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Abstract

Many apicomplexan parasites harbor a non-photosynthetic plastid called the apicoplast,
which hosts important metabolic pathways like the methylerythritol 4-phosphate (MEP)
pathway that synthesizes isoprenoid precursors. Yet many details in apicoplast metabo-
lism are not well understood. In this study, we examined the physiological roles of four gly-
colytic enzymes in the apicoplast of Toxoplasma gondii. Many glycolytic enzymes in T.
gondiihave two or more isoforms. Endogenous tagging each of these enzymes found
that four of them were localized to the apicoplast, including pyruvate kinase2 (PYK2),
phosphoglycerate kinase 2 (PGK2), triosephosphate isomerase 2 (TPI2) and phospho-
glyceraldehyde dehydrogenase 2 (GAPDH2). The ATP generating enzymes PYK2 and
PGK2 were thought to be the main energy source of the apicoplast. Surprisingly, deleting
PYK2 and PGK2 individually or simultaneously did not cause major defects on parasite
growth or virulence. In contrast, TPI2 and GAPDH2 are critical for tachyzoite proliferation.
Conditional depletion of TPI2 caused significant reduction in the levels of MEP pathway
intermediates and led to parasite growth arrest. Reconstitution of another isoprenoid pre-
cursor synthesis pathway called the mevalonate pathway in the TPI2 depletion mutant
partially rescued its growth defects. Similarly, knocking down the GAPDH2 enzyme that
produces NADPH also reduced isoprenoid precursor synthesis through the MEP pathway
and inhibited parasite proliferation. In addition, it reduced de novo fatty acid synthesis in
the apicoplast. Together, these data suggest a model that the apicoplast dwelling TPI2
provides carbon source for the synthesis of isoprenoid precursor, whereas GAPDH2 sup-
plies reducing power for pathways like MEP, fatty acid synthesis and ferredoxin redox
system in T. gondii. As such, both enzymes are critical for parasite growth and serve as
potential targets for anti-toxoplasmic intervention designs. On the other hand, the
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Author summary

The apicoplast is a unique organelle in most apicomplexan parasites, a large group of uni-
cellular pathogens that infect humans and animals. It is essential for parasite growth as it
hosts important metabolic pathways and provides critical metabolites. By endogenous
gene tagging, here we found four glycolytic isoenzymes localized to the apicoplast of Toxo-
plasma gondii, including PYK2, PGK2, TPI2 and GAPDH2. Gene inactivation studies
demonstrated that the two ATP generating enzymes PYK2 and PGK2 were dispensable
for the growth of T. gondii, whereas TP12 and GAPDH2 were essential. Combined genetic
and metabolic analyses suggest that TPI2 generated glyceraldehyde-3-phosphate is critical
for the MEP pathway to synthesize isoprenoid precursors, which are essential for parasites
proliferation. On the other hand, GAPDH2 is probably a main source of reducing power
for metabolic enzymes involved in isoprenoid precursor and fatty acid synthesis in the
apicoplast. As such, both enzymes are required for optimal parasite growth.

Introduction

Toxoplasma gondii is an obligate intracellular pathogen belonging to the phylum Apicom-
plexan, which contains many parasitic organisms that are of great medical and veterinary con-
cerns, such as Plasmodium spp. that cause malaria and Cryptosporidium spp. that cause
diarrhea in humans and animals [1,2]. T. gondii is capable of infecting all nucleated cells and
proliferates rapidly as tachyzoites in host cells within a membrane bound structure called the
parasitophorous vacuole (PV). The nonfusogenic nature of the PV provides a safe environ-
ment for the parasites to replicate. On the other hand, the membrane surrounding it forms a
barrier for the parasites to obtain nutrients from host cells freely. As a result, T. gondii encodes
proteins like GRA17 and GRA23 to form pores on the PV membrane to allow entry of small
metabolites into the PV [3]. Although equipped with such nutrient scavenging machineries,
the parasites can not acquire all necessary metabolites from host cells. In fact, they have com-
plex metabolic capacities that allow the parasites to establish parasitism in diverse environ-
ments. Published work has demonstrated great metabolic plasticity of T. gondii tachyzoites,
being able to use glucose, glutamine and even lactate and amino acids as carbon sources [4-6].
Genome-scale metabolic modeling, along with CRISPR-Cas9 based genetic screen on all
known metabolic genes further illustrated the metabolic flexibility of this organism [7].
Glycolysis is an ancient metabolic pathway that is active in almost all cells. Although exten-
sively studied, the roles of glycolysis under different physiological and pathological conditions
are still not fully understood. T. gondii encodes a full set of glycolytic genes but we started to
appreciate their functions only recently. Inactivation of the first enzyme hexokinase (HK) only
modestly affected tachyzoite growth, but it drastically reduced mature cyst formation in vivo
[8]. Similar to the mutant lacking the major glucose transporter GT1 [5], the growth of Ahk
tachyzoites was supported by glutaminolysis, which not only supplied ATP through the TCA
cycle, but also provided glycolytic intermediates through phosphoenolpyruvate carboxykinase
(PEPCK) and gluconeogenesis [9]. Conditional depletion of fructose-1,6-bisphosphate aldol-
ase (ALD) did not cause significant growth or invasion defects in a limited time period [10].
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On the other hand, two glycolytic enzymes, the pyrophosphate-dependent phosphofructoki-
nase (PFK2) and the pyruvate kinase 1 (PYK1), were shown to be critical for tachyzoite growth
[11,12]. The former is thought to have a regulatory role to achieve balanced catabolism and
anabolism in the parasite, through the coupling of pyrophosphate (product of many anabolic
reactions) hydrolysis to glycolysis. PYK1 is the enzyme mainly responsible for pyruvate pro-
duction in the cytoplasm. Pyruvate is a key metabolite for central carbon metabolism and it is
involved in multiple metabolic pathways, such as fatty acids synthesis, TCA cycle and the
methylerythritol phosphate (MEP) pathway that synthesizes isoprenoid precursors [12]. In
addition, the gluconeogenic enzyme fructose 1,6-bisphosphatase 2 (FBPase2) was found to be
essential for parasite growth even in the presence of glucose [13]. FBPase2 depletion results in
global alteration of carbon metabolism, including catabolism like glycolysis and TCA cycle, as
well as anabolism like fatty acids, glycolipids, and amylopectin synthesis. It was proposed that
FBPase2 might mediate futile cycling between gluconeogenesis and glycolysis that allows the
parasites to rapidly adapt to changing environments. Altogether, these studies show that gly-
colysis is indeed critical for the lytic cycle of T. gondii tachyzoites, although certain steps are
dispensable due to carbon source flexibility.

One interesting aspect of the glycolytic pathway in T. gondii is that most glycolytic enzymes
have two or more isoforms. Those different isoforms have distinct expression patters during
the parasite’s life cycle, or have different subcellular localization or enzymatic properties [13].
A number of glycolytic isoenzymes display stage specific expression. Enolase 2 (ENO2) and
lactate dehydrogenase 1 (LDH1) are mainly produced in tachyzoites, whereas ENO1 and
LDH?2 proteins are predominantly expressed in bradyzoites during asexual growth [14]. The
physiological significance of such stage specific expression is not fully understood yet. Both
LDHI and LDH2 are dispensable for tachyzoite growth under standard culture conditions
with high levels of oxygen. However, LDH1 is critical for parasite propagation in vivo or under
hypoxia conditions. As such, mutant lacking LDH1 may be a good live attenuated vaccine can-
didate [15]. Besides expression patterns, some isoenzymes show different catalytic properties.
For example, while the above mentioned PFK2 is a pyrophosphate-dependent phosphofructo-
kinase, T. gondii also encodes a canonical ATP-dependent phosphofructokinase [11]. But
genetic studies found that it was not required for tachyzoite growth. In addition, Fleige et al.
reported the localization of three glycolytic enzymes into the apicoplast, including TPI2 (trio-
sephosphate isomerase 2), PGK2, and PYK2 [16]. Localization of glycolytic enzymes into the
apicoplast was also reported or predicted in other apicomplexan parasites, such as TPI and
PYK2 in Plasmodium spp [17-19]. The biological significance of many such enzymes in the
apicoplast has not been clearly defined. Existing studies on PYK2 in T. gondii and Plasmodium
spp indicate that its roles can be different in these two organisms, being essential in Plasmo-
dium spp but dispensable in T. gondii [12,19].

The apicoplast is a relict plastid found in many apicomplexan parasites that is homologous
to the chloroplasts of algae and plants [20]. It is derived from secondary endosymbiosis with a
cyanobacterial origin, but the photosynthetic activity is lost [20,21]. On the other hand, it
retains many hallmarks of its ancestry like a circular genome and homes a number of biosyn-
thetic pathways that are distinct from those in host cells. These include the MEP pathway that
uses pyruvate and 3-glyceraldehyde phosphate as substrates to produce isopentenyl diphos-
phate (IPP) and its isomer dimethylallyl diphosphate (DMAPP), two essential precursors for
the synthesis of all isoprenoids [22,23]. Human and animal hosts use a completely different
pathway called the mevalonate pathway that is in the cytoplasm to synthesize IPP and DMAPP
[24]. Because isoprenoids are essential for almost all cells due to their diverse roles from pro-
tein modification to structure maintenance, the MEP pathway is believed to be a great target
for anti-parasitic drug design [25,26]. Indeed, the antibiotic fosmidomycin that targets the
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DOXP reductoisomerase (DOXPRI, also called DXR or IspC) in the MEP pathway is an effec-
tive antimalaria drug [27,28]. Genetic ablation of DOXPRI and 4-hydroxy-3-methylbut-2-enyl
diphosphate (HMBPP) reductase (called IspH or LytB) in T. gondii also demonstrated the
essentiality of the MEP pathway [23]. The type II fatty acid synthesis pathway FASII is another
well studied metabolic pathway in the apicoplast. It is involved in the de novo synthesis of
long-chain fatty acids, mainly myristic acid and palmitic acid. Like the MEP pathway, mam-
malian hosts also do not have the FASII pathway. For a long time, FASII was also thought to
be a good drug target [29-32]. Nonetheless, gene deletion studies on FASII enzymes like Fabl,
FabD and FabZ demonstrated that this pathway is not essential for the growth of blood stage
Plasmodium spp or tachyzoite stage T. gondii [33-35]. In addition, T. gondii encodes an apico-
plast localized pyruvate dehydrogenase complex (PDH), which generates acetyl-CoA to fuel
FASII. Deleting any of the PDH subunits only modestly reduced parasite proliferation and did
not affect parasite virulence, further confirming the dispensability of FASII. This is explained
by parasite’s ability to salvage fatty acids from the environments [36]. The apicoplast also con-
tains other pathways like heme biosynthesis and iron-sulfur cluster biosynthesis, both of
which are critical for T. gondii growth [37,38]. Isoprenoid precursor synthesis through the
MEP pathway was thought to be the only essential role of the apicoplast in Plasmodium para-
sites, since IPP supplementation could rescue the growth of parasites devoid of apicoplasts
[39]. However, recently it was shown that in the absence of intact apicoplasts, the apicoplast
enzyme dephospho-CoA kinase (DPCK) involved in coenzyme A synthesis was found to local-
ize to vesicles. More importantly, DPCK was found to be essential even in MEP bypass lines
without apicoplasts, suggesting that the vesicles can host essential functions after apicoplast
disruption in blood-stage P. falciparum parasites [40].

The current model of metabolism in T. gondii apicoplast suggests that the apicoplast phos-
phate translocator (APT) imports glycolytic intermediates from the cytosol, which are then
further utilized by downstream glycolytic enzymes in the apicoplast [41]. However, the exact
biological significant of each of these apicoplast localized enzymes are not fully understood. In
this study, we analyzed the roles of four such enzymes in T. gondii. The results show that TPI2
and GAPDH2 are critical for parasite growth, whereas PGK2 and PYK?2 are not. With these
data, we have provided an improved model for metabolism in T. gondii apicoplast.

Results
Four glycolytic enzymes localized to the apicoplast of T. gondii

Through ectopic expression of epitope tagged genes, three glycolytic isoenzymes have been
shown to localize to the apicoplast of T. gondii tachyzoites [16]. To further check the subcellular
localization of glycolytic enzymes, each encoding gene was tagged with an smHA or Ty tag at the
endogenous locus and the corresponding transgenic line was examined by immunofluorescent
microscopy (Fig 1A). Of the 19 glycolytic enzymes predicted, 15 (except the two aldolases and
two enolases that have been well characterized [42-44]) were analyzed by this approach and 10
were found to localize to the parasite cytoplasm with co-localization with aldolase 1 (ALD) (Fig
1B). Four enzymes, including TPI2, GAPDH?2, PGK2 and PYK2, displayed clear apicoplast local-
ization, as evident by co-localization with the apicoplast marker CPN60 (Fig 1B). PYK2 also
showed weak localization outside the apicoplast, consistent with the mitochondrion and apico-
plast dual localization reported before [45]. Interestingly, we found three putative phosphoglycer-
ate mutases (PGMs) in the T. gondii genome, two of which (PGM1: TGME49_273030 and
PGM2: TGME49_297060) were described before [16]. Our endogenous gene tagging found that
both PGM1 and PGM2 were localized to the parasite cytosol (Fig 1B). The third potential PGM
enzyme PGM3 (TGME49_222910) was localized to the mitochondrion (Fig 1B). The sequence

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011009  November 30, 2022 4/28


https://doi.org/10.1371/journal.ppat.1011009

PLOS PATHOGENS Roles of apicoplast localized glycolytic isoenzymes in Toxoplasma

A CRISPR targeting site [P e e e e e e e e e
i
GOl locus of :
the Aku80 strain -I 3UTR //L[X]
Aku80
Homology HK
template -| smHA/Ty H DHFR }‘

recombination

[Sol\ A IsmRARyH pHFR H 3uTrR /- X

I
|
I
I
Homologous :
I
|
I

o ..
o . ,
PCC: 0.5686

Fig 1. Subcellular localization patterns of glycolytic isoenzymes in T. gondii tachyzoites. A, strategy for C terminal tagging of a gene of interest (GOI) with
an smHA or Ty tag at the endogenous locus, through CRISPR/Cas9 mediated site specific integration in the Aku80 strain. DHFR is the selection marker that
confers pyrimethamine resistance. B, Subcellular localization of selected glycolytic isoenzymes, determined by immunofluorescent staining of corresponding
tagged strains generated in A. ALD, HSP60 and CPN60 were used as cytosol, mitochondrion, and apicoplast specific markers, respectively. The degree of co-
localization between tagged proteins and organelle specific markers were quantified by Pearson’s correlation and expressed as Pearson correlation coefficient
(PCC).
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conservation among these three PGMs are very low and their enzymatic activities have not been
verified. As such, whether they are bona fide PGMs needs further confirmation. Nevertheless,
these results show that some glycolytic isoenzymes do localize to subcellular compartments other
than the cytosol, which is consistent with what was reported previously [16].

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011009  November 30, 2022 5/28


https://doi.org/10.1371/journal.ppat.1011009.g001
https://doi.org/10.1371/journal.ppat.1011009

PLOS PATHOGENS Roles of apicoplast localized glycolytic isoenzymes in Toxoplasma

The two energy generating enzymes in the apicoplast are dispensable for
parasite growth

PYK2 is localized to the apicoplast in both T. gondii and Plasmodium spp and was thought to
be the main source for ATP production in this organelle. PYK2 is indeed essential in P. falcipa-
rum and it was shown to be critical for the maintenance of the apicoplast by providing NTP
and ANTP, which contribute to apicoplast genome replication, transcription, and other bio-
synthetic activities [19]. Nonetheless, disruption of PYK2 (phenotype score derived from a
genome-wide CRISPR screen [46]: -2.76) in T. gondii did not affect tachyzoite growth, suggest-
ing additional energy sources in the T. gondii apicoplast [12]. The protein localization results
shown above suggest that PGK2 may be an alternative energy source in the apicoplast. Phos-
phoglycerokinases catalyze the conversion of 1,3-bisphosphoglycerate (1,3-PG) to 3-phospho-
glycerate (3-PG), along with ATP production. To check whether PGK2 contributes to energy
supply in the apicoplast, we first determined the enzymatic activity of PGK2 and compared it
to that of the cytosolic PGK1. Both enzymes were expressed in and purified from E. coli as
recombinant proteins (S1 Fig). Subsequently their enzymatic activity was determined by an
NADH coupled colorimetric assay under various 3-PG concentrations (assayed in the reverse
direction of the reaction catalyzed by PGK). The results show that both PGKs are active
enzymes, with the activity of PGK1 being slightly higher than that of PGK2 (Fig 2A).

To check the biological function of PGK2 during parasite growth, it was subjected to
gene deletion analyses. Using a CRISPR/CAS9 mediated homologous gene replacement
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Fig 2. PGK2 is dispensable for T. gondii growth. A, comparison of the enzymatic activities of T. gondii PGK1 and PGK2, assayed with recombinant enzymes under
different concentrations of 3-phosphoglycerate (3-PG). Means + SD of three independent experiments were plotted. B, schematic illustration of PGK2 deletion by
CRISPR/Cas9 directed homologous gene replacement with the selection marker DHFR. 5H and 3H denote the two homologous arms for recombination. PCR1/2/3 are
amplification products for PGK2 deletion mutant (Apgk2) identification. C, diagnostic PCR on a Apgk2 clone. D, Western blotting confirms the absence of PGK2
expression in the Apgk2 mutant. ALD was included as a loading control. E, comparison of the intracellular replication rates of the wildtype (WT) and the Apgk2
mutant, as determined by the distribution of the number (1, 2, 4, 8, >16) of Toxoplasma parasite per PV (Tg/PV). Means + SEM of three independent experiments,
each with three replicates. More than 120 PVs were analyzed for each strain in each experiment. F, plaque formation of WT and Apgk2 parasites on HFF monolayers
after 200 tachyzoites of each strain were used to infect HFF cells for 7 days. G, sizes of plaques derived from F, as expressed in pixel units when measured by Adobe
Photoshop. H, survival curves of mice infected with WT or Apgk2 parasites. Each strain was tested by 10 mice.

https://doi.org/10.1371/journal.ppat.1011009.9002
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strategy (Fig 2B), PGK2 was completely knocked out in the type 1 strain RH and replaced
by the pyrimethamine-resistant cassette DHFR (dihydrofolate reductase). Diagnostic PCRs
were performed to verify the replacement of PGK2 in Apgk2 mutants (Fig 2C). Western
blotting further confirmed the disruption of PGK2 as no specific product could be detected
in the mutant using a polyclonal antibody against the PGK2 protein (Fig 2D). Successful
deletion of PGK2 suggests that it is not essential for parasite growth or survival, which con-
trasts with the relatively low phenotype score (-3.58) of PGK2 derived from a genome-wide
loss of function screen [46]. Intracellular replication and plaque formation assays in vitro
further demonstrated that PGK2 is dispensable for the growth of tachyzoites, as the prolifer-
ation rates and plaquing efficiency of the Apgk2 mutant were indistinguishable from that of
the parental strain (Fig 2F and 2G). In addition, the virulence of the Apgk2 mutant in mice
is also similar to that of the wildtype strain (Fig 2H). Taken together, these results show that
although the apicoplast localized PGK2 is an active PGK, it is not the main source of energy
in T. gondii apicoplast.

Both PGK2 and PYK?2 are ATP-yielding enzymes in the apicoplast. As such, there might
be functional redundancy between these two genes. To test this possibility, we knocked out
PYK2 in the Apgk2 mutant to generate a double deletion mutant Apgk2-Apyk2 (Fig 3A).
Diagnostic PCRs confirmed the complete replacement of PYK2 by the chloramphenicol
resistant marker CAT in the double mutant (Fig 3B). Western blotting using antibodies
against PYK2 and PGK2 proteins further assured the loss of expression of these two pro-
teins in the double mutant (Fig 3C). When plaque assays were used to assess the overall fit-
ness of parasites, it was found that the Apgk2-Apyk2 mutant formed smaller plaques than
the wildtype strain RH (Fig 3D and 3E). Replication assays also reported a slightly reduced
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Fig 3. The Apgk2-Apyk2 mutant is viable in vitro and virulent in vivo. A, strategy for the construction of the Apgk2-Apyk2 mutant, which was generated by replacing
PYK2 in the Apgk2 mutant with the chloramphenicol resistant marker CAT. B, diagnostic PCR on one Apgk2-Apyk2 clone. C, Western blotting examining the
expression of PGK2 and PYK?2 in indicated strains, using antibodies against PGK2 and PYK2 respectively. ALD was included as a loading control. D, a 7-day
plaque assay comparing the overall growth of the Apgk2-Apyk2 mutant to that of WT parasites. E, relative sizes of plaques. Means + SEM of over 90 plaques, “**P <
0.001, student’s t-test. F, intracellular proliferation rates of the Apgk2-Apyk2 mutant vs the WT strain RH, as determined by replication assay described in Fig 2E. Means
+ SEM of three independent experiments, each with three replicates. ***P < 0.001, two-way ANOVA followed by Tukey’s multiple comparison tests. G, survival curves
of mice infected with indicated strains, each was tested by 10 mice.

https://doi.org/10.1371/journal.ppat.1011009.g003
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proliferation rate of the Apgk2-Apyk2 mutant (Fig 3F). However, when used to infect mice,
these two strains displayed very similar survival plots, indicating that simultaneous inacti-
vation of PGK2 and PYK2 had no influence on acute virulence of the parasites (Fig 3G).
These results imply that there are other ways to provide energy for the apicoplast besides
PYK2 and PGK2.

In contrast to the dispensability of PYK2, the cytosolic PYK1 (phenotype score: -4.52) was
shown to be crucial for tachyzoite growth [12]. To check whether the same situations happen
to the PGK enzymes, the cytosolic PGK1 was subjected to gene deletion studies. Direct dele-
tion using the same approach described in Figs 2B and 3A failed to generate a clonal line of
Apgkl, suggesting that it might have indispensable roles. To further check this possibility, an
inducible knockdown strain (iPGK1) was constructed to deplete PGK1 expression in the pres-
ence of anhydrotetracycline (ATc) (S2A Fig). In the iPGK1 strain, the endogenous promoter
of PGK1 was replaced by a tetracycline regulatable promoter (pS107) and the N terminal of
PGKI1 was fused with a Ty tag (S2A Fig). Diagnostic PCRs confirmed the correct promoter
replacement in iPGK1 and Western blotting demonstrated the depletion of PGK1 expression
to nondetectable level after 48 hours ATc treatment (S2B and S2C Fig). Subsequent phenotypic
analyses indicate PGK1 is indeed critical for optimal growth of tachyzoites. Shutdown of
PGKI expression significantly reduced plaque development in HFF monolayers (S2D and S2E
Fig) and suppressed parasite replication within host cells (S2F Fig). Interestingly, the decreased
replication observed in the PGK1 depletion mutant was probably caused by the accumulation
of toxic glycolytic intermediates after PGK1 inactivation, because without glucose in the cul-
ture medium the iPGK1 strain had similar replication rates with or without ATc treatment,
like that in the parental strain TATi (S2F Fig). These results suggest that while the apicoplast
localized PGK2 is dispensable, the cytosolic PGK1 is required for efficient utilization of glucose
to support robust tachyzoite propagation.

Both the cytosol and apicoplast localized triose-phosphate isomerases are
needed for the lytic cycle of tachyzoites

The dispensability of PYK2 and PGK2 promoted us to investigate the physiological roles of
other glycolytic isoenzymes in the apicoplast. First, we examined the functions of TPI2 (phe-
notype score: -4.22). TPI catalyzes the conversion of dihydroxyacetone phosphate (DHAP) to
glyceraldehyde 3-phosphate (GA3P). We attempted to knock out TPI2 directly but were
unable to obtain monoclonal gene deletion strains. Therefore, we speculated that TPI2 might
play an important role during T. gondii growth or survival. Alternatively, the DiCre-T2A con-
ditional gene deletion system was used to dissect the role of TPI2 [47]. For comparison, the
cytosolic TPI1 (phenotype score: -5.1) was also analyzed by the same genetic manipulation sys-
tem. The endogenous TPI gene was replaced by a floxed version of the same gene in the
DiCre-T2A strain (Fig 4A). Addition of rapamycin would reconstitute a functional Cre recom-
binase and induce the excision of floxed TPI gene, which was indicated by expression of YFP
that was brought to the pTub promoter after TPI excision (S3 Fig). Diagnostic PCRs con-
firmed the successful floxing of each TPI gene and subsequent Western blotting demonstrated
the depletion of TPI expression by rapamycin treatment (Fig 4B-4E). Reduced expression of
TPI2 was also confirmed by RT-PCR (reverse transcription-PCR), which demonstrated a
sharp decrease of TPI2 mRNA level after rapamycin treatment of the iTPI2 strain (S4 Fig).
Typically, gene excision by the DiCre-T2A system is quick and efficient after rapamycin treat-
ment. However, depleting both TPI1 and TPI2 took more than 4 days and the underlying rea-
son is currently unknown. Nonetheless, successful excision of TPI genes allows their
functional dissection. After 5 days rapamycin treatment, both the TPI1 and TPI2 conditional
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Fig 4. The cytosolic TPI1 and apicoplast TPI2 are both required for T. gondii growth. A, the DiCre system was used to conditionally knock out the TPI genes. A loxP
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to demonstrate the correct integration of corresponding constructs and rapamycin dependent depletion of TPI proteins. F, intracellular replication comparing the
proliferation rates of indicated strains in the presence and absence of rapamycin. Means + SEM of three independent experiments, each with three replicates. ***P <
0.001, two-way ANOVA followed by Tukey’s multiple comparison tests. G, plaque formation of indicated strains on HFF monolayers cultured with or without rapamycin.
H, relative sizes (expressed as pixel units) of plaques in G. Median with 95% confidence interval of more than 100 plaques, “**P < 0.001, student’s t-test. I. TPI2 is needed
for parasite growth both in vitro and in vivo. The iTPI2 strain was treated with rapamycin for three days to obtain TPI2" parasites (indicated by YFP"), which were then
mixed with non-treated iTPI2 parasites (which were TPI2* and YFP") at the ratio of 1:1. Then, the mixed culture was either used to infect mice (in vivo) or grown in HFF
monolayers (in vitro) and the ratio between YFP* (TPI2") and YFP™ (TPI2*) populations was determined by fluorescent microscopy at indicated time point. Means + SEM
of three independent experiments.

https://doi.org/10.1371/journal.ppat.1011009.9004

mutants (iTPI1 and iTPI2, respectively) displayed a dramatic reduction in intracellular replica-
tion, as compared to the corresponding strains without rapamycin treatment (Fig 4F). In addi-
tion, TPI1 and TPI2 depletion mutants were completely unable to form plaques in HFF
monolayers (Fig 4G and 4H). Together, these results show that both the cytosolic TPI1 and the
apicoplast localized TPI2 are required for tachyzoite growth in vitro. To check whether TPI2 is
also needed for parasite propagation in vivo, the iTPI2 strain was treated with rapamycin for
three days to obtain TPI2 knockout mutants, which were YFP™ (Fig 4A). Then the YFP™
mutants were 1:1 mixed with iTPI2 parasites that were not treated with rapamycin, which
were YFP™ and TPI2". The mixed culture was used to infect mice by intraperitoneal injection.
Then, the ratio between YFP" and YFP parasites extracted from peritoneal fluids was deter-
mined at different time points after infection. The results show that the YFP*/ TPI2
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population decreased rapidly two days after infection and was barely detectable 4 days post
infection (Fig 4I). As a control, the same parasite mix was also cultured in vitro to monitor the
change between the YFP" and YFP™ populations. Again, after 4 days of growth, the culture was
dominated by the YFP™ population. Therefore, TPI2 is required for tachyzoite proliferation
both in vitro and in vivo.

Inactivation of the apicoplast localized TPI2 leads to reduced isoprenoid
precursor synthesis through the MEP pathway

Next, we tried to understand the molecular basis underlying the poor growth of the TPI2 dele-
tion mutants. TPI catalyzes the conversion between DHAP and GA3P [48]. The latter is an
important carbon source and one of the initial substrates for the MEP pathway to synthesize
isoprenoid precursors. As such, we speculated that TPI2 deletion might lead to reduced GA3P
supply in the apicoplast and then decrease activity of the MEP pathway. To test this hypothesis,
the relative abundance of four metabolites in the MEP pathway was determined by LC-MS,
including 1-deoxy-D-xylulose-5-phosphate (DOXP), MEP, and IPP/DMAPP (which are iso-
meric to each other). The results showed that significant reduction of DOXP, MEP and IPP/
DMAPP levels was observed in the rapamycin treated iTPI2 parasites. The end products of the
MEP pathway, IPP/DMAPP, were reduced by almost 70% in the TPI2 depletion mutant, com-
pared to that in the TPI2 expressing parasites (Fig 5A, raw data in S3 Table). For comparison,
the abundance of these compounds was also examined in the TPI1 depletion mutant. In con-
trast to TPI2 depletion, mutants lacking TPI1 had increased levels of MEP pathway intermedi-
ates. The levels of MEP and DOXP increased threefold after rapamycin treatment to deplete
TPI1 (Fig 5B, raw data in S3 Table), which is likely due to increased DHAP transport into the
apicoplast to fuel the MEP pathway when TPI1 was absent in the cytosol to convert DHAP to
GA3P. Taken together, these results suggest that TPI2 is indeed critical for isoprenoid precur-
sor synthesis through the MEP pathway, which is essential for parasite growth.

To further confirm whether reduced synthesis of isoprenoid precursors IPP and DMAPP
were responsible for the growth defects of the TPI2 depletion mutant, we sought to determine
whether supply of IPP and DMAPP by other means would rescue its growth. While Plasmo-
dium parasites take up IPP efficiently from the medium and IPP supplementation can rescue
the growth of parasites devoid of the apicoplast organelle, T. gondii parasites do not seem to
import IPP effectively [49,50]. As such, adding IPP to culture medium would not be able to
rescue the growth of the TPI2 depletion mutant. Alternatively, we reconstituted part of the
mevalonate (MVA) pathway in the cytosol of the iTPI2 strain, following a similar design in the
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Fig 5. TPI2 depletion reduces isoprenoid precursors synthesis through the MEP pathway. Relative abundance of DOXP, MEP and IPP/DMAPP in the iTPI2 (A) and
iTPI1 (B) strains cultured in the presence (+rapa) or absence (-rapa) of rapamycin, as determined by mass spectrometry.

https://doi.org/10.1371/journal.ppat.1011009.9005
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mevalonate dependent apicoplast bypass line in P. falciparum [39]. The MV A pathway uses
totally different enzymes than the MEP pathway to synthesize isoprenoid precursors IPP and
DMAPP, using acetyl-CoA as substrates. In our design, the last four steps of the MVA pathway
that convert mevalonate to IPP/DMAPP was reconstituted in the iTPI2 strain. The four
enzymes (mevalonate kinase (MVK), phosphomevalonate kinase (PMK), mevalonate
5-diphosphate decarboxylase (MVD) and isopentenyl diphosphate isomerase (IDI)) were
expressed as a single fusion gene transcribed from the pTub promoter, each was separated by a
flexible linker (Fig 6A). Expression of the reconstituted MVA in the iTPI2compMVA strain
was confirmed by immunofluorescent staining, which showed expression of the HA tag that
was fused to the last enzyme in recombinant construct (Fig 6B). Without rapamycin to deplete
TPI2, mevalonate had little effect on the replication rates of the iTPI2compMVA strain. How-
ever, in the presence of rapamycin, mevalonate supplementation greatly improved parasite
replication (Fig 6C). Similarly, the plaque formation defects caused by TPI2 depletion was sig-
nificantly restored by mevalonate supplementation, although not to the level of full rescue (Fig
6D and 6E). Metabolic measurements also show that mevalonate supplementation increased
the cellular IPP/DMMAPP level by more than 40-fold in the TPI2 depletion mutants. But it
did not affect the abundance of DOXP or MEP (Fig 6F, raw data in S3 Table). These results
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Fig 6. Reconstitution of the MVA pathway significantly improves the growth of TPI2 depletion mutants. A, reconstitution of the MVA pathway into the UPRT locus
of the iTPI2 strain to generate the iTPI2compMVA line. Following a similar mevalonate bypass system established in P. falciparum, genes responsible for the last four
steps of the MVA pathway (MVK, PMK, MVD, IDI) were expressed from the pTub promoter as a single fusion gene but each enzyme was separated by a short linker. B,
IFA demonstrating the successful reconstitution of the MVA pathway in the cytosol of iTPI2compMV A, which was determined by probing the expression of HA that was
fused to the last enzyme in the polycistronic construct. ALD was used as a cytosolic marker. C, intracellular replication rates of the iTPI2compMVA strain cultured under
indicated conditions. Means + SEM of three independent experiments, each with three replicates. ***P < 0.001, two-way ANOVA followed by Tukey’s multiple
comparison tests. MEV, mevalonate. D, overall growth of the iTPI2compMVA strain grown under indicated conditions as determined by plaque assays. E, relative size
(pixel units) of plaques derived from D. F, relative abundance of DOXP, MEP and IPP/DMAPP in iTPI2compMV A parasites treated with rapamycin and cultured in the
presence or absence of MEV. The level of each metabolite in the absence of MEV was set as 1 and used to normalize that in the presence of MEV. Means + SD of three
independent experiments, ***P < 0.001, student’s t-test.

https://doi.org/10.1371/journal.ppat.1011009.9006
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suggest that reduced IPP/DMMAPP production is a major cause of the growth defects of TP12
depleted mutants. Nonetheless, the lack of full rescue of iTPI2compMV A by mevalonate
implies that TPI2 may be additional roles that are independent of the MEP pathway, which
deserves further investigation.

We also examined the impact of TPI2 depletion on de novo fatty acids in the parasites. To
do this, the iTPI2 strain pretreated with rapamycin was cultured in medium containing 8 mM
13Ce-glucose for 2 days. Then, fatty acids were extracted and the incorporation of *C into dif-
ferent fatty acid species was determined by LC-MS. The results show that, compared with the
parasite that did not receive rapamycin treatment, rapamycin treated parasites had very similar
distribution of "°C labeled fatty acids, including C14:0 and C16:0 that were mainly synthesized
in the apicoplast (S5 Fig). These results suggest that TPI2 depletion does not affect fatty acid
synthesis in the parasites.

GAPDH?2 is also required for apicoplast metabolism and parasite growth

GAPDH catalyzes the conversion of GA3P to 1,3-bisphosphoglycerate (1,3-PG), with the gen-
eration of reducing power in the form of NADH or NADPH. T. gondii encodes two GAPDHs
and sequence analyses on the key residues that determine NAD"* or NADP" cofactor selectivity
suggested that GAPDH1 was probably NAD™ specific and GAPDH2 could use both but likely
preferred NADP* [51]. GAPDH1 has been shown to be essential for tachyzoite growth in T.
gondii [52]. To investigate the role of GAPDH?2 (phenotype score: -4.4), it was subjected to
gene disruption studies. Direct deletion of GAPDH2 by CRISPR/Cas9 mediated homologous
gene replacement was not successful, suggesting that it might have critical roles for parasite
growth. Then, we used conditional gene regulation approaches to deplete its expression. Both
the DiCre-T2A [47] and the auxin inducible degradation (AID) systems [53] failed to regulate
GAPDH?2 expression. In the former case, rapamycin treatment did not induce excision of
floxed GAPDH2. Whereas in the latter, auxin treatment had little effect on the protein level of
GAPDH?2. Nonetheless, we managed to regulate GAPDH?2 expression through the TATi sys-
tem that used an ATc regulatable promoter pS107 to control its transcription (Fig 7A). Diag-
nostic PCRs confirmed the replacement of the GAPDH2 locus with a pS107 regulated
GAPDH?2 construct in the iGAPDH2 strain (Fig 7B). Western blotting also showed reduced
expression of GAPDH2 after ATc treatment. Nonetheless, even with 5 days ATc treatment,
residual amount of GAPDH2 was still detectable (about 10% of that without ATc treatment)
(Fig 7C). This is largely caused by the fact that ATc treatment failed to down regulate
GAPDH?2 expression in nearly 40% of the iGAPDH2 parasite population, because GAPDH2
could still be detected in these parasites by IFA (Fig 7D). These results are consistent with the
RT-PCR data, which showed roughly 50% reduction of GAPDH2 mRNA after ATc treatment
(54 Fig). We have subcloned the iGAPDH2 strain multiple times to obtain clonal lines, but
each time there were certain fraction of the parasites that still contained visible levels of
GAPDH2 after ATc treatment. The underlying reason for such incomplete regulation is cur-
rently unknown.

Although not perfect, the iGAPDH2 strain offered an opportunity to assess the physiologi-
cal role of GAPDH2 during parasite growth. First, an intracellular replication assay was used
to estimate the role of GAPDH?2 during parasite proliferation. The results showed that ATc
treatment significantly reduced the replication rates of iGAPDH2 parasites (Fig 7E). It is
worth noting that in this experiment, only the parasites that did not express detectable
GAPDH2 (the ones lacking detectable Ty staining signal when the parasites were stained with
anti-ALD and anti-Ty antibodies) were included for analysis for the ““GAPDH2 + ATc”
group, given the uneven depletion issue described above. Similarly, plaque assays indicated
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Fig 7. Depletion of GAPDH2 leads to impaired parasite growth. A, strategy used to construct the iGAPDH2 strain, which contained an anhydrotetracycline (ATc)
regulatable promoter pS107 to regulate the expression of GAPDH2. The endogenous GAPDH?2 gene was replaced with a construct that contained Ty tagged GAPDH2
expressed from pS107 and the selection marker DHFR. B, diagnostic PCR on an iGAPDH2 clone. C, Western blotting demonstrating the reduction of GAPDH2
expression after ATc treatment, as probed by a Ty antibody. D, IFA checking the expression of GAPDH?2 in the presence or absence of ATc. Note that after five days ATc
treatment, about 40% of parasites still expressed GAPDH2 (as determined by visible Ty staining signal in IFA), although the expression level might not be as high as that in
parasites without ATc treatment. E, intracellular replication assay comparing the proliferation rates of iGAPDH2 in the presence or absence of ATc treatment. ***P <
0.001, two-way ANOV A followed by Tukey’s multiple comparison tests. F, plaque assay estimating the overall growth of indicated strains grown with or without ATc.
G-H, relative sizes (G) and numbers (H) of plaques derived from F. Median with 95% confidence interval of more than 100 plaques (G), Means + SD of three replicates
(H), ***P < 0.001, student’s t-test.

https://doi.org/10.1371/journal.ppat.1011009.9007

that GAPDH2 suppression significantly reduced plaquing efficiency of the parasites, produc-
ing less and smaller plaques (Fig 7F-7H). These results demonstrate that GAPDH2 is critical
for the growth of T. gondii tachyzoites in vitro.

To further understand the molecular basis underlying the reduced fitness of the
GAPDH2 depletion mutants, we examined its impact on apicoplast metabolism. Since
GAPDH2 is likely to be involved in reducing power production in the apicoplast, we
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examined two pathways that need reducing power, the MEP pathway, and the FASII path-
way. ATc treatment to suppress GAPDH2 reduced MEP level by 50% and the IPP/DMAPP
level by almost 80%. But it did not affect the abundance of DOXP (Fig 8A, raw data in S3
Table). These results are consistent with the role of GAPDH2 in reducing power produc-
tion, since DOXP production is the first step of the MEP pathway and it does not require
reducing power, whereas the second step that produces MEP, as well as the last two steps
that generate IPP/DMAPP need NADPH as reducing power. To assess the role of GAPDH2
in FASII, "*C4-glucose was used to label intracellular iGAPDH?2 parasites that were treated
with or without ATc. Then, the incorporation of °C into fatty acids was determined by
LC-MS. In contrast to TPI2 depletion, GAPDH?2 suppression reduced the incorporation of
3C into diverse fatty acid species (Fig 8B), including saturated and unsaturated fatty acids.
Specifically, GAPDH2 suppression led to roughly 40% reduction of '>C incorporation into
C14:0 and C16:10, two main products of the FASII pathway in the apicoplast. A detailed
look at the isotopologue distribution in C14:0 and C16:10 further confirmed the reduced
>C incorporation into these two fatty acid species, particularly the isotopologues with 10 or
more >C atoms. Taken together, these data demonstrate that GAPDH2 is needed for opti-
mal activities of the MEP and the FASII pathways in T. gondii apicoplast, likely by providing
reducing power in the form of NADPH.

Discussion

Apicoplast is an essential organelle with key metabolic functions in most apicomplexan para-
sites [12,36,54,55]. But how exactly the metabolic network in functioning and the physiological
significances of each enzyme or pathway are not well understood. In this study, confirmed the
localization of four glycolytic isoenzymes in the apicoplast of T. gondii. Subsequent genetic
and biochemical studies revealed that TPI2 and GAPDH?2 were essential for T. gondii growth,
whereas PYK2 and PGK2 were dispensable. Taken together, our results point to a refined
model for metabolism in T. gondii apicoplast (Fig 9). The glycolytic intermediates DHAP and
GA3P generated in the cytosol can both be imported to the apicoplast by the apicoplast phos-
phate translocator (APT) [41]. Because cytosolic GA3P may be quickly used by glycolysis in
the cytosol, DHAP may be the main triose-phosphate imported to the apicoplast. From there,
the apicoplast localized TPI2 converts DHAP to GA3P, which serves as a key carbon source
for the MEP pathway [22]. As a result, TPI2 depletion led to reduced MEP activity and
decreased levels of IPP/DMAPP. Reconstitution of the MV A pathway in the TPI2 depletion
mutants restored IPP/DMAPP production and significantly rescued its growth defects. In
addition to being used as a carbon source for the MEP pathway, GA3P is also used by
GAPDH2 in the apicoplast to produce 1,3-PG and NADPH. The NADPH generated by
GAPDH2 is predicted to be a key source of reducing power for a number of metabolic reac-
tions in the apicoplast [56]. Meanwhile, NADPH can also donate electrons, via the ferredoxin-
NADP" reductase (FNR)—ferredoxin redox system, to electron requiring enzymes [57]. In T.
gondii apicoplast, the LipA protein involved in lipoate synthesis and the IspG and IspH
involved in the MEP pathway, all require electrons for activity [56]. As such, GAPDH2 deple-
tion resulted in reduced NADPH generation in the apicoplast, leading to decreased MEP and
FASII activity. Our updated model also predicts the presence of a pyruvate transporter in api-
coplast membranes, because PYK2 is the only known reaction that generates the essential
metabolite pyruvate in the apicoplast but its deletion did not have a noticeable impact on para-
site growth [12]. In addition, the tolerance to simultaneous deletion of PYK2 and PGK2 sug-
gests that there are probably other pathways for energy supply in T. gondii apicoplast, which
deserve further investigation.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011009  November 30, 2022 14/28


https://doi.org/10.1371/journal.ppat.1011009

PLOS PATHOGENS

Roles of apicoplast localized glycolytic isoenzymes in Toxoplasma

A ns
8 1.5
c *kk Kkkk
[
2
3109 =1 iGAPDH2 -ATc
i = iGAPDH2 +ATc
2 0.5 i
©
[0]
o
ool L , I
DOXP MEP  IPP/DMAPP
B : Il iGAPDH2 -ATc
0.8 — - | e [ iGAPDH2 +ATc
9 : |
S 06 |
3 * |
[&]
£ 0.4 — I * *
e
S I
=
2 I
i ] 1 I ] I | I []

C 08=] _*

o C14:0 Isotopologue
S T polog
S 06—

{ ey

©

e}

5

3 04

o

©

{ ==}

S 02

8]

i

L

ool L™ = -TIfI_.I_-II""‘liI i iT._illl— i%
M’IO

M11 M12 M14

o

L
|
I_|

C16:0 Isotopologue

0.6 —

0.4

022 * =

Fractional abundance (%

* * Kk il Kk

| | I I | I I I | I

MO M2 M3 M4 M5 M6 M7 M8 M9 M10 MMM M12 M13 M14 M15 M16

Fig 8. GAPDH?2 is needed for the synthesis of isoprenoid precursors and fatty acids. A, relative levels of DOXP, MEP and IPP/DMAPP in iGAPDH2
parasites treated with or without AT, as determined by mass spectrometry. Means + SD of three independent experiments, ***P < 0.001, student’s t-test. B,
reduced fatty acids synthesis in the GAPDH2 depletion mutants. The iGAPDH2 parasites were pretreated with or without ATc for 3 days. Then the parasites
were cultured under the same pretreatment conditions for another two days in medium containing 8 mM '*Cg-glucose. Subsequently, fatty acids were extracted
and analyzed by LC/MS. For each fatty acid species, the *C labeled fraction (as % of the total) was plotted. C-D, *C inclusion in each isotopologue of myristic
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acid (C14:0) and palmitic acid (C16:0). MO ~M16 denote the number of carbon atoms that were '>C labeled. Means + SD of three independent experiments, * P
< 0.05,"*P < 0.01, ***P < 0.001, student’s t-test.

https://doi.org/10.1371/journal.ppat.1011009.9008

Although the apicoplast has important metabolic functions in both T. gondii and Plasmo-
dium parasites, fundamental differences also exist in apicoplast metabolism between these two
parasites. Related to the work in this study, Plasmodium parasites only have two glycolytic
enzymes localized to the apicoplast, namely TPI and PYK2 [17,18]. Nonetheless, just opposite
to the cases in T. gondii, TPI seems to be dispensable in blood stage P. falciparum, whereas
PYK?2 is essential. Using the apicoplast bypass line PfMev that expresses the four enzymes
from the MAV pathway that convert mevalonate into isoprenoid precursors (similar to our
iTPI1compMVA strain) [39], TPI and PYK2 were successfully deleted, respectively. Later it
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Fig 9. A model for the functions of glycolytic enzymes in T. gondii apicoplast. The apicoplast phosphate translocator (APT) imports a number of glycolytic
intermediates into the apicoplast, including DHAP, GA3P and PEP. TPI2 catalyzes the interconversion of DHAP and GA3P, providing carbon source (GA3P) for the
MEP pathway. The other substrate for the MEP pathway, pyruvate, may be acquired by multiple routes, through the conversion of PEP catalyzed by PYK2 and the
direct import from cytosol by an unknown transporter. Dispensability of PYK2 suggests that direct import is probably the main source for pyruvate in the apicoplast.
In addition, the lack of a strong growth defect of the Apyk2-Apgk2 mutant indicates additional source of energy to power apicoplast metabolism. GAPDH2 catalyzes
the conversion of GA3P to 1,3-PG, along with the generation of reducing power in the form of NADPH, which is needed in the MEP pathway (by DOXPRI) and the
FASII pathway (by FabG). In addition, NADPH may be a critical donor for electrons, via ferredoxin-NADP" reductase (FNR), to electron requiring enzymes like lipA

during lipoate synthesis and IspG in the MEP pathway. The “?” mark denotes an unknown transporter that imports pyruvate from the cytosol.

https://doi.org/10.1371/journal.ppat.1011009.9009
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was found that the growth of PIMev/Apyk2 was dependent on mevalonate supplementation,
but that of PIMev/Atpi was not, under conditions that induced apicoplast loss. These data sug-
gest that the apicoplast localized TPI is neither required for apicoplast maintenance nor for the
MEP pathway in P. falciparum [39]. PYK2, on the other hand, is able to convert all NDPs and
dNDPs to corresponding NTPs and dNTPs without strong specificity [19]. As such, it provides
these nucleotide triphosphates for the apicoplast to replicate and transcribe its genome, as well
as to support other metabolic activities. Therefore, it is essential for apicoplast maintenance
and parasite survival. In T. gondii, TPI2 is essential but PYK2 is not. T. gondii PYK2 seems to
have a strong preference for GDP over ADP as the substrate [45]. Nonetheless, dispensability
of PYK?2 suggests that whatever nucleotides it generates, there are probably additional ways to
provide them. In terms of the source of NTPs and dNTPs for apicoplast genome replication
and transcription in T. gondii. There is no apparent source yet based on the currently known
proteins in the apicoplast organelle. It is possible that they are imported into the apicoplast by
transporter(s), as nucleotide transporters are widely present in chloroplasts [58]. Further
investigations are needed to check this possibility.

While TPI2 is needed for optimal activity of the MEP pathway, likely by providing the key
substrate GA3P, it is not required for the FASII pathway. TPI2 depletion did not affect the
fatty acid synthesis activities in the parasites. This is somewhat surprising, particularly when
inactivation of the downstream enzyme GAPDH2 did reduce FASII activity. Since GA3P is
also the substrate for GAPDH2, reduced GA3P supply after TPI2 depletion would have also
caused reduced flux through GAPDH2, leading to decreased supply of reducing power and
reduced MEP/FASII activity. There are a couple of possibilities to explain this observation.
First, GAPDH2 may have a higher affinity for GA3P than DOXP synthase, which catalyzes the
first step in the MEP pathway. In the absence of TPI2, limited amount of GA3P can be
imported into the apicoplast by APT. Higher affinity of GAPDH2 for GA3P makes the supply
of GA3P for the GAPDH2 pathway less affected than for the MEP pathway. As such, depletion
of TPI2 only reduced the activity of the MEP pathway but not the FASII. The second possibil-
ity is that the production of GA3P may not be the only important role of TPI2 in the apico-
plast. One observation that supports this is that although MV A reconstitution drastically
increased the abundance of IPP/DMAPDP, it did not fully rescue the growth defects of the TPI2
depletion mutant. Although there may be other possibilities, like the ratio between IPP and
DMAPP generated by the reconstituted MV A pathway did not satisfy the needs of T. gondii,
the lack of full rescue certainly points to a possibility that reduced MEP activity may not be the
sole defect of the TPI2 depletion mutant. The additional roles of TPI2, if any, needs further
investigation.

The source of reducing power in the apicoplast is long debating. It is clear that many meta-
bolic pathways, including MEP, FASII, and the ferredoxin redox system [22,59,60], all need
reducing power for proper function. Yet the source has not been fully defined in any of the api-
complexan parasites. Reducing power in the forms of both NADH and NADPH is needed in
the apicoplast. NADH can be produced by the apicoplast localized pyruvate dehydrogenase
complex (PDH). Yet, PDH is dispensable in tachyzoites and blood stage Plasmodium spp
[36,61]. Perhaps FASII is the main metabolic pathway that needs NADH, so that the growth
defects of the T. gondii mutants lacking PDH could be largely rescued by the supply of exoge-
nous fatty acids. Alternatively, there may be other sources of apicoplast NADH like import
from the cytosol. The source of NADPH is more puzzling. We show here that GAPDH2 is
probably a major source for NADPH in T. gondii apicoplast. Canonical cytosolic GAPDH
enzymes use NAD™ as a cofactor to produce NADH. Chroloplast GAPDH enzymes can use
both NAD" and NADP™ [51,62]. Sequence analyses and biochemical studies have revealed
some of the key residues that determine the substrate specificity. According to those findings,
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T. gondii GAPDH?2 is highly likely to use both NAD" and NADP™, thus being able to generate
NADPH [51,62]. Nonetheless, experimental evidence to confirm its NADPH generating activ-
ity is needed in the future. In addition to GAPDH2, an apicoplast localized NADP"-dependent
isocitrate dehydrogenase (IDH) (TGME49_266760) may also provide NADPH for T. gondii
apicoplast [63]. The physiological significance of this IDH has not been examined, but the phe-
notype score (0.35) calculated from a genome-wide genetic screen suggests that it is likely dis-
pensable. Interestingly, P. falciparum does not have apicoplast localized GAPDH or IDH
enzymes, although mutations in the cytosolic GAPDH were recently shown to confer resis-
tance to fosmidomycin, a potent inhibitor of the MEP pathway and antimalaria drug. Those
GAPDH mutants were still catalytically active but had altered enzymatic cooperativity that
could relieve the metabolic imbalance caused by fosmidomycin, likely by changing the sub-
strate availability and increasing glycolytic substrates to the MEP pathway [64]. In seeking of
NADPH in Plasmodium spp., an NAD(P)" transhydrogenase (NTH) that can catalyze the
interconversion between NADPH and NADH was recently described in P. berghei. It was
localized to the crystalloids of oocysts and the apicoplast of sporozoites. Genetic studies
showed that NTH was required for optimal sporozoite development and transmission to verte-
brate hosts. Nonetheless, the Anth mutants had normal asexual growth at the blood stage and
gametocyte development in mice [56,65]. As such, how NADPH is provided in blood stage
parasites is still an open question and import from the cytosol is another possibility.

Materials and methods
Ethics statement

All mice used in this study were purchased from the Center of Disease Control and Prevention
in Hubei Province and maintained under standard conditions according to the regulations
specified by Administration of Affairs Concerning Experimental Animals. All animal experi-
ments were approved by the ethical committee of Huazhong Agricultural University (permit
no. HZAUMO-2022-0090).

Parasites strains and experimental animals

The RH Ahxgprt (RH), TATi [66], DiCre-T2A [47] and RH Aku80 strains were used to con-
struct genetically modified strains. All parasite strains were maintained in human foreskin
fibroblast (HFF) cells (purchased from ATCC, USA), which were cultured in DMEM medium
(Life Technologies, USA) containing 2% fetal bovine serum and 1% penicillin—streptomycin
(Life Technologies, USA). Anhydrotetracycline (ATc) (Takara Bio USA, Inc., USA) at final
concentration of 1 pg/mL was used to suppress the expression of pS107 regulated genes. Final
concentration of 50 nM rapamycin (Aladdin, China) was used to induce excision of target
genes engineered in the DiCre-T2A system. 10 mM mevalonate was used to induce IPP/
DMAPP synthesis via the MV A pathway in the iTPI2compMVA strain. Seven-week-old
female ICR mice were used for virulence tests of T. gondii strains. Nine-week-old Kunming
mice were used to produce polyclonal antibodies against PGK2.

Construction of plasmids

All plasmids used in this study and brief description of their construction methods are listed in
S1 Table. All primers used are listed in S2 Table. Site specific CRISPR plasmids were constructed
by replacing the UPRT targeting guide RNA (gRNA) in pSAG1-Cas9-sgUPRT with correspond-
ing gRNAs by site-directed mutagenesis, as described previously [67]. In cases (for the construc-
tion of iTPI1, iTPI2 and iGAPDH2) where dual gRNA in one CRISPR plasmid was used, two
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single gRNA CRISPR plasmids were constructed first. Then, the pU6-gRNA2 fragment from
PSAG1-Cas9-U6: gRNA2-sgTPI was amplified and cloned into KpnI and Xhol digested
PSAG1-Cas9-U6: gRNA1-sgTPIL All homology template plasmids used for targeted gene editing
were constructed by multi-fragment ligation using the ClonExpress One Step Cloning Kit
(Vazyme Biotech, Co. Ltd., China). Detailed information on what fragments each plasmid con-
tained and how they were obtained is provided in S1 Table. To construct the plasmid for MVA
pathway reconstitution, the codon optimized synthetic sequences coding the four genes of the
MV A pathway was cloned into the vector pG265-pTub-UPRT that delivering the MV A genes to
the UPRT locus of the parasites. The plasmid pET-28a-PGK2-truncation which expressed a
PGK2 derived polypeptide was constructed by cloning the corresponding PGK2 fragment (from
AA 100 to 307) amplified from RH cDNA into the pET-28a vector, through a one-step cloning
kit (Vazyme Biotech, China). The plasmids pET-28a-2HIS-SUMO-PGK1 and pET-28a-2HIS--
SUMO-PGK?2 were constructed in similar ways, by cloning the coding sequences of PGK1 or
PGK2 amplified from cDNA of RH into pET-28a-2HIS-SUMO respectively.

Construction of genetically modified T. gondii strains

To tag endogenous glycolytic genes with smHA or Ty, each tagging construct (containing
short homologous arms for the target locus, the epitope tag and DHFR selection cassette) was
amplified from pPUC19-Ty-3’UTR-DHER [68] or pSL24m-Linker-smFP-DHFR-LoxP-T7 (a
gift from Dr. Shaojun Long, China Agricultural University) (primers listed in S2 Table) and
co-transfected into RH Aku80 tachyzoites with the corresponding CRISPR plasmid. Subse-
quently, transfectants were selected with 1 uM pyrimethamine for 10 days and then examined
by immunofluorescent assays (IFA).

To construct the PGK2 knockout line Apgk2 and the double deletion strain Apgk2-Apyk2,
the DHFR and CAT containing homologous gene replacement constructs were electroporated
into RH and Apyk?2 strains respectively, along with the PGK2 targeting CRISPR plasmid. Sub-
sequently the cultures were selected with 1 uM pyrimethamine or 30 uM chloramphenicol, sin-
gle cloned by limiting dilution and examined by diagnostic PCRs to identify the correct clonal
mutants.

The iGAPDH2 strain was constructed by deleting the entire endogenous GAPDH2 locus
and replacing it with a Ty tagged GAPDH2 driven by an ATc regulatable promoter pS107,
along with the pyrimethamine resistant marker DHFR (Fig 7A). The homology template and
the double gRNA containing CRISPR plasmid were electroporated into purified tachyzoites of
the TATi line and selected with 1 pM pyrimethamine. Single clones were obtained and
screened as above. The iPGK1 line was constructed in a similar way, but a single gRNA con-
taining CRISPR plasmid targeting the 5’ end of PGK1 was used. The iTPI1 and iTPI2 strains
were constructed by co-transfecting the corresponding floxing constructs with the CRISPR
plasmids (each contained two gRNAs) into the DiCre-T2A strain and selected 1 uM pyrimeth-
amine. The detailed design was illustrated in Fig 4A. The iTPI2compMV A strain was con-
structed by inserting the fragment expressing four MVA genes (MVK, PMK, MVD, IDI) into
the UPRT locus of the iTPI2 strain. The MV A gene containing fragment was transfected into
iTPI2 tachyzoites along with a UPRT targeting CRISPR plasmid. Transfectants were selected
with 10 pM 5-fluorodeoxyuridine and single clones obtained were examined by diagnostic
PCR and IFA before further use.

Immunofluorescent assays (IFAs)

IFAs were performed following previously described protocols [12]. The primary antibodies
used in this research are as follows: mouse anti-Ty monoclonal antibody (provided by Dr.
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David Sibley at Washington University School of Medicine), HA monoclonal antibody (Medi-
cal & biological laboratories Co., Ltd, Japan), rabbit anti-ALD (provided by Dr. David Sibley at
Washington University School of Medicine), rabbit anti-CPN60 (provided by Dr. Honglin Jia
at Harbin Veterinary Research Institute in China), mouse anti-HSP60, mouse anti-PGK2
(generated in this study using AA 100-307 of recombinant T. gondii PGK2 as antigen) and
mouse anti-PYK2 [69]. Alexa-594 and -488 conjugated secondary antibodies (Life Technolo-
gies, USA) were used to detect primary antibodies. Fluorescent images were acquired by the
BX53 fluorescence microscope (Olympus life Science, Japan) equipped with an Axiocam 503
monochrome camera (Carl Zeiss Inc., Germany), and slightly adjusted in the ZEN software
(Carl Zeiss Inc., Germany) for optimal contrast and brightness. To examine the colocalization
of smHA or Ty tagged glycolytic enzymes with cytosol (ALD) ([10]), mitochondrion (HSP60)
([70]) or apicoplast (CPN60) ([71]) specific markers, fluorescent images were acquired with
auto-exposure time and analyzed by Pearson’s correlation tests to assess the degree of colocali-
zation. Briefly, the images merged by ZEN were imported into the Fiji software and the region
containing the PV was selected. Then, the signals from the green and the red channels in
selected area were subjected to Pearson’s correlation analysis using the colocalization finder
plugin and the Pearson correlation coefficients (PCCs) were calculated.

Western blotting

Freshly egressed parasites (1x10” per sample) were purified by filtration to remove host cell
debris, resuspended in 40 pl RIPA lysis buffer (Beyotime, China) and sonicated for 30 min in a
water bath sonicator. Then, 10 ul DTT and 50 pl 2xSDS buffer were added to each sample and
boiled for 10 min. Protein samples (10 pl each) were separated on SDS-PAGE gels and trans-
ferred to nitrocellulose membranes. Subsequently, the membranes were probed with indicated
primary antibodies. Two different strategies were used to detect primary antibodies. For
chemiluminescent detection, HRP-conjugated sheep anti-rabbit or sheep anti-mouse IgG
(Epizyme, China) secondary antibodies (at the dilution of 1:2000) were used and the blots
were developed by a BeyoECL Moon kit (Beyotime, China). For fluorescent detection, IRDye
800CW sheep anti-mouse IgG and IRDye 680RD sheep anti-rabbit IgG (LI-COR bioscience,
USA) secondary antibodies (at the dilution of 1:5000) were used. The blots were scanned by a
Tanon 5200 chemiluminescence imager (Tanon, China) and a Typhoon5 laser-scanner (GE
Healthcare, USA).

Protein purification and enzymatic assays

The plasmids that allowed the expression of PGK1 (pET-28a-2HIS-SUMO-PGK1) and PGK2
(pET-28a-2HIS-SUMO-PGK2) were individually transformed into BL21(DE3) competent
cells, and the expression of recombinant proteins was induced with 1 mM IPTG at 37°C. Sub-
sequently, bacterial cells were lysed in a French press and recombinant proteins were purified
using the BeyoGold His-tag Purification Resin (Beyotime, China), following the instructions
from the manufacturer. The concentrations of purified protein were determined by
SDS-PAGE with different concentrations of bovine serum albumin as standards. Then, the
enzymatic activity of purified proteins was tested using a colorimetric PGK activity assay kit
(Bioisco, China). The reactions were performed in 100 pl assay buffer containing 5 pg/ml pro-
tein (the enzyme concentration was optimized by trial experiments to allow linear measure-
ments within the first 2 minutes of the reactions) and different concentrations of 3-GP (0, 60,
120, 180, 240, 360, 480, 600, 720, 840 or 960 uM). The OD34 of the reaction samples was mon-
itored for 2 min and the slopes of the OD3,4, curves were used to calculate the PGK activity
using the following equation: PGK activity (nmol/min/mg protein) = AOD349-(eXd) XViotal
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+ (Cpr x Vol sample) =T, & = 6.22x10° L/mol/cm, d = 0.2 cm, Cpr: 5 ng/ml, Vigea = 100 pl,
Vol sample = 10 pl, T = 2 min (within this time period, the slopes of the OD34, curves
remained constant). Each enzyme was tested three times independently.

Parasite growth assays

Plaque assays that estimate the overall growth of parasites in vitro under indicated conditions
were performed as previously described [12]. Intracellular replication assays that assess the
proliferation rates of parasites were also done following previously established protocols [72].
For the iTPI1, iTPI2 and iGAPDH?2 strains, parasites were pretreated with rapamycin (iTPI1
and iTPI2) or ATc (IGAPDH?2) for five days before assessed by intracellular replication assays.
To examine the replication of the GAPDH2 depleted parasites, the iGAPDH?2 strain was pre-
treated with or without ATc for 5 days and then used to infect HFF monolayers. Invaded para-
sites were allowed to replicate for 24 hours under the corresponding pretreatment conditions.
Then the samples were fixed and stained with both anti-TgALD and anti-Ty antibodies. To
determine the replication rate of the ATc treated parasites (the + ATc group), only parasites
that were TgALD™ and Ty were included for analysis. For both plaque and replication assays,
each strain and condition were repeated at least three times independently, each with three
replicates.

To examine the proliferation of TPI2 depleted parasites in mice, the DiCre-TPI2 strains
were first treated with rapamycin for 3 days to obtain YFP" (TPI2") parasites. Then the YFP"
parasites were mixed with DiCre-TPI2 parasites that did not receive rapamycin treatment
(YFP" TPI2*) at 1:1 ratio and used to infect ICR mice through intraperitoneal injection (10°
parasites per mouse, 12 mice were used). Then, the percentages of YFP" and YFP populations
in parasites collected from mouse intraperitoneal fluids were determined by microscopy 2-, 3-,
and 4-days post infection. The mixed parasites (10° parasites at 1:1 ratio) were also used to
infect HFF cells in vitro to serve as a parallel reference and changes in the YFP" and YFP™ pop-
ulations were monitored similarly.

Virulence tests in mice

Freshly egressed parasites were purified and counted, and then injected into 7-week-old female
ICR mice (100 parasites per mouse and 10 mice per strain) intraperitoneally. Subsequently, the
symptoms of infection and survival of infected mice were monitored daily. Mice were eutha-
nized once signs suggestive of irreversible death were observed. Cumulative mortality was
graphed as Kaplan-Meier survival plots and analyzed in Prism 8 (GraphPad Software Inc.,
USA).

Metabolomic analysis

To compare the relative abundance of DOXP, MEP and IPP/DMAPP in different strains,
intracellular tachyzoites of indicated strains were released from host cells by syringe passage,
washed with PBS and resuspended (6x107 parasites) with 500 pl of chloroform, methanol, and
acetonitrile (2:1:1, v/v/v) [73]. The resulting mixture was subjected to ultrasonication (6 cycles
of 10 min, each with 1 min interval). Then 500 pl of ddH,0O was added and centrifuged at
16000 g for 30 min at 4°C after sufficient shaking. The upper aqueous phase was lyophilized in
an ultra-low temperature vacuum and then resuspended in 50 ul ddH,O. The extracted metab-
olites were then analyzed by LC-MS/MS with a 6500 plus QTrap mass spectrometer (AB
SCIEX, USA) coupled with ACQUITY UPLC H-Class system (Waters, USA). Chro-
matographic separation was achieved using an ACQUITY UPLC BEH Amide column
(2.1x100 mm,1.7 um; Waters). Mobile phase A contained HPLC-grade H,O-ACN (10/90, v/v)
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with 10 mM ammonium bicarbonate, and mobile phase B was H,O-ACN (50/50, v/v) with 10
mM ammonium bicarbonate. Gradient elution was performed at a flow rate of 0.35 mL/min.
The gradient condition was initialized at 15% B held for 2 min, then increased to 95% B for 10
min, and finally returned to 2% B at 12.1 min. The total run time for each sample was 15 min.
Data were acquired in the multiple reaction monitor (MRM) mode. The ion transitions were
optimized using standard DOXP, MEP and IPP (Sigma-Aldrich, USA) compounds. The neb-
ulizer gas (Gasl), heater gas (Gas2), and curtain gas were set at 55, 55, and 35 psi, respectively.
The ion spray voltage was -4500 v for the negative ion mode. The optimal probe temperature
was determined to be 500°C, and the column oven temperature was set to 45°C. SCIEX OS 1.6
software was applied for metabolite identification and peak integration. For each experiment,
the calculated abundance of each compound in the control group was set as 1 to normalize
that in the experimental group. Each strain was tested three times independently.

To examine the fatty acid synthesis activities in the iTPI2 and iGAPDH2 strains, intracellularly
tachyzoites with or without 5 days’ rapamycin (iTPI2) or ATc (iGAPDH2) pretreatments were
incubated in DMEM medium containing 8 mM [13C6]—g1ucose and cultured for 48 hours under
the same pretreatment conditions [36]. Then, parasites were released from host cells by needle
passage and purified by filtration. The parasites were resuspended in 500 uL ddH,O and then
transferred to a new glass tube containing 500 uL. methanol and 1 mL chloroform. The mixture
was vortexed for 1 min and stood for 30 min. After centrifugation at 14000 g for 15 min at 4°C,
800 pL chloroform layer was evaporated to dryness under a nitrogen stream. Then 500 uL of
0.5M KOH (contained 75% ethanol) was added and held at 80°C for 60 min. Then, 100 L for-
mate and 600 pL n-hexane were added. 500 pL n-hexane layer was evaporated to dryness. The
extracted metabolites were mixed with 10 pL dimethyl sulfoxide (DMSO), 1-Hydroxybenzotria-
zole (HoBt) (in DMSO), 20 pL cholamine (in DMSO with 200 mM Triethylamine (TEA)) and
10 uL 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxide hexafluoro-
phosphate (HATU) (in DMSO) and the resulting mixture was incubated at room temperature for
5 min. Then 60 pL acetonitrile was added and centrifugated at 14000 g for 15 min at 4°C prior to
UHPLC-HRMS analysis [74]. Chromatographic separation was performed on a Thermo Fisher
Ultimate 3000 UHPLC system with a Waters BEH C18 column (2.1 mm x 100 mm, 1.7 um)
(Waters, USA). The injection volume was 1 pL and the flow rate was 0.3 mL/min. The column
temperature was 40°C. The mobile phases consisted of water (phase A) and acetonitrile (phase B),
both with 0.1% formate. A linear gradient elution was performed with the following program: 0
min, 10%B; 4 min, 30% B; 8min, 45% B; 11 min, 50%B; 14 min, 70%B; 15 min, 100%B and held
to 18 min; 18.1 min, 10%B and held to 20 min. The eluents were analyzed on a Thermo Fisher Q
Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometry (QE) in Heated Electrospray Ioniza-
tion Positive (HESI+) mode. Spray voltage was set to 4000 V. Capillary and probe heater tempera-
ture were separately 320°C and 350°C. Sheath gas flow rate was 35 Arb (arbitrary unit), and Aux
gas flow rate was 10 Arb. S-Lens RF Level was 50 Arb. The full scan was operated at a high-resolu-
tion of 70000 FWHM (m/z = 200) at a range of 100-1500 m/z with AGC Target setting at 1x10°.

Statistical analysis

Statistical analyses were performed in Prism 8 using Student’s t-tests or two-way analysis of
variance followed by Tukey’s multiple comparison post-tests, as indicated in figure legends.
For the parasite replication tests, Tukey’s multiple comparison tests were applied to all compa-
rable datasets (for example, the 1 parasite per PV group of strain A vs the 1 parasite per PV
group of strain B; the 2 parasites per PV group of condition A vs the 2 parasites per PV group
of condition B). Then, the lowest P value was taken to indicate the statistical significance
between the two strains/conditions.
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Supporting information

S1 Fig. SDS-PAGE assessing the purity and concentration of purified recombinant PGK1
and PGK?2 proteins. Bovine serum albumin (BSA) standards at indicated concentrations were
included to estimate the concentrations of PGK1 and PGK2.

(PDF)

S2 Fig. The cytosolic PGK1 is critical for optimal parasite growth. A, schematic illustration
of inserting an anhydrotetracycline (ATc) regulatable promoter pS107 upstream the coding
sequence of PGK1 in the TATi line to construct the conditional depletion strain iPGK1. 5H
and 3H are homology arms and Ty is an epitope tag. B, diagnostic PCR on an iPGK1 clone. C,
Western blotting checking the suppression of PGK1 expression by ATc treatment, through
probing Ty that was fused to the N terminus of PGK1 in the iPGK1 strain. ALD was included
as a loading control. D, plaque assay comparing the overall growth of indicated strains in the
presence or absence of ATc. E, relative sizes of plaques in D, expressed as pixel units.

Means + SEM of more than 100 plaques, ***P < 0.001, student’s t-test. F, intracellular prolifer-
ation rates of the TATi and iPGK1 strains under indicated conditions, as determined by repli-
cation assays described in Fig 2E. Means + SEM of three independent experiments, each with
three replicates. ***P < 0.001, two-way ANOVA with Tukey’s post-tests.

(PDF)

S3 Fig. The iTPI2 strain turned on YFP expression after rapamycin treatment, which indi-
cated TPI2 deletion. Parasites were treated with rapamycin for five days and then imaged
under a fluorescence microscope. Nearly 100% of the parasites became YFP positive after rapa-
mycin treatment.

(PDF)

S4 Fig. The messenger RNA levels of TPI2 or GAPDH?2 before and after gene depletion, as
determined by RT-PCR. The iTPI2 and iGAPDH2 mutants were treated with or without
rapamycin or ATc for 5 days, respectively. Then, the parasites were collected and the messen-
ger RNA levels of TPI2 or GAPDH2 were quantified by RT-PCR, using B-tubulin as a refer-
ence. The relative mRNA level of the target gene in each sample was expressed as fold of the
mRNA level of B-tubulin. Means + SEM of three independent experiments. ***P < 0.001, stu-
dent’s t-test.

(PDF)

S5 Fig. TPI2 depletion does not affect fatty acids synthesis. The iTPI2 strain was pretreated
with or without rapamycin for 3 days and then incubated in medium containing 8 mM "*Cs-
glucose and cultured under the same pretreatment condition for another two days. Then the
parasites were harvested and the incorporation of °C into each fatty acid species was deter-
mined by LC-MS. The percentage of fatty acid that contained one or more '*C atoms was plot-
ted for each fatty acid species.

(PDF)
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