D. & Coppens, |. Host lipid droplets: an
important source of lipids salvaged by the intracellular parasite
Toxoplasma gondii. PLoS Pathog. 13, 1006362 (2017).

Hu, X., Binns, D. & Reese, M. L. The coccidian parasites Toxoplasma
and Neospora dysregulate mammalian lipid droplet biogenesis. J.
Biol. Chem. 292, 11009-11020 (2017).

Jelenska, J. et al. Subcellular localization of acetyl-CoA carbox-
ylase in the apicomplexan parasite Toxoplasma gondii. Proc. Natl
Acad. Sci. USA 98, 2723-2728 (2001).

Nitzsche, R., Gunay-Esiyok, O., Tischer, M., Zagoriy, V. & Gupta, N.
A plant/fungal-type phosphoenolpyruvate carboxykinase located
in the parasite mitochondrion ensures glucose-independent sur-
vival of Toxoplasma gondii. J. Biol. Chem. 292, 15225-15239
(2017).

Coppens, |. & Joiner, K. A. Host but not parasite cholesterol con-
trols Toxoplasma cell entry by modulating organelle discharge.
Mol. Biol. Cell. 14, 3804-3820 (2003).

Langfelder, P. & Horvath, S. WGCNA: an R package for weighted
correlation network analysis. BMC Bioinforma. 9, 559 (2008).
Futschik, M. E. & Carlisle, B. Noise-robust soft clustering of gene
expression time-course data. J. Bioinform. Comput. Biol. 3,
965-988 (2005).

MacRae, J. I. et al. Mitochondrial metabolism of glucose and glu-
tamine is required for intracellular growth of Toxoplasma gondii.
Cell Host Microbe 12, 682-692 (2012).

Nature Communications | (2023)14:977

19



Article

https://doi.org/10.1038/s41467-023-36571-4

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Nitzsche, R., Zagoriy, V., Lucius, R. & Gupta, N. Metabolic coop-
eration of glucose and glutamine is essential for the lytic cycle of
obligate intracellular parasite Toxoplasma gondii. J. Biol. Chem.
291, 126-141 (2016).

Gnadig, N. F. et al. Insights into the intracellular localization,
protein associations and artemisinin resistance properties of
Plasmodium falciparum K13. PLoS Pathog. 16, 1008482 (2020).
Mok, S. et al. Artemisinin-resistant K13 mutations rewire Plasmo-
dium falciparum'’s intra-erythrocytic metabolic program to
enhance survival. Nat. Commun. 12, 530 (2021).

Mina, J. G. et al. Functional and phylogenetic evidence of a bac-
terial origin for the first enzyme in sphingolipid biosynthesis in a
phylum of eukaryotic protozoan parasites. J. Biol. Chem. 292,
12208-12219 (2017).

Zanolari, B. et al. Sphingoid base synthesis requirement for
endocytosis in Saccharomyces cerevisiae. EMBO J. 19,
2824-2833 (2000).

Meyer, S. G. et al. Myriocin, an inhibitor of serine palmitoyl trans-
ferase, impairs the uptake of transferrin and low-density lipopro-
tein in mammalian cells. Arch. Biochem. Biophys. 526,

60-68 (2012).

Nyonda, M. A. et al. Ceramide biosynthesis is critical for estab-
lishment of the intracellular niche of Toxoplasma gondii. Cell Rep.
40, 111224 (2022).

Friant, S., Lombardi, R., Schmelzle, T., Hall, M. N. & Riezman, H.
Sphingoid base signaling via Pkh kinases is required for endocy-
tosis in yeast. EMBO J. 20, 6783-6792 (2001).

Friant, S., Zanolari, B. & Riezman, H. Increased protein kinase or
decreased PP2A activity bypasses sphingoid base requirement in
endocytosis. EMBO J. 19, 2834-2844 (2000).

Yesbolatova, A. et al. The auxin-inducible degron 2 technology
provides sharp degradation control in yeast, mammalian cells,
and mice. Nat. Commun. 11, 5701 (2020).

Brown, K. M. & Sibley, L. D. Essential cGMP signaling in Tox-
oplasma is initiated by a hybrid P-type ATPase-guanylate cyclase.
Cell Host Microbe 24, 804-816.e6 (2018).

Garnham, P. C., Bird, R. G. & Baker, J. R. Electron microscope
studies of motile stages of malaria parasites. V. The fine structure
of the sporozoites of four species of Plasmodium. Trans. R. Soc.
Trop. Med. Hyg. 57, 27-31 (1963).

Xie, S. C., Ralph, S. A. & Tilley, L. K13, the cytostome, and arte-
misinin resistance. Trends Parasitol. 36, 533-544 (2020).

Lige, B. et al. Introduction of caveolae structural proteins into the
protozoan Toxoplasma results in the formation of heterologous
caveolae but not caveolar endocytosis. PLoS ONE 7, €51773 (2012).
Parussini, F., Coppens, I., Shah, P. P., Diamond, S. L. & Carruthers,
V. B. Cathepsin L occupies a vacuolar compartment and is a
protein maturase within the endo/exocytic system of Toxoplasma
gondii. Mol. Microbiol. 76, 1340-1357 (2010).

Miranda, K. et al. Characterization of a novel organelle in Tox-
oplasma gondii with similar composition and function to the plant
vacuole. Mol. Microbiol. 76, 1358-1375 (2010).

Olliaro, P., Castelli, F., Milano, F., Filice, G. & Carosi, G. Ultra-
structure of Plasmodium falciparum “in vitro”. I. Base-line for drug
effects evaluation. Microbiologica 12, 7-14 (1989).

Harding, C. R. et al. Genetic screens reveal a central role for heme
metabolism in artemisinin susceptibility. Nat. Commun. 11,

4813 (2020).

Rosenberg, A., Luth, M. R., Winzeler, E. A., Behnke, M. & Sibley, L.
D. Evolution of resistance in vitro reveals mechanisms of artemi-
sinin activity in Toxoplasma gondii. Proc. Natl Acad. Sci. USA 116,
26881-26891 (2019).

Krishnan, A. & Soldati-Favre, D. Amino acid metabolism in api-
complexan parasites. Metabolites 11, 61 (2021).

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Jonscher, E. et al. PfVPS45 is required for host cell cytosol uptake
by malaria blood stage parasites. Cell Host Microbe 25,
166-173.e5 (2019).

Rajendran, E. et al. Cationic amino acid transporters play key roles
in the survival and transmission of apicomplexan parasites. Nat.
Commun. 8, 14455 (2017).

Mesen-Ramirez, P. et al. The parasitophorous vacuole nutrient
channel is critical for drug access in malaria parasites and mod-
ulates the artemisinin resistance fitness cost. Cell Host Microbe
29, 1774-1787.e9 (2021).

Azzouz, N. et al. Evidence for de novo sphingolipid biosynthesis in
Toxoplasma gondii. Int. J. Parasitol. 32, 677-684 (2002).

Smythe, W. A., Joiner, K. A. & Hoppe, H. C. Actin is required for
endocytic trafficking in the malaria parasite Plasmodium falci-
parum. Cell Microbiol. 10, 452-464 (2008).

Gerold, P. & Schwarz, R. T. Biosynthesis of glycosphingolipids de-
novo by the human malaria parasite Plasmodium falciparum. Mol.
Biochem. Parasitol. 112, 29-37 (2001).

Huynh, M. H. & Carruthers, V. B. Tagging of endogenous genesin a
Toxoplasma gondii strain lacking Ku80. Eukaryot. Cell 8,
530-539 (2009).

Long, S., Wang, Q. & Sibley, L. D. Analysis of noncanonical
calcium-dependent protein kinases in Toxoplasma gondii by tar-
geted gene deletion using CRISPR/Cas9. Infect. Inmun. 84,
1262-1273 (2016).

Brown, K. M., Long, S. & Sibley, L. D. Conditional knockdown of
proteins using auxin-inducible degron (AID) fusions in Toxoplasma
gondii. Bio Protoc. 8, 2728 (2018).

Heaslip, A. T., Dzierszinski, F., Stein, B. & Hu, K. TgMORNT1 is a key
organizer for the basal complex of Toxoplasma gondii. PLoS
Pathog. 6, 1000754 (2010).

Alaganan, A., Fentress, S. J., Tang, K., Wang, Q. & Sibley, L. D.
Toxoplasma GRA7 effector increases turnover of immunity-related
GTPases and contributes to acute virulence in the mouse. Proc.
Natl Acad. Sci. USA 111, 1126-1131 (2014).

Bastin, P., Bagherzadeh, Z., Matthews, K. R. & Gull, K. A novel
epitope tag system to study protein targeting and organelle bio-
genesis in Trypanosoma brucei. Mol. Biochem. Parasitol. 77,
235-239 (1996).

Long, S., Brown, K. M. & Sibley, L. D. CRISPR-mediated tagging
with BirA allows proximity labeling in Toxoplasma gondii. Bio
Protoc. 8, 2768 (2018).

Robibaro, B. et al. Toxoplasma gondii Rab5 enhances cholesterol
acquisition from host cells. Cell Microbiol. 4, 139-152 (2002).
Coppens, l., Sinai, A. P. & Joiner, K. A. Toxoplasma gondii exploits
host low-density lipoprotein receptor-mediated endocytosis for
cholesterol acquisition. J. Cell. Biol. 149, 167-180 (2000).

Gao, X., Pujos-Guillot, E. & Sebedio, J. L. Development of a
quantitative metabolomic approach to study clinical human fecal
water metabolome based on trimethylsilylation derivatization and
GC/MS analysis. Anal. Chem. 82, 6447-6456 (2010).

Acknowledgements

We thank Prof. Tobias Spielmann and Prof. Nishith Gupta for their
comments on this manuscript, Dr. Sophie Alvarez and Dr. Michael Nal-
drett at the Proteomics and Metabolomics Facility, Center for Bio-
technology at the University of Nebraska-Lincoln for the proteomics
analysis, Dr. Kevin Titeca for his assistance with SFINX graphics, Dr. Wen-
Chao Wang at the Shanghai Profleader Biotech Co., Ltd for the untar-
geted metabolomics analysis, members in the EM facility lab at the
School of Life Sciences, Sun Yat-sen University, and the GuangZhou
Gene Denovo Biotechnology Company for the transcriptomic analysis,
Dr. Jianming Zeng (University of Macau) and members of his bioinfor-
matics team for sharing the biorstudio high performance computing

Nature Communications | (2023)14:977

20



Article

https://doi.org/10.1038/s41467-023-36571-4

cluster (https://biorstudio.cloud) at Biotrainee in our transcriptomics
analysis. We thank Prof. Vern Carruthers for the kind gift of
RHAku80Ahxgprt line, and Prof. Philippe Bastin for the BB2 hybridoma
line for generation of monoclonal antibodies against the epitope tag Ty.
This research was supported by the National Natural Science Foundation
of China (31873009 to S.L. and 31772445 to D.H.L.), the National Key
Research and Development Program of China (2021YFC2300802) and
the Fund for Shanxi “1331 Project” (20211331-13) to X.Q.Z., and the Uni-
versity Startup Package to S.L.

Author contributions

S.L. conceived the project. L.D.S., X.Q.Z., Z.R.L., Q.L. and G.H. provided
insightful discussions and constructive suggestions. W.W., H.D., S.L. and
X.T. designed and performed experiments. D.H.L. and J.Y. performed the
immuno-EM and TEM. K.H. analyzed the datasets of proteomics, tran-
scriptomics and metabolomics. S.L. supervised and interpreted the
experimental work. S.L. wrote the paper with editorial input from L.D.S.,
G.H., D.H.L., Z.R.L. and X.Q.Z. All authors critically reviewed and
approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36571-4.

Correspondence and requests for materials should be addressed to
Shaojun Long.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:977

2


https://biorstudio.cloud
https://doi.org/10.1038/s41467-023-36571-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Toxoplasma micropore mediates endocytosis for selective nutrient salvage from host cell compartments
	Results
	Discovery of proteins localized to the micropore in T. gondii
	Kelch13 mediates a key interacting complex at the micropore
	The micropore proteins are essential for parasite growth in�vitro
	The Kelch13 complex controls selective salvage of host materials
	The micropore proteins maintain fitness of extracellular parasites
	The micropore is associated with parasite metabolic pathways
	Micropore maximal activity requires the ceramide de novo synthesis pathway
	The Kelch13 complex is associated with the integrity of the micropore
	Kelch13 is essential for parasite virulence of Toxoplasma in mice

	Discussion
	Methods
	Parasite and host cell culture
	Animals
	Plasmid design and construction
	Generation of T. gondii lines
	Indirect immunofluorescence assay (IFA) staining
	Stochastic optical reconstruction microscopy (STORM) imaging
	Analysis of TurboID lines and purification of biotinylated proteins
	Mass-spectrometry and interactome analysis
	Bioinformatic analysis
	Antibody preparation
	Western blotting
	Plaque formation
	Parasite replication
	Parasite egress and invasion assays
	Generation of GFP-expressing HFF cells
	GFP uptake by T. gondii parasites
	Acquisition of fluorescent lipid reagents by intracellular parasites
	Fitness of extracellular parasites
	Immuno-staining for electron microscopy (Immuno-EM)
	Transmission electron microscopy (TEM) and electron tomography
	RNA-seq and analysis
	Weighted gene co-expression network analysis (WGNCA)
	Untargeted metabolomics by GCMS
	Untargeted metabolomics by LCMS
	Scanning electron microscopy (SEM)
	Parasite virulence in mice
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




