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In the glucose-rich milieu of red blood cells, asexually
replicating malarial parasites mainly rely on glycolysis for ATP
production, with limited carbon flux through the mitochon-
drial tricarboxylic acid (TCA) cycle. By contrast, gametocytes
and mosquito-stage parasites exhibit an increased dependence
on the TCA cycle and oxidative phosphorylation for more
economical energy generation. Prior genetic studies supported
these stage-specific metabolic preferences by revealing that six
of eight TCA cycle enzymes are completely dispensable during
the asexual blood stages of Plasmodium falciparum, with only
fumarate hydratase (FH) and malate—quinone oxidoreductase
(MQO) being refractory to deletion. Several hypotheses have
been put forth to explain the possible essentiality of FH and
MQO, including their participation in a malate shuttle between
the mitochondrial matrix and the cytosol. However, using
newer genetic techniques like CRISPR and dimerizable Cre, we
were able to generate deletion strains of FH and MQO in
P. falciparum. We employed metabolomic analyses to charac-
terize a double knockout mutant of FH and MQO (AFM) and
identified changes in purine salvage and urea cycle metabolism
that may help to limit fumarate accumulation. Correspond-
ingly, we found that the AFM mutant was more sensitive to
exogenous fumarate, which is known to cause toxicity by
modifying and inactivating proteins and metabolites. Overall,
our data indicate that P. falciparum is able to adequately
compensate for the loss of FH and MQO, rendering them un-
suitable targets for drug development.

The mitochondrion of the malarial parasite, Plasmodium
falciparum, is a validated drug target, with atovaquone and
several experimental quinolone analogs serving as potent in-
hibitors of the parasite’s mitochondrial electron transport
chain (mETC) (1-6). During cellular respiration, the mETC
receives electrons from many metabolic processes including
the mitochondrial tricarboxylic acid (TCA) cycle, which cata-
lyzes the oxidative breakdown of glycolytic pyruvate. The
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electrons are funneled to oxygen through a series of
membrane-bound mETC protein complexes, creating a proton
gradient across the organelle’s inner membrane, which in turn
supports bulk energy generation by ATP synthase. In the
process, the mtETC regenerates the electron carrier ubiqui-
none, which participates in redox reactions catalyzed by
various mitochondrial dehydrogenases including DHODH
(dihydroorotate dehydrogenase), an essential enzyme in de
novo pyrimidine synthesis (7, 8).

Interestingly, asexual intraerythrocytic P. falciparum para-
sites do not rely on mitochondrial oxidative phosphorylation
for ATP production, instead directing more than 70% of
glycolytic pyruvate into anaerobic lactate fermentation (9, 10).
This heavy dependence on glycolysis for energy generation is
supported by several additional lines of evidence: (1) mito-
chondria in asexual parasites are largely devoid of cristae,
which contain the majority of mETC complexes and ATP
synthase (11, 12); (2) they consume minimal levels of oxygen
and actually prefer a microaerophilic environment in vitro
(13, 14); (3) mETC inhibitors are ineffective in the presence of
a yeast DHODH copy that does not require ubiquinone, which
indicates that the primary function of the mETC in these
stages is to support pyrimidine synthesis (15); and (4) most
enzymes of the TCA cycle are dispensable in asexual blood
stages (Fig. 1) (16). Only two TCA cycle enzymes have been
refractory to disruption in P. falciparum—fumarate hydratase
(FH) and malate—quinine oxidoreductase (MQO) (16, 17).
Since asexual parasites can survive without an operational
TCA cycle, it has been assumed that these two proteins have
alternative essential roles, leading to considerable interest in
their potential as drug targets (18—20).

FH converts fumarate to malate, which is then used as a
substrate by MQO to yield oxaloacetate in an irreversible
ubiquinone-dependent step (17) (Fig. 1). Apart from the TCA
cycle, fumarate is also generated as a byproduct of purine
salvage in a reaction catalyzed by the cytosolic enzyme ade-
nylosuccinate lyase (21). Metabolic labeling studies have
confirmed that fumarate added to erythrocyte-free parasites
enters the mitochondrial TCA cycle (21). In many organisms
including humans, an absence or decrease in FH activity can
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Figure 1. Schematic of the mitochondrial TCA cycle and its various carbon sources in Plasmodium falciparum. Glucose is imported into the parasite
via a hexose transporter (67) and is converted to pyruvate by glycolysis. While majority of the pyruvate is fermented anaerobically to lactate, a small fraction
is transported to the mitochondrion where it is converted into the two-carbon acetyl CoA (68), which then enters the TCA cycle. The main source of carbon
for the TCA cycle is glutamine, which feeds the cycle as a-ketoglutarate (69). Fumarate, generated as a byproduct of purine salvage, and cytosolic malate,
are predicted to serve as anaplerotic inputs and likely enter the mitochondrion through a di/tricarboxylic acid carrier (DTC), which may also function as a
malate/oxaloacetate antiporter. Gray dotted lines indicate the predicted transport of metabolites. AAT, aspartate aminotransferase; Aco, aconitase; ADSL,
adenylosuccinate lyase; ADSS, adenylosuccinate synthetase; CS, citrate synthase; FAD+/FADH, flavin adenine dinucleotide/reduced; FH, fumarate hydratase;
IDH, isocitrate dehydrogenase; KDH, a-ketoglutarate dehydrogenase; MDH, malate dehydrogenase; MQO, malate-quinone oxidoreductase; PEP, phos-
phoenolpyruvate; PEPC, phosphoenolpyruvate carboxylase; Q/QH,, ubiquinone/ubiquinol; SCS, succinate synthase; SDH, succinate dehydrogenase; TCA,

tricarboxylic acid.

lead to the accumulation of millimolar levels of fumarate,
which causes cytotoxicity by irreversibly modifying cysteine
residues of proteins and metabolites in a process called suc-
cination (22-24). The FH enzyme in P. falciparum may
similarly play a vital role in preventing fumarate buildup and
associated toxicity.

FH and MQO have also been postulated to participate in a
shuttle across the parasite’s mitochondrial membranes to
transport reducing equivalents (25). In this proposed model,
oxaloacetate generated by MQO is exported from the mito-
chondrion to the cytosol by a di/tricarboxylic acid carrier (26).
A cytosolic enzyme, malate dehydrogenase, converts oxaloac-
etate to malate while consuming NADH (27). Malate is then
imported into the mitochondrion by di/tricarboxylic acid
carrier and reutilized by MQO with the concomitant reduction
of ubiquinone to ubiquinol (Fig. 1). Similar shuttles in other
organisms are important for maintaining redox balance across
subcellular compartments (28). In addition, FH and MQO may
play an important role in contributing to the cytosolic oxalo-
acetate pool. In the absence of the cytosolic enzyme phos-
phoenolpyruvate carboxylase (PEPC), which converts
glycolytic phosphoenolpyruvate (PEP) to oxaloacetate, sup-
plementation with fumarate or malate is required for optimal
parasite growth (25). Oxaloacetate is used by aspartate
aminotransferase (AAT) to generate aspartate, which is
incorporated into proteins and nucleic acids (21, 29). Although
aspartate can be obtained from the digestion of host hemo-
globin, it may be insufficient to meet the needs of rapidly
replicating blood-stage parasites, thus requiring an additional
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route of production through the combined actions of PEPC,
FH/MQO, and AAT (29).

In this work, we used recently established genetic
methods to explore the essentiality of FH and MQO in
P. falciparum. We found that both proteins are in fact
dispensable for parasite survival in the blood stage. How-
ever, the FH gene was challenging to disrupt without the
provision of a conditional second copy, which suggests that
parasites had to adapt to the loss of the enzyme. Using
metabolomic analyses, we identified a subset of differently
regulated pathways in parasites lacking FH and MQO, and
we discuss the implications of these changes. Overall, our
results indicate that metabolic plasticity enables parasites to
grow robustly even in the absence of FH and MQO, which
argues against further exploration of these two proteins as
antimalarial drug targets.

Results
Knockdown of FH does not affect parasite fitness

Since previous studies reported that P. falciparum FH could
not be disrupted (16, 17), we attempted to conditionally knock
down FH expression using the TetR-DOZI system (30, 31). A
linear plasmid carrying a 3x hemagglutinin tag and a 10x
aptamer array was inserted at the 3’ end of the FH gene in
NF54*"® parasites using CRISPR/Cas9 (Fig. S1). The genotype
of the resulting parasite line (referred to as FH*PY) was
confirmed by PCR (Fig. 24). FH*P" parasites were continually
maintained in medium containing the TetR ligand
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Figure 2. TetR-DOZI mediated knockdown of fumarate hydratase (FH). A, integration of the pKD™ plasmid into the 3'-UTR of the FH gene was
confirmed by PCR amplification of the 5" and 3’ loci at the insertion site. PCR for the unmodified locus failed to detect any residual parental (P) parasites in
the FH*P* population (red); the NF54°™® parent line served as a control (blue). B, Western blotting using antihemagglutinin antibody to probe for FH revealed
a lack of tagged protein in NF54*"® or in FH*P* parasites cultured without aTC for 8 days. Anti-aldolase antibody was used as a loading control. C, growth of
synchronized FH*P* parasites in the presence or the absence of aTC was monitored by flow cytometry for 8 days. The parasites were diluted 1:10 on day 4.
Removal of aTC did not cause significant growth inhibition of FHAP parasites. Three biological experiments were conducted in quadruplicate. Growth curves
were plotted using GraphPad Prism 9 (GraphPad Software, Inc). Error bars represent the SEM. aTC, anhydrotetracycline.

anhydrotetracycline (aTC), and they robustly expressed
hemagglutinin-tagged protein (Fig. 2B). To knock down FH
expression, aTC was removed from the culture medium. In
the absence of aTC, TetR-DOZI can bind the aptamers in the
3'-UTR of FH mRNA molecules and block their translation.
As expected, FH protein could no longer be detected in par-
asites after the removal of aTC (Fig. 2B). Despite successful
knockdown of FH, the parasites continued to grow at a rate
comparable with cultures maintained in aTC over an 8-day
period (Fig. 2C). This suggested that FH is either dispens-
able for blood-stage parasites, or alternatively, trace levels of
FH are sufficient to support parasite growth.

FH knockout parasites are readily obtained in the presence of
a second copy

The absence of an obvious phenotype upon depleting FH in
P. falciparum parasites led us to revisit gene knockout stra-
tegies. Prior attempts at disrupting FH may have failed because
of the use of traditional homologous recombination methods,
which rely on random and infrequent dsDNA breaks at the
target site (16). We therefore employed CRISPR/Cas9 for
targeted deletion of the FH locus (Fig. S2). Despite eight
transfection attempts with two different guide RNAs (gRNAs),
knockout parasites were not recovered (Table 1).

The successful insertion of the TetR-DOZI plasmid into
the FH 3'-UTR (as shown in Fig. 2) indicated that the locus is
amenable to genetic manipulation. We therefore asked if the

Table 1

Summary of transfection outcomes to delete the native FH gene by
CRISPR/Cas9

gRNA Transfection Successful
Parasite line (a or b) attempts transfections
attB
Nf54 a 4 0
Initial
Nf54*® b 4 0
FH*-SFG a 3 3
Repeat { Nf542t8 a 4 1
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FH gene could be deleted in the presence of a second copy. A
recodonized version of FH (denoted as FH*) with a C-ter-
minal superfolder GFP (SFG) tag, a 10x aptamer array, and
flanking LoxP sites were inserted into the expression cassette
of a plasmid called pCre. The plasmid also carries compo-
nents of the dimerizable Cre (diCre) conditional knockout
system (32, 33) and TetR-DOZI (Figs. 34, S3 and File S1). The
pCre plasmid was introduced into the ¢g6 locus of NF54°"®
parasites (34) via attP/attB recombination (35, 36) (Figs. 3B
and S4). The parasites were cultured in media containing aTC
to maintain elevated levels of FH*-SFG protein. Using live
microscopy, we confirmed that FH*-SFG localized to the
mitochondrion (Fig. 3C). We then used the same CRISPR
knockout construct illustrated in Fig. S2 along with one of the
gRNAs to delete native FH. All attempted transfections suc-
cessfully yielded knockout parasites (Fig. 3D) in the FH*-SFG
background (knockout line referred to as AFHFH«SEG)y
(Table 1).

P. falciparum can survive in the absence of FH

To determine if the AFH™* S line relies on the second
copy of FH for survival, we treated the parasites with rapalog
(A/C heterodimerizer) to remove the floxed FH*SFG gene
(Fig. 4A). Complete excision of the locus was confirmed by
PCR (Fig. 4B), and FH*-SFG protein could no longer be
detected in rapalog-treated parasites (Fig. 4C). Surprisingly,
the parasites continued to grow despite loss of the FH*-SFG
copy. This indicated that FH is in fact dispensable in
P. falciparum, but the genetic route taken to disrupt the locus
appears to matter. We performed more transfections in the
parental NF54*"® line without a second copy of FH and
eventually obtained AFH parasites from one of a total of 12
attempts (Fig. S5A) (Table 1).

MQO is dispensable individually and together with FH

We next targeted the MQO gene for disruption in the
parental NF54*"® line using CRISPR/Cas9 (Fig. S1). AMQO
parasites were easily obtained (Fig. S5B), indicating that pre-
vious difficulties in disrupting this gene were likely a conse-
quence of the genetic technique employed (16). Since MQO
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Figure 3. Deletion of native FH locus in the presence of FH*-SFG. A, schematic of the pCre-FH*-SFG plasmid displaying a recodonized copy of FH fused
to SFG. A 10x aptamer array is located immediately downstream of FH*-SFG, and the entire locus is flanked by loxP (L) sites. The attP sequence facilitates
plasmid integration into NF54*"® parasites. B, integration of the pCre-FH*-SFG plasmid into the attB site of NF54°™® parasites was confirmed by PCR
amplification of the attL and attR sites. PCR for the unmodified locus failed to detect intact attB sequence in the FH*-SFG population (red); parental NF54°'®
parasites served as a control (blue). C, representative immunofluorescence microscopy images of FH*-SFG parasites show that FH*-SFG (green) colocalizes
with Mitotracker (red) (Mander’s coefficient M1 [green in red] = 0.96, SD = 0.038, n = 28). Images represent fields that are 10 uym long by 10 pm wide.
D, disruption of the FH gene in FH*-SFG parasites was confirmed by PCR amplification (A5’ and A3’). PCR for the unmodified locus (5’ and 3’) failed to detect
native FH in the AFHT™FG population (red); parental FH*-SFG parasites served as a control (blue). FH, fumarate hydratase; SFG, superfolder GFP.
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has been postulated to participate in a malate shuttle together
with FH, we examined if both gene products could be
dispensed with simultaneously or if such an attempt would
result in synthetic lethality. We employed the same MQO

FH and MQO (AFM) (Fig. 5A). Growth comparisons of the
AFM mutant against the parental NF54*"® line over an 8-day
period revealed a minor fitness defect (Fig. 5B). Despite this,
AFM parasites continued to grow indefinitely in culture.

CRISPR construct to disrupt the gene in the AFH background
and were successful in obtaining a double knockout mutant of

Together, these results indicate that blood-stage P. falciparum
parasites do not require FH and/or MQO for survival.
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Figure 4. Excision of FH*-SFG from AFH parasites. A, schematic illustrating the excision of the loxP-flanked FH*-SFG locus upon treatment with rapalog.
The red arrows represent binding sites for primers that were utilized in PCRs shown in (B) to confirm genome rearrangement after rapalog treatment.
Anticipated sizes of PCR products for each primer combination in untreated and treated parasites are indicated. The 4.7 kb product expected from F and R2
primers could not be amplified from untreated parasites given the large amplicon size. Rapalog treatment abolishes the R1 primer-binding site from the
parasite genome; therefore, the F + R1 primer combination no longer yields a PCR product in treated parasites. The following are the full names of the
primers: F, Cre-F; R1, FH*.SFG-R; and R2, Ter-R. C, Western blotting using anti-GFP antibody to probe for FH*-SFG could detect protein only in the presence of
aTC and without rapalog treatment. Anti-aldolase antibody was used as a loading control. aTC, anhydrotetracycline; FH, fumarate hydratase; SFG,
superfolder GFP.
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Figure 5. Dispensability of malate-quinone oxidoreductase (MQO). A,
disruption of the MQO locus in AFH parasites was confirmed by PCR
amplification (A5’ and A3’). An intact MQO locus was not detected in the
AMQO population (red); AFH parent parasites served as a control (blue). B,
growth of synchronized AFM and NF54*"® parasites was monitored by flow
cytometry for 8 days. Cultures were seeded at 1% parasitemia on day 0 and
diluted 1:5 every other day. Three biological experiments were conducted in
quadruplicate (two-way ANOVA computed using GraphPad Prism 9
[GraphPad Software, Inc], followed by Bonferroni’s correction; *, p < 0.05).
Error bars represent the SEM. FH, fumarate hydratase; AFM, double KO
mutant of FH and MQO.

Metabolomic analysis of AFM parasites reveals perturbations
in fumarate-generating pathways

To determine if global changes occurred to accommodate
the loss of FH and MQO in AFM parasites, we performed
metabolomic analysis of synchronized parasite samples
collected at 16 and 40 h postinvasion of red blood cells (RBCs)
(denoted as infected RBC [iRBC]), which corresponded to early
and late stages of the 48 h intraerythrocytic developmental
cycle (IDC), respectively. Samples from parallel cultures of
uninfected RBCs (uRBC) were also collected at the same time
points for metabolomic analysis. Of 552 identified metabolites
in iRBC, 413 were common to our previously published con-
trol (NF54*"*®) dataset in which samples were collected under
identical conditions (File S2) (37). The fold change (FCipc)
between metabolite levels in iRBC and uRBC samples was
computed to determine parasite-specific contributions to the
metabolome (Fig. 6 and File S3). The metabolic profile of AFM
parasites was largely unchanged when compared against the
control dataset. Surprisingly, we observed only slight increases
in the relative abundance of fumarate and malate in late-stage
AFM parasites.

There was a notable difference in FC;pc between AFM and
control parasites among certain glycolytic pathway metabo-
lites, with a decrease noted in the abundance of glucose,
glucose 6-phosphate, and pyruvate in the 40 h AFM samples.
Lower glucose levels imply greater consumption; we looked for
some evidence of this in the two parasite pathways that use
glucose, namely, glycolysis and the pentose phosphate
pathway. The levels of sedoheptulose 7-phosphate (S7P), a
pentose phosphate pathway metabolite, were higher at 16 h in
AFM parasites (38). However, in a recent analysis of variability
in the uRBC metabolome across five independent studies, S7P
emerged as one of few RBC metabolites that were highly
variable in abundance across time and different studies. We
therefore are not confident that the observed change in S7P
abundance is meaningful. We detected a substantial increase
in the glyoxylase pathway intermediate, S-lactoylglutathione at
40 h, which typically arises from high rates of glycolysis. The

SASBMB

glyoxylase system uses GSH to detoxify methylglyoxal, which
is formed by the spontaneous elimination of phosphate from
the glycolytic triose phosphates, glyceraldehyde 3-phosphate
and dihydroxyacetone phosphate. Despite the predicted in-
crease in glycolysis, the end products—pyruvate and lactate—
were lower in AFM parasites. Since levels of PEP were mostly
unchanged in the mutant, we speculate that more PEP is
redirected into oxaloacetate production (via PEPC) rather than
pyruvate.

Since several metabolites present in iRBC were not detected
in uRBC, we calculated the FC of iRBC metabolite abundances
at 40 h relative to 16 h (FCy/16) and compared these values
against the control data. Of the 413 common metabolites, 58
had substantially altered FC,p/16 values (>2-fold difference) in
AFM iRBC, implying that the associated pathways progressed
differently in AFM parasites during the IDC (File S4). We also
computed Z-scores to identify significantly different FCyy/16
values between the Nf54**® and AFM datasets (File S4). We
observed a decrease in the FCy,;¢ ratios for citrate and aco-
nitate in AFM parasites, which are metabolites generated by
TCA cycle enzymes immediately downstream of FH and MQO
(Fig. 7 and File S4). Similar to our observations from iRBC/
uRBC comparisons, we did not observe a significant difference
in the levels of fumarate and malate in AFM samples. In the
absence of FH, the parasites should have experienced an
accumulation of fumarate generated from purine salvage (21).
This pathway involves the conversion of inosine mono-
phosphate from salvaged hypoxanthine to succinyl-AMP by
the enzyme adenylosuccinate synthase (ADSS). Succinyl-AMP
in turn is cleaved into AMP and fumarate by adenylosuccinate
lyase. Interestingly, late-stage AFM parasites displayed a
twofold increase in inosine monophosphate and a fourfold
decrease in succinyl-AMP ratios, indicative of a decrease in
ADSS activity (Fig. 7 and File S4). This suggests that the
amount of fumarate generated through the purine salvage
pathway is lower in the AFM mutant. Both FCipc and FCyo16
analyses revealed increases in pyrimidine metabolites in AFM
samples, which could be in response to reduced purine salvage
in these parasites.

We also observed a higher FCyp,16 ratio for argininosucci-
nate, a urea cycle metabolite, in AFM parasites (Fig. 7). The
robust detection of argininosuccinate was surprising since
neither P. falciparum nor human RBCs contain a complete
urea cycle (39) (Fig. 8). However, moderate levels of the urea
cycle enzyme argininosuccinate lyase (ARSL) are found in
RBCs (40), which converts argininosuccinate to arginine and
fumarate. In human cells with deleterious FH mutations, an
intracellular buildup of fumarate leads to argininosuccinate
production from the reversed activity of ARSL (41). The
presence of argininosuccinate in iRBC and its observed in-
crease in late-stage AFM iRBC could be indicative of a similar
phenomenon whereby excess fumarate in the parasite is
secreted and utilized as a substrate by the ARSL enzyme of
RBCs. Fumarate generated from purine salvage has been
detected at low quantities in culture media, indicating that it
can be secreted from parasites into the RBC compartment
(25). The level of fumarate secretion is presumably higher
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Figure 6. Heat map of select metabolite classes in earlystage and late-stage Plasmodium falciparum parasites. Fold changes (FCipc) of metabolite
abundances in parasite-infected RBCs (iRBC) against uninfected cultures (URBC) are shown for parental NF54%% and AFM parasites. Data are presented as
the means of quadruplicate experiments. Metabolites in bold font are discussed in the text. See File S3 for the calculated FCpc values of all metabolites.
AFM, double knockout mutant of FH and MQO; IDC, intraerythrocytic developmental cycle; iRBC, infected red blood cell; P, phosphate; uRBC, uninfected red

blood cell.

when there is no FH to incorporate fumarate into parasite
metabolism. The FCyq,16 ratio for arginine was observed to be
higher in AFM iRBC, which could signify increased import of
the amino acid from the culture medium to offset fumarate
accumulation (39, 42). FH-deficient human cell lines become
auxotrophic for arginine, implying that the reverse reaction
catalyzed by ARSL plays an important role in fumarate
detoxification and is a key compensatory feature in these cells
(41). The higher abundance of arginine in AFM samples is
reflected in the downstream polyamine synthesis pathway,
which incorporates carbons from arginine into putrescine,
spermine, and spermidine while generating 5-methyl-
thioadenosine (43) (Fig. 8 and File S4). Together, these results
suggest that fumarate-associated pathways can modulate the
levels of intracellular fumarate in AFM-infected RBCs.

AFM parasites are sensitive to excess fumarate

The observed metabolic adjustments to control fumarate
levels in AFM parasites led us to examine if high concentra-
tions of fumarate were toxic to P. falciparum in the absence of
FH enzyme. Parental NF54*® and AFM parasites were
exposed to various concentrations of fumarate, and their

6 . Biol. Chem. (2022) 298(5) 101897

growth was monitored over a 4-day period. Since fumarate has
low membrane permeability (44), the metabolite was added to
cultures at millimolar concentrations in these experiments.
We found that the presence of 5 mM or 10 mM fumarate
repressed the growth of AFM parasites to a greater degree than
that of the parental population (Fig. 9). The highest tested
concentration of 20 mM fumarate inhibited both parasite lines
to a similar extent. These results indicate that the loss of FH
reduces the tolerance of AFM parasites to added fumarate.

Discussion

It is well established that a complete turning of the TCA
cycle is not required for the survival of blood-stage
P. falciparum parasites (16). A previous report found that six
of eight TCA cycle enzymes are dispensable with little effect
on parasite replication in erythrocytes (16). Metabolomic
studies using stable-isotope labeled glucose and glutamine
showed that these genetic disruptions resulted in largely pre-
dictable losses of carbon flux through the TCA cycle, arguing
against the existence of unidentified proteins with redundant
functions. It was therefore surprising that two participating
enzymes, FH and MQO, were refractory to deletion. There is
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some evidence that FH and MQO play roles in other aspects of
cellular metabolism (21, 25). Our study, however, shows that
their functions are nonessential for blood-stage survival. Using
recently developed CRISPR-based methods (45), we were able
to disrupt the coding regions for FH and MQO with limited
fitness costs to the parasite.

Although FH was ultimately found to be dispensable, dele-
tion of the enzyme was not straightforward. After multiple
failed attempts to delete FH in the NF54*"® (parent) strain, we
tried to knock out the gene encoding FH in a parasite line that
expressed a second recodonized copy of FH fused to SFG. FH
was readily deleted in the presence of the second copy, but
surprisingly, these parasites continued to survive even after the
diCre-mediated excision of FH*-SFG. It is unclear why this
circuitous approach was required to obtain an FH-null line. It
is possible that addition of the C-terminal SFG tag and/or
expression from a non-native promoter resulted in suboptimal
activity of the second FH enzyme. Upon deletion of the native
FH, the parasites may have undergone metabolic rewiring to
adjust to the underperforming FH*-SFG enzyme. These
metabolically altered parasites could then have been better
positioned to survive the subsequent loss of FH*-SFG. We
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eventually obtained AFH parasites from one of many trans-
fections in the parent line without a second copy, which sug-
gested that the starting population had cell-to-cell metabolic
variability with a very small subset capable of tolerating FH
deletion. Studies of the FH homolog in the rodent malarial
parasite Plasmodium berghei have yielded similarly intriguing
results in which the enzyme was shown to be dispensable for
blood-stage infection in C57BL/6 mice but not in the BALB/c
strain (17, 46). P. berghei preferentially grows within re-
ticulocytes, which have a more complex repertoire of metab-
olites than mature RBCs (29). It is likely that host strain
differences in metabolism permitted the loss of FH in one
genetic background but not the other.

Given the difficulty in disrupting FH without a second copy,
we were surprised to witness no measurable impact on parasite
growth when FH expression was knocked down by TetR-
DOZI. Immunoblotting demonstrated successful knockdown
of FH when parasites were depleted of the aTC ligand; how-
ever, some protein below the detection limit could be keeping
these parasites alive. Alternatively, the FH”P* line may have
undergone compensatory changes to account for the unnatural
C terminus and 3'-UTR of the FH locus. Modifying the 3'-UTR
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of certain genes in Plasmodium has been shown to adversely
affect expression (47, 48). The C-terminal hemagglutinin tag
may have also interfered with FH enzymatic activity. Either
scenario could have resulted in an FH*" line that had to adapt
to insufficient levels of protein or an inefficient enzyme. If such
compensation did occur, it could explain why we do not see a
difference in parasite growth when aTC is withdrawn.

On the other hand, AMQO mutants of P. falciparum were
easily obtained, which suggests that the usage of traditional
gene manipulation methods was responsible for past failures to
delete MQO. Knockout mutants of MQO have also been
established in P. berghei (46). Our finding validates the
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Figure 9. Response of AFM parasites to fumarate. The growth of syn-
chronized AFM and NF54%"® parental parasites in the presence of 5, 10, or
20 mM fumarate was monitored by flow cytometry over a 4-day period. Two
biological experiments were conducted in quadruplicate (two-way ANOVA
computed using GraphPad Prism 9 [GraphPad Software, Inc], followed by
Bonferroni’s correction; **p < 0.01). Error bars represent the SEM. AFM,
double knockout mutant of FH and MQO.
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inferences that were drawn from prior experiments with ato-
vaquone. This drug targets complex III of the mETC and
blocks the regeneration of the electron carrier ubiquinone,
effectively inactivating five mitochondrial enzymes that
depend on ubiquinone (8). These include MQO and another
TCA cycle enzyme succinate dehydrogenase, DHODH, type II
NADH dehydrogenase, and glycerol 3-phosphate dehydroge-
nase. The expression of a yeast DHODH, which uses fumarate
as an electron acceptor instead of ubiquinone, can bypass
atovaquone inhibition of P. falciparum in RBCs, implying that
DHODH-mediated pyrimidine synthesis is the only vital pro-
cess that requires ubiquinone (15). This was supported by gene
deletion studies that showed that succinate dehydrogenase and
type II NADH dehydrogenase are dispensable in asexual
intraerythrocytic parasites (16, 49). To reconcile the atova-
quone data with the previously predicted essentiality of MQO,
the protein was postulated to have an important structural role
instead (16). This idea was reinforced by the observation that
MQO homologs have been retained in the related apicom-
plexans Cryptosporidium parvum and Cryptosporidium hom-
inis, which lack all other TCA cycle enzymes (50, 51). Based on
these assumptions, MQO was considered a promising drug
target. Several drug screens against recombinant MQO were
conducted, with some hit compounds displaying antimalarial
activity at low to submicromolar concentrations (18-20). In
light of the results from this study, we suspect that the com-
pounds had off-target effects.

Our analyses of AFM (double knockout) parasites revealed
metabolic changes around enzymatic steps that involve
fumarate, specifically those catalyzed by ADSS and ARSL,
which participate in purine salvage and the urea cycle,
respectively. Both enzymes are members of a superfamily that
generate fumarate as a byproduct during transelimination re-
actions (52). Our data suggest that AFM iRBC has adopted
different ways to reduce fumarate levels through these two
reactions: (1) decreased activity of ADSS and (2) reversed ac-
tivity of ARSL, which leads to fumarate consumption as
opposed to generation. The kinetic parameters and catalytic
mechanism of the P. falciparum ADSS enzyme have been well
characterized (53-56). However, the parasite genome does not
appear to encode an ARSL (57). The substrate for its forward
reaction, argininosuccinate, could not be robustly detected in
uRBC in our current or previous studies, but it has been
consistently found in iRBC (37, 58—61). It is possible that an
unidentified parasite enzyme catalyzes this step of the urea
cycle. Alternatively, excess fumarate secreted from the parasite
may be utilized by the ARSL enzyme of RBCs (40, 41).
Fumarate excretion itself could be the primary strategy for
parasites to get rid of excess metabolite, with argininosuccinate
merely being an indicator of the levels of excretion. The
combined metabolic adjustments likely allow P. falciparum to
overcome FH deficiency, which can be lethal or mutagenic in
some organisms because of fumarate accumulation and pro-
tein/metabolite succination (22-24).

In the absence of FH and MQO, the mitochondrion cannot
generate oxaloacetate. We see some evidence of compensation
for this loss in our metabolomic data. AFM parasites exhibited
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an increase in glycolysis but a substantial decrease in the
pathway product pyruvate. Since levels of PEP (the precursor
to pyruvate) were essentially unchanged in the mutant para-
sites, we speculate that PEP was routed into oxaloacetate
production via PEPC. We obtained more support for this
hypothesis by computationally removing FH and MQO
enzymatic activity in a whole-genome metabolic network
model that we have employed in previous studies (37, 59). We
found that it was not possible to knock out both genes unless a
cytosolic fumarate sink was introduced. We therefore modeled
reverse flux through host ARSL to use fumarate generated
from purine salvage (Fig. 10). The computational model
arrived at the same conclusion, that is, AFM parasites increase
metabolic flux through PEPC to produce oxaloacetate. Com-
bined with the earlier finding that the APEPC mutant grows
better in the presence of malate or fumarate, our data strongly
suggest that cytosolic and mitochondrial oxaloacetate pro-
duction are linked by a malate shuttle (25). Oxaloacetate is
subsequently converted in the cytosol to aspartate by AAT,
and this step has been shown to be important for parasite
survival (29, 62, 63).

In summary, this study shows that FH and MQO, like other
enzymes in the TCA cycle, are dispensable in blood-stage
P. falciparum parasites. Loss of FH and MQO elicited
compensatory changes in fumarate-associated pathways and
central carbon metabolism. The latter alterations imply the

existence of a functional malate shuttle in P. falciparum that
contributes to the cellular oxaloacetate pool. While inhibitors
targeting FH and MQO are unlikely to be effective against
asexual blood stages of the parasites, it will be of interest to
examine the impact of further disruption to oxaloacetate
production.

Experimental procedures
Parasite culture

P. falciparum NF54*"® parasites were cultured in RBCs at
2% hematocrit in CMA (Complete Medium with Albumax)
(CMA) containing RPMI1640 medium with L-glutamine
(USBiological Life Sciences), supplemented with 20 mM
Hepes, 0.2% sodium bicarbonate, 12.5 pg/ml hypoxanthine,
5 g/l Albumax II (Life Technologies), and 25 pg/ml genta-
micin. Cultures were maintained at 37 °C in a gas mixture
containing 94% N,, 3% O,, and 3% CO.,.

Construction of gene knockout and knockdown plasmids

All molecular cloning steps were performed using ligation-
independent cloning methods with InFusion (Clontech), un-
less specified as ligation reactions.

Gene deletion constructs for FH and MQO were generated
using the pRSng (60) and pRSng-Neo plasmids, respectively.
To generate pRSng-Neo, the hDHFR cassette in pRSng was
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removed by digestion with BamHI and HindIII. The neomycin
resistance cassette was amplified from pINT (35) using the
primers pRSng-NeoF and pRSng-NeoR (Table S1) and cloned
into the digested pRSng vector. Homology arms 1 (HA1) and 2
(HA2) for FH and MQO were amplified using primers listed in
Table S1. HA1 was inserted into the Notl site and HA2 into
the NgoMIV site of pRSng or pRSng-Neo.

To create the FH knockdown construct, the pKD plasmid
(31) was digested with Ascl and Aatll. HA1 and HA2 ampli-
cons were amplified using the primer pairs FH.kd HA1-F +
FHkd.HA1-R and FH.kd. HA2-F + FH.kd.HA2-R, respectively
(Table S1). The HAs were fused in a final PCR using the
primer pair FH.kd. HA2-F + FH.kd.HA1-R to generate a HA2—
HA1 fragment separated by two EcoRV sites. This fragment
was inserted into the digested pKD plasmid to generate
pKDF™., Prior to transfection, the pKD™™ plasmid was linear-
ized with EcoRV.

To generate plasmids with gRNA sequences that target FH
and MQO for knockout and/or knockdown, pCasG-LacZ (31)
was digested with Bsal. Gene-specific gRNAs were synthesized
as oligos (Table S1), annealed, and inserted into the digested
plasmid.

Construction of pCre-FH*-SFG plasmid

Plasmid pCre-FH*-SFG was created to express a second
copy of FH that could be controlled by TetR-DOZI knock-
down (30) or by a diCre excision method (32, 33). Plasmid
p15-EcDPCK-mCh (64) was modified for this purpose. This
plasmid contains an attP site for integration into the genome
of any parasite line that contains an attB site. A floxed
sequence containing recodonized FH fused to SFG and a 10x
aptamer array for TetR-DOZI knockdown was inserted on one
side of the plasmid’s bidirectional Cam/HOP promoter. First,
the 5’ LoxP site was inserted with Quick Ligase (NEB) into the
Avrll/BspEl sites of p15-EcDPCK-mCh using dsDNA made
from annealing phosphorylated primers LoxP.Avr.Bsp-F and
LoxP.Avr.Bsp-R. The SFG gene was then amplified from a
synthetic sequence described previously (65) with primers
SFG.Sal-F and SFG.Psp-R and ligated into the Sall/PspOMI
sites. The 875 bp aptamer array found in p15-EcDPCK-mCh
was replaced with the 631 bp array designed to reduce
recombination between array elements (31) using the
PspOMI/Xmal sites. A 3' LoxP site was ligated into the Xmal/
AflII sites using dsDNA made from annealing phosphorylated
primers LoxP.Xma.Afl-F and LoxP.Xma.Afl-R. Finally, the
AvrlI and Sall sites were used to insert FH with a recodonized
gRNA sequence (FH*). To recode the sequence, the entire FH
coding region was amplified using primers FH.pRSng-F and
FH.pRSng-R and inserted into the Notl site of pRSng. The
plasmid was digested with Sphl and Pvull, which targeted sites
proximal to the gRNA sequence. The excised region was
replaced with an amplicon generated using primers FH.SphI-F
and FH.Pvull-R, with the reverse primer changing the original
sequence 5'-CCA ATA GGA ATC GGA GTA AGT-3' to the
recoded sequence 5'-CCT ATC GGT ATA GGT GTT TCA-
3. The recodonized FH gene was amplified using primers
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FH.pCre-F and FH.pCre-R and inserted into the digested pCre
plasmid.

On the other side of the bidirectional Cam/HOP promoter,
the two components of the Cre recombinase required for the
diCre conditional excision method (Cre59 and Cre60) were
added. We used the NgoMIV and HindIII sites flanking the
sequence encoding BSD to replace this sequence with a 979 bp
synthetic construct made by LifeSct. The sequence encodes
BSD followed by a 2A skip peptide, the nuclear localization
sequence from SV40, FKBP, a 12 amino acid linker, and the
amino-terminal Cre59 region (residues 19-59) of the Cre
recombinase. The sequence from the 2A skip peptide to Cre59
was identical to that found in Addgene plasmid #85797
pSkipFlox (66) with the exception of two nucleotide changes
that were introduced to remove unwanted BamHI and Nsil
sites. We next amplified the Cre60 (residues 60—343 of the Cre
recombinase) sequence from pSkipFlox using primers
Cre60.AatlI-F and Cre60.BspHI-R for ligation into the Aatll/
BspHI sites upstream of the sequence encoding TetR-DOZI.
Finally, the sequence encoding FRB was amplified from
pSkipFlox using primers FRB.Bam-F and FRB.Aat-R for
insertion into the BamHI/AatlI sites upstream of Cre60. This
region of plasmid pCre-FH*-SFG now encodes four proteins
separated by three 2A skip peptides: FRB-Cre60, TetR-DOZI,
BSD, and SV40-FKBP-Cre59. All primer sequences are listed
in Table S1. The sequence of the entire plasmid is available in
File S1.

Parasite transfections

For the generation of knockout and knockdown
P. falciparum parasites, 350 pl volumes of RBCs were elec-
troporated with 65 pg each of the appropriate pCasG-gRNA
plasmid and the repair plasmid. The electroporated RBCs
were mixed with 1.5 ml of parasite culture at 3 to 5% para-
sitemia and maintained in 10 ml culture volumes. Drugs and
ligands were acquired from the following vendors: DSM1
(Calbiochem), WR99210 (Jacobus Pharmaceutical Company,
Inc), Blasticidin (Corning), G418 (Corning), and aTC (Cayman
Chemical).

Cultures transfected with knockout constructs were main-
tained in CMA for 2 days, after which they were cultured in
selective media containing 1.5 uM DSM1 and either 2.5 nM
WR99210 (for FH knockout) or 0.5 mg/ml G418 (for MQO
knockout) for 7 days. Cultures were then switched to CMA
until parasites reappeared, after which they were transferred to
CMA containing WR99210 (AFH) or G418 (AMQO).

Cultures transfected with FH knockdown plasmids were
maintained in CMA with 0.5 uM aTC for 2 days, after which
they were cultured in media containing 2.5 pg/ml Blasticidin
and 1.5 pM DSM1 along with aTC for 7 days. Cultures were
then switched to CMA with aTC until the reemergence of
parasites, upon which they were transferred to CMA con-
taining Blasticidin and aTC.

To create the FH*-SFG parasite line, RBCs were electro-
porated with 65 pg each of the pINT plasmid (encoding the
mycobacteriophage Bxbl integrase) (35) and the pCre-FH*-
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SFG construct. The electroporated RBCs were mixed with
1.5 ml of a mixed-stage NF54**® culture at 3% parasitemia.
Transfected cultures were maintained in CMA for 2 days and
then transferred to selective media containing 2.5 nM
WR99210 for 7 days. Following this, cultures were maintained
in CMA until parasite reappearance, at which time WR99210
was added back to the cultures.

Genotyping PCR

A 3 pl volume of parasite culture was used in 25 pl PCRs with
Phusion High-Fidelity DNA polymerase (NEB). Primer combi-
nations and expected sizes of PCR products are indicated in
Figs. S1, S2, 4 and S4. Primer sequences are included in Table S1.

Growth assays

Late-stage parasites were magnetically sorted from mixed-
stage cultures using MACS LS columns (Miltenyi Biotech).
They were used to seed 250 pl culture volumes/well in a 96-well
plate (Corning) at a 0.25% starting parasitemia (unless other-
wise indicated) and 2% hematocrit. The plates were incubated
in chambers gassed with 94% N5, 3% O,, and 3% CO, at 37 °C.
A 10 pl volume of each parasite sample was collected every
other day, diluted 1:10 in PBS, and stored in a 96-well plate at 4
°C. The culture medium was exchanged every other day.

On day 4 and/or day 8, samples were prepared for flow
cytometry as described previously (64). The samples were
analyzed with an Attune Nxt Flow Cytometer (Thermo Fisher
Scientific) at a running speed of 25 pl/min to acquire 10,000 events.

Western blotting

Parasite samples were centrifuged at 500g for 5 min at room
temperature (RT). The pellets were resuspended in 0.15%
saponin for 5 min at RT to isolate parasites from the RBCs.
Following three washes with 1x PBS, parasite pellets were
resuspended in NuPAGE LDS sample buffer (Thermo Fisher
Scientific) containing 2% p-mercaptoethanol and boiled for
5 min. Proteins were resolved by SDS-PAGE on 4 to 12%
gradient gels and transferred to nitrocellulose membranes.
Membranes were blocked in 5% milk and probed overnight at
4 °C with 1:2500 rat antihemagglutinin monoclonal antibody
3F10 (Roche) or 1:2500 rabbit anti-GFP pAb (65). They were
then incubated for an hour at RT with 1:5000 antirat or anti-
rabbit horseradish peroxidase—conjugated antibodies, respec-
tively (GE Healthcare). Proteins were detected on X-ray film
using SuperSignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific), according to the manufacturer’s
protocol. For loading controls, membranes were stripped of
antibody with 200 mM glycine (pH 2.0) for 5 min and repro-
bed overnight at 4 °C with 1:25,000 mouse anti—aldolase
monoclonal antibody 2E11. After incubation with 1:10,000
antimouse horseradish peroxidase—conjugated antibody (GE
Healthcare), proteins were detected as described previously.

Fluorescence microscopy

Samples were prepared for live fluorescence microscopy
by incubating 100 pl of parasite culture with 1 pg/ml
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4/,6-diamidino-2-phenylindole for 30 min at 37 °C. Following
three washes with CMA, each sample was resuspended in 10 pl
CMA and transferred to a glass slide. A cover slip was affixed
to the slide and sealed with wax. A series of images spanning
5 um was acquired with 0.2 pm spacing using a Zeiss Axi-
olmager M2 microscope. Following deconvolution with
VOLOCITY software (PerkinElmer), a single image in the
z-plane was reported.

DiCre activation

To excise FH*SFG from the AFH'™*>FG line, diCre was
activated by the addition of A/C heterodimerizer (Clontech) to
culture medium at a concentration of 250 nM. After 2 days of
treatment, cultures were washed and resuspended in fresh
CMA. Excision of the gene encoding FH*-SFG was confirmed
by PCR using primer combinations illustrated in Figure 4A.
Primer sequences are listed in Table S1.

Sample collection for metabolomic analysis

AFM cultures were passed through an XS magnetic column
(Miltenyi Biotech), and late-stage parasites were eluted upon
column removal from the magnet. The process was repeated
once every cycle three more times to obtain a highly syn-
chronized culture. After the final elution of schizonts from the
column, four flasks with 25 ml culture volumes were seeded at
0.8% parasitemia and 2% hematocrit (iRBC). Four flasks with
25 ml volumes of uRBCs at 2% hematocrit were set up in
parallel. The blood for these cultures was treated with a NEO
High Efficiency Leukocyte Reduction Filter (Haemonetics) to
remove contaminating leukocytes. At 0 to 2 h postmerozoite
invasion of RBCs, the culture media were replaced with fresh
media. At 16 and 40 h, 10 ml of each iRBC and uRBC culture
was collected and spun down. The pellets were transferred to
fresh tubes, flash-frozen in an ethanol/dry-ice bath, and stored
at —80 °C. Samples were sent to Metabolon for metabolite
analysis.

Analysis of metabolomic data

To compute FCipc values of metabolites at 16 and 40 h, we
used the bootstrap procedure described by Tewari et al. (37).
We used the built-in MATLAB function anoval to identify
statistically significant FCjpc values of metabolites detected in
the NF54*"*® and AFM iRBC. We tested the hypothesis that the
abundances of each metabolite at 16 and 40 h are drawn from
a population with the same mean. File S3 lists the p values
associated with the FCipc values of metabolites at the 16 and
40 h time points.

The FCy,16 values of metabolites having raw counts >1000
in quadruplicate samples of at least one time point were
determined. To compute the FCyg,;6 values, the raw count of
each metabolite detected in each sample was first normalized
using its Bradford protein concentration (File S2), and any
missing values were then imputed using the built-in MATLAB
function knunimpute. Next, we used the built-in MATLAB
function bootstrp to generate 1000 bootstrap samples from the
abundances detected in the quadruplicate samples at each time
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point for each metabolite and computed an FC in average
abundance of each metabolite for all the bootstrap samples,
that is, FC}”'® = {a® /a!®: Vi € N}. Here, N denotes the
total number of bootstrap samples; al.m and afo, respectively,
represent average abundance of a metabolite in the /™ boot-
strap sample at the 16 and 40 h time point of the experiment.

Finally, FCyy/16 of a metabolite was computed by:

1 N
FC40/16 — NZFC;LO/16 (1)
=1

To identify statistically different FCyp/16 values between the
NF54°"® and AFM samples, we used a two-sample Z-test that
compared means and standard deviations of the estimated
FCyo/16 values for each robustly detected metabolite between
the two cultures. Mathematically, we used the following
equation to compute the Z-score:

XNF54—X,
7= NF54_ AFM 2)
[

Here, Xwr and ¥apy denote the estimated FCyy/16 value of a
metabolite x in the NF54*"® and AFM cultures, and G repre-
sents the standard error of the estimated means and is equal
to:

—_ ONF54 | OAFM

o=/ N 3)
where onrss and oapy are the estimated standard deviation of
the FCyo,16 value of the metabolite x in the NF54*"*® and AFM
cultures, and N denotes the number of bootstrap samples,
defined in Equation 1. We identified the critical Z-score such
that the probability of Xnrsa = Zap is less than 0.05.
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